
IEC 61 400-1 2-1  
Edition  2.0 201 7-03 

INTERNATIONAL 
STANDARD 

NORME 
INTERNATIONALE 

Wind energy generation systems –  
Part 1 2-1 :  Power performance measurements of electricity producing wind 
turbines 
 
Systèmes de génération d'énergie éolienne –  
Partie 1 2-1 :  Mesures de performance de puissance des éoliennes de production 
d'électricité 
 

IE
C
 6
1
4
0
0-

1
2-

1:
20

1
7-

03
(e

n
-f
r)
 

  
  

® 
 

 

colour
inside



 

  

 TH IS PUBLICATION  IS  COPYRIGHT PROTECTED 

 Copyright © 201 7 IEC,  Geneva,  Switzerland   
 
Al l  rights  reserved.  Un less  otherwise specified ,  no part of th is  publ ication  may be  reproduced  or u ti l ized  in  any form  
or by any means,  electronic or mechanical ,  includ ing  photocopying  and  microfi lm,  wi thout permission  i n  wri ting  from  
ei ther IEC or IEC's member National  Committee i n  the country of the requester.  I f you  have any questions about I EC 
copyright or have an  enqui ry about obtaining  addi tional  rights  to this  publ ication,  please contact the  address below or 
your l ocal  I EC member National  Committee for further information.  
 

Droits  de reproduction  réservés.  Sauf indication  contraire,  aucune partie de cette publ ication  ne peut être reprodu ite 
n i  u ti l isée sous quelque  forme que ce soi t et par aucun  procédé,  électronique ou  mécanique,  y compris  l a photocopie 
et l es m icrofi lms,  sans l 'accord  écri t de l ' IEC ou  du  Comité national  de l ' IEC du  pays du  demandeur.  Si  vous avez des  
questions sur l e  copyright de l ' IEC ou  s i  vous désirez obtenir des droits  supplémentai res sur cette publ ication,  uti l isez 
les  coordonnées ci -après ou  contactez le  Comité national  de  l ' IEC de  votre pays de résidence.  
 

IEC Central  Office Tel . :  +41  22  91 9  02  1 1  
3,  rue  de Varembé Fax:  +41  22  91 9 03  00 
CH-1 21 1  Geneva 20 info@iec.ch  
Swi tzerland  www. iec.ch  

 

About the IEC 
The I nternational  E lectrotechnical  Commission  (I EC) is  the  lead ing  g lobal  organization  that prepares  and  publ ishes 
I nternational  Standards for al l  electrical ,  electron ic and  related  technolog ies.  
 

About IEC publ ications   
The technical  content of IEC publ ications is  kept under constant review by the IEC.  Please make sure that you  have the 
latest ed ition,  a  corrigenda or an  amendment m ight have been  publ ished.  
 

IEC Catalogue - webstore.iec.ch/catalogue 
The stand-alone appl ication  for consulting the entire 
bibl iographical  information on IEC International  Standards,  
Technical  Specifications,  Technical  Reports and  other 
documents.  Avai lable for PC,  Mac OS,  Android  Tablets and 
iPad.  
 

IEC publications search - www.iec.ch/searchpub 
The advanced search enables to find  IEC publ ications by a 
variety of criteria (reference number,  text,  technical  
committee,…).  I t also gives information on projects,  replaced 
and  withdrawn publ ications.  
 

IEC Just Published - webstore.iec.ch/justpublished 
Stay up to date on al l  new IEC publ ications.  Just Published 
detai ls al l  new publ ications released.  Avai lable onl ine and 
also once a month by email.  

Electropedia - www.electropedia.org 
The world's leading onl ine dictionary of electronic and 
electrical  terms containing 20 000 terms and  definitions in 
Engl ish and French,  with  equivalent terms in 1 6 additional  
languages.  Also known as the International  Electrotechnical  
Vocabulary (IEV) onl ine.  
 

IEC Glossary - std.iec.ch/glossary 
65 000 electrotechnical  terminology entries in English and  
French extracted from the Terms and  Definitions clause of 
IEC publications issued since 2002.  Some entries have been 
col lected from earl ier publ ications of IEC TC 37,  77,  86 and 
CISPR.  
 

IEC Customer Service Centre - webstore.iec.ch/csc 
I f you wish to give us your feedback on this publ ication or 
need  further assistance,  please contact the Customer Service 
Centre:  csc@iec.ch.  
 

 

A propos de l 'IEC 
La Commission  Electrotechnique I nternationale  (IEC) est la  première organisation  mond iale qu i  é labore et publ ie des 
Normes internationales pour tout ce qui  a  trai t à  l 'électrici té,  à  l 'électron ique et aux technolog ies  apparentées.  
 

A propos des publications IEC  
Le contenu  technique des publ ications IEC est constamment revu.  Veu i l lez vous  assurer que vous  possédez l ’édi tion  la  
plus récente,  un  corrigendum  ou  amendement peut avoir été publ ié.  
 

Catalogue IEC - webstore.iec.ch/catalogue 
Application  autonome pour consulter tous les renseignements 
bibl iographiques sur les Normes internationales,  
Spécifications techniques,  Rapports techniques et autres 
documents de l 'IEC.  Disponible pour PC,  Mac OS,  tablettes 
Android  et iPad.  
 

Recherche de publications IEC - www.iec.ch/searchpub 

La recherche avancée permet de trouver des publ ications IEC 
en  util isant différents critères (numéro de référence,  texte,  
comité d’études,…).  Elle donne aussi  des informations sur les 
projets et les publications remplacées ou  retirées.  
 

IEC Just Published - webstore.iec.ch/justpublished 

Restez informé sur les nouvel les publ ications IEC.  Just 
Publ ished détai l le les nouvelles publ ications parues.  
Disponible en l igne et aussi  une fois par mois par email .  
 

Electropedia - www.electropedia.org 

Le premier dictionnaire en  l igne de termes électroniques et 
électriques.  I l  contient 20 000 termes et définitions en anglais 
et en  français,  ainsi  que les termes équivalents dans 1 6 
langues additionnel les.  Egalement appelé Vocabulaire 
Electrotechnique International  (IEV) en  l igne.  
 

Glossaire IEC - std.iec.ch/glossary 
65 000 entrées terminologiques électrotechniques,  en  anglais 
et en  français,  extraites des articles Termes et Définitions des 
publ ications IEC parues depuis 2002.  Plus certaines entrées 
antérieures extraites des publications des CE 37,  77,  86 et 
CISPR de l 'IEC.  
 

Service Clients - webstore.iec.ch/csc 

Si  vous désirez nous donner des commentaires sur cette 
publ ication ou  si  vous avez des questions contactez-nous:  
csc@iec.ch.  

 

mailto:info@iec.ch
http://www.iec.ch/
http://webstore.iec.ch/catalogue
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://std.iec.ch/glossary
http://webstore.iec.ch/csc
mailto:csc@iec.ch
http://webstore.iec.ch/catalogue
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://std.iec.ch/glossary
http://webstore.iec.ch/csc
mailto:csc@iec.ch


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IEC 61 400-1 2-1  
Edition  2.0 201 7-03 

INTERNATIONAL 
STANDARD 

NORME 
INTERNATIONALE 

Wind energy generation systems –  
Part 1 2-1 :  Power performance measurements of electricity producing wind 
turbines 
 
Systèmes de génération d'énergie éolienne –  
Partie 1 2-1 :  Mesures de performance de puissance des éoliennes de production 
d'électricité 
 

INTERNATIONAL 

ELECTROTECHNICAL 

COMMISSION  

COMMISSION  

ELECTROTECHNIQUE 

INTERNATIONALE  
ICS 27.1 80 

 

ISBN 978-2-8322-3823-3 
 

  
  

® Registered  trademark of the International  Electrotechnical  Commission 

® 

 

 Warning!  Make sure that you  obtained this publication from an  authorized distributor.  

 Attention!  Veuillez vous assurer que vous avez obtenu cette publication via un distributeur agréé.  

 

colour
inside



 – 2  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

CONTENTS  

FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 3  

INTRODUCTION  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5  

1  Scope  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6  

2  Normative  references  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6  

3  Terms  and  defin i ti ons  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7  

4  Symbols  and  un i ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20  

5  Power performance method  overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23  

6  Preparation  for performance  test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27  

6. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27  

6. 2  Wind  turbine  and  electrical  connection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27  

6. 3  Test s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27  

6. 3. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27  

6. 3. 2  Location  of the  wind  measurement equ ipment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27  

6. 3. 3  Measurement sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28  

6. 3. 4  Correction  factors  and  uncertain ty due  to  fl ow d istortion  orig inating  from  
topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28  

7  Test equ ipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29  

7. 1  Electric power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29  

7. 2  Wind  speed  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29  

7. 2. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29  

7. 2. 2  General  requ i rements  for meteorolog ical  mast mounted  anemometers  . . . . . . . . . .  30  

7. 2. 3  Top-mounted  anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31  

7. 2. 4  Side-moun ted  anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31  

7. 2. 5  Remote  sensing  device  (RSD)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31  

7. 2. 6  Rotor equ ivalent wind  speed  measurement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32  

7. 2. 7  Hub height  wind  speed  measurement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32  

7. 2. 8  Wind  shear measurements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32  

7. 3  Wind  d i rection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34  

7. 4  Air dens i ty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34  

7. 5  Rotational  speed  and  pi tch  ang le  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

7. 6  Blade  cond i tion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

7. 7  Wind  turbine  control  system  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

7. 8  Data  acqu is i ti on  system  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

8  Measurement procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

8. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

8. 2  Wind  turbine  operation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  

8. 3  Data  col lection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36  

8. 4  Data  rejection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36  

8. 5  Database  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37  

9  Derived  resu l ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37  

9. 1  Data  normal isation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37  

9. 1 . 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37  

9. 1 . 2  Correction  for meteorolog ical  mast fl ow d istortion  of s ide-mounted  
anemometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38  

9. 1 . 3  Wind  shear correction  (when  REWS measurements  avai lab le)  . . . . . . . . . . . . . . . . . . . . . .  38  

9. 1 . 4  Wind  veer correction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 3  – 

9. 1 . 5  Air densi ty normal isation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41  

9. 1 . 6  Turbu lence  normal isation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42  

9. 2  Determ ination  of the  measured  power cu rve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42  

9. 3  Annual  energy production  (AEP)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43  

9. 4  Power coefficien t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45  

1 0  Reporti ng  format  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45  

Annex A (normative)   Assessment of i n fl uences  caused  by wind  turbines  and  obstacles  
at  the  test s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52  

A. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52  

A.2  Requ irements  regard ing  ne ighbouring  and  operati ng  wind  turb ines  . . . . . . . . . . . . . . . . . . . . . . .  52  

A.3  Requ irements  regard ing  obstacles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53  

A.4  Method  for calcu lation  of sectors  to  exclude  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53  

A.5  Special  requ i rements  for extended  obstacles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57  

Annex B  (normative)   Assessment of terrain  at the  test s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  58  

Annex C  (normative)   S i te  cal ibration  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61  

C. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61  

C.2  Overview of the  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61  

C.3  Test set-up  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63  

C.3. 1  Considerations  for selection  of the  test wind  tu rbine  and  location  of the  
meteorolog ical  mast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63  

C.3. 2  I nstrumentation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65  

C.4  Data  acqu is i ti on  and  rej ection  cri teria  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65  

C.5  Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66  

C.5. 1  Assessment of s i te  shear cond i tions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66  

C.5. 2  Method  1 :  B i ns  of wind  d i rection  and  wind  shear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68  

C.5. 3  Method  2 :  L inear regress ion  method  where  shear i s  not a  s i gn i ficant  
i n fl uence  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69  

C.5. 4  Add i ti onal  calcu lations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69  

C.6  Si te  ca l ibration  uncertain ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70  

C.6. 1  Site  cal ibration  category A uncerta in ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70  

C.6. 2  Site  cal ibration  category B  uncerta in ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72  

C.6. 3  Combined  uncertain ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72  

C.7  Qual i ty checks  and  add i tional  u ncerta in ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72  

C.7. 1  Convergence  check . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72  

C.7. 2  Correlation  check for l i near regress ion  (see  C. 5. 3)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73  

C.7. 3  Change i n  correction  between  ad j acen t wind  d i rection  b ins  . . . . . . . . . . . . . . . . . . . . . . . . . . .  73  

C.7. 4  Removal  of the  wind  d i rection  sensor between  s i te  cal ibration  and  
power performance test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73  

C.7. 5  Site  cal ibration  and  power performance  measurements  i n  d i fferent 
seasons  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  74  

C.8  Veri fication  of resu l ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75  

C.9  Si te  ca l ibration  examples  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76  

C.9. 1  Example  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76  

C.9. 2  Example  B  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81  

C.9. 3  Example  C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88  

Annex D  (normative)   Evaluation  of uncertain ty i n  measurement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91  

Annex E  ( in formative)   Theoretical  basis  for determ in ing  the  uncertain ty of 
measurement us ing  the  method  of b ins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94  

E. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94  



 – 4  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

E. 2  Combin ing  uncerta in ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94  

E.2 . 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94  

E.2 .2  Expanded  uncertain ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96  

E.2 .3  Basis  for the  uncerta in ty assessment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97  

E.3  Category A uncertain ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 00  

E.3. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 00  

E.3.2  Category A uncertain ty i n  e l ectric  power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 00  

E.3.3  Category A uncertain ties  i n  the  s i te  cal i bration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 01  

E.4  Category B  uncertain ties:  I n troduction  and  data  acqu is i ti on  system  . . . . . . . . . . . . . . . . . . . .  1 01  

E.4 . 1  Category B  uncertain ties:  I n troduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 01  

E.4 .2  Category B  uncertain ties:  data  acqu is i tion  system  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 02  

E.5  Category B  uncertain ties:  Power ou tpu t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 02  

E.5. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 02  

E.5.2  Category B  uncertain ties:  Power ou tpu t – Cu rrent transformers  . . . . . . . . . . . . . . . . . . .  1 02  

E.5.3  Category B  uncertain ties:  Power ou tpu t – Vol tage  transformers  . . . . . . . . . . . . . . . . . . .  1 03  

E.5.4  Category B  uncertain ties:  Power Output  –  Power transducer or other 
power measurement device  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 04  

E.5.5  Category B  uncertain ties:  Power ou tpu t – Data  acqu is i tion  . . . . . . . . . . . . . . . . . . . . . . . . . .  1 04  

E.6  Category B  uncertain ties:  Wind  speed  – I n troduction  and  sensors  . . . . . . . . . . . . . . . . . . . . . .  1 04  

E.6. 1  Category B  uncertain ties:  W ind  speed  – I n troduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 04  

E.6.2  Category B  uncertain ties:  W ind  speed  – Hardware  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 04  

E.6.3  Category B  uncertain ties:  W ind  speed  – Meteorolog ica l  mast mounted  
sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 05  

E.7  Category B  uncerta in ties:  W ind  speed  – RSD  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 08  

E.7. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 08  

E.7.2  Category B  uncertain ties:  W ind  speed  – RSD – Cal ibration  . . . . . . . . . . . . . . . . . . . . . . . . .  1 08  

E.7.3  Category B  uncertain ties:  W ind  speed  – RSD – i n -si tu  check . . . . . . . . . . . . . . . . . . . . . . .  1 08  

E.7.4  Category B  uncertain ties:  W ind  speed  – RSD – Classi fication  . . . . . . . . . . . . . . . . . . . . .  1 08  

E.7.5  Category B  uncertain ties:  W ind  speed  – RSD – Moun ting  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 0  

E.7.6  Category B  uncertain ties:  W ind  speed  – RSD – F low variation  . . . . . . . . . . . . . . . . . . . . .  1 1 0  

E.7.7  Category B  uncertain ties:  W ind  speed  – RSD – Mon i toring  test  . . . . . . . . . . . . . . . . . . .  1 1 1  

E.8  Category B  uncertain ties:  Wind  speed  – REWS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 2  

E.8. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 2  

E.8.2  Category B  uncertain ties:  W ind  speed  – REWS – Wind  speed  
measurement over whole  rotor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 2  

E.8.3  Category B  uncertain ties:  W ind  speed  – REWS – Wind  veer . . . . . . . . . . . . . . . . . . . . . . . .  1 1 3  

E.9  Category B  uncertain ties:  Wind  speed  – Terrain  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 3  

E.9. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 3  

E.9.2  Category B  uncertain ties:  W ind  speed  – Terrain  – Pre-cal i bration  . . . . . . . . . . . . . . . .  1 1 4  

E.9.3  Category B  uncertain ties:  Wind  speed  – Terrain  – Post-cal ibration  . . . . . . . . . . . . . .  1 1 4  

E.9.4  Category B  uncertain ties:  W ind  speed  – Terrain  – Class i fication  . . . . . . . . . . . . . . . . . .  1 1 5  

E.9.5  Category B  uncertain ties:  W ind  speed  – Terrain  – Mounting  . . . . . . . . . . . . . . . . . . . . . . . .  1 1 6  

E.9.6  Category B  uncertain ties:  W ind  speed  – Terrain  – L ightn ing  fi n ia l  . . . . . . . . . . . . . . . .  1 1 6  

E.9.7  Category B  uncertain ties:  W ind  speed  – Terrain  – Data  acqu is i tion  . . . . . . . . . . . . .  1 1 7  

E.9.8  Category B  uncerta in ties:  W ind  speed  – Terrain  – Change i n  correction  
between  ad j acent b ins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 7  

E.9.9  Category B  uncertain ties:  W ind  speed  – Terrain  – Removal  of WD 
sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 7  

E.9. 1 0  Category B  uncertain ties:  W ind  speed  – Terrain  – Seasonal  variation  . . . . . . . . . .  1 1 7  

E. 1 0  Category B  uncertain ties:  Ai r dens i ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 8  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 5  – 

E. 1 0. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 8  

E. 1 0. 2  Category B  uncertain ties:  Ai r densi ty – Temperature  i n troduction  . . . . . . . . . . . . . . . .  1 1 8  

E. 1 0. 3  Category B  uncertain ties:  Ai r dens i ty – Temperature  – Cal ibration  . . . . . . . . . . . . . . .  1 1 9  

E. 1 0. 4  Category B  uncertain ties:  Ai r dens i ty – Temperature  – Rad iation  
sh ie l d ing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 9  

E. 1 0. 5  Category B  uncertain ties:  Ai r dens i ty – Temperature  – Mounting  . . . . . . . . . . . . . . . . .  1 1 9  

E. 1 0. 6  Category B  uncertain ties:  Ai r dens i ty – Temperature  – Data  acqu is i ti on . . . . . . .  1 1 9  

E. 1 0. 7  Category B  uncertain ties:  Ai r dens i ty – Pressure  i n troduction  . . . . . . . . . . . . . . . . . . . . . .  1 20  

E. 1 0. 8  Category B  uncertain ties:  Ai r dens i ty – Pressure  – Cal ibration  . . . . . . . . . . . . . . . . . . . . .  1 20  

E. 1 0. 9  Category B  uncertain ties:  Ai r dens i ty – Pressure  – Mounting  . . . . . . . . . . . . . . . . . . . . . . .  1 21  

E. 1 0. 1 0  Category B  uncertain ties:  Ai r dens i ty – Pressure  – Data  acqu is i ti on  . . . . . . . . . . . .  1 21  

E. 1 0. 1 1  Category B  uncertain ties:  Ai r dens i ty – Relati ve  hum id i ty i n troduction  . . . . . . . . .  1 21  

E. 1 0. 1 2  Category B  uncertain ties:  Ai r dens i ty – Relati ve  hum id i ty – Cal i bration  . . . . . . . .  1 22  

E. 1 0. 1 3  Category B  uncertain ties:  Ai r dens i ty – Relati ve  hum id i ty – Moun ting  . . . . . . . . . .  1 22  

E. 1 0. 1 4  Category B  uncertain ties:  Ai r Dens i ty – Relati ve  hum id i ty – Data  
acqu is i ti on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 22  

E. 1 0. 1 5  Category B  uncertain ties:  Ai r dens i ty – Correction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 22  

E. 1 1  Category B  uncertain ties:  Method  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 23  

E. 1 1 . 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 23  

E. 1 1 . 2  Category B  uncertain ties:  Method  – Wind  cond i tions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 23  

E. 1 1 . 3  Category B  uncertain ties:  Method  – Seasonal  effects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 28  

E. 1 1 . 4  Category B  uncertain ties:  Method  – Turbu lence  normal isation  (or the  
l ack thereof)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 29  

E. 1 1 . 5  Category B  uncertain ties:  Method  – Cold  cl imate  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 29  

E. 1 2  Category B  uncertain ties:  Wind  d i rection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 30  

E. 1 2. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 30  

E. 1 2. 2  Category B  uncertain ties:  W ind  d i rection  – Vane or son ic  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 30  

E. 1 2. 3  Category B  uncertain ties:  W ind  d i rection  – RSD  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 32  

E. 1 3  Combin ing  uncerta in ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 33  

E. 1 3. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 33  

E. 1 3. 2  Combin ing  Category B  uncertain ties  in  e l ectric  power (uP , i)  . . . . . . . . . . . . . . . . . . . . . . . .  1 33  

E. 1 3. 3  Combin ing  uncertain ties  i n  the  wind  speed  measurement (uV , i)  . . . . . . . . . . . . . . . . . . .  1 33  

E. 1 3. 4  Combin ing  uncertain ties  i n  the  wind  speed  measurement from  cup  or 
son ic  (uVS , i)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 33  

E. 1 3. 5  Combin ing  uncertain ties  i n  the  wind  speed  measurement from  RSD  
(uVR , i)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 34  

E. 1 3. 6  Combin ing  uncertain ties  i n  the  wind  speed  measurement from  REWS 
uREWS , i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 34  

E. 1 3. 7  Combin ing  uncertain ties  i n  the  wind  speed  measurement for REWS for 
e i ther a  meteorolog ical  mast  s ign i fican tl y above hub  height  or an  RSD  
wi th  a  l ower-than-hub-heigh t meteorolog ica l  mast  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 35  

E. 1 3. 8  Combin ing  uncertain ties  i n  the  wind  speed  measurement for REWS for 
a  hub  heigh t meteorolog ica l  mast +  RSD  for shear us ing  an  absolu te  
wind  speed  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 38  

E. 1 3. 9  Combin ing  uncertain ties  i n  the  wind  speed  measurement for REWS for 
a  hub  heigh t meteorolog ical  mast and  RSD  for shear using  a  re lati ve  
wind  speed  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 39  

E. 1 3. 1 0  Combin ing  uncertain ties  i n  the  wind  speed  measurement from  REWS 
due  to  wind  veer across  the  whole  rotor uREWS,veer, i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 41  

E. 1 3. 1 1  Combin ing  uncertain ties  i n  the  wind  speed  measurement from  flow 
d istortion  due  to  s i te  cal ibration  uVT , i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 44  

E. 1 3. 1 2  Combin ing  uncertain ties  for the  temperature  measurement uT , i  . . . . . . . . . . . . . . . . . . .  1 45  



 – 6  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

E. 1 3. 1 3  Combin ing  uncertain ties  for the  pressure  measurement uB , i  . . . . . . . . . . . . . . . . . . . . . . . .  1 46  

E. 1 3. 1 4  Combin ing  uncertain ties  for the  hum id i ty measurement uRH , i  . . . . . . . . . . . . . . . . . . . . . .  1 46  

E. 1 3. 1 5  Combin ing  uncertain ties  for the  method  re lated  components  uM, i  . . . . . . . . . . . . . . . .  1 47  

E. 1 3. 1 6  Combin ing  uncertain ties  for the  wind  d i rection  measurement wi th  wind  
vane  or son ic anemometer uWV , i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 47  

E. 1 3. 1 7  Combin ing  uncertai n ties  for the  wind  d i rection  measurement wi th  RSD  
uWR , i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 47  

E. 1 3. 1 8  Combined  category B  uncerta in ties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 48  

E. 1 3. 1 9  Combined  s tandard  uncertain ty – Power curve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 48  

E. 1 3. 20  Combined  s tandard  uncertain ty – Energy production  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 48  

E. 1 4  Relevance of uncertain ty componen ts  under speci fied  cond i ti ons  . . . . . . . . . . . . . . . . . . . . . . .  1 48  

E. 1 5  Reference tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 49  

Annex F  (normative)   W ind  tunnel  ca l ibration  procedure  for anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . .  1 53  

F. 1  General  requ i rements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 53  

F.2  Requ irements  to  the  wind  tunnel  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 53  

F.3  I nstrumentation  and  cal ibration  set-up  requ i rements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 55  

F.4  Cal ibration  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 55  

F.4. 1  General  procedure  cup  and  son ic  anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 55  

F.4. 2  Procedure  for the  ca l i bration  of son ic anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 56  

F.4. 3  Determ ination  of the  wind  speed  at the  anemometer posi tion  . . . . . . . . . . . . . . . . . . . . . .  1 56  

F.5  Data  anal ys is  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 57  

F.6  Uncerta in ty anal ysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 57  

F.7  Reporti ng  format  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 58  

F.8  Example  uncertain ty calcu lation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 59  

Annex G  (normative)   Moun ting  of i nstruments  on  the  meteorolog ical  mast  . . . . . . . . . . . . . . . . . . . . . . . . .  1 62  

G.1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 62  

G.2  Sing le  top-mounted  anemometer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 62  

G.3  Side-by-s ide  top-mounted  anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 64  

G.4  Side-mounted  i nstruments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 66  

G.4. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 66  

G.4.2  Tubu lar meteorolog ical  masts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 67  

G.4.3  Lattice  meteorolog ical  masts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 69  

G.5  Lightn ing  protection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 74  

G.6  Mounting  of other meteorolog ical  i nstruments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 74  

Annex H  (normative)   Power performance  testing  of smal l  wind  tu rbines  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 75  

H. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 75  

H.2  Defin i ti ons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 75  

H.3  Wind  turbine  system  defin i ti on  and  i nstal lation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 75  

H.4  Meteorolog ical  mast  l ocation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 76  

H.5  Test equ ipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 77  

H.6  Measurement procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 77  

H.7  Derived  resu l ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 78  

H.8  Reporti ng  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 79  

H.9  Annex A – Assessment of i n fl uence  cause  by wind  turbines  and  obstacles  at 
the  test s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 79  

H. 1 0  Annex B  – Assessment of terrain  at  test  s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 79  

H. 1 1  Annex C  – S i te  ca l i bration  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 79  

Annex I  (normative)   C lassi fication  of cup  and  son ic anemometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 80  

I . 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 80  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 7  – 

I . 2  Class i fication  classes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 80  

I . 3  I n fluence  parameter ranges  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 81  

I . 4  Class i fication  of cup  and  son ic  anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 81  

I . 5  Reporti ng  format  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 83  

Annex J  (normative)   Assessment of cup  and  son ic anemometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 84  

J . 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 84  

J . 2  Measurements  of anemometer characteristics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 84  

J .2 . 1  Measurements  i n  a  wind  tunnel  for ti l t  angu lar response characteristics  
of cup  anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 84  

J .2 . 2  Wind  tunnel  measurements  of d i rectional  characteristics  of cup  
anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 85  

J .2 . 3  Wind  tunnel  measurements  of cup  anemometer rotor torque  
characteristics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 86  

J .2 . 4  Wind  tunnel  measurements  of step  responses  of cup  anemometers  . . . . . . . . . . . .  1 86  

J .2 . 5  Measurement of temperature  i nduced  effects  on  anemometer 
performance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 87  

J .2 . 6  Wind  tunnel  measurements  of d i rectional  characteristics  of son ic 
anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 89  

J . 3  A cup  anemometer class i fication  method  based  on  wind  tunnel  and  
l aboratory tests  and  cup  anemometer model l i ng  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 89  

J .3. 1  Method  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 89  

J .3. 2  Example  of a  cup  anemometer model  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 89  

J . 4  A son ic anemometer classi fication  method  based  on  wind  tunnel  tests  and  
son ic anemometer model l ing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 96  

J . 5  Free fie l d  comparison  measurements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 97  

Annex K (normative)   I n -s i tu  comparison  of anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 98  

K. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 98  

K.2  Prerequ is i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 98  

K.3  Analys is  method  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 98  

K.4  Evaluation  cri teria  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 99  

Annex L  (normative)   The  appl ication  of remote  sens ing  technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  202  

L. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  202  

L. 2  Class i fication  of remote  sens ing  devices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203  

L. 2. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203  

L. 2. 2  Data  acqu is i tion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203  

L. 2. 3  Data  preparation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  204  

L. 2. 4  Principle  and  requ i rements  of a  sens i ti vi ty test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  205  

L. 2. 5  Assessment of envi ronmental  variable  s ign i ficance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 1  

L. 2. 6  Assessment of i n terdependency between  environmental  variables  . . . . . . . . . . . . . .  21 2  

L. 2. 7  Calcu lation  of accuracy class  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 4  

L. 2. 8  Acceptance cri teria  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 6  

L. 2. 9  Classi fication  of RSD  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 7  

L. 3  Veri fication  of the  performance of remote  sens ing  devices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 7  

L. 4  Evaluation  of uncerta in ty of measurements  of remote  sensing  devices  . . . . . . . . . . . . . . .  220  

L. 4. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  220  

L. 4. 2  Reference  uncertain ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  220  

L. 4. 3  Uncertain ty resu l ti ng  from  the  RSD ca l i bration  test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  220  

L. 4. 4  Uncertain ty due  to  remote  sensing  device  class i fication  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  222  

L. 4. 5  Uncertain ty due  to  non-homogenous  flow wi th in  the  measurement 
volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  223  



 – 8  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

L. 4. 6  Uncertain ty due  to  mounting  effects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  223  

L. 4. 7  Uncertain ty due  to  variation  i n  fl ow across  the  s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  223  

L. 5  Add i tional  checks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  224  

L. 5. 1  Mon i toring  the  performance  of the  remote  sens ing  device  at the  
appl ication  s i te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  224  

L. 5. 2  I denti fication  of mal function ing  of the  remote  sens ing  device  . . . . . . . . . . . . . . . . . . . . . . .  224  

L. 5. 3  Consistency check of the  assessment of the  remote  sensing  device  
systematic uncertain ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  224  

L. 5. 4  I n -s i tu  test  of the  remote  sens ing  device  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225  

L. 6  Other requ i rements  speci fic to  power curve  testi ng  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225  

L. 7  Reporti ng  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  227  

L. 7. 1  Common  reporti ng  on  classi fication  test,  ca l i bration  test,  and  mon i toring  
of the  remote  sensing  device  during  appl ication  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  227  

L. 7. 2  Add i ti onal  reporti ng  on  cl assi fication  test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  227  

L. 7. 3  Add i ti onal  reporti ng  on  ca l i bration  test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  228  

L. 7. 4  Add i ti onal  reporti ng  on  appl ication  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  228  

Annex M  ( in formative)   Normal isation  of power curve  data  accord ing  to  the  turbu lence  
i n tens i ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  229  

M. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  229  

M.2  Turbu lence  normal isation  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  229  

M.3  Determ ination  of the  zero  turbu lence  power curve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  231  

M.4  Order of wind  shear correction  (normal isation)  and  turbu lence  normal isation  . . . . . .  236  

M.5  Uncerta in ty of tu rbu lence  normal isation  or of power curves  due  to  turbu lence  
effects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  236  

Annex N  ( i n formative)   Wind  tunnel  ca l ibration  procedure  for wind  d i rection  sensors  . . . . . . . . . .  238  

N. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  238  

N.2  General  requ i rements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  238  

N.3  Requ irements  of the  wind  tunnel  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  238  

N.4  I nstrumentation  and  cal ibration  set-up  requ i rements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  239  

N.5  Cal ibration  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  240  

N.6  Data  anal ys is  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241  

N.7  Uncerta in ty anal ysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241  

N.8  Reporti ng  format  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241  

N.9  Example  of uncertain ty ca lcu lation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  243  

N.9. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  243  

N.9. 2  Measurement uncertain ties  generated  by determ ination  of the  fl ow 
d i rection  i n  the  wind  tunnel  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  243  

N.9. 3  Contribution  to  measurement uncerta in ty by the  wind  d i rection  sensor . . . . . . . .  244  

N.9. 4  Resu l t  of the  uncertain ty calcu lation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  245  

Annex O  ( i n formative)   Power performance testi ng  i n  cold  cl imate  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  248  

O.1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  248  

O.2  Recommendations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  248  

O.2. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  248  

O.2.2  Son ic anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  248  

O.2.3  Cup anemometers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  248  

O.3  Uncerta in ties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  249  

O.4  Reporti ng  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  249  

Annex P  ( in formative)   Wind  shear normal isation  procedure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  250  

P. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  250  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 9  – 

Annex Q  ( i n formative)   Defin i ti on  of the  rotor equ ivalent  wind  speed  under 
cons ideration  of wind  veer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  252  

Q.1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  252  

Q.2  Defin i ti on  of rotor equ iva len t wind  speed  under cons ideration  of wind  veer . . . . . . . . .  253  

Q.3  Measurement of wind  veer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  253  

Q.4  Combined  wind  shear and  wind  veer normal isation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  253  

Annex R ( i n formative)   U ncertain ty considerations  for tests  on  mu l ti ple  turbines  . . . . . . . . . . . . . . . . .  254  

R. 1  General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  254  

Annex S  ( in formative)   Mast fl ow d istortion  correction  for l attice  masts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  258  

Bibl i ography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  261  

 

F i gu re  1  – Requ i rements  as  to  d is tance  of the  wind  measurement equ ipment and  
maximum  a l lowed  measurement sectors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28  

Figure  2  – Wind  shear measurement heigh ts  appropriate  to  measurement of rotor 
equ ivalent wind  speed  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33  

Figure  3  – Wind  shear measurement heigh ts  when  no  wind  speed  measurements  
above hub  heigh t are  avai lable  (for wind  shear exponent determ ination  on l y)  . . . . . . . . . . . . . . . . . . . . . . .  34  

Figure  4  – Process  of appl ication  of the  various  normal isations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38  

Figure  5  – Presentation  of example  database:  power performance test scatter p lot 
sampled  at 1  H z (mean  values  averaged  over 1 0  m in)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48  

Figure  6  – Presentation  of example  measured  power curve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49  

Figure  7  – Presentation  of example  CP curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49  

Figure  A. 1  – Sectors  to  exclude  due  to  wakes  of ne ighbouring  and  operating  wind  
turb ines  and  s i gn i ficant obstacles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55  

Figure  A. 2  – An  example  of sectors  to  exclude  due  to  wakes  of the  wind  turb ine  under 
test,  a  neighbouring  and  operating  wind  turbine  and  a  s i gn i fican t obstacle  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56  

Figure  B. 1  – I l l ustration  of area  to  be  assessed ,  top  view . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  58  

Figure  B. 2  – Example  of determ ination  of s lope  and  terra in  variation  from  the  best-fi t  
p lane:  “2L  to  4L”  and  the  case  “measurement sector”  (Table  B. 1 ,  l i ne  2)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59  

Figure  B. 3  – Determ ination  of s l ope  for the  d istance  “2L  to  4L”  and  “8L  to  1 6L”  and  the  
case  “ou ts ide  measurement sector”  (Table  B . 1 ,  l i ne  3  and  l ine  5)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60  

Figure  C. 1  – S i te  ca l i bration  fl ow chart. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62  

Figure  C.2  – Terrain  types  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64  

Figure  C.3  – Example  of the  resu l ts  of a  veri fication  test  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76  

Figure  C.4  – Wind  shear exponent vs .  time  of day,  example  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77  

Figure  C.5  – Wind  shear exponents  at  wind  tu rbine  l ocation  vs.  reference 
meteorolog ica l  mast,  example  A where  the  colour axis  =  wind  speed  (m /s)  . . . . . . . . . . . . . . . . . . . . . . . . . . .  78  

Figure  C.6  – Wind  speed  ratios  and  number of data  poin ts  vs .  wind  shear exponen t 
and  wind  d i rection  b in  – wind  speed  ratios  (fu l l  l i nes),  number of data  poin ts  (dotted  
l i nes)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79  

Figure  C.7  – Data  convergence check for 1 90°  b in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81  

Figure  C.8  – Wind  shear exponent vs .  time  of day,  example  B  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82  

Figure  C.9  – Wind  shear exponents  at  wind  tu rbine  l ocation  vs.  reference 
meteorolog ica l  mast,  example  B  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82  

Figure  C. 1 0  – L inear regress ion  of wind  tu rbine  location  vs.  reference meteorolog ical  
mast hub  height wind  speeds  for 330°  b in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  83  

Figure  C. 1 1  – Wind  speed  ratios  vs .  wind  speed  for the  330°  b i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  83  

Figure  C. 1 2  – Wind  speed  ratios  vs .  wind  shear for the  330°  b in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  84  



 – 1 0  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

F igu re  C. 1 3  – Wind  shear exponents  at wind  tu rbine  location  vs .  reference  
meteorolog ical  mast  post-fi l teri ng  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85  

Figure  C. 1 4  – L inear regress ion  of wind  tu rbine  location  vs.  reference meteorolog ical  
mast hub  height wind  speeds  for 330°  b i n ,  post-fi l tering  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85  

Figure  C. 1 5  – Wind  speed  ratios  vs .  wind  speed  for the  330°  b i n ,  post-fi l teri ng  . . . . . . . . . . . . . . . . . . . . .  86  

Figure  C. 1 6  – Data  convergence check for 330°  b in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87  

Figure  C. 1 7  – S i te  cal ibration  wind  shear vs.  power curve  test wind  shear . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88  

Figure  C. 1 8  – Convergence check for 270°  b in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90  

Figure  F. 1  – Defin i ti on  of vo lume for flow un i form i ty test  –  The  volume wi l l  a lso  extend  
1 , 5  x  b  i n  depth  (a long  the  flow)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 54  

Figure  G . 1  – Example  of a  top-mounted  anemometer and  requ i rements  for mounting  . . . . . . . . .  1 64  

Figure  G . 2  – Example  of a l ternative  top-mounted  primary and  control  anemometers  
posi tioned  s ide-by-s ide  and  wind  vane  and  other i nstruments  on  the  boom  . . . . . . . . . . . . . . . . . . . . . . . . .  1 66  

Figure  G . 3  – I so-speed  p lot  of l ocal  fl ow speed  around  a  cyl i nd rical  meteorolog ica l  
mast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 68  

Figure  G . 4  – Centrel ine  re lati ve  wind  speed  as  a  function  of d istance  Rd   from  the  
cen tre  of a  tubu lar meteorolog ical  mast and  meteorolog ical  mast d iameter d  . . . . . . . . . . . . . . . . . . . . . .  1 69  

Figure  G . 5  – Representation  of a  three- legged  l atti ce  meteorolog ical  mast  . . . . . . . . . . . . . . . . . . . . . . . . .  1 69  

Figure  G . 6  – I so-speed  p lot  of l ocal  fl ow speed  around  a  triangu lar l attice  
meteorolog ica l  mast wi th  a  CT of 0 , 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 70  

Figure  G . 7  – Centrel ine  re lati ve  wind  speed  as  a  function  of d istance  Rd  from  the  
cen tre  of a  tri angu lar l atti ce  meteorolog ica l  mast of l eg  d is tance  Lm  for various  CT 
values  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 71  

Figure  G . 8  – 3D  CFD  derived  flow d istortion  for two d i fferent  wind  d i rections  around  a  
tri angu lar l attice  meteorolog ical  mast (CT =  0 , 27)  – For fl ow d i rection  see  the  red  arrow 
lower l eft  i n  each  fi gure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 73  

Figure  H . 1  – Defin i ti on  of hub  height  and  meteorolog ica l  mast l ocation  for vertical  axis  
wind  turbines  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 77  

Figure  J . 1  – Ti l t  angu lar response  0=αα VV  of a  cup  anemometer as  function  of fl ow 

ang le  α  compared  to  cosine  response  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 85  

Figure  J . 2  – Wind  tunnel  torque  measurements  QA – QF  as  function  of angu lar speed  
ω  of a  cup  anemometer rotor at  8  m /s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 86  

Figure  J . 3  – Example  of bearing  friction  torque  QF  as  function  of temperature  for a  
range  of angu lar speeds  ω  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 88  

Figure  J . 4  – Example  of rotor torque  coefficient  CQA as  function  of speed  ratio  흀  
deri ved  from  step  responses  wi th  Kl ow equal  to  –5, 5  and  Kh igh  equal  to  –6, 5  . . . . . . . . . . . . . . . . . . . .  1 91  

Figure  J . 5  – C lassi fication  deviations  of example  cup  anemometer showing  a  class  
1 , 69A (upper)  and  a  cl ass  6 , 56B  ( l ower)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 95  

Figure  J . 6  – C lassi fication  deviations  of example  cup  anemometer showing  a  class  
8, 01 C  (upper)  and  a  class  9 , 94D  ( l ower)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 96  

Figure  K. 1  – Example  wi th  triangu lar l attice  meteorolog ical  mast  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  200  

Figure  K. 2  – Example  wi th  tubu lar meteorolog ical  mast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  201  

Figure  L. 1  – Deviation  vs  upflow ang le  determ ined  for a  remote  sensing  device  wi th  
respect to  the  cup  anemometer i n  F i gure  J . 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  207  

Figure  L. 2  – Example  of sensi ti vi ty anal ys is  against wind  shear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  209  

Figure  L. 3  – Example  of wind  shear versus  tu rbu lence  i n tens i ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 3  

Figure  L. 4  – Example  of percentage  deviation  of remote  sens ing  device  and  reference  
sensor measurements  versus  tu rbu lence  i n tensi ty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 3  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 1 1  – 

F igu re  L. 5  – Comparison  of 1 0  m inu te  averages  of the  horizon tal  wind  speed  
component as  measured  by a  remote  sensing  device  and  a  cup  anemometer . . . . . . . . . . . . . . . . . . . . .  21 9  

Figure  L. 6  – B in-wise  comparison  of measurement of the  horizon tal  wind  speed  
component of a  remote  sens ing  device  and  a  cup  anemometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 9  

Figure  L. 7  – Example  of perm i tted  range  of l ocations  for measurement volume . . . . . . . . . . . . . . . . . .  226  

Figure  M . 1  – Process  for obtain ing  a  power curve  for a  speci fic turbu lence  i n tensi ty 
(Ireference)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  230  

Figure  M . 2  – Process  for obtain ing  the  i n i ti al  zero  turbu lence  power curve  parameters  
from  the  measured  data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  232  

Figure  M . 3  – F i rst approach  for i n i tia l  zero  turbu lence  power curve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  232  

Figure  M . 4  – Process  for obtain ing  the  theoretical  zero-turbu lence  power cu rve  from  
the  measured  data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  234  

Figure  M . 5  – Ad justed  in i tia l  zero  tu rbu lence  power curve  (green)  compared  to  fi rst  
approach  (red)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  235  

Figure  M . 6  – Process  for obtain ing  the  fi nal  zero-turbu lence  power curve  from  the  
measured  data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  235  

Figure  M . 7  – Ad justed  in i tia l  zero  tu rbu lence  power cu rve  (green)  compared  to  fi na l  
zero  turbu lence  power cu rve  (b lack)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  236  

Figure  N . 1  – Example  of ca l ibration  setup  of a  wind  d i rection  sensor i n  a  wi nd  tunnel  . . . . . . . . .  240  

Figure  Q. 1  – Wind  profi l es  measured  wi th  LIDAR over flat terrain  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  252  

Figure  S. 1  – Example  of mast flow d istortion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  258  

Figure  S. 2  – F low d istortion  residuals  versus  d i rection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  260  

 

Table  1  – Overview of wind  measurement configurations  for power cu rve  
measurements  that meet the  requ i rements  of th is  s tandard  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26  

Table  2  – Wind  speed  measurement configurations  (X i nd icates  a l lowable  
configuration)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30  

Table  3  – Example  of REWS calcu lation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40  

Table  4  – Example  of presen tation  of a  measured  power curve  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50  

Table  5  – Example  of presen tation  of estimated  annual  energy production  . . . . . . . . . . . . . . . . . . . . . . . . . . .  51  

Table  A. 1  – Obstacle  requ i rements:  relevance  of obstacles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53  

Table  B. 1  – Test s i te  requ i rements:  topograph ica l  variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59  

Table  C. 1  – S i te  ca l ibration  fl ow corrections  (wind  speed  ratio)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80  

Table  C. 2  – S i te  ca l ibration  data  count  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80  

Table  C. 3  – r2  values  for each  wind  d i rection  b i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87  

Table  C. 4  – Add i ti onal  uncerta in ty due  to  change  i n  b ins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87  

Table  C. 5  – Add i ti onal  uncerta in ty due  to  change  i n  b ins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90  

Table  D . 1  – Li st of uncertain ty components  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91  

Table  E. 1  – Expanded  uncertain ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96  

Table  E. 2  – L ist  of category A and  B  uncertain ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98  

Table  E. 3  – Example  of s tandard  uncerta in ties  due  to  absence  of a  wind  shear 
measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 25  

Table  E. 4  – Example  of s tandard  uncerta in ties  due  to  absence  of a  wind  veer 
measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 27  

Table  E. 5  – Uncertain ty con tribu tions  due  to  l ack of upflow knowledge  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 28  

Table  E. 6  – Uncertain ty con tribu tions  due  to  l ack of tu rbu lence  knowledge  . . . . . . . . . . . . . . . . . . . . . . . . .  1 28  



 – 1 2  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

Table  E. 7  – Suggested  assumptions  for correlations  of measurement uncertain ties  
between  d i fferent  measurement heigh ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 37  

Table  E. 8  – Suggested  correlation  assumptions  for re lati ve  wind  d i rection  
measurement uncertain ties  at  d i fferen t measurement heights  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 43  

Table  E. 9  – Uncertain ties  from  a i r dens i ty normal isation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 49  

Table  E. 1 0  – Sensi ti vi ty factors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 51  

Table  E. 1 1  – Category B  uncerta in ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 52  

Table  F. 1  – Example  of evaluation  of anemometer cal i bration  uncertain ty . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 59  

Table  G . 1  – Estimation  method  for CT for various  types  of l attice  mast  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 71  

Table  H . 1  – Battery bank vol tage  settings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 78  

Table  I . 1  – I n fl uence  parameter ranges  (1 0  m in  averages)  of Classes  A,  B ,  C,  D  and  S  . . . . . .  1 82  

Table  J . 1  – T i l t  ang le  response of example  cup  anemometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 93  

Table  J . 2  – Friction  coeffi cien ts  of example  cup  anemometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 94  

Table  J . 3  – M iscel l aneous  data  re lated  to  class i fication  of example  cup  anemometer . . . . . . . . .  1 94  

Table  L. 1  – B in  wid th  example  for a  l i s t of environmental  variables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  208  

Table  L. 2  – Parameters  derived  from  a  sensi ti vi ty anal ys is  of a  remote  sensing  device  . . . . . . .  21 0  

Table  L. 3  – Ranges  of environmental  parameters  for sensi ti vi ty anal ysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 1  

Table  L. 4  – Example  selection  of envi ronmental  variables  found  to  have  a  s i gn i ficant  
i n fl uence  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 2  

Table  L. 5  – Sensi ti vi ty anal ysis  parameters  remain ing  after anal ysis  of 
i n terdependency of variables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 4  

Table  L. 6  – Example  scheme for calcu lati ng  maximum  in fluence  of environmenta l  
variables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 5  

Table  L. 7  – Prel im inary accuracy classes  of a  remote  sensing  device  cons idering  both  
a l l  and  on l y the  most  s ign i fican t i n fl uen tia l  variables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 6  

Table  L. 8  – Example  final  accuracy classes  of a  remote  sens ing  device  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 6  

Table  L. 9  – Example  of uncertain ty calcu lations  aris ing  from  ca l i bration  of a  remote  
sens ing  device  (RSD)  i n  terms  of systematic  uncertain ties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  221  

Table  N . 1  – Uncerta in ty con tribu tions  i n  wind  d i rections  sensor cal i bration  . . . . . . . . . . . . . . . . . . . . . . . . .  246  

Table  N . 2  – Uncerta in ty con tribu tions  and  tota l  standard  uncerta in ty i n  wind  d i rection  
sensor cal ibration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  247  

Table  R. 1  – Li st of correlated  uncertain ty components  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  255  

 

  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 1 3  – 

INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________  

 
WIND ENERGY GENERATION  SYSTEMS –  

 
Part 1 2-1 :  Power performance measurements   

of electrici ty producing  wind  turbines  
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commission  ( I EC)  i s  a  worl dwide  organ i zation  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ica l  commi ttees  ( I EC National  Commi ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC National  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti ci pate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard i zation  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or agreements  of I EC on  techn ical  matters  express,  as  nearl y  as  poss ible,  an  i n ternati ona l  
consensus  of opi n ion  on  the  re l evant subjects  s i nce  each  techn ical  comm i ttee  has  representati on  from  al l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternati onal  use  and  are  accepted  by  I EC Nati ona l  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  con ten t of I EC 
Publ i cations  i s  accu rate,  I EC  cannot be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app ly I EC Pub l i cations  
transparentl y to  the  maximum  exten t possib le  i n  thei r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I ndependent  certi fi cati on  bod ies  provide  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  National  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or rel i ance  upon ,  th i s  I EC  Publ i cation  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  pub l i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
patent  ri gh ts.  I EC shal l  not  be  hel d  responsibl e  for i den ti fyi ng  any or a l l  such  patent  ri gh ts.  

I n ternational  Standard  I EC  61 400-1 2-1  has  been  prepared  by I EC  techn ical  committee  88:  
Wind  energy generation  systems.  

Th is  second  ed i ti on  cancels  and  replaces  the  fi rst ed i ti on  publ ished  in  2005.  Th is  ed i tion  
consti tu tes  a  techn ica l  revision .  Th is  ed i tion  i ncludes  the  fo l l owing  s ign i ficant techn ica l  
changes  wi th  respect to  the  previous  ed i tion :  

a)  new defin i tion  of wind  speed ,  

b)  i ncl us ion  of wind  shear and  wind  veer,  

c)  revis ion  of a i r dens i ty correction ,  

d )  revis ion  of s i te  ca l ibration ,  

e)  revision  to  defin i tion  of power curve,  

f)  i n terpolation  to  b i n  centre  method ,  

g )  revision  of obstacle  model ,  



 – 1 4  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

h )  cl ari fication  of topography requ i rements ,  

i )  new annex on  mast  i nduced  fl ow d istortion ,  

j )  revis ion  to  anemometer classi fications ,  

k)  i nclus ion  of u l trason ic anemometers,  

l )  cold  cl imate  annex added ,  

m )  database A changed  to  specia l  database,  

n )  revision  of uncerta in ty annex,  

o)  i ncl us ion  of remote  sens ing .  

IEC 61 400-1 2-2  i s  an  add i ti on  to  I EC  61 400-1 2-1 .  

The  text of th is  s tandard  i s  based  on  the  fo l lowing  documents:  

FDIS  Report  on  voti ng  

88/61 0/FDIS  88/61 7/RVD  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  s tandard  can  be  found  i n  the  report on  
voting  ind icated  in  the  above  table.  

A l i s t of a l l  parts  i n  the  I EC  61 400,  publ ished  under the  general  t i t le  Wind energy generation 
systems,  can  be  found  on  the  I EC  websi te.  

Fu ture  standards  i n  th is  series  wi l l  carry the  new general  ti tl e  as  ci ted  above.  Ti tl es  of existi ng  
standards  i n  th is  series  wi l l  be  updated  at  the  time of the  next ed i ti on .  

Th is  publ ication  has  been  drafted  i n  accordance  wi th  the  I SO/I EC D i rectives,  Part 2 .  

The  committee  recogn izes  that th is  revis ion  represents  a  s ign i ficant i ncrease  i n  complexi ty 
and  perhaps  greater d i fficu l ty to  implement.  However,  i t  represents  the  committee’s  best 
attempt to  address  i ssues  in troduced  by larger wind  turb ines  operating  i n  s i gn i fican t wind  
shear and  complex terrain .  The  committee  recommends  that the  new techn iques  i n troduced  
be  va l idated  immed iately by test l aboratories  through  in ter-l ab  proficiency testing .  The  
committee  recommends  a  Review Report  be  wri tten  wi th in  three  years  of the  re lease  of th is  
document wh ich  includes  recommendations,  cl ari fi cations  and  s impl i fications  that wi l l  improve  
the  practical  implementation  of th is  s tandard .  I f necessary a  revision  shou ld  be  proposed  at 
the  same time to  incorporate  these  recommendations,  clari fications  and  s impl i fications.  

The  committee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  unti l  
the  stabi l i ty date  i nd icated  on  the  I EC websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  
re lated  to  the  speci fic  publ ication .  At  th is  date,  the  publ ication  wi l l  be  

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

 

IMPORTANT – The 'colour inside'  logo  on  the  cover page  of th is  publ ication  ind icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore print th is  document using  a  
colour printer.  
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INTRODUCTION  

The purpose  of th is  part  of I EC  61 400  i s  to  provide  a  un i form  methodology that wi l l  ensure  
cons istency,  accuracy and  reproducibi l i ty in  the  measurement and  anal ys is  of power 
performance by wind  turbines.  The  standard  has  been  prepared  wi th  the  an ticipation  that i t  
wou ld  be  appl ied  by:  

a)  a  wind  turbine  manu facturer stri ving  to  meet wel l -defined  power performance  
requ irements  and/or a  possible  declaration  system;  

b)  a  wind  tu rbine  purchaser i n  speci fying  such  performance requ i rements;  

c)  a  wind  tu rbine  operator who may be  requ i red  to  veri fy that stated ,  or requ ired ,  power 
performance speci fications  are  met for new or refurb ished  un i ts;  

d )  a  wind  turbine  p lanner or regu lator who shal l  be  ab le  to  accurate l y and  fa i rl y defi ne  power 
performance characteristics  of wind  turb ines  i n  response to  regu lations  or perm i t 
requ i rements  for new or mod i fied  i nstal lations.  

Th is  document provides  gu idance i n  the  measurement,  anal ys is ,  and  reporting  of power 
performance testi ng  for wind  turbines.  The  document wi l l  benefi t those  parties  i nvolved  in  the  
manufacture,  i nsta l lation  p lann ing  and  perm i tting ,  operation ,  u ti l i zation ,  and  regu lation  of wind  
turbines.  The  techn ica l l y accurate  measurement and  anal ys is  techn iques  recommended  i n  
th is  s tandard  shou ld  be  appl i ed  by a l l  parties  to  ensure  that  con ti nu ing  development and  
operation  of wind  turbines  i s  carried  ou t i n  an  atmosphere  of cons istent and  accurate  
communication  re lati ve  to  wind  turbine  performance.  Th is  document presents  measurement 
and  reporti ng  procedures  expected  to  provide  accurate  resu l ts  that can  be  repl icated  by 
others.  Meanwh i l e,  a  user of the  standard  shou ld  be  aware  of d i fferences  that arise  from  large  
variations  i n  wind  shear and  tu rbu lence.  Therefore,  a  user shou ld  cons ider the  i n fluence  of 
these  d i fferences  and  the  data  selection  cri teria  i n  re lation  to  the  purpose  of the  test before  
con tracti ng  the  power performance  measurements .  

A key e lement of power performance testi ng  i s  the  measurement of wind  speed .  Th is  
document prescribes  the  use  of cup  or son ic anemometers  or remote  sensing  devices  (RSD)  
i n  con junction  wi th  anemometers  to  measure  wind .  Even  though  su i table  procedures  for 
ca l i bration/val i dation  and  class i fication  are  adhered  to,  the  nature  of the  measurement 
princip le  of these  devices  may potentia l l y cause  them  to  perform  d i fferentl y.  These  
i nstruments  are  robust and  have  been  regarded  as  su i table  for th is  kind  of test wi th  the  
l im i tation  of some of them  to  certain  classes  of terra in .  

Recogn is ing  that,  as  wind  turb ines  become ever l arger,  a  wind  speed  measured  at a  s in g le  
height i s  i ncreas ing l y un l ike l y to  accurate l y represent the  wind  speed  through  the  en ti re  
turbine  rotor,  th is  standard  i n troduces  an  add i tional  defin i tion  of wind  speed .  Whereas  
previous l y wind  speed  was  defined  as  that measured  at hub  he igh t on l y,  th i s  may now be  
supplemented  wi th  a  so  cal led  Rotor Equ ivalen t Wind  Speed  (REWS)  defined  by an  ari thmetic 
combination  of s imu l taneous  measurements  of wind  speed  at a  number of heights  spann ing  
the  complete  rotor d iameter between  lower tip  and  upper tip.  The  power curves  defined  by 
hub  heigh t wind  speed  and  REWS are  not the  same and  so  the  hub  heigh t wind  speed  power 
curve  i s  a lways  presented  for comparison  whenever a  REWS power curve  i s  measured .  As  a  
consequence  of th is  d i fference i n  wind  speed  defin i ti on ,  the  annual  energy production  (AEP)  
derived  from  the  combination  of a  measured  power curve  wi th  a  wind  speed  d istribution  uses  
an  identical  defin i tion  of wind  speed  i n  both  the  power curve  and  the  wind  speed  d istribution .   

Procedures  to  cl ass i fy cup  anemometers  and  u l trason ic anemometers  are  g i ven  in  Annexes  I  
and  J .  Procedures  to  class i fy remote  sens ing  devices  are  g i ven  i n  Annex L.  Specia l  care  
shou ld  be  taken  i n  the  se lection  of the  instruments  chosen  to  measure  the  wind  speed  
because  i t  can  i n fl uence  the  resu l t  of the  test.  
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WIND ENERGY GENERATION  SYSTEMS –  
 

Part 1 2-1 :  Power performance measurements   
of electrici ty producing  wind  turbines  

 
 
 

1  Scope 

This  part of I EC 61 400  speci fies  a  procedure  for measuring  the  power performance  
characteristics  of a  s i ng le  wind  tu rb ine  and  appl ies  to  the  testi ng  of wind  turbines  of a l l  types  
and  s i zes  connected  to  the  e lectrical  power network.  I n  add i tion ,  th is  standard  describes  a  
procedure  to  be  used  to  determ ine  the  power performance characteristics  of smal l  wind  
turb ines  (as  defined  i n  I EC 61 400-2)  when  connected  to  e i ther the  electric power network or a  
battery bank.  The  procedure  can  be  used  for performance evaluation  of speci fic wind  tu rbines  
at speci fic l ocations,  bu t equal l y the  methodology can  be  used  to  make generic comparisons  
between  d i fferent wind  turbine  models  or d i fferent wind  turb ine  setti ngs  when  s i te-speci fic 
cond i ti ons  and  data  fi l tering  in fluences  are  taken  i n to  account.  

The  wind  tu rbine  power performance  characteristics  are  determ ined  by the  measured  power 
curve  and  the  estimated  annual  energy production  (AEP) .  The  measured  power curve,  defined  
as  the  re lationsh ip  between  the  wind  speed  and  the  wind  turb ine  power output,  i s  determ ined  
by col l ecti ng  s imu l taneous  measurements  of meteorolog ical  variables  ( i nclud ing  wind  speed),  
as  wel l  as  wind  turb ine  s ignals  ( includ ing  power outpu t)  at the  test s i te  for a  period  that i s  l ong  
enough  to  establ ish  a  statis tica l l y s i gn i ficant database over a  range  of wind  speeds  and  under 
varying  wind  and  atmospheric cond i ti ons.  The  AEP  i s  ca lcu lated  by applying  the  measured  
power curve  to  reference  wind  speed  frequency d istri butions,  assum ing  1 00  %  avai labi l i ty.  

Th is  document describes  a  measurement methodology that requ i res  the  measured  power 
curve  and  derived  energy production  fi gures  to  be  supplemented  by an  assessment of 
uncerta in ty sources  and  the ir combined  effects.   

2  Normative references  

The fol l owing  documents  are  referred  to  i n  the  text in  such  a  way that some or a l l  of thei r 
con ten t consti tu tes  requ irements  of th is  document.  For dated  references,  on l y the  ed i ti on  
ci ted  appl i es.  For undated  references,  the  latest ed i tion  of the  referenced  document ( i nclud ing  
any amendments)  appl i es.  

I EC 60688:201 2 ,  Electrical measuring transducers for converting A.C.  and D.C.  electrical 
quantities to analogue or digital signals  

I EC 61 400-1 2-2 :201 3,  Wind turbines – Part 12-2:  Power performance of electricity-producing 
wind turbines based on  nacelle anemometry  

I EC 61 869-1 : 2007,  Instrument transformers – Part 1 :  General requirements  

I EC 61 869-2: 201 2 ,  Instrument transformers – Part 2: Additional requirements for current 
transformers 

I EC 61 869-3: 201 1 ,  Instrument transformers – Part 3: Additional requirements for inductive 
voltage transformers   

I SO/IEC GU IDE  98-3:2008 ,  Uncertainty of measurement – Part 3: Guide to the expression of 
uncertainty in  measurement (GUM:1995)  
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I SO/IEC 1 7025: 2005,  General requirements for the  competence of testing and calibration 
laboratories  

I SO/IEC 1 7043: 201 0,  Conformity assessment – General requirements for proficiency testing  

I SO  2533: 1 975,  Standard atmosphere  

I SO  3966: 2008,  Measurement of fluid flow in  closed conduits – Velocity area method using 
Pitot static tubes  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fo l l owing  terms  and  defin i tions  apply.  

I SO and  I EC main tain  term inolog ica l  databases  for use  i n  standard ization  at the  fol l owing  
addresses:  

•  I EC  E lectroped ia:  avai lable  at  h ttp: //www.electroped ia. org /  

•  I SO  On l ine  browsing  p latform :  avai l able  at h ttp: //www. iso.org/obp  

3. 1   
accuracy 
closeness  of the  agreement between  the  resu l t  of a  measurement and  a  true  value  of the  
measurand  

3.2   
annual  energy production  
AEP  
estimate  of the  tota l  energy production  of a  wind  tu rbine  during  a  one-year period  by applying  
the  measured  power curve  to  d i fferen t reference  wind  speed  frequency d istribu tions  at hub  
height,  assum ing  1 00  %  avai l ab i l i ty 

3.3   
atmospheric  stabi l i ty  
a measure  of tendency of the  wind  to  encourage or suppress  vertica l  m ixing  

Note  1  to  en try:  Stab le  atmosphere  i s  characteri zed  by a  h i gh  temperatu re  g rad ient  wi th  a l ti tude,  h i gh  wind  shear,  
possib le  wind  veer and  l ow tu rbu lence  relati ve  to  unstable  cond i ti ons.  N eu tral  and  unstab l e  atmosphere  genera l l y 
resu l t  i n  l ower temperatu re  g rad ients  and  l ow wi nd  shear.   

3.4   
complex terrain  
terra in  surround ing  the  test s i te  that features  s i gn i fican t variations  in  topography and  terrain  
obstacles  (refer to  3 . 1 8)  that may cause  fl ow d istortion  

3.5   
cut-in  wind  speed  
the  l owest wind  speed  at wh ich  a  wind  turbine  wi l l  beg in  to  produce  power 

3.6   
cut-out wind  speed  
the  wind  speed  at wh ich  a  wind  turbine  cu ts  ou t from  the  grid  due  to  h igh  wind  speed   

3.7   
data set  
a col lection  of data  sampled  over a  con tinuous  period  

http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=50626
http://www.iso.org/obp
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3.8   
d istance constant  
i nd ication  of the  response time of an  anemometer,  defined  as  the  l ength  of a i r that shal l  pass  
the  i nstrument for i t  to  i nd icate  63  %  of the  fi nal  va lue  for a  s tep  i nput i n  wind  speed  

3.9   
extrapolated  power curve 
extension  of the  measured  power curve  by estimating  power ou tpu t from  the  maximum  
measured  wind  speed  to  cu t-out  wind  speed  

3. 1 0   
flow d istortion  
change  i n  a i r fl ow caused  by obstacles,  topograph ical  variations,  or other wind  turb ines  that  
resu l ts  i n  the  wind  speed  at the  measurement location  to  be  d i fferent from  the  wind  speed  at  
the  wind  tu rbine  l ocation   

3. 1 1   
hub  height  (of wind  turbines)  
height  of the  centre  of the  swept area  of the  wind  turbine  rotor above  the  ground  at  the  tower  

Note  1  to  en try:  For a  verti cal  axi s  wind  tu rbi ne  the  hub  heigh t  i s  defi ned  as  the  hei gh t  of the  cen troi d  of the  
swept area  of the  rotor above  the  g round  at  the  tower.   

3. 1 2   
measured  power curve  
table  and  graph  that represen ts  the  measured ,  corrected  and  normal ized  net power ou tpu t of 
a  wind  turbine  as  a  function  of measured  wind  speed ,  measured  under a  wel l -defined  
measurement procedure  

3. 1 3   
measurement period  
period  during  wh ich  a  statistical l y s ign i ficant database has  been  col l ected  for the  power 
performance  test  

3. 1 4   
measurement sector 
a sector of wind  d i rections  from  wh ich  data  are  selected  for the  measured  power curve  

3. 1 5   
method  of bins  
data  reduction  procedure  that groups  test  data  for a  certa in  parameter i n to  i n tervals  (b ins)  

Note  1  to  en try:  For each  b i n ,  the  number of data  sets  or samples  and  thei r sum  are  recorded ,  and  the  average  
parameter val ue  wi th i n  each  bi n  i s  cal cu lated .  

3. 1 6   
net active electric power  
measure  of the  wind  turbine  e lectric power ou tpu t that i s  del i vered  to  the  e lectrical  power 
network 

3. 1 7   
normal  maintenance  
any in terven tion  wh ich  i s  done  accord ing  to  a  defined  regu lar main tenance program ,  
i ndependent from  the  fact that a  power performance  test i s  being  done,  e. g .  o i l  change,  b lade  
wash ing  ( i f due  anyway,  i . e.  i ndependent from  the  power performance  test)  and  any 
i n terven tion  wh ich  i s  ou t  of the  scope  of the  regu lar main tenance program  (e. g .  repai r of a  
fai l ed  component)  and  wh ich  is  not a  mach ine  configuration  change  
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3. 1 8   
obstacles  
obstructions  that  b lock the  wind  and  create  d istortion  of the  fl ow,  such  as  bu i l d i ngs  and  trees  

3. 1 9   
pi tch  ang le  
ang le  between  the  chord  l i ne  at a  defi ned  b lade  rad ia l  l ocation  (usual l y 1 00  %  of the  b lade  
rad ius)  and  the  rotor plane  of rotation  

3.20   
power coefficient  
ratio  of the  net el ectric power outpu t of a  wind  turb ine  to  the  power avai lable  i n  the  free  
stream  wind  over the  rotor swept area  

3.21   
power performance  
measure  of the  capabi l i ty of a  wind  turbine  to  produce  electric  power and  energy 

3.22   
rated  power 
quanti ty of power ass igned ,  general l y by a  manufacturer,  for a  speci fi ed  operati ng  cond i ti on  of 
a  component,  device  or equ ipment  

3.23   
rotor equ ivalent  wind  speed  
wind  speed  correspond ing  to  the  kinetic energy flux through  the  swept rotor area  when  
accounting  for the  variation  of the  wind  speed  wi th  height,  as  represented  i n  Equation  (5)  

3.24  
special  maintenance  
any i n terven tion  wh ich  is  ou t of the  scope  of the  regu lar main tenance program  and  wh ich  i s  
not a  mach ine  configuration  change,  i . e .  any i n terven tion  wh ich  i s  done  i n  order to  improve 
the  power performance  during  a  test period ,  e. g .  an  unschedu led  b lade  wash ing ,  any 
replacement of an  essential  component 

3.25   
standard  uncertainty 
uncertain ty of the  resu l t  of a  measurement expressed  as  a  standard  deviation  

3.26   
swept area  
for a  horizon tal  axis  wind  tu rbine,  the  proj ected  area  of the  moving  rotor upon  a  p l ane  normal  
to  axis  of rotation  

Note  1  to  en try:  For teeteri ng  rotors,  i t  shou ld  be  assumed  that  the  rotor remains  normal  to  the  l ow-speed  shaft.  
For a  verti cal  axi s  wi nd  tu rbi ne ,  the  projected  area  of the  moving  rotor upon  a  verti cal  p l ane.  

3.27   
test si te  
l ocation  of the  wind  turbine  under test and  i ts  surround ings  

3.28   
uncertainty in  measurement 
parameter,  associated  wi th  the  resu l t of a  measurement,  wh ich  characterizes  the  d ispers ion  of 
the  values  that cou ld  reasonabl y be  attributed  to  the  measurand  

3.29   
wind  measurement equ ipment  
meteorolog ical  mast  or remote  sens ing  device  
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3.30   
wind  shear 
change  of wind  speed  wi th  height across  the  wind  turb ine  rotor 

3.31   
wind  shear exponent 
exponent α  of the  power l aw defin ing  the  variation  of wind  speed  wi th  height  

Note  1  to  en try:  Th i s  parameter i s  used  as  a  measure  of the  magn i tude  of wind  shear for s i te  cal i brati on  i n   
Annex C  and  may be  otherwise  usefu l .  The  power l aw equation  i s  

 
α









=

H

z
vv i

i hz  ( 1 )  

where  

vh  i s  the  hub  hei gh t  wi nd  speed ;  

H i s  the  hub  hei ght  (m );   

vzi  i s  the  wind  speed  at  height  zi;  

α  i s  the  wind  shear exponent.  

3.32   
wind  veer 
change  of wind  d i rection  wi th  he ight across  the  wind  tu rbine  rotor 

4 Symbols  and  uni ts  

A  swept area  of the  wind  tu rbine  rotor [m2 ]  

A i  area  of the  ith  wind  turb ine  rotor segment [m 2 ]  

Aw   Weibu l l  scale  factor [m /s]  

AEP  annual  energy production  [Wh]  

B  barometric pressure   [Pa]  

B1 0m in  measured  a i r pressure  averaged  over 1 0  m in  [Pa]  

Ch  p i tot  tube  head  coefficien t  

CP, i  power coefficien t i n  b i n  i  

CQA  general i zed  aerodynam ic torque  coefficien t  

CT  th rust  coefficien t  

c  sens i ti vi ty factor of a  parameter (the  partia l  d i fferentia l )  

cB, i  sensi ti vi ty factor of a i r pressure  i n  b i n  i  [W/Pa]  

cd , i  sens i ti vi ty factor of data  acqu is i tion  system  i n  b i n  i  

c i ndex  sens i ti vi ty factor of i ndex parameter 

ck, i  sens i ti vi ty factor of component k  i n  b in  i  

cT, i  sens i ti vi ty factor of a i r temperature  i n  b i n  i  [W/K]  

cV, i  sensi ti vi ty factor of wind  speed  i n  b in  i  [Ws/m ]  

cρ, i  sensi ti vi ty factor of a i r densi ty correction  i n  b in  i  [Wm3/kg ]  

D  rotor d iameter [m ]  

De  equ ivalent  rotor d iameter [m ]  

Dn  rotor d iameter of neighbouring  and  operati ng  wind  tu rbine  [m ]  

d  meteorolog ica l  mast  d iameter [m ]  

F(V)  the  Rayleigh  cumu lati ve  probabi l i ty d istribu tion  function  for wind  speed  

fi  the  re lative  occurrence of wind  speed  in  a  wind  speed  i n terval  
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fr,MM  wi nd  shear correction  factor,  measured  us ing  meteorolog ical  mast  mounted  
i nstruments  

fr,RSD  wi nd  shear correction  factor,  measured  us ing  a  remote  sens ing  device  

H hub  heigh t of wind  tu rbine  [m ]  

h  he ight  of obstacle  [m ]  

I i nertia  of cup  anemometer rotor [kgm 2 ]  

k cl ass  number 

k  Weibu l l  shape factor 

kb   b lockage  correction  factor 

kc  wind  tunnel  ca l i bration  factor 

kf  wi nd  tunnel  correction  factor to  other tunnels  (on ly u sed  i n  uncertain ty estimate)  

kρ  hum id i ty correction  to  dens i ty 

KB, t  barometer sens i ti vi ty [N /m 2V]  

KB, s  barometer gain  

KB, d  barometer sampl i ng  convers ion  

KT, t  temperature  transducer sens i ti vi ty [K/A]  

KT, s  temperature  transducer gain  [A/V]  

KT, d  temperature  transducer sampl ing  conversion  

Kp, t  pressure  transducer sens i ti vi ty 

Kp, s  pressure  transducer ga in  

Kp, d  pressure  transducer sampl i ng  convers ion  

Lm  d istance  between  ad jacent legs  of l attice  meteorolog ical  mast  [m ]  

L  d istance  between  the  wind  tu rbine  and  the  wind  measurement  

 equ ipment [m ]  

Le  d i stance  between  the  wind  turbine  or the  wind  measurement  

 equ ipment and  an  obstacle  [m ]  

Ln  d i stance  between  the  wind  turbine  or the  wind  measurement 

 equ ipment and  a  neighbouring  and  operati ng  wind  turb ine  [m ]  

lh  he igh t of obstacle  [m ]  

lw  wi d th  of obstacle  [m ]  

M number of uncertain ty components  i n  each  b in  

MA  number of category A uncertain ty componen ts  

MB  number of category B  uncertain ty components  

N number of b i ns  

Nh  number of hours  i n  one  year ≈  8  760  [h ]  

Ni  number of 1 0  m in  data  sets  i n  wind  speed  b in  i  

Nj  number of 1 0  m in  data  sets  i n  wind  d i rection  b i n  j  

n   number of samples  wi th in  sampl i ng  i n terval  

nh   number of avai lable  measurement he igh ts  

Po  poros i ty of obstacle  (0 :  sol i d ,  1 :  no  obstacle)  

Pi  normal i zed  and  averaged  power output  i n  bi n  i  [W]  

Pn  normal i zed  power output  [W]  

Pn , i, j  normal i zed  power output  of data  set j  i n  b i n  i  [W]  

P1 0m in  measured  power averaged  over 1 0  m in  [W]  

Pw  vapour pressure   [Pa]  

QA  aerodynam ic torque  [Nm ]  
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Qf  friction  torque  [Nm]  

R  rotor rad ius  [m ]  

R0  gas  constan t of d ry a i r (287, 05)  [J /kgK]  

Rd  d istance  to  meteorolog ical  mast centre  [m ]  

Rw   gas  constan t of water vapour (461 , 5)  [J /kgK]  

RSD  remote  sensing  device  

r  correlation  coefficient  

s  category A standard  uncertain ty component  

sA  category A standard  uncertain ty of tunnel  wind  speed  time series  

sk, i  category A standard  uncertain ty of component k  i n  b in  i  

si  combined  category A uncerta in ties  i n  b in  i  

sP, i  category A standard  uncertain ty of power i n  b in  i  [W]  

ssc  category A s tandard  uncertain ty of s i te  ca l i bration  [m /s]  

sw, i  category A s tandard  uncertain ty of cl imatic variations   [Wh]  

sα , j  category A standard  uncertain ty of wind  speed  ratios  i n  b in  j  

S meteorolog ical  mast  so l i d i ty 

T absolu te  temperature   [K]  

TI tu rbu lence  i n tensi ty 

T1 0m in  measured  absolu te  a i r temperature  averaged  over 1 0  m in  [K]  

t  time  [s]  

U wind  speed  [m /s]  

Ud  cen trel i ne  wind  speed  defici t  [m /s]  

Ueq  equ ivalent  hori zon tal  wind  speed  [m /s]  

Ui  wind  speed  i n  b i n  i  [m /s]  

Ut  th reshold  wind  speed  [m /s]  

U wind  speed  vector 

u  category B  s tandard  uncerta in ty componen t  

uAEP  combined  standard  uncerta in ty i n  the  estimated  annual  energy  

                production  [Wh]  

uB, i  category B  standard  uncertain ty of a i r pressure  i n  b i n  i  [Pa]  

uc, i  combined  standard  uncerta in ty of the  power in  b in  i  [W]  

u i  combined  category B  uncerta in ties  i n  b in  i  

u i ndex  category B  s tandard  uncertain ty of i ndex parameter 

uk, i  category B  s tandard  uncerta in ty of component k  i n  b in  i  

uP, i  category B  standard  uncertain ty of power i n  b in  i  [W]  

uV, i  category B  standard  uncertain ty of wind  speed  i n  b in  i  [m /s]  

uT, i  category B  s tandard  uncerta in ty of a i r temperature  i n  b in  i  [K]  

uα , i , j  combined  standard  uncerta in ty of s i te  cal i bration  i n  wind  speed  

 bin  i and  wind  d i rection  b in  j  [m /s]  

uρ , i  category B  s tandard  uncertain ty of a i r dens i ty correction  i n  b in  i  [kg/m 3 ]  

V wi nd  speed  [m /s]  

Vave  annual  average  wind  speed  at  hub  height  [m /s]  

Vi  normal i zed  and  averaged  wind  speed  in  bi n  i  [m /s]  

Vn  normal i zed  wind  speed  [m /s]  

Vn , i, j  normal i zed  wind  speed  of data  set j  i n  b in  i  [m /s]  

V1 0m in  measured  wind  speed  averaged  over 1 0  m in  [m /s]  
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v  transversal  wind  speed  component  [m /s]  

v  mean  flow a i r speed  [m /s]  

veq   measured  equ iva lent wind  speed   [m /s]  

veq , fi nal   fina l  rotor equ ivalen t wind  speed  [m /s]  

veq ,MM   equ ivalent  wind  speed  based  on  meteorolog ical  mast  measurements  [m /s]  

veq ,RSD  equ ivalent  wind  speed  based  on  remote  sens ing  device  measurements  [m /s]  

vh  hub  heigh t wind  speed  [m /s]  

vh ,MM    wi nd  speed  measured  at  hub  heigh t wi th  meteorolog ica l  mast  [m /s]  

vhn    hub  heigh t wind  speed  normal ised  for a  speci fic  wind  shear profi l e  [m /s]  

vh ,RSD    wi nd  speed  measured  at  hub  he igh t by the  remote  sensing  device  [m /s]  

vi    wi nd  speed  measured  at  height  i  [m /s]  

vzi  wi nd  speed  at he ight zi  [m /s]  

WME  wind  measurement equ ipment  

w  vertical  wind  speed  component  [m /s]  

wi  weigh ting  function  to  define  deviation  envelope  

Xk  parameter averaged  over pre-process ing  time period  

X1 0m in  parameter averaged  over 1 0  m in  

x  d i stance  downstream  from  obstacle  to  wind  measurement  

 equ ipment or wind  tu rbine  [m ]  

z  he igh t above  g round  [m ]  

zi   he ight  of the  ith  wi nd  tu rbine  rotor segment  [m ]  

α  wind  shear exponent from  power l aw [° ]  

εmax, i  maximum  deviation  for any wind  speed  b in  i  i n  the  wind  speed  range  [m /s]  

θ  d i sturbed  sector [° ]  

κ  von  Karman  constan t 0 , 4  

λ  speed  ratio  

ρ  a i r dens i ty [kg/m 3 ]  

ρ0  reference  a i r dens i ty [kg/m 3 ]  

ρ1 0m in  deri ved  a i r dens i ty averaged  over 1 0  m in  [kg/m3 ]  

σP, i  s tandard  deviation  of the  normal i zed  power data  i n  b i n  i  [W]  

σ1 0m in  s tandard  deviation  of parameter averaged  over 1 0  m in  

σu/σv/σw  s tandard  deviations  of l ong i tud inal /transversal /vertical  wind  speeds  

Φ  re lati ve  hum id i ty (range  0  %  to  1 00  %)  

ω  angu lar speed  [s–1 ]  

5 Power performance method  overview 

The wind  shear and  wi nd  veer may vary s ign i fican tl y over the  rotor height  of l arge  wind  
turb ines  for atmospheric  stabi l i ty cond i tions  and  i t  i s  a lso  dependen t on  topography at the  
s i te.  The  occurrence  of extreme atmospheric s tabi l i ty cond i ti ons  i s  a  s i te  speci fic i ssue,  and  i f 
occurring  during  a  power performance test,  the  power cu rve  may vary s ign i fican tl y.   

The  power performance measurement method  used  i n  th is  standard  i s  based  on  a  defi n i tion  of 
the  power curve  that expresses  power produced  versus  the  wind  speed  that represents  
effectivel y the  kinetic energy flux in  the  wind  flowing  across  the  swept area  of the  rotor.   
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The  kinetic energy fl ux (referri ng  to  a  certa in  poin t i n  t ime or period  of t ime,  typical l y 1 0  m in ,  
assum ing  that the  wind  speed  does  not change  wi th in  th is  t ime 1 )  across  the  vertical  capture  
area  i s  i n  general  terms  expressed  as:   

 
AVP

A
d

2

1 3
kin ρ∫=  (2)  

 

 

Here  the  wind  speed  V,  measured  at a  poin t i n  space  over the  rotor area,  i s  the  horizontal  
wind  speed 2.  The  horizon tal  wind  speed  i s  defi ned  as  the  average  magn i tude  of the  horizon tal  
component of the  i nstantaneous  wind  veloci ty vector,  i nclud ing  on l y the  l ong i tud inal  and  
l ateral  (but not the  vertica l )  componen ts.  When  we cons ider a  hori zon tal  axis  wind  tu rbine  the  
wind  veer is  a lso  taken  i n to  account and  the  ki netic energy in  the  wind  i s  corrected  accord ing  
to  the  wind  d i rection  at hub  heigh t:  

 ( )( ) AVP
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Here  φhub  i s  the  wind  d i rection  at hub  heigh t.  The  wind  veer may vary s ign i ficantl y over the  
rotor he ight of l arge  wind  turbines  for extreme atmospheric s tabi l i ty cond i tions  and  i t  i s  a lso  
dependent on  topography at  the  s i te.  

I n  th is  standard  we  do  not cons ider wind  shear and  wind  veer i n  the  horizon tal  p lane.  Thus  
the  energy equ iva len t wind  speed  that corresponds  to  the  kinetic  energy i n  the  wind  as  
derived  from  the  express ion  of kinetic  energy i n  Equation  (3)  in  general  i s  described  as:  
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Here  the  index i  refers  to  the  he ight wi th in  the  rotor area 3.  

Al though  horizon tal  wind  speed  is  considered  to  be  the  i nfluentia l  wind  speed  parameter,  on  
s i tes  wi th  s i gn i fican t non-horizon tal  flow (up  or down-flow),  there  is  add i tional  uncertain ty 
associated  wi th  both  the  measurement of the  horizon tal  wind  speed  and  the  response  of the  
wind  turb ine.  

At s i tes  wi th  l ow and  homogeneous  wind  shear and  wind  veer over the  rotor (and  for turbines  
wi th  smal l  rotor d iameters  i n  poss ib l y more  complex wind  fl ow cond i ti ons),  the  wind  speed  
measured  at hub  heigh t can  be  a  good  represen tation  of the  kinetic energy to  be  captu red  by 
the  rotor.  Hub  height wind  speed  is  the  wind  speed  upon  wh ich  power curves  have  h istorical l y 
been  defined  i n  a l l  previous  ed i tions  of th is  standard .  For that reason ,  the  wind  speed  
measured  at hub  he igh t i s  the  defau l t defi n i ti on  of wind  speed  and  shal l  a lways  be  measured  
and  reported ,  even  when  more  comprehensive  measurements  of wind  speed  are  avai lable  
over the  rotor heigh t.  

___________ 

1   I f the  wi nd  speed  changes  ( i . e .  i f the  tu rbu l ence  i n tensi ty i s  >0)  d uri ng  a  certa in  t ime  peri od ,  then  the  ki neti c  
power (averaged  over th i s  time  period )  i s  h i gher than  i n  case  of a  constan t wind  speed ,  whereas  a  wind  tu rbine  
has  on l y a  l im i ted  possib i l i ty to  transform  th i s  add i ti onal  ki neti c  power i n to  add i ti onal  e l ectri c  power.  Th i s  i ssue  
i s  not  taken  i n to  fu rther considerati on  here.  As  a  s impl i fi cation ,  the  Equations  (2 ),  (3 )  ,  (4 )  are  considered  val i d  
here,  even  i n  case  of a  tu rbu l ence  i n tensi ty >0.  The  impact of wi nd  speed  changes  on  the  time  averaged  ki neti c  
power and  the  associated  impact on  the  wind  tu rbine  power curve  i s  treated  by the  tu rbu l ence  normal i sati on  
procedu re  as  i ncl uded  i n  Annex M .   

2   Wind  tu rbine  power seems  to  correlate  better wi th  the  hori zontal  wind  speed  defi n i ti on  than  wi th  a  vector wi nd  
speed  defi n i ti on  for a  one  poi n t  hub  heigh t  wind  speed  measurement.  

3  However when  wind  speed  i s  mentioned  i n  the  document,  i t  i s  by  defau l t  referri ng  to  the  hub  height  wind  speed  
defi n i ti on  u n less  speci fi cal l y s tated  to  be  th i s  energy equ ivalen t  wind  speed  defi n i ti on .  
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At  s i tes  and  seasons  where  extreme atmospheric s tabi l i ty cond i ti ons  are  expected  to  be 
frequent,  i t  i s  recommended  a lways  to  measure  wind  shear.  

I f wind  shear and  wind  veer are  not measured  over the  fu l l  he igh t of the  rotor,  there  is  added  
uncertain ty i n  the  equ ivalen t wind  speed .  Th is  uncerta in ty decreases  as  more  wind  speed  and  
wind  d i rection  measurement heights  are  used .  I f measurements  are  l im i ted  to  on l y hub  height 
and  there  i s  no  measurement of wind  shear over the  most s i gn i ficant parts  of the  rotor then  
th is  impl ies  an  uncerta in ty i n  determ ination  of the  equ ivalent wind  speed .   

For smal l  wind  turb ines 4,  where  the  i n fl uence  of the  wind  shear and  wind  veer are  
i ns ign i fican t,  the  wind  speed  shal l  be  represented  by a  hub  he igh t wind  speed  measurement 
a lone  wi thout  add ing  uncertain ty due  to  l ack of wi nd  shear and  wind  veer measurements.   

For vertical  axis  wind  turbines,  where  the  i n fluence of the  wind  veer i s  not present,  the  wind  
veer shal l  be  neg lected .   

As  the  wind  cond i ti ons  at the  posi ti on  of the  test tu rb ine  and  at the  pos i ti on  of the  wind  
measurement may d i ffer s i gn i ficantl y i f the  test tu rbine  or the  wind  measurement i s  l ocated  i n  
wakes  of any wind  turb ines,  such  s i tuations  shal l  be  excluded  from  the  test.   

The  a i r dens i ty ρ  a l so  varies  over the  heigh t of a  l arge  wind  tu rbine  rotor.  However,  th is  
variation  is  smal l .  For practica l  implementation  of the  power performance measurement 
method ,  i t  i s  sufficien t to  define  and  determ ine  the  a i r dens i ty on l y at hub  height.  The  power 
curve  i s  normal i zed  to  the  average  ai r densi ty at the  measurement s i te  over the  measurement 
period  or to  a  pre-defined  reference a i r densi ty.  

Power curves  are  also  i n fluenced  by the  turbu lence  at the  test s i te,  and  tu rbu lence  may vary 
over the  rotor.  I n  th is  s tandard ,  on l y the  s i te  turbu lence  at hub  height  i s  considered .  H igh  
tu rbu lence  i ncreases  the  rad ius  of curvature  of the  power curve  at cu t- i n  and  at the  start of 
power regu lation  at nom inal  power wh i l e  l ow tu rbu lence  wi l l  make these  corners  of the  power 
curve  sharper.  S i te  turbu lence  shal l  be  measured  and  presented  as  a  supplement to  the  
power curve.  I f needed ,  a  normal isation  to  a  speci fied  turbu lence  can  be  done  us ing  the  
method  of Annex M .  

I n  summary,  the  power curve  accord ing  to  th is  standard  i s  a  cl imate  speci fic power cu rve,  
where:  

a)  the  wind  speed  at a  poin t  i n  space i s  defi ned  as  the  horizon tal  wind  speed ;  

b)  the  wind  speed  of a  power curve  i s  defined  as  the  hub  he ight wind  speed .  Th is  defin i tion  
may be  supplemented  wi th  the  equ iva len t wind  speed ,  as  defined  i n  Equation  (4) ,  taking  
account of vertica l  wind  shear and  wind  veer5;  

c)  a i r dens i ty i s  measured  at hub  heigh t and  the  power curve  i s  normal i zed  to  a  s i te  average  
a i r dens i ty during  the  measurement period  or to  a  pre-defined  reference  a i r dens i ty;  

d )  tu rbu lence  i s  measured  at hub  height and  the  power curve  i s  presented  wi thout a  
tu rbu lence  normal ization ;   

e)  the  power curve  can  be  normal ized  to  a  broader range  of cl imatic cond i ti ons  (e. g .  speci fic 
a i r dens i ty,  tu rbu lence  i n tensi ty,  vertica l  shear and  veer) 6.  

___________ 

4  Smal l  tu rbines,  refer to  I EC 61 400-2 .  

5  For verti cal  axi s  wind  tu rbines,  the  wind  veer i s  om i tted  i n  Equation  (3)  (setti ng  φi  =  φhub).  

6 The  power cu rve  normal i zati on  i s  on l y val i d  for l im i ted  ranges  of cl imati c  cond i ti ons  from  the  actual  s i te  
cond i ti ons.  
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I n  th is  s tandard ,  a l l  necessary procedures  for measurements,  ca l ibration ,  cl assi fication ,  data  
correction ,  data  normal i zation  and  determ ination  of uncertain ties  are  provided .  However,  i f not  
a l l  parameters  are  sufficien tl y measured ,  then  uncerta in ty shal l  be  appl i ed  due  to  the  lack of 
measurement.  Th is  appl i es,  for example,  to  the  measurement of a  power curve  of a  l arge  wind  
turb ine  wi th  on l y a  hub  height wind  speed  sensor.  I n  th i s  case,  an  uncertain ty shal l  be  appl i ed  
for the  variabi l i ty of the  wind  shear and  of the  wind  veer.  

The  best resu l ts  from  the  use  of the  standard  are  ach ieved  by measurement of a l l  requ i red  
parameters  and  use  of a l l  re levan t procedures.  However,  i f th is  i s  not possib le,  there  are  
options  both  for the  measurement setup  and  for the  use  of the  procedures.  These  options  are  
described  i n  Table  1 .  The  options  refer to  the  use  of wind  measurement equ ipment,  the  
appl ied  normal i zations,  and  add i ti onal  uncertain ties  connected  to  the  l ack of measurements .   

Table  1  – Overview of wind  measurement  configurations  for power 
curve  measurements  that meet  the  requ irements  of th is  standard  

Wind  measurement 
configuration  

1 .  Meteorology 
mast to  hub  height 

and  remote  
sensing  to  al l  

heights  

2.  Meteorology 
mast below hub  

height and  remote  
sensing  to  al l  

heights  

3.  Meteorology 
mast above  hub  

height  

4,  Meteorology 
mast to  hub  height  

Typica l  appl i cation  Large  wind  

tu rbi nes 7 i n  fl at  
terrain  (see   
Annex B)  

Large  wind  tu rbines  
i n  fl at  terrai n  (see  
Annex B)  

Large  and  smal l  
wind  tu rbines  i n  a l l  
types  of terrain  

Large  and  smal l  
wind  tu rbines  i n  a l l  
types  of terrain  

Wind  measurement 
sensors  

7. 2 . 3,  7 . 2 . 5  7 . 2 . 3 ,  7 . 2 . 5  7 . 2 . 3,  7 . 2 . 4  7 . 2 . 3  

Normal i sation  
procedu res  for 
cl imate  speci fi c  
power cu rve  
determ ination  

Ai r densi ty,  wi nd  
shear;  9 . 1 . 5  and  
9 . 1 . 3 . 4  

Ai r densi ty,  wi nd  
shear;  9 . 1 . 5  and  
9. 1 . 3. 4  

Ai r densi ty,  wi nd  
shear;  9 . 1 . 5  and  
9. 1 . 3. 4  

Ai r densi ty;  9 . 1 . 5  

Add i ti onal  
uncertain ty due  to  
l ack of wind  shear 
measurement  

No  add i ti ona l  
uncertain ty 
dependent on  
measurement  hei gh t  
coverage;   

 E . 1 1 . 2 . 2  

No  add i ti ona l  
uncertain ty 
dependent  on  
measurement hei ght  
coverage;  

E . 1 1 . 2 . 2  

No  add i ti ona l  
uncertain ty 
dependent on  
measurement hei gh t  
coverage;  

E . 1 1 . 2 . 2  

Add i ti onal  g ross  
uncertain ty for l arge  
wind  tu rbines  d ue  to  
l ack of verti cal  wi nd  
shear;   

E . 1 1 . 2 . 2  

Optional  
normal i zation  

procedu res 8 

Turbu lence,  wi nd  
veer and  upflow 
ang l e;  9 . 1 . 6  and  
9 . 1 . 4  

Turbu lence,  wi nd  
veer and  upflow 
ang l e;  9 . 1 . 6  and  
9 . 1 . 4   

Turbu lence,  wi nd  
veer and  upflow 
ang l e;  9 . 1 . 6  and  
9. 1 . 4.  
Meteorolog ical  mast  
fl ow d i storti on ;  
9 . 1 . 2 ,  S i te  
cal i bration ;  
Annex C.  

Turbu lence  and  
upflow ang le;  9 . 1 . 6 .  
S i te  cal i bration ;  
Annex C.  

 

___________ 

7  Refer to  I EC 61 400  -2  for d efi n i ti on  of l arge  and  smal l  wind  tu rbi nes.  

8  Upflow i n fl uences  the  power cu rve  and  can  be  measured  wi th  3D  son ic anemometers  or upfl ow vanes.  I f an  
upflow ang le  normal i zati on  i s  appl i ed  then  the  method  shou ld  be  documented  (uncerta in ty on  upflow i s  
considered  i n  Annex E).  However,  no  speci fi c  procedu re  i s  d escri bed  i n  th i s  s tandard  on  how to  normal i se  for 
upfl ow ang le.   
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6 Preparation  for performance test  

6.1  General  

The speci fic test cond i tions  related  to  the  power performance measurement of the  wind  
turb ine  shal l  be  wel l -defined  and  documented  i n  the  test report,  as  deta i l ed  i n  Clause  1 0 .  

6.2  Wind  turbine  and  electrical  connection  

As detai l ed  i n  C lause  1 0 ,  the  wind  turb ine  and  e lectrica l  connection  shal l  be  described  and  
documented  to  i den ti fy un iquely the  speci fic mach ine  configuration  that i s  tested .  

6.3  Test s i te  

6.3. 1  General  

At the  test s i te  wind  measurement equ ipment shal l  be  set up  i n  the  neighbourhood  of the  wind  
tu rb ine  to  determ ine  the  wind  speed  that d rives  the  wind  tu rbine.   

Wind  shear and  atmospheric s tabi l i ty characteristics  of the  s i te  may have  s ign i ficant  
i n fl uences  on  the  wind  measurement and  the  actual  power performance  of the  wind  turbine.  
Often  there  i s  a  d iu rnal  cycle  of atmospheric stabi l i ty,  wi th  stable  atmosphere  form ing  at n i gh t 
and  neu tral  or unstable  atmosphere  during  the  day as  the  sun  heats  the  ground ,  i ncreas ing  
turbu lence  and  m ixing  i n  the  boundary l ayer.  W ind  shear,  wind  veer,  and  turbu lence  are  a l l  a  
function  of atmospheric stabi l i ty and  impact the  relationsh ip  between  the  hub  height wind  
speed  to  the  rotor equ iva lent wind  speed  and  unusual  profi l es  may impact a  wind  turbine’s  
energy conversion .  I n  add i tion ,  fl ow d istortion  effects  may cause  the  wind  speed  at the  
posi tion  of the  wind  speed  measurement and  wind  turbine  to  be  d i fferen t,  though  correlated .  

The  test s i te  shal l  be  assessed  for sources  of wind  flow d istortion  i n  order to :  

a)  choose the  posi tion  of the  wind  measurement equ ipment;  

b)  define  a  su i table  measurement sector;  

c)  determ ine  i f a  s i te  cal ibration  is  requ i red  then  determ ine  the  appropriate  fl ow corrections  
by measurement accord ing  to  Annex C;  

d )  evaluate  the  uncertain ty due  to  wind  flow d istortion .  

The  fo l l owing  factors  shal l  be  cons idered ,  i n  particu lar:  

1 )  topograph ical  variations  and  roughness;  

2)  other wind  tu rbines;  

3)  obstacles  (bu i ld ings,  trees,  etc. ) .  

The  test s i te  sha l l  be  documented  as  detai led  i n  C lause  1 0.  

6.3.2  Location  of the  wind  measurement equ ipment 

Care  shal l  be  taken  in  l ocating  the  wind  measurement equ ipment.  The  wind  measurement 
equ ipment shal l  not be  l ocated  too  close  to  the  wind  turb ine,  s i nce  the  wind  speed  wi l l  be  
i n fl uenced  in  fron t of the  wind  tu rbine.  Also,  i t  shal l  not be  l ocated  too  far from  the  wind  
turb ine,  s ince  the  correlation  between  wind  speed  and  e lectric power output wi l l  be  reduced .  
The  wind  speed  measurement i nstrumentation  shal l  be  pos i ti oned  at a  d is tance  from  the  wind  
turb ine  of between  2  and  4  t imes  the  rotor d iameter D  of the  wind  turbine.  A d istance  of  
2 , 5  times  the  rotor d iameter D  i s  recommended .  I n  the  case  of a  vertical  axis  wind  turbine,   
refer to  C lause  H . 4.  

Prior to  carrying  out the  power performance  test and  in  help ing  to  select the  l ocation  for the  
wind  measurement equ ipment,  account shou ld  be  taken  of the  need  to  exclude  measurements  
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from  al l  sectors  i n  wh ich  e i ther the  wind  measurement equ ipment or the  wind  tu rbine  wi l l  be  
subj ect to  fl ow d isturbance.   

I n  most cases,  the  best l ocation  for the  wind  measurement equ ipment wi l l  be  upwind  of the  
wind  turbine  i n  the  d i rection  from  wh ich  most val i d  wind  is  expected  to  come during  the  test.  
I n  other cases,  however,  i t  may be  more  appropriate  to  p lace  the  wind  measurement 
equ ipment a longside  the  wind  tu rbine  as  the  wind  cond i ti ons  wi l l  be  more  s im i lar,  for example  
for a  wind  turbine  s i ted  on  a  ri dge.   

6.3.3  Measurement sector 

The measurement sector(s)  sha l l  exclude  d i rections  having  s i gn i fican t obstacles  and  other 
wind  turbines,  as  seen  from  both  the  wind  turb ine  under test and  the  wind  measurement 
equ ipment.   

For a l l  ne ighbouring  wind  turbines  and  s i gn i fican t obstacles ,  the  d i rections  to  be  excluded  due  
to  wake effects  shal l  be  determ ined  us ing  the  procedure  i n  Annex A.  The  d isturbed  sectors  to  
be  excluded  due  to  the  wind  measuring  equ ipment being  i n  the  wake of the  wind  turbine  under 
test are  shown  i n  F igure  1  for d istances  of 2D ,  2 , 5D  and  4D.  Reasons  to  reduce  the  
measurement sector(s)  m ight be  specia l  topograph ic cond i ti ons  or unexpected  measurement 
data  from  d i rections  wi th  compl icated  s tructures.  Al l  reasons  for reducing  the  measurement 
sector shal l  be  clearl y documented .  

 

Distance of meteorology 
mast to wind  2D  and  4D,  
2,5D  is recommended 

Mast to wind  turbine centre l ine 

Maximum measurement sector:  
at 2D:     279° 
at 2,5D:  286° 
at 4D:     301 °  

2,5D   

2D  

Mast at 4D 

Disturbed  sector 
due to wake of 
wind  turbine on 
meteorology mast 
(Annex A):  
at 2D:     81 °  
at 2,5D:  74° 
at 4D:     59°  

Wind 
turbine  

D 

IEC 
 

Figure 1  – Requ irements  as  to  d istance of the  wind  measurement  equ ipment  
and  maximum  al lowed  measurement sectors  

6.3.4  Correction  factors  and  uncertainty due to  flow d istortion  orig inating  from  
topography 

The test s i te  shal l  be  assessed  for sources  of wind  fl ow d istortion  due  to  topograph ica l  
variations.  The  assessment i n  Annex B  shal l  i den ti fy whether the  power curve can  be  
measured  wi thout a  s i te  cal ibration .  I f the  cri teria  of Annex B  are  met,  the  wind  fl ow reg ime of 
the  s i te  does  not need  a  s i te  cal i bration .  However,  i n  assum ing  that no  fl ow correction  i s  
necessary,  the  appl i ed  uncertain ty due  to  flow d istortion  of the  test s i te  shal l  be  a  m in imum  of 
2  %  of the  measured  wind  speed  i f the  wind  measurement equ ipment i s  posi tioned  at a  
d istance  between  2  and  3  times  the  rotor d iameter of the  wind  tu rbine  and  3  %  or greater i f 
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the  d istance  is  between  3  and  4  t imes  the  rotor d iameter9,  un less  objective  evidence can  be  
provided  quanti fying  a  d i fferent uncertain ty.  

I f the  cri teria  of Annex B  are  not met,  or a  smal l er uncertainty due  to  fl ow d i stortion  of the  test 
s i te  i s  des i red ,  then  an  experimental  s i te  ca l i bration  shal l  be  undertaken  i n  accordance wi th  
Annex C.  The  measured  flow correction  factors  for each  sector shal l  be  used .   

7 Test equipment 

7. 1  Electric power 

The net e l ectric  power of the  wind  tu rbine  shal l  be  measured  us ing  a  power measurement 
device  (e . g .  power transducer)  and  be  based  on  measurements  of current and  vol tage  on  
each  phase.  

The  class  of the  current  transformers  shal l  meet the  requ irements  of I EC  61 869-2  and  the  
class  of the  vol tage  transformers,  i f used ,  shal l  meet the  requ irements  of I EC  61 869-3.  They 
shal l  be  of class  0, 5  or better.  

The  accuracy of the  power measurement device,  i f i t  i s  a  power transducer,  shal l  meet the  
requ i rements  of I EC 60688  and  shal l  be  cl ass  0 , 5  or better.  I f the  power measurement device  
is  not  a  power transducer then  the  accuracy shou ld  be  equ ivalent to  cl ass  0 , 5  power 
transducers.  The  operating  range  of the  power measurement device  shal l  be  set to  measure  
a l l  posi ti ve  and  negative  instan taneous  power peaks  generated  by the  wind  tu rbine.  As  a  
gu ide  for MW-size  acti ve  control  regu lated  wind  tu rbines,  the  fu l l -scale  range  of the  power 
measurement device  shou ld  be  set to  –25  %  to  +1 25  %  of the  wind  turbine  rated  power 1 0.  Al l  
data  shal l  be  period ical l y reviewed  during  the  test  to  ensure  that the  range  l im i ts  of the  power 
measurement device  have  not been  exceeded .  The  power transducer shal l  be  cal ibrated  to  
traceable  s tandards.  The  power measurement device  shal l  be  mounted  between  the  wind  
turbine  and  the  e lectrica l  connection  to  ensure  that on l y the  net  acti ve  e lectric power ( i . e .  
reduced  by sel f-consumption)  i s  measured .  I t  shal l  be  s tated  whether the  measurements  are  
made on  the  wind  tu rbine  s i de  or the  network s i de  of the  transformer.   

7.2  Wind  speed  

7.2. 1  General  

The wind  speed  measured  at Hub  Height on l y (HH)  is  the  defau l t wind  speed  defin i ti on  and  
shal l  a lways  be  used .  Th is  may be  cons idered  the  l im i ti ng  case  of the  rotor equ iva len t wind  
speed  where  there  i s  on ly one  measurement height and  add i tional  uncertain ty due  to  the  lack 
of a  wind  shear or wind  veer profi l e  measurement (see  E. 1 1 . 2. 2).  I t  i s  recommended  that the  
hub  height wind  speed  measurement i s  supplemented  wi th  wind  shear measurements  i n  the  
l ower hal f of the  rotor to  reduce the  wind  speed  uncertain ty.  To  further reduce  the  wind  speed  
uncertain ty,  the  Rotor Equ ivalen t Wind  Speed  (REWS),  see  9 . 1 . 3 . 2  and  Annex Q,  shou ld  be  
used  as  the  wind  speed  i npu t variable  to  the  power curve.   

The  wind  speed  measurement configurations  are  summarized  i n  Table  2  wh ich  takes  accoun t 
of the  current l im i tations  of each  measurement technology wi th  respect to  the  terra in  
complexi ty class i fication .  Remote  sens ing  devices  that assume horizon ta l  fl ow un i form i ty 
through  the  scanned  volume l im i t the  appl ication  of these  technolog ies  to  non -complex terrain  
cond i ti ons  for power performance testing .  Thus  on l y configurations  based  on  Table  2  sha l l  be  
appl ied .  

___________ 

9  These  uncertai n ti es  were  deri ved  from  a  WAsP (Wind  Atl as  Analys i s  and  Appl i cation  Program ,  DTU  Wind  
Energy)  anal ys i s  of a  Gaussian  h i l l  meeti ng  the  terrai n  requ i rements  of Annex B .  

1 0  I n  other cases,  a  h i gher range  may be  necessary.  Th i s  has  to  be  checked  i nd i vi dua l l y.  
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Table  2  – Wind  speed  measurement configurations  (X ind icates  al lowable  configuration)  

Wind  speed  measurement  HH  HH  REWS  REWS  

Terrain  type  Non-complex  Complex Non-complex Complex 

Hub  hei ght  meteorolog i cal  mast  X X   

Hub  hei gh t  meteorolog ical  mast +  
RSD  

X X X  

RSD  +  non -hub  he ight  
meteorolog ical  mast  

X  X   

Meteorolog ical  mast  covering  
heights  above  HH  +  2 /3  R  

X X X X 

 

The d i fferent  poss ible  sensor configurations  comprise  meteorolog ical  mast top-mounted  
anemometers ,  meteorolog ical  mast s i de-mounted  anemometers  and  remote  sens ing  devices  
and  these  provide  measurements  of hub  heigh t wind  speed ,  rotor equ ivalen t wind  speed  and  
wind  shear profi l e.  Subclauses  7 . 2 . 3  to  7. 2 .5  describe  the  general ,  common  requ i rements  of 
top-mounted ,  s i de-mounted  and  remote  sensing  sensor configurations  wh i ls t 7. 2 . 6  to  7 . 2 . 8  
describe  the  appl ication  speci fic deta i l s  for the  measurements  using  these  sensor 
configurations.  

7.2.2  General  requ irements  for meteorological  mast  mounted  anemometers  

The fo l l owing  requ i rements  appl y to  a l l  cup  and  son ic  anemometer appl ications  described  i n  
Subclauses  7 . 2. 3  to  7. 2. 8.  

The  sensor shal l  meet the  requ irements  i n  Annex I  for cup  and  son ic anemometers .  For power 
performance measurements  an  anemometer wi th  a  cl ass  better than  1 , 7A or 1 , 7C shal l  be  
used .  Add i tional l y,  i n  terrain  that requ ires  a  s i te  ca l i bration ,  i t  i s  recommended  that a  class  
better than  class  2 , 5B,  2 , 5D  or 1 , 7S  shal l  be  used ,  see  Annex I  and  Annex J .  

The  anemometer shal l  be  cal ibrated  before  and ,  i f requ i red ,  ca l i brated  again  after the  
measurement campaign  (post-cal i bration).  I t  i s  mandatory to  check and  document that the  
anemometer main tains  the  val i d i ty of i ts  ca l ibration  throughou t the  measurement period .  Th is  
can  be  ach ieved  by e i ther comparing  the  i n i ti a l  ca l i bration  resu l ts  wi th  the  ou tcome of the  
post-cal i bration  or as  an  a l ternative,  the  in -si tu  anemometer comparison  fol lowing  Annex K is  
perm issible.  

Where  a  post-cal ibration  i s  carried  ou t,  the  d i fference  between  the  regress ion  l i nes  of 
ca l ibration  and  post-cal i bration  shal l  be  wi th in  ±  0 , 1  m /s  i n  the  range  4  m /s  to  1 2  m /s.  On l y the  
cal ibration  before  the  measurement campaign  shal l  be  used  for the  performance test.  
Cal i bration  of the  anemometer shal l  be  made accord ing  to  the  procedure  of Annex F .  I f the  
maximum  d i fference between  the  regress ion  l i nes  of cal ibration  and  post-cal i bration  i s  ou ts ide 
of ±  0 , 1  m /s  i n  the  range  of 4  m /s  to  1 2  m /s,  then  the  s tandard  uncertain ty of the  anemometer 
cal i bration  uVS,precal , i  shal l  be  i ncreased  (at l east to  th is  max.  d i fference,  bu t  not to  more  than  
±  0 , 2  m /s).  I f the  d i fference i s  above ±  0 , 2  m /s,  then  the  in -s i tu  anemometer comparison  of 
Annex K i s  to  be  used  to  i denti fy the  poin t i n  t ime when  the  deviation  i n  the  data  occurred  and  
the  subsequent fau l ty data  shal l  be  rejected .  I f the  i n -s i tu  test cannot determ ine  the  poin t at 
wh ich  the  deviation  began  then  the  post-cal i bration  d i fference  i s  added  as  an  uncerta in ty.  

As  an  a l ternative,  the  i n -s i tu  ca l ibration  procedure  of Annex K shal l  be  used  to  check the  
anemometer i n tegri ty throughout the  measurement period .  I n  th is  procedure  a  con trol  
anemometer i s  used  to  mon i tor the  primary anemometer.  Where  a  cup  anemometer is  used  as  
the  primary anemometer,  then  e i ther a  cup  anemometer or a  son ic anemometer may be  used  
as  the  con trol  anemometer.  Where  a  son ic anemometer is  used  as  the  primary anemometer,  
then  the  control  anemometer shal l  be  a  cup  anemometer.  I n  the  case  where  a  REWS derived  
power curve  is  obtained  from  tal l er than  hub  heigh t meteorolog ical  mast measurements,  there 
shal l  be  a  s ide  mounted  primary anemometer at hub  height on  the  mast wi th  an  associated  
con trol  anemometer satisfying  the  mounting  requ irements  from  Annex G .  
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The  uncertain ty i n  wind  speed  measurement derives  from  several  sources  of uncertain ty as  
speci fied  i n  Table  D . 1  Uncertain ty i n  ca l ibration  shal l  be  derived  from  Annex F .  Uncertain ty 
due  to  operational  characteristics  shal l  be  derived  from  Annex I  on  cl ass i fication  of 
anemometry.  Uncertain ty due  to  mounting  effects  shal l  be  derived  from  Annex  G .  

7.2.3  Top-mounted  anemometers  

Where  wind  speed  measurements  are  made wi th  a  top-mounted  anemometer the 
requ irements  g i ven  i n  Annex G  wi th  respect to  mounting  shal l  be  adhered  to.  The  i nstal l ed  
height  of the  sensor above  ground  l evel 1 1  shal l  be  veri fi ed  by measurement and  the  
measurement method  and  i ts  standard  uncertain ty documented 1 2.  The  standard  uncertain ty of 
the  measurement of the  he igh t of the  wind  speed  sensor above the  estimated  ground  l eve l  
shal l  be  l ess  than  or equal  to  0 , 2  m .  The  control  anemometer shal l  be  moun ted  accord ing  to  
the  requ irements  of Annex G .  

7.2.4  Side-mounted  anemometers  

The moun ting  shal l  fo l l ow the  requ i rement for s ide  mounted  anemometers  accord ing  to  
Annex G .  The  instal l ed  height of the  s ide-mounted  anemometers  above  ground  l evel  (see  
footnote  1 1 )  shal l  be  veri fi ed  by measurement and  the  measurement method  and  i ts  
uncerta in ty documented .  The  height measurement standard  uncertain ty shal l  be  l ess  than  or 
equal  to  0 , 2  m .   

Correction  of s ide-mounted  anemometers  for meteorolog ica l  mast flow d istortion  i s  perm i tted  
and  further described  i n  9. 1 . 2  and  Annex S.  The  techn ical  basis  for the  correction  and  the  
effect of the  correction  shal l  be  documented .  The  booms  shal l  have  identical  orien tations  to  
ensure  s im i lari ty of flow d istortion  between  d i fferen t heights .  The  meteorolog ical  mast  and  
boom  design  shou ld  have  s im i l ar flow d istortion  effect at the  sensor wi th  a  maximum  al lowed  
d i fference i n  wind  speed  d istortion  of 1  %  between  a l l  d i fferen t heights .  The  meteorolog ica l  
mast cross-sectional  d imensions  shou ld  be  cons istent  at each  e levation ,  thus  i n  the  case  of 
free-stand ing  meteorolog ical  masts  where  the  meteorolog ical  mast cross-sectional  area  i s  
l arger at the  l ower e levations,  specia l  care  shou ld  be  taken  fo l l owing  the  recommendations  i n  
Annex G .  An  a l ternative  option  is  to  mount a  second  anemometer at each  measurement 
height  on  a  separate  boom  and  to  l im i t  the  measurement sector such  that the  wind  speed  
measurements  do  not  deviate  by more  than  1  %.  

7.2.5  Remote sensing  device  (RSD)  

Remote  sensing  devices  that assume horizon ta l  fl ow un i form i ty through  the  scanned  volume 
l im i t  the  appl ication  of these  technolog ies  to  non -complex terrain  cond i ti ons  for power 
performance  testi ng  as  defined  by Annex B.  The  remote  sensing  device  shal l  be  veri fi ed  
before  the  measurement campaign  or i n -s i tu  accord ing  to  Clause  L. 3.  The  remote  sensing  
device  can  be  used  to  measure  hub  he ight wind  speed ,  wind  shear profi l e,  wind  veer and /or 
the  rotor equ iva len t wind  speed  based  on  measurements  at more than  one  he igh t (see  7. 2 .8) .  
I n  any case,  the  remote  sens ing  device  shal l  be  s imu l taneousl y compared  wi th  a  top-mounted  
anemometer on  a  meteorolog ical  mast at a  heigh t not less  than  the  m in imum  of the  wind  
turbine  rotor lower ti p-height or 40  m  as  defined  in  C lause  L. 1 .  Requ i rements  on  the  top-
mounted  anemometer are  i den tica l  to  those  described  i n  7 . 2 . 3 .  

The  uncertain ty of the  RSD  wind  speed  measurements  shal l  be  derived  accord ing  to  Annex L.  

___________ 

1 1  For the  pu rpose  of d efi n i ng  g round  l evel ,  an  estimate  of the  mean  e levation  over a  rad i us  of 2  m  around  the  
mast base  or 5  m  rad ius  around  the  tu rbine  base  can  be  made.  The  sensor heigh t  measurement  uncertai n ty 
shou ld  exclude  the  u ncertain ty of the  ground  l evel  estimate.  For offshore  cond i ti ons,  g round  l evel  shou ld  be  
considered  as  mean  sea  l evel .  

1 2  The  measurement  can  be  performed  by means  of measurement device  wi th  a  traceable  cal i bration  for example  
a  theodol i te  ab le  to  deri ve  hei ghts  from  an  ang l e  measuremen t i n  the  verti ca l  p l ane.  
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7.2.6  Rotor equ ivalent wind  speed  measurement  

I f the  wind  speed  i s  measured  at th ree  or more  heigh ts  across  the  wind  tu rbine  rotor as  
defined  in  7 . 2 . 8 ,  then  the  rotor equ iva lent wind  speed  can  be  ca lcu lated  accord ing  to  9 . 1 . 3 .  
Note  that  more  than  th ree  measurement heigh ts  are  recommended .  There  are  three  options  
for measuring  the  rotor equ ivalen t wind  speed  as  described  be low.  

a)  Where  a  hub  he ight top-mounted  anemometer satisfying  the  requ i rements  of 7 . 2. 3  i s  used  
together wi th  an  RSD  satisfying  the  requ i rements  of 7 . 2 . 5  and  the  terrain  meets  the  
requ irements  of Annex B  then  the  measurements  from  the  hub  heigh t anemometer and  
RSD  are  combined  to  determ ine  the  rotor equ iva lent wind  speed  accord ing  to  9 . 1 . 3 .  

b)  Where  an  anemometer not at  hub  he igh t bu t otherwise  satisfying  the  requ i rements  for top-
mounted  anemometers  of 7. 2. 3  i s  used  wi th  an  RSD  satisfying  the  requ i rements  of 7 . 2. 5  
and  the  terra in  meets  the  requ irements  of Annex B  then  the  RSD measurements  are  used  
d i rectl y to  determ ine  the  rotor equ iva len t wind  speed  accord ing  to  9 . 1 . 3 .   

c)  Where  a  ta l l er than  hub  height meteorolog ica l  mast i s  used  wi th  s ide-mounted  
measurements  d is tribu ted  across  the  rotor he igh t,  i ncl ud ing  an  anemometer at hub  he ight,  
then  the  s i de-mounted  anemometer wind  speed  measurements  may be  used  d i rectl y to  
measure  the  rotor equ ivalen t wind  speed  accord ing  to  9. 1 . 3.  

7.2.7  Hub height  wind  speed  measurement 

There  are  three  options  for measuring  hub  he ight wind  speed  as  described  below.  

a)  Where  a  hub  he igh t meteorolog ical  mast i s  used ,  the  hub  heigh t wind  speed  
measurements  shal l  meet the  requ irements  described  i n  7 . 2 . 3 .  

b)  I f the  terra in  meets  the  requ i rements  of Annex B,  then  the  hub  height wind  speed  can  be  
measured  wi th  an  RSD  meeting  the  requ i rements  of 7. 2 . 5  and  noti ng  speci fical l y the  
requ i rement to  compare  the  RSD  against  a  s imu l taneous  top-mounted  anemometer.  

c)  A meteorolog ical  mast that i s  tal l er than  the  hub  he ight may be  used  to  better capture  the  
wind  speeds  across  the  rotor area.  I n  th is  case,  the  hub  height  wind  speed  shal l  be  
measured  wi th  a  s i de-mounted  sensor on  a  boom  fol l owing  the  requ irements  described  i n  
7 . 2. 4 .   

For the  hub  height  defin i tion  of wind  speed ,  the  l ack of knowledge of the  vertical  wind  shear or 
wind  veer across  the  wind  turbine  rotor sha l l  be  accounted  for by add ing  an  uncertain ty term  
accord ing  to  Annex E  based  on  the  estimated  or measured  wind  shear or wind  veer.  Where  
on l y a  hub  he ight wind  speed  measurement i s  avai l able ,  an  estimated  wind  shear or wind  veer 
based  on  s i te  characteri stics  (e . g .  roughness)  or prior measurement or model l ing  at the  s i te  
(e. g .  d uring  a  resource  assessment campaign)  shal l  be  used  as  input  to  the  uncertain ty 
anal ys is.  Where  the  hub  height  wind  speed  is  determ ined  using  an  RSD  or tal l er than  hub  
height meteorolog ical  mast wi th  s i de-moun ted  wi nd  speed  measurements  across  the  rotor or 
where  below hub  he igh t  s i de-mounted  instruments  are  present and  satisfying  the  m in imum  
requ irements  described  i n  7 . 2. 8,  then  wind  shear or wind  veer derived  from  the  RSD  or s ide-
mounted  i nstruments  shal l  be  used  as  input  to  the  uncerta in ty assessment.  

7.2.8  Wind  shear measurements  

Where  wind  speed  measurements  are  avai l able  over a  range  of heights  wind  shear shal l  be  
measured  and  used  for the  rotor equ iva lent wind  speed  or for wind  shear exponent 
determ ination .   

Wind  shear measurements  shal l  e i ther be  performed  us ing  s ide-mounted  anemometers  as  
described  i n  7 . 2 . 4  or by a  s i ng le  remote  sensing  i nstrument as  described  i n  7. 2 . 5 .  Further 
speci fications  on  wind  shear measurement using  remote  sens ing  i nstruments  or 
meteorolog ical  mast  measurements  are  g i ven  in  Annex L  and  Annex G  respectivel y.  

The  rotor equ ivalen t wind  speed  measurement shal l  i ncl ude  wind  speed  measurements  above 
hub  he igh t.  To  appl y a  measurement-based  wind  shear correction ,  there  shal l  be  at l east 
th ree  wind  speed  measurements  d istribu ted  over the  rotor swept area.  However,  to  m in im ise  
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wind  speed  uncerta in ty,  i t  i s  recommended  to  have  as  many measurement heights  as  
poss ib le.  Measurement he ights  shou ld  be  d istribu ted  symmetrical l y around  hub  height  and  
even l y over the  vertical  range  of the  rotor swept area.  

The  measurement heigh ts  shal l  i nclude  the  fol lowing  he igh ts  as  a  m in imum:  

a)  hub  he igh t ±1 , 0  %;   

b)  between  H – R  and  H – 2/3R ;   

c)  between  H +  2/3R  and  H +  R ,  

where  H i s  the  hub  height of the  wind  turbine  and  R  the  rad ius  of the  rotor swept area,  see  
Figure  2 .   

 

 

Figure  2  – Wind  shear measurement heights  appropriate  
to  measurement  of rotor equ ivalent wind  speed  

I f the  meteorolog ica l  mast i s  hub  height or a  l i ttl e  above,  then  no  wind  speed  measurements  
above hub  height may be  avai lable  for wind  shear measurement.  I n  that case,  the  
measurements  used  to  derive  wind  shear shal l  i ncl ude  at l east the  fo l l owing  heights:  

a)  a  s i de-mounted  anemometer as  close  to  hub  heigh t satisfying  the  requ irements  of 
Annex G  for separation  from  the  top-mounted  anemometer,   

b)  between  H – R  and  H – 2/3R  and  satisfying  the  requ irements  of Annex G  for s i de  mounted  
anemometers .  

where  H i s  the  hub  height of the  wind  turbine  and  R  the  rad ius  of the  rotor swept area,  see  
Figure  3 .  
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Figure 3  – Wind  shear measurement heights  when  no  wind  speed  measurements  
above hub height  are  avai lable  (for wind  shear exponent determination  on ly)  

7. 3  Wind  d i rection  

Wind  d i rection  measurements  are  used  as  an  i npu t to  the  s i te  cal ibration ,  for fi l teri ng  data  to  
the  val id  d i rection  sector and  for determ in ing  wind  veer.  Wind  d i rection  shal l  be  measured  
wi th  a  wind  d i rection  sensor.  Th is  may be  a  wind  vane  or a  2D  or 3D  son ic  anemometer or an  
RSD.  Where  a  son ic anemometer i s  used  i t  sha l l  be  used  in  con j unction  wi th  a  conventi onal  
wind  vane  as  a  control .  I f an  RSD  is  used ,  i t  shou ld  be  subjected  to  a  veri fication  test on  the  
wind  d i rection  accord ing  to  Annex L.  

The  i nstan taneous  horizon tal  wind  d i rection  shal l  be  determ ined  and  averaged  over  
1 0  m in .  Vector averag ing  (averag ing  of cosine  and  s i ne  components  of i nstantaneous  wind  
d i rection  values  taking  arc tan  of the  average  values  and  ad justed  to  the  0°  to  360°  scale)  i s  
one  method  for deriving  the  average  wind  d i rection .  Another method  i s  to  extend  the  wind  
d i rection  scale  for values  above 360°  and  ca lcu lati ng  the  1 0  m in  average,  then  ad justing  the  
average  value  to  the  0°  to  360°  range.  Data  measured  wi th in  the  dead  band  of a  wind  vane,  
usual l y at the  north  mark of the  wind  d i rection  sensor body,  are  usual l y not defined  (open  
ci rcu i t  or short ci rcu i t)  and  shal l  be  excluded .  The  combined  cal ibration ,  operation ,  and  
orientation  standard  uncertain ty of the  wind  d i rection  measurement shal l  be  less  than  5° .  The  
wind  d i rection  sensor shal l  be  ca l i brated .  Annex N  provides  gu idance.   

7.4 Ai r densi ty 

Air dens i ty shal l  be  derived  from  measurement of a i r temperature,  a i r pressure  and  re lati ve  
hum id i ty.  As  an  a l ternative  to  the  hum id i ty measurement,  an  assumed  value  of 50  %  relati ve  
hum id i ty may be  used  i f hum id i ty i s  not measured .  The  a i r densi ty sha l l  be  ca lcu lated  us ing  
Equation  (1 2)  i n  9. 1 . 5 .  

The  a i r temperature  sensor shal l  be  mounted  wi th in  1 0  m  of hub  he ight to  represent the  a i r 
temperature  at the  wind  turb ine  rotor centrel ine.  Refer to  Annex G  for temperature  sensor 
mounting  requ i rements  where  a  meteorolog ical  mast shorter than  hub  he igh t i s  used .  

The  a i r pressure  sensor shou ld  be  mounted  wi th in  1 0  m  of hub  he igh t to  represent the  
barometric pressure  at the  wind  turbine  rotor centrel ine.  Ai r pressure  measurements  shal l  be  
a lways  corrected  to  the  appropriate  hub  heigh t accord ing  to  I SO  2533.  
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The  hum id i ty sensor shou ld  be  moun ted  wi th in  1 0  m  of hub  height to  represent the  hum id i ty at 
the  wind  turbine  rotor centrel ine.  

7 .5  Rotational  speed  and  pi tch  angle  

Rotational  speed  and  pi tch  ang le  shou ld  be  measured  th roughout the  test i f there  is  a  speci fic 
need  for i t.  For example  i f there  is  a  need  to  appl y the  measurements  i n  connection  wi th  
acoustic  noise  tests.  I f measured ,  the  measurements  shal l  be  reported  accord ing  to   
Clause  1 0 .  

7.6  Blade  condition  

The cond i ti on  of the  b lades  may in fluence the  power curve  particu larl y for stal l  regu lated  wind  
tu rbines.  I t  may be  usefu l  i n  understand ing  the  characteristics  of the  wind  turbine  to  mon i tor 
the  factors  that affect b l ade  cond i ti on  includ ing  precipi tation ,  i cing  and  bug  and  d i rt  accretion .  

7.7  Wind  turbine  control  system  

Sufficien t s tatus  s i gnals  shal l  be  i den ti fi ed ,  veri fi ed  and  mon i tored  to  a l l ow the  rej ection  
cri teria  of 8 . 4  to  be  appl ied .  Obta in ing  these  parameters  from  the  wind  turb ine  control ler's  
data  system  is  adequate 1 3.  The  defin i ti on  of each  status  s i gnal  shal l  be  reported .  

7.8  Data acqu isi tion  system  

A d ig i ta l  data  acqu is i tion  system  having  a  sampl i ng  rate  per channel  of at  l east 1  H z shal l  be  
used  to  col lect measurements  and  store  e i ther sampled  data  or statis tics  of the  data  sets  as  
described  in  8. 3.   

The  cal ibration  and  accuracy of the  data  system  chain  ( transm iss ion ,  s ignal  cond i tion ing  and  
data  record ing)  sha l l  be  veri fi ed  by i n j ecti ng  known  s ignals  from  a  traceable,  ca l ibrated  source  
at the  transducer ends  and  comparing  these  i npu ts  against the  recorded  read ings.  As  a  
gu idel i ne,  the  uncertain ty of the  data  acqu is i ti on  system  shou ld  be  neg l i g ib le  compared  wi th  
the  uncertain ty of the  sensors.  

8 Measurement procedure  

8. 1  General  

The objecti ve  of the  measurement procedure  i s  to  col lect data  that meet a  set of clearl y 
defined  cri teria  to  ensure  that the  data  are  of su fficien t quanti ty and  qual i ty to  determ ine  the  
power performance characteristics  of the  wind  turbine  accurate l y.  The  measurement 
procedure  shal l  be  documented ,  as  deta i led  i n  Clause  1 0 ,  so  that every procedural  s tep  and  
test cond i ti on  can  be  reviewed  and ,  i f necessary,  repeated .  

Accuracy of the  measurements  shal l  be  expressed  i n  terms  of standard  uncertain ty,  as  
described  i n  Annex D .  During  the  measurement period ,  data  shou ld  be  period ical l y va l i dated  
to  ensure  h igh  qual i ty.  Test logs  shal l  be  maintained  to  document a l l  important events  during  
the  power performance test.  

8.2  Wind  tu rbine  operation  

During  the  measurement period ,  the  wind  turb ine  shal l  be  in  normal  operation ,  as  prescribed  
i n  the  wind  turbine  operations  manual ,  and  the  mach ine  configuration  shal l  not  be  changed .  
The  operational  s tatus  of the  wind  turb ine  shal l  be  reported  as  described  in  C lause  1 0.  
Normal  main tenance of the  wind  turb ine  shal l  be  carried  ou t th roughou t the  measurement 

___________ 

1 3  A status  s i gnal  on  generator cu t- i n  i s  adequate  to  veri fy cu t-ou t  hysteresis  control  a l gori thm .   
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period ,  bu t such  work shal l  be  noted  i n  the  test l og .  Any specia l  main tenance actions,  such  as  
frequent  b l ade  wash ing ,  wh ich  ensure  good  performance  during  the  test shal l  i n  particu lar be  
noted .  Such  specia l  main tenance actions  shou ld  be  avoided .  

8.3  Data col lection  

Data  shal l  be  col l ected  con tinuous l y at a  sampl ing  rate  of 1  Hz or h igher.  Ai r temperature,  a i r 
pressure  and  hum id i ty and  precip i tation ,  i f measured ,  may be  sampled  at a  s l ower rate,  bu t  at  
l east once  per m inute.   

The  data  acqu is i tion  system  shal l  s tore  e i ther sampled  data  or statis tics  of data  sets  as  
fol l ows:  

a)  mean  va lue;  

b)  standard  deviation ;  

c)  maximum  va lue;  

d )  m in imum  value.  

Selected  data  sets  shal l  be  based  on  1 0-m in  periods  derived  from  contiguous  measured  data.  
Data  shal l  be  col lected  unti l  the  requ irements  defined  i n  8 . 5  are  satisfi ed .  

8.4  Data rejection  

To ensure  on l y data  obtained  du ring  normal  operation  of the  wind  turb ine  are  used  in  the 
anal ys is,  and  to  ensure  data  are  not corrupted ,  data  sets  shal l  be  excluded  from  the  database  
under the  fo l lowing  ci rcumstances:  

a)  external  cond i tions  other than  wind  speed  are  ou t of the  operating  range  of the  wind  
turbine;  

b)  the  wind  turbine  cannot operate  because  of a  wind  turb ine  fau l t  cond i ti on ;  

c)  the  wind  turbine  is  manual l y shu t down  or i n  a  test or main tenance  operati ng  mode;  

d )  fai l u re  or degradation  (e . g .  due  to  icing)  of measurement equ ipment;  

e)  wind  d i rection  ou tside  the  measurement sector(s)  as  defined  in  6 . 3. 3;  

f)  wind  d i rections  ou tside  va l i d  (complete)  s i te  ca l i bration  sectors ;  

g )  any specia l  atmospheric cond i ti on  fi l tered  during  the  s i te  cal ibration  shal l  a lso  be  fi l tered  
during  the  power curve  test.  

Any other rejection  cri teria  shal l  be  cl earl y reported .  

The  effect on  the  power curve  of a  l arge  h ysteresis  l oop  i n  the  cu t-ou t con trol  a l gori thm  may 
be  cons iderable.  Th is  effect shal l  not be  i ncluded  i n  the  power curve,  and  a l l  data  sets  where  
the  wind  tu rbine  has  stopped  generati ng  power due  to  cu t-out at h igh  wind  speed  shal l  be  
excluded .  I f cu t-ou t behaviour has  been  reached  du ring  the  measurement period ,  the  
measurements  may be  presented  i n  a  specia l  database that i ncl udes  a l l  data  poin ts  i n  the  
database.  The  power curve  shal l  capture  the  effect of h ysteresis  at  the  cu t- in  con trol  
a lgori thm ,  as  wel l  as  the  effect of paras i tic  losses  below cu t- in .  Cut-out h ysteres is  affects  the  
h igher wind  speed  b ins  and  neg lecti ng  i t  may therefore  l ead  to  overestimation  of energy 
production  especial l y for scenarios  wi th  h igher annual  average  wind  speeds.  

Subsets  of the  database  col l ected  under specia l  operational  cond i ti ons  (e. g .  h igh  b lade  
roughness  due  to  dust,  sa l t,  i nsects  and  ice  or i f g ri d  cond i tions  vary s i gn i fican tl y)  or 
atmospheric cond i ti ons  (e. g .  precipi tation ,  wind  shear)  that occur during  the  measurement 
period  may be  selected  as  specia l  databases.   
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8.5  Database  

After data  normal isation  (see  9 . 1 )  the  selected  data  sets  shal l  be  sorted  using  the  “method  of 
b ins”  procedure,  see  9 . 2 .  The  wind  speed  range  shal l  be  d i vi ded  i n to  0, 5  m /s  contiguous  b ins  
cen tred  on  mu l ti ples  of 0 , 5  m /s.  The  selected  data  sets  shal l  at l east cover a  wind  speed  
range  extend ing  from  1  m /s  below cu t- in  to  1 , 5  times  the  wind  speed  at  85  %  of the  rated  
power of the  wind  turbine.  Al ternativel y,  the  wind  speed  range  shal l  extend  from  1  m /s  below 
cut- i n  to  a  wind  speed  at wh ich  "AEP-measured"  i s  g reater than  or equal  to  95  %  of "AEP-
extrapolated ",  see  9 . 3,  where  “AEP-measured ”  and  “AEP-extrapolated”  are  defined  us ing  the  
appropriate,  cons isten t defin i tions  of wind  speed  ( i . e .  the  hub  heigh t wind  speed  derived  
power cu rve  and  wind  speed  d istribu tion  and ,  i n  the  case  where  REWS is  derived ,  by the  
REWS derived  power curve  and  wind  speed  d i stribution ).  For acti ve  p i tch  control l ed  wind  
tu rbines ,  the  power curve  may a lso  be  cons idered  complete  when  the  rated  power has  been  
reached  and  the  average  power does  not change by more  than  the  l arger of 0 , 5  %  of the  
power or 5  kW for th ree  consecutive  wind  speed  b ins  and  there  i s  not a  trend  of i ncreasing  
power across  these  three  b in-averages.  The  report  shal l  state  wh ich  of the  three  wind  speed  
range  cri teria  has  been  used .   

The  database shal l  be  considered  complete  when  i t  has  met the  fol l owing  cri teria:  

a)  each  b in  i ncludes  a  m in imum  of 30  m in  of sampled  data;  

b)  the  database i ncludes  a  m in imum  of 1 80  h  of sampled  data.  

Shou ld  a  s i ng le  i ncomplete  b in  be  preventing  completion  of the  test,  then  that b in  value  can  
be  estimated  by l i near i n terpolation  from  the  two  ad jacent  complete  b ins.   

The  database shal l  be  presented  i n  the  test report  as  detai led  i n  Clause  1 0 .  

9  Derived  resul ts  

9. 1  Data  normal isation  

9. 1 . 1  General  

I n  the  fo l lowing  subclauses,  three  methods  of normal isation  are  described  for the  main  
atmospheric d ri vers  on  the  power curve  resu l ts :  a i r densi ty,  wind  shear and  turbu lence  
i n tens i ty.   

The  purpose  of these  normal isations  is  to  improve the  accuracy of the  resu l ts  by means  of 
concrete  formu lations  for each  variable.  Th is  wi l l  to  some extent a l l ow the  comparison  of 
resu l ts  from  d i fferen t data  sets  bri ng ing  them  to  s im i lar sca le.   

The  various  normal isations  shou ld  be  appl i ed  as  i nd icated  i n  the  fl ow chart  i n  F igure  4.  
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Figure 4 – Process  of appl ication  of the  various  normal isations 1 4  

9 . 1 . 2  Correction  for meteorological  mast  flow d istortion  of s ide-mounted  
anemometer 

Correction  of the  wind  speeds  from  s ide  mounted  anemometers  for meteorolog ica l  mast fl ow 
d istortion  i s  perm i tted  (the  requ irement from  Annex G  for a  maximum  of 1  %  meteorolog ical  
mast flow d istortion  before  appl ication  of the  correction  i s  s ti l l  requ ired).  Any correction  
method  shal l  be  documented  and  reported  fol l owing  the  requ irements  of 1 0 .  

The  impact of the  meteorolog ica l  mast fl ow d istortion  on  the  wind  shear measurement may be  
m in im ized  by reducing  the  measurement sector where  meteorolog ica l  mast  fl ow d istortion  i s  
below a  certa in  l im i t.  The  techn ical  bas is  for any such  reduction  i n  sector wid th  shal l  be  
documented .  Annex S  g ives  a  possib le  method  for determ in ing  the  flow d istortion  correction  
for a  la ttice  mast.  

9. 1 .3  Wind  shear correction  (when  REWS measurements  avai lable)  

9 . 1 . 3.1  General  

I f the  wind  speed  over the  wind  tu rbine  rotor area  i s  constant,  the  wind  speed  at hub  height 
wou ld  be  representati ve  of the  wind  speed  over the  wind  tu rbine  rotor and  the  use  of the  hub  
he ight wind  speed  wou ld  be  j usti fi ed .  However,  the  assumption  of a  poin t wind  speed  such  as  
at  hub  height represen ting  the  wind  speed  over the  wind  turb ine  rotor area  may not  be  
representative  for l arge  wind  turbines.  I t  i s  therefore  necessary to  in troduce  corrections  that 
account  for the  wind  speed  at hub  he igh t and  the  variations  i n troduced  by the  wind  shear over 
the  wind  tu rbine  rotor.  I n  the  fol l owing ,  three  quan ti ti es  are  defined :  

a)  the  rotor equ iva lent  wind  speed ;  

b)  the  wind  shear correction  factor;  
___________ 

1 4 Where  the  opti ona l  REWS  measurements  are  avai l able,  the  REWS data  fol l ow a  normal i sati on  path  paral l e l  to  
the  defau l t  hub  heigh t  d ata  normal i sations  as  i n d icated  by the  terms  i n  square  brackets .  The  normal i sation  of 
the  REWS data  i s  carried  ou t  separatel y at  each  measurement height  for a l l  normal i sati on  steps  up  to  the  
s tep  where  the  resu l ts  from  each  he ight  are  combined  i n to  the  wi nd  shear/REWS/veer correcti on .  A s i ng le  
REWS corrected  val ue  i s  d eri ved  for each  1 0-m inu te  data  poin t  at  each  subsequent s tep  i n  paral l e l  to  the  
corrections  appl i ed  to  each  hub  hei gh t  d ata  poin t.   

Raw 1 0 min  data 
• Hub Height Data 
• [REWS Data at multiple heights]  

Mast flow distortion 

(9.1 .2) 
• Hub Height Data 
• [REWS Data at mul tiple heights]  

Site calibration (Annex C) 
• Hub Height Data 
• [REWS Data at mul tiple heights]  

[Shear/REWS/Veer 
Correction]  

(9.1 .3/9.1 .4) 
• [REWS Data at mul tiple heights]  

Air density correction 

(9.1 .5) 
• Hub Height Data 
• [REWS Corrected  Data]  

Turbulence normalisation 

(9.1 .6) 
• Hub Height Data 
• [REWS Corrected  Data]  

Normalised 1 0 
min  data 
• Hub Height Data 
• [REWS Corrected  
Data]  

IEC 
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c)  the  wind  shear corrected  wind  speed .  

The  wind  shear correction  factor may be  used  to  derive  a  cl imate  speci fic power curve  as  
expla ined  in  Annex P.  However,  th is  correction  is  based  on  the  assumption  that a  wind  tu rbine  
is  able  to  convert a l l  of the  avai l able  kinetic  energy.  

9. 1 .3.2  Rotor equ ivalent wind  speed  

The  rotor equ ivalen t wind  speed  is  the  wind  speed  correspond ing  to  the  kinetic energy flux 
through  the  swept rotor area,  when  accounting  for the  vertical  wind  shear.  Where  the  wind  
speed  for at l east three  measurement heigh ts  are  avai l ab le  (see  7. 2 .6) ,  the  rotor equ ivalent  
wind  speed  i s  defi ned  as:  
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where   

nh   i s  the  number of avai l ab le  measurement heigh ts  (nh  ≥  3) ;  

vi    i s  the  wind  speed  measured  at  heigh t i;  

A  i s  the  complete  area  swept by the  rotor ( i . e.  πR2  wi th  rad ius  R) ;  

A i    i s  the  area  of the  i
th  segment,  i . e .  the  segment the  wind  speed  vi  i s  represen tati ve  for,  

derived  from  Equation  (6).  

The  segments  (wi th  areas  A i)  shal l  be  chosen  in  the  way that the  horizon tal  separation  l ine  
between  two segments  l i es  i n  the  m idd le  of two measurement poin ts .  The  segment areas  are  
then  derived  accord ing  to  Equation  (6) :  
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where  

zi   i s  the  he igh t of the  i
th  segment separation  l i ne  (H–R<zi<H+R) ,  numbered  in  the  same order 

as  vi  (e i ther top  down  or bottom  up).  

The  rotor wid th  at  height  z  i s :  
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where  

R i s  the  rotor rad ius ;  

H i s  the  hub  height.  

The  i n tegrated  function  i s :  
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Example of REWS calculation for one 10 minute wind speed profile 

I n  th is  example,  a  wind  tu rbine  i s  assumed  to  have  a  hub  he ight of 80  m  and  a  rotor d iameter 
of 1 00  m .  The  wind  speed  was  measured  at 5  he ights  wi th  a  meteorolog ical  mast.  I f the  
heights  cou ld  have  been  chosen ,  i deal l y they wou ld  have  been  even ly d is tribu ted  (40  m ,   
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60  m ,  80  m ,  1 00  m  and  1 20  m ).  Th is  example  shows a  case  where  the  he ights  were  fixed  
i ndependentl y from  the  REWS evaluation  purpose.  The  segment l im i ts  were  set i n  the  m idd le  
of two  consecutive  measurements .  The  resu l ting  REWS is  equal  to  9, 38  m /s,  see  Table  3.  

Table  3  – Example  of REWS calcu lation  

Measurement 
Heights  [m]  

Wind  
speed  
[m/s]  

Segment 
weighting* 

[%]  

Segment 
i n ferior 
l im i t  
height 
(z

i
)  [m ]  

Segment 
superior 
l im i t  
height 

(z
i+1 )  [m ]  

Segment 
height 
[m]  

1 1 6  1 1 , 46  1 6, 31  1 08  1 30  22  

1 00  1 0, 43  21 , 04  90  1 08  1 8  

80  9, 24  25, 29  70  90  20  

60  7, 81  23, 1 2  50  70  20  

40  6, 05  1 4, 24  30  50  20  

*   Segment weigh ti ng  i s  defi ned  as  the  rati o  between  the  segment area  and  the  
tota l  swept rotor area.  

 

9. 1 .3.3  Wind  shear correction  factor 

9. 1 . 3.3.1  Case 1 :  Hub  height meteorological  mast wi th  remote  sensing  device or 
remote sensing  device  wi th  short  (below hub  height)  meteorolog ical  mast  

A wind  shear correction  factor measured  us ing  a  remote  sens ing  device  i s  defined  as  the  ratio  
of the  rotor equ ivalen t wind  speed  re lati ve  to  the  wind  speed  measured  at hub  height 
accord ing  to  Equation  (9) :  

 RSDh,RSDeq,RSDr, vvf =  (9)  

 

where  

veq ,RSD   i s  the  rotor equ ivalent  wind  speed  measured  by the  remote  sens ing  device,  as  
defined  i n  Equation  (5) ;  

vh ,RSD    i s  the  wind  speed  measured  at  hub  he ight  by the  remote  sensing  device.  

9. 1 .3 .3.2  Case 2:  Meteorological  mast above hub  height  

A wind  shear correction  factor measured  us ing  a  meteorolog ica l  mast i s  defi ned  as  the  ratio  of 
the  rotor equ iva lent wind  speed  to  the  wind  speed  measured  at hub  he ight accord ing  to  
Equation  (1 0) 1 5:  

 MMh,MMeq,MMr, vvf =  (1 0)  

 

where  

veq ,MM   i s  the  rotor equ iva lent wind  speed  measured  by the  anemometers  on  the  
meteorolog ica l  mast,  as  defined  i n  Equation  (5) ;  

vh ,MM    i s  the  wind  speed  measured  by the  anemometer at hub  heigh t.  

___________ 

1 5  Note  that  fr,MM  i s  for reporti ng  purposes  on ly.  
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9. 1 .3.4  Wind  shear correction  of wind  speed  

I f the  hub  he ight wind  speed  and  the  wind  shear are  measured  wi th  the  same type  of WME,  
the  rotor equ ivalent wind  speed  i s  ca lcu lated  accord ing  to  Equation  (5) .   

I f the  hub  height wind  speed  i s  measured  us ing  an  anemometer moun ted  on  a  meteorolog ical  
mast and  the  wind  shear measurement wi th  an  RSD,  the  final  rotor equ ivalent wind  speed  i s  
ca lcu lated  accord ing  to  Equation  (1 1 ):  

 MMh,RSDr,finaleq, vfv =  (1 1 )  

 

9. 1 .4  Wind  veer correction  

As explained  i n  Annex Q,  the  change of wind  d i rection  over the  rotor he igh t range  (wind  veer)  
can  have  a  s ign i ficant impact on  the  wind  tu rbine  power ou tpu t.  I n  the  case  of l arge  wind  
turb ine  rotors,  i t  i s  recommended  to  appl y the  extended  defin i ti on  of equ ivalen t wind  speed  
i nclud ing  wind  veer.  

9. 1 .5  Ai r densi ty normal isation  

The a i r dens i ty shal l  be  determ ined  from  measured  ai r temperature,  a i r pressure  and  re lative  
hum id i ty accord ing  to  the  Equation  (1 2) :  
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where  

ρ1 0m in  i s  the  derived  1 0  m in  averaged  a i r densi ty;  

T1 0m in  i s  the  measured  absolu te  a i r temperature  averaged  over 1 0  m in  [K] ;  

B1 0m in  i s  the  a i r pressure  corrected  to  hub  heigh t averaged  over 1 0  m in  [Pa] ;  

R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] ;  

Φ  i s  the  re lati ve  hum id i ty (range  0  %  to  1 00  %);  

Rw  i s  the  gas  constant  of water vapour 461 , 5  [J /kgK] ;  

Pw   i s  the  vapour pressure  equal  to  0 , 000  020  5  exp(0, 0631  846  T1 0m in )  [Pa] ;  

Vapour pressure  Pw  depends  on  mean  a i r temperature  over the  1 0  m in .  

The  selected  data  sets  shal l  be  normal ised  to  at l east one  reference a i r dens i ty.  The  
reference a i r dens i ty sha l l  be  the  average  of the  measured  a i r densi ty of the  va l id  col l ected  
data  at the  s i te  during  the  test period  (see  8. 4) ,  or a l ternativel y a  pre-defined  nom inal  a i r 
densi ty for the  s i te.  The  average  measured  a i r densi ty shal l  be  rounded  to  the  nearest 
0 , 01  kg/m3  and  reported  i n  accordance  wi th  1 0 .  

For a  sta l l -regu lated  wind  tu rb ine  wi th  constan t  p i tch  and  constant rotational  speed ,  data  
normal isation  shal l  be  appl i ed  to  the  measured  power ou tpu t accord ing  to  Equation  (1 3):  
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where  

Pn  i s  the  normal ised  power ou tpu t;  

P1 0m in  i s  the  measured  power averaged  over 1 0  m in ;  
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ρ0  i s  the  reference a i r densi ty;  

ρ1 0m in  i s  the  a i r dens i ty derived  accord ing  to  Equation  (1 2)  averaged  over 1 0  m in .  

For a  wind  tu rbine  wi th  acti ve  power con trol ,  the  normal isation  shal l  be  appl ied  to  the  wind  
speed  accord ing  to  Equation  (1 4):  

 3/1

0

min1 0
min1 0n 








=

ρ
ρ

VV  (1 4)  

 

where  

Vn  i s  the  normal ised  wind  speed ;  

V1 0m in  i s  the  measured  wind  speed  averaged  over 1 0  m in .  

9. 1 .6  Turbulence normal isation  

Wind  turb ine  power cu rve  measurements  are  i n fl uenced  by the  tu rbu lence  in tens i ty.  A 
s i gn i ficant part of the  turbu lence  i n tensi ty effect i s  caused  by the  averag ing  of the  measured  
power ou tpu t and  the  measured  wind  speed  over 1 0 -m inute  periods.  I t  i s  recommended  to  
remove th is  effect from  the  measurements  by normal is ing  the  power curve  data  to  a  reference  
turbu lence  i n tens i ty accord ing  to  Annex M .  The  reference turbu lence  i n tens i ty shal l  be  defined  
prior to  the  power curve  test.  I t  may be  defined  as  a  function  of the  wind  speed  at hub  heigh t.  
I f not defined  otherwise,  a  reference turbu lence  in tens i ty of 1 0  %  shal l  be  appl i ed .  The  
uncertain ty of the  turbu lence  normal isation  shal l  be  accounted  for.  I f no  turbu lence  
normal isation  of the  power cu rve  data  i s  performed ,  the  uncertain ty of the  power curve  due  to  
tu rbu lence  effects  shal l  be  estimated .  As  a  recommendation  use  the  uncerta in ty method  
described  in  Annex M 1 6.  

9.2  Determination  of the  measured  power curve  

The power cu rve  shal l  be  determ ined  based  on  the  hub  height wind  speed  and ,  i f measured ,  
the  rotor equ ivalent wind  speed .  However,  i t  shou ld  be  remembered  that the  uncertain ty i n  a  
power curve  derived  from  hub  he ight measurements  on l y i s  subj ect to  h i gher uncertain ty due  
to  the  lack of knowledge  of other in fluential  wind  cond i ti on  parameters .  Therefore  to  accoun t 
for the  vertical  wind  shear,  wind  veer and  turbu lence  i n tensi ty and  to  reduce power curve  
measurement uncertain ty,  i t  i s  recommended  to  consider the  rotor equ ivalent  wind  speed  as  
the  represen tati ve  wind  speed  and  the  tu rbu lence  normal ised  power ou tpu t accord ing  to  
Annex M  as  the  relevant  power ou tpu t.  The  derivation  of power curves  based  on  wind  speed  
normal ised  for a  speci fi c wind  shear profi l e  (see  Annex P)  and  the  tu rbu lence  normal ised  
power ou tpu t are  options  that are  recommended  i f a  comparison  between  d i fferen t power 
curves  is  wan ted  or i f the  power curves  are  appl i ed  for wind  resource  assessment.  

To  i nd icate  s ing le  1 0-m in  averages,  a  further i ndex j  shou ld  be  added  to  the  respective  wind  
speeds.  

The  measured  power curve  i s  determ ined  by applying  the  "method  of b i ns"  for the  normal i zed  
data  sets ,  us ing  0, 5  m /s  wind  speed  b ins  and  by calcu lation  of the  mean  values  of the  
normal ized  wind  speed  and  normal i zed  power output for each  wind  speed  b in  accord ing  to  
Equations  (1 5)  and  (1 6):  
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___________ 

1 6  I t  shou ld  be  noted  that  tu rbu l ence  i n tensi ty measured  by cup  anemometers,  remote  sens ing  devices  and  u l tra  
son i c anemometers  are  measured  d i fferentl y.  Th i s  shou ld  be  considered  when  i n terpreti ng  the  resu l ts .  
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where  

Vi  i s  the  normal i zed  and  averaged  wind  speed  i n  b i n  i;  

Vn , i , j  i s  the  normal ized  wind  speed  of data  set  j  i n  b i n  i;  

Pi  i s  the  normal i zed  and  averaged  power ou tpu t i n  b i n  i;  

Pn , i , j  i s  the  normal ized  power ou tpu t of data  set  j  i n  b i n  i;  

Ni  i s  the  number of 1 0  m in  data  sets  i n  b i n  i.  

The  measured  power cu rve  shal l  be  presented  as  deta i l ed  i n  C lause  1 0  and  where  REWS 
power curves  are  measured ,  the  hub  height wind  speed  power curve  shal l  a lso  be  presented .   

9.3  Annual  energy production  (AEP)  

The AEP  shal l  be  calcu lated  i n  two ways,  one  designated  “AEP-measured”,  the  other “AEP-
extrapolated”.  I f the  measured  power curve  does  not i nclude  data  up  to  cu t-out wind  speed ,  
the  power cu rve  shal l  be  extrapolated  from  the  maximum  complete  measured  wind  speed  up  
to  cu t-ou t wind  speed .  

Furthermore,  AEP  may be  defined  as  generic  AEP  or s i te  speci fic  AEP.  Generic AEP  i s  
estimated  by appl ying  the  measured  power cu rve  to  d i fferen t reference wind  speed  frequency 
d istribu tions.  For a  speci fic development,  nom inal  s i te  cond i ti ons  speci fying  the  wind  cl imate  
of the  s i te  may be  known .  I f so,  a  s i te  speci fi c AEP  may,  add i tional l y,  be  reported  and  
computed  based  on  th is  s i te  speci fic  i n formation .  

I t  i s  emphasised  that a  power cu rve  derived  from  hub  he igh t wind  speed  measurements  shal l  
on l y be  combined  wi th  a  wind  speed  frequency d istribu tion  based  on  the  hub  height wind  
speed  defin i tion  to  derive  AEP  whereas  a  power curve  derived  from  REWS measurements  
shal l  on l y be  combined  wi th  a  REWS frequency d istribu tion  to  derive  AEP.  The  AEP  d eri ved  
from  combin ing  a  REWS power curve  wi th  a  hub  he igh t wind  speed  frequency d istribu tion  
(and  vice  versa)  i s  not a  val i d  ca lcu lation .  A Rayleigh  d istribution ,  wh ich  is  identical  to  a  
Weibu l l  d is tribu tion  wi th  a  shape factor of 2 ,  shal l  be  used  as  the  reference wind  speed  
frequency d istribu tion .  AEP  estimations  shal l  be  made for hub  he igh t annual  average  wind  
speeds  of 4  m /s,  5  m /s,  6  m /s,  7  m /s,  8  m /s,  9  m /s,  1 0  m /s  and  1 1  m /s  accord ing  to  
Equation  (1 7):  
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where  

AEP  i s  the  annual  energy production ;  

Nh  i s  the  number of hours  i n  one  year ≈  8  760;  

N i s  the  number of b ins;  

Vi  i s  the  normal i zed  and  averaged  wind  speed  i n  b i n  i;  

Pi  i s  the  normal i zed  and  averaged  power ou tpu t i n  b i n  i.  
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where  

F(V)  i s  the  Rayle igh  cumu lati ve  probabi l i ty d istribution  function  for wind  speed ;  
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Vave  i s  the  annual  average  wi nd  speed ;  

V i s  the  wind  speed .  

The summation  is  i n i ti ated  by setting  Vi–1  equal  to  Vi  – 0 , 5  m /s  and  Pi–1  equal  to  0 , 0  kW.  

For a  speci fic s i te,  nom inal  s i te  cond i ti ons  speci fying  the  wind  cl imate  of the  s i te  may be  
known.  I f so,  a  s i te  speci fic AEP  may,  add i ti onal l y,  be  reported  and  computed  based  on  th is  
s i te  speci fic  i n formation .  I f the  s i te  speci fic wind  d i stribution  is  known  and  is  present i n  tabu lar 
form ,  the  s i te-speci fic AEP  may be  ca lcu lated  by fi rst transform ing  the  wind  d istribution  to  the  
correspond ing  cumu lati ve  d istribution .  The  amount of hours  up  to  each  measured  wind  speed  
of the  measured  power curve  wi l l  be  derived  by l i near i n terpolation  between  two ad j acent  
va lues  of the  cumu lati ve  d istribu tion .  The  hours  wi l l  be  d i vi ded  by the  sum  of hours  in  the  
tab le ,  wh ich  is  typ ical l y the  nom inal  number of hours  wi th in  a  ca lendar year.  F inal l y the  AEP   
wi l l  be  calcu lated  by us ing  Equation  (1 7).  The  tabu lar wind  speed  d istribution  shal l  use  the  
same defin i tion  of wind  speed  (hub  height or REWS)  as  the  measured  power curve  otherwise  
a  val id  AEP  cannot be  derived .   

I f the  s i te  speci fic wind  d istribu tion  is  presented  as  a  Weibu l l  d is tribu tion  wi th  known  shape 
and  scale  factors,  then  the  AEP  may be  ca lcu lated  wi th  Equation  (1 7)  and  substi tu ti ng  the  
cumu lati ve  Rayleigh  d is tribu tion  Equation  (1 8)  wi th  the  Weibu l l  d is tribution  Equation  (1 9):  
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where  

F(V)   i s  now the  Weibu l l  cumu lati ve  probabi l i ty d istribution  function  for wind  speed ;  

V  i s  the  wind  speed ;  

Aw   i s  the  Weibu l l  scale  factor;  

k  i s  the  Weibu l l  shape  factor;  

AEP-measured  shal l  be  obtained  from  the  measured  power curve  by assum ing  zero  power for 
a l l  wind  speeds  above and  below the  range  of the  measured  power curve  and  carrying  ou t the  
summation  accord ing  to  Equation  (1 7).  

AEP  -extrapolated  shal l  be  obta ined  from  the  measured  power cu rve  by assum ing  zero  power 
for a l l  wind  speeds  be low the  lowest wind  speed  i n  the  measured  power curve  and  constan t 
power for wind  between  the  h ighest wind  speed  i n  the  measured  power curve  and  the  cu t-out 
wind  speed .  The  constan t power used  for the  extrapolated  AEP  shal l  be  the  power va lue  from  
the  b in  at  the  h ighest  wind  speed  i n  the  measured  power curve.  

AEP  -measured  and  AEP  -extrapolated  shal l  be  presented  i n  the  test report,  as  detai l ed  i n  
Clause  1 0 .  For a l l  AEP  ca lcu lations,  the  avai lab i l i ty of the  wind  turb ine  shal l  be  set to  1 00  %.  
For g iven  annual  average  wind  speeds,  estimations  of AEP  -measured  shal l  be  l abel l ed  as  
" incomplete"  when  calcu lations  show that the  AEP  -measured  is  l ess  than  95  %  of the  AEP  -
extrapolated .  

Estimations  of measurement uncertain ty in  terms  of standard  uncertain ty of the  AEP  accord ing  
to  Annex D,  sha l l  be  reported  for the  AEP  -measured  for a l l  the  used  wind  speed  d istributions .   

The uncertain ties  i n  AEP,  described  above,  on l y deal  wi th  uncertain ties  orig inati ng  from  the  
power performance test and  do  not  take  in to  account uncertain ties  due  to  other important 
factors  re lating  to  actual  energy production  for a  g iven  instal lation .  
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9.4  Power coefficient  

The power coefficien t,  CP ,  of the  wind  turbine  shal l  be  added  to  the  test resu l ts  and  presen ted  
as  detai l ed  i n  Clause  1 0 .  CP  sha l l  be  determ ined  from  the  measured  power curve  accord ing  to  
Equation  (20):  
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where  

CP , i  i s  the  power coefficien t i n  b in  i;  

Vi  i s  the  normal i zed  and  averaged  wind  speed  i n  b i n  i  (match ing  the  defined  wind  speed  
as  e i ther rotor equ ivalen t  wind  speed  or hub  he igh t wind  speed) ;  

Pi  i s  the  normal i zed  and  averaged  power ou tpu t i n  b i n  i;  

A  i s  the  swept area  of the  wind  tu rbine  rotor;  

ρ0  i s  the  reference a i r densi ty.  

1 0  Reporting  format 

The test report shal l  con tain  the  fo l l owing  in formation :  

a)  I denti fication  and  description  of the  speci fic wind  turbine  configuration  under test (see  
6. 2),  i ncl ud ing :  

1 )  wind  turb ine  make,  type,  seria l  number,  production  year;  

2)  rotor d iameter and  a  description  of the  veri fication  method  used  or reference  to  rotor 
d iameter documentation ;  

3)  rotor speed  or rotor speed  range;  

4)  rated  power and  rated  wind  speed ;  

5)  b lade  data:  make,  type,  seria l  numbers,  number of b l ades,  fixed  or variable  p i tch ,  and  
p i tch  ang le(s);  

6)  hub  heigh t and  tower type;  

7)  description  of the  con trol  system  (device  and  software  version)  and  documentation  of 
status  s ignals  being  used  for data  reduction ;  

8)  description  of g ri d  cond i ti ons  at  the  wind  turb ine,  i . e.  vol tage,  frequency and  their 
to lerances,  and  a  d rawing  i nd icati ng  where  the  power transducer is  connected ,  
speci fical l y in  re lation  to  an  in ternal  or external  transformer and  sel f-consumption  of 
power;  

b)  A description  of the  test s i te  (see  6 . 3) ,  i nclud ing :  

1 )  photographs  of a l l  measurement sectors  preferabl y taken  from  the  wind  tu rbine  at hub  
he ight;  

2)  a  test s i te  map showing  the  surround ing  area  covering  a  rad ia l  d i stance  of at  least  
20  times  the  wind  turbine  rotor d iameter and  i nd icating  the  topography,  l ocation  of the  
wind  tu rbine,  wind  measurement equ ipment,  s ign i ficant obstacles,  other wind  turb ines,  
and  measurement sector;  

3)  resu l ts  of s i te  assessment,  i . e .  the  l im i ts  of the  va l i d  measurement sector(s) ;   

4)  i f s i te  cal ibration  is  undertaken ,  the  l im i ts  of the  fi na l  measurement sector(s)  shal l  a lso  
be  reported ,  i ncl ud ing  the  rationale  for any changes  from  the  resu l ts  of the  s i te  
assessment;  

5)  a  table  of the  coord inates  and  e levation  of the  test wind  tu rbine,  wind  measurement 
equ ipment and  any s i gn i fican t obstacles  considered  i n  the  assessment of obstacles ;  
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c)  A description  of the  test equ ipment (see  Clause  7):  

1 )  i denti fication  of a l l  sensors,  wind  measurement equ ipment and  data  acqu is i tion  
system ,  i nclud ing  documentation  of cal i brations  of sensors,  wind  measurement 
equ ipment,  transm ission  l ines,  and  data  acqu is i tion  system ;  

2)  sketch  of the  arrangement of the  meteorolog ica l  mast showing  d imensions  of the  mast 
and  i nstrument moun ting ,  to  document compl iance  wi th  Annex G ;  

3)  description  of method  to  ensure  the  ca l i bration  of the  wind  measurement equ ipment 
was  maintained  over the  duration  of the  measurement period  and  documentation  of 
resu l ts  that show that the  cal i bration  i s  main ta ined ;  

d )  A description  of the  measurement procedure  (see  Clause  8) :   

1 )  documentation  of the  procedural  steps,  test cond i ti ons,  sampl i ng  rate,  averag ing  time,  
and  measurement period  i nclud ing ;  

– documentation  of the  cal i brations,  corrections  or transfer functions  appl ied  by the  
data  l ogger and /or by post-process ing ;  

2)  a  test l og  book that records  a l l  importan t events  during  the  power performance test,  
i ncl ud ing :  

– a  l i sti ng  of a l l  main tenance  acti vi ties  that occurred  during  the  test;  

– a  l i s ting  of any special  actions  (such  as  b lade  wash ing)  that were  completed  to  
ensure  good  performance;  

3)  a  complete  l i s t of a l l  fi l ter cri teria  used  to  produce  the  reported  resu l t,  i nclud ing :  

– the  parameter,  measurement or t ime period  or combination  of parameters  being  
fi l tered  on ;  

– the  range  or l og ical  cri teria  for the  fi l ter;   

– the  j usti fication  for the  fi l ter;  

– the  order that the  fi l ters  were  appl ied  shal l  be  reported  wi th  the  number of poin ts  
removed  each  i teration .  Al ternativel y,  the  number of data  poin ts  the  fi l ter wou ld  
remove from  the  database  by i tsel f;    

–  the  starti ng  number of datasets  i n  the  database and  the  final  number of datasets  
after a l l  fi l ters  have  been  appl ied ;    

e)  Presentation  of measured  data  (see  8. 3  to  8 . 5) .  Data  from  each  selected  data  set shal l  be  
presented  in  both  tabu lar and  graph ical  formats,  provid ing  s tatistics  of measured  power 
ou tpu t as  a  function  of wind  speed  and  of important meteorolog ical  parameters  i nclud ing  
(where  REWS measurements  are  avai lable,  the  measured  data  shal l  be  presented  
separatel y for both  the  hub  heigh t data  and  the  REWS data):   

1 )  scatter p lots  of mean ,  standard  deviation ,  maximum ,  and  m in imum  power output as  a  
function  of wind  speed  (plots  shal l  i nclude  i n formation  on  sample  frequency).  An  
example  is  shown  i n  F igu re  5;  

2)  scatter p lots  of mean  wind  speed  and  turbu lence  in tens i ty as  a  function  of wind  
d i rection ;  

3)  scatter p lots  of the  turbu lence  in tensi ty as  a  function  of wind  speed ,  and  the  average  
tu rbu lence  i n tens i ty i n  each  wind  speed  b in  sha l l  be  presented ;  

4)  specia l  databases  consisting  of data  col lected  under special  operational  or 
atmospheric cond i ti ons  shou ld  a lso  be  presented  as  described  above;  

5)  i f measured ,  rotational  speed  and  p i tch  ang le  shal l  be  presen ted  wi th  a  scatter p lot  
i ncl ud ing  b i nned  values  versus  wind  speed  and  a  table  wi th  the  b i nned  values;  

6)  defin i tion  of s tatus  s ignals  and  p lots  of status  s ignals  during  the  measurement period ;   

7)  scatter p lots  of a i r dens i ty as  a  function  of wind  d i rection  and  wind  speed  i nclud ing  
average  per b in ;   

8)  scatter p lot of the  wind  shear exponent vs .  time  of day and  as  function  of wind  speed .  
The  wind  shear exponent in  the  l ower rotor hal f and  i n  the  upper rotor ha l f shal l  be  
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presented  separatel y.  I n  add i tion ,  the  average  values  of both  wind  shear exponents  
per wind  speed  b in  sha l l  be  represented ;  

9)  the  average  wind  shear exponent or equ ivalent representation  of the  s i te  wind  shear 
cond i ti ons  du ring  the  test;  

1 0)  wind  shear correction  factor accord ing  to  9 . 1 . 3 . 3,  i f appl icable  based  on  measurement 
set  up  (use  Equation  (9)  or Equation  (1 0)  depend ing  on  measurement configuration) ;  

1 1 )  the  average  a i r dens i ty measured  during  the  test;   

f)  Presen tation  of measured  power curve  for the  reference a i r densi ty (see  9. 1  and  9 . 2)  for 
the  hub  height wind  speed  derived  power curve  and  a lso  the  REWS derived  power curve  i f 
measured :  

1 )  the  power curve  shal l  be  presented  i n  a  table  s im i l ar to  Table  4 1 7.  For each  wind  
speed  b in ,  the  table  shal l  l i s t:  

– normal ized  and  averaged  wind  speed ;  

– normal i zed  and  averaged  power output;  

– number of data  sets;  

– ca lcu lated  CP  va l ue;  

– standard  uncertain ties  of category A (see  Annex D  and  Annex E) ;  

– standard  uncerta in ties  of category B  (see  Annex D  and  Annex E) ;  

– combined  standard  uncertain ty (see  Annex D  and  Annex E) ;  

2)  the  power curve shal l  be  presented  i n  a  graph  s im i l ar to  F igure  6.  The  graph  shal l  
show the  fol lowing  as  a  function  of normal ized  and  averaged  wind  speed :  

– normal ized  and  averaged  power output;  

– combined  standard  uncerta in ty;  

3)  the  CP  curve  shal l  be  presen ted  in  a  g raph  s im i lar to  F igure  7 ;  

4)  both  the  graph  and  the  table  shal l  state  the  reference a i r densi ty used  for the  
normal isation ;  

5)  i f cu t-ou t wind  speed  has  been  reached  during  the  measurement period ,  the  power 
curve  and  CP  cu rve,  or the  parts  of the  curves  i n fl uenced  by the  cu t-ou t hysteres is,  
can  be  presented  in  a  s im i lar way to  i tems  1 ) ,  2) ,  3)  and  4).  

g )  Presentation  of measured  power curves  col lected  under specia l  operational  and  
atmospheric cond i tions:  

1 )  power curves  derived  from  subsets  of the  database for specia l  operational  or 
atmospheric cond i tions  may a lso  be  reported .  I f th is  i s  the  case,  a  power curve  shou ld  
be  reported  in  the  same way as  for the  reference a i r densi ty bu t wi th  the  densi ty 
derived  from  the  average  of the  measured  a i r densi ty of the  subsets  of the  database or 
a l ternativel y us ing  a  pre-defined  nom inal  a i r dens i ty for the  s i te.  

h )  Presentation  of estimated  annual  energy production  for the  reference  a i r dens i ty (see  9. 3)  
for the  hub  heigh t wind  speed  derived  power cu rve  and  a lso  the  REWS derived  power 
curve  i f measured :   

1 )  a  table  s im i l ar to  Table  5  for each  annual  average  hub  heigh t wind  speed  shal l  i ncl ude:  

– AEP-measured ;  

– standard  uncertain ty of AEP-measured  (see  Annex D  and  Annex E) ;  

– AEP-extrapolated ;  

2)  the  tab le  shal l  a lso  s tate:  

___________ 

1 7  I n  add i ti on  to  presenti ng  the  measured  power cu rve  i n  a  tabl e  accord ing  to  f)  1 ) ,  the  measured  power curve  can  
be  presented  as  b i n -centre  va l ues.  The  recommended  method  i s  to  use  a  cubic  sp l i ne  for i n terpolati on  between  
the  b i n -va lues  i n  the  tab le  to  represent the  measured  wind  speed ,  power and  power coeffi ci en t  va l ues  at  the  b i n  
cen tre.   
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– reference  a i r densi ty;  

– cu t-out wind  speed ;  

3)  i f at any annual  average  wind  speed  AEP-measured  is  l ess  than  95  %  of AEP-
extrapolated ,  the  tab le  shal l  a lso  i nclude  the  l abel  “ i ncomplete”  i n  the  column  of va lues  
of AEP-measured ;  

i )  Presentation  of measured  power coefficient (see  9. 4):  

1 )  measured  power coefficien t shou ld  be  presen ted  as  a  function  of wind  speed  i n  a  tab le  
and  a  g raph  i n  wh ich  the  swept area  of the  rotor shal l  be  i nd icated ;  

j )  Presentation  of resu l ts  of s i te  cal i bration  (see  Annex C  for reporti ng  requ irements):  

1 )  i f a  s i te  cal i bration  is  undertaken ,  i t  shal l  be  presented  i n  the  report  as  a  table ;   

2)  the  table  shal l  for each  wind  d i rection  b in  present:  

– m in imum  and  maximum  wind  d i rection  l im i ts ;  

– the  b i n -averaged  wind  d i rection ;  

– the  characteristics  of the  wind  speed  correction ;  

– number of hours  of data;  

– combined  s tandard  uncerta in ty of the  wind  speed  ratio  for 6  m /s,  1 0  m /s  and  
1 4  m /s;  

3)  the  report  sha l l  fu rthermore  i nclude  graphs  and  tables  as  requ i red  in  Annex C;  

k)  Uncerta in ty of measurement (see  Annex D) :  

1 )  uncertain ty assumptions  on  al l  uncertain ty components  shal l  be  provided ;  

l )  Deviations  from  the  procedure:  

1 )  any deviations  from  the  requ irements  of th is  s tandard  shal l  be  clearl y documented  in  a  
separate  clause.  Each  deviation  shal l  be  supported  wi th  the  techn ica l  rationale  and  an  
estimate  of i ts  effect  on  test  resu l ts .  

 

Figure 5  – Presentation  of example  database:  power performance test scatter plot  
sampled  at 1  Hz (mean  values  averaged  over 1 0  min)  

 

IEC  
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Figure 6  – Presentation  of example  measured  power curve  
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Figure 7  – Presentation  of example  CP  cu rve  

 



 – 50  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

Table  4 – Example  of presentation  of a  measured  power curve  

Measured  power curve  

Reference ai r densi ty:  1 , 225  kg/m 3  Category A Category B  
Combined  
uncertain ty 

Bin  
no.  

Hub  height  
wind  speed  

Power 
output  CP  No.  of data  sets  

Standard  
uncertain ty 

s
i
 

S tandard  
uncertain ty 

u
i
 

S tandard  
uncertain ty 

u
ci
 

[m /s]  [kW]   (1 0  m in .  avg . )  [kW]  [kW]  [kW]  

4  2 , 1  –3, 6  –0, 26  1 38  0 , 05  6 , 3  6 , 3  

5  2 , 5  –3, 6  –0, 1 6  275  0 , 04  6 , 3  6 , 3  

6  3 , 0  –3, 8  –0, 1 0  270  0 , 1 3  6 , 3  6 , 3  

7  3 , 5  –2, 2  –0, 03  320  0 , 56  6 , 3  6 , 3  

8  4 , 0  –0, 4  0 , 00  347  0 , 56  6 , 3  6 , 3  

9  4 , 5  6 , 0  0 , 05  362  0 , 67  6 , 3  6 , 4  

1 0  5 , 0  27, 7  0 , 1 5  333  1 , 09  6 , 8  6 , 9  

1 1  5 , 5  67, 4  0 , 28  285  1 , 65  1 0 , 9  1 1 , 0  

1 2  6 , 0  1 1 1 , 3  0 , 36  262  2 , 26  1 6 , 1  1 6, 3  

1 3  6 , 5  1 60, 9  0 , 40  265  3 , 08  20, 1  20, 3  

1 4  7 , 0  209, 4  0 , 42  286  3 , 22  20, 4  20, 7  

1 5  7 , 5  262, 0  0 , 43  287  3 , 23  20, 7  20, 9  

1 6  8 , 0  327, 6  0 , 44  248  3 , 28  23, 3  23, 5  

1 7  8 , 5  395, 2  0 , 44  21 5  4 , 38  28, 6  28, 9  

1 8  9 , 0  462, 0  0 , 44  1 79  4 , 94  29, 8  30, 2  

1 9  9 , 5  556, 1  0 , 45  1 83  5, 02  29, 9  30, 3  

20  1 0 , 0  629, 8  0 , 43  1 33  5, 83  41 , 5  41 , 9  

21  1 0 , 5  703, 1  0 , 42  1 27  6 , 82  32 , 8  33, 5  

22  1 1 , 0  786, 5  0 , 41  1 1 9  6 , 75  36, 1  36, 7  

23  1 1 , 5  836, 5  0 , 38  1 01  6 , 65  36, 5  37, 1  

24  1 2 , 0  893, 5  0 , 36  94  7 , 27  25, 2  26, 2  

25  1 2 , 5  928, 6  0 , 33  74  5 , 59  28, 8  29, 3  

26  1 3 , 0  956, 4  0 , 30  70  6 , 38  1 9, 5  20, 5  

27  1 3 , 5  971 , 3  0 , 27  63  4 , 66  1 6 , 5  1 7 , 1  

28  1 4 , 0  980, 9  0 , 25  71  3 , 1 9  1 3 , 5  1 3 , 8  

29  1 4 , 5  988, 2  0 , 22  77  2 , 53  1 2 , 2  1 2 , 4  

30  1 5, 0  993, 5  0 , 20  64  1 , 37  1 1 , 9  1 1 , 9  

31  1 5, 5  993, 7  0 , 1 8  47  0 , 84  1 1 , 6  1 1 , 6  

32  1 6 , 0  995, 7  0 , 1 7  54  0 , 83  1 1 , 3  1 1 , 3  

33  1 6 , 5  996, 2  0 , 1 5  33  0 , 42  1 1 , 4  1 1 , 4  

34  1 7 , 0  996, 4  0 , 1 4  23  0 , 23  1 1 , 3  1 1 , 3  

35  1 7 , 5  996, 5  0 , 1 3  30  0 , 24  1 1 , 3  1 1 , 3  

36  1 8, 0  996, 5  0 , 1 2  1 3  0 , 1 8  1 1 , 3  1 1 , 3  

37  1 8, 5  995, 7  0 , 1 1  1 1  0 , 21  1 1 , 3  1 1 , 3  

38  1 9, 0  996, 6  0 , 1 0  1 4  0 , 59  1 1 , 3  1 1 , 3  

39  1 9, 4  996, 1  0 , 09  1 0  0 , 21  1 1 , 3  1 1 , 3  
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Measured  power curve  

Reference ai r densi ty:  1 , 225  kg/m 3  Category A Category B  Combined  
uncertain ty 

Bin  
no.  

Hub  height  
wind  speed  

Power 
output  CP  No.  of data  sets  

Standard  
uncertain ty 

s
i
 

S tandard  
uncertain ty 

u
i
 

S tandard  
uncertain ty 

u
ci
 

[m /s]  [kW]   (1 0  m in .  avg . )  [kW]  [kW]  [kW]  

40  20, 0  994, 1  0 , 09  5  0 , 41  1 1 , 3  1 1 , 3  

41  20, 5  987, 4 1 8 0 , 08  2  2 , 67  1 1 , 4  1 1 , 7  

42  20, 9  996, 9  0 , 08  3  3 , 38  1 1 , 8  1 2 , 3  

 

Table  5  – Example  of presentation  of estimated  annual  energy production  

Estimated  annual  energy production  

Reference  ai r densi ty:  1 , 225 kg/m3  

Cu t-out wind  speed:  25  m/s  

(extrapolation  by constant power from  last bin )  

Hub  height  
annual  

average wind  
speed  

(Rayl eigh )  

AEP-measured  
(measured  power 

curve)  

Standard  
uncertain ty i n  

AEP  

Standard  
uncertain ty i n  

AEP  

AEP-
extrapolated  
(extrapolated  
power curve)  

 

m/s  MWh  MWh   %  MWh   

4  480  82  1 7  480   

5  1 081  1 1 3  1 0  1  081   

6  1  824  1 38  8  1  824   

7  2  595  1 55  6  2  603   

8  3  305  1 63  5  3  342   

9  3  889  1 65  4  3  995   

1 0  4  31 8  1 62  4  4  536   

1 1  4  592  1 57  3  4  954  I ncomplete  

 

NOTE  The  s tandard  u ncerta i n ty fi gu res  i n  the  above  tables  are  based  on  a  coverage  factor of 1 .  Th i s  impl i es  that 
the  l evel  of confi dence  (percentage  of t imes  i n  repeated  power cu rve  measurements  the  i n terval s  wi l l  con tain  the  
“ true”  AEP  va l ue)  i s  i n  the  order of 58  %  to  68  % .  The  l evel  of confi dence  i s  on l y an  estimate  s i nce  detai l ed  
knowledge  of the  probabi l i ty d i stri bu tion  of the  measu rand  i s  normal l y not  known .  The  upper va l ue  (68  %)  appl i es  
to  normal  d i stri bu ti ons  and  the  l ower val ue  (58  %)  appl i es  to  rectangu lar d i s tri bu ti ons.  

 

___________ 

1 8 The  dataset  i n  b i n  41  i s  i ncomplete  ( l ess  than  th ree  data  sets),  therefore,  the  power va l ue  i n  b i n  41  for AEP  
ca l cu lation  i s  i n terpolated  as  995, 7.  
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Annex A  
(normative)  

 
Assessment of influences  caused  by wind  turbines  

and  obstacles  at the test si te   

A.1  General  

Annex A describes  a  procedure  to  determ ine  one  or more  sectors  wh ich  are  not usable  for the  
test because  the  flow at the  wind  turbine  under test and /or the  fl ow at the  pos i tion  of the  wind  
measurement equ ipment (WME:  a  meteorolog ical  mast or a  remote  sens ing  device)  m ight be  
affected  by an  operati ng  wind  turbine  and/or by an  obstacle.  

The  procedure  consists  of two  s teps,  to  be  appl i ed  i n  the  fol lowing  order 1 9:  

a)  evaluation  of i n fl uences  caused  by operati ng  wind  turbines  (wind  turb ine  under test,  as  
wel l  as  ne ighbouring  and  operating  wind  tu rbines),  as  described  i n  C lause  A. 2 ;  

b)  evaluation  of i n fluences  caused  by obstacles ,  as  described  in  Clause  A. 3  (under 
consideration  of the  specia l  requ i rements  for extended  obstacles,  as  described  in   
Clause  A. 5) .  

The  va l id  sector wh ich  remains  after th is  procedure  shal l  be  used  for the  terrain  assessment 
accord ing  to  Annex B.  

The  purpose  of s i te  cal i bration  i s  general l y to  measure  the  change in  the  boundary l ayer as  i t  
fol l ows  the  orography,  wh ich  i s  general l y attached  fl ow,  whereas  obstacles  often  generate  
more  turbu lent wakes  associated  wi th  them ,  wh ich  are  affected  by sharp  edges  and  vertical  
surfaces  that may trigger flow separation .  A s i te  cal i bration  does  not typical l y work wel l  for 
correcting  the  effects  of fl ow separation .  Th is  shou ld  be  considered  when  decid ing  whether to  
treat  an  object as  an  obstacle  or as  terra in  as  flow separation  and  h igh l y turbu len t wakes  are  
to  be  avoided .  Wi th  th is  in  m ind ,  i t  i s  recommended  that an  obj ect  ( i nclud ing  orograph ic 
e lements  wh ich  satisfy the  d imensional  cri teria)  whose  height i s  more  than  hal f of i ts  wid th  be  
treated  as  an  obstacle.  

A.2  Requirements  regarding  neighbouring  and  operating  wind  turbines  

The WME shal l  not be  i n fl uenced  by the  wind  turbine  under test.  

The  wind  tu rbine  under test and  the  WME shal l  not be  i n fluenced  by neighbouring  operating  
wind  turbines.  I f a  neighbouring  wind  turb ine  i s  operated  at any time  during  the  power 
performance test,  i ts  wake shal l  be  determ ined  and  accoun ted  for as  described  i n  th is  annex 
(us ing  the  calcu lation  g i ven  in  C lause  A. 4).  Smal l  wind  tu rbines  of tota l  he ight  less  than  
(2/3)(H  – D/2)  shal l  be  treated  as  obstacles ,  and  accounted  for as  described  i n  C lause  A. 3 .  

I f a  wind  turbine  i s  stopped  at  a l l  t imes  during  the  power performance test,  i t  sha l l  be  
cons idered  as  an  obstacle  and  accounted  for as  described  i n  C lause  A. 3.   

The  m in imum  d istance  from  the  wind  tu rbine  under test and  the  neighbouring  and  operati ng  
wind  turb ines  shal l  be  two rotor d iameters  Dn  of the  neighbouring  wind  turbine.  The  m in imum  
d istance  from  the  WME to  any neighbouring  and  operating  wind  turbine  shal l  be  two  rotor 
d iameters  of the  respective  wind  tu rbine.  The  sectors  to  exclude  due  to  wakes  from  
neighbouring  and  operati ng  wind  turb ines  shal l  be  taken  from  Figure  A. 1 .  The  d imensions  to  
be  taken  in to  account are  the  actual  d is tance  Ln  and  the  rotor d iameter Dn  of the  ne ighbouring  

___________ 

1 9  Note  that  s tep  b)  requ i res  the  pre l im inary measurement sector,  wh ich  i s  the  resu l t  of s tep  a).  
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and  operating  wind  turbine.  The  sectors  to  be  excluded  shal l  be  derived  for both  the  wind  
turb ine  under test and  the  WME,  and  they shal l  be  centred  on  the  d i rection  from  the  
neighbouring  and  operati ng  wind  turbine  to  the  wind  measurement equ ipment or the  wind  
turb ine.  An  example  is  shown  i n  F igure  A. 2 .  

A.3  Requirements  regarding  obstacles  

Obstacles  near the  wind  turbine  under test or near the  WME shal l  be  evaluated .  Each  
obstacle  shal l  be  evaluated  e i ther as  part  of the  orography (as  described  i n  Annex B 20) ,  or – 
a l ternative l y – accord ing  to  the  procedure  wh ich  i s  described  here  as  fol l ows.  

No  s i gn i ficant obstacles  (e. g .  bu i l d ings,  trees,  parked  wind  turbines)  shal l  exist i n  the  
measurement sector wi th in  a  reasonable  d istance  from  the  wind  tu rbine  or from  the  WME.  
On l y smal l  bu i ld ings,  connected  to  the  wind  turbine  operation  or the  wind  measurement 
equ ipment,  are  acceptable.  Where  s i gn i fican t obstacles  are  presen t then  the  measurement 
sector shal l  be  reduced  as  described  i n  C lause  A. 4  and  A. 5.   

The  cri terion  for the  s i gn i ficance of an  obstacle  (wi th  respect to  the  wind  turbine  under test 
and /or wi th  respect to  the  WME)  is  to  exceed  one  or more  of the  l im i ts  g iven  i n  Table  A. 1 ,  
where  Table  A. 1  shal l  be  appl i ed  for a l l  l ocations:  

a)  for the  evaluation  of the  surround ings  of the  wind  tu rb ine  under test  ( i . e.  us ing  the  centre  
of the  wind  tu rbine  under test  as  cen tre  of the  2L ,  4L ,  8L ,  and  1 6L  c i rcles) ;  

b)  for the  evaluation  of the  surround ings  of the  WME ( i . e.  us ing  the  posi tion(s)  of the  
equ ipment as  cen tre  of the  2L ,  4L ,  8L ,  and  1 6L  c i rcles)  

Table  A. 1  – Obstacle  requ i rements:  relevance of obstacles  

Distancea  Sectorb  Maximum obstacle height from terrain  
surfacec  

<2L  360°  <1 /3  (H – 0, 5  D)  

≥2L  and  <  4L  Prel im inary measurement sector <2/3  (H – 0, 5  D)  

≥4L  and  <8L  Prel im inary measurement sector <  (H – 0, 5  D)  

≥8L  and  <1 6L  Prel im inary measurement sector <4/3  (H – 0, 5  D)  

≥2L  and  <1 6L  Cl earl y ou ts i de  prel im inary measurement 
sector by 40°  or more  

No  l im i t  to  height  

a   from  obstacle  to  wind  tu rbine  under test,  respecti vel y from  obstacle  to  WME  – whereas  L  i s  the  hori zontal  
d i stance  between  wind  tu rbine  under test  and  wi nd  measurement equ ipment.  

b  Preliminary measurement sector shal l  be  u nderstood  here  as  the  val i d  sector wh ich  remains  after eval uation  
of ne ighbouri ng  operati ng  wi nd  tu rbi nes  (as  described  i n  Clause  A. 2 ,  us i ng  the  calcu l ation  descri bed  i n  
Clause  A. 4),  whereas  a l l  d i rections  wh ich  are  l ess  than  40°  ou ts i de  shal l  a l so  be  considered .  

c   H i s  the  hub  he igh t  and  D  i s  the  rotor d i ameter of the  wind  tu rbine  under test.   

 

A.4  Method  for calculation  of sectors  to  exclude 

The wind  tu rbine  under test  shal l  a lways  be  evaluated  accord ing  to  F igure  A. 1  wi th  respect to  
i ts  wake i n fl uence on  the  WME.  

___________ 

20  The  considerati on  of an  obstacle  i n  th i s  way wi l l  typical l y i ncrease  main l y the  terrai n  variati on ,  whereas  the  
effect  on  the  s l ope  m igh t  be  very smal l  (except  for extended  obstacles,  e . g .  forests).  
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A neighbouring  and  operating  wind  turbine  shal l  a lways  be  evaluated  accord ing  to  F igure  A. 1  
wi th  respect to  i ts  wake i n fl uence on  the  wind  turbine  under test and  a lso  wi th  respect to  i ts  
wake i n fl uence on  the  WME.  

With  respect to  operating  wind  turb ines,  the  d imensions  to  be  taken  i n to  account are  the  
actual  d istance  Ln  ( from  cen tre  of wind  turbine  under test to  the  pos i tion  of the  WME)  and  the  
rotor d iameter Dn  of the  wind  turbine  that causes  the  wake 21 .  

An  obstacle  shal l  be  evaluated  accord ing  to  F igure  A. 1  wi th  respect to  i ts  wake i n fl uence on  
the  wind  tu rbine  under test i f the  obstacle  i s  s i gn i fican t wi th  respect to  the  wind  turbine  under 
test accord ing  to  Table  A. 1 .  

An  obstacle  shal l  be  evaluated  accord ing  to  F igure  A. 1  wi th  respect to  i ts  wake i n fl uence on  
the  WME i f the  obstacle  i s  s i gn i fican t wi th  respect to  the  WME accord ing  to  Table  A. 1 .  

With  respect to  obstacles,  the  d imensions  to  be  taken  i n to  accoun t are  the  actual  hori zontal  
d istance  Le  ( from  the  centre  of wind  turbine  under test or from  the  pos i ti on  of the  WME as  
appropriate)  and  an  equ ivalent rotor d iameter De  of the  obstacle.  A stopped  ne ighbouring  
wind  turbine  may be  treated  as  a  cyl i nder wi th  a  d iameter equal  to  the  tower base  d iameter 
and  a  heigh t equal  to  the  upper ti p  heigh t.  The  equ ivalen t rotor d iameter of the  obstacle  shal l  
be  defined  as:  

 

wh

wh
e

2

ll

ll
D

+
=  (A. 1 )  

  

 

where  

De  i s  the  equ ivalen t rotor d iameter;  

lh  i s  the  he igh t of obstacle;  

lw  i s  the  wid th  of obstacle  as  seen  from  the  wind  turbine  under test or from  the  WME.  

 

___________ 

21   The  i n fl uence  of the  tu rbi ne  under test  on  the  WME  i s  evaluated  by means  of L  (d i s tance  between  tu rbi ne  under 
test  and  wi nd  measurement equ ipment)  and  D  ( rotor d i ameter of tu rbi ne  u nder test) .  
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Figure  A. 1  – Sectors  to  exclude due  to  wakes  of neighbouring  
and  operating  wind  turbines  and  s ign i ficant obstacles  
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Figure A.2  – An  example  of sectors  to  exclude due  to  wakes  of the  wind  turbine  under 
test,  a  neighbouring  and  operating  wind  turbine and  a  sign ificant  obstacle  

The fi gures  show the  sectors  to  exclude  i f:  

a)  the  WME (meteorolog ical  mast or remote sens ing  device)  i s  i n  the  wake of the  wind  
turb ine  under test;  

b)  the  WME is  i n  the  wake  of the  neighbouring  and  operati ng  wind  tu rbine;  

c)  the  wind  turb ine  under test i s  i n  the  wake of the  neighbouring  and  operati ng  wind  turb ine;  

d )  the  WME is  in  the  wake  of the  s i gn i fican t obstacle ;  
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e)  the  wind  turb ine  under test i s  i n  the  wake of the  s ign i ficant obstacle;  

f)  a l l  of the  above effects  a)  to  e)  are  combined .  

NOTE  The  example  shown  i n  F i gure  A. 2  i s  based  on  the  assumption  that  the  obstacl e  i s  s i gn i fi can t (accord ing  to  
Table  A. 1 )  wi th  respect to  the  wi nd  tu rbine  under test  and  a l so  s i gn i fi cant  wi th  respect to  the  wind  measurement 
equ i pment.  

A.5  Special  requirements  for extended  obstacles  

Obstacles  wi th in  a  d istance  of l ess  than  4L  ( from  cen tre  of the  wind  turbine  under test or from  
the  wind  measurement equ ipment)  wh ich  extend  more  than  50  m  in  any horizon tal  d i rection  
shal l  be  d i vi ded  i n to  partia l  obstacles  that do  not extend  more  than  50  m  in  any horizonta l  
d i rection  and  exactl y 50  m  in  any d imension  that i s  more  than  50  m .  These  partia l  obstacles  
may overlap  each  other.  The  combination  of these  partial  obstacles  shal l  at  l east 22  cover the 
orig inal  obstacle  completel y.  Each  partia l  obstacle  shal l  be  evaluated  separate l y.  The  
s i gn i ficance  of each  partia l  obstacle  shal l  be  assessed ,  and  i f i t  i s  found  to  be  s i gn i fican t,  the  
sector to  be  excluded  shal l  be  determ ined .  For example:   

a)  An  obstacle  90  m  by 90  m  i s  d ivi ded  i n to  4  partia l  obstacles  50  m  by 50  m  each .  These  
partia l  obstacles  are  chosen  such  that they overlap  each  other by 1 0  m  so  that the  set  
un ion  of the  4  partia l  obstacles  i s  i den tical  to  the  orig inal  obstacle.  

b)  An  obstacle  70  m  by 1 0  m  i s  d ivi ded  i n to  2  partia l  obstacles  50  m  by 1 0  m  each .  These  
partia l  obstacles  are  chosen  such  that they overlap  each  other by 30  m  so  that the  set  
un ion  of the  2  partia l  obstacles  is  i den tical  to  the  orig inal  obstacle.  

A grouping  of trees  or forest  shal l  be  treated  i n  th is  way.  

 

___________ 

22  For practi cal  pu rposes,  i t  makes  sense  to  create  parti a l  obstacles  wh ich  a l l  have  the  same shape  (e. g .  squares  
of 50  m  x 50  m ).  Th i s  i s  a  conservati ve  approach  and  therefore  perm i tted .  ( I n  th i s  case,  the  set  un ion  of a l l  
parti a l  obstacles  covers  a  l arger area  than  the  ori g i na l  obstacle. )  
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Annex B  
(normative)  

 
Assessment of terrain  at the  test si te  

For testing  wi thou t a  s i te  cal i bration  ( i n  terrain  wh ich  is  defined  as  “fl at terra in ”) ,  the  fo l l owing  
cri teria  shal l  be  kept  (see  F igure  B . 1  and  Table  B. 1  for deta i l s) :  

– orography at the  test s i te  may on l y show m inor variations  from  a  p lane,  wh ich  passes  both  
through  the  base  of the  tower of the  wind  turb ine,  and  the  terrain  wi th in  the  respective 
sector;  

– each  of these  p lanes  shal l  not  exceed  a  certa in  l im i t  for the  s lope.  

The  assessment of the  terrain  shal l  be  made  us ing  a  d ig i ta l  model  of the  terra in  wi th  a  gri d  
resolu tion  of 30  m  or finer.  

Table  B. 1  shal l  be  appl i ed  for the  l ocations  be low for the  measurement sector:  

a)  for the  evaluation  of the  surround ing  of the  wind  tu rbine  under test ( i . e .  us ing  the  cen tre  of 
the  wind  tu rbine  under test as  centre  of the  2L ,  4L ,  8L ,  and  1 6L  c i rcles);  

b)  for the  evaluation  of the  surround ing  of the  WME ( i . e .  us ing  the  pos i tion  of the  equ ipment 
as  centre  of the  2L ,  4L ,  8L ,  and  1 6L  ci rcles) .  

I f the  terrain  compl ies  wi th  a l l  of the  requ i rements  of Table  B. 1  i n  both  cases,  then  no  s i te  
cal i bration  i s  requ ired 23  due  to  orography.  Otherwise  the  terra in  i s  defi ned  as  “complex 
terrain”  and  a  s i te  ca l ibration  measurement i s  requ i red .   

I n  Table  B . 1 ,  L  i s  the  d istance  between  the  wind  tu rbine  and the WME,  H i s  the  hub  heigh t and  
D  i s  the  rotor d iameter (of the  wind  turbine  under test) .   
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Figure B. 1  – I l lustration  of area  to  be  assessed,  top  view 

 

___________ 

23  Neverthel ess,  other aspects  of the  terrai n  such  as  roughness,  d i stance  to  the  sea  coast,  or other 
cons iderations,  may l ead  to  the  conclus ion  that  a  s i te  cal i bration  i s  recommended .  
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Table  B . 1  – Test s i te  requ irements:  topograph ical  variations  

Distance  Sectora  Maximum  slope 
 %  

Maximum  terrain  
variation  from  plane  

<2L  360°  <3b  <1 /3  (H – 0, 5  D)  

≥2L  and  <  4L  Measurement  sector <5b  <2/3  (H – 0, 5  D)  

≥2L  and  <4L  Ou ts i de  measurement 
sector 

<1 0c  Not  appl i cable  

≥4L  and  <8L  Measurement  sector <1 0b  <  (H – 0, 5  D)  

≥8L  and  <1 6L  Measurement  sector <1 0c  Not  appl i cable  

a   Measurement sector i s  understood  here  by defau l t  as  the  remain i ng  val i d  sector after execu tion  of the  

procedure  defi ned  i n  Annex A,  whereas  i t  i s  a l so  a l l owed  to  u se  a  smal l er measurement sector24.  

b  The  maximum  s lope  of the  p l ane,  wh ich  provides  the  best  fi t  to  the  terrain  i n  the  sector be ing  consi dered  and  
passes  th rough  the  tower base.  See  F igu re  B . 2  for an  example.  

c  The  l i ne  of s teepest  s l ope  that  connects  the  tower base  to  i n d ivi dual  terrai n  poi n ts  on  the  su rface  of the  terra in  
wi th i n  the  sector.  See  F igure  B . 3  for an  example.  

 

 

Figure B.2  – Example of determination  of slope  and  terrain  variation  from  the best-fi t  
plane:  “2L  to  4L”  and  the case  “measurement sector”  (Table  B.1 ,  l ine  2)  

NOTE  1  Th i s  fi gu re  shows  j u st  one  d i rection .  Al l  d i rections  wi th i n  the  measurement sector are  considered  for the  
calcu lation  of the  pl ane  wh ich  provi des  the  best  fi t,  and  then  the  maximum  terrai n  variati on  aga inst  th i s  p l ane  i s  
determ ined  by anal ys ing  a l l  d i rections  as  shown  above.  

___________ 

24  I t  i s  add i ti onal l y recommended  to  check i f s i gn i fi cant  terrai n  variati on  exi sts  s l i gh tl y ou ts i de  the  borders  of th i s  
sector.  I f th i s  i s  the  case,  the  fi nal  sector wh ich  i s  considered  for the  power performance  test  shou ld  keep  a  
cl ear d i rectiona l  d i stance  to  these  cri ti cal  d i recti ons.  

IEC  
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Figure B.3  – Determination  of s lope for the  d istance  “2L  to  4L”  and  “8L  to  1 6L”  
and  the case “outside  measurement sector”  (Table  B. 1 ,  l i ne  3  and  l ine  5)  

NOTE  2  Th i s  fi gu re  shows  j u st  one  d i rection .  Al l  d i rections  ou ts ide  the  measu rement sector are  anal ysed  i n  the  
same way,  and  the  worst-case  resu l t  ( i . e .  h i ghest s l ope)  i s  considered .  

 

IEC  
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Annex C  
(normative)  

 
Site  cal ibration  procedure  

C.1  General  

A s i te  cal ibration  quanti fies  and  potential l y reduces  the  effects  of terrain  on  the  power 
performance measurement.  Terrain  may cause  a  systematic d i fference i n  wind  speed  between  
the  pos i tion  on  the  meteorolog ica l  mast where  the  power performance  anemometer is  
mounted  and  the  equ iva len t height above  ground  at  the  cen tre  of the  turb ine  rotor at the  
turb ine  pos i ti on .  I n  add i tion ,  the  re lationsh ip  between  the  reference  meteorolog ical  mast wind  
speed  and  the  wind  speed  at the  turb ine  pos i ti on  may also  be  affected  by changes  i n  
atmospheric stabi l i ty and /or the  shear profi l e .  Wind  shear,  wh ich  i s  the  change i n  wind  speed  
wi th  he igh t above  the  ground ,  may be  a lso  an  i n fl uen tia l  parameter on  th is  re lationsh ip  as  
d i fferent shear profi l es  may cause  a  d i fferent re lationsh ip  between  the  measurement poin ts,  
especial l y i f the  turbine  and  met mast are  at d i fferen t e l evations.   

Seasonal  cons iderations:  atmospheric stabi l i ty,  tu rbu lence  and  wind  shear can  be  re lated  to  
d i fferent seasonal  cond i ti ons.  There  are  a lso  concerns  of the  effects  of changes  i n  roughness  
due  to  changes  i n  the  vegetation  i n  the  testing  area  or other roughness  changes  d i rect l y 
caused  by d i fferent seasonal  surface  characteristics  (water/l and  vs.  i ce/l and ,  snow,  crops,  
etc.… ).  I n  l ight of these  considerations,  the  s i te  cal i bration  and  power curve  measurement 
shou ld  be  conducted  during  the  same season  or seasons.  I f the  measurements  are  conducted  
i n  d i fferent  seasons,  add i ti onal  uncertain ty shal l  be  appl ied  as  d iscussed  i n  C lause  C. 7.   

The  ou tpu ts  of the  s i te  cal ibration  are:  

a)  a  table  of fl ow corrections  for a l l  wind  d i rections  wi th in  the  measurement sector(s)  and  

b)  an  estimate  of the  standard  uncertain ty of these  fl ow corrections.  

There  are  two d istinct methods  in  wh ich  the  s i te  ca l i bration  may be  evaluated .  On l y one  
method  i s  requ ired ,  where  the  method  is  chosen  by evaluati ng  the  data  to  assess  shear as  
d iscussed  i n  C. 5. 1 .  The  ou tpu t for each  method  i s :  

1 )  Subclause  C. 5. 2  S i te  ca l ibration  wi th  shear:  the  flow corrections  cons ist  of a  matrix of 
wind  d i rection  b ins  and  wind  shear b ins  where  a  s ing le  wind  speed  ratio  correction  factor 
i s  ca lcu lated  for each  poin t  in  the  matrix.  

2)  Subclause  C. 5.3  Si te  ca l i bration  where  shear i s  not a  s i gn i fican t i n fl uence:  the  fl ow 
corrections  consist of a  s l ope  and  an  i n tercept value  for each  wind  d i rection  b i n .  The  
coefficien t of determ ination ,  r2 ,  va lue  for the  regression  shal l  a lso  be  reported .  

Th is  procedure  is  g i ven  for the  wind  speed  defined  as  the  hub  height wind  speed .  Th is  i s  so  
that the  procedure  does  not mandate  upper ti p  height  meteorolog ica l  masts,  wh ich  are  
expensive  and  may be  impractica l ,  as  remote  sens ing  devices  may not be  su i table  for 
measurements  i n  complex terrain .  However,  where  a  power curve  i s  to  be  derived  for the  
REWS defin i tion  of wind  speed ,  then  the  procedure  i s  repeated  for each  pa ir of measurement 
he ights  rather than  j ust for the  hub height on  each  meteorolog ical  mast.    

C.2  Overview of the procedure  

Prior to  the  i nstal lation  of the  wind  tu rbine  (or after the  removal  of i t  i f a l ready existi ng)  two 
meteorolog ica l  masts  shal l  be  erected .  One  meteorolog ical  mast i s  the  reference posi ti on  
meteorolog ica l  mast,  wh ich  wi l l  a lso  be  used  for the  power performance test.  The  second  
meteorolog ica l  mast  i s  a  wind  turbine  meteorolog ical  mast at the  wind  turbine  posi ti on .   
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Th is  procedure  in tends  to  characterize  the  correlation  of the  wind  speeds  between  the  two 
posi tions.  Further recommendations  for the  selection  of these  posi ti ons  are  provided  i n  C. 3 . 1 .  

The  fl owchart i n  F igure  C. 1  provides  a  general  overview of the  preparation  and  anal ys is  
process.  

 

Figure C. 1  – S i te  cal ibration  flow chart  

IEC  
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C.3  Test set-up  

C.3. 1  Considerations  for selection  of the  test  wind  turbine  and  location  of the  
meteorolog ical  mast   

The reference meteorolog ical  mast sha l l  be  the  same meteorolog ical  mast that i s  used  for 
power curve  measurement.  The  wind  tu rbine  meteorolog ica l  mast shal l  be  l ocated  as  close  as  
poss ib le  to  the  pos i ti on  where  the  test wind  turbine  wi l l  be  or was  located  and  shal l  be  no  
more  than  0 , 2  H from  the  cen trel i ne  of the  wind  turb ine  where  H i s  the  wind  turbine  hub  
height.  I t  i s  recommended  that the  wind  turbine  and  reference  meteorolog ical  masts  be  of the  
same type  and  have  the  same boom  geometry so  as  to  have  s im i lar moun ting  effects  on  the  
WME.  

There  are  a  number of factors  that can  affect s i te  cal ibration .  The  most notable  of these  are  
terra in ,  meteorolog ical  mast l ocation ,  and  atmospheric cond i tions  i nclud ing  wind  shear,  
tu rbu lence  and  stabi l i ty.  These  factors  can  vary s ign i ficantl y from  one  l ocation  to  another bu t 
are  often  corre lated  wi th  each  other.   

The  test wind  turbine  location  shou ld  be  se lected  to  optim ise  val i d  data  col l ection  and  provide  
a  good  correlation  between  the  reference and  wind  turbine  meteorolog ica l  masts.  The  
purpose  of s i te  ca l i bration  i s  to  measure  the  change i n  the  boundary l ayer as  the  wind  fol lows  
the  orography of the  terra in ,  wh ich  i s  general l y attached  fl ow,  whereas  obstacles  have  more  
turbu lent wakes  associated  wi th  them ,  wh ich  are  affected  by sharp  edges  and  vertical  
surfaces  that may tri gger fl ow separation .  Add i tional l y,  certain  terrain  features  such  as  cl i ffs  
or steep  h i l l s  may a lso  cause  the  flow to  separate,  resu l ting  i n  a  poor correlation .  As  a  gu ide,  
the  terrain  type  shou ld  be  taken  i n to  cons ideration  when  selecting  the  test wind  turbine  and  
the  reference meteorolog ical  mast location .  The  terrain  types  d iscussed  here  are  i n formative,  
qual i tati ve  descriptions  to  a id  selection  of the  test wind  turbine  and  reference meteorolog ica l  
mast l ocations  and  to  provide  i ns igh t on  what to  expect when  conducting  measurements  in  
these  terrain  types.  Examples  of these  terrain  types  are  i l l ustrated  in  F igure  C. 2.  

Type A:  

Type  A terra in  i s  the  l east complex terra in  type.  A Type  A s i te  typ ical l y does  not have  
s i gn i ficant changes  in  e l evation  re lati ve  to  the  hub  height of the  wind  tu rbine  or particu larl y 
steep s lopes  over long  d istances.  Examples  of Type A terrain  i nclude  terrain  that meets  the  
requ i rements  of Annex B ,  gen tle  ro l l i ng  h i l l s ,  and  poss ib l y wind  tu rbines  l ocated  on  a  ri dge  
facing  a  p la in .   

When  conducting  s i te  cal i brations  at Type  A s i tes ,  the  wind  shear cond i tions  at the  reference 
meteorolog ica l  mast may be  d i fferent from  the  wind  shear cond i tions  at the  wind  turbine  
l ocation .  I f th is  i s  the  case,  then  the  s i te  cal ibration  resu l ts  wi l l  l i kel y be  dependent on  wind  
shear and  wind  d i rection .   

Type B:  

Type  B  terra in  i s  moderate  to  complex terra in .  Type  B  terra in  i ncludes  mountains ,  ri dgel ines,  
l arge  h i l l s ,  and  h i l l y s i tes  wi th  moderate  to  steeply s l oping  terra in  and  s ign i fican t changes  i n  
e levation  re lati ve  to  the  hub  height of the  wind  turb ine.  Typica l l y the  wind  shear at Type  B  
s i tes  i s  l ow and  re latively consistent,  though  at times  negative  wind  shear may occur.  Thus  
wind  shear i s  not expected  to  be  as  s ign i fican t a  factor as  for Type  A s i tes .  However,  at  Type  
B  s i tes  the  s i te  cal i bration  resu l ts  often  depend  on  both  wind  speed  and  wind  d i rection ,  
especial l y i f the  d i fference  in  e l evation  between  the  reference meteorolog ica l  mast and  the  
test wind  turbine  i s  more  than  1 0  m .  Thus  a  l inear regress ion  correction  i s  often  appropriate  
for a  Type  B  s i te.  

The  upflow/vertical  wind  speed  componen t i nduced  by the  terrain  at Type  B  s i tes  can  have  a  
s ign i ficant impact on  the  uncertain ty,  depend ing  on  the  response of the  anemometers  to  
upflow.  A vertical  wind  speed  measurement may be  used  to  assess  the  upflow ang le,  wh ich  
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can  then  be  used  in  con j unction  wi th  the  anemometer cl assi fication  report to  calcu late  an  S-
type  anemometer operational  characteristic wi th  user-defined  i n fl uence parameter ranges  as  
defined  i n  C lause  I . 3.   

Type C:  

Type C  terrain  i ncl udes  the  most extreme terrain  from  a  measurement perspective.  Type  C  
s i tes  typ ical l y have  a  steep  terrain  feature  such  as  a  mounta in  or canyon  that may cause  fl ow 
separation  d i rectl y upwind  of the  test wind  turbine  and  create  a  recircu lation  zone  at the  test  
wind  turb ine  l ocation .  The  scale  of the  fl ow separation  i s  defi ned  by the  terrain  feature  and  
may d isrupt the  wind  speed  corre lation  between  the  test wind  turbine  and  reference 
meteorolog ical  mast even  i f the  terrain  feature  is  l ocated  farther than  1 6L  away from  the  test 
wind  tu rbine.  Type  C  terrain  i s  typ ical l y so  complex that the  corre lation  between  the  winds  at 
the  reference meteorolog ical  mast and  the  test wind  tu rb ine  may be  poor.  The  fl ow corrections  
may d i ffer s i gn i ficantl y between  ad jacent wind  d i rection  b ins.  Cau tion  shal l  be  taken  when  
se lecting  test wind  turb ines  at Type  C  terra in  l ocations  because  the  data  wi l l  typica l l y have 
very h igh  scatter and  h igh  uncerta in ty i n  the  resu l t.   

 

 

Figure C.2  – Terrain  types  

I n  order to  improve the  correlation ,  the  reference  meteorolog ica l  mast shou ld  be  l ocated  such  
that  i t  has  a  s im i lar el evation  and  wind  cond i ti ons  as  those  of the  test wind  turb ine.  For 
example,  i f the  test wind  turb ine  i s  l ocated  on  a  ri dge,  then  the  reference meteorolog ical  mast 
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i s  recommended  to  be  l ocated  on  the  ridge  next to  the  wind  turbine  i nstead  of at a  l ower 
e levation  i n  fron t of the  wind  turbine.  

C.3.2  Instrumentation   

The test  set-up  requ i res  as  a  m in imum  measurements  of hub  heigh t wind  speed ,  wind  
d i rection  near hub  heigh t,  and  wind  shear at both  meteorolog ical  masts  accord ing  to  7 . 2. 8.   

WME used  in  the  s i te  cal ibration  shal l  meet the  requ i rements  of 7. 2  and  fo l l ow the  gu idel i nes  
for moun ting  of Annex G .  The  anemometers  shal l  be  of the  same type  wi th  the  same 
operati ng  characteri stics  and  shal l  be  ca l ibrated  i n  the  same wind  tunnel .  The  anemometers  
shal l  be  of the  same type  wi th  the  same operati ng  characteristics  for the  power curve  
measurement as  for s i te  ca l i bration .   

Depend ing  on  the  s i te  characteristics,  add i tional  measurements  are  recommended  so  as  to  
provide  more  i n formation  abou t the  s i te  cond i ti ons  and  thus  are  not  normative.  These  
measurements  may also  be  used  to  improve the  overal l  qua l i ty of the  s i te  cal i bration  and  
power cu rve  measurement by i denti fying  unusual  atmospheric cond i ti ons  that correlate  wi th  
ou tl iers  or may be  used  to  determ ine  the  right  i nstrument cl assi fication  and  i n  con j unction  wi th  
the  re levan t cl assi fication  report quan ti fy the  s i te-speci fic anemometer operational  
characteristic s tandard  uncertain ty:  

a)  A vertical  wind  speed  measurement (e. g .  us ing  a  3D  u l trason ic anemometer)  i s  
recommended  wi th in  1 0  %  of hub  heigh t or wi th in  5  m  of hub  he igh t for smal l er wind  
tu rbines  so  as  not to  vio late  the  moun ting  requ irements  of Annex G  for top  mounted  
sensors.  Th is  measurement may be  used  to  determ ine  the  correct class  for the  i nstrument 
cl assi fication  and  i n  con junction  wi th  the  instrument cl ass i fication  report to  quan ti fy the  
uncertain ty due  to  operational  characteristics  i n  accordance  wi th  Annex I .   

b)  A wind  veer measurement i s  recommended  wi th  the  l ower wind  d i rection  measured  wi th in  
1 0  m  of the  l ower tip  height  wind  speed  measurement;  

c)  I f i cing  cond i ti ons  are  expected  during  the  s i te  cal i bration  campaign ,  a  temperature  sensor 
or other means  for i cing  detection  i s  recommended  near hub  he ight.  

Furthermore,  to  avoid  the  i n troduction  of b ias  i n  the  wind  d i rection  measurement due  to  
uncertain ty of the  wind  d i rection  sensor i nsta l l ation ,  the  reference meteorolog ical  mast  and  i ts  
wind  d i rection  sensor(s)  shou ld  not be  removed  between  the  s i te  cal i bration  and  the  power 
curve  measurement.  I f the  primary wind  d i rection  sensor i s  removed  or replaced ,  an  add i ti onal  
uncertain ty component shal l  be  included  (see  C. 7. 4).  I f the  reference meteorolog ical  mast  i s  
removed  and  re- instal l ed  between  the  s i te  cal ibration  and  the  power curve  measurement,  the  
i nstruments  shal l  be  mounted  i n  the  same configuration  and  wi th  the  same boom  ang les  
during  both  periods  so  as  to  have  s im i l ar moun ting  effects .   

C.4 Data acquisi tion  and  rejection  cri teria  

Data  shal l  be  col l ected  con tinuous l y at the  same sampl i ng  rate  as  for the  power performance  
test.  Data  sets  shal l  be  based  on  1 0  m in  periods  derived  from  contiguous  measured  da ta.  The  
mean ,  standard  deviation ,  m in imum  and  maximum  values  for each  1 0  m in  period  shal l  be  
derived  and  stored .  

The  wind  d i rection  b in  s ize  shal l  be  1 0° .  

Data  sets  shal l  be  rejected  from  the  database under the  fo l l owing  ci rcumstances:  

a)  fai l u re  or degradation  (e . g .  d ue  to  icing)  of test equ ipment;  

b)  wind  d i rection  ou tside  the  measurement sector(s)  as  defined  in  6. 3. 3;  

c)  mean  wind  speed  at wind  tu rbine  meteorolog ical  mast l ess  than  4  m /s  or greater than  
1 6  m /s;  
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d )  any other specia l  atmospheric cond i tions  that are  found  to  i n fl uence the  s i te  cal ibration  
resu l t  and  chosen  to  be  rejection  cri teria;  

e)  specia l  atmospheric cond i tions  to  be  used  as  rejection  cri teria  during  the  power 
performance  test that are  found  to  i n fluence  the  s i te  cal ibration .  

Any specia l  atmospheric  cond i tion  fi l tered  during  the  s i te  cal ibration  shal l  a lso  be  fi l tered  
during  the  power curve  test.   

C.5 Analysis   

The s i te  cal i bration  measures  the  re lationsh ip  of wind  speeds  at two  speci fic poin ts  i n  space.  
Orography represents  a  static i n fl uence on  th is  re lationsh ip  ( the  terra in  i s  not moving  over 
time)  however wind  shear adds  a  d ynam ic e lemen t to  th is  relationsh ip,  as  the  wind  speed  
grad ien t wi th  he igh t may vary s i gn i fican tl y,  or i t  may not i f the  s i te  on l y sees  a  fa i rl y steady 
shear over a  l im i ted  range.   

The  fi rst s tep  i n  the  s i te  cal i bration  process  is  therefore  to  assess  the  shear cond i ti ons  at  the  
s i te.  The  ca lcu lations  and  p lots  i n  C.5. 1  are  performed  fi rst to  make  th is  assessment,  then  
based  on  the  outcome ei ther C. 5. 2  or C. 5. 3  i s  fol l owed  to  complete  the  ca lcu lation  of the  fl ow 
corrections.  Once the  fl ow corrections  have  been  calcu lated  accord ing  to  e i ther C. 5.2  or 
C. 5. 3,  the  procedure  then  conti nues  wi th  the  add i ti onal  ca lcu lations  i n  C. 5. 4  wh ich  are  i npu ts  
to  the  uncertain ty calcu lations  i n  Clause  C. 6  and  the  qual i ty checks  i n  Clause  C. 7.  

C.5. 1  Assessment  of s i te  shear cond itions  

C.5. 1 . 1  Shear calcu lations  and  characterisation  plots    

For each  1 0  m in  data  poin t,  the  fol lowing  calcu lations  shal l  be  made:  

a)  the  wind  speed  ratio ,  wh ich  i s  the  hub  he ight wind  speed  at the  tu rbine  location  d ivided  by 
the  hub  heigh t wind  speed  at  the  reference  meteorolog ical  mast;  

b)  the  shear exponent at  both  met masts  shal l  be  calcu lated  us ing  the  power l aw (see  3 . 31 ) ;   

c)  the  time  of day using  a  24  hour clock shal l  be  determ ined  from  the  timestamp and  any 
offset to  the  s i te  l ocal  time.  Any ad justment to  the  l ocal  clocks  for more  dayl igh t hours  i n  
summer vs .  win ter ( i . e.  Dayl i gh t Savings  Time,  summer time)  shal l  be  noted  i f i t  i s  appl ied  
to  the  data  l ogger timestamps.   

The  anal ys is  method  shal l  depend  on  whether or not wind  shear i s  determ ined  to  be  a  
s i gn i ficant factor at the  s i te.  H igh  shear,  or more  speci fical l y a  wide  range  of shear values,  i s  
typ ical l y due  to  a  d i urnal  cycle  of stable  atmosphere  at n igh t and  unstable  atmosphere  du ring  
the  day.  To  i l l ustrate  the  shear cond i tions  at the  s i te  and  to  ass ist wi th  the  shear evaluation ,  
the  fo l lowing  scatter p lots  shal l  be  generated  for both  the  turbine  l ocation  and  reference  met 
mast data  from  the  fi l tered  database:  

1 )  scatter plot of wind  shear exponent vs.  time  of day;  

2)  scatter plot of wind  shear exponent vs.  wind  d i rection ;  

3)  scatter plot of wind  shear exponent vs.  wind  speed ;  

4)  scatter plot of wind  speed  vs .  time  of day.  

P lease  note  that time of day shou ld  be  used  wi th  care.  What real l y l i es  beh ind  th is  are  the  
correlation  to  l ocal  sun -ri se  and  sun -set t imes  as  these  often  strong l y i n fl uence atmospheric 
stabi l i ty.  Especia l l y for l onger data  sets  and  h igher l ati tudes,  the  correlation  between  sun -rise,  
sun-set and  time of day becomes  qu i te  poor.  

For a  s i te  where  these  effects  occur,  typica l l y the  shear exponents  observed  during  the  day 
time  wi l l  be  low as  the  sun  heats  the  ground  causing  turbu lence  and  m ixing  of the  l ayers  and  
at n i gh t the  shear wi l l  be  h igh .  Thus  there  may be  a  wide  range  of shear exponents  and  a  
noticeable  change  in  the  shear exponents  from  day time  to  n i gh t t ime  for these  s i tes.  
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C.5. 1 .2  Assess  s ign i ficance  of shear 

Regard less  of a tmospheric stabi l i ty,  shear shal l  be  considered  to  be  a  s i gn i ficant factor i f 
more  than  25  %  of the  data  poin ts  have  a  shear exponent greater than  0, 25.   

Shear shal l  be  confi rmed  to  be  a  s i gn i ficant parameter i f the  wind  speed  correlation  improves  
fol lowing  b inn ing  by d i rection  and  shear accord ing  to  Method  1  i n  C. 5. 2 ;  otherwise  the  s i te  
cal i bration  may be  evaluated  fol lowing  Method  2  – l i near regress ion  method  described  in  
C. 5. 3.   

D ivi d ing  the  measurement sector to  a l l ow for d i fferen t methodolog ies  for d i fferent sectors  is  
perm i tted .  Th is  may be  usefu l  i f,  for example,  the  terrain  from  part of the  measurement sector 
is  Type  A and  from  another d i rection  i t  i s  Type  B.  

The  goal  i s  to  ensure  that the  s i te  cal i bration  is  not b iased  by unusual  shear cond i ti ons;  e i ther 
the  s i te  ca l i bration  method  accoun ts  for the  impact of shear or unusual  cond i tions  are  fi l tered  
ou t.  The  s i te  cal i bration  resu l ts  us ing  e i ther method  C.5.2  or C. 5. 3  may be  assessed  us ing  the  
method  i n  C. 5. 4,  where  the  s i te  ca l ibration  corrections  are  appl ied  to  the  permanent mast 
wind  speed  and  th is  i s  then  compared  to  the  turbine  l ocation  wind  speed .  Comparing  the  s i te  
cal i bration  res iduals  against wind  shear or other atmospheric stabi l i ty metrics  wi l l  show i f the  
selected  method  accurate l y corrects  the  permanent l ocation  wind  speed  for al l  cond i t i ons  or i f 
add i ti onal  steps  are  necessary to  improve qual i ty and  reduce  uncertain ty.  Speci fica l l y:  

a)  the  sel f-cons istency parameter (Equation  (C. 3)  in  C. 5. 4)  b i n -averaged  against  wind  speed  
shou ld  be  between  0 , 98  and  1 , 02  i n  the  range  of 4  m /s  to  1 6  m /s  wi th in  each  sector;  

b)  a  l i near regression  of V Turb_pred icted  (Equation  (C. 1 ))  vs.  V Turb_measu red  shou ld  have  an  
R2  va lue  >  0 , 95  wi th in  each  sector.  

C.5. 1 .3  Establ ish  correlation  of shear between  locations  

I f shear is  determ ined  to  be  s i gn i fican t at the  s i te  and  where  there  is  a  requ irement to  fi l ter on  
shear at the  turbine  l ocation ,  then  i t  shal l  be  establ ished  that the  shear at the  turb ine  l ocation  
can  be  pred icted  from  the  shear measured  at the  reference met mast.  The  s implest method  to  
ach ieve  th is  i s  to  p lot the  shear at the  turb ine  l ocation  vs .  the  shear at the  reference mast and  
ca lcu late  an  Ord inary Least Squares  l i near regression .  Th is  sha l l  be  done  us ing  the  fi l tered  
database.  Note  that th is  regress ion  may be  used  during  the  power curve  measurement to  
pred ict  shear at the  turbine  location .  

I f the  shear at the  turb ine  l ocation  and  the  shear at the  reference mast are  not correlated  for 
a l l  cases,  then  s teps  shal l  be  taken  so  that the  data  i s  correlated  for a l l  cases.  For example,  
non-correlation  may occur where  there  i s  a  s ign i fican t d i fference in  e levation  between  the  
reference mast and  test turbine  location  in  con junction  wi th  h i gh  shear,  wh ich  is  often  
correlated  wi th  time  of day.  I n  these  cases,  the  suggested  method  to  ach ieve  corre lated  
resu l ts  i s  to  fi l ter the  data  based  on  time of day to  remove the  h igh  shear n ight  t ime data,  
a l though  other methods  to  remove  non-corre lati ng  data  are  perm i tted .  The  time of day fi l ter 
may be  establ ished  using  the  shear exponent vs.  t ime  of day p lots .  Reducing  the  
measurement sector such  that on l y d i rections  wi th  s im i lar flow cond i tions  are  considered ,  
fi l teri ng  or breaking  the  s i te  cal ibration  up  by seasons,  or other methods  to  ach ieve  a  fu l l y 
correlated  data  set may be  used .  The  p lots  of wind  shear exponent vs.  wind  d i rection  may be  
usefu l  i n  determ in ing  wh i ch  sectors  to  use.  

Any add i tional  fi l ter appl ied  to  the  s i te  cal i bration  resu l ts  sha l l  a lso  be  appl i ed  to  the  power 
curve  measurement.  I f a  t ime of day fi l ter i s  used ,  the  fi l ter may be  ad j usted  seasonal l y to  
reflect longer days  during  the  summer and  shorter days  during  the  win ter.  On l y data  from  the  
reference mast  shou ld  be  used  for any add i tional  fi l ters  because  i t  wi l l  not  be  possib le  to  fi l ter 
on  the  tu rbine  location  data  during  the  power curve  measurement.  

Shear,  tu rbu lence,  and  wind  speed  are  often  corre lated .  The  p lots  of wind  shear exponent vs.  
wind  d i rection ,  wind  shear exponent vs.  wind  speed ,  and  wind  speed  vs.  time  of day may be  
used  to  assess  the  poten tia l  impact of these  fi l ters  on  the  power curve  data  i n  terms  of 
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reduced  data  at certa in  wind  speeds.  For example,  i f appl ying  a  time  of day fi l ter wi l l  resu l t i n  
the  l oss  of most of the  data  at h i gh  wind  speeds,  then  th is  fi l ter may not be  practical .  I n  the  
extreme case  a  so lu tion  cou ld  be  to  have  mu l ti p le  s i te  cal ibrations,  each  val i d  for a  speci fic 
range  of atmospheric cond i tions.  

C.5.2  Method  1 :  Bins  of wind  d irection  and  wind  shear 

To determ ine  i f the  s i te  cal ibration  correction  factors  are  i n fl uenced  by the  shear on  the  s i te,  
the  data  shal l  be  sorted  i n to  b ins  of wind  d i rection  and  shear.  The  s i ze  of the  wind  d i rection  
b ins  shal l  be  1 0°  and  shal l  not be  l ess  than  the  uncerta in ty of the  wind  d i rection  sensor.  At the  
edges  of the  measurement sector,  the  data  shal l  be  fi l tered  to  the  exten ts  of the  measurement 
sector.  For example,  where  the  measurement sector ends  at  43° ,  the  s i te  ca l ibration  at  the 
edge  of the  sector wi l l  be  evaluated  from  35°  to  43°  on l y.  I t  i s  requ i red  that  the  choice  of 
d i rection  b i n  cen tre  defin i ti on  (e. g .  e i ther b ins  cen tred  on  i n teger mu l tip les  of 1 0°  or bi ns  
beg inn ing  on  i n teger mu l tiples  of 1 0° )  shal l  be  carried  through  cons isten tl y from  the  s i te  
cal i bration  to  the  power curve  test.  The  wind  shear b ins  shal l  be  in  i ncrements  of 0 , 05  shear 
exponent cen tred  on  i n teger mu l tip les  of 0 , 05 .   

The  wind  speed  ratios  wi th in  each  wind  d i rection  and  wind  shear b i n  sha l l  be  averaged .   

The  completion  cri teria  for the  wind  d i rection  and  wind  shear bins  is  as  fo l l ows:  

a)  For each  wind  d i rection  b in ,  the  number of data  poin ts  across  a l l  wind  shear b ins  wi th in  
that  wind  d i rection  b i n  shal l  tota l  at  least  1 44  (24  hours  of data) .  I ncomplete  wind  shear 
b ins  may be  included  i n  th is  tota l .  Furthermore,  each  wind  d i rection  b i n  sha l l  conta in  at 
l east 6  hours  above and  6  hours  below 8  m /s.   

b)  Each  wind  shear bi n  wi th in  a  complete  wind  d i rection  bin  sha l l  contain  at l east 3  data  
poin ts .   

c)  Wind  shear b i ns  i n  i ncomplete  wind  d i rection  sectors  that con ta in  at l east 6  hours  of data  
may a lso  be  cons idered  complete.  

I f after the  matrix  has  been  completed  i t  i s  found  that the  s i te  cal i bration  corrections  do  not 
change  wi th  i ncreasing  wind  shear,  then  the  wind  shear b ins  may be  el im inated  and  the  data  
evaluated  on l y on  a  wind  d i rection  bi n  bas is  accord ing  to  C. 5. 3.  The  level  of change shal l  be  
evaluated  against the  statistical  u ncerta in ty of the  s i te  cal ibration .   

I f the  variation  between  wind  shear b i ns  causes  a  h igher variabi l i ty i n  s i te  cal ibration  factors  
than  twice  the  s tatistical  uncertain ty of the  s i te  cal ibration  i n  one  or more  wind  d i rection  b ins,  
the  wind  shear b ins  shal l  be  included  i n  the  anal ys is  a longside  the  wind  d i rection  b ins .   

I f the  variation  between  wind  shear bi ns  causes  a  lower variabi l i ty i n  s i te  ca l i bration  factors  
than  twice  the  s tatistical  uncertain ty of the  s i te  cal ibration  i n  one  or more  wind  d i rection  b ins ,  
the  wind  shear b ins  may be  e l im inated  and  the  data  evaluated  on l y on  a  wind  d i rection  bas is  
per C. 5. 3.  

During  the  power curve  measurement,  the  data  shal l  be  sorted  in to  wind  d i rection  b i ns.  For 
each  1 0  m in  data  poin t,  the  wind  shear exponent at the  reference mast shal l  be  ca lcu lated .  
The  correction  appl ied  to  the  hub  heigh t wind  speed  shal l  be  the  wind  speed  ratio  i n terpolated  
to  the  measured  wind  shear value  from  the  wind  shear bi n  average  values  and  the  measured  
wind  shear exponen t for that wind  d i rection  b in .  Extrapolation  is  perm i tted  for wind  shear 
exponents  fal l i ng  wi th in  the  l ast complete  wind  shear bi ns ;  for example  i f the  l ast complete  
s i te  ca l i bration  wind  shear b i n  i s  the  0 , 6  wind  shear b in ,  extrapolation  is  perm i tted  for 
measured  wind  shear exponen t values  between  0 , 600  and  0 , 625  (where  0, 625  i s  the  upper 
edge  of the  0, 6  wind  shear b in  wi th  a  b in  wid th  of 0 , 05  and  a  range  of 0 , 575  to  0, 625) .  
I n terpolation  between  two complete  wind  shear b ins  across  an  i ncomplete  wind  shear b in  i s  
perm i tted .  I n terpolation  between  wind  d i rection  b ins  is  not perm i tted .   
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C.5.3  Method  2:  Linear regression  method  where  shear i s  not  a  s ign i ficant  in fluence  

The data  sets  shal l  be  sorted  in to  wind  d i rection  b i ns .  The  s i ze  of the  wind  d i rection  bi ns  shal l  
be  1 0° .  I t  i s  requ i red  that  the  choice  of d i rection  b in  cen tre  defin i tion  (e . g .  e i ther b ins  centred  
on  i n teger mu l tip les  of 1 0°  or b ins  beg inn ing  on  i n teger mu l ti ples  of 1 0° )  shal l  be  carried  
through  cons isten tl y from  the  s i te  cal ibration  to  the  power curve  test.  At  the  edges  of the  
measurement sector,  the  data  shal l  be  fi l tered  to  the  exten ts  of the  measurement sector.  For 
example,  where  the  measurement sector ends  at  43° ,  the  s i te  cal ibration  at the  edge  of the  
sector wi l l  be  evaluated  from  35°  to  43°  on l y.  

For each  wind  d i rection  b in ,  an  ord inary least squares  l i near regress ion  shal l  be  made wi th  
the  turb ine  l ocation  wind  speed  as  the  dependen t variable  and  the  reference wind  speed  as  
the  i ndependent variable.  Therefore,  there  wi l l  be  one  s lope  and  one  i n tercept for each  wind  
d i rection  b in .  

Each  wind  d i rection  b in  sha l l  have  at l east 24  h  of data  in  tota l  and  shal l  have  at l east 6  h  of 
data  where  winds  are  above 8  m /s  and  at l east  6  h  of data  where  winds  are  below 8  m /s.  
There  shou ld  be  a  wide  d istribu tion  of wind  speeds  wi th in  the  b in  to  get a  good  correlation  
(see  C. 7. 2),  and  i t  i s  therefore  recommended  that data  wi th  wind  speeds  at  l east  up  to  1 1  m /s  
be  presen t.  Note  that ou tl i ers  are  h i gh l y weighted  by the  ord inary l east  squares  regress ion  
method .  Any outl i ers  that appear to  have  a  s i gn i ficant impact on  the  regression  shou ld  be  
i nvestigated  and  documented .  

To  i l l ustrate  the  corre lation  between  the  reference and  tu rbine  location  wind  speed ,  the  
fol lowing  p lots  shal l  be  generated  for each  complete  wind  d i rection  b i n  wi th in  the  
measurement sector:  

Turbine  mast wind  speed  vs.  reference mast wind  speed ,  i nclud ing  an  i nd ication  of the  
l inear regression  and  corre lation  coefficients  (commonl y known  as  the  R2  va lue);  

On  a  s ing le  axis ,  p lot the  fo l l owing .  See  F igure  C. 1 1  i n  C lause  C. 9  for an  example:  

a)  wind  speed  ratio  vs.  reference  wind  speed ;  

b)  b in  averages  of the  wind  speed  ratios  i n  0 , 5  m /s  wind  speed  bins ;  

c)  a  curve  y =  m+b/x  where  m  is  the  s l ope  of the  l inear regression ,  b  i s  the  i n tercept and  x  i s  
the  reference wind  speed ,  and  y  i s  the  pred icted  tu rbine  location  wind  speed  normal ized  to  
the  reference  mast wind  speed ,  i . e.  y  =  the  wind  speed  ratio;  

d )  a  hori zon ta l  l i ne  i nd icating  the  average  of a l l  wind  speed  ratios  wi th in  the  wind  d i rection  
b in .  

C.5.4  Addi tional  calcu lations  

The s i te  cal i bration  fl ow corrections  shal l  be  appl ied  to  the  reference meteorolog ical  mast  
data  to  calcu late  the  pred icted  wind  tu rbine  l ocation  wind  speed  for each  data  poin t.  Th is  shal l  
be  done  us ing  the  fi l tered  database.  

 
VTurb_pred icted  =  F(WD,  α)  x  VPM  (C. 1 )  

where   

VTurb_pred icted   i s  the  pred icted  wind  turb ine  location  wind  speed ;  

F(WD, α)  i s  the  s i te  cal ibration  flow correction  determ ined  i n  C. 5.2 ;   

VPM  i s  the  reference meteorolog ical  mast  wind  speed ;  

WD  i s  the  wind  d i rection  b in ;  

α  i s  the  wind  shear exponent,  i f appl icable.  
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A s i te  ca l i bration  residual  shal l  be  ca lcu lated  as  fol lows  for each  1 0  m in  data  poin t as  the  
d i fference  between  the  pred icted  wind  tu rbine  l ocation  wind  speed  and  the  measured  wind  
turb ine  meteorolog ical  mast  wind  speed .  

 residual =  VTurb_pred icted  – VTurb_measu red  (C. 2)  

 

A sel f-cons istency parameter shal l  be  calcu lated  as  fol lows  for each  1 0  m in  data  poin t:  d ivide  
the  pred icted  wind  tu rbine  l ocation  wind  speed  by the  actual  wind  tu rb ine  meteorolog ica l  mast 
wind  speed .   

 
self_consistency_paramenter  =  

redTurb_measu

ctedTurb_predi

V

V
 (C. 3)  

 

The res iduals  and  the  se l f-consistency parameter are  used  to  assess  the  variation  and  any 
b iases  in  the  resu l ts .  The  mean  of the  res iduals  and  se l f-cons istency parameter reflect the  
mean  b ias,  where  mean  values  of 0  and  1 , 0  trans late  to  zero  b ias ,  respectivel y.  The  standard  
deviation  of these  parameters  i s  i nd icati ve  of the  variation  around  the  mean  b ias ,  and  i s  used  
for the  calcu lation  of the  statistical  uncerta in ty of the  s i te  cal ibration .  

I n  add i tion  to  the  statistical  uncertain ty calcu lations,  wh ich  are  based  on  the  variation  abou t 
an  assumed  mean  b ias  of zero,  these  parameters  are  used  for ca lcu lation  of add i tional  
uncertain ty to  be  added  in  certa in  scenarios  l i sted  i n  C lause  C. 7,  wh ich  are  based  on  
assessments  of the  estimated  mean  b ias  i n troduced  by the  scenario  wh ich  are  reflected  i n  
sh i fts  i n  the  mean  of these  parameters  away from  0  and  1 , 0,  respectivel y.  

C.6  Si te  cal ibration  uncertainty 

C.6. 1  Si te  cal ibration  category A uncertainty 

C.6. 1 . 1  Si te  cal ibration  k-fold  analysis  

The s i te  ca l ibration  tra ins  a  model  to  pred ict the  wind  speed  at the  turb ine  l ocation  based  on  
the  wind  speed  at the  met mast l ocation .  To  avoid  the  risk of under-estimating  the  category A 
uncertain ty due  to  over-fi tti ng  the  model  to  the  data,  the  category A uncertain ty shal l  be  
calcu lated  us ing  k-fold  cross  val i dation  wi th  k =  1 0 .  Note  that i n  the  wind  i ndustry,  k has  
d i fferent  mean ings,  however the  use  of the  term  ‘k’  here  is  cons isten t wi th  i ts  use  in  statistical  
l earn ing ,  as  the  method  appl ied  is  known  as  k-fold cross validation .   

The  fina l  fi l tered  data  set sha l l  be  d ivided  i n to  k  equal l y s i zed  folds  (parti tions)  based  on  
timestamp.   

For each  fol d  (k =  1  th rough  1 0) :   

a)  the  s i te  cal ibration  corrections  shal l  be  calcu lated  accord ing  to  Clause  C. 5  us ing  on l y data  
from  the  other 9  fo lds;  

b)  the  s i te  cal i bration  corrections  shal l  be  used  to  calcu late  the  pred icted  wind  speed  at  the  
turbine  l ocation  us ing  the  reference mast wind  speeds  measured  during  fo ld  k;  

c)  the  pred icted  turbine  wind  speeds  i n  fo l d  k  shal l  be  compared  to  the  actual  measured  
turbine  wind  speeds  in  fol d  k accord ing  to  both  the  res idual  and  se l f-cons istency 
parameters  defined  i n  C. 5. 4;  

d )  the  s tatistical  u ncertain ty for fo l d  k shal l  be  determ ined  per C. 6. 1 . 2 .  

The  tota l  category A uncertain ty i s  the  square  root of the  sum  of the  squares  of the  
uncertain ty calcu lated  for each  fo ld  d i vided  by the  square  root  of k.  
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A value  of k=1 0  i s  chosen  so  that there  i s  a  h i gher probabi l i ty that there  wi l l  be  sufficien t  
i n formation  in  the  remain ing  sets  to  cover the  range  of wind  speeds  present in  the  data  set 
being  evaluated ,  however other values  of k  are  a l l owed  so  l ong  as  k  ≥  2 .  

The  folds  are  d ivided  by timestamp rather than  random ly chosen  s i nce  i t  i s  expected  that  the  
variations  i n  re lationsh ip  i n  wind  speeds  between  the  two  l ocations  may be  correlated  wi th  
meteorolog ica l  even ts  wh ich  are  corre lated  wi th  time,  and  so  folds  that are  time based  are  
more  l i ke l y to  better capture  variation  between  the  cond i ti ons  during  the  s i te  cal ibration  and  
the  power curve  measurement time periods.  

C.6. 1 .2  Si te  cal ibration  statistical  uncertainty for each  fold  

For each  fo ld  i n  the  k-fold  cross  val idation ,  the  deviation  between  the  s i te  cal ibration  
corrected  wind  speed  at the  wind  tu rbine  l ocation  and  the  wind  speed  measured  at the  wind  
turbine  meteorolog ical  mast i s  ca lcu lated  for each  1 0  m in  period ,  and  the  standard  deviation  
of the  wind  speed  deviation  over a l l  1 0  m in  periods  i s  calcu lated  as  fo l lows:  
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(C. 5)  

 

where  

dj, k  i s  the  res idual  in  the  j-th  1 0  m in  period  of fold  k,  see  Equation  (C. 2);   

kd   i s  the  mean  value  of the  res iduals  in  fo ld  k;  

Nk  i s  the  number of data  sets  i n  fo ld  k;  

dstd ,k  i s  the  standard  deviation  of s i te  cal ibration  res iduals  i n  fol d  k.  

On l y data  that  has  been  i ncluded  in  the  assessment of the  s i te  cal i bration  shal l  be  i ncluded  in  
the  calcu lation  of the  s tandard  deviation .  

The  statistical ,  category A,  standard  uncerta in ty of fold  k  i s :  
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where  

f i s  number of degrees  of freedom  of the  s i te  cal i bration .  

The  number f i s  the  number of 1 0  m in  periods  i ncluded  i n  the  s i te  ca l ibration  m inus  the  tota l  
number of parameters  of the  s i te  cal ibration  a lgori thm .  I n  the  case  where  the  s i te  ca l ibration  
flow corrections  are  i n  the  form  of b in -averaged  wind  speed  ratios,  the  number of parameters  
of the  s i te  cal ibration  a lgori thm  per wind  d i rection  sub-sector equals  the  number of wind  shear 
b ins .  f i s  then  Nk  m inus  the  number of wind  d i rection  sub  sectors  (normal l y number of 1 0°  
wide  sectors).  I n  the  case  where  the  s i te  cal ibration  flow corrections  are  i n  the  form  of l i near 
regress ions  (s lopes  and  offsets),  the  number of parameters  of the  s i te  cal i bration  a l gori thm  is  
2  per wind  d i rection  sub  sector.  f i s  then  Nk  m inus  twice  the  number of wi nd  d i rection  b ins.  I n  
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the  case  where  the  s i te  cal ibration  flow corrections  are  i n  the  form  of b in -averaged  wind  
speed  ratios  per wind  d i rection  and  wind  shear b i n ,  f i s  Nk  m inus  the  sum  of the  number of a l l  
wind  shear bi ns  i n  a l l  wind  d i rection  sub-sectors .  

C.6.2  Si te  cal ibration  category B  uncertainty 

The fol lowing  components  of uncertain ty shou ld  be  considered  to  be  independen t of each  
other i n  evaluating  the  combined  category B  s tandard  uncerta in ty.  

uVT, precal , i:  Anemometer cal i bration  – the  anemometer ca l ibration  standard  uncerta in ty shal l  
be  taken  from  the  ca l i brations.  Where  the  anemometer cal i brations  on  the  reference 
meteorolog ica l  mast and  wind  turb ine  meteorolog ical  mast have  been  performed  i n  the  same 
tunnel ,  the  estimated  uncertain ties  are  correlated  to  some exten t;  the  same is  true  for 
ca l i brations  of the  anemometer(s)  used  for the  power performance  testi ng .  A practical  
approach  is  to  i ncl ude  the  magn i tude  of one  cal i bration  uncertain ty i f the  ca l ibrations  are  done  
i n  the  same wind  tunnel .  Where  the  ca l ibrations  have  been  done  in  d i fferen t wind  tunnels  or 
d i fferent model  anemometers  are  used ,  the  uncertain ties  are  i ndependent and  shal l  be  taken  
i n to  account  as  such .  

uVT, class , i:  Anemometer operational  characteristi cs  – the  wind  turb ine  meteorolog ica l  mast 
anemometer operational  standard  uncerta in ty shal l  be  taken  i n to  account i n  the  s i te  
ca l i bration  uncertain ty ca lcu lation .  The  correlation  of the  operational  characteristics  during  the  
s i te  ca l ibration  shal l  be  stud ied  to  determ ine  to  what extent  the  turbine  and  reference  
anemometer operational  characteristic  uncerta in ties  are  to  be  taken  i n to  account.  Depend ing  
on  the  d i fferences  in  the  envi ronmental  cond i ti ons  during  the  power curve  measurement 
compared  to  during  the  s i te  ca l ibration ,  an  i ncrease  in  operational  characteristics  uncerta in ty 
may be  requ i red .  During  the  s i te  cal i bration  the  tu rbine  anemometer operational  u ncertain ty 
shou ld  be  fu l l y accounted  for.   

uVT,mnt , i:  Mounting  effects  – the  wind  tu rbine  meteorolog ica l  mast anemometer as  wel l  as  the  
reference  meteorolog ical  mast anemometer mounting  s tandard  uncerta in ty shal l  be  taken  in to  
account  i n  the  s i te  cal i bration  uncertain ty evaluation .   

udVT , i:  S tandard  uncertain ty i n  wind  speed  due  to  the  data  acqu is i tion  system  shal l  be  
estimated  per Annex D  and  E.   

C.6.3  Combined  uncertainty 

The Category A and  B  components  of uncerta in ty shou ld  be  cons idered  as  i ndependent of 
each  other for the  purpose  of evaluating  the  combined  uncertain ty of the  s i te  cal ibration .  

Narrowing  the  measurement sector wi th  the  goal  of reducing  uncerta in ty by e l im inating  h i gher 
uncerta in ty wind  d i rection  b ins  is  perm i tted .  

C.7  Qual i ty checks  and  addi tional  uncertainties  

C.7. 1  Convergence check 

A convergence check shal l  be  carried  ou t using  the  se l f-cons istency parameter from  Equation  
(C. 3)  for each  wind  d i rection  b in .  The  most i l l ustrati ve  graph  for th is  purpose  p lots  cumu lative  
average  of the  sel f-consistency parameter against  the  number of hours  per wind  d i rection  b in .  
The  cumu lative  averages  shou ld  be  seen  to  converge  to  wi th in  0 , 5  %  of the  fi na l  average  
wi th in  the  l arger of 1 6  h  of data  or 25  %  of the  tota l  number of data  poin ts  in  that b in .  I f th is  
cri teria  i s  not met,  steps  such  as  add i ti onal  fi l tering  may be  appl ied  to  try to  expla in  and  
correct the  non-convergence.  I f these  steps  do  not resu l t i n  convergence,  the  sel f-cons istency 
check accord ing  to  C lause  C.8  may be  performed  during  the  power curve  measurement to  
assess  i f the  non-convergence i s  an  issue.  I f cri teria  for the  sel f-cons istency check during  the  
power curve  test i s  not met,  then  the  b i n  shal l  be  excluded  from  the  measurement sector.  
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The  k-fold  cross  va l idation  method  used  to  calcu late  the  statistica l  uncertain ty for the  s i te  
cal ibration  shou ld  reflect a  h i gher test uncerta in ty for any non-convergence,  so  no  uncertain ty 
penal ty i s  appl ied  for th is  check.  

C.7.2  Correlation  check for l i near regression  (see C.5.3)  

For each  wind  d i rection  b i n ,  the  level  of correlation  shal l  be  assessed  based  on  the  corre lation  
coefficien t of the  regression ,  common l y known  as  the  r  va lue.  Th is  assessment shal l  be  
i ncluded  i n  the  report.   

C.7.3  Change in  correction  between  ad jacent wind  d i rection  bins  

I t  i s  recommended  that wind  d i rection  b i ns  from  the  measurement sectors  be  e l im inated  when  
flow corrections  change  by more  than  2  %  between  neighbouring  b i ns.  Th is  shal l  be  evaluated  
by appl ying  the  se l f-consistency parameter method  from  C. 5. 4  as  fol l ows:  

a)  evaluate  the  data  and  ca lcu late  the  s i te  cal ibration  fl ow corrections;  

b)  sh i ft the  s i te  cal i bration  fl ow corrections  by one  d i rection  sector so  that the  fl ow 
corrections  or regress ions  are  appl i ed  to  the  ad jacen t wind  d i rection  b i n .  For example,  i f 
the  flow correction  appl ied  to  the  290°  b i n  i s  1 , 024x  +  0, 1 ,  then  appl y th is  correction  
i nstead  to  the  280°  b i n ;  

c)  us ing  the  ad j usted  s i te  ca l i bration  flow corrections  from  the  previous  step  and  the  s i te  
ca l i bration  data,  ca lcu late  the  pred icted  wind  turbine  location  wind  speed  for each  1 0  m in  
period  and  then  calcu late  the  sel f-cons istency parameter wi th  Equation  (C. 3);  

d )  average  the  sel f-consistency parameters  for each  wind  d i rection  b i n .  I f the  average  i s  l ess  
than  0, 98  or greater than  1 , 02,  then  those  wind  d i rection  b ins  shou ld  be  e l im inated .  I f 
those  wind  d i rection  bi ns  are  not e l im inated ,  then  the  uncertain ty i n  those  bins  shal l  be  
i ncreased  by the  value  of 1  m inus  the  average  sel f-consistency parameter mu l tip l i ed  by 
1 00  %  and  d i vided  by 2  and  the  square  root of 3 .  I f a  sector has  th is  appl i ed  from  both  
ad j acen t sectors ,  then  the  i ncrease  i n  uncertain ty i s  the  average  of the  two.  

Th is  method  shal l  be  appl i ed  by both  add ing  and  subtracti ng  to  the  wind  d i rection  b in ,  for 
example  appl ying  the  290°  b in  resu l ts  to  both  the  280°  and  300°  b i ns.  The  uncertain ty 
ad j ustment for bi ns  not on  the  edge  shal l  be  the  average  impact of moving  one  ad jacent b i n  i n  
each  d i rection .  
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where  

j,i,,VTu coc   i s  the  standard  uncertain ty due  to  change  i n  correction  i n  wind  d i rection  bi n  j;  

1sccp −j,j   i s  the  s i te  ca l i bration  consistency parameter for wind  d i rection  b i n  j  us ing  the  s i te  

cal ibration  corrections  in  b in  j–1 ;  

1sccp +j,j   i s  the  s i te  cal i bration  consistency parameter for wind  d i rection  b i n  j  us ing  the  s i te  

cal ibration  corrections  in  b in  j+1 .  

For sub  sectors  at the  edges  of the  measurement sector,  the  uncerta in ty shal l  be  assessed  
on l y by appl ying  the  correction  from  the  respective  neighbouring  sub  sector.  

C.7.4  Removal  of the  wind  d i rection  sensor between  si te  cal ibration  and  power 
performance test  

I f the  wind  d i rection  sensor is  removed  between  s i te  cal ibration  and  the  power performance  
test,  error may be  in troduced  due  to  the  uncertain ty of the  wind  d i rection  sensor a l i gnment 



 – 74  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

between  the  two i nsta l lations.  An  add i tional  uncertain ty component for each  wind  d i rection  b in  
shal l  be  appl ied .  Th is  uncerta in ty component sha l l  be  calcu lated  for each  wind  d i rection  b in  as  
fol lows:  

a)  For each  wind  d i rection  b i n ,  appl y the  method  i n  C.7 .3  except that the  uncertain ty wi l l  a l so  
be  appl ied  where  the  average  of the  sel f-cons istency parameters  is  between  0 , 98  and  
1 , 02.  

b)  Determ ine  the  re lati ve  uncertain ty i n  the  wind  d i rection  measurements .   

c)  Mu l tip l y the  resu l t  of bu l let a)  by the  ratio  of the  re lati ve  uncerta in ty i n  the  wind  vane  
measurements  to  the  tota l  wind  d i rection  b in  s ize .   

For example,  the  wind  vane  fa i l s  and  is  replaced  by a  s im i l ar model  between  s i te  ca l i bration  
and  power curve  measurement.  The  uncerta in ty i n  the  wind  vane  a l i gnments  i s  determ ined  to  
be  3°  and  the  b in  s i ze  i s  1 0° .  Mu l ti pl y the  change  in  correction  between  ad jacent b i ns  from  

C. 7. 3  by 
1 0

3 .  Th is  uncertain ty i s  appl ied  i n  add i tion  to  any uncertain ty appl i ed  due  to  C. 7. 3.  
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where  

iwu ,
 i s  the  wind  d i rection  uncerta in ty calcu lated  accord ing  to  C lause  E . 1 2 ;  

B inSize   i s  the  b i n  s i ze  of wind  d i rection  b in  j,  e. g .  1 0° .  

P lease  note  that  uw, i  may be  evaluated  on  a  re lati ve  bas is,  i . e .  u ncertain ty components  that 
are  fu l l y correlated  between  the  s i te  cal ibration  and  power curve  measurement may be  
neg lected .  For example,  i f the  met mast remains  i n  pl ace  and  on l y the  sensor is  replaced  on  
the  same boom  and  moun t wi th  an  i den tical  make  and  model ,  uWVbo, i  and uWVoe, i  may be  
neg lected .  

C.7.5  Si te  cal ibration  and  power performance measurements  in  d i fferent seasons  

Seasonal  changes  i n  wind  cond i ti ons  and  changes  in  surface  roughness  due  to  vegetation ,  
precip i tation  (snow and  ice)  and  freezing  of bod ies  of water may cause  a  seasonal  
dependency i n  the  s i te  cal i bration  fl ow corrections.  I t  i s  therefore  recommended  that the  s i te  
cal ibration  and  power performance measurements  be  conducted  i n  the  same part of the  year,  
for example  both  occurring  i n  summer.  To  assess  the  poss ib le  impact of th is  the  fol l owing  
steps  shal l  be  taken :  

The  average  wind  cond i ti ons  at the  reference meteorolog ica l  mast during  the  s i te  cal ibration  
(wind  shear,  tu rbu lence,  upflow)  shal l  be  compared  to  the  average  wind  cond i tions  at the  
same meteorolog ica l  mast during  the  power performance measurement for the  wind  d i rections  
wi th in  the  measurement sector.  An  add i ti onal  uncertain ty shal l  be  calcu lated  for seasonal  
effects  i f any of these  cond i tions  for a  wind  d i rection  b in  d i ffers  by more  than  the  fol l owing  
amoun ts:   

a)  0 , 05  for wind  shear exponen t;  

b)  3  %  for tu rbu lence  in tens i ty;   

c)  i f upflow is  measured ,  a  l im i t of ±  2°  change i n  vertical  upflow is  recommended .  

The  add i ti onal  uncerta in ty for seasonal  effects  shal l  be  calcu lated  as  one  th i rd  of the  
magn i tude  of the  s i te  ca l i bration  fl ow correction .   
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C.8  Veri fication  of resul ts   

An  example  of a  method  to  veri fy the  resu l ts  from  a  power performance  measurement wi th  or 
wi thout s i te  ca l i bration  is  to  use  the  measured  electrical  power data  to  derive  a  wind  speed  
representati ve  for the  wind  turb ine  for each  1 0  m in  period  included  i n  the  power curve  
measurement.  Th is  wind  speed  i s  compared  to  the  wind  speed  measured  by the  anemometer 
or RSD.  I deal l y th is  ratio  shou ld  not vary as  a  function  of the  wind  d i rection .  W ind  d i rection  
b ins  where  the  ratio  varies  strong l y shou ld  be  i nvestigated  and  possib ly excluded .  I f the  
power curve  is  a  function  of the  rotor equ ivalen t wind  speed ,  the  rotor equ iva len t wind  speed  
shou ld  be  appl ied  for the  sel f-cons istency check.  

a)  The  reverse  power curve  is  defi ned  as  the  wind  speed  b in-averaged  as  a  function  of the  
power outpu t for the  data  sets  that have  been  used  for the  power curve  evaluation .  For 
acti ve l y control led  wind  turbines,  the  a i r dens i ty normal ised  wind  speed  i s  used  for the  
evaluation  of the  reverse  power curve.  For non-activel y con trol l ed  wind  turb ines,  the  a i r 
densi ty normal ised  power output i s  appl ied  for the  evaluation  of the  reverse  power curve.  
I f a  s i te  cal i bration  has  been  performed ,  the  s i te  cal i brated  and ,  i f appl icable,  a i r densi ty 
normal ised  wind  speed  shou ld  be  used  for the  b in  anal ys is .  The  resu l ts  used  shou ld  
i nclude  power data  where  the  maximum  power does  not reach  the  measured  nom inal  
rated  power and  for wh ich  the  normal i zed  wind  speed  i s  above 4  m /s.  

b)  The  reverse  power curve  (RPC)  is  appl ied  i n  order to  evaluate  the  wind  speed  
representati ve  of the  wind  turb ine  rotor from  the  measurement of the  acti ve  power for 
each  1 0  m in  i n terval  i n  wh ich  the  test wind  turbine  is  operational .  For th is ,  the  wind  speed  
is  i n terpolated  l i nearl y between  the  b i ns  of the  RPC accord ing  to  the  measured  acti ve  
power.  The  resu l t  i s  the  wind  speed  representati ve  of the  wind  tu rbine  rotor.  For activel y 
con trol led  wind  tu rbines,  the  resu l t i s  the  a i r densi ty normal ised  ambient wind  speed  
representati ve  of the  wind  turb ine  rotor.  For non -active l y con trol l ed  wind  turbines,  the  a i r 
densi ty normal ised  power outpu t shou ld  be  used  for the  evaluation  of the  ambien t wind  
speed .   

c)  The  ratio  of the  two wind  speeds  (derived /measured)  shou ld  be  b in -averaged  as  function  
of the  wind  d i rection  i n  5°  sectors .  

d )  The  derived  and  measured  wind  speeds  are  expected  to  be  i n  good  agreement for the  
measurement sector and  hence the  ratio  shou ld  be  near un i ty.  Deviations  from  un i ty may 
occur due  to  s i te  effects,  imperfections  of the  s i te  cal i bration  procedure,  or i n fl uences  of 
environmental  variables  on  the  power curve.  Sectors  where  the  wind  speed  determ ined  
via  the  meteorolog ical  mast i s  not representative  for the  test wind  tu rbine  can  clearl y be  
i denti fied  as  variations  of the  bi n -averaged  ratio.  Larger deviations  shou ld  be  anal ysed  
fu rther.  These  sectors  shou ld  be  excluded  from  the  fi na l  power curve  test i f s i te  effects  
are  i denti fied  as  the  reason .  

e)  The  power curve  shou ld  be  re-evaluated  for the  remain ing  sector.  The  sel f-consistency 
check may be  repeated  wi th  the  re-calcu lated  RPC.  I f necessary,  the  measurement sector 
shou ld  be  ad j usted  i n  accordance  wi th  the  resu l ts  of the  repeated  test.   

An  example  of a  resu l t of a  veri fication  test  i s  shown  in  F igure  C. 3 .  



 – 76  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

 

The  error bars  i nd icate  the  category A standard  uncertai n ty of the  b i n  averaged  ratios  of vP  and  vmast.  The 
acceptabl e  range  i s  for rati os  of 0 , 98  to  1 , 02  for L  <  3  rotor d i ameters  and  0 , 97  to  1 , 03  for L  between  3  and  4  rotor 
d i ameters.  

Figure C.3  – Example  of the  resu l ts  of a  veri fication  test   

C.9  Si te  cal ibration  examples  

C.9. 1  Example  A  

Si te  description :  

A power curve  measurement i s  to  be  undertaken  on  a  ridgel i ne  s i te  (Type B  Terra in) .  The  
ri dgel ine  i s  perpend icu lar to  the  pri ncip le  wind  d i rection ,  facing  a  p la in  and  the  ri dge  i s  
approximatel y 40  m  to  60  m  h igher than  the  p lane.  The  wind  turbines  have  a  hub  heigh t of  
80  m  and  are  l ocated  i n  a  s ing le  row a long  the  top  of the  ri dge.   

The  terrain  type  is  between  a  type  A and  type  B  terrain .  The  re lativel y flat  terrain  up-wind  of 
the  ri dge  means  that h igh  wind  shear may be  a  concern  due  to  atmospheric stabi l i ty;  however 
the  terra in  l ocal  to  the  wind  turbines  i s  closer to  a  type  B  s i te  where  h igh  upflow ang les  may 
a lso  be  a  concern .  The  test wind  turbine  and  meteorolog ica l  mast l ocation  are  therefore  
chosen  to  best m in im ize  the  poss ib le  upflow ang le  ( l ower local  terrain  s lope)  and  to  m in im ize  
the  d i fference i n  e levation  between  the  two l ocations  (wh ich  wi l l  maxim ise  corre lation  of wind  
speed  flow corrections  wi th  d i fferent wind  shear profi l es)  as  much  as  poss ib le  g i ven  the  wind  
tu rbine  l ayou t and  terrain  constrain ts .   

Site  cal ibration  setup:  

The  reference meteorolog ical  mast i s  located  on  the  ri dge,  next to  the  test  wind  turb ine  bu t at 
a  s l i gh tl y l ower e levation  that i s  about  1 0  m  lower than  the  wind  turb ine  e levation .  

I n  add i tion  to  top  mounted  hub  he ight cup  anemometers  i n  a  s ide-by-s ide  configuration ,  wind  
shear measurements  are  i ncluded  i n  the  form  of anemometers  l ocated  at 43  m  elevation  on  
both  meteorolog ical  masts.  A 3D  u l trason ic anemometer is  mounted  on  each  meteorolog ical  
mast to  assess  the  operational  characteristics  of the  hub  heigh t anemometers  to  quan ti fy the  
uncerta in ty at the  g i ven  terrain  complexi ty.  
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Site  cal ibration  evaluation :  

Data  are  col l ected  for several  months .  The  col lected  data  are  fi l tered  based  on  the  
measurement sector,  the  wind  speeds  from  4  m /s  to  1 6  m /s  as  recorded  at  the  reference  
meteorolog ica l  mast,  sensor mal function ,  and  anemometer i ci ng .   

For each  1 0  m in  period ,  the  fo l lowing  ca lcu lations  are  made  accord ing  to  C. 5. 1 :  

a)  the  ratio  of the  hub  height wind  speed  at the  wind  tu rb ine  l ocation  to  the  hub  he igh t wind  
speed  at  the  reference  meteorolog ica l  mast;   

b)  the  wind  shear exponents  at each  meteorolog ical  mast are  calcu lated  from  the  power l aw 
us ing  the  wind  speed  measurements  at  80  m  and  43  m ;  

c)  a  tag  represen ting  the  time of day on  a  24  h  cl ock i s  calcu lated  from  the  timestamp;  

d )  upflow ang le  i s  ca lcu lated  from  the  vertica l  and  horizontal  wind  speeds  from  the  u l trason ic 
anemometers  at each  meteorolog ica l  mast.  

Step 1 :   Check the  sign i ficance of wind  shear at the  si te  according  to  C.5. 1 .2:  

For the  fi l tered  data,  the  wind  shear exponent at each  meteorolog ical  mast i s  p lotted  against  
time of day.   

 

Figure C.4 – Wind  shear exponent vs.  time of day,  example  A 

From  Figure  C.4  i t  i s  observed  that wind  shear i s  h igh  at n ight and  l ow during  the  day.  Th is  i s  
typical  of a  s i te  experiencing  a  d iurnal  cycle  of atmospheric s tabi l i ty.  At  n i gh t,  the  atmosphere  
forms  thermal  l ayers  (stable  atmosphere).  These  layers  suppress  tu rbu lence  and  resu l t i n  
variabl y h igh  wind  shear.  During  the  day,  the  sun  heats  up  the  ground ,  i n troducing  turbu len t 
m ixing  wh ich  resu l ts  i n  a  more  un i form  wind  speed  profi l e  ( l ow wind  shear)  and  h igher 
turbu lence.  

I t  a lso  appears  that s im i l ar values  of wind  shear are  occurring  at  both  the  wind  turb ine  and  
reference  meteorolog ica l  mast locations.  

Step 2:  Veri fy correlation  of wind  shear at  wind  turbine and  reference meteorolog ical  
mast locations  – Example  A 

To veri fy that the  wind  shear exponent va lues  are  corre lated  between  the  wind  tu rb ine  and  
reference  meteorolog ical  mast l ocations,  a  p lot of the  wind  shear exponents  at the  wind  
turbine  l ocation  vs.  the  wind  shear exponents  at  the  reference meteorolog ica l  mast i s  made  
(see  F igure  C. 5) :  
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Figure C.5 – Wind  shear exponents  at  wind  turbine location  vs.  reference 
meteorolog ical  mast,  example  A where  the colour axis  =  wind  speed  (m/s)  

The wind  shear exponents  at the  reference  meteorolog ical  mast  are  a  reasonabl y good  
i nd icator of the  wind  shear exponents  at  the  wind  turb ine  l ocation .  

Step 3:  Calcu late  resu l ts  accord ing  to  C .5. 1 .3  

The fol l owing  ca lcu lations  are  made for each  1 0-m inute  data  set based  on  measurements  at  
the  reference  mast:  

•  wind  shear bi ns  cen tred  on  i n teger mu l ti p les  of 0 , 05  values  of wind  shear exponen t  
(–0, 025 to  0 , 025,  0 , 025  to  0, 075,  0 , 075  to  0 , 1 25,  etc. ) .  

I t  i s  now poss ib le  to  make a  matrix of wind  shear exponent and  wind  d i rection .  For each  poin t  
i n  th is  matrix,  the  fo l lowing  calcu lations  are  made:  

•  the  correction  for each  poin t i n  the  matrix i s  ca lcu lated  as  the  average  of the  wind  speed  
ratios  i n  that matrix b i n ;  

•  a  coun t of a l l  va l i d  data  poin ts  wi th in  that matrix  bin .  

Table  C. 1  and  Table  C. 2  show the  s i te  cal ibration  flow corrections  and  b in  coun t,  respective l y.  
F i gure  C.6  i s  a  g raph ica l  i l l ustration  of these  resu l ts.  
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Figure C.6  – Wind  speed  ratios  and  number of data points  vs.  wind  shear exponent and  
wind  d i rection  bin  – wind  speed  ratios  (fu l l  l i nes) ,  number of data  points  (dotted  l ines)  

Step  4:  Qual i ty checks  and  add i tional  uncertainties  

Anemometer operational  characteristic  uncertainty:  

The  upflow ang le  was  recorded ,  wh ich  al l ows  for the  estimation  of anemometer operational  
characteristic uncertain ty at the  s i te  cond i ti ons  accord ing  to  C.3 . 2 .  The  maximum  upflow 
ang le  for a l l  d ata  poin ts  i n  a l l  wind  d i rection  b ins  was  3°  at  the  reference meteorolog ica l  mast 
and  1 °  at the  wind  turb ine  l ocation  mast.  Al l  other parameters  fe l l  wi th in  the  range  of the  
Class  A anemometer operational  characteristi cs .  Therefore,  the  Class  A anemometer 
operational  characteristic  uncertain ty may be  used  for both  l ocations.  The  class  i s  1 , 4A.  
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Table  C . 1  – S i te  cal ibration  flow corrections  (wind  speed  ratio)   

  Wind  d i rection  bin  

Wind  
shear 
bin  

1 70  1 80  1 90  200  21 0  

0 ,05  1 , 035  1 , 046  1 , 028  1 , 031  1 , 037  

0, 1 0  1 , 031  1 , 029  1 , 05  1 , 05  1 , 064  

0, 1 5  1 , 023  1 , 033  1 , 039  1 , 04  1 , 047  

0,20  1 , 028  1 , 041  1 , 032  1 , 059  1 , 1 02  

0,25  1 , 031  1 , 051  1 , 073  1 , 044  1 , 052  

0,30  1 , 047  1 , 06  1 , 06  1 , 064  1 , 076  

0,35  1 , 049  1 , 066  1 , 062  1 , 078  1 , 06  

0,40  1 , 054  1 , 061  1 , 058  1 , 061  1 , 06  

0,45  1 , 055  1 , 058  1 , 059  1 , 055  1 , 067  

0,50  1 , 066  1 , 07  1 , 067  1 , 064  1 , 063  

0,55  1 , 072  1 , 053  1 , 079  1 , 058  1 , 081  

0,60  1 , 076  1 , 074  1 , 08  I NC  1 , 091  

0,65  1 , 086  1 , 076  I NC  I NC  1 , 01 9  

0,70  1 , 076  1 , 096  1 , 1 1 8  I NC  I NC  

0,75  1 , 086  I NC  I NC  I NC  I NC  

0,80  1 , 092  1 , 1 36  I NC  I NC  I NC  

 

Table  C .2  – S i te  cal ibration  data  count  

  Wind  d i rection  bin  

Wind  
shear 
bin  

1 70  1 80  1 90  200  21 0  

0 ,05  26 20 1 2 8 8 

0, 1 0  64 57 50 25 1 5 

0, 1 5  93 87 71  45 21  

0,20  31  40 40 28 1 4 

0,25  31  30 1 2 1 8 1 8 

0,30  32 33 41  1 3 1 5 

0,35  60 39 28 20 1 5 

0,40  56 36 1 9 1 4 9 

0,45  27 35 1 5 1 5 1 0 

0,50  35 28 25 9 5 

0,55  37 1 5 1 3 6 5 

0,60  1 9 22 1 1  2 3 

0,65  1 1  3 2 1  3 

0,70  1 4 3 3 3 0 

0,75  9 1  1  0 0 

0,80  1 2 3 0 0 0 
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Convergence check:  

The convergence check found  that the  data  converged  to  wi th in  0 , 5  %  of the  final  value  (or 
wi th in  0 , 995  and  1 , 005  i n  F igure  C. 7  for the  1 90°  b in  using  over 50  h  of data  i n  the  bi n  
meeting  the  requ irement,  the  larger of 1 6  h  or 25  %  of the  tota l  number of data  poin ts  for a l l  
b ins .   

 

Figure C.7  – Data  convergence  check for 1 90°  bin  

Change in  correction  between  bins:  

The magn i tude  of the  change i n  flow corrections  was  wi th in  0 , 02  between  a l l  ad j acen t b ins.  

Wind  vane ad justment:  

No wind  vane  ad j ustmen t was  made between  measurements,  so  no  add i ti onal  u ncerta in ty is  
requ i red .  

Seasonal  uncertainty:  

The power curve  measurement fe l l  du ring  the  same seasonal  period  and  a  comparison  found  
that none  of the  changes  i n  cond i tions  exceeded  the  l im i ts  of C.7 . 5  so  no  add i tional  
uncerta in ty i s  needed  to  account  for seasonal  effects.   

C.9.2  Example  B   

Si te  description :  

The s i te  i s  identical  to  the  s i te  i n  example  A (Type  B  terrain)  except that  the  local  terrain  to  
the  wind  turbine  is  s l i ghtl y steeper.  

Site  cal ibration  setup:  

Un l ike  example  A,  i t  was  not poss ib le  to  l ocate  the  reference  meteorolog ical  mast on  the  
ri dge.  The  reference meteorolog ica l  mast i s  l ocated  at the  base  of the  ri dge  (on  the  pla in )  3  
rotor d iameters  upwind  of the  test wind  tu rbine  that i s  on  the  top  of the  ri dge.  The  d i fference 
in  e levation  between  the  test wind  tu rbine  and  the  reference  meteorolog ical  mast i s  45  m .  

Step 1 :   Check the  sign i ficance of wind  shear at the  si te  
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For the  fi l tered  data,  the  wind  shear exponent at each  meteorolog ica l  mast i s  p l otted  against  
time of day (see  F igure  C. 8) .  

 

Figure C.8  – Wind  shear exponent  vs.  t ime of day,  example  B  

Sim i lar to  example  A,  the  wind  shear at n i gh t i s  h i gher than  during  the  day,  i nd icati ng  a  
d iurnal  cycle  of atmospheric stabi l i ty.  However,  the  wind  shear at the  wind  tu rbine  l ocation  
appears  to  be  s ign i fican tl y d i fferen t than  the  wind  shear at the  reference meteorolog ical  mast.  
Th is  wi l l  be  problematic  due  to  the  change in  e levation  between  the  two locations,  i t  i s  
reasonable  to  assume that the  re lationsh ip  between  the  hub  height wind  speeds  wi l l  be  
i n fl uenced  by changes  in  the  wind  shear profi l e.  

Step 2:  Veri fy correlation  of wind  shear at wind  turbine and  reference meteorolog ical  
mast locations  – Example  B  

 

Figure  C.9  – Wind  shear exponents  at  wind  turbine location  vs.  
reference  meteorological  mast,  example  B  
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There  is  no  correlation  for wind  shear values  greater than  0 , 25.  Th is  suggests  that the  
correlation  of s i te  ca l i bration  fl ow corrections  wi l l  be  i ncons isten t during  stable  atmospheric  
cond i ti ons.  To  i l l ustrate/veri fy that th is  i s  the  case,  the  p lots  speci fi ed  i n  C. 5. 3  may be  used  
(see  F igure  C. 1 0) :  

 

The  red  l i ne  i s  the  l i near reg ress ion  forced  through  ori g i n  (zero  i n tercept),  the  b l ack l i ne  i s  the  two  parameter l i near 
reg ression  (non -zero  i n tercept) .  

Figure C. 1 0  – Linear regression  of wind  turbine  location  vs.  reference  meteorological  
mast hub  heigh t wind  speeds  for 330°  bin   

The  l i near regression  shows  that there  i s  a  s ign i fi can t i n tercept i n  the  l i near regress ion .  There  
is  a lso  h igh  scatter at the  l ower wind  speeds.  

 

Figure C. 1 1  – Wind  speed  ratios  vs.  wind  speed  for the  330°  bin  

The  plot of wind  speed  ratio  vs.  wind  speed  (see  F igure  C. 1 1 )  shows  the  h igh  dependency of 
the  flow correction  on  wind  speed  due  to  the  h i gh  i n tercept.  Also  note  that the  overal l  
magn i tude  of the  fl ow correction  is  q u i te  h igh ,  1 9  %  on  average.   

For i l l ustrati ve  purposes,  a  p lot of the  wind  speed  ratios  vs.  wind  shear for the  d i fferent wind  
b ins  i s  shown  i n  F igure  C. 1 2.   
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Figure C. 1 2  – Wind  speed  ratios  vs.  wind  shear for the  330°  bin  

These  plots  are  usefu l  i l l ustrations  of the  impact to  the  s i te  cal ibration  due  to  the  cond i tions  at 
th is  s i te  and  the  test setup.  F i gure  C. 1 2  shows  that the  correction  changes  by more  than  5  %  
between  0 , 20  and  0 , 25,  and  F igure  C. 9  shows  that the  wind  shear at the  reference 
meteorolog ical  mast i s  not a  good  pred ictor of the  wind  shear at the  wind  turbine  l ocation  for 
values  greater than  0 , 25.  Corrections  us ing  the  wind  d i rection-wind  shear matrix method  may 
not be  re l iab le .  Wind  shear has  been  shown  to  have  a  s i gn i ficant i n fl uence  and  wind  shear at 
the  two  l ocations  is  not wel l  corre lated  so  therefore  add i tional  fi l tering  is  necessary to  try to  
improve the  correlation .   

Step 2B:  Attempt to  remove  non-correlating  wind  shear data  

Low wind  shear values  appear to  be  correlated  between  the  two locations.  Low wind  shear 
va lues  occur during  the  day time (periods  of atmospheric i nstabi l i ty) ,  therefore  from  the  p lots ,  
a  time-of-day fi l ter i s  appl ied  to  se lect a l l  daytime  data  between  07:00  and  1 9 : 00 .  

P lots  accord ing  to  C. 5. 2  are  shown  for the  newly fi l tered  data  set (see  F igure  C. 1 3,   
F igu re  C. 1 4  and  F igure  C. 1 5).  
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Figure C. 1 3  – Wind  shear exponents  at wind  tu rbine  location  vs.  
reference  meteorological  mast post-fi l tering  

 

Figure C. 1 4 – Linear regression  of wind  turbine location  vs.  reference  meteorological  
mast hub  height wind  speeds  for 330°  bin ,  post-fi l tering  
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Figure C. 1 5 – Wind  speed  ratios  vs.  wind  speed  for the  330°  bin ,  post-fi l tering  

Step 3:  Calcu late  resu l ts  

The previous  step  removed  a l l  of the  data  wi th  h igh  atmospheric s tabi l i ty l eaving  on l y day-
time data  wi th  atmospheric i nstabi l i ty.  The  wind  shear values  i nclude  a  smal l  range  of wind  
shear exponents  (0 , 1 0  to  0 , 20) .  Th is  removes  the  dependence  of the  s i te  cal i bration  flow 
corrections  on  wind  shear and  so  the  l i near regress ion  method  may be  used  i nstead  of the  
wind  d i rection  – wind  shear b in  matrix.   

For each  wind  d i rection  b in ,  a  l i near regression  of the  wind  speed  at  the  wind  turb ine  l ocation  
vs.  the  wind  speed  at the  reference meteorolog ical  mast i s  calcu lated  a long  wi th  the  r2  va l ue  
of the  regress ion .  The  coun t of tota l  va l i d  data  poi n ts  i n  each  wind  d i rection  b i n  i s  a lso  
recorded .  

Step 4:  Additional  uncertainties  

Anemometer operational  uncertainty:  

No vertical  wind  speed  measurement was  included  so  the  Class  B  operational  characteristic  
uncertain ty shal l  be  used .  The  anemometer operational  characteristic class i fication  i s  5 , 4B.  

Convergence check (see  Figure  C. 1 6) :  
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Figure  C. 1 6  – Data  convergence check for 330°  bin  

Correlation  check for l i near regression:  

As per C. 7 .2  (see  Table  C. 3).  

Table  C .3  – r2  values  for each  wind  d i rection  b in  

Bin  cen tre  r2  value  Absolute  value  of 
residual  mean  (m/s)  

Residual  standard  
deviation  (m/s)  

320  0, 978  0 , 00  0 , 33  

330  0 , 988  0 , 00  0 , 26  

340  0 , 979  0 , 00  0 , 26  

350  0 , 981  0 , 00  0 , 23  

 

Change in  correction  between  bins:  

As per C. 7. 3  (see  Table  C. 4).  

Table  C .4 – Add i tional  uncertainty due to  change in  bins  

Bin  cen tre  Magn i tude  of change  between  
bins  ( l eft)  

Magn i tude of change between  
bins  (righ t)  

Addi tional  standard  
uncertain ty (%)  

320  1 , 01 9  -  0  %  (wi th i n  l im i t)  

330  1 , 009  0 , 981  0  %  (wi th i n  l im i t)  

340  1 , 01 3  0 , 988  0  %  (wi th i n  l im i t)  

350  -  0 , 992  0  %  (wi th i n  l im i t)  

 

Wind  vane ad justment:  

The wind  vane  was  l eft  i n  p l ace  so  no  add i tional  u ncertain ty i s  requ i red  per C. 7. 4 .  

Seasonal  uncertainty:  

The s i te  cal i bration  was  conducted  in  the  win ter wh i le  the  power curve  measurement was  
conducted  spann ing  mu l tip le  seasons,  i nclud ing  the  summer.  Note  that the  time  of day fi l ter 
needed  to  be  ad justed  due  to  the  change  i n  sunrise  and  sunset.  A comparison  of the  wind  
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shear exponent values  (see  F igure  C. 1 7)  found  a  change greater than  0 , 05  (0 , 1 5  vs .  0 , 22),  
wh ich  i s  greater than  the  l im i ts  of C. 7. 5  so  add i tional  u ncerta in ty due  to  the  measurements  
be ing  i n  d i fferent seasons  is  requ ired  per C.7. 5.  

 

Figure C. 1 7  – S i te  cal ibration  wind  shear vs.  power curve  test  wind  shear 

The seasonal  correction  component i s  one-th i rd  of the  magn i tude  of the  tota l  correction .  Th is  
may be  calcu lated  for each  data  poin t as:  

 U =  1 /3  ×  abs(VTurb_pred icted  – VRM_measu red )  (C. 9)  

 

where  

U  i s  the  standard  uncertain ty i n  one  data  poin t;  

VTurb_pred icted -i    i s  the  wind  turb ine  pred icted  wind  speed  applying  s i te  cal i bration  fl ow 
correction ;  

VRM_measured -i  i s  the  measured  wind  speed  from  the  reference  meteorolog ica l  mast  used  to  
pred ict  the  wind  at the  wind  turb ine.  

The  uncertain ties  during  the  power performance test may then  be  b in  averaged  against  
reference  meteorolog ical  mast wind  speed  and  d i rection  to  ca lcu late  the  tota l  uncertain ty.  

C.9.3  Example  C  

Si te  description :  

The s i te  i s  i n  very complex terra in .  The  s i te  i s  a  mountain  top  s i te  wi th in  a  mountain  range.  
The  s i te  i s  a  ridgel i ne  s i te  perpend icu lar to  the  pri ncip le  wind  d i rection ,  wi th  terra in  d ropping  
off steepl y i n  front of and  beh ind  the  ridge.  The  wind  is  very mono-d i rectional  wi th  nearl y a l l  
winds  com ing  from  a  30°  sector.  There  is  another ridge  l i ne  3  km  d i rectl y up-wind  a  few 
hundred  meters  tal l er than  the  ridgel ine  on  wh ich  the  s i te  i s  l ocated .  The  s i te  i s  therefore  
cons idered  to  be  type  C  terrain  as  i t  may be  l ocated  i n  a  recircu lation  zone  from  the  upwind  
ri dge.  

Site  cal ibration  setup:  

The meteorolog ica l  mast i s  l ocated  2 , 5  rotor d iameters  from  the  test wind  turbine  on  the  same 
ri dge  and  at a  very s im i lar e levation  (wi th in  5  m ).  Wind  shear was  measured  us ing  
anemometers  mounted  l ower on  the  meteorolog ical  masts.  A vertical  wind  speed  
measurement was  not incl uded .  
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Step 1 :   Check the  sign i ficance of wind  shear at the  si te  

Wind  shear exponen t va lues  are  l ow and  sometimes  negative.  Al l  wind  shear values  are  
between  –0 , 05  and  0 , 20  and  wi th  no  obvious  correlation  to  time of day or other measured  
cond i ti ons.  Turbu lence  is  h igh .  Th is  i nd icates  neu tral  to  unstable  atmosphere  and  wind  shear 
is  not therefore  cons idered  to  be  a  s i gn i fican t factor for the  s i te  ca l i bration ,  so  the  l i near 
regress ion  method  may be  used .  

Step 2:   

Skipped  as  wind  shear has  al ready been  determ ined  to  be  l ow.  There  is  no  stable  atmosphere  
at  th is  s i te.  

Step 3:  Calcu late  resu l ts  

For each  wind  d i rection  b in  a  l i near regress ion  of the  wind  speed  at the  wind  tu rbine  l ocation  
vs.  the  wind  speed  at the  reference meteorolog ical  mast i s  calcu lated  a long  wi th  the  r2  va l ue  
of the  regress ion .  The  coun t of tota l  va l i d  data  poin ts  i n  each  wind  d i rection  b in  i s  a lso  
recorded .  The  data  scatter i s  very h i gh  and  the  magn i tude  of the  change  i n  fl ow correction  
between  bins  was  a lso  very h igh .  

Step 4:   Qual i ty checks  and  uncertainty 

The  data  confi rms  that  the  s i te  i s  i n  a  recircu lation  zone  of the  up-wind  ri dge.  The  data  scatter 
i s  very h igh  and  the  resu l ts  do  not converge,  i nd icati ng  that despi te  the  reference 
meteorolog ical  mast and  test wind  turbine  being  l ocated  s i de  by s i de  on  the  ridge  at  s im i l ar 
e levation  wi th  s im i lar l ocal  terrain ,  the  correlation  i n  wind  speed  between  the  two l ocations  i s  
very poor.  Th is  wi l l  have  negative  consequences  on  the  accuracy and  uncertain ty of a  power 
curve  measured  at th is  location .   

Anemometer operational  uncertainty:  

No vertical  wind  speed  measurement was  included  so  the  Class  B  operational  characteristic  
uncertain ty shal l  be  used .  The  anemometer operational  characteristic cl ass i fication  i s  5 , 4B.  

Convergence check:  

The  data  fa i ls  the  convergence check for a l l  wind  d i rection  b i ns.  The  data  does  not  converge  
to  wi th in  0 , 5  %  of the  final  va lue  unti l  75  %  of the  data  col lected  has  been  i ncluded .  A sample  
check for one  of the  wind  d i rection  b ins  is  shown  i n  F igure  C. 1 8  be low.  
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Figure C. 1 8  – Convergence check for 270°  bin  

Change in  magni tude of correction  between  bins:  

Al l  ad jacent b i ns  had  changes  in  magn i tude  on  the  order of 1 0  %.  The  add i tional  uncertain ty 
is  ca lcu lated  as  fo l l ows.  

Table  C .5 – Add i tional  uncertainty due to  change in  bins  

Bin  cen tre  Magn i tude of change 
between  bins  ( l eft)  

Magn i tude of change 
between  bins  (righ t)  

Addi tional  standard  
uncertain ty (%)  

260  1 , 1 37  1 , 1 76  4 , 52  %  

270  1 , 093  0 , 91 2  2 , 61  %  

280  1 , 023  0 , 946  1 , 1 1  %  

 

Wind  vane ad justment:  

No wind  vane  ad justment was  made,  so  no  add i ti onal  uncertain ty is  requ i red .  

Seasonal  uncertainty ad justment:  

The s i te  cal ibration  and  power performance test were  conducted  in  d i fferent seasons  (fa l l  and  
summer),  however the  wind  shear and  tu rbu lence  va lues  d id  not change by more  than  the  
a l l owable  l im i ts  between  seasons.  A vertica l  wind  speed  was  not recorded  to  assess  the  
upflow ang le,  however g i ven  that the  s i te  i s  i n  a  reci rcu lation  zone,  a  wide  range  of upflow 
ang les  are  expected  and  there  is  no  reason  to  expect seasonal  dependence.  The  s i te  was  
l ocated  i n  a  hot cl imate  wi th  m in imal  vegetation ,  so  no  appreciable  change i n  the  surface  
roughness  i s  expected .  

No  add i ti onal  uncertain ty for seasonal  changes  is  necessary.   
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Annex D  
(normative)  

 
Evaluation  of uncertainty in  measurement 

Annex D  addresses  the  requ i rements  for the  determ ination  of uncertain ty i n  measurement.  
The  theoretical  basis  for determ in ing  the  uncerta in ty us ing  the  method  of b ins ,  wi th  a  worked  
example  of estimating  uncerta in ties ,  can  be  found  i n  Annex E .  

The  measured  power curve  shal l  be  supplemented  wi th  an  estimate  of the  uncertain ty of the  
measurement.  The  estimate  shal l  be  based  on  the  I SO/IEC Gu ide  98-3: 2008,  Uncertainty of 
measurement – Part 3: Guide to the expression of uncertainty in  measurement  (GUM: 1 995).  

Fol lowing  the  I SO/IEC Gu ide  98-3,  there  are  two categories  of uncerta in ties:  category A,  the  
magn i tude  of wh ich  can  be  deduced  from  measurements ,  and  category B ,  wh ich  are  
estimated  by other means.  I n  both  categories ,  uncertain ties  are  expressed  as  standard  
deviations  and  are  denoted  standard  uncertain ties .  

a)  The  measurands  

The  measurands  are  the  power curve,  determ ined  by the  measured  and  normal ized  b in  va lues  
of e l ectric  power and  wind  speed  (see  9. 1  and  9 . 2),  and  the  estimated  annual  energy 
production  (see  9 . 3).  Uncertain ties  i n  the  measurements  are  converted  to  uncerta in ty i n  the  
measurand  by means  of sensi ti vi ty factors.  

b)  Uncertain ty components  

Table  D . 1  provides  a  m in imum  l is t of uncertain ty parameters  that sha l l  be  i ncluded  in  the  
uncerta in ty anal ys is.  

Table  D. 1  – List of uncertainty components  

Measured  parameter Uncertainty component  Uncertain ty category 

Electri c  power Curren t transformers  

Vol tage  transformers  

Power transducer or power measurement d evice  

Data  acqu is i ti on  system  (see  below)  

Variabi l i ty of e l ectri c  power 

B  

B  

B  

B  

A 

Wind  speed  (cup  and  son ic  
anemometer)  

Anemometer cal i bration  

Classi fi cation  

Mast fl ow d i storti on  

Boom  fl ow d i storti on  

L i gh tn i ng  fi n i a l  

Data  acqu is i ti on  system  (see  below)  

Post cal i brati on  /  i n -s i tu  test  

B  

B  

B  

B  

B  

B  

B  

Wind  speed  (remote  sens ing  
device)  

Veri fi cation  test  for RSD  

I n -s i tu  test  

RSD class i fi cati on  

Mounti ng  effects  

F low variati on  across  probe  vol ume  at  same 
heigh t  

Mon i tori ng  test  

B  

B  

B  

B  

B  

B  

Rotor equ i val en t  wi nd  speed  Wind  shear measurement  B  
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Measured  parameter Uncertainty component  Uncertain ty category 

Wind  veer measurement  B  

Wind  d i rection  (vane  or 
son ic)  

Cal i bration  

North  mark 

Boom  orien tation  

Operation  ( i n fl uence  of mast)  

Magneti c  decl i nati on  ang le  

Data  acqu is i ti on  system  (see  below)  

B  

B  

B  

B  

B  

B  

Wind  d i rection  (remote  
sensing  device)  

Veri fi cation  test  

Classi fi cation  

Mon i tori ng  test  

F l ow variati on  across  probe  vol ume  at  same 
heigh t  

Al i gnment  

Magneti c  decl i nation  ang le  

Data  acqu is i ti on  system  (see  below)  

B  

B  

B  

B  

B  

B  

B  

Ai r temperature  Temperatu re  sensor 

Rad i ation  sh ie l d i ng  

Mounti ng  effects  

Data  acqu is i ti on  system  (see  below)  

B  

B  

B  

B  

Ai r pressure  Pressure  sensor 

Mounti ng  effects  

Data  acqu is i ti on  system  (see  below)  

B  

B  

B  

Relati ve  hum id i ty  Hum id i ty sensor 

Mounti ng  effects  

Data  acqu is i ti on  system  (see  below)  

B  

B  

B  

Data  acqu i s i ti on  system  S ignal  transm ission  

System  accuracy 

S ignal  cond i ti on i ng  

B  

B  

B  

Terrai n  (no  s i te  cal i brati on )  F low d i storti on  due  to  terrain   B  

Terrai n  (wi th  s i te  cal i brati on )  Anemometer cal i bration  before  test  

Post cal i brati on/I n -s i tu  cal i brati on  

Anemometer cl assi fi cation  

Mounti ng  effects  

Standard  mounti ng  

Al ternati ve  mounti ng  

S ide  mounted  

Li gh tn ing  fi n ia l  

Data  acqu is i ti on  system  (see  below)  

Change  of correction  (ad jacent  wi nd  d i rection  
b i ns)  

Removal  of wind  d i rection  sensor between  s i te  
cal i bration  and  power curve  measurement  

Seasonal  vari ati on  

S tati s ti cal  variab i l i ty i n  s i te  cal i brati on  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

A 

Method  Ai r dens i ty correction  

Wind  cond i ti ons  – m iss ing  shear i n formation  

B  

B  
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Measured  parameter Uncertainty component  Uncertain ty category 

Wind  cond i ti ons  – m iss ing  veer i n formation  

Wind  cond i ti ons  – m iss ing  upfl ow i n formation  

Wind  cond i ti ons  – m iss ing  tu rbu lence  i n formation  

Seasonal  effects  

Turbu lence  normal i sation  (or l ack of tu rbu l ence  
normal i sation )  

Col d  cl imate  measurements  

B  

B  

B  

B  

B  

 
B  

 

I t  shou ld  be  noted  that the  impl ici t  assumption  of the  hub  heigh t wind  speed  power curve  
method  of th is  standard  i s  that the  1 0  m in  mean  power yie l d  from  a  wind  turbine  i s  fu l l y 
expla ined  by the  s imu l taneous  1 0  m in  mean  wind  speed  measured  at  hub  he ight and  the  a i r 
dens i ty.  

Th is  i s  not the  case.  Other fl ow variables  affect power yie ld  and  thus  i den tical  wind  turbines  
wi l l  yie ld  d i fferent  power at d i fferent  s i tes  even  i f the  hub  height wind  speed  and  a i r densi ty 
are  the  same.  These  other variables  include  turbu lence  fluctuations  of wind  speed  ( i n  three  
d i rections) ,  the  i ncl i nation  of the  fl ow vector re lative  to  horizon tal ,  scale  of tu rbu lence  and  
wind  shear of mean  wind  speed  over the  rotor.  Presentl y,  anal ytica l  tools  offer l i ttl e  help  i n  
i denti fication  of the  impact of some of these  variables  and  experimental  methods  encoun ter 
equal l y serious  d i fficu l ties.   

The  resu l t i s  that the  power curve  wi l l  vary from  one  s i te  to  the  next wh ich  wi l l  appear as  
uncertain ty.  

Th is  uncertain ty s tems  from  d i fferences  in  observed  power yie l d  under d i fferen t topograph ica l  
and  cl imatic cond i tions,  i . e .  when  comparing  an  AEP  measured  in  homogeneous  terrain  wi th  
an  AEP  measured  at a  non-homogeneous  wind  farm  s i te.  

Quanti fication  of th is  apparen t uncertain ty i s  d i fficu l t.  Depend ing  on  s i te  cond i ti ons  and  
cl imate,  the  uncertain ty may amount to  several  percent.  I n  general  terms,  the  uncertain ty may 
be  expected  to  i ncrease  wi th  i ncreas ing  complexi ty of topography and  wi th  increas ing  
frequency of non-neu tral  atmospheric cond i ti ons.   

However,  th is  i ssue  of the  s tandard  presents  methods  to  account for at l east some of these  
i n fl uentia l  variables  (for example  wind  shear and  tu rbu lence) .  The  uncertain ty i n  these  
correction  methods  shal l  a lso  be  assessed .  I t  i s  therefore  impl ici t  that where  these  variables  
are  cons idered  s ign i ficant and  a  correction  i s  not made then  the  uncerta in ty shou ld  be  
i ncreased  to  account for the  lack of a  correction .  
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Annex E  
(informative)  

 
Theoretical  basis  for determining  the  uncertainty 

of measurement using  the  method  of bins  

E.1  General  

I n  Annex E,  a l l  the  uncertain ty statements  made th roughou t the  standard  have  been  combined  
and  added  to  i n  order to  make a  cons istent  uncertain ty evaluation  of a  power curve  
measurement,  covering  both  the  power curve  and  the  calcu lated  AEP.  

I n  order to  ach ieve  a  clear structure  to  i n troduce  th is  rather complex topic,  th is  annex has  
been  structured  as  shown  below.  The  main  structure  i s  based  on  a  separate  section  for each  
category of uncertain ty components ;  as  wind  speed  has  many uncertain ty components  these  
have  been  g i ven  the ir own  clauses ,  as  seen  below:  

Clause  E. 2  A general  mathematical  ou tl ine  and  a  tab le  wi th  an  overview of a l l  
uncertain ty components  and  thei r defau l t  magn i tudes.  
 

Clause  E. 3  Category A uncertain ties  

Clause  E. 4  Category B  uncertain ties  – I n troduction  and  data  acqu is i ti on  

Clause  E. 5  Category B  – Power output  

Clause  E. 6  Category B  – Wind  speed  – I n troduction  and  sensors  

Clause  E. 7  Category B  – Wind  speed  – RSD  

Clause  E. 8  Category B  – Wind  speed  – REWS 

Clause  E. 9  Category B  – Wind  speed  – Terra in  

Clause  E. 1 0  Category B  – Ai r dens i ty 

Clause  E. 1 1  Category B  – Method  

Clause  E. 1 2  Category B  – Wind  d i rection  

Clause  E. 1 3  Combin ing  uncertain ties.   

I n  th is  annex,  a  ca lcu lation  method  is  g iven  for aggregating  uncertain ties,  as  wel l  as  re levant 
tab les  for corre lation  factors  and  a  (non-exhaustive)  numerical  example.  

For a l l  the  category B  uncertain ties ,  a  description  is  g i ven  as  to  what that uncertain ty 
component covers,  the  symbol  used  for each  componen t,  references  to  other annexes  where  
the  component i s  d iscussed  and  a  d iscuss ion  of the  defau l t  magn i tude.  

E.2  Combining  uncertainties  

E.2.1  General  

I n  i ts  most general  form ,  the  combined  s tandard  uncertain ty of the  power i n  b in  i,  uc, i  can  be  
expressed  by:  

 ρ
k, l, i, iill, iikik

M
l

M
ki ucucu ,,,1=1=

2
c, = ∑∑  (E . 1 )  
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where  

ck, i  i s  sensi ti vi ty factor of component k  i n  b in  i;  

uk, i  i s  the  standard  uncerta in ty of component k  i n  b in  i;  

M i s  the  number of uncerta in ty components  i n  each  b in ;  

ρk, l, i , j  i s  the  corre lation  coefficient between  uncertain ty component k  i n  b in  i  and  
uncerta in ty component l  i n  b i n  j  ( i n  the  express ion  the  componen ts  k  and  l  are  both  
i n  b in  i) .  

The  uncertain ty component i s  the  ind ividual  i npu t quan ti ty to  the  uncertain ty of each  
measured  parameter.  The  combined  standard  uncertain ty i n  the  estimated  annual  energy 
production ,  uAEP,  can  i n  i ts  most general  form  be  expressed  by 

 ρ k, l, i, jl, jl, jjk, iiki
M
l

M
k

N
j

N
iAEP ucfucfNu ,1=1=1=1=

2
h

2  = ∑∑∑∑  (E . 2)  

 

where  

fi  i s  the  re lati ve  occurrence  of wind  speed  wi th in  b in  i;  

N i s  the  number of b i ns;  

Nh  i s  the  number of hou rs  i n  one  year ≈  8  760.  

I t  i s  se ldom  poss ib le  to  deduce expl ici tl y a l l  the  values  of the  corre lation  coefficients  ρk, l, i , j  and  
normal l y s i gn i fican t s impl i fications  are  necessary.  To  al l ow the  above expressions  of 
combined  uncertain ties  to  be  s impl i fi ed  to  a  practical  l evel ,  the  fol lowing  assumptions  may be  
made:  

a)  uncerta in ty components  are  e i ther fu l l y correlated  (ρk, l, i, j  =  1 ,  impl ying  l i near summation  to  
obtain  the  combined  standard  uncertain ty)  or i ndependent (ρk, l, i , j  =  0 ,  implying  quadratic  
summation ,  i . e .  the  combined  standard  uncertain ty i s  the  square  root of summed  squares  
of the  uncertain ty componen ts);  

b)  category A uncertain ties  are  uncorrelated  across  wind  speed  bins ,  wh i le  category B  
uncerta in ties  are  fu l l y correlated  across  wind  speed  b ins ;  

c)  on l y re levant for s i te  ca l i bration  uncertain ties:  category A uncertain ties  are  uncorrelated  
across  wind  d i rection  b i ns,  wh i l e  category B  uncerta in ties  are  fu l l y corre lated  across  wind  
d i rection  b i ns.  

The  correlation  of the  same type  of uncerta in ty across  d i fferen t wind  measurement he ights  
when  ca lcu lati ng  the  uncertain ty of the  rotor equ iva len t wind  speed  or a  wind  shear/veer 
normal ised  wind  speed  shal l  be  assessed  ind ividual l y for each  componen t and  each  case.  
Each  uncerta in ty may fi rst be  accumulated  across  the  measurement heights  for a  certa in  b i n  
of the  rotor equ ivalent or wind  shear/veer normal ised  wind  speed .  Afterwards  the  uncertain ty 
components  of the  rotor equ ivalent wind  speed  or the  wind  shear/veer normal ised  wind  speed  
can  be  treated  as  described  in  bu l l et  poin ts  a)  and  b).  

Using  these  assumptions,  the  combined  uncerta in ty of the  power wi th in  a  bin ,  uc, i  can  be  
expressed  by:  

 222
,

2
,1=

22
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2
c,
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iiikikkk, ik, i

M
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where  

MA  i s  the  number of category A uncertain ty components;  

MB  i s  the  number of category B  uncertain ty components;  

sk, i  i s  the  category A standard  uncertain ty of component k i n  b i n  i;  

si  i s  the  combined  category A uncertain ties  i n  b in  i;  
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u i  i s  the  combined  category B  uncertain ties  i n  b in  i.  

I t  shou ld  be  noted  that uc , i
2  i s  not i ndependen t of b in  s i ze  due  to  the  dependency of sP , i  on  the  

number of data  sets  i n  the  b in  (see  Equation  (E. 1 0)).  

The  assumptions  impl y that the  combined  s tandard  uncertain ty i n  energy production ,  uAEP,  i s :  
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The s i gn i ficance  of the  second  term  i n  th is  equation  is  that each  ind ividual  category B  
uncertain ty component progresses  through  to  the  correspond ing  AEP  u ncertain ty,  appl ying  the  
assumption  of fu l l  corre lation  across  b ins  for the  i nd ividual  components.  F i na l l y,  the  cross-bin  
combined  uncertain ty componen ts  are  added  quadratical l y i n to  a  resu l ting  AEP  u ncertain ty.   

Furthermore,  certa in  components  of category A uncerta in ty cannot necessari l y be  
conven ientl y derived  or estimated  on  a  b i n -wise  basis .  For example  the  s i te  cal i bration  
method  category A components  wh ich  may have  been  derived  by a  sens i ti vi ty anal ys is  on  the  
AEP  ca lcu lation .  I n  that case,  these  componen ts  shou ld  be  added  quadratical l y in to  the  
resu l ting  AEP  u ncertain ty.  Refer to  Equation  (E. 8)  for an  example  of th is .  

I n  practice,  i t  may not be  conven ien t to  sum  category B  uncerta in ty components  across  the  
b ins  before  they are  i nd ividual l y combined .  An  approximation ,  a l lowing  the  category B  
uncerta in ty components  to  be  combined  wi th in  bi ns  before  they are  combined  across  b ins  ( i . e.  
si  and  u i  can  be  used),  leads  to  the  more  conven ient expression :  
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 (E . 5)  

 

The uAEP,  obtained  by th is  express ion  is  a lways  equal  to  or l arger than  that obtained  us ing  
Equation  (E . 4) .   

E.2.2  Expanded  uncertainty 

The combined  standard  uncertain ties  of the  power curve  and  the  AEP  may add i tional l y be  
expressed  by expanded  uncertain ties .  Referring  to  the  I SO/I EC Gu ide  98-3  and  assum ing  
normal  d istributions,  i n tervals  having  l evels  of confidence shown  i n  Table  E . 1  can  be  found  by 
mu l tip l ying  these  combined  standard  uncertain ties  by a  coverage factor also  shown  i n  the  
tab le .   

Table  E. 1  – Expanded  uncertainties  

Level  of confidence   
 %  

Coverage  factor  

68, 27  

90  

95  

95, 45  

99  

99, 73  

1  

1 , 645  

1 , 960  

2  

2 , 576  

3  
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E.2.3  Basis  for the  uncertainty assessment  

The calcu lation  methodology goes  through  an  estimate  of the  category A and  B  uncertain ties  
for each  b in  of a  measured  power curve.  The  uncerta in ty of the  power curve  i s  derived ,  and  
final l y the  uncertain ty of the  annual  energy production  (AEP)  i s  estimated .  Please  note  that a  
fu l l y worked  ou t example  has  not been  i ncluded ,  due  to  the  d i fferences  in  ca lcu lations  for the  
various  measurement approaches.  Where  poss ib le  a  worked-out example  for part of the  
calcu lation  has  been  i ncluded  to  show how the  equations  and  estimates  of defau l t va lues  for 
uncertain ty components  have  been  appl ied .   

The  calcu lation  methodology fol lows  the  I SO gu ide  and  the  assumptions  made above.  Us ing  
the  combination  of the  category B  uncerta in ty components  accord ing  to  Equation  (E . 5),  a l l  
uncerta in ty components  wi th in  each  b in  can  be  combined  fi rst to  express  the  combined  
category B  uncertain ty of each  measured  parameter,  as  for example  for the  wind  speed :  

 .uuu iii
. .++= 2

V2,
2
V1 ,

2
V,  (E. 6)  

 

where  uncertain ty components  refer to  the  uncertain ty componen ts  i n  Table  E. 2 ,  us ing  
symbols  and  i nd ices  as  i n  the  tab le.   

Second l y,  the  standard  uncertain ties  of the  measurands  can  be  expressed  by the  
uncertain ties  of the  measurement parameters  in  bi n  i:  
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where  

sP , i  i s  the  category A standard  uncertain ty of power in  b in  i;  

sSC , i  i s  the  category A standard  uncertain ty of s i te  cal ibration  i n  b in  i;  

uP , i  i s  the  category B  standard  uncerta in ty of power in  b in  i;  

uV , i  i s  the  category B  standard  uncertain ty of wind  speed  in  bin  i;  

uT , i  i s  the  category B  standard  uncertain ty of temperature  in  bi n  i;  

uB , i  i s  the  category B  standard  uncertain ty of pressure  i n  b i n  i;  

uRH , i  i s  the  category B  standard  uncertain ty of re lative  hum id i ty i n  b i n  i;  

uM , i  i s  the  category B  standard  uncertain ty of the  method  in  bi n  i;  

cV , i  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

cT , i  i s  the  sens i ti vi ty factor for temperature  i n  b in  i ;  

cB , i  i s  the  sens i ti vi ty factor for pressure  in  b in  i ;  

cRH , i  i s  the  sensi ti vi ty factor for re lati ve  hum id i ty i n  bi n  i .  

Th is  a lso  g i ves  
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(E . 8)  

 

I n  the  above  equation ,  the  uncertain ties  due  to  the  data  acqu is i ti on  system  are  part  of the  
uncertain ty of each  measurement parameter.  

The  measured  power curve,  shown  in  F igure  6  and  Table  4,  i s  used  i n  the  uncerta in ty 
calcu lation  i n  th is  annex.  The  resu l ts  of the  uncerta in ty anal ys is  i n  the  example  are  a lso  
shown  in  F igure  6 ,  Table  4  and  Table  5.  Al l  sensi ti vi ty factors  are  l i s ted  i n  Table  E . 1 0 ,  and  
category B  uncertain ties  are  l i sted  i n  Table  E. 1 1 .  
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Table  E.2  – List  of category A and  B  uncertainties  

Category B:  I nstruments  Note  Uncertainty Sensi tivi ty Magn i tude 

Power output   uP , i  cP , i  =  1   

Current  transformers  a  uP,CT , i   0 , 75  %  

Vol tage  transformers  a  uP,VT , i   0 , 5  %  

Power transducer or 

power measurement device  

a  uP,PT , i   0 , 5  %  

DAQ (see  E . 4. 2)  d  udP , i  

 

0 , 1  %  to  0 , 2  %  

Wind  speed   uV , i  

 

 

Wind  speed  measurement   uVHW , i  

 

 

Wind  speed  (cup  or son ic)   uVS , i  

 For the  AEP  
u ncertain ty (and  for 
the  l ast  b i n  of the  
power cu rve  
uncertain ty)  use:  
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Cal i bration  b  uVS, preca l , i  F rom  
cal i bration  

Post cal i brati on  /  I n -s i tu  b  uVS, postca l , i  0 , 2  m /s  

Class i fi cation  c  uVS, cl ass , i  1 , 0  %  

Mounti ng  effects     

S i ng le  top-mounted  d  uVS, mn t , i  0, 5  %  

S ide-by-s ide  mounted  d  (same)  1 , 0  %  

S ide-mounted  d  (same)  1 , 5  %  

Li ghtn ing  fi n ia l  d  uVS, l g t , i  0 , 1  %  to  0 , 2  %  

DAQ (see  E . 4 . 2)  d  udVS , i  0 , 1  %  to  0 , 2  %  

Wind  speed  (RSD)   uVR , i  cV , i  (see  above)

 

 

Cal i bration  bc uVR, ver , i  

 

2  %  to  3  %  

I n -s i tu  check c  uVR, i sc , i  

 

See  E . 7. 3  

Classi fi cation  c  uVR, cl ass , i  

 

1 , 0  %  to  1 , 5  %  

Mounti ng  c  uVR,mn t , i  

 

0 , 1  %  

F low vari ati on  i n  d i fferent  probe  
vol umes  at  same  height  

d  uVR, fl ow , i  

 

2  %  to  3  %  see  
E . 7. 6  

Mon i tori ng  test  c  uVR,mon , i  

 

0 , 5  %  

Rotor equ ival ent wind  speed   uREWS ,  i  cV , i  (see  above)

 

 

Wind  shear c  uREWS, shear ,  i  

 

See  E . 8. 2  

Wind  veer c  uREWS, veer ,  i  

 

See  E . 8. 3  

Wind  speed  – Terrain  effects   uVT , i  cV , i  (see  above)

 

 

Without s i te  cal ibration    

 

 

F l ow d i storti on  due  to  terrain  d  uVT , i  cV , i  (see  above)

 

2  %  or 3  %  
(offshore  1  %  
or 2  %)  

With  si te  cal ibration    

 

 

Anemometer cal i bration  b  uVT, preca l , i  

 

F rom  
cal i bration  

Post cal i brati on  /  I n -s i tu  b  uVT, postca l , i  

 

0 , 2  m /s  

Anemometer cl ass i fi cation  c  uVT, cl ass   1 , 0  %  

Mounti ng  effects      

S i ng le  top-mounted  d  uVT, mn t , i   0 , 5  %  

S ide-by-s ide  mounted  d  (same)   1 , 0  %  

S ide-mounted  d  (same)   1 , 5  %  

Li ghtn ing  fi n ia l  d  uVT, l g t , i   0 , 1  %  to  0 , 2  %  
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Category B:  I nstruments  Note  Uncertainty Sensi tivi ty Magn i tude 

DAQ (see  E . 4. 2)  d  udVT , i
  0 , 1  %  to  0 , 2  %  

Change  of correction  (ad jacent  
wind  di rection  b i ns)  

c  uVT, coc , i   See  E . 9. 8  

Removal  of wind  d i rection  
sensor between  s i te  cal i bration  
and  power cu rve  measurement  

c  uVT, rmv , i   See  E . 9. 9  

Seasonal  vari ati on  c  uVT, sv , i   See  E . 9. 1 0  

Ai r densi ty  uAD , i
   

Temperatu re   uT , i
  ,c iT  (see E.1 0.2)  

Temperatu re  sensor ab  uT, ca l , i   0 , 4  K to  0 , 6  K  

Rad i ation  sh ie l d i ng  cd  uT, sh i e l d , i   1 , 5  K to  2 , 5  K  

Mounti ng  effects  cd  uT,mn t , i   0 , 25  K to  0 , 4  K  

DAQ (see  E . 4 . 2)  c  udT , i
  0 , 1  %  to  0 , 2  %  

Ai r pressure   uB , i
  ,c iB  (see E.1 0.7)  

Pressure  sensor ab  uB, ca l , i   2  hPa  to  4  hPa  

Mounti ng  effects  a  uB,mn t , i   1 0  %  of 
correction  

DAQ (see  E . 4 . 2)  c  udB , i
  0 , 1  %  to  0 , 2  %  

Relati ve  Hum id i ty   uRH , i
 

c i,RH  (see E.1 0.1 1 )  

Hum id i ty sensor ab  uRH , ca l , i   1  %  to  2  %  
(RH )  

Mounti ng  effects  cd  uRH ,mn t , i   0 , 1  %  to  0 , 2  %  

DAQ (see  E . 4. 2)  c  udRH , i
  0 , 1  %  to  0 , 2  %  

Method  

Ai r dens i ty normal i sation  

cd  uAD,method , i  cAD,method , I =  cV . , i
  

( for acti vel y 
regu lated  tu rbi nes)  

cAD,method , I =  cV . , i  
= 

1  ( for s ta l l  regu lated  
tu rbi nes)  

0 , 2  %  to  0 , 3  %  
on  wi nd  speed  

Method   uM ,  i
 cV , i

 (see  above)   

Wind  cond i ti ons  d  uM,wc ,  i   See  E . 1 1 . 2 . 1  
bu l l et  a)  or b ) .  

Wind  cond i ti ons  – wi nd  shear d  uM, sh ear ,  i   See  E . 1 1 . 2 . 2  

Wind  cond i ti ons  – wi nd  veer d  uM, veer ,  i   See  E . 1 1 . 2 . 3  

Wind  cond i ti ons  – upflow d  uM, upfl ow ,  i
  See  E . 1 1 . 2 . 4  

Wind  cond i ti ons  – tu rbu lence  d  uM, ti ,  i   0 , 3  %  to  0 , 5  %  
(on ly for RSD  
wi th  l ower met 
mast)  See  
E . 1 1 . 2 . 5  

Seasonal  effects  d  uM, sfx ,  i   0 , 7  %  See  
E . 1 1 . 3  

Turbu lence  normal i sation  d  uM, ti norm ,  i
  See  E . 1 1 . 4  

Cold  cl imate  d  uM, cc ,  i   0 , 5  %  to  1  %  

Wind  d i rection      

Wind  d i rection  vane /  son ic   uWV ,  i
 None  (see  E . 1 2 . 2 . 1 )   

Cal i bration  b  uWV,ca l ,  i   See  E . 1 2. 2 . 1  

North  mark c  uWV,nm ,  i
  See  E . 1 2. 2 . 2  

Boom  orien tation  d  uWV,bo ,  i   See  E . 1 2. 2 . 3  

Operation  ( i n fl uence  of mast)  c  uWV,oe ,  i   See  E . 1 2. 2 . 4  
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Category B:  I nstruments  Note  Uncertainty Sensi tivi ty Magn i tude 

Magnetic  decl i nation  ang le  c  uWV,mda ,  i   See  E . 1 2 . 2 . 5  

DAQ (see  E . 4 . 2)  c  udWV ,  i
  See  E . 1 2 . 2 . 6  

Wind  d i rection  (RSD)   uWR ,  i
 None  (see  E . 1 2. 3)   

Veri fi cation  ab  uWR, ver ,  i   See  E . 1 2. 3. 1  

Class i fi cation  c  uWR, cl ass ,  i   See  L. 4. 4  

Mon i tori ng  test  c  uWR,mon ,  i   See  E . 1 2 . 3. 2  

F low variati on  i n  d i fferen t probe  
vol umes  at  same heigh t  

c  uWR, fv ,  i   See  E . 1 2 . 3. 3  

Al i gnment  d  uWR,al i gn ,  i   See  E . 1 2 . 3. 4  

Magneti c  decl i nati on  ang le  c  uWR,mda ,  i   See  E . 1 2 . 3. 5  

DAQ (see  E . 4 . 2)  c  udWR ,  i
  See  E . 1 2 . 3. 6  

Category A:  S tati sti cal      

E l ectri c  power e  sP , I
 cP , i

 =  1   

S i te  cal i bration  e  ssc  cV , i
 (see  above)   

NOTE  I den ti fi cati on  of uncertain ti es :  

a  =  reference  to  standard ;  

b  =  cal i brati on ;  

c  =  other "obj ecti ve"  method" ;  

d  =  "guesstimate" ;  

e  =  s tati s ti cs.  

 

The ranges  for the  uncertain ty components  g i ven  i n  Table  E . 2  shou ld  be  cons idered .  Where  
avai l ab le,  actual  va lues  from  speci fic measurements  shou ld  be  used .  I t  shou ld  be  noted  that 
uncertain ty components  shou ld  not be  estimated  wi th  a  va lue  of zero,  as  per gu idance  i n  the 
GUM,  un less  the  speci fic uncerta in ty components  are  not re levant for the  speci fic test 
methodology appl ied  (see  Clause  E. 1 4).  

Also,  i t  i s  importan t to  note  that the  wind  d i rection  uncertain ty does  not  i n fluence d i rectl y the  
uncertain ty of the  power curve  or the  AEP  (u n less  a  wind  veer normal isation  is  appl ied) .  
However,  the  wind  d i rection  uncertain ty is  i ncl uded  here  as  i t  i s  importan t to  understand  how 
accurate  the  measurement sector fi l teri ng  i s  being  implemented  as  wel l  as  how accurate  the  
s i te  cal ibration  factors  are  appl i ed  to  data  from  the  ri gh t sectors.  As  the  wind  d i rection  
uncertain ty shal l  be  reported ,  th is  table  g ives  the  m in imum  uncerta in ty components  that shal l  
be  considered  for the  wind  d i rection  uncertain ty.  An  estimate  of the  magn i tude  of these  
components  i s  not  g i ven ,  bu t  these  shou ld  be  i ncluded  i n  a  reported  power curve.  

Note  that some cal ibration  reports  report an  uncerta in ty for a  coverage factor of two i nstead  of 
one.  I n  order to  combine  uncertain ties  correctl y,  the  uncertain ties  shou ld  be  converted  to  a  
coverage  factor cons istent wi th  a l l  uncertain ty i nputs  (by defau l t,  use  a  coverage  factor of 1 ) .  

E.3  Category A uncertainties  

E.3.1  General  

Category A uncerta in ties  i n  measured  and  normal ised  electric power and  due  to  cl imatic  
variations  and  the  s i te  ca l ibration  ( i f conducted)  need  to  be  cons idered .  

E.3.2  Category A uncertain ty in  electric power 

The standard  deviation  of the  d istribution  of normal i zed  power data  i n  each  b in  i s  ca lcu lated  
by the  equation :  
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where  

σP , I i s  the  standard  deviation  of the  normal i zed  power data  i n  b in  i;  

Ni  i s  the  number of 1 0  m in  data  sets  i n  b i n  i;  

Pi  i s  the  normal i zed  and  averaged  power ou tpu t i n  b i n  i;  

Pn , i , j  i s  the  normal ized  power ou tpu t of data  set  j  i n  b i n  i.  

The  standard  uncertain ty of the  normal i zed  and  averaged  power in  the  b in  i s  estimated  by the  
equation :  
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where  

sP , i  i s  the  category A standard  uncertain ty of power in  b in  i;  

σP , i  i s  the  standard  deviation  of the  normal i zed  power data  i n  b in  i;  

Ni  i s  the  number of 1 0  m in  data  sets  i n  b i n  i.  

E.3.3  Category A uncertain ties  in  the  si te  cal ibration  

The res iduals  between  the  s i te  cal i bration  corrected  and  measured  wind  speed  at the  wind  
turb ine  meteorolog ical  mast are  used  to  define  the  category A uncertain ty of the  s i te  
cal ibration ,  ssc.  Refer to  C. 6. 1  for the  method  of derivation .   

E.4 Category B  uncertainties:  Introduction  and  data acquisi tion  system  

E.4.1  Category B  uncertain ties:  In troduction  

The category B  uncerta in ties  are  assumed  to  be  related  to  the  i nstruments,  the  data  
acqu is i ti on  system ,  the  terrain  surround ing  the  power performance test s i te,  the  wind  
cond i ti ons  and  the  uncertain ty related  to  the  appl ied  method .  I f the  uncertain ties  are  
expressed  as  uncertain ty l im i ts ,  or have  impl ici t,  non -un i ty coverage factors ,  the  standard  
uncertain ty shal l  be  estimated  or they shal l  be  properl y converted  in to  s tandard  uncertain ties.  

Cons ider an  uncertain ty expressed  as  an  uncerta in ty l im i t ±  U.  I f a  rectangu lar probabi l i ty 
d istribu tion  i s  assumed ,  the  standard  uncertain ty i s :  

 

3
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U
σ  (E. 1 1 )  

 

I f a  tri angu lar probabi l i ty d istribu tion  i s  assumed ,  the  standard  uncertain ty i s :  
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E.4.2  Category B  uncertain ties:  data  acqu isi tion  system  

The uncertain ties  related  to  the  data  acqu is i ti on  have  been  i ncluded  under the  treatment for 
the  speci fic s i gnals .  The  uncerta in ty of the  electrical  power i ncludes  a  component for data  
acqu is i ti on  and  the  same  for wind  speed  and  the  other measured  s i gnals.  

We assume i n  th is  annex the  data  acqu is i ti on  system  to  have  a  s tandard  uncertain ty ud , i  of 
0 , 1  %  of the  fu l l  range  of each  measurement channel .  However,  for the  reporti ng  of a  speci fic  
power performance test the  data  acqu is i tion  uncerta in ty shal l  be  estimated  for the  speci fic test 
setup,  i nclud ing  at l east  the  con tribu tions  to  the  data  acqu is i ti on  uncertain ty mentioned  in  
E. 4 . 2 .  

There  may be  uncertain ties  from  transm iss ion ,  s ignal  cond i ti on ing ,  analogue  to  d i g i ta l  
conversion ,  and  data  processing  in  the  data  acqu is i ti on  system .  The  uncertain ties  may be  
d i fferent for each  measurement channel .  The  s tandard  uncertain ty of the  data  acqu is i tion  
system  for the  fu l l  range  of a  certa in  measurement channel ,  ud , i,  can  be  expressed  as:  

 
uuuu iiii
2
SC,d,

2
SA,d,

2
ST,d,d, ++ =  (E. 1 3)  

 

where  

ud ,ST , i  i s  the  uncertain ty due  to  s i gnal  transm ission  i n  b i n  i;  

ud ,SA , i  i s  the  uncertain ty due  to  system  accuracy i n  b in  i;  

ud ,SC , i  i s  the  uncertain ty due  to  s ignal  cond i ti on ing  i n  b in  i.  

Al though  the  assumption  of a  standard  uncerta in ty of 0 , 1  %  of the  fu l l  range  of the  
measurement channel  i s  reasonable  i n  many cases,  speci fic hardware  and  cond i tions  can  
cause  th is  to  be  much  h igher.  I n  order to  ensure  that the  uncerta in ty of the  data  acqu is i ti on  
system  is  i ndeed  neg l ig ib le  compared  to  the  uncerta in ty of the  sensors  (wh ich  as  a  gu idance 
shou ld  be  in terpreted  as  a  factor 1 0  i n  magn i tude  when  comparing  standard  uncerta in ties)  an  
assessment of the  actual  uncertain ty of the  data  acqu is i ti on  system  used  shal l  be  done.  

E.5 Category B  uncertainties:  Power output 

E.5.1  General  

The category B  uncertain ties  regard ing  the  power ou tput are  based  on  four d i fferen t 
uncertain ty components  wh ich  are  i n troduced  here.  

The  symbol  for th is  uncertain ty component i s  uP , i.  

The  uncertain ty of the  power measurement has  uncerta in ty con tribu tions  from  the  current and  
vol tage  transformers  and  from  the  power transducer (or other power measurement device).  
Uncerta in ties  of these  subcomponents  are  normal l y s tated  by thei r cl ass i fication .   

F i nal l y the  uncertain ty related  to  the  data  acqu is i ti on  of the  power s ignal  sha l l  be  added .  

E.5.2  Category B  uncertain ties:  Power output – Current transformers  

This  uncertain ty component covers  the  uncertain ty due  to  the  current transformer as  covered  
by the  class i fication  of the  sensor.  

The  symbol  for th is  uncertain ty component i s  uP,CT , i.  

I n  th is  annex,  the  current transformers  and  the  power transducer are  a l l  assumed  to  be  of 
class  0, 5  wh ich  i s  the  m in imum  acceptable  cl ass  for a  power curve  measurement as  requ ired  
by th is  standard .   
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The  curren t transformers  of class  0 . 5  (nom inal  l oads  of the  curren t transformers  are  here  
designed  to  match  the  nom inal  power,  2  000  kW,  and  not 1 25  %  of nom inal  power) .  They 
have  uncertain ty l im i ts,  referri ng  to  I EC 61 689-2 ,  of ±  0 , 5  %  of the  curren t at  1 00  %  load .  
At  20  %  and  5  %  loads,  though ,  the  uncertain ty l im i ts  are  i ncreased  to  ±  0 , 75  %  and  ±  1 , 5  %  
of the  curren t,  respective l y.  For power performance measurements  on  wind  turbines,  the  most 
important energy production  i s  produced  at a  reduced  power.  Thus,  we  anticipate  the  
uncerta in ty l im i ts  of ±  0 , 75  %  of the  curren t at  20  %  load  to  be  a  good  average.   

The  uncertain ty d istribution  for a  current  transformer i s  assumed  to  be  rectangu lar.  I f current 
transformers  are  not operated  wi th in  thei r secondary l oop  operational  l oad  l im i ts ,  add i tional  
uncertain ties  shal l  be  added .  

I t  i s  assumed  that the  uncertain ties  of the  three  curren t transformers  are  caused  by external  
i n fl uence factors  such  as  a i r temperature,  g rid  frequency,  etc.  They are  therefore  assumed  
fu l l y correlated  (an  exception  from  the  general  assumption)  and  are  summed  l i nearl y.  As  each  
curren t transformer contribu tes  by one-th i rd  to  the  power measurement,  i t  fo l l ows  that the  
uncertain ty of a l l  current transformers  is  proportional  to  the  power as  fol l ows:  
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E.5.3  Category B  uncertain ties:  Power output – Vol tage transformers  

This  uncerta in ty component covers  the  uncertain ty due  to  the  vol tage  transformer as  covered  
by the  class i fication  of the  sensor.  

The  symbol  for th is  uncertain ty component i s  uP,VT , i.  

I n  th is  annex,  the  vol tage  transformers  and  the  power transducer are  a l l  assumed  to  be  of 
cl ass  0. 5 ,  wh ich  i s  the  m in imum  acceptable  cl ass  for a  power curve  measurement as  requ i red  
by th is  standard .   

The  vol tage  transformers  of class  0 , 5  have  uncertain ty l im i ts ,  referri ng  to  I EC  61 869-3,  of 
±0, 5  %  of the  vol tage  at  a l l  l oads.  The  uncertain ty d is tribution  i s  assumed  to  be  rectangu lar.   

Vol tage  transformers  are  not used  i n  a l l  measurements  and  the  va lue  for th is  uncertain ty 
components  may be  set to  zero  when  not used .   

I f the  vol tage  transformers  are  not operated  wi th in  thei r secondary l oop  operational  l oad  
l im i ts,  add i ti onal  uncertain ties  shal l  be  added .  

The  grid  vol tage  is  normal l y rather constan t and  i ndependen t of the  wind  turb ine  power.  The  
uncertain ties  of the  th ree  vol tage  transformers  are  as  for the  current  transformers  assumed  to  
be  caused  by external  i n fl uence factors  such  as  a i r temperature,  gri d  frequency,  etc.  They are  
therefore  assumed  fu l l y corre lated  (an  exception  from  the  general  assumption)  and  are  
summed  l i nearl y.  As  each  vol tage  transformer contribu tes  by one-th i rd  to  the  power 
measurement,  i t  fo l lows  that the  uncerta in ty of a l l  vol tage  transformers  i s  proportional  to  the  
power as  fo l l ows:  
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E.5.4  Category B  uncertain ties:  Power Output – Power transducer or other power 
measurement device  

This  uncertain ty component covers  the  uncerta in ty due  to  the  power transducer (or other 
power measurement device)  as  covered  by the  classi fication  of the  sensor.  

The  symbol  for th is  uncertain ty component i s  uP,PT, i.  

The  power transducer of cl ass  0 , 5,  referri ng  to  I EC 60688,  wi th  a  nom inal  power of 2  500  kW 
(1 25  %  of the  nom inal  power,  2  000  kW,  of the  wind  turbine)  has  an  uncerta in ty l im i t of 
1 2 , 5  kW.  The  uncerta in ty d is tribution  is  assumed  to  be  rectangu lar.  

The  uncertain ty of the  power transducer i s  thus:  

 
kW7,2=

3

kW1 2,5
=PT,,Pu i  (E. 1 6)  

 

E.5.5  Category B  uncertain ties:  Power output – Data  acqu is i tion  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  data  acqu is i tion  of the  power 
s i gnal .  

The  symbol  for th is  uncertain ty component i s  udP, i.  

The  magn i tude  of th is  component has  an  assumed  defau l t va lue  of 0 , 1  %  to  0 , 2  %  of the  fu l l  
range  of the  data  acqu is i tion  system .  

Considering  the  e lectric power range  of the  measurement channel  for a  2  MW turbine  to  be   
3  000  kW  and  an  uncertain ty of the  data  acqu is i tion  system  of 0 , 1  %  of th is  range  g i ves  a  
resu l ting  uncertain ty of 3  kW.  

E.6  Category B  uncertainties:  Wind  speed  – Introduction  and  sensors  

E.6.1  Category B  uncertain ties:  Wind  speed  – I n troduction  

The wind  speed  uncertain ty cons ists  of three  components,  each  of wh ich  again  cons ists  of 
mu l tip le  subcomponents.  These  th ree  componen ts  are:  

a)  the  uncerta in ty related  to  use  of sens ing  hardware  (cups,  son ic and  remote  sens ing  
devices  (RSD);  

b)  the  uncertain ty re lated  to  the  fl ow d istortion  due  to  the  terrain ;  

c)  the  uncertain ty re lated  to  the  methods  appl ied .  

The  symbol  for th is  uncertain ty component i s  uV, i.  

These  uncertain ty components  as  wel l  as  the  sub-components  wi l l  be  i n troduced  in  the  next 
subclauses.  

The  sensi ti vi ty factor,  cv , i ,  i s  defi ned  i n  Table  E . 2 .  

E.6.2  Category B  uncertain ties:  Wind  speed  – Hardware  

The wind  speed  uncerta in ty re lated  to  hardware  cons ists  of th ree  components,  each  of wh ich  
again  consists  of mu l tip le  subcomponents.  These  three  componen ts  are:  
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a)  The  uncertain ty re lated  to  use  of sensors  p laced  i n  a  meteorolog ical  mast (cup  
anemometers  and  son ic anemometers) ;  

b)  The  uncertain ty re lated  to  a  remote  sensing  device  (RSD);  

c)  The  uncertain ty re lated  to  a  rotor equ ivalent  wind  speed  (REWS);  

The  symbol  for th is  uncerta in ty component i s  uVHW , I.  

E.6.3  Category B  uncertain ties:  Wind  speed  – Meteorolog ical  mast mounted  sensors  

E.6.3.1  General  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  use  of cup  anemometers  and  
son ic  anemometers  i n  meteorolog ica l  masts  (ei ther top  moun ted  or s ide  mounted ).  

The  symbol  for th is  uncerta in ty component i s  uVS , i.  (V s tands  for wind  speed  and  S  stands  for 
sensors) .  

Th is  uncertain ty componen t has  s ix  sub  components :  

a)  uncertain ty re lated  to  the  cal i bration  of the  sensor before  start  of the  power performance 
test;  

b)  uncertain ty re lated  to  the  cal ibration  of the  sensor during  or after the  power performance  
test;  

c)  the  uncerta in ty related  to  the  operational  characteristics  as  determ ined  by the  
classi fication  of the  sensor;  

d )  the  uncertain ty re lated  to  the  mounting  of the  sensor;  

e)  the  uncertain ty re lated  to  the  mounting  of the  l ightn ing  fin ia l ;  

f)  the  uncertain ty re lated  to  the  data  acqu is i ti on  of the  s i gnal  from  the  sensor.  

E.6.3.2  Category B  uncertain ties:  Wind  speed  – Met mast sensors  – Pre-cal ibration  

Th is  uncerta in ty component covers  the  uncertain ty re lated  to  cal ibration  of the  sensor before  
the  test.  Th is  incl udes  the  variabi l i ty of repeated  tests  for one  test faci l i ty as  wel l  as  the  
variabi l i ty of repeated  tests  between  various  faci l i ti es.  

The  symbol  for th is  uncerta in ty component i s  uVS,precal , i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex F  of th is  s tandard .  

For a  speci fic power performance  test,  the  values  as  i nd icated  on  the  cal i bration  for the  
sensors  employed  shal l  be  used  for the  uncertain ty ca lcu lation .   

E.6.3.3  Category B  uncertain ties:  Wind  speed  – Met mast sensors  – Post-cal ibration  

This  uncerta in ty componen t covers  the  uncertain ty re lated  to  the  i n -s i tu  cal ibration  and /or the  
post-cal i bration  of the  sensor during  and /or after the  test.  

The  symbol  for th is  uncertain ty component i s  uVS,postcal , i.  

Th is  uncertain ty is  a lso  d iscussed  i n  7 . 2 . 2  and  Annex K of th is  s tandard .  

I f both  an  i n -s i tu  cal ibration  has  been  done  during  the  power performance  test as  wel l  as  a  
post-cal i bration  has  been  done  after the  power performance test,  the  magn i tude  for th is  
uncerta in ty component shal l  be  taken  from  the  post-cal i bration .  
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I f a  post  cal i bration  i s  done,  the  magn i tude  of th is  uncertain ty component shal l  be  the  
maximum  d i fference  between  the  precal ibration  and  post-cal i bration  i n  the  wind  speed  range  
of 4  m /s  to  1 2  m /s,  up  to  a  maximum  of 0 , 2  m /s.  

P lease  note  that due  to  the  i nherent uncerta in ty of the  ca l i bration  the  expectation  wi l l  be  that 
smal l  d i fferences  wi l l  occur between  the  pre-cal ibration  and  post-cal i bration .  The  best 
estimate  of the  ca l i bration  value  for a  speci fic sensor wi l l  be  the  average  of the  cal ibrations 
done;  i n  the  l im i t  of a  very l arge  amount of ca l ibrations  the  average  wi l l  converge  towards  the  
cen tre  of the  d istribu tion .  

As  on l y the  pre-cal ibration  i s  used  to  determ ine  the  wind  speed  from  the  sensor,  the  maximum  
d i fference  can  therefore  be  used  as  an  added  uncertain ty contribu tion .  

I f on l y an  i n -s i tu  cal ibration  is  done  accord ing  to  Annex K,  the  magn i tude  of th is  uncertain ty 
component sha l l  be  the  maximum  value  of δ  i n  the  wind  speed  range  of 4  m /s  to  1 2  m /s,  up  to  
a  maximum  of 0 , 2  m /s.  

E.6.3.4  Category B  uncertain ties:  Wind  speed  – Met mast sensors  – Classi fication  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  operational  characteristics  of 
the  sensor as  determ ined  by the  classi fication  of the  sensor.  

The  symbol  for th is  uncertain ty component i s  uVS, class, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex I  of th i s  standard .  

The  magn i tude  of th is  uncertain ty shal l  be  taken  from  the  class i fication  report.  Care  shal l  be  
taken  that the  terrain  type  the  sensor is  used  i n  matches  the  terrain  type  of the  class i fication  
of the  sensor (Class  A,  B  or S).  

A reference  to  the  classi fication  report  sha l l  be  i ncluded  i n  the  power performance report.  

The  measured  range  of the  i n fl uence  parameters  used  for the  class i fication  as  per Annex  I  
sha l l  be  reported  for the  same data  set  used  for the  power performance report.  I f upflow is  not 
measured ,  compl iance  wi th  the  accuracy class  shal l  be  argued  from  the  l ocal  terra in  s l opes  
for the  experienced  wind  d i rections  by fi tti ng  a  pl ane  to  the  terrain  wi th in  a  d istance  of 5  times  
the  measurement heigh t re lative  to  the  pos i tion  of the  WME accord ing  to  I EC 61 400-1 : 2005,  
1 1 . 9.   

The  operational  uncertain ty of the  reference anemometer (from  a  poss ib le  s i te  ca l i bration)  has  
to  be  i ncluded  in  th is  uncertain ty component.  Th is  ranges  from  none,  some or a l l  of the  
reference anemometer uncertain ty from  the  s i te  ca l i bration ,  depend ing  on  i f the  measured  
range  of i n fl uence parameters  experienced  by the  reference sensor on  the  permanent 
meteorolog ica l  mast during  the  s i te  cal ibration  i s  s i gn i ficantl y d i fferent from  the  range  of 
i n fl uence parameters  experienced  by the  reference  sensor on  the  permanent meteorolog ica l  
mast during  the  power cu rve  test.  

By defau l t ha l f of the  operational  uncertain ty of the  reference  anemometer and  a l l  of 
operational  uncertain ty of the  turbine  anemometer during  the  s i te  cal ibration  and  hal f of the  
operational  uncertain ty of the  anemometer during  the  power curve  test  sha l l  be  i ncluded .  
These  shal l  be  added  us ing  the  root-sum-square  approach.   

E.6.3.5  Category B  uncertain ties:  Wind  speed  – Met mast sensors  – Mounting  

This  uncertain ty componen t covers  the  uncertain ty re lated  to  the  mounting  of the  sensor.  

The  symbol  for th is  uncertain ty component i s  uVS,mnt, i.  
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Th is  uncertain ty i s  a lso  d iscussed  i n  7 . 2 . 4  and  9 . 1 . 2  as  wel l  as  Annex G  of th is  standard .  

Th is  uncerta in ty component has  three  defau l t  va lues  correspond ing  to  the  three  mounting  
arrangements  a l l owed  by Annex G  (s i ng le  top-mounted  anemometer,  s i de-by-s ide  top-
mounted  anemometer or s ide-moun ted  anemometer).  

For a  s i ng le  top-mounted  anemometer,  the  defau l t magn i tude  for th is  uncerta in ty component 
i s  0 , 5  %  of the  measured  wind  speed .  

For a  s ide-by-s ide  top-mounted  anemometer,  the  defau l t magn i tude  for th is  uncerta in ty 
component i s  1 , 0  %.  

For a  s i de-mounted  anemometer,  the  defau l t magn i tude  for th is  uncertain ty component i s  one  
the  fol l owing :  

•  for not-fl ow-corrected  s ignals  the  defau l t  magn i tude  for th is  uncertain ty component i s  
1 , 5  %  of the  measured  s ignal ;  

•  for a  fl ow-corrected  s ignal  accord ing  to  7. 2 . 4  and  9. 1 . 2  (mast fl ow d istortion  correction)  
the  defau l t magn i tude  for th is  uncertain ty component i s  the  root-sum-square  of hal f the  
mean  correction  appl ied  to  the  wind  speed  s i gnal  and  0 , 5  %  of the  measured  s ignal .  
Wake  effects  shal l  be  excluded  for the  correction  to  be  appl i ed .   

The  same correction  principle  can  a lso  be  appl ied  to  two top-mounted  anemometers  i n  a  goal -
post configuration ,  wi th  the  same defau l t  magn i tude  for the  fl ow-corrected  s i gnal .  

E.6.3.6  Category B  uncertain ties:  Wind  speed  – Met mast sensors  – Lightn ing  fin ial  

This  uncertain ty componen t covers  the  uncerta in ty related  to  a  possib le  top-mounted  l i gh tn ing  
fin ial  and  i ts  in fluence  on  a  top-mounted  anemometer when  the  requ irements  i n  C lause  G . 5  
for the  mounting  of the  l i gh tn ing  fin ia l  cannot be  met.  

The  symbol  for th is  uncertain ty component i s  uVS, l g t, i.  

The  defau l t  magn i tude  for th is  uncerta in ty component i s  0 , 1  %  to  0, 2  %  of the  wind  speed  
s i gnal .  

E.6.3.7  Category B  uncertain ties:  Wind  speed  – Met mast sensors  – Data  acqu isi tion  

Th is  uncerta in ty componen t covers  the  uncertain ty re lated  to  the  data  acqu is i tion  of the  wind  
speed  s i gnal .  

The  symbol  for th is  uncerta in ty component i s  udVS, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  E . 4. 2  of th is  standard .  

The  defau l t magn i tude  for th is  uncertain ty component i s  0 , 1  %  to  0 , 2  %  of the  fu l l  range  of the  
measured  wind  speed  s i gnal .  

Cons idering  a  wind  speed  range  of 30  m /s  of the  measurement channel  and  an  uncertain ty of 
the  data  acqu is i ti on  system  of 0 , 1  %  of th is  range,  the  standard  uncerta in ty from  data  
acqu is i ti on  i s  0 , 03  m /s.  
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E.7  Category B  uncertainties:  Wind  speed  – RSD 

E.7.1  General  

This  uncertain ty component covers  the  uncertain ty related  to  the  use  of remote  sens ing  
devices  for wind  speed  measurements  (LIDAR and  SODAR).  

The  symbol  for th is  uncertain ty component i s  uVR, i  (V s tands  for wind  speed  and  R stands  for 
remote  sens ing  device) .  

Th is  uncertain ty component has  s ix  sub  components :  

a)  uncerta in ty related  to  the  veri fication  of the  device;  

b)  uncerta in ty related  to  the  i n -s i tu  check of the  device;  

c)  the  uncertain ty re lated  to  the  operational  characteristics  of the  device  as  determ ined  by 
the  classi fication  of the  device;  

d )  the  uncertain ty re lated  to  the  mounting  of the  device;  

e)  the  uncertain ty re lated  to  fl ow variation  i n  d i fferent probe  volumes  at  the  same he ight;  

f)  the  uncertain ty re lated  to  the  mon i toring  test.  

E.7.2  Category B  uncertain ties:  Wind  speed  – RSD – Cal ibration  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  ca l ibration  of the  remote  
sens ing  device.  

The  symbol  for th is  uncertain ty component i s  uVR, ver, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex L.  

Prior to  the  measurement a  ca l i bration  accord ing  to  Annex L  sha l l  be  undertaken  and  i ts  
uncertain ties  evaluated  (uVR,vrf, i)  ( for detai ls  refer to  L. 4. 3) .  I f the  uncertain ties  for the  exact 
measurement he igh t are  not avai lable,  the  uncerta in ties  are  recommended  to  be  i n terpolated .  
The  defau l t magn i tude  for th is  uncerta in ty component i s  1 , 0  %  to  3, 0  %  of the  measured  wind  
speed .  

E.7.3  Category B  uncertain ties:  Wind  speed  – RSD – in -si tu  check 

This  uncertain ty componen t covers  the  uncertain ty re lated  to  the  veri fication  of the  remote  
sens ing  device,  on l y appl i ed  for an  RSD  wi th  a  l ower than  hub  he igh t met-mast.   

The  symbol  for th is  uncertain ty component i s  uVR, i sc, i  ( “ i sc”  s tands  for i n -si tu  check).  

Th is  uncertain ty is  a lso  d iscussed  i n  Annex L  of th is  s tandard .  

The  i n -s i tu  test sha l l  be  evaluated  as  described  i n  Annex K,  where  the  RSD  is  the  main  
measurement and  the  anemometer on  the  mon i toring  mast i s  the  control  anemometer wi th  the  
same uncertain ty l im i ts .  

E.7.4  Category B  uncertain ties:  Wind  speed  – RSD – Classi fication  

Th is  uncertain ty component covers  the  uncertain ty re lated  to  the  class i fication  of the  remote  
sens ing  device.  

The  symbol  for th is  uncerta in ty component i s  uVR,class, i.  

Th is  uncertain ty is  a lso  d iscussed  i n  Annex L  of th is  s tandard .  
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The  uncertain ty due  to  the  operational  characteristics  are  com ing  from  the  classi fication  report  
of the  RSD wh ich  is  provid ing  s l opes  and  ranges  of environmenta l  variables.  There  are  three  
ways  of ca lcu lating  the  uncertain ty due  to  these  variables:  

1 .  The  environmental  variable  i s  measured  during  the  measurement:  

(accord ing  to  Equation  (L. 6)  of Annex L)  
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where  

vi  i s  the  wind  speed  measured  at  heigh t i;  

M i s  number of envi ronmental  variables  cons idered  to  have  a  relevant i n fl uence on  the  
accuracy of the  remote  sens ing  device  accord ing  to  the  classi fication  test;  

m j  i s  s l ope  describ ing  the  sens i ti vi ty of the  wind  speed  measurement of the  remote  
sens ing  device  on  the  envi ronmental  variable  j  as  gained  from  the  combination  of 
resu l ts  from  a  m in imum  of 3  cl ass i fication  tests ;  

i,j,xPC  i s  mean  value  of the  environmental  variable  j  i n  wind  speed  b in  i  as  present during  

the  power curve  test;  

i,j,xver  i s  mean  value  of the  environmental  variable  j  i n  wind  speed  b in  i  as  presen t during  

the  performance veri fication  test of the  remote  sensing  device.  

2 .  The  environmental  variable  is  NOT measured  during  the  measurement:   
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where  

vi  i s  the  wind  speed  measured  at  heigh t i;  

M i s  number of envi ronmental  variables  cons idered  to  have  a  relevant i n fl uence on  the  
accuracy of the  remote  sens ing  device  accord ing  to  the  classi fication  test;  

m j  i s  s l ope  describ ing  the  sens i ti vi ty of the  wind  speed  measurement of the  remote  
sens ing  device  on  the  envi ronmental  variable  j  as  gained  from  the  combination  of 
resu l ts  from  a  m in imum  of 3  cl ass i fication  tests ;  

i,j,xmin  i s  the  expected  l ower range  l im i t of not measured  environmental  variable  j i n  wind  

speed  b in  i;  

i,jxmax,  i s  the  expected  upper range  l im i t of not measured  environmenta l  variable  j  i n  wind  

speed  b in  i;  

i,j,xver  i s  mean  value  of the  environmental  variable  j  i n  wind  speed  b in  i  as  presen t during  

the  performance veri fication  test of the  remote  sensing  device.  

3.  I f a  fixed  range  is  expected :  
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NOTE  Th is  equati on  i s  i naccurate  because  the  variati ons  of the  envi ronmental  variab le  are  a l ready i ncl uded  i n  the  
uncertai n ti es  of cat.  A of the  power curve.  

Accord ing  to  L. 4 . 4,  uVR, class  becomes  equal  to  zero  i f the  veri fication  test i ncl udes  the  same 
data  as  the  power curve  test.  

For more  detai l s ,  see  L. 4 . 4  of Annex L.  

The  defau l t magn i tude  for th is  uncertain ty componen t i s  1 , 0  %  to  1 , 5  %  of the  measured  wind  
speed .  

E.7.5  Category B  uncertain ties:  Wind  speed  – RSD – Mounting  

Th is  uncerta in ty component covers  the  uncertain ty re lated  to  the  mounting  of the  remote  
sens ing  device.  

The  symbol  for th is  uncerta in ty component i s  uVR,mnt , i.  

Th is  uncertain ty is  a lso  d iscussed  i n  Annex L  of th is  s tandard .  

The  uncertain ty of the  remote  sens ing  device  due  to  non- ideal  l evel l i ng  of the  device  shal l  be  
estimated .  The  uncertain ty i s  h igh l y dependent on  the  type  of instrument being  used .  

The  defau l t magn i tude  for th is  uncertain ty component i s  0 , 1  %  of the  measured  wind  speed .  

E.7.6  Category B  uncertain ties:  Wind  speed  – RSD – Flow variation  

This  uncertain ty componen t covers  the  uncerta in ty re lated  to  the  fl ow variation  across  the  
measurement volume of the  remote  sens ing  device.  

The  symbol  for th is  uncertain ty component i s  uVR, fl ow, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex L  of th is  s tandard .  

The  user shou ld  consu l t wi th  the  remote  sens ing  device  manufacturer for the  best method  for 
evaluati ng  the  uncertain ty for the ir speci fic  device  at the  test  s i te.  

The  fol lowing  procedure  is  recommended  for a  standard  use  (accord ing  to  Albers  et al. ,  
reference  [1 2 ] 25) :  
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1α  i s  the  upflow ang le  i n to  the  probe volume;  

2α  i s  the  upflow ang le  ou t of the  probe  volume;  

Φ  i s  the  open ing  ang le  of the  RSD  from  the  vertical .  

As  a  fi rst estimation  for the  upflow ang les  in to  and  ou t of the  probe volume,  1 °  and  –1 °  
respectivel y,  may be  used .  

___________ 

25 F igu res  i n  square  brackets  refer to  the  b ib l i og raphy.  
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Th is  defau l t fi rst estimate  resu l ts  i n  an  uncertain ty componen t of 2  %  to  3  %  of the  measured  
wind  speed  (depend ing  on  the  RSD  open ing  ang le) ,  as  per L. 4 .5 .  Al ternative l y the  method  
referenced  i n  E .6 . 3. 4  based  on  terra in  s lope  may be  used .  

E.7.7  Category B  uncertain ties:  Wind  speed  – RSD – Monitoring  test  

This  uncertain ty component covers  the  uncerta in ty re lated  to  the  resu l t of the  mon i toring  of 
the  remote  sensing  device.  

The  symbol  for th is  uncertain ty component i s  uVR,mon , i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex L.  

Three  scenarios  are  poss ible  and  shal l  be  treated  as  fol l ows:  

1 .   No  add i ti onal  uncertain ty needs  to  be  added  i f the  fol lowing  cri terion  i s  met:  

 
i,i,mh,i,mh,Vi,mh,V vvuu MMRSDRcls

2
Rvrf

2 −>+  (E. 21 )  

 

i,mh,Vu Rvrf  i s  the  uncertain ty of the  RSD  veri fication  at  con trol  mast height  i n  b in  i;  

i,mh,Vu Rcls  i s  the  uncerta in ty due  to  operational  characteristics  of the  RSD  at con trol  mast 

height  i n  b i n  i;  

i,mh,vRSD  
i s  the  wind  speed  of the  RSD at con trol  mast height  i n  b i n  i;   

i,vMM  i s  the  wind  speed  of the  con trol  mast i n  b in  i  

2.   I f Equation  (E . 21 )  i s  not  met and  the  measurement heigh t of the  RSD  and  the  control  met 
mast are  equal ,  the  fo l l owing  uncertain ty shal l  be  added :  

 i,mh,Vi,mh,Vi,i,mhi,V uuvvu Rcls
2

Rvrf
2

MMRSD,Rmon +−−=  (E . 22)  

 

3.   I f Equation  (E. 21 )  i s  not  met and  the  measurement heights  of the  RSD and  the  con trol  
met mast are  not the  same,  uVRmon , i  shal l  be  calcu lated  as  fo l l ows:  
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where  

uadded_systematic , j, i  i s  added  category B  s tandard  uncerta in ty at measurement heigh t j  

(not covered  by the  meteorolog ica l  mast);  

uadded_systematic , 1 , i  i s  added  category B  uncertain ty at the  height of the  top  of the  
meteorolog ical  mast;  

usystemati c , j, i  i s  cumu lated  other category B  uncerta in ties  of the  remote  sens ing  
device  at height  j;  

usystemati c , 1 , i  i s  cumu lated  other category B  uncertain ties  of the  remote  sens ing  
device  at the  height of the  top  of the  meteorolog ical  mast.  

The  defau l t magn i tude  for th is  uncertain ty componen t i s  0 , 5  %  of the  measured  wind  speed .  
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E.8  Category B  uncertainties:  Wind  speed  – REWS 

E.8.1  General  

A number of uncerta in ty components  are  not re lated  to  the  wind  speed  measurement (at l east 
not when  appl ied  to  a  hub  he igh t wind  speed)  bu t  to  the  use  and  defin i ti on  of the  rotor 
equ ivalent wind  speed  (REWS).  The  uncertain ty components  re lated  to  REWS wi l l  be  covered  
i n  th is  subclause.  

The  rotor equ iva lent wind  speed  accord ing  to  Equation  (5)  in  9. 1 . 3 . 2  i ncludes  wind  speed  
measurements  at d i fferent heigh ts  above ground .  I n  order to  make uncertain ty calcu lations  of 
the  rotor equ ivalent  wind  speed  feas ib le,  Equations  (E . 3)  and  (E. 4)  are  needed .  
Equation  (E .3)  and  (E. 4)  are  approximations  of (E. 1 )  and  (E. 2)  respective l y for the  case  that 
the  category B  uncertain ty components  are  i ndependent between  d i fferen t category B  
uncertain ty sou rces.  Th is  approximation  i s  h igh l y vio lated  i f uncertain ties  of wind  speed  
measurements  at d i fferent heigh t l evels  are  cons idered  as  separate  category B  uncerta in ties,  
because  the  uncertain ty components  of wind  speed  measurements  at d i fferen t he ight levels  
are  wel l  correlated .  Thus,  Equations  (E. 3)  and  (E. 4)  cannot be  appl i ed  d i rectl y.  

I n  order to  overcome th is  problem ,  Equations  (E. 3)  and  (E. 4)  shal l  be  appl ied  wi th  such  
category B  components  of the  rotor equ ivalent  wind  speed  wh ich  can  be  considered  as  
i ndependent from  each  other.  Subclause  E. 8. 2  provides  advice  how th is  can  be  implemented .  

E.8.2  Category B  uncertain ties:  Wind  speed  – REWS – Wind  speed  measurement  
over whole  rotor 

E.8.2 .1  General  

This  uncertain ty componen t covers  the  uncertain ty of the  REWS wind  speed  based  on  the  
mu l tip le  wind  speed  measurements  the  REWS is  based  on .  

The  symbol  for th is  uncertain ty component i s  uREWS,shear, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex P  of th is  s tandard .  

NOTE  Th is  uncertai n ty wi l l  be  used  i nstead  of uV , i
 i n  con j unction  wi th  E . 1 3. 3.  

What i s  very important  for th is  uncerta in ty component i s  that the  derivation  and  hence  the  
magn i tude  i s  strong l y dependent on  the  various  measurement methods  as  i n troduced  i n  7 . 2 .  A 
configuration  wi th  a  hub-heigh t on l y meteorolog ica l  mast  wi l l  not l ead  to  a  REWS 
implementation ,  the  other measurement configurations  are  cons idered  i n  the  subclauses  
below.  

Please  note  that the  same symbol  i s  used  i n  each  subclause  as  these  configurations  are  
mutual l y exclusive  and  depend ing  on  the  speci fic measurement setup  on l y one  of subclauses  
E. 8.2 . 2  to  E . 8. 2. 4  appl i es .  

E.8.2 .2  REWS shear uncertain ty – Meteorolog ical  mast  s ign ificantly above  hub  
height  

I n  th is  configuration  the  REWS is  based  on  s ignals  from  side-mounted  cup  anemometers  or 
son ic  anemometers  from  mu l tip le  measurement he igh ts  on  a  meteorolog ical  mast.  

I n  th is  case  Equation  (5)  i n  9. 1 . 3 . 2  appl i es  and  the  REWS uncerta in ty components  come from   
Clause  E. 6.  

The  defau l t va lues  come from  the  combination  of the  defau l t  values  i n  C lause  E . 6.   

The  way to  combine  these  components  i n to  a  REWS uncerta in ty i s  expla ined  in  E. 1 3. 7.  
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E.8.2 .3  REWS shear uncertain ty – RSD  +  lower-than-hub-height meteorolog ical  mast  

I n  th is  configuration ,  the  REWS is  based  on  s i gnals  from  an  RSD.  The  data  from  the  
meteorolog ical  mast  i s  on l y used  to  val idate  the  RSD  data.  

I n  th is  case,  Equation  (5)  in  9 . 1 . 3. 2  appl ies  and  the  REWS uncerta in ty componen ts  come from  
Clause  E. 7.  

The  defau l t  va lues  come from  the  combination  of the  defau l t  values  i n  Clause  E . 7.  

The  way to  combine  these  componen ts  i n to  a  REWS uncerta in ty is  expla ined  in  E. 1 3. 7.  

E.8.2 .4  REWS shear uncertain ty – hub  height meteorological  mast  +  RSD  for shear 

I n  th is  configuration ,  the  REWS is  based  on  a  cup  anemometer or son ic  anemometer on  a  
hub-height meteorolog ica l  mast combined  wi th  shear data  from  an  RSD.  

I n  th is  case,  Equation  (1 1 )  i n  9 . 1 . 3. 4  appl i es  and  the  REWS uncertain ty components  come 
from  both  Clause  E . 6  as  wel l  as  C lause  E . 7.  

I n  th is  case,  we  sti l l  have  a  fu rther d i vis ion :  e i ther the  RSD  s ignals  are  considered  as  absolu te  
wind  speed  measurements  or as  re lative  wind  speed  measurements,  as  the  treatment i s  
d i fferent between  these.  Th is  depends  on  the  type  of equ ipment used  or the  avai l able  
sens i ti vi ty &  veri fication  test.   

For an  absolu te  wind  speed  the  way to  combine  these  components  i n to  a  REWS uncerta in ty i s  
expla ined  i n  E . 1 3 .8 .   

For a  re lati ve  wind  speed  the  way to  combine  these  components  i n to  a  REWS uncertain ty i s  
expla ined  i n  E . 1 3 .9 .  

E.8.3  Category B  uncertain ties:  Wind  speed  – REWS – Wind  veer 

Th is  uncerta in ty componen t covers  the  uncertain ty re lated  to  the  i n fl uence of veer on  the  
Rotor Equ ivalent  Wind  Speed .  

The  symbol  for th is  uncertain ty component i s  uREWS,veer, i.  

Th is  uncertain ty is  a lso  d iscussed  i n  Annex Q  of th is  s tandard .  

The  veer measurement i s  based  on  s ignals  from  side-moun ted  wind  vanes  or son ic 
anemometers  from  mu l ti p le  measurement he ights  on  a  meteorolog ical  mast or on  s ignals  from  
an  RSD.  

The  sub-components  for th is  uncertain ty component therefore  come from  E. 1 2 . 2  or from  
E. 1 2. 3.  

E.9  Category B  uncertainties:  Wind  speed  – Terrain  

E.9.1  General  

This  uncertain ty component covers  the  uncerta in ty re lated  to  the  fl ow d istortion  of the  wind  
speed  between  measurement poin t  and  wind  turbine  due  to  the  l ocal  terra in .  

The  symbol  for th is  uncertain ty component i s  uVT, i  (V s tands  for wind  speed  and  T  stands  for 
Terrain) .  
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Th is  uncertain ty i s  a lso  d iscussed  i n  6 . 3 . 4  of th is  s tandard .  

When  the  power performance test i s  done  wi thou t a  s i te  cal i bration ,  the  defau l t  magn i tude  of 
th is  uncerta in ty componen t i s  determ ined  by the  d istance  between  the  measurement device  
and  the  turbine  under test.  I f th is  d istance  i s  between  2  and  3  rotor d iameters  (2D  ≤  d istance  
≤  3D) ,  th is  defau l t magn i tude  i s  2  %  of the  measured  wind  speed  for onshore  fl at terra in  and  
1  %  for offshore.  I f th is  d istance  is  between  3  and  4  rotor d iameters  (3D  <  d istance  ≤  4D) ,   
th is  defau l t magn i tude  is  3  %  of the  measured  wind  speed  for onshore  fl at terra in  and  2  %  
offshore.  

When  the  power curve  test i s  done  wi th  a  s i te  ca l ibration ,  the  defau l t  magn i tude  of th is  
uncerta in ty component i s  determ ined  by the  s i te  cal ibration  measurement.  

I n  th is  case,  th is  uncerta in ty component re lated  to  the  terra in  has  n i ne  sub  components :  

a)  uncerta in ty related  to  the  ca l i bration  of the  anemometers  used  for the  s i te  ca l i bration ;  

b)  uncerta in ty re lated  to  the  operational  characteristi cs  of the  anemometers  used  for the  s i te  
cal ibration ;  

c)  the  uncertain ty re lated  to  the  mounting  of the  anemometers  used  for the  s i te  ca l i bration ;  

d )  the  uncertain ty re lated  to  the  data  acqu is i ti on  of the  s ignals  from  the  anemometers  used  
for the  s i te  cal ibration ;  

e)  the  uncertain ty re lated  to  the  l i ghtn ing  fi n ia l ;  

f)  the  uncertain ty re lated  to  the  convergence  check (refer to  C. 7. 1 ) ;  

g )  the  uncertain ty re lated  to  the  correlation  check (refer to  C. 7. 2) ;  

h )  the  uncertain ty re lated  to  the  change  in  correction  between  ad j acent b ins ;  

i )  the  uncerta in ty re lated  to  the  removal  of the  wind  d i rection  sensor between  s i te  cal i bration  
and  power curve  measurement;  

j )  the  uncertain ty re lated  to  seasonal  variation .  

E.9.2  Category B  uncertain ties:  Wind  speed  – Terrain  – Pre-cal ibration  

Th is  uncertain ty component covers  the  uncerta in ty re lated  to  the  cal i bration  of the  sensors  
before  the  s i te  cal i bration  test.  

The  symbol  for th is  uncerta in ty component i s  uVT, precal , i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Clause  C. 6  of th is  standard .  

Th is  uncertain ty i s  vi rtual l y the  same as  uVS, precal , i  wi th  the  d i fference  that here  i t  i s  appl i ed  to  
measured  wind  speeds  on  two  masts.   

I f the  reference anemometer i s  not exchanged  between  s i te  ca l ibration  and  the  power curve  
test,  i ts  ca l ibration  uncertain ty cancels  ou t completel y.  On l y the  turbine  mast anemometer 
cal i bration  uncertain ty i s  then  re levant.  I f the  reference anemometer i s  exchanged  between  
s i te  cal ibration  and  the  power curve  test for an  anemometer cal i brated  i n  the  same wind  
tunnel  as  used  for the  cal i bration  of the  fi rst  anemometer,  a  bi g  part  of the  ca l ibration  of the  
reference anemometers  cancels  ou t,  i f the  wind  tunnel  g i ves  h igh l y reproducible  resu l ts.  I f the  
reference anemometer i s  exchanged  between  s i te  cal ibration  and  power curve  test for an  
anemometer cal ibrated  i n  a  d i fferent wind  tunnel  to  that  used  for the  cal ibration  of the  fi rst  
anemometer,  the  uncertain ty of both  anemometer cal i brations  i s  re levant.  

E.9.3  Category B  uncertain ties:  Wind  speed  – Terrain  – Post-cal ibration  

This  uncertain ty component covers  the  uncerta in ty re lated  to  the  i n -s i tu  ca l ibration  and /or the  
post-cal ibration  of the  sensor during  and /or after the  s i te  cal ibration .  
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The  symbol  for th is  uncertain ty component i s  uVT, postcal , i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  7 . 2 . 2  and  Annex K of th is  s tandard .  

I f both  an  i n -s i tu  ca l ibration  has  been  done  during  the  power performance test as  wel l  as  a  
post-cal i bration  has  been  done  after the  power performance test,  the  magn i tude  for th is  
uncertain ty component shal l  be  taken  from  the  post-cal i bration .  

I f a  post  cal i bration  i s  done,  the  magn i tude  of th is  uncertain ty component shal l  be  the  
maximum  d i fference between  the  precal ibration  and  post-cal i bration  i n  the  wind  speed  range  
of 4  m /s  to  1 2  m /s,  up  to  a  maximum  of 0 , 2  m /s.  

Note  that due  to  the  i nheren t uncertain ty of the  ca l i bration ,  the  expectation  wi l l  be  that smal l  
d i fferences  wi l l  occur between  the  pre-cal i bration  and  post-cal ibration .  The  best estimate  of 
the  ca l ibration  value  for a  speci fic sensor wi l l  be  the  average  of the  cal i brations  done;  i n  the  
l im i t of a  very large  amount of ca l i brations,  the  average wi l l  converge  towards  the  cen tre  of 
the  d istribution .  

As  on l y the  pre-cal i bration  i s  used  to  determ ine  the  wind  speed  from  the  sensor,  the  maximum  
d i fference  can  therefore  be  used  as  an  added  uncertain ty contribution .  

I f on l y an  i n -s i tu  cal ibration  is  done  accord ing  to  Annex K,  the  magn i tude  of th is  uncertain ty 
component shal l  be  the  maximum  va lue  of δ  i n  the  wind  speed  range  of 4  m /s  to  1 2  m /s,  up  to  
a  maximum  of 0 , 2  m /s.  

E.9.4  Category B  uncertain ties:  Wind  speed  – Terrain  – Classification  

This  uncerta in ty component covers  the  uncertain ty re lated  to  the  class i fication  of the  sensors  
for the  s i te  cal i bration .  

The  symbol  for th is  uncertain ty component i s  uVT, cl ass, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Clause  C. 6  of th is  s tandard .  

Th is  uncertain ty i s  vi rtua l l y the  same as  uVS, class, i  wi th  the  d i fference that here  i t  i s  appl ied  to  
a  measurement of wind  speeds  on  two masts.  Some of the  i n fl uence  factors  for the  
classi fication  wi l l  be  experienced  i n  the  same way by both  sensors,  causing  a  corre lation  i n  
the  operational  response and  a  reduction  in  the  d i fference between  the  s ignals.  But major 
i n fl uence factors  such  as  turbu lence,  shear and  upflow may be  d i fferen t between  the  two 
measurement l ocations  and  as  such  the  magn i tude of th is  uncertain ty component sha l l  be  set 
to  equal  the  uncertai n ty re lated  to  the  class i fication  of one  sensor.  

The  magn i tude  of th is  uncertain ty shal l  be  taken  from  the  class i fication  report.  Care  shal l  be  
taken  that the  terrain  type  the  sensor i s  used  i n  matches  the  terrain  type  of the  classi fication  
of the  sensor (Class  A,  B  or S).  

A reference to  the  class i fication  report shal l  be  i ncluded  i n  the  s i te  cal i bration  report.  I f no  
such  reference is  i ncl uded ,  the  defau l t magn i tude  for the  uncerta in ty shal l  be  a  cl ass  3 , 4A (for 
non-complex terrain)  or a  class  4 , 5B  (for complex terrain) .  

The  measured  range  of the  i n fl uence  parameters  used  for the  class i fication  as  per Annex  I  
sha l l  be  reported  for the  same data  set used  for the  s i te  cal i bration  report.  I f upflow is  not 
measured ,  compl iance  wi th  the  accuracy class  shal l  be  argued  from  the  l ocal  terrain  s lopes  
for the  experienced  wind  d i rections,  assum ing  that the  vertica l  ang le  of the  wind  i s  2 /3  of the  
average  terra in  s lope  wi th in  5D  of the  turbine  upwind  of the  turbine.   
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I f the  measured  range  of i n fl uence parameters  experienced  by the  reference sensor on  the  
permanent meteorolog ical  mast du ring  the  s i te  ca l i bration  i s  s i gn i ficantly d i fferent from  the  
range  of i n fl uence parameters  experienced  by the  reference sensor on  the  permanen t 
meteorolog ica l  mast during  the  power curve  test,  an  add i tional  u ncertain ty add i ti on  may be  
requ i red .  However,  as  long  as  both  tests  stay wi th in  the  ranges  defined  for class  A and  B ,  th is  
i s  cons idered  to  be  suffi cien tl y covered  and  no  add i tional  uncerta in ty needs  to  be  taken  i n to  
account.   

E.9.5  Category B  uncertain ties:  Wind  speed  – Terrain  – Mounting  

Th is  uncertain ty component covers  the  uncerta in ty re lated  to  the  mounting  of the  sensors  
during  the  s i te  cal i bration .  

The  symbol  for th is  uncerta in ty component i s  uVT,mnt, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  C lause  C. 6  of th is  s tandard .  

Th is  uncerta in ty i s  vi rtua l l y the  same as  uVS,mnt, i  wi th  the  d i fference that here  i t  i s  appl ied  to  a  
measurement of wind  speeds  on  two masts.  I n  case  the  sensors  are  of the  same type,  the  
mast layou t i s  the  same  and  the  wind  d i rection  i s  the  same,  one  cou l d  assume that a  h igh  
correlation  exists  between  the  mounting  i n fl uences  from  both  masts  on  both  sensors  wh ich  
wou ld  be  grounds  for a  reduced  uncerta in ty.  However,  even  wi th  the  same sensor type  and  
mast l ayou t often  the  wind  d i rection  that i s  experienced  s imu l taneousl y on  both  masts  wi l l  not 
be  the  same.  As  the  in fl uence from  the  mast on  the  sensors  is  d i rectional l y sens i ti ve,  the 
actual  correlation  of mounting  effects  between  both  masts  wi l l  be  l im i ted  and  the  mounting  
effects  need  to  be  taken  i n to  accoun t.  

The  defau l t  magn i tude  for th is  uncertain ty component i s :   

a)  0 , 5  %  of the  measured  wind  speed  for a  s i ng le  top-mounted  anemometer;  

b)  1 , 0  %  for a  setup  wi th  s i de-by-side  top-mounted  anemometers ;  

c)  for a  s ide-mounted  anemometer,  the  defau l t magn i tude  for th is  uncertain ty component i s  
one  of the  fol l owing :  

1 )  for not-fl ow-corrected  s ignals  the  defau l t  magn i tude  for th is  uncertain ty component i s  
1 , 5  %  of the  measured  s ignal ;  

2)  for a  fl ow-corrected  s i gnal  accord ing  to  7. 2 . 4  and  9. 1 . 2 ,  the  defau l t magn i tude  for th is  
uncerta in ty componen t i s  the  root-sum-square  of ha l f the  mean  correction  appl ied  to  
the  wind  speed  s i gnal  and  0 , 5  %  of the  measured  s ignal .  Wake effects  shal l  be  
excluded  for the  correction  to  be  appl ied .  Th is  i s  in  l i eu  of the  not-fl ow-corrected  
uncerta in ty and  shal l  not be  added  to  i t.  

The  same correction  principle  can  a lso  be  appl ied  to  two top-mounted  anemometers  i n  a  goal -
post configuration ,  wi th  the  same defau l t  magn i tude  for the  fl ow-corrected  s i gnal .  

E.9.6  Category B  uncertain ties:  Wind  speed  – Terrain  – Lightn ing  fin ial  

Th is  uncerta in ty component covers  the  uncertainty related  to  a  poss ib le  top-mounted  l i gh tn ing  
fin ial  and  i ts  i n fluence  on  a  top-mounted  anemometer when  the  requ i rements  i n  C lause  G . 5  
for the  mounting  of the  l i gh tn ing  fin ia l  cannot be  met.  

The  symbol  for th is  uncertain ty component i s  uVT, l g t, i.  

The  defau l t  magn i tude  for th is  uncerta in ty component i s  0 , 1  %  to  0, 2  %  of the  wind  speed  
s i gnal .  
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E.9.7  Category B  uncertain ties:  Wind  speed  – Terrain  – Data  acqu is i tion  

Th is  uncertain ty component covers  the  uncerta in ty re lated  to  the  data  acqu is i ti on  of the  
s ignals  of the  wind  speed  sensors  du ring  the  s i te  cal ibration .  

The  symbol  for th is  uncerta in ty component i s  udVT, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Clause  C. 6  of th is  s tandard .  

Th is  uncertain ty is  vi rtual l y the  same as  udVS, i  wi th  the  d i fference that here  i t  i s  appl i ed  to  a  
measurement of wind  speeds  on  two masts.  As  the  data  acqu is i tion  of both  s ignals  i s  
assumed  i ndependent,  th is  uncertain ty needs  to  be  coun ted  twice.  

The  defau l t magn i tude  for th is  uncertain ty componen t i s  0 , 1  %  to  0, 2  %  of the  fu l l  range  of the  
wind  speed  measurement channel .  

E.9.8  Category B  uncertain ties:  Wind  speed  – Terrain  – Change  in  correction  
between  ad jacent bins  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  change i n  correction  
between  ad j acen t b ins .  

The  symbol  for th is  uncertain ty component i s  uVT, coc, i  (COC stands  for 'change  i n  correction ') .  

Refer to  C.7. 3  for detai l s  of the  evaluation  of th is  uncertain ty.  

E.9.9  Category B  uncertain ties:  Wind  speed  – Terrain  – Removal  of WD  sensor 

This  uncertain ty component covers  the  uncerta in ty re lated  to  removal  of the  wind  d i rection  
sensor between  the  s i te  cal i bration  and  the  power performance test.  

The  symbol  for th is  uncertain ty component i s  uVT, rmv, i  .  

Refer to  C.7. 4  for deta i l s  of the  evaluation  of th is  uncertain ty.  

E.9.1 0  Category B  uncertain ties:  Wind  speed  – Terrain  – Seasonal  variation  

This  uncertain ty componen t covers  the  uncertain ty related  to  seasonal  variation  between  the 
s i te  ca l i bration  and  the  power performance test.  

The  symbol  for th is  uncertain ty component i s  uVT, sv, i  (SV stands  for seasonal  variation) .  

Th is  uncertain ty is  a lso  d iscussed  i n  C. 7 .5  of th is  standard .  

Th is  uncerta in ty shal l  on ly be  appl i ed  i f any of these cond i ti ons  for a  wind  d i rection  b in  d i ffers  
between  s i te  cal ibration  and  power performance  test by more  than  the  fo l lowing  amounts :   

a)  0 , 05  for wind  shear exponent  

b)  3  %  for turbu lence  in tens i ty,   

c)  i f upflow is  measured ,  a  l im i t  of ±  2°  change  i n  vertica l  upflow is  recommended .  

I f one  or more  of these  cond i tions  i s  triggered ,  then  the  defau l t magn i tude  for th is  uncerta in ty 
i s  one  th i rd  of the  magn i tude  of the  s i te  cal i bration  fl ow correction .  
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E.1 0  Category B  uncertainties:  Air densi ty 

E.1 0. 1  General  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  i n fluence of a i r densi ty on  
the  power curve.  

The  symbol  for th is  uncertain ty component i s  uAD, i.  

The  a i r densi ty i s  derived  from  measurements  of the  a i r temperature,  the  hum id i ty and  the  ai r 
pressure.  

The  a i r dens i ty uncertain ty cons ists  of four components:  

•  the  uncertain ty re lated  to  the  use  of a  temperature  sensor and  the  data  acqu is i tion ;  

•  the  uncertain ty re lated  to  the  use  of a  pressure  sensor and  the  data  acqu is i ti on ;  

•  the  uncertain ty re lated  to  the  use  of a  re lati ve  hum id i ty (RH)  sensors  and  the  data  
acqu is i tion ,  or the  l ack of such  a  sensor;  

•  the  uncertain ty due  to  the  a i r dens i ty correction .  

These  uncerta in ty components  as  wel l  as  the  subcomponents  wi l l  be  i n troduced  i n   
Clause  E. 1 0.  

E.1 0.2  Category B  uncertain ties:  Ai r densi ty – Temperature  i n troduction  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  measurement of the  
temperature.  

The  symbol  for th is  uncerta in ty component i s  uT, i.  

Th is  uncertain ty component has  four sub-components:  

a)  uncertain ty related  to  the  cal i bration  of the  temperature  sensor;  

b)  uncertain ty related  to  the  rad iation  sh ie ld ing  of the  temperature  sensor;  

c)  uncertain ty related  to  the  mounting  of the  temperature  sensor;  

d )  uncertain ty related  to  the  data  acqu is i tion  of the  s i gnal  from  the  temperature  sensor.  

The  equations  for the  sensi ti vi ty factors  for temperature  are:  

Sens i ti vi ty for temperature  for a  measurement on  wind  turbine  wi th  active  power control :  
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where  

cT, i  i s  the  sens i ti vi ty factor for temperature  i n  b in  i ;  

cv, i  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

vi  i s  the  average  wind  speed  i n  b in  i;  

ρ i  i s  the  is  the  average  a i r densi ty i n  b in  i;  

Ti  i s  the  average  temperature  i n  b in  i;  

Φi  i s  the  average  re lati ve  hum id i ty (range  0  %  to  1 00  %)  i n  b in  i;  

R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] ;  
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Rw  i s  the  gas  constant  of water vapour 461 , 5  [J /kgK] .  

Sens i ti vi ty for temperature  for a  measurement on  a  sta l l  regu lated  wind  turbine:  

 
( )









⋅⋅⋅⋅








−+= i

i

i

i

i

i

i
iT T

RRTT

P
c 0631846,00631846,00000205,0

11

0

, exp
w

φρ
ρ

 (E. 25)  

 

where  

cT, i  i s  the  sens i ti vi ty factor for temperature  i n  b in  i ;  

Pi  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

ρ i  i s  the  i s  the  average  a i r dens i ty i n  b in  i;  

Ti  i s  the  average  temperatu re  i n  b in  i;  

Φi  i s  the  average  re lati ve  hum id i ty (range  0  %  to  1 00  %)  i n  b in  i;  

R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] ;  

Rw  i s  the  gas  constant  of water vapour 461 , 5  [J /kgK] .  

E.1 0.3  Category B  uncertain ties:  Ai r densi ty – Temperature  – Cal ibration  

This  uncertain ty componen t covers  the  uncertain ty re lated  to  cal i bration  of the  temperature  
sensor.  

The symbol  for th is  uncertain ty component i s  uT, cal , i.  

The  defau l t magn i tude  for th is  uncertain ty component i s  0 , 4  °C  to  0 , 6  °C.  

E.1 0.4  Category B  uncertain ties:  Ai r densi ty – Temperature  – Radiation  sh ield ing  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  rad iation  sh ie l d ing  of the  
temperature  sensor.  

The  symbol  for th is  uncertain ty component i s  uT, sh i e l d , i.  

The  defau l t magn i tude  for th is  uncertain ty componen t is  1 , 5  °C  to  2 , 5  °C.  

E.1 0.5  Category B  uncertain ties:  Ai r densi ty – Temperature  – Mounting  

This  uncerta in ty component covers  the  uncertain ty re lated  to  the  mounting  of the  temperature  
sensor.  

The  symbol  for th is  uncerta in ty component i s  uT,mnt, i.  

The  defau l t magn i tude  for th is  uncertain ty component i s  0 , 25  °C  to  0, 4  °C.  

E.1 0.6  Category B  uncertain ties:  Ai r densi ty – Temperature  – Data  acqu isi tion  

Th is  uncerta in ty component covers  the  uncertain ty related  to  the  data  acqu is i tion  of the  s i gnal  
of the  temperature  sensor.  

The  symbol  for th is  uncerta in ty component i s  udT, i.  

The  defau l t magn i tude  for th is  uncertain ty component i s  0 , 1  %  to  0, 2  %  of the  fu l l  range  of the  
measurement channel .  Wi th  an  assumed  temperature  range  of 40  °C  th is  comes  to  0, 04  °C.   
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E.1 0.7  Category B  uncertain ties:  Ai r densi ty – Pressure in troduction  

This  uncerta in ty component covers  the  uncertain ty re lated  to  the  measurement of the  
pressure.  

The  symbol  for th is  uncertain ty component i s  uB , i.  

Th is  uncertain ty component has  three  sub-componen ts:  

a)  uncertain ty related  to  the  cal ibration  of the  pressure  sensor;  

b)  uncertain ty related  to  the  mounting  of the  pressure  sensor;  

c)  uncertain ty related  to  the  data  acqu is i tion  of the  s ignal  from  the  pressure  sensor.  

The  equation  for the  sensi ti vi ty factors  for pressure  are:  

Sensi ti vi ty for pressure  for a  measurement on  wind  turbine  wi th  acti ve  power control :  
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where  

cB, i  i s  the  sens i ti vi ty factor for temperature  i n  b in  i ;  

cv, i  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

vi  i s  the  average  wind  speed  i n  b in  i;  

ρ i  i s  the  i s  the  average  a i r dens i ty i n  b in  i;  

Ti  i s  the  average  temperatu re  i n  b in  i;  

R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] .  

Sens i ti vi ty for pressure  for a  measurement on  a  sta l l  regu lated  wind  turbine  
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where  

cB, i  i s  the  sens i ti vi ty factor for temperature  i n  b in  i ;  

Pi  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

ρ i  i s  the  i s  the  average  a i r dens i ty i n  b in  i;  

Ti  i s  the  average  temperatu re  i n  b in  i;  

R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] .  

E.1 0.8  Category B  uncertain ties:  Ai r densi ty – Pressure  – Cal ibration  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  cal ibration  of the  pressure  
sensor.  

The  symbol  for th is  uncertain ty component i s  uB , cal , i.  

The  defau l t magn i tude  for th is  uncerta in ty component i s  2  hPa  to  4  hPa.  
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E.1 0.9  Category B  uncertain ties:  Ai r densi ty – Pressure – Mounting  

Th is  uncertain ty componen t covers  the  uncertain ty re lated  to  the  mounting  of the  pressure  
sensor.  

The  symbol  for th is  uncerta in ty component i s  uB ,mnt , i.  

The  defau l t magn i tude  for th is  uncerta in ty component i s  determ ined  by the  heigh t d i fference  
for wh ich  the  s i gnal  from  the  pressure  sensor i s  corrected .  Using  I SO  2533  the  pressure  
re lated  to  th is  heigh t d i fference can  be  calcu lated .  The  defau l t  magn i tude  for the  uncerta in ty 
re lated  to  th is  pressure  correction  i s  1 0  %  of the  correction .  

For a  sensor instal l ed  at  a  heigh t of 2  m  and  a  hub height of 1 00  m ,  the  d i fference  is  98  m  
wh ich  g ives  a  pressure  d i fference of 1 1 , 7  hPa.  The  uncertain ty wou ld  then  be  1 , 1 7  hPa.  

E.1 0. 1 0  Category B  uncertain ties:  Ai r densi ty – Pressure – Data  acqu isi tion  

This  uncertain ty component covers  the  uncerta in ty related  to  the  data  acqu is i tion  of the  s ignal   
of the  pressure  sensor.  

The  symbol  for th is  uncerta in ty component i s  udB, i .  

The  defau l t magn i tude  for th is  uncerta in ty componen t i s  0 , 1  %  of the  fu l l  range  of the  
measurement channel  for pressure.  Cons idering  a  pressure  range  of 1 00  hPa  of the  
measurement channel  th i s  g i ves  0 , 1  hPa.  

E.1 0. 1 1  Category B  uncertain ties:  Ai r densi ty – Relative humidi ty in troduction  

This  uncerta in ty component covers  the  uncertain ty re lated  to  the  measurement of the  re lative  
hum id i ty.  

The  symbol  for th is  uncertain ty component i s  uRH , i.  

The  re lati ve  hum id i ty i s  not requ i red  to  be  measured .  I n  that case ,  a  defau l t va lue  of 50  %  
shal l  be  assumed  wi th  an  uncertain ty of 1 00  %  (from  0  %  to  1 00  %).  

I n  case  the  hum id i ty i s  measured ,  th is  uncerta in ty component has  three  sub-components :  

a)  uncerta in ty related  to  the  cal ibration  of the  hum id i ty sensor;  

b)  uncerta in ty related  to  the  mounting  of the  hum id i ty sensor;  

c)  uncerta in ty related  to  the  data  acqu is i tion  of the  s i gnal  from  the  hum id i ty sensor;  

The  equations  for the  sens i ti vi ty factors  for re lati ve  hum id i ty are:  

Sens i ti vi ty for re lati ve  hum id i ty for a  measurement on  wind  turbine  wi th  active  power control :  
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where  

cRH, i  i s  the  sensi ti vi ty factor for temperature  i n  b in  i ;  

cv, i  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

vi  i s  the  average  wind  speed  i n  b in  i;  

ρ i  i s  the  i s  the  average  a i r dens i ty i n  b in  i;  

Ti  i s  the  average  temperatu re  i n  b in  i;  
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R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] ;  

Rw  i s  the  gas  constant  of water vapour 461 , 5  [J /kgK] .  

Sens i ti vi ty for re lative  hum id i ty for a  measurement on  a  sta l l  regu lated  wind  turbine  
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where  

cRH , i  i s  the  sens i ti vi ty factor for temperature  i n  b in  i ;  

Pi  i s  the  sens i ti vi ty factor for wind  speed  i n  b in  i ;  

ρ i  i s  the  i s  the  average  a i r dens i ty i n  b in  i;  

Ti  i s  the  average  temperatu re  i n  b in  i;  

R0  i s  the  gas  constant of d ry a i r 287, 05  [J /kgK] ;  

Rw  i s  the  gas  constant  of water vapour 461 , 5  [J /kgK] .  

E.1 0. 1 2  Category B  uncertain ties:  Ai r densi ty – Relative humidi ty – Cal ibration  

This  uncertain ty component covers  the  uncerta in ty re lated  to  the  cal ibration  of the  hum id i ty 
sensor.  

The  symbol  for th is  uncertain ty component i s  uRH,cal , i.  

The  defau l t  magn i tude  for th is  uncerta in ty componen t i s  1  %  to  2  % .  

E.1 0. 1 3  Category B  uncertain ties:  Ai r densi ty – Relative humidi ty – Mounting  

This  uncerta in ty componen t covers  the  uncertain ty re lated  to  the  mounting  of the  hum id i ty 
sensor.  

The  symbol  for th is  uncertain ty component i s  uRH,mnt , i.  

The  defau l t magn i tude  for th is  uncertain ty component i s  0 , 1  %  to  0, 2  %  of the  measured  
value.  

E.1 0. 1 4 Category B  uncertain ties:  Ai r Densi ty – Relative humidi ty – Data  acqu isi tion  

Th is  uncerta in ty component covers  the  uncertain ty related  to  the  data  acqu is i tion  of the  s ignal  
from  the  hum id i ty sensor.  

The  symbol  for th is  uncerta in ty component i s  udRH , i.  

The  defau l t  magn i tude  for th is  uncertain ty component i s  0 , 1  %  of the  fu l l  range  of the  
measurement channel  for re lati ve  hum id i ty.   

E.1 0. 1 5  Category B  uncertain ties:  Ai r densi ty – Correction  

Th is  uncertain ty component covers  the  uncerta in ty re lated  to  the  a i r densi ty correction .  

The  symbol  for th is  uncerta in ty component i s  uAD,method , i .  

As  part  of the  data  analys is ,  a  normal isation  from  measured  ai r dens i ty to  a  reference  a i r 
dens i ty i s  performed .  Th is  normal isation  is  re lated  to  an  uncertain ty component,  i n  part  
because  of the  uncertain ties  in  the  measured  temperature,  pressure  and  re lative  hum id i ty bu t  
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a lso  because  one  of the  underl ying  assumptions  upon  wh ich  the  normal isation  formu la  i s  
based  i s  increasing l y i naccurate  the  l arger the  a i r dens i ty d i fference i s  on  wh ich  the  a i r 
dens i ty normal isation  is  appl ied .   

For a  sta l l -regu lated  wind  tu rbine  wi th  constan t p i tch  and  constan t rotational  speed ,  th is  
uncertain ty shal l  be  evaluated  by b in  averag ing  the  a i r dens i ty normal ised  power ou tput and  
the  measured  power outpu t against  the  wind  speed  at  hub  height.  Hal f of the  deviation  of the  
normal ised  and  measured  power ou tpu t per wind  speed  b in  shal l  be  cons idered  as  the  
standard  uncerta in ty of the  ai r dens i ty normal isation  i n  that wind  speed  b in .  

For a  wind  tu rb ine  wi th  acti ve  power control ,  the  uncertain ty of the  a i r densi ty normal isation  
shal l  be  evaluated  by b in  averag ing  the  measured  wind  speed  against the  wind  speed  
normal ised  for the  a i r dens i ty.  Ha l f of the  deviation  of the  normal ised  and  measured  wind  
speed  shal l  be  cons idered  as  the  s tandard  uncertain ty of the  a i r densi ty normal isation  i n  that 
wind  speed  b in .  

I n  th is  example  us ing  a  wind  tu rbine  wi th  acti ve  power control ,  the  wind  speed  deviations  per 
wind  speed  b in  are  l i sted  i n  Table  E . 9.  

E.1 1  Category B  uncertainties:  Method  

E.1 1 . 1  General  

The speci fic  method  used  to  measure  or anal yse  a  power curve  can  a lso  contribu te  to  the  
uncertain ty of the  resu l t.  As  much  as  possib le  these  have  been  included  wi th  the  category B  
uncertain ties  they are  re lated  to.  Therefore  the  uncertain ty re lated  to  the  a i r densi ty correction  
is  incl uded  under a i r dens i ty and  the  uncertain ty re lated  to  the  fl ow d istortion  correction  is  
i ncl uded  under the  wind  speed  sensors.  

However,  some of the  uncertain ties  re lated  to  the  method  cannot eas i l y be  attributed  to  a  
speci fic component and  these  have  been  grouped  under the  header 'Method ' .  

The  symbol  for th is  uncertain ty component i s  uM, i.  

E.1 1 .2  Category B  uncertain ties:  Method  – Wind  condi tions  

E. 1 1 .2. 1  General  

Al though  th is  uncerta in ty i s  not d i rectl y d iscussed  e lsewhere  i n  th is  standard ,  i t  i s  strong l y 
re lated  to  the  defin i ti on  of the  power curve  as  g i ven  i n  C lause  5  of th is  s tandard .  

As  per the  defin i tion  the  power curve  accord ing  to  th is  standard  is  a  cl imate  speci fic power 
curve.  The  wind  cond i ti ons  i n  terms  of wind  shear,  wind  veer,  tu rbu lence  and  upflow have  a  
d i rect i n fl uence  upon  the  power performance of a  wind  turbine.  

As  an  example,  l et’s  assume that a  power curve  is  measured  for a  speci fic set of wind  
cond i tions,  namely shear =  0 , 1 ;  wind  veer i s  1 0° ,  tu rbu lence  i s  1 0  %  and  upflow is  +2° .  The  
measured  power curve  wou ld  then  be  reported  together wi th  these  va lues  and  no  further 
uncertain ty needs  to  be  i n troduced .  

However,  mostl y we  wi l l  not experience  constant va lues  for these  parameters  during  a  power 
curve  measurement and  during  the  power cu rve  measurement each  of these  parameters  wi l l  
refl ect a  range  of va lues  that  the  tu rbine  has  been  subjected  to.  As  part of th is  example,  l et’s  
assume that shear ranges  from  0  to  0 , 3,  wind  veer from  0°  to  20° ,  tu rbu lence  from  3  %  to  
20  %  and  upflow from  0°  to  5° .  As  the  measurement progresses,  we  are  i n  fact sampl ing  from  
many d i fferent power cu rves.  As  we  have  no  con trol  over these  i nput variables,  the  next 
power curve  measurement at the  same s i te  (be  i t  immed iate l y after the  fi rst measurement or a  
year l ater to  catch  the  same part of the  annual  season)  wi l l  be  somewhat d i fferen t  from  the  
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fi rst power curve  measured .  Th is  i s  the  bas ic argument for add ing  an  uncerta in ty component 
re lated  to  the  wind  cond i tions.  

From  th is  perspective,  we  have  the  fo l l owing  cons iderations:  

a)  I f one  or more  of the  four parameters  that determ ine  the  wind  cond i ti ons  have  not been  
measured ,  the  power curve  cannot be  reported  accuratel y.  The  uncertain ty re lated  to  th is  
can  on l y be  estimated  by assum ing  poss ib le  values  and  ranges  for the  m iss ing  
parameters  and  estimating  the  poten tia l  i n fluence  on  the  power performance of the  
turbine.  

b)  For the  parameters  that have  been  measured  more  i n formation  i s  avai lable,  bu t  not 
necessari l y a l l  i n formation  sufficient to  characterise  the  power performance in  deta i l .  For 
example:  

•  A parameter measured  on  three  poin ts  across  the  rotor may s ti l l  not g i ve  a  fu l l  p ictu re  
for the  areas  that have  not  been  measured .  

•  The  wind  cond i ti ons  (e. g .  shear)  are  measured  two to  four rotor d iameters  away from  
the  turbine  and  i n  most cases  wi thout further data  to  wh ich  exten t the  cond i ti ons  at the  
measurement l ocation  reflects  the  cond i tions  at  the  tu rbine  location .  Note  that the  
uncerta in ty of the  hub  he igh t wind  speed  corre lation  is  considered  i n  E. 9. 1 .  

•  A s im i lar argument goes  for the  horizon ta l  d imension  of the  rotor;  the  measurement to  
a  l arge  exten t on l y characterises  the  changes  of these  parameters  wi th  he igh t ( i f even  
that)  bu t not  the  horizon tal  variabi l i ty of the  measured  parameters.  

I n  the  l i ght of these  arguments  a  practical  approach  has  been  adopted .  For n ine  or more  
measurement heights  for one  of these  parameters,  the  assumption  has  been  made that no  
further uncertain ty needs  to  be  added .  For fewer measurement heigh ts ,  an  add i ti onal  
i ncrease  i n  uncerta in ty wi l l  be  added .  

Th is  means  that some  of the  above poin ts  are  not addressed  at a l l  i n  the  curren t 
uncertain ty anal ys is ;  th i s  wi l l  be  i ncorporated  in  a  fu ture  revis ion  of th is  standard  once  
sufficien t detai ls  have  been  clari fied  to  do  so.  

c)  I f one  or more  of these  parameters  have  been  measured ,  i t  may be  poss ib le  to  normal ise  
the  power curve  us ing  th is  i n formation ,  as  expla ined  in  Annex M ,  Annex P  and  Annex Q.   

The  uncerta in ties  re lated  to  poin ts  a)  and  b)  are  covered  i n  th is  subclause,  whereas  the  
uncertain ty related  to  the  normal isations  i s  covered  further down .  

Many of the  i n fl uences  here  wi l l  be  expressed  as  an  uncerta in ty on  wind  speed .  The  
experience  values  that  the  defau l t  estimates  are  based  on  are  often  expressed  i n  terms  of 
AEP.  As  a  practical  approach ,  the  choice  has  been  made  to  express  th is  as  an  uncertain ty 
through  wind  speed .  

E.1 1 .2.2  Category B  uncertain ties:  Method  – Wind  condi tions  – Shear 

E. 1 1 .2.2 .1  General  

The symbol  for th is  uncertain ty component i s  uM,shear, i.  

The  defau l t magn i tude  for th is  uncertain ty component can  be  found  in  the  two subclauses  
below.  

E.1 1 .2.2 .2  Hal f rotor wind  shear measurement coverage  

This  uncerta in ty estimation  appl i es  to  a  power cu rve  wi th  a  hub  height wind  speed  defin i ti on  
and  wi thou t Annex P  normal i zation .  As  wind  turbine  power cu rves  are  i n fl uenced  by wind  
shear,  the  uncerta in ty of the  measured  power curve  due  to  wind  shear shal l  be  conservative l y 
estimated  and  taken  i n to  account even  i f no  wind  shear measurement i s  performed.  For th is ,  a  
wind  shear correction  factor accord ing  to  Equation  (9)  and  (1 0)  i n  9. 1 . 3 . 3  shal l  be  calcu lated  
under the  fo l lowing  assumptions:  
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a)  Assum ing  20  vi rtual  wind  speed  measurements  equal l y d istributed  over the  rotor he igh t  
range,  resu l ti ng  i n  20  weigh ting  factors .  

b)  Assum ing  one  power l aw for the  lower rotor hal f and  another power law for the  upper rotor 
hal f.  Based  on  these  power l aws,  the  wind  speed  re lati ve  to  hub  heigh t shal l  be  calcu lated  
for each  vi rtual  measurement he igh t.  The  wind  shear exponent appl i ed  for the  lower rotor 
hal f shal l  be  determ ined  from  the  measurements  for each  1 0  m inu te  data  poin t.  The  wind  
shear exponent for the  upper rotor hal f shal l  be  assumed  to  be  ha l f the  value  used  for the  
l ower rotor hal f.  I n  case  of negative  shear values,  a lso  ha l f of these  va lues  shal l  be  
assumed  for the  upper rotor hal f.  

The  standard  uncerta in ty of the  measured  power curve  i n  terms  of the  wind  speed  due  to  not 
measuring  the  wind  shear shal l  be  assumed  for the  i  - th  wind  speed  b in  as:  

 
iri vfu ,shear,M, 1

3

1
h−=  (E . 30)  

 

where  

fr  i s  the  wind  shear correction  factor as  calcu lated  i n  9 . 1 . 3. 3 ;  

vh , i  i s  the  wind  speed  at  hub  height i n  b i n  i.  

Examples  of estimated  s tandard  uncertain ties  of power curve  measurements  i n  terms  of the  
wind  speed  due  to  the  absence of wind  shear measurements  are  shown  in  Table  E . 3.  The 
respective  uncerta in ty i ncreases  wi th  the  rotor d iameter and  decreases  wi th  the  hub  height.  

Table  E.3  – Example of standard  uncertainties  due  to  absence  
of a  wind  shear measurement   

H  D  uM ,shear, i  /vH  

[m]  [m]  [%]  

60 60 3,0 

60 80 3,9 

1 00 80 2,4 

1 20 80 2,0 

1 00 1 20 3,5 

1 50 1 20 2,4 

Wind  shear exponents of 0,5 and 0 have been  
assumed for the lower and upper rotor half,  
respectively.  

 

E.1 1 .2.2 .3  Fu l l  rotor wind  shear measurement  coverage  

This  uncertain ty estimation  appl ies  to:  

a)  a  power curve  wi th  a  rotor equ ivalen t wind  speed  defin i tion ;  

b)  a  hub  heigh t wind  speed  power curve  to  wh ich  the  normal i zation  in  Annex P  is  appl i ed .  

The  calcu lation  of the  rotor equ iva len t wind  speed  accord ing  to  Equation  (5)  i n  9 . 1 . 3. 2  
assumes  a  constant  wind  speed  for each  measurement heigh t.  Th is  assumption  l eads  to  an  
uncerta in ty of the  evaluation  of the  rotor equ ivalent wind  speed .  Th is  uncerta in ty shal l  be  
estimated  by fi tti ng  a  power l aw through  each  pai r of wind  speed  measurements  of success ive  
measurement heigh ts  (zm ) .  The  wind  speed  accord ing  to  th is  power law shal l  be  calcu lated  for 
at l east 1 0  heigh t l evels  equal l y d is tributed  between  each  pai r of measurement he igh ts.  The  
summation  accord ing  to  Equation  (5)  shal l  be  repeated  wi th  a l l  he igh t l evels  covered  by the  
power l aw assumption  and  measurement heigh ts.  The  percentage  deviation  of the  resu l ti ng  
rotor equ ivalen t wind  speed  compared  to  the  rotor equ ivalen t wind  speed  us ing  on l y the  
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measured  wind  speeds  shal l  be  assumed  as  the  (percentage)  s tandard  u ncertain ty of the  wind  
speed  due  to  the  l im i ted  number of measurement heights .  

The  estimation  of the  standard  uncertain ty due  to  the  l im i ted  number of measurement heights  
shal l  be  performed  on  the  bas is  of the  b i n  averages  of the  wind  speed  measurements  at  the  
d i fferent he ight l evels  as  function  of the  wind  speed  fi na l l y appl ied  for the  power curve  
evaluation .  

NOTE  The  1 0-m in  data  sets  are  necessary for the  calcu l ation .  

E.1 1 .2.3  Category B  uncertain ties:  Method  – Wind  condi tions  – Wind  veer 

E. 1 1 .2.3.1  General  

This  uncertain ty component covers  the  uncertain ty re lated  to  fewer than  n ine  measurement 
heights  for wind  veer.  

The  symbol  for th is  uncertain ty component i s  uM,veer, i.  

The  defau l t  magn i tude  for th is  uncertain ty component can  be  determ ined  us ing  the  three  
subclauses  below.  

E.1 1 .2.3.2  No  veer measurement 

A wind  veer correction  factor accord ing  to  Equation  (Q. 1 )  shal l  be  ca lcu lated  under the  
fol l owing  assumptions:  

a)  Assum ing  wind  speeds  to  be  equal  to  1  at  a l l  measurement heigh ts.  Then  Equation  (Q. 1 )  
transforms  to  a  wind  veer correction  factor.  

b)  Assum ing  20  vi rtual  wind  d i rection  measurements  equal l y d istribu ted  over the  rotor heigh t 
range,  resu l ti ng  i n  20  weigh ting  factors .  

c)  Assum ing  homogenous  wind  veer over the  en ti re  rotor height range  as  l arge  as  can  be  
reasonabl y expected  for the  test s i te.  I f no  reasonable  assumptions  about extreme wind  
veer are  poss ib le  for the  test s i te,  a  wind  veer of 40° /1 00  m  shal l  be  assumed .  

The  standard  uncertain ty of the  measured  power curve  i n  terms  of the  wind  speed  due  to  not  
measuring  the  wind  veer shal l  be  assumed  for the  i  - th  wind  speed  b in  as:  

 
iri vfu ,veer,M, 1

3

1
h−=  (E . 31 )  

 

where  

fr  i s  the  wind  veer correction  factor as  calcu lated  above;  

vh , i  i s  the  wind  speed  at  hub  height i n  b i n  i.  

Examples  of power curve  measurement estimated  standard  uncertain ties  i n  terms  of the  wind  
speed  due  to  the  absence of wind  veer measurements  are  shown  i n  Table  E. 4 .  The  respective  
uncertain ty i ncreases  wi th  the  rotor d iameter.  
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Table  E.4 – Example of standard  uncertainties  due  to  absence  
of a  wind  veer measurement  

D UM, veer/  vh  

[m]  [%]  

20  0, 04  

40  0, 1  

60  0, 3  

80  0, 6  

1 00  0, 9  

1 20  1 , 2  

1 40  1 , 7  

1 60  2, 1  

1 80  2, 7  

200  3, 2  

An  extreme wind  veer of 
40° /1 00  m  has  been  
assumed  for the  
calcu lations.  

 

E.1 1 .2.3.3  Half rotor veer measurement  

The calcu lation  of the  rotor equ ivalent wind  speed  accord ing  to  Equation  (Q. 1 )  assumes  a  
constan t wind  d i rection  for each  measurement he igh t.  Th is  assumption  l eads  to  an  uncertain ty 
of the  evaluation  of the  rotor equ iva len t wind  speed .   

The  uncerta in ty re lated  to  a  veer measurement across  hal f a  rotor shal l  be  estimated  us ing  
the  same procedure  as  used  for the  veer across  a  fu l l  rotor (see  E. 1 1 . 2. 3. 4),  wi th  the  change 
that  the  wind  veer across  the  fu l l  rotor i s  2 , 5  times  that measured  across  the  hal f rotor.  

E.1 1 .2.3.4  Fu l l  rotor veer measurement  

The calcu lation  of the  rotor equ iva lent wind  speed  accord ing  to  Equation  (Q. 1 )  assumes  a  
constan t wind  d i rection  for each  measurement he igh t.  Th is  assumption  l eads  to  an  uncertain ty 
of the  evaluation  of the  rotor equ ivalent wind  speed .  Th is  uncertain ty shal l  be  estimated  by 
assum ing  a  l i near i ncrease  of the  wind  veer between  each  pai r of wind  speed  measurements  
of success ive  measurement he ights .  The  wind  speed  accord ing  to  th is  assumption  shal l  be  
calcu lated  for at l east 1 0  heigh t l evels  equal l y d is tributed  between  each  pai r of measurement 
heights .  The  summation  accord ing  to  Equation  (Q. 1 )  shal l  be  repeated  wi th  a l l  he igh t l evels  
covered  by the  wind  veer profi l e  assumption  and  measurement heigh ts  and  by assum ing  a  
constan t wind  speed  for a l l  heigh ts .  The  percentage  deviation  of the  resu l ti ng  rotor equ ivalent  
wind  speed  to  the  rotor equ ivalen t wind  speed  us ing  on l y the  measured  wi nd  d i rections,  sha l l  
be  assumed  as  (percentage)  standard  uncertain ty of the  wind  speed  due  to  the  l im i ted  
number of wind  d i rection  measurement he igh ts.  

The  estimation  of the  uncerta in ty due  to  the  l im i ted  number of wind  d i rection  measurement 
heights  shal l  be  performed  on  the  bas is  of the  b in  averages  of the  wind  d i rection  
measurements  at the  d i fferent heigh t l evels  as  function  of the  wind  speed  fina l l y appl ied  for 
the  power curve  evaluation .  

NOTE  The  1 0-m in  data  sets  are  necessary for the  calcu l ation .  
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E.1 1 .2.4  Category B  uncertain ties:  Method  – Wind  condi tions  – Upflow 

Th is  uncerta in ty componen t covers  the  uncertain ty re lated  to  fewer than  n ine  measurement 
he ights  for upflow.  Th is  uncerta in ty component shal l  be  appl i ed  for s i tes  that do  not meet the  
requ i rements  of Annex B.  

The  symbol  for th is  uncerta in ty component i s  uM,upflow, i.  

The  defau l t magn i tude  for th is  uncertain ty component can  be  found  in  Table  E . 5.  

Table  E.5 – Uncertainty contributions  due  to  l ack of upflow knowledge  

Number of measurement hei ghts  [% of wind  speed]  

0  (no  upfl ow measurement)  0 , 3  to  0 , 5  

1  (at  hub  heigh t  on l y)  0 , 1 5  to  0 , 25  

2  ( l ower rotor area)  0 , 08  to  0 , 1 2  

3  0 , 03  to  0 , 07  

5  0 , 01 5  to  0 , 025   

7  0 , 005  to  0 , 01 5  

 

Please  note  that th is  i s  a  very d i fferent uncertain ty component for upflow than  i s  considered  i n  
the  class i fication  of the  wind  speed  sensor where  a lso  upflow is  incl uded .  I n  that case  we are  
l ooking  at the  i naccurate  measurement of the  horizon tal  wind  speed  due  to  the  presence  of a  
vertica l  wind  speed  componen t.  Here  we  cons ider the  i n fl uence of the  upflow on  the  tu rbine 's  
performance.  Al though  we define  a  horizon tal  wind  speed ,  the  tu rbine's  performance sti l l  
varies  when  a  vertical  component i s  presen t.  

E.1 1 .2.5  Category B  uncertain ties:  Method  – Wind  condi tions  – Turbu lence in tensi ty 

This  uncertain ty componen t covers  the  uncerta in ty re lated  to  not having  a  measurement for 
hub  heigh t turbu lence.   

The  symbol  for th is  uncerta in ty component i s  uM, ti , i.  

For turbu lence  we do  not cons ider other measurement heights  as  Clause  5  of th is  standard  
defined  the  power curve  on l y for hub  height turbu lence.  Th is  i s  a  requ ired  s i gnal .  The  reason  
th is  i s  sti l l  i ncluded  as  an  add i tional  uncerta in ty components  is  that the  measurement 
configuration  wi th  a  lower-than-hub  height meteorolog ica l  mast on l y has  a  hub  height 
turbu lence  measured  by a  remote  sens ing  device.  The  turbu lence  as  measured  by a  remote  
sens ing  device  i s  s i gn i fi can tl y d i fferent from  the  tu rbu lence  as  measured  by a  son ic or cup 
anemometer.  Hence  the  add i tional  u ncerta in ty.  

The  defau l t  magn i tude  for th is  uncertain ty component can  be  found  in  Table  E . 6 .  

Table  E.6  – Uncertainty contributions  due  to  l ack of tu rbu lence knowledge  

Number of measurement hei ghts  [% of wind  speed]  

0  (no  accurate  TI d ue  to  RSD)  0 , 3  %  to  0 , 5  %  

 

E.1 1 .3  Category B  uncertain ties:  Method  – Seasonal  effects  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  i n fl uence  of seasonal  effects  
on  the  power curve.  Note  that  some seasonal  variations  contribu te  i n  the  wind  speed  
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uncerta in ty as  they i n fl uence  the  wind  profi le  characteristics  (shear,  tu rbu lence,  etc. ) .  These  
variations  are  treated  separatel y.  

Some other contribu tions,  such  as  b lade  accretion  from  bugs  and /or d i rt  on  the  b lades  (e. g .  
during  a  warm  and  dry period),  i ncrease  the  b lade  surface  roughness  and  deteriorate  the  
b lade  aerodynam ic performance.  Therefore,  for the  same kinetic energy in  the  wind ,  the  
tu rbine  production  wi l l  be  l ower when  b lades  are  d i rty.  These  con tribu tions  are  combined  i n  
the  uncertain ty component uM,sfx, i.  

Clearl y,  these  con tribu tions  do  not i n fl uence  the  wind  profi l e  characteri stics  and  therefore,  
strictl y speaking ,  are  effects  on  the  e lectrical  power.  However,  wi th  the  purpose  to  quanti fy 
the  contribution  to  the  AEP  variation ,  th is  uncertain ty component i s  more  conven ien tl y 
expressed  as  uncerta in ty i n  the  wind  speed .  

A defau l t magn i tude  of 0 , 7  %  on  the  wind  speed  i s  suggested ,  yet the  magn i tude  of th is  
component wi l l  vary wi th  the  s i te  l ocation  and  the  year period  of the  performance test and  
where  poss ib le  i t  shou ld  be  estimated  from  experience  or AEP  variation  data  from  the  speci fic  
s i te.  

E.1 1 .4  Category B  uncertain ties:  Method  – Turbulence  normal isation  (or the  l ack 
thereof)  

This  uncertain ty componen t covers  the  uncertain ty re lated  to  the  turbu lence  normal isation  of 
the  power curve  

The  symbol  for th is  uncertain ty component i s  uM, ti norm , i.  

Th is  uncertain ty is  a lso  d iscussed  i n  Annex M  and  9 . 1 . 6.  

The  tu rbu lence  normal isation  g i ven  i n  Annex M  i s  designed  to  hand le  effects  of the  1 0  m in  
data  averag ing  on  the  evaluated  power curve.  There are  further effects  of the  turbu lence  
i n tensi ty on  wind  turbine  power curves,  wh ich  cou ld ,  for i nstance,  be  due  to  d i rect impact of 
the  tu rbu lence  i n tensi ty on  the  aerodynam ics  or due  to  the  3-d imensional  character of 
turbu lence.  I n  the  end ,  the  turbu lence  i n tens i ty normal isation  i s  a  s trong l y s impl i fi ed  approach  
for characteris ing  short term  wind  speed  fl uctuations.  Thus,  there  i s  a  remain ing  uncertain ty of 
the  evaluated  power curve  due  to  possib le  turbu lence  effects,  even  i f the  turbu lence  
normal isation  procedure  i s  appl ied .  The  tu rbu lence  normal isation  often  removes  about hal f of 
the  observed  effect of the  turbu lence  in tensi ty on  measured  wind  turbine  power curves.  Thus,  
the  fol l owing  steps  shou ld  be  performed  i n  order to  ca lcu late  the  uncertain ty of the  turbu lence  
normal isation :  

a)  The  fi nal  b i n -averaged  power curve  shal l  be  evaluated  on  the  basis  of the  turbu lence  
normal ised  power output  and  on  the  basis  of the  non- turbu lence  normal ised  power output.  

b)  the  deviation  of these  two  power curves  shal l  be  assumed  to  be  the  maximum  uncerta in ty 
of the  turbu lence-normal i sed  power curve  per wind  speed  b in  resu l ti ng  from  the  turbu lence  
normal isation .  The  standard  uncerta in ty resu l ti ng  from  the  turbu lence  normal isation  per 

wind  speed  b in  sha l l  be  calcu lated  as  the  deviation  of the  power curves  d i vi ded  by 3 .  
The  standard  uncerta in ty shal l  be  combined  wi th  the  other uncerta in ties  of the  power 
performance measurement for the  determ ination  of the  total  standard  uncerta in ty 
accord ing  to  Annex D .  

I n  the  absence of turbu lence  normal isation ,  the  uncertain ty due  to  turbu lence  effects  on  the  
power curve  shou ld  be  calcu lated  as  d escribed  i n  C lause  M .5.  

E.1 1 .5  Category B  uncertain ties:  Method  – Cold  cl imate  

This  uncerta in ty component covers  the  uncertain ty re lated  to  the  i n fluence  of measurement in  
co ld  cl imate  on  the  class i fication  of the  anemometers.  
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The  symbol  for th is  uncertain ty component i s  uM,cc, i.  

Th is  uncertain ty i s  a lso  d iscussed  i n  Annex O  of th is  s tandard .  

I f an  extended  temperature  range  is  requ ired ,  the  uncertain ty component for the  sensor 
cl assi fication  shal l  be  based  on  a  class  S  cl ass i fication  report;  th is  i s  covered  by the  
uncertain ty component uVS, class, i.   

Al though  ice  detection  i s  recommended ,  i t  cannot  be  avoided  that snow and  ice  wi l l  accrete  
on  the  mounting  structu re  and  thus  i n fl uence  the  measured  wind  speed .  Th is  aspect i s  
covered  by the  uncertain ty component as  d iscussed  here.  

P lease  note  that these  cons iderations  a l ready shou ld  be  considered  for 'normal '  class  B  
measurements,  as  cl ass  B  extends  to  –1 0  °C  and  most snow and  ice  occurs  around  0  °C.  I f a  
measurement i s  exposed  to  more  than  a  few days  of snow and /or ice,  th is  add i tional  
uncertain ty component shal l  be  appl i ed .  Otherwise  th is  components  can  be  set to  zero.  

The  defau l t magn i tude  of th is  uncerta in ty component i s  0 , 5  %  to  1  %  on  wind  speed .  

E.1 2  Category B  uncertainties:  Wind  d i rection  

E.1 2. 1  General  

There  is  an  i n fluence  of the  wind  d i rection  uncerta in ty on  the  power cu rve  through  the  s i te  
ca l i bration  as  wel l  as  a  smal ler effect.  Based  on  the  magn i tude  of the  wind  d i rection  
uncertain ty compared  to  the  s i te  cal ibration  bin  s i ze ,  some data  wi l l  be  i ncorrectl y ass igned  to  
a  b i n .  For a  b i n  s i ze  of 1 0°  and  a  wind  d i rection  uncertain ty of 5° ,  rough l y 39  %  of the  data  i n  
a  b in  has  been  wrong l y assigned .  Al though  th is  wi l l  tend  to  average  out,  i t  can  have  an  effect  
for smal l  measurement sectors  and  l arge  d i fferences  between  ad jacent b i ns.  A s im i l ar 
argument goes  for the  fi l tering  on  the  power cu rve  measurement sector,  bu t to  a  l esser exten t.  

These  uncertain ties  shal l  on l y appl y i f the  wind  d i rection  sensor or i ts  mounting  i s  changed  for 
s i tes  on  wh ich  a  s i te  cal i bration  was  performed .  

Th is  background  i s  the  main  reason  why the  standard  requ i res  that  the  wind  d i rection  
uncerta in ty i s  assessed  to  ensure  that i t  s tays  below 5° .   

The  in fluence  from  the  wind  d i rection  on  the  power curve  and  AEP  i s  not quanti fiabl y 
establ ished  and  no  sensi ti vi ty factors  have  been  developed .   

As  the  wind  d i rection  uncertain ty shal l  be  reported ,  C lause  E . 1 2  g i ves  the  m in imum  
uncertain ty components  that shal l  be  cons idered  for the  wind  d i rection  uncertain ty.  An  
estimate  of the  magn i tude  of these  components  i s  not g i ven ,  bu t shal l  be  i ncluded  for a  
reported  power curve.  

E.1 2.2  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic  

E. 1 2.2. 1  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic – Cal ibration  

This  uncerta in ty component covers  the  uncerta in ty re lated  to  the  ca l i bration  of the  wind  
d i rection  sensor.  

The  symbol  for th is  uncertain ty component i s  uWV,cal , i.  

The  resolu tion  of the  wind  d i rection  sensor is  a l so  i ncluded  here  and  th i s  value  d i vi ded  by  

2 3 shal l  be  taken  as  a  m in imum  va lue.  
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No  defau l t  va lue  i s  g i ven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   

E.1 2.2.2  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic – North  mark 

This  uncertain ty component covers  the  uncertain ty re lated  to  the  accurate  determ ination  of 
the  sensors  north  mark i n  re lation  to  the  boom  on  wh ich  the  sensor is  i nsta l led .  

The  symbol  for th is  uncertain ty component i s  uWV,nm , i.  

No defau l t  va lue  is  g iven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   

E.1 2.2.3  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic – Boom  orientation  

This  uncertain ty componen t covers  the  uncertain ty re lated  to  establ ish ing  the  d i rection  of the  
boom  wi th  regards  to  the  North  reference,  i . e .  magnetic  or true.  

The  symbol  for th is  uncertain ty component i s  uWV,bo, i.  

No  defau l t  va lue  is  g iven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   

E.1 2.2.4  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic – Operational  
effects  

This  uncertain ty component covers  the  uncerta in ty related  to  the  i n fluence  of the  mast on  the  
free  stream  wind  d i rection  at  the  poin t of measurement.  

The  symbol  for th is  uncerta in ty component i s  uWV,oe, i.  

As  the  wind  wi l l  fl ow around  the  mast,  the  wind  d i rection  as  measured  by the  sensor may not 
be  the  free  fl ow wind  d i rection .  Th is  effect i s  covered  under th is  uncerta in ty component.  

No  defau l t  va lue  is  g iven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   

E.1 2.2.5  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic – Magnetic  
decl ination  ang le  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  d i fference between  magnetic 
north  and  true  north .  

The  symbol  for th is  uncertain ty component i s  uWV,mda, i  (MDA stands  for magnetic decl i nation  
ang le).   

The  correction  from  magnetic north  to  true  north  i s  a lso  re lated  to  an  uncertain ty.  

No  defau l t  va lue  is  g iven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   

E.1 2.2.6  Category B  uncertain ties:  Wind  d i rection  – Vane or sonic – Data acqu isi tion  

Th is  uncerta in ty component covers  the  uncertain ty related  to  the  data  acqu is i tion  of the  s ignal  
from  the  wind  d i rection  sensor.  

The  symbol  for th is  uncerta in ty component i s  udWV, i.  

No  defau l t  va lue  i s  g i ven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   
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E.1 2.3  Category B  uncertain ties:  Wind  d i rection  – RSD  

E. 1 2.3. 1  Category B  uncertain ties:  Wind  d i rection  – RSD  – Veri fication  

This  uncertain ty component covers  the  uncertain ty re lated  to  the  veri fi cation  of the  wind  
d i rection  sensor.  

The  symbol  for th is  uncertain ty component i s  uWR,ver, i.  

No  defau l t  va lue  is  g i ven  bu t th is  uncertain ty component shal l  be  assessed  and  reported .   

E.1 2.3.2  Category B  uncertain ties:  Wind  d i rection  – RSD  – Monitoring  

This  uncertain ty component covers  the  uncerta in ty related  to  the  data  acqu is i tion  of the  s ignal  
from  the  wind  d i rection  mon i toring  by the  RSD device.  

The  symbol  for th is  uncertain ty component i s  uWR,mon, i.  

No  defau l t  va lue  i s  g i ven  bu t th is  uncerta in ty component shal l  be  assessed  and  reported .   

E.1 2.3.3  Category B  uncertain ties:  Wind  d i rection  – RSD  – Flow variation  

This  uncertain ty component covers  the  uncertain ty related  to  the  fl ow variation  in  d i fferent 
probe  volumes.  

The  symbol  for th is  uncertain ty component i s  uWR, fv, i   

No  defau l t  va lue  i s  g i ven  bu t th is  uncerta in ty component shal l  be  assessed  and  reported .   

E.1 2.3.4  Category B  uncertain ties:  Wind  d i rection  – RSD  – Al ignment  

Th is  uncertain ty componen t covers  the  uncertain ty re lated  to  accuracy of the  a l ignment of the  
RSD device.  

The  symbol  for th is  uncerta in ty component i s  uWR,al i gn , i.  

No  defau l t  va lue  i s  g i ven  bu t th is  uncertain ty component sha l l  be  assessed  and  reported .   

E.1 2.3.5  Category B  uncertain ties:  Wind  d i rection  – RSD  – Magnetic decl ination  ang le  

Th is  uncertain ty component covers  the  uncerta in ty related  to  the  correction  from  magnetic  
north  to  true  north .  

The  symbol  for th is  uncertain ty component i s  uWR,mda, i.  

No  defau l t  va lue  i s  g i ven  bu t th is  uncerta in ty component shal l  be  assessed  and  reported .   

E.1 2.3.6  Category B  uncertain ties:  Wind  d i rection  – RSD  – Data acqu isi tion  

Th is  uncerta in ty component covers  the  uncertain ty related  to  the  data  acqu is i tion  of the  s i gnal  
of the  RSD device.  

The  symbol  for th is  uncerta in ty component i s  udWR, i.  

No  defau l t  va lue  i s  g i ven  bu t th is  uncerta in ty component shal l  be  assessed  and  reported .   
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E.1 3  Combining  uncertainties  

E.1 3. 1  General  

I n  C lause  E. 1 3,  the  equations  and  further considerations  to  combine  uncertain ty componen ts  
to  an  aggregate  level  wi l l  be  presented  and  d iscussed .  An  example  is  the  calcu lation  of the  
s i te  cal ibration  uncertain ty based  on  the  uncerta in ty components  of the  s i te  cal ibration  
uncertain ty.   

E.1 3.2  Combin ing  Category B  uncertainties  in  e lectric  power (uP , i)  

The standard  uncertain ty of the  e lectric power for each  b in ,  uP , i,  i s  ca lcu lated  by combin ing  
the  standard  uncertain ties  from  the  power transducer,  the  curren t and  vol tage  transformers 
and  the  data  acqu is i ti on  system :  

 
uuuuu iiiii
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2
,PTP,

2
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2
,CTP,, +++=P  (E . 32)  

 
where   

uP , i    i s  the  uncertain ty on  the  power measurement;  

uP,CT , i    i s  the  uncertain ty re lated  to  the  curren t transformers;  

uP,VT , i   i s  the  uncertain ty re lated  to  the  vol tage  transformers;  

uP,PT , i    i s  the  uncertain ty re lated  to  the  power transducers ;  

udP , i    i s  the  uncertain ty re lated  to  the  data  acqu is i tion  of the  power s i gnal .  

Considering  the  defau l t magn i tudes  for these  uncerta in ty components  as  g iven  i n  Clause  E. 5  
the  standard  uncertain ty from  the  e lectric  power sensor for each  bin  i s :  
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E.1 3.3  Combin ing  uncertainties  in  the  wind  speed  measurement  (uV, i)  

The fo l lowing  uncertain ty components  are  combined  to  calcu late  the  category B  uncerta in ty 
for wind  speed ,  uV , i:  

 
iiii uuuu method,AD,

2
VT,

2
VHW,V, =

2++  (E . 34)  

 

where   

uVHW , i       i s  the  uncertain ty on  the  hardware  used  and  i s  one  of uVS , i,  uVR , i  or uREWS , I;  

uVT , i       i s  the  uncerta in ty re lated  to  the  fl ow d istortion  from  the  terrain ;  

uAD,method , i   i s  the  uncerta in ty re lated  to  the  a i r dens i ty correction .  

E.1 3.4  Combin ing  uncertainties  in  the  wind  speed  measurement from  cup  or son ic  
(uVS , i)  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncertain ty 
for wind  speed  measurements  from  cup  or son ic,  uVS , i:  

 
uuuuuuu iiiiiili
2
dVS,

2
lgt,VS,

2
mnt,VS,

2
class,VS,

2
postcal,VS,

2
,precaVS,VS, ++= +++  (E . 35)  

 
where   
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uVS,precal , i    i s  the  uncerta in ty re lated  to  the  cal ibration  of the  sensor before  the  start of the  
power performance test;  

uVS,postcal , i    i s  the  uncerta in ty re lated  to  the  cal ibration  of the  sensor during  or after the  
power performance test;  

uVS, class , i   i s  the  uncertain ty re lated  to  the  classi fication  of the  sensors ;  

uVS,mnt , i    i s  the  uncertain ty re lated  to  the  mounting  of the  sensors;  

uVS, l g t , i    i s  the  uncerta in ty re lated  to  the  fl ow d istortion  from  l i ghti ng  fi n ia l ;  

udVS , i   i s  the  uncertain ty re lated  to  the  data  acqu is i tion  of the  wind  speed  s ignal .  

E.1 3.5  Combin ing  uncertainties  in  the  wind  speed  measurement  from  RSD (uVR, i)  

The fol lowing  uncertain ty components  are  combined  to  calcu late  the  category B  uncerta in ty 
for wind  speed  measurements  from  an  RSD  device,  uVR , i:  

 
uuuuuuu iiiiiii
2

mon,VR,
2

flow,VR,
2

mnt,VR,
2

class,VR,
2

isc,VR,
2

ver,VR,VR, ++= +++  (E . 36)  

 

where   

uVR,ver, i    i s  the  uncerta in ty due  to  the  veri fication  test;  

uVR, i sc , i    i s  the  uncertain ty due  to  the  i n -s i tu  test;  

uVR,class , i   i s  the  uncerta in ty re lated  to  the  classi fication  of the  RSD;  

uVR,mnt , i    i s  the  uncertain ty re lated  to  the  mounting  of the  RSD;  

uVR, flow, i    i s  the  uncerta in ty related  to  the  fl ow variation  across  the  measurement volume 
of the  RSD;  

uVR,mon , i    i s  the  uncertain ty re lated  to  the  mon i toring  of the  RSD.  

E.1 3.6  Combin ing  uncertainties  in  the  wind  speed  measurement from  REWS uREWS , i  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncertainty 
for a  wind  speed  measurements  expressed  as  a  rotor equ ivalen t wind  speed ,  uREWS , i:  

 
uuu

iii
22

veer,REWS,shear,REWS,REWS,
+=  (E . 37)  

where   

uREWS , i    i s  the  uncertain ty of the  rotor equ ivalen t wind  speed  (REWS);  

uREWS,shear, i  i s  the  uncertain ty due  to  the  i n fl uence  on  REWS from  the  shear 
measurement across  the  rotor;  

uREWS,veer, i   i s  the  uncertain ty due  to  the  i n fl uence on  REWS from  the  veer measurement 
across  the  rotor.  

The  va lue  of uREWS , shear, i  i s  taken  from  one  of the  fo l l owing :  

– uveq , i  ( from  E . 1 3. 7) ,   

–  uveq , fi nal , i  ( from  E . 1 3 .8) ,   

– or determ ined  through  ufr,RSD, k , i  ( from  E. 1 3. 9) .  

The  value  of uREWS , veer, i  i s  taken  from  uveq , i  ( from  E. 1 3. 1 0).  

The  wind  speed  uncertain ty components  that are  i ncluded  i n  the  REWS uncertain ty are  based  
on  Equation  (5)  of 9 . 1 . 3 . 2  or Equation  (1 1 )  of section  9. 1 . 3 . 4 .  Equation  (6)  i n  9. 1 . 3. 2  (wh ich  
wou ld  a lso  i n fl uence Equation  (1 1 ))  impl ies  that there  i s  an  uncerta in ty componen t re lated  to  
establ ish ing  the  correct measurement height.  As  th is  i s  considered  to  be  i ns ign i ficant for a  
meteorolog ica l  mast measurement and  is  i ncl uded  i n  a  LIDAR cal i bration  as  per Annex L,  the  
on l y concern  i s  wi th  SODAR measurements  especia l l y for h i gher wind  speeds  when  'beam  
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bend ing '  may occur.  I n  case  th is  i s  experienced  during  a  measurement th i s  sha l l  be  i ncluded  
as  a  further uncertain ty component.  

E.1 3.7  Combin ing  uncertainties  in  the  wind  speed  measurement  for REWS for ei ther a  
meteorolog ical  mast sign ificantly above  hub height or an  RSD  with  a  l ower-
than-hub-height  meteorolog ical  mast  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncertain ty 
for wind  speed  measurements  from  an  RSD  device.  

The  rotor equ ivalen t wind  speed  shal l  be  considered  as  a  s i ng le  wind  speed  measurement.  
The  tota l  standard  uncertain ty of the  rotor equ iva len t wind  speed  i n  the  wind  speed  b in  i  can  
then  be  expressed  by:  

 

i,l,k

M

k
i,l,vi,k,v

M

l

i,v uuu ρ∑∑
= =

=
1 1

2
eqeqeq  (E . 38)  

 

where   

M i s  the  number of uncertain ty components  of veq ;  

i  i s  the  wind  speed  b in  referring  to  b in  averag ing  of power curve;  

i,k,vu eq
 i s  the  standard  uncerta in ty sub-component k  of veq  i n  wind  speed  bin  i;  

i,l,vu eq
 i s  the  standard  uncertain ty sub-component l  of veq  i n  wind  speed  b in  i;  

ρk, l, i  i s  the  correlation  coefficien t between  the  uncerta in ty component k he igh t m  and  n  i n  
wind  speed  b in  i.  

P lease  note  that the  sensi ti vi ty factors  are  expressl y not i ncl uded  here  as  they are  included  i n  
the  equation  below.  

The  uncertain ty components  of veq  i n  wind  speed  b in  i  sha l l  be  calcu lated  from  the  uncertain ty 
components  of the  wind  speed  measurements  i n  s i ng le  measurement heights  by the  method  
of error propagation :  

 

∑∑
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2
eq
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where  

L  i s  the  number of measurement heigh ts  across  the  rotor;  

ikvm
u ,,  i s  the  standard  uncertain ty sub-component k of wind  speed  measurement at  

height  m  i n  wind  speed  b in  i;  

ikvn
u ,,  i s  the  standard  uncertain ty sub-component k of wind  speed  measurement at  

he ight n  i n  wind  speed  b in  i;  

cm, i  i s  the  sens i ti vi ty factor of veq  on  wind  speed  at heigh t m  i n  wind  speed  b in  i;  

cn , i  i s  the  sensi ti vi ty factor of veq  on  wind  speed  at heigh t n  i n  wind  speed  b in  i;  

ρm, n , k, i  i s  the  correlation  coefficien t between  the  uncertain ty component k  he ight m  and  n  
i n  wind  speed  b in  i.  

The  sens i ti vi ty factors  cm, i  and  cn , i  are  gained  from  the  defin i ti on  of the  rotor equ iva lent wind  
speed  by error propagation  as:  
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where  

Am  i s  the  rotor segment attribu ted  to  wind  speed  measurement at he ight m  accord ing  to  
Equation  (6)  i n  9 . 1 . 3. 2 ;  

A  i s  the  rotor swept area;  

vm, i  i s  the  wind  speed  at  he ight  m  i n  wind  speed  b in  i;  

veq , i  i s  the  equ iva len t wind  speed  i n  b i n  i.  

For the  appl ication  of Equation  (E. 40),  the  wind  speed  measured  at the  d i fferent measurement 
he ights  vm, i  shal l  be  bi n  averaged  as  function  of the  wind  speed  fi nal l y appl ied  for the  power 
curve  evaluation  (a i r densi ty normal ised  and  wind  shear corrected  wind  speed).  

Equation  (E. 39)  i n  combination  wi th  Equation  (E. 40)  s impl i fies  i f e i ther fu l l  corre lation  or no  
correlation  between  the  uncertain ty components  at d i fferent measurement heights  is  
assumed .  The  correlation  coefficients  suggested  i n  Table  E .7  shou ld  be  appl ied  for the  
ca lcu lation  of the  uncerta in ties  of veq .  Lower corre lation  coefficien ts  shal l  be  used  on l y i f they 
are  evident.  
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Table  E.7  – Suggested  assumptions  for correlations  of measurement  
uncertainties  between  d i fferent  measurement heights 26  

Component  
Correlation  coeffici ent of 

uncertain ties  between  d i fferent 
measurement heights  

Explanation  

Wind  shear measurement by cup  anemometers  

Wind  tunnel  cal i brati on  1  

Cal i brati on  i n  same wi nd  tu nne l  
i s  requ i red ;  h i gh  corre lation  of 
uncertain ti es  of cal i brations  of 
d i fferent  cup  anemometers  

Cup  anemometer cl assi fi cation  1  
Anemometers  at  d i fferent  
heigh ts  measure  u nder very 
s im i l ar cl imati c  cond i ti ons  

Cup  anemometer mounti ng  1 ,  0  

1 ,  i f boom  mounted  and  same  
boom  confi gu rati on ;  0 ,  i f one  
anemometer top  mounted  and  
the  other boom  mounted  

Data  acqu is i ti on  system  0  D i fferen t i npu t  channels  appl i ed  

S i te  effects  due  to  d i s tance  between  
the  reference meteorol og ical  mast 
and  the  test  wind  tu rbine  

1  

As  a  fi rst  approximation ,  the  s i te  
effects  may be  assumed  to  be  
i den ti ca l  for the  rotor hei ght  
range.  

Uncertain ty due  to  l im i ted  number of 
measurements  over rotor hei gh t  
range  

1  

To  a  fi rst  approximation ,  th i s  
uncertain ty i s  fu l l y correl ated  
between  the  measurement  
heigh ts  

Wind  shear measurement by remote  sensing  device  

Veri fi cation  test  1  

Normal l y,  very s im i l ar cond i ti ons  
of reference  sensors  at  d i fferen t 
heigh ts  present.  Sens i ti vi ty of 
accuracy of remote  sensi ng  
devi ce  on  measu rement  hei gh t  
may be  i gnored .  

Sens i ti vi ty anal ys i s  /  cl assi fi cation  1  

Classi fi cation  performed  under 
very s im i l ar cond i ti ons  at  
d i fferent  heights.  Dependency of 
sens i ti vi ty of remote  sens ing  
devi ce  on  envi ronmental  
cond i ti ons  on  measurement  
heigh t  may be  i gnored .  

Uncertain ty resu l ti ng  from  control  wi th  
meteorolog ical  mast  

1  
Same uncertai n ty assumed  for 
a l l  he igh ts  

Uncertain ty due  to  fl ow vari ati on  i n  
d i fferen t probe  volumes  at  same  
height  

1  

Normal l y,  qu i te  s im i l ar effect  
expected  at  d i fferent  
measurement hei gh ts .  
Sensi ti vi ty of error on  
measurement hei ght  may be  
i gnored .  

Mounti ng  1  
S im i l ar effect  of system  
mounti ng  i n  d i fferen t 
measurement hei gh ts  

S i te  effects  due  to  d i s tance  between  
the  measurement  and  the  test  wind  
tu rbi ne  

1  

As  a  fi rst  approximation ,  the  s i te  
effects  may be  assumed  to  be  
i den ti ca l  for the  rotor hei ght  
range.  

Uncertain ty due  to  l im i ted  number of 
measurements  over rotor hei gh t  
range  

1  

To  a  fi rst  approximation ,  th i s  
uncertain ty i s  fu l l y correl ated  
between  the  measurement  
heigh ts  

 

___________ 

26  An  add i ti ona l  uncertain ty of the  determ ination  of the  wi nd  speed  resu l ts  from  the  a i r densi ty normal i sation .  
Th i s  component i s  produced  after the  rotor averag ing  of wind  speeds  and  must be  added  for the  fi nal  
eva luati on  of wind  speed  u ncertain ti es .  
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NOTE  I f one  assumes  that  for a l l  components  the  correl ation  coeffi cien t  i s  equal  to  1  and  a l l  components  for each  
height  i s  the  same,  th i s  procedure  s impl i fi es  to  the  exten t  that  the  uncertai n ty calcu l ation  can  be  done  as  described  
i n  Clause  E . 6  us ing  veq , i  i nstead  of vi.  For fi xed  val ues  (such  as  the  cal i brati on ),  th i s  val ue  can  be  used  for veqveq , i.   

E.1 3.8  Combin ing  uncertainties  in  the  wind  speed  measurement  for REWS for a  hub  
height meteorolog ical  mast +  RSD for shear using  an  absolute  wind  speed  

The uncertain ty of the  wind  speed  measurement at hub  he igh t by means  of a  cup  or son ic 
anemometer and  the  uncerta in ty of the  wind  shear measurement by the  remote  sens ing  
device  can  be  cons idered  as  be ing  i ndependent from  each  other.  Error propagation  on  
Equation  (1 1 )  of 9 . 1 . 3. 4  l eads  then  to  the  fol l owing  equation  for the  uncertain ty of the  fi nal  
rotor equ ivalen t wind  speed :  

 22222
final,eq i,fi,hi,vi,X,ri,v X,rh

uvufu +=  (E . 41 )  

 

where    

i,vu final,eq
 i s  the  standard  uncerta in ty of fi na l  rotor equ ivalen t wind  speed  in  b in  i;  

fr, X, i  i s  the  wind  shear correction  factor i n  wind  speed  b in  i;  

vh , i  i s  the  wind  speed  measured  at  hub  he ight in  b i n  i  by cup  or son ic anemometer 

ivh
u ,  i s  the  standard  uncertain ty of vh , i  i n  wind  speed  bin  i;  

if Xr
u ,,  i s  the  standard  uncertain ty of fr, X, i  i n  wind  speed  b in  i.  

The  uncertain ty of the  wi nd  shear correction  factor i s  (error propagation  on  Equation  (9)  and  
(1 0)  of 9 . 1 . 3. 3):  
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where    

vh , X, i  i s  the  wind  speed  measured  by remote  sens ing  device  i n  b in  i;  

iv Xh
u ,,  i s  the  standard  uncertain ty of vh , X, i;  

veq , X, i  i s  the  rotor equ ivalent wind  speed  as  measured  wi th  the  remote  
sens ing  device  i n  b in  i;  

i,v X,
u
eq

 i s  the  standard  uncerta in ty of veq , X, i  i n  b in  i;  

i,u,u
X,hvveq

ρ  i s  the  correlation  coefficien t between  uncertain ty components  i,v X,
u
eq

 

and  iv Xh
u ,,  i n  b in  i.  

Considering  that veq , X, i  and  vh , X, i  both  have  the  same types  of uncertain ty sub  components  as  
g i ven  in  Table  E .7  and  assum ing  that these  sub  componen ts  are  independent from  each  
other,  Equation  (E. 42)  i s  equal  to:  
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where    

i,k,v X,
u
eq

 i s  the  standard  uncerta in ty component k  of rotor equ iva lent wind  speed  as  

measured  wi th  the  remote  sensing  device  in  b i n  i,  to  be  anal ysed  accord ing  to  
Equation  (E . 39) ;  

ikv Xh
u ,,,  i s  the  standard  uncertain ty component k of hub  heigh t wind  speed  as  measured  

wi th  the  remote  sensing  device  i n  b in  i;  

i,k,u,u
X,hvX,veq

ρ  i s  the  correlation  coefficien t between  standard  uncertain ty componen ts  

i,k,v X,
u
eq

 and  ikv Xh
u ,,,  i n  b in  i;  

M i s  the  number of uncertain ty components  of veq , X and  vh , X.  

For the  appl ication  of Equation  (E .43) ,  vh , X, i  and  veq , X, i  are  gained  from  b in  averag ing  the  rotor 
equ ivalent wind  speed  and  the  hub  height wind  speed  measured  by the  remote  sens ing  device  
as  function  of the  wind  speed  fi nal l y appl i ed  for the  power curve  evaluation  (a i r dens i ty and  
wind  shear normal ised  wind  speed) .  The  correlation  coefficien ts  between  the  standard  
uncerta in ty components  of the  rotor equ iva len t wind  speed  and  the  hub  heigh t wind  speed  
measured  by the  remote  sensing  device  i,k,u,u

X,hvX,veq
ρ  sha l l  be  estimated  from  the  resu l ts  of 

the  veri fication  test and  sens i ti vi ty test/classi fication  of the  remote  sens ing  device.  I n  some 
cases,  the  assumption  of corre lation  coefficien ts  close  to  1  can  be  j usti fi able.  

Equation  (E . 43)  i n  combination  wi th  Equation  (E .41 )  and  Equation  (E . 39)  al l ows  evaluating  a l l  
standard  uncertain ty components  of the  final  rotor equ ivalen t wind  speed .  These  sub  
components  shal l  be  implemented  i n  Equations  (E . 3)  and  (E. 4) .  

Accord ing  to  Equation  (E .41 ),  the  tota l  uncertain ty of the  fi nal  rotor equ ivalent wind  speed  is  
l arger than  the  uncerta in ty of the  wind  speed  measured  at hub  height by the  cup  or son ic  
anemometer (at least  as  soon  as  the  wind  shear correction  factor exceeds  1 ) .  The  uncertain ty 
is  i ncreased  due  to  the  uncertain ty of the  wi nd  shear correction  factor.  Accord ing  to  
Equation  (E . 43) ,  th is  add i ti onal  uncertain ty van ishes  i f the  uncertain ties  of the  rotor equ ivalen t 
wind  speed  and  the  wind  speed  measured  at  hub  height by the  remote  sens ing  device  are  
fu l l y correlated  )1(

eq
=i,k,u,u

X,hvX,v
ρ and  i f the  rotor equ iva len t wind  speed  is  equal  to  the  wind  

speed  at  hub  height  measured  by the  remote  sens ing  device.
 
 

NOTE  Assum ing  a l l  correl ati on  coeffi ci en ts  are  equal  to  1  and  i,k,v X,
u
eq  

i s  equal  to  i,k,v X,h
u  (see  E . 1 3. 7)  the  

equation  for 2
i,f X,r

u  s impl i fi es  as  fol l ows:   
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where  

vh , X, i  i s  the  wind  speed  measured  by remote  sens ing  device  i n  b in  i;  

uvh , X, k, i  i s  the  standard  uncertain ty of component k  of e i ther vh , X, i  or veq , X, i ;  

veq , X, i  i s  the  rotor equ ivalen t wind  speed  as  measured  wi th  the  remote  sens ing  device  i n   
b in  i.  

E.1 3.9  Combin ing  uncertainties  in  the  wind  speed  measurement for REWS for a  hub  
height meteorological  mast and  RSD for shear using  a  relative wind  speed  

A sens i ti vi ty anal ys is  and  veri fication  test of the  remote  sensing  device  for wind  shear 
measurements  i nstead  of for absolu te  wind  speed  measurements  may be  avai lable.  Th is  
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means  that the  accuracy of the  remote  sens ing  device  i n  terms  of wind  shear measurements  
is  veri fi ed  by the  veri fication  test,  and  that the  sens i ti vi ty of the  wind  shear measurement on  
envi ronmental  variables  i s  tested  for the  classi fication  of the  remote  sens ing  device.  I f such  a  
sens i ti vi ty anal ys is  and  veri fication  test of the  remote  sensing  device  i s  present,  i t  i s  usefu l  for 
the  evaluation  of uncerta in ties  to  i n troduce  a  re lative  wind  speed  measurement as  performed  
by the  remote  sens ing  device:  

 

RSD

RSD
RSD
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v
v =  (E . 45)  

 

where  

vr,RSD , m  i s  the  re lative  wind  speed  measured  by remote  sens ing  device  at m  - th  heigh t re lati ve 
to  hub  height wind  speed  measured  by remote  sensing  device;  

vh ,RSD  i s  the  wind  speed  measured  by remote  sens ing  device  at  hub  height;  

vm,RSD  i s  the  wind  speed  measured  by remote  sensing  device  at  m- th  he ight.  

The  wind  shear correction  factor as  defined  i n  Equation  (9)  in  9 . 1 . 3. 3  can  then  be  rewri tten  as  
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where  

Am  i s  the  rotor segment attribu ted  to  wind  speed  measurement at m- th  he ight accord ing  to  
Equation  (5)  i n  9 . 1 . 3. 2 ;  

A  i s  the  rotor swept area;  

L  i s  the  number of measurement he igh ts  i n  the  height  area  of the  rotor.  

Equation  (E . 41 )  can  then  be  appl ied  for assess ing  the  uncertain ty of the  fi na l  rotor equ ivalen t 
wind  speed  wi th  the  uncerta in ty components  of the  wind  shear correction  factor i n  wind  speed  
b in  i  g a ined  from :  
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where  

L  i s  the  number of measurement heigh ts  i n  the  height area  of the  rotor;  

i,k,m,v ,r
u

RSD
 i s  the  standard  uncertain ty component k of re lative  wind  speed  measurement at m-

th  heigh t i n  wind  speed  b in  i;  

i,k,n,v ,r
u

RSD
 i s  the  s tandard  uncertain ty component k of re lative  wind  speed  measurement at  n-

th  heigh t i n  wind  speed  b in  i;  

i,m,v ,r
c

RSD
 i s  the  sensi ti vi ty factor of fr,RSD  on  re lati ve  wind  speed  at m -th  heigh t i n  wind  

speed  b in  i;  

i,n,v ,r
c

RSD
 i s  the  sensi ti vi ty factor of fr,RSD  on  re lati ve  wind  speed  at n -th  height i n  wind  

speed  b in  i.  

The  sens i ti vi ty factors  i,m,v ,r
c

RSD
 and  i,n,v ,r

c
RSD

 are:  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 1 41  – 

 2

RSD

RSD

RSD

RSD
RSD 










=

∂

∂
=

i,,r

i,m,,rm

i,m,,r

i,,r
i,m,v

f

v

A

A

v

f
c

,r
 (E . 48)  

 

The same uncerta in ty componen ts  as  g iven  i n  Table  E. 7  shal l  be  appl ied ,  bu t i n  terms  of the  
remote  sens ing  device  re lati ve  wind  speed  measurements  rather than  i n  terms  of absolu te  
wind  speed  measurements .  I n  add i ti on ,  the  same correlation  coeffi cients  of uncertain ty 
components  between  two measurement heights  as  shown  i n  Table  E . 7  shal l  be  assumed  for 
the  re lati ve  wind  speed  measurements ,  u n less  evidence exists  that other va lues  are  present.  

The  wind  speed  measured  at hub  height  by the  cup  or son ic anemometer vh ,  the  wind  shear 
correction  factor fr,RSD  and  the  re lative  wind  speeds  vr,RSD  measured  by the  remote  sens ing  
device  shal l  be  b in  averaged  against the  fi nal  wind  speed  appl ied  for the  power curve  
evaluation  for the  appl ication  of Equations  (E . 41 ) ,  (E .47)  and  (E . 48)  (wi nd  shear corrected  
and  a i r dens i ty normal ised  wind  speed) .  

E.1 3. 1 0  Combin ing  uncertainties  in  the  wind  speed  measurement from  REWS due  to  
wind  veer across  the  whole  rotor uREWS,veer, i  

The rotor equ iva lent wind  speed  (taking  consideration  wind  veer accord ing  to  Annex Q)  i s  
dependent on  wind  speeds  and  wind  d i rections  across  the  rotor he ight range.  Often ,  the  
uncertain ties  of wind  d i rection  and  wind  speed  measurements  can  be  cons idered  as  being  
i ndependent from  each  other.  Then  Equation  (E. 38)  i n  E . 1 3 .7  transforms  to:  
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where  

M i s  the  number of uncertain ty sub-components  of veq  re l ated  to  wind  speed  
measurements ;  

i  i s  the  wind  speed  b in  referring  to  b in  averag ing  of power curve;  

i,k,vu eq
 i s  the  standard  uncertain ty sub-component k of veq  rel ated  to  wind  speed  

measurements  i n  wind  speed  b in  i;  

N i s  the  number of uncerta in ty sub-components  of veq  re lated  to  wind  d i rection  
measurements ;  

i,l,vu eq
 i s  the  standard  uncertain ty sub-component l  of veq  re l ated  to  wind  d i rection  

measurements  i n  wind  speed  b in  i .  

The  left  term  i n  th is  equation  covers  a l l  wind  speed  measurement uncerta in ties  of the  rotor 
equ ivalent wind  speed  and  shal l  be  treated  accord ing  to  C lause E .8 ,  wh i l e  the  sens i ti vi ty 
factors  g i ven  i n  Equations  (E. 39)  and  (E. 49)  sha l l  be  mu l ti p l i ed  by the  th i rd  power of cos(φm) ,  
where  m  i s  the  wind  d i rection  d i fference  to  hub  he ight at the  m th  measurement he igh t.  Th is  
factor shal l  a lso  be  i n troduced  i n  Equation  (E. 46)  for the  defin i tion  of the  wind  shear 
correction  factor.  

The  righ t term  in  th is  Equation  (E. 49)  covers  a l l  wind  d i rection  measurement uncerta in ties  of 
the  rotor equ ivalen t wind  speed .  As  is  expla ined  in  E . 8. 1 ,  a  d i fficu l ty i n  assessing  th is  
uncertain ty is  re lated  to  the  fact that the  uncertain ties  of the  wind  d i rection  measurements  at 
the  d i fferen t heigh t l evels  are  correlated  wi th  each  other.  S im i lar to  Equation  (E. 39),  the  sub  
wind  d i rection  uncerta in ty componen ts  of veq  i n  wind  speed  bin  i  shal l  be  ca lcu lated  from  the  
uncertain ty components  of the  wind  d i rection  measurements  i n  s ing le  measurement he igh ts  
by the  method  of error propagation :  
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where  

L  i s  the  number of measurement heigh ts  i n  the  he ight area  of the  rotor;  

ilvm
u ,,  i s  the  standard  uncertain ty sub-component l of wind  d i rection  measurement at m-th  

height  re lati ve  to  hub  heigh t i n  wind  speed  b in  i;  

ilvn
u ,,  i s  the  standard  uncertain ty sub-component l  of wind  d i rection  measurement at n -th  

height  re lati ve  to  hub  heigh t i n  wind  speed  b in  i;  

cm, i  i s  the  sens i ti vi ty factor of veq  on  wind  d i rection  at height m  re lative  to  hub  height i n  
wind  speed  b in  i;  

cn , i  i s  the  sens i ti vi ty factor of veq  on  wind  d i rection  at he ight n  re lati ve  to  hub  heigh t i n  
wind  speed  b in  i;  

ρm, n , l, i  i s  the  corre lation  coefficien t between  standard  uncertain ty component l  of wind  
d i rection  measurement at heigh t m  and  he igh t n  re lati ve  to  hub  he igh t i n  wind  speed  
b in  i  (wind  speed  b in  referring  to  the  power curve) .  

The  sens i ti vi ty factors  cm, i  and  cn , i  are  gained  from  the  defin i ti on  of the  rotor equ iva lent wind  
speed  by consideration  of wind  veer by error propagation  as:  
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where  

Am  i s  the  rotor segment attributed  to  wind  speed  measurement at m- th  height 
accord ing  to  Equation  (5)  i n  9 . 1 . 3. 2;  

A  i s  the  rotor swept area;  

φm, i  i s  the  wind  d i rection  at m-th  height re lati ve  to  wind  d i rection  at hub  he igh t i n  wind  
speed  b in  i;  

vm, i  i s  the  wind  speed  at  he ight m  i n  wind  speed  b in  i;  

veq , i  i s  the  equ iva len t wind  speed  i n  b i n  i.  

For the  appl ication  of Equation  (E. 40) ,  the  re lati ve  wind  d i rections  Φm, i  and  wind  speeds  vm, i  
measured  at the  d i fferent measurement he igh ts  shal l  be  b i n  averaged  as  function  of the  wind  
speed  final l y appl ied  for the  power curve  evaluation  (a i r dens i ty normal ised ,  wind  shear and  
wind  veer corrected  wind  speed).  

Equation  (E . 50)  i n  combination  wi th  Equation  (E .51 )  s impl i fies  i f fu l l  correlation ,  no  corre lation  
or anti -corre lation  between  the  uncertain ty components  at d i fferen t measurement heigh ts  i s  
assumed .  The  correlation  coefficients  suggested  i n  Table  E . 8  shal l  be  appl i ed  for the  
calcu lation  of the  uncerta in ties  in  terms  of wind  d i rection  of veq .  Lower correlation  coefficients  
shal l  be  used  on l y i f they are  evident  and  re levant  data  i s  reported .  
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Table  E.8  – Suggested  correlation  assumptions  for relative  wind  d i rection  measurement 
uncertainties  at  d i fferent measurement heights  

Component  

Correlation  coeffici ent of 
uncertain ti es  between  
d i fferen t measurement 

heights  

Explanation  

Relative  wind  d i rection  measurement by vanes  or son ic anemometers  

Wind  tunnel  cal i brati on  of vanes  used  
at  hei ght  m ,  n  and  hub  he igh t  0 , 5  

The  u ncerta in ty of the  cal i brati on  of s i ng le  
vanes  i s  bas ical l y correl ated .  Bu t  as  the  
wind  d i rection  d i fferences  re lat i ve  to  hub  
height  at  he ights  m  and  n  i ncl ude  the  
d i rection  measurement  at  hub  height,  a  
correlati on  coeffi cien t  of 0 , 5  i s  suggested .  

I n fl uence  of met mast  on  wind  
d i rection  measurements  at  hei ghts  
m , n  and  hub  heigh t  

0 , 5;  1  

I f the  vanes  at  the  two  hei gh ts  m  and  n  are  
mounted  i n  the  same wat  re lati ve  to  the  
same mast  structure,  the  uncertain ti es  are  
fu l l y correlated  across  the  two  heights  m  
and  n .  However,  the  uncertain ty i tsel f gets  
0  i f the  vane  at  hub  he igh t  i s  a l so  
i n fl uenced  i n  the  same way by the  met  
mast.  I f the  vanes  at  the  two  heights  m  and  
n  are  mounted  d i fferen t rel ati ve  to  the  mast 
structure,  or i f the  mast structure  d i ffers  
much  at  two  heights  m  and  n ,  the  
uncertain ti es  and  these  two hei gh ts  can  be  
consi dered  as  bei ng  u ncorrel ated .  Bu t  as  
the  wi nd  d i recti on  d i fference  re lati ve  to  hub  
height  at  the  two  heights  m  and  n  i ncl udes  
the  d i rection  measurement  at  hub  heigh t,  a  
correlati on  coeffi cien t  of 0 , 5  i s  suggested  
for th i s  case.  

North ing  of wi nd  d i recti on  
measurement at  hei ght  m ,  n  and  hub  
heigh t  

0 , 5  

The  u ncerta in ty of the  north ing  of s i ng le  
vanes  i s  bas ical l y uncorrel ated .  Bu t  as  the  
wind  d i rection  re l ati ve  to  h ub  heigh t  at  the  
two  he igh ts  m  and  n  i ncl udes  the  d i rection  
measurement  at  hub  hei gh t,  a  correlati on  
coeffi cien t  of 0 , 5  i s  suggested .   

Data  acqu is i ti on  system  (DAS)  used  
to  mon i tor the  vanes  at  heigh t  m , n  and  
hub  height  

0 , 5  

The  u ncerta in ty of the  DAS  channels  of 
s i ng le  vanes  i s  often  basical l y 
uncorre lated .  Bu t  as  the  wi nd  d i rection  
d i fferences  relati ve  to  hub  hei gh t  at  the  two  
heights  m  and  n  i ncl ude  the  d i rection  
measurement at  hub  hei ght,  a  correlati on  
coeffi cien t  of 0 , 5  i s  suggested .  

Relative  wind  d i rection  measurement by remote  sensing  device  

Wind  tunnel  cal i brati on  of reference  
vanes  used  for veri fi cation  tests  at  
heights  m ,  n  and  hub  height  

0 , 5;  1  These  u ncertain ti es  of the  reference  
measurement  of the  veri fi cation  tests  are  
basical l y uncorrelated  at  two  heights  m  and  
n .  Bu t  as  the  wi nd  d i rection  d i fferences  
re l ati ve  to  hub  he ight  at  the  two hei ghts  m  
and  n  i ncl ude  the  d i rection  measurement at  
hub  heigh t,  a  correl ation  coeffi cien t  of 0 , 5  
i s  suggested .  An  exception  i s  the  case  of 
us i ng  the  same veri fi cation  test  at  two  
height  m  and  n  (e. g .  i f the  mast used  for the  
veri fi cation  test  does  not  cover the  en ti re  
range  of the  rotor).  Then  the  u ncertai n ti es  
are  fu l l y correlated  across  the  two  heights  
m  and  n .  However,  the  uncertai n ty i tsel f 
gets  0  i f the  same veri fi cation  i s  a l so  
appl i ed  for h ub  heigh t.  

North ing  of reference  vanes  used  for 
veri fi cation  tests  at  heights  m ,  n  and  
hub  height  

0 , 5;  1  

Data  acqu is i ti on  system  (DAS)  used  
to  mon i tor reference  vanes  app l i ed  for 
veri fi cation  tests  at  heigh ts  m ,  n  and  
hub  height  

0 , 5;  1  

Mean  deviation  of RSD measurement  
and  reference  measurement d uri ng  
veri fi cation  tests  at  heigh ts  m ,  n  and  
hub  height  

0 , 5;  1  

S tati sti cal  uncertain ty of veri fi cation  
tests  at  height  m ,  n   and  hub  heigh t  0 , 5;  1  

Uncertain ty of veri fi cation  tests  at  
height  m ,  n  and  hub  hei ght  d ue  to  a  
possib le  m isal i gnment  of the  RSD  

1  

The  u ncerta in ty i s  fu l l y correlated  across  
the  he igh ts  m  and  n .  However,  the  
respecti ve  u ncertain ty i s  zero  for a l l  
heigh ts  m  and  n  as  the  m isal i gnment  error 
cancels  ou t  when  evaluati ng  the  d i fference  
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Component  

Correlation  coeffici ent of 
uncertain ti es  between  
d i fferen t measurement 

heights  

Explanation  

of the  wi nd  d i recti on  at  heigh t  m  and  n  
re l ati ve  to  hub  he igh t.  

Uncertain ty of veri fi cation  tests  at  
height  m ,  n  and  hub  hei ght  caused  by 
the  assumption  of equa l  wind  
cond i ti ons  across  the  probe  vol umes  
of the  RSD.  

1  

These  uncertain ti es  are  h i gh ly correlated  
across  the  heights  m  and  n .  However,  the  
respecti ve  u ncertain ti es  are  cl ose  to  zero  
as  the  i n fl uence  on  the  wind  d i rection  
measurement  at  hei ght  m  (or n )  and  hub  
height  cancels  ou t  when  eva luati ng  the  
d i fference  of the  wi nd  d i recti ons.  

Uncertain ty of veri fi cation  tests  at  
height  m ,  n  and  hub  he ight  d ue  to  a  
possib le  separation  of the  centre  of 
the  measurement  vol ume of the  RSD 
and  the  posi ti on  of the  reference  mast 

1  

Uncertain ty due  to  sensi ti vi ty of RSD  
measurements  and  envi ronmental  
variables.  

1  

Possib le  m isal i gnment  of the  RSD  at  
the  power cu rve  test  

1  

Th i s  uncertain ti es  i s  fu l l y  corre lated  across  
the  he igh ts  m  and  n .  However,  the  
respecti ve  u ncertain ti es  i s  zero  for a l l  
he ights  m  and  n  as  the  i n fl uence  on  the  
wind  d i rection  measurement  at  height  m  (or 
n )  and  hub  hei gh t  cancels  ou t  when  
eva luati ng  the  d i fference  of the  wi nd  
d i rections.  

Assumption  of equal  wind  cond i ti ons  
across  the  probe  volumes  of the  RSD 
at  hei ghts  m ,  n  and  hub  hei ght  

1  

Th i s  uncertain ti es  i s  h i gh ly correl ated  
across  the  heights  m  and  n .  However,  the  
respecti ve  u ncertain ti es  are  cl ose  to  zero  
as  the  i n fl uence  on  the  wind  d i rection  
measurement at  hei gh t  m  (or n )  and  hub  
height  cancels  ou t  when  eva luati ng  the  
d i fference  of the  wi nd  d i recti ons.  

Mon i tori ng  wi nd  wi th  a  met mas  at  the  
power cu rve  test  

0 , 5;  1  

I f the  mon i tori ng  met  mast covers  the  two  
heigh ts  m  and  n  wi th  d i fferen t vanes,  the  
uncertain ti es  of the  mon i tori ng  are  
basical l y uncorrelated  at  two  heights  m  and  
n .  Bu t  as  the  wi nd  d i rection  d i fferences  
rel ati ve  to  hub  he ight  at  the  two hei ghts  m  
and  n  i ncl ude  the  d i rection  measurement  at  
hub  heigh t,  a  correl ation  coeffi cien t  of 0 , 5  
i s  suggested  i n  th i s  case.  I f the  mon i tori ng  
mast provides  on l y one  measurement 
height  that  can  be  used  to  check the  RSD  
measurement  at  the  heigh ts  m  and  n ,  the  
uncertain ty i s  fu l l y correl ated  across  the  
heights  m  and  n .  However,  th e  respecti ve  
uncertain ty i s  then  cl ose  to  zero  for a l l  
hei gh ts  m  and  n  as  the  uncertai n ty cance ls  
ou t  when  evaluati ng  the  d i fference  of the  
wind  d i rection  at  hei gh t  m  (or n )  and  hub  
heigh t.  

 

E.1 3. 1 1  Combin ing  uncertainties  in  the  wind  speed  measurement  from  flow d istortion  
due  to  s i te  cal ibration  uVT , i  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncertain ty 
for a  s i te  ca l ibration ,  uVT , i:  

VT
22

dVT,
2

sv,VT,
2

rmv,VT,
2
VT,coc,

2
lgt,VT,

2
mnt,VT,

2
VT,class,

2
postcal,VT,

2
precal,VT,VT, +++++++= suuuuuuuuuu jijijijijijijijijiji ++

,,,,,,,,,, (E. 52)  

where   

uVT , i , j    i s  the  uncerta in ty from  the  s i te  cal ibration ;  
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uVT, precal , i , j    i s  the  uncertain ty re lated  to  the  cal i bration  of the  anemometers ;  

uVT, postcal , i , j    i s  the  uncertain ty re lated  to  the  post cal ibration  or in -s i tu  ca l i bration  of the  
anemometers ;  

uVT, class , i , j   i s  the  uncerta in ty re lated  to  the  classi fication  of the  sensors ;  

uVT,mnt , i , j    i s  the  uncertain ty re lated  to  the  mounting  of the  sensors;  

uVT, l g t , i , j    i s  the  uncerta in ty due  to  a  poss ible  l igh tn ing  fi n ia l  on  a  top  mounted  
anemometer;  

uVT, coc , i , j    i s  the  uncertain ty re lated  to  the  change  of correction  value  between  b ins ;  

uVT, rmv , i , j    i s  the  uncerta in ty re lated  to  the  removal  of the  wind  d i rection  sensor between  
s i te  ca l i bration  and  power performance  test;  

uVT, sv , i , j    i s  the  uncerta in ty re lated  to  the  seasonal  variation  between  s i te  cal i bration  and  
power performance test;  

udVT , i , j   i s  the  uncertain ty re lated  to  the  data  acqu is i ti on  of the  wind  speed  s ignal ;  

sVT  i s  the  category A standard  uncertain ty of the  s i te  cal i bration ,  see  C. 6. 1 .  

To  obtain  the  uncerta in ty i n  one  wind  speed  b in  across  a l l  the  d i rectional  sectors  the  weighted  
average  shal l  be  used :  
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where  Ni, j  i s  number of power curve  data  sets  for wind  speed  b in  i  and  wind  d i rection  b i n  j.  

E.1 3. 1 2  Combin ing  uncertainties  for the  temperature measurement uT , i  

The fo l l owing  uncertain ty components  are  combined  to  calcu late  the  category B  uncertain ty 
for temperature,  uT , i:  

 
uuuuu iiiii
2
dT,

2
mnt,T,

2
shield,T,

2
cal,T,T, ++= +  (E . 54)  

 

where   

uT , i    i s  the  uncertain ty of the  temperature  measurement;  

uT, cal , i    i s  the  uncertain ty re lated  to  the  cal ibration  of the  temperature  sensor;  

uT, sh iel d , i    i s  the  uncerta in ty re lated  to  the  sh ie l d ing  of the  temperature  sensor;  

uT,mnt , i   i s  the  uncertain ty re lated  to  the  mounting  of the  temperature  sensor;  

udT , i    i s  the  uncertain ty re lated  to  the  data  acqu is i tion  of the  temperature  s ignal .  

I f we make the  fo l lowing  assumptions:  

•  The  s tandard  uncerta in ty of the  temperature  sensor is  0 , 5  °C.  

•  The  sh ie ld ing  of the  temperature  sensor is  2  °C.   

•  The  standard  uncertain ty due  to  moun ting  effects  of the  temperature  sensor i s  dependent 
on  the  vertical  d is tance  from  the  hub  height.  Wi th  the  temperature  sensor mounted  wi th in  
1 0  m  of hub  height a  standard  uncertain ty of 1 /3  °C  i s  assumed.   

•  Cons idering  a  temperature  range  of 40  °C  of the  measurement channel  and  a  standard  
uncertain ty of the  data  acqu is i tion  system  of 0 , 1  %  of th is  range.  

Then  the  numerical  ca lcu lation  for the  s tandard  uncertain ty of the  a i r temperature  in  each  bin  
i s :  
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 K12K)40%10(K)30(K)02(K)50(= 2222
T, ,,,,, =⋅+++u i  (E . 55)  

 

E.1 3. 1 3  Combin ing  uncertainties  for the  pressure measurement uB , i  

The fol lowing  uncertain ty components  are  combined  to  calcu late  the  category B  uncerta in ty 
for pressure,  uB , i:  

 
uuuu iiii
2
dB,

2
mnt,B,

2
cal,B,B, += +  (E . 56)  

 

where   

uB , i    i s  the  uncertain ty of the  pressure  measurement;  

uB, cal , i    i s  the  uncertain ty re lated  to  the  cal i bration  of the  pressure  sensor;  

uB,mnt , i   i s  the  uncertain ty re lated  to  the  mounting  of the  pressure  sensor;  

udB , i    i s  the  uncertain ty re lated  to  the  data  acqu is i ti on  of the  pressure  s ignal .  

I f we make the  fo l lowing  assumptions:  

•  The  pressure  sensor to  have  a  s tandard  uncerta in ty of 3 , 0  hPa.  I t  i s  assumed  that  the  
pressure  i s  corrected  to  the  hub  height  accord ing  to  I SO  2533  (wh ich ,  for a  s tandard  
atmosphere  and  a  heigh t d i fference of 98  m  between  the  sensor and  the  hub,  i s  1 1 , 7  hPa) .  
The  standard  uncerta in ty due  to  deployment i s  estimated  to  be  1 0  %  of the  correction ,  
wh ich  is  1 , 1 7  hPa.   

•  Considering  a  pressure  range  of 1 00  hPa of the  measurement channel  and  a  standard  
uncertain ty of the  data  acqu is i tion  system  of 0 , 1  %  of th is  range.  

Then  the  numerical  calcu lation  for the  standard  uncertain ty of the  a i r pressure  i s:  

 
hPa23hPa)1 00%10(hPa)1 71(hPa)03(= 222

B, ,,,, =⋅++u i  (E . 57)  

 

E.1 3. 1 4 Combin ing  uncertainties  for the  humidi ty measurement uRH , i  

The fo l l owing  uncertain ty components  are  combined  to  calcu late  the  category B  uncertain ty 
for hum id i ty,  uRH , i:  

 
uuuu iiii
2
dRH,

2
mnt,RH,

2
cal,RH,RH, += +  (E . 58)  

 
where   

uRH , i    i s  the  uncerta in ty of the  re lative  hum id i ty measurement;  

uRH,cal , i    i s  the  uncerta in ty re lated  to  the  ca l i bration  of the  re lati ve  hum id i ty sensor;  

uRH,mnt , i   i s  the  uncerta in ty re lated  to  the  mounting  of the  re lati ve  hum id i ty sensor;  

udRH , i    i s  the  uncertain ty re lated  to  the  data  acqu is i tion  of the  re lati ve  hum id i ty s i gnal .  

I f we  make the  fo l l owing  assumptions:  

•  The  re lati ve  hum id i ty sensor to  have  a  standard  uncertain ty of 1  % ;   

•  The  mounting  of the  sensor to  be  0 , 1  %;  

•  Considering  a  pressure  range  of 1 00  %  of the  measurement channel  and  a  s tandard  
uncerta in ty of the  data  acqu is i ti on  system  of 0 , 1  %  of th is  range.  

Then  the  numerical  calcu lation  for the  standard  uncertain ty of the  re lative  hum id i ty i s :  
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%01)%1 00%(0,1)%(0,1)%(1 ,0 222

,RH ,=⋅++=u i  (E . 59)  

 

E.1 3. 1 5  Combin ing  uncertainties  for the  method  related  components  uM,i  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncertain ty 
for related  to  the  methodology,  uM , i:  

 
uuuuuuuu iiiiiiiri
2
cc,M,

2
tinorm,M,

2
sfx,M,

2
ti ,M,

2
upflow,M,

2
veer,M,

2
,sheaM,M, ++++++=  (E. 60)  

 
where   

uM , i    i s  the  uncertain ty re lated  to  the  appl ied  methodology;  

uM, shear, i    i s  the  uncertain ty re lated  to  m issing  i n formation  regard ing  shear across  the  
whole  rotor;  

uM,veer, i   i s  the  uncertain ty related  to  m issing  in formation  regard ing  wind  veer across  the  
whole  rotor;  

uM,upflow, i    i s  the  uncerta in ty re lated  to  m issing  i n formation  regard ing  upflow across  the  
whole  rotor;  

uM, ti , i    i s  the  uncerta in ty re lated  to  m iss ing  i n formation  regard ing  turbu lence  when  no  
hub-height  meteorolog ical  mast  wind  speed  s ignal  i s  avai lable;  

uM, sfx, i    i s  the  uncertain ty re lated  to  the  unquanti fiab le  seasonal  effects  on  the  turbine;  

uM, ti norm , i    i s  the  uncertain ty re lated  to  turbu lence  normal isation ;  

uM,cc , i    i s  the  uncertain ty re lated  to  the  measurement  in  a  cold  cl imate.  

E.1 3. 1 6  Combin ing  uncertainties  for the  wind  d irection  measurement wi th  wind  vane or 
son ic  anemometer uWV , i  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncertain ty 
for the  wind  d i rection  measurement wi th  wind  vane  or son ic anemometer,  uWV , i:  

 
uuuuuuu

i,iiiiii
222222
dWVmda,WV,oe,WV,bo,WV,nm,WV,cal,WV,WV,

+++++=  (E . 61 )  

 
where  

uWV , i    i s  the  uncertain ty related  to  the  wind  d i rection  measured  wi th  a  mast mounted  
wind  d i rection  sensor (wi nd  vane  or son ic anemometer) ;  

uWV,cal , i    i s  the  uncertain ty re lated  to  the  cal i bration  of the  wind  d i rection  sensor;  

uWV,nm , i   i s  the  uncertain ty re lated  to  north  marking  of the  wind  d i rection  sensor;  

uWV,bo , i    i s  the  uncerta in ty re lated  to  the  boom  orientation  on  wh ich  the  wind  d i rection  
sensor i s  mounted ;  

uWV,oe , i    i s  the  uncertain ty re lated  to  the  i n fluence of the  meteorolog ical  mast on  the  wind  
d i rection  measurement;  

uWV,mda , i    i s  the  uncerta in ty re lated  to  the  magnetic decl ination  ang le;  

udWV , i    i s  the  uncerta in ty re lated  to  the  data  acqu is i tion  of the  s ignal  from  the  wind  
d i rection  sensor.  

E.1 3. 1 7  Combin ing  uncertainties  for the  wind  d irection  measurement wi th  RSD  uWR, i  

The fol l owing  uncerta in ty componen ts  are  combined  to  ca lcu late  the  category B  uncerta in ty 
for the  wind  d i rection  measurement wi th  RSD,  uWR , i:  

 
uuuuuuuu

i,iiiiiii
2222222
dWRmda,WR,align,WR,WR,fv,mon,WR,class,WR,WR,ver,WR,

++++++=  (E . 62)  
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where   

uWR , i    i s  the  uncertain ty re lated  to  the  wind  d i rection  measured  wi th  an  RSD;  

uWR,ver, i    i s  the  uncerta in ty re lated  to  the  veri fication  test  of the  RSD;  

uWR,class , i   i s  the  uncertain ty re lated  to  the  classi fication  of the  RSD;  

uWR,mon , i    i s  the  uncertain ty re lated  to  the  mon i toring  of the  RSD;  

uWR, fv , i    i s  the  uncerta in ty re lated  to  the  variation  i n  wind  fl ow across  to  measured  volume;  

uWR,al i gn , i    i s  the  uncerta in ty re lated  to  the  a l i gnment of the  RSD;  

uWR,mda , i    i s  the  uncertain ty re lated  to  the  magnetic decl i nation  ang le ;  

udWR , i    i s  the  uncerta in ty re lated  to  the  data  acqu is i tion  of the  s ignal  from  the  wind  
d i rection  sensor.  

E.1 3. 1 8  Combined  category B  uncertainties  

The category B  uncertain ties  i n  each  b in  are  combined  as :  

 2222222

,,,,, iiiiiiivii
ucucucucuu
RHRHBBT,iT,V,P,

++++= 22  (E . 63)  

 

E.1 3. 1 9  Combined  standard  uncertainty – Power curve  

The  combined  standard  uncertain ties  of each  b in  of the  power curve  are  found  by combin ing  
the  category A uncerta in ty wi th  a l l  the  category B  uncertain ties.   

 222222222222
RHRHBBTTvP

+=
iiiiiiiiviic

ucucucucuSuSu iii
,,,,,,,,,,

++++=+  (E . 64)  

 

E.1 3.20  Combined  standard  uncertainty – Energy production  

The combined  standard  uncertain ty of AEP  i s  found  by combin ing  i nd ividual l y the  category A 
and  B  uncerta in ties  bi n -wise.  Th is  may be  accompl ished  accord ing  to  the  fu l l  formu lation  of 
Equation  (E. 4)  and  shown  in  Equation  (E .65)  or the  s impl i fied  and  conservative  formu lation  of 
Equation  (E . 5) ,  shown  i n  Equation  (E .65) :  
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(E . 65)  
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where  

fi   i s  the  re lati ve  occurrence  of wind  speed  between  Vi–1  and  Vi :  F(Vi)  – F(Vi–1 )  wi th in  b i n  i.  

E.1 4 Relevance of uncertainty components  under specified  condi tions  

As per the  Gu ide  to  express ion  of uncertain ty i n  measurement,  i n  some cases  an  uncertain ty 
component may be  evaluated  and  found  to  be  i ns ign i fican t and  therefore  not be  i ncluded  i n  
the  evaluation  of the  uncertain ty of the  measurement resu l t.  

I n  th is  standard ,  various  uncertain ty components  on l y shou ld  be  assigned  a  zero  value  in  
speci fic cases  or when  a  speci fic set  of cond i ti ons  have  been  met.  An  example  is  the  
uncertain ty of uVT, coc, i, j  wh ich  re lates  to  the  uncerta in ty appl i ed  i n  a  s i te  ca l i bration  when  wind  
d i rection  b i ns  wi th  a  change i n  correction  factor l arger than  2  %  compared  to  the  ne ighbouring  
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b in  are  not e l im inated  from  the  data  set  (see  C. 7. 3  d ) .  On l y when  the  decision  i s  made not to  
remove such  b ins  does  uVT, coc, i, j  get  a  va lue,  otherwise  i t  has  value  zero.  

I t  i s  up  to  the  user of th is  standard  to  determ ine  i n  wh ich  cases  an  uncertain ty component can  
be  deemed  i rre levant and  hence set to  zero.  Th is  shou ld  be  documented  ( i nclud ing  the  
j usti fication)  to  ensure  reproducibi l i ty of the  uncerta in ty calcu lation .  

E.1 5  Reference tables  

Table  E.9  – Uncertainties  from  ai r densi ty normal isation  

Bin  No.  Ai r densi ty 
normal i zed  wind  

speed  

Wind  speed  before  
normal ization  (un -

normal ized)  

Di fference of normal i sed  
and  un-normal ized  wind  

speed  

Uncertainty due  to  
ai r densi ty 

normal ization  

i  Vn  i  Vun  i  Vn i  –  Vun  i  uP1 , i
 

 m /s  m /s  m /s  m /s  

4  2 , 03  2 , 025  0 , 008  0 , 004  

5  2 , 51  2 , 501  0 , 01 3  0 , 007  

6  3 , 03  3 , 01 5  0 , 01 4  0 , 007  

7  3 , 52  3 , 501  0 , 01 6  0 , 008  

8  4 , 02  4 , 000  0 , 022  0 , 01 1  

9  4 , 53  4 , 503  0 , 028  0 , 01 4  

1 0  5, 00  4 , 976  0 , 029  0 , 01 4  

1 1  5, 55  5, 523  0 , 031  0 , 01 6  

1 2  6 , 03  5, 991  0 , 035  0 , 01 7  

1 3  6 , 56  6 , 503  0 , 055  0 , 028  

1 4  7 , 01  6 , 970  0 , 041  0 , 021  

1 5  7 , 55  7 , 485  0 , 061  0 , 031  

1 6  8, 04  7 , 979  0 , 065  0 , 032  

1 7  8, 57  8 , 503  0 , 064  0 , 032  

1 8  9, 08  8 , 999  0 , 080  0 , 040  

1 9  9, 58  9 , 494  0 , 090  0 , 045  

20  1 0 , 1 0  1 0 , 007  0 , 091  0 , 045  

21  1 0 , 61  1 0 , 501  0 , 1 1 3  0 , 056  

22  1 1 , 1 0  1 0 , 982  0 , 1 22  0 , 061  

23  1 1 , 60  1 1 , 475  0 , 1 21  0 , 060  

24  1 2 , 1 1  1 1 , 986  0 , 1 25  0 , 062  

25  1 2 , 64  1 2 , 504  0 , 1 39  0 , 070  

26  1 3 , 1 7  1 3 , 034  0 , 1 34  0 , 067  

27  1 3 , 59  1 3 , 467  0 , 1 23  0 , 061  

28  1 4 , 1 8  1 4 , 020  0 , 1 57  0 , 079  

29  1 4 , 62  1 4 , 479  0 , 1 40  0 , 070  

30  1 5, 07  1 4 , 91 6  0 , 1 49  0 , 075  

31  1 5, 76  1 5, 61 1  0 , 1 51  0 , 075  

32  1 6 , 09  1 5, 941  0 , 1 47  0 , 073  

33  1 6 , 83  1 6 , 680  0 , 1 50  0 , 075  

34  1 7 , 03  1 6 , 926  0 , 1 00  0 , 050  

35  1 7 , 81  1 7 , 586  0 , 226  0 , 1 1 3  
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Bin  No.  Ai r densi ty 
normal i zed  wind  

speed  

Wind  speed  before  
normal ization  (un -

normal ized)  

Di fference of normal i sed  
and  un-normal ized  wind  

speed  

Uncertainty due  to  
ai r densi ty 

normal ization  

i  Vn  i  Vun  i
 Vn i

 –  Vun  i  uP1 , i
 

 m /s  m /s  m /s  m /s  

36  1 8, 1 9  1 8, 052  0 , 1 35  0 , 068  

37  1 8, 5  0 , 1 52  2  0 , 1 35  0 , 068  

38  1 9  0 , 1 52  1  0 , 1 35  0 , 068  

39  1 9, 5  0 , 1 53  9  0 , 1 35  0 , 068  

40  20  0 , 1 54  1  0 , 1 35  0 , 068  

41  20, 5  0 , 1 50  5  0 , 1 35  0 , 068  

42  21  0 , 1 51  2  0 , 1 35  0 , 068  

43  21 , 5  0 , 1 54  8  0 , 1 35  0 , 068  

44  22  0 , 1 53  0 , 1 35  0 , 068  

45  22 , 5  0 , 1 53  3  0 , 1 35  0 , 068  

46  23  0 , 1 55  7  0 , 1 35  0 , 068  

47  23, 5  0 , 1 56  7  0 , 1 35  0 , 068  
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Table  E. 1 0  – Sensi tivi ty  factors  

 Power curve  
(database B)  

Sensi tivi ty factors  

Bin  No.  Wind  speed  E lectri c  power Wind  speed  Ai r temperature  Ai r pressure  

i  V
i
 P

i
 cV , i

 cT , i  cB , i
 

 m /s  kW kW/m/s  kW/K kW/hPa 

4  2 , 1 3  –3, 64  1 , 71 2  0 , 01 3  0 , 004  

5  2 , 49  –3, 65  0 , 01 4  0 , 01 3  0 , 004  

6  2 , 99  –3, 78  0 , 269  0 , 01 3  0 , 004  

7  3 , 51  –2, 1 9  3 , 062  0 , 008  0 , 002  

8  3 , 99  –0, 43  3 , 645  0 , 001  0 , 000  

9  4 , 50  6 , 04  1 2 , 825  0 , 021  0 , 006  

1 0  4 , 98  27, 70  44, 664  0 , 096  0 , 027  

1 1  5, 52  67, 39  74, 049  0 , 234  0 , 067  

1 2  5, 98  1 1 1 , 30  94, 430  0 , 386  0 , 1 1 0  

1 3  6 , 51  1 60, 95  95, 01 9  0 , 558  0 , 1 59  

1 4  7 , 01  209, 42  95, 472  0 , 727  0 , 207  

1 5  7 , 50  261 , 96  1 07, 566  0 , 909  0 , 259  

1 6  8, 00  327, 63  1 31 , 992  1 , 1 37  0 , 323  

1 7  8, 50  395, 23  1 36, 290  1 , 372  0 , 390  

1 8  8, 99  462, 01  1 34, 677  1 , 603  0 , 456  

1 9  9, 49  556, 06  1 87, 824  1 , 930  0 , 549  

20  1 0 , 00  629, 80  1 45, 079  2 , 1 86  0 , 622  

21  1 0 , 47  703, 06  1 55, 957  2 , 440  0 , 694  

22  1 1 , 00  786, 55  1 57, 358  2 , 729  0 , 776  

23  1 1 , 50  836, 48  1 00, 000  2 , 903  0 , 826  

24  1 1 , 99  893, 52  1 1 6, 327  3 , 1 01  0 , 882  

25  1 2 , 49  928, 61  70, 200  3, 223  0 , 91 7  

26  1 3 , 03  956, 44  51 , 481  3 , 31 9  0 , 944  

27  1 3 , 50  971 , 30  31 , 702  3 , 371  0 , 959  

28  1 4 , 00  980, 92  1 9, 200  3, 404  0 , 968  

29  1 4 , 48  988, 1 7  1 5, 208  3, 429  0 , 976  

30  1 5, 00  993, 46  1 0 , 1 92  3, 448  0 , 981  

31  1 5, 49  993, 71  0 , 408  3, 449  0 , 981  

32  1 5, 99  995, 70  4 , 000  3, 455  0 , 983  

33  1 6 , 54  996, 22  0 , 909  3, 457  0 , 983  

34  1 7 , 02  996, 42  0 , 41 7  3, 458  0 , 984  

35  1 7 , 48  996, 48  0 , 21 7  3, 458  0 , 984  

36  1 7 , 95  996, 50  0 , 000  3, 458  0 , 984  

37  1 8, 49  995, 71  0 , 556  3 , 457  0 , 983  

38  1 8, 97  996, 6  0 , 833  3, 459  0 , 984  

39  1 9, 42  996, 1  1 , 1 1 1  3 , 457  0 , 983  

40  1 9, 96  994, 1  3 , 704  3, 450  0 , 981  

41  20, 51  987, 4  1 2 , 1 82  3, 427  0 , 975  

42  20, 88  996, 9  25, 676  3, 460  0 , 984  

 



 – 1 52  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

Table  E. 1 1  – Category B  uncertainties  

Bin  No.  E lectri c  power Wind  speed  Wind  speed  Ai r temperature  Ai r temperature  Ai r pressure  Ai r pressure  

i  uP , i
 uV , i

 cV , i  ·  uV , i  uT , i
 cT , i  ·  uT , i  uB , i

 cB , i  ·  uB , i  

 kW m /s  kW K kW hPa  kW 

4  6 , 29  0 , 1 9  0 , 33  2 , 09  0 , 03  3, 1 8  0 , 01  

5  6 , 29  0 , 1 9  0 , 00  2 , 09  0 , 03  3, 1 8  0 , 01  

6  6 , 29  0 , 1 9  0 , 05  2 , 09  0 , 03  3, 1 8  0 , 01  

7  6 , 29  0 , 1 9  0 , 60  2 , 09  0 , 02  3, 1 8  0 , 01  

8  6 , 29  0 , 20  0 , 71  2 , 09  0 , 00  3, 1 8  0 , 00  

9  6 , 29  0 , 20  2 , 53  2 , 09  0 , 04  3, 1 8  0 , 02  

1 0  6 , 29  0 , 20  8, 85  2 , 09  0 , 20  3 , 1 8  0 , 09  

1 1  6 , 30  0 , 20  1 4 , 82  2 , 09  0 , 49  3 , 1 8  0 , 21  

1 2  6 , 32  0 , 20  1 9, 04  2 , 09  0 , 81  3 , 1 8  0 , 35  

1 3  6 , 35  0 , 20  1 9, 34  2 , 09  1 , 1 7  3 , 1 8  0 , 51  

1 4  6 , 39  0 , 21  1 9, 58  2 , 09  1 , 52  3 , 1 8  0 , 66  

1 5  6 , 44  0 , 21  22 , 28  2 , 09  1 , 90  3 , 1 8  0 , 82  

1 6  6 , 52  0 , 21  27, 66  2 , 09  2 , 37  3 , 1 8  1 , 03  

1 7  6 , 62  0 , 21  28, 87  2 , 09  2 , 86  3 , 1 8  1 , 24  

1 8  6 , 74  0 , 21  28, 86  2 , 09  3, 35  3 , 1 8  1 , 45  

1 9  6 , 93  0 , 22  40, 71  2 , 09  4 , 03  3 , 1 8  1 , 75  

20  7 , 09  0 , 22  31 , 82  2 , 09  4 , 57  3 , 1 8  1 , 98  

21  7 , 28  0 , 22  34, 61  2 , 09  5, 1 0  3 , 1 8  2 , 21  

22  7 , 51  0 , 22  35, 38  2 , 09  5, 70  3 , 1 8  2 , 47  

23  7, 65  0 , 23  22 , 77  2 , 09  6, 06  3 , 1 8  2 , 63  

24  7 , 82  0 , 23  26, 81  2 , 09  6 , 48  3 , 1 8  2 , 81  

25  7 , 93  0 , 23  1 6 , 41  2 , 09  6 , 73  3 , 1 8  2 , 92  

26  8, 02  0 , 24  1 2 , 20  2 , 09  6, 93  3 , 1 8  3 , 00  

27  8, 07  0 , 24  7, 61  2 , 09  7, 04  3 , 1 8  3 , 05  

28  8, 1 0  0 , 24  4 , 67  2 , 09  7, 1 1  3 , 1 8  3 , 08  

29  8, 1 3  0 , 25  3, 75  2 , 09  7, 1 6  3 , 1 8  3 , 1 0  

30  8, 1 4  0 , 25  2 , 55  2 , 09  7, 20  3 , 1 8  3 , 1 2  

31  8 , 1 4  0 , 25  0 , 1 0  2 , 09  7, 20  3 , 1 8  3 , 1 2  

32  8, 1 5  0 , 26  1 , 03  2 , 09  7, 22  3 , 1 8  3 , 1 3  

33  8, 1 5  0 , 26  0 , 24  2 , 09  7, 22  3 , 1 8  3 , 1 3  

34  8, 1 5  0 , 26  0 , 1 1  2 , 09  7, 22  3 , 1 8  3 , 1 3  

35  8, 1 5  0 , 27  0 , 06  2 , 09  7, 22  3 , 1 8  3 , 1 3  

36  8, 1 5  0 , 27  0 , 00  2 , 09  7, 22  3 , 1 8  3 , 1 3  

37  8, 1 5  0 , 28  0 , 1 5  2 , 09  7, 22  3 , 1 8  3 , 1 3  

38  8, 1 5  0 , 28  0 , 23  2 , 09  7, 22  3 , 1 8  3 , 1 3  

39  8, 1 5  0 , 28  0 , 32  2 , 09  7, 22  3 , 1 8  3 , 1 3  

40  8, 1 5  0 , 29  1 , 07  2 , 09  7, 21  3 , 1 8  3 , 1 2  

41  8 , 1 2  0 , 29  3, 54  2 , 09  7, 1 6  3 , 1 8  3 , 1 0  

42  8, 1 5  0 , 29  7, 54  2 , 09  7, 23  3 , 1 8  3 , 1 3  
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Annex F  
(normative)  

 
Wind  tunnel  cal ibration  procedure for anemometers  

F.1  General  requirements  

The general  requ irements  for the  cal ibration  of anemometers  are  summarized  as  fol l ows:  

a)  the  cal ibration  of the  anemometer shal l  be  carried  ou t i n  a  wind  tunnel  that  i s  su i table  for 
the  cal ibration  of anemometers;   

b)  the  ca l ibration  faci l i ty sha l l  be  recogn ised  by I ECRE or accred i ted  i n  accordance wi th  
I SO/IEC 1 7025,  be ing  the  main  standard  for testi ng  and  ca l ibration  l aboratories ;   

c)  a l l  transducers  and  measuring  equ ipment re levant for the  ca l i bration  of anemometers  shal l  
have  traceable  cal ibrations  accord ing  to  I SO/I EC  1 7025.  Cal ibration  certi ficates  and  
reports  shal l  con tain  a l l  re levant  traceabi l i ty i n formation ;  

d )  the  reference wind  speed  shal l  be  measured  wi th  a  p i tot-static tube  that sha l l  be  of NPL  
type  wi th  e l l ipsoidal  head  accord ing  to  I SO  3966.  The  p i tot-static  tube  shal l  be  cal i brated  
for appropriate  wind  speed  ranges,  and  be  documented .  The  reference wind  speed  may 
a l ternativel y be  measured  by LDA (Laser Doppler Anemometry)  wi th  wel l  documented  
uncertain ties;  

e)  consistency of the  experimental  set-up  shal l  be  veri fied  by at l east dai l y comparative  
cal i brations  of the  faci l i ty’ s  “qual i ty control  anemometer” ;  

f)  flow qual i ty shal l  be  veri fi ed  as  requ ired  in  C lause  F. 2 ;  

g )  the  repeatabi l i ty of the  cal ibration  shal l  be  veri fied  as  requ i red  i n  Clause  F . 2 ;   

h )  anemometer cal ibration  shal l  be  supported  by a  thorough  assessment of cal i bration  
uncertain ty,  carried  ou t i n  accordance  wi th  I SO  Gu ide  98-3: 2008.  

F.2  Requirements  to  the wind  tunnel  

The presence of the  anemometer shal l  not substantia l l y affect the  fl ow fi e l d  i n  the  wind  tunnel .  
During  measurements  the  anemometer wi l l  to  some extent be  i n fluenced  by wind  tunnel  
b lockage  and  boundary effects.  The  b lockage  area  ratio  (BR)  – defined  as  the  ratio  of the  
anemometer proj ected  area,  perpend icu lar to  flow d i rection ,  ( i nclud ing  i ts  moun ting  system  
and  projected  area  of a  sp inn ing  rotor)  to  the  tota l  test section  area  – shal l  not exceed  0, 05.  
Blockage effects  shal l  a lways  be  accounted  for accord ing  to  F . 4 .3 .  

I t  i s  recommended  that the  wind  tunnel  test  section  has  a  height of a t l east 1 , 0  m  and  a  wid th  
of at l east 1 , 0  m .   

The  flow in  the  cross  sectional  area,  where  the  anemometer wi l l  be  l ocated ,  shal l  be  un i form .  
F low un i form i ty shou ld  be  measured  us ing  veloci ty sens ing  devices,  i . e.  p i tot tubes,  hot wi res  
or Laser Doppler Velocimetry to  measure  fl ow profi l es  i n  l ong i tud ina l ,  transversal  and  vertical  
d i rection .  Over the  cal ibration  wind  speed  range,  the  maximum  d i fference i n  the  mean  ve loci ty 
between  any two poin ts  i ns ide  the  measurement volume shal l  be  l ess  than  0 , 2  %.  The  mean  
value  shal l  be  ca lcu lated  during  at l east fi ve  m inutes  and  the  measurement volume shal l  cover 
the  acti ve  volume of the  anemometer wi th  50  %  marg in  i n  a l l  d i rections  as  per F igure  F. 1 .  
Un i form i ty shal l  be  tested  over a  period  of at least 5  m inu tes  for wind  speeds  at approximatel y  
4  m /s,  8  m /s,  1 2  m /s  and  1 6  m /s  each .   
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Figure F . 1  – Defin i tion  of volume for flow un iformity test – 
The volume wi l l  also  extend  1 ,5  x b  i n  depth  (along  the  flow)  

The stabi l i ty of the  flow shal l  be  measured  i n  the  m idd le  of the  volume of wh ich  un i form i ty was  
veri fi ed .  The  fl ow can  be  cons idered  stable  i f 1 0  consecutive  30  s  means  are  wi th in  0, 5  %  of 
thei r average  value.  

Cup  anemometers  are  very sens i ti ve  to  horizontal  wind  grad ien ts.  D i fferen t hori zon ta l  wind  
grad ien ts  can  be  seen  depend ing  on  pol l u tion  of nets  and  smooth ing  devices.  Therefore,  i t  i s  
usefu l  to  check the  horizon tal  wind  grad ien t by using  two  identica l  pi tot  tubes.  They shal l  be  
p laced  at the  exact pos i ti on  where  the  anemometer wi l l  be  placed  wi th  thei r heads  spann ing  
approximatel y the  area  covered  by the  cup  anemometers  rotati ng  cups.  A set of 
measurements  shal l  be  made  and  the  l i near regress ion  between  the  d ynam ic pressures  
measured  by the  two p i tot tubes  shal l  be  ca lcu lated .  The  d i fference i n  wind  speed  shal l  be  
l ess  than  0 , 2  %  over a  period  of at least 5  m inu tes.  The  i n fl uence due  to  the  presence of the  
anemometer type  to  be  ca l i brated  ( i nclud ing  mounting  tube)  on  the  flow speed  measured  by 
the  p i tot tube  shal l  be  veri fi ed  to  be  l ess  than  ±  0 , 2  %.  

The  axia l  tu rbu lence  in tensi ty i n  wind  speed  at the  anemometer’s  pos i tion  shal l  be  be low 2  % .  
The  turbu lence  i n tens i ty sha l l  i nclude  long i tud inal  wind  speed  fluctuations  wi th  frequencies  of 
up  to  1 0  Hz.  The  data  for tu rbu lence  measurements  shal l  be  acqu i red  for a  duration  of 60  s  
per wind  speed  at a  sampl ing  rate  of at l east 20  Hz.  Turbu lence  assessment shal l  be  
performed  for at  l east the  fl ow speeds  7  m /s,  1 0  m /s  and  1 3  m /s  wi th  a  device  that  i s  su i table  
to  measure  wind  speed  fl uctuations  wi th  a  cu t-off frequency of at  l east 20  Hz.  Deviations  from  
the  above requ i rements  shal l  be  assessed  through  su i table  tests  and  be  considered  in  the  
uncertain ty evaluation .  

The  wind  tunnel  ca l i bration  factor,  wh ich  g ives  the  re lation  between  the  cond i tions  at the  
reference measurement posi tion  and  those  at the  anemometer posi tion ,  shal l  be  appraised  
us ing  p i tot tubes  for a  speed  range  of 4  m /s  to  1 6  m /s.   

The  cal i bration  setup  shal l  undergo a  detai l ed  exam ination  of the  repeatabi l i ty of anemometer 
ca l i brations.  The  cal ibration  faci l i ty shal l  des ignate  reference anemometers  of representati ve  
si ze  for use  i n  these  tests.  The  standard  deviation  and  maximum  deviation  of the  qual i ty 
con trol  anemometer ou tpu t in  the  ca l i bration  speed  range  shou ld  be  l ess  than  0 , 2  %  and  
0, 6  %,  respective l y,  of the  mean  va lue.  

The  faci l i ty sha l l  prove,  through  proficiency testi ng ,  that i ts  resu l ts  are  comparable  wi th  other 
anemometer cal i bration  faci l i ties ,  accord ing  to  I SO  1 7043.  
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F.3  Instrumentation  and  cal ibration  set-up requirements  

Ded icated  external  s i gnal  cond i tion ing  equ ipment such  as  frequency to  vol tage  converters,  
etc.  shal l  be  cal ibrated  i n  i solation  from  the  anemometer,  so  a l l owing  the  anemometer’s  
cal i bration  to  be  derived  and  reported  i n  i solation  from  the  s ignal  cond i tion ing  equ ipment.  

The  resolu tion  of the  data  acqu is i ti on  system  shal l  be  at l east 0 , 02  m /s.  Care  shal l  a lso  be  
exercised  in  the  case  of an  analogue  vol tage  i nstrument,  to  ensure  that the  s ignal  i s  
adequatel y buffered  to  prevent i ts  attenuation  by l ow impedance  logg ing  equ ipment.  

Mounting  arrangements  can  have  d ramatic effects  on  i nstrument performance,  particu larl y i f 
the  ratio  of tube  d iameter to  rotor d iameter i s  h igh .  Therefore,  d uring  cal i bration ,  the 
anemometer shal l  be  mounted  on  top  of a  tube  i n  order to  m in im ize  flow d istortion  and  on l y 
one  anemometer may be  cal i brated  at a  t ime.  Th is  tube  shal l  be  of the  same d iameter as  the  
one  on  wh ich  the  anemometer wi l l  be  mounted  i n  service  i n  the  free  atmosphere.  I t  i s  
recommended  that the  vertica l  d istance  between  the  anemometer rotor re lati ve  to  the  upper 
and  l ower boundaries  of the  wind  tunnel  test section  shou ld  not  be  l ess  than  0 , 5  m .  I n  case  of 
a  d i rectional  sensi ti ve  anemometer wi th  respect to  hori zontal  flow,  a  reference  orientation  has  
to  be  defined  and  documented  and  referred  to  during  ca l i bration .  The  anemometer shal l  be  
posi tioned  at the  test section  perpend icu lar to  the  flow fi el d  of the  wind  tunnel  as  accurate  as  
poss ib le.  The  maximum  deviation  of the  anemometer moun ting  tube  is  0 , 2 ° .  An  example  of a  
typ ical  cup  anemometer ti l t  response  is  shown  i n  F igure  J . 1 .   

I t  i s  important to  ensure  that the  anemometer i s  not i n fl uenced  by the  presence of any 
reference wind  speed  measurement equ ipment.  Conversel y,  the  presence of the  anemometer 
shal l  not affect the  fl ow i n  the  reg ion  of the  reference instrument.  I f flow d i stortion  effects  are  
encoun tered ,  then  the  p i tot tube  shal l  be  reposi tioned .  Th is  effect can  be  assessed  by 
removing  and  then  re instating  the  anemometer and  afterwards  the  reference i nstrument,  and  
ascertain ing  whether the  ou tpu t of the  remain ing  i nstrument changes.   

The  p i tot s tatic tubes  shal l  be  pos i ti oned  i n  the  test  section  a l i gned  wi th  the  mean  fl ow 
d i rection .  The  maximum  m isal i gnment a l l owed  is  0 , 5° . 27    

During  cal i bration ,  the  anemometer ou tput  s ignal  shal l  be  exam ined  to  ensure  that i t  i s  not 
subj ect  to  i n terference or noise.  

F.4 Cal ibration  procedure  

F.4. 1  General  procedure  cup  and  sonic anemometers  

The anemometer shal l  run  in  for m in imum  5  m in  at about 1 0  m /s  before  the  cal ibration  
procedure  beg ins .  Cal i bration  shal l  be  performed  under both  ris ing  and  fa l l ing  wind  speed  i n  
the  range  of 4  m /s  to  1 6  m /s  at a  cal ibration  i n terval  of 1  m /s  or less 28.  I f heating  i s  swi tched  
on  during  cal ibrations,  i t  shal l  be  noted  i n  the  ca l i bration  certi ficate.  

The  sampl ing  frequency shal l  be  at l east 1  Hz and  the  sampl i ng  in terval  at l east 30  s .  Th is  
sampl ing  i n terval  can  be  increased  when  l ow resolu tion  anemometers  are  ca l i brated .  I t  i s  
important  to  ensure  that anemometer and  reference  wind  speed  read ings  span  the  same 
period  of time.  Before  col lecting  data  at each  wind  speed ,  adequate  time shal l  be  a l lowed  for 
stable  flow cond i tions  to  become establ ished ,  see  Clause  F . 2.  Th is  may take  1  m in ,  bu t wi l l  
vary from  faci l i ty to  faci l i ty.   
___________ 

27  M i ssal i gnment of p i tot  s tati c  tubes  may l ead  to  a  b ias  i n  d i fferen ti al  pressure  measurement!  An  a l i gnment to  
wi th i n  0 . 5°of the  mean  fl ow d i recti on  assures  a  b i as  i n  d i fferen tia l  pressure  read i ng  of l ess  than  0 , 1  %  for the  
NPL type  P i tot  tube  (see  I SO 3966: 2008,  F i gu re  A. 5).   

28  1  m /s  i n terval s  can  a l so  be  real i zed  wi th  the  a l l owance  for 2  m /s  j umps,  for example  4  m /s,  6  m /s,  8  m /s,   
1 0  m /s,  1 2  m /s ,  1 4  m /s,  1 6  m /s,  1 5  m /s,  1 3  m /s,  1 1  m /s,  9  m /s,  7  m /s,  5  m /s .   
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F.4.2  Procedure  for the  cal ibration  of son ic  anemometers  

Son ic anemometers  are  des igned  to  measure  2D  or 3D  wind  components.  For the  purpose  of 
power performance measurements  son ic anemometers  shal l  be  set up  for measurement of 
hori zon tal  wind  speed  preferabl y i n ternal l y or by post process ing .   

During  cal ibration  the  complete  son ic anemometer shal l  be  p laced  i n  the  wind  tunnel  test  
section .  The  active  part  of the  son ic anemometer shal l  be  l ocated  wi th in  the  test section  
volume.  The  yaw a l i gnment shal l  be  set at  the  reference ca l ibration  yaw d i rection ,  see   
Clause  F .3 .  I t  i s  often  advantageous  to  set a  yaw a l i gnment that imposes  the  l east flow 
d isturbance  from  the  supports  of the  acoustic transceivers .  

The  setup  parameters  of the  son ic during  i ts  ca l ibrati on  shal l  be  documented  i n  the  cal ibration  
certi ficate  or a l ternatively i n  an  annex of the  cal ibration  certi ficate.  The  ca l i bration  holds  on l y 
for identical  settings  of the  sensor and  i den tica l  s i gnal  ou tpu t format.  

For th is  test,  the  son ic anemometer shal l  be  cal i brated  at variable  wind  speeds  accord ing  to  
F. 4 . 1 .  Cal ibrations  of add i ti onal  yaw pos i tion  ( i . e .  yaw ang le  for max.  fl ow d istu rbance  from  
the  supports)  may be  performed  i f des i red .  Cal ibrations  of add i tional  yaw posi tions  shou ld  be  
performed  at  1 0  m /s  as  a  qual i ty control  of compl iance  wi th  cl ass i fication  resu l ts.  

Status  s ignal  of the  son ic anemometer ( i f avai l able)  shal l  be  mon i tored  during  the  cal ibrations .  
The  status  s ignal  shal l  be  used  to  exclude  erroneous  data.  

F.4.3  Determination  of the  wind  speed  at the  anemometer posi tion  

Air dens i ty ρ  shal l  be  calcu lated  on  the  bas is  of the  mean  wind  tunnel  a i r temperature  T,  
re lati ve  hum id i ty Φ  and  barometric pressure  B ,  us ing  Equation  (F. 1 )  (standard  uncertain ty 
l ess  than  1 0–3  kg/m 3) :  
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where  

B i s  the  barometric pressure  [Pa] ;  

T i s  the  absolu te  temperatu re  [K] ;  

Φ   i s  the  re lati ve  hum id i ty (range  0  to  1 ) ;  

R0  i s  the  gas  constant  of d ry a i r [287,05  J /kgK] ;  

Rw  i s  the  gas  constant  of water vapour [461 , 5  J /kgK] ;  

Pw i s  the  vapour pressure  [Pa] .   

Vapour pressure  Pw  depends  on  mean  a i r temperature.  

 ( )TP ⋅⋅= 0631 846,0exp0000205,0w  (F . 2)  

 

The mean  flow speed  at anemometer pos i ti on  is  ca lcu lated  from  mean  d i fferen tia l  pressure  

∆pref at reference posi tion  us ing  the  equation :  
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where  

α  i s  the  p i tot s tatic tube  head  coefficien t;  

kc  i s  the  wind  tunnel  ca l ibration  factor,  wh ich  g i ves  the  relation  between  the  
cond i ti ons  at the  reference measurement posi ti on  and  those  at the  
anemometer pos i tion ;  

( ),ν,k,k,kf i ppb  i s  a  correction  function  due  to  i n terference  between  the  anemometer 

i nclud ing  i ts  mounting  tube  and  the  wind  tunnel  fl ow;  

kb  i s  the  in terference correction  factor due  to  b lockage;  

ik  i s  the  correction  factor due  to  i n terference  between  the  anemometer 

( i nclud ing  mounting  tube)  and  test section  enclosure,  a lso  i nclud ing  fl ow 
effects  due  to  mounting  tubes  extend ing  through  the  enclosure;  

kp  i s  the  correction  factor due  to  i n terference  caused  by the  anemometer 
( i nclud ing  moun ting  tube)  on  the  ve loci ty measured  by the  p i tot tube;  

ν  i s  the  average  wind  speed  at  the  anemometer posi ti on ;    

pν  i s  the  average  wind  speed  at  the  reference  pos i tion ;  

n   i s  the  number of samples  wi th in  the  sampl i ng  i n terval .  

The  correction  function  ( ),ν,k,k,kf i ppb  shou ld  be  equal  to  one  for a  test section  wi thou t an  

anemometer and  i ts  supporti ng  tube.  The  in fl uence of the  correction  function  on  the  
cal ibration  resu l ts  shal l  be  assessed  and  i ncluded  i n  the  ca l i bration  faci l i ty setup  report and  
uncerta in ty ca lcu lation .   

F.5 Data analysis  

A l i near regress ion  analys is  shal l  be  carried  ou t on  the  ca l i bration  data  for the  estimation  of 
the  fol l owing  regress ion  parameters:  Offset,  s lope,  regression  coefficient,  standard  
uncertain ty.  The  wind  speed  va lues  shal l  be  regressed  upon  the  anemometer ou tpu ts.  

I f the  corre lation  coefficient,  r,  for the  data  is  l ess  than  0 , 999  95  then  i t  shal l  be  checked  i f i t  i s  
caused  by anemometer non- l i neari ty or due  to  other reasons.  I n  case  of anemometer non-
l ineari ty,  i t  sha l l  be  documented  i n  the  certi ficate.   

F.6 Uncertainty analysis  

I t  i s  importan t to  i den ti fy the  uncerta in ty of the  horizon tal  wind  speed  i nciden t upon  the  
anemometer.  I t  i s  requ ired  that an  uncertain ty anal ys is  i s  carried  ou t in  accordance wi th  the  
I SO/IEC Gu ide  98:2008  compris ing  both  category A and  category B  uncerta in ty.  The  
magn i tude  of the  net uncerta in ty shal l  be  assessed  s tatistical l y and  shal l  take  account of:  

a)  flow speed  measurement uncertain ty (p i tot tubes,  transducers,  a i r densi ty evaluation ,  
etc. ) ;  

b)  wind  tunnel  ca l ibration  factor;  

c)  wind  tunnel  correction  factors  through  the  correction  function  ( ),ν,k,k,kf i ppb  d efi ned  in  

Equation  (F . 3);  

d )  the  in fluence  of wind  tunnel  cross  section  s ize  shal l  be  assessed  as  part of the  uncertain ty 
anal ys is;  

e)  measurement of anemometer ou tput;  

f)  the  i n fl uence of non-vertical  anemometer a l i gnment shal l  be  considered  for each  
anemometer type  i n  the  uncertain ty assessment;  
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g )  statistical  uncerta in ty due  to  short  term  scatter of the  anemometer ou tpu t (variation  of the 
i nd icated  anemometer s i gnal ,  i . e.  fl uctuation  of the  angu lar rotor veloci ty,  b ias  from  signal  
generation ,  sampl i ng  bias,  over the  averag ing  time) ;  

h )  uncertain ty due  to  the  d i fference between  the  resu l t  of the  wind  tunnel  perform ing  the  
cal i bration  and  the  average  resu l t of other wind  tunnels  as  determ ined  through  proficiency 
testing  to  the  extent not covered  by other uncerta in ty components ;  

i )  uncertain ty due  to  l inearization  of ca l i bration  expression .  

F.7  Reporting  format 

The re levant documentation  shal l  provide  i n formation  on  the  procedure  fol l owed  and  the  
faci l i ty used  for cal i brati ng  the  anemometers  (report on  the  ca l ibration  faci l i ty setup)  and  on  
the  i nd ividual  anemometer cal i bration .  The  ca l i bration  faci l i ty setup  report shal l  con tain  the  
fol l owing  in formation  as  a  m in imum :  

a)  description  of the  wind  tunnel  ( includ ing  test section ,  settl i ng  chamber,  fl ow straighteners,  
fan  arrangement) ;  

b)  sketch  of the  wind  tunnel  showing  the  posi tions  of anemometer and  p i tot tube(s)  in  
the  test section ;  

c)  flow qual i ty measurements;  

d )  b lockage  effect assessment;  

e)  i n fl uence of mounting  heigh t of the  anemometer;  

f)  i n fl uence  of bottom  p late ;  

g )  i n fl uence  of mounting  posi ti on  i n to  reference  measurement;  

h )  i n fl uence  of the  correction  function ;  

i )  tu rbu lence  measurements;  

j )  i nstrumentation  certi ficates;  

k)  measurement procedure;  

l )  data  evaluation  procedure;  

m )  repeatabi l i ty documentation  of the  anemometer cal ibration ;  

n )  uncerta in ty anal ys is;  

o)  deviations  from  these  requ i rements.  

The  ca l i bration  report of an  anemometer shal l  as  a  m in imum  con tain  the  fol lowing  i n formation :  

1 )  make,  type  and  seria l  number of the  tested  anemometer and  cup  serial  number i f 
transported  separatel y;  

2)  speci fication  of yaw orien tation  during  cal ibration  (yaw sensi ti ve  devices) ;  

3)  tube  d iameter of the  mounting  system ;  

4)  make,  type  and  seria l  number of external  converters;  

5)  name and  address  of the  customer;  

6)  s i gnatures  from  the  persons  who carried  ou t the  cal i bration ,  checked  the  resu l ts  and  
approved  thei r i ssue;  

7)  name of the  wind  tunnel ;  

8)  envi ronmental  cond i tions  during  ca l i bration  (a i r temperature,  a i r pressure  and  hum id i ty);  

9)  regress ion  parameters  (offset,  s l ope,  regress ion  coefficien t) ;  

1 0)  uncertain ty due  to  l inearization  (scatter of res iduals) ;  

1 1 )  uncertain ty due  to  the  correction  function  ( ),ν,k,k,kf i ppb ;  
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1 2)  tabu lar and  graph ical  presen tation  (deviations  from  l i near regression  l in e  ampl i fied)  of 
a l l  cal i bration  poin ts  and  regression  resu l ts;  

1 3)  uncerta in ty associated  to  each  measuring  poin t;  

1 4)  reference  to  the  correspond ing  cal ibration  faci l i ty set  up  report;  

1 5)  date  of the  cal ibration ;  

1 6)  photo  showing  the  anemometer and  the  mounting  i n  the  wind  tunnel .  

F.8  Example uncertainty calculation  

As i t  i s  practical l y imposs ible  to  measure  the  fl ow ve loci ty at the  p lace  of the  anemometer and  
as  the  sensor i n  the  wind  tunnel  experiences  a  s ign i ficantl y smal ler flow fie ld  as  i n  the  free  
atmosphere,  corrections  are  necessary.  The  optim ization  of the  wind  tunnel  i n  terms  of the  
corrections  as  wel l  as  the  determ ination  of the  correction  factor i s  crucia l  for the  ca lcu lation  of 
the  measurement uncerta in ty.   

I deal l y,  the  uncertain ty ca lcu lation  shou ld  be  appl ied  i ndependentl y to  each  wind  speed  
cal i bration  cond i ti on  used  in  a  ca l ibration  test.  For th is  example,  take  a  notional  ca l ibration  
poin t  of 1 0  m /s  us ing  a  wind  tunnel  rated  at 25  m /s.  

Table  F. 1  deals  wi th  each  uncerta in ty source;  fi rst  wi th  those  of category B .  

To  avoid  repeti ti on ,  a  detai led  assessment of barometric pressure  measurement has  been  left  
ou t,  as  i t  can  be  deal t  wi th  i n  the  same way as  temperature  measurement.  

Table  F .1  – Example  of evaluation  of anemometer cal ibration  uncertainty 

Error source  

u
i
 

D i scussion  Value  

u
i
 

Sensi tivi ty 
value  

c
i
 

u
i

 c
i

 

m/s  

u f,  wi nd  tu nne l   
correction  
factor,  f 

An  uncertain ty on  the  correction  factor 
( ),ν,k,k,kf i ppb  based  on  i n vesti gation  of 

ca l i bration  i n fl uence  factors.  

   

u
t
,  wi nd  tu nne l  

cal i bration  
factor,  kc  

Wind  tunnel  ca l i brati on  can  be  carri ed  ou t  by 
us ing  two  p i tot  tubes,  one  at  the  permanent  
reference  posi ti on  and  one  at  the  l ocati on  to  be  
occupied  by the  test  anemometer.  By swapping  
the  two  pi tot  systems,  a l l  category B  errors  can  
be  e l im inated ,  and  standard  regression  
anal ys i s  can  be  appl i ed  to  yi el d  a  correcti on  
factor ( the  i n tercept  bei ng  forced  through  the  
ori g i n )  and  a  related  category A standard  
uncertain ty.  Assume  the  correction  has  a  va l ue  
of 1 , 02  and  the  standard  u ncertain ty i s  0 , 01 .  

0 , 01  Ct  =  0 , 5  v/kc  

=  0 , 5  x 1 0/1 , 02  

=  4 , 90  m /s  

0, 049  

uB ,  blockage  
correction  
factor,  kb  

I f a  sol i d  obj ect  i s  pos i ti oned  i n  the  fl ow of the  
wind  tunnel ,  the  fl ow wi l l  be  affected  depend i ng  
on  the  rel ati on  between  ob ject  s i ze  and  wi nd  
tunnel  area.  Cond i ti onal  on  the  spatia l  
d imensions  of the  specimen ,  a  ra i se  i n  the  fl ow 
vel oci ty occu rs  i n  a  cl osed  measurement 
section  because  of the  con ti nu i ty.  I n  an  open  
measurement section ,  the  cu rrent  wi l l  be  
widened ,  wh ich  i s  equ i valen t  to  a  speed  
reduction .  Assum ing  the  b l ockage  effect i s  
known  the  u ncerta in ty val ue  of 0 , 1  %  i s  
appropri ate.  The  cal i brati on  faci l i ty setup  report  
shal l  present  the  calcu l ations  appl i ed  and  
estimated  val ue  of the  correcti on  factor and  the  
associated  uncertain ty.  

0, 001  Cf  =  v/kb   

=1 0  m /s/1 , 001  

≈  1 0  m /s  

0, 01   
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Error source  

u
i
 

D i scussion  Value  

u
i
 

Sensi tivi ty 
value  

c
i
 

u
i

 c
i

 

m/s  

u
ki

,  posi ti on  
correction  
factor,  k

i
 

An  anemometer needs  a  certa i n  free  space  
(depend i ng  on  the  s i ze  of the  mounti ng  pi pe  
and  the  anemometer)  be low and  above  i t,  to  
experience  the  same fl ow cond i ti ons  as  i n  free  
atmosphere.  Therefore  the  cen tre  of the  
measurement  section  i s  not  necessari l y the  
best  posi ti on  for the  specimen .  I f the  wind  
tunnel  i s  smal l  and  thus  the  mounti ng  p ipe  i s  
too  short,  an  error of up  to  2  %  may occur.  
On ly from  a  certai n  l eng ths  of the  mounti ng  
pipe,  the  i n fl uence  beg i ns  to  d ecrease.  Th i s  
free  l ength  amounts  to  approximately 50  cm  
above  the  base  pl ate.  Assum ing  the  posi ti on  
effect  i s  known,  the  uncertain ty val ue  of 0 , 1  %  
may be  appropriate.  

0, 001  CP  = v/kp   

=1 0  m /s/1 , 001  

≈  1 0  m /s  

0 , 01  

up ,  posi ti on  
correction  
factor,  kp  

The  fl ow around  the  anemometer exerts  some  
i n fl uence  on  the  fl ow around  the  reference  pi tot  
tube.  Assum ing  the  i n fl uence  effect  i s  known ,  
the  uncertai n ty val ue  of 0 , 1  %  of the  effect  may 
be  appropriate.  

0 , 001    

uFD ,  fl ow 
correction  
factor,  kFD  

Mostl y,  anemometers  are  mounted  on  
measurement  masts  of cons iderab le  l ength  – a  
s i tuation  wh ich  cannot  be  reproduced  i n  the  
wind  tunnel .  I f an  anemometer i s  mounted  on  a  
tube  stub  and  i f th i s  s tub  i s  mounted  i n  a  wind  
tunnel  wi th  an  open  measurement section ,  the  
curren t can  evade  downward .  Th i s  means  a  
l oss  of impetus  for the  anemometer and  thus  a  
systematic  error.  By i nstal l i ng  a  base-pl ate,  th i s  
l oss  can  be  consi derabl y reduced .  Assum ing  a  
base-plate  i s  i nsta l l ed ,  the  standard  u ncertain ty 
val ue  of 0 , 1  %  i s  appropriate  otherwise  the  
i n fl uence  has  to  be  exam ined .  

0, 001  CFD  = v/kFD   

=1 0  m /s/1 , 001  

≈  1 0  m /s  

0 , 01  

up , t  pressu re  
transducer,  
Kp, t  

The  cal i brati on  certi fi cate  for the  pressure  
transducer shows  a  maximum  uncertain ty of 
0 , 5  Pa  i n  the  range  from  0  Pa  to  500  Pa.  

0 , 5  Pa  cp , t  = 0, 5  v/Kp, t  

=  0 , 5  ×  1 0/5  000  

=  0 , 001  

0 , 000  5  

up , s  pressure  
transducer 
s i gnal  
cond i ti on ing  
gain ,  Kp, s  

and  

up , d  pressu re  
transducer 
data  sampl i ng  
conversion  
Kp, d  

The  cal i brati on  of the  equ i pment  used  to  
measure  the  pressu re  transducer ou tpu t  shows  
a  maximum  uncertai n ty of 0 , 000  1 5  V i n  the  
range  from  0  V to  1 0  V.  

0 , 000  1 5  V  cp, s  =  0, 5  v/Kp, s  

=  0 , 5  ×  1 0/0 , 01  

=  500  

0 , 01 0  

uT, t  ambient  
temperatu re  
transducer,  
KT, t  

uT, s  
temperatu re  
s i gnal  
cond i ti on ing  
gain ,  KT, s  

and  

uT, d  
temperatu re  
s i gnal  d i g i ta l  
conversion ,  
KT, d  

The  cal i brati on  of the  equ i pment  used  to  
measure  the  temperatu re  shows  a  maximum  
uncertain ty of 0 , 1  ºC  i n  the  range  from  1 0  ºC  to  
30  ºC.  

0 , 1  ºC  cT, t  = 0, 5  v/KT, t  

n /a  

0, 001  

uh  pi tot  tube  The  head  coeffi cien t  of a  p i tot  tube  depends  0 , 000  997  Ch  = –0, 5  v/Ch  0, 005  
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Error source  

u
i
 

D i scussion  Value  

u
i
 

Sensi tivi ty 
value  

c
i
 

u
i

 c
i

 

m/s  

head  
coeffi cien t,  Ch  

upon  the  ang l e  of attack of the  wind .  Two  error 
sources  are  possib le,  one  related  to  the  
accuracy wi th  wh ich  the  pi tot  tube  i s  set  up  i n  
a l i gnment  wi th  the  mean  fl ow d i rection ,  and  the  
other due  to  tu rbu l ent  variati ons  i n  
i nstantaneous  fl ow d i rection .  

Assume  the  nom inal  head  coeffi cien t,  Ch ,  i s  
0 , 997,  and  assume  a l so  that  i t  i s  possib le  to  
deduce  that  the  standard  devi ation  on  ang le  of 
attack i s  2° .  Relevant I SO  standards  suggest 
th i s  wi l l  g i ve  ri se  to  a  0 , 1  %  change  i n  head  
coeffi cien t.  

=  –0, 5  ×  
1 0/0 , 997  

=  –5, 01 5  

upca l  pi tot  tube  
cal i bration  

From  the  cal i bration  certi fi cate  of the  pi tot  tube,  
an  uncerta in ty of 0 , 25  %  i n  the  range  of 4  m /s  
to  1 6  m /s  may be  used .  

0 , 002  5  Cph  = –0, 5  v/Ch  

=  –0, 5  ×  
1 0/0, 997  

=  –5, 01 5  

 

uB, t  sensi ti vi ty 
of barometer,  
KB, t,  

uB, s  s i gnal  
cond i ti on ing  
gain  on  
barometer,  
KB, s  

and  

uB, d  d i g i ta l  
conversion  of 
barometer 
s i gnal ,  KB, d  

The  cal i brati on  of the  barometer shows  a  
maximum  uncertain ty of 0 , 5  hPa  i n  the  range  
from  900  hPa  to  1  1 00  hPa.  

0 , 5  hPa  cB, t  = –0, 5  v/kB , t   

sA  stati sti cal  
uncertain ty i n  
the  mean  of 
the  wi nd  
speed  time  
series  

Assume the  tu rbu lence  i n tensi ty i s  2  % ,  and  
that  2  H z sampl i ng  over 30  s  i s  used ,  g i vi ng  
60  samples.  The  standard  u ncertai n ty i n  the  
mean  val ue  of 1 0  m /s  i s  then  g i ven  by 

1 0020601 ⋅⋅ ,/   

0 , 026  1  0 , 026  

up ,  h um id i ty 
correction  to  
densi ty,  kp  

or 

uϕ ,  re l ati ve  
hum id i ty,  ϕ  

The  cal i brati on  of the  relati ve  hum id i ty 
measurement  equ ipment shows  an  uncertain ty 
of l ess  than  2  %  i n  the  range  1 0  to  95  % .  A 
val ue  of 2  %  i s  selected  for the  calcu lation .  

B

P

k

νk

k

ν
c w

p

p

p
378,0

2

1
=

∂

∂
⋅

∂
∂

=
ϕϕ

 

At  1 5  °C,  Pw  =  1  700  Pa  and  assum ing  B  =  
1 01 3  mbar =  1 01  300  Pa,  kp  i s  eva luated  as  
0 , 997  and  cϕ  (at  1 0  m /s)  i s  0 , 032.  

uϕ  =  
0 , 02  %RH  

cP  =  0 , 032  0 , 001  

 

The combined  standard  uncertain ty can  be  obta ined  by taking  the  root mean  square  of the  
con tribu tory uncertain ties  in  the  ri gh t hand  column.  For the  values  wh ich  have  been  deal t 
wi th ,  th is  amounts  to  0, 06  m /s.   

The  example  shows  that category B  error i s  l i able  to  dom inate.  Extend ing  the  ca l i bration  
period  can  he lp  reduce the  category A uncertain ty,  bu t wi l l  have  no  effect on  category B .  
Furthermore,  category B  error sources,  a l though  not correlated  wi th  one  another for a  
particu lar wind  speed ,  are  fu l l y se l f-correlated  across  wind  speeds,  mean ing  that  good  
apparen t cal i brations  (good  straight l i nes)  can  be  obtained ,  wh i lst s ti l l  reta in ing  s ign i ficant 
uncertain ty.  
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Annex G  
(normative)  

 
Mounting  of instruments  on  the meteorological  mast 

G.1  General   

Appropriate  arrangement of instruments  on  the  meteorolog ical  mast i s  important for accurate  
wind  tu rbine  testing .  The  arrangement of anemometers  for power performance tests  shal l  
i ncl ude  a  primary hub  height  anemometer and  a  control  anemometer.  The  purpose  of the  
con trol  anemometer i s  to  provide  a  means  of i n -s i tu  consistency checking  of the  primary hub  
height anemometer as  described  in  Annex K.  Before  us ing  an  anemometer class i fi ed  for 
power performance tests ,  i t  i s  recommended  that the  geometry of the  anemometer i s  checked  
wi th  the  geometry description  that corresponds  to  the  anemometer type  on  wh ich  the  
classi fication  was  made.  I n  particu lar,  the  anemometer shal l  be  l ocated  to  m in im ize  fl ow 
d istortions,  especia l l y from  mast and  boom  in fl uences.  When  m in imal  fl ow d istortion  across  a  
wide  wind  d i rection  range  i s  requ i red ,  then  th i s  i s  obta ined  wi th  a  s i ng le  top-moun ted  
anemometer.  However,  a  s i de-by-s ide  arrangement of two top-mounted  anemometers  
provides  redundancy and  a  robust method  of anemometer cons istency checking  wi th  on l y 
marg ina l l y i ncreased  fl ow d istortion  i f both  adequate  horizon ta l  separation  and  a  s table  
mounting  structure  for the  anemometers  are  ach ieved .  When  anemometers  are  mounted  on  
s i de  booms at e l evations  below the  meteorolog ica l  mast top,  fl ow d istortion  from  both  the  
meteorolog ica l  mast and  the  boom  is  s ign i fican t and  shal l  be  taken  i n to  account.  I rrespective  
of the  type  of mounting  arrangement,  care  shal l  be  taken  to  ensure  that  the  boom  structure  is  
sufficientl y stable  to  avoid  s i gn i fican t vibrations.  Those  other i nstruments  on  the  
meteorolog ica l  mast wh ich  are  requ i red  to  be  mounted  close  to  hub  heigh t (con trol  
anemometer,  wind  vanes,  temperature  and  pressure  sensors)  shou ld  be  mounted  i n  a  way 
that  avoids  i n terference  wi th  the  primary anemometer.  

G.2  Single  top-mounted  anemometer  

To ach ieve  neg l i g ible  fl ow d istortion  of the  wind  speed  measurements  over a  wide  wind  
d i rection  range,  a  s i ng le  top-moun ted  anemometer is  the  i deal  configuration .  Where  th is  
configuration  i s  adopted  a l l  provis ions  of th is  section  shal l  be  met.  However,  carefu l  
cons ideration  shou ld  be  g i ven  to  whether su fficientl y robust anemometer cons istency checks  
against a  l ower elevation  anemometer can  be  ach ieved  wi th  th is  configuration .  Th is  i s  
particu larl y the  case  where  the  meteorolog ica l  mast i s  of l arge  cross-sectional  area  and  as  a  
consequence  the  lower anemometer is  subj ect to  more  s ign i fican t meteorolog ical  mast  
i n terference effects  than  the  top-moun ted  anemometer or i n  cases  where  large  variations  in  
wind  shear are  experienced .  

The  anemometer shal l  be  supported  such  that the  anemometer cups 29  are  at  least  1 , 5  m  
above the  meteorolog ical  mast and  any other sources  of fl ow d isturbance and  such  that no  
parts  of the  support s tructure  or meteorolog ica l  mast sha l l  extend  ou ts ide  of a  1 1 : 1  ha l f 
cone 30  whose  vertex i s  coinciden t wi th  the  anemometer cups.  The  anemometer shal l  be  
mounted  on  a  round  vertica l  tube  of the  same (±  0, 1  mm)  outer d iameter as  used  du ring  
cal i bration  (and  classi fication) ,  bu t of no  l arger d iameter than  the  body of the  anemometer.  
The  combined  length  of the  tube  and  anemometer (measured  to  the  anemometer cups)  shal l  
be  at l east 0 , 75  m .  Furthermore  the  anemometer shal l  be  held  s teady,  wh ich  may necess i tate  
the  mounting  of the  smal l -d iameter vertical  tube  concentric wi th  another tube  of larger 

___________ 

29  Where  the  anemometer i s  an  a l l owable  type  of anemometer other than  a  cup  anemometer (e. g .  an  u l trason ic 
anemometer),  then  “cups”  shou ld  be  i n terpreted  as  “sensor measuring  e l ements”  th roughou t th i s  annex.  

30  The  cone  i s  defi ned  such  that  the  base  of the  cone  i s  of d i ameter equal  to  the  characteri sti c  wid th  (maximum  
wid th  of the  mast or protrusions  for a  d i s tance  of 4  m  below the  cups)  of the  mast and  the  heigh t  of the  cone  
equals  1 1  t imes  the  rad i us  of the  cone  base.  
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d iameter to  provide  a  stable  structure.  Th is  add i ti onal  tube  cannot be  of greater d iameter than  
the  anemometer body for a  he igh t of 1 , 5  m  below the  cups.  The  bracket connecting  the  
anemometer to  the  vertical  tube  shal l  be  compact,  smooth ,  and  symmetrical .  Where  the  
anemometer i s  designed  for i n ternal  cable  routi ng  i n  the  support  tube,  then  the  cable  shal l  be  
rou ted  ins ide  the  vertical  tube.  For other configu rations  (e. g .  p ig  ta i l ) ,  then  the  cable  shou ld  
be  spi ra l l y wound  around  the  vertica l  tube  (approximatel y 3  tu rns/m  or s im i l ar to  that used  
during  cal ibration  and  classi fication) .  The  anemometer shou ld  be  cal ibrated  wi th  the  same 
cable  attachment and  rou ting  configuration  as  is  to  be  used  in  the  fie ld .  The  anemometer (and  
mounting  tube)  incl i nation  from  vertica l  sha l l  be  l ess  than  2° .  I t  i s  recommended  that th is  i s  
veri fi ed  by measurement.  No  other i nstruments  shal l  be  posi ti oned  closer than  1 , 5  m  to  the  
anemometer cups  nor ou ts ide  of the  1 1 : 1  ha l f cone  to  a  d istance  of at l east 4  m  be low the  
anemometer cups.  I n  th is  case,  the  con trol  anemometer for the  top-mounted  anemometer 
shal l  be  a  s ide-mounted  anemometer l ocated  at l east 4  m  and  no  more  than  6  m  below the 
top-mounted  anemometer and  otherwise  satisfying  the  requ irements  for s ide-mounted  
anemometers  in  C lause  G .4 .  F igure  G . 1  shows an  example  of a  top-mounting  configuration .  
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Figure G .1  – Example  of a  top-mounted  anemometer and  requ irements  for mounting  

G.3 Side-by-side top-mounted  anemometers  

I n  the  s i de-by-s ide  arrangement a l l  mounting  cond i ti ons  in  Clause  G . 2  shal l  be  met in  add i ti on  
to  those  speci fied  here.  The  anemometer cups  shal l  be  mounted  above the  boom  by a  
m in imum  of 20  times  the  boom  d iameter,  bu t 25  times  the  boom  d iameter i s  recommended .  
The  boom ,  cons isti ng  of both  the  horizon tal  portion  and  vertica l  stems,  shal l  be  of round  
cross-section .  The  anemometers  shal l  be  separated  by at  least  2 , 5  m  and  no  more  than  
4, 0  m .  No  parts  of the  meteorolog ical  mast sha l l  extend  beyond  a  1 1 : 1  hal f cone  whose vertex 
is  coinciden t wi th  the  m idpoin t between  the  cups  of the  two top-mounted  anemometers  ( the  
top  boom  i tsel f i s  excluded  from  th is  requ i rement provided  that  i t  meets  the  foregoing  

IEC  
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d imensional  cri teria) .  No  other i nstruments  shal l  be  posi tioned  closer than  1 , 5  m  to  the  
anemometer cups  nor ou ts ide  the  1 1 : 1  hal f cone  to  a  d istance  of at least 4  m  below the  
anemometer cups.  F igure  G . 2  shows  an  example  of a  s i de-by-side  configuration .  I t  i s  
recommended  that the  boom  is  mounted  concentric wi th  the  meteorolog ica l  mast axis  or 
cen tral l y on  the  upwind  s i de  of the  meteorolog ical  mast.  The  i n fl uence of one  anemometer on  
the  other shal l  be  assessed  and  the  measuremen t sector restricted  such  that  the  overal l  
uncertain ty of the  wind  speed  measurement remains  wi th in  the  desi red  l im i ts .  The  uncertain ty 
due  to  fl ow d istortion  from  other i nstruments,  the  meteorolog ical  mast  and  booms  shal l  be  
determ ined .  
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Figure  G .2  – Example  of al ternative  top-mounted  primary and  control  anemometers  
posi tioned  side-by-side  and  wind  vane  and  other i nstruments  on  the  boom  

G.4 Side-mounted  instruments  

G.4.1  General  

Side-moun ted  i nstruments  such  as  anemometers  and  wind  d i rection  sensors  are  i n fl uenced  by 
flow d istortion  from  the  meteorolog ica l  mast,  boom  and  guy wi res.  The  i n fl uence of a  round  
tubu lar boom  is  0 , 5  %  at  a  separation  d is tance  of 20  boom  d iameters  above the  boom .  F low 
d istortion  at the  anemometer cup  l ocation  due  to  booms  shou ld  be  kept below 0, 5  %.  The  
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anemometer shal l  be  mounted  on  a  round  vertical  tube  of the  same (±  0 , 1  mm) outer d iameter 
as  used  during  cal ibration  (and  classi fication ),  bu t of no  larger d iameter than  the  body of the  
anemometer.  Wind  d i rection  sensors  shou ld  be  moun ted  at a  d is tance  from  the  meteorolog ical  
mast of no  l ess  than  hal f of that recommended  for anemometers.  There  shal l  be  at l east 20  
boom  d iameter vertica l  separation  from  side-moun ted  instruments  to  booms  above.  Th is  
separation  requ i rement appl i es  where  a  s ide-mounted  anemometer i s  being  used  as  a  con trol  
anemometer for another s ide-mounted  anemometer at a  d i fferen t he igh t as  wel l  as  to  the  case  
where  s ide-mounted  anemometers  at d i fferen t  heights  are  being  used  for wind  shear 
measurement.  I n  the  case  where  the  s ide-mounted  anemometer i s  be ing  used  as  a  control  
anemometer to  another s i de-mounted  anemometer,  the  vertical  separation  to  the  primary 
i nstrument shal l  be  i n  the  range  4  m  to  6  m  where  the  s i de  booms  are  on  the  same side  of the  
mast as  each  other and  poin ting  i n  the  same d i rection .  Al ternative l y the  con trol  anemometer 
s i de  boom  may be  mounted  at the  same heigh t as  the  other s i de-moun ted  anemometer bu t 
poin ti ng  i n  a  d i fferen t d i rection  such  that the  flow d istortion  requ i rements  at both  anemometer 
l ocations  are  satisfied  wi th in  the  measurement sector.   

An  anemometer operating  in  the  wake of the  meteorolog ica l  mast i s  h i gh l y d isturbed .  
Measurements  obta ined  i n  th is  cond i tion  shal l  not be  used  i n  the  power performance anal ys is .  
F low d istortion  upstream  of the  meteorolog ica l  mast  can  be  s ign i ficant.  Adequate  separation  
shal l  be  a l l owed  between  the  anemometer and  the  meteorolog ical  mast to  keep 
meteorolog ical  mast flow d istortion  below 1  % .  Gu idance for appropriate  anemometer to  
meteorolog ica l  mast  separation  i s  g iven  i n  G . 4. 2  and  G . 4. 3 .  

Wakes  from  meteorolog ical  mast guys  can  have  a  strong  i n fl uence  on  anemometers  over 
surpris i ng l y l ong  d istances.  Location  of anemometers  downstream  of guys  shal l  be  avoided .  

I t  i s  l argel y up  to  the  user to  determ ine  what degree  of d isturbance and  hence  uncerta in ty i s  
acceptable,  bu t a  su i table  a im  shou ld  be  to  avoid  meteorolog ical  mast and  boom  i nduced  fl ow 
d istortions  greater than  1  %  and  0, 5  %,  respectivel y.  

Meteorolog ical  masts  can  e i ther be  of cyl i ndrical  or l attice  construction .  The  requ i red  
separation  of the  anemometer from  the  meteorolog ical  mast  depends  upon  the  type  of 
meteorolog ica l  mast  and  sol i d i ty.  

G.4.2  Tubular meteorolog ical  masts  

An  approximation  of the  flow d isturbance i n  the  vicin i ty of a  tubu lar meteorolog ical  mast  can  
be  obtained  from  Figure  G .3.  Th is  fi gure  shows  an  iso-speed  p lot of the  fl ow around  a  tubu lar 
meteorolog ical  mast from  a  Navier-Stokes  analys is.  The  l east  d is turbance  can  be  seen  to  
occur i f facing  the  wind  at 45° .  More  general l y,  i t  can  be  seen  that there  is  a  retardation  of the  
flow upwind  of the  meteorolog ica l  mast,  acceleration  around  i t,  and  a  wake beh ind  i t.  Due  to  
the  complexi ty of the  flow i n  the  mast wake in fluenced  reg ion ,  F i gure  G .3  i s  to  be  cons idered  
accurate  on l y for the  upwind  zone  of l east d is turbance as  i nd icated  by the  green  shad ing  in  
the  figure.  
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NOTE   The  speed  i s  normal i sed  by free-fie l d  wind  speed  (from  the  l eft) ;  ana lys i s  by 2  d imensional  Navier-Stokes  
computations  for wh ich  the  g reen  shaded  reg ion  on  the  l eft  i s  considered  accurate  and  the  red  shaded  reg ion  on  
the  ri gh t  i naccurate  due  to  i naccuracies  model l i ng  fl ow i n  and  beh i nd  the  separati on  zone.  

Figure  G .3  – Iso-speed  plot  of local  flow speed  around  a  cyl indrical  meteorological  mast    

I t  i s  eviden t from  Figure  G .3  that for an  anemometer mounted  wi th in  the  ±45°  sector re lati ve  
to  the  wind  d i rection  on  the  upwind  s i de  of the  meteorolog ical  mast that the  greatest  d is tortion  
of the  wind  speed  re lati ve  to  free  stream  occurs  when  the  anemometer i s  d i rectl y upwind  of 
the  meteorolog ica l  mast.  F igure  G .4  shows  the  re lati ve  wind  speed  as  a  function  of d istance  
upwind  of the  meteorolog ical  mast31 .   

 

___________ 

31   Note  that  wind  speed  d i s torti on  may be  h i gher than  shown  i n  F i gure  G . 4  i f winds  approach  from  ang les  
g reater than  45°  from  the  anemometer – mast a l i gnment.  
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Figure G .4  – Centrel ine  relative wind  speed  as  a  function  of d istance Rd   
from  the  centre  of a  tubu lar meteorological  mast and  meteorological  mast d iameter d  

A 99,5  %  re lati ve  wind  speed  is  seen  to  occur at  Rd /d of 8, 2.  The  correspond ing  value  for a  
99  %  relati ve  wind  speed  is  6 , 1 .  

G.4.3  Lattice  meteorolog ical  masts  

Analys is  of the  fl ow around  a  l attice  s tructu re  can  be  based  upon  a  combination  of actuator 
d isc and  Navier-Stokes  theory and  anal ysis .  The  degree  to  wh ich  fl ow is  d isturbed  by the  
meteorolog ica l  mast i s  a  function  of the  sol i d i ty of the  meteorolog ical  mast,  the  d rag  of the  
i nd ividual  members,  the  orientation  of the  wind  and  the  separation  of the  measurement poin t 
from  the  meteorolog ical  mast.  F i gure  G . 5  shows the  d imensions  of i n terest on  a  top-view of a  
tri angu lar l attice  meteorolog ical  mast.  

 

NOTE  The  fi gu re  shows  the  cen trel i ne  wi nd  speed  defi ci t,  the  actuator d i sc representation  of the  meteorolog ical  
mast wi th  the  l eg  d i stance  Lm  and  d i stance  Rd  from  the  cen tre  of the  meteorol og ical  mast  to  the  poin t  of 
observation .  

Figure G .5  – Representation  of a  three-legged  lattice  meteorolog ical  mast   

The fl ow d istortion  i s  a  function  of the  assumed  thrust coefficient,  CT,  wh ich  in  turn  depends  
upon  the  sol i d i ty of the  meteorolog ica l  mast and  the  d rag  on  the  i nd ividual  members.  CT can  

IEC  

  

 

0, 960  

0, 965  

0, 970  

0, 975  

0, 980  

0, 985  

0, 990  

0, 995  

1 , 000  

2, 0  2, 5  3, 0  3, 5  4, 0  4, 5  5, 0  5, 5  6, 0  6, 5  7, 0  7, 5  8, 0  8, 5  9, 0  9, 5  1 0, 0  

Distance  to  center d i vi ded  by mast d i ameter   R/d  

C
e
n
tr
e
lin
e
 r
e
la
ti
ve
 w
in
d
 s
p
e
e
d

 

Lm  

Rd  

Actuator d i sc  

Three  l egged  mast Centrel i ne  

wind  speed  defi ci t  Ud        

IEC    

m
 
  



 – 1 70  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

be  regarded  as  the  tota l  d rag  force  per un i t  l eng th  of the  mast,  d i vided  by the  d ynam ic 
pressure  and  the  l eg  d i stance  Lm32.  

F i gure  G . 6  shows  the  computed  fl ow around  a  l attice  meteorolog ica l  mast having  a  CT of 0 , 5.  
At typ ical  d is tances  of the  anemometer Rd  >  2  times  the  meteorolog ical  mast leg  d istance  ,  
th is  fl ow d isturbance is  very l i ttl e  affected  by meteorolog ica l  mast orien tation  (whether the  
face  or a  corner is  orien ted  in to  the  wind),  and  i t  can  therefore  be  assumed  to  be  the  same.  
However,  F igure  G . 6  i s  to  be  cons idered  accurate  on l y for the  upwind  zone  of l east 
d isturbance as  i nd icated  by the  green  shad ing  i n  the  fi gure.  

 

NOTE  The  speed  i s  normal i sed  by free-fi el d  wind  speed  (from  the  l eft);   
anal ys i s  by 2  d imensional  Navier-Stokes  computation  and  actuator d i sc theory for wh ich  the  g reen  shaded  reg i on  
on  the  l eft  i s  cons idered  accurate  and  the  red  shaded  reg i on  on  the  ri gh t  i naccu rate  d ue  to  i naccuraci es  model l i ng  
fl ow i n  and  beh ind  the  separati on  zone.  

Figure G .6  – Iso-speed  plot  of local  flow speed  around  a  tri angu lar l attice  
meteorolog ical  mast wi th  a  CT  of 0 ,5   

___________ 

32  The  l eg  d i s tance  shal l  represent the  face  wid th .  For s i gn i fi cant  l eg  d iameters  ( l eg  d iameter >  5  %  of face  
wid th )  one  l eg  d i ameter shou ld  be  added  to  the  d i stance  between  the  l eg  cen tres  to  get  the  l eg  d i stance.  
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Figure  G .7  – Centrel ine  relative wind  speed  as  a  function  of d istance Rd  from  the centre  
of a  triangular lattice  meteorological  mast  of l eg  d istance Lm  for various  CT values  

When  the  flow d i rection  i s  perpend icu lar to  a  meteorolog ical  mast face,  m in imum  d istortion  i s  
obtained  when  the  anemometer i s  p laced  at  an  ang le  of 90°  to  the  fl ow d i rection .  Otherwise,  
the  fl ow d istortion  may be  determ ined  by considering  the  upwind  defici t  as  a  function  of 
d istance.  F igure  G . 7  shows  the  computed  cen trel i ne  relative  wind  speeds  for l attice  towers  
having  various  CT values.  Note,  however,  that wind  speed  d istortion  may be  h i gher than  
shown  i n  F igure  G .7  i f winds  approach  from  ang les  greater than  1 00°  from  the  anemometer 
boom  a l ignment.   

The  equation  below may be  used  to  estimate  the  cen trel i ne  wind  speed  defici t  Ud  as  a  
function  of CT and  Rd /Lm :  

 ( ) 







⋅+= 0820076006201

d

m
T

2
Td ,–

R

L
C,C,–U  (G . 1 )  

 

CT  can  be  estimated  from  local  bu i ld ing  codes  or,  wi th in  the  ranges  speci fi ed ,  from  Table  G . 1 .  
I n  th is  table,  the  sol id i ty S  i s  defined  as  the  ratio  of the  proj ected  area  of a l l  structural  
members  on  the  s ide  of the  meteorolog ical  mast  to  the  tota l  exposed  area.  

Table  G. 1  – Estimation  method  for CT  for various  types  of lattice  mast  

Type of mast  Plan  section  Expression  for CT  Val i d  range  

Square  cross-section ,  members  wi th  
sharp  edges  

 4 , 4(1  – S)S  0 , 1  <  S <  0 , 5  

Square  cross-section ,  round  
members  

 2 , 6(1  – S)S  0 , 1  <  S <  0, 3  

Triangu lar cross-section ,  round  
members  

 2 , 1 (1  – S)S  0 , 1  <  S <  0 , 3  
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Al ternative l y,  i f the  des ired  maximum  centrel ine  wind  speed  defici t  i s  speci fi ed ,  the  d istance  
Rd  may be  obta ined  from  the  fol l owing  equation :  
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For a  l a ttice  meteorolog ica l  mast wi th  a  CT  of 0 , 5  and  a  99, 5  %  cen trel i ne  wind  speed  defici t,  
Rd  shal l  be  5 , 7  times  the  meteorolog ica l  mast l eg  d istance  Lm .  A wind  speed  defici t  of 99  %  
wi l l  reduce  the  d istance  Rd  to  3 , 7  times  the  meteorolog ical  mast l eg  d istance.  

The  above  equations  and  charts  represent somewhat i deal ised  meteorolog ical  mast geometry 
and  fl ow cond i tions.  I t  shou ld  be  noted  that the  flow i n terference  wi l l  be  s i gn i ficantl y more  
complex i n  those  cases  where  secondary support s tructures  such  as  l attice  work,  cross-
bracing ,  cable  l adders ,  fl anges  and  attachment brackets  are  also  presen t a t or near the  he ight 
l evel  of the  anemometer or where  the  flow d i rection  i s  not paral le l  to  the  meteorolog ica l  mast 
cross  section  axis  of symmetry.  F igure  G . 8  i l l ustrates  the  CFD  derived  flow (from  the  l eft)  
where  the  relative  pos i tion  and  hence  i n fl uence  of the  cross-bracing  on  the  fl ow d istortion  
changes  wi th  heigh t.  Note  that the  d istortion  is  asymmetric bu t that the  optimum  location  for 
m in imum  flow d istortion  i s  sti l l  at  90°  to  the  flow d i rection .  
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Figure G .8  – 3D  CFD  derived  flow d istortion  for two d i fferent wind  d irections  around  a  
triangular lattice  meteorological  mast (CT  =  0 , 27)  – For flow d i rection  

see  the  red  arrow lower l eft in  each  figure  
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G.5 Lightning  protection  

A l igh tn ing  fi n ia l  (attractor)  can  protect the  top-mounted  i nstruments.  I f l i gh tn ing  protection  is  
i nsta l l ed ,  a  number of precau tions  shal l  be  taken .  The  l i ghtn ing  fi n ia l  shou ld  be  mounted  at 
the  top  of the  meteorolog ical  mast i n  such  a  way that:  

a)  the  anemometer is  separated  horizon tal l y by at l east 30  times  the  fi n ia l  d iameter from  the  
fin ial ;  

b)  the  anemometer is  not i n  the  wake  of the  fi n ia l  when  the  wind  i s  i n  the  measurement 
sector;  

Where  these  cond i tions  cannot be  met,  then  the  flow d istortion  on  the  anemometer shal l  be  
assessed  and  an  add i ti onal  uncerta in ty shal l  be  added .  

G.6 Mounting  of other meteorological  instruments  

The con trol  anemometer shou ld  be  l ocated  as  close  to  the  primary anemometer as  possib le,  
wh i l st s ti l l  satisfying  the  m in imum  separation  requ i rements  of Clauses  G . 2  to  G . 4 ,  i n  order to  
provide  a  good  correlation  between  the  two i nstruments  du ring  the  test.  Th is  corre lation  
shou ld  be  va l i dated  to  ensure  that the  primary anemometer does  not change i ts  ca l ibration  
during  the  test.  However,  the  con trol  anemometer shal l  not  i n terfere  wi th  the  primary 
anemometer and  shal l  a l so  be  free  of fl ow d isturbance  from  other i nstruments.  

The  wind  d i rection  sensor shal l  be  mounted  4  m  to  1 0  m  be low the  primary anemometer.  I t  
shal l  be  mounted  so  that fl ow d istortion  effects  are  m in im ized  wi th  respect to  the  
measurement sector.  The  horizon tal  separation  of the  wind  d i rection  sensor from  the  
meteorolog ical  mast  shou ld  be  at l east ha l f that requ ired  for an  anemometer.  

Except i n  the  case  where  a  meteorolog ica l  mast shorter than  hub  he ight i s  being  used  i n  
con j unction  wi th  a  remote  sens ing  device,  temperature,  hum id i ty and  pressure  sensors  shal l  
be  l ocated  wi th in  1 0  m  of the  hub  he ight on  the  meteorolog ical  mast at a  m in imum  of 1 , 5  m  
below the  primary anemometer wh i ls t meeting  the  mounting  requ i rements  for other 
i nstruments  defined  i n  C lauses  G . 2  and  G . 3.  The  temperature  sensor shal l  be  mounted  in  a  
rad iation  sh ie l d .  The  pressure  sensor may be  mounted  i n  a  weatherproof box.  However,  care  
shou ld  be  taken  to  ensure  that the  box i s  properl y vented  so  that pressure  read ings  are  not 
i n fl uenced  by the  pressure  d istribu tion  around  the  box.  

I f the  meteorolog ica l  mast avai l ab le  for the  power performance test i s  shorter than  hub  height 
(speci fical l y when  a  shorter meteorolog ica l  mast i s  used  i n  con j unction  wi th  a  remote  sens ing  
device  as  defined  i n  Annex L),  temperature,  hum id i ty and  pressure  sensors  shal l  be  l ocated  at 
a  he igh t wi th in  1 , 5  m  to  1 0  m  of the  primary anemometer.  Atmospheric  pressure  shal l  be  
ad j usted  to  hub  height fol l owing  th is  s tandard .  Furthermore,  the  a i r temperature  shal l  be  
ad j usted  to  hub  height assum ing  that the  atmosphere  varies  accord ing  to  I SO  2533: 1 975.  
Al ternativel y a  temperatu re  sensor shal l  be  mounted  on  the  wind  tu rbine  nacel le.  The  sensor 
shal l  be  mounted  at l east 1  m  above the  nacel le  and  upwind  of any existing  ven ti l ation  
systems.  

Examples  of su i table  arrangements  for other meteorolog ical  i nstruments  and  top-mounted  
anemometers  are  shown  i n  F igu re  G . 1  and  F igure  G .2 .  
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Annex H  
(normative)  

 
Power performance testing  of smal l  wind  turbines  

H.1  General  

Smal l  wind  tu rbines  (as  defined  by I EC  61 400-2)  requ i re  specia l  provisions  for power 
performance testing .  I n  particu lar,  wind  turbines  used  to  charge  batteries  shal l  be  tested  i n  a  
way that i s  representati ve  of normal  operation  bu t that reduces  or e l im inates  the  i n fl uence of 
the  particu lar battery configuration  and  cond i tion  used  during  testing ,  and  wind  turbines  that  
use  inverters  for gri d  connection  shal l  be  tested  i n  con junction  wi th  those  i nverters  to  g i ve  
resu l ts  representati ve  of normal  operation .  I n  a l l  cases  the  re levant power is  usefu l  power to  
the  consumer,  thus  power i s  the  power in j ected  in to  the  gri d  for grid  connected  wind  tu rbines,  
s im i larl y power de l i vered  to  the  batteries  for battery charg ing  wind  turb ines.  When  testing  a  
smal l  wind  turbine,  a l l  requ i rements  described  in  th is  s tandard  shal l  be  met wi th  the  fo l lowing  
add i ti ons  and  changes.  

H.2  Defin i tions  

Maximum  power,  P60 :  maximum  one-m inu te  average  power ou tpu t a  wind  turbine  i n  normal  
steady-state  operation  wi l l  produce  (peak instan taneous  power outpu t can  be  h i gher).  

Reference power:  the  averaged  power l evel  in  the  1 1  m /s  wind  speed  b in .   

Reference annual  energy production :  The  AEP  measured  at 5  m /s  annual  average  wind  
speed ,  Rayleigh  d istribu ted ,  us ing  the  sea  level  densi ty corrected  power curve .  

H.3  Wind  turbine system  defin i tion  and  instal lation  

With  respect  to  6. 2 ,  the  fol l owing  i s  requ i red :  

a)  When  characteris ing  battery charg ing  performance,  the  wind  tu rbine  generator system  
shal l  i ncl ude  the  wind  turbine,  wind  tu rbine  tower,  wind  turb ine  con trol l er,  wi ri ng  between  
the  wind  turbine  and  the  l oad ,  and  charge  control l er,  wh ich  i s  a  vol tage  protection  device  
that reduces  wind  turb ine  power ou tpu t when  batteries  are  fu l l y charged .  I t  may include  a  
dump l oad  that  i s  used  to  d iss ipate  energy from  the  wind  turbine  when  the  batteries  are  
fu l l y charged .  The  wind  turb ine  generator system  does  not i nclude  a  battery bank because  
i t  i s  considered  part of the  l oad .  Other energy storage  devices  may be  substi tu ted  for 
batteries  throughou t th is  clause;  

b)  when  characterisi ng  system  ou tput to  a  g ri d ,  the  wind  turb ine  generator system  shal l  
i ncl ude  the  wind  turbine,  wind  tu rbine  tower,  wind  turb ine  control ler,  wi ri ng  between  the  
wind  tu rbine  and  the  l oad ,  and  any add i tional  con trol l ers .  I n  add i tion ,  the  system  may 
i nclude  a  vol tage  i nverter.  I f a  transformer i s  insta l led  between  the  vol tage  i nverter and  the  
grid ,  i t  may be  cons idered  as  ei ther part of the  wi nd  turbine  generator system  or the  load .  
I f the  grid -connected  wind  turb ine  system  incorporates  a  battery bank and /or dump load ,  i t  
shal l  be  cons idered  part of the  system ;  

c)  the  wind  turbine  shal l  be  connected  to  an  e lectrical  l oad  that i s  represen tative  of the  l oad  
for wh ich  the  wind  tu rbine  i s  designed .  I n  the  case  of battery charg ing  appl ications,  the  
l oad  cons ists  of a  battery bank,  a  vol tage  regu lator,  and  a  means  to  d iss ipate  the  power 
that passes  through  the  vol tage  regu lator (or dump load).  I n  the  i deal  test set-up,  the  
battery bank does  not store  energy produced  by the  wind  tu rb ine.  Rather a l l  wind  turbine  
ou tpu t i s  routed  through  the  vol tage  regu lator.  Therefore,  the  battery bank may be  smal ler 
than  typical l y recommended  for the  wind  turbine  as  long  as  vol tage  at the  connection  of 
the  wind  tu rbine  to  the  l oad  can  be  maintained  wi th in  the  speci fications  s tated  be low;    
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d )  the  wind  turb ine  shal l  be  i nsta l l ed  us ing  the  manufacturer's  speci fi ed  mounting  system .  I f a  
wind  tu rb ine  i s  not suppl ied  wi th  a  speci fic mounting  system ,  the  wind  turbine  generator 
shou ld  be  mounted  at  a  hub  heigh t of at  l east  1 0  m ;   

e)  i n  order to  m in im ize  d i fferences  in  resu l ts  due  to  wiring  between  the  wind  tu rbine  and  the  
l oad ,  the  tota l  wi re  run  leng th ,  measured  from  the  base  of the  tower to  the  l oad ,  shal l  be  at 
l east 8  rotor d iameters.  Wiring  between  the  smal l  wind  turbine  and  the  l oad  shal l  be  in  
accordance wi th  the  manufacturer's  speci fications  for th is  wire  run  length .  I f the  
speci fications  provide  for a  range  of wi re  s izes,  wires  shal l  be  s ized  as  close  as  poss ib le  
to  the  average  of that range.  I f no  speci fications  are  provided ,  the  wiri ng  shal l  be  s i zed  so  
that vol tage  drop  between  the  wind  turbine  generator and  the  l oad  is  equ ivalent to  1 0  %  of 
nom inal  vol tage  at  rated  power;  

f)  the  vol tage  regu lator shal l  be  capable  of main tain ing  vol tage  at the  connection  of the  wind  
turb ine  to  load  wi th in  1 0  %  of the  settings  g i ven  i n  Table  H . 1  over the  fu l l  range  of power 
ou tpu t of the  wind  turbine.  The  1 -m inute  average  of the  l oad  vol tage  shal l  be  wi th in  5  %  of 
the  setti ngs  g i ven  i n  Table  H . 1  to  be  i ncluded  i n  the  usable  data  set.  

H.4 Meteorological  mast location  

With  respect  to  6. 3 . 2  the  fol l owing  is  requ ired :  

a)  I f i t  i s  more  practical  to  mount the  anemometer on  a  l ong  boom  that i s  connected  to  the  
wind  turbine  tower,  a  separate  meteorolog ica l  mast i s  not requ i red .  To  m in im ize  the  fl ow 
d istortion  on  the  smal l  wind  turbine  rotor from  the  wake  from  the  anemometer,  the  wind  
vane  and  the ir mounting  hardware,  a l l  such  components  shal l  be  located  at l east 3  m  
away from  any part of the  wind  tu rbine  rotor.  I n  add i tion ,  the  anemometer mounting  shou ld  
be  configured  to  m in im ize  i ts  cross-sectional  area  above the  l evel  that i s  1 , 5  rotor 
d iameters  below hub  heigh t.  The  boom  shal l  be  i nsta l led  such  that s tructura l  vibrations  
are  not i n troduced  i n to  the  wind  speed  s i gnal ;   

b)  for vertical  axis  wind  turbines  hub  he ight i s  defi ned  as  the  he ight of the  centroid  of the 
swept area  of the  wind  tu rb ine  rotor;  

c)  for vertical  axis  wind  tu rbines  the  d istance  between  wind  turbine  and  meteorolog ical  mast 
i s  i l l ustrated  i n  F igure  H . 1 .  
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Figure H . 1  – Defin i tion  of hub  height and  meteorolog ical  
mast location  for vertical  axis  wind  turbines  

H.5 Test equipment 

a)  I n  7. 1  when  measuring  DC outpu ts  for battery charg ing  wind  tu rbines  wi th  a  swept area  of 
40  m 2  or l ess,  the  use  of measurement equ ipment wi th  an  accuracy of 2  %  or better i s  
perm i tted  for the  purposes  of measuring  current and  power,  rather than  the  0, 5  %  
accuracy referred  to  i n  7. 1 ;  

b)  i n  7. 1 :  wind  turbine  ou tpu t power shal l  be  measured  at the  connection  to  the  load  as  
defined  i n  C lause  H . 3;   

c)  a lso  i n  7. 1 :  i n  add i ti on  to  e lectric power,  vol tage  at the  connection  to  the  l oad  shal l  be  
measured  to  ensure  compl iance  wi th  the  requ i rements  l i s ted  i n  C lause  H . 3;  

d )  a lso  i n  7.2 .2 :  the  anemometer mounting  gu idance  provided  i n  Annex G  shou ld  be  fo l l owed .  
I f deviations  are  made the  reason  for doing  so  needs  to  be  documented  in  the  test report  
and  add i ti onal  uncertain ty shal l  to  be  added  to  the  anal ys is .  I n  extreme cases,  i t  i s  
perm issible  to  temporari l y use  an  anemometer other than  the  control  anemometer i f i t  can  
be  demonstrated  that a  good  correlation  exists  between  the  control  anemometer and  th is  
th i rd  anemometer.  Add i ti onal  u ncertain ty wi l l  have  to  be  used  i n  the  anal ysi s  to  
accommodate  for the  uncertain ties  i n  the  correlation ;  

e)  a lso  i n  7.2 .3 :  anemometer shal l  be  mounted  at the  top  of a  meteorolog ical  mast at hub  
he ight  ±  2  %  re lati ve  to  the  ground  at the  meteorolog ical  mast;  

f)  i n  7. 2. 6:  no  wind  shear needs  to  be  measured ;  

g )  i n  7. 4:  measurement of re lati ve  hum id i ty and  correction  for i t  i s  optional ;  

h )  a lso  i n  7. 4 :  the  a i r temperature  sensor,  a i r pressure  sensor,  and  hum id i ty sensor,  i f used ,  
shal l  be  mounted  so  that  they are  at l east 1 , 5  rotor d iameters  vertical  d istance  from  hub  
height  and  wi th in  1 00  m  horizon tal  d istance  of the  hub;  

i )  i n  7. 7:  mon i toring  of smal l  wind  tu rbine  status  is  recommended  bu t i s  not mandatory.  

H.6  Measurement procedure  

a)  i n  8. 2:  i f the  wind  turb ine's  charge  control ler reduces  wind  turbine  ou tpu t at the  optional  
h igh  vol tage  setting ,  the  charge  control ler may be  ad j usted  to  a  h i gher vol tage.  I f the  
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charge  control ler i s  ad j usted ,  the  test report shal l  document the  settings  before  and  after 
ad j ustment.  Any other ad justments  to  the  wind  turbine's  controls  shal l  be  cl earl y reported ;  

b)  i n  8. 3:  pre-processed  data  shal l  be  of 1  m in  duration .  Al l  subsequen t references  to  1 0-m in  
data  sets  i n  the  standard  shal l  appl y to  1  m in  data  sets  when  testi ng  smal l  wind  turbines;  

c)  i n  8. 4:  add  bu l l et  for data  rej ection   

– 1  m in  average  of the  load  vol tage  is  not wi th in  5  %  of the  setti ngs  g i ven  in  Table  H . 1 ;  

d )  i n  8. 5:  the  database  shal l  be  cons idered  complete  when  i t  has  met the  fo l l owing  cri teria:  

1 )  each  wind  speed  bin  between  1  m /s  below cu t- in  and  1 4  m /s  shal l  contain  a  m in imum  
of 1 0  m in  of sampled  data;  

2)  the  tota l  database contains  at l east 60  h  of data  wi th  the  smal l  wind  turb ine  wi th in  the  
wind  speed  range  defined  i n  bu l let  1 ) ;  

3)  i n  the  case  of furl i ng  wind  tu rbines,  the  database shou ld  i nclude  completed  wind  speed  
b ins  characterizing  performance when  the  wind  turbine  i s  furled .  

e)  i t  i s  recommended  that add i tional  performance data  be  obtained  to  quanti fy the  effect that 
changes  of battery bank vol tage  have  on  wind  turbine  performance.  These  add i ti onal  
power curves  shou ld  be  obtained  by setting  the  battery bank vol tage  to  the  optional  low 
and  h igh  settings  l i s ted  i n  Table  H . 1 ,  and  by obtain ing  at l east 30  h  of data  us ing  1 -m in  
pre-averag ing .  When  reporting  these  power curves,  the  tab les  and  graphs  shal l  clearl y 
i nd icate  that  they show performance at optional  l ow and  h igh  vol tage  setti ngs  and  shal l  
i nd icate  those  vol tage  setti ngs.  I t  i s  recommended  that a  s i ng le  graph  be  used  to  show the  
variation  of power wi th  wi nd  speed  and  battery bank vol tage.  

Table  H . 1  – Battery bank vol tage  settings  

Nominal  vol tage  

V 

Requ i red  setting  

V 

Optional  l ow setting  

V 

Optional  h igh  
setting  

V 

1 2  1 2 , 6  1 1 , 4  1 4, 4  

24  25, 2  22 , 8  28, 8  

36  37, 8  34, 2  43, 2  

48  50, 4  45, 6  57, 6  

Other  2, 1 *  1 , 9*  2 , 4*  

*   Vol ts  per cel l  

 

H.7  Derived  resul ts  

a)  i n  9. 1 :  for wind  turb ines  wi th  pass ive  power con trol  such  as  fu rl i ng  or b lade  fl u ttering ,  wind  
speed  shal l  be  sea  level  normal ised  us ing  Equation  (1 4)  (wind  speed  normal isation) ,  
Equation  (1 3)  (power normal isation),  or an  al ternative  method .  Documentation  shal l  be  
provided  to  j usti fy the  use  of an  a l ternative  method ;  However,  i f the  wind  tu rbine  i s  a l ready 
ad j usted  to  adapt to  the  s i te  speci fic ai r densi ty,  th is  shou ld  be  reported  and  no  add i ti onal  
normal isation  is  a l l owed ;  

b)  i n  9. 1 . 6 :  for smal l  wind  tu rbines,  the  turbu lence  correction  is  not recommended ,  however i f 
i t  i s  carried  ou t i t  shal l  be  reported  whether the  method  i s  appl i ed  for 1  m in  averages  
i nstead  of 1 0  m in  averages  of the  measured  power and  wind  speed ,  and  e i ther are  
perm i tted .  I f the  turbu lence  correction  i s  appl i ed  the  power curves  both  wi th  and  wi thout  
turbu lence  correction  shal l  be  reported  and  clearl y i den ti fi ed ;  

c)  i n  9. 3 :  i n  cases  where  the  smal l  wind  turbine  does  not shut down  i n  h igh  winds,  AEP  
measured  and  AEP  extrapolated  shal l  be  ca lcu lated  as  though  cu t-ou t wind  speed  were  
the  h i ghest,  fi l l ed  wind  speed  b in  or 25  m /s,  wh ichever i s  greater.   
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H.8  Reporting  

I n  C lause  1 0:  i n  add i tion  to  the  i n formation  l i s ted  in  C lause  7,  the  description  of the  wind  
turb ine  and  the  test  set-up  shal l  i ncl ude:   

a)  wiri ng  s i zes,  conductor materia l ,  types,  l eng ths  and  connectors  used  to  connect the  wind  
turbine  to  the  l oad ;  

b)  vo l tage  setti ng(s)  for any over or under-vol tage  protection  devices  that are  part of the  
smal l  wind  turbine  generator system ;  

c)  nom inal  battery bank vol tage  (e. g .  1 2  V,  24  V,  48  V);  

d )  battery bank s i ze  ( i . e .  amp-hour capaci ty),  battery type  and  age;  

e)  description  i nclud ing  make,  model ,  and  speci fications  of the  vol tage  regu lation  device  
used  to  main tain  the  battery bank vol tage  wi th in  speci fied  l im i ts ;  

f)  reference  power;  

g )  the  ca lcu lated  annual  energy production  based  on  AEP-measured  and  a  Rayle igh  wind  
speed  d istribution  wi th  an  average  wind  speed  of 5  m /s  and  the  sea  level  dens i ty 
normal ised  power curve  shal l  be  reported  as  the  Reference Annual  Energy;  

h )  the  1  m in  tu rbu lence  in tensi ty for each  data  set (sequential ,  unbroken ,  time series)  as  a  
scatter plot across  the  observed  wind  speed  range.  

H.9  Annex A – Assessment of influence cause by wind  turbines  and  obstacles  
at the  test si te  

a)  The  requ i rements  i n  Table  A. 1  may be  re laxed  to  accommodate  smal l  wi nd  turbines  but 
add i tional  uncertain ty shou ld  be  i ncluded  for the  wind  speed  uncerta in ty.  However,  do  not 
d isregard  other sections  of Annex A ( i . e.  the  method  for excluded  sectors  due  to  
obstacles) .   

H.1 0  Annex B  – Assessment of terrain  at test si te  

a)  I n  recogn i ti on  of the  typical  envi ronments  where  smal l  wind  turbines  are  i nstal l ed  the 
maximum  slope  requ irements  i n  Table  B. 1  may be  increased  to  1 0  %  for al l  d istances  and  
a l l  d i rections.  However,  add i tional  uncertain ty i n  wind  speed  shou ld  be  added .  

H.1 1  Annex C  – Si te  cal ibration  procedure  

a)  i n  C.3. 2:  add i tional  measurements  to  characterize  wind  shear are  not recommended .  Th is  
i ncludes  vertical  wind  speed  and  wind  veer measurements ;  

b)  I n  Clause  C. 5:  d isregard  anal ys is  for wind  shear and  atmospheric  stabi l i ty;  

c)  a lso  i n  Clause  C. 5:  wind  shear measurements  are  not requ ired  at both  meteorolog ica l  
masts;  

d )  a lso  i n  Clause  C. 5:  for each  1 -m inu te  data  poin t,  the  wind  speed  ratio  shal l  be  calcu lated ,  
wh ich  is  the  hub  heigh t wind  speed  at the  wind  turbine  meteorolog ical  mast l ocation  
d ivided  by the  hub  he ight wind  speed  at  the  reference  meteorolog ical  mast;  

e)  i n  C.5. 1  and  C. 5.2 :  these  subclauses  wi l l  be  d isregarded ;  

f)  i n  C.5. 3:  th is  subclause  wi l l  be  used  for s i te  cal ibration  anal ys is;  

g )  for s i te  ca l ibration  for smal l  wind  turb ines ,  i t  i s  acceptable  to  use  the  wind  tu rbine  support 
tower rather than  a  meteorolog ica l  mast at the  wind  turb ine  location ,  provided  that fl ow 
d istortion  requ irements  are  satisfied .  
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Annex I  
(normative)  

 
Classification  of cup and  sonic anemometry 

I . 1  General  

Cup and  son ic anemometers  are  wind  measurement i nstruments  that may be  used  for power 
performance measurements.  I n  order to  transfer traceabi l i ty they shal l  be  cal i brated  i n  a  wind  
tunnel  accord ing  to  Annex F .  Wind  tunnel  ca l i brations  are  performed  under con trol l ed  
environmental  cond i ti ons  wi th  a  smooth  and  l ow turbu len t flow.  However,  during  
measurements  and  operation  in  the  fie l d ,  these  i nstruments  are  subj ect to  tu rbu len t flow and  
environmenta l  cond i tions  that can  deviate  s ign i fican tl y from  wind  tunnel  ca l ibration  cond i tions.  
The  fi e ld  cond i tions  may s i gn i fican tl y i n fluence  the  instrument characteristics  and  cause  the  
i nstrument ou tpu t to  deviate  from  wind  tunnel  ca l ibrations.  I f the  ranges  of the  in fluentia l  
parameters  during  fie ld  operation  are  determ ined ,  then  the  systematic deviations  may be  
anal ysed  and  the  deviations  in  i nstrument ou tput  may be  pu t i n to  a  class i fi cation  scheme.  

Known  i n fl uence  parameters  on  cup  anemometer measurements  are  turbu lence,  a i r 
temperature,  a i r densi ty,  and  average  upflow ang le.  Known  i n fl uence parameters  on  son ic  
anemometer measurements  are  wind  d i rection ,  upflow ang le,  and  a i r temperature.  These  
i n fl uence parameters  shal l  be  cons idered  i n  the  classi fication .  Other envi ronmental  
parameters  may in fluence  the  i nstruments.  I f such  i n fl uence parameters  are  known  to  g i ve  
systematic deviations,  the  i n fl uence  shal l  be  anal ysed  and  included  i n  the  classi fication  
scheme.  Furthermore,  the  combined  effect of a l l  i n fl uen tia l  parameters  shal l  be  assessed .  The  
systematic deviations  due  to  i n fl uentia l  parameters  shal l  be  anal ysed  accord ing  to  the  
procedures  described  in  Annex J  resu l ti ng  i n  a  class i ficati on  speci fication  of the  type  of 
anemometer.  At l east fi ve  samples  of the  anemometer type  shal l  be  assessed .  Mod i fication  of 
an  anemometer type  that may in fluence the  ou tpu t requ ires  a  new assessment.  Change i n  
geometry of the  anemometer type,  measurement princip le,  software  a l gori thm  for ca lcu lation  
of the  ou tpu t,  software  settings,  or supporting  structure  geometry,  requ i res  a  new 
assessment.  

The  classi fication  method  on l y considers  normal  operation  of the  sensors.  The  method  does  
not cons ider,  for example  wear,  mal function ing  or i ci ng  (see  Annex O) .  

I .2  Classification  classes  

The class i fication  of an  anemometer type  is  d i vi ded  i n to  fi ve  classes  dependen t on  the  
purpose.  C lass  A,  B ,  C  and  D  are  based  on  predefined  terra in  and  cl imate  ranges,   
see  Table  I . 1 .  C lass  A and  C  shal l  be  used  for terra in  that meets  the  requ irements  i n  Annex B  
and  in  type  A terra in  i n  C. 3. 1 .  Class  B  and  D  shal l  be  used  for terra in  that does  not meet the  
requ i rements  i n  Annex B.  Class  B  and  D  cou ld  be  used  in  terrain  type  B  i n  C.3. 1 .  I f 
i n formation  about the  i n fl uence parameter ranges  during  the  measurements  are  avai l able  then  
class  S  may be  used .   

Class  S  i s  a  special  cl ass,  where  the  i n fl uence parameter ranges  may be  d efined  by the  user,  
see  Table  I . 1 .  Th is  may be  for a  special  cl imate,  for example  cold  cl imate  cond i tions ,  see  
Annex O.  The  class  S  may a lso  be  used  for uncertain ty estimate  for a  measurement campaign  
where  the  i n fl uence parameter ranges  are  determ ined  during  the  measurements .  Class  S  may 
be  used  for measurements  i n  type  A,  B  and  C  terrain ,  see  C. 3. 1 .  

The  class i fication  number k shal l  be  used  i n  determ ination  of the  wind  speed  operational  
characteristics  uncerta in ty,  as  l i sted  i n  Annex D  (Table  D. 1 ) .  
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Annex B  provides  an  assessment of the  terrain  to  evaluate  i f the  flow d i stortion  due  to  the  
terra in  wi l l  be  s i gn i ficant.  For class i fication  of cup  and  son ic anemometers,  th is  terrain  
assessment supports  the  defin i ti on  of the  class i fication  classes  A,  B ,  C  and  D.   

Class  A:  Associated  wi th  terra in  that meets  the  requ i rements  of Annex B  and  wi th  
general  i n fluence  parameter ranges  for th is  type  of terrain .   

Class  B :  Associated  wi th  terrain  that does  not meet the  requ i rements  of Annex B  and  
wi th  general  in fluence  parameter ranges  th is  type  of terrain .   

Class  C:  Same as  class  A bu t wi th  temperatures  down  to  –20  °C.  

Class  D :  Same as  class  B  bu t wi th  temperatures  down  to  –20  °C.  

For terrain  or cl imate  that deviates  from  classes  A to  D  a  class  S  cl imate  may be  speci fi ed .   

Class  S :  Associated  wi th  cond i ti ons  that deviates  from  class  A,  B ,  C  or D .  I n  th is  cl ass,  
the  user defines  the  in fluence  parameter ranges.  Th is  may be  due  to  specia l  or 
user defined  terra in  or cl imate  cond i tions.  

I .3  Influence parameter ranges   

The m in imum  requ i red  i n fl uence parameter ranges  of cup  and  son ic  anemometer 
cl assi fication  are  l i s ted  i n  Table  I . 1 .   

I .4 Classification  of cup and  sonic anemometers  

The classi fication  of an  anemometer i s  speci fied  by the  amoun t of systematic  deviations  from  
cal i brated  values  (cal i bration  accord ing  to  Annex F)  where  the  systematic deviations  are  
determ ined  for va lues  varying  wi th in  the  i n fl uence  parameter ranges .  For a  son ic anemometer 
and  for d i rectional  sensi ti ve  cup  anemometers,  a  reference d i rection  that i s  used  for 
cal ibrations  accord ing  to  Annex F  shal l  be  defined  for the  i nstrument type.  The  systematic  
deviations  shal l  be  derived  for a l l  va l ues  that are  re levant for the  class  determ ination  between  
m in  and  max values  for each  parameter.  The  class  number kn  of an  anemometer sample  
number n  shal l  be  determ ined  as  the  maximum  systematic deviation  from  the  wind  tunnel  

ca l i bration  va lue,  weigh ted  wi th  a  wind  speed  function :   

 iin wk εmax1 00 ⋅=  ( I . 1 )  

 

where  

kn  i s  the  class  number of anemometer sample  number n  (n=1 …5 or more) ;  

wi  i s  a  weighti ng  function  i n  m /s  that  defi nes  the  deviation  envelope,  see  Equation  ( I . 2) ;  

εi  i s  the  deviation  i n  m /s  for i n fl uence  parameter combination  i.  

The  weighting  function  wi  averages  the  in fluence  of absolu te  and  relati ve  deviations 33:    

 wi  =  5  m /s  +  0, 5  ·  Ui  ( I . 2)  

 

where  

Ui  i s  the  wind  speed  i n  m /s  for i n fl uence parameter combination  i.  

___________ 

33  A cl ass  number of 1  corresponds  to  1  %  at  1 0  m /s  bu t  more  than  1  %  bel ow 1 0  m /s  and  l ess  than  1  %  above 
1 0  m /s.   

iε
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Table  I . 1  – Influence parameter ranges  (1 0  min  averages)  of Classes  A,  B ,  C ,  D  and  S  

  C lass  A 

Terrain  meets  
requ i rements   
i n  Annex B  

Class  B  

Terrain  does  
not meet 

requ i rements   
i n  Annex B  

Class  C  

Terrain  meets  
requ i rements   
i n  Annex B  

Class  D  

Terrain  does  
not meet 

requ i rements   
i n  Annex B  

Class  S 34  

Special  class  
wi th  user 

defined  ranges  

Range  Range  Range  Range  Range  

Wind  speed  V (m /s)  4  to  1 6  4  to  1 6  4  to  1 6  4  to  1 6  4  to  1 6  

Turbu lence  i n tensi ty  0 , 03  to  0 , 1 2  +  
0 , 48/V  

0, 03  to  0 , 1 2  +  
0 , 96/V 

0 , 03  to  0 , 1 2  +  
0 , 48/V 

0, 03  to  0 , 1 2  +  
0 , 96/V 

User defi ned  

Turbu lence  35 
structu re  σu /σv/σw  

1 /0 , 8/0 , 5*   1 /0 , 8/0, 5*   1 /0, 8/0, 5*   1 /0, 8/0, 5*   User defi ned   

or 1 /0, 8/0, 5*  

Ai r temperature  (°C)  0  to  40  −1 0 to  40  –20  to  40  −20 to  40  User defi ned  

Ai r dens i ty (kg /m 3)  

 

0 , 9  to  1 , 35  0 , 9  to  1 , 35  0 , 9  to  1 , 35  0 , 9  to  1 , 35  User defi ned  

Average  upfl ow ang l e  
(° )  

−3 to  3  −1 5 to  1 5  −3 to  3  −1 5 to  1 5  U ser d efi ned  

Wind  d i rection  (° ) 36 Cups  and  
son ics :   

0°  to  360°  

Cups  and  
son ics:   
0°  to  360°  

Cups  and  
son ics:   

0°  to  360°  

Cups  and  
son ics:   

0°  to  360°  

Cups:  0°  to  360°  

Son ics:  user 
defi ned  

*   A non- i sotropic Kaimal  tu rbu lence  spectrum  wi th  tu rbu lence  l eng th  scale  350  m .  

 

For the  fi ve  anemometer samples  being  tested  for cl ass i fication ,  the  class  i s  determ ined  by 

the  average  of the  k va lues  p lus  hal f the  range  d i vi ded  by 3  assum ing  a  rectangu lar 
d istribu tion  (see  Equation  ( I . 3)) .   
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n  

 

( I . 3)  

 

A class i fication ,  referring  to  a  certa in  class,  i s  expressed  by kA,  kB or kS,  for example  1 , 7A or 
2 , 5S.  The  operational  characteristics  standard  uncertain ty (see  Table  D . 1 )  of a  cup  or son ic  
anemometer may be  derived  from  the  class i fi cation  assum ing  a  rectangu lar uncerta in ty 
d istribu tion ,  i n  wh ich  case  the  s tandard  uncertain ty to  be  used  i n  the  power performance 
uncertain ty assessment i s :   

 uv2 j  =  (0, 05  m /s  +  0, 005  ·  Uj)  ·  k 3  ( I . 4)  

 

___________ 

34  The  i n fl uence  parameter ranges  determ ined  d u ri ng  a  power performance  measurement  i ncl udes  some 
parameters  that  are  measured  as  part  of the  performance  measurement:  wi nd  speed ,  tu rbu lence,  a i r 
temperatu re,  a i r d ensi ty.  The  upflow ang le  may be  determ ined  du ri ng  a  s i te  cal i bration  by mounti ng  a  b i -vane  or 
three-d imensional  son ic anemometer at  hub  hei gh t  on  the  meteorology mast temporari l y mounted  at  the  wi nd  
tu rbi nes  foundation .  Upflow ang le  on  the  tu rbi ne  may be  determ ined  wi th  a  spinner anemometer.  

35  For generati on  of arti fi cia l  wind ,  see  for example  C lause  J . 4.   

36  I f a  cup  anemometer i s  d i recti onal  sens i ti ve  (shou l d  be  i n vesti gated  on  at  l east  one  sample),  then  d i recti vi ty 
shal l  be  i ncl uded  i n  the  cl assi fi cation .  For son ic  anemometers  d i recti vi ty shal l  a lways  be  i ncl uded  i n  the  
cl assi fi cation ,  bu t  for cl ass  S  the  wi nd  d i recti on  range  may be  defi ned  by the  user.   
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An  example  of a  class i fication  is  described  i n  Annex J .  

I .5  Reporting  format 

Classi fication  reporting  of the  wind  speed  sensor shal l  speci fy a l l  relevant detai ls  of the  
sensor,  i ncl ud ing  a l l  setti ngs.  Documentation  of the  class  of a  son ic  anemometer shal l  speci fy 
the  programmed  configuration  for wh ich  the  class i fication  is  va l i d .  

Relevan t documentation  shal l  be  provided  wi th  deta i led  i n formation  on  the  procedures  
fol l owed ,  the  measurements  performed  as  background  for the  classi fication ,  and  
documentation  of the  faci l i ti es  and  instruments  used .  
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Annex J  
(normative)  

 
Assessment of cup and  sonic anemometry 

J .1  General  

Assessment of anemometry for cl assi fication  shal l  be  derived  from  traceable  wind  tunnel  
tests,  other l aboratory tests  and  associated  model l ing  of anemometer characteristics .  A 
thorough  assessment method  shou ld  a lso  i nclude  veri fication  fi e ld  tests.   

An  assessment of a  type  of cup  or son ic anemometer shal l  i nclude  veri fied  procedures  to  
determ ine  the  i n fl uence  of the  fo l l owing  bas ic  characteristics  (a lso  note  Table  I . 1 ) :  

•  ti l t  angu lar response  characteristics;  

•  yaw angu lar response  characteristics;  

•  temperature  i nduced  effects  on  the  anemometer performance.  

Add i ti onal l y,  for cup  anemometers  the  fol lowing  characteristics  shal l  be  assessed :  

•  d ynam ic effects  due  to  rotor torque  characteristics .  

Clause  J . 2  describes  procedures  for measuring  anemometer characteristics .  Clause  J . 3  
describes  a  method  for cl assi fication  of cup  anemometers  wi th  an  example  and  Clause  J . 4  
describes  a  method  for cl assi fication  of son ic anemometers .  An  actual  assessment shal l  be  
based  on  the  methodolog ies  i n  C lauses  J . 3  and  J . 4,  bu t cou ld  a lso  be  based  on  other 
assessment methods,  as  l ong  as  they i nclude  veri fi ed  procedures  to  incorporate  i n fl uence of 
the  parameters  i n  Table  I . 1 .  C lause  J . 5  presents  a  method  for fie ld  comparison  of 
anemometers .  

J .2  Measurements  of anemometer characteristics  

J .2. 1  Measurements  in  a  wind  tunnel  for ti l t  angu lar response  characteristics  of cup  
anemometers  

The ti l t  angu lar response  is  the  measured  wind  speed  at  i ncl i ned  flow ang les  re lative  to  the  
measured  wind  speed  at  non- incl ined  fl ow.  The  ti l t  angu lar response of a  cup  anemometer 
shal l  be  measured  in  a  wind  tunnel  that fu l fi l s  the  requ irements  described  i n  Annex F .  
Add i tional l y i t  shal l  be  documented  that the  wind  tunnel  i s  su fficient i n  height for obta in ing  
accurate  ti l t  response  characteristics.  

The  behaviour of an  anemometer i s  strong l y i n fl uenced  by the  free  space around  and  
especial l y underneath  and  above  the  anemometer.  I t  i s  importan t that the  ti l t i ng  mechan i sm  is  
designed  in  such  a  way that the  centre  of the  sensing  part of the  anemometer i s  fixed  but free  
to  rotate,  and  the  bottom  plate  of the  wind  tunnel  shal l  be  closed  in  order to  prevent adverse  
flow effects.  Therefore  no  trans latory motion  may be  performed  by the  rotor,  i nstead  on l y an  
i ncl i nation  of the  rotor p lane  i s  real i zed .  

The  ti l t  ang le  response may be  measured  wi th  two a l ternative  methods,  one  us ing  a  sweep 
and  the  other us ing  fixed  pos i tions.  

The  determ ination  of the  anemometer’s  response  to  quas i  statical l y i ncl i ned  fl ow shou ld  be  
performed  wi th  the  he lp  of an  au tomatic ti l t  ang le  device  i nsta l l ed  i n  the  wind  tunnel .  During  
the  measurements,  the  anemometer is  s lowl y ti l ted  back and  forth  wi th  a  very s l ow sweep rate  
( l ess  than  0 , 05° /s)  so  the  in fl uence  on  the  resu l ts  due  to  the  angu lar speed  can  be  neg lected .  
Sweeps  may on l y be  used  i f the  wind  speed  i n  the  wind  tunnel  i s  kept wi th in  0 , 5  %  of the  
nom inal  wind  speed  for a l l  t i l t  ang les.  
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At  non- incl i ned  flow,  the  ti l t  ang le  shal l  be  fixed  and  measurements  shal l  be  performed  for  
300  s  to  ensure  that sufficien t data  i s  co l l ected  for the  zero  b in  (±0, 5°) .  Th is  zero  b in  data  is  
used  for normal isation  of the  ti l t  angu lar response.  

Record ing  of t i l t  ang le,  wind  tunnel  wind  speed  and  anemometer ou tpu t shal l  be  made 
s imu l taneousl y and  averaged .  I t  can  be  mean ingfu l  to  i ncorporate  a  fi ner resolu tion  of the  b in -
averag ing  a l gori thm  to  account for h i gher grad ients  i n  the  ti l t  ang le  response around  zero  
degrees.   

The  ti l t  angu lar response  shou ld  a l ternativel y be  determ ined  by s tepwise  fixed  pos i ti on  
measurements ,  where  the  response  at each  ang le  i s  determ ined  by Annex F  wind  tunnel  
ca l ibration  at  se lected  nom inal  wind  speeds  in  the  wind  speed  range.   

Measurement matrix recommendations:  

a)  defin i tion  of fl ow ang le:  pos i ti ve  for upwards  fl ow on  cup  rotor;  

b)  ti l t  ang le  range  and  steps:  at l east –30°  to  +30°  ( for example  ±0° ,  ±1 ° ,  ±2° ,  ±3° ,  ±4° ,  ±6° ,  
±8° . . . ±30°) ;  

c)  wind  speed  range  and  steps:  4  m /s  to  1 6  m /s  (for example  4  m /s,  8  m /s,  1 2  m /s  and  
1 6  m /s);  

d )  b in  averag ing  range  for the  sweep  method :  bin  wid th  max 2° .  

An  example  of ti l t  angu lar response  ( i nclud ing  the  “ ideal ”  cos ine  shape)  i s  shown  i n   
F igu re  J . 1 .  

 

 

Figure J . 1  – Ti l t  angu lar response 0=αα VV  of a  cup anemometer as  function  of flow 

ang le  α  compared  to  cosine  response  

J .2.2  Wind  tunnel  measurements  of d i rectional  characteristics  of cup  anemometers  

The des ign  of certa in  cup  anemometers  (e. g .  asymmetric hous ing  shape,  asymmetric cable  
en tries ,  etc. )  may have  an  adverse effect of the  anemometer wind  speed  s ignal  wi th  respect 
to  the  horizon ta l  fl ow d i rection  and  the  reference d i rection  used  for cal i bration  (yaw 
sensi ti vi ty).  Th is  effect i s  not desi red  s ince  i t  usual l y cannot be  corrected  for.  I t  may con tribute  

IEC  
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substan tia l l y to  the  tota l  uncertain ty i n  the  wind  speed  measurement.  Yaw sensi ti vi ty 
measurements  shal l  be  conducted  at  wind  speeds  of 4  m /s,  8  m /s,  1 2  m /s,  and  1 6  m /s.   

J .2.3  Wind  tunnel  measurements  of cup  anemometer rotor torque  characteristics   

The  d ynam ic response  of a  cup  anemometer to  wi nd  is  governed  by Equation  (J . 1 ) ,  where  퐼  i s  
the  mass  moment of i nertia ,  휔  i s  the  angu lar veloci ty,  푡  i s  t ime,  QA  i s  the  aerodynam ic rotor 
torque  and  QF  i s  the  torque  due  to  friction  (main l y i n  bearings) .  

 
FAd

d
QQ

t

w
I −=  (J . 1 )  

 

The net torque,  QA  –  QF ,  on  the  cup  anemometer rotor,  and  thus  the  rotor torque  
characteristics,  can  be  measured  i n  a  wind  tunnel .  

The  aerodynam ic torque  can  be  measured  by forcing  the  rotor to  turn  at off-equ i l i brium  
speci fic angu lar speeds  wh i le  measuring  the  torque  wi th  a  torque  sensor.  

The  aerodynam ic rotor torque  on  the  cup  anemometer is  equal  to  the  reaction  torque  on  the  
shaft,  measured  wi th  the  torque  sensor,  m inus  friction  torque.  Measurements  close  to  the  
equ i l ibri um  angu lar speed  shou ld  be  very accurate  and  detai l ed .  An  example  of a  torque  
measurement,  where  the  wind  tunnel  speed  was  kept constant at 8  m /s  and  the  rotational  
speed  of the  rotor was  varied ,  i s  shown  in  F igure  J . 2 .   
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Figure J .2  – Wind  tunnel  torque  measurements  QA  –  QF  as  function  of angu lar speed  ω  
of a  cup  anemometer rotor at  8  m /s  

J . 2.4  Wind  tunnel  measurements  of step  responses  of cup anemometers  

The rotor torque  characteristics  may al ternativel y be  measured  wi th  a  step  response  method  
i n  a  wind  tunnel .  Th is  method  is  less  precise  than  the  method  i n  J . 2 . 3  because  l i near torque 
characteristics  on  ei ther s ide  of the  equ i l ibri um  speed  ratio  (torque  coeffi cien t equal  to  zero,  
see  J . 3 . 2)  shal l  be  assumed.   

A step  response  is  a  method  where  a  cup  anemometer,  i n  a  wind  tunnel  of constan t fl ow 
speed ,  i s  forced  to  an  off-equ i l ibrium  rotational  speed ,  above or below the  equ i l ibrium  wind  
speed ,  where  the  recovery to  equ i l i brium  angu lar speed  i s  mon i tored .  The  recovery reg ion  
close  to  equ i l ibri um  is  the  importan t part of the  recovery.  I t  i s  recommended  to  use  the  data  
from  the  recovery reg ion  between  50  %  and  98  %  of the  equ i l i brium  rotor speed  during  the  
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acceleration  tests,  and  between  1 50  %  and  1 02  %  during  the  deceleration  tests  when  fi tting  
the  torque  coefficien t l i nes.   

The  method  to  force  the  anemometer to  operate  off-equ i l i bri um  can  be  made by attach ing  a  
th i n  shaft to  the  top  of the  cup  anemometer rotor,  and  extend ing  i t  through  a  hole  i n  the  tunnel  
wal l  to  a  motor.  The  rotational  speed  i s  control l ed  by the  motor,  wh ich  i s  mechan ical l y 
d isengaged  from  the  rotor when  the  measurement of the  acceleration  or deceleration  i s  to  
start.   

Al ternative l y,  the  off-equ i l i bri um  state  can  be  ach ieved  by applying  one  or more  j ets  of 
compressed  a i r to  the  one  or the  other s ide  of the  cup  anemometer rotor.  However,  care  shal l  
be  taken  not to  d isturb  the  upstream  wind  in  the  tunnel .  

The  off-equ i l i brium  starting  states  shou ld  be  wel l  ou ts ide  the  rotational  range  for the  anal ys is  
(50  %  to  1 50  %  of equ i l i brium  rotor speed)  to  ensure  the  exci tation  device  i s  not i n fluencing  
the  data  used  for fi tting .   

I n  case  the  torque  characteristics  can  be  expressed  by a  l i near re lationsh ip  on  e i ther s i de  of 
torque  equ i l i brium  (torque  equal  to  zero) ,  then  the  step  response  can  be  expressed  wi th  the  
equation :  

 

u(t)  =  ut – ∆u ·  exp  






 −

τ
0tt

 

 

(J . 2)  

 

where  

u(t)  i s  the  measured  wind  speed  by the  cup  anemometer at time t  us ing  the  ord inary 
cal ibration  function ;  

ut  i s  the  tunnel  wind  speed ;  

∆u  i s  the  d i fference between  wind  tunnel  wind  speed  and  the  i nd icated  wind  speed  of 
the  cup  anemometer,  at  the  beg inn ing  of the  step  response  measurement,  at time  
t0 ;  

 푡  i s  the  time;  

휏  i s  the  time constant to  be  determ ined  for the  step  response  (τ l ow  for s tep  response  
from  below and  τh i gh  for step  response from  above).  

I n  fi tti ng  the  data  to  the  two unknown  constan ts  τ  and  
0t ,  i t  i s  usefu l  to  reformu late  Equation  

(J . 2)  and  to  use  l inear regression  to  determ ine  the  time  constant  τ :  
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An  example  of us ing  the  step  response method  resu l ts  to  determ ine  the  l i near torque  from  the  
time constan ts  is  further described  in  J . 3 . 2 .   

J .2.5  Measurement of temperature  induced  effects  on  anemometer performance  

Temperature  i nduced  effects  i n fluencing  the  anemometer performance  shal l  be  assessed .  

J .2.5. 1  Measurement of friction  torque in  a  cup anemometer  

The temperature-dependant effects  due  to  bearing  friction  shal l  be  assessed  by a  fl ywheel  
test i n  a  cl imate  chamber [1 1 ] .  
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Friction  torque  measurements  shal l  be  made by replacing  the  cup  anemometer rotor wi th  a  
fl ywheel ,  and  by measuring  the  deceleration  from  a  rotational  speed  correspond ing  to  20  m /s.  
There  are  two torques  acti ng  on  the  rotor,  friction  torque  i n  the  bearings 37  and  a i r friction  
torque  on  the  fl ywheel  (wh ich  shal l  be  subtracted  from  the  measured  torque).  The  tests  shal l  
be  performed  at temperatures  from  –20  °C  to  +40  °C  at l east wi th  a  5  °C  graduation .  For each  
temperature  the  friction  may be  expressed  wi th  a  second  order polynomial  wi th  th ree  
constan ts  F0 ,  F1  and  F2 .   

 QF  =  F0  +  F1ω  +  F2  ω
2  (J . 4)  

 

Figure  J . 3  shows  an  example  of friction  torque  i n  bearings  as  function  of temperature  for fixed  
rotational  speeds .  

 

 

Figure J .3  – Example  of bearing  friction  torque  QF  as  function  
of temperature  for a  range of angu lar speeds  ω   

J . 2.5.2  Wind  tunnel  tests  at  d i fferent temperature  and  wind  speeds  

I n fluence of temperature  effects  on  a  whole  anemometer (cup  anemometers  as  wel l  as  son ic 
anemometers)  may be  veri fi ed  wi th  cl imate  wind  tunnel  tests .  The  tests  may be  performed  at 
temperatures  accord ing  to  Table  I . 1  from  –20  °C  to  +40  °C  at a  5  °C  graduation .  The  tests  
may be  conducted  at 4  m /s,  8  m /s,  1 2  m /s  and  1 6  m /s.  The  wind  speed  deviations  from  the  
standard  cal i bration  of the  anemometer may then  be  determ ined .  Caution  shal l  be  exercised  
to  ensure  that the  fi nd ings  of the  wind  tunnel  tests  are  not b iased  by undes ired  effects  (e. g .  

___________ 

37  There  may be  fri cti on  torque  due  to  other causes  than  bearing  fri cti on ,  for example  fri cti on  due  to  s i gnal  
generation .  Such  torque  shal l  be  i ncl uded  i n  the  fri cti on  torque  measurements.  
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the  accretion  of rime  upon  the  anemometer rotor) .  The  resu l ts  shou ld  be  compared  to  
s imu lated  va lues  ca lcu lated  wi th  the  cup  anemometer model  i n  J . 3. 2 .  

J .2.6  Wind  tunnel  measurements  of d irectional  characteristics  of son ic 
anemometers  

The d i rectional  i n fl uence  on  the  outpu t of son ic  anemometers  shal l  be  measured  i n  a  wind  
tunnel  that fu l fi l s  the  requ irements  described  i n  Annex F.  

The  determ ination  of the  anemometer’s  response  to  quasi  s tatica l l y incl i ned /and  or yawed  a i r 
flow shal l  be  performed  wi th  the  he lp  of an  au tomatic ti l t  and  yaw ang le  device  insta l l ed  i n  the  
wind  tunnel .  During  the  measurements,  the  anemometer i s  pos i ti oned  i n  a  fixed  ti l t  ang le .  The  
yaw d i rection  may be  speci fi ed  for fixed  yaw posi ti ons  wi th  measurements  for 30  s  averages,  
or i t  may be  yawed  con ti nuous l y wi th  a  sweep rate  of abou t 1 ° /s 38.  The  yawing  shal l  be  
performed  for the  pre-defined  measurement sector of the  son ic.  The  ti l t  ang le  of the  son ic 
shal l  be  fixed  for the  fol l owing  ti l t  ang les:  0° ,  ±2° ,  ±5° ,  ±1 0° ,  ±1 5° ,  ±20° ,  ±30° .  Ti l t  ang les  
shou ld  be  added  or om i tted  i f there  is  clear evidence  that they are  needed  or unneeded .  The  
measurements  shal l  be  performed  for the  wind  speeds:  4  m /s,  8  m /s,  1 2  m /s,  and  1 6  m /s.  For 
each  d i rection ,  the  deviation  of the  i nd icated  wind  speed  of the  son ic anemometer from  the  
ord inary ca l ibration  at  the  reference  d i rection  shal l  be  derived .  

J .3  A cup anemometer classification  method  based  on  wind  tunnel  and  
laboratory tests  and  cup anemometer model l ing  

J .3. 1  Method   

The classi fication  method  shal l  use  an  appropriate  cup  anemometer model  to  determ ine  
deviations  due  to  i n fluence parameters  accord ing  to  Table  I . 1 .  The  cup  anemometer model  
shal l  be  veri fi ed  to  be  able  to  i nclude  a l l  the  i n fl uentia l  parameters  properl y.  The  method  shal l  
be  based  on  the  wind  tunnel  and  laboratory measurements  described  i n  Clause  J . 2 .  
Furthermore,  the  method  shal l  use  an  arti ficia l  wind  generator i n  order to  generate  three-
d imensional  time domain  i npu t wind  data  for the  cup  anemometer model .  The  deviations  ε i  
shal l  be  determ ined  from  the  d i fferences  between  the  1 0  m in  horizon tal  wind  speed  i npu t  
averages  from  the  arti ficia l  wind  generator and  the  1 0  m in  cup  anemometer model  response  
averages.  

J .3.2  Example  of a  cup anemometer model  

J . 3.2 .1  General  

The example  cup  anemometer model  i s  a  physical  model  that s imu lates  cup  anemometer 
response i n  time domain ,  see  references  [7]  and  [8] .  Some phys ical  properties  of the  cup  
anemometer shal l  be  measured  and  used  throughou t the  assessment.  These  are:  rotor i nertia  
I,  frontal  area  of one  cup  A  and  rad ius  R  from  shaft  centre  to  the  centre  of the  cups.   

The  response  of the  cup  anemometer to  the  th ree-d imensional  wind  shal l  be  derived  from  a  
torque  equ i l i bri um  d i fferentia l  equation ,  where  the  torque  on  the  rotor cons ists  of aerodynam ic 
torque  m inus  friction  torque  (ri gh t hand  s ide  of equation) ,  see  Equation  (J . 1 ) .  

From  the  d i fferentia l  equation  the  angu lar speed  of the  cup  anemometer ω  i s  found ,  and  
us ing  the  wind  tunnel  ca l ibration  values,  the  response from  the  resu l ti ng  aerodynam ic torque  
and  friction  torques  due  to  wind  variations  is  determ ined .  The  aerodynam ic torque  AQ  i s  a  

function  of the  i nstantaneous  wind  vector { }, ,U u v w=


as  determ ined  by the  arti ficia l  wind  

___________ 

38  The  use  of fi xed  yaw d i rections  improves  measurement  accu racy wh i l e  the  use  of a  s l ow sweep rate  method  
i s  an  advantage  to  reveal  the  detai l ed  changes  that  may occur.  



 – 1 90  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

generator.  From  the  wi nd  vector the  upflow ang le  and  the  scalar of the  wind  vector i s  
determ ined :  
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 (J . 6)  

An  equ ivalent  horizon tal  wind  speed  i s  found  by mu l tip l ying  the  scalar of the  wind  vector wi th  
the  angu lar response  measured  i n  wind  tunnel  for the  i nstantaneous  upflow ang le:   
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Here  




 UF



,αα  i s  the  ti l t  angu lar response  of the  cup  anemometer as  shown  i n  F igure  J . 1 .  

The  aerodynam ic torque  can  be  expressed  by a  general i zed  torque  curve  wh ich  has  been  
veri fi ed  to  be  val id  for a l l  wind  speeds  and  a l l  rotational  speeds  [1 1 ] :  

 ( )λCARUQA QA
2
eq2

1
ρ=  (J . 8)  

 

where  

ρ  i s  the  a i r densi ty;  

A  i s  the  cup  area  of one  cup;  

R i s  the  rad ius  to  a  cup;  

Ueq  i s  the  equ ivalen t hori zon tal  wind  speed ;  

CQA i s  the  general i zed  aerodynam ic rotor torque  coeffi cien t.  

The  general i zed  aerodynam ic rotor torque  coefficien t i s  derived  from  the  wind  tunnel  torque  
measurements  i n  J . 2 . 3  or J . 2 . 4  where  Ueq  i n  th is  case  i s  substi tu ted  by the  tunnel  wind  
speed :  
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The general i zed  aerodynam ic rotor torque  coefficien t i s  a  function  of the  speed  ratio :  

 

teq –UU

Rω
λ =  (J . 1 0)  

 

where  

Ut  i s  a  th reshold  wind  speed  (derived  as  the  remain ing  of the  ca l ibration  offset when  the  
friction  i n fl uence  has  been  subtracted ;  i f friction  is  zero,  the  threshold  wi nd  speed  is  
equal  to  the  ca l i bration  offset).  

I n  case  the  rotor torque  coefficien t can  be  characterized  by two l inear curves  on  e i ther s i de  of 
the  torque  equ i l i brium  then  two correspond ing  time constants  can  be  determ ined  by wind  
tunnel  step  response measurements,  see  J . 2 . 4  and  [9 ] .  The  l inear torque  characteristi cs  can  
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then  be  determ ined  from  the   va lues,  for l ow and  h i gh  speed  ratios  respectivel y,  from  the  
equation :  

 ( )
( ) τuuAR

U–uuI
–K

2
0

2
t02

∆+

∆+
=

ρ
 (J . 1 1 )  

 

The general i zed  aerodynam ic rotor torque  coefficien t can  then  be  expressed  by:  

 for λ  ≤ λ0  :  CQA =  Kl ow (λ  –  λ0)  and  for λ  >  λ0  :  CQA =  Kh igh  (λ  – λ0)  

 
(J . 1 2)  

 

where  

λ0  i s  the  speed  ratio  for CQA  =  0 .  

An  example  of the  rotor torque  coefficient i s  shown  i n  F igure  J . 4 .  

 

Figure J .4 – Example of rotor torque  coefficient  CQA  as  function  of speed  ratio  흀  d erived  
from  step  responses  with  Kl ow  equal  to  –5,5  and  Khigh  equal  to  –6,5  

The friction  torque  is  a  function  of the  temperature  and  the  rotational  speed  as  found  from  the 
friction  measurements  i n  J . 2 . 5. 1 :  

 ( )ω,FF TQQ =  (J . 1 3)  

 

J .3.2 .2  In fluence parameter range variations  and  example  class  determination  

The i n fl uence parameter ranges  shal l  be  varied  by us ing  a  turbu lence  model  that generates  
arti ficia l  th ree-d imensional  1 0  m in  time series  wind  speeds  wi th  a  sample  speed  of at  l east  
1 0  Hz.  Exposing  the  cup  anemometer model  for such  arti ficia l  winds ,  the  responses  of the  cup  

τ
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anemometer are  derived  and  the  deviations  from  the  horizon tal  wind  speed  of the  arti ficia l  
winds  are  found .  The  deviations  for a l l  combinations  of the  in fluence parameter ranges  may 
be  derived  by a  Mon te  Carlo  process.  The  deviations  determ ine  the  class  as  expressed  in  
Equation  ( I . 1 ) .  An  example  of cl assi fication  of a  cup  anemometer i s  shown  i n  F igure  J . 5  and  
wi th  the  characteristics  shown  i n  F igure  J . 3  and  F igure  J . 4  and  wi th  the  data  presented  in  
Table  J . 1  and  Table  J . 2 .  Other data  re lated  to  the  classi fication  are  shown  i n  Table  J . 3.   

Deviations  for C lasses  A,  B ,  C  and  D  of a l l  i n fluence parameters  are  shown  i n  F igure  J . 5  and  
Figure  J . 6.  The  resu l ti ng  cl asses  are  1 , 69A,  6 , 56B,  8 , 01 C and  9 , 94D.  The  cup  anemometer 
wi th  class  1 , 69A thus  meets  the  requ i rements  of 1 , 70A for use  i n  terrain  that meets  the  
requ i rements  i n  Annex B  and  i n  type  A terrain  i n  C. 3. 1  for temperatures  above 0  °C,  bu t not 
for temperatures  below 0  °C  wi th  class  8, 01 C.  The  cup  anemometer do  not meet the  
recommended  requ irements  of a  cl ass  2 . 5B  or 2 . 5D  for terrain  that do  not meet the  
requ i rements  i n  Annex B .  
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Table  J . 1  – Ti l t  ang le  response of example  cup anemometer 

Wsp 푽  
(m /s)  

4  8  1 2  1 6  

Angle  휶  (° )  푽휶 푽휶=ퟎ⁄  푽휶 푽휶=ퟎ⁄  푽휶 푽휶=ퟎ⁄  푽휶 푽휶=ퟎ⁄  

–30  0 , 967  005  0 , 935  689  0 , 921  81 5  0 , 91 3  545  

–28  0 , 968  769  0 , 943  307  0 , 932  028  0 , 925  304  

–26  0 , 971  484  0 , 951  098  0 , 942  067  0 , 936  683  

–24  0 , 974  941  0 , 958  908  0 , 951  805  0 , 947  569  

–22  0 , 978  933  0 , 966  583  0 , 961  1 1 1  0 , 957  850  

–20  0 , 983  253  0 , 973  974  0 , 969  863  0 , 967  41 3  

–1 8  0 , 987  695  0 , 980  930  0 , 977  934  0 , 976  1 48  

–1 6  0 , 992  055  0 , 987  304  0 , 985  1 99  0 , 983  945  

–1 4  0 , 996  1 31  0 , 992  948  0 , 991  538  0 , 990  698  

–1 2  0 , 999  722  0 , 997  71 7  0 , 996  829  0 , 996  301  

–1 0  1 , 002  628  1 , 001  468  1 , 000  954  1 , 000  648  

–8  1 , 004  651  1 , 004  057  1 , 003  793  1 , 003  637  

–6  1 , 005  594  1 , 005  344  1 , 005  233  1 , 005  1 66  

–4  1 , 005  262  1 , 005  1 88  1 , 005  1 55  1 , 005  1 36  

–3  1 , 004  558  1 , 004  526  1 , 004  51 3  1 , 004  505  

–2  1 , 003  462  1 , 003  452  1 , 003  448  1 , 003  446  

–1  1 , 001  951  1 , 001  950  1 , 001  949  1 , 001  949  

0  1 , 000  000  1 , 000  000  1 , 000  000  1 , 000  000  

1  0 , 997  595  0 , 997  594  0 , 997  593  0 , 997  593  

2  0 , 994  750  0 , 994  740  0 , 994  736  0 , 994  734  

3  0 , 991  490  0 , 991  458  0 , 991  445  0 , 991  437  

4  0 , 987  838  0 , 987  764  0 , 987  731  0 , 987  71 2  

6  0 , 979  458  0 , 979  208  0 , 979  097  0 , 979  030  

8  0 , 969  803  0 , 969  209  0 , 968  945  0 , 968  789  

1 0  0 , 959  068  0 , 957  908  0 , 957  394  0 , 957  088  

1 2  0 , 947  450  0 , 945  445  0 , 944  557  0 , 944  029  

1 4  0 , 935  1 47  0 , 931  964  0 , 930  554  0 , 929  71 4  

1 6  0 , 922  359  0 , 91 7  608  0 , 91 5  503  0 , 91 4  249  

1 8  0 , 909  287  0 , 902  522  0 , 899  526  0 , 897  740  

20  0 , 896  1 33  0 , 886  854  0 , 882  743  0 , 880  293  

22  0 , 883  1 01  0 , 870  751  0 , 865  279  0 , 862  01 8  

24  0 , 870  397  0 , 854  364  0 , 847  261  0 , 843  025  

26  0 , 858  228  0 , 837  842  0 , 828  81 1  0 , 823  427  

28  0 , 846  801  0 , 821  339  0 , 81 0  060  0 , 803  336  

30  0 , 836  325  0 , 805  009  0 , 791  1 35  0 , 782  865  
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Table  J . 2  – Friction  coefficients  of example  cup anemometer 

Temp  F0  F1  F2  

(°C)  (Nm)  (Nms)  (Nms2)  

–20  2 , 000E-04  2 , 000E-05  –8, 000E-08  

–1 8  1 , 563E-04  1 , 563E-05  –5, 71 4E-08  

–1 5  1 , 1 63E-04  1 , 1 63E-05  –4, 000E-08  

–1 0  7, 692E-05  7 , 692E-06  –3, 077E-08  

–5  5, 556E-05  5, 556E-06  –2, 222E-08  

0  4 , 348E-05  4 , 348E-06  –1 , 739E-08  

5  3 , 571 E-05  3 , 571 E-06  –1 , 429E-08  

1 0  3 , 030E-05  3 , 030E-06  –1 , 21 2E-08  

1 5  2 , 632E-05  2 , 632E-06  –1 , 053E-08  

20  2 , 326E-05  2 , 326E-06  –9, 302E-09  

25  2 , 083E-05  2 , 083E-06  –8, 333E-09  

30  1 , 887E-05  1 , 887E-06  –7, 547E-09  

35  1 , 724E-05  1 , 724E-06  –6, 897E-09  

40  1 , 587E-05  1 , 587E-06  –6, 349E-09  

 

Table  J .3  – M iscel laneous  data  related  to  classi fication  of example  cup anemometer 

Cup d iameter 75  mm  

Cup  area  A  0 , 004  41 7  87  m 2  

Rad i us  to  cup  centre  R  65  mm  

Rotor i nerti a  I 0 , 000  2  kgm 2  

Equ i l i bri um  speed  rati o  λ0  0 , 3  

Cal i bration  temperatu re  20  °C  

Cal i bration  barometri c  pressure  1  01 3  hPa  

Cal i bration  a i r densi ty ρ  1 , 203  821  kg/m 3  

Cal i bration  tu rbu lence  i n tensi ty  0 , 003  

Cal i bration  tu rbu lence  structu re  I sotropic σu /σv/σw  =  1 /1 /1  

Cal i bration  coeffi cien ts  A  and  B  0 , 679  55  and  0 , 258  70  

Cal i bration  fri cti on  coeffi cien ts  F0 ,  F1  and  F2  a t  20  °C  see  Tabl e  J . 3  for 20  °C  

Torque  coeffi cien t  s l opes  Kl ow  and  Kh i g h  –5, 0  and  –6, 5  
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Figure J .5  – C lassification  deviations  of example  cup anemometer 
showing  a  class  1 , 69A (upper)  and  a  class  6,56B ( lower)  
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Figure J .6  – C lassification  deviations  of example  cup anemometer 
showing  a  class  8 , 01 C  (upper)  and  a  class  9,94D ( lower)  

J .4 A sonic anemometer classification  method  based  on  wind  tunnel  tests  and  
sonic anemometer model l ing  

The class i fication  method  uses  a  son ic anemometer model  to  determ ine  deviations  due  to  
i n fl uence parameters .  The  method  is  based  on  wind  tunnel  and  l aboratory measurements  as  
described  i n  J . 2 . 6  and  J . 2. 5. 2 .  Furthermore,  the  son ic anemometer classi fication  method  uses  

IEC  
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an  arti ficia l  wind  generator s im i l ar to  the  one  for the  cup  anemometer model ,  see  J . 3 . 2 ,  i n  
order to  generate  three-d imensional  t ime domain  input wind  data  for the  son ic anemometer 
model .   

The  response of the  son ic anemometer is  a  function  of the  i nstan taneous  wind  vector 

{ }, ,U u v w=


as  determ ined  by the  arti ficia l  wind  generator.  From  the  wind  vector the  upflow 

ang le  and  the  scalar of the  wind  vector i s  determ ined  by Equations  (J . 5)  and  (J . 6) .  The  
response  is  then  determ ined  by i n terpolation  i n  the  measured  data  from  the  wind  tunnel  
measurements:  

 
UUFU


⋅




= ,,,sonic γαγα  (J . 1 4)  

 

where  

, ( , , )F Uα γ α γ


 i s  the  ti l t  and  yaw response function  for the  son ic anemometer.  

Deviations  are  determ ined  from  d i fferences  between  son ic anemometer model  responses  and  
arti ficia l  wind  data  averages,  see  J . 3 . 2 . 2 .  The  re levant i n fl uence parameters  are  ti l t  and  yaw 
angu lar responses  and  temperature  i nduced  effects.  

J .5 Free field  comparison  measurements  

I n  a  free  fi e ld  comparison  measurement,  two anemometers  can  be  compared .  The  comparison  
measurement can  be  used  to  veri fy that the  methods  being  used  in  classi fication  of the  
i nstruments  are  consistent,  see  J . 3  and  J . 4.  The  comparison  of anemometers  requ ires  that 
both  anemometers  are  cal i brated  in  the  same wind  tunnel .  The  setup  i n  the  fie ld  shou ld  be  
made accord ing  the  mounting  procedures  for two  top-mounted  anemometers  as  described  in  
Annex G ,  us ing  the  maximum  d istance  between  them .  A 3D  u l trason ic anemometer (U ,  V,  and  
W cal i brated)  shal l  be  mounted  on  a  boom  below the  two  sensors  to  measure  the  
envi ronmental  in fluence  parameter ranges  (fl ow ang le,  tu rbu lence,  turbu lence  spectrum),  for a  
class  S  measurement campaign  classi fication  ana l ysis .  Add i tional l y,  a i r temperature  shal l  be  
measured  on  the  same boom  for determ ination  of the  temperature  range,  and  a i r pressure  
shal l  be  measured  for determ ination  of the  a i r densi ty range.  Time traces  of the  3D  son ic shal l  
be  recorded ,  wh i l e  1 0  m in  average  measurements  i n  a  re lati vel y smal l  sector perpend icu lar to  
the  boom  are  acceptable  for the  two anemometers  under comparison .  An  acceptable  
database (at l east 1 80  h )  shal l  be  col l ected  for a  wind  speed  range  of 4  m/s  to  1 6  m /s  and  a  
range  of turbu lence  i n tensi ti es  (for i nstance  from  0, 04  to  0 , 1 4).  Comparison  of two  
anemometers  shou ld  then  be  made  by deriving  a  class  S  cl assi fication  of the  two 
anemometers  from  l aboratory tests ,  and  comparing  these  wi th  the  fi el d  measurements.  
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Annex K 
(normative)  

 
In-si tu  comparison  of anemometers  

K.1  General  

I t  shal l  be  proven  that an  anemometer used  for power performance measurements  does  not 
change  i ts  ca l ibration  during  the  measurement period .  The  anemometer can  be  ca l ibrated  i n  a  
wind  tunnel  after the  measurement period  to  show the  d i fferences  to  the  ca l i bration  before  the  
measurement period .  Another method  is  the  i n -s i tu  comparison  made  by comparing  the  
primary anemometer to  a  control  anemometer i nsta l led  i n  cl ose  proxim i ty during  the  
measurement period .  I t  shou ld  be  noted  that  th is  method  does  not  i den ti fy a  gradual  
degradation  of the  cal ibration  of the  anemometer i f the  control  anemometer degrades  at a  
s im i l ar rate.  The  in -s i tu  comparison  shou ld  be  repeated  on  a  regu lar bas is  to  i denti fy 
problems  at  an  earl y stage.  

K.2  Prerequisi te  

During  the  measurement period  the  two anemometers  are  i nstal led  on  the  meteorolog ica l  
mast accord ing  to  Annex G .  The  primary anemometer i s  used  for the  power performance  
measurements.  The  other is  the  con trol  anemometer,  and  is  used  for the  i n -s i tu  comparison .  
The  anemometers  can  be  i nsta l l ed  i n  three  varian ts:  

a)  variant 1 :  top  mounted  accord ing  to  C lause  G . 2 ;   

b)  variant  2 :  a l ternative  top  mounted  accord ing  to  C lause  G . 3;  

c)  variant  3:  both  anemometers  s ide-mounted  accord ing  to  C lause  G . 4.  

K.3  Analysis  method   

Two databases  wi l l  be  compared  using  the  1 0  m in  average  values  recorded  du ring  the  power 
performance measurement period .  The  fi rst database i ncludes  data  that starts  d i rectl y after 
the  instal lation  of the  anemometers.  The  second  database i ncludes  data  for the  last part of 
the  power performance  measurement period .  Each  database shal l  meet the  fol lowing  
requ irements :  

a)  cover a  range  from  4  m /s  to  1 2  m /s;  

b)  wind  d i rections  shal l  be  i n  the  val i d  measurement sector;  

c)  each  wind  speed  b in  shal l  have  a  m in imum  of 3  poin ts  of data.  There  are  two  poss ib le  
choices  of b inn ing  the  data  as  fol lows:   

1 )  B inn ing  option  1 :  Wind  speed  b ins  of 1  m /s  wid th ,  centred  on  1 , 0  m /s  va lues,  based  on  
the  control  anemometer wind  speed  from  one  wind  d i rection  b i n  not larger than  ±  1 5° .   

2)  B inn ing  option  2 :  W ind  speed  b ins  of 4  m /s  wid th  centred  on  2  m /s,  6  m /s,  1 0  m /s  and  
1 4  m /s 39  based  on  the  control  anemometer wind  speed  and  wind  d i rection  b ins  of 1 0° .   

d )  i ncl ude  a  wind  d i rection  sector wi th  the  meteorolog ical  mast free  of wakes  of any wind  
turbines  and  wi th  the  anemometers  free  of wakes  of the  meteorolog ical  mast as  fo l l ows:  

1 )  I n  the  case  of s i de-by-side  anemometer mounting  (variant 2)  and  us ing  on l y wind  
speed  b inn ing  for one  wind  d i rection  sector (b inn ing  option  1 ) ,  the  wind  d i rection  sector 
shou ld  i nclude  the  wind  d i rection  that i s  90º  to  the  boom  d i rection  and  i n  acceptable  
wind  d i rections;  

___________ 

39  Note  that  th i s  wind  speed  range  of 0  m /s  to  1 6  m /s  is  for th i s  i n terim  anal ys i s  s tep  on l y and  that  the  fi na l  
anal ys i s  i s  to  be  based  on  the  4  m /s  to  1 2  m /s  range.  
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2)  I n  the  case  of a  top-mounted  anemometer (varian t 1 ) ,  the  wind  d i rection  b in (s)  sha l l  be  
ou t of the  wake of the  meteorolog ical  mast.  Therefore  the  horizon tal  connection  l i nes  
(see  F igure  K. 1  and  F igu re  K. 2)  between  the  cen tre  of the  con trol  anemometer and  any 
part of the  meteorolog ica l  mast shal l  have  a  m in imum  angu lar d istance  of 45º to  the  
border of the  b i n (s).  

e)  maximum  duration  shal l  be  8  weeks.  

The  wind  d i rection  b in (s)  used  for the  anal ysis  sha l l  be  cl earl y stated  i n  the  report.  

I f 1  m /s  wind  speed  b ins  and  one  wind  d i rection  b in  of 30°  (b inn ing  option  1 )  are  appl ied ,  a  
l i near regress ion  is  performed  wi th  the  primary anemometer as  the  dependent variable  and  
the  control  anemometer as  the  i ndependent variable .  Th is  regression  wi l l  be  used  to  ca lcu late  
the  estimated  primary anemometer wind  speed ,  termed  Vprimary_est.   

 Vprimary_est  =  m  ·  Vcontrol  +  b  (K. 1 )  

 

where  

m  i s  the  s lope  of the  regression  re lati ng  Vcontrol  to  Vprimary_est;  

b  i s  the  offset of the  regression  re lati ng  Vcontrol  to  Vprimary_est;  

Vcontrol  i s  the  wind  speed  of the  con trol  anemometer.  

The  i n tention  is  to  show a  change over time i n  the  behaviou r of an  anemometer,  not an  
absolu te  cal ibration .  

I f 4  m /s  wid th  wind  speed  b ins  and  1 0°  wind  d i rection  b i ns  (b inn ing  option  2)  are  appl ied ,  a  
p iecewise  l i near in terpolation  between  wind  speed  b ins  in  each  wind  d i rection  b in  from  the  
fi rst database can  be  used  to  estimate  the  primary anemometer wind  speed  based  on :  
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I n  th is  case,  on l y data  of the  control  anemometer wi th in  the  wind  speed  b ins  covered  by the  
fi rst database  in  each  wind  d i rection  b in  sha l l  be  used  for the  evaluation  of the  i n -s i tu  
comparison  in  the  second  database.  Equation  (K. 2)  may be  used  for extrapolation  up  to  the  
borders  of the  covered  wind  speed  b ins.  I f there  i s  on l y one  wind  speed  b in  covered  in  a  wind  
d i rection  b i n ,  the  ratio  of the  b in  averages  of the  wind  speeds  measured  by the  primary 
anemometer and  the  con trol  anemometer shal l  be  used  as  correction  factor for the  
measurement of the  con trol  anemometer.  

K.4 Evaluation  cri teria   

Apply the  regress ion  or the  p iecewise  l i near i n terpolations  from  the  fi rst database to  the  
con trol  anemometer measurements  of the  second  database  resu l ti ng  i n  an  estimated  primary 
anemometer wind  speed  for each  1 0  m in  period .  

Calcu late  the  average  of d i fferences  (systematic  deviation)  i n  the  measured  and  estimated  
primary anemometer wind  speed  for 1  m /s  wide  wind  speed  b ins  cen tred  around  1  m /s  values.  
The  systematic  deviation  i s :  

 

γ  =
( )

n

VV primarytprimary_es −∑
 (K. 3)  
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Calcu late  the  standard  uncerta in ty of wind  speed  d i fferences  (statistica l  deviation)  of the  
estimated  primary anemometer and  the  measured  primary anemometer wind  speeds  for each  
wind  speed  b in .  The  standard  uncertain ty of the  wind  speed  d i fferences  i s  the  s tandard  
deviation  of wind  speed  d i fferences  d ivi ded  by the  square  root of the  number of measured  
data  poin ts .  The  s tandard  uncertain ty i s :  
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(K. 4)  

 

I f the  root-sum-square  of the  average  of d i fferences  (system ic deviation)  and  the  standard  
uncerta in ty of wind  speed  d i fferences  (statistical  deviation)  does  not exceed  0, 1  m /s  i n  any 
b in  between  4  m /s  and  1 2  m /s,  the  i n -s i tu  test has  passed .  

 
δ  =  22 σ  γ + <  0, 1  m /s  (K. 5)  

 

I f the  value  δ  i s  above  0, 1  m /s  in  at l east one  b in  and  does  not exceed  0 , 2  m /s  i n  a l l  b ins  
between  4  m /s  and  1 2  m /s,  the  uncerta in ty of the  anemometer cal i bration  uV1 , I shal l  be  
i ncreased  at l east to  the  maximum  value  of δ  i n  the  wind  speed  range  4  m /s  to  1 2  m /s.  I f the  
value  δ   i s  l arger than  0, 2  m /s  i n  any b in  between  4  m /s  and  1 2  m /s,  the  i n -s i tu  test shou ld  be  
sh i fted  to  an  earl ier period  unti l  δ  does  not exceed  0 , 2  m /s  anymore.  The  power curve  data  
after th is  period  shal l  be  rej ected ,  and  the  uncerta in ty of the  anemometer cal ibration  uV1 , I of 
the  remain ing  power curve  data  shal l  be  treated  as  i n  the  case  of no  data  re jection .  

NOTE  The  i n -s i tu  test  can  be  repeated  often  du ri ng  the  measurement  campaign  to  a i d  i n  the  i d enti fi cati on  of 
i n term i tten t  anemometer degradation .   

 

Figure K. 1  – Example wi th  triangu lar l attice  meteorological  mast  

IEC  
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Figure K.2  – Example wi th  tubu lar meteorolog ical  mast  
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Annex L 
(normative)  

 
The  appl ication  of remote sensing  technology 

L.1  General  

Annex L  describes  the  requ i rements  for the  operation  of remote  wind  speed  sensing  devices  
such  as  l igh t detection  and  rang ing  (LIDARS)  and  sound  detection  and  rang ing  (SODARS)  
when  deployed  in  re lation  to  wind  turb ine  power curve  testi ng .  A procedure  i s  l a i d  ou t that  
ensures  the  traceabi l i ty of the  measurements  to  in ternational  s tandards  and  presents  
associated  uncertain ty components  for use  i n  the  power curve  evaluation .  

I n  the  present version ,  the  procedures  pertain  accord ing  to  the  fo l lowing  restrictions:  

a)  A meteorolog ical  mast reach ing  at l east the  m in imum  of 40  m  or the  l ower ti p  height of the  
wind  turbine  being  tested  shal l  be  used  during  the  power cu rve  test to  mon i tor the  
performance of the  remote  sens ing  device  (e . g .  a  lower rotor ti p  heigh t of 30  m  requ ires  
that  a  mon i toring  he igh t of at  l east 30  m  is  used ,  wh i l e  a  l ower rotor ti p  height  of 50  m  
requ ires  a  mon i toring  meteorolog ical  mast at  l east 40  m  h igh ).  

b)  On l y ground  based  remote  sensing  devices  are  used  (e. g .  nacel l e  mountings  are  not 
i ncluded) .  

c)  The  use  of remote  sens ing  for conducting  power performance assessments  i s  l im i ted  to  
flat terrain ,  that i s ,  s i tuations  where  s i te  ca l i bration  is  not requ i red  i n  accordance wi th  
Annex B .  

When  compared  to  measurements  from  a  meteorolog ica l  mast-mounted  cup  anemometer,  
remote  sensing  device  measurements  typ ical l y d isp lay some degree  of scatter.  Some of th is  
scatter arises  due  to  the  sens i ti vi ty of the  remote  sens ing  device  to  various  environmental  
cond i ti ons  (e . g .  temperature  and  wind  shear).  I t  i s  the  task of the  classi fication  test  
(Clause  L. 2)  to  identi fy and  quanti fy these  sens i ti vi ti es  for a  number of d iscrete  heights  
covering  the  measuring  range  of i n terest.  As  for cup  anemometers  i t  i s  assumed  that  these  
sensi ti vi ties  wi l l  be  type  speci fic and  the  class i fication  test  needs  to  be  performed  for each  
type  of remote  sensing  device  for a  m in imum  of two i nstruments  of each  type  and  at a  
m in imum  of two  l ocations.  

The  remain ing  scatter i n  the  cup  anemometer comparison  i s  considered  to  be  random  noise.  
Th is  arises  from  a  variety of sources.  For example,  the  turbu lent de-corre lation  i n  the  wind  
due  to  the  d is tance  between  the  meteorolog ica l  masts  leads  to  scatter.  Also,  the  d istance  
between  the  ind ividual  probe  volumes  of the  remote  sensor i tse l f cou ld  contribu te  to  such  
scatter.  The  random  noise  is  assumed  to  be  un i t and  s i te  speci fic,  i . e.  i t  can  vary between  
d i fferent  evaluations  of the  same remote  sens ing  device.  

Before  being  used  in  a  power curve  test,  a  particu lar un i t of a  remote  sens ing  device  shal l  fi rst 
undergo  a  veri fication  test (Clause  L. 3) .  As  an  a l ternative,  the  veri fication  test can  a lso  be  
performed  during  the  power curve  test.  Th is  test i s  a  comparison  of the  remote  sensing  device  
measurements  to  those  from  cal ibrated  cup  anemometers  mounted  on  a  meteorolog ical  mast  
spann ing  a  s ign i ficant portion  of the  height range  of i n terest.  The  purpose  of th is  test i s  to  
convey traceabi l i ty to  i n ternational  s tandards  to  th is  particu lar device,  i n  the  form  of an  
uncertain ty.  Usual l y the  power curve  test wi l l  take  p lace  at a  d i fferen t l ocation  and  at a  
d i fferent t ime and  therefore  wi th  a  d i fferent  d is tribu tion  of envi ronmental  cond i tions  than  for 
the  veri fication  test.  Depend ing  on  the  sensi ti vi ties  i den ti fi ed  during  the  classi fication  test,  the  
d i fferent envi ronmental  cond i tions  wi l l  a l ter the  performance of the  remote  sens ing  device,  
i ncreas ing  the  uncertain ty i n  re lation  to  that determ ined  in  the  veri fication  test.  Express ions  
for the  uncertain ty of the  remote  sens ing  device  and  how these  shou ld  be  used  in  the  
evaluation  of the  power curve  uncertain ty are  g i ven  i n  C lause  L. 4.  
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Clause  L. 5  describes  how the  cup  anemometer measurements  from  the  short meteorolog ica l  
mast can  be  used  to  mon i tor the  performance  of the  remote  sensing  device.  By ensuring  at 
l east one  common  measuring  height,  i t  i s  poss ible  to  assess  whether the  uncertain ty obtained  
i n  the  class i fication  and  the  veri fication  test i s  cons isten t wi th  the  performance  of the  remote  
sens ing  device  during  the  power curve  test.  I f i nconsistencies  are  i den ti fied  from  th is  
mon i toring ,  the  correspond ing  uncerta in ties  used  i n  the  power curve  test are  i ncreased .  Th is  
provides  a  usefu l  ‘safety net’  for the  methodology and  a  feedback mechan ism  that shou ld  
promote  real istic  uncertain ty assessments.   

Speci fic  detai l s  of how to  use  the  remote  sens ing  device  i n  the  power cu rve  test are  g iven  i n  
Clause  L. 6 .  Of particu lar re levance are  the  pos i ti on  and  d imensions  of the  remote  sensing  
device’s  probe  volumes  i n  re lation  to  the  wind  turb ine  being  tested .  

Reporting  requ irements  for the  complete  methodology are  g i ven  i n  C lause  L. 7.  

L.2  Classification  of remote sensing  devices  

L.2. 1  General  

The accuracy of the  RSD may be  in fluenced  by meteorolog ical  variables.  As  the  
meteorolog ica l  cond i tions  during  the  power curve  test may be  d i fferen t from  those  prevai l ing  
during  the  RSD  performance  veri fication  test,  such  in fluences  are  l i nked  to  add i ti onal  
uncertain ty.  I t  i s  therefore  necessary to  investigate  the  sens i ti vi ty of the  performance  of the  
remote  sens ing  device  to  meteorolog ica l  variables.  The  resu l ts  of such  tests  shal l  i denti fy the  
variables  that i n fl uence the  performance of the  remote  sens ing  device  and  determ ine  the  
classi fication  of the  i nstrument.  

The  s implest of these  evaluations  en tai ls  cons idering  the  d i fference between  the  remote  
sens ing  device  measurement and  a  reference measurement as  function  of one  meteorolog ical  
variable  at a  t ime.  An  accuracy class  of the  remote  sensing  device  shal l  be  evaluated  for 
certa in  ranges  of various  envi ronmenta l  variables  s im i lar to  the  classi fication  of cup  
anemometers  accord ing  to  Annex I ,  based  on  the  empi rical  anal ysis  of the  sens i ti vi ti es  
observed  during  classi fication  tests .  Care  shou ld  be  taken  to  a l l ow for the  poss ib le  
i n terdependency of environmenta l  variables  (e. g .  wind  shear and  turbu lence  i n tens i ty)  so  that 
sens i ti vi ties  are  not i nadverten tl y double  coun ted .  The  uncertain ties  ari s i ng  due  to  remote  
sens ing  device  class i fication  can  then  be  evaluated .  

A case-speci fic accuracy class  may a lso  be  evaluated  based  on  the  sens i ti vi ti es  of the  remote  
sens ing  system  and  the  variation  of the  envi ronmenta l  variables  observed  during  the  
performance veri fication  and  power curve  tests.  I t  shou ld  be  clearl y stated  whether a  
classi fication  resu l t  has  been  derived  generical l y on  mu l ti ple  un i ts  or whether i t  i s  based  on  a  
case-speci fic evaluation .  

L.2 .2  Data acqu is i tion  

The class i fication  test i s  based  on  concurren t measurements  obtained  by the  remote  sens ing  
device  and  a  h igh  reference meteorolog ical  mast wi th  wh ich  i t  i s  compared .  The  
measurements  wi l l  be  co-located ,  such  that they characterise  flow wi th in  the  same volume of 
a i r.  The  degrees  of concurrency and  co- location  that sha l l  appl y to  the  measurements  are  
those  that enable  the  determ ination  of the  most precise  and  wel l  understood  re lationsh ip  
between  them .  I n  particu lar:  

a)  The  same averag ing  i n tervals  sha l l  be  used  for the  remote  sens ing  device  and  reference 
sensor being  compared :  1 0  m in  averages  shal l  be  recorded .  I n  add i ti on  to  1 0  m in  
averages,  the  s tandard  deviations  and  extreme values  of the  measured  variables  wi th in  
the  1 0  m in  periods  shal l  be  recorded .  

b)  The  number of samples  acqu i red  by each  instrument during  each  averag ing  in terval  to  
obtain  an  average  shal l  be  recorded .  
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c)  I t  shal l  be  noted  whether the  i nd ividual  samples  acqu ired  wi th in  the  averag ing  in terval  by 
the  remote  sensing  device  are  cumu lati ve  values,  representing ,  for example,  a  spectrum  
in tegrated  from  the  beg inn ing  of the  averag ing  i n terval  to  the  moment at wh ich  the  sample  
is  acqu ired .  Th is  wi l l  have  a  bearing  on  s tatistics  that requ i re  success ive  samples  to  be  
i ndependent,  such  as  standard  deviation  used  in ,  for example,  tu rbu lence  assessments .  

d )  The  device  i s  s i ted  and  anal ys is  of the  measurements  conducted  in  a  manner that 
m in im ises  extraneous  i n fl uences  on  the  re lationsh ip  between  the  remote  sensing  device  
and  reference sensor measurements.  These  i n fl uences  may include,  bu t are  not l im i ted  to:  
flow perturbations;  fixed  echoes;  real  variations  i n  the  flow between  the  remote  sens ing  
device  measurement volume and  the  reference i nstrument measurement l ocation .  The  
d istance  between  the  meteorolog ical  mast and  the  remote  sens ing  device  shal l  be  a  
comprom ise  a l l owing  good  correlation  between  meteorolog ical  mast and  remote  sens ing  
device  measurements  wh i l e  at the  same time preventing  or l im i ti ng  the  i n fl uence of the  
meteorolog ical  mast on  the  remote  sens ing  device.  

e)  The  meteorolog ical  mast-mounted  reference sensors  shal l  comply to  the  requ i rements  of 
th is  standard .  Th is  appl i es  especia l l y to  the  cal ibration ,  classi fication  and  mounting .  

f)  The  reference meteorolog ica l  mast shou ld  preferabl y have  a  constant cross  section  and  
sol i d i ty across  i ts  height.  I n  th is  way the  i n fl uence of the  meteorolog ica l  mast  on  boom-
mounted  anemometers  remains  constan t wi th  heigh t and  a l lows  a  more  accurate  
comparison  of the  measured  wind  shear between  the  meteorolog ical  mast and  the  remote 
sens ing  device.  

The  remote  sensing  device  and  reference sensors  wi l l  be  synchron ised  to  wi th in  1  %  of the  
averag ing  in terval ,  and  th is  degree  of synchron isation  wi l l  be  veri fied  and  tested  for d ri ft  a t 
l east once  a  week.  I f comparison  of t ime stamps  ind icates  dri ft has  occurred ,  the  remote  
sensing  device  system  clock wi l l  be  reset to  synchron ise  wi th  the  reference sensor system  
clock and  remote  sens ing  data  time  stamps  ad justed  to  compensate  for the  d ri ft  over the 
period  during  wh ich  i t  i s  eviden t by l i near i n terpolation .  Data  wi l l  be  acqu i red  un ti l  the  
fol l owing  data  coverage  requ irements  are  fu l fi l l ed :  

a)  Reference sensor wind  speed  measurements  wi l l  be  b inned  i n to  0 , 5  m /s  bi ns  centred  on  
i n teger mu l ti p les  of 0 , 5  m /s.  

b)  The  data  wi l l  be  fi l tered  accord ing  to  the  recommendations  of the  device  manufacturer and  
the  requ irements  of L. 2 . 3 .  The  fo l l owing  requ irements  shal l  be  fu l fi l l ed  after fi l teri ng .  

c)  The  data  acqu is i tion  requ irements  of a  class i fication  test shal l  not be  considered  fu l fi l l ed  
un less  at l east 3  pai rs  of va l id  concurrent,  co- located  and  fi l tered  measurements  have  
been  recorded  i n  each  wind  speed  b in  cen tred  between  4  m /s  and  1 6  m /s  i nclus ive.  

d )  The  amount of acqu ired  data  shal l  cover a  m in imum  of 1 80  h .  

e)  The  duration  of the  data  acqu is i tion  campaign  wi l l  l ast at least 3  mon ths  and  cover a  
s i gn i ficant span  of envi ronmental  cond i tions  (e. g .  win ter to  summer).  The  database  shal l  
cover at l east 25  %  of the  b ins  as  described  in  Table  L. 3  wi th  a  m in imum  number of data  
poin ts  as  defined  in  Equation  (L. 2)  for a l l  variables  wh ich  are  known  to  i n fl uence the  
accuracy of the  RSD.  

A remote  sens ing  device  class i fication  and  veri fication  shal l  be  cons idered  va l id  for the  
purposes  of a  power cu rve  test of a  wind  turbine  i f the  reference cup  anemometers  used  
during  the  class i fication  and  veri fication  tests  were  mounted  at a  m in imum  of 3  heigh ts,  
i ncl ud ing  the  l ower ti p  he igh t of the  wind  tu rbine  ±  25  %  and  the  hub  height of the  wind  turb ine  
±  25  %.  These  heigh t requ i rements  for the  class i fi cation  and  veri fication  appl y i f the  device  i s  
used  for wind  measurements  over the  en ti re  height range  of the  wind  turbine  rotor or on l y for 
wind  measurements  up  to  hub  he igh t.  

L.2.3  Data preparation  

The fol l owing  data  fi l ters  shal l  be  appl i ed :  

a)  The  reference meteorolog ical  mast sha l l  be  free  of wakes  from  wind  turbines  and  
obstacles  as  defined  in  Annex A.  
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b)  Probe volumes  wi th in  wh ich  the  remote  sensing  device  acqu ires  a  rad ia l  ve loci ty 
measurement shal l  be  free  of wakes  and  fl ow perturbation  from  wind  turbines  and  
obstacles  as  defined  i n  Annex A.  The  i n fl uence  of the  wake of the  reference  
meteorolog ical  mast on  the  measurements  of the  remote  sens ing  device  shal l  be  
i nspected  by p lotting  the  ratio  of the  remote  sens ing  device  and  reference sensor 
measurements  as  a  function  of wind  d i rection .  Cri teria  regard ing  the  perm issible  values  of 
th is  ratio  may be  developed  wi th  reference to  the  correspond ing  considerations  for cup  
anemometry d iscussed  i n  Clause  G . 4 .  Remote  sens ing  device  measurements  shal l  be  
excluded  i f they are  in fluenced  by e i ther the  meteorolog ical  mast or i ts  guy wires.  

c)  Reference cup  anemometers  shal l  be  free  from  the  i n fl uence of the  wakes  of the  
meteorolog ical  mast,  i ts  guy wi res  or l i ghtn ing  receptor as  defined  i n  th is  s tandard .  

d )  The  reference  cup  anemometers  shal l  not  be  i n fl uenced  by ici ng .  Th is  may be  ach ieved  by 
any means  deemed  to  be  su i table  subject to  the  requ irement that the  method  and  resu l ts  
are  adequate l y documented .  

e)  The  measurements  that  are  recorded  for each  averag ing  i n terval  by both  the  remote  
sensing  device  and  reference sensors  wi l l  represent a  s ing le  conti guous  period  of 
operation  whose duration  equals  the  averag ing  i n terval .  However,  as  d iscussed  below in  
L. 2 . 4 ,  there  i s  a  possib i l i ty that the  data  avai labi l i ty requ i rements  may be  re laxed .  The 
i n fl uence  that re laxing  these  requ i rements  cou ld  have  on  the  measurement accuracy 
shou ld  be  checked  by means  of a  sensi ti vi ty anal ys is.  I f the  remote  sens ing  device  does  
not record  the  proportion  of the  period  i n  the  1 0  m in  averag ing  i n terval  du ring  wh ich  i t  has  
been  avai lable,  a  general  qual i ty factor sha l l  be  recorded  to  i nd icate  the  re l i ab i l i ty of the  
measurement i n  a  s im i lar manner as  device  avai l ab i l i ty.  Data  may then  be  fi l tered  or a  
sensi ti vi ty anal ys is  may be  performed  wi th  reference  to  the  qual i ty factor.  Gu idance shal l  
be  provided  by the  manufacturer regard ing  the  appropriate  treatmen t of the  qual i ty factor;  

f)  I n  general  no  fi l tering  on  precipi tation  shou ld  be  undertaken.  Precip i tation  shou ld  be  
treated  as  an  envi ronmental  variable  in  the  class i fication  test.  I f a  remote  sens ing  device  
manufacturer's  gu idel i nes  make provis ion  for fi l tering  wi th  reference  to  precipi tation ,  these  
gu idel i nes  shou ld  be  fol l owed .  I f fi l teri ng  i s  undertaken  wi th  reference to  precipi tation ,  the  
fi l tered  data  shou ld  be  cons idered  a  specia l  dataset and  class i fication ,  veri fication  and  
appl ication  of the  remote  sens ing  device  be  conducted  i n  a  manner cons isten t wi th  th is .  

Measurements  of boom-mounted  reference sensors  may be  corrected  for meteorolog ical  mast 
effects  (b lockage  effects  and  flow acceleration  effects) .  I t  shou ld  be  noted  that such  
correction  of meteorolog ical  mast effects  i ncurs  add i tional  uncertain ty i n  comparison  wi th  top  
mounted  reference sensors.  The  correction  may be  ach ieved  by any means  deemed  su i table  
for reducing  the  total  u ncerta in ty,  subject to  the  requ irement that the  method  and  resu l ts  are  
adequatel y documented .  Uncerta in ty associated  wi th  the  use  of boom-mounted  anemometers  
is  d iscussed  i n  Annex D  and  Clause  G . 4.  

Al l  fi l teri ng  cri teria  that are  used ,  and  thei r respective  effects  on  the  dataset,  shal l  be  recorded  
and  reported .  

L.2.4  Principle  and  requ irements  of a  sensi tivi ty test 

The deviation  observed  between  the  measurements  of the  remote  sens ing  device  and  the  
reference sensors  shal l  be  anal ysed  i n  terms  of their sensi ti vi ty to  d i fferen t envi ronmental  
variables.  Depend ing  on  the  use  of the  remote  sens ing  device  in  the  power curve  test 
campaign ,  the  accuracy class  shal l  be  evaluated  i n  terms  of the  absolu te  measurement of the  
horizon tal  wind  speed  componen t.   

An  accuracy class  of the  remote  sensing  device  for a l ternative  appl ications  that enta i l  the  
acqu is i ti on  of other wind  flow parameters  (e. g .  tu rbu lence  i n tens i ty or wind  d i rection)  may be  
derived  i n  terms  of the  sensi ti vi ty of measurements  of those  parameters  to  d i fferen t  
environmental  variables,  us ing  su i table  reference  i nstrumentation .  Th is  i s  beyond  the  scope of 
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a  s imple 40  power curve  test,  and  on l y the  evaluation  of accuracy class  i n  terms  of hori zon tal  
wind  speed  i s  treated  here.   

The  in i tia l  sens i ti vi ty to  be  tested  shal l  re l ate  to  the  re laxation  of the  cri terion  described  i n  
i tem  e)  i n  L. 2. 3.  The  sens i ti vi ty of the  deviation  between  the  reference sensors  and  the  
remote  sensing  device  on  the  avai labi l i ty of the  remote  sensing  device  wi th in  the  averag ing  
i n terval  or the  correspond ing  qual i ty factor of the  measurements  (as  defined  by the  
manufacturer)  sha l l  be  exam ined .  Remote  sensing  data  shal l  be  deemed  acceptable  i f 
characterised  by a  l evel  of avai labi l i ty or by a  qual i ty factor that has  been  demonstrated  to  
have  no  s ign i ficant i n fluence on  the  deviation  between  the  reference  sensors  and  the  remote  
sens ing  device  measurements.  

The  percentage  deviation  between  1 0  m in  averages  of the  ou tput  parameter under 
cons ideration  acqu ired  by the  remote  sens ing  device  (RSD)  and  reference sensors  at one  
height l evel  i s  considered  as  a  dependent variable  wh ich  i s  anal ysed  as  a  function  of one  
envi ronmental  variable  by means  of a  cl ass i fication  test:  

Dependent 
variable:  

( )
%1 00

reference

referenceRSD ×
−

v

vv
 (L. 1 )  

 

Al l  avai lab le  envi ronmenta l  variables  are  cons idered  to  be  poten tia l l y wi th in  the  scope of the  
sens i ti vi ty anal ysis .  A non-exhaustive  l i s t of variables  to  consider can  be:  wind  shear 
exponent,  tu rbu lence  i n tens i ty,  ra in ,  wind  d i rection ,  a i r temperature,  a i r dens i ty,  temperature  
d i fference at two d i fferent heights ,  upflow ang le,  wind  veer,  and  cloud  cover.  Some re levant  
parameters  may be  i nstrument-speci fic,  for example  data  avai labi l i ty or qual i ty factor,  and  
may be  speci fi ed  by the  manufacturer.   

Sens i ti vi ty to  an  envi ronmental  parameter can  be  an  artefact  of an  eas i l y remed ied  error i n  
the  configuration  of the  remote  sens ing  device.  For example,  a  marked  sens i ti vi ty to  wind  
shear can  arise  when  there  i s  a  systematic error i n  the  heigh ts  associated  wi th  the  remote  
sens ing  device  wind  speed  measurements.  I f a  s trong  sensi ti vi ty i s  observed  wi th  a  remote  
sens ing  device,  or a  s ign i fican t variation  in  sensi ti vi ty between  tests  is  observed ,  the  device  
shou ld  be  checked  for such  errors.  I f errors  are  detected  and  corrected ,  the  sensi ti vi ty tests  
shou ld  be  repeated .   

Where  the  reference cup  anemometer exh ib i ts  a  known  sensi ti vi ty to  an  envi ronmenta l  
variable,  an  attempt shou ld  be  made to  remove the  i n fl uence of th is  sens i ti vi ty from  the  
sens i ti vi ty test.  Th is  may be  done  by any means  deemed  to  be  su i table  wi th  the  requ i rement 
that the  method  and  resu l ts  are  adequate l y documented .  As  an  example ,  F i gure  J . 1  shows  the  
effect of upflow ang le  on  wind  speeds  measured  by a  common ly used  class  1 , 7A cup  
anemometer as  determ ined  from  i ndustry s tandard  wind  tunnel  tests.  

F i gu re  L. 1  a)  shows  the  response  of a  remote  sensing  device  to  upflow ang le  determ ined  wi th  
respect to  data  from  a  cup  anemometer of the  type  represented  by F igure  J . 1 .  I n  F igure  L. 1  b)  
a  l i near model  has  been  fi tted  to  the  data  i n  F igure  J . 1  i n  the  reg ion  between  ±  3º  and  used  to  
ad j ust the  data  poin ts  to  remove the  effect of the  cup  anemometer response.  I t  can  be  seen  
from  the  figure  that the  sens i ti vi ty recorded  for the  remote  sens ing  device  in  F igure  L. 1  a)  i n  
th is  case  is  a t l east  partia l l y attribu table  to  the  reference  cup  anemometer.  

___________ 

40  For example,  a  test  that  does  not  i ncorporate  wind  veer correction  or tu rbu l ence  normal i sation .  
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a)  before  ad justment for cup  anemometer response  b)  after ad justment for cup  anemometer response  

Figure L. 1  – Deviation  vs  upflow ang le  determined  for a  remote  sensing  device  wi th  
respect to  the  cup anemometer i n  F igure J . 1  

Envi ronmental  variables  shal l  be  anal ysed  to  i den ti fy any i n terdependency.  Where  th is  exists ,  
further anal ys is  shal l  be  undertaken  to  i denti fy wh ich  of the  environmental  variables  
i n fl uences  measurement deviation .  Th is  may be  done  by any means  deemed  to  be  su i table  
wi th  the  requ irement that  the  method  and  resu l ts  are  adequatel y documented .  Documentation  
shou ld  i nclude  su fficient detai l  for the  repl ication  of resu l ts  from  the  data  acqu i red  during  the  
classi fication  test.  Suggested  methodolog ies  for ach ieving  th is  are  deta i led  i n  L. 2. 6.  On l y 
environmental  variables  found  to  have  a  d i rect i n fl uence on  measurement deviation  are  to  be  
i ncluded  i n  the  sens i ti vi ty anal ys is .  These  variables  are  then  cons idered  to  be  i ndependent.  

I f any envi ronmental  variables  that are  known  to  d i rectl y i n fl uence measurement devi ation  are  
om i tted  from  the  sens i ti vi ty test,  th is  i s  l ikel y to  resu l t i n  add i ti onal  uncerta in ty at the  
appl ication  stage,  as  defined  i n  Clause  L. 5.  I f subsequent mon i toring  of the  remote  sens ing  
device  wi th  a  short anemometer meteorolog ica l  mast during  the  power curve  test shows the  
resu l ts  of the  sens i ti vi ty test have  been  undu l y conservative,  revis ion  of the  envi ronmental  
variables  i ncluded  i n  the  sens i ti vi ty test  may be  requ i red .  

A one-d imensional ,  two-parametric ord inary least squares  (OLS)  l i near regression  anal ys is  
shal l  be  performed  for each  pai r of dependent and  independent variables .  The  fol lowing  
parameters  are  ca lcu lated  from  the  regress ion  anal ysis :  

a)  s lope:  m ;  

b)  offset:  c;  

c)  coefficien t of determ ination ,  wh ich  i n  the  case  of OLS  l i near regression  i s  the  correlation  
coefficien t:  r2 ;  

d )  standard  deviation  of the  i ndependent variable :  std;  

e)  mean  value  of the  i ndependent variable:  avg.  

The  estimation  of the  s l ope  m  and  the  offset c  shal l  be  performed  on  bin -averaged  data  for the  
measured  envi ronmental  variable,  where  the  s i ze  of the  b i n  to  be  used  i s  g i ven   
i n  Table  L . 1 .  
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Table  L.1  – B in  width  example  for a  l i st  of envi ronmental  variables  

I ndependen t variabl e  Bin  width   Un i t  

Wind  shear exponent  0 , 05  D imension l ess  

Turbu lence  i n tensi ty  0 , 01  D imension l ess  

Rain  0 , 1  mm  

Remote  sens ing  device  ava i l ab i l i ty  1  %  

Wind  d i rection  5  °  

Ai r temperature  2  °C  

Ai r densi ty  0 , 05  kgm –3  

Temperatu re  grad i en t   0 , 002  K/m  

Upflow 0 , 2  °  

Wind  veer g rad ient  0 , 04  ° /m  

 

For variables  to  be  i ncluded  in  the  sensi ti vi ty anal ys is  that are  not l i s ted  i n  Table  L . 1 ,  su i table  
b in  wid ths  shou ld  be  chosen  wi th  respect to  range  and  d istribu tion  of the  data.  

For a  speci fic envi ronmental  variable,  b ins  shou ld  on l y be  i ncluded  i n  the  sens i ti vi ty test 
where  they meet the  cri teria  l i sted  i n  Equations  (L. 2)  and  (L. 3) :  

 
b

i
n

N
n

2
>  (L. 2)  

 

where   

nb  i s  the  number of b i ns  accord ing  to  the  ranges  of variables  g i ven  i n  Table  L. 3;  

N i s  the  tota l  number of data  poin ts ;  

n i  i s  the  number of data  poin ts  i n  b in  i.  

Equations  (L. 3)  i s  to  be  appl ied  on l y when  sensi ti vi ties  on  the  wind  speed  measurement are  
anal ysed :  
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 (L. 3)  

 

where   

di   i s  the  data  in  b i n  i;  

σ(di)  i s  the  s tandard  deviation  of the  percentage  wind  speed  deviations  of the  ten  m inu te  
data  i n  b in  i;  

Vref, i   i s  the  mean  va lue  of the  reference wind  speed  in  b i n  i.  

The  corre lation  coefficient (r2) ,  s tandard  deviation  of the  i ndependen t variables  (std)  and 
mean  va lue  of the  i ndependent variables  (avg)  sha l l  be  estimated  us ing  the  1 0  m in  data  i n  the  
b ins  i ncluded  i n  the  sens i ti vi ty test.  
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Linear regress ions  are  p l otted  for 1 0  m in  data  (b lack)  and  for b i n -averaged  data  (red ).  

Figure L.2  – Example  of sensi tivi ty analysis  against  wind  shear  

Sensi ti vi ty i s  defi ned  as  the  s l ope  mu l ti p l i ed  by the  standard  deviation  of the  independent 
variable:  m · std.  The  sensi ti vi ty i nd icates  the  exten t,  expressed  as  a  percentage,  that the  
deviation  between  the  remote  sensing  device  and  the  reference sensor measurements  i s  
changed  by a  change  in  the  i ndependent variable  of one  s tandard  deviation .  
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Table  L.2  – Parameters  derived  from  a  sensi tivi ty analysis  of a  remote  sensing  device  

Height  
above 
ground  
l evel  

I ndependen t 
variabl e  

avg 

Independen t 
variabl e  

std 

Independent 
variabl e  

m 
Sensi tivi ty 

m  ×  std 
r2  

Sensi tivi ty 

×  r  

[m ]  [- ]  
[un i t  

variable]  
[un i t  vari abl e]  

[%/unit 
variable]  

[%]  [-]  [%]  

1 35  

Wind  shear 
exponent  

0 , 21  0 , 1 9  –2 , 324  –0, 45  0 , 235  –0, 21 8  

1 04  0 , 21  0 , 2  –1 , 91 8  –0, 38  0 , 085  –0, 1 1 1  

72  0 , 1 7  0 , 1 7  0 , 607  0 , 1  0 , 009  0 , 009  

1 35  

Turbu lence  
i n tensi ty  

0 , 07  0 , 03  8, 855  0 , 26  0 , 08  0 , 074  

1 04  0 , 07  0 , 03  1 3 , 902  0 , 39  0 , 093  0 , 1 1 9  

72  0 , 08  0 , 03  1 5, 81 2  0 , 4  0 , 1 33  0 , 1 46  

1 35  
Rain  

(yes=1 ,  
no=0)  

0 , 02  0 , 1 3  0 , 205  0 , 03  0 , 001  0 , 001  

1 04  0 , 04  0 , 1 9  1 , 1 68  0 , 22  0 , 028  0 , 037  

72  0 , 03  0 , 1 8  0 , 499  0 , 09  0 , 007  0 , 008  

1 35  

Wind  
d i rection  

247, 28  31 , 62  –0, 007  –0, 22  0 , 059  –0, 053  

1 04  252, 83  34, 1 9  0 , 01 2  0 , 43  0 , 1 08  0 , 1 41  

72  225, 1 4  1 1 , 39  0 , 003  0 , 03  0 , 001  0 , 001  

1 35  
Ai r 

temperatu re  

at  1 31  m  

1 4 , 66  2 , 7  0 , 044  0 , 1 2  0 , 01 6  0 , 01 5  

1 04  1 4 , 56  2 , 66  –0, 042  –0, 1 1  0 , 008  –0, 01 0  

72  1 5, 1 6  3 , 43  –0, 091  –0, 31  0 , 083  –0, 089  

1 35  

Ai r 
densi ty  

1 , 23  0 , 01  –1 6, 43  –0, 24  0 , 065  –0, 061  

1 04  1 , 23  0 , 01  1 , 804  0 , 03  0  0 , 000  

72  1 , 22  0 , 02  5, 208  0 , 08  0 , 005  0 , 006  

1 35  Temperatu re  
d i fference  

between  
1 33  m  and  
1 0  m  

–0, 69  1 , 36  –0, 1 1 2  –0, 1 5  0 , 027  –0, 025  

1 04  –0, 69  1 , 36  –0, 444  –0, 6  0 , 21 7  –0, 279  

72  –0, 64  1 , 53  –0, 281  –0, 43  0 , 1 58  –0, 1 71  

1 35  Upflow 
ang l e  

0 , 35  1 , 37  –0, 085  –0, 1 2  0 , 01 5  –0, 01 5  

72  –0, 35  0 , 73  0 , 665  0 , 49  0 , 1 7  0 , 202  

1 35  Wind  veer 
between  
1 33  m  and  
35  m  

1 5, 36  1 0, 01  –0, 036  –0, 36  0 , 1 45  –0, 1 37  

1 04  1 5, 26  1 0, 05  –0, 07  –0, 71  0 , 298  –0, 388  

72  1 5  9, 26  –0, 036  –0, 33  0 , 092  –0, 1 00  

 

An  example  of a  sensi ti vi ty anal ys is  of a  remote  sens ing  device  conducted  wi th  respect to  a  
variety of envi ronmental  parameters  is  shown  above  i n  F igure  L. 2  and  Table  L . 2 .  The  
sens i ti vi ty of the  device  has  been  anal ysed  at th ree  d i fferen t he ights .  On l y remote  sensing  
data  wi th  avai l abi l i ty wi th in  the  averag ing  in terval  of 80  %  or more  have  been  considered  for 
the  test.  As  can  be  seen  from  Table  L . 2 ,  and  fol l owing  s i gn i ficance cri teria  that are  defined  i n  
L. 2. 5,  the  wind  shear,  tu rbu lence  in tens i ty,  wind  d i rection ,  a i r temperature  d i fference (as  
s imple  ind icator for strati fication),  upflow ang le  and  wind  veer appear to  have  a  s ign i ficant 
i n fl uence on  the  deviation  between  the  remote  sens ing  and  reference  cup  anemometer 
measurements  of wind  speed .  The  other i ndependent variables  appear not  to  be  s ign i ficant.  
However some variables  that appear to  i n fluence the  performance  of the  remote  sensing  
device  m igh t not  have  an  i n fl uence.  I f the i r variation  i s  corre lated  wi th  the  variation  of some 
other variables  that a lso  have  an  i n fl uence,  th is  correlation  may be  the  reason  for thei r 
apparen t i n fl uence.  I n terdependency between  variables  shal l  be  anal ysed  to  i den ti fy wh ich  
variables  exert a  genu ine  mean ingfu l  i n fl uence as  d iscussed  i n  L . 2 . 6  before  estimating  the  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 21 1  – 

final  accuracy class  of the  remote  sens ing  device.  For example,  mu l ti variate  regress ion  
techn iques  may be  employed  to  ach ieve  th is .   

The  classi fication  i s  analogous  to  the  existing  cl ass i fication  of cup  and  son ic anemometers  
accord ing  to  th is  s tandard  as  l a id  ou t i n  Annex I  and  Annex J .  The  remote  sens ing  device  
class  can  be  evaluated  for e i ther pre-defined  cond i tions  or for the  speci fic cond i tions  
prevai l ing  during  the  appl ication  of the  remote  sensing  device.  

Cond i tions  analogous  to  the  A-classi fication  of cup  and  son ic anemometry accord ing  to  th is  
standard  as  l a i d  ou t  i n  Annex I  and  Annex J  are  presented  i n  Table  L. 3.  

Table  L.3  – Ranges  of environmental  parameters  for sensi tivi ty analysis  

Independent variabl e    Max M in  Range  Source  

Wind  shear exponent  [-]  0 , 80  –0, 40  1 , 20  N /A 

Turbu lence  i n tensi ty  [- ]  0 , 24  0 , 03  0 , 21  Th i s  standard  

Rain  (yes=1 ,  no=0)  [-]  1  0  1  Defi n i ti on  of sensor 

Avai l abi l i ty  [%]  1 00  80  20  Defi n i ti on  of fi l ter 

Wind  d i rection  [° ]  360  0  1 80  
Deviati on  of 2  d i rections  
has  a  maximum  of 1 80°  

Ai r temperature  [°C]  40  0  40  Th i s  standard  

Ai r densi ty  [kg /m 3 ]  1 , 35  0 , 90  0 , 45  Th i s  standard  

Temperatu re  g rad i ent  

From  1 33  m  to  1 0  m  heigh t  
[K/m ]  0 , 06  –0, 02  0 , 08  N /A 

Upflow ang le  [° ]  3  –3  6  Th i s  standard  

Wind  veer from  

1 33  m  to  35  m  heigh t  
[° /m ]  0 , 2  –0, 2  0 , 4  N /A 

 

The avai l abi l i ty range  of the  remote  sensing  device  shal l  be  consisten t wi th  the  range  to  be  
appl ied  during  deployment in  the  fie ld .  Un less  otherwise  determ ined  by the  configuration  of 
the  reference sensors,  the  l im i ts  of the  a i r temperature  d i fference observed  between  the  two 
height l evels  i nd icated  shal l  be  1 0  times  the  standard  l apse  rate  between  the  cons idered  
height l evels  ( the  standard  l apse  rate  i s  0 , 65  K/1 00  m )  and  the  wind  veer range  shal l  be  4  
times  the  standard  deviation  of the  d i fference  between  the  1 0  m inute  average  wind  d i rections  
at  the  heights  i nd icated .  

L.2.5  Assessment of envi ronmental  variable  sign i ficance  

The si gn i ficance of a  variable  is  assessed  by measuring  i ts  degree  of i n fluence on  the  remote  
sens ing  device  measurement.  The  sens i ti vi ty tests  may ind icate  that no  s i gn i fican t 
re lationsh ip  exists  between  the  dependen t variable  and  some of the  i ndependent variables .  
Therefore  on l y re levant i ndependen t variables  shal l  be  cons idered .  Relevance i s  determ ined  
where:  

a)  a  sens i ti vi ty of at least 0 , 5  i s  demonstrated  or a  product of corre lation  coefficien t r  and  
sensi ti vi ty of at  l east 0 , 1  i s  found ;  

b)  the  sensi ti vi ty anal ys is  of an  i ndependent variable  shal l  be  re levant for a l l  measurement 
heights  i f one  of the  above cond i ti ons  i s  fu l fi l l ed  for a  s ing le  height.  

For a  sens i ti vi ty of 0 , 5  or more  a  s ign i fican t i n fl uence of the  i ndependent variable  on  the  
accuracy of the  remote  sens ing  device  is  d i rectl y measured  during  the  classi fication  test.  The  
correlation  coefficien t may mod ify th is  cri terion  as  i t  i nd icates  the  s i gn i ficance of the  
re lationsh ip  between  the  dependent and  i ndependent variables.  The  correlation  coefficient 
and  the  sens i ti vi ty both  i nd icate  the  re levance  of an  independent variable.  Thus  the  product of 
both  measures  defines  the  second ,  a l ternative  cond i ti on  in  the  fi rst i tem  above.  
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Envi ronmental  variables  for wh ich  the  measured  range  does  not  cover at  l east 25  %  of the  
b ins  as  described  i n  Table  L . 3  wi th  a  m in imum  number of data  poin ts  as  defined  by 
Equation  (L. 2)  shou ld  be  excluded  from  the  sens i ti vi ty anal ys is.  Sensi ti vi ty resu l ts  derived  for 
these  variables  wou ld  be  un representati ve  of any re lationsh ip  wi th  measurement deviation .  
Al though  a  variable  may be  e l im inated  from  the  sens i ti vi ty anal ysis  due  to  i nsufficient 
variation  for the  re l i ab le  establ ishment of a  re lationsh ip  wi th  measurement deviation ,  i t  may be  
the  case  that a  wider range  of variation  is  observed  during  appl ication  of the  device  in  the  
course  of the  power performance test.  I f the  variable  i n  question  i s  found  to  have  an  i n fl uence  
on  measurement deviation  through  the  mon i toring  process  during  appl ication ,  the  device  may 
be  rej ected .  Al ternativel y,  the  add i tional  uncertain ty wi l l  be  appl i ed  to  the  resu l ts  to  
adequatel y reflect th is ,  fo l l owing  Clause  L. 4 .  Envi ronmental  variables  that are  determ ined  to  
i n fl uence measurement deviation  on l y through  thei r correlation  wi th  other environmental  
variables,  as  d iscussed  i n  L. 2 . 6 ,  shou ld  be  excluded  from  the  sens i ti vi ty anal ysis .  

The  selection  of re levant i ndependent variables  for a  remote  sens ing  device  is  i l l ustrated  i n  
Table  L . 4 .  

Table  L.4  – Example  selection  of envi ronmental  
variables  found  to  have  a  s ign ificant  influence  

Height  
above  
ground  
l evel  

I ndependen t 
variabl e  

avg 

Independent 
variabl e  

std 

Independen t 
variable  

m 
Sensi tivi ty 

m ×  std 
r2  

Sensi tivi ty 

×  r  

[m ]  [- ]  
[un i t  

variable]  
[un i t  

variable]  
[%/unit 
variable]  

[%]  [-]  [%]  

1 35  

Wind  shear 
exponent  

0 , 21  0 , 1 9  –2 , 324  –0, 45  0 , 235  –0, 21 8  

1 04  0 , 21  0 , 2  –1 , 91 8  –0, 38  0 , 085  –0, 1 1 1  

72  0 , 1 7  0 , 1 7  0 , 607  0 , 1  0 , 009  0 , 009  

1 35  

Turbu lence  
i n tensi ty  

0 , 07  0 , 03  8, 855  0 , 26  0 , 08  0 , 074  

1 04  0 , 07  0 , 03  1 3 , 902  0 , 39  0 , 093  0 , 1 1 9  

72  0 , 08  0 , 03  1 5, 81 2  0 , 4  0 , 1 33  0 , 1 46  

1 35  
Wind  

d i rection  

247, 28  31 , 62  –0, 007  –0, 22  0 , 059  –0, 053  

1 04  252, 83  34, 1 9  0 , 01 2  0 , 43  0 , 1 08  0 , 1 41  

72  225, 1 4  1 1 , 39  0 , 003  0 , 03  0 , 001  0 , 001  

1 35  Temperatu re  
d i fference  

between  
1 33  m  and  
1 0  m  

–0, 69  1 , 36  –0, 1 1 2  –0, 1 5  0 , 027  –0, 025  

1 04  –0, 69  1 , 36  –0, 444  –0, 6  0 , 21 7  –0, 279  

72  –0, 64  1 , 53  –0, 281  –0, 43  0 , 1 58  –0, 1 71  

1 35  Upfl ow 

ang l e  

0 , 35  1 , 37  –0, 085  –0, 1 2  0 , 01 5  –0, 01 5  

72  –0, 35  0 , 73  0 , 665  0 , 49  0 , 1 7  0 , 202  

1 35  Wind  veer 
between  

1 33  m  and  
35  m  

1 5, 36  1 0, 01  –0, 036  –0, 36  0 , 1 45  –0, 1 37  

1 04  1 5, 26  1 0, 05  –0, 07  –0, 71  0 , 298  –0, 388  

72  1 5  9, 26  –0, 036  –0, 33  0 , 092  –0, 1 00  

 

L.2.6  Assessment of in terdependency between  environmental  variables  

The sens i ti vi ty anal ys is  i n  L. 2 . 4  makes  the  assumption  that the  environmenta l  variables  under 
cons ideration  are  i ndependent,  i . e.  uncorre lated .  I n  practice  th is  may not be  the  case.  Th is  
can  lead  to  en tries  being  reg istered  i n  the  accuracy class  for speci fic variables  due  to  the ir 
correlation  wi th  other variables  rather than  through  any d i rect re lationsh ip  wi th  measurement 
deviation .  An  i l l ustration  of the  effect of correlation  between  environmental  variables  can  be  
seen  i n  F igure  L. 3  and  F igure  L. 4  for wind  shear and  turbu lence  i n tens i ty.  F i gure  L. 3  shows 
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the  re lationsh ip  between  wind  shear and  turbu lence  in tensi ty during  a  class i fication  test.  I t  
can  be  seen  that wind  shear and  tu rbu lence  i n tensi ty at th is  test s i te  are  not enti re l y 
uncorre lated  during  the  measurement period  i n  question .  Th is  man i fests  i tsel f i n  F i gure  L. 4  as  
a  clustering  of the  data  poin ts  wi th in  the  scatter p lot of measurement deviation  against 
tu rbu lence  i n tens i ty accord ing  to  the  magn i tude  of the  wind  shear.  Th is  cl ustering  may skew 
the  l i ne  fi t  from  wh ich  the  sens i ti vi ty of the  device  wi th  respect to  turbu lence  in tens i ty i s  
determ ined .  Through  th i s  mechan ism  a  re lationsh ip  i n  the  sensi ti vi ty test  can  be  transferred  
from  an  envi ronmenta l  variable  that i s  d i rectl y correlated  to  measurement deviation  to  one  
that i s  not  i f the  envi ronmental  variables  are  not mutual l y i ndependent.  

 

Figure L.3  – Example  of wind  shear versus  turbu lence  in tensi ty 

 

The  colour i nd icates  the  wi nd  shear.  

Figure L.4 – Example  of percentage  deviation  of remote  sensing  device and  reference  
sensor measurements  versus  turbu lence in tensi ty  
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I n  order to  m i ti gate  over estimation  of uncertain ty,  i t  i s  necessary to  e l im inate  from  the  
sens i ti vi ty anal ys is  any correlated  environmental  variables  that can  be  demonstrated  not to  
d i rectl y i n fl uence measurement deviation .  An  example  is  shown  i n  F igure  L. 4,  where  i t  i s  cl ear 
the  i nclusion  of both  turbu lence  i n tensi ty and  wind  shear i n  the  calcu lation  of the  uncerta in ty 
estimate  wou ld  resu l t  i n  “double  coun ting”  of uncerta in ty con tributions  due  to  the  re lationsh ip  
evident  between  them .  The  e l im ination  of correlated  envi ronmental  variables  may be  done  by 
any means  deemed  su i table  wi th  the  requ i rement that the  method  and  resu l ts  are  adequate l y 
documented ,  as  d iscussed  i n  L. 2 . 4.  Documentation  shou ld  i nclude  sufficien t deta i l  for the  
repl ication  of resu l ts  from  the  data  acqu i red  during  the  class i fication  test.  

Dependencies  between  envi ronmenta l  variables  have  been  analysed  for the  data  used  i n  
Table  L. 4.  Variables  that do  not have  a  d i rect i n fluence on  the  measurement deviation  that are  
correlated  wi th  one  or more  variables  that do  have  a  d i rect in fluence  on  measurement 
deviation  have  been  e l im inated  from  the  sens i ti vi ty test.  After removing  the  effect of the  wind  
shear from  the  dataset,  the  remain ing  i n fl uence of the  tu rbu lence  i n tens i ty was  not re levant.  
The  remain ing  variables  are  shown  in  Table  L. 5.  On l y wind  shear,  upflow ang le  and  wind  veer 
appear to  have  a  s ign i fican t i n fl uence on  the  deviation  between  the  remote  sensing  and  
reference  cup  anemometer wind  speed  measurements.  

Table  L.5  – Sensi tivi ty analysis  parameters  remain ing  
after analysis  of in terdependency of variables  

Height  
above  
ground  
l evel  

I ndependent 
variabl e  

avg 

I ndependen t 
variabl e  

std 

Independen t 
variabl e  

m 
Sensi tivi ty 

m  ×  std 
r2  

Sensi tivi ty 

×  r  

[m ]  [-]  [un i t  vari abl e]  [un i t  vari abl e]  
[%/un i t  
variable]  

[- ]  [- ]  [- ]  

1 35  

Wind  shear 
exponent  

0 , 21  0 , 1 9  –2 , 324  –0, 45  0 , 235  –0, 21 8  

1 04  0 , 21  0 , 2  –1 , 91 8  –0, 38  0 , 085  –0, 1 1 1  

72  0 , 1 7  0 , 1 7  0 , 607  0 , 1  0 , 009  0 , 009  

1 35  Upflow 

ang l e  

0 , 35  1 , 37  –0, 085  –0, 1 2  0 , 01 5  –0, 01 5  

72  –0, 35  0 , 73  0 , 665  0 , 49  0 , 1 7  0 , 202  

1 35  Wind  veer 
between  

1 33  m  and  
35  m  

1 5, 36  1 0 , 01  –0, 036  –0, 36  0 , 1 45  –0, 1 37  

1 04  1 5, 26  1 0 , 05  –0, 07  –0, 71  0 , 298  –0, 388  

72  1 5  9, 26  –0, 036  –0, 33  0 , 092  –0, 1 00  

 

L.2.7  Calcu lation  of accuracy class  

The general  princip le  of the  calcu lation  of accuracy classes  i s  as  fo l lows:  

a)  define  ranges  of a l l  remain ing  variables  having  s i gn i ficant  i n fl uence  as  described  in  the  
example  of Table  L. 5;  

b)  ca lcu late  the  maximum  deviation  of each  i ndependen t variable  on  the  accuracy of the  
remote  sensing  device  by mu l ti p l ication  of the  regression  s lope  m  and  the  range  of the  
i ndependent variable ,  as  taken  from  Table  L. 3.  An  i l l ustrati ve  example  i s  g i ven   
i n  Table  L . 6 ;  

c)  ca lcu late  the  accumu lated  maximum  in fl uence  of a l l  i ndependent variables  on  the  
accuracy of the  remote  sens ing  device  by considering  the  d i fferen t variables  as  fu l l y 
i ndependent from  each  other,  such  that the  maximum  measurement errors  caused  by each  
i nd ividual  variable  are  added  i n  quadrature.  

I n  re lation  to  i tem  c) ,  i t  i s  acknowledged  that the  envi ronmental  variables  under cons ideration  
are  not fu l l y independent from  each  other.  However,  wi th  respect to  uncertain ty assessments,  
the  d i fferences  between  envi ronmenta l  cond i ti ons  prevai l ing  du ring  the  appl ication  of the  
remote  sensing  device  for the  purposes  of the  power curve  test and  during  performance 
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veri fication  i s  a  key consideration .  These  d i fferences  are  h i gh l y dependen t on  the  power curve  
test s i te  and  on  the  RSD  performance  veri fication  test s i te.  Th is  s i te  dependency decouples  
the  variables  from  each  other wi th  respect to  uncertain ty calcu lations.  Therefore  to  estimate  
the  accumulated  maximum  in fluence,  i ndependence  between  variables  i s  a  necessary 
assumption ,  despi te  the  efforts  undertaken  i n  L . 2 . 6  for address ing  the  i n terdependency of 
variables.  

The  prel im inary accuracy classes  resu l ti ng  from  th is  scheme are  presented  i n  Table  L . 7 .  
These  have  been  calcu lated  as  the  sum  in  quadrature  of the  maximum  deviations  of both  a l l  
and  on l y the  i nd ividual  s i gn i fican t environmental  variables  accord ing  to  Table  L. 6  and   
Table  L. 4 .  The  values  do  not represent the  fi nal  cl ass i fication  resu l t.  

Table  L.6  – Example  scheme for calcu lating  maximum  
influence of envi ronmental  variables  

Height  
above   

ground  l evel  
I ndependent variabl e  

Range  
variable  

m  m  ×  range 

[m ]  [- ]  [un i t  vari abl e]  
[%/un i t  
variable]  

[- ]  

1 35  
Wind  shear 

exponent  

1 , 20  –2 , 324  2 , 79  

1 04  1 , 20  –1 , 91 8  2 , 30  

72  1 , 20  0 , 607  0 , 73  

1 35  
Turbu lence  

i n tensi ty  

0 , 21  8 , 855  1 , 86  

1 04  0 , 21  1 3 , 902  2 , 92  

72  0 , 21  1 5, 81 2  3, 32  

1 35  
Rain  

(yes=1 ,  no=0)  

1 , 00  0 , 205  0 , 21  

1 04  1 , 00  1 , 1 68  1 , 1 7  

72  1 , 00  0 , 499  0 , 50  

1 35  

Remote  sensing  device  ava i l ab i l i ty  

20, 00  0 , 01 7  0 , 34  

1 04  20, 00  –0, 068  1 , 36  

72  20, 00  –0, 31 8  6, 37  

1 35  
Wind   

d i rection  

1 80, 00  –0, 007  1 , 28  

1 04  1 80, 00  0 , 01 2  2 , 24  

72  1 80, 00  0 , 003  0 , 51  

1 35  
Ai r temperature  

at  1 31  m  

40, 00  0 , 044  1 , 76  

1 04  40, 00  –0, 042  1 , 69  

72  40, 00  –0, 091  3 , 65  

1 35  
Ai r  

dens i ty  

0 , 45  –1 6, 430  7, 39  

1 04  0 , 45  1 , 804  0 , 81  

72  0 , 45  5, 208  2 , 34  

1 35  
Temperatu re  d i fference  between   

1 33  m  and1 0  m  

8 , 00  –0, 1 1 2  0 , 90  

1 04  8 , 00  –0, 444  3, 55  

72  8 , 00  –0, 281  2 , 25  

1 35  
Upflow ang le  

6 , 00  –0, 085  0 , 51  

72  6 , 00  0 , 665  3, 99  

1 35  Wind  veer 

between  

1 33  m  and  35  m  

40, 00  –0, 036  1 , 45  

1 04  40, 00  –0, 070  2 , 81  

72  40, 00  –0, 036  1 , 42  
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Table  L.7  – Prel iminary accuracy classes  of a  remote  sensing  device considering  both  
al l  and  on ly the  most s ign ificant  in fluential  variables  

Height  

Accuracy classes  

Considering  

al l  variabl es  

Considering  on l y 

sign i fi cant i n fluenti al  vari abl es  

[m ]  [-]  [- ]  

1 35  8, 6  3 , 2  

1 04  7, 1  3 , 6  

72  9 , 7  4 , 3  

 

To  ca lcu la te  the  fina l  accuracy c lass,  the  pre l im inary accuracy c lass  sha l l  be  d ivid ed  by √2 .  
The maximum  i n fluences  as  calcu lated  i n  Table  L. 6  are  val id  under the  assumption  that the  
performance veri fication  test of the  remote  sens ing  device  has  been  conducted  at the  one 
extreme of the  ranges  of a l l  envi ronmental  variables  wh i le  the  power curve  test i s  conducted  
at  the  opposi te  extreme,  wh ich  is  considered  to  be  an  un l ikel y scenario.  A more  l i kel y 
assumption  i s  that the  variables  x  d uri ng  both  measurements  l ie  close  to  the  cen tre  of the  
maximum  range  wi th  a  maximum  deviation  of ha l f of the  range:  
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I f the  cond i ti ons  during  performance veri fication  and  the  power cu rve  test are  cons idered  
i ndependent of each  other,  the  deviations  of the  environmenta l  variables  have  the  maximum  
ranges:  
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The resu l ti ng  accuracy classes  for the  i n fl uences  of variables  g iven  as  examples  i n  Table  L. 6  
are  shown  i n  Table  L. 8.  

Table  L.8  – Example  final  accuracy classes  of a  remote  sensing  device  

Height  

F inal  
accuracy 
class  

[m ]  [- ]  

1 35  2 , 3  

1 04  2 , 5  

72  3 , 0  

 

L.2.8  Acceptance  cri teria  

The class i fication  test shal l  be  performed  for a  m in imum  of two  devices  of the  speci fic type  of 
remote  sens ing  device  at a  m in imum  of two d i fferen t s i tes .  Th is  wi l l  enable  type-speci fic 
cl assi fication ,  provided  the  resu l ts  of these  tests  converge  sufficientl y.  At l east one  of the  test 
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devices  shal l  be  tested  at two  d i fferen t s i tes,  resu l ti ng  i n  a  m in imum  of three  tests  requ i red  to  
ach ieve  type  classi fication .   

I f the  resu l ts  are  too  d ivergent an  i nd ividual  un i t may be  wi thdrawn  on  the  assumption  that i t  i s  
mal function ing  and  is  therefore  not representative  of the  i nstrument type.  A wi thdrawal  of a  
un i t on  these  grounds  i s  subj ect to  the  requ irements  stated  above regard ing  the  m in imum  
number of i nd ividual  un i ts  tested  to  derive  a  type-speci fic class i fication .  A type-speci fic  
cl assi fication  is  not possible  i f the  wi thdrawal  of un i ts  on  the  grounds  that they are  
mal function ing  resu l ts  i n  an  insufficien t number of tested  un i ts.  I f u n i ts  are  wi thdrawn,  
cons ideration  shou ld  be  g i ven  to  the  number of un i ts  wi thdrawn  compared  to  the  number 
accepted  as  representati ve.  The  reason  for wi thdrawal  of a  un i t from  the  sens i ti vi ty test sha l l  
be  wel l  j usti fi ed  and  reported .  

Resu l ts  of these  class i fications  are  cons idered  to  converge  sufficien tl y i f the  order of 
magn i tude  of the  i n fl uence  of the  envi ronmental  variables  cons idered  is  coheren t among  the  
d i fferent cl assi fication  tests  (e. g .  for each  s ign i fican t i ndependent variable,  the  magn i tude  of 
the  sens i ti vi ty derived  from  each  ind ividual  test  d i ffers  by no  more  than  50  %  from  the  mean  
value).  

L.2.9  Classi fication  of RSD  

The class  i s  determ ined  from  a  m in imum  of th ree  classi fication  tests  (2  un i ts  at the  same 
location  and  one  un i t  a t 2  d i fferen t l ocations) .  

The  final  sensi ti vi ty s lope  shou ld  be  used  i n  Equation  (L. 7)  to  calcu late  the  uncertain ty.  The  
final  s lopes  resu l t from  the  combination  of the  s l opes  from  the  various  classi fication  tests  as  
fol low:   

a)  every s i gn i fican t i ndependent variable  resu l ting  from  every classi fication  test shou ld  be  
considered  ( i . e .  i f a  variable  is  found  to  be  s i gn i fican t and  independent i n  one  test ou t of 
three,  i t  shou ld  be  considered  i n  the  fi nal  cl ass).  

b)  for every s ign i fican t i ndependent variable:  

1 )  i n terpolate  the  s lope  to  the  heigh t of i n terest  for every classi fication  test,  

2)  combine  the  s lopes  from  the  various  classi fication  test us ing  Equation  ( I . 3).  

L.3  Veri fication  of the  performance of remote sensing  devices  

Measurements  acqu i red  by the  remote  sensing  device  shal l  be  cal i brated  against concurren t 
and  co- located  measurements  of the  same wind  flow parameters  acqu ired  by meteorolog ical  
mast-mounted  reference sensors  wh ich  wou ld  have  been  deemed  compl ian t for conducting  a  
power curve  test.  Depend ing  on  the  use  of the  remote  sens ing  device  in  the  power curve  test 
campaign ,  the  accuracy shal l  be  evaluated  i n  re lation  to  those  same remote  sensing  device  
ou tpu t parameters  cons idered  during  the  class i fi cation  test and  wh ich  are  re levant to  the  
power curve  test.  

The  ca l ibration  shal l  be  conducted  not earl i er than  one  year prior to  the  start of the  power 
curve  test (or during  the  power performance  test)  for i ts  resu l ts  sti l l  to  be  cons idered  val id  i n  
re lation  to  the  power curve  test i n  wh ich  the  remote  sensing  device  is  being  deployed .  

Regard ing  data  acqu is i ti on  and  data  preparation ,  the  cal i bration  test i s  conducted  i n  the  same 
way as  the  sensi ti vi ty anal ys is  as  described  i n  L . 2 . 2  and  L. 2 .3 ,  wi th  the  exception  that  
cri terion  L. 2 . 2  e)  i s  relaxed ,  such  that i t  i s  sufficien t to  acqu ire  1 80  h  of data.  The  
requ irements  on  the  he igh ts  of the  reference sensors  described  i n  L. 2 . 2  i n  re lation  to  
cl assi fication  tests  a lso  appl y to  veri fication  tests.   

A b in  average  procedure  shal l  be  used  to  compare  the  measurements  acqu i red  us ing  the  
remote  sens ing  device  and  the  reference sensors.  The  b in-wise  deviation  between  the  remote  
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sens ing  device  measurement and  the  measurement of the  reference  sensor is  considered  the  
key resu l t.  The  wid th  and  centre  of the  b i ns  shal l  be  as  fol l ows 41 :  

a)  0 , 5  m /s  wide  reference wind  speed  b ins  centred  on  mu l ti p le  in tegers  of 0 , 5  m /s  shal l  be  
appl ied  for the  comparison  of horizon tal  wind  speeds  and  the  comparison  of s tandard  
deviation  values  of the  horizonta l  wind  speed ;  

b)  5°  wide  wind  d i rection  b ins  shal l  be  appl i ed  for comparison  of wind  d i rections,  cen tred  on  
mu l tip le  i n tegers  of 5° .  

The  raw data,  expressed  as  1 0  m in  averages,  sha l l  be  presented  as  a  scatter p lot of the  
measurements  acqu ired  by the  remote  sensing  device  against the  measurements  acqu i red  by 
the  reference  sensor.  I n  add i tion ,  the  deviations  between  the  remote  sens ing  device  
measurements  and  reference measurements  shal l  be  p lotted  against the  reference  
measurements.  These  shal l  be  shown  on  the  same p lot,  an  example  of wh ich  is  shown  i n  
F igure  L. 5.  For the  fi rst  scatter p lot,  the  correlation  coefficient shal l  be  computed .  For the  
second  scatter p lot,  the  mean  va lue  and  standard  deviation  of the  deviations  shal l  be  
computed .  For both  scatter p lots,  mean  va lues  and  standard  deviations  per b i n  of the  
dependent variable  shal l  be  calcu lated  (Table  L . 9) .  

The  b in  averages  of the  remote  sensing  measurements  shal l  be  p lotted  as  a  function  of the  
b in  averages  of the  reference sensor measurements  (F igure  L. 6) .  A two-parameter ord inary 
l east squares  (OLS)  l i near regress ion  shal l  be  p lotted  th rough  the  data  poin ts  that  l i e  wi th in  
the  reference  wind  speed  range  4  m /s  to  1 6  m /s  i nclusive.  

The  tota l  uncertain ty of the  remote  sens ing  device  remain ing  from  i ts  ca l i bration  test shal l  be  
assessed  as  described  i n  L. 4 . 3  (F igure  L. 6 ,  Table  L . 9) .  The  bin -averaged  deviations  of the  
RSD measurements  and  reference measurements  shal l  be  compared  to  the  standard  
uncerta in ty of the  ca l i bration  test reduced  by the  bi n  averaged  deviations  as  g i ven  by the  
fol lowing  express ion  where  a l l  components  have  consisten t un i ts :  

 ( )2,Ref,RSD
2
,ver –– iii VVu   

where  

iV ,RSD  b in  average  of RSD  at ca l ibration  test i n  b i n  i;  

iV ,Ref  b in  average  of reference  measurement at ca l ibration  test i n  b in  i;  

iu ,ver  s tandard  uncertain ty of ca l i bration  test i n  b in  i  accord ing  to  L. 4. 3.  

The  wind  speed  measurements  of the  RSD  may be  corrected  based  on  the  cal ibration  test  
resu l ts  i n  order to  remove a  b ias.  Such  a  correction  is  recommended  i f the  bi n -averaged  
deviations  exceed  the  above expression  (at l east i n  one  b in ) .  The  wind  speed  correction  may 
cons ist of a  l i near regression  of the  b in  averaged  reference sensor measurements  versus  the  
RSD  measurements.  

___________ 

41   Compari sons  of parameters  other than  those  l i s ted  may be  des i rable  i n  the  con text of a l ternati ve  appl i cati ons  
of remote  sensing .  For example,  0 , 1  m /s  wide  b i ns  may be  u sed  for the  compari son  of vert i cal  wind  speeds  
and  the  compari son  of s tandard  deviati ons  of the  hori zontal  wind  speed ,  cen tred  on  mu l ti pl e  i n tegers  of  
0 , 1  m /s,  wh i l e  1  %  (0 , 01 )  wide  bi ns  may be  used  for compari son  of tu rbu l ence  i n tensi ti es,  centred  on  mu l ti pl e  
i n tegers  of 1  %  (0, 01 ).  
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Figure L.5  – Comparison  of 1 0  minute  averages  of the  horizontal  wind  speed  component 
as  measured  by a  remote sensing  device  and  a  cup anemometer 

 

Figure  L.6  – Bin -wise comparison  of measurement  of the  horizontal  wind  speed  
component of a  remote  sensing  device  and  a  cup anemometer 

The  cons iderations  d iscussed  i n  L. 2 . 4  i n  relation  to  errors  and  sensi ti vi ti es  detected  during  
classi fication  tests  that are  artefacts  of i ncorrect remote  sens ing  device  configuration ,  i n  
particu lar,  the  in troduction  of errors  and  sens i ti vi ti es  to  wind  shear as  a  resu l t of i ncorrect 
ass ignment of measurement he ights ,  shou ld  a lso  be  cons idered  i n  the  con text of ca l ibration  
tests,  see  reference  [1 0] .   

IEC  

IEC  
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L.4 Evaluation  of uncertainty of measurements  of remote sensing  devices  

L.4. 1  General  

The fol l owing  components  shal l  be  taken  i n to  account for the  evaluation  of the  uncertain ty of 
the  measurements  wi th  remote  sens ing  devices:  

a)  uncertain ty resu l ti ng  from  the  RSD  ca l ibration  test accord ing  to  L. 4 . 3;  

b)  uncerta in ty resu l ting  from  the  classi fication  of the  remote  sens ing  device  accord ing  to  
L. 4. 4 ;  

c)  uncertain ty due  to  non-homogenous  flow wi th in  the  measurement volume  of the  remote 
sensing  device  accord ing  to  L. 4. 5 ;  

d )  uncertain ty due  to  mounting  effects  of the  remote  sens ing  device  accord ing  to  L. 4. 6 ;  

e)  uncertain ty due  to  variation  i n  fl ow across  the  power curve  test s i te  accord ing  to  L. 4 . 7;  

f)  a  possib le  uncerta in ty due  to  unexpected  resu l ts  of the  mon i toring  of the  remote  sens ing  
device’s  accuracy on  the  appl ication  s i te  accord ing  to  C lause  L. 5.  

The  d i fferent uncertain ty components  shal l  be  assumed  to  be  i ndependent from  each  other 
and  shal l  be  added  in  quadrature.  

L.4.2  Reference  uncertainty 

The fol l owing  uncertain ty components  are  cons idered  for the  evaluation  of the  s tandard  
uncerta in ty of the  reference sensor ( in  case  of a  cup  anemometer)  and  shal l  be  considered  to  
be  i ndependent from  each  other and  thus  shal l  be  added  in  quadrature:  

a)  wind  tunnel  ca l i bration ;  

b)  cup  anemometer effects  accord ing  to  the  anemometer class i fication ;  

c)  cup  anemometer mounting  effects;  

d )  uncertain ty of any appl ied  meteorolog ical  mast  correction  to  the  reference  cup  
anemometer measurements ;  

e)  uncertain ty i n  the  data  acqu is i ti on  system  of the  reference i nstrument for the  wind  speed  
i n  b in  i.  

L.4.3  Uncertainty resu l ting  from  the  RSD cal ibration  test  

The measurements  of the  remote  sens ing  device  are  l i nked  to  the  fol lowing  systematic  
uncerta in ties  (category B  uncertain ties)  resu l ting  from  the  ca l ibration  test,  wh ich  shal l  be  
calcu lated  for each  b in  of the  measurement of the  remote  sens ing  device:  

a)  the  standard  uncertain ty of the  reference  sensor accord ing  to  L. 4. 2 ;  

b)  the  mean  deviation  of the  remote  sens ing  device  measurements  and  the  reference sensor 
measurements.  I f a  correction  of the  measurement of the  remote  sens ing  device  i s  
performed,  the  average  deviation  between  the  corrected  measurements  of the  remote 
sens ing  device  and  the  reference sensor measurements  are  evaluated ;  

c)  the  standard  uncerta in ty of the  measurement of the  remote  sensing  device  calcu lated  as  
the  standard  deviation  of the  measurements  d i vi ded  by the  square  root of the  number of 
data  records  per b i n  (category A uncertain ty of ca l ibration  test) ;  

d )  uncertain ty of the  remote  sens ing  device  due  to  mounti ng  effects  during  the  cal ibration  
test;  

e)  uncertain ty of the  remote  sens ing  device  due  to  non-homogenous  flow wi th in  the  
measurement volume during  the  ca l i bration  test accord ing  to  L. 4. 5.  

S i te  effects  may be  cons idered  as  an  add i tional  u ncertain ty i f the  remote  sens ing  device  and  
the  reference  sensor meteorolog ical  mast  are  separated  from  each  other by a  s i gn i ficant  
d istance  that comprom ises  compl iance  wi th  i tem  L. 2 . 2  d ) .  I n  particu lar,  an  add i tional  
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uncerta in ty i n  wind  speed  of 1  %  times  the  separation  d is tance  d i vi ded  by the  measurement 
height shal l  be  appl i ed .  The  separation  d istance  i s  the  d istance  between  the  centroid  of the  
measurement volume and  the  reference  sensor being  used  for the  test.  The  measurement 
height i s  the  he igh t at wh ich  the  comparison  between  the  reference sensor and  the  remote  
sens ing  device  is  being  performed.  Th is  i s  not referred  to  the  hub  height or rotor d iameter of 
the  test wind  tu rbine  as  these  may not be  known  at  the  time the  classi fication  or cal i bration  
tests  are  being  conducted .  The  add i tional  u ncertain ties  associated  wi th  s im i lar i ssues  aris i ng  
during  the  power curve  test due  to  the  d istance  of the  remote  sens ing  device  from  the  test 
wind  turbine  are  d iscussed  in  L. 4. 7.  

Uncertain ties  of the  data  acqu is i ti on  system  of the  remote  sens ing  device  are  au tomatical l y 
i n tegrated  i n  the  cal ibration  test resu l ts  and  shal l  not be  considered  add i tional l y.  

The  d i fferent uncerta in ty componen ts  shal l  be  assumed  to  be  i ndependent from  each  other 
and  shal l  be  added  i n  quadrature  for each  wind  speed  b in .  An  example  ca lcu lation  i s  shown  i n  
Table  L. 9.  The  tota l  category B  uncertain ty of the  measurements  of the  remote  sens ing  device  
resu l ting  from  the  cal i bration  test shal l  be  taken  i n to  account as  category B  uncerta in ty of the  
power curve  test i n  any case.  

Table  L.9  – Example  of uncertainty calcu lations  arising  from  cal ibration  of a  remote 
sensing  device  (RSD)  i n  terms  of systematic uncertainties   

Vcup  VRSD  
Number 
of data  
sets  

VRSD   

max 

VRSD   

m in  

VRSD  
s td  

VRSD  
std/√n  

Mean  
deviation  

Vcup  
uncertain ty 

Mounting  
uncertain ty 

RSD  

VRSD  
uncertain ty 

[m /s]  [m /s]  [-]  [m /s]  [m /s]  [m /s]  [m /s]  [% ]  [% ]  [%]  [% ]  

4 , 1 33  4 , 1 48  1 5  4 , 30  4 , 00  0 , 090  0 , 023  0 , 4  2 , 3  0 , 5  2 , 4  

4 , 528  4 , 525  33  4 , 85  4 , 28  0 , 1 39  0 , 024  0 , 0  2 , 2  0 , 5  2 , 3  

5, 064  5, 086  26  5, 31  4 , 74  0 , 1 41  0 , 028  0 , 4  2 , 0  0 , 5  2 , 2  

5, 538  5, 593  47  5, 92  5, 28  0 , 1 66  0 , 024  1 , 0  1 , 9  0 , 5  2 , 2  

5, 985  6, 025  44  6 , 27  5, 72  0 , 1 41  0 , 021  0 , 7  1 , 9  0 , 5  2 , 0  

6 , 51 3  6 , 546  45  6 , 80  6, 26  0 , 1 58  0 , 024  0 , 5  1 , 8  0 , 5  1 , 9  

6 , 995  7, 01 9  87  7, 33  6, 73  0 , 1 51  0 , 01 6  0 , 3  1 , 7  0 , 5  1 , 8  

7 , 500  7, 501  1 09  7, 83  7, 1 4  0 , 1 56  0 , 01 5  0 , 0  1 , 7  0 , 5  1 , 7  

8 , 01 0  8, 01 3  1 1 8  8, 41  7 , 69  0 , 1 60  0 , 01 5  0 , 0  1 , 6  0 , 5  1 , 6  

8 , 51 2  8, 537  1 45  8, 97  8, 22  0 , 1 83  0 , 01 5  0 , 3  1 , 6  0 , 5  1 , 6  

8 , 993  9, 033  1 46  9, 45  8, 71  0 , 1 76  0 , 01 5  0 , 4  1 , 5  0 , 5  1 , 6  

9 , 498  9, 554  1 21  9 , 97  9, 1 6  0 , 1 71  0 , 01 6  0 , 6  1 , 5  0 , 5  1 , 6  

1 0, 008  1 0, 059  1 66  1 0 , 57  9, 63  0 , 1 81  0 , 01 4  0 , 5  1 , 5  0 , 5  1 , 6  

1 0, 506  1 0, 536  1 06  1 0 , 91  1 0 , 25  0 , 1 41  0 , 01 4  0 , 3  1 , 5  0 , 5  1 , 5  

1 1 , 003  1 1 , 037  78  1 1 , 52  1 0 , 68  0 , 1 85  0 , 021  0 , 3  1 , 4  0 , 5  1 , 5  

1 1 , 502  1 1 , 51 0  59  1 1 , 92  1 1 , 1 3  0 , 1 88  0 , 025  0 , 1  1 , 4  0 , 5  1 , 4  

1 2 , 000  1 2 , 035  63  1 2 , 62  1 1 , 68  0 , 21 7  0 , 027  0 , 3  1 , 4  0 , 5  1 , 5  

1 2 , 51 9  1 2 , 521  68  1 2 , 97  1 2 , 1 5  0 , 1 82  0 , 022  0 , 0  1 , 4  0 , 5  1 , 4  

1 2 , 957  1 2 , 998  64  1 3 , 40  1 2 , 64  0 , 1 86  0 , 023  0 , 3  1 , 4  0 , 5  1 , 4  

1 3, 469  1 3, 470  40  1 3 , 87  1 3 , 1 7  0 , 1 77  0 , 028  0 , 0  1 , 4  0 , 5  1 , 4  

1 4, 01 1  1 4, 01 4  25  1 4 , 36  1 3 , 67  0 , 1 92  0 , 038  0 , 0  1 , 3  0 , 5  1 , 4  

1 4, 444  1 4, 490  30  1 4 , 83  1 4 , 21  0 , 1 72  0 , 031  0 , 3  1 , 3  0 , 5  1 , 4  

1 4, 983  1 4, 951  1 4  1 5, 48  1 4 , 62  0 , 246  0 , 066  –0, 2  1 , 3  0 , 5  1 , 4  

1 5, 509  1 5, 585  1 7  1 5, 92  1 5, 38  0 , 1 35  0 , 033  0 , 5  1 , 3  0 , 5  1 , 4  

1 5, 990  1 6, 038  1 6  1 6 , 24  1 5, 77  0 , 1 30  0 , 032  0 , 3  1 , 3  0 , 5  1 , 4  
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Vcup  VRSD  
Number 
of data  
sets  

VRSD   

max 

VRSD   

m in  

VRSD  
s td  

VRSD  
std/√n  

Mean  
deviation  

Vcup  
uncertain ty 

Mounting  
uncertain ty 

RSD  

VRSD  
uncertain ty 

1 6, 475  1 6, 479  1 0  1 6 , 69  1 6 , 22  0 , 1 49  0 , 047  0 , 0  1 , 3  0 , 5  1 , 3  

1 7, 066  1 7, 1 40  1 2  1 7 , 50  1 6 , 75  0 , 227  0 , 065  0 , 4  1 , 3  0 , 5  1 , 4  

1 7, 51 5  1 7, 682  1 3  1 7 , 91  1 7 , 44  0 , 1 53  0 , 042  1 , 0  1 , 3  0 , 5  1 , 6  

1 8, 001  1 8, 020  8  1 8 , 32  1 7 , 82  0 , 1 57  0 , 056  0 , 1  1 , 3  0 , 5  1 , 3  

1 8, 430  1 8, 549  1 3  1 8, 82  1 8, 25  0 , 1 73  0 , 048  0 , 6  1 , 3  0 , 5  1 , 5  

1 8, 849  1 8, 980  4  1 9 , 1 6  1 8, 80  0 , 1 49  0 , 075  0 , 7  1 , 3  0 , 5  1 , 5  

1 9, 41 5  1 9, 430  3  1 9 , 67  1 9, 23  0 , 223  0 , 1 29  0 , 1  1 , 3  0 , 5  1 , 4  

The  u ncerta in ty due  to  non-homogenous  fl ow wi th i n  the  measurement  vol ume i s  assumed  to  be  zero.  

 

I t  i s  poin ted  ou t that the  statis tical  s tandard  uncertain ty of the  measurement of a  remote  
sens ing  device  related  to  s ing le  1 0 -m inute  averages  of a  measured  variable  as  resu l ti ng  from  
the  cal ibration  test i s  g i ven  by the  standard  deviation  of the  deviations  of the  measurements  
of the  remote  sensing  device  and  the  reference sensor.  Th is  uncerta in ty i s  s i gn i ficantl y h i gher 
than  the  statistical  u ncertain ty of the  b in  averages  of the  cal ibration  test described  i n  above 
bu l l et poin t c) .  However,  the  statistica l  u ncerta in ty of s i ng le  1 0-m inu te  averages  is  
au tomatica l l y i ncluded  i n  the  category A uncerta in ty of the  b i n  averages  of the  evaluated  
power curve  and  shal l  therefore  not be  accounted  for by add i tional  means.  

L.4.4  Uncertainty due to  remote sensing  device classi fication  

Sensi ti vi ty of the  device  due  to  varying  cond i ti ons  i n troduces  uncerta in ty due  to  the  fact that  
the  meteorolog ical  cond i tions  during  the  appl ication  of the  remote  sensor may deviate  from  
the  meteorolog ical  cond i ti ons  presen t during  the  cal i bration  test.  The  standard  uncerta in ty 
aris i ng  from  the  accuracy class  as  determ ined  fol lowing  L. 2 .7  wi l l  be  the  fi nal  accuracy class  

number d i vi ded  by 3 .  

The  accuracy class  accord ing  to  L. 2 . 7  represents  the  maximum  measurement error of the  
remote  sens ing  device  due  to  the  i n fl uence of envi ronmental  cond i ti ons  wi th in  each  1 0  m in  
period  (after the  associated  cal i bration  test) .  Th is  uncerta in ty i ncludes  uncertain ties  due  to  a  
variation  of the  environmental  variables  around  i ts  mean  values  as  presen t at the  power curve  
test i n  each  wind  speed  b in .  However,  the  uncerta in ty due  to  th is  variation  of the  
envi ronmental  variables  at  the  power curve  test  i s  of statis tica l  nature  and  i s  fu l l y reflected  i n  
the  category A uncertain ty of the  b i n  averages  of the  power curve  (category A uncertain ty of 
the  power curve)  and  shou ld  therefore  not be  accounted  for as  category B  uncertain ty of the  
wind  speed  measurement.  The  category B  uncertain ty of the  wind  speed  measurement due  to  
the  i n fluence of envi ronmental  variables  on  the  performance of the  remote  sens ing  device  
shou ld  rather take  i n to  account on l y the  deviations  of the  mean  values  of the  envi ronmenta l  
variables  during  the  cal i bration  test and  the  power curve  test and  shou ld  be  calcu lated  for 
each  wind  speed  b in  as:  

 ∑
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 (L. 6)  

 

where  

uVR, class , i  i s  category B  standard  uncertain ty of wind  speed  measurement i n  wind  speed  bin  i  
d ue  to  the  i n fl uence of the  envi ronmenta l  variables  on  the  performance of the  
remote  sens ing  device;  

M i s  number of envi ronmental  variables  cons idered  to  have  a  re levant i n fl uence  on  the  
accuracy of the  remote  sensing  device  accord ing  to  the  classi fication  test;  
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m j  i s  s lope  describ ing  the  sens i ti vi ty of the  wind  speed  measurement of the  remote 
sens ing  device  on  the  envi ronmental  variable  j  as  ga ined  from  the  combination  of 
the  resu l ts  from  a  m in imum  of 3  classi fication  tests ;  

ijPCx ,,  i s  mean  va lue  of the  envi ronmental  variable  j  i n  wind  speed  b in  i  as  present during  

the  power curve  test;  

i,j,xver  i s  mean  value  of the  environmental  variable  j  i n  wind  speed  b in  i  as  present during  

the  cal ibration  test of the  remote  sensing  device .  

For re levant environmental  variables  not measured  during  the  power curve  test,  the  maximum  
range  of that variable  as  present at the  power curve  test shal l  be  estimated ,  and  the  deviation  
of the  mean  values  of the  environmental  variables  during  the  power curve  test and  during  the   
ca l i bration  test  i n  the  above  equation  shal l  be  replaced  by the  expected  maximum  absolu te  
deviation  of that variable  as  present during  the  power curve  test  from  i ts  mean  value  present 

during  the  cal i bration  test d i vi ded  by 3 .  However,  as  the  class i fication  derivation  is  based  
on  the  assumption  of a  l i near response  to  perturbations  i n  the  i ndependent variables,  where  
the  maximum  and  m in imum  va lues  of the  i ndependent variables  du ring  the  power curve  or 
ca l i bration  test exceed  the  ranges  obtained  during  the  class i fication  sensi ti vi ty tests,  care  
shou ld  be  taken  when  in terpreti ng  the  classi fication  uncertain ty resu l t.  I f the  ca l ibration  test 
i ncl udes  the  same data  as  the  power curve  test,  the  uncertain ty accord ing  to  L. 4 . 4 ,  becomes  
equal  to  zero.  

L.4.5  Uncertainty due to  non-homogenous  flow with in  the  measurement volume  

Many remote  wind  sens ing  devices  assume equ ivalent  wind  cond i tions  i n  reg ions  wi th in  the  
measurement volume that have  s ign i ficant spatia l  separation .  Th is  assumption  can  be  
violated  in  complex terrain .  Even  in  terra in  not  class i fied  as  complex accord ing  to  th is  
standard ,  s i gn i ficant errors  can  occur due  to  the  non-homogenei ty of the  fl ow.  The  uncertai n ty 
l i nked  to  the  assumption  of equ ivalent wind  cond i ti ons  i n  spatia l l y separated  probe volumes  
shal l  be  assessed .  Remote  sens ing  devices  shou ld  be  subj ect to  a  ri gorous  and  thorough  
analys is  of the  i n fl uence  of non-un i form  flow on  measurement b ias  wi th  reference  to  thei r 
particu lar configuration .   

For example,  the  combination  of a  su i table  fl ow model  and  a  model  reproducing  the  remote  
sensing  device  horizon tal  wind  speed  extraction  a l gori thm  m igh t be  used  to  assess  the 
uncertain ty due  to  non-homogeneous  fl ow.   

A s impl i fi ed  a l ternative  to  estimate  th is  uncertain ty appl icable  to  many monostatic systems 
implemented  by observations  of the  Doppler effect i s  g i ven  by the  method  used  by B ingöl  et  
a l . ,  reference  [1 1 ] ,  wi th  extens ions  by Albers  et al. ,  reference  [1 2 ] .  

The  user shou ld  consu l t wi th  the  remote  sens ing  device  manufacturer for the  best method  for 
evaluati ng  the  uncertain ty for the ir speci fic  device  at the  test  s i te.   

L.4.6  Uncertainty due to  mounting  effects  

The uncertain ty of the  remote  sens ing  device  due  to  non- ideal  l evel l i ng  of the  device  shal l  be  
estimated .  The  uncerta in ty i s  h i gh l y dependent on  the  type  of i nstrument be ing  used .   

L.4.7  Uncertainty due  to  variation  in  flow across  the  s i te  

The same uncerta in ty as  i n  the  appl ication  of a  mast sha l l  be  assumed  for th is  uncerta in ty,  i . e .  
a  standard  uncerta in ty of 2  %  i n  terms  of the  horizon tal  wind  speed  component for a  d istance  
range  of 2  to  3  rotor d iameters  and  a  standard  uncertain ty of 3  %  for a  d i stance  range  above  
3  rotor d iameters.  When  an  RSD  is  used ,  i t  i s  the  horizon tal  d istance  between  the  centre  of 
the  probe volume of the  remote  sensing  device  and  the  pos i tion  of the  test tu rbine  that shal l  
be  cons idered .  
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L.5 Addi tional  checks  

L.5. 1  Monitoring  the  performance  of the  remote sensing  device at the  appl ication  
si te  

A meteorolog ica l  mast  reach ing  at l east the  m in imum  of 40  m  or the  l ower tip  heigh t of the 
tested  wind  turbine  shal l  be  appl ied  at  the  power curve  test for mon i toring  the  performance of 
the  remote  sens ing  device.  The  set-up  of the  meteorolog ical  mast and  the  remote  sensing  
device  and  the  data  preparation  shal l  comply wi th  the  requ irements  described  i n  L. 2 . 2  and  
L. 2. 3  wi th  the  exception  that the  meteorolog ical  mast has  on l y a  re lati vely smal l  he igh t and  
may be  equ ipped  wi th  reference sensors  on l y at the  top  of the  meteorolog ica l  mast.  The  data  
anal ys is  described  i n  L. 5. 1  to  L. 5. 3  shal l  be  undertaken .  

L.5.2  Identi fication  of malfunction ing  of the  remote  sensing  device  

Time series  p lots  of the  wind  measurements  (wind  speed  and  wind  d i rection)  performed  wi th  
the  meteorolog ica l  mast  shal l  be  compared  to  time series  p lots  of the  measurements  of the  
respective  wind  measurements  of the  remote  sensing  device.  I n  add i tion  scatter p lots  of the 
measurements  of the  wind  speed  and  wind  d i rection  of the  remote  sens ing  device  versus  the  
respective  measurements  wi th  the  meteorolog ical  mast shal l  be  i nspected .  Periods  wi th  
obvious  ou tl ier data  or other anomal ies  shal l  be  excluded  from  the  power curve  test.  

L.5.3  Consistency check of the  assessment of the  remote  sensing  device systematic 
uncertainties  

Note  that th is  subclause  does  not appl y i f the  RSD  cal i bration  i s  done  s imu l taneousl y wi th  the  
power performance measurement.  The  comparison  and  anal ysis  of the  measurements  of the  
remote  sens ing  device  and  the  reference sensors  at  common  measurement he igh ts  as  
performed  for a  ca l i bration  test accord ing  to  Clause  L. 3  shal l  be  repeated  wi th  the  
meteorolog ical  mast at  the  power curve  test  s i te  for the  fu l l  duration  of the  power curve  
measurement period .  I t  i s  expected  that the  absolu te  va lue  of the  mean  deviation  of the  
measurements  of the  remote  sens ing  device  and  the  reference  sensor per wind  speed  b in  at  
the  power curve  test does  not exceed  the  square  root of the  sum  of the  squares  of the  
fol l owing  uncertain ty components:  

a)  the  category B  standard  uncertain ty of the  measurement of the  remote  sens ing  device  
resu l ting  from  the  cal i bration  test performed  prior to  the  power curve  test assessed  i n  fu l l  
accordance  wi th  L. 4. 3;  

b)  systematic effects  of environmental  variables  on  the  performance of the  remote  sens ing  
device  at  the  power curve  test as  assessed  accord ing  to  the  equation  g iven  i n  L. 4 . 4,  
taking  i n to  account  on l y mean  deviations  of the  i n fl uen tia l  environmenta l  variables  at  the 
power curve  test and  the  ca l i bration  measurement prior to  the  power curve  test.  

I f the  absolu te  va lue  of the  mean  deviation  of the  measurements  of the  remote  sensing  device  
and  the  reference sensor exceeds  th is  expectation  i n  a  certa in  wind  speed  bin ,  the  d i fference 
of the  true  and  expected  deviation  i s  considered  an  add i tional  category B  uncertain ty 
component of the  measurement of the  remote  sensing  device  at the  power curve  test  i n  that 
wind  speed  b in .  For the  measurement he igh ts  of the  remote  sens ing  device  not captured  by 
the  meteorolog ical  mast at the  power curve  test s i te,  th is  add i ti onal  u ncertain ty shal l  be  
calcu lated  as  fol l ows:  
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1ematicadded_systematicadded_syst =  (L. 7)  

 

where  

uadded_systematic , j, i  i s  added  category B  standard  uncertain ty at  measurement height j  (not 
covered  by the  meteorolog ical  mast);  

uadded_systematic , 1 , i  i s  added  category B  uncertain ty at the  heigh t of the  top  of the  
meteorolog ical  mast;  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 225  – 

usystematic , j, i  i s  cumu lated  other category B  uncerta in ties  of the  remote  sens ing  
device  at height  j;  

usystematic , 1 , i  i s  cumu lated  other category B  uncertain ties  of the  remote  sensing  
device  at the  height  of the  top  of the  meteorolog ical  mast.  

The  added  category B  uncertain ty shal l  be  cumu lated  wi th  the  other category B  uncertain ties  
of the  remote  sens ing  device  measurements  in  quadrature.  

L.5.4  In -si tu  test  of the  remote  sensing  device  

I n  order to  check the  consistency of the  accuracy of the  measurements  of the  remote  sens ing  
device  throughout the  power curve  measurement campaign ,  the  meteorolog ica l  mast present 
at the  test s i te  may be  used  to  perform  an  i n -s i tu  test of the  remote  sensing  device  s im i l ar to  
the  i n -s i tu  test  defi ned  i n  Annex K.  I f i n -si tu  testi ng  i s  performed,  i t  sha l l  be  done  for a l l  
common  measurement heights  covered  by the  meteorolog ical  mast and  the  remote  sensing  
device.  

A successfu l  i n -s i tu  test can  replace  a  repeti ti on  of the  cal ibration  test after the  power curve  
test.  

L.6 Other requirements  speci fic to  power curve testing  

Before  us ing  the  remote  sensing  device  for power curve  measurements,  a  cl assi fication  test 
accord ing  to  C lause  L. 2  and  a  ca l ibration  test accord ing  to  C lause  L. 3  shal l  be  performed .  
Al ternative l y,  the  ca l ibration  test  can  be  performed  during  the  power curve  test.  I f the   
ca l i bration  test i s  not performed  at the  power curve  test s i te ,  the  remote  sens ing  device  shal l  
e i ther be  stored  or sha l l  be  d i rectl y transported  to  the  l ocation  where  the  power curve  
campaign  shal l  take  p lace  at the  end  of the  cal ibration  test.  A repeti ti on  of the  cal i bration  test 
sha l l  be  performed  after the  power curve  test.  As  an  a l ternative,  an  i n -s i tu  test of the  remote  
sens ing  device  against the  meteorolog ical  mast  present  at the  power cu rve  test s i te  can  be 
performed.  Deviations  of the  cal ibration  test  methodology or of such  deviations  impl ied  by the  
i n -si tu  test sha l l  be  treated  l i ke  deviations  of cup  anemometer cal ibrations  as  defined  i n  th is  
standard .  

I f a  measurement he igh t requ i red  for the  power curve  test i s  between  two  measurement 
heights  avai lable  from  the  ca l ibration  test or the  classi fication  test,  l i near i n terpolation  of the  
resu l ts  of the  ca l i bration  test or of the  class i fication  test accord ing  to  the  heigh t shal l  be  
performed.  L inear extrapolation 42  of the  resu l ts  of the  cal ibration  test or of the  class i fication  
test shou ld  not be  performed.  I f the  measurements  requ i red  for the  calcu lation  of the  rotor 
equ ivalent wind  speed  extend  beyond  the  he igh t range  covered  by the  cal i bration  test or the  
classi fication  test,  a  h i gher uncertain ty than  the  uncerta in ty pertain ing  to  the  nearest height 
covered  by the  cal ibration  test or the  class i fication  test shal l  be  considered .  

I n  some cases  i t  i s  he lpfu l  to  carry ou t a  s i te  cal ibration  i n  terra in  wh ich  is  sufficientl y non-
complex to  satisfy the  requ i rements  of Annex B .  I f the  remote  sens ing  device  is  used  i n  
con j unction  wi th  a  s i te  cal ibration  measurement,  the  measurement volume shal l  be  centred  
horizon tal l y wi th in  1 0  m  or 1 0  %  of the  hub  height H  of the  reference meteorolog ical  mast,  
wh ichever i s  l arger.  Where  a  s i te  cal i bration  i s  not requ i red ,  the  remote  sensing  device  may 
be  s i tuated  consisten t wi th  the  requ i rements  of 6. 3. 2 .  I n  both  cases,  when  acqu i ri ng  hub  
height wind  speed  measurements,  the  extremes  of the  measurement volume at hub  heigh t H 
sha l l  not l i e  closer to  the  test wind  turbine  than  2D ,  where  D  i s  the  rotor d iameter,  and  the  
cen troid  of the  measurement volume shal l  not l i e  further than  4D  from  the  test wind  tu rbine.  
Th is  i s  i l l ustrated  i n  F igure  L. 7,  where  an  inverted  con ical  scan  geometry is  used  for 
i l l ustrative  purposes  on ly:  th is  gu idance  i s  not l im i ted  to  th is  particu lar scan  geometry.  The  
extremes  of the  measurement volume at a l l  he ights  evaluated  for the  power curve  test shal l  

___________ 

42  Other types  of extrapol ation  are  perm i tted  as  l ong  as  they are  conservati ve.  
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l ie  ou ts ide  a  sphere  cen tred  at the  posi tion  and  hub  height of any wind  tu rbine  wi th  a  rad ius  of 
2  rotor d iameters  of the  respective  wind  turb ine.  

 

Figure  L.7  – Example  of permitted  range  of locations  for measurement volume  

Probe volumes  wi th in  wh ich  the  remote  sens ing  device  acqu ires  a  rad ia l  ve loci ty 
measurement shal l  be  free  of wakes  and  fl ow perturbation  from  wind  tu rbines  and  obstacles  
as  defined  i n  Annex A.  For cl ari ty:   

a)  the  measurement volume is  the  reg ion  wi th in  wh ich  wind  fl ow characteristics  can  in fluence  
a  wind  speed  measurement and  is  defined  by the  scan  geometry,  device  configuration  or 
arrangement of the  mu l tip le  beams  penetrati ng  the  volume i n  order to  acqu ire  that  
measurement;  

b)  the  probe volume is  the  reg ion  from  wh ich  a  s ing le  consti tuent physical  measurement of,  
for example,  Doppler sh i ft,  rad ia l  or l i ne  of s ight ve loci ty,  i s  acqu i red ,  several  of wh ich  are  
typical l y requ ired  to  derive  a  wind  speed  measurement.  The  probe  volume i s  a  
characteristic of the  basic phys ica l  i n teraction  of the  remote  sens ing  device  wi th  the  
atmosphere,  rather than  the  wind  speed  measurement derived  from  these  i n teractions,  
wh ich  i s  determ ined  by the  fl ow wi th in  the  measurement volume.    

Device-speci fic measures  shou ld  be  undertaken  accord ing  to  the  advice  and  gu idance of the  
manufacturers  of the  remote  sensing  device  employed .  The  a im  is  to  comply wi th  the  general  
requ i rements  i n  measurement height.  

The  same remote  sens ing  device  configuration ,  operati ng  parameters,  software/fi rmware  and  
performance  re lated  hardware  components  shal l  be  used  during  the  power curve  test as  were  
used  during  device  classi fication  and  during  the  ca l i bration  test.  No  major changes  shal l  be  
implemented  that m igh t  affect performance  between  cal ibration ,  cl ass i fication  and  power 
curve  test.  

I f the  meteorolog ical  mast avai lable  for the  power curve  test does  not reach  hub  he ight,  the  
atmospheric pressure  measured  by the  meteorolog ical  mast i nstruments  shal l  be  ad j usted  to  
hub  heigh t fo l lowing  th is  standard .  Furthermore,  the  a i r temperature  wi l l  be  ad justed  to  hub  
height assum ing  that the  atmosphere  varies  accord ing  to  I SO  2533: 1 975.  An  a l ternative  
method  is  to  mount a  temperature  sensor on  the  wind  turb ine  nacel l e.  The  sensor shal l  be  
mounted  at l east one  meter (1  m )  above the  nacel l e  and  upwind  of any existing  ven ti l ation  
systems.  The  effects  of the  nacel le  on  the  sensor shal l  be  m i tigated  i n  accordance wi th  the  
i n ternational  standard  I EC 61 400-1 2-2.   

IEC  

4D  
2D  
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The  fol l owing  measurements  are  requ i red  for the  power curve  test,  the  cal ibration  test and  for 
the  class i fication  test i f the  remote  sens ing  device  requ i res  respective  data  fi l tering  for the  
provis ion  of accurate  measurements:  

a)  measurement of precip i tation ;  

b)  measurement of cl oud  he igh t;  

c)  measurement of ambient acoustic  noise  l evel .  

The  need  for such  measurements  shal l  be  reasonabl y assessed  during  the  classi fication  test.  

L.7  Reporting  

L.7. 1  Common  reporting  on  classification  test,  cal ibration  test,  and  mon itoring  of 
the  remote  sensing  device during  appl ication  

The reports  on  the  classi fication  test,  on  the  cal ibration  test and  on  the  mon i toring  of the  
remote  sens ing  device  during  the  appl ication  shal l  i nclude  the  fol lowing  common  contents :  

a)  a l l  d etai ls  of the  set-up  of the  reference  measurement and  a l l  detai ls  of the  test s i te  as  
requ ired  for a  power curve  test;  

b)  a l l  detai l s  of the  set-up  of the  remote  sens ing  device,  i nclud ing  exact  pos i tion  of the  
remote  sens ing  device,  re lati ve  posi ti on  to  reference meteorolog ical  mast,  orien tation ,  
vers ion  and  set-up  of operating  software,  p i tch  and  ro l l  ang le  and  i ts  mon i toring ;  

c)  seria l  number and  type  of the  remote  sensing  device;  

d )  measurement period ;  

e)  description  of data  anal ysis  i nclud ing  fi l tering ;  

f)  presentation  of raw data  as  described  i n  Clause  L. 3;  

g )  b in -wise  anal ys is  of measurement of remote  sens ing  device  versus  reference  
measurement includ ing  graph ical  and  tabu lar documentation  as  described  i n  C lause  L. 3  
and  L. 4 . 3;  

h )  anal ys is  of uncertain ty of reference measurements ,  where  appl icable  i n  accordance to  
L. 4. 2 ;  

i )  envi ronmental  cond i tions  during  the  test remain ing  after a l l  data  fi l tering :  At l east a l l  
variables  having  a  s i gn i fi can t i n fl uence on  the  accuracy of the  remote  sensing  device  as  
resu l ting  from  the  classi fi cation  test shal l  be  documented .  Each  of these  variables  shal l  be  
p lotted  as  a  function  of the  wind  speed  at the  evaluation  heigh t and  shal l  be  b in -averaged  
against th is  wind  speed  us ing  b ins  wi th  a  wid th  of 0 , 5  m /s  cen tred  on  mu l ti p le  i n tegers  of 
0 , 5  m /s.  I n  add i ti on ,  the  d is tribu tion  of these  variables  shal l  be  shown .  For the  
performance mon i toring  at the  power curve  test,  th is  documentation  i s  l im i ted  to  the  
avai l ab le  measurements  of envi ronmental  cond i ti ons;  

j )  a l l  cal i bration  certi ficates  of a l l  reference  sensors  and  of the  data  acqu is i tion  system .  

L.7.2  Addi tional  reporting  on  classi fication  test  

The report abou t the  classi fication  test shal l  con tain  i n  add i tion  to  the  i tems  g iven  i n  L. 7 . 1 :  

a)  scatter plots  of 1 0  m in  data  and  b in  averages  re lated  to  the  sens i ti vi ty anal ys is  for a l l  
cons idered  variables  as  detai l ed  i n  L. 2. 4 ;  

b)  description  and  reason ing  of the  se lection  of cons idered  environmental  variables ;  

c)  complete  documentation  of the  process  of the  identi fication  and  e l im ination  of i ns ign i ficant 
envi ronmental  variables;  

d )  complete  documentation  of the  process  of the  i nvestigation  of in ter-corre lations  of the  
cons idered  envi ronmenta l  variables;  

e)  sens i ti vi ty parameters ,  sensi ti vi ties,  correlation  coefficien ts,  mean  values  and  standard  
deviations  of a l l  variables  considered  accord ing  to  Clause  L. 2;  
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f)  ranges  of envi ronmental  variables  considered  for the  class i fication ;  

g )  choice  of the  class i fication  method ;  

h )  cl assi fication  resu l ts  for the  parameter ranges  defined  i n  Table  L. 3 .  

L.7.3  Addi tional  reporting  on  cal ibration  test  

The report abou t the  cal ibration  test sha l l  contain  i n  add i ti on  to  the  i tems  g iven  in  L. 7. 1 :  

a)  standard  uncerta in ty of the  remote  sens ing  device  resu l ting  from  the  cal ibration  test 
accord ing  to  L . 4 . 3;  

b)  i f the  ca l ibration  test i s  repeated  after the  power curve  test:  comparison  of resu l ts  of 
ca l ibration  tests  and  consequences  of the  comparison ;  

c)  add i ti onal  reporti ng  on  mon i toring  of remote  sensing  device  during  appl ication ;  

d )  any anomal ies  of the  measurements  accord ing  to  L. 5. 2 ;  

e)  amoun t and  periods  of data  fi l tered  out  based  on  data  check accord ing  to  L. 5. 2 ;  

f)  uncerta in ty anal ys is  accord ing  to  L. 4. 3  and  L. 4 . 4 ;  

g )  b in -wise  representation  of evaluation  cri teria  accord ing  to  L. 5. 3  and  added  uncerta in ty;  

h )  tra in ing  and  test period ,  resu l ts  and  consequences  of i n -s i tu  test,  so  far performed.  

L.7.4  Addi tional  reporting  on  appl ication  

The report abou t the  appl ication  shal l  contain  in  add i ti on  to  the  i tems  g iven  i n  L. 7 . 1 :  

a)  fu l l  uncertain ty assessment of measurements  of the  remote  sens ing  device  accord ing  to  
Clause  L. 4;  

b)  real isation  of a i r dens i ty measurements  and  description  of associated  data  corrections  to  
hub  heigh t.  
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Annex M  
(informative)  

 
Normal isation  of power curve data  according  to  the turbulence in tensi ty 

M.1  General  

Wind  turbine  power curves  are  i n fl uenced  by turbu lence  in tens i ty.  A s i gn i fican t part of the  
turbu lence  i n tensi ty effect i s  caused  by the  averag ing  of the  measured  power ou tpu t and  the  
measured  wind  speed  over 1 0  m in  periods.  Th is  can  be  understood  from  the  non- l inear 
re lationsh ip  between  the  power ou tpu t and  the  wind  speed :  I n  the  wind  speed  range  where  
the  power output i ncreases  proportional l y wi th  the  wind  speed  (ankle  of the  power curve),  the  
1 0  m in  averag ing  l eads  to  an  i ncrease  of the  power ou tpu t wi th  i ncreas ing  turbu lence  
i n tens i ty.  Th is  i s  typical l y the  case  at l ow wind  speeds  and  at wind  speeds  around  the  
maximum  power coefficien t.  I n  the  wind  speed  range  where  the  power output increases  l ess  
than  proportional  wi th  the  wind  speed  (knee  of the  power curve),  the  1 0  m in  averag ing  leads  
to  a  decrease  of the  power ou tpu t wi th  i ncreasing  tu rbu lence  in tens i ty.  Th is  i s  typ ical l y the  
case  at  the  knee  of the  power curve  at wind  speeds  j ust  below rated  wind  speed .  

Annex M  describes  a  procedure  for normal is ing  power curve  data  to  a  reference turbu lence  
i n tens i ty (see  references  [1 3]  and  [1 4] ) .  The  reference turbu lence  i n tensi ty can  be  defined  as  
a  function  of the  wind  speed .  The  g i ven  procedure  cons iders  on l y the  effect of 1 0  m in  
averag ing  of the  measurement data.  Other turbu lence  effects  on  the  wind  turbine  power 
ou tpu t are  not covered  by the  method .  I t  i s  recommended  to  appl y the  turbu lence  
normal isation  procedure  to  make  power curves  measured  at d i fferen t tu rbu lence  i n tens i t i es  
more  comparable  to  each  other.  

The  turbu lence  normal isation  procedure  ou tl i ned  here  makes  s impl i fying  assumptions  such  as  
the  wind  turbine  fol lows,  at  each  i nstan t,  a  certain  power curve,  wh ich  i s  i ndependent of the  
tu rbu lence  i n tens i ty,  and  the  assumption  that the  wind  speed  fluctuations  re levant for the  
en ti re  rotor area  wi th in  a  1 0  m in  period  are  adequatel y characterised  by the  turbu lence  
i n tensi ty at hub  heigh t.  Despi te  the  s impl ici ty of these  assumptions,  the  method  enables  the  
ad j ustment of the  effect of 1 0  m in  averag ing  for a  l arge  variety of wind  tu rbine  types,  rotor 
si zes  and  turbu lence  ranges.  

A procedure  for the  estimation  of uncertain ties  l i nked  to  the  effects  of tu rbu lence  on  power 
curves  both  for the  case  of turbu lence  normal i sation  and  for  the  case  that no  turbu lence  
normal isation  i s  performed  is  g iven  i n  Clause  M . 5.  The  suggested  uncertain ty calcu lation  is  
a lso  i n tended  to  cover con tribu tions  to  power curve  test  uncertain ties  due  to  turbu lence 
effects  not re lated  to  the  1 0  m in  averag ing .  

M.2  Turbulence normal isation  procedure  

I t  i s  assumed  for the  turbu lence  normal isation  that at  each  instan t the  wind  turb ine  fol lows  a  
certa in  power cu rve,  here  defined  as  zero  turbu lence  power curve.  The  determ ination  of the  
zero  turbu lence  power curve  i s  described  i n  Clause  M . 3.  F i gure  M . 1  i l l ustrates  the  turbu lence  
normal isation  process.  
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Figure  M .1  – Process  for obtain ing  a  power curve 
for a  specific  turbu lence in tensi ty (Ireference)  

Based  on  the  zero  tu rbu lence  power curve  and  wind  speed  d istribution  wi th in  a  1 0  m in  period ,  
the  1 0  m in  average  of the  wind  tu rbine  power ou tpu t can  be  s imu lated  by the  fol lowing  
equation :  

 ( ) ( ) ( )dvvfvPvP

v

I∫
∞

=

= ⋅=
0

0sim  (M . 1 )  

 

where  

f(v)  i s  the  wind  speed  d istribu tion  wi th in  1 0-m inu te  period ;  

PI=0(v)  i s  the  zero  tu rbu lence  power cu rve;  

Psim (v)  i s  a  s imu lated  1 0  m in  average  of measured  power ou tpu t.  

Equation  (M . 1 )  shal l  be  appl ied  to  power curve  data  (every 1 0  m in  period)  to  calcu late  two 
s imu lated  power outputs  for the  fol lowing  cond i tions:  

1 )  The  wind  speed  d istribution  as  measured  in  the  1 0  m in  period  at hub  heigh t.  A 
Gaussian  d istribu tion  f(v)  may be  assumed ,  wh ich  is  fu l l y determ ined  by the  average  
wind  speed  and  the  standard  deviation  of the  wind  speed  as  recorded  wi th in  the  
1 0  m in  period .  I n  case  of a  wind  tu rb ine  wi th  acti ve  power control ,  Equation  (M . 1 )  shal l  
be  evaluated  for the  a i r dens i ty normal ised  hub  he igh t wind  speed .  The  standard  
deviation  to  be  appl ied  is  ca lcu lated  as  the  product of the  measured  turbu lence  
i n tens i ty (standard  deviation  of wind  speed  d i vided  by the  average  wind  speed  at hub  
he ight)  and  the  a i r dens i ty normal ised  average  wind  speed  (at  hub  height) ;  

2)  A Gauss ian  wind  speed  d istribu tion  wi th  the  1 0  m in  average  of the  wind  speed  
measured  at hub  heigh t and  a  standard  deviation  equal  to  the  product of the  1 0  m in  
average  of the  wind  speed  measured  at  hub  he ight and  the  reference  turbu lence  
i n tens i ty.  I n  case  of a  wind  turb ine  wi th  acti ve  power control ,  Equation  (M . 1 )  shal l  be  
evaluated  for the  a i r densi ty normal ised  wind  speed  (at  hub  he ight) .  

The  measured  power ou tpu t i s  then  normal ised  to  the  reference tu rbu lence  i n tensi ty by the  
fol l owing  equation :  

 ( ) ( ) ( ) ( )vPvPvPvP I,I,I refref simsim +−=  (M . 2)  

 

IEC  
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where  

( )vP  i s  the  1 0  m in  average  of measured  power ou tpu t;  

( )vP I,sim  i s  the  s imu lated  1 0  m in  average  of measured  power outpu t accord ing  to  the  

above cond i ti on  1 :  Equation  (M . 1 )  appl ied  for the  measured  wind  speed  
d istribu tion  (measured  average  wind  speed  and  measured  turbu lence  i n tensi ty) ;  

( )vP I, refsim  i s  the  s imu lated  1 0  m in  average  of measured  power outpu t accord ing  to  the  

above cond i tion  2 :  Equation  (M . 1 )  appl i ed  for the  measured  average  wind  speed  
and  for the  reference turbu lence  i n tens i ty Iref  by assum ing  a  Gauss ian  wind  
speed  d istribu tion .  

I n  case  of a  s tal l -regu lated  wind  tu rbine,  Equation  (M . 2)  shal l  be  appl ied  wi th  the  a i r densi ty 
normal ised  measured  power ou tput.  

The  power coefficien t data  (as  appl ied  on l y for graph ica l  demonstration  of the  measurements)  
shal l  be  ca lcu lated  on  the  basis  of the  power outpu t normal ised  to  the  reference turbu lence  
i n tens i ty.  I n  case  of a  stal l -regu lated  wind  tu rb ine,  the  power coeffi cien t data  shal l  be  
calcu lated  on  the  basis  of the  power ou tpu t normal ised  to  the  reference  turbu lence  i n tensi ty 
and  on  the  basis  of the  reference  a i r densi ty (not on  bas is  of the  measured  a i r densi ty) .  

M.3 Determination  of the zero turbulence power curve  

An  i n i tia l  zero  turbu lence  power curve  i s  calcu lated  on  the  b in -averaged  power curve  
normal ised  accord ing  to  the  a i r dens i ty,  bu t not normal ised  accord ing  to  the  turbu lence  
i n tens i ty and  not corrected  accord ing  to  the  wind  shear.  The  in i tia l  zero  tu rbu lence  power 
curve  i s  determ ined  as  a  fi rst approach  as  fol lows  (see  also  F igure  M .2  and  F igure  M . 3) :  

a)  assumption  of zero  power ou tput be low cut- i n  wind  speed .  As  a  fi rst approach ,  the  cu t- in  
wind  speed  i s  set to  the  average  wind  speed  of the  wind  speed  b in ,  where  the  measured  
power outpu t reaches  at  l east 0 , 1  %  of the  rated  power;  

b)  assumption  of constant power coefficien t cP  equal  to  the  maximum  power coefficien t 
cP,max  between  cu t- in  wind  speed  and  rated  wind  speed .  Th is  assumption  i s  equal  to  an  
i ncrease  of the  power output wi th  the  th i rd  power of the  wind  speed .  The  i n i tia l  zero  
tu rbu lence  power curve  shal l  be  calcu lated  wi th  th is  assumption  and  on  the  bas is  of the 
reference a i r dens i ty between  the  cu t- i n  wind  speed  and  the  rated  wind  speed  in  
i ncrements  not l arger than  0 , 1  m /s.  As  a  fi rst  approach,  the  maximum  power coefficien t 
cP,max  shal l  be  set to  the  maximum  power coefficien t of the  measured  bin-averaged  power 
curve;  

c)  ca lcu lation  of rated  wind  speed  vrated  from  rated  power Prated ,  rotor swept area  A ,  

maximum  power coefficient cP,max  and  reference  a i r dens i ty ρ  by:  
3

1

maxP,

rated
rated

2











⋅⋅

⋅
=

Ac

P
v

ρ
.  

As  a  fi rst approach ,  the  rated  power is  set to  the  h ighest b i n -averaged  power output  of a l l  
wind  speed  b ins;  

d )  power outpu t equal  to  rated  power for wind  speeds  above rated  wind  speed  vrated .  As  a  
fi rst approach ,  the  rated  power is  set to  the  h i ghest b i n -averaged  power output of a l l  wind  
speed  b ins  of the  measured  power curve.  Th is  rated  power ou tpu t shal l  be  assumed  for 
wind  speeds  far above cut-ou t wind  speeds  (e . g .  1 00  m /s)  for the  defin i tion  of the  i n i ti a l  
zero  turbu lence  power cu rve.  
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Figure  M .2  – Process  for obtain ing  the  in i ti al  zero  turbu lence  
power curve parameters  from  the  measured  data  

 

Figure M .3  – Fi rst approach  for i n i tial  zero  tu rbu lence  power curve   
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I n  the  next s tep,  the  rated  power,  the  cu t- i n  wind  speed  and  the  maximum  power coefficien t of 
the  i n i tia l  zero  tu rbu lence  power cu rve  shal l  be  ad justed  because  these  th ree  parameters  are  
dependent on  the  turbu lence  i n tens i ty and  because  values  for these  parameters  have  been  
appl ied  in  the  previous  step  instead  the  values  correspond ing  to  the  turbu lence  i n tensi ty of 
zero.  A b in -average  of the  measured  turbu lence  i n tens i ty as  a  function  of the  wind  speed  
measured  at hub  he igh t shal l  be  performed .  I n  case  of a  wind  turbine  wi th  active  power 
con trol ,  the  turbu lence  i n tens i ty shal l  be  b i n  averaged  accord ing  to  the  a i r densi ty normal ised  
wind  speed  at hub  heigh t.  

The  in i tia l  zero  turbu lence  power curve  shal l  be  i n tegrated  over a  Gauss ian  wind  speed  
d istribu tion  accord ing  to  Equation  (M . 1 )  wi th  the  average  wind  speed  equal  to  the  b in  average  
of the  measured  power curve  and  wi th  the  standard  deviation  calcu lated  as  product of the  bi n -
averaged  wind  speed  and  the  b i n  averaged  turbu lence  i n tensi ty.  The  a i r densi ty normal ised  
wind  speed  at hub  height  sha l l  be  appl ied  i n  case  of a  wind  turbine  wi th  acti ve  power con trol .  
By th is  procedure,  the  power curve  is  s imu lated  for each  wind  speed  b in  for the  measured  
tu rbu lence  i n tensi ty,  wh i l e  the  s imu lated  power curve  refers  to  exactl y the  same wind  speed  
b ins  than  the  measured  power curve.  The  rated  power,  the  cu t- in  wind  speed  and  the  
maximum  power coefficien t of the  in i ti a l  zero  tu rbu lence  power curve  shal l  then  be  ad j usted  
as  fol l ows  (see  F igure  M . 4):  

a)  the  rated  power shal l  be  ad justed  such  that the  maximum  power of the  s imu lated  power 
curve  fi ts  the  maximum  bin  averaged  power of the  measured  power curve;  

b)  the  cu t- i n  wind  speed  shal l  be  ad justed  such  that the  cu t- in  wind  speed  of the  s imu lated  
power curve  fi ts  the  cu t- i n  wind  speed  of the  b in  averaged  measured  power curve.  Cut- in  
wind  speed  i s  for both  power curves  defined  as  l owest wind  speed  b in  where  the  power 
ou tpu t reaches  at l east 0 , 1  %  of the  rated  power;  

c)  the  maximum  power coefficien t sha l l  be  ad justed  such  that the  maximum  power coefficient 
of the  s imu lated  power curve  fi ts  the  maximum  power coefficient of the  measured  power 
curve.  

Steps  a)  to  c)  above shal l  be  a l l  three  repeated  at  every i teration ,  i n  the  g iven  order,  un ti l  the  
three  parameters  converge  at  l east  as  fo l lows:  

a)  the  maximum  power of the  s imu lated  power curve  deviates  from  the  maximum  bin  
averaged  power of the  measured  power curve  by no  more  than  0 , 1  % ;  

b)  the  cu t- in  wind  speed  of the  s imu lated  power curve  deviates  from  the  cu t- i n  wind  speed  of 
the  b i n  averaged  measured  power curve  by no  more  than  0, 5  m /s;  

c)  the  maximum  power coefficien t of the  s imu lated  power curve  deviates  from  the  maximum  
power coefficient  of the  measured  power curve  by no  more  than  0 , 01 .  
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Figure M .4  – Process  for obtain ing  the theoretical  zero-turbu lence  
power curve from  the  measured  data  

Sufficien t convergence  i s  normal l y reached  after the  fi rst or second  i teration .  F igure  M . 5  
i l l ustrates  how the  ad j ustments  normal l y change  the  in i tia l  zero  turbu lence  power curve  from  
the  fi rst  step.  

IEC  

In itial  zero-turbulence power curve:

Bin-average 

measured  

data:  and  

Simulated  power for a l l  bin-averaged data:

Initial  zero-turbulence

power curve,  adjusted  

Simulated  power coefficient:

Pass a l l  tests?

Rotor 

area  

Figure 

M.6

Convergence tests:

< 0.5  m  s-1

<0.01

Update power curve parameters

no

yes

In itial  zero-turbulence power curve 

parameters:

• Rated  power:  

• Cut-in  speed :  lowest where 

• Air density = reference air density

• Rated  wind  speed:

• Power coefficient:  (constant)

• Cut-out wind  speed 

100  m  s-1

Figure 

M.2



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 235  – 

 

Figure M .5  – Ad justed  i n i tial  zero  turbu lence  power 
curve  (green)  compared  to  fi rst  approach  (red)  

The zero  turbu lence  power curve  shal l  then  be  determ ined  by appl ying  the  data  normal isation  
process  described  in  C lause  M .2  wi th  the  zero  tu rbu lence  power curve  set to  the  i n i ti al  zero  
tu rbu lence  power curve  i n  Equation  (M . 1 )  and  by assum ing  a  turbu lence  in tensi ty of zero  
(constan t wind  speed  du ring  1 0  m in  period).  The  final  zero  turbu lence  power curve  is  ga ined  
by b i n -averag ing  the  so  normal ised  power curve  raw data  as  i l l ustrated  i n  F igure  M . 6.  Th is  
b in -averaged  power curve  shal l  be  extended  wi th  the  power output of the  h ighest b in  to  wind  
speeds  far above  cut-out wind  speeds  (e. g .  1 00  m /s)  when  appl ying  Equations  (M . 1 )  and  
(M . 2)  for tu rbu lence  normal isations.   

 

Figure M .6  – Process  for obtain ing  the final  zero-turbu lence  
power curve from  the  measured  data  
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F igu re  M . 7  i l l ustrates  how the  final  zero  turbu lence  power curve  typica l l y compares  to  the  
i n i tia l  zero  turbu lence  power cu rve.  

 

Figure M .7  – Ad justed  in i tial  zero  tu rbu lence  power curve  (green)  
compared  to  final  zero  turbu lence  power curve  (black)  

M.4 Order of wind  shear correction  (normal isation)  and  turbulence 
normal isation  

The order of the  appl ication  of the  wind  shear or wind  veer correction  (or normal isation)  and  
the  turbu lence  normal isation  normal l y has  no  major i n fl uence on  the  final  power curve.  I t  i s  
more  conven ien t to  apply the  turbu lence  normal i sation  on l y on  the  bas is  of the  hub  he ight 
wind  speed ,  as  i t  i s  described  i n  Clause  M .2  and  M . 3,  a l though  i t  cou ld  a lso  be  appl i ed  on  the  
basis  of the  wind  shear-  or wind  veer-corrected  (or-normal ised)  wind  speed  when  wind  speed  
measurements  over the  en ti re  rotor heigh t a l l ow appl ying  the  wind  shear correction .  At  the  
end ,  the  fi nal  power shal l  be  calcu lated  by b i n -averag ing  the  turbu lence-normal ised  power 
ou tpu t against the  wind  shear-  or wind  veer-corrected  (or-normal ised)  wi nd  speed .  I n  case  of 
a  wind  turb ine  wi th  active  power control ,  the  wind  shear corrected  (wind  shear normal ised )  
wind  speed  shal l  be  normal ised  accord ing  to  the  a i r dens i ty prior to  the  b in -averag ing .  I n  case  
of a  sta l l -regu lated  wind  tu rbine,  the  turbu lence-normal ised  power output accord ing  to   
Clause  M . 2  is  a l ready corrected  for the  a i r dens i ty.  

M.5 Uncertainty of turbulence normal isation  or of power curves  due to  
turbulence effects  

The turbu lence  normal isation  g i ven  i n  Clause  M . 2  and  M . 3  i s  designed  to  hand le  effects  of the  
1 0  m in  data  averag ing  on  the  evaluated  power curve.  There  are  fu rther effects  of the  
turbu lence  i n tens i ty on  wind  tu rbine  power curves,  wh ich  cou ld ,  for i nstance,  be  due  to  d i rect  
impact of the  turbu lence  i n tens i ty on  the  aerodynam ics  or due  to  the  3 -d imensional  character 
of turbu lence.  I n  the  end ,  the  turbu lence  i n tens i ty normal isation  is  a  strong l y s impl i fi ed  
approach  for characteris i ng  short term  wind  speed  fluctuations.  Thus,  there  is  a  remain ing  
uncertain ty of the  evaluated  power curve  due  to  poss ib le  tu rbu lence  effects,  even  i f the  
turbu lence  normal isati on  procedure  i s  appl ied .  The  tu rbu lence  normal isation  often  removes  
about hal f of the  observed  effect of the  turbu lence  in tensi ty on  measured  wind  turbine  power 
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curves.  Thus,  the  fol lowing  steps  shou ld  be  performed  in  order to  ca lcu late  the  uncertain ty of 
the  tu rbu lence  normal isation :  

a)  the  final  b i n -averaged  power curve  shal l  be  evaluated  on  the  basis  of the  turbu lence  
normal ised  power ou tput and  on  the  bas is  of the  non- turbu lence  normal ised  power output;  

b)  the  deviation  of these  two power curves  shal l  be  assumed  to  be  the  maximum  uncertain ty 
of the  turbu lence-normal ised  power curve  per wind  speed  b in  resu l ti ng  from  the  tu rbu lence  
normal isation .  The  standard  uncertain ty resu l ti ng  from  the  turbu lence  normal isation  per 

wind  speed  b in  shal l  be  ca lcu lated  as  the  deviation  of the  power curves  d ivided  by 3 .  
The  standard  uncerta in ty shal l  be  combined  wi th  the  other uncerta in ties  of the  power 
performance measurement for the  determ ination  of the  total  standard  uncerta in ty 
accord ing  to  Annex D .  

The  uncertain ty of turbu lence  effects  on  the  measurement shal l  a lso  be  taken  in to  account i f 
no  turbu lence  normal isation  i s  performed,  the  uncertain ty i s  h igher,  as  the  power curve  i s  
va l i d  on l y for the  turbu lence  cond i tions  present during  the  power performance test and  not for 
a  reference tu rbu lence  i n tensi ty deviati ng  from  the  test cond i tions.  Thus,  i f no  turbu lence 
normal isation  is  appl i ed ,  the  fol l owing  estimation  of uncertain ty due  to  tu rbu lence  effects  is  
recommended :  

1 )  two turbu lence  normal ised  power curves  shal l  be  evaluated  accord ing  to  C lause  M . 2  and  
M . 3  j ust for the  determ ination  of the  uncertain ty.  F i rst,  the  power curve  shal l  be  
normal ised  to  an  extremely l ow tu rbu lence  in tensi ty,  second ,  the  power curve  shal l  be  
normal ised  to  an  extremely h igh  tu rbu lence  in tensi ty.  I f the  user does  not have  pre -
defined  extreme tu rbu lence  i n tens i ty l im i ts,  the  tu rbu lence  i n tens i ties  0, 05  and  0 , 1 5  shal l  
be  considered  as  the  extreme tu rbu lence  i n tensi ties  for the  two  power curve  
normal isations;  

2)  the  deviation  of the  two  normal ised  power curves  shal l  be  assumed  to  be  hal f of the  
maximum  uncertain ty due  to  turbu lence  effects .  The  standard  uncerta in ty resu l ti ng  from  
the  turbu lence  normal isation  per wind  speed  b in  shal l  be  calcu lated  as  the  deviation  of the  

two normal ised  power curves  mu l tip l i ed  by the  factor . 32 / .  The  standard  uncertain ty 
shal l  be  combined  wi th  the  other uncertain ties  for the  determ ination  of the  tota l  u ncertain ty 
of the  power curve  accord ing  to  Annex D ;  

3)  i f the  measured  power cu rve  shal l  be  compared  wi th  a  power curve  that refers  to  a  certa in  
(poss ib l y wind  speed  dependen t)  turbu lence  i n tensi ty (e. g .  a  warranted  power curve)  and  
no  power curve  normal isation  i s  performed ,  the  two  extreme turbu lence  i n tens i ties  appl i ed  
i n  step  1 )  shal l  be  replaced  by the  b in -averaged  measured  turbu lence  i n tens i ty and  by the  
reference  turbu lence  i n tens i ty of the  to  be  compared  power curve  for the  uncertain ty 
ca lcu lation .  
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Annex N  
(informative)  

 
Wind  tunnel  cal ibration  procedure for wind  d irection  sensors  

N.1  General  

This  procedure  describes  the  cal i bration  method  of wind  d i rection  sens ing  devices  i nclud ing  
wind  vanes  and  son ic anemometers  operati ng  as  wind  d i rection  sens ing  devices.   

N.2  General  requirements  

The general  requ i rements  for the  cal ibration  of wind  d i rection  sensors  are  summarized  as  
fol l ows:  

a)  the  cal i bration  of the  wind  d i rection  sensor shal l  be  carried  ou t i n  an  operati ng  wind  tunnel  
that i s  su i table  for the  ca l ibration  of wind  d i rection  sensors;  

b)  the  cal i bration  faci l i ty shal l  be  accred i ted  i n  accordance wi th  I SO/IEC 1 7025,  the  standard  
for testi ng  and  cal i bration  l aboratories;  

c)  a l l  transducers  and  measuring  equ ipment re levant for the  cal ibration  of wind  d i rection  
sensors  shal l  have  traceable  cal i brations.  Cal ibration  certi ficates  and  reports  shal l  con tain  
a l l  re levan t traceabi l i ty i n formation .  Al l  reference  standards  used  during  the  ca l ibration  of 
the  wind  d i rection  sensor shal l  be  stated  wi th in  the  test report  of the  ca l i bration  campaign ;  

d )  prior to  every cal i bration  campaign  (when  a  batch  of wind  d i rection  sensors  is  being  
ca l i brated)  the  i n tegri ty of the  experimental  set-up  shal l  be  veri fied  by means  of a  
comparative  ca l i bration  of the  cal ibration  faci l i ty’s  “qual i ty con trol  wind  d i rection  sensor” ;  

e)  flow qual i ty measurements  shal l  be  carried  ou t accord ing  to  Clause  N .3 ;  

f)  the  repeatabi l i ty of the  ca l ibration  shal l  be  veri fied  accord ing  to  C lause  N . 3;  

g )  wind  d i rection  sensor ca l i bration  shal l  be  supported  by a  thorough  assessment of 
ca l i bration  uncertain ty,  carried  ou t i n  accordance wi th  I SO/IEC Gu ide  98-3,  Uncertainty of 
measurement – Part 3:  Guide to the expression  of uncertainty in  measurement  (GUM  
1 995).  

N.3  Requirements  of the wind  tunnel  

The wind  tunnel  shal l  meet the  requ i rements  of C lause  F. 2 .  

The  presence of the  wind  d i rection  sensor shal l  not substantia l l y affect the  d i rection  of the  
flow (fie l d )  i n  the  wind  tunnel .  The  presence of the  wind  d i rection  sensor during  i ts  ca l i bration  
may cause  a  fl ow d iversion  that i s  not encountered  by the  wind  d i rection  sensor when  
operated  i n  the  open  fi e l d .  To  keep these  effects  at an  acceptable  l evel ,  the  blockage ratio  – 
defined  as  the  ratio  of the  wind  d i rection  sensor fron tal  area  wi th  the  fi n  orien ted  i n  l i ne  wi th  
the  flow p lus  i ts  mounting  system  to  the  tota l  test section  area  – shal l  not exceed  0 ,  for an  
open  test section  and  0 , 05  for a  cl osed  test section .  

Specia l  focus  shal l  add i tional l y be  appl ied  to  veri fy that the  horizon tal  d i rection  of the  wind  
tunnel  fl ow i s  a l i gned  paral l e l  i n  re lation  to  the  test section  centre l ine.  The  un i form i ty of the  
flow fi e ld  (as  requ ired  in  Annex F)  and  the  d i rection  of fl ow shal l  be  assessed  prior to  the  
ca l i bration  of the  wind  d i rection  sensor.  The  flow d i rection  shal l  be  su rveyed  re lati ve  to  the  
test section  centre l i ne  at  the  representati ve  location  of the  wind  d i rection  sensor by u ti l i zi ng  
d i rection-sens i ti ve  fl ow measuring  devices  ( i . e.  two-hole  con ical  yaw meter).  The  measured  
horizon tal  d i rection  of fl ow shal l  be  paral le l  to  the  test section  centre l i ne  wi th in  0 , 2° ,  the 
deviation  shal l  be  cons idered  i n  the  data  evaluation .  
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The  faci l i ty shal l  undergo a  detai l ed  exam ination  of the  repeatabi l i ty of wind  d i rection  sensor 
cal ibrations.  The  faci l i ty shal l  des ignate  at l east one  reference wind  d i rection  sensor for use  i n  
these  tests.  The  reference  wind  d i rection  sensor(s)  shal l  be  used  on l y for checking  
performance of th is  and  other wind  d i rection  sensor ca l ibration  faci l i ties .  The  repeatabi l i ty 
exam ination  shal l  i nclude  at l east 1 0  ca l ibrations  of the  qual i ty control  wind  d i rection  sensor.  
The  repeatabi l i ty test shal l  not be  conducted  i n  success ion .  I t  i s  more  representati ve  i f the  
cal ibrations  are  conducted  over a  l onger time span .  Th is  wi l l  provoke a  greater range  of 
atmospheric cond i tions  during  the  tests .  The  maximum  d i fference between  cal ibrations  of the 
same reference sensor shou ld  be  l ess  than  0, 5°  at 8  m /s  wind  speed  throughou t the  
measuring  range  of the  wind  d i rection  sensor exclud ing  the  north  band  (wind  vanes)  where  
usual l y undefined  cond i ti ons  exist.  Th is  process  shal l  be  repeated  after any mod i fication  or 
recal i bration  of the  faci l i ty.  The  faci l i ty sha l l  prove,  th rough  proficiency testi ng ,  that i ts  resu l ts  
are  comparable  wi th  other anemometer cal ibration  faci l i ties ,  accord ing  to  I SO  1 7043.  

The  faci l i ty’s  average  reference wind  d i rection  sensor cal ibration  (as  determ ined  from  
repeatabi l i ty tests  described  above)  shou ld  agree  wi th  the  average  resu l t  of other ca l ibration  
faci l i ti es  wi th in  a  deviation  of the  i nd icated  equ ivalen t fl ow d i rection  of l ess  than  1 °  th roughout 
the  measuring  range,  exclud ing  the  north  band ,  at  a  wind  speed  of 8  m /s.  

N.4 Instrumentation  and  cal ibration  set-up requirements  

Ded icated  external  s ignal  cond i tion ing  equ ipment such  as  i nstrument ampl i fiers  etc.  shal l  be  
cal i brated  i n  i solation  from  the  wind  d i rection  sensor,  so  that the  wind  d i rection  sensor’s  
cal i bration  can  be  derived  and  reported  in  i solation  from  the  s i gnal  cond i tion ing  equ ipment.  
The  resolu tion  of the  data  acqu is i tion  system  used  shal l  be  at least 1 2  b i ts .  Care  shal l  a lso  be 
exercised  in  the  case  of an  analogue  vol tage  i nstrument to  ensure  that the  s ignal  i s  
adequatel y buffered  to  prevent i ts  attenuation  by l ow impedance l ogg ing  equ ipment.  Such  
effects  are  easi l y overlooked  s i nce  ‘bel i evable’  s i gnals  are  s ti l l  reg istered .  The  reference  
ang le  measurement system  shal l  be  the  d i rect type  (d i rect ang le  encod ing ,  coun ting  of 
i ncrements,  measuring  proportional  q uan ti ty such  as  magnetic,  i nductive  or potentiometric 
methods) .  The  shaft of the  reference ang le  measurement system  shal l  be  connected  to  the  
shaft of the  wind  d i rection  sensor rotation  mechan ism  by means  of a  backlash-free  coupl ing .  
The  coupl ing  shal l  be  resistant to  tors ion  and  fl exible  to  bend ing  (fl exion-elastic)  i n  order to  
ach ieve  the  maximum  poss ib le  e l im ination  of assembly- i nfl uencing  quan ti ties  (tolerances  of 
concentrici ty and  ang les  of both  axes  of rotation).  The  axes  of rotation  shal l  be  orien ted  
concentric and  coaxia l .  The  hous ing  of the  reference  ang le  measurement system  shal l  be  
securel y fixed  in  a  backlash-free  manner.  The  reference  ang le  measurement sensor shal l  be  
pos i tioned  in  the  tunnel  as  accurate  as  poss ib le,  and  i t  may not d is turb  the  wind  d i rection  
sensor under test.  The  maximum  deviation  al l owed  is  0 , 1 ° .  F igure  N . 1  i l l ustrates  an  example  
of a  cal i bration  setup  in  a  wind  tunnel .  

During  ca l i bration ,  the  wind  d i rection  sensor shal l  be  mounted  on  top  of a  tube  i n  order to  
m in im ize  flow d istortion .  Th is  tube  shal l  be  of the  same d imensions  as  the  one  on  wh ich  the  
wind  d i rection  sensor wi l l  be  mounted  i n  service  i n  the  free  atmosphere.  I t  i s  importan t to  
ensure  that the  fl ow fi e ld  around  the  wind  d i rection  sensor is  not i n fl uenced  by the  presence  
of any reference wind  speed  measurement equ ipment.  Conversel y the  presence of the  wind  
d i rection  sensor shal l  not  affect the  d i rection  of the  flow i n  a  s i gn i fican t way.  

The  wind  d i rection  sensor shal l  be  moun ted  at the  test section  perpend icu lar to  the  fl ow fi e l d  
of the  wind  tunnel  as  accuratel y as  poss ib le.  The  maximum  deviation  a l lowed  i s  0 , 2° .  The  fi n  
sha l l  a lso  be  a l i gned  re lati ve  to  the  datum  l i ne/north  mark and  held  there  in  pos i ti on  by an  
ad j ustable  support unti l  the  cal i bration  process  beg ins.  An  accurate  a l i gnment of the  wind  
d i rection  sensor and  i ts  fi n  may be  ach ieved  by an  appropriate  device  such  as  a  mechan ica l  
j i g  or the  employment of an  optical  i nstrument ( i . e .  2D  laser l evel ) .  The  wind  d i rection  sensor 
ou tpu t s ignal  shal l  be  exam ined  during  ca l i bration  to  ensure  that i t  i s  not subj ect to  
i n terference or noise.  The  determ ination  of the  wind  tunnel  flow speed  shal l  be  i n  accordance  
wi th  Annex F .  
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Great  care  shal l  be  taken  when  a l i gn ing  the  wind  d i rection  sensor re lati ve  to  the  datum  l i ne 
(cen tre l i ne)  of the  wind  tunnel .  The  mechan ical  reference i nd icator (usual l y the  north  mark)  of 
the  wind  d i rection  sensor has  to  be  properl y a l i gned  i n  relation  to  the  datum  l i ne  of the  wind  
tunnel .  I t  i s  not acceptable  to  perform  the  angu lar al i gnment of the  wind  d i rection  sensor j ust 
by u ti l i zi ng  i ts  e lectrical  ou tpu t s ignal .  Th is  wou ld  provoke an  angu lar deviation  between  the  
external  reference  mark and  the  ind icated  va lue  from  the  in ternal  angu lar transducer of the  
wind  d i rection  sensor.  Th is  deviation  wou ld  l ater be  d i fficu l t  to  i den ti fy s i nce  the  a l ignment of 
the  vane  at the  meteorolog ica l  mast i s  usual l y real i zed  by means  of the  north  mark.  The  
proper angu lar a l ignment for the  cal i bration  shal l  be  assured  us ing  an  adequate  method  to  
measure  the  external  reference  mark.  

 

Figure  N . 1  – Example of cal ibration  setup of a  wind  d i rection  sensor i n  a  wind  tunnel  

N.5 Cal ibration  procedure  

General l y the  wind  d i rection  sensor shal l  be  d i rectional l y posi ti oned  by means  of an  adequate  
rotation  mechan ism  ( i . e.  rotary table)  wh i le  the  d i rection  and  the  speed  of the  fl ow remains  
unchanged .  The  output s i gnal  of the  wind  d i rection  sensor is  then  assessed  i n  re lation  to  the  
reference  ang le  measurement system  i nsta l l ed  at the  rotation  mechan ism .  

The  procedure  for the  cal i bration  of wind  d i rection  sensors  is  as  fo l l ows:  

The  wind  d i rection  sensor is  rotated  at a  constant  yaw rate  or stepwise.  The  i nd icated  yaw 
ang le  (measured  value  of the  wind  d i rection  sensor)  i s  s imu l taneousl y recorded  together wi th  
the  reference yaw ang le  (measured  va lue  of the  rotation  mechan ism).  The  selected  rate  of 
rotation  i s  a  comprom ise  between  adequate  measurement precision  and  feas ible  
measurement time.  The  recommended  rate  is  0 , 5  ° /s.  For a  s tepwise  procedure,  i t  i s  
important to  have  an  adequatel y fi ne  i ncrement of l ess  than  3°  i n  order not to  m iss  erroneous  
d i rection  data.  The  sampl ing  frequency shal l  be  h igh  enough  (usual l y 1  Hz or faster)  to  have  a  
sampl ing  b ias  wi th in  acceptable  l im i ts.  The  temperature  of the  wind  d i rection  sensor shal l  not 
vary s ign i ficantl y during  i ts  ca l ibration  to  m in im ize  an  add i ti onal  uncertain ty due  to  
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temperature- induced  effects  upon  the  ind icated  d i rection .  A run  in  t ime of >  1  m in  shal l  be  
i ncluded  to  m in im ize  temperature  deviation  between  the  wind  d i rection  sensor and  the  fl ow i n  
the  wind  tunnel  prior to  the  cal i bration  run .  

The  ca l i bration  process  shal l  consist of at  l east two complete  yaw sweeps  ( i nclud ing  the  north  
j ump)  for each  of the  above procedure.  Each  sweep shal l  be  of opposi te  d i rections  to  account 
for poss ib le  h ysteres is  effects.  There  shal l  be  an  angu lar overlap  of the  data  poin ts  of a t l east 
1 0°  at the  beg inn ing  and  the  end  of each  sweep.  A possib le  sequence may cover a  cl ockwise  
sweep from  –1 0°  to  370°  and  a  coun ter clockwise  run  from  370°  to  –1 0°  for the  subsequen t 
sweep.  

The  cal i bration  shal l  be  performed  at a  constant wind  speed  of (8  ±  1 0  %)  m /s.  The  average  
wind  speed  shou ld  not vary throughout the  duration  of the  wind  d i rection  sensor cal ibration .   

N.6  Data analysis  

Only the  horizon tal  wind  vector shal l  be  cons idered  during  the  wind  d i rection  sensor data  
assessment.  The  evaluation  of the  wind  d i rection  s i gnal  shal l ,  for both  wind  vanes  and  son ic 
anemometers ,  be  performed  us ing  the  method  of vector averag ing  as  described  i n  I SO  1 6622  
[4 ]  and  7 . 3.   

Al l  relevant data  shal l  be  evaluated  as  bi n -averaged  data.  Data  of the  reference  yaw sensor is  
hereby used  as  a  bas is  to  define  the  b in  in terval  for the  remain ing  data  base.  The  b in-wid th  
shal l  have  at  l east a  resolu tion  of 1 0° ,  cen tred  at  5° ,  1 5°…etc.  of the  yawing  device.  The  b in -
wid th  shal l  be  reduced  to  adequatel y assess  the  behaviou r of certain  sensor types  ( i . e .  son ic 
anemometer)  or to  better represent sensor characteristics  ( i . e .  excessive  non- l i neari ty).  

N.7  Uncertainty analysis  

I t  i s  important to  i denti fy the  uncertain ty of the  horizon ta l  fl ow d i rection  measurement i n  
con j unction  wi th  the  wind  d i rection  sensor.  

I t  i s  requ ired  that an  uncertain ty anal ys is  sha l l  be  carried  ou t i n  accordance wi th  the  
I SO gu ide  98-3  to  the  expression  of uncertain ty compris ing  both  category A and  category B  
uncerta in ty.  The  magn i tude  of the  net uncertain ty shal l  be  assessed  statis tica l l y and  shal l  
account for:  

a)  measurement uncertain ty of the  reference  ang le  measuring  system  (reference ang le  
transducer,  coupl ing ,  mounting ,  e lectrica l  transducers,  d i g i ta l  conversion ,  etc. ) ;  

b)  uncertain ty of the  flow d i rection  sensed  by the  wind  d i rection  sensor,  i nclud ing  an  
assessment of poss ib le  fl ow d ivers ion  due  to  the  presence of the  wind  d i rection  sensor;  

c)  mounting  uncerta in ty of the  wind  d i rection  sensor (a l i gnment of north  mark and  fin  relative  
to  the  wind  tunnel  cen tre l i ne) ;  

d )  category A uncerta in ty due  to  short-term  scatter (s i gnal  of wind  d i rection  sensor may vary 
over time due  to  unsteady fl ow cond i tions) ;  

e)  category A uncertain ty due  to  l ong -term  scatter (scatter/dri ft of cal i bration  resu l ts  of the  
reference  wind  d i rection  sensor over time for a  number of ca l ibrations) ;  

f)  uncerta in ty when  measuring  the  e lectrical  s i gnal  of the  wind  d i rection  sensor (e lectrical  
transducer,  d ig i ta l  conversion ,  etc. ) .  

N.8  Reporting  format 

The re levant documentation  shal l  provide  i n formation  on  the  procedure  fol l owed  and  the  
faci l i ty used  for ca l ibrati ng  the  wind  d i rection  sensor (test report on  the  cal i bration  campaign)  
and  on  the  i nd ividual  wind  d i rection  sensor ca l i bration  (wind  d i rection  sensor cal ibration  
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report).  The  test report on  the  ca l i bration  faci l i ty setup  shal l  con tain  the  fo l l owing  in formation  
as  a  m in imum:  

a)  description  of the  wind  tunnel  ( includ ing  test section ,  settl i ng  chamber,  fl ow straighteners,  
fan  arrangement);  

b)  sketch  of the  wind  tunnel  showing  the  exact posi tions  of the  wind  d i rection  sensor and  
p i tot  tube(s)  in  the  test section ;  

c)  flow qual i ty measurements;  

d )  tu rbu lence  measurements;  

e)  i nstrumentation  certi ficates;  

f)  measurement procedure;  

g )  data  evaluation  procedure;  

h )  repeatabi l i ty documentation  of wind  d i rection  sensor ca l ibration ;  

i )  uncertain ty anal ys is;  

j )  deviations  from  these  requ irements.  

The  cal i bration  report of a  wind  d i rection  sensor shal l  as  a  m in imum  conta in  the  fol l owing  
i n formation :  

a)  make,  type  and  seria l  number of the  tested  wind  d i rection  sensor and  fi n  seria l  number i f 
the  i tem  can  be  separated ;  

b)  tube  d iameter of the  mounting  system ;  

c)  make,  type  and  serial  number of external  converters ,  i f taken  ( i . e.  frequency-to-vol tage  
converters) ;  

d )  name and  address  of the  customer;  

e)  s i gnatures  from  the  persons  who carried  ou t the  ca l ibration ,  checked  the  resu l ts  and  
approved  their i ssue;  

f)  name of the  wind  tunnel ;  

g )  environmental  cond i tions  during  cal i bration  (a i r temperature,  barometric a i r pressure  and  
hum id i ty) ;  

h )  regress ion  parameters  (offset and  s lope),  i n  tabu lar and  graph ica l  presentation  of a l l  
ca l i bration  poin ts ;  

i )  i n formation  of measured  north  dead-band  wid th ;  

j )  The  table  shal l  contain  the  fo l l owing  in formation :  

1 )  b in  number;  

2)  average  reference  (fl ow)  d i rection  per b i n ;  

3)  average  i nd icated  d i rection  s ignal  of the  wind  d i rection  sensor per b i n ;  

4)  uncerta in ty per b i n ;  

5)  wind  tunnel  fl ow speed  per b in .  

k)  The  graph ical  presentation  shal l  i nclude:  

1 )  i nd icated  wind  d i rection  sensor s i gnal  as  a  function  of reference yaw ang le  per bi n ;  

2)  scatter plot of wind  d i rection  sensor s i gnal  vs.  reference  yaw ang le  i f sweep  is  used ;  

3)  scatter p lot of residuals  of sensor s i gnal  vs.  reference  yaw ang le ;  

4)  res iduals  per b in  (deviation  between  ind icated  wind  d i rection  sensor s ignal  and  resu l t 
of wind  d i rection  sensor cal i bration  function);  

5)  uncertain ty associated  wi th  each  measuring  poin t.  

l )  reference  to  the  correspond ing  cal i bration  campaign  report and  date  of the  cal ibration ;  

m )  photo  showing  the  wind  d i rection  sensor and  the  moun ting  i n  the  wind  tunnel ;  
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n )  rate  of angu lar veloci ty,  data  b i n -wid th  and  number of acqu ired  data  poin ts  per b in .  

N.9  Example of uncertainty calculation  

N.9. 1  General  

The determ ination  of the  measurement uncertain ty is  based  on  the  assumption  that the  
fol l owing  three  main  sources  contribu te  to  the  tota l  uncertain ty:  

a)  determ ination  of flow d i rection  i n  the  wind  tunnel  ( type  B) ;  

b)  uncertain ty due  to  the  wind  d i rection  sensor to  be  cal i brated  (wind  vane,  son ic 
anemometer)  (category B );  

c)  repeatabi l i ty (category A) .  

I n  the  fol l owing  on l y category B  uncerta in ties  are  cons idered .  To  determ ine  the  total  
uncerta in ty,  the  category A componen t shal l  be  i ncluded  as  wel l .   

N.9.2  Measurement uncertain ties  generated  by determination  of the  flow d i rection  in  
the  wind  tunnel  

N .9.2. 1  General  

To evaluate  the  measurement uncertain ty i n  the  determ ination  of the  flow d i rection ,  the  
fol lowing  ind ividual  uncertain ties  have  to  be  considered :   

N.9.2.2  Uncertainty contribution  by uncertainties  in  the  determination  of the  
geometrical  centrel ine  αCL  (wind  tunnel  centrel ine)  

Assum ing  that the  cen trel i ne  i s  defi ned  wi th  s imple  geometrical  methods  and  the  l i nes  are  
accurate  to  2  mm  for a  test section  of 1 , 00  m  by 2 , 00  m ,  the  uncerta in ty of the  geometrica l  
cen trel i ne  is  0 , 1 ° .  Accepting  a  rectangu lar d istribution ,  the  contribution  to  the  tota l  s tandard  
uncerta in ty i s  0 , 06° .  

N.9.2.3  Contribution  by uncertainties  in  the  determination  of flow d i rection  αdi r  

Cal ibration  of flow d i rection  occurs  by means  of a  wedge type  probe.  A wel l  des igned  wind  
tunnel  shows practical l y no  deviation  of the  fl ow d i rection  from  the  geometrical  cen trel i ne  of 
the  wind  tunnel .  The  con tribu tion  to  uncertain ty is  deemed  to  be  0 , 1 ° .  Accepting  a  rectangu lar 
d istribu tion  the  con tribution  to  the  tota l  standard  uncertain ty is  0 , 06° .  

N.9.2.4  Contribution  by uncertainties  in  the  cal ibration  of the  reference yawing  
sensor αsensor  

The reference ang le  is  defined  by us ing  an  e lectron ic yawing  sensor.  Con tribution  to  
uncertain ty resu l ti ng  from  the  cal i bration  of th is  sensor is  assumed  to  be  0, 35° .  Supposing  a  
rectangu lar d istribu tion ,  the  con tribution  to  tota l  standard  uncertain ty i s  0 , 2° .   

N.9.2.5  Contribution  by al ign ing  the centrel ine  wi th  the  north  marking  of the  wind  
d irection  sensor αset  

Using  a  l aser,  the  sensor (north  marking ,  fi n ,  wind  tunnel  centrel i ne)  can  be  a l i gned .  
Assum ing  that the  laser beam  has  a  maximum  deviation  of 1  mm  from  the  centrel ine,  the  
uncertain ty contribu tion  i s  l ess  than  0 , 1 ° .  A con tribu tion  to  total  u ncertain ty of 0 , 1 °  i s  
assumed .  Supposing  a  rectangu lar d is tribu tion ,  the  con tribution  to  tota l  s tandard  uncertain ty 
is  0 , 06° .  
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N.9.2.6  Contribution  due to  i nfluence of the  ang le  between  the  axes  of rotation  
α i ncl . 1  

When  mounting  the  reference un i t on  the  turn ing  d rive,  errors  can  occur i n  the  ang le  between  
the  rotary axes  of the  tu rn ing  d ri ve  and  the  reference un i t ( i ncl i nation  of the  ca l ibrated  object 
re lati ve  to  the  cal i bration  device  i ncl ination).  The  rotary axes  do  not a l i gn ,  bu t  a  coupl ing  
between  the  shafts  of the  reference and  of the  ca l i brated  object compensates  wi th in  certa in  
l im i ts  for the  effect of the  pos i ti on  of the  ang le  measurement p lanes.  The  ang le  error can  be  
ca lcu lated  us ing  the  fol lowing  equation :   

 ( ) αα sin21 250 2
1incl. ⋅⋅⋅= r/p,δ  (N . 1 )  

 

where,  accord ing  to  VDI /VDE  2648,  reference [5] :  

α   i s  the  ang le  to  be  measured  (cal ibration  value) ;  

p   i s  the  axia l  run-ou t deviation ;  

r   i s  the  effective  rad ius  of ang le  measurement.  

With  an  assumed  deviation  of the  l evels  of 1  mm  and  a  rad ius  of 50  mm  for the  yaw sensor,  
the  extreme case  of α  =  90°  resu l ts  in  an  uncertain ty of 0 , 01 ° .   

N.9.2.7  Contribution  to  uncertainty by potential  eccentrici ty between  wind  d i rection  
sensor and  reference un i t  αExz  

By mounting  the  wind  d i rection  sensor on  the  tu rn ing  d rive  of the  reference  un i t,  eccentrici ties  
can  occur,  referri ng  to  the  paral l e l  m isal i gnment between  the  respective  rotary axes.  The 
rotary axes  do  not a l i gn .  The  ang le  error that may occur because  of the  paral l e l  m isal ignment 
can  be  calcu lated  us ing  the  fol lowing  equation :   

 ( ) )2sin(2Exz /r/e αα ⋅⋅=δ  (N . 2)  

 

where,  accord ing  to  VDI /VDE  2648,  reference [5] :   

α   i s  the  ang le  to  be  measured  (cal i bration  value);  

e  i s  the  eccentrici ty;  

R  i s  the  effective  rad ius  of ang le  measurement.  

Based  on  an  assumed  eccen trici ty of the  rotary axes  of 0 , 2  mm  and  a  rad ius  of 50  mm ,  the  
uncertain ty of the  extreme case  of α  =  1 80°  i s  0 , 2° .  

N.9.3  Contribution  to  measurement  uncertainty by the  wind  d irection  sensor 

N .9.3. 1  General  

Wind  d i rection  sensors  may have  d i fferen t ou tput s ignals.  There  are  a l so  d i g i ta l  sensors  
i nd icati ng  d i rectl y the  azimuth  d i rection  ang le  i n  degree.  Usual l y the  specimen  i s  a  wind  
d i rection  sensor wi th  an  analogue ou tpu t s ignal  (curren t or vol tage)  or a  poten tiometric  
sensor.   

N.9.3.2  Contribution  to  uncertainty by d ig i tal  output signal  αDig i tal  

Hal f of the  d ig i ta l  resolu tion  i s  assumed  to  con tribute  to  the  measurement uncertain ty.  

N.9.3.3  Contribution  to  measurement uncertainty by analogue output  signal  αAnalog  

Sensors  wi th  an  analogue  s ignal  ( typical l y 1 0  V or 20  mA)  are  supposed  to  contribu te  to  
uncerta in ty wi th  the  resolu tion  of the  analogue-to-d ig i ta l  convers ion .  Assum ing  a  
measurement system  wi th  a  resolu tion  of 1 2  b i t,  the  contribu tion  to  uncertain ty is   
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360° /4  096=0, 1 ° .  Supposing  a  rectangu lar d is tribu tion ,  the  con tribu tion  to  tota l  standard  
uncertain ty i s  0 , 06° .  

N.9.3.4  Contribution  to  uncertainty by the  determination  of the  ohmic resistance  of a  
wind  d i rection  sensor αΩ  

The  res istance  of a  potentiometric wind-vane can  on l y be  determ ined  by means  of a  known  
vol tage/current measurement.  When  determ in ing  the  res istance  of a  poten tiometric wind-vane 
(typical l y several  kΩ)  by means  of ind i rect res istance  measurement of vol tage  and  constant  
curren t,  the  fol l owing  uncertain ties  can  occur:   

•  percent error of i nstrument shunt  0 , 030  % ;  

•  error curren t th rough  measurement system  0, 020  % ;  

•  resolu tion  of analogue-to-d ig i ta l  conversion  0, 025  % ;  

•  assumed  measurement uncertain ty 0 , 05  %  ∼  0 , 1 6  ° .  

Supposing  a  rectangu lar d istribu tion ,  the  contribu tion  to  tota l  s tandard  uncertain ty i s  0 , 1 ° .  

N.9.3.5  Contribution  to  uncertainty by mounting  the  wind  d irection  sensor α i tem  

Typical  wind  d i rection  sensors  have  a  d iameter of approximatel y 50  mm.  The  north  marking  
often  has  a  bread th  of 1  mm  and  i s  therefore  typica l l y 2° .  For the  al i gnment of the  north  
marking  wi th  a  l aser beam  an  uncertain ty of 0 , 25  mm  is  assumed ,  thus  resu l ti ng  i n  a  
con tribu tion  to  uncerta in ty of 0 , 25° .  Assum ing  a  rectangu lar d is tribu tion ,  the  contribu tion  to  
tota l  standard  uncertain ty i s  0 , 1 5° .  

N.9.3.6  Contribution  to  uncertainty by possible  malposition  of the  wind  d irection  
sensor α I ncl .2  

When  mounting  the  wind  d i rection  sensor on  the  tu rn ing  d ri ve  and  the  reference  un i t,  ang le  
errors  i n  the  a l ignment ang le  between  the  rotary axes  can  occur.  The  ang le  error i s  assumed  
to  be  0 , 05° .   

N.9.4  Resu lt  of the  uncertainty calcu lation   

To determ ine  the  total  s tandard  uncertain ty,  the  fol l owing  ind ividual  uncertain ties  have  been  
cons idered  (see  Table  N . 1  and  Table  N . 2) :  
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Table  N . 1  – Uncertainty contribu tions  in  wind  d i rections  sensor cal ibration  
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Reproducibi l i ty  A 1  1  -   0 . 1  °  

Determ ination  of 
geometri cal  cen tre l i ne  

B  2  1  0 , 1  
CL

3

1
CL ⋅=u  

0 , 06  °  

Determ ination  of fl ow 
d i rection   

B  2  1  0 , 1  
DIR

3

1
DIR ⋅=u  

0 , 06  °  

Reference  yaw sensor B  1  1  0 , 35  
REF

2

1
REF ⋅=u  

0 , 2  °  

I ncl i nation  ang l e  B  2  1  0 , 01  
1INCL.

3

1
Incl .1 ⋅=u  

0 , 01  °  

Eccentri ci ty  B  2  1  0 , 2  
1EXZ

3

1
EXZ ⋅=u  

0 , 1 2  °  

1  =  normal  d i s tri bu tion ;  2  =  rectangu lar d i stri bu tion  

 

The calcu lation  of the  s tandard  measurement uncertain ty i n  the  determination  of the  fl ow 
d i rection  is  carried  ou t by means  of quadratic  accumu lation :   

 502
1EXZ

2
1Incl.

2
REF

2
DIR

2
CLFlow_dir )( ,uuuuuu ++++=  (N . 3)  

 

 250)1 2001020060060( 5022222
Flow_dir ,,,,,,u , =++++=  (N . 4)  
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Table  N .2  – Uncertainty contributions  and  total  
standard  uncertainty in  wind  d i rection  sensor cal ibration  
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Dig i ta l  ou tpu t  s i gnal   B  2  1  hal f of 
d i g i ta l  

resol u ti on  
LSB

2

1
Digital ⋅=u  

-  °  

Or analogue  ou tput  
s i gnal  

B  2  1  0 , 1  
ANALOG

3

1
Analog ⋅=u  

0 , 06  °  

Or poten ti ometri c  
sensor 

B  1  1  0 , 2  
Ω⋅=Ω

3

1
u  

0 , 1 2  °  

Mounti ng  of sensor B  1  1  0 , 25  
Mounting

3

1
Mounting ⋅=u  

0 , 1 5  °  

I ncl i nation  ang l e  B  2  1  0 , 01  
2INCL

3

1
2INCL. .u ⋅=  

0 , 01  °  

Eccentri ci ty   B  2  1  0 , 2  
2EXZ

3

1
2EXZ ⋅=u  

0 , 1 2  °  

1  =  normal  d i s tri bu tion ;  2  =  rectangu lar d i stri bu tion  

 

The tota l  standard  uncertain ty for e. g .  a  poten tiometric  wind  vane  i s :  

 502
2Exz

2
2Incl

2
Mounting

22
Flow_dirTotal )( ,

. uuuuuu ++++= Ω  (N . 5)  

 

 340)1 200101 501 20,250( 5022222
Total ,,,,,u , =++++=  (N . 6)  

 

The con tribution  to  tota l  standard  uncertain ty by the  i nd ividual  uncerta in ty sou rces  therefore  
resu l t  i n  a  tota l  s tandard  uncertain ty of 0 , 34  ° for k  =1  for a  poten tiometric  wind  vane.  Usual l y 
th is  va lue  i s  mu l ti pl i ed  wi th  the  coverage  factor k  =2 .  
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Annex O  
(informative)  

 
Power performance testing  in  cold  cl imate  

O.1  General  

Power performance  testi ng  at temperatures  below 0  °C  may be  des irable  for d i fferen t 
reasons.  For example,  l ow temperatures  may be  frequent or there  cou ld  be  a  need  to  
determ ine  the  power performance degradation  due  to  i ced  b lades.  

Annex O  g i ves  gu idance on  what i s  important to  cons ider when  carrying  ou t power 
performance tests  i n  cold  cl imates  and  to  provide  recommendations.  

O.2  Recommendations  

O.2.1  General  

I t  i s  recommended  to  use  wind  speed  measurement sensors  that are  not  susceptib le  to  ice,  
such  as  heated  cup  anemometers,  heated  u l tra-son ic anemometers,  and  remote  sensing  
devices  or to  use  su i table  i ci ng  detectors  to  re l iabl y mon i tor the  presence  of ice  and  fi l ter the  
data  accord ing l y.  

Equ ipment for power performance testi ng  in  cold  cl imate  shou ld  include  re l i able  icing  
detection .  There  are  several  possib i l i ti es  to  detect i ce,  i nclud ing  ice  detectors  for atmospheric 
icing ,  i ce  detectors  for i nstrumental  icing ,  visual  observation  or s im i l ar.  I ce  accretion  occurs  at 
temperatures  below,  or around  zero.  Power performance testi ng  at temperatures  far below 
0  °C  cou ld  therefore  be  performed  wi thout  any s i gn i ficant d i fficu l ties ,  provided  that  su i table  
i nstruments  and  methods  are  used .   

I ce  accretion  on  supports  and  mounting  s tructures  can  have  a  s ign i fican t effect on  the  fl ow 
cond i ti ons  for the  anemometer.  I t  i s  essen tia l  that such  s i tuations  are  avoided .  A thorough  
assessment or mon i toring  of the  cond i ti ons  is  requ ired .  I t  i s  recommended  to  use  sufficien tl y 
heated  s tructures  i n  the  vicin i ty of the  i nstruments  to  prevent i ce  accretion .  

O.2.2  Son ic anemometers  

Son ic anemometers  are  a l lowed  for power performance testing  provided  that su i table  
ca l i bration  procedures  and  class i fication  procedures  accord ing  to  Annex F  and  i n  Annex I  and  
Clause  J . 4  are  adhered  to.   

Son ic anemometers  that have  sufficien t heati ng  capabi l i ties  may be  used  because  they have  
no  moving  parts  and  are  therefore  su i table  to  be  used  in  cold  cond i tions.  

O.2.3  Cup anemometers  

The lower temperature  l im i t  for cl ass  A anemometers  may be  extended  from  0  °C  to  –30  °C  i n  
the  case  of proper shaft (bearing)  heating .  Th is  does  not  remove  the  need  for i ce  detection .  

Extens ion  of the  temperature  range  be low the  l ower l im i t  for the  class  can  be  carried  ou t 
provided  that sufficient evidence can  be  provided  that  the  frictional  effects  can  be  assessed  
and  accoun ted  for.  

The  class i fication  of the  anemometer wi th  an  extended  temperatu re  range  can  be  
accompl ished  by extend ing  the  temperature  range  in  Annex J  provided  that measurements  of 
bearing  friction  cover the  whole  temperature  range.  
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O.3 Uncertainties  

Extended  temperature  range:  G iven  by the  class  S.  

O.4 Reporting  

I n  add i tion  to  the  normal  reporting  requ irements,  the  precautions  that have  been  adopted  to  
ensure  that the  i nstruments  that are  used  to  measure  the  wind  speed  are  not affected  by ice  
and  that l ow temperature  effects  on  the  measurement of the  wind  speed  are  accoun ted  for.  

The  fi l teri ng  for ice  cond i ti ons  shou ld  be  i nd ividual l y documented .  The  resu l ts  of the  power 
performance test wi th  and  wi thou t the  temperature  extens ion  taken  i n to  accoun t shal l  be  
reported .  
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Annex P  
(informative)  

 
Wind  shear normal isation  procedure  

P.1  General  

For deriving  a  cl imate  speci fic power curve,  the  i n fluence of the  wind  shear and  wind  veer on  
the  power cu rve  shal l  be  accounted  for by normal is ing  the  hub  height wind  speed  to  a  pre-
defined  reference  wind  shear and  wind  veer.  The  reference  wind  shear and  wind  veer profi l e  
can  have  any shape and  may be  defined  as  function  of the  wind  speed  at hub  he igh t.  The  
reference wind  shear and  wind  veer cou ld  for i nstance  reflect the  cond i ti ons  expected  at the 
power curve  test s i te  i f the  purpose  of the  power curve  test i s  to  veri fy a  warran ted  power 
curve  that i s  speci fied  for the  same reference cond i tions.  I f not defined  otherwise,  a  power l aw 
wind  shear profi l e  wi th  shear exponen t of 0 , 2  and  a  wind  veer of 0°  th roughou t the  enti re  
height range  of the  turbine  rotor sha l l  be  appl i ed .  

The  normal isation  of the  wind  speed  at hub  height to  the  reference wind  shear and  wind  veer 
shal l  be  performed  by means  of the  rotor equ iva len t wind  speed  concept.  The  kinetic energy 
i n  the  wind  across  the  rotor height range  is :   

 
( )( ) AVP
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2
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hubkin ϕϕρ∫=

 
(P. 1 )

 
 

and  the  rotor equ iva len t wind  speed  that corresponds  to  the  kinetic  energy is :  
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.  The  ratio  of the  rotor equ ivalent wind  and  the  hub  height wind  speed  characterises  the  shape 
of the  wind  shear profi l e  and  wind  veer profi l e  that i s  re levant for the  description  of the  
avai l ab le  ki netic energy at a  certa in  wind  speed  at hub  height.  Th is  ratio  i s  cal l ed  wind  shear 
correction  factor:  

 h
r

V

V
f

eq
=

 
(P. 3)

 
 

The same rotor equ ivalent wind  speed  can  be  reached  by d i fferen t combinations  of hub  heigh t 
wind  speeds  and  wind  shear/veer cond i tions,  e. g .  by the  wind  shear/veer and  hub  height wind  
speed  present wi th in  a  1 0-m inute  period  at the  power curve  test as  wel l  as  by the  reference  
wind  shear /  veer and  a  correspond ing  hub  heigh t wind  speed  (here  cal l ed  normal ised  wind  
speed):  

 normalisedreferencemeasuredmeasuredeq ,h,r,h,r VfVfV ⋅=⋅=  (P. 4)  

 

Consequentl y,  the  wind  shear/veer normal ised  hub  heigh t wind  speed  shal l  be  calcu lated  for 
each  1 0-m inute  period  as :  
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or as  

 measured,
reference,

measured,
normalised, h

r

r
h V

f

f
V ⋅=  (P. 6)  

 

For a  reference wind  shear correction  factor of 1  (fr, reference  =  1 ) ,  i . e .  i n  case  of zero  shear 
and  veer,  the  normal ised  hub  heigh t wind  speed  equals  the  rotor equ iva lent wind  speed .  The  
uncertain ty of the  measurement of the  wind  shear and  wind  veer normal ised  wind  speed  shal l  
be  assessed  accord ing  to  C lause  E . 8,  E . 1 1 . 2. 2  and  E. 1 1 . 2 . 3.  I t  i s  poin ted  ou t that the  rotor 
equ ivalent wind  speed  may overestimate  the  wind  energy effecti ve l y usable  by l arge  wind  
turbines  in  case  of the  presence  of h igh  wind  shear.  Thus,  a  method  uncertain ty of one  th i rd  
of the  correction  of the  hub  height wind  speed  shal l  be  appl ied  as  add i ti onal  uncertain ty to  the  
uncertain ty of the  measurement of the  wind  shear and  wind  veer normal ised  wind  speed .  

Under certain  cond i ti ons,  the  evaluation  of the  wind  shear and  wind  veer over the  he igh t  
range  of the  turbine  rotor may not  be  possib le ,  because  no  measurements  of the  wind  speed  
or wind  d i rection  over the  heigh t range  of the  tu rbine  rotor are  avai l able  or because  a  s i te  
ca l i bration  of the  wind  speed  and  wind  d i rection  at other he igh ts  than  hub  he igh t i s  not 
poss ib le .  I n  th is  case,  the  lack of the  i n tegration  of the  wind  shear/veer i n  the  power curve  
evaluation  shal l  be  accounted  for accord ing  to  E. 1 1 . 2. 2. 2  and  E. 1 1 . 2 . 3. 2  for the  desi red  
reference wind  shear/veer cond i ti ons.  I n  add i tion ,  a  method  uncertain ty of one  th i rd  of a  
vi rtual  wind  speed  correction  from  the  assumed  wind  shear/veer cond i tions  at the  power curve  
test to  the  desired  reference  wind  shear/veer cond i ti ons  shal l  be  taken  i n to  account.  
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Annex Q 
(informative)  

 
Defini tion  of the  rotor equivalent wind  speed  

under consideration  of wind  veer 

Q.1  General  

The wind  speed  at hub  height i s  not a lways  representative  of the  wind  over the  whole  rotor.  
Large  wind  speed  and  d i rection  variations  may be  presen t as  a  resu l t of e i ther the  
atmospheric stabi l i ty and /or terrain  i n fl uence.  F igure  Q. 1  shows LIDAR wind  profi les  over flat 
terrain  as  wel l  as  the  cos ine  of wind  d i rection  changes  re lati ve  to  an  assumed  hub  height.  I t  i s  
seen  that the  wind  speed  component perpend icu lar to  the  wind  turb ine  rotor at  a  speci fic  
height  wi l l  occas ional l y be  much  less  than  the  wind  speed  at the  speci fic he ight.  

  

a)  Lidar wind  profi l es  

 

b)  Cosine  of wind  d i rection  variation  ang le  relati ve  to  a  height  

Figure Q.1  – Wind  profi les  measured  with  LIDAR over fl at  terrain  
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Therefore,  the  energy yi e ld  through  the  wind  turb ine  rotor wi l l  depend  on  both  the  wind  shear 
and  wind  veer of the  speci fic profi l e.  Us ing  the  power curve  based  on  the  wind  speed  at hub  
he ight i gnores  both  wind  shear and  wind  veer.  The  power curve  obtained  wi th  the  rotor 
equ ivalent wind  speed  depends  l ess  on  the  wind  shear and  wind  veer than  the  power cu rve  
obtained  wi th  the  wind  speed  at hub  heigh t.  

Q.2  Defin i tion  of rotor equivalent wind  speed  under consideration  of wind  veer 

The rotor equ ivalen t wind  speed  is  the  wind  speed  correspond ing  to  the  kinetic energy flux 
through  the  swept rotor area,  when  accounting  for the  wind  shear and  wind  veer.  For the  case  
that at l east three  measurement he igh ts  are  avai lable  (see  7 . 2 . 6)  the  rotor equ iva len t wind  
speed  is  defi ned  as  

 ( )( )
31

1
3

eq cos 







= ∑ =

n

i

i
ii

A

A
νν ϕ  (Q. 1 )  

 

where   

n  i s  the  number of avai l ab le  measurement heigh ts  (n  ≥  3) ;  

vi  i s  the  wind  speed  measured  at  heigh t i;  

φ i  i s  the  ang le  d i fference  between  the  wind  d i rection  at  hub  height and  segment i ;  

A  i s  the  area  swept by the  rotor ( i . e.  πR2  wi th  rad ius  R) ;  

A i  i s  the  area  of the  ith  segment,  i . e.  the  segment the  wind  speed  vi  represen ts  (refer to  
9 . 1 . 3 . 2 ,  Equation  (6) .  

Q.3 Measurement of wind  veer 

The rotor equ ivalent  wind  speed  as  defined  i n  Equation  (Q. 1 )  i s  i n fl uenced  by the  d i fference 
of wind  d i rection  measurements  at various  he ights  relative  to  hub  he igh t.  I n  order to  provide  
accurate  measurements  of the  d i fference of wind  d i rections,  i t  i s  important to  measure  the  
wind  d i rections  at the  d i fferen t he ight  l evels  wi th  the  same type  of sensor,  i . e.  one  remote 
sens ing  device  measuring  a l l  heigh ts ,  or same sensors  on  the  meteorolog ica l  mast  at a l l  
he ights .  

Q.4 Combined  wind  shear and  wind  veer normal isation  

The procedures  described  in  Annex P  may be  extended  to  referencing  back the  measured  
power cu rve  to  reference wind  veer cond i tions  by cons idering  also  a  reference wind  veer 
profi le  i n  add i tion  to  a  reference wind  shear profi l e.  The  i n tegration  of the  reference  profi l es  
over the  rotor area  shal l  be  done  accord ing  to  Equation  (Q. 1 ) .  
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Annex R 
(informative)  

 
Uncertainty considerations  for tests  on  multiple  turbines  

R.1  General  

Annex R addresses  the  uncertain ty cons iderations  that arise  when  compi l i ng  test resu l ts  from  
mu l tip le  turbines.  When  testing  mu l ti p le  turbines,  the  quan ti ti es  of i n terest are  typica l l y the  
mean  AEP  of the  sample  and  the  uncertain ty i n  that  mean .  The  mean  AEP  can  most s imply be  
determ ined  by taking  a  s imple  average  of the  i nd ividual  tu rbine  AEPs.  

The  determ ination  of the  uncertain ty i n  the  average  AEP  i s  not as  s tra ightforward .  As  th is  i s  a  
frequentl y encountered  s i tuations,  th is  standard  provides  an  in formative  approach  as  to  how 
th is  uncerta in ty may be  estimated .  The  mathematica l  framework for th is  approach  is  exactl y 
the  same as  explained  i n  I EC 61 400-1 2-2 :201 3  Annex I  and  J  and  wi l l  not  be  repeated  here.  
What i s  d i fferen t for th is  standard  is  Table  R. 1  of estimated  corre lations  between  tests  on  
d i fferent tu rbines  and  the  resu l ts  as  represented  i n  F igures  J . 1  and  J . 2  of I EC  61 400-1 2-
2: 201 3,  wh ich  wi l l  be  repeated  here.  As  an  i n troduction ,  a  short d iscussion  of the  problem  at 
hand  wi l l  be  repeated .  

One  approach  to  combin ing  uncerta in ties  is  a  s imple  average  of the  i nd ividual  test 
uncerta in ties.  However,  the  s imple  average  fai ls  to  account for the  ch ief benefi t of mu l ti p le  
tests,  i . e.  a  reduction  i n  the  combined  test uncertain ty.  A second  approach  i s  to  calcu late  the  
standard  uncerta in ty of the  mean  of the  uncertain ties :   

 ∑
=

=
L

i

i,AEPAEP u
L

u

1

21
AVG

 (R. 1 )  

 

where  

AVGAEPu 43   i s  the  uncertain ty i n  the  average  AEP;  

iAEPu  ,  

 

i s  the  uncertain ty i n  AEP  for turbine  i;   

L  i s  the  number of turbines  tested .  

Equation  (R. 1 )  assumes  fu l l  i ndependence  among  the  ind ividual  tu rbine  test resu l ts ,  mean ing  
there  i s  no  correlation  in  the  i nd ividual  test  resu l ts  from  one  un i t  to  the  next.  As  a  
consequence  appl ication  of Equation  (R. 1 )  wou ld  l ead  to  an  underestimation  of the  
uncertain ty i n  the  average  AEP.  Therefore,  i n  order to  accuratel y assess  the  uncertain ty i n  the  
average  AEP,  i t  i s  necessary to  i den ti fy a  practical  method  for hand l ing  correlated  uncerta in ty 
components .  An  approach  is  suggested  based  on  the  I SO  in formation  publ ication  ‘Guide to 
the expression of uncertainty in  measurement’  wi th  m inor ad j ustments  i n  the  hand l i ng  of 
correlation .  

___________ 

43  P l ease  note  that  the  equation  here  i s  s l i gh tl y  d i fferen t from  the  equati on  i n  I EC 61 400-1 2-2 .  As  th i s  i s  the  
uncertain ty of an  average  and  d i vi s i on  by 1 /L  i s  a  l i near transformation ,  we  get  a  1 /L2  u nder the  square  root 
or a  1 /L  i n  fron t  of the  square  root.  
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Table  R. 1  – List of correlated  uncertain ty components  

Measured  
parameter 

Source  Correlation  
coefficient  

Condi tion  Value  
range  

Notes  

Electri c  
power 

Current  
transformers  ρu p1 , m , n  

Same i nstrument make 

Di fferen t i nstrument  make  

0 , 9  

0 , 1  

CTs  of the  same make  tend  
to  have  s im i l ar cat  B  error 
val ues  relati ve  to  the  true  
val ue.  

Vol tage  
transformers  

ρu p2 , m , n  
Same  i nstrument make 

Di fferen t i nstrument  make  

0 , 9  

0 , 1  

VTs  of the  same  make  tend  
to  have  s im i l ar cat  B  error.  
D i rect  measurement  of 
vol tage  el im inates  th i s  
uncertain ty.  

Power 
transducer or 
power 
measurement 
device  

ρu p3 , m , n  
Same  i nstrument make 

Di fferen t i nstrument  make  

0 , 9  

0 , 1  

Power measurement devices  
of the  same make  tend  to  
have  s im i l ar cat  B  error.  

Dynam ic power 
measurement  

ρu p4 , m , n  
Same  i nstrument make 

Di fferen t i nstrument  make  

0 , 9  

0 , 1  

Power measurement devices  
of the  same make  tend  to  
have  s im i l ar cat  B  error.  

Data  
acqu is i ti on  ρu dp , m , n  

Same  i nstrument make 

Di fferen t i nstrument  make  

0 , 9  

0 , 1  

Data  acqu is i ti on  devices  of 
the  same  make  tend  to  have  
s im i l ar cat  B  errors  re l ati ve  
to  the  true  val ue.  

Wind  
speed  

Anemometer 
cal i bration  

ρu v1 , m , n  
Shared  i nstrument  (same 
met  mast)  

D i fferen t masts ,  same  
make/model ,  same 
cal i bration  l ab  

D i fferen t masts ,  d i fferent  
make/model ,  same 
cal i bration  l ab  

D i fferen t masts ,  same  
make/model ,  d i fferen t 
cal i bration  l abs   

D i fferen t masts ,  d i fferent  
make/model ,  d i fferen t 
cal i bration  l abs   

1 , 0  
 

0 , 9  
 
 

0 , 7  
 
 

0 , 4  
 
 

0 , 1  

Cal i bration  reference  and  
method  produces  s im i l ar cat  
B  error.  

PostCal  /  I n -  
s i tu  cal  

ρu v2 , m , n  
Shared  i nstrument  (same 
met  mast)  

Same  i nstrument make 

Di fferen t i nstrument  make  

1 , 0  

0 , 9  

0 , 7  

Anemometers  of the  same  
make  tend  to  have  s im i l ar 
cat  B  errors  re lati ve  to  the  
true  val ue.  

Operational  
uncertain ty  

ρu v3 , m , n  
Shared  I nstrument (same  
masts)  

Same  i nstrument make 

Di fferen t i nstrument  make  

1 , 0  
 

0 , 9  

0 , 8  

Anemometers  of the  same  
make  tend  to  have  s im i l ar 
cat  B  errors  re lati ve  to  the  
true  val ue.  

Mounti ng  
effects  

ρu v4 , m , n  
Per speci fi cation  i n  th i s  
s tandard  

0 , 9  S im i l ar mounti ng  requ i red  
for use  of a  g i ven  transfer 
function  d ri ves  a  correlated  
uncertain ty.  

DAQ ρu v5 , m , n  
Shared  DAQ 

Di fferent  DAQ of same  
make,  same  des ign  

D i fferent  DAQ of d i fferen t 
make,  same  des ign  

D i fferent  DAQ of same  
make,  d i fferent  d esign  

D i fferent  DAQ of d i fferent  
make,  d i fferent  d esign  

1 , 0  

0 , 9  
 

0 , 7  
 

0 , 5  
 

0 , 2  

DAQ wi l l  be  correl ated  the  
more  s im i l ar the  setup  i s .  
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Measured  
parameter 

Source  Correlation  
coefficient  

Condi tion  Value  
range  

Notes  

Flow d i storti on  
due  to  terrai n  
wi thout  s i te  cal  

ρu v6 , m , n
 

Both  tu rbines  2D  to  3D  (or 
3D  to  4D)  from  met  mast 

One  tu rbi ne  2D  to  3D  and  
one  tu rbi ne  3D  to  4D  

0 , 9  
 

0 , 6  

I ncreased  terra in  complexi ty 
and  variati on  i n  terrai n  
amongst  test  un i ts  wi l l  tend  
to  have  d i s -s im i l ar cat  B  
errors  on  the  wind  speed  
re l ati ve  to  the  true  val ue,  
d i s tance  p l ays  an  important  
rol e.  

F l ow d i storti on  
due  to  terrai n  
amongst  test  
un i ts  wi th  s i te  
cal ,  
anemometer 
cal i bration  

ρu v7 , m , n
 

Shared  i nstrument  (same 
met  mast)  

D i fferen t masts ,  same  
make/model ,  same  
cal i bration  l ab  

Di fferen t masts,  d i fferen t 
make/model ,  same  
cal i bration  l ab  

Di fferen t masts ,  same  
make/model ,  d i fferent  
cal i bration  l abs   

D i fferen t masts ,  d i fferent  
make/model ,  d i fferent  
cal i bration  l abs   

1 , 0  
 

0 , 9  
 
 

0 , 7  
 
 

0 , 4  
 
 

0 , 1  

 

F l ow d i storti on  
due  to  terrai n  
amongst  test  
un i ts  wi th  s i te  
cal ,  operati ona l  
uncertain ty  

ρu v7 , m , n
 

Shared  i nstruments  (same  
masts)  

D i fferen t  masts,  same 
make/model )  

D i fferen t masts ,  d i fferent  
make/model  

1 , 0  
 

0 , 9  
 

0 , 7  

 

Data  
acqu is i ti on  for 
s i te  cal i bration  

ρu dv , m , n
 

Shared  DAQ 

Di fferen t DAQ of same  
make,  same  design  

Di fferen t DAQ of d i fferent  
make,  same design  

Di fferen t DAQ of same  
make,  d i fferen t d es ign  

Di fferen t DAQ of d i fferent  
make,  d i fferen t d es ign  

1 , 0  

0 , 9  
 

0 , 7  
 

0 , 5  
 

0 , 2  

Data  acqu is i ti on  devices  of 
the  same  make  tend  to  have  
s im i l ar cat  B  error.  

Tempera-
tu re  

Temperatu re  
sensor 

ρu t1 , m , n
 

Shared  i nstruments(same  
met  mast)  

Same i nstrument make 

D i fferen t i nstrument make  

1 , 0  
 

0 , 9  

0 , 1  

Temperatu re  measurement  
devices  of the  same  make  
tend  to  have  s im i l ar cat  B  
error.  

Rad i ation  
sh i el d i ng  

ρu t2 , m , n
 

Shared  i nstruments(same 
met  mast)  

Same i nstrument make 

D i fferen t i nstrument make  

1 , 0  
 

0 , 9  

0 , 6  

Rad i ation  sh ie l ds  tend  to  
have  the  same  method  
errors  re lati ve  to  the  true  
val ue.  

Mounti ng  
effects  ρu t3 , m , n

 
Shared  i nstruments(same  
met  mast)  

Same l ocation  and  
mounti ng  

D i fferen t l ocati on  or 
mounti ng  

1 , 0  
 

0 , 9  
 

0 , 1  

 

Data  
acqu is i ti on  

ρu d t , m , n
 

Shared  i nstruments(same  
met  mast)  

Same i nstrument make 

D i fferen t i nstrument make  

0 , 9  
 

0 , 1  

Data  acqu is i ti on  devices  of 
the  same make  tend  to  have  
s im i l ar cat  B  error.  
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Measured  
parameter 

Source  Correlation  
coefficient  

Condi tion  Value  
range  

Notes  

Pressure  

Pressure  
sensor ρu b1 , m , n

 
Shared  i nstrument  (same 
met  mast)  

Same  i nstrument make 

Di fferen t i nstrument  make  

1 , 0  
 

0 , 9  

0 , 1  

Pressure  measu rement 
devices  of the  same make  
tend  to  have  s im i l ar cat  B  
error.  

Mounti ng  
effects  

ρu b2 , m , n
 

Shared  i nstrument  (same  
met  mast)  

Same  i nstrument make 

Di fferen t i nstrument  make  

1 , 0  
 

0 , 9  

0 , 1  

I f us i ng  mu l ti p l e  i nstruments ,  
mounti ng  wi l l  l i ke l y be  
s im i l ar.  

Data  
acqu is i ti on  

ρu db , m , n
 

Shared  i nstrument  (same 
met  mast)  

Same  i nstrument make 

Di fferen t i nstrument  make  

1 , 0  
 

0 , 9  

0 , 1  

Data  acqu is i ti on  devices  of 
the  same  make  tend  to  have  
s im i l ar cat  B  error.  

Method  

Ai r densi ty 
correction  

ρum1 , m , n
 

Same  correction  
methodology for a l l  
tu rbi nes  

1 , 0   

Wind  
Cond i ti ons  

ρum2 , m , n
 Same cond i ti ons  for 

d i fferent  tu rbi nes  
1 , 0   

Seasonal  
variati on  

ρum3 , m , n
 

Testi ng  occu rs  duri ng  the  
same time  of year 

Testi ng  occu rs  duri ng  
d i fferen t time  of year 

1 , 0  
 

0 , 6  

 

S tati s ti cal  
Variance  i n  
e l ectri cal  power 

ρ sp , m , n
 

 0 , 0  I nheren tl y random  and  
i ndependent.  
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Annex S  
(informative)  

 
Mast flow distortion  correction  for lattice masts  

Annex S  g ives  gu idance regard ing  a  possib le  method  to  determ ine  a  correction  for flow 
d istortion  of s ide  mounted  anemometers .  Such  a  correction  i s  a l ready d iscussed  i n  7 . 2. 4  as  
wel l  as  9 . 1 . 2 .  I n  th is  annex,  a  more  detai led  approach  i s  presented  for a  la ttice  mast.  

A s im i l ar method  may work for other types  of mast configu ration  bu t i t  i s  l ikel y that speci fic 
changes  need  to  be  made to  a l low for the  d i fferences  i n  the  configuration .  Other methods  to  
determ ine  a  correction  may be  appl ied  bu t sha l l  be  documented  in  sufficien t detai l  to  a l l ow the  
resu l ts  to  be  reproduced  by a  th i rd  party based  on  the  reported  i n formation .  

The  starti ng  poin t i s  to  do  a  l i near regress ion  between  two anemometers  i nstal led  on  d i fferen t 
booms  at the  same measurement heigh t.  The  residuals  of the  regression  can  be  determ ined  
and  p lotted  against wind  d i rection  for the  fu l l  0°  to  360°  sector.  Other fi l ters  may be  appl ied  to  
ensure  data  qual i ty.  Th is  p lot wi l l  normal l y show two th ings:  

a)  for speci fic  d i rections  l arge  fl ow d istortions  wi l l  be  vis ib le,  i nd icated  wakes  operation  from  
mast,  guy wi res  or other sensors ;  

b)  a  s l owl y chang ing  s i ne  wave  is  normal l y vis ib le  wi th  a  period  of 360° .  

An  example  i s  g i ven  i n  F igure  S. 1  below.  Th is  example  is  for a  goal -post des ign  for the  top  of 
the  mast bu t i t  i l l ustrates  the  expected  s i gnal  behaviour.  As  shown  in  the  graph ,  i t  may be  
beneficial  to  a lso  p lot the  expected  wakes  as  determ ined  from  the  geometric set-up  as  th is  
wi l l  he lp  to  correctl y i n terpret the  plot.  Care  shou ld  be  taken  when  there  are  too  many and/or 
too  strong  wakes,  from  masts,  guys  and  other sensors  as  the  wakes  may overshadow the  
si ne-wave we are  i n terested  in  and  thereby make th is  method  impractical  or impossib le  to  
appl y.  

 

Figure S. 1  – Example  of mast  flow d istortion  

The  si ne  wave i s  the  flow d istortion  from  the  mast and  other hardware  at the  same 
measurement he ight that  we  a im  at correcti ng .  Th is  i s  done  by fi nd ing  su i table  values  for the  
parameters  i n  th is  equation :  

 )sin(WD21 CentreABVmV +++⋅=  (S. 1 )  

 

IEC  
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where  

V1  i s  the  wind  speed  from  sensor one;  

V2  i s  the  wind  speed  from  the  second  sensor;  

m  i s  the  s lope  of the  regression  between  V1  and  V2 ;  

B  i s  the  offset of the  regression  between  V1  and  V2 ;  

A  i s  a  scal ing  parameter;   

WD is  the  wind  d i rection .  

Centre  i s  the  wind  d i rection  where  the  res iduals  are  expected  to  be  zero;  I n  the  above 
examples  where  the  boom  ang les  are  92°  and  272° ,  Centre  =  1 82° .  F i gure  G .3 ,  F igure  G .6  and  
F igu re  G .8  may be  usefu l  i n  assess ing  the  d i rections  where  fl ow d istortion  is  equal  at both  
sensor l ocations.  Solu tions  wi th in  the  measurement sector (or closest to)  are  most  usefu l .  

A  i s  a  scal i ng  parameter that we  need  to  solve  for.  A  can  be  found  by i teration ;  by fi rst setti ng  
A  to  zero  and  p icking  another poin t i n  the  data  (keeping  away from  the  wakes  data) ,  we  can  
determ ine  the  curren t value  for the  res iduals.  I n  the  graph  above  we see  a  res idual  va lue  of 
0 , 03  at  1 50°  and  a  res idual  va lue  of 0  at 1 82° .  Now we  define  Centre  =  1 82°  and  requ ire  a  
value  of zero  for V1  at  1 50° .  Th is  determ ines  value  for A  of 0 , 06  (note  the  negative  s ign  for the  
s ine  at an  ang le  of 1 50°+1 80°  =  330°) .  Further checking  of other poin ts  i s  recommended  to  
make sure  we  have  the  ri gh t va lue  for A  and  that th is  i s  not  based  on  acciden tal  ou tl i er data.  

A  reflects  the  magn i tude  of the  sum  effect of the  flow d istortion  on  both  anemometers .  
Therefore,  each  anemometer wind  speed  must be  corrected  by hal f of ampl i tude  A  accord ing  
to  Equations  (S. 2)  and  (S .3)  be low:  

 )sin(WD
211 corr Centre
A

VV ++=  (S. 2)  

 

 )sin(WD
22corr2 Centre
A

VV +−=  (S. 3)  

 

The flow d istortion  correction  shown  here  does  not correct to  zero  fl ow d istortion  bu t on l y 
normal izes  to  the  d i rection  where  the  flow d istortion  effect i s  the  same at both  anemometers .  
The  d i rection  at wh ich  the  fl ow d istortion  i s  zero  may be  estimated  from  the  fl ow speed  g raphs  
i n  Clause  G .4 ,  and  the  fi nal  fl ow correction  can  be  ad justed  accord ing l y.  

The  corrected  wind  speeds  can  now be  used  to  recalcu late  res iduals ,  wh ich  can  be  p lotted  i n  
the  same graph  to  show the  improvement.  The  res iduals  of the  corrected  s ignal  ( in  red)  are  
clearl y l ess  depend ing  on  wind  d i rection  than  the  orig inal  ( in  bl ue) ,  as  shown  in  F igure  S . 2.  
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Figure S.2  – F low d istortion  residuals  versus  d i rection  
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COMMISSION  ÉLECTROTECHNIQUE INTERNATIONALE  

____________  

 
SYSTÈMES DE GÉNÉRATION  D'ÉNERGIE  ÉOLIENNE –  

 
Partie  1 2-1 :  Mesures  de performance de  puissance  

des  éol iennes  de production  d 'électrici té  
 

AVANT-PROPOS 
1 )  La  Comm ission  E lectrotechn ique  I n ternational e  ( I EC)  est  une  organ isation  mond ia l e  de  normal i sation  

composée  de  l 'ensemble  des  com i tés  é l ectrotechn i ques  nati onaux (Com i tés  nationaux de  l ' I EC).  L ' I EC a  pou r 
obj et  de  favori ser l a  coopérati on  i n ternati ona le  pour tou tes  l es  questions  de  normal i sation  dans  l es  domaines  
de  l 'é l ectri ci té  et  de  l 'é l ectron ique.  A cet  effet,  l ' I EC – en tre  au tres  acti vi tés  – publ i e  des  Normes  
i n ternati ona les,  d es  Spéci fi cations  techn iques,  d es  Rapports  techn iques,  d es  Spéci fi cations  access ibles  au  
publ i c  (PAS)  et  d es  Gu ides  (ci -après  dénommés  "Publ i cation (s)  d e  l ' I EC").  Leu r é l aboration  est  confiée  à  des  
com i tés  d 'études,  aux travaux desque ls  tou t  Com i té  nationa l  i n téressé  par l e  su jet  tra i té  peut  parti ciper.  Les  
organ isati ons  i n ternational es,  gouvernementales  et  non  gouvernementa les,  en  l i a i son  avec l ' I EC,  parti cipent  
égal ement aux travaux.  L' I EC col l abore  étroi tement avec l 'Organ isation  I n ternati onal e  de  Normal i sation  ( I SO),  
selon  des  cond i ti ons  fi xées  par accord  en tre  l es  deux organ isations.  

2)  Les  décis ions  ou  accords  offi cie l s  de  l ' I EC concernant  l es  questions  techn i ques  représenten t,  dans  l a  mesure  
du  possib l e,  un  accord  i n ternational  su r l es  su jets  étud iés,  étan t  donné  q ue  l es  Com i tés  nationaux de  l ' I EC  
i n téressés  sont  représentés  dans  chaque  com i té  d 'études.   

3)  Les  Publ i cati ons  de  l ' I EC se  présentent  sous  l a  forme  de  recommandations  i n ternational es  et  sont  ag réées  
comme tel l es  par l es  Com i tés  nationaux de  l ' I EC.  Tous  l es  efforts  rai sonnables  sont  en trepri s  afi n  q ue  l ' I EC  
s 'assure  de  l ' exacti tude  du  con tenu  techn ique  de  ses  publ i cations;  l ' I EC ne  peu t pas  être  tenue  responsabl e  de  
l 'éven tuel l e  mauvaise  u ti l i sation  ou  i n terprétation  qu i  en  est  fa i te  par u n  quelconque  u ti l i sateur fi nal .  

4)  Dans  l e  bu t  d 'encou rager l 'u n i form i té  i n ternationale,  l es  Com i tés  nationaux de  l ' I EC  s 'engagent,  dans  tou te  l a  
mesure  possib le,  à  app l i quer de  façon  transparente  l es  Publ i cations  de  l ' I EC dans  l eu rs  publ i cations  nationales  
et  rég i onal es.  Tou tes  d i vergences  en tre  tou tes  Publ i cati ons  de  l ' I EC  et  tou tes  publ i cati ons  nationales  ou  
rég ionales  correspondantes  do ivent  être  i nd iquées  en  termes  cl ai rs  dans  ces  dern ières.  

5)  L ' I EC el l e-même ne  fourn i t  aucune  attestati on  de  conform i té.  Des  organ ismes  de  certi fi cation  i ndépendants  
fourn i ssent  d es  services  d 'évaluati on  de  conform i té  et,  d ans  certai ns  secteu rs,  accèdent aux marques  de  
conform i té  de  l ' I EC.  L' I EC  n 'est  responsable  d 'aucun  des  services  effectués  par l es  organ ismes  de  certi fi cati on  
i ndépendants.  

6)  Tous  l es  u ti l i sateurs  doi ven t s ' assurer qu ' i l s  sont  en  possession  de  l a  dern ière  éd i ti on  de  cette  pub l i cation .  

7)  Aucune  responsabi l i té  ne  doi t  être  imputée  à  l ' I EC,  à  ses  adm in i strateu rs,  employés,  auxi l i a i res  ou  
mandatai res ,  y compris  ses  experts  parti cu l i ers  et  l es  membres  de  ses  com i tés  d 'études  et  des  Com i tés  
nationaux de  l ' I EC,  pou r tou t  pré jud ice  causé  en  cas  de  dommages  corporel s  et  matéri e l s ,  ou  de  tou t  au tre  
dommage  de  quel que  natu re  q ue  ce  soi t,  d i recte  ou  i nd i recte ,  ou  pou r supporter l es  coû ts  (y compris  l es  fra i s  
de  j usti ce)  et  l es  d épenses  décou lant  d e  l a  publ i cati on  ou  de  l ' u ti l i sation  de  cette  Publ i cation  de  l ' I EC ou  de  
tou te  au tre  Publ i cati on  de  l ' I EC,  ou  au  créd i t  q u i  l u i  est  accordé.   

8)  L 'atten ti on  est  atti rée  sur l es  références  normatives  ci tées  dans  cette  publ i cation .  L ' u ti l i sation  de  publ i cations  
référencées  est  obl i gatoi re  pou r une  appl i cati on  correcte  de  l a  présente  publ i cati on .  

9)  L 'atten ti on  est  atti rée  su r l e  fa i t  que  certains  des  é l éments  de  l a  présente  Publ i cati on  de  l ' I EC peuvent fai re  
l 'obj et  de  d roi ts  de  brevet.  L ' I EC ne  saurai t  être  tenue  pou r responsable  de  ne  pas  avoi r i d en ti fi é  de  tel s  d roi ts  
de  brevets  et  de  ne  pas  avoi r s i gnalé  l eu r exi stence.  

La Norme i n ternationale  I EC 61 400-1 2-1  a  été  établ i e  par l e  com i té  d 'études  88  de  l ' I EC:  
Systèmes  de  génération  d 'énerg ie  éol i enne.  

Cette  deuxième éd i tion  annu le  et remplace  l a  prem ière  éd i tion  parue  en  2005.  Cette  éd i ti on  
consti tue  une  révis ion  techn ique.  Cette  éd i ti on  i nclu t  l es  mod i fications  techn iques  majeures  
su ivantes  par rapport à  l 'éd i tion  précédente:  

a)  nouvel le  défi n i ti on  de  la  vi tesse  du  ven t;  

b)  i nclus ion  du  cisai l lement du  ven t et  de  la  déviation  de  l a  trajectoire  du  vent;  

c)  correction  de  l a  masse  volum ique  de  l 'a i r;  

d )  révision  de  l 'éta lonnage  du  s i te;  

e)  révision  de  l a  défin i tion  de  l a  courbe  de  pu issance;  
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f)  i n terpolation  de  la  méthode  u ti l i sant le  cen tre  de  l a  tranche;  

g )  révision  du  modèle  d 'obstacle;  

h )  clari fication  des  exigences  re lati ves  à  l a  topograph ie;  

i )  nouvel le  annexe  sur l a  d i stors ion  de  l 'écou lement produ i te  par l e  mât;  

j )  révision  de  l a  cl assi fication  des  anémomètres;  

k)  i nclus ion  des  anémomètres  à  u l trasons;  

l )  a jout d 'une  annexe  sur l es  cl imats  fro ids ;  

m )  mod i fication  de  l a  base  de  données  A en  base  de  données  spécia le;  

n )  révision  de  l 'annexe sur l ' i ncerti tude;  

o)  i nclus ion  de  l a  té lédétection .  

L' I EC 61 400-1 2-2  est un  complément à  l ' I EC 61 400-1 2-1 .  

Le  texte  de  cette  norme est i ssu  des  documents  su ivants:  

FDIS  Rapport  de  vote  

88/61 0/FDIS  88/61 7/RVD  

 
Le  rapport de  vote  i nd iqué  dans  le  tableau  ci -dessus  donne  tou te  i n formation  sur l e  vote  ayan t 
abouti  à  l 'approbation  de  cette  norme.  

Une  l i s te  de  tou tes  l es  parties  de  la  série  I EC 61 400,  publ i ées  sous  l e  ti tre  général  Systèmes 
de génération d'énergie éolienne ,  peu t être  consu l tée  sur l e  s i te  web  de  l ' I EC.  

Les  fu tures  normes  de  cette  série  porteron t dorénavant l e  nouveau  ti tre  général  ci té  ci -
dessus.  Le  ti tre  des  normes  existant déj à  dans  cette  série  sera  m is  à  j our l ors  de  l a  prochaine  
éd i tion .  

Cette  publ ication  a  été  réd igée  selon  l es  D irectives  I SO/I EC,  Partie  2 .  

Le  com ité  est conscient que  l a  m ise  en  œuvre  de  cette  révis ion  est considérablement p lus  
complexe,  voi re  p l us  d i ffici le .  Néanmoins,  l e  com i té  tente  de  tra i ter de  son  m ieux l es  
questions  re latives  à  l 'exploi tation  des  grandes  éol iennes  sous  un  ci sa i l l emen t du  ven t 
important et sur un  terra in  complexe.  Le  com i té  recommande que  l es  nouvel l es  techn iques  
présentées  soient imméd iatement val i dées  par des  l aboratoi res  d 'essais  dans  le  cadre  
d 'essais  d 'apti tude  i n terlaboratoi res.  Le  com i té  recommande de  réd iger,  dans  les  trois  ans  qu i  
su ivent l a  publ ication  du  présent document,  un  Rapport de  Révis ion  de  main tenance 
con tenant des  recommandations,  des  clari fications  et des  s impl i fications  qu i  amél ioreron t l a  
m ise  en  œuvre  pratique  de  la  présente  norme.  S i  nécessai re,  i l  convien t de  proposer une  
révision  au  moment de  l ' i n tégration  de  ces  recommandations,  cl ari fications  et s impl i fications.  
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Le  com i té  a  décidé  que  l e  con tenu  de  cette  publ i cation  ne  sera  pas  mod i fié  avant l a  date  de  
stabi l i té  i nd iquée  sur l e  s i te  web  de  l ' I EC sous  "h ttp: //webstore. iec.ch "  dans  l es  données 
re lati ves  à  l a  publ ication  recherchée.  A cette  date,  l a  publ ication  sera   

•  recondu i te,  

•  supprimée,  

•  remplacée  par une  éd i tion  révisée,  ou  

•  amendée.  

 

IMPORTANT – Le  logo "colour inside" qui  se  trouve sur l a  page de  couverture de  cette  
publ ication  ind ique qu 'el le  contient des  cou leurs  qu i  sont considérées  comme uti l es  à  
une bonne compréhension  de  son  contenu.  Les  u ti l i sateurs  devraient,  par conséquent,  
imprimer cette  publ ication  en  u ti l i sant une imprimante cou leur.  
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INTRODUCTION  

L'obj ecti f de  l a  présente  partie  de  l ' I EC  61 400  est de  fourn i r une  méthodolog ie  un i forme qu i  
garanti ra  l a  cohérence,  l a  précis ion  et l a  reproductib i l i té  de  la  mesure  et de  l 'anal yse  de  l a  
performance de  pu issance des  éol iennes.  La  présen te  norme a  été  établ i e  en  vue  d 'être  
appl iquée  par:  

a)  l es  fabricants  d 'éol i ennes  dans  le  cadre  de  l eurs  efforts  pour satisfa i re  à  des  exigences  de  
performance de  pu issance b ien  défin ies  et/ou  à  un  système de  déclaration  éven tuel ;  

b)  l es  acheteurs  d 'éol i ennes  l ors  de  l a  spéci fication  de  te l l es  exigences  de  performance;  

c)  l es  opérateurs  d 'éol i ennes  qu i  peuvent devoir véri fi er que  les  un i tés  neuves  ou  rem ises  en  
état  satisfont  aux spéci fications  de  performance  de  pu issance  ind iquées,  voi re  exigées;  

d )  l es  au tori tés  d 'u rban isme ou  de  régu lation  en  matière  d 'éol iennes,  qu i  doiven t être  en  
mesure  de  défin i r de  man ière  j uste  et acceptab le  l es  caractéristiques  de  performance de  
pu issance des  éol i ennes  au  ti tre  de  l a  rég lementation  ou  des  exigences  relati ves  aux 
au torisations  appl icables  aux instal l ations  neuves  ou  mod i fiées.  

Le  présent document fourn i t des  l i gnes  d i rectrices  sur l a  mesure,  l ' anal yse  et l a  consignation  
des  rapports  d 'essai  de  performance de  pu issance des  éol i ennes.  Le  document  concerne  l es  
parties  impl i quées  dans  l a  fabrication ,  l a  p l an i fication  d ' i nsta l lation  et l a  dél i vrance  de  perm is,  
l 'explo i tation ,  l 'u ti l i sation  et l a  rég lementation  des  éol i ennes.  I l  convient  que  toutes  l es  parties  
appl iquen t l es  techn iques  de  mesure  et d 'anal yse  techn iquement précises  recommandées  
dans  la  présente  norme pour garan ti r le  développement et l 'exploi tation  en  conti nu  des  
éol iennes  dans  un  cl imat de  commun ication  cohéren te  et exacte  vis-à-vis  de  l a  performance  
des  éol i ennes.  Le  présent document décri t  les  procédures  de  mesure  et de  rapport qu i  sont 
répu tées  donner des  résu l tats  précis  pouvant être  reprodu i ts  par d 'au tres  personnes.  D 'autre 
part,  i l  convien t que  les  u ti l i sateurs  de  l a  présen te  norme soien t i n formés  des  d i fférences  qu i  
apparaissent en  cas  de  variations  importantes  du  cisai l l ement du  ven t et des  tu rbu lences.  Par 
conséquent,  i l  convient que  les  u ti l i sateurs  ti ennent compte  de  l ' i n fl uence  de  ces  d i fférences  
a ins i  que  des  cri tères  de  choix des  données  par rapport à  l 'objecti f de  l 'essai  avan t de  
procéder aux mesures  de  performance de  pu issance.  

La  mesure  de  l a  vi tesse  du  vent consti tue  un  élément fondamental  des  essais  de  performance 
de  pu issance.  Pour mesurer le  ven t,  l e  présen t document prescri t  l 'u ti l i sation  d 'anémomètres  
à  coupel l es,  d 'anémomètres  à  u l trasons  ou  de  d ispos i ti fs  de  té lédétection  (RSD,  Remote 
Sensing Device)  u ti l i sés  en  con j onction  avec des  anémomètres.  Même si  l es  procédures  
appropriées  sont appl iquées  pour l 'éta lonnage/la  va l idation  et  l a  classi fication ,  l a  nature  
même du  pri ncipe  de  mesure  de  ces  d ispos i ti fs  peut a l térer l eur fonctionnement.  Ces  
i nstruments  sont rés istan ts  et ont été  j ugés  appropriés  pour ce  type  d 'essai ,  à  ceci  près  que  
certains  d 'en tre  eux son t l im i tés  à  des  classes  spéci fi ques  de  terrains .  

Sachant que  l a  ta i l l e  des  éol i ennes  ne  cesse  d 'augmenter,  l a  vi tesse  du  ven t mesurée  à  une  
même hau teur est de  moins  en  moins  susceptib le  de  représen ter avec précis ion  l a  vi tesse  du  
ven t traversant l e  rotor de  l 'éol ienne  dans  son  ensemble.  Par conséquent,  l a  présente  norme 
i n trodu i t  une  défin i ti on  supplémentai re  de  la  vi tesse  du  ven t.  Auparavant,  la  vi tesse  du  ven t 
éta i t mesurée  à  l a  hau teur du  moyeu  seu lement.  A présent,  cette  caractéristi que  peu t être  
complétée  par l a  vi tesse  du  vent équ iva len te  du  rotor (REWS,  Rotor Equivalent Wind Speed) ,  
déterm inée  par une  combinaison  ari thmétique  de  mesures  s imu l tanées  de  l a  vi tesse  du  vent à  
d i fférentes  hau teurs  a l l ant de  l 'extrém ité  i n férieure  à  l 'extrém i té  supérieure  du  rotor,  couvran t 
a ins i  l a  tota l i té  du  d iamètre  du  rotor.  Les  courbes  de  pu issance défin ies  par l a  vi tesse  du  vent 
à  l a  hauteur du  moyeu  et par l a  REWS ne  sont pas  i den tiques;  l a  courbe  de  pu issance de  la  
vi tesse  du  vent à  la  hau teur du  moyeu  est tou j ours  présentée  à  ti tre  de  comparaison  
l orsqu 'une  courbe  de  pu issance  de  REWS est mesurée.  En  ra ison  de  cette  d i fférence de  
défin i tion  de  la  vi tesse  du  vent,  l a  production  annuel le  d 'énerg ie  (AEP)  dédu i te  à  parti r de  la  
combinaison  d 'une  courbe  de  pu issance mesurée  et d 'une  d istribu tion  des  vi tesses  du  ven t 
u ti l i se  une  courbe  de  pu issance et  une  d istribu tion  des  vi tesses  du  vent  qu i  appl iquent l a  
même défin i ti on  de  l a  vi tesse  du  ven t.   
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Les  procédures  de  class i fication  des  anémomètres  à  coupel les  et à  u l trasons  son t données  
aux Annexes  I  et  J .  Les  procédures  de  class i fication  des  d ispos i ti fs  de  té lédétection  sont  
données  à  l 'Annexe  L.  I l  convient de  porter une  attention  particu l ière  au  choix des  instruments  
u ti l i sés  pour mesurer l a  vi tesse  du  ven t car ce  choix peu t i n fl uencer l e  résu l tat de  l 'essai .  
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SYSTÈMES DE GÉNÉRATION  D'ÉNERGIE  ÉOLIENNE –  
 

Partie  1 2-1 :  Mesures  de performance de  puissance  
des  éol iennes  de production  d 'électrici té  

 
 
 

1  Domaine d 'appl ication  

La présente  partie  de  l ' I EC  61 400  spéci fi e  une  procédure  de  mesure  des  caractéristi ques  de  
performance de  pu issance  d 'une  éol i enne  s imple  et  s 'appl ique  aux essais  d 'éol iennes  
raccordées  au  réseau  é lectrique  de  tous  types  et de  tou tes  ta i l l es .  En  ou tre,  l a  présente  
norme décri t u ne  procédure  qu i  doi t être  u ti l i sée  pour déterm iner l es  caractéristi ques  de  
performance de  pu issance  des  peti tes  éol i ennes  (défin ies  dans  l ' I EC  61 400-2)  raccordées  soi t 
au  réseau  é lectri que,  soi t  à  un  banc de  batteries.  La  procédure  peu t être  u ti l i sée  pour évaluer 
l a  performance d 'éol i ennes  spéci fiques  sur des  s i tes  spéci fiques,  mais  l a  méthodolog ie  peu t 
également être  u ti l i sée  pour procéder à  des  comparaisons  génériques  en tre  d i fférents  
modèles  d 'éol iennes  ou  d i fférents  rég lages  d 'éol i ennes  l orsque  l es  i n fl uences  des  cond i tions  
spéci fiques  au  s i te  et du  fi l trage  de  données  son t étud iées.  

Les  caractéristi ques  de  performance  de  pu issance des  éol iennes  son t déterm inées  par l a  
courbe  de  pu issance  mesurée  et l a  production  annuel l e  d 'énerg ie  (AEP)  estimée.  La  courbe 
de  pu issance mesurée,  défin ie  comme la  re lation  en tre  l a  vi tesse  du  ven t et la  pu issance de  
sortie  de  l 'éol ienne,  est  déterm inée  en  compi lant des  mesures  s imu l tanées  des  variables  
météorolog iques  (notamment l a  vi tesse  du  ven t),  a ins i  que  des  s i gnaux d 'éol i ennes  
(notamment l a  pu issance de  sortie)  sur le  s i te  d 'essai  pendant une  périod e  suffisamment 
l ongue  pour consti tuer une  base  de  données  statisti quement s i gn i ficative  sur une  plage  
donnée de  vi tesses  du  ven t et dans  des  cond i tions  de  vent  et des  cond i ti ons  atmosphériques  
variables.  La  production  annuel l e  d 'énerg ie  (AEP)  est ca lcu lée  en  appl i quant l a  courbe  de  
pu issance  mesurée  aux d istribu tions  de  fréquence  de  vi tesses  du  ven t de  référence,  en  
prenan t pour h ypothèse  une  d ispon ibi l i té  de  1 00  %.  

Le  présent document décri t une  méthodolog ie  de  mesure  qu i  exige  que  l es  valeu rs  de  l a  
courbe  de  pu issance  mesurée  et de  la  production  d 'énerg ie  dédu i te  soient complétées  par 
une  évaluation  des  sources  d ' i ncerti tude  et de  l eu rs  effets  associés.   

2  Références  normatives  

Les  documents  su ivan ts  ci tés  dans  l e  texte  consti tuen t,  pour tou t ou  partie  de  l eur contenu ,  
des  exigences  du  présen t document.  Pour l es  références  datées,  seu le  l ’éd i ti on  ci tée  
s ’appl ique.  Pour l es  références  non  datées,  la  dern ière  éd i ti on  du  document de  référence  
s 'appl i que  (y compris  l es  éven tuels  amendements) .  

I EC 60688:201 2 ,  Transducteurs électriques de mesure convertissant les grandeurs 
électriques alternatives ou continues en signaux analogiques ou numériques  

I EC 61 400-1 2-2 :201 3,  Eoliennes – Partie 12-2: Performance de puissance des éoliennes de 
production d'électricité basée sur l'anémométrie de nacelle  

I EC 61 869-1 : 2007,  Transformateurs de mesure – Partie 1 :  Exigences générales  

I EC 61 869-2: 201 2,  Transformateurs de mesure  – Partie  2: Exigences supplémentaires 
concernant les transformateurs de  courant 

IEC 61 869-3: 201 1 ,  Transformateurs de mesure – Partie  3:  Exigences supplémentaires 
concernant les transformateurs inductifs de tension   
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I SO/IEC Gu ide  98-3:2008 ,  Incertitude de mesure – Partie  3: Guide pour l'expression de 
l'incertitude de  mesure  (GUM:1995)  

ISO/IEC 1 7025: 2005,  Exigences générales concernant la  compétence des laboratoires 
d'étalonnages et d'essais 

ISO/IEC 1 7043: 201 0,  Evaluation de la  conformité – Exigences générales concernant les 
essais d'aptitude  

I SO  2533: 1 975,  Atmosphère type  

I SO  3966: 2008,  Mesurage du débit des fluides dans les conduites fermées – Méthode 
d'exploration  du champ des vitesses au moyen de tubes de Pitot doubles  

3 Termes et défin i tions  

Pour les  besoins  du  présent document,  l es  termes  et défin i tions  su ivan ts  s 'appl iquen t.  

L' I SO  et l ' I EC tiennen t à  j our des  bases  de  données  term inolog iques  desti nées  à  être  u ti l i sées  
en  normal isation ,  consu l tables  aux adresses  su ivantes:  

•  I EC E lectroped ia:  d ispon ible  à  l ' adresse  h ttp: //www.electroped ia .org/  

•  I SO  On l ine  browsing  p latform :  d ispon ib le  à  l ' adresse  h ttp: //www. iso. org /obp  

3. 1   
précision  
étroi tesse  de  la  correspondance entre  l e  résu l tat d 'une  mesure  et une  valeur vraie  du  
mesurande  

3.2   
production  annuel le  d 'énerg ie  
AEP  
estimation  de  la  production  totale  d 'énerg ie  d 'une  éol i enne  pendant un  an  en  appl i quant l a  
courbe  de  pu issance mesurée  à  d i verses  d istribu tions  de  fréquence de  vi tesses  du  vent de  
référence  à  l a  hauteur du  moyeu ,  en  supposant une  d ispon ibi l i té  de  1 00  %  

Note  1  à  l 'arti cl e:  L 'abrévi ati on  "  AEP  "  est  déri vée  d u  terme ang lai s  dével oppé  correspondant  "annual energy 
production" .  

3.3   
stabi l i té  atmosphérique  
mesure  de  l a  tendance du  vent à  stimu ler ou  i nh iber l e  brassage vertical  

Note  1  à  l ' arti cl e:  Une  atmosphère  stable  est  caractéri sée  par un  g rad i ent  de  températu re  é l evé  avec l 'a l ti tude,  un  
fort  ci sai l l ement  du  ven t,  une  éven tuel l e  d éviation  de  l a  tra j ectoi re  du  vent  et  de  fa i b les  tu rbu lences  par rapport  aux 
cond i ti ons  i nstables.  Une  atmosphère  neutre  et  i nstable  se  tradu i t  général ement  par d e  fai bles  grad ients  de  
températu re  et  un  fai ble  ci sai l l ement du  ven t.   

3.4   
terrain  complexe  
terra in  entouran t l e  s i te  d 'essai ,  et  présentant des  variations  topograph iques  notables  et des  
obstacles  (voir 3 . 1 8)  pouvant en traîner une  d istorsion  de  l 'écou lement de  l 'a i r  

3.5   
vi tesse de  démarrage  
vi tesse  du  ven t l a  p lus  basse  à  l aquel le  une  éol i enne  commence  à  fourn i r une  pu issance  

http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=50626
http://www.iso.org/obp
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3.6   
vi tesse de  coupure  
vi tesse  à  laquel l e  une  éol i enne  est coupée du  réseau  é lectrique  en  ra ison  d 'une  vi tesse  
é levée  du  ven t  

3.7   
ensemble  de  données  
col l ection  de  données  qu i  ont  été  échanti l lonnées  sur une  période  continue  

3.8   
constante de  d istance  
i nd ication  du  temps  de  réponse  d 'un  anémomètre  défin ie  comme la  l ongueur de  l 'écou lement 
d 'a i r qu i  doi t passer à  travers  l ' i nstrument afin  que  celu i -ci  i nd ique  63  %  de  l a  va leur finale  
pour une  variation  en  échelon  de  la  vi tesse  du  vent en  entrée  

3.9   
courbe de  pu issance  extrapolée  
prolongement de  l a  cou rbe  de  pu issance mesurée  obtenu  en  estimant l a  production  de  
pu issance  en tre  la  vi tesse  maximale  du  ven t mesurée  et l a  vi tesse  de  coupure  

3. 1 0   
d istorsion  de  l 'écoulement  
changement dans  l 'écou lement de  l 'a i r causé  par des  obstacles,  des  variations  
topograph iques  ou  par d 'au tres  éol i ennes,  qu i  se  tradu i t  par un  écart en tre  la  vi tesse  du  ven t 
au  poin t  de  mesure  et  l a  vi tesse  du  ven t à  l 'emplacement de  l 'éol ienne   

3. 1 1   
hauteur du  moyeu  (des  éol i ennes)  
hau teur du  cen tre  de  la  surface  balayée par l e  rotor de  l 'éol ienne  par rapport au  sol  au  n iveau  
du  mât 

Note  1  à  l 'arti cl e:  Pou r une  éol i enne  à  axe  verti cal ,  l a  hau teur du  moyeu  est  l a  hau teu r du  cen troïde  de  l a  su rface  
balayée  par l e  rotor par rapport  au  sol  au  n i veau  du  mât.   

3. 1 2   
courbe de  pu issance  mesurée  
tableau  et graph ique  représentant l a  pu issance  de  sortie  nette  d 'une  éol i enne  mesurée,  
corrigée  et  normal isée,  en  fonction  de  l a  vi tesse  du  ven t mesurée  se lon  une  procédure  de  
mesure  b ien  défin ie  

3. 1 3   
période  de  mesure  
période  pendant  l aquel l e  une  base  de  données  statisti quement s ign i ficati ve  a  été  recuei l l ie  
pour l 'essai  de  performance de  pu issance  

3. 1 4   
secteur de  mesure  
secteur des  d i rections  du  ven t dans  lequel  l es  données  sont chois ies  pour l a  courbe  de  
pu issance  mesurée  

3. 1 5   
méthode des  tranches  
procédure  de  réduction  des  données  selon  l aquel le  l es  données  d 'essai  pour un  paramètre  
donné  son t groupées  en  i n terval l es  (tranches)  

Note  1  à  l 'arti cl e:  Pou r chaque  tranche,  l e  nombre  d 'ensembles  de  données  ou  d 'échanti l l ons  et  l eu r somme son t 
enreg istrés,  et  l a  moyenne  de  l a  val eu r d u  paramètre  à  l ' i n téri eur de  chaque  tranche  est  cal cu lée.  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 283  – 

3. 1 6   
pu issance électrique  active nette   
mesure  de  l a  pu issance de  sortie  é lectrique  de  l 'éol i enne  fourn ie  au  réseau  é lectrique  

3. 1 7   
maintenance  normale  
toute  i n tervention  effectuée  conformément à  un  programme de  maintenance  régu l i ère  défin ie,  
i ndépendamment de  tou t essai  de  performance de  pu issance,  par exemple  un  changement 
d 'hu i l e,  un  l avage  des  pales  (s ' i l  est nécessaire,  i ndépendamment de  l 'essai  de  performance 
de  pu issance)  et tou te  i n tervention  ne  re levant pas  du  programme de  main tenance régu l ière,  
(par exemple  la  réparation  d 'un  composant défectueux)  et ne  consti tuan t pas  une  mod i fication  
de  configuration  de  la  mach ine  

3. 1 8   
obstacles  
objets  faisant obstacle  au  vent et créan t une  d istors ion  de  l 'écou lement,  te ls  que  des  
bâtiments  et des  arbres  

3. 1 9   
ang le  de  pas  
ang le  en tre  la  corde  à  un  endroi t  défi n i  du  rayon  de  la  pa le  (habi tue l l ement à  1 00  %  du  rayon  
de  la  pa le)  et l e  p lan  de  rotation  du  rotor 

3.20   
coefficient  de  pu issance  
rapport de  la  pu issance  é lectrique  nette  d 'une  éol i enne,  à  l a  pu issance  d ispon ible  dans  le  
ven t en  écou lement l ibre  sur l a  surface  balayée  par l e  rotor  

3.21   
performance de  pu issance  
mesure  de  l 'apti tude  d 'une  éol i enne  à  produ i re  de  l a  pu issance  et de  l 'énerg ie  é lectriques  

3.22   
pu issance assignée  
quanti té  de  pu issance  assignée,  généralement par un  fabrican t,  pour une  cond i ti on  
d 'exploi tation  spéci fiée  d 'un  composan t,  d 'un  d ispos i ti f ou  d 'un  matérie l  

3.23   
vi tesse du  vent  équ ivalente  du  rotor 
vi tesse  du  vent correspondant au  fl ux d 'énerg ie  ci nétique  traversant la  surface  balayée  par le  
rotor en  tenan t compte  de  la  variation  de  l a  vi tesse  du  vent  en  fonction  de  l a  hau teur,  
représentée  à  l 'Equation  (5)  

3.24  
maintenance  spéciale  
toute  i n tervention  ne  re levant pas  du  programme de  main tenance régu l ière  et ne  consti tuan t 
pas  une  mod i fication  de  configuration  de  la  mach ine,  c'est-à-d i re  tou te  i n terven tion  effectuée  
dans  l e  bu t d 'amél iorer l a  performance de  pu issance au  cours  d 'une  période  d 'essai ,  par 
exemple  lavage  des  pales  non  programmé ou  remplacement d 'un  composant essentie l  

3.25   
incerti tude-type  
i ncerti tude  du  résu l tat  d 'une  mesure  exprimée sous  l a  forme d 'un  écart-type  

3.26   
surface balayée  
pour une  éol ienne  à  axe  horizon tal ,  su rface  proj etée  par l e  rotor mobi le  sur un  p lan  
perpend icu la i re  à  l 'axe  de  rotation  
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Note  1  à  l 'arti cl e:  Pou r l es  rotors  à  bal ancier,  i l  convi en t  de  prend re  pou r hypothèse  que  l e  rotor reste  
perpend icu l a i re  par rapport  à  l ' arbre  primai re.  Pou r u ne  éol i enne  à  axe  verti cal ,  su rface  proj etée  par l e  rotor mobi l e  
sur un  p l an  verti cal .  

3.27   
s i te  d 'essai  
emplacement de  l 'éol ienne  à  l 'essai  et  ses  environs  

3.28   
incerti tude de  mesure  
paramètre,  associé  au  résu l tat d 'un  mesurage,  qu i  caractérise  l a  d ispers ion  des  valeurs  qu i  
pourra ien t ra isonnablement être  attribuées  au  mesurande  

3.29   
matériel  de  mesure  du  vent  
mât météorolog ique  ou  d i spos i ti f de  télédétection  

3.30   
cisai l lement  du  vent  
variation  de  l a  vi tesse  du  vent  en  fonction  de  l a  hauteur sur l e  rotor de  l 'éol i enne  

3.31   
exposant de  cisai l l ement du  vent  
exposant α  de la  l o i  exponentie l le  défi n issan t l a  variation  de  l a  vi tesse  du  ven t en  fonction  de  
la  hau teur  

Note  1  à  l ' arti cl e:  Ce  paramètre  est  u ti l i sé  comme mesure  de  l 'ampl i tude  du  ci sai l l ement  d u  ven t pou r l ' étal onnage  
du  s i te  de  l 'Annexe  C  et  peu t  ê tre  u ti l e  à  d 'au tres  égards.  L 'équation  exponentie l l e  est  l a  su i van te:  

 
α









=

H

z
vv i

i hz  ( 1 )  

où  

vh  est  l a  vi tesse  d u  ven t à  l a  hau teur du  moyeu ;  

H est  l a  hau teu r du  moyeu  (m );   

vzi  est  l a  vi tesse  d u  ven t à  l a  hau teur zi  

α  est  l 'exposant  de  ci sai l l ement du  ven t.  

3.32   
déviation  de  l a  trajectoi re  du  vent  
variation  de  l a  d i rection  du  vent en  fonction  de  l a  hau teur su r l e  rotor de  l 'éol ienne  

4 Symboles  et uni tés  

A  surface  ba layée  par le  rotor de  l 'éol ienne  [m2 ]  

A i  surface  du  ie  segment du  rotor de  l 'éol ienne  [m 2 ]  

Aw  facteur d 'échel l e  de  Weibu l l  [m /s]  

AEP  production  annuel l e  d 'énerg ie  [Wh]  

B  press ion  atmosphérique  [Pa]  

B1 0m in  pression  atmosphérique  moyennée  sur une  période  de  1 0  m in  [Pa]  

Ch  coefficien t de  l a  tête  du  tube  de  P i tot  

CP, i  coefficien t de  pu issance dans  l a  tranche i  

CQA  coefficien t de  couple  aérodynam ique  général isé  

CT  coefficien t de  poussée  

c  facteur de  sens ib i l i té  d 'un  paramètre  (dérivée  partie l le)  
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cB, i  facteur de  sensib i l i té  de  l a  pression  atmosphérique    
dans  l a  tranche  i  [W/Pa]  

cd , i  facteur de  sensib i l i té  du  système d 'acqu is i ti on  de  données    
dans  l a  tranche  i  

c i ndex  facteur de  sens ib i l i té  du  paramètre  d ' i nd ice  

ck, i  facteur de  sensib i l i té  de  l a  composan te  k  d ans  l a  tranche i  

cT, i  facteur de  sens ib i l i té  de  l a  température  de  l 'a i r dans  l a  tranche  i  [W/K]  

cV, i  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent dans  l a  tranche i  [Ws/m ]  

cρ , i  facteur de  sens ib i l i té  de  l a  correction  de  la  masse  volum ique    
de  l 'a i r dans  l a  tranche  i  [Wm3/kg ]  

D   d iamètre  du  rotor [m ]  

De  d iamètre  équ ivalen t du  rotor [m ]  

Dn  d iamètre  du  rotor de  l 'éol ienne  vois ine  en  exploi tation  [m ]  

d  d iamètre  du  mât météorolog ique  [m ]  

F(V)  fonction  de  d is tribu tion  de  probabi l i té  cumu lative  de  Rayleigh    
pour l a  vi tesse  du  ven t 

fi  occurrence  re lati ve  de  la  vi tesse  du  ven t dans  un  i n terval l e    
de  vi tesse  du  ven t  

fr,MM  facteur de  correction  du  cisai l l ement du  ven t,  mesuré  à  l 'a ide    
d ' i nstruments  montés  sur l e  mât météorolog ique  

fr,RSD  facteur de  correction  du  cisai l l ement du  ven t,  mesuré  à  l 'a ide    
d 'un  d ispos i ti f de  té lédétection  

H hau teur du  moyeu  de  l 'éol ienne  [m ]  

h  hau teur de  l 'obstacle  [m ]  

I i nertie  du  rotor de  l 'anémomètre  à  coupel les  [kgm 2 ]  

k numéro de  classe  

k facteur de  forme de  Weibu l l  

kb  facteur de  correction  de  l 'obstruction  

kc  facteur d 'éta lonnage  de  l a  soufflerie  

kf  facteur de  correction  de  l a  soufflerie  par rapport aux autres    
souffleries  (un iquement u ti l i sé  pour les  estimations  de  l ' i ncerti tude)  

kρ  facteur de  correction  d 'hum id i té  par rapport à  l a  masse  volum ique  

KB, t  sens ib i l i té  du  baromètre  [N /m 2V]  

KB, s  ga in  du  baromètre   

KB, d  convers ion  d 'échanti l lonnage  du  baromètre  

KT, t  sens ib i l i té  du  transducteur de  température  [K/A]  

KT, s  ga in  du  transducteur de  température  [A/V]  

KT, d  convers ion  d 'échanti l lonnage  du  transducteur de  température  

Kp, t  sens ib i l i té  du  transducteur de  pression  

Kp, s  ga in  du  transducteur de  pression  

Kp, d  conversion  d 'échanti l lonnage  du  transducteur de  press ion  

Lm  d istance  en tre  les  p ieds  ad j acents  du  mât météorolog ique  en  tre i l l i s  [m ]  

L  d i stance  entre  l 'éol i enne  et  le  matérie l  de  mesure   

 du  ven t  [m ]  

Le  d i stance  entre  l 'éol i enne  ou  le  matérie l  de  mesure   

 du  ven t et  un  obstacle  [m ]  

Ln  d i stance  entre  l 'éol i enne  ou  le  matérie l  de  mesure  du  vent  

 et  une  éol i enne  vois ine  en  exploi tation  [m ]  
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lh  hau teur de  l 'obstacle  [m ]  

lw  l argeur de  l 'obstacle  [m ]  

M nombre  de  composantes  d ' incerti tude  dans  chaque  tranche  

MA  nombre  de  composantes  d ' incerti tude  de  catégorie  A 

MB  nombre  de  composantes  d ' incerti tude  de  catégorie  B  

N nombre  de  tranches  

Nh  nombre  d 'heures  dans  une  année ≈  8760  [h ]  

Ni  nombre  d 'ensembles  de  données  de  1 0  m in  dans  l a  tranche  i    
de  vi tesse  du  ven t  

Nj  nombre  d 'ensembles  de  données  de  1 0  m in  dans  l a  tranche  j    
de  d i rection  du  vent  

n  nombre  d 'échanti l lons  dans  un  i n terval l e  d 'échan ti l l onnage  

nh  nombre  de  hauteurs  de  mesure  d ispon ibles  

Po  poros i té  d 'un  obstacle  (0:  sol i de,  1 :  aucun  obstacle)  

Pi  pu issance  de  sortie  normal isée  et  moyennée dans  l a  tranche  i  [W]  

Pn  pu issance  de  sortie  normal isée  [W]  

Pn , i, j  pu issance  de  sortie  normal isée  de  l 'ensemble  de  données  j    
dans  l a  tranche  i  [W]  

P1 0m in  pu issance  moyennée sur une  période  de  1 0  m in  [W]  

Pw  pression  de  vapeur [Pa]  

QA  couple  aérodynam ique  [Nm ]  

Qf  couple  de  frottement  [Nm]  

R  rayon  du  rotor [m ]  

R0  constan te  des  gaz pour l 'a i r sec (287, 05)  [J /kgK]  

Rd  d i stance  j usqu 'au  centre  du  mât météorolog ique  [m ]  

Rw  constan te  des  gaz pour l a  vapeur d 'eau  (461 , 5)  [J /kgK]  

RSD  d isposi ti f de  té lédétection  

r  coefficien t de  corré lation  

s  composan te  d ' incerti tude-type  de  catégorie  A 

sA  i ncerti tude-type  de  catégorie  A sur l e  chronogramme de  la  vi tesse    
du  ven t dans  la  souffl erie  

sk, i  i ncerti tude-type  de  catégorie  A sur l a  composante  k  d ans    
l a  tranche  i  

si  i ncerti tudes  composées  de  catégorie  A dans  l a  tranche i  

sP, i  i ncerti tude-type  de  catégorie  A sur l a  pu issance dans  la  tranche  i  [W]  

ssc  i ncerti tude-type  de  catégorie  A sur l 'éta lonnage  du  s i te  [m /s]  

sw, i  i ncerti tude-type  de  catégorie  A sur l es  variations  cl imatiques  [Wh]  

sα , j  i ncerti tude-type  de  catégorie  A sur l es  rapports  de  vi tesses    
du  ven t dans  la  tranche  j  

S so l i d i té  du  mât météorolog ique  

T température  absolue  [K]  

TI i n tens i té  des  turbu lences  (" turbulence intensity")  

T1 0m in  température  absolue  de  l 'a i r moyennée sur une  période  de  1 0  m in  [K]  

t  temps  [s]  

U vi tesse  du  ven t  [m /s]  

Ud  défici t  de  vi tesse  du  vent de  l 'axe  central  [m /s]  

Ueq  vi tesse  horizon ta le  du  vent  équ iva len te  [m /s]  
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Ui  vi tesse  du  ven t dans  la  tranche  i  [m /s]  

Ut  seu i l  de  vi tesse  du  vent  [m /s]  

U vecteur de  vi tesse  du  vent  

u  composan te  d ' incerti tude-type  de  catégorie  B  

uAEP  i ncerti tude-type  composée sur l a  production  annuel le    
d 'énerg ie  estimée  [Wh]  

uB, i  i ncerti tude-type  de  catégorie  B  sur l a  pression  atmosphérique    
dans  l a  tranche  i  [Pa]  

uc, i  i ncerti tude-type  composée sur l a  pu issance  dans  l a  tranche  i  [W]  

u i  i ncerti tudes  composées  de  catégorie  B  dans  l a  tranche i  

u i ndex  i ncerti tude-type  de  catégorie  B  sur l e  paramètre  d ' i nd ice  

uk, i  i ncerti tude-type  de  catégorie  B  sur l a  composante  k  d ans    
l a  tranche  i  

uP, i  i ncerti tude-type  de  catégorie  B  sur l a  pu issance dans  la  tranche  i  [W]  

uV, i  i ncerti tude-type  de  catégorie  B  sur l a  vi tesse  du  ven t dans    
l a  tranche  i  [m /s]  

uT , i  i ncerti tude-type  de  catégorie  B  sur l a  température  de  l 'a i r dans    
l a  tranche  i  [K]  

uα , i , j  i ncerti tude-type  composée  sur l 'éta lonnage  du  s i te  dans    
l a  tranche  i  de vi tesse  du  vent  et dans  l a  tranche  j  d e  d i rection   

 du  ven t  [m /s]  

uρ , i  i ncerti tude-type  de  catégorie  B  sur l a  correction  de  l a  masse    
vo lum ique  de  l 'a i r dans  l a  tranche  i  [kg/m 3 ]  

V vi tesse  du  ven t  [m /s]  

Vave  moyenne  annuel le  de  la  vi tesse  du  ven t à  l a  hau teur du  moyeu  [m /s]  

Vi  vi tesse  du  ven t normal isée  et  moyennée  dans  l a  tranche  i  [m /s]  

Vn  vi tesse  du  ven t normal isée  [m /s]  

Vn , i , j  vi tesse  du  ven t normal isée  de  l 'ensemble  de  données  j  d ans    
l a  tranche  i  [m /s]  

V1 0m in  vi tesse  du  ven t moyennée sur une  période  de  1 0  m in  [m /s]  

v  composante  de  la  vi tesse  du  vent transversale  [m /s]  

v  vi tesse  moyenne  de  l 'écou lement d 'a i r  [m /s]  

veq  vi tesse  du  ven t équ ivalen te  mesurée  [m /s]  

veq , fi nal  vi tesse  du  ven t équ iva len te  du  rotor fi na le  [m /s]  

veq ,MM  vi tesse  du  ven t équ iva len te  mesurée  à  l 'a ide  d 'un  mât   
météorolog ique  [m /s]  

veq ,RSD  vi tesse  du  ven t équ ivalen te  mesurée  à  l 'a ide  d 'un  d ispos i ti f   
de  té lédétection  [m /s]  

vh  vi tesse  du  ven t à  l a  hau teur du  moyeu  [m /s]  

vh ,MM  vi tesse  du  ven t mesurée  à  l a  hau teur du  moyeu  à  l 'a ide  d 'un    
mât météorolog ique  [m /s]  

vhn  vi tesse  du  ven t normal isée  mesurée  à  l a  hau teur du  moyeu    
pour un  profi l  spéci fi que  de  cisa i l l ement du  vent  [m /s]  

vh ,RSD  vi tesse  du  ven t mesurée  à  l a  hau teur du  moyeu  à  l 'a ide    
du  d ispos i ti f de  té lédétection  [m /s]  

vi  vi tesse  du  ven t mesurée  à  l a  hau teur i  [m /s]  

vzi  vi tesse  du  ven t à  l a  hauteur zi  [m /s]  

WME matérie l  de  mesure  du  vent ( "wind measurement equipment" )  

w  composante  verticale  de  l a  vi tesse  du  ven t  [m /s]  
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wi  fonction  de  pondération  pour l a  déterm ination  de  l 'enveloppe   
des  écarts  

Xk  paramètre  moyenné  sur une  période  de  prétra i tement  

X1 0m in  paramètre  moyenné  sur une  période  de  1 0  m in  

x  d istance  en  aval  d 'un  obstacle  j usqu 'au  matérie l  de  mesure  du  vent   
ou  j usqu 'à  l 'éol i enne  [m ]  

z  hau teur au -dessus  du  sol  [m ]  

zi  hau teur du  ie  segment du  rotor de  l 'éol ienne  [m ]  

α  exposant de  cisai l l ement du  ven t calcu lé  à  l 'a i de  de  l a  l o i    
exponentie l le  [° ]  

εmax, i  écart maximal  pour toutes  l es  tranches  i  d e  vi tesse  du  ven t   
dans  l a  p l age  de  vi tesses  du  vent  [m /s]  

θ  secteur perturbé  [° ]  

κ  constan te  de  von  Karman,  0 , 4  

λ  rapport de  vi tesses  

ρ  masse  volum ique  de  l 'a i r [kg/m 3 ]  

ρ0  masse  volum ique  de  l 'a i r de  référence  [kg/m 3 ]  

ρ1 0m in  masse  volum ique  de  l 'a i r dédu i te  moyennée  sur une  période    
de  1 0  m in  [kg/m3 ]  

σP, i  écart-type  des  données  de  pu issance  normal isées  dans  l a  tranche i  [W]  

σ1 0m in  écart-type  du  paramètre  moyenné  sur une  période  de  1 0  m in  

σu/σv/σw  écarts-types  des  vi tesses  l ong i tud inale/transversale/verticale    
du  ven t  

Φ  hum id i té  re lati ve  (p lage  de  0  %  à  1 00  %)  

ω  vi tesse  angu la i re  [s–1 ]  

5 Vue d 'ensemble de la  méthode de performance de  puissance  

Le cisai l l ement du  ven t et l a  déviation  de  l a  traj ectoi re  du  ven t peuvent varier de  man ière  
cons idérable  sur l a  hauteur du  rotor des  grandes  éol iennes  en  cond i ti ons  de  stabi l i té  
atmosphérique,  mais  également en  fonction  de  la  topograph ie  du  s i te.  L'occurrence de  
cond i ti ons  extrêmes  de  stabi l i té  atmosphérique  est une  problématique  spéci fique  au  s i te .  S i  
e l l es  surviennent lors  d 'un  essai  de  performance de  pu issance,  l a  courbe  de  pu issance peut 
varier de  man ière  s ign i ficati ve.   

La  méthode de  mesure  de  performance  de  pu issance u ti l i sée  dans  l a  présen te  norme 
s 'appu ie  su r une  défin i ti on  de  l a  courbe  de  pu issance exprimant l a  pu issance produ i te  par 
rapport à  l a  vi tesse  du  vent,  e t qu i  représen te  l e  fl ux  d 'énerg ie  ci néti que  effecti f dans  
l 'écou lement du  vent sur l a  surface  balayée  par l e  rotor.   

Le  fl ux d 'énerg ie  ci nétique  (à  un  i nstan t donné  ou  sur une  période  donnée,  habi tuel lement 
1 0  m in ,  en  prenan t pour h ypothèse  que  la  vi tesse  du  ven t ne  varie  pas  pendant cette  
période 1 )  sur l a  surface  ba layée  verticale  est  généralement exprimé par l 'équation  su ivan te:   

___________ 

1   S i  l a  vi tesse  du  vent  varie  (c 'est-à-d i re  s i  l ' i n tensi té  des  tu rbu lences  >  0)  pendant une  période  donnée,  l a  
pu i ssance  ci néti q ue  (moyennée  su r l a  période  donnée)  est  p l us  é l evée  q ue  l orsque  l a  vi tesse  d u  vent  est  
constante;  or u ne  éol i enne  ne  d i spose  que  d 'une  capaci té  l im i tée  à  transformer cette  énerg ie  ci néti que  
supplémenta i re  en  pu i ssance  é lectri que  suppl émentai re.  La  présente  norme ne  tra i te  pas  cette  question  de  
man ière  approfond ie.  Pour des  rai sons  de  s impl i fi cation ,  l es  Equations  (2 ),  (3)  et  (4 )  son t  répu tées  va l i des,  
même en  cas  d ' i n tensi té  d es  tu rbu lences  >  0 .  L ' impact des  variati ons  de  l a  vi tesse  d u  ven t su r l a  pu i ssance  
ci néti que  moyennée  dans  l e  temps  et  l ' impact associé  sur l a  courbe  de  pu i ssance  de  l ' éol i enne  son t tra i tés  par 
l a  procédure  de  normal i sation  des  tu rbu l ences  donnée  à  l 'Annexe  M .   
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I ci ,  l a  vi tesse  du  ven t V,  mesurée  en  un  poin t donné  dans  l 'espace sur l a  surface  du  rotor,  
correspond  à  l a  vi tesse  horizon ta le  du  vent 2.  La  vi tesse  horizon tale  du  vent est défin ie  
comme l 'ampl i tude  moyenne de  la  composante  horizonta le  de  la  vi tesse  vectorie l le  
i nstan tanée du  ven t,  i ncl uant un iquement l es  composantes  de  turbu lences  long i tud inale  et 
l atérale  (mais  pas  l a  composan te  verticale) .  Dans  le  cas  d 'une  éol i enne  à  axe  horizon tal ,  l a  
déviation  de  l a  traj ectoi re  du  vent est  également prise  en  compte  et l 'énerg ie  ci nétique  du  
ven t est corrigée  en  fonction  de  l a  d i rection  du  ven t à  l a  hau teur du  moyeu :  

 ( )( ) AVP
A

d–cos
2

1 3
hubkin ϕϕρ∫=  (3)  

 

I ci ,  φhub  est l a  d i rection  du  ven t à  l a  hau teur du  moyeu .  La  déviation  de  l a  traj ectoire  du  ven t 
peu t varier de  man ière  cons idérable  sur la  hauteur du  rotor des  grandes  éol iennes  en  
cond i ti ons  extrêmes  de  s tabi l i té  atmosphérique,  mais  également en  fonction  de  la  topograph ie  
du  s i te.  

Dans  l a  présente  norme,  l e  cisa i l lement du  ven t et  l a  déviation  de  l a  traj ectoire  du  ven t ne  
son t pas  étud iés  dans  le  pl an  horizon tal .  Par conséquent,  l a  vi tesse  du  ven t équ ivalen te  de  
l 'énerg ie,  qu i  correspond  à  l 'énerg ie  cinétique  du  vent dédu i te  par l 'Equation  (3) ,  est 
généralement exprimée par l 'équation  su ivan te:  
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I ci ,  l ' i nd ice  i  se  réfère  à  l a  hau teur au  sein  de  l a  su rface  du  rotor3.  

Même s i  la  vi tesse  horizon tale  du  vent  est réputée  être  l e  paramètre  de  vi tesse  du  ven t 
d ' in fluence,  sur l es  s i tes  présen tan t un  écou lement non  horizon tal  s i gn i ficati f (écou lement 
ascendant ou  descendant) ,  une  i ncerti tude  supplémentai re  est associée  d 'une  part à  l a  
mesure  de  l a  vi tesse  horizon tale  du  vent et d 'autre  part  à  l a  réponse  de  l 'éol i enne.  

Sur l es  s i tes  présentan t des  cisai l l ements  et des  déviations  de  l a  traj ectoire  du  vent fa ib les  et  
homogènes  sur l a  su rface  du  rotor (a ins i  que  pour l es  éol iennes  équ ipées  de  rotors  de  
d iamètre  rédu i t dans  des  cond i tions  d 'écou lement du  ven t potentiel l ement p lus  complexes) ,  l a  
vi tesse  du  vent mesurée  à  l a  hauteur du  moyeu  peu t consti tuer un  bon  i nd icateur de  l 'énerg ie  
cinétique  que  l e  rotor doi t capter.  La  vi tesse  du  ven t à  l a  hauteur du  moyeu  est l a  vi tesse  du  
ven t à  parti r de  laquel le  on t été  défin ies  l es  cou rbes  de  pu issance dans  toutes  l es  éd i tions  
an térieures  de  l a  présente  norme.  Pour cette  ra ison ,  l a  vi tesse  du  ven t mesurée  à  la  hau teur 
du  moyeu  est l a  défin i tion  par défau t de  l a  vi tesse  du  ven t et doi t tou j ours  être  mesurée  et  
cons ignée,  même lorsque  des  mesures  p lus  complètes  son t d ispon ibles  sur l a  hau teur du  
rotor.  

___________ 

2  La  pu i ssance  de  l 'éol i enne  semble  concorder davantage  avec l a  défi n i ti on  de  l a  vi tesse  hori zontal e  du  ven t  
qu 'avec l a  défi n i ti on  d ' une  vi tesse  vectorie l l e  du  ven t pou r u ne  mesure  de  l a  vi tesse  du  ven t  en  un  poi n t  d onné  
à  l a  hau teur d u  moyeu .  

3  Cependant,  l orsque  l a  vi tesse  du  ven t est  mentionnée  dans  l e  document,  i l  s 'ag i t  par d éfau t de  l a  vi tesse  d u  
vent  à  l a  hau teur du  moyeu ,  sauf spéci fi cati on  i nd i quan t qu ' i l  s 'ag i t  de  l a  vi tesse  d u  vent  équ i val ente  de  
l 'énerg ie.  
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Sur l es  s i tes  et  pendant l es  saisons  où  des  cond i ti ons  extrêmes  de  stabi l i té  atmosphérique  
son t fréquemment attendues,  i l  est recommandé  de  procéder à  une  mesure  systématique  du  
cisai l l ement du  ven t.  

S i  l e  cisa i l lemen t et l a  déviation  de  l a  trajectoire  du  ven t ne  sont pas  mesurés  sur l a  tota l i té  
de  la  hau teur du  rotor,  une  i ncerti tude  supplémenta ire  est associée  à  l a  vi tesse  du  ven t 
équ ivalente.  Cette  i ncerti tude  d im inue  au  fu r et à  mesure  qu 'augmente  l e  nombre  de  hauteurs  
de  mesure  de  l a  vi tesse  et de  l a  d i rection  du  vent.  S i  l es  mesures  se  l im i ten t à  l a  hau teur du  
moyeu  et que  l es  parties  les  p lus  s ign i ficati ves  du  rotor n 'ont pas  fa i t l ' objet d 'une  mesure  du  
cisai l l ement du  vent,  ce la  entraîne  une  i ncerti tude  dans  l a  déterm ination  de  l a  vi tesse  du  ven t 
équ ivalente.   

Pour l es  peti tes  éol i ennes 4,  pour lesquel les  l ' i n fl uence du  cisai l l ement et de  l a  déviation  de  l a  
traj ectoire  du  ven t est nég l igeable,  l a  vi tesse  du  ven t doi t ê tre  déterm inée  en  mesurant 
un iquement la  vi tesse  du  vent à  la  hau teur du  moyeu ,  sans  in trodu ire  une  i ncerti tude  
supplémenta ire  due  à  l 'absence des  mesures  du  cisai l lement et de  l a  déviation  de  l a  
traj ectoire  du  ven t.   

Pour l es  éol i ennes  à  axe  vertica l ,  pour l esquel l es  l a  déviation  de  la  tra jectoi re  du  ven t n 'a  
aucune  in fluence,  l a  déviation  de  la  traj ectoi re  du  ven t doi t  être  ignorée.   

Les  cond i tions  de  ven t à  l 'emplacement de  l 'éol ienne  d 'essai  et à  l 'emplacement de  l a  mesure  
du  vent  peuvent varier de  man ière  considérable  s i  ces  emplacements  se  trouven t dans  l e  
s i l lage  d 'éol i ennes;  de  te l l es  s i tuations  doiven t donc être  exclues  de  l 'essai .   

La  masse  volum ique  de  l 'a i r ρ  varie  également en  fonction  de  l a  hauteur du  rotor d 'une  

grande  éol ienne.  Néanmoins,  cette  variation  est m ineure.  Pour la  m ise  en  œuvre  prati que  de  
l a  méthode  de  mesure  de  performance de  pu issance,  i l  su ffi t  de  défin i r et  de  déterm iner l a  
masse  volum ique  de  l 'a i r seu lement à  l a  hau teu r du  moyeu .  La  courbe  de  pu issance est 
normal isée  à  l a  masse  volum ique de  l 'a i r moyenne  sur l e  s i te  de  mesure  pendant l a  période  
de  mesure  ou  à  l a  masse  volum ique  de  l 'a i r de  référence  prédéfin ie.  

Les  courbes  de  pu issance sont également i n fl uencées  par les  turbu lences  sur l e  s i te  d 'essai ,  
l esquel l es  peuvent  varier sur l a  surface  du  rotor.  Dans  l a  présente  norme,  seu les  l es  
turbu lences  du  s i te  à  l a  hau teur du  moyeu  son t étud iées.  Les  fortes  tu rbu lences  augmentent  
l e  rayon  de  courbure  de  l a  courbe de  pu issance au  démarrage  et au  début de  l a  régu lation  de  
pu issance  à  l a  pu issance nom inale.  En  revanche,  de  fa ibles  turbu lences  accentuent l es  
ang les  de  la  courbe  de  pu issance.  Les  turbu lences  du  s i te  doivent  être  mesurées  et 
présentées  comme un  complément à  la  courbe  de  pu issance.  S i  ce la  est nécessai re,  l es  
tu rbu lences  peuvent être  normal isées  à  une  va leur donnée à  l 'a ide  de  la  méthode  donnée à  
l 'Annexe  M .  

En  résumé,  l a  courbe  de  pu issance selon  la  présente  norme est une  courbe  de  pu issance 
spéci fique  au  cl imat,  où :  

a)  l a  vi tesse  du  ven t en  un  poin t  donné  dans  l 'espace est  défin ie  comme la  vi tesse  
horizon ta le  du  ven t;  

b)  l a  vi tesse  du  vent d 'une  courbe  de  pu issance est défi n ie  comme la  vi tesse  du  ven t à  l a  
hau teur du  moyeu .  A cette  défin i tion  peu t s 'ajou ter l a  vi tesse  du  ven t équ iva len te  défin ie  
dans  l 'Equation  (4)  en  tenan t compte  du  cisa i l l emen t du  vent vertical  et  de  l a  déviation  de  
l a  traj ectoi re  du  ven t5;  

___________ 

4  Pour l es  peti tes  éol i ennes,  voi r l ' I EC 61 400-2 .  

5  Pour l es  éol i ennes  à  axe  verti cal ,  l a  déviation  de  l a  tra j ectoi re  d u  ven t est  om ise  dans  l 'Equation  (3)  (en  
défi n i ssant  φi  =  φhub).  
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c)  l a  masse  volum ique  de  l 'a i r est mesurée  à  l a  hau teur du  moyeu ,  et l a  courbe  de  pu issance 
est  normal isée  à  la  masse  volum ique  de  l 'a i r moyenne  du  s i te  pendant  l a  période  de  
mesure  ou  à  l a  masse  volum ique  d 'a i r de  référence  prédéfin ie;  

d )  l es  turbu lences  son t mesurées  à  l a  hau teur du  moyeu ,  et  l a  courbe  de  pu issance est  
présentée  sans  normal isation  des  turbu lences;   

e)  l a  cou rbe  de  pu issance peu t être  normal isée  se lon  une  p lage  p l us  l arge  de  cond i tions  
cl imatiques  (p .  ex. :  masse  volum ique  de  l 'a i r spéci fi que,  i n tens i té  des  turbu lences,  
cisai l l ement vertical  et  déviation  de  l a  trajectoi re) 6.  

La  présente  norme fourn i t tou tes  l es  procédures  nécessai res  pour la  mesure,  l 'étalonnage,  l a  
cl assi fication ,  l a  correction ,  l a  normal isation  des  données  et l a  déterm ination  des  incerti tudes.  
Cependant,  s i  tous  l es  paramètres  ne  sont  pas  suffisamment mesurés,  une  i ncerti tude  doi t  
être  appl iquée  en  ra ison  de  l 'absence de  mesures.  Par exemple,  cela  s 'appl ique  à  l a  mesure  
de  l a  courbe  de  pu issance d 'une  grande  éol ienne  équ ipée  un iquement d 'un  capteur de  vi tesse  
du  vent à  l a  hau teur du  moyeu .  Dans  ce  cas,  une  i ncerti tude  doi t  être  appl iquée  pour l a  
variabi l i té  du  cisai l l ement et de  l a  déviation  de  la  trajectoire  du  vent  .  

Les  mei l leurs  résu l tats  fa isan t su i te  à  l 'appl ication  de  l a  norme sont  obtenus  en  mesuran t tous  
l es  paramètres  exigés  et en  u ti l i sant toutes  les  procédures  adéquates.  Néanmoins,  s i  ce la  
n 'est pas  possib le,  i l  existe  d 'autres  options  pour l es  mon tages  de  mesure  et  pour l 'u ti l i sation  
de  ces  procédures.  Ces  options  son t décri tes  dans  le  Tableau  1 .  Les  options  se  réfèren t à  
l 'u ti l i sation  de  matérie l  de  mesure  du  vent,  aux normal isations  appl i quées  a ins i  q u 'aux 
i ncerti tudes  supplémenta ires  dues  à  l 'absence  de  mesures.   

___________ 

6  La  normal i sation  de  l a  cou rbe  de  pu i ssance  n 'est  va l i de  que  pou r des  pl ages  l im i tées  de  cond i ti ons  cl imati ques  
parm i  l es  cond i ti ons  réel l es  du  s i te.  
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Tableau  1  – Vue d 'ensemble des  configurations  de  mesure  du  vent  pour l es  mesures  de  
la  courbe de  pu issance  qu i  satisfont aux exigences  de  la  présente norme  

Configuration  de  
mesure  du  vent  

1 .  Mât 
météorolog ique à  
l a  hauteur du  

moyeu  et  d i sposi ti f 
de  tél édétection  à  

toutes  l es  
hauteurs  

2.  Mât 
météorolog ique en  

dessous  de  l a  
hauteur du  moyeu  
et  d i sposi ti f de  
télédétection  à  

toutes  l es  
hauteurs  

3.  Mât 
météorolog ique  au -
dessus  de  l a  hauteur 

du  moyeu  

4.  Mât 
météorolog ique à  
l a  hauteur du  

moyeu  

Appl i cation  type  Grandes  éol i ennes 7 
sur terrai n  p l at  (voi r 
Annexe  B)  

Grandes  éol i ennes  
su r terrai n  p l at  (voi r 
Annexe  B)  

Peti tes  et  g randes  
éol i ennes  su r tous  
types  de  terrai ns  

Peti tes  et  g randes  
éol i ennes  su r tous  
types  de  terrai ns  

Capteu rs  de  mesure  
du  vent  

7. 2. 3,  7 . 2 . 5  7 . 2 . 3,  7 . 2 . 5  7 . 2 . 3 ,  7 . 2 . 4  7 . 2 . 3  

Procédures  de  
normal i sation  pour 
l a  déterm inati on  de  
l a  courbe  de  
pu i ssance  
spéci fi que  au  cl imat  

Masse  vol um ique  
de  l 'a i r,  ci sai l l ement  
du  vent;  9 . 1 . 5  
et  9 . 1 . 3. 4  

Masse  vol um ique  
de  l 'a i r,  ci sai l l ement  
du  vent;  9 . 1 . 5  
et  9 . 1 . 3 . 4  

Masse  vol um ique  de  
l 'a i r,  ci sai l l ement du  
ven t;  9 . 1 . 5  et  9 . 1 . 3. 4  

Masse  vol um ique  de  
l 'a i r;  9 . 1 . 5  

I ncerti tude  
supplémenta i re  due  
à  l 'absence  de  
mesures  du  
ci sai l l ement du  ven t  

Aucune  i ncerti tude  
supplémenta i re  l i ée  
à  l a  couvertu re  des  
hau teurs  de  
mesure;   

E . 1 1 . 2 . 2  

Aucune  i ncerti tude  
supplémenta i re  l i ée  
à  l a  couvertu re  des  
hauteurs  de  
mesure;  

 E . 1 1 . 2 . 2  

Aucune  i ncerti tude  
supplémenta i re  l i ée  à  
l a  couverture  des  
hauteurs  de  mesure;  

 E . 1 1 . 2 . 2  

I ncerti tude  bru te  
supplémenta i re  pour 
l es  g randes  
éol i ennes  l i ée  à  
l 'absence  de  
mesures  du  
ci sai l l ement du  ven t 
verti cal ;   

 E . 1 1 . 2 . 2  

Procédures  de  
normal i sation  

facu l tati ves 8 

Turbu lences,  
déviation  de  l a  
trajectoi re  du  vent  
et  ang le  
d 'écou lement  
ascendant;  9 . 1 . 6  et  
9 . 1 . 4  

Turbu lences,  
déviation  de  l a  
tra jectoi re  du  ven t 
et  ang le  
d 'écou lement 
ascendant;  9 . 1 . 6  et  
9 . 1 . 4   

Tu rbu lences,  
déviation  de  l a  
tra jectoi re  du  vent  et  
ang l e  d 'écou l ement  
ascendant;  9 . 1 . 6  et  
9 . 1 . 4  D i stors ion  de  
l 'écou l ement au  
n i veau  du  mât 
météorolog ique;  9 . 1 . 2 ,  
éta lonnage  du  s i te;  
Annexe  C.  

Turbu lences  et  
ang l e  d 'écou l ement 
ascendant;  9 . 1 . 6 .  
E ta lonnage  du  s i te;  
Annexe  C.  

 

___________ 

7  Voi r l ' I EC 61 400-2  pou r l a  d éfi n i ti on  des  peti tes  et  g randes  éol i ennes.  

8  Les  i n fl uences  de  l 'écou lemen t ascendant  i n fl uencent l a  cou rbe  de  pu i ssance  et  peuvent  être  mesurées  avec 
des  anémomètres  à  u l trasons  3D  ou  des  g i rouettes  d 'écou lement  ascendant.  S i  une  normal i sation  de  l 'ang l e  
d 'écou lement ascendant est  appl i quée,  i l  convient  d e  documenter l a  méthode  u ti l i sée  ( l ' i ncerti tude  su r 
l 'écou l ement ascendant  est  abordée  à  l 'Annexe  E).  Toutefo i s ,  l a  présente  norme  ne  décri t  aucune  procédure  
spéci fi que  concernant  l a  man ière  de  normal i ser l ' ang l e  d 'écou lement ascendant.   
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6 Préparation  de l 'essai  de  performance  

6.1  Général i tés  

Les  cond i ti ons  d 'essai  spéci fiques  concernant la  mesure  de  performance de  pu issance de  
l 'éol ienne  doiven t être  b ien  défin ies  et documentées  dans  l e  rapport d 'essai  décri t à  
l 'Article  1 0.  

6.2  Eol ienne et  raccordement électrique  

Comme décri t  à  l 'Article  1 0,  l 'éo l ienne  et le  raccordement électrique  doiven t être  décri ts  et  
documentés  afin  d ' i den ti fier de  man ière  un ique  l a  configuration  spéci fique  de  l a  mach ine 
soum ise  à  l 'essai .  

6.3  Si te  d 'essai  

6.3. 1  Général i tés  

Sur le  s i te  d 'essai ,  l e  matérie l  de  mesure  du  ven t doi t être  i nsta l l é  dans  l e  vois inage  de  
l 'éol ienne  afin  de  déterm iner la  vi tesse  du  ven t qu i  entraîne  l 'éol ienne.   

Les  caractéristiques  de  cisai l l ement du  vent et  de  stabi l i té  atmosphérique  du  s i te  peuvent 
avoi r une  in fluence s i gn i ficative  sur les  mesures  du  ven t e t sur l a  performance de  pu issance  
réel le  de  l 'éol ienne.  Un  cycle  d i urne  de  s tabi l i té  atmosphérique  est fréquemment observé,  
caractérisé  par une  atmosphère  stable  qu i  se  forme la  nu i t  et par une  atmosphère  neu tre  ou  
i nstable  dans  la  j ournée  l orsque  l e  so le i l  réchauffe  l e  sol ,  ce  qu i  augmente  l es  turbu lences  et 
l e  brassage dans  l a  couche l im i te.  Le  cisa i l lement du  ven t,  l a  déviation  de  l a  traj ectoi re  du  
ven t et l es  turbu lences  son t fonction  de  la  s tabi l i té  atmosphérique,  et affectent l es  re lations  
en tre  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  et  l a  vi tesse  du  vent équ iva lente  du  rotor.  Des  
profi l s  peu  habi tuels  peuvent également avoi r une  i n fl uence sur l a  conversion  énergétique  de  
l 'éol i enne.  En  outre,  l es  effets  de  d is tors ion  de  l 'écou lement peuvent engendrer une  
d i fférence de  la  vi tesse  du  vent à  l 'emplacement de  l a  mesure  et à  l ' emplacement de  
l 'éol i enne,  en  dépi t  de  l eur corrélation .  

Les  sources  de  d istorsion  de  l 'écou lement du  vent doiven t être  évaluées  sur l e  s i te  d 'essai  
afi n  de:  

a)  chois i r l 'emplacement approprié  pour l e  matérie l  de  mesure  du  vent;  

b)  défin i r u n  secteur de  mesure  approprié ;  

c)  déterm iner s i  un  éta lonnage du  s i te  est exigé,  pu is  déterm iner l es  corrections  
d 'écou lement appropriées  en  procédant à  une  mesure  conformément à  l 'Annexe C;  

d )  évaluer l ' i ncerti tude  due  à  l a  d istors ion  de  l 'écou lement du  ven t.  

En  particu l i er,  l es  facteurs  su ivan ts  doivent  être  pris  en  compte:  

1 )  l es  variations  topograph iques  et l a  rugos i té;  

2)  l es  au tres  éol i ennes;  

3)  l es  obstacles  (bâtiments,  arbres,  etc. ) .  

Le  s i te  d 'essai  do i t  être  documenté  de  l a  man ière  décri te  à  l 'Article  1 0.  

6.3.2  Emplacement du  matériel  de  mesure du  vent  

Le  choix de  l 'emplacement du  matérie l  de  mesure  du  vent doi t  fai re  l 'objet d 'une  atten tion  
particu l ière.  Le  matérie l  de  mesure  du  vent ne  doi t  pas  être  s i tué  trop  près  de  l 'éol ienne,  
pu isque  l a  vi tesse  du  vent sera  i n fl uencée  devan t l 'éol i enne.  I l  ne  doi t  pas  non  p lus  être  s i tué  
trop  l oi n  de  l 'éol ienne,  car la  corré lation  entre  l a  vi tesse  du  vent et l a  pu issance  de  sortie  
é lectrique  en  serai t rédu i te.  L' i nstrumentation  de  mesure  de  l a  vi tesse  du  vent et l 'éol ienne  
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doivent être  placées  à  une  d istance  comprise  en tre  2  fois  et 4  fo is  l e  d iamètre  du  rotor D  d e  
l 'éol ienne.  Une  d istance  égale  à  2 , 5  fois  le  d iamètre  du  rotor D  est recommandée.  Pour l es  
éol iennes  à  axe  vertical ,  voi r l 'Article  H . 4 .  

Avan t de  procéder à  l 'essai  de  performance de  pu issance et afi n  d 'optim iser l e  choix de  
l 'emplacement du  matérie l  de  mesure  du  vent,  i l  convien t de  ten i r compte  de  l a  nécessi té  
d 'exclure  l es  mesures  de  tous  l es  secteurs  dans  l esquels  l e  matérie l  de  mesure  du  ven t ou  
l 'éol i enne  seront soum is  à  une  perturbation  de  l 'écou lement.   

Dans  l a  p l upart des  cas,  l 'emplacement l e  p lus  approprié  pour l e  matérie l  de  mesure  du  vent 
sera  du  côté  exposé au  ven t de  l 'éol ienne,  dans  l a  d i rection  d 'où  est censé  ven ir l e  vent au  
cours  de  l 'essai .  Cependant,  i l  peut parfois  être  p lus  approprié  de  p lacer l e  matériel  de  
mesure  du  vent à  côté  de  l 'éol i enne  dans  l a  mesure  où  les  cond i ti ons  de  ven t seront p l us  
semblables,  par exemple  pour une  éol ienne  s i tuée  sur une  crête.   

6.3.3  Secteur de  mesure  

Le ou  l es  secteurs  de  mesure  doiven t exclure  l es  d i rections  présentant des  obstacles  
s i gn i ficati fs  et d 'au tres  éol i ennes,  tan t pour les  éol i ennes  à  l 'essai  que  pour l e  matérie l  de  
mesure  du  vent.   

Pour l 'ensemble  des  éol iennes  et des  obstacles  s ign i ficati fs  du  vois inage,  l es  d i rections  à  
exclure  en  raison  des  effets  de  s i l lage  doivent être  déterm inées  se lon  l a  procédure  donnée à  
l 'Annexe A.  Les  secteurs  perturbés  à  exclure  du  fai t  que  l e  matérie l  de  mesure  du  vent se  
trouve  dans  l e  s i l l age  de  l 'éol ienne  à  l 'essai  sont  représentés  à  l a  F igure  1  pour des  d istances  
de  2D,  2 , 5D  e t  4D .  La  réduction  d 'un  ou  de  p lus ieurs  secteurs  de  mesure  peu t être  j usti fi ée  
par des  cond i ti ons  topograph iques  spéci fi ques  ou  des  données  de  mesure  inattendues 
résu l tan t de  d i rections  présen tant des  structures  compl iquées.  Toutes  les  ra isons  de  rédu i re  
l e  secteur de  mesure  doiven t être  cla i rement documentées.  

 

Distance entre le mât météorologique 
et l 'éolienne comprise entre 2D  et 4D,  
2,5D  étant la valeur recommandée 

Axe central  entre le mât et l 'éol ienne 

Secteur de mesure maximal:  
à 2D:     279° 
à 2,5D:  286° 
à 4D:     301 ° 

2,5D   

2D  

Mât à 4D  

Secteur perturbé en 
raison du  si l lage de 
l 'éol ienne sur le mât 
météorologique  
(Annexe A):  
à 2D:     81 °  
à 2,5D:  74° 
à 4D:     59°  
 

Eol ienne  

D 

IEC 

 

Figure 1  – Exigences  de  d istance entre  l e  matériel  de  mesure  du  vent  
et  les  secteurs  de  mesure  maximaux admis  
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6.3.4  Facteurs  de  correction  et  incerti tude due à  la  d istorsion  de  l 'écou lement 
résu l tant de  l a  topographie  

Les  sources  de  d istors ion  de  l 'écou lement du  ven t résu l tan t de  variations  topograph iques  
doivent être  évaluées  sur l e  s i te  d 'essai .  L 'évaluation  décri te  à  l 'Annexe  B  doi t déterm iner s i  l a  
courbe  de  pu issance peu t être  mesurée  sans  procéder à  un  éta lonnage  du  s i te .  S i  les  cri tères 
de  l 'Annexe  B  son t sati sfai ts,  l e  rég ime  d 'écou lement du  ven t du  s i te  ne  nécess i te  pas  
d 'éta lonnage du  s i te.  Cependant,  en  prenant pour hypothèse  qu 'aucune  correction  
d 'écou lement n 'est nécessai re,  l ' i ncerti tude  appl i quée  due  à  l a  d istors ion  de  l 'écou lement du  
s i te  d 'essai  doi t  correspondre  au  m in imum  à  2  %  de  l a  vi tesse  du  vent mesurée  s i  l e  matérie l  
de  mesure  du  vent est pos i tionné  à  une  d istance  comprise  entre  2  fo is  à  3  fo is  l e  d iamètre  du  
rotor de  l 'éol i enne,  et à  3  %  ou  p lus  s i  l a  d is tance  est comprise  entre  3  fo is  à  4  fo is  l e  
d iamètre  du  rotor9,  à  moins  qu 'une  preuve  tang ib le  pu isse  démontrer l 'estimation  d 'une  
i ncerti tude  d i fféren te.  

S i  l es  cri tères  de  l 'Annexe B  ne  sont pas  respectés  ou  qu 'une  i ncerti tude  due  à  la  d is torsion  
de  l 'écou lement du  s i te  d 'essai  moins  é levée  est souhai tée,  un  éta lonnage du  s i te  
expérimen tal  doi t  être  réal isé  selon  l 'Annexe  C.  Les  facteurs  de  correction  d 'écou lement 
mesurés  pour chaque  secteur doivent être  u ti l i sés.   

7 Matériel  d 'essai  

7. 1  Pu issance  électrique  

La  pu issance é lectri que  nette  de  l 'éol ienne  doi t  ê tre  mesurée  en  u ti l i sant  un  d ispos i ti f de  
mesure  de  pu issance  (par exemple,  un  transducteur de  pu issance)  et  être  fondée sur des  
mesures  de  couran t et  de  tens ion  sur chaque  phase.  

La  classe  des  transformateurs  de  courant doi t sati sfai re  aux exigences  de  l ' I EC  61 869-2,  et  l a  
cl asse  des  transformateurs  de  tension ,  l e  cas  échéant,  doi t satisfai re  aux exigences  de  
l ' I EC  61 869-3.  I l s  doiven t être  de  classe  0 , 5  au  moins.  

S i  l e  d isposi ti f de  mesure  de  pu issance est un  transducteur de  pu issance,  l a  précis ion  doi t 
satisfai re  aux exigences  de  l ' I EC 60688  et doi t être  de  classe  0, 5  au  moins .  S i  l e  d isposi ti f de  
mesure  de  pu issance n 'est pas  un  transducteur de  pu issance,  i l  convien t a lors  que  l a  
précis ion  soi t  équ ivalen te  à  cel le  des  transducteurs  de  pu issance  de  classe  0, 5 .  La  plage  de  
fonctionnement du  d ispos i ti f de  mesure  de  pu issance doi t être  déterminée  de  man ière  à  
mesurer toutes  les  crêtes  de  pu issance instan tanée posi ti ves  et négatives  produ i tes  par 
l 'éol i enne.  A ti tre  ind icati f,  pour l es  éol iennes  de  g rande  pu issance  à  contrôle  acti f,  i l  convient  
de  défin i r la  p lage  complète  du  d ispos i ti f de  mesure  de  pu issance de  −25  %  à  +1 25  %  de  l a  
pu issance  ass ignée de  l 'éol ienne 1 0.  Tou tes  l es  données  doivent  être  revues  périod iquement 
pendan t l 'essai  afi n  de  s 'assurer que  les  l im i tes  de  l a  p lage  du  d isposi ti f de  mesure  de  
pu issance n 'ont pas  été  dépassées.  Le  transducteur de  pu issance  doi t  être  éta lonné  d 'après  
des  normes  traçables.  Le  d isposi ti f de  mesure  de  pu issance  doi t être  monté  en tre  l 'éol ienne  
et le  raccordement é lectri que  afin  de  s 'assurer que  seu le  l a  pu issance  é lectri que  acti ve  nette  
(c'est-à-d i re,  d im inuée de  l a  consommation  propre)  est mesurée.  I l  d oi t être  i nd iqué  s i  l es  
mesures  sont réal isées  côté  éol i enne  ou  côté  réseau  du  transformateur.   

7.2  Vi tesse  du  vent  

7.2. 1  Général i tés  

La vi tesse  du  vent mesurée  à  l a  hau teur du  moyeu  (HH ,  Hub Height)  seu lement correspond  à  
l a  défi n i ti on  par défaut de  l a  vi tesse  du  ven t et do i t tou jours  être  u ti l i sée.  E l l e  peu t être  
___________ 

9  Ces  i ncerti tudes  on t  été  dédu i tes  à  parti r d 'une  analyse  WAsP  (Wind Atlas Analysis and Application Program,  
DTU Wind Energy)  d 'u ne  courbe  gauss ienne  sati sfai san t aux exi gences  de  terrain  d e  l 'Annexe  B .  

1 0  Dans  l es  au tres  cas,  une  p l age  pl us  é l evée  peu t se  révéler nécessai re.  Ce  fai t  doi t  être  véri fi é  au  cas  par cas.  
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cons idérée  comme l e  cas  l im i te  de  la  vi tesse  du  vent équ iva len te  du  rotor l orsqu ' i l  n ' y a  
qu 'une  hauteur de  mesure  et q u ' i l  existe  une  i ncerti tude  supplémentai re  due  à  l 'absence  de  
mesures  du  cisai l lement du  ven t ou  du  profi l  de  déviation  de  l a  traj ectoire  du  ven t (voir 
E. 1 1 . 2. 2) .  I l  est recommandé de  compléter l a  mesure  de  l a  vi tesse  du  ven t à  l a  hau teur du  
moyeu  par des  mesures  du  cisai l l ement du  vent  dans  la  moi ti é  i n férieure  du  rotor afin  de  
rédu i re  l ' incerti tude  l iée  à  l a  vi tesse  du  vent.  Pour rédu ire  davantage  l ' incerti tude  l i ée  à  l a  
vi tesse  du  vent,  i l  convien t d 'u ti l i ser l a  vi tesse  du  vent équ ivalen te  du  rotor (REWS) 
(voi r 9. 1 . 3 . 2  et Annexe  Q)  comme variable  d 'en trée  pour l a  vi tesse  du  ven t sur l a  courbe  de  
pu issance.   

Les  configurations  de  mesure  de  la  vi tesse  du  ven t sont répertoriées  au  Tableau  2 ,  qu i  t i ent 
compte  des  l im i tes  propres  à  chaque  technolog ie  de  mesure  en  fonction  de  l a  cl asse  de  
complexi té  du  terrain .  Les  d ispos i ti fs  de  té lédétection  qu i  prennent pou r hypothèse  que  l e  
volume anal ysé  présen te  un  écou lement horizonta l  un i forme l im i tent l ' appl ication  de  ces  
technolog ies  à  des  cond i tions  de  terrain  non  complexe  pour l es  essais  de  performance de  
pu issance.  Ains i ,  seu les  l es  configurations  du  Tableau  2  doiven t être  appl i quées.  

Tableau  2  – Configurations  de  mesure  de  l a  vi tesse du  vent  
(X ind ique  une configuration  admissible)  

Mesure  de  l a  vi tesse  du  vent  HH  HH  REWS  REWS  

Type de  terrain  Non  complexe  Complexe  Non  complexe  Complexe  

Mât météorolog ique  à  l a  hau teur d u  
moyeu  X X   

Mât météorolog ique  à  l a  hau teur d u  
moyeu  +  RSD  

X X X  

RSD  +  mât météorolog ique  à  u ne  
hauteur d i fféren te  de  cel l e  d u  moyeu  

X  X   

Mât météorolog ique  couvran t d es  
hauteurs  supérieu res  à  l a  hau teur 
du  moyeu+  2/3  R  

X X X X 

 

Les  d i fféren tes  configu rations  de  capteurs  poss ib les  comprennent l es  anémomètres  montés  
en  tête  de  mât météorolog ique,  l es  anémomètres  montés  l atéralement su r des  mâts  
météorolog iques  et l es  d ispos i ti fs  de  té lédétection .  Ces  i nstruments  mesuren t l a  vi tesse  du  
ven t à  l a  hau teur du  moyeu ,  l a  vi tesse  du  vent équ ivalente  du  rotor,  a i nsi  que  le  profi l  de  
cisai l l ement du  ven t.  Les  Paragraphes  7. 2. 3  à  7 . 2 . 5  décriven t l es  exigences  générales  
communes  concernant l es  configurations  d 'anémomètres  montés  en  tête  de  mât ou  
l atéra lement et l es  configurations  de  d isposi ti fs  de  télédétection ,  tand is  que  l es  
Paragraphes  7 . 2 .6  à  7 . 2 . 8  décriven t l es  détai l s  spéci fiques  à  l a  réal isation  des  mesures  à  
l 'a ide  de  ces  configurations  de  capteurs.  

7.2.2  Exigences  générales  concernant les  anémomètres  montés  en  tête  de  mât 
météorolog ique  

Les  exigences  su ivan tes  s 'appl i quent à  tou tes  l es  appl ications  des  anémomètres  à  coupel les  
et  à  u l trasons  décri tes  dans  Paragraphes  7 . 2 . 3  à  7 . 2 . 8 .  

Le  capteur doi t satisfa i re  aux exigences  de  l 'Annexe  I  concernant  l es  anémomètres  à  
coupel les  et à  u l trasons.  Pour l es  mesures  de  performance  de  pu issance,  un  anémomètre  de  
classe  1 , 7A ou  1 , 7C au  moins  doi t  ê tre  u ti l i sé.  En  ou tre,  sur un  terra in  qu i  exige  un  
éta lonnage du  s i te ,  un  anémomètre  de  classe  supérieure  à  2 , 5B,  2 , 5D  ou  1 , 7S  doi t  ê tre  
u ti l i sé.  Voir Annexe  I  et Annexe J .  

L'anémomètre  doi t être  éta lonné  au  préalable  et,  s i  ce la  est exigé,  être  à  nouveau  éta lonné  
après  l a  campagne de  mesure  (post-étalonnage) .  I l  est ob l igatoi re  de  véri fier et de  
documenter que  l 'éta lonnage  de  l 'anémomètre  demeure  val i de  tout au  l ong  de  l a  période  de  
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mesure.  Cela  peut être  effectué  en  comparant l es  résu l tats  de  l 'éta lonnage i n i ti a l  aux 
résu l tats  du  post-étalonnage.  A défaut,  l a  comparaison  des  anémomètres  i n  s i tu  selon  
l 'Annexe K est adm ise.  

Lors  de  l a  réa l isation  d 'un  post-éta lonnage,  l a  d i fférence  entre  l es  d roi tes  de  régression  
d 'éta lonnage et de  post-éta lonnage doi t être  de  l 'ord re  de  ±  0 , 1  m /s  dans  l a  p l age  de  va leurs   
de  4  m /s  à  1 2  m /s.  Seu l  l ' éta lonnage effectué  avant l a  campagne de  mesure  doi t être  u ti l i sé  
pour l 'essai  de  performance.  L'éta lonnage de  l 'anémomètre  doi t  être  réal isé  conformément à  
l a  procédure  donnée à  l 'Annexe F .  S i  l a  d i fférence maximale  entre  les  d roi tes  de  régress ion  
d 'éta lonnage et de  post-éta lonnage n 'est pas  de  l 'ordre  de  ±  0 , 1  m /s  dans  l a  p lage  de  valeurs  
de  4  m /s  à  1 2  m /s,  l ' i ncerti tude-type  de  l 'éta lonnage  de  l 'anémomètre  uVS, precal , i  doi t ê tre  
augmentée  (au  moins  à  sa  d i fférence maximale,  mais  sans  dépasser ±  0 , 2  m /s).  S i  l a  
d i fférence est supérieure  à  ±  0 , 2  m /s,  l a  comparaison  des  anémomètres  in  s i tu  selon  
l 'Annexe  K doi t  être  u ti l i sée  pour i den ti fier l e  moment auquel  s 'est produ i t  l 'écart dans  l es  
données,  et  l es  données  erronées  qu i  s 'ensu iven t doivent être  rejetées.  S i  l 'essai  in  s i tu  ne  
peu t pas  à  déterm iner l e  moment auquel  a  commencé l 'écart,  l a  d i fférence de  post-étalonnage 
est a j outée  en  tant qu ' i ncerti tude.  

En  gu ise  d 'a l ternative,  l a  procédure  d 'éta lonnage i n  s i tu  donnée à  l 'Annexe  K doi t être  u ti l i sée  
pour véri fi er l ' i n tégri té  de  l 'anémomètre  tou t au  l ong  de  l a  période  de  mesure.  Lors  de  cette  
procédure,  un  anémomètre  de  commande est u ti l i sé  pour survei l l er l 'anémomètre  primaire.  
Lorsqu 'un  anémomètre  à  coupel l es  est u ti l i sé  comme anémomètre  primaire,  un  anémomètre  à  
coupel l es  ou  à  u l trasons  peu t être  u ti l i sé  comme anémomètre  de  commande.  Lorsqu 'un  
anémomètre  à  u l trasons  est u ti l i sé  comme anémomètre  primai re,  l 'anémomètre  de  commande 
doi t  être  un  anémomètre  à  coupel les.  Dans  l e  cas  où  une  courbe  de  pu issance dédu i te  de  
l a  REWS est obtenue  à  parti r de  mesures  réa l isées  sur un  mât météorolog ique  à  une  hau teur 
supérieure  à  ce l l e  du  moyeu ,  un  anémomètre  primaire  monté  l atéra lement doi t être  i nsta l lé  
sur l e  mât à  l a  hauteur du  moyeu ,  avec un  anémomètre  de  commande  associé  satisfa isant 
aux exigences  de  montage  de  l 'Annexe  G .  

L' incerti tude  de  mesure  de  l a  vi tesse  du  ven t est dédu i te  à  parti r de  p l us ieurs  sources  
d ' incerti tude  spéci fi ées  au  Tableau  D.  L' incerti tude  d 'éta lonnage doi t être  dédu i te  à  parti r de  
l 'Annexe F .  L' i ncerti tude  due  aux caractéristiques  d 'exploi tation  doi t être  dédu i te  se lon  
l 'Annexe I  consacrée  à  l a  classi fication  de  l 'anémométrie.  L ' i ncerti tude  due  aux effets  de  
montage  doi t être  déterm inée  selon  l 'Annexe G .  

7.2.3  Anémomètres  montés  en  tête  de  mât  

Pour mesurer l a  vi tesse  du  ven t à  l 'a ide  d 'un  anémomètre  mon té  en  tête  de  mât,  l es  
exigences  de  montage  données  à  l 'Annexe  G  doiven t être  respectées.  La  hauteur 
d ' instal l ation  du  capteur au-dessus  du  n i veau  du  sol 1 1  do i t  ê tre  véri fiée  par mesure.  La  
méthode  de  mesure  et son  i ncerti tude-type  doivent être  documentées 1 2.  L ' i ncerti tude-type  de  
l a  mesure  de  l a  hauteur du  capteur de  vi tesse  du  ven t au-dessus  du  n i veau  estimé du  sol  doi t  
être  i n férieure  ou  égale  à  0 , 2  m .  L'anémomètre  de  commande doi t  être  mon té  conformément 
aux exigences  données  à  l 'Annexe  G .  

7.2.4  Anémomètres  montés  l atéralement  

Le montage  doi t satisfai re  à  l 'exigence relati ve  aux anémomètres  montés  l atéralement selon  
l 'Annexe  G .  La  hauteur i nsta l lée  des  anémomètres  montés  latéralement au-dessus  du  n iveau  
du  sol  (voi r note  de  bas  de  page  1 1 )  do i t être  véri fi ée  par mesure.  La  méthode de  mesure  et 

___________ 

1 1  Afi n  de  déterm iner l e  n i veau  d u  sol ,  une  estimation  de  l ' a l ti tu de  moyenne  peut  être  réal i sée  su r un  rayon  de  2  m  
au tour de  l a  base  du  mât  ou  su r un  rayon  de  5  m  au tour de  l a  base  de  l ' éol i enne.  I l  convi en t  que  l ' i ncerti tude  de  
mesure  de  l a  hau teu r d u  capteur excl ue  l ' i ncerti tude  de  l ' estimation  du  n i veau  du  sol .  En  mer,  i l  convi ent  d e  
considérer que  l e  n i veau  du  so l  équ i vaut  au  n i veau  moyen  de  l a  mer.  

1 2  La  mesure  peut  être  réal i sée  à  l 'a i de  d 'un  d i spos i ti f de  mesure  avec un  étal onnage  traçable,  comme un  
théodol i te  capable  de  dédu i re  des  hauteu rs  à  parti r d 'une  mesure  d 'ang le  su r l e  p l an  verti ca l .  
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son  i ncerti tude  doiven t être  documentées.  L ' i ncerti tude-type  de  mesure  de  l a  hau teur doi t être  
i n férieure  ou  égale  à  0 , 2  m .   

La  correction  des  anémomètres  montés  l atéra lement pour l a  d istors ion  de  l 'écou lement au  
n iveau  du  mât météorolog ique  est adm ise  et décri te  p l us  en  déta i l  en  9. 1 . 2  et à  l 'Annexe S .  
Les  fondements  techn iques  et l 'effet de  l a  correction  doiven t être  documentés.  Les  fl èches  
doivent tou tes  avoi r l a  même orien tation  afi n  de  garanti r une  d istors ion  de  l 'écou lement 
s im i l a i re  entre  l es  d i fférentes  hauteurs.  I l  convien t que  l a  conception  du  mât météorolog ique  
et  ce l l e  de  l a  fl èche  présenten t l e  même effet  de  d istors ion  de  l 'écou lement au  n i veau  du  
capteur avec une  d i fférence maximale  adm ise  de  d is tors ion  de  l a  vi tesse  du  vent de  1  %  
en tre  les  d i fféren tes  hau teurs.  I l  convient que  les  d imensions  de  la  section  transversale  du  
mât météorolog ique  soient cohérentes  pour chaque a l ti tude.  En  cas  de  mâts  météorolog iques  
au toporteurs  pour lesquels  l a  surface  de  l a  section  transversale  est  pl us  large  aux al ti tudes  
i n férieures,  i l  convien t de  porter une  atten tion  particu l ière  à  l ' appl ication  des  
recommandations  données  à  l 'Annexe  G .  Une  autre  option  consiste  à  monter un  deuxième 
anémomètre  à  chaque  hau teur de  mesure  sur une  fl èche  d istincte  et à  l im i ter le  secteur de  
mesure  de  tel l e  sorte  que  l es  mesures  de  la  vi tesse  du  vent présenten t un  écart i n férieur ou  
égal  à  1  % .  

7.2.5  Dispositi f de  télédétection  (RSD)  

Les  d isposi ti fs  de  té lédétection  qu i  prennen t pour hypothèse  que  l e  volume anal ysé  présente  
un  écou lement horizon ta l  un i forme l im i tent l ' appl ication  de  ces  technolog ies  à  des  cond i ti ons  
de  terrain  non  complexe  pour l es  essais  de  performance de  pu issance,  comme décri t dans  
l 'Annexe  B .  Le  d isposi ti f de  té lédétection  doi t ê tre  véri fié  avant  l a  campagne  de  mesure  ou  i n  
s i tu ,  conformément à  l 'Article  L. 3.  Le  d isposi ti f de  té lédétection  peu t être  u ti l i sé  pour mesurer 
l a  vi tesse  du  vent à  l a  hau teur du  moyeu ,  l e  profi l  de  cisai l l emen t du  vent,  l a  déviation  de  l a  
traj ectoi re  du  vent et/ou  l a  vi tesse  du  ven t équ iva len te  du  rotor en  procédant à  des  mesures  à  
p lus ieurs  hau teurs  (voir 7 . 2 . 8).  Dans  tous  l es  cas,  l e  d isposi ti f de  té lédétection  doi t  ê tre  
comparé  paral l è lement à  un  anémomètre  monté  en  tête  de  mât météorolog ique  à  une  hauteur 
supérieure  ou  égale  à  l a  hau teur m in imale  de  l 'extrém ité  i n férieure  du  rotor de  l 'éol ienne  ou  à  
une  hau teur de  40  m  (voi r Article  L. 1 ) .  Les  exigences  re lati ves  aux anémomètres  montés  en  
tête  de  mât son t i den tiques  à  ce l les  décri tes  en  7 . 2. 3.  

L' incerti tude  des  mesures  de  l a  vi tesse  du  vent  des  RSD  doi t  être  dédu i te  se lon  l 'Annexe  L.  

7.2.6  Mesure de  l a  vi tesse  du  vent  équ ivalente  du  rotor 

Si  l a  vi tesse  du  ven t est mesurée  à  tro is  hau teurs  ou  p l us  sur l e  rotor de  l 'éol ienne  
(voir 7 . 2 . 8) ,  l a  vi tesse  du  vent équ ivalente  du  rotor peut être  calcu lée  comme ind iqué  
en  9. 1 . 3.  I l  est à  noter qu ' i l  est recommandé d '  u ti l i ser p l us  de  trois  hau teurs  de  mesure.  Les  
tro is  méthodes  de  mesure  de  l a  vi tesse  du  ven t équ ivalen te  du  rotor son t décri tes  ci -dessous:  

a)  Lorsqu 'un  anémomètre  monté  en  tête  de  mât à  l a  hauteur du  moyeu  satisfaisan t aux 
exigences  de  7 . 2 . 3  est  u ti l i sé  en  con j onction  avec un  RSD satisfaisant aux exigences  
de  7. 2. 5  et q ue  le  terrain  satisfai t aux exigences  de  l 'Annexe B ,  l es  mesures  de 
l 'anémomètre  et du  RSD  à  la  hauteur du  moyeu  sont combinées  afi n  de  déterm iner la  
vi tesse  du  ven t équ ivalen te  du  rotor se lon  9 . 1 . 3 .  

b)  Lorsqu 'un  anémomètre  monté  à  une  hauteur d i fféren te  de  ce l le  du  moyeu ,  mais  
satisfaisan t aux exigences  relati ves  aux anémomètres  mon tés  en  tête  de  mât de  7 . 2. 3,  est 
u ti l i sé  en  con jonction  avec un  RSD  satisfaisan t aux exigences  de  7 . 2. 5  et que  le  terrain  
satisfai t aux exigences  de  l 'Annexe  B,  l es  mesures  du  RSD sont u ti l i sées  d i rectement afi n  
de  déterm iner l a  vi tesse  du  ven t équ ivalente  du  rotor se lon  9. 1 . 3 .   

c)  Lorsqu 'un  mât météorolog ique  s i tué  à  une  hauteur supérieure  à  cel l e  du  moyeu  est u ti l i sé  
en  con j onction  avec des  anémomètres  montés  l atéralement répartis  sur l a  hauteur du  
rotor,  l 'u n  d 'eux se  s i tuant à  l a  hau teur du  moyeu ,  l es  mesures  de  la  vi tesse  du  ven t des  
anémomètres  montés  l atéralement peuvent être  u ti l i sées  d i rectement afi n  de  mesurer l a  
vi tesse  du  ven t équ ivalen te  du  rotor selon  9 . 1 . 3 .  
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7.2.7  Mesure  de  l a  vi tesse  du  vent  à  l a  hauteur du  moyeu  

Les  trois  méthodes  de  mesure  de  l a  vi tesse  du  ven t à  l a  hau teu r du  moyeu  sont décri tes  ci -
dessous:  

a)  Lorsqu 'un  mât météorolog ique  s i tué  à  l a  hauteur du  moyeu  est u ti l i sé,  l es  mesures  de  l a  
vi tesse  du  ven t à  l a  hauteur du  moyeu  doivent satisfa i re  aux exigences  décri tes  en  7 . 2 . 3 .  

b)  S i  l e  terra in  satisfa i t aux exigences  de  l 'Annexe B ,  l a  vi tesse  du  ven t à  l a  hau teur du  
moyeu  peu t être  mesurée  à  l 'a i de  d 'un  RSD  satisfa isan t aux exigences  de  7. 2. 5 ,  en  
particu l ier à  l 'exigence visan t à  comparer s imu l tanément l e  RSD  à  un  anémomètre  monté 
en  tête  de  mât.  

c)  Un  mât météorolog ique  s i tué  à  une  hauteur supérieure  à  ce l le  du  moyeu  peu t être  u ti l i sé  
afi n  de  m ieux capturer l es  vi tesses  du  ven t su r l a  surface  du  rotor.  Dans  ce  cas,  l a  vi tesse  
du  ven t à  l a  hau teur du  moyeu  doi t être  mesurée  à  l 'a ide  d 'un  capteur monté  l atéralement 
sur une  fl èche  satisfaisant aux exigences  décri tes  en  7 . 2 . 4 .   

Pour l a  défin i ti on  de  l a  vi tesse  du  ven t à  la  hauteur du  moyeu ,  l e  fa i t  que  l e  cisai l l ement du  
ven t vertica l  ou  l a  déviation  de  l a  traj ectoire  du  ven t sur l e  rotor de  l 'éol i enne  ne  sont pas  
connus  doi t être  pris  en  compte  en  aj outant  un  terme d ' incerti tude  conformément à  
l 'Annexe E ,  basé  su r l es  estimations  ou  l es  mesures  du  cisai l lemen t du  vent ou  de  l a  
déviation  de  l a  trajectoire  du  vent.  Lorsque  seu le  une  mesure  de  l a  vi tesse  du  ven t à  l a  
hau teur du  moyeu  est d ispon ible ,  une  estimation  du  cisai l l emen t du  ven t ou  de  l a  déviation  de  
l a  trajectoi re  du  ven t en  fonction  des  caractéristi q ues  du  s i te  (p.  ex. :  rugos i té) ,  d 'une  mesure 
an térieure  ou  d 'une  modél isation  du  s i te  (p .  ex. :  lors  d 'une  campagne d 'évaluation  des  
ressources)  doi t être  u ti l i sée  comme en trée  pour l 'anal yse  d ' i ncerti tude.  Lorsque  la  vi tesse  du  
ven t à  l a  hau teur du  moyeu  est déterm inée  à  l 'a i de  d 'un  RSD  ou  d 'un  mât météorolog ique 
s i tué  à  une  hau teur supérieure  à  cel l e  du  moyeu  et équ ipé  d ' instruments  de  mesure  montés  
l atéralement su r le  rotor,  ou  l orsque  des  i nstruments  montés  l atéra lement à  une  hau teur 
i n férieure  à  cel le  d u  moyeu  et satisfaisant aux exigences  m in imales  décri tes  en  7. 2. 8  son t 
u ti l i sés,  l e  cisai l l ement du  vent ou  l a  déviation  de  la  trajectoi re  du  vent dédu i ts  à  l 'a i de 
du  RSD  ou  des  i nstruments  montés  l atéralement doivent être  u ti l i sés  comme va leur d 'entrée 
pour l 'évaluation  de  l ' i ncerti tude.  

7.2.8  Mesures  du  cisai l l ement du  vent  

Lorsque  des  mesures  de  l a  vi tesse  du  ven t son t d ispon ibles  sur une  p lage  de  hau teurs,  l e  
cisai l l ement du  vent doi t  être  mesuré  et u ti l i sé  pour l a  déterm ination  de  l a  vi tesse  du  ven t 
équ ivalente  du  rotor ou  de  l 'exposant de  cisa i l lement du  vent.   

Les  mesures  du  cisa i l l ement du  ven t doivent être  réa l isées  en  u ti l i sant so i t  des  anémomètres  
montés  l atéra lement (voi r 7. 2 . 4) ,  so i t  un  i nstrument de  té lédétection  seu l  (voi r 7. 2 . 5) .  Des  
spéci fications  supplémenta ires  pour l a  mesure  du  cisa i l lement du  vent à  l 'a ide  d ' i nstruments  
de  té lédétection  ou  pour l es  mesures  à  l 'a ide  de  mâts  météorolog iques  son t respectivement 
données  à  l 'Annexe  L  et  à  l 'Annexe G .  

La  mesure  de  l a  vi tesse  du  vent équ ivalente  du  rotor doi t i nclure  l es  mesures  de  l a  vi tesse  du  
ven t à  une  hauteur supérieure  à  cel le  du  moyeu .  Pour appl i quer une  correction  du  
cisai l l ement du  ven t fondée sur une  mesure,  au  moins  trois  mesures  de  la  vi tesse  du  vent 
réparties  sur l a  surface  balayée  par l e  rotor doivent être  réa l isées.  Cependan t,  afin  de  rédu i re  
le  p l us  poss ib le  l ' i ncerti tude  de  l a  vi tesse  du  ven t,  i l  est  recommandé  de  prévoir l e  p lus  grand  
nombre  poss ib le  de  hau teurs  de  mesure.  I l  convien t de  réparti r les  hau teurs  de  mesure  de  
man ière  symétrique  au tour de  l a  hau teur du  moyeu  et de  façon  régu l ière  sur l a  p l age  verticale  
de  la  surface  ba layée  par l e  rotor.  

Les  hauteurs  de  mesure  doivent  i ncl ure  au  moins  l es  hau teurs  su ivan tes:  

a)  hau teur du  moyeu  ±  1 , 0  %;   

b)  hau teur entre  H – R  et  H – 2/3R ;   

c)  hau teur entre  H +  2/3R  e t  H +  R ,  
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où  H est l a  hau teur du  moyeu  de  l 'éol i enne  et  R  l e  rayon  de  l a  surface  ba layée  par l e  rotor 
(voir F i gure  2).   

 

Figure 2  – Hauteurs  de  mesure  du  cisai l lement du  vent appropriées  
pour l a  mesure  de  la  vi tesse du  vent équ ivalente  du  rotor 

Si  l e  mât météorolog ique  se  s i tue  à  l a  hauteur du  moyeu  ou  l égèrement au -dessus,  aucune 
mesure  de  l a  vi tesse  du  vent à  une  hau teur supérieure  à  cel le  du  moyeu  ne  peu t être  
d ispon ib le  pour l a  mesure  du  cisai l l emen t du  ven t.  Dans  ce  cas,  les  mesures  u ti l i sées  pour 
dédu i re  le  cisai l l ement du  vent  doiven t i ncl ure  au  moins  l es  hauteurs  su ivantes:  

a)  un  anémomètre  monté  l atéralement l e  p l us  proche poss ib le  de  la  hau teur du  moyeu  
satisfa isan t aux exigences  de  l 'Annexe  G  concernant l a  d is tance  de  séparation  par rapport 
à  l ' anémomètre  mon té  en  tête  de  mât;   

b)  l a  d is tance  en tre  H – R  et  H – 2/3R  satisfa isant  aux exigences  de  l 'Annexe G  concernant 
l es  anémomètres  montés  l atéralement.  

où  H est l a  hau teur du  moyeu  de  l 'éol ienne  et  R  l e  rayon  de  l a  surface  balayée  par l e  rotor 
(voi r F igure  3) .  
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Figure 3  – Hauteurs  de  mesure  du  cisai l lement  du  vent lorsqu 'aucune mesure  de  l a  
vi tesse du  vent  à  une hauteur supérieure à  cel l e  du  moyeu  n 'est d ispon ible  (un iquement 

pour l a  détermination  de  l 'exposant de  cisai l l ement du  vent)  

7. 3  Di rection  du  vent  

Les  mesures  de  l a  d i rection  du  ven t son t u ti l i sées  comme en trée  pour l 'éta lonnage  du  s i te,  l e  
fi l trage  des  données  vers  l e  secteur de  d i rection  val i de  et l a  déterm ination  de  l a  déviation  de  
l a  traj ectoi re  du  ven t.  La  d i rection  du  ven t doi t être  mesurée  à  l 'a ide  d 'un  capteur de  d i rection  
du  ven t.  I l  peut  s 'ag ir d 'une  g i rouette,  d 'un  anémomètre  à  u l trasons  2D  ou  3D,  ou  d 'un  RSD.  
Un  anémomètre  à  u l trasons  doi t  être  u ti l i sé  en  con j onction  avec une  g i rouette  
conventionnel l e ,  à  des  fi ns  de  con trôle.  S i  u n  RSD est u ti l i sé,  i l  convien t de  l e  soumettre  à  un  
essai  de  véri fication  de  l a  d i rection  du  vent  selon  l 'Annexe L.  

La  d i rection  horizon tale  i nstan tanée du  ven t doi t être  déterm inée  et moyennée  sur une  
période  de  1 0  m in .  Le  moyennage vectorie l  (moyennage  des  composantes  cos inus  et s i nus  
des  valeurs  de  d i rections  i nstan tanées  du  ven t en  prenant l 'arc tangent des  valeurs  moyennes  
et a j usté  à  l 'échel l e  a l lant de  0°  à  360°)  est une  méthode permettan t de  dédu i re  l a  d i rection  
moyenne du  ven t.  Une  au tre  méthode cons iste  à  é larg i r l 'échel le  d e  d i rection  du  vent à  des  
va leurs  supérieures  à  360°  et à  ca lcu ler l a  moyenne  sur une  période  de  1 0  m in ,  pu is  à  a j uster 
l a  va leur moyenne à  l a  p l age  a l lan t de  0°  à  360° .  Les  données  mesurées  dans  la  zone  morte  
d 'une  g i rouette,  correspondant en  règ le  générale  à  l ' ind icateur du  nord  du  corps  du  capteur 
de  d i rection  du  ven t,  ne  son t pas  défin ies  (ci rcu i t ouvert ou  court-ci rcu i t)  et doivent être  
exclues.  L ' incerti tude-type  composée  sur l 'éta lonnage,  l 'exploi tation  et l ' orientation  pour l a  
mesure  de  l a  d i rection  du  vent doi t  être  i n férieure  à  5° .  Le  capteur de  d i rection  du  ven t doi t 
être  éta lonné.  L'Annexe  N  fourn i t  des  l i gnes  d i rectrices  à  ce  su jet.   

7.4  Masse  volumique de  l 'air 

La  masse  volum ique  de  l 'a i r doi t être  dédu i te  à  parti r de  la  mesure  de  la  température  de  l 'a i r,  
de  l a  pression  atmosphérique  et de  l 'hum id i té  relati ve.  A défaut d 'une  mesure  de  l 'hum id i té,  i l  
est adm is  d 'appl i quer une  valeur hypothéti que  de  50  %  d 'hum id i té  re lative.  La  masse  
volum ique  de  l 'a i r do i t  être  ca lcu lée  à  l 'a i de  de  l 'Equation  (1 2)  donnée  en  9 . 1 . 5 .  

Le  capteur de  température  de  l 'a i r do i t  être  monté  dans  un  rayon  de  1 0  m  de  l a  hau teur du  
moyeu  afin  de  représenter l a  température  de  l 'a i r au  n i veau  de  l 'axe  cen tral  du  rotor de  
l 'éol i enne.  L'Annexe G  défin i t  les  exigences  de  montage  du  capteur de  température  l orsqu 'un  
mât météorolog ique  don t  l a  hau teur est  i n férieure  à  ce l le  du  moyeu  est u ti l i sé.  
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I l  convien t de  mon ter le  capteur de  press ion  atmosphérique  dans  un  rayon  de  1 0  m  de  l a  
hau teur du  moyeu  afin  de  représenter l a  press ion  atmosphérique  au  n iveau  de  l 'axe  cen tral  
du  rotor de  l 'éol i enne.  Les  mesures  de  l a  pression  atmosphérique  doiven t tou jours  être  
corrigées  à  l a  hau teur du  moyeu  appropriée,  conformément à  l ' I SO  2533.  

I l  convien t de  mon ter l e  capteur d 'hum id i té  dans  un  rayon  de  1 0  m  de  l a  hau teur du  moyeu  
afi n  de  représenter l 'hum id i té  au  n i veau  de  l 'axe  cen tral  du  rotor de  l 'éol i enne.  

7 . 5  Vi tesse  de  rotation  et  angle  de  pas  

I l  convien t de  mesurer l a  vi tesse  de  rotation  et  l 'ang le  de  pas  tou t au  l ong  de  l 'essai  s i  
nécessaire,  par exemple  s i  l es  mesures  doiven t être  appl i quées  en  association  avec des  
essais  de  bru i t  acoustique.  S i  ces  valeurs  son t mesurées,  les  mesures  doiven t être  
cons ignées  conformément à  l 'Article  1 0.  

7.6  Cond ition  des  pales  

La  cond i tion  des  pales  peu t i n fl uencer la  courbe  de  pu issance,  p l us  particu l ièrement dans  le  
cas  des  éol iennes  à  régu lation  par décrochage.  I l  peut être  u ti l e  de  comprendre  l es  
caractéristi ques  de  l 'éol ienne  afi n  de  survei l l er l es  facteurs  qu i  affecten t l a  cond i ti on  des  
pales,  notamment l es  précipi tations,  l e  g ivrage  et l 'accumu lation  d ' insectes  et  de  boue.  

7.7  Système de contrôle  de  l 'éol ienne  

Des s ignaux d 'état en  nombre  suffisan t doiven t être  i denti fiés,  véri fi és  et survei l l és  afin  de  
pouvoir appl i quer les  cri tères  de  rejet donnés  en  8. 4.  Ces  paramètres  peuvent être  obtenus  à  
parti r d u  système d 'acqu is i tion  de  données  du  système de  contrôle  de  l 'éol i enne 1 3.  La  
défin i tion  de  chaque s i gnal  d 'état  doi t  être  cons ignée.  

7.8  Système d 'acquis i tion  de  données  

Un  système numérique  d 'acqu is i ti on  de  données  ayan t une  fréquence  d 'échanti l lonnage par 
canal  d 'au  moins  1  Hz doi t être  u ti l i sé  pour recuei l l i r l es  mesures  et  s tocker l es  données  
échanti l lonnées  ou  l es  statis ti ques  re lati ves  aux ensembles  de  données  décri ts  en  8 . 3.   

L 'éta lonnage et l a  précis ion  de  l a  chaîne  du  système d 'acqu is i tion  de  données  (transm ission ,  
cond i tionnement du  s ignal  e t enreg istrement des  données)  doiven t être  véri fiés  en  i n j ectant 
des  s i gnaux connus  à  parti r d 'une  source  traçable  et éta lonnée aux extrém i tés  des  
transducteurs  et en  comparant ces  entrées  aux valeurs  enreg istrées.  A ti tre  de  l i gne  
d i rectrice,  i l  convient que  l ' i ncerti tude  d u  système d 'acqu is i ti on  de  données  soi t nég l i geable  
par rapport  à  l ' i ncerti tude  des  capteurs.  

8 Procédure de mesure  

8. 1  Général i tés  

L'obj ecti f de  l a  procédure  de  mesure  est de  col lecter des  données  qu i  satisfon t à  un  ensemble  
de  cri tères  cla i rement défin is  pour s 'assurer que  la  quan ti té  et  l a  qual i té  des  données  
suffisent pour déterm iner avec précis ion  l es  caractéristi ques  de  performance  de  pu issance  de  
l 'éol ienne.  La  procédure  de  mesure  doi t être  documentée,  comme décri t à  l 'Article  1 0 ,  de  
façon  à  ce  que  chaque  étape  du  mode opératoi re  et chaque  cond i ti on  d 'essai  pu isse  être  
révisée  et,  s i  nécessaire,  répétée.  

___________ 

1 3  Un  s i gnal  d ' état  de  démarrage  du  générateu r peu t être  u ti l i sé  pou r véri fi er l ' h ystérésis  d e  l a  coupure  dans  
l 'a l gori thme de  con trôle.   
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La  précis ion  des  mesures  doi t ê tre  exprimée  en  termes  d ' incerti tude-type,  comme décri t  à  
l 'Annexe D.  Pendant l a  période  de  mesure,  i l  convien t de  val i der régu l i èrement l es  données  
pour garan ti r une  hau te  qual i té.  Des  j ournaux d 'essai  doiven t être  tenus  à  j our afin  de  
documenter tous  l es  événements  importan ts  pendan t l 'essai  de  performance  de  pu issance.  

8.2  Exploi tation  de  l 'éol ienne  

Pendan t l a  période  de  mesure,  l 'éol ienne  doi t être  en  fonctionnement normal  conformément 
aux prescriptions  du  manuel  d 'exploi tation  de  l 'éol i enne  et la  configuration  de  l a  mach ine  ne  
doi t pas  être  mod i fiée.  L 'état d 'explo i tation  de  l 'éol ienne  doi t  être  cons igné  comme décri t à  
l 'Article  1 0.  Une  main tenance normale  de  l 'éol i enne  doi t  être  assurée  tout au  long  de  l a  
période  de  mesure,  mais  ces  travaux doiven t être  notés  dans  l e  j ournal  d 'essai .  En  particu l i er,  
tou tes  l es  actions  de  main tenance  spécia le  (par exemple,  un  l avage  fréquen t des  pa les)  
destinées  à  garan ti r une  bonne performance  pendant l 'essai  doivent  être  cons ignées.  I l  
convient  d 'évi ter de  procéder à  de  te l les  actions  de  main tenance  spécia le.  

8.3  Col lecte  des  données  

Les  données  doivent être  col l ectées  en  con tinu  à  une  fréquence d 'échanti l l onnage de  1  Hz ou  
p lus .  La  température  de  l 'a i r,  l a  pression  atmosphérique,  l 'hum id i té  et l es  précip i tations,  s i  ces  
caractéristiques  son t mesurées,  peuvent être  échanti l l onnées  moins  souven t,  mais  au  moins  
une  fois  par m inu te.   

Le  système d 'acqu is i tion  de  données  doi t  stocker l es  données  échanti l l onnées  ou  bien  les  
statistiques  re lati ves  aux ensembles  de  données  comme su i t:  

a)  l a  va leur moyenne;  

b)  l 'écart-type;  

c)  l a  va leur maximale;  

d )  l a  va leur m in imale.  

Les  ensembles  de  données  chois is  doivent être  basés  sur des  périodes  de  1 0  m in  dédu i tes  à  
parti r de  données  mesurées  de  façon  con tinue.  Les  données  doivent être  col lectées  j usqu 'à  
ce  que  les  exigences  défin ies  en  8 . 5  soient satisfa i tes .  

8.4 Rejet  des  données  

Pour s 'assurer que  seu les  l es  données  obtenues  lors  de  l 'exploi tation  normale  de  l 'éol i enne  
son t u ti l i sées  pour l 'anal yse,  mais  auss i  que  l es  données  ne  sont pas  corrompues,  l es  
ensembles  de  données  doiven t être  exclus  de  la  base  de  données  dans  l es  s i tuations  
su ivantes:  

a)  l es  cond i ti ons  externes  au tres  que  la  vi tesse  du  vent sont en  dehors  de  la  p lage  de  
fonctionnement de  l 'éol i enne;  

b)  l 'éol i enne  ne  peu t pas  fonctionner en  ra ison  d 'un  état  de  défaut;  

c)  l 'éol i enne  est  arrêtée  manuel l ement ou  dans  un  mode d 'exploi tation  d 'essai  ou  de  
maintenance;  

d )  l e  matérie l  de  mesure  est  défa i l lant  ou  dégradé  (par exemple,  à  cause  du  g i vrage) ;  

e)  l a  d i rection  du  vent est en  dehors  du  ou  des  secteurs  de  mesure  défin is  en  6. 3. 3 ;  

f)  l es  d i rections  du  ven t son t en  dehors  des  secteurs  val ides  (complets)  d 'éta lonnage du  
s i te;  

g )  tou te  cond i ti on  atmosphérique  particu l ière  fi l trée  pendant l 'éta lonnage du  s i te  doi t  l 'être  
également pendant l 'essai  de  courbe  de  pu issance.  

Tout au tre  cri tère  de  rejet doi t être  cl a i rement consigné.  
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L'effet su r l a  courbe  de  pu issance d 'une  l arge  boucle  d 'hystérésis  dans  l 'a l gori thme de  
con trôle  de  coupure  peu t être  considérable.  Cet effet ne  doi t  pas  être  i nclus  dans  l a  courbe  
de  pu issance.  Quant à  tous  l es  ensembles  de  données  correspondant au  moment où  
l 'éol ienne  a  arrêté  de  produ ire  de  la  pu issance en  ra ison  d 'une  coupure  due  à  une  vi tesse  
é levée du  vent,  i l s  do iven t être  exclus.  S i  l e  comportement de  coupure  a  été  atte in t pendant l a  
période  de  mesure,  l es  mesures  peuvent être  présentées  dans  une  base  de  données  spécia le  
con tenant tous  l es  poin ts  de  données  de  l a  base  de  données.  La  courbe  de  pu issance doi t  
refl éter l 'effet de  l 'h ystérés is  dans  l 'a lgori thme de  contrôle  du  démarrage,  mais  auss i  l 'effet 
des  pertes  parasi tes  en  dessous  de  l a  vi tesse  de  démarrage.  L'hystérés is  de  coupure  affecte  
l es  tranches  de  vi tesse  du  ven t les  p l us  é levées;  l e  fa i t  de  l ' i gnorer peut donc condu ire  à  une  
surestimation  de  l a  production  d 'énerg ie,  en  particu l ier dans  des  scénarios  présen tant des  
vi tesses  de  ven t annuel les  p l us  é levées.  

Des  sous-ensembles  de  l a  base  de  données  col l ectés  dans  des  cond i ti ons  d 'explo i tation  
particu l i ères  (par exemple,  forte  rugosi té  des  pales  due  à  l a  poussière,  se l ,  i nsectes,  g i vrage  
ou  s i  l es  cond i tions  de  raccordement varien t de  man ière  considérable)  ou  des  cond i tions 
atmosphériques  particu l ières  (par exemple,  précipi tations,  cisa i l lement du  ven t)  qu i  se  
produ isen t pendant l a  période  de  mesure  peuvent être  choisis  comme bases  de  données  
spécia les .   

8.5  Base de  données  

Après  normal isation  des  données  (voir 9. 1 ) ,  l es  ensembles  de  données  chois is  doiven t être  
tri és  selon  la  procédure  de  l a  "méthode des  tranches"  (voir 9 . 2) .  La  plage  de  vi tesses  du  ven t 
doi t  être  d i visée  en  tranches  con tiguës  de  0 , 5  m /s,  cen trées  sur des  mu l tip les  de  0 , 5  m /s.  Les  
ensembles  de  données  chois is  doivent  au  moins  couvri r une  p lage  de  vi tesses  du  vent 
comprise  entre  1  m /s  en  dessous  de  l a  vi tesse  de  démarrage  et 1 , 5  fo is  l a  vi tesse  du  vent à  
85  %  de  l a  pu issance assignée  de  l 'éol i enne.  A défau t,  l a  p l age  de  vi tesses  du  vent doi t  
s 'étendre  entre  1  m /s  en  dessous  de  l a  vi tesse  de  démarrage  et l a  vi tesse  du  vent  à  laquel l e  
l ' "AEP mesurée"  est supérieure  ou  égale  à  95  %  de  l ' "AEP extrapolée"  (voir 9 . 3),  
l ' "AEP mesurée"  et l ' "AEP extrapolée"  étant déterm inées  sur l a  base  des  défin i tions  
cohérentes  appropriées  de  la  vi tesse  du  ven t (c'est-à-d i re,  l a  d is tribution  des  vi tesses  du  vent  
et  l a  courbe  de  pu issance dédu i te  à  parti r de  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu ,  a ins i  
que,  l orsque  l a  REWS est dédu i te,  la  d istribu tion  des  vi tesses  du  ven t et l a  courbe  de  
pu issance  dédu i te  à  parti r de  l a  REWS).  Pour l es  éol i ennes  avec con trôle  de  pas  acti f,  l a  
courbe  de  pu issance  peut être  cons idérée  comme complète  l orsque  l a  pu issance  ass ignée  a  
été  atte in te,  que  l a  pu issance  moyenne ne  varie  pas  de  p l us  de  0, 5  %  de  la  pu issance ou  de  
5  kW ( la  valeur retenue  étant  l a  p l us  é levée  des  deux)  pendant trois  tranches  consécutives  de  
vi tesse  du  vent,  e t q ue  l a  pu issance  ne  tend  pas  à  augmenter sur l a  moyenne de  ces  trois  
tranches.  Le  rapport doi t  i nd iquer l equel  des  tro is  cri tères  de  p lage  de  vi tesses  du  vent a  été  
u ti l i sé.   

La  base  de  données  doi t  ê tre  considérée  comme complète  l orsqu 'e l le  satisfa i t  aux cri tères  
su ivants:  

a)  chaque  tranche  comporte  un  m in imum  de  30  m in  de  données  échanti l lonnées;  

b)  l a  base  de  données  comporte  un  m in imum  de  1 80  h  de  données  échanti l l onnées.  

Dans  l 'éventual i té  où  une  tranche i ncomplète  empêcherai t l 'achèvement de  l 'essai ,  cette  
va leur de  tranche peu t être  estimée  par i n terpolation  l i néaire  à  parti r des  deux tranches  
complètes  ad jacentes.   

La  base  de  données  doi t être  présentée  dans  l e  rapport d 'essai  décri t à  l 'Article  1 0.  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 305  – 

9  Résul tats  dédui ts  

9. 1  Normal isation  des  données  

9. 1 . 1  Général i tés  

Dans  l es  paragraphes  su ivants ,  trois  méthodes  de  normal isation  sont décri tes  pour les  
principaux facteurs  atmosphériques  i n fl uençant l es  résu l tats  de  l a  courbe  de  pu issance:  l a  
masse  volum ique  de  l 'a i r,  l e  cisa i l lemen t du  vent  et l ' i n tensi té  des  turbu lences.   

L 'obj ecti f de  ces  normal isations  est d 'amél iorer l a  précision  des  résu l tats  au  moyen  de  
formu lations  concrètes  pour chaque variable.  Cela  permettra  dans  une  certaine  mesure  de  
comparer l es  résu l tats  de  d i fféren ts  ensembles  de  données  sur une  échel l e  s im i l a i re.   

I l  convien t d 'appl i quer les  d i fféren tes  normal isations  conformément à  l 'organ igramme de  l a  
F igure  4 .  

 

Figure 4 – Processus  d 'appl ication  des  d i fférentes  normal isations 1 4  

9 . 1 .2  Correction  de  l a  d istorsion  de  l 'écou lement au  n iveau  du  mât météorologique  
par les  anémomètres  montés  l atéralement  

Concernant l a  d istors ion  de  l 'écou lement au  n iveau  du  mât météorolog ique,  une correction  
des  vi tesses  du  vent par les  anémomètres  montés  l atéralement est adm ise  ( l 'exigence de  
l 'Annexe G  pour un  maximum  de  1  %  de  d is tors ion  de  l 'écou lement du  mât météorolog ique  
avan t appl ication  de  l a  correction  étan t tou jours  valable).  Tou te  méthode de  correction  doi t  
être  documentée  et  consignée conformément aux exigences  de  l 'Article  1 0 .  

___________ 

1 4  Lorsque  l es  mesures  facu l tati ves  de  l a  REWS  sont  d i spon ibl es,  l es  données  de  REWS su ivent  une  trajecto i re  
de  normal i sation  paral l è l e  aux normal i sations  des  données  de  hau teu r du  moyeu  par défau t,  représentées  par 
l es  termes  en tre  crochets .  La  normal i sation  des  données  REWS est  réal i sée  séparément à  chaque  hau teur de  
mesure  pou r tou tes  l es  étapes  de  normal i sation ,  j usqu 'à  l 'é tape  à  l aquel l e  l es  résu l tats  de  chaque  hauteur 
son t  combinés  dans  l a  correction  du  ci sai l l ement/de  l a  REWS/de  l a  dévi ation  de  l a  tra j ectoi re.  Une  seu le  
val eu r corri gée  de  REWS  est dédu i te  pour chaque  poi n t  d e  données  de  1 0  m in  à  chaque  étape  su i vante,  
paral l è l ement aux corrections  appl i quées  à  chaque  po in t  de  données  de  hau teur d u  moyeu .  

Données brutes échantil lonnées sur 
10 min  

• Données de hauteur du  moyeu  

• [données REWS à  plusieurs hauteurs]  

Distorsion  de l 'écoulement au  
niveau  du  mât 

(9.1.1)  

• Données de hauteur du  moyeu  

• [données REWS à  plusieurs hauteurs]  

Etalonnage du  site (Annexe C)  

• Données de hauteur du  moyeu  

• [données REWS à  plusieurs hauteurs]  

[correction  du  cisail lement/de 
la  REWS/de la  déviation  de la  
tra jectoire]  

(9.1.2/9.1.3)  

• [données REWS à  plusieurs hauteurs]  

Correction  de la  masse volumique 
de l 'a ir 

(9.1.4)  

• Données de hauteur du  moyeu  

• [données corrigées REWS]  

Normalisation  des turbulences 

(9.1.5)  

• Données de hauteur du  moyeu  

• [données corrigées REWS]  

Données normalisées 
sur 10 min  

• Données de hauteur du  

moyeu  

• [données 
corrigées REWS]  
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L' impact de  l a  d istors ion  de  l 'écou lement au  n i veau  du  mât météorolog ique  sur l a  mesure  du  
cisai l l ement du  vent peu t être  d im inué  le  p l us  possib le  en  rédu isan t l e  secteur de  mesure  
l orsque  le  n iveau  de  d istors ion  de  l 'écou lement au  n i veau  du  mât météorolog ique  est  i n férieur 
à  une  l im i te  donnée.  Les  fondements  techn iques  d 'une  te l le  réduction  de  l a  l argeur du  secteur 
doivent être  documentés.  L 'Annexe  S  donne  une  méthode possib le  de  déterm ination  de  l a  
d istors ion  de  l 'écou lement pour un  mât en  tre i l l i s .  

9. 1 .3  Correction  du  cisai l l ement du  vent  ( lorsque  des  mesures  de  REWS sont 
d ispon ibles)  

9. 1 . 3.1  Général i tés  

Si  l a  vi tesse  du  vent sur l a  surface  du  rotor de  l 'éol ienne  est constan te,  la  vi tesse  du  vent à  l a  
hau teur du  moyeu  sera  représentative  de  l a  vi tesse  du  ven t su r l e  rotor de  l 'éol i enne  et  
l 'u ti l i sation  de  l a  vi tesse  du  vent à  l a  hauteur du  moyeu  sera  j usti fi ée.  Néanmoins,  l 'h ypothèse  
selon  l aquel le  l a  vi tesse  du  ven t en  un  poin t (par exemple  à  l a  hau teur du  moyeu)  représen te  
l a  vi tesse  du  ven t sur la  surface  du  rotor de  l 'éol i enne  peut ne  pas  être  représentati ve  pour 
l es  grandes  éol iennes.  C'est pourquoi  i l  est nécessai re  d ' i n trodu ire  des  corrections  pour ten i r 
compte  de  la  vi tesse  du  ven t à  l a  hauteur du  moyeu ,  a i nsi  que  des  variations  in trodu i tes  par 
l e  cisai l l ement du  ven t su r l e  rotor de  l 'éol ienne.  Trois  grandeurs  son t  défin ies  ci -dessous:  

a)  l a  vi tesse  du  ven t équ ivalen te  du  rotor;  

b)  l e  facteur de  correction  du  cisa i l l emen t du  ven t;  

c)  l a  vi tesse  du  ven t corrigée  du  cisai l l ement du  ven t.  

Le  facteur de  correction  du  cisai l l ement du  vent  peu t être  u ti l i sé  pour dédu i re  une  courbe  de  
pu issance spéci fique  à  un  cl imat,  comme décri t  à  l 'Annexe P.  Cette  correction  est tou tefois  
fondée sur l 'h ypothèse  qu 'une  éol ienne  est  capable  de  converti r tou te  l 'énerg ie  cinéti que  
d ispon ible.  

9. 1 .3.2  Vi tesse  du  vent  équ ivalente  du  rotor 

La vi tesse  du  vent équ iva lente  du  rotor est la  vi tesse  du  vent correspondant au  fl ux d 'énerg ie  
ci nétique  qu i  traverse  l a  surface  balayée  par l e  rotor,  en  tenant compte  du  cisai l lement du  
ven t vertical .  Lorsque  l a  vi tesse  du  vent est d ispon ib le  pour au  moins  tro is  hau teurs  de  
mesure  (voir 7 . 2 . 6),  la  vi tesse  du  ven t équ ivalente  du  rotor est  défin ie  comme su i t:  

 31
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où   

nh  est  le  nombre  de  hauteurs  de  mesure  d ispon ibles  (nh  ≥  3) ;  

vi  est  l a  vi tesse  du  ven t mesurée  à  l a  hauteur i;  

A  est  l a  surface  tota le  balayée  par l e  rotor (c'est-à-d i re  πR2 ,  R étan t l e  rayon);  

A i  est l a  su rface  du  ie  segment,  c'est-à-d i re  le  segment pour l equel  l a  vi tesse  du  vent  vi  est  
représentative,  dédu i te  à  parti r de  l 'Equation  (6) .  

Les  segments  (avec l es  surfaces  A i)  do iven t être  chois is  de  te l l e  man ière  que  la  l i gne  de 
séparation  horizon tale  entre  deux segments  se  trouve  au  m i l i eu  des  deux poin ts  de  mesure.  
Les  surfaces  de  segments  sont  ensu i te  dédu i tes  à  l 'a i de  de  l 'Equation  (6):  
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où  

zi  est l a  hau teur de  la  ie  l i gne  de  séparation  de  segment (H–R<zi<H+R) ,  numérotée  dans  l e  
même ordre  que  vi  (de  hau t en  bas  ou  de  bas  en  hau t).  

La  largeur du  rotor à  l a  hau teur z  est:  

 222 )()( HzRzc −−=  (7)  

 
où  

R  est  le  rayon  du  rotor;  

H est  la  hauteur du  moyeu .  

La  fonction  in tégrée  est:  
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Exemple de calcul REWS pour un profil de vitesse du vent sur 10 min 

Cet exemple  prend  pour h ypothèse  une  éol ienne  présentant une  hau teur du  moyeu  de  80  m  
et  un  d iamètre  de  rotor de  1 00  m .  La  vi tesse  du  ven t a  été  mesurée  à  5  hau teurs  à  l 'a ide  d 'un  
mât météorolog ique.  S i  l es  hau teurs  avaien t pu  être  chois ies ,  e l les  auraien t  été  idéalement 
réparties  de  façon  régu l ière  (40  m ,  60  m ,  80  m ,  1 00  m  et 1 20  m ).  Cet exemple  représente  un  
cas  dans  lequel  l es  hau teurs  ont été  déterm inées  i ndépendamment de  l 'obj ecti f d 'évaluation  
de  l a  REWS.  Les  l im i tes  du  segment ont été  défin ies  au  m i l i eu  de  deux mesures  
consécutives.  La  REWS obtenue  est  égale  à  9 , 38  m /s  (voi r Tableau  3) .  

Tableau  3  – Exemple  de  calcu l  de  REWS 

Hauteurs  
de  

mesure  [m]  

Vi tesse  
du  
vent 
[m/s]  

Pondération  
du  

segment *  [%]  

Hauteur 
l im i te  

i nférieure  
du  

segment 
(z

i
)  [m]  

Hauteur l im i te  
supérieure  du  

segment (z
i+1 )  [m ]  

Hauteur du  
segment [m]  

1 1 6  1 1 , 46  1 6, 31  1 08  1 30  22  

1 00  1 0, 43  21 , 04  90  1 08  1 8  

80  9, 24  25, 29  70  90  20  

60  7, 81  23, 1 2  50  70  20  

40  6, 05  1 4, 24  30  50  20  

*   La  pondération  du  segment es t  défi n ie  comme l e  rapport  en tre  l a  su rface  du  segment  
et  l a  su rface  totale  bal ayée  par l e  rotor.  

 

9. 1 .3.3  Facteur de  correction  du  cisai l lement du  vent  

9. 1 . 3.3.1  Cas  1 :  Mât météorologique  à  hauteur du  moyeu  avec d ispositi f de  
télédétection  ou  d ispositi f de  télédétection  avec mât  météorologique court  
(hauteur in férieure  à  cel le  du  moyeu)  

Un  facteur de  correction  du  cisa i l l ement du  vent mesuré  à  l 'a i de  d 'un  d isposi ti f de  
té lédétection  est défin i  comme le  rapport de  la  vi tesse  du  ven t équ ivalen te  du  rotor par 
rapport à  l a  vi tesse  du  vent mesurée  à  la  hauteur du  moyeu  se lon  l 'Equation  (9) :  

 RSDh,RSDeq,RSDr, vvf =  (9)  
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où  

veq ,RSD  est l a  vi tesse  du  ven t équ ivalente  du  rotor mesurée  à  l 'a ide  du  d ispos i ti f de  
té lédétection ,  selon  l 'Equation  (5);  

vh ,RSD  est l a  vi tesse  du  vent mesurée  à  l a  hau teur du  moyeu  à  l 'a ide  du  d ispos i ti f de  
té lédétection .  

9. 1 .3 .3.2  Cas  2:  Mât météorolog ique  au-dessus  de  l a  hauteur du  moyeu  

Le  facteur de  correction  du  cisai l l ement du  vent  mesuré  à  l 'a i de  d 'un  mât météorolog ique  est 
défin i  comme l e  rapport de  la  vi tesse  du  ven t équ ivalen te  du  rotor par rapport à  l a  vi tesse  du  
ven t mesurée  à  l a  hau teu r du  moyeu  selon  l 'Equation  (1 0) 1 5:  

 MMh,MMeq,MMr, vvf =  (1 0)  

 

où  

veq ,MM  est  l a  vi tesse  du  vent  équ iva len te  du  rotor mesurée  par les  anémomètres  sur l e  mât 
météorolog ique,  se lon  l 'Equation  (5) ;  

vh ,MM  est  la  vi tesse  du  ven t mesurée  par l 'anémomètre  à  l a  hau teur du  moyeu .  

9. 1 .3.4  Correction  du  cisai l lement du  vent  

Si  l a  vi tesse  du  vent à  l a  hau teur du  moyeu  et  l e  ci sa i l l emen t du  ven t son t mesurés  à  l 'a i de  du  
même type  de  WME,  l a  vi tesse  du  ven t équ ivalen te  du  rotor est ca lcu lée  selon  l 'Equation  (5).   

S i  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  est mesurée  à  l 'a i de  d 'un  anémomètre  mon té  sur 
un  mât météorolog ique  et que  l e  cisai l l ement du  ven t est  mesuré  à  l 'a i de  d 'un  RSD,  l a  vi tesse  
du  ven t équ iva lente  du  rotor fi nal  est ca lcu lée  selon  l 'Equation  (1 1 ):  

   MMh,RSDr,finaleq, vfv =  (1 1 )  

 

9. 1 .4  Correction  de  l a  déviation  de  l a  trajectoi re  du  vent  

Comme expl i qué  à  l 'Annexe  Q,  l e  changement de  d i rection  du  ven t sur l a  p lage  de  hau teurs  
du  rotor (déviation  de  la  traj ectoi re  du  vent)  peu t avoir un  impact s ign i ficati f sur la  pu issance  
de  sortie  de  l 'éol ienne.  Dans  le  cas  des  rotors  de  grandes  éol i ennes,  i l  est recommandé 
d 'appl iquer l a  défin i tion  étendue de  l a  vi tesse  du  vent équ ivalente,  en  y i ncluant l a  déviation  
de  la  traj ectoire  du  ven t.  

9. 1 .5  Normal isation  de  l a  masse  volumique  de  l 'ai r 

La masse  volum ique  de  l 'a i r doi t  être  déterm inée  à  parti r de  l a  mesure  de  l a  température  de  
l 'a i r,  de  l a  press ion  atmosphérique  et de  l 'hum id i té  re lative,  se lon  l 'Equation  (1 2):  
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où  

ρ1 0m in  est  l a  masse  volum ique  de  l 'a i r moyennée  dédu i te  sur une  période  de  1 0  m in ;  

T1 0m in  est  l a  température  absolue  de  l 'a i r moyennée sur une  période  de  1 0  m in  [K] ;  

B1 0m in  est  l a  pression  atmosphérique  corrigée  à  l a  hau teur du  moyeu  moyennée sur une  
période  de  1 0  m in  [Pa] ;  

___________ 

1 5  I l  est  à  noter que  fr, MM  est  u ti l i sé  aux fi ns  du  rapport  seu l ement.  
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R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] ;  

Φ  est  l 'hum id i té  re lati ve  (p lage  de  0  %  à  1 00  %);  

Rw  est  la  constante  des  gaz pour l a  vapeur d 'eau  (461 , 5)  [J /kgK] ;  

Pw  est  la  press ion  de  vapeur égale  à  0 , 000  020  5  exp(0, 0631  846  T1 0m in )  [Pa] ;  

La  press ion  de  vapeur Pw  dépend  de  l a  température  moyenne de  l 'a i r sur une  période  de  
1 0  m in .  

Les  ensembles  de  données  chois is  doiven t être  normal isés  à  au  moins  une  masse  volum ique  
de  l 'a i r de  référence.  La  masse  volum ique  de  l 'a i r de  référence  doi t  correspondre  à  l a  
moyenne  de  l a  masse  volum ique  de  l 'a i r mesurée  pour l 'ensemble  de  données  val i de  col lecté  
sur l e  s i te  pendan t l a  période  d 'essai  (voi r 8. 4)  ou ,  à  défaut,  à  une  masse  volum ique  de  l 'a i r 
nom inale  prédéfin ie  pour l e  s i te.  La  masse  volum ique  de  l 'a i r moyenne  mesurée  doi t être  
arrond ie  au  0 , 01  kg/m 3  l e  p l us  proche et être  cons ignée conformément à  l 'Article  1 0.  

Pour une  éol i enne  à  régu lation  par décrochage  avec pas  de  pale  constant et vi tesse  de  
rotation  constante,  l a  normal isation  des  données  doi t être  appl i quée  à  l a  pu issance de  sortie  
mesurée  selon  l 'Equation  (1 3) :  
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où  

Pn  est  la  pu issance de  sortie  normal isée;  

P1 0m in  est  l a  pu issance moyennée  sur une  période  de  1 0  m in ;  

ρ0  est  la  masse  volum ique  de  l 'a i r de  référence;  

ρ1 0m in  est l a  masse  volum ique  de  l 'a i r dédu i te  selon  l 'Equation  (1 2)  moyennée  sur une  
période  de  1 0  m in .  

Pour une  éol i enne  avec con trôle  de  l a  pu issance acti ve,  l a  normal isation  doi t être  appl iquée  à  
l a  vi tesse  du  ven t se lon  l 'Equation  (1 4):  
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où  

Vn  est  l a  vi tesse  normal isée  du  ven t;  

V1 0m in  est  l a  vi tesse  du  ven t moyennée  sur une  période  de  1 0  m in .  

9. 1 .6  Normal isation  des  turbu lences  

Les  mesures  de  l a  courbe  de  pu issance de  l 'éol ienne  son t i n fluencées  par l ' i n tens i té  des  
turbu lences.  Une  grande  partie  de  l 'effet de  l ' i n tensi té  des  turbu lences  est causée par l e  
moyennage  de  la  pu issance de  sortie  mesurée  et  l a  vi tesse  du  vent mesurée  sur des  périodes  
de  1 0  m in .  I l  est recommandé  d 'él im iner cet effet des  mesures  en  normal isan t l es  données  de  
courbe de  pu issance à  l ' i n tens i té  des  turbu lences  de  référence  conformément à  l 'Annexe  M .  
L' in tens i té  des  turbu lences  de  référence  doi t  être  défin ie  avan t l 'essai  de  courbe  de 
pu issance.  E l l e  peut être  défin ie  comme une  fonction  de  l a  vi tesse  du  ven t à  la  hau teur du  
moyeu.  Sauf i nd ication  con trai re,  une  i n tens i té  des  tu rbu lences  de  référence de  1 0  %  doi t  ê tre  
appl iquée.  L ' incerti tude  re lative  à  la  normal isation  des  turbu lences  doi t  être  prise  en  compte.  
S i  aucune normal isation  des  turbu lences  n 'est appl i quée  aux données  de  courbe  de  
pu issance,  l ' i ncerti tude  sur l a  courbe  de  pu issance due  aux effets  des  tu rbu lences  doi t  être  
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estimée.  I l  est recommandé d 'u ti l i ser l a  méthode de  ca lcu l  de  l ' i ncerti tude  décri te  à  
l 'Annexe M 1 6.  

9.2  Détermination  de  l a  courbe de  pu issance  mesurée  

La  courbe  de  pu issance  doi t être  déterm inée  en  fonction  de  la  vi tesse  du  ven t à  la  hauteur du  
moyeu  et,  lorsqu 'e l le  est  mesurée,  de  l a  vi tesse  du  ven t équ ivalente  du  rotor.  Toutefois,  i l  
convient de  se  rappeler que  l ' i ncerti tude  dans  une  courbe  de  pu issance  dédu i te  à  parti r de  
mesures  à  hauteur du  moyeu  seu lement est p lus  é levée  en  ra ison  du  fai t  qu 'aucun  au tre  
paramètre  i n fl uant sur les  cond i tions  du  vent  n 'est connu .  Pour ten i r compte  du  cisai l lement 
du  ven t vertical  ,  d e  l a  déviation  de  l a  trajectoire  du  vent et de  l ' i n tensi té  des  turbu lences,  
mais  aussi  pour rédu ire  l ' i ncerti tude  de  mesure  de  l a  courbe  de  pu issance,  i l  est recommandé 
de  cons idérer l a  vi tesse  du  vent équ iva len te  du  rotor comme l a  vi tesse  du  vent représentati ve  
et l a  pu issance de  sortie  normal isée  des  turbu lences  conforme à  l 'Annexe  M  comme l a  
pu issance  de  sortie  pertinen te.  La  dérivation  des  courbes  de  pu issance à  parti r de  la  vi tesse  
du  vent normal isée  pour un  profi l  de  cisai l l ement du  vent spéci fique  (voi r Annexe P)  et la  
pu issance  de  sortie  normal isée  des  tu rbu lences  sont des  options  recommandées  l orsqu 'une  
comparaison  entre  d i fféren tes  courbes  de  pu issance est souhai tée  ou  que  les  cou rbes  de  
pu issance  son t appl i quées  pour l 'évaluation  des  ressources  éol iennes.  

Pour i nd iquer des  moyennes  sur des  périodes  de  1 0  m in ,  i l  convient d 'ajou ter un  i nd ice  j  
supplémentaire  aux vi tesses  de  ven t respectives.  

La  courbe  de  pu issance mesurée  est déterm inée  en  appl iquan t l a  "méthode  des  tranches"  aux 
ensembles  de  données  normal isés,  en  u ti l i sant des  tranches  de  vi tesse  du  ven t de  0 , 5  m /s  et  
en  calcu lant l es  valeurs  moyennes  de  la  vi tesse  normal isée  du  vent et de  la  pu issance de  
sortie  normal isée  pour chaque tranche  de  vi tesse  du  ven t,  se lon  l es  Equations  (1 5)  et  (1 6) :  
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où  

Vi  est  la  vi tesse  du  ven t normal isée  et  moyennée  dans  l a  tranche  i;  

Vn , i , j  est  l a  vi tesse  du  ven t normal isée  de  l 'ensemble  de  données  j  dans  l a  tranche  i;  

Pi  est  la  pu issance de  sortie  normal isée  et moyennée dans  la  tranche  i;  

Pn , i , j  est  l a  pu issance de  sortie  normal isée  de  l 'ensemble  de  données  j  dans  l a  tranche  i;  

Ni  est  le  nombre  d 'ensembles  de  données  de  1 0  m in  dans  l a  tranche  i.  

La  courbe  de  pu issance mesurée  doi t ê tre  présentée  et décri te  comme ind iqué  à  l 'Article  1 0.  
Lorsque  des  courbes  de  pu issance  de  l a  REWS son t mesurées,  la  courbe  de  pu issance  de  l a  
vi tesse  du  ven t à  l a  hauteur du  moyeu  doi t également être  présentée.   

9.3  Production  annuel le  d 'énergie  (AEP)  

L'AEP  do i t  être  ca lcu lée  de  deux man ières,  l 'u ne  nommée "AEP  mesurée",  l 'au tre  
"AEP  extrapolée".  S i  l a  courbe  de  pu issance mesurée  n ' inclu t  pas  l es  données  j usqu 'à  l a  
vi tesse  de  coupure,  la  courbe  de  pu issance doi t  être  extrapolée  entre  l a  vi tesse  du  vent 
maximale  mesurée  et l a  vi tesse  de  coupure.  

___________ 

1 6  I l  convien t  de  noter q ue  l ' i n tensi té  des  tu rbu lences  est  mesurée  d i fféremment par l es  anémomètres  à  coupel l es,  
l es  d i sposi ti fs  de  té l édétection  et  l es  anémomètres  à  u l trasons.  I l  convient  d 'en  ten i r compte  l ors  de  
l ' i n terprétati on  des  résu l tats .  
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De  p l us,  l 'AEP  peu t être  défin ie  comme une  AEP  générique  ou  une  AEP  spéci fique  au  s i te.  
L'AEP  générique  est mesurée  en  appl i quant l a  courbe  de  pu issance mesurée  aux d i fféren tes  
d istribu tions  de  fréquence  de  vi tesses  du  ven t de  référence.  Pour une  insta l l ation  spéci fi que,  
l es  cond i ti ons  nom inales  du  s i te  spéci fian t l e  rég ime des  vents  sur l e  s i te  peuvent être  
connues.  Dans  ce  cas,  une  AEP  spéci fique  au  s i te  peu t également être  cons ignée et ca lcu lée  
en  se  fondant  sur l es  i n formations  spéci fiques  à  ce  s i te.  

I l  est à  sou l igner qu 'une  courbe  de  pu issance dédu i te  à  parti r des  mesures  de  vi tesse  du  ven t 
à  l a  hau teur du  moyeu  ne  doi t être  combinée  qu 'à  une  d istribution  de  fréquence de  vi tesses  
du  ven t fondée  sur l a  défi n i ti on  de  la  vi tesse  du  vent à  la  hau teur du  moyeu  pour dédu i re  
l 'AEP,  tand is  qu 'une  courbe  de  pu issance  dédu i te  à  parti r des  mesures  de  la  REWS ne  doi t  
être  combinée  qu 'à  une  d istribu tion  de  fréquence  REWS pour dédu i re  l 'AEP.  Dédu i re  l 'AEP  à  
parti r de  la  combinaison  d 'une  courbe  de  pu issance de  la  REWS et d 'une  d istribution  de  
fréquence de  vi tesses  du  ven t à  l a  hau teur du  moyeu  (et  vice  versa)  ne  consti tue  pas  un  
calcu l  va l i de.  Une  d istribu tion  de  Rayleigh ,  qu i  est  identique  à  une  d is tribu tion  de  Weibu l l  
avec un  facteur de  forme de  2 ,  do i t  être  u ti l i sée  comme d istribu tion  de  fréquence de  vi tesses  
du  vent  de  référence.  Les  estimations  de  l 'AEP doivent être  effectuées  pour des  moyennes  
annuel l es  de  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  égales  à  4  m /s,  5  m /s,  6  m /s,  7  m /s,  
8  m /s,  9  m /s,  1 0  m /s  et 1 1  m /s,  se lon  l 'Equation  (1 7):  
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où  

AEP  est  l a  production  annuel l e  d 'énerg ie ;  

Nh  est  le  nombre  d 'heures  dans  une  année ≈  8  760;  

n  est  le  nombre  de  tranches;  

Vi  est  la  vi tesse  du  ven t normal isée  et  moyennée  dans  l a  tranche  i;  

Pi  est  la  pu issance de  sortie  normal isée  et moyennée dans  la  tranche  i.  
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où  

F(V)  est l a  fonction  de  d istribution  de  probabi l i té  cumu lati ve  de  Rayleigh  pour l a  vi tesse  
du  ven t;  

Vave  est  la  moyenne annuel l e  de  la  vi tesse  du  ven t;  

V est  l a  vi tesse  du  ven t.  

La  sommation  est  i n i ti a l isée  en  défin issan t Vi-1  su r Vi  – 0, 5  m /s  et Pi-1  su r 0 , 0  kW.  

Pour un  s i te  spéci fi que,  l es  cond i tions  nom inales  spéci fiant l e  rég ime des  ven ts  sur l e  s i te  
peuvent être  connues.  Dans  ce  cas,  une  AEP  spéci fique  au  s i te  peu t également être  
cons ignée et calcu lée  en  se  fondant sur l es  in formations  spéci fi ques  à  ce  s i te .  S i  l a  
d istribu tion  du  vent spéci fi que  au  s i te  est connue et qu 'e l le  est présentée  sous  une  forme 
tabu la i re,  l 'AEP  spéci fi que  au  s i te  peut  être  calcu lée  en  commençant par converti r l a  
d istribu tion  du  ven t en  une  d istribution  cumu lati ve  correspondante.  Le  nombre  d 'heures  
j usqu 'à  chaque  vi tesse  du  ven t mesurée  de  l a  courbe  de  pu issance mesurée  sera  dédu i t  par 
i n terpolation  l i néai re  de  deux valeurs  ad j acentes  de  l a  d istribution  cumu lati ve.  Ce  n ombre  
sera  d i visé  par l a  somme des  heures  du  tableau ,  qu i  correspond  typiquement au  nombre  
d 'heures  nom inal  d 'une  année ca lendai re.  Enfin ,  l 'AEP  sera  ca lcu lé  à  l ' a ide  de  l 'Equation  (1 7) .  
La  d is tribu tion  tabu la i re  des  vi tesses  du  ven t doi t  u ti l i ser la  même défin i ti on  de  vi tesse  du  
ven t (hau teur du  moyeu  ou  REWS)  que  l a  courbe  de  pu issance  mesurée,  faute  de  quoi  
aucune  AEP  va l i de  ne  peut  être  dédu i te.   
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S i  la  d is tribution  du  vent spéci fique  au  s i te  est présen tée  comme une  d istribu tion  de  Weibu l l  
avec des  facteurs  de  forme et d 'échel le  connus,  l 'AEP  peu t être  calcu lée  selon  l 'Equation  (1 7)  
et en  remplaçant l 'Equation  de  d istribution  cumu lati ve  de  Rayleigh  (1 8)  par l 'Equation  de  
d istribu tion  de  Weibu l l  (1 9) :  
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où  

F(V)  est désormais  l a  fonction  de  d istribu tion  de  probabi l i té  cumu lati ve  de  Weibu l l  pour l a  
vi tesse  du  ven t;  

V est  l a  vi tesse  du  ven t;  

Aw  est  le  facteur d 'échel le  de  Weibu l l ;  

k  est  le  facteur de  forme de  Weibu l l .  

L'AEP  mesurée  doi t être  obtenue  d 'après  la  courbe  de  pu issance mesurée  en  prenant pour 
h ypothèse  une  pu issance nu l l e  pour tou tes  les  vi tesses  du  vent supérieures  et  i n férieures  à  la  
p lage  de  la  courbe  de  pu issance  mesurée,  pu is  par sommation  selon  l 'Equation  (1 7).  

L'AEP  extrapolée  doi t  être  obtenue  à  parti r de  l a  courbe  de  pu issance mesurée  en  prenant 
pour hypothèse  une  pu issance nu l le  pour toutes  l es  vi tesses  de  ven t i n férieures  à  l a  vi tesse  
l a  p l us  basse  du  vent su r la  courbe  de  pu issance  mesurée  et une  pu issance constante  pour 
l es  vi tesses  de  vent comprises  en tre  l a  vi tesse  du  vent l a  p lus  é levée  sur l a  courbe  de  
pu issance  mesurée  et  l a  vi tesse  de  coupure.  La  pu issance constan te  u ti l i sée  pour 
l 'AEP  extrapolée  doi t  correspondre  à  l a  va leur de  pu issance de  la  tranche  à  l a  vi tesse  du  ven t 
l a  p lus  é levée  su r l a  courbe  de  pu issance mesurée.  

L'AEP  mesurée  et  l 'AEP  extrapolée  doivent être  présentées  dans  l e  rapport  d 'essai  décri t à  
l 'Article  1 0.  Pour tous  l es  calcu ls  de  l 'AEP,  l a  d i spon ibi l i té  de  l 'éol i enne  doi t  être  défin ie  à  
1 00  %.  Pour des  moyennes  annuel les  données  de  l a  vi tesse  du  vent,  l es  estimations  de  l 'AEP  
mesurée  doivent être  marquées  comme " i ncomplètes"  lorsque  l es  ca lcu ls  montren t que  l 'AEP  
mesurée  est  i n férieure  à  95  %  de  l 'AEP  extrapolée.  

Des  estimations  de  l ' i ncerti tude  de  mesure  en  termes  d ' i ncerti tude-type  sur l 'AEP,  
conformément à  l 'Annexe  D,  doiven t être  consignées  pour l 'AEP  mesurée  pour l 'ensemble  des  
d istribu tions  des  vi tesses  du  vent  u ti l i sées.   

Les  i ncerti tudes  sur l 'AEP,  d écri tes  ci -dessus,  ne  ti ennent compte  que  des  i ncerti tudes  issues  
de  l 'essai  de  performance de  pu issance;  e l l es  ne  ti ennent pas  compte  des  i ncerti tudes  dues  à  
d 'au tres  facteurs  importan ts  associés  à  l a  production  d 'énerg ie  réel le  pour une  instal l ation  
donnée.  

9.4 Coefficient  de  pu issance  

Le  coefficien t de  pu issance  CP  d e  l 'éol ienne  doi t  être  aj ou té  aux résu l tats  d 'essai  et présenté  
comme décri t à  l 'Article  1 0.  CP  d o i t  être  déterm iné  à  parti r de  l a  courbe  de  pu issance 
mesurée,  se lon  l 'Equation  (20):  
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où  

CP , i  est  le  coefficien t de  pu issance  dans  l a  tranche  i;  
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Vi  est l a  vi tesse  du  vent normal isée  et moyennée  dans  l a  tranche  i  (qu i  correspond  à  l a  
vi tesse  du  vent défi n ie  comme vi tesse  du  vent équ ivalente  du  rotor ou  vi tesse  du  
ven t à  l a  hau teu r du  moyeu);  

Pi  est  la  pu issance de  sortie  normal isée  et moyennée dans  la  tranche  i;  

A  est  la  surface  ba layée  par l e  rotor de  l 'éol i enne;  

ρ0  est  la  masse  volum ique  de  l 'a i r de  référence.  

1 0  Format de  rapport  

Le  rapport  d 'essai  doi t  conten ir l es  i n formations  su ivan tes:  

a)  I denti fication  et description  de  l a  configuration  spéci fique  de  l 'éol i enne  à  l 'essai  (voir  6 . 2) ,  
notamment:  

1 )  l a  marque,  l e  type,  l e  numéro  de  série,  l 'année  de  production  de  l 'éol i enne;  

2)  l e  d iamètre  du  rotor et  une  description  de  l a  méthode de  véri fication  u ti l i sée  ou  un  
renvoi  à  l a  documentation  re lati ve  au  d iamètre  du  rotor;  

3)  l a  vi tesse  du  rotor ou  l a  p lage  de  vi tesses  du  rotor;  

4)  l a  pu issance  ass ignée  et l a  vi tesse  du  ven t ass ignée;  

5)  l es  données  re lati ves  aux pales:  marque,  type,  numéros  de  série,  nombre  de  pales,  
pas  fixe  ou  variable,  ang le(s)  de  pas;  

6)  l a  hau teur du  moyeu  et l e  type  de  mât;  

7)  une  description  du  système de  con trôle  (d isposi ti f et vers ion  l og icie l le)  et une  
documentation  des  s i gnaux d 'état u ti l i sés  pour l a  réduction  des  données;  

8)  une  description  des  cond i ti ons  de  raccordement au  réseau  é lectrique  au  n i veau  de  
l 'éol i enne  ( tens ion ,  fréquence et to lérances  associées) ,  a ins i  q u 'un  schéma ind iquant  
l 'emplacement auquel  est raccordé  le  transducteur de  pu issance,  à  savoi r un  
transformateur in terne  ou  externe,  a i ns i  que  l a  consommation  é lectrique  propre  de 
l 'éol i enne;  

b)  Description  du  s i te  d 'essai  (voir 6. 3) ,  notamment:  

1 )  des  photograph ies  de  tous  l es  secteurs  de  mesure,  prises  de  préférence depu is  
l 'éol i enne  à  l a  hauteur du  moyeu ;  

2)  une  carte  du  s i te  d 'essai  représentan t l a  su rface  des  environs  sur une  d istance  rad ia le  
égale  à  au  moins  20  fois  l e  d iamètre  du  rotor de  l 'éol i enne  et ind iquant  l a  topograph ie,  
l 'emplacement de  l 'éol i enne,  le  matérie l  de  mesure  du  ven t,  l es  obstacles  s i gn i ficati fs,   
l es  au tres  éol i ennes  a insi  que  l e  secteur de  mesure;  

3)  l es  résu l tats  de  l 'évaluation  du  s i te,  c'est-à-d i re  l es  l im i tes  du  ou  des  secteurs  de  
mesure  val ides;   

4)  s i  un  éta lonnage  du  s i te  est effectué,  l es  l im i tes  du  ou  des  secteurs  de  mesure  finals  
doivent également être  cons ignées,  y compris  l a  j usti fication  des  variations  
éven tuel les  résu l tant de  l 'évaluation  du  s i te;  

5)  un  tableau  des  coordonnées  et de  l 'a l t i tude  de  l 'éol ienne  à  l 'essai ,  du  matériel  de  
mesure  du  ven t et des  éven tuels  obstacles  s ign i ficati fs  étud iés  l ors  de  l 'évaluation  des  
obstacles ;  

c)  Description  du  matérie l  d 'essai  (voi r Article  7) :  

1 )  l ' i denti fication  de  tous  l es  capteurs,  du  matérie l  de  mesure  du  vent et du  système 
d 'acqu is i ti on  de  données,  y compris  l a  documentation  pour l 'éta lonnage des  capteurs,  
du  matérie l  de  mesure  du  vent,  des  l i gnes  de  transm iss ion  du  s i gnal  et  du  système 
d 'acqu is i ti on  de  données;  

2)  un  croqu is  du  montage  du  mât météorolog ique  ind iquan t l es  d imensions  du  mât et l e  
montage  des  i nstruments ,  conformément à  l 'Annexe G ;  
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3)  une  description  de  l a  méthode u ti l i sée  pour garan ti r que  l 'éta lonnage du  matériel  de  
mesure  du  ven t est  resté  val ide  pendant tou te  l a  durée  de  la  période  de  mesure,  a i ns i  
qu 'une  documentation  des  résu l tats  montrant  que  l 'éta lonnage  est main tenu ;  

d )  Description  de  la  procédure  de  mesure  (voi r Article  8) :   

1 )  une  documentation  des  étapes  du  mode opératoire,  des  cond i tions  d 'essai ,  de  l a  
fréquence d 'échanti l l onnage,  du  temps  de  moyennage  et  de  l a  période  de  mesure,  y 
compris :  

– l a  documentation  des  éta lonnages,  des  corrections  ou  des  fonctions  de  transfert 
appl iquées  par l 'enreg istreur de  données  et/ou  par post-tra i tement;  

2)  un  j ournal  de  bord  d 'essai  consignant tous  les  événements  importan ts  qu i  se  son t 
produ i ts  l ors  de  l 'essai  de  performance de  pu issance,  y compris:  

– une  l i s te  de  toutes  l es  acti vi tés  de  maintenance qu i  on t eu  l i eu  pendant l 'essai ;  

– une  l i s te  de  tou tes  l es  actions  spécia les  (par exemple,  un  lavage  des  pales)  qu i  on t  
été  effectuées  pour garanti r une  bonne  performance;  

3)  une  l i ste  complète  de  tous  l es  cri tères  de  fi l trage  u ti l i sés  pour produ i re  le  résu l tat  
cons igné,  y compris:  

– l e  paramètre,  la  mesure,  l a  durée  ou  une  combinaison  des  paramètres  fi l trés;  

– l a  p lage  ou  le  cri tère  l og ique  re lati f au  fi l tre ;   

–  l a  j usti fication  du  fi l tre ;  

– l 'ordre  dans  l equel  l es  fi l tres  on t été  appl i qués  doi t être  consigné,  avec l e  nombre  
de  poin ts  supprimé  à  chaque i tération .  A défau t,  l e  nombre  de  poin ts  de  données  
que  l e  fi l tre  supprimerai t de  la  base  de  données  par l u i -même;   

– l e  nombre  i n i tia l  d 'ensembles  de  données  dans  l a  base  de  données  et  l e  nombre  
final  d 'ensembles  de  données  après  l 'appl ication  de  tous  l es  fi l tres;   

e)  Présen tation  des  données  mesurées  (voi r 8. 3  à  8 . 5).  Les  données  de  chaque ensemble  de  
données  chois i  doivent être  présentées  au  format tabu la i re  et graph ique,  ce  qu i  permet de  
fourn i r des  statisti ques  concernant l a  pu issance  de  sortie  mesurée  en  fonction  de  l a  
vi tesse  du  vent et de  paramètres  météorolog iques  importants  ( l orsque  des  mesures  de  la  
REWS son t d ispon ibles,  l es  données  mesurées  doivent  être  présentées  séparément pour 
l a  hau teur du  moyeu  et l a  REWS),  y compris :   

1 )  des  d iagrammes de  d i spers ion  représentan t l es  moyennes,  l es  écarts-types,  l a  
pu issance  de  sortie  m in imale  et  maximale  en  fonction  de  la  vi tesse  du  vent ( l es  tracés  
doivent i nclu re  des  i n formations  concernant l a  fréquence d 'échanti l l onnage) .  Un  
exemple  est donné  à  l a  F igure  5;  

2)  des  d iagrammes de  d ispers ion  représentant l a  vi tesse  moyenne du  vent et l ' in tensi té  
des  turbu lences  en  fonction  de  la  d i rection  du  ven t;  

3)  des  d iagrammes  de  d ispers ion  représentant  l ' i n tens i té  des  turbu lences  en  fonction  de  
l a  vi tesse  du  ven t ( l ' i n tens i té  des  turbu lences  moyenne  dans  chaque tranche  de  
vi tesse  du  ven t doi t  être  représentée);  

4)  i l  convien t également de  présenter,  comme décri t  ci -dessus,  l es  bases  de  données  
spécia les  consti tuées  de  données  recuei l l i es  dans  des  cond i ti ons  d 'explo i tation  ou  
dans  des  cond i tions  atmosphériques  particu l i ères;  

5)  S ' i l s  ont été  mesurés,  l a  vi tesse  de  rotation  et l ' ang le  de  pas  doivent être  représentés  
sous  la  forme d 'un  d iagramme de  d ispersion  i ncluant l es  valeurs  de  tranche  en  
fonction  de  la  vi tesse  du  ven t a i nsi  qu 'un  tableau  des  valeurs  de  tranche;  

6)  l a  défin i ti on  des  s i gnaux d 'état  et  des  tracés  des  s i gnaux d 'état  pendant  l a  période  de  
mesure;   

7)  des  d iagrammes  de  d ispers ion  représentan t l a  masse  volum ique  de  l 'a i r en  fonction  de  
l a  d i rection  du  vent et de  l a  vi tesse  du  ven t,  y compris  l a  moyenne  par tranche;   

8)  un  d iagramme de  d ispersion  représentant l 'exposant de  cisai l l ement du  ven t par 
rapport  à  l 'heure  du  j our et en  fonction  de  l a  vi tesse  du  vent.  L 'exposant de  
cisai l l ement du  ven t dans  l a  moi ti é  i n férieure  du  rotor et l 'exposant de  cisa i l l emen t du  
ven t dans  la  moi tié  supérieure  du  rotor doiven t être  présentés  séparément.  En  ou tre,  
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l es  va leurs  moyennes  des  deux exposants  de  cisai l l ement du  vent par tranche de  
vi tesse  du  ven t doivent  être  représentées ;  

9)  l ' exposant moyen  de  ci sai l l ement du  vent ou  une  représen tation  équ iva lente  des  
cond i ti ons  de  cisa i l l ement du  ven t du  s i te  l ors  de  l 'essai ;  

1 0)  l e  facteur de  correction  du  cisa i l lemen t du  ven t,  conformément à  9 . 1 . 3. 3,  s i  appl icable ,  
en  fonction  de  l a  configuration  de  la  mesure  (u ti l i ser l 'Equation  (9)  ou  l 'Equation  (1 0) ,  
en  fonction  de  la  configuration  de  la  mesure);  

1 1 )  l a  masse  volum ique  de  l 'a i r moyenne  mesurée  lors  de  l 'essai ;   

f)  Présen tation  de  l a  courbe  de  pu issance  mesurée  pour l a  masse  volum ique  de  l 'a i r de  
référence (voi r 9. 1  et 9. 2 ),  pour l a  courbe  de  pu issance dédu i te  à  parti r de  l a  vi tesse  du  
ven t à  l a  hauteur du  moyeu ,  a ins i  que  l a  courbe  de  pu issance dédu i te  de  l a  REWS s i  e l l e  
est  mesurée:  

1 )  l a  courbe  de  pu issance  doi t ê tre  représentée  sous  l a  forme d 'un  tableau  s im i l a i re  au  
Tableau  4 1 7.  Pour chaque  tranche de  vi tesse  du  ven t,  l e  tableau  doi t  répertorier:  

– l a  vi tesse du  ven t normal isée  et moyennée;  

– l a  pu issance  de  sortie  normal isée  et  moyennée;  

– l e  nombre  d 'ensembles  de  données;  

– l a  va leur CP  ca lcu lée;  

– l es  i ncerti tudes-types  de  catégorie  A (voir Annexe D  et  Annexe  E);  

– l es  i ncerti tudes-types  de  catégorie  B  (voir Annexe D  et  Annexe  E);  

– l ' i ncerti tude-type  composée  (voi r Annexe D  et  Annexe  E);  

2)  l a  courbe  de  pu issance doi t ê tre  représentée  sous  la  forme d 'un  graph ique  s im i la i re  à  
l a  F igure  6.  Le  g raph ique  doi t  représenter l es  caractéristi ques  su ivan tes  en  fonction  
de  la  vi tesse  du  ven t normal isée  et  moyennée:  

– l a  pu issance  de  sortie  normal isée  et  moyennée;  

– l ' i ncerti tude-type  composée;  

3)  l a  courbe  CP  do i t  être  représentée  sous  l a  forme d 'un  graph ique  s im i la i re  à  l a  
F igure  7 ;  

4)  l e  g raph ique  et l e  tableau  doiven t men tionner l a  masse  volum ique  de  l 'a i r de  référence 
u ti l i sée  pour l a  normal isation ;  

5)  s i  l a  vi tesse  de  coupure  a  été  attein te  pendant l a  période  de  mesure,  l a  courbe  de  
pu issance et l a  courbe  CP  ou  l es  parties  des  courbes  i n fl uencées  par l 'h ystérésis  de  
coupure  peuvent être  présen tées  d 'une  man ière  s im i la i re  aux é léments  1 ) ,  2) ,  3 )  et  4) .  

g )  Présen tation  des  courbes  de  pu issance mesurées  recuei l l i es  dans  des  cond i ti ons  
d 'explo i tation  et  des  cond i tions  atmosphériques  particu l i ères:  

1 )  l es  courbes  de  pu issance dédu i tes  à  parti r des  sous-ensembles  de  l a  base  de  
données  pour des  cond i tions  d 'exploi tation  ou  des  cond i tions  atmosphériques  
particu l i ères  peuvent également être  cons ignées.  S i  te l  est l e  cas,  i l  convient de 
cons igner une  courbe  de  pu issance de  l a  même man ière  que  pour l a  masse  volum ique 
de  l 'a i r de  référence,  mais  se lon  l a  masse  volum ique  dédu i te  à  parti r de  l a  moyenne 
de  l a  masse  volum ique  de  l 'a i r mesurée  pour l es  sous-ensembles  de  l a  base  de  
données  ou ,  à  défaut,  en  u ti l i sant une  masse  volum ique  de  l 'a i r nom inale  prédéfin ie  
pour l e  s i te.  

h )  Présen tation  de  l a  production  annuel le  d 'énerg ie  estimée pour l a  masse  volum ique  de  l 'a i r 
de  référence (voi r 9. 3) ,  pour la  courbe  de  pu issance dédu i te  de  l a  vi tesse  du  vent à  l a  

___________ 

1 7  En  p l us  de  représenter l a  cou rbe  de  pu i ssance  mesurée  dans  un  tableau ,  conformément  à  f)1 ) ,  l a  courbe  de  
pu i ssance  mesurée  peu t être  représentée  sous  l a  forme  de  valeurs  au  cen tre  de  l a  tranche.  La  méthode  
recommandée  cons iste  à  u ti l i ser une  fonction  spl i ne  cubi que  pour l ' i n terpolati on  en tre  l es  val eu rs  de  tranches  
du  tabl eau  afi n  de  représenter l a  vi tesse  du  vent,  l a  pu i ssance  et  l e  coeffi cien t  de  pu i ssance  mesurés  au  centre  
de  l a  tranche.   
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hau teur du  moyeu ,  a i ns i  que  la  courbe  de  pu issance  dédu i te  de  l a  REWS s i  e l l e  est 
mesurée:   

1 )  un  tab leau  s im i l a i re  au  Tableau  5  qu i  doi t i ncl ure  pour chaque  moyenne annuel l e  de  l a  
vi tesse  du  ven t à  l a  hauteur du  moyeu :  

– l 'AEP  mesurée;  

– l ' i ncerti tude-type  de  l 'AEP mesurée  (voir Annexe  D  et  Annexe  E);  

– l 'AEP  extrapolée;  

2)  l e  tableau  doi t  également mentionner:  

– l a  masse  volum ique  de  l 'a i r de  référence;  

– l a  vi tesse  de  coupure;  

3)  pour tou te  moyenne annuel l e  de  l a  vi tesse  du  vent,  s i  l 'AEP mesurée  est i n férieure  à  
95  %  de  la  production  annuel le  d 'énerg ie  extrapolée,  l e  tableau  doi t également i nclure  
l a  men tion  " i ncomplet"  dans  l a  colonne  des  valeurs  de  l 'AEP mesurée;  

i )  Présentation  du  coefficien t de  pu issance mesuré  (voi r 9. 4) :  

1 )  i l  convient de  représenter l e  coefficien t de  pu issance  mesuré  en  fonction  de  l a  vi tesse  
du  vent sous  l a  forme d 'un  tableau  et d 'un  graph ique,  où  l a  surface  balayée par l e  
rotor doi t  être  i nd iquée;  

j )  Présentation  des  résu l tats  de  l 'éta lonnage du  s i te  (voir Annexe  C  pour l es  exigences  de  
cons ignation) :  

1 )  s i  un  éta lonnage  du  s i te  a  été  réal isé,  i l  d oi t être  consigné  dans  le  rapport sous  la  
forme d 'un  tableau ;   

2)  l e  tableau  doi t présen ter pour chaque  tranche  de  d i rection  du  vent:  

– l es  l im i tes  m in imale  et maximale  de  d i rection  du  ven t;  

– l a  d i rection  du  vent  moyennée par tranche;  

– l es  caractéristi ques  de  l a  correction  de  l a  vi tesse  du  ven t;  

– l e  nombre  d 'heures  de  données;  

– l ' i ncerti tude-type  composée du  rapport de  vi tesses  du  vent pour 6  m /s,  1 0  m /s  et 
1 4  m /s;  

3)  l e  rapport doi t en  ou tre  i nclure  les  g raph iques  et  l es  tableaux exigés  à  l 'Annexe  C;  

k)  I ncerti tude  de  mesure  (voir Annexe D):  

1 )  des  hypothèses  d ' i ncerti tude  doiven t être  fourn ies  pour toutes  l es  composantes  
d ' incerti tude;  

l )  Ecarts  par rapport à  l a  procédure:  

1 )  tou t  écart par rapport  aux exigences  de  l a  présen te  norme doi t être  cl a i rement 
documenté  dans  un  article  d is tinct.  Pour chaque  écart doivent  être  fourn ies  des  
j usti fications  techn iques,  a ins i  qu 'une  estimation  de  son  effet sur l es  résu l tats  d 'essai .  
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Anglais  Français  

Scatter p l ot  of measured  power ou tpu t  
D iag ramme de  d i spers ion  de  l a  pu i ssance  de  sorti e  
mesurée  

M in imum  Valeu rs  m in imales  

Maximum  Valeu rs  maximales  

S td .  dev Ecarts-types  

Mean  Moyennes  

E lectri c  power (kW) Pu issance  é lectri que  (kW)  

Hub  hei ght  wi nd  speed  (m /s)  Vi tesse  du  vent  à  l a  hau teu r du  moyeu  (m /s)  

Figure 5  – Présentation  d 'un  exemple  de  base de  données:  d iagramme de  d ispersion  de  
l 'essai  de  performance  de  pu issance  échanti l lonné  à  1  Hz (valeurs  moyennes  

moyennées  sur 1 0  min)  
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 Courbe de puissance mesurée corrigée en  fonction de la 
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Figure  6  – Présentation  d 'un  exemple  de  courbe de  pu issance  mesurée  
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Figure 7  – Présentation  d 'un  exemple  de  courbe CP  
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Tableau  4  – Exemple  de  présentation  d 'une courbe de  pu issance  mesurée  

Courbe de  pu issance  mesurée   

Masse volumique  de  l 'ai r de  référence:  1 , 225 kg/m 3  Catégorie  A Catégorie  B  
Incerti tude  
composée  

N o  de  
tranche  

Vi tesse  du  
vent à  l a  

hauteur du  
moyeu  

Pu issance  
de  sortie  CP  

Nombre  
d 'ensembles  
de  données  

I ncerti tude-
type  
s
i
 

I ncerti tude-
type  
u

i
 

I ncerti tude-
type  
u

ci
 

[m /s]  [kW]   
(moyennés  su r 

1 0  m in )  
[kW]  [kW]  [kW]  

4  2 , 1  –3, 6  –0, 26  1 38  0 , 05  6 , 3  6 , 3  

5  2 , 5  –3, 6  –0, 1 6  275  0 , 04  6 , 3  6 , 3  

6  3 , 0  –3, 8  –0, 1 0  270  0 , 1 3  6 , 3  6 , 3  

7  3 , 5  –2, 2  –0, 03  320  0 , 56  6 , 3  6 , 3  

8  4 , 0  –0, 4  0 , 00  347  0 , 56  6, 3  6 , 3  

9  4 , 5  6 , 0  0 , 05  362  0 , 67  6, 3  6 , 4  

1 0  5, 0  27, 7  0 , 1 5  333  1 , 09  6 , 8  6 , 9  

1 1  5, 5  67, 4  0 , 28  285  1 , 65  1 0, 9  1 1 , 0  

1 2  6 , 0  1 1 1 , 3  0 , 36  262  2 , 26  1 6, 1  1 6 , 3  

1 3  6 , 5  1 60, 9  0 , 40  265  3 , 08  20, 1  20, 3  

1 4  7 , 0  209, 4  0 , 42  286  3 , 22  20, 4  20, 7  

1 5  7 , 5  262, 0  0 , 43  287  3 , 23  20, 7  20, 9  

1 6  8, 0  327, 6  0 , 44  248  3 , 28  23, 3  23, 5  

1 7  8, 5  395, 2  0 , 44  21 5  4 , 38  28, 6  28, 9  

1 8  9, 0  462, 0  0 , 44  1 79  4 , 94  29, 8  30, 2  

1 9  9, 5  556, 1  0 , 45  1 83  5, 02  29, 9  30, 3  

20  1 0, 0  629, 8  0 , 43  1 33  5, 83  41 , 5  41 , 9  

21  1 0, 5  703, 1  0 , 42  1 27  6 , 82  32, 8  33, 5  

22  1 1 , 0  786, 5  0 , 41  1 1 9  6 , 75  36, 1  36, 7  

23  1 1 , 5  836, 5  0 , 38  1 01  6 , 65  36, 5  37, 1  

24  1 2 , 0  893, 5  0 , 36  94  7 , 27  25, 2  26, 2  

25  1 2 , 5  928, 6  0 , 33  74  5 , 59  28, 8  29, 3  

26  1 3, 0  956, 4  0 , 30  70  6 , 38  1 9, 5  20, 5  

27  1 3, 5  971 , 3  0 , 27  63  4 , 66  1 6, 5  1 7 , 1  

28  1 4, 0  980, 9  0 , 25  71  3 , 1 9  1 3, 5  1 3 , 8  

29  1 4, 5  988, 2  0 , 22  77  2 , 53  1 2 , 2  1 2 , 4  

30  1 5, 0  993, 5  0 , 20  64  1 , 37  1 1 , 9  1 1 , 9  

31  1 5, 5  993, 7  0 , 1 8  47  0 , 84  1 1 , 6  1 1 , 6  

32  1 6, 0  995, 7  0 , 1 7  54  0 , 83  1 1 , 3  1 1 , 3  

33  1 6, 5  996, 2  0 , 1 5  33  0 , 42  1 1 , 4  1 1 , 4  

34  1 7, 0  996, 4  0 , 1 4  23  0 , 23  1 1 , 3  1 1 , 3  

35  1 7, 5  996, 5  0 , 1 3  30  0 , 24  1 1 , 3  1 1 , 3  

36  1 8, 0  996, 5  0 , 1 2  1 3  0 , 1 8  1 1 , 3  1 1 , 3  

37  1 8, 5  995, 7  0 , 1 1  1 1  0 , 21  1 1 , 3  1 1 , 3  

38  1 9, 0  996, 6  0 , 1 0  1 4  0 , 59  1 1 , 3  1 1 , 3  

39  1 9, 4  996, 1  0 , 09  1 0  0 , 21  1 1 , 3  1 1 , 3  

40  20, 0  994, 1  0 , 09  5  0 , 41  1 1 , 3  1 1 , 3  
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Courbe de  pu issance  mesurée   

Masse volumique  de  l 'ai r de  référence:  1 , 225 kg/m 3  Catégorie  A Catégorie  B  Incerti tude  
composée  

N o  de  
tranche  

Vi tesse  du  
vent à  l a  

hauteur du  
moyeu  

Pu issance  
de  sortie  CP  

Nombre  
d 'ensembles  
de  données  

I ncerti tude-
type  
s
i
 

I ncerti tude-
type  
u
i
 

I ncerti tude-
type  
u
ci
 

[m /s]  [kW]   
(moyennés  su r 

1 0  m in )  
[kW]  [kW]  [kW]  

41  20, 5  987, 4 1 8 0 , 08  2  2 , 67  1 1 , 4  1 1 , 7  

42  20, 9  996, 9  0 , 08  3  3 , 38  1 1 , 8  1 2 , 3  

 

Tableau  5  – Exemple  de  présentation  d 'une production  annuel le  d 'énergie  estimée  

Production  annuel le  d 'énerg i e  estimée  

Masse volumique de  l 'ai r de  référence:  1 , 225  kg/m3  

Vi tesse  de  coupure:  25  m/s  

(extrapolation  par pu issance  constante  après  l a  dern ière  tranche)  

Moyenne 
annuel l e  de  l a  
vi tesse du  ven t 
à  l a  hauteur du  

moyeu  
(Rayleigh )  

AEP mesurée 
(courbe de  

pu issance  mesurée)  

Incerti tude-
type  de  l 'AEP  

I ncerti tude-
type  de  l 'AEP  

AEP extrapolée  
(courbe  de  
pu issance 
extrapolée)  

 

m/s  MWh  MWh   %  MWh   

4  480  82  1 7  480   

5  1  081  1 1 3  1 0  1  081   

6  1  824  1 38  8  1  824   

7  2  595  1 55  6  2  603   

8  3  305  1 63  5  3  342   

9  3  889  1 65  4  3  995   

1 0  4  31 8  1 62  4  4  536   

1 1  4  592  1 57  3  4  954  I ncomplet  

 

NOTE  Les  ch i ffres  d ' i ncerti tude-type  dans  l es  tabl eaux ci -dessus  sont  basés  su r un  facteur de  couverture  de  1 .  
Cela  impl i q ue  q ue  l e  n i veau  de  confiance  (soi t  l e  nombre  de  foi s ,  en  pou rcentage,  dans  l es  mesures  de  l a  courbe  
de  pu i ssance  répétées,  où  l es  i n terval l es  conti endront  l a  "vrai e"  va leur de  l 'AEP)  est  d e  l 'ord re  de  58  %  à  68  % .  Le  
n i veau  de  confiance  n 'est  q u 'une  estimation ;  en  effet,  l a  d i s tri bu tion  de  probabi l i té  du  mesurande  n 'est 
normalement pas  connue  en  détai l .  La  valeur supéri eu re  (68  %)  s 'appl i q ue  aux d i stri bu ti ons  normales,  tand is  que  
l a  va leu r i n féri eu re  (58  %)  s 'appl i q ue  aux d i s tri bu tions  rectangu la i res.  

 

___________ 

1 8  L 'ensemble  de  données  de  l a  tranche  41  est  i ncomplet  (moins  de  3  ensembles  de  données);  l a  va l eu r de  
pu i ssance  dans  l a  tranche  41  pour l e  cal cu l  d e  l 'AEP  es t  donc i n terpol ée  à  995, 7.  
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Annexe A  
(normative)  

 
Evaluation  des  influences  des  éol iennes  et 
des  obstacles  présents  sur le  s i te  d 'essai  

A.1  Général i tés  

L'Annexe A décri t une  procédure  permettan t de  déterm iner un  ou  p lus ieurs  secteurs  qu i  ne  
son t pas  aptes  à  l 'essai  car l 'écou lement au  n i veau  de  l 'éol i enne  à  l 'essai  et/ou  l 'écou lement à  
l 'emplacement du  matérie l  de  mesure  du  ven t (WME,  "wind measurement equipment" :  mât 
météorolog ique  ou  d isposi ti f de  té lédétection)  pourraient être  affectés  par une  éol ienne  en  
explo i tation  et/ou  par un  obstacle.  

La  procédure  comporte  deux étapes,  qu i  doiven t être  appl i quées  dans  l 'ordre  su ivan t 1 9:  

a)  évaluation  des  i n fl uences  des  éol iennes  en  exploi tation  ( l es  éol iennes  à  l 'essai ,  mais  
aussi  l es  éol iennes  vois ines  en  exploi tation) ,  décri te  à  l 'Article  A. 2 ;  

b)  évaluation  des  i n fl uences  des  obstacles  décri te  à  l 'Article  A.3  (compte  tenu  des  exigences 
spécia les  pour l es  obstacles  étendus,  décri tes  à  l 'Article  A. 5).  

Le  secteur va l ide  retenu  à  l ' i ssue  de  cette  procédure  doi t  être  u ti l i sé  pour l 'évaluation  du  
terrain  conformément à  l 'Annexe  B .  

L'obj ecti f de  l 'éta lonnage  du  s i te  est généralement de  mesurer les  variations  i n tervenant dans  
l a  couche l im i te,  car e l les  su iven t l 'orograph ie,  q u i  est généralement un  écou lement associé,  
a lors  que  l es  obstacles  produ isen t souvent des  s i l l ages  pl us  turbu lents ,  l esquels  son t affectés  
par l es  bords  sa i l lan ts  et les  surfaces  vertica les  qu i  peuven t entraîner une  séparation  de  
l 'écou lement.  En  général ,  l 'é ta lonnage  du  s i te  ne  permet donc pas  de  corriger correctement 
l es  effets  de  l a  séparation  de  l 'écou lement.  I l  convien t de  ten i r compte  de  ce  fa i t  au  moment 
de  décider de  tra i ter un  obj et  comme un  obstacle  ou  comme un  terrain ,  car l a  séparation  de  
l 'écou lement et l es  s i l l ages  très  turbu len ts  doiven t être  évi tés.  En  ce  sens,  i l  est  recommandé 
de  trai ter comme un  obstacle  (y compris  l es  éléments  orograph iques  qu i  satisfont aux cri tères  
d imensionnels)  un  objet don t l a  hau teur est supérieure  à  p lus  de  l a  moi tié  de  sa  l argeur.  

A.2  Exigences  relatives  aux éol iennes  voisines  en  exploi tation  

Le  WME ne  doi t  pas  être  i n fl uencé par l 'éol i enne  à  l 'essai .  

L'éol i enne  à  l 'essai  et le  WME ne  doiven t pas  être  i n fluencés  par des  éol iennes  vois ines  en  
explo i tation .  S i  une  éol i enne  vois ine  fonctionne  à  un  moment donné  pendant l 'essai  de  
performance de  pu issance,  son  s i l l age  doi t être  déterm iné  et pris  en  compte,  comme décri t  
dans  l a  présente  annexe (à  l 'a ide  des  calcu ls  donnés  à  l 'Article  A. 4).  Les  peti tes  éol i ennes  
don t la  hauteur totale  est i n férieure  à  (2 /3)(H – D/2)  doivent être  tra i tées  comme des  
obstacles  et prises  en  compte  comme décri t  à  l 'Article  A.3 .  

S i  une  éol i enne  est arrêtée  à  un  moment donné  pendant l 'essai  de  performance de  
pu issance,  e l l e  doi t être  cons idérée  comme un  obstacle  et prise  en  compte  comme décri t à  
l 'Article  A. 3.   

La  d istance  m in imale  en tre  l 'éol i enne  à  l 'essai  et  l es  éol i ennes  vois ines  en  exploi tation  doi t 
être  égale  à  deux fo is  l e  d iamètre  du  rotor Dn  de  l 'éol ienne  vois ine.  La  d istance  m in imale  

___________ 

1 9  I l  est  à  noter q ue  l 'étape  b)  exi ge  de  connaître  l e  secteur de  mesure  prél im inai re,  qu i  est  l e  résu l tat  d e  
l 'étape  a).  
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en tre  l e  WME et  une  éol i enne  vois ine  en  explo i tation  doi t ê tre  égale  à  deux fois  le  d iamètre  
du  rotor de  l 'éol i enne  en  question .  Les  secteurs  à  exclure  en  ra ison  des  s i l l ages  des  
éol iennes  vois ines  en  exploi tation  doiven t être  chois is  à  parti r de  l a  F igure  A. 1 .  Les  
d imensions  à  prendre  en  compte  sont l a  d is tance  réel l e  Ln  et  l e  d iamètre  du  rotor Dn  de  
l 'éol i enne  vois ine  en  exploi tation .  Les  secteurs  à  exclure  doivent être  dédu i ts  pour l 'éol ienne  à  
l 'essai  et  pour l e  WME;  i l s  do iven t également être  cen trés  su r la  d i rection  entre  l 'éol ienne  
vois ine  en  explo i tation  et  l e  WME ou  l 'éol ienne.  Un  exemple  est  donné  à  la  F igure  A.2 .  

A.3  Exigences  pour les  obstacles  

Les  obstacles  proches  de  l 'éol ienne  à  l 'essai  ou  du  WME doivent être  évalués.  Chaque 
obstacle  doi t  ê tre  évalué  comme élément de  l 'orograph ie  (comme décri t  à  l 'Annexe  B 20)  ou ,  à  
défau t,  conformément à  l a  procédure  décri te  ci -après.  

Aucun  obstacle  s i gn i ficati f (par exemple,  des  bâtiments,  des  arbres,  des  éol iennes  
immobi l isées)  ne  doi t  ê tre  présent dans  le  secteu r de  mesure  à  u ne  d istance  ra isonnable  de  
l 'éol i enne  ou  du  WME.  Seu ls  des  peti ts  bâtiments  l iés  à  l 'exploi tation  de  l 'éol i enne  ou  du  
matérie l  de  mesure  du  ven t son t acceptables.  Lorsque  des  obstacles  s ign i ficati fs  son t 
présents,  l e  secteur de  mesure  doi t  être  rédu i t,  comme décri t  aux Articles  A. 4  et A. 5.   

Le  cri tère  permettant de  déterm iner l ' importance  d 'un  obstacle  (par rapport à  l 'éol i enne  à  
l 'essai  et/ou  au  WME)  cons iste  à  dépasser au  moins  l 'une  des  l im i tes  données  dans  l e  
Tableau  A. 1 ,  l e  Tableau  A. 1  devant être  appl i qué  pour tous  les  emplacements:  

a)  aux fins  d 'évaluation  des  envi rons  de  l 'éol ienne  à  l 'essai  (c'est-à-d i re  en  u ti l i san t l e  cen tre  
de  l 'éol ienne  à  l 'essai  comme cen tre  des  cercles  2L ,  4L ,  8L  e t  1 6L) ;  

b)  aux fi ns  d 'évaluation  des  environs  du  WME (c'est-à-d i re  en  u ti l i sant l a  ou  l es  posi tions  du  
matérie l  comme cen tre  des  cercles  2L ,  4L ,  8L  e t  1 6L) .  

Tableau  A. 1  – Exigences  relatives  aux obstacles:  
pertinence des  obstacles  

Distancea  Secteurb  Hauteur maximale  de  l 'obstacle  par 
rapport à  l a  su rface du  terrai nc  

<2L  360°  <1 /3  (H – 0, 5  D)  

≥2L  et  <  4L  Secteur d e  mesure  prél im inai re  <2/3  (H – 0, 5  D)  

≥4L  et <8L  Secteur d e  mesure  prél im inai re  <  (H – 0, 5  D)  

≥8L  et <1 6L  Secteur d e  mesure  prél im inai re  <4/3  (H – 0, 5  D)  

≥2L  et <1 6L  C l ai rement  à  l 'extéri eur du  
secteur d e  mesure  prél im inai re  

d 'au  moins  40°  

Aucune  l im i te  de  hau teu r 

a  De  l ' obstacle  à  l 'éol i enne  à  l ' essai  ou  de  l 'obstacl e  au  WME,  respecti vement – L  étan t  l a  
d i stance  hori zon tal e  en tre  l ' éol i enne  à  l 'essai  et  l e  WME.  

b  Le  secteur de mesure préliminaire  d oi t  être  en tendu  i ci  comme l e  secteur val i de  restan t  
après  évaluation  des  éol i ennes  voi s i nes  en  exploi tati on  (comme décri t  à  l 'Arti cl e  A. 2 ,  sel on  
l e  cal cu l  donné  à  l 'Arti cl e  A. 4),  tou tes  l es  d i rections  i n féri eures  à  40°  à  l ' extéri eu r d evan t 
égal ement être  pri ses  en  compte.  

c  H est  l a  hau teu r d u  moyeu ,  et  D est l e  d i amètre  du  rotor d e  l ' éol i enne  à  l ' essai .   

 

___________ 

20  Généra lement,  envi sager un  obstacle  de  cette  man ière  augmentera  su rtou t  l a  vari ati on  d u  terrai n ,  tand is  que  
l es  effets  su r l a  pen te  pou rrai en t  être  m in imes  (sauf pour l es  obstacles  étendus,  comme des  forêts).  
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A.4  Méthode de calcul  des  secteurs  à  exclure  

L' influence du  s i l l age  de  l 'éol i enne  à  l 'essai  sur l e  WME doi t  tou j ours  être  évaluée  
conformément à  l a  F igure  A. 1 .  

L' in fluence  du  s i l l age  d 'une  éol ienne  vois ine  en  exp lo i tation  sur l 'éol ienne  à  l 'essai  doi t  
tou jours  être  évaluée  conformément à  l a  F igure  A. 1 ,  de  même que  l ' i n fl uence de  son  s i l l age  
sur l e  WME.  

Concernant l es  éol iennes  en  exploi tation ,  les  d imensions  à  prendre  en  compte  sont l a  
d istance  réel le  Ln  (entre  l e  centre  de  l 'éol i enne  à  l 'essai  et l a  pos i ti on  du  WME)  et  le  d iamètre  
du  rotor Dn  d e  l 'éol ienne  produ isan t l e  s i l lage 21 .  

L ' in fluence du  s i l l age  d 'un  obstacle  sur l 'éol ienne  à  l 'essai  doi t  être  évaluée  conformément à  
l a  F igure  A. 1  s i  l ' obstacle  est s ign i ficati f par rapport à  l ' éol i enne  à  l 'essai  se lon  le  
Tableau  A. 1 .  

L' in fluence du  s i l l age  d 'un  obstacle  sur l e  WME doi t  ê tre  évaluée  conformément à  l a  
F igure  A. 1  s i  l 'obstacle  est s i gn i ficati f par rapport au  WME selon  l e  Tableau  A. 1 .  

Concernant l es  obstacles,  l es  d imensions  à  prendre  en  compte  son t l a  d i stance  horizon tale  
réel l e  Le  (depu is  l e  cen tre  de  l 'éol i enne  à  l 'essai  ou  la  pos i ti on  du  WME,  selon  l e  cas)  et u n  
d iamètre  équ ivalent  De  du  rotor de  l 'obstacle.  Une  éol ienne  vois ine  arrêtée  peut être  tra i tée  
comme un  cyl i nd re  d 'un  d iamètre  égal  à  celu i  de  l a  base  du  mât et d 'une  hau teur égale  à  ce l le  
de  son  extrém i té  supérieure.  Le  d iamètre  équ ivalent du  rotor de  l 'obstacle  doi t être  défin i  
comme su i t:  

 

wh

wh
e

2

ll

ll
D

+
=  (A. 1 )  

  

 

où  

De  est  l e  d iamètre  équ ivalen t du  rotor;  

lh  est  la  hauteur de  l 'obstacle;  

lw  est  l a  largeur de  l 'obstacle  exam inée  à  parti r de  l 'éol i enne  à  l 'essai  ou  du  WME.  

 

___________ 

21   L ' i n fl uence  de  l ' éol i enne  à  l ' essai  sur l e  WME  est  éval uée  à  l 'a i de  de  L  (d i stance  en tre  l ' éol i enne  à  l 'essai  et  
l e  WME)  et  de  D  (d i amètre  du  rotor d e  l 'éol i enne  à  l 'essai ) .  
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Figure A. 1  – Secteurs  à  exclure en  raison  des  si l l ages  d 'éol iennes  voisines  
en  exploi tation  et  d 'obstacles  s ign ificati fs  
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Figure A.2  – Exemple de  secteurs  à  exclure en  raison  des  s i l l ages  de  l 'éol ienne à  
l 'essai ,  d 'une  éol ienne voisine en  exploi tation  et d 'un  obstacle  sign i ficati f 
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Les  fi gures  représenten t l es  secteurs  à  exclure  s i :  

a)  l e  WME (mât météorolog ique  ou  d ispos i ti f de  té lédétection)  se  trouve  dans  l e  s i l l age  de  
l 'éol ienne  à  l 'essai ;  

b)  l e  WME se  trouve  dans  l e  s i l l age  de  l 'éol i enne  vois ine  en  exploi tation ;  

c)  l ' éol ienne  à  l 'essai  se  trouve  dans  l e  s i l l age  de  l 'éol i enne  vois ine  en  exploi tation ;  

d )  l e  WME se  trouve  dans  l e  s i l l age  de  l 'obstacle  s ign i ficati f;  

e)  l 'éol ienne  à  l 'essai  se  trouve  dans  l e  s i l l age  de  l 'obstacle  s ign i ficati f;  

f)  tous  l es  effets  a)  à  e)  ci -dessus  sont combinés.  

NOTE  L'exemple  de  l a  F i gure  A. 2  est  fondé  su r l ' hypothèse  que  l ' obstacle  est  s i gn i fi cati f (conformément au  
Tableau  A. 1 )  par rapport  à  l 'éo l i enne  à  l ' essai ,  mais  aussi  par rapport  au  matéri e l  de  mesure  du  ven t.  

A.5  Exigences  spéciales  relatives  aux obstacles  étendus  

Les  obstacles  s i tués  à  une  d istance  i n férieure  à  4L  (depu is  l e  cen tre  de  l 'éol ienne  à  l 'essai  ou  
l e  matérie l  de  mesure  du  vent)  qu i  s 'étendent su r p lus  de  50  m  dans  toute  d i rection  
horizon tale  doiven t être  d ivisés  en  obstacles  partie ls  ne  dépassant pas  50  m  dans  tou te  
d i rection  horizon tale  et s 'étendant sur 50  m  exactement pour l es  d imensions  supérieures  à  
50  m .  Ces  obstacles  parti e ls  peuvent se  chevaucher.  La  combinaison  de  ces  obstacles  
partie ls  doi t  au  moins 22  couvri r en tièrement l 'obstacle  d 'ori g ine.  Chaque obstacle  partie l  doi t  
être  évalué  séparément.  L' importance  de  chaque obstacle  partie l  doi t être  évaluée;  s i  e l l e  se  
révèle  s ign i ficati ve,  l e  secteur à  exclure  doi t  être  déterm iné.  Par exemple:   

a)  Un  obstacle  de  90  m  sur 90  m  est d i visé  en  4  obstacles  partie ls  de  50  m  sur 50  m  chacun .  
Ces  obstacles  partie ls  son t chois is  de  te l l e  man ière  qu ' i l s  se  chevauchent sur 1 0  m ,  afin  
que  l 'un ion  défin ie  des  4  obstacles  partie ls  so i t  i denti que  à  l 'obstacle  d 'orig ine.  

b)  Un  obstacle  de  70  m  sur 1 0  m  est d ivisé  en  2  obstacles  partie ls  de  50  m  sur 1 0  m  chacun .  
Ces  obstacles  partie ls  son t chois is  de  te l l e  man ière  qu ' i l s  se  chevauchen t sur 30  m ,  afin  
que  l 'un ion  défin ie  des  2  obstacles  partie ls  soi t  i dentique  à  l 'obstacle  d 'ori g ine.  

Un  bosquet d 'arbres  ou  une  forêt doiven t être  tra i tés  de  cette  man ière.  

 

___________ 

22  A des  fi ns  prati q ues,  i l  est  j ud i cieux de  créer des  obstacles  parti e l s  qu i  on t  tous  l a  même forme  (par exemple,  
des  carrés  de  50  m  x 50  m ).  I l  s 'ag i t  d 'u ne  approche  prudente;  par conséquent,  e l l e  est  adm ise.  (Dans  ce  cas,  
l 'un i on  défi n i e  de  tous  l es  obstacles  parti el s  couvre  une  surface  p l us  g rande  que  l ' obstacle  d 'ori g i ne. )  
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Annexe B  
(normative)  

 
Evaluation  du  terrain  sur le  s i te  d 'essai  

Pour l es  essais  réal isés  sans  éta lonnage du  s i te  (sur un  terrain  défin i  comme "terrain  p lat") ,  
l es  cri tères  su ivants  doivent être  observés  (voi r F igure  B . 1  et  Tableau  B . 1  pour p l us  
d ' in formations):  

– l 'orograph ie  sur l e  s i te  d 'essai  ne  peu t montrer que  des  variations  m ineures  par rapport à  
un  p lan  qu i  passe  par l a  base  du  mât de  l 'éol i enne,  et par l e  terrain  dans  l e  secteur 
concerné;  

– aucun  de  ces  p lans  ne  doi t  dépasser une  certaine  l im i te  pour l a  pen te.  

Le  terrain  doi t être  évalué  à  l 'a ide  d 'un  modèle  numérique  du  terrain  avec une  résolu tion  de  
30  m  ou  pl us  fi ne.  

Le  Tableau  B . 1  doi t être  appl iqué  pour l es  emplacements  ci -dessous  concernan t le  secteur de  
mesure:  

a)  à  des  fi ns  d 'évaluation  des  envi rons  de  l 'éol ienne  à  l 'essai  (c'est-à-d i re  en  u ti l i san t l e  
cen tre  de  l 'éol ienne  à  l 'essai  comme centre  des  cercles  2L ,  4L ,  8L  e t  1 6L) ;  

b)  à  des  fi ns  d 'évaluation  des  environs  du  WME (c'est-à-d i re  en  u ti l i sant l a  ou  les  pos i ti ons  
du  matérie l  comme cen tre  des  cercles  2L ,  4L ,  8L  e t  1 6L) .  

S i  l e  terra in  satisfai t à  tou tes  l es  exigences  du  Tableau  B. 1  dans  l es  deux cas,  aucun  
éta lonnage  du  s i te  n 'est exigé 23  en  ra ison  de  l 'orograph ie.  S inon ,  l e  terra in  est  défin i  comme 
"terrain  complexe"  et une  mesure  de  l 'éta lonnage du  s i te  est exigée.   

Dans  l e  Tableau  B. 1 ,  L  est l a  d istance  en tre  l 'éol ienne  et l e  WME,  H est la  hau teur du  moyeu  
et  D  est l e  d iamètre  du  rotor (de  l 'éol i enne  à  l 'essai ) .  

  

___________ 

23  D 'au tres  aspects  du  terrai n ,  comme l a  rugosi té,  l a  d i stance  par rapport  au  bord  de  l a  mer,  mais  aussi  d 'au tres  
cons idérations,  peuvent  tou tefoi s  condu i re  à  l a  conclus ion  qu 'un  éta lonnage  d u  s i te  est  recommandé.  
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Area  i n  measurement sector between  8L  and  1 6L  Su rface  d u  secteu r de  mesure  s i tuée  en tre  8L  et  1 6L  

Area  i n  measurement sector between  4L and  8L  Surface  d u  secteu r de  mesure  s i tuée  en tre  4L  et  8L  

Annu l ar area  between  2L  and  4L   Su rface  annu lai re  s i tuée  en tre  2L  et  4L  

C i rcu l ar area  wi th i n  2L  Surface  ci rcu la i re  s i tuée  à  moins  de  2L  

Measurement  sector l im i t  L im i te  du  secteur de  mesure  

Relati ve  d i stance  1 6L  D i stance  re lati ve  1 6L  

Wind  measurement  equ ipment  at  d i s tance  L  from  wi nd  
tu rbi ne  

Matéri el  de  mesure  du  vent  s i tué  à  une  d i stance  L  d e  
l 'éol i enne  

Wind  tu rbine  pos i ti on  Emplacement de  l 'éol i enne  

Measurement  sector l im i t  L im i te  du  secteur de  mesure  

Outs ide  measurement sector Hors  d u  secteu r de  mesure  

Figure B. 1  – Représentation  de  l a  surface  à  évaluer,  vue  de  dessus  

Tableau  B.1  – Exigences  relatives  au  si te  d 'essai :  variations  topographiques  

Distance  Secteura  Pente  maximale  
 %  

Variation  maximale  du  terrai n  
par rapport au  plan  

<2L  360°  <3b  < 1 /3  (H – 0, 5  D)  

≥2L  e t  <  4L  Secteur d e  mesure  <5b  <2/3  (H – 0, 5  D)  

≥2L  et <4L  A  l 'extérieur du  secteu r de  mesure  <1 0c  Non  app l i cabl e  

≥4L  et  <8L  Secteur d e  mesure  <1 0b  <  (H – 0, 5  D)  

≥8L  et  <1 6L  Secteur d e  mesure  <1 0c  Non  app l i cabl e  

a  Le  secteur d e  mesure  est  en tendu  i ci  par défaut  comme l e  secteur val i de  restan t après  l 'exécu tion  de  l a  
procédu re  décri te  à  l 'Annexe  A,  l 'u ti l i sation  d 'un  secteur d e  mesure  de  moindres  d imensions  étant  égal ement 
adm ise24.  

b  La  pente  maximale  du  p l an ,  qu i  consti tue  l a  pen te  i déale  pour l e  terrai n  dans  l e  secteur envisagé  et  qu i  
traverse  l a  base  du  mât.  Voi r exemple  à  l a  F i gu re  B . 2 .  

c   La  l i gne  de  l a  pen te  l a  p l us  i n cl i née  qu i  re l i e  l a  base  du  mât  aux poi n ts  i nd ivi duel s  du  terrai n  à  l a  su rface  d u  
terrain  dans  l es  l im i tes  du  secteur.  Voi r exemple  à  l a  F i gure  B . 3.  

 

___________ 

24  I l  est  en  ou tre  recommandé  de  véri fi er s i  u ne  variati on  s i gn i fi cati ve  du  terrain  exi ste  l égèrement  à  l ' extéri eur 
des  l im i tes  du  secteur.  Dans  ce  cas,  i l  convient  q ue  l e  secteur fi na l  envi sagé  pour l 'essai  de  performance  de  
pu i ssance  main ti enne  une  d i s tance  d i rectionnel l e  cl a i re  par rapport  à  ces  d i rections  cri ti ques.  
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Z2  – Z1  = terrai n  vari ati on  Z2  –  Z1  =  variati on  d u  terrain  

Best fi t  passing  th rough  base  of wi nd  tu rbi ne  P lan  i déal  passant par l a  base  de  l 'éol i enne  

Terrai n  profi l e  Profi l  d u  terrai n  

Figure B.2  – Exemple  de  détermination  de  l a  pente  et de  l a  variation  du  terrain  par 
rapport  au  plan  idéal  pour l a  d istance  "2L  à  4L"  et  l e  cas  "secteur de  mesure"  

(Tableau  B. 1 ,  l i gne 2)  

NOTE  1   Cette  fi gu re  ne  représente  qu 'une  d i rection .  Toutes  l es  d i recti ons  dans  l es  l im i tes  du  secteu r de  mesure  
son t  pri ses  en  compte  pou r l e  ca l cu l  d u  p l an  l e  m ieux adapté,  pu i s  l a  variati on  maximale  d u  terrain  par rapport  à  ce  
p l an  est  déterm inée  en  anal ysan t tou tes  l es  d i recti ons,  comme représenté  pl us  hau t.  
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SLOPE  PENTE  

Terrai n  profi l e  Profi l  d u  terrai n  

Figure B.3  – Détermination  de  l a  pente  pour l es  d istances  "2L  à  4L"  et "8L  à  1 6L"  et  l e  
cas  "à  l 'extérieur du  secteur de  mesure"  (Tableau  B. 1 ,  l igne 3  et  l igne  5)  

NOTE  2   Cette  fi gu re  ne  représente  qu 'une  d i rection .  Tou tes  l es  d i rections  à  l 'extérieur du  secteu r de  mesure  
son t analysées  de  l a  même man ière;  l e  résu l tat  l e  p l us  défavorabl e  (c'est-à-d i re,  l a  pente  l a  p l us  é l evée)  est  
envisagé.  

 

IEC  
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Annexe C  
(normative)  

 
Procédure d 'étalonnage du  si te  

C.1  Général i tés  

Un  étalonnage du  s i te  quan ti fie  et,  éven tuel l ement,  rédu i t  l es  effets  du  terra in  sur l a  mesure  
de  performance de  pu issance.  Le  terra in  peu t provoquer une  d i fférence systématique  de  l a  
vi tesse  du  vent entre  l 'emplacement du  mât météorolog ique  auquel  l 'anémomètre  de  
performance de  pu issance est monté  et l a  hau teur équ ivalente  au-dessus  du  sol  au  centre  du  
rotor à  l 'emplacement de  l 'éol ienne.  En  ou tre,  l a  re lation  en tre  l a  vi tesse  du  ven t au  n i veau  du  
mât météorolog ique  de  référence et l a  vi tesse  du  vent à  l 'emplacement de  l 'éol i enne  peut 
également être  affectée  par l es  variations  de  stabi l i té  atmosphérique  et/ou  l e  profi l  d e  
cisai l l ement.  Le  cisai l l ement du  vent,  c'est-à-d i re  l a  variation  de  la  vi tesse  du  ven t en  fonction  
de  l a  hauteur par rapport au  sol ,  peu t  également être  un  paramètre  d ' i n fl uence sur cette  
re lation .  En  effet,  d i fférents  profi ls  de  cisa i l l ement peuvent provoquer une  re lation  d i fféren te  
en tre  l es  poin ts  de  mesure,  notamment s i  l 'éol ienne  et l e  mât météorolog ique  présentent 
d i fférentes  a l ti tudes.   

Considérations  saisonn ières:  l a  s tabi l i té  atmosphérique,  l es  tu rbu lences  et le  cisai l lemen t du  
ven t peuvent varier en  fonction  des  cond i tions  sa isonn ières.  Les  effets  des  variations  de  l a  
rugos i té  dues  aux mod i fications  de  la  végétation  dans  l a  surface  d 'essai  ou  d i rectement 
provoquées  par d i fférentes  caractéristi ques  saisonn ières  de  surface  (eau/sol  par rapport à  
g lace/sol ,  ne ige,  cu l tu res,  etc. )  posent également problème.  Par conséquen t,  i l  convien t de  
réal iser l 'éta lonnage  du  s i te  et l a  mesure  de  la  courbe  de  pu issance  pendant  l a  ou  l es  mêmes  
saisons.  S i  l es  mesures  sont réa l isées  lors  de  d i fféren tes  saisons,  une  incerti tude  
supplémenta ire  doi t  être  appl iquée  de  la  man ière  décri te  à  l 'Article  C. 7.   

Les  résu l tats  de  l 'éta lonnage  du  s i te  son t l es  su ivants:  

a)  un  tableau  des  corrections  de  l 'écou lement pour toutes  les  d i rections  du  ven t dans  l e  ou  
l es  secteurs  de  mesure;  et  

b)  une  estimation  de  l ' i ncerti tude-type  de  ces  corrections  de  l 'écou lement.  

L'éta lonnage du  s i te  peut  être  évalué  à  l 'a ide  de  deux  méthodes  d isti nctes.  Une  seu le  
méthode  est exigée.  Cette  méthode  est chois ie  en  anal ysant les  données  permettan t  
d 'évaluer l e  cisai l l ement (voir C. 5. 1 ) .  Pour chaque  méthode,  l es  résu l tats  sont les  su ivants :  

1 )  Paragraphe  C. 5. 2  – Etalonnage du  s i te  compte  tenu  du  cisai l l ement:  l es  corrections  de  
l 'écou lement son t représentées  par une  matrice  des  tranches  de  d i rection  du  vent et des  
tranches  de  cisai l l ement du  ven t dans  l aquel l e  un  facteur de  correction  un ique  du  rapport 
de  vi tesses  du  ven t est  ca lcu lé  pour chaque  poin t  de  la  matrice;  

2)  Paragraphe C. 5.3  – Etalonnage du  s i te  l orsque  l e  cisa i l l ement n 'a  pas  une  in fluence  
s i gn i ficative:  l es  corrections  de  l 'écou lement sont représentées  par une  pente  et une  
va leur d 'ordonnée à  l 'ori g ine  pour chaque  tranche de  d i rection  du  vent.  Le  coefficien t de  
déterm ination ,  r2 ,  à  savoi r l a  va leu r de  la  régress ion ,  doi t  également être  cons igné.  

Cette  procédure  est donnée  pour l a  vi tesse  du  ven t défi n ie  comme l a  vi tesse  du  ven t à  l a  
hau teur du  moyeu .  Ainsi ,  l a  procédure  n ' impose  pas  de  mesures  à  l a  hauteur de  l 'extrém i té  
supérieure  du  mât météorolog ique,  qu i  impl i quent un  coû t é l evé  et qu i  peuven t ne  pas  être  
pratiques  car l es  d isposi ti fs  de  té lédétection  peuvent ne  pas  être  adaptés  pour des  mesures  
sur un  terra in  complexe.  Cependan t,  l orsqu 'une  courbe  de  pu issance doi t être  dédu i te  pour l a  
défin i tion  de  l a  vi tesse  du  vent comme REWS,  la  procédure  est répétée  pour chaque  pai re  de  
hau teurs  de  mesure  et  non  pour l a  hau teur du  moyeu  de  chaque  mât météorolog ique 
un iquement.    
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C.2  Vue d 'ensemble de la  procédure  

Avan t l ' insta l l ation  de  l 'éol i enne  (ou  après  son  en lèvement s i  e l le  exista i t déjà) ,  deux mâts  
météorolog iques  doiven t être  érigés.  L 'un  des  mâts  météorolog iques  est l e  mât 
météorolog ique  à  l 'emplacement de  référence.  I l  sera  également u ti l i sé  pour l 'essai  de  
performance de  pu issance.  Le  second  mât météorolog ique  est un  mât météorolog ique  
représentan t l 'éol ienne  et  se  s i tue  à  l 'emplacement de  l 'éol ienne.   

Cette  procédure  vise  à  caractériser l a  corrélation  des  vi tesses  du  vent entre  ces  
deux emplacements .  Des  recommandations  supplémenta ires  pour l e  choix de  ces  
emplacements  sont  données  en  C.3 . 1 .  

L'organ igramme de  l a  F igure  C. 1  fourn i t une  vue  d 'ensemble  générale  du  processus  de  
préparation  et d 'anal yse.  
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Select  test  tu rbi ne,  met mast l ocations  (C. 3. 1 )  Choi x d e  l 'éol i enne  d 'essai  et  de  l 'emplacement du  mât  
météorolog ique  (C. 3. 1 )  

Equ ipment i nsta l l ati on  (C. 3. 2)  I nstal l ati on  du  matériel  (C. 3. 2)  

Data  col l ection  (C. 4)  Col l ecte  des  données  (C. 4)  

Wind  shear calcu lati ons  and  assessment  (C. 5. 1 )  Evaluation  et  cal cu l s  du  ci sai l l ement  du  vent  (C. 5. 1 )  

I s  shear s i gn i fi cant?  (C. 5. 1 . 2)  Le  ci sai l l ement est- i l  s i gn i fi cati f?  (C. 5. 1 . 2)  

Yes  Ou i  

IEC  
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No  Non  

D i rection  and  shear b i ns  method  (C. 5. 2)  Méthode  des  tranches  de  d i rection  et  d e  ci sai l l ement 
du  ven t  (C. 5. 2)  

L i near regression  method  s i te  cal i bration  (C. 5. 3)  E ta lonnage  du  s i te  sel on  l a  méthode  de  rég ress ion  
l i néai re  (C. 5. 3)  

Resu l ts  not  b i ased  by shear?  (C. 5. 1 . 2)  Les  résu l tats  son t-i l s  polari sés  par l e  ci sai l l ement?  
(C. 5. 1 . 2)  

Shear b ias  Polari sation  due  au  ci sai l l ement  

Take  s teps  to  improve  correl ati on  E tapes  à  su i vre  pour amél iorer l a  corrélati on  

Shear b ias  Polari sation  due  au  ci sai l l ement  

Resu l ts  not  b i ased  by shear?  (C. 5. 1 . 2)  Les  résu l tats  son t-i l s  polari sés  par l e  ci sai l l ement?  
(C. 5. 1 . 2)  

Not  b i ased  Pas  de  pol ari sation  

Check against  completion  cri teria  (C. 5. 2)  Con trôl er par rapport  aux cri tères  d 'achèvement  (C. 5. 2)  

Check against  completion  cri teria  (C. 5. 3)  Con trôl er par rapport  aux cri tères  d 'achèvement  (C. 5. 3)  

Complete?  Term iné?  

Add i ti onal  ca l cu l ations  (C. 5. 4)  Calcu l s  supplémentai res  (C. 5. 4)  

Uncertain ty calcu l ations  (C. 6)  Calcu l s  d ' i ncerti tude  (C. 6)  

Qual i ty checks  (C. 7)  Con trôl es  de  l a  qual i té  (C. 7)  

S i te  cal i bration  complete  E talonnage  du  s i te  term iné  

Figure C. 1  – Organ igramme d 'étalonnage du  si te  

C.3  Montage d 'essai   

C.3. 1  Considérations  relatives  au  choix de  l 'éol ienne  à  l 'essai  et  de  l 'emplacement  
du  mât  météorologique   

Le  mât météorolog ique  de  référence  doi t  ê tre  l e  mât météorolog ique  u ti l i sé  pour l a  mesure  de  
l a  courbe  de  pu issance.  Le  mât météorolog ique  représentan t l 'éol i enne  doi t  être  s i tué  aussi  
près  que  poss ib le  de  l 'emplacement auquel  l 'éol i enne  à  l 'essai  sera  ou  a  été  p lacée.  I l  doi t  se  
trouver à  0 , 2  H ou  moins  de  l 'axe  central  de  l 'éol i enne,  H étan t l a  hau teur du  moyeu  de  
l 'éol ienne.  I l  est recommandé que  l 'éol i enne  et l es  mâts  météorolog iques  de  référence soient 
du  même type  et d isposent de  l a  même géométrie  de  fl èche  afi n  d 'obten i r des  effets  de  
montage  s im i l a i res  sur l e  matérie l  de  mesure  du  ven t.  

P lus ieurs  facteurs  peuvent affecter l 'éta lonnage du  s i te.  Les  facteurs  l es  p l us  importants  son t 
l e  terrain ,  l ' emplacement du  mât météorolog ique  et l es  cond i ti ons  atmosphériques,  
notamment l e  cisa i l l ement du  ven t,  l es  turbu lences  et l a  stabi l i té .  I l s  peuvent varier de  
man ière  s ign i ficati ve  d 'un  emplacement à  un  au tre,  mais  son t souvent  corré lés  en tre  eux.   

I l  convient de  chois i r l 'emplacement de  l 'éol ienne  à  l 'essai  de  man ière  à  optim iser l a  col l ecte  
de  données  va l i des  et à  favoriser la  corré lation  entre  l es  mâts  météorolog iques  de  référence 
et représentant l 'éol ienne.  L'objecti f de  l 'éta lonnage du  s i te  est  de  mesurer les  variations 
i n tervenant dans  l a  couche l im i te,  car l e  ven t su i t l 'orograph ie  du  terrain ,  qu i  est généralement 
un  écou lement associé,  a lors  que  l es  obstacles  produ isen t davantage  de  s i l l ages  turbu len ts,  
l esquels  sont  affectés  par l es  bords  sai l lants  et l es  surfaces  verticales  qu i  peuvent entraîner 
une  séparation  de  l 'écou lement.  En  ou tre,  certa ines  particu lari tés  de  terrains ,  comme les  
fa la ises  ou  l es  col l i nes  pentues,  peuvent également provoquer une  séparation  de  
l 'écou lement et a ins i  en traîner une  faib le  corrélation .  A ti tre  i nd icati f,  i l  convien t de  prendre  en  
cons idération  l e  type  de  terrain  l ors  du  choix des  emplacements  de  l 'éol ienne  à  l 'essai  et du  
mât météorolog ique  de  référence.  Les  types  de  terrains  don t i l  est q uestion  dans  l e  présent 
document consti tuen t des  descriptions  i n formatives  et  q ua l i tati ves  destinées  à  apporter une  
a ide  dans  l e  choix des  emplacements  de  l 'éol i enne  à  l 'essai  e t d u  mât météorolog ique  de  
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référence,  a ins i  q u 'à  fourn i r des  in formations  sur ce  à  quoi  i l  fau t s 'attendre  lors  de  la  
réal isation  de  mesures  sur ces  types  de  terrains .  Des  exemples  de  ces  types  de  terrains  sont 
donnés  à  l a  F igure  C.2 .  

Type A:  

Le  terrain  de  type  A est l e  type  de  terrain  le  moins  complexe.  En  règ le  générale,  un  s i te  de  
type  A ne  présente  pas  de  variations  s ign i ficati ves  d 'a l ti tude  par rapport à  l a  hau teur du  
moyeu  de  l 'éol i enne  ou  de  pen tes  particu l ièrement ra ides  sur de  longues  d istances.  Les  
terra ins  qu i  satisfon t aux exigences  de  l 'Annexe  B ,  l es  col l i nes  en  pen te  douce  et 
éven tuel lement l es  éol i ennes  s i tuées  sur une  crête  s i tuée  face  à  une  p la ine  sont des  
exemples  de  terra ins  de  type  A.   

Lorsque  des  éta lonnages  sont réa l isés  sur des  s i tes  de  type  A,  l es  cond i ti ons  de  cisa i l lement 
du  ven t à  l ' emplacement du  mât météorolog ique  de  référence  peuvent être  d i fféren tes  des  
cond i ti ons  de  cisa i l l ement du  vent  à  l 'emplacement de  l 'éol i enne.  Le  cas  échéant,  l es  
résu l tats  d 'éta lonnage  du  s i te  seront susceptib les  de  dépendre  du  cisai l l ement et de  l a  
d i rection  du  vent.   

Type B:  

Le terra in  de  type  B  correspond  à  un  terrain  de  complexi té  modérée  à  é levée.  Les  terrains  de  
type  B  i ncluen t l es  montagnes,  l es  bords  de  crêtes,  l es  grandes  col l i nes  et l es  s i tes  val lonnés  
avec des  pen tes  modérées  à  ra ides.  I l s  présen tent des  variations  s ign i ficati ves  d 'al ti tude  par 
rapport  à  la  hau teur du  moyeu  de  l 'éol ienne.  En  règ le  générale,  l e  cisai l l ement du  vent sur 
des  s i tes  de  type  B  est fa ib le  et relativement constant,  b ien  qu ' i l  pu isse  parfois  être  négati f.  
Par conséquen t,  i l  n 'est  pas  prévu  que  l e  cisa i l l ement du  vent consti tue  un  facteur aussi  
s i gn i ficati f que  pour l es  s i tes  de  type  A.  Néanmoins,  l es  résu l tats  d 'éta lonnage sur l es  s i tes  de  
type  B  dépendent souvent à  l a  fo is  de  l a  vi tesse  et de  la  d i rection  du  vent,  en  particu l i er s i  l a  
d i fférence  d 'a l ti tude  en tre  l e  mât météorolog ique  de  référence et l ' éol i enne  à  l 'essai  est  
supérieure  à  1 0  m .  Une  correction  de  régression  l i néai re  est donc fréquemment appropriée  
pour l es  s i tes  de  type  B .  

La  composante  écou lement ascendan t/vi tesse  vertica le  du  ven t qu ' impl i quen t l es  terrains  de  
type  B  peut avoi r un  impact considérable  sur l ' i ncerti tude,  en  fonction  de  la  réponse  des  
anémomètres  à  l 'écou lement ascendant.  Une  mesure  de  l a  vi tesse  verticale  du  ven t peut  
servir à  évaluer l 'ang le  d 'écou lement ascendant,  qu i  peut ensu i te  être  u ti l i sé  en  association  
avec l e  rapport de  classi fication  des  anémomètres  dans  l e  bu t de  ca lcu ler l es  caractéristiques  
d 'explo i tation  d 'un  anémomètre  de  type  S  avec des  plages  des  paramètres  d ' in fluence 
défin ies  par l es  u ti l i sateurs  et décri tes  à  l 'Article  I . 3.   

Type C:  

Les  terrains  de  type  C  sont  l es  terrains  l es  p l us  extrêmes  du  poin t  de  vue  de  l a  réal isation  de  
mesures.  Les  s i tes  de  type  C  présen ten t généralement un  é lémen t de  terra in  pentu  (p.  ex. :  
montagne ou  canyon)  qu i  peut provoquer la  séparation  de  l 'écou lement d i rectement du  côté  
exposé au  ven t d e  l 'éol ienne  à  l 'essai  e t créer une  zone  de  recircu lation  à  son  emplacement.  
L'ampleur de  la  séparation  de  l 'écou lement est  défin ie  par cet é l émen t de  terra in  et peu t 
perturber la  corrélation  de  la  vi tesse  du  vent en tre  l 'éol i enne  à  l 'essai  et l e  mât 
météorolog ique  de  référence,  même s i  l 'é l ément de  terrain  est s i tué  à  une  d istance  de  p l us  de  
1 6L  d e  l 'éol ienne  à  l 'essai .  En  règ le  générale,  l e  terrain  de  type  C  est s i  complexe  que  l a  
corrélation  en tre  les  ven ts  au  n i veau  du  mât météorolog ique  de  référence et  de  l 'éol ienne  à  
l 'essai  peu t être  fa ib le.  Les  corrections  de  l 'écou lement peuvent d i fférer de  man ière  
si gn i ficati ve  entre  l es  tranches  ad jacentes  de  d i rection  du  ven t.  Une  attention  particu l i ère  doi t  
être  prêtée  au  choix des  éol i ennes  à  l 'essai  pour l es  emplacements  s i tués  sur des  terra ins  de  
type  C  dans  le  sens  où  l es  données  seront généralement très  d ispersées  et  présenteron t une  
grande  i ncerti tude  de  résu l tat.   
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Anglais  Français  

Type  A Type  A 

Type  B  Type  B  

Type  C  Type  C  

F low separation  Séparation  de  l 'écou lement  

Turbi ne  i n  reci rcu l ation  zone  Eol i enne  s i tuée  dans  une  zone  de  reci rcu lati on  

Figure C.2  – Types  de  terrains  

Afin  d 'amél iorer la  corrélation ,  i l  convient de  p lacer l e  mât météorolog ique  de  référence de  
façon  à  ce  qu ' i l  a i t  u ne  a l ti tude  et des  cond i ti ons  de  ven t s im i l a i res  à  cel les  de  l 'éol i enne  à  
l 'essai .  Par exemple,  s i  l ' éol ienne  à  l 'essai  est s i tuée  sur une  crête,  i l  est recommandé de  
pos i tionner l e  mât météorolog ique  de  référence sur cette  crête  à  côté  de  l 'éol i enne  pl u tôt qu 'à  
une  a l ti tude  i n férieure  face  à  l 'éol i enne.  

C.3.2  Instrumentation   

Le mon tage  d 'essai  exige  au  m in imum  la  réal isation  des  mesures  de  l a  vi tesse  du  ven t à  la  
hau teur du  moyeu ,  de  l a  d i rection  du  ven t à  proxim i té  de  la  hau teur du  moyeu  et du  
cisai l l ement du  ven t au  n iveau  des  deux mâts  météorolog iques  conformément à  7 . 2 . 8.   

Le  WME u ti l i sé  pour l 'éta lonnage du  s i te  doi t  satisfai re  aux exigences  d e  7 . 2  et su ivre  l es  
l ignes  d i rectrices  re lati ves  au  montage  données  à  l 'Annexe  G .  Les  anémomètres  doiven t être  
du  même type,  présenter des  caractéristiques  d 'explo i tation  i dentiques  et  doiven t également 
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être  éta lonnés  dans  l a  même soufflerie.  Les  anémomètres  doiven t être  du  même type  et  
présenter des  caractéri stiques  d 'explo i tation  i den tiques  pour l a  mesure  de  l a  courbe  de  
pu issance  et pou r l 'éta lonnage  du  s i te.   

En  fonction  des  caractéristi ques  du  s i te ,  des  mesures  supplémenta ires  son t recommandées  
afi n  de  fourn ir davantage  d ' in formations  sur l es  cond i ti ons  du  s i te.  E l les  ne  son t par 
conséquent pas  normatives.  Ces  mesures  peuvent également être  u ti l i sées  pour amél iorer l a  
qual i té  générale  de  l 'éta lonnage du  s i te  et de  l a  mesure  de  l a  courbe  de  pu issance en  
i denti fian t des  cond i ti ons  atmosphériques  i nhabi tue l l es  qu i  se  corrèlent  avec l es  valeurs  
aberrantes  ou  peuvent  être  u ti l i sées  pour déterm iner une  classi fication  perti nen te  des  
i nstruments  et,  en  association  avec l e  rapport de  cl ass i fication  correspondant,  q uan ti fi er 
l ' i ncerti tude-type  des  caractéristi ques  d 'exploi tation  des  anémomètres  spéci fi ques  au  s i te:  

a)  Une  mesure  de  l a  vi tesse  verticale  du  vent (p .  ex. :  avec un  anémomètre  à  u l trasons  3D)  
est recommandée dans  l es  1 0  %  de  l a  hauteur du  moyeu  ou  dans  les  5  m  de  l a  hau teur 
du  moyeu  pour l es  peti tes  éol iennes  afi n  de  ne  pas  enfreindre  les  exigences  de  montage  
des  capteurs  montés  en  tête  de  mât données  à  l 'Annexe  G .  Cette  mesure  peut être  
u ti l i sée  pour déterm iner l a  cl asse  pertinente  pour l a  class i fication  des  instruments  et,  en  
association  avec l e  rapport de  class i fication  correspondant,  pour quan ti fier l ' i ncerti tude 
due  aux caractéristi ques  d 'explo i tation ,  conformément à  l 'Annexe I .   

b)  Une  mesure  de  la  déviation  de  la  traj ectoire  du  vent est recommandée pour la  d i rection  du  
ven t mesurée  au  poin t l e  p lus  bas  à  1 0  m  ou  moins  de  l a  mesure  de  l a  vi tesse  du  vent à  la  
hau teur de  l 'extrém ité  i n férieure.  

c)  S i  des  cond i tions  de  g ivrage  sont prévues  pendant l a  campagne  d 'éta lonnage du  s i te,  un  
capteur de  température  ou  d 'autres  moyens  de  détection  du  g ivrage  sont recommandés  à  
proxim i té  de  l a  hau teur du  moyeu .  

De  p lus ,  afin  d 'évi ter l ' i n troduction  d 'une  polarisation  dans  l a  mesure  de  l a  d i rection  du  ven t 
en  ra ison  de  l ' i ncerti tude  l i ée  à  l ' i nsta l lation  du  capteur de  d i rection  du  ven t,  i l  convient de  ne  
pas  reti rer le  mât  météorolog ique  de  référence n i  son /ses  capteurs  de  d i rection  du  vent en tre  
l 'éta lonnage  du  s i te  et l a  mesure  de  l a  courbe  de  pu issance.  S i  l e  capteur principa l  de  
d i rection  du  ven t est en levé  ou  remplacé,  une  composante  d ' i ncerti tude  supplémenta ire  doi t 
être  i ncluse  (voi r C. 7. 4) .  S i  l e  mât météorolog ique  de  référence est reti ré  pu is  i nsta l lé  à  
nouveau  entre  l 'éta lonnage  du  s i te  et l a  mesure  de  la  courbe  de  pu issance,  l es  i nstruments  
doivent être  montés  selon  l a  même configuration  et avec des  ang les  de  flèche  i den tiques  
pendant ces  deux périodes  afin  d 'obten i r des  effets  de  montage  s im i la i res .   

C.4 Acquisi tion  de données  et cri tères  de rejet  

Les  données  doiven t être  recuei l l ies  en  con tinu  à  l a  même fréquence d 'échanti l lonnage que  
pour l 'essai  de  performance de  pu issance.  Les  ensembles  de  données  doiven t être  fondés  sur 
des  périodes  de  1 0  m in  dédu i tes  à  parti r de  données  mesurées  de  façon  con tinue.  Pour 
chaque période  de  1 0  m in ,  l a  va leur moyenne,  l 'écart-type,  l a  va leur m in imale  et l a  va leur 
maximale  doiven t être  dédu i ts  et  stockés.  

La  ta i l le  de  l a  tranche  de  d i rection  du  vent doi t  être  égale  à  1 0° .  

Des  ensembles  de  données  doiven t être  rej etés  de  la  base  de  données  dans  l es  
ci rconstances  su ivan tes:  

a)  l e  matérie l  d 'essai  est  défai l lan t ou  dégradé  (par exemple,  à  cause  du  g ivrage);  

b)  l a  d i rection  du  vent  est en  dehors  du  ou  des  secteurs  de  mesure  défin is  en  6. 3. 3 ;  

c)  l a  vi tesse  moyenne du  ven t sur l e  mât météorolog ique  représentant  l 'éol i enne  est 
i n férieure  à  4  m /s  ou  supérieure  à  1 6  m /s;  

d )  tou tes  l es  au tres  cond i ti ons  atmosphériques  particu l i ères  dont  i l  s 'avère  qu 'e l l es  i n fluent  
sur l es  résu l tats  d 'étalonnage du  s i te  et q u i  son t donc chois ies  comme cri tères  de  rejet;  
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e)  l es  cond i ti ons  atmosphériques  particu l ières  qu i  do ivent être  u ti l i sées  comme cri tères  de  
rejet au  cours  de  l 'essai  de  performance  de  pu issance et  dont i l  s 'avère  qu 'e l l es  in fluent  
sur l 'éta lonnage  du  s i te.  

Toute  cond i ti on  atmosphérique  particu l ière  fi l trée  pendant l 'étalonnage  du  s i te  doi t l 'être  
également pendant l 'essai  de  courbe  de  pu issance.   

C.5 Analyse  

L'étalonnage  du  s i te  mesure  l a  re lation  des  vi tesses  du  vent à  deux poin ts  spéci fiques  dans  
l 'espace.  L 'orograph ie  exerce  une  in fluence  stati que  sur cette  re l ation  ( l e  terrain  est  fixe  dans  
l e  temps)  a lors  que  l e  cisai l l ement du  ven t l u i  apporte  un  é lément d ynam ique,  pu isque  l e  
grad ien t de  l a  vi tesse  du  ven t peu t varier de  man ière  s ign i ficati ve  avec l a  hau teur,  ou  peu t ne  
pas  varier s i  l e  s i te  présente  un iquement un  cisa i l lemen t re lativement stable  sur une  p lage  
l im i tée.   

La  prem ière  étape  du  processus  d 'éta lonnage du  s i te  consiste  donc à  évaluer l es  cond i ti ons  
de  cisai l l ement sur l e  s i te.  Pour cela ,  l es  calcu ls  et tracés  de  C. 5. 1  sont réal isés  en  prem ier.  
Ensu i te,  en  fonction  des  résu l tats  obtenus,  C.5.2  ou  C. 5. 3  est appl iqué  pour ca lcu ler l es  
corrections  de  l 'écou lement.  A l a  su i te  du  calcu l  des  corrections  de  l 'écou lement 
conformément à  C. 5. 2  ou  C.5. 3,  la  procédure  se  poursu i t  avec l es  calcu ls  supplémenta ires  de  
C. 5. 4,  qu i  permettront de  réal iser l es  calcu ls  d ' i ncerti tude  de  l 'Article  C. 6  et l es  con trôles  de 
qual i té  de  l 'Article  C. 7.  

C.5. 1  Evaluation  des  conditions  de  cisai l lement du  s i te  

C.5. 1 . 1  Calcu ls  et  tracés  de  caractérisation  du  cisai l lement   

Pour chaque  poin t  de  données  sur 1 0  m in ,  l es  ca lcu ls  su ivants  doiven t être  effectués:  

a)  l e  rapport de  vi tesses  du  ven t,  soi t l a  vi tesse  du  vent à  la  hau teu r du  moyeu  à  
l 'emplacement de  l 'éol ienne  d i visée  par l a  vi tesse  du  vent  à  l a  hau teur du  moyeu  à  
l 'emplacement du  mât météorolog ique  de  référence;  

b)  l 'exposant de  cisai l lement aux deux  mâts  météorolog iques,  qu i  doi t  être  calcu lé  à  l 'a ide  de 
l a  l oi  exponentie l le  (voi r 3. 31 );   

c)  l 'heure  du  j ou r selon  un  système hora ire  su r 24  h ,  qu i  doi t être  déterm inée  à  parti r de  
l 'horodatage  et de  tout décalage  par rapport à  l 'heure  l ocale  du  s i te .  Tou t rég lage  des  
horloges  l ocales  pour passer de  l 'heure  d 'été  à  l 'heure  d 'h iver (avancement d 'une  heure 
pour l 'heure  d 'été)  doi t  ê tre  consigné  s ' i l  est appl i qué  aux horodatages  de  l 'enreg istreur de 
données.   

La  méthode  d 'anal yse  doi t dépendre  de  l a  déterm ination  ou  non  du  cisai l l ement du  vent 
comme un  facteur s ign i fi cati f sur l e  s i te.  Un  cisai l lemen t é levé,  ou  p lus  spéci fiquement une  
l arge  p lage  de  va leurs  de  cisai l l ement,  est généralement provoqué par un  cycle  d i urne  avec 
une  atmosphère  s table  l a  nu i t  et  une  atmosphère  i nstable  au  cours  de  l a  j ournée.  A des  fi ns  
de  représentation  des  cond i ti ons  de  cisa i l l ement sur l e  s i te  et d 'a ide  à  l 'évaluation  du  
cisai l l ement,  l es  d iagrammes de  d ispers ion  su ivants  doiven t être  générés  pour l es  données  
de  l 'emplacement de  l 'éol i enne  a ins i  que  de  l 'emplacement du  mât météorolog ique  de  
référence  à  parti r de  la  base  de  données  fi l trée:  

1 )  d iagramme de  d ispers ion  de  l 'exposan t de  cisai l l ement du  ven t par rapport  à  l 'heure  du  
j our;  

2)  d iagramme de  d ispersion  de  l 'exposant de  cisai l l ement du  ven t par rapport à  l a  d i rection  
du  ven t;  

3)  d iagramme de  d ispersion  de  l 'exposant de  cisai l l ement du  vent par rapport  à  l a  vi tesse  du  
ven t;  

4)  d iagramme de  d ispers ion  de  l a  vi tesse  du  vent  par rapport à  l 'heure  du  j our.  
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I l  est à  noter qu ' i l  convien t d 'u ti l i ser l 'heure  du  j our avec précau tion .  L'objecti f réel  est de  
prendre  en  compte  les  heures  de  l ever et de  coucher du  solei l  l oca les ,  car cel l es-ci  
i n fl uencent fortement l a  stabi l i té  atmosphérique.  Or,  en  particu l ier pour l es  ensembles  de  
données  les  p l us  l ongs  et l es  l ati tudes  les  p l us  é levées,  l a  corré lation  entre  l e  lever du  sole i l ,  
l e  coucher du  sole i l  et  l 'heure  du  j our est  assez fa ib le.  

En  règ le  générale ,  pour un  s i te  sur l equel  ces  effets  se  produ isen t,  les  exposants  de  
cisai l l ement observés  au  cours  de  l a  j ournée  seront fa ib les  tan t que  le  sole i l  réchauffe  le  sol ,  
provoquant des  turbu lences  et un  brassage des  couches,  pu is  seron t é l evés  la  nu i t.  Par 
conséquent,  une  l arge  p lage  d 'exposants  de  cisa i l lement a ins i  qu 'une  variation  considérable  
des  exposants  de  cisai l l ement en tre  l a  j ou rnée  et  l a  nu i t peuvent être  observées  sur ces  s i tes .  

C.5. 1 .2  Evaluation  de  l ' importance du  cisai l lement  

I ndépendamment de  l a  stabi l i té  atmosphérique,  l e  cisai l l emen t doi t  être  cons idéré  comme un  
facteur s ign i ficati f s i  p l us  de  25  %  des  poin ts  de  données  affichent un  exposan t de  
cisai l l ement supérieur à  0 , 25.   

I l  doi t  être  confi rmé que  l e  cisa i l lement est un  paramètre  s i gn i ficati f s i  l a  corrélation  avec l a  
vi tesse  du  vent s 'amél iore  après  l a  réparti tion  en  tranches  en  fonction  de  la  d i rection  et d u  
cisai l l ement conformément à  l a  Méthode  1  de  C. 5. 2 .  A défau t,  l 'étalonnage  du  s i te  peu t être  
évalué  d 'après  l a  Méthode  2  décri te  en  C. 5. 3  (méthode de  régress ion  l i néai re).   

La  d i vis ion  du  secteur de  mesure  pour permettre  l 'appl ication  de  méthodolog ies  d i fféren tes  à  
d i vers  secteurs  est admise.  E l l e  peut être  u ti l e  s i ,  par exempl e,  le  terrain  d 'une  partie  du  
secteur de  mesure  est de  type  A,  mais  correspond  au  type  B  en  provenance d 'une  autre  
d i rection .  

L'objecti f est de  garanti r q ue  l 'éta lonnage  du  s i te  n 'est pas  polarisé  par des  cond i ti ons  de  
cisai l l ement i nhabi tuel les.  En  effet,  so i t  l a  méthode d 'éta lonnage du  s i te  ti ent compte  de  
l ' impact du  cisa i l l ement,  soi t l es  cond i tions  peu  communes  sont fi l trées.  Les  résu l tats  de  
l 'éta lonnage du  s i te  effectué  à  l 'a ide  de  l a  méthode de  C. 5. 2  ou  de  C. 5. 3  peuvent être  évalués  
avec la  méthode  de  C. 5. 4,  l aquel le  appl ique  les  corrections  d 'éta lonnage  du  s i te  à  l a  vi tesse  
du  vent au  n iveau  du  mât permanent avan t de  réal iser une  comparaison  avec la  vi tesse  du  
ven t à  l ' emplacement de  l 'éol i enne.  La  comparaison  en tre  l es  rés idus  d 'éta lonnage du  s i te  et  
l e  cisai l l ement du  ven t  ou  d 'autres  ind icateurs  de  stabi l i té  atmosphérique  révélera  s i  l a  
méthode chois ie  corrige  avec précis ion  l a  vi tesse  du  vent à  l ' emplacement permanent,  quel les  
que  soient l es  cond i ti ons,  ou  s i  des  actions  suppl émentaires  sont nécessai res  pour amél iorer 
sa  qual i té  et rédu ire  l ' i ncerti tude.  Plus  spéci fi quement:  

a)  i l  convien t que  l e  paramètre  de  cohérence in terne  (Equation  (C.3)  en  C. 5.4)  moyenné par 
tranche de  vi tesse  du  ven t soi t compris  en tre  0 , 98  et  1 , 02  dans  l a  p l age  de  va leurs  de  
4  m /s  à  1 6  m /s  au  sein  de  chaque secteur;  

b)  i l  convien t qu 'une  régression  l i néaire  de  V Turb_pred icted  (Equation  (C. 1 ))  par rapport à   
V Turb_measured  a i t  une  valeur de  R

2  >  0 , 95  au  sein  de  chaque secteur.  

C.5. 1 .3  Etabl i ssement d 'une  corrélation  du  cisai l l ement en tre  l es  emplacements  

S' i l  est établ i  q ue  l e  cisai l lement est s i gn i ficati f su r l e  s i te  et s ' i l  existe  une  exigence imposant 
de  fi l trer l e  cisai l lemen t à  l 'emplacement de  l 'éol i enne,  a l ors  i l  do i t  être  établ i  que  l e  
cisai l l ement à  l 'emplacement de  l 'éol ienne  peu t être  préd i t  à  parti r du  ci sa i l l ement mesuré  à  
l 'emplacement du  mât météorolog ique de  référence.  Pour cela,  l a  méthode  l a  p lus  s imple  
cons iste  à  établ i r l e  tracé  du  cisa i l lemen t à  l 'emplacement de  l 'éol ienne  par rapport au  
cisai l l ement à  l 'emplacement du  mât de  référence,  pu is  à  appl i quer l a  méthode de  régress ion  
l i néaire  des  moindres  carrés  ord ina ires.  Cela  doi t être  effectué  à  l 'a ide  de  l a  base  de  données  
fi l trée.  I l  est à  noter que  cette  régression  peut être  u ti l i sée  pendant l a  mesure  de  la  courbe  de  
pu issance  dans  l e  bu t  de  préd i re  le  cisai l l ement à  l 'emplacement de  l 'éol ienne.  

S i  l e  cisa i l l ement à  l 'emplacement de  l 'éol i enne  et  le  cisai l l ement à  l 'emplacement du  mât de  
référence ne  son t pas  corrélés  dans  tous  les  cas,  des  actions  supplémentai res  doiven t être  
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en treprises  pour que  l es  données  soient systématiquement corrélées.  Par exemple,  u ne  non-
corrélation  peut apparaître  lorsqu 'une  d i fférence  s ign i ficati ve  d 'a l ti tude  en tre  l 'emplacement 
du  mât de  référence et  celu i  de  l 'éol ienne  à  l 'essai  est observée  en  association  avec un  
cisai l l ement élevé,  l u i -même souvent corré lé  avec l 'heure  du  j ou r.  Le  cas  échéant,  l a  méthode  
suggérée  pour obten i r des  résu l tats  corrélés  cons iste  à  fi l trer l es  données  en  fonction  de  
l 'heure  du  j our afin  de  supprimer l es  données  de  cisai l l ement é levé  re levées  pendant l a  nu i t,  
b ien  que  d 'au tres  méthodes  de  suppress ion  des  données  non  corré lées  soient adm ises.  Le  
fi l tre  de  l 'heure  du  j our peu t être  établ i  à  parti r des  tracés  de  l 'exposant de  cisa i l l ement en  
fonction  de  l 'heure  du  j our.  D i fféren tes  méthodes,  en tre  au tres  la  réduction  du  secteur de  
mesure  visant à  étud ier un iquement l es  d i rections  présen tan t des  cond i ti ons  d 'écou lement 
s im i la i res,  l e  fi l trage  ou  l e  fractionnement de  l 'éta lonnage du  s i te  en  fonction  des  saisons,  
peuvent être  u ti l i sées  pour obten i r un  ensemble  de  données  parfai tement corré lé .  Les  tracés  
de  l 'exposant de  cisa i l lement du  vent en  fonction  de  l a  d i rection  du  vent  peuvent être  u ti les  
pour déterm iner les  secteurs  à  u ti l i ser.  

Chaque fi l tre  supplémentai re  appl i qué  aux résu l tats  de  l 'éta lonnage du  s i te  doi t également 
être  appl i qué  l ors  de  l a  mesure  de  l a  courbe  de  pu issance.  S i  un  fi l tre  de  l 'heure  du  j ou r est  
u ti l i sé,  i l  peu t être  aj usté  en  fonction  des  sa isons  afin  de  ten i r compte  de  la  l ongueur des  
j ours,  à  savoi r p lus  l ongs  en  été  et p lus  courts  en  h iver.  I l  convient de  n 'u ti l i ser que  l es  
données  correspondant au  mât de  référence pour tous  les  fi l tres  supplémenta ires,  car l es  
données  à  l 'emplacement de  l 'éol ienne  ne  pourront  pas  être  fi l trées  l ors  de  la  mesure  de  l a  
courbe  de  pu issance.  

Le  cisai l l ement,  l es  turbu lences  et l a  vi tesse  du  vent son t souvent corrélés .  Les  tracés  de  
l 'exposant de  cisai l lement du  ven t par rapport à  l a  d i rection  du  vent,  de  l 'exposant de  
cisai l l ement du  ven t par rapport à  l a  vi tesse  du  ven t et de  l a  vi tesse  du  vent par rapport à  
l 'heure  du  j our peuvent  être  u ti l i sés  pour évaluer l ' impact potentiel  de  ces  fi l tres  sur l es  
données  de  la  courbe  de  pu issance  en  ce  qu i  concerne  l es  données  rédu i tes  à  des  vi tesses  
du  vent spéci fiques.  Par exemple,  s i  l 'appl ication  d 'un  fi l tre  de  l 'heure  du  j our en traîne  l a  perte  
de  l a  plupart des  données  pour des  vi tesses  é levées  du  ven t,  ce  fi l tre  peu t ne  pas  être  
pratique.  En  dern ier recours,  u ne  solu tion  pourrai t cons ister à  réal iser p lusieurs  étalonnages  
du  s i te ,  chacun  d 'en tre  eux étan t val ide  pour une  p lage  spéci fique  de  cond i tions 
atmosphériques.  

C.5.2  Méthode 1 :  tranches  de  d i rection  du  vent et  tranches  de  cisai l lement du  vent  

Pour déterm iner s i  l es  facteurs  de  correction  de  l 'éta lonnage du  s i te  sont i n fl uencés  par l e  
cisai l l ement sur l e  s i te,  l es  données  doivent  être  réparties  en  tranches  de  d i rection  du  ven t et  
de  cisai l l emen t du  vent.  La  ta i l l e  d es  tranches  de  d i rection  du  ven t doi t être  de  1 0°  et ne  doi t 
pas  être  i n férieure  à  l ' i ncerti tude  du  capteur de  d i rection  du  ven t.  Les  données  doiven t être  
fi l trées  aux l im i tes  des  extrém i tés  du  secteur de  mesure.  Par exemple,  l orsque  l e  secteur de  
mesure  se  term ine  à  43° ,  l 'éta lonnage  du  s i te  à  l 'extrém ité  du  secteur sera  évalué  de  35°  à  
43°  un iquement.  Le  choix de  l a  défin i tion  du  centre  de  l a  tranche de  d i rection  (p.  ex. :  tranches  
cen trées  sur des  mu l tip les  en tiers  de  1 0°  ou  tranches  commençant par des  mu l tip les  en tiers  
de  1 0° )  do i t être  réal isé  de  man ière  cohéren te  de  l 'éta lonnage du  s i te  à  l ' essai  de  courbe  de  
pu issance.  Les  tranches  de  cisa i l l ement du  ven t  doivent augmenter par i ncréments  de  0 , 05  
pour l 'exposant de  cisai l l ement et être  cen trées  sur des  mu l tip les  entiers  de  0, 05.   

Les  rapports  de  vi tesses  du  ven t au  sein  de  chaque  tranche de  d i rection  du  vent et de  
cisai l l ement du  ven t doiven t être  moyennés.   

Les  cri tères  d 'achèvement pour l es  tranches  de  d i rection  du  ven t et de  cisai l l ement du  vent 
son t l es  su ivan ts:  

a)  Au  sein  de  chaque tranche  de  d i rection  du  ven t,  l e  nombre  total  m in imal  de  poin ts  de  
données  dans  tou tes  les  tranches  de  cisai l l ement du  ven t doi t  ê tre  de  1 44  (24  h  de  
données) .  Des  tranches  de  cisa i l l ement du  vent  i ncomplètes  peuvent être  i ncluses  dans  
ce  nombre  tota l .  En  ou tre,  chaque tranche de  d i rection  du  vent doi t  conten ir au  moins  6  h  
au -dessus  de  8  m /s  et 6  h  en  dessous  de  cette  même va leur.   
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b)  Chaque  tranche de  cisai l l ement du  vent au  sein  d 'une  tranche de  d i rection  du  vent 
complète  doi t conten i r au  moins  3  poin ts  de  données.   

c)  Les  tranches  de  cisai l lement du  ven t dans  l es  secteurs  de  d i rection  du  vent  i ncomplets  qu i  
con tiennen t au  moins  6  h  de  données  peuvent  également être  considérées  comme 
complètes.  

Après  réa l isation  de  l a  matrice,  s ' i l  est observé  que  l es  corrections  de  l 'étalonnage du  s i te  ne  
varient pas  à  mesure  que  l e  cisai l l ement du  vent augmente,  a lors  les  tranches  de  cisai l lement 
du  ven t peuven t être  é l im inées  et l es  données  évaluées  sur l a  seu le  base  d 'une  tranche de  
d i rection  du  vent,  conformément à  C.5. 3.  Le  n i veau  de  variation  doi t ê tre  évalué  par rapport  à  
l ' i ncerti tude  statis tique  de  l 'éta lonnage  du  s i te .   

S i  l a  variation  en tre  l es  tranches  de  cisai l l ement du  vent provoque une  variabi l i té  des  facteurs  
de  l 'éta lonnage du  s i te  supérieure  à  deux fois  l ' i ncerti tude  s tatistique  de  l 'éta lonnage  du  s i te  
dans  une  ou  p lus ieurs  tranches  de  d i rection  du  vent,  l es  tranches  de  cisai l l ement du  vent 
doivent être  i ncluses  dans  l 'anal yse  au  même ti tre  que  l es  tranches  de  d i rection  du  ven t.   

S i  l a  variation  en tre  l es  tranches  de  cisai l l ement du  vent provoque une  variabi l i té  des  facteurs  
de  l 'éta lonnage du  s i te  i n férieure  à  deux fo is  l ' i ncerti tude  statis tique  de  l 'éta lonnage du  s i te  
dans  une  ou  p lus ieurs  tranches  de  d i rection  du  vent,  l es  tranches  de  cisai l l ement du  vent 
peuven t être  é l im inées  et l es  données  évaluées  sur l a  seu le  base  de  l a  d i rection  du  vent 
conformément à  C. 5.3 .  

Au  cours  de  l a  mesure  de  l a  courbe  de  pu issance,  les  données  doiven t être  réparties  dans  
des  tranches  de  d i rection  du  vent.  Pour chaque poin t de  données  sur 1 0  m in ,  l ' exposant de  
cisai l l ement du  ven t au  n i veau  du  mât de  référence doi t être  calcu lé.  La  correction  appl i quée  
à  la  vi tesse  du  ven t à  l a  hau teur du  moyeu  doi t être  le  rapport de  vi tesses  du  vent i n terpolé  à  
l a  valeur de  cisai l l ement du  vent mesurée  à  parti r des  va leurs  moyennes  de  l a  tranche  de  
cisai l l ement du  ven t et de  l 'exposant de  cisai l l ement du  ven t mesuré  pour cette  tranche  de  
d i rection  du  vent.  L 'extrapolation  est adm ise  pour les  exposants  de  cisa i l lemen t du  ven t se  
trouvant dans  les  dern ières  tranches  de  cisa i l lement complètes.  Par exemple,  s i  l a  dern ière  
tranche de  cisai l l ement complète  pour l 'éta lonnage du  s i te  est l a  tranche  de  cisai l lemen t de 
0, 6,  une  extrapolation  est adm ise  pour l es  va leurs  mesurées  de  l 'exposan t de  cisai l lemen t 
comprises  entre  0, 600  et  0 , 625  (0 , 625  étant l 'extrém ité  supérieure  de  l a  tranche  de  
cisai l l ement du  vent de  0, 6,  pour une  l argeur de  tranche de  0, 05  et une  p lage  de  0 , 575  
à  0 , 625).  L' i n terpolation  entre  deux tranches  de  cisai l l ement du  ven t complètes  sur une  
tranche  de  cisai l lement i ncomplète  est  adm ise.  L' i n terpolation  en tre  des  tranches  de  d i rection  
du  ven t n 'est  pas  adm ise.   

C.5.3  Méthode 2:  méthode  de  régression  l i néaire  lorsque l e  ci sai l l ement n 'a  pas  une 
influence sign i ficative  

Les  ensembles  de  données  doivent être  répartis  en  tranches  de  d i rection  du  ven t.  La  ta i l l e  
des  tranches  de  d i rection  du  ven t doi t être  de  1 0° .  Le  choix de  la  défin i tion  du  centre  de  l a  
tranche de  d i rection  (p.  ex. :  tranches  centrées  sur des  mu l ti p les  en tiers  de  1 0°  ou  tranches  
commençant par des  mu l tip les  en tiers  de  1 0° )  doi t être  réal isé  de  man ière  cohérente  de  
l 'éta lonnage  du  s i te  à  l 'essai  de  cou rbe  de  pu issance.  Les  données  doiven t être  fi l trées  aux 
l im i tes  des  extrém ités  du  secteur de  mesure.  Par exemple,  l orsque  le  secteur de  mesure  se  
term ine  à  43° ,  l 'é talonnage du  s i te  à  l 'extrém ité  du  secteur sera  évalué  de  35°  à  43°  
un iquement.  

Pour chaque tranche de  d i rection  du  ven t,  l a  méthode de  régress ion  l i néai re  des  moindres  
carrés  ord ina ires  doi t  être  appl i quée,  l a  vi tesse  du  vent à  l ' emplacement de  l 'éol i enne  étan t l a  
variable  dépendante  et l a  vi tesse  du  ven t de  référence étan t l a  variable  i ndépendante.  Par 
conséquent,  chaque tranche  de  d i rection  du  vent présentera  une  pen te  et une  ordonnée à  
l 'orig i ne.  

Chaque  tranche de  d i rection  du  vent doi t compter un  tota l  d 'au  moins  24  h  de  données,  et do i t  
compter au  moins  6  h  de  données  l orsque  l a  vi tesse  du  ven t est  supérieure  à  8  m /s  ou  
i n férieure  à  8  m /s.  I l  convient d 'étendre  la  réparti tion  des  vi tesses  du  ven t au  se in  de  l a  
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tranche  afin  d 'obten ir une  bonne corrélation  (voir C. 7 .2) .  I l  est  par conséquent recommandé 
d 'u ti l i ser des  données  relatives  aux vi tesses  du  ven t a l l ant j usqu 'à  1 1  m /s,  voi re  p lus.  I l  est à  
noter que  l es  valeurs  aberrantes  son t fortement pondérées  par l a  méthode de  régress ion  
l i néaire  des  moindres  carrés  ord inai res.  I l  convient d 'anal yser et de  documenter l es  va leurs  
aberrantes  ayan t un  impact s ign i ficati f sur l a  régress ion .  

Pour représenter l a  corrélation  entre  l a  vi tesse  du  ven t à  l 'emplacement de  référence  et à  
l 'emplacement de  l 'éol ienne,  l es  tracés  su ivants  doivent  être  générés  pour chaque  tranche de  
d i rection  du  vent complète  au  sein  du  secteur de  mesure:  

Vi tesse  du  ven t au  n iveau  du  mât de  l 'éol i enne  par rapport à  l a  vi tesse  du  vent  au  
n i veau  du  mât de  référence,  avec ind ication  des  coefficien ts  de  régress ion  l i néai re  et  
de  corré lation  (communément appelés  valeur R2) ;  

Sur un  axe  un ique,  effectuer les  tracés  ci -après.  Un  exemple  est donné  à  l a  F igure  C. 1 1  à  
l 'Article  C. 9:  

a)  rapport  de  vi tesses  du  vent par rapport à  l a  vi tesse  du  ven t de  référence;  

b)  moyennes  des  tranches  des  rapports  de  vi tesses  du  vent en  tranches  de  vi tesse  du  vent 
de  0, 5  m /s;  

c)  courbe  y =  m+b/x  où  m  est l a  pente  de  l a  régression  l i néai re,  b  est l ' ordonnée  à  l 'ori g ine,  x  
est l a  vi tesse  du  ven t de  référence et y  est l a  vi tesse  du  ven t préd i te  à  l 'emplacement de  
l 'éol i enne  normal isée  à  l a  vi tesse  du  ven t au  n i veau  du  mât de  référence,  c'est-à-d i re  y  =  
rapport  de  vi tesses  du  vent;  

d )  l i gne  horizon tale  i nd iquant l a  moyenne de  tous  l es  rapports  de  vi tesses  du  ven t au  sein  de  
l a  tranche  de  d i rection  du  vent.  

C.5.4  Calcu ls  supplémentai res  

Les  corrections  de  l 'écou lement d ictées  par l 'éta lonnage du  s i te  doivent être  appl i quées  aux 
données  du  mât météorolog ique  de  référence pour calcu ler l a  vi tesse  du  vent  préd i te  à  
l 'emplacement de  l 'éol ienne  pour chaque poin t de  données.  Cela  doi t  être  effectué  à  l 'a ide  de  
l a  base  de  données  fi l trée.  

 VTurb_pred icted  =  F(WD,  α)  x  VPM  (C. 1 )  

 

où   

VTurb_pred icted   est  l a  vi tesse  du  ven t préd i te  à  l 'emplacement de  l 'éol i enne  

F(WD, α)  est l a  correction  de  l 'écou lement d ictée  par l 'éta lonnage du  s i te  défi n ie  
en  C. 5. 2;   

VPM  est  l a  vi tesse  du  ven t au  n i veau  du  mât météorolog ique  de  référence;  

WD  est  l a  tranche de  d i rection  du  ven t;  

α  est  l 'exposan t de  cisai l l ement du  ven t,  le  cas  échéan t.  

Un  rés idu  d 'éta lonnage du  s i te  doi t être  ca lcu lé  de  la  man ière  décri te  ci -dessous  pour chaque 
poin t de  données  sur 1 0  m in .  I l  correspond  à  l a  d i fférence en tre  l a  vi tesse  du  vent préd i te  à  
l 'emplacement de  l 'éol i enne  et l a  vi tesse  du  vent  mesurée  au  n i veau  du  mât météorolog ique  
représentan t l 'éol ienne.  

 residual =  VTurb_pred icted  – VTurb_measu red  (C. 2)  

Un  paramètre  de  cohérence i n terne  doi t  ê tre  calcu lé  de  la  man ière  décri te  ci -après  pour 
chaque poin t de  données  sur 1 0  m in :  d iviser l a  vi tesse  du  vent préd i te  à  l 'emplacement de  
l 'éol i enne  par l a  vi tesse  du  ven t réel l e  au  n iveau  du  mât météorolog ique  représentan t 
l 'éol i enne.   
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self_consistency_paramenter  =  
redTurb_measu

ctedTurb_predi

V

V
 (C. 3)  

 

Les  rés idus  et l e  paramètre  de  cohérence  i n terne  son t u ti l i sés  pour évaluer l a  variation  et l es  
éven tuel les  polarisations  des  résu l tats .  La  moyenne des  rés idus  et  l e  paramètre  de  
cohérence  in terne  reflèten t une  polarisation  moyenne.  Les  valeurs  moyennes  respectives  
de  0  et 1 , 0  correspondent à  une  polarisation  nu l l e .  L 'écart-type  de  ces  paramètres  i nd ique  la  
variation  de  l a  polarisation  moyenne.  I l  est u ti l i sé  pour l e  ca lcu l  de  l ' i ncerti tude  statis ti que  de  
l 'éta lonnage du  s i te.  

Outre  pour l e  ca lcu l  de  l ' i ncerti tude  s tatistique,  qu i  s 'appu ie  sur l a  variation  d 'une  polarisation  
moyenne  réputée  nu l le ,  ces  paramètres  sont  u ti l i sés  pour le  ca lcu l  de  l ' i ncerti tude  
supplémenta ire  qu i  doi t  être  ajou tée  à  certa ins  scénarios  énumérés  à  l 'Article  C. 7.  Ces  
scénarios  son t é laborés  à  parti r d 'évaluations  de  la  polarisation  moyenne  estimée  qu ' i l s  
i n trodu isen t,  et  qu i  se  reflète  dans  les  décalages  par rapport à  l a  moyenne  de  ces  
paramètres,  d i fféran t respectivement de  0  et de  1 , 0 .  

C.6  Incerti tude d 'étalonnage du  si te  

C.6. 1  Incerti tude d 'étalonnage du  si te  de  catégorie  A 

C.6. 1 . 1  Analyse  par val idation  croisée  en  k échanti l lons  de  l 'étalonnage  du  si te  

L'étalonnage du  s i te  exploi te  un  modèle  de  préd iction  de  l a  vi tesse  du  vent à  l 'emplacement 
de  l 'éol ienne  en  fonction  de  la  vi tesse  du  vent à  l 'emplacement du  mât météorolog ique.  Pour 
évi ter le  ri sque  de  sous-estimation  de  l ' i ncerti tude  de  catégorie  A en  ra ison  d 'un  a j ustement 
excessi f du  modèle  aux données,  l ' i ncerti tude  de  catégorie  A doi t être  calcu lée  à  l 'a i de  de  l a  
va l i dation  croisée  en  k  échan ti l l ons,  où  k  =  1 0.  I l  est à  noter que,  dans  l e  secteur éol i en ,  l a  
l ettre  "k"  a  d i fféren tes  s i gn i fications.  Tou tefois,  son  u ti l i sation  dans  le  présent document 
coïncide  avec son  u ti l i sation  en  apprentissage statis ti que,  l a  méthode appl i quée  étan t 
appelée  validation croisée en k  échantillons.   

L'ensemble  fi nal  de  données  fi l trées  doi t être  d ivisé  en  k  échan ti l lons  (d ivis ions)  de  ta i l l e  
égale  en  fonction  de  l 'horodatage.   

Pour chaque  échan ti l lon  (k =  1  à  1 0) :   

a)  l es  corrections  d 'étalonnage  du  s i te  doivent être  calcu lées  conformément à  l 'Article  C. 5,  
en  u ti l i sant un iquement l es  données  des  9  au tres  échanti l lons;    

b)  l es  corrections  d 'étalonnage du  s i te  doivent être  u ti l i sées  pour ca lcu ler l a  vi tesse  du  vent 
préd i te  à  l 'emplacement de  l 'éol ienne  en  u ti l i san t l es  vi tesses  du  vent mesurées  au  n iveau  
du  mât de  référence  pour un  échanti l l on  k;   

c)  l es  vi tesses  du  ven t préd i tes  à  l 'emplacement de  l 'éol ienne  pour un  échanti l l on  k d o ivent 
être  comparées  aux vi tesses  du  vent réel les  mesurées  au  n i veau  de  l 'éol i enne  pour un  
échanti l lon  k conformément aux paramètres  de  rés idus  et de  cohérence i n terne  défin is  en  
C. 5. 4;  

d )  l ' i ncerti tude  statistique  pour un  échanti l lon  k d oi t  être  déterm inée  conformément à  C. 6. 1 . 2 .  

L' incerti tude  totale  de  catégorie  A correspond  à  l a  racine  carrée  de  la  somme des  carrés  de  
l ' i ncerti tude  calcu lée  pour chaque échanti l l on  d i visée  par la  racine  carrée  de  k.  
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Une valeur de  k =  1 0  est  chois ie  afin  d 'augmenter l a  probabi l i té  de  d isposer de  su ffisamment 
d ' in formations  dans  les  ensembles  restan ts  pour couvri r la  p lage  de  vi tesses  du  vent présen te  
dans  l 'ensemble  de  données  en  cours  d 'évaluation .  Tou tefois ,  d 'au tres  valeurs  de  k son t 
adm ises,  d u  moment que  k  ≥  2 .  

Les  échanti l l ons  sont répartis  par horodatage  p lu tôt  que  chois is  au  hasard .  En  effet,  i l  est 
prévu  que  l es  variations  de  relation  des  vi tesses  du  vent en tre  l es  deux emplacements  
pu issent être  corrélées  avec des  événements  météorolog iques,  eux-mêmes  corrélés  avec l e  
temps.  Ains i ,  l es  échanti l lons  répartis  en  fonction  du  temps  son t p lus  susceptib les  de  m ieux 
détecter l es  variations  en tre  l es  cond i ti ons  au  cours  des  périodes  d 'éta lonnage  du  s i te  et de  
mesure  de  l a  courbe  de  pu issance.  

C.6. 1 .2  Incerti tude  statistique d 'étalonnage  du  si te  pour chaque  échanti l lon  

Pour chaque échanti l l on  de  l a  va l idation  croisée  en  k  échanti l lons,  l 'écart en tre  l a  vi tesse  du  
ven t corrigée  après  l 'éta lonnage du  s i te  à  l ' emplacement de  l 'éol ienne  et l a  vi tesse  du  vent  
mesurée  au  n i veau  du  mât météorolog ique  représen tant l 'éol ienne  est ca lcu lé  pour chaque 
période  de  1 0  m in .  L'écart-type  de  l 'écart de  vi tesse  du  ven t sur tou tes  l es  périodes  de  1 0  m in  
est  ca lcu lé  comme su i t:  
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où  

dj, k  est  le  rés idu  de  l a  je  période  de  1 0  m in  d 'un  échanti l lon  k,  voi r Equation  (C.2) ;   

kd   est  la  va leur moyenne  des  rés idus  dans  un  échanti l lon  k;  

Nk  est  l e  nombre  d 'ensembles  de  données  dans  un  échanti l l on  k;   

dstd , k  est  l 'écart-type  des  rés idus  d 'éta lonnage du  s i te  pour un  échanti l lon  k.  

Seu les  les  données  qu i  on t été  i n tégrées  à  l 'évaluation  de  l 'éta lonnage du  s i te  doiven t être  
i ncluses  dans  le  ca lcu l  de  l 'écart-type.   

L ' incerti tude-type  statis ti que  de  catégorie  A d 'un  échanti l lon  k est l a  su ivante:  
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où  

f est  l e  nombre  de  degrés  de  l iberté  de  l 'éta lonnage  du  s i te.  

Le  nombre  f correspond  à  l a  d i fférence entre  le  nombre  de  périodes  de  1 0  m in  incluses  dans  
l 'éta lonnage  du  s i te  et le  nombre  total  de  paramètres  de  l 'a lgori thme d 'éta lonnage  du  s i te.  S i  
l es  corrections  de  l 'écou lement d ictées  par l 'éta lonnage du  s i te  se  présentent sous  la  forme 
de  rapports  de  vi tesses  du  vent moyennés  par tranche,  l e  nombre  de  paramètres  de  
l 'a lgori thme d 'éta lonnage  du  s i te  par sous-secteur de  d i rection  du  vent est égal  au  nombre  de  
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tranches  de  cisai l lement du  vent.  f correspond  a lors  à  l a  d i fférence  en tre  Nk  e t  l e  nombre  de  
sous-secteurs  de  d i rection  du  vent (en  règ le  générale,  un  nombre  de  secteurs  ayan t une  
l argeur de  1 0° ) .  S i  l es  corrections  de  l 'écou lement d ictées  par l 'éta lonnage  du  s i te  se  
présentent sous  la  forme de  régress ions  l i néaires  (pentes  et décalages),  l e  nombre  de 
paramètres  de  l 'a l gori thme d 'éta lonnage du  s i te  est de  2  par sous-secteur de  d i rection  du  
ven t.  f correspond  a lors  à  l a  d i fférence en tre  Nk  e t  deux fois  l e  nombre  de  tranches  de  
d i rection  du  vent.  S i  les  corrections  de  l 'écou l ement d ictées  par l 'éta lonnage du  s i te  se  
présentent sous  l a  forme de  rapports  de  vi tesses  du  ven t moyennés  par tranche en  fonction  
de  l a  d i rection  du  vent et de  la  tranche de  cisai l l ement du  vent,  f correspond  à  la  d i fférence 
en tre  Nk  et  l a  somme des  nombres  de  toutes  l es  tranches  de  cisa i l l emen t du  ven t dans  tous  
l es  sous-secteurs  de  d i rection  du  ven t.  

C.6.2  Incerti tude d 'étalonnage du  si te  de  catégorie  B  

I l  convient de  considérer l es  composantes  d ' incerti tude  su ivan tes  comme étan t i ndépendantes  
l es  unes  des  autres  l ors  de  l 'évaluation  de  l ' incerti tude-type  composée  de  catégorie  B .  

uVT, precal , i:  E talonnage de  l 'anémomètre  – l ' i ncerti tude-type  de  l 'éta lonnage de  l 'anémomètre  
doi t ê tre  i ssue  des  éta lonnages.  Lorsque  l es  éta lonnages  de  l 'anémomètre  au  n iveau  du  mât 
météorolog ique  de  référence et du  mât météorolog ique  représen tant l 'éol i enne  on t été  
réal isés  dans  l a  même soufflerie,  l es  i ncerti tudes  estimées  sont dans  une  certa ine  mesure  
corrélées.  I l  en  va  de  même pour l es  étalonnages  du  ou  des  anémomètres  u ti l i sés  pour l es  
essais  de  performance de  pu issance.  Une  approche  pratique  cons iste  à  incl ure  l 'ampl i tude  
d 'une  incerti tude  d 'éta lonnage s i  l es  éta lonnages  son t effectués  dans  l a  même soufflerie.  
Lorsque  l es  éta lonnages  on t été  réal isés  dans  d es  souffleries  d i fféren tes  ou  l orsque  d i fféren ts  
modèles  d 'anémomètres  son t u ti l i sés,  l es  i ncerti tudes  sont i ndépendan tes  et doiven t être  
prises  en  compte  en  tan t que  te l l es .  

uVT, class , i:  Caractéristiques  d 'exploi tation  de  l 'anémomètre  – l ' i ncerti tude-type  d 'exploi tation  de  
l 'anémomètre  au  n i veau  du  mât météorolog ique  représen tant l 'éol i enne  doi t  ê tre  prise  en  
considération  dans  l es  calcu ls  de  l ' i ncerti tude  d 'éta lonnage  du  s i te.  La  corrélation  des  
caractéristi ques  d 'exploi tation  au  cours  de  l 'éta lonnage  du  s i te  doi t  ê tre  étud iée  afi n  de  
déterm iner dans  quel le  mesure  l es  i ncerti tudes  des  caractéristiques  d 'exploi tation  au  n i veau  
de  l 'éol i enne  et de  l 'anémomètre  de  référence  doiven t être  prises  en  considération .  En  
fonction  des  d i fférences  en tre  l es  cond i ti ons  envi ronnementa les  au  cours  de  la  mesure  de  la  
courbe  de  pu issance et au  cours  de  l 'éta lonnage  du  s i te,  une  augmentation  de  l ' i ncerti tude  
des  caractéristiques  d 'exploi tation  peu t être  exigée.  Au  cours  de  l 'éta lonnage du  s i te,  i l  
convient de  prendre  tota lement en  compte  l ' i ncerti tude  opérationnel le  de  l 'anémomètre  de  
l 'éol i enne.   

uVT,mnt , i:  Effets  de  montage  – l es  i ncerti tudes-types  de  montage  de  l 'anémomètre  au  n i veau  
du  mât météorolog ique  de  référence et de  l 'anémomètre  au  n i veau  du  mât météorolog ique  
représentan t l 'éol i enne  doivent être  prises  en  considération  dans  l 'évaluation  de  l ' i ncerti tude  
d 'éta lonnage du  s i te .   

udVT , i:  L ' i ncerti tude-type  de  la  vi tesse  du  ven t re lative  au  système d 'acqu isi ti on  de  données 
doi t  être  estimée conformément à  l 'Annexe  D  et  à  l 'Annexe E .   

C.6.3  Incerti tude composée  

I l  convien t de  considérer l es  composan tes  d ' incerti tude  de  catégorie  A et de  catégorie  B  
comme étant  i ndépendan tes  les  unes  des  au tres  l ors  de  l 'évaluation  de  l ' i ncerti tude  composée  
de  l 'éta lonnage du  s i te.  

La  restriction  du  secteur de  mesure  à  des  fi ns  de  réduction  de  l ' incerti tude  par é l im ination  des  
tranches  de  d i rection  du  ven t présentant une  i ncerti tude  p lus  é levée est  adm ise.  
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C.7  Contrôles  de la  qual i té  et  incerti tudes  supplémentaires  

C.7. 1  Contrôle  de  la  convergence  

Pour chaque tranche  de  d i rection  du  vent,  u n  contrôle  de  la  convergence  doi t être  réal isé  à  
l 'a ide  du  paramètre  de  cohérence in terne  i ssu  de  l 'Equation  (C. 3).  Pour cela,  l e  g raph ique  le  
p lus  représentati f montre  un  tracé  de  l a  moyenne  cumu lati ve  du  paramètre  de  cohérence  
i n terne  par rapport au  nombre  d 'heures  par tranche de  d i rection  du  vent.  I l  convient de  véri fi er 
que  l es  moyennes  cumu latives  convergent dans  l es  0 , 5  %  de  l a  moyenne  fina le  pour 1 6  h  de  
données  ou  25  %  du  nombre  tota l  de  poin ts  de  données  dans  cette  tranche ( l a  valeur retenue  
étant la  plus  élevée  des  deux).  S i  ces  cri tères  ne  sont pas  satisfai ts,  d 'au tres  actions,  par 
exemple  un  fi l trage  supplémentai re,  peuvent  être  appl iquées  dans  l e  bu t  d 'essayer de  j usti fier 
et de  corriger l a  non-convergence.  S i  ces  actions  n 'aboutissen t pas  à  une  convergence,  l a  
véri fication  de  l a  cohérence i n terne  conformément à  l 'Article  C. 8  peut être  réal isée  au  cours  
de  l a  mesure  de  la  courbe  de  pu issance afi n  d 'évaluer s i  l a  non-convergence représente  un  
problème ou  non .  Si  l 'essai  de  courbe  de  pu issance ne  satisfai t pas  aux cri tères  de  
véri fication  de  la  cohérence  i n terne,  l a  tranche doi t être  exclue  du  secteur de  mesure.  

I l  convient que  l a  méthode  de  va l idation  croisée  en  k  échan ti l l ons  u ti l i sée  pour ca lcu ler 
l ' i ncerti tude  statisti que  pour l 'éta lonnage du  s i te  reflète  une  i ncerti tude  d 'essai  pl us  é levée  
pour tou t cas  de  non -convergence,  afin  qu 'aucune  pénal i té  d ' i ncerti tude  ne  soi t  appl iquée  
pour cette  véri fication .  

C.7.2  Contrôle  de  corrélation  pour l a  régression  l inéaire  (voi r C.5.3)  

Pour chaque tranche de  d i rection  du  vent,  l e  n iveau  de  corrélation  doi t être  évalué  à  parti r du  
coefficien t de  corrélation  de  l a  régress ion ,  communément appelé  va leur r.  Cette  évaluation  
doi t être  i ncluse  dans  l e  rapport.   

C.7.3  Variation  de  correction  entre  des  tranches  de  d irection  du  vent ad jacentes  

I l  est  recommandé  d 'é l im iner l es  tranches  de  d i rection  du  vent des  secteurs  de  mesure  
l orsque  l es  corrections  de  l 'écou lement varient de  p lus  de  2  %  entre  l es  tranches  ad j acen tes.  
Ces  variations  doivent être  évaluées  par appl ication  de  l a  méthode du  paramètre  de  
cohérence  in terne  donnée  en  C. 5. 4,  de  la  man ière  su ivan te:  

a)  évaluer l es  données  et ca lcu ler l es  corrections  de  l 'écou lement d ictées  par l 'éta lonnage  
du  s i te;  

b)  créer un  décalage  des  corrections  de  l 'écou lement d ictées  par l 'éta lonnage  du  s i te  de  
l 'ordre  d 'un  secteur de  d i rection ,  de  man ière  à  ce  que  l es  corrections  ou  régressions  de  
l 'écou lement soien t appl i quées  à  l a  tranche ad j acen te  de  d i rection  du  ven t.  Par exemple,  
s i  l a  correction  de  l 'écou lement appl iquée  à  l a  tranche à  290°  est 1 , 024x  +  0, 1 ,  appl iquer 
p lu tôt cette  correction  à  l a  tranche  à  280° ;  

c)  en  u ti l i san t les  corrections  de  l 'écou lement d ictées  par l 'éta lonnage du  s i te  aj ustées  à  
l 'étape  précédente  et l es  données  d 'éta lonnage du  s i te,  ca lcu ler l a  vi tesse  du  ven t préd i te  
à  l 'emplacement de  l 'éol i enne  pour chaque période  de  1 0  m in ,  pu is  calcu ler l e  paramètre  
de  cohérence  i n terne  avec l 'Equation  (C. 3);  

d )  moyenner l es  paramètres  de  cohérence i n terne  pour chaque tranche de  d i rection  du  vent.  
S i  l a  moyenne est i n férieure  à  0 , 98  ou  supérieure  à  1 , 02 ,  i l  convien t  d 'é l im iner ces  
tranches  de  d i rection  du  ven t.  S i  ces  tranches  de  d i rection  du  ven t ne  son t  pas  é l im inées,  
l ' i ncerti tude  qu 'e l les  présen ten t doi t être  augmentée  par la  valeur de  1  moins  l a  moyenne 
du  paramètre  de  cohérence  in terne  mu l ti p l i ée  par 1 00  %  et d ivisée  par 2  et l a  racine  
carrée  de  3 .  S i  ce la  s 'appl ique  à  un  secteur à  parti r de  ses  deux secteurs  ad j acents,  
l ' augmentation  de  l ' i ncerti tude  correspond  à  la  moyenne  des  deux.  

Cette  méthode doi t être  appl iquée  à  la  fo is  par add i tion  et par soustraction  à  la  tranche de  
d i rection  du  ven t,  en  appl i quan t par exemple  l es  résu l tats  de  la  tranche à  290°  aux deux 
tranches  à  280°  et à  300° .  Le  rég lage  d ' i ncerti tude  pour l es  tranches  ne  se  s i tuan t pas  à  une  
extrém ité  doi t correspondre  à  l ' impact de  déplacement moyen  d 'une  tranche  ad j acente  dans  
chacune  des  d i rections.  
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où  

j,i,,VTu coc   est l ' incerti tude-type  due  à  l a  variation  de  la  correction  dans  l a  tranche  j  de  

d i rection  du  vent;  

1sccp −j,j   est le  paramètre  de  cohérence d 'étalonnage du  s i te  pour l a  tranche  j  d e  d i rection  

du  ven t à  l ' a i de  des  corrections  d 'éta lonnage du  s i te  dans  l a  tranche j  –1 ;  

1sccp +j,j   est le  paramètre  de  cohérence d 'étalonnage du  s i te  pour l a  tranche  j  d e  d i rection  

du  ven t à  l 'a i de  des  corrections  d 'éta lonnage du  s i te  dans  l a  tranche  j  +1 .  

Pour l es  sous-secteurs  s i tués  aux extrém ités  du  secteur de  mesure,  l ' i ncerti tude  doi t être  
un iquement évaluée  par appl ication  de  l a  correction  à  parti r des  sous-secteurs  ad j acen ts  
respecti fs.  

C.7.4  Suppression  du  capteur de  d i rection  du  vent entre  l 'étalonnage  du  s i te  et  
l 'essai  de  performance  de  pu issance  

Si  l e  capteur de  d i rection  du  ven t est supprimé entre  l 'éta lonnage du  s i te  et l ' essai  de  
performance de  pu issance,  une  erreur peu t être  i n trodu i te  en  ra ison  de  l ' incerti tude  
d 'a l i gnement du  capteur de  d i rection  du  ven t en tre  les  deux i nsta l lations.  Une  composante  
d ' incerti tude  supplémentaire  doi t  être  appl iquée  pour chaque tranche de  d i rection  du  vent.  
Pour chaque  tranche de  d i rection  du  vent,  cette  composante  d ' i ncerti tude  doi t ê tre  ca lcu lée  
de  la  man ière  su ivante:  

a)  Pour chaque  tranche de  d i rection  du  ven t,  appl i quer l a  méthode décri te  en  C.7 . 3 ,  à  l a  
d i fférence que  l ' i ncerti tude  sera  également appl i quée  l orsque  la  moyenne des  paramètres  
de  cohérence  i n terne  est  comprise  en tre  0, 98  et  1 , 02.  

b)  Déterm iner l ' i ncerti tude  re lati ve  des  mesures  de  l a  d i rection  du  vent.   

c)  Mu l tip l ier l e  résu l tat obtenu  au  poin t a)  par l e  rapport entre  l ' i ncerti tude  re lative  des  
mesures  de  l a  g i rouette  et  la  ta i l l e  tota le  de  la  tranche  de  d i rection  du  ven t.   

Par exemple,  l a  g i rouette  présente  une  défai l l ance  et est remplacée par un  modèle  s im i la i re  
en tre  l 'éta lonnage du  s i te  et l a  mesure  de  l a  courbe  de  pu issance.  L ' i ncerti tude  sur l es  
a l i gnements  de  l a  g i rouette  est déterm inée  à  3°  et  l a  ta i l l e  de  l a  tranche  est de  1 0° .  Mu l tip l ier 

l a  variation  de  la  correction  en tre  les  tranches  ad jacentes  d 'après  C. 7. 3  par 
1 0

3 .  Cette  

i ncerti tude  est appl i quée  en  p lus  de  tou te  incerti tude  appl iquée  d 'après  C. 7 .3 .  
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où  

iwu ,
 est  l ' incerti tude  de  d i rection  du  ven t ca lcu lée  conformément à  l 'Article  E. 1 2 ;   

B inSize  est  la  ta i l l e  de  l a  tranche j  de  d i rection  du  vent,  par exemple  1 0° .  

I l  est à  noter que  uw, i  peu t être  évaluée  sur une  base  re lative,  c'est-à-d i re  que  les  
composantes  d ' incerti tude  qu i  son t entièrement corrélées  entre  l 'éta lonnage  du  s i te  et l a  
mesure  de  l a  courbe  de  pu issance peuvent être  nég l i gées.  Par exemple,  s i  l e  mât 
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météorolog ique  reste  en  place  et q ue  seu l  l e  capteur est remplacé  sur la  même flèche  et 
monté  avec une  marque  et  un  modèle  i den tiques,  uWVbo, i  et uWVoe, i  peuvent être  nég l i gées.  

C.7.5  Etalonnage du  si te  et  mesures  de  performance  de  pu issance  lors  de  
d i fférentes  saisons  

En  ra ison  des  variations  saisonn ières  des  cond i ti ons  de  ven t et l es  variations  de  rugos i té  de  
l a  surface  dues  à  l a  végétation ,  aux précipi tations  (neige  et g l ace)  et au  gel  de  l 'eau ,  l es  
corrections  de  l 'écou lement d ictées  par l 'étalonnage du  s i te  peuvent dépendre  de  l a  sa ison .  
Par conséquen t,  i l  est recommandé de  réal iser l 'éta lonnage  du  s i te  et l es  mesures  de  
performance de  pu issance à  l a  même période  de  l 'année,  par exemple  en  été.  Pour en  
évaluer l ' impact éven tuel ,  l es  étapes  ci -après  doiven t être  su ivies.  

Les  cond i ti ons  de  vent moyennes  au  n iveau  du  mât météorolog ique  de  référence au  cours  de  
l 'éta lonnage du  s i te  (cisai l l ement du  ven t,  tu rbu lences,  écou lement ascendant)  doiven t être  
comparées  aux cond i ti ons  de  vent moyennes  au  n i veau  de  ce  même mât météorolog ique  au  
cours  de  l a  mesure  de  performance de  pu issance pour les  d i rections  du  ven t au  sein  du  
secteur de  mesure.  Une  i ncerti tude  supplémentai re  l i ée  aux variations  sa isonn ières  doi t être  
ca lcu lée  s i  l 'une  des  cond i tions  su ivantes  associées  à  une  tranche de  d i rection  du  vent d i ffère  
d 'une  va leur supérieure  aux valeurs  i nd iquées:   

a)  0 , 05  pour l 'exposant de  cisai l l ement du  ven t;  

b)  3  %  pour l ' in tens i té  des  turbu lences;   

c)  s i  l 'écou lement ascendant est mesuré,  une  l im i te  de  variation  de  ±  2°  est recommandée 
pour l 'écou lement ascendan t vertica l .  

L' incerti tude  supplémenta ire  l iée  aux variations  sa isonn ières  doi t être  égale  à  un  ti ers  de  
l 'ampl i tude  de  la  correction  de  l 'écou lement d ictée  par l 'éta lonnage du  s i te .   

C.8  Véri fication  des  résul tats   

Un  exemple  de  méthode de  véri fication  des  résu l tats  à  parti r d 'une  mesure  de  performance de  
pu issance avec ou  sans  étalonnage du  s i te  consiste  à  u ti l i ser l es  données  mesurées  de 
pu issance électri que  pour dédu ire  une  vi tesse  du  ven t représentati ve  pour l 'éol i enne  pour 
chaque  période  de  1 0  m in  i ncluse  dans  l a  mesure  de  la  courbe  de  pu issance.  Cette  vi tesse 
du  vent est comparée à  la  vi tesse  du  ven t mesurée  par l 'anémomètre  ou  par l e  RSD.  
I déalement,  i l  convien t que  ce  rapport ne  varie  pas  en  fonction  de  l a  d i rection  du  ven t.  I l  
convient d 'anal yser,  voi re  d 'exclure,  l es  tranches  de  d i rection  du  ven t pour l esquel les  l e  
rapport varie  fortement.  S i  la  cou rbe  de  pu issance est fonction  de  l a  vi tesse  du  vent 
équ ivalente  du  rotor,  i l  convient d 'appl iquer l ad i te  vi tesse  à  l a  véri fication  de  l a  cohérence 
i n terne.  

a)  La  courbe  de  pu issance  i nversée  est défin ie  comme la  vi tesse  du  ven t  moyennée par 
tranche en  fonction  de  l a  pu issance  de  sortie  pour l es  ensembles  de  données  qu i  on t été  
u ti l i sés  pour l 'évaluation  de  l a  courbe  de  pu issance.  Pour les  éol iennes  avec contrôle  
acti f,  l a  vi tesse  du  ven t normal isée  en  fonction  de  la  masse  volum ique  de  l 'a i r est u ti l i sée  
pour l 'évaluation  de  l a  courbe  de  pu issance  i nversée.  Pour l es  éol i ennes  avec con trôle  
non  acti f,  l a  pu issance de  sortie  normal isée  en  fonction  de  la  masse  volum ique  de  l 'a i r est 
appl iquée  pour l 'évaluation  de  l a  courbe  de  pu issance i nversée.  S i  un  éta lonnage  du  s i te  
a  été  réa l isé,  i l  convient d 'u ti l i ser l a  vi tesse  du  vent éta lonnée du  s i te  et,  l e  cas  échéant,  
normal isée  en  fonction  de  la  masse  volum ique  de  l 'a i r pour l 'anal yse  par tranches.  I l  
convient d ' inclure  l es  données  de  pu issance  aux résu l tats  u ti l i sés  l orsque  l a  pu issance 
maximale  n 'attein t pas  la  pu issance  ass ignée nom inale  mesurée  et l orsque  l a  vi tesse  du  
ven t normal isée  est supérieure  à  4  m /s.  

b)  La  cou rbe  de  pu issance i nversée  (RPC,  Reverse Power Curve)  est appl iquée  pour évaluer 
l a  vi tesse  du  ven t représen tative  du  rotor de  l 'éol i enne  d 'après  l a  mesure  de  l a  pu issance  
active  sur chaque i n terval l e  de  1 0  m in  dans  l equel  l ' éol ienne  à  l 'essai  fonctionne.  Pour 
cela,  l a  vi tesse  du  vent est i n terpolée  de  man ière  l inéai re  entre  l es  tranches  de  l a  RPC 
conformément à  l a  pu issance active  mesurée.  Le  résu l tat donne  l a  vi tesse  du  vent 
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représentati ve  du  rotor de  l 'éol ienne.  Pour les  éol iennes  avec contrôle  acti f,  l e  résu l tat est 
l a  vi tesse  du  ven t ambiante  normal isée  en  fonction  de  la  masse  volum ique  représen tati ve  
du  rotor de  l 'éol ienne.  Pour les  éol iennes  avec con trôle  non  acti f,  i l  convien t d 'u ti l i ser l a  
pu issance de  sortie  normal isée  en  fonction  de  l a  masse  volum ique  de  l 'a i r pou r 
l 'évaluation  de  la  vi tesse  du  ven t ambiante.   

c)  I l  convien t de  moyenner par tranche  l e  rapport  des  deux vi tesses  du  ven t 
(dédu i tes/mesurées)  en  fonction  de  l a  d i rection  du  vent en  secteurs  de  5° .  

d )  I l  est prévu  que  la  vi tesse  du  ven t dédu i te  et  l a  vi tesse  du  vent  mesurée  soient  en  
adéquation  pour l e  secteur de  mesure.  Ainsi ,  i l  convien t que  l e  rapport  soi t  proche  de  
l ' un i té .  Des  effets  du  s i te,  des  imperfections  l i ées  à  l a  procédure  d 'éta lonnage du  s i te  ou  
l ' i n fl uence des  variables  environnementales  sur l a  courbe  de  pu issance  peuvent donner 
l ieu  à  des  écarts  par rapport à  l ' un i té.  Les  secteurs  pour l esquels  la  vi tesse  du  vent  
déterm inée  à  l 'a i de  du  mât météorolog ique  n 'est pas  représentati ve  de  l 'éol i enne  à  l 'essai  
peuvent cla i rement être  i den ti fiés  comme des  variations  du  rapport moyenné par tranche.  
I l  convien t d 'analyser l es  écarts  p lus  é levés  de  man ière  p l us  approfond ie.  I l  convient 
d 'exclure  ces  secteurs  de  l 'essai  de  courbe  de  pu issance fina l  s i  l es  effets  du  s i te  sont 
i denti fiés  comme à  l 'ori g i ne  de  ces  écarts.  

e)  I l  convient d 'évaluer à  nouveau  la  courbe  de  pu issance  pour l e  secteur restant.  La  
véri fication  de  l a  cohérence  i n terne  peu t être  répétée  avec l a  RPC recalcu lée.  I l  convient 
que  le  secteur de  mesure  soi t  a justé,  s i  nécessai re,  conformément aux résu l tats  de  l 'essai  
répété.   

Un  exemple  de  résu l tat  d 'essai  de  véri fication  est donné  à  l a  F igure  C.3 .  

 

Anglais  Français  

V(P)/v-mast V(P)/v-mât  

Acceptable  l im i t  L im i te  acceptabl e  

Number of data  Quanti té  de  données  

V(P)/v-mast [- ]  V(P)/v-mât  (- )  

Wind  d i rection  [° ]  D i rection  d u  vent  (° )  

 

Les  barres  d 'erreur i nd i quen t l ' i ncerti tude-type  de  catégorie  A sur l es  rapports  moyennés  par tranche  de  vP et  
vmast.  Les  p l ages  acceptables  sont  l es  su i vantes:  rapports  de  0 , 98  à  1 , 02  pour L <  3  d i amètres  de  rotor et  rapports  
de  0 , 97  à1 , 03  pou r L  compri s  en tre  3  et  4  d i amètres  de  rotor.  

Figure C.3  – Exemple  de  résu l tats  d 'essai  de  véri fication   
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C.9  Exemples  d 'étalonnage du  si te   

C.9. 1  Exemple  A  

Description  du  s i te:  

La mesure  de  l a  courbe  de  pu issance  doi t  être  réa l isée  sur un  s i te  se  trouvant en  bord  de  
crête  (terra in  de  type  B) .  Le  bord  de  crête  est perpend icu la i re  à  l a  d i rection  du  vent de  
principe  face  à  une  p laine  et l a  hau teur de  l a  crête  est supérieure  d 'environ  40  m  à  60  m  par 
rapport au  p lan .  La  hau teur du  moyeu  des  éol iennes  est de  80  m .  El l es  son t p l acées  sur une  
seu le  l i gne  au  sommet de  l a  crête.   

Le  type  de  terrain  est en tre  un  terra in  de  type  A et un  terrain  de  type  B.  Le  caractère  
re lati vement p lat du  terrain  de  la  crête  face  au  vent impl ique  qu 'un  cisa i l l ement é levé  du  ven t 
peu t représen ter un  problème en  ra ison  de  l a  stabi l i té  atmosphérique.  Cependant,  le  terrain  
l ocal  des  éol i ennes  s 'apparen te  p lus  à  un  s i te  de  type  B  dans  lequel  des  ang les  d 'écou lement 
ascendant é levés  peuvent également poser problème.  Les  emplacements  de  l 'éol i enne  à  
l 'essai  et du  mât météorolog ique  sont donc chois is  dans  l e  bu t de  rédu i re  l e  p l us  poss ible  
l 'ang le  d 'écou lement ascendan t possib le  (pen te  de  terra in  l ocal  p lus  fa ib le)  et  l a  d i fférence  
d 'al ti tude  en tre  les  deux emplacements  (ce  qu i  augmentera  l e  p lus  poss ib le  l a  corrélation  des  
corrections  de  l 'écou lement de  l a  vi tesse  du  ven t selon  d i fféren ts  profi l s  de  cisai l lement du  
ven t)  en  fonction  de  l ' implan tation  de  l 'éol ienne  et des  con tra in tes  du  terrain .   

Montage d 'étalonnage  du  si te:  

Le mât météorolog ique  de  référence est s i tué  sur l a  crête,  à  côté  de  l 'éol i enne  à  l 'essai  mais  
à  une  a l ti tude  l égèrement moins  é levée,  soi t  1 0  m  p lus  bas  environ  que  l 'a l ti tude  de 
l 'éol ienne.  

En  p lus  des  anémomètres  à  coupel les  montés  côte  à  côte  en  tête  de  mât à  la  hau teur du  
moyeu ,  l es  mesures  du  cisai l l ement du  vent son t i ncluses  dans  l a  forme  des  anémomètres  
s i tués  à  une  a l ti tude  de  43  m  sur l es  deux mâts  météorolog iques.  Un  anémomètre  à  
u l trasons  3D  est monté  sur chaque mât météorolog ique  pour évaluer l es  caractéristi ques  
d 'exploi tation  des  anémomètres  à  la  hauteur du  moyeu  afin  de  quan ti fier l ' i ncerti tude  en  
fonction  de  la  complexi té  du  terra in .  

Evaluation  de  l 'étalonnage du  si te:  

Les  données  son t recuei l l i es  sur p lus ieu rs  mois.  Les  données  recuei l l i es  sont fi l trées  en  
fonction  du  secteur de  mesure,  des  vi tesses  du  ven t a l lan t de  4  m /s  à  1 6  m /s  enreg istrées  au  
n iveau  du  mât météorolog ique  de  référence,  du  dysfonctionnement du  capteur et du  g ivrage  
de  l 'anémomètre.   

Pour chaque  période  de  1 0  m in ,  l es  é léments  su ivan ts  sont ca lcu lés ,  conformément à  C.5. 1 :  

a)  l e  rapport entre  l a  vi tesse  du  ven t à  la  hau teur du  moyeu  à  l 'emplacement de  l 'éol i enne  et  
l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  à  l 'emplacement du  mât météorolog ique  de 
référence;   

b)  l es  exposants  de  cisai l l ement du  ven t au  n i veau  de  chaque mât météorolog ique  sont 
calcu lés  à  l ' a i de  de  l a  l o i  exponentie l l e  à  l ' a i de  des  mesures  de  l a  vi tesse  du  ven t à  80  m  
et  à  43  m ;  

c)  une  ba l ise  représentant l 'heure  du  j our dans  un  système horai re  sur 24  h  est ca lcu lée  à  
parti r de  l ' horodatage;  

d )  l 'ang le  d 'écou lement ascendant est calcu lé  à  parti r des  vi tesses  verticales  et hori zon ta les  
du  vent mesurées  par les  anémomètres  à  u l trasons  au  n i veau  de  chaque mât 
météorolog ique.  
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Etape 1 :  Vérifier l ' importance  du  cisai l lement du  vent  sur l e  si te  conformément 
à  C.5. 1 .2:  

Pour l es  données  fi l trées,  l ' exposant de  cisai l l ement du  vent au  n i veau  de  chaque mât 
météorolog ique  est tracé  par rapport à  l 'heure  du  j our.   

 

Anglais  Français  

Wind  speed  shear exponent vs .  time  of day Exposant de  ci sai l l ement du  ven t par rapport  à  l ' heu re  
du  j ou r 

Turbi ne  l ocation  Emplacement de  l 'éol i enne  

Reference  mast Mât  d e  référence  

Shear exponent  Exposant  de  ci sai l l ement  

Time  of day Heu re  du  j our 

Figure C.4 – Exposant de  cisai l lement du  vent en  fonction  de  l 'heure du  jour,  exemple  A 

D'après  l a  F igure  C. 4,  i l  est  observé  que  l e  cisai l l ement du  vent  est é levé  l a  nu i t  et  fa ib le  au  
cours  de  l a  j ournée.  I l  s 'ag i t  d 'une  s i tuation  typique  pour un  s i te  présentant  un  cycle  d iurne  de  
stabi l i té  atmosphérique.  La  nu i t,  l 'atmosphère  forme des  couches  therm iques  (atmosphère  
stable) .  Ces  couches  i nh ibent l es  tu rbu lences  et en traînen t un  cisai l lement du  ven t é l evé  et  
i nstable.  Au  cours  de  l a  j ournée,  l e  sole i l  réchauffe  l e  sol ,  ce  qu i  en traîne  l e  brassage des  
turbu lences.  Par conséquen t,  l e  profi l  de  vi tesse  du  ven t est p lus  un i forme  (faib le  cisai l l ement 
du  ven t)  et  l es  tu rbu lences  sont pl us  é levées.  

I l  apparaît également que  l es  va leurs  de  cisai l l ement du  ven t sont s im i l a i res  aux 
emplacements  de  l 'éol i enne  et  du  mât météorolog ique  de  référence.  

Etape 2:  Vérifier l a  corrélation  entre  le  cisai l lement du  vent à  l 'emplacement de  
l 'éol ienne  et à  emplacement du  mât  météorologique de  référence  – Exemple  A 

L'objecti f est de  véri fier que  les  va leurs  d 'exposant de  cisai l l ement du  ven t son t corrélées  
en tre  les  emplacements  de  l 'éol ienne  et du  mât météorolog ique  de  référence.  Pour ce la,  un  
tracé  des  exposants  de  cisai l l ement du  ven t à  l 'emplacement de  l 'éol ienne  par rapport aux 
exposants  de  cisai l l ement du  vent à  l 'emplacement du  mât météorolog ique  de  référence  est  
effectué  (voi r F i gure  C.5) :  
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Anglais  Français  

Shear correl ation  du ri ng  s i te  cal i bration  Corré lation  du  ci sai l l ement l ors  de  l 'éta lonnage  d u  s i te  

Shear at  tu rbine  l ocati on  met  tower Cisai l l ement  à  l 'emplacement  d u  mât météorol og i que  
de  référence  

Shear at  reference  mast Ci sai l l ement  au  mât  de  référence  

Figure C.5  – Exposants  de  cisai l l ement du  vent à  l 'emplacement de  l 'éol ienne par 
rapport  à  l 'emplacement du  mât météorolog ique de  référence,  exemple  A où  l 'axe  de  

cou leur =  vi tesse  du  vent (en  m/s)  

Les  exposants  de  cisai l l ement du  ven t à  l 'emplacement du  mât météorolog ique  de  référence  
fourn issent une  i nd ication  relati vement bonne  des  exposants  de  cisa i l lement du  vent à  
l 'emplacement de  l 'éol ienne.  

Etape 3:  Calcu ler l es  résu l tats  conformément à  C.5.1 .3  

Les  calcu ls  su ivan ts  son t effectués  pour chaque ensemble  de  données  de  1 0  m in ,  d 'après  l es  
mesures  réa l isées  au  n i veau  du  mât de  référence:  

•  tranches  de  cisa i l l emen t du  ven t cen trées  sur des  mu l ti ples  entiers  de  valeurs  de  0, 05  de  
l 'exposant de  cisai l l ement du  ven t –0, 025  à  0 , 025,  0 , 025  à  0 , 075,  0 , 075  à  0 , 1 25,  etc. ) .  

A parti r de  ces  calcu ls ,  u ne  matrice  de  l 'exposant de  cisai l lement du  ven t et de  l a  d i rection  du  
ven t peu t être  créée.  Pour chaque poin t de  l ad i te  matrice,  l es  calcu ls  su ivants  son t effectués:  

•  l a  correction  est ca lcu lée  comme l a  moyenne  des  rapports  de  vi tesses  du  ven t dans  cette  
tranche  de  l a  matrice;  

•  l e  nombre  total  de  poin ts  de  données  val ides  est ca lcu lé  au  se in  de  cette  tranche de  l a  
matrice.  

Le  Tableau  C. 1  et l e  Tableau  C. 2  donnent respectivement l es  corrections  de  l 'écou lement 
d ictées  par l 'étalonnage du  s i te  et le  nombre  de  tranches.  La  F igure  C. 6  donne  une  
représentation  graph ique  de  ces  résu l tats .  
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Anglais  Français  

Correction  vs .  shear exponent  Correction  en  fonction  de  l ' exposant  de  ci sai l l ement  

Wind  speed  rati o  Rapport  de  vi tesses  du  ven t 

Number of data  poin ts  Nombre  de  po in ts  de  données  

Shear exponent  Exposant  de  ci sai l l ement  

 

Figure C.6  – Rapports  de  vi tesse  du  vent  et  nombre  de  points  de  données  en  fonction  
de  l 'exposant de  cisai l lement du  vent  et  de  l a  tranche  de  d i rection  du  vent – rapports  de  

vi tesse du  vent  ( l ignes  pleines) ,  nombre  de  points  de  données  ( l i gnes  en  pointi l l és)  

Etape 4:  Contrôles  de  l a  qual i té  et  i ncerti tudes  supplémentaires  

Incerti tude  l i ée  aux caractéristiques  d 'exploi tation  de  l 'anémomètre:  

L'ang le  d 'écou lement ascendan t a  été  enreg istré,  ce  qu i  permet d 'estimer l ' i ncerti tude  l i ée  aux 
caractéristi ques  d 'exploi tation  de  l 'anémomètre  en  fonction  des  cond i ti ons  du  s i te  
conformément à  C.3 . 2 .  L'ang le  maximal  d 'écou lement ascendan t pour tous  l es  poin ts  de  
données  de  toutes  l es  tranches  de  d i rection  du  ven t éta i t  de  3°  au  n i veau  du  mât 
météorolog ique  de  référence et de  1 °  à  l ' emplacement du  mât de  l 'éol i enne.  Tous  les  au tres  
paramètres  se  trouvent dans  l a  pl age  des  caractéristi ques  d 'explo i tation  de  l 'anémomètre  de  
classe  A.  Par conséquent,  l ' i ncerti tude  l i ée  aux caractéristiques  d 'exploi tation  de  
l 'anémomètre  de  classe  A peu t être  u ti l i sée  pour l es  deux  emplacements .  I l  s 'ag i t de  la  
classe  1 , 4A.  
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Tableau  C.1  – Corrections  de  l 'écou lement d ictées  par l 'étalonnage du  s i te  
(rapport  de  vi tesses  du  vent)   

  Tranche de  d i rection  du  ven t  

Tranche de  
ci sai l lement 

du  vent  
1 70  1 80  1 90  200  21 0  

0 , 05  1 , 035  1 , 046  1 , 028  1 , 031  1 , 037  

0, 1 0  1 , 031  1 , 029  1 , 05  1 , 05  1 , 064  

0, 1 5  1 , 023  1 , 033  1 , 039  1 , 04  1 , 047  

0,20  1 , 028  1 , 041  1 , 032  1 , 059  1 , 1 02  

0,25  1 , 031  1 , 051  1 , 073  1 , 044  1 , 052  

0,30  1 , 047  1 , 06  1 , 06  1 , 064  1 , 076  

0,35  1 , 049  1 , 066  1 , 062  1 , 078  1 , 06  

0,40  1 , 054  1 , 061  1 , 058  1 , 061  1 , 06  

0,45  1 , 055  1 , 058  1 , 059  1 , 055  1 , 067  

0,50  1 , 066  1 , 07  1 , 067  1 , 064  1 , 063  

0,55  1 , 072  1 , 053  1 , 079  1 , 058  1 , 081  

0,60  1 , 076  1 , 074  1 , 08  I NC  1 , 091  

0,65  1 , 086  1 , 076  I NC  I NC  1 , 01 9  

0,70  1 , 076  1 , 096  1 , 1 1 8  I NC  I NC  

0,75  1 , 086  I NC  I NC  I NC  I NC  

0,80  1 , 092  1 , 1 36  I NC  I NC  I NC  

 

Tableau  C .2  – Nombre de  données  d 'étalonnage  du  s i te  

  Tranche de  d i rection  du  ven t  

Tranche de  
ci sai l lement 

du  vent  
1 70  1 80  1 90  200  21 0  

0 , 05  26 20 1 2 8 8 

0, 1 0  64 57 50 25 1 5 

0, 1 5  93 87 71  45 21  

0,20  31  40 40 28 1 4 

0,25  31  30 1 2 1 8 1 8 

0,30  32 33 41  1 3 1 5 

0,35  60 39 28 20 1 5 

0,40  56 36 1 9 1 4 9 

0,45  27 35 1 5 1 5 1 0 

0,50  35 28 25 9 5 

0,55  37 1 5 1 3 6 5 

0,60  1 9 22 1 1  2 3 

0,65  1 1  3 2  1  3 

0,70  1 4 3 3 3 0 

0,75  9 1  1  0 0 

0,80  1 2 3 0 0 0 
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Contrôle  de  la  convergence:  

Le contrôle  de  l a  convergence  a  démontré  que  l es  données  on t convergé  dans  l es  0 , 5  %  de  l a  
va leur fi nale  (ou  entre  0 , 995  et  1 , 005  à  l a  F igure  C. 7  pour l a  tranche à  1 90°  u ti l i san t p l us  de  
50  h  de  données  dans  l a  tranche  satisfa isan t à  l 'exigence) ,  pour 1 6  h  de  données  ou  pour 
25  %  du  nombre  tota l  de  poin ts  de  données  dans  tou tes  les  tranches  ( l a  valeur retenue  étan t  
l a  p lus  é levée  des  deux).   

 

Anglais  Français  

Data  convergence  check Contrôl e  de  l a  convergence  des  données  

Normal i zed  runn i ng  average  Moyenne  d 'exp loi tati on  normal i sée  

Hou rs  of data  Heu res  de  données  

Apr Avri l  

May Mai  

J un  J u in  

J u l  J u i l l et  

Figure C.7  – Contrôle  de  la  convergence des  données  pour la  tranche  à  1 90°  

Variation  de  correction  entre  l es  tranches:  

L'ampl i tude  de  la  variation  des  corrections  de  l 'écou lement éta i t  de  0 , 02  en tre  tou tes  les  
tranches  ad j acentes.  

Ajustement  de  la  g i rouette:  

La g i rouette  n 'a  pas  été  aj ustée  en tre  l es  mesures,  donc aucune  i ncerti tude  supplémenta ire  
n 'est  exigée.  

Incerti tude saisonn ière:  

La mesure  de  l a  courbe  de  pu issance a  été  réal isée  pendant l a  même période  saisonn ière  et 
une  comparaison  a  révélé  qu 'aucune des  variations  des  cond i ti ons  n 'excédai t  l es  l im i tes  
données  en  C. 7. 5,  c'est  pourquoi  aucune i ncerti tude  supplémentai re  n 'est nécessaire  pour 
ten ir compte  des  variations  sa isonn ières.   
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C.9.2  Exemple  B   

Description  du  s i te:  

Le  s i te  est  i denti que  au  s i te  de  l 'exemple  A (terra in  de  type  B) ,  à  ceci  près  que  l e  terra in  l ocal  
de  l 'éol i enne  est  l égèrement p l us  pen tu .  

Montage d 'étalonnage  du  si te:  

Contrai rement à  l 'exemple  A,  l e  mât météorolog ique  de  référence  n 'a  pas  pu  être  l ocal isé  sur 
l a  crête.  Le  mât météorolog ique  de  référence est s i tué  à  l a  base  de  l a  crête  (dans  l a  p l a ine) ,  à  
3  d iamètres  de  rotor du  côté  exposé au  ven t de  l 'éol ienne  à  l 'essai  se  trouvant au  sommet de  
l a  crête.  La  d i fférence d 'a l ti tude  en tre  l 'éol i enne  à  l 'essai  et  l e  mât météorolog ique  de  
référence  est de  45  m .  

Etape 1 :  Vérifier l ' importance  du  cisai l l ement du  vent  sur le  s i te  

Pour l es  données  fi l trées,  l ' exposant de  cisai l l ement du  vent au  n iveau  de  chaque mât 
météorolog ique  est tracé  par rapport à  l 'heure  du  j our (voir F i gure  C. 8).  

 

 

Anglais  Français  

Wind  speed  shear exponent vs .  time  of day Exposant de  ci sai l l ement de  l a  vi tesse  d u  ven t en  
fonction  de  l ' heu re  d u  j our 

Turbi ne  l ocation  Emplacement de  l 'éol i enne  

Reference  mast Mât  d e  référence  

Shear exponent  Exposant  de  ci sai l l ement 

Time  of day Heu re  du  j our 

Figure C.8  – Exposant de  cisai l l ement du  vent par rapport  à  l 'heure  du  jour,  exemple  B  

Comme pour l 'exemple  A,  l e  cisa i l l ement du  vent  est p lus  élevé  l a  nu i t  qu 'au  cours  de  l a  
j ournée,  ce  qu i  i nd ique  un  cycle  d i urne  de  stabi l i té  atmosphérique.  Cependant,  l e  cisa i l lement 
du  ven t à  l 'emplacement de  l 'éol i enne  apparaît comme s ign i ficati vement d i fféren t du  
cisai l l ement du  vent au  n i veau  du  mât météorolog ique  de  référence.  Cette  d i fférence sera  
problématique  en  ra ison  de  l a  variation  de  l 'a l ti tude  en tre  l es  deux  emplacements.  I l  est 
ra isonnable  de  prendre  pour hypothèse  que  l a  relation  en tre  l es  vi tesses  du  ven t à  l a  hau teur 
du  moyeu  sera  i n fl uencée par l es  variations  du  profi l  de  cisai l l ement du  vent.  
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Etape 2:  Véri fier l a  corrélation  entre  le  ci sai l l ement du  vent à  l 'emplacement de  
l 'éol ienne  et à  emplacement  du  mât météorolog ique de  référence  – Exemple B  

 

Anglais  Français  

Turbi ne  Locati on  Shear Exponent  Exposant  de  ci sai l l ement  à  l 'emplacement  de  l 'éol i enne  

RM  Shear Exponent  Exposant  de  ci sai l l ement  au  n i veau  d u  mât  
météorolog ique  de  référence  

Figure C.9  – Exposants  de  cisai l l ement du  vent à  l 'emplacement de  l 'éol ienne par 
rapport  à  l 'emplacement du  mât météorolog ique de  référence,  exemple  B  

I l  n 'existe  pas  de  corré lation  pour les  valeurs  de  ci sa i l l ement du  vent supérieures  à  0 , 25.  Cela  
suggère  que  la  corrélation  des  corrections  de  l 'écou lement d ictées  par l 'éta lonnage  du  s i te  
sera  incohérente  s i  l es  cond i ti ons  atmosphériques  son t s tables.  Pour démontrer/véri fier l a  
véraci té  de  cette  h ypothèse,  les  tracés  spéci fiés  en  C. 5. 3  peuvent  être  u ti l i sés  (voi r 
F igure  C. 1 0) :  
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Anglais  Français  

Slope:  1 , 072  5  Pente:  1 , 072  5  

I n tercept:  0 , 735  336  Ordonnée  à  l 'ori g i ne:  0 , 735  336  

Turbi ne  l ocation  wi nd  speed  Vi tesse  du  vent  à  l ' emplacement  de  l 'éol i enne  

Reference  mast wind  speed  Vi tesse  du  vent  au  n i veau  d u  mât de  référence  

May Mai  

J un  J u in  

J u l  J u i l l et  

Aug  Août  

Sep  Septembre  

Oct Octobre  

 

La  l i gne  rouge  correspond  à  l a  régress ion  l i néai re  forcée  à  passer par l 'ori g i ne  (ordonnée  à  l 'ori g i ne  =  0) ;  l a  l i gne  
noi re  correspond  à  l a  régress ion  l i néai re  des  deux paramètres  (ordonnée  à  l ' ori g i ne  d i fféren te  de  zéro).  

Figure C. 1 0  – Régression  l inéai re  de  l a  vi tesse  du  vent  à  l 'emplacement de  l 'éol ienne 
par rapport  à  l a  vi tesse  du  vent à  la  hauteur du  moyeu  du  mât météorologique  de  

référence  pour l a  tranche à  330°   

La  régress ion  l inéai re  présen te  une  ordonnée  à  l 'ori g i ne  s ign i ficati ve.  En  ou tre,  l es  vi tesses  
du  ven t l es  p lus  fa ibles  son t très  d ispersées.  
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Anglais  Français  

Wind  speed  rati o  vs.  wi nd  speed  

Color =  shear exponent  

Rapport  de  vi tesses  du  vent  en  fonction  de  l a  vi tesse  
du  ven t  

Cou l eu r =  Exposant  de  ci sai l l ement 

Wind  speed  rati o   (m /s)  Rapport  de  vi tesses  du  vent  (m /s)  

Wind  speed   (m /s)  Vi tesse  du  ven t (m /s)  

Data  Données  

Ws ratio  Rapport  de  l a  vi tesse  du  vent  

L i n  reg  Régression  l i néai re  

B in  avg  Moyenne  de  l a  tranche  

Figure C. 1 1  – Rapports  de  vi tesses  du  vent  en  fonction  
de  l a  vi tesse  du  vent  pour l a  tranche à  330°  

Le tracé  du  rapport de  vi tesses  du  vent en  fonction  de  l a  vi tesse  du  ven t  (voir F i gure  C. 1 1 )  
montre  une  dépendance  élevée de  la  correction  de  l 'écou lement par rapport à  l a  vi tesse  du  
ven t en  ra ison  de  l 'ordonnée  à  l 'ori g ine  é levée.  I l  est  également à  noter que  l 'ampl i tude  
générale  de  l a  correction  de  l 'écou lement est  p lu tôt  é l evée,  à  savoi r 1 9  %  en  moyenne.   

A des  fi ns  de  représen tation ,  un  tracé  des  rapports  de  vi tesses  du  vent en  fonction  du  
cisai l l ement du  ven t pour l es  d i fféren tes  tranches  de  ven t est  donné  à  l a  F igure  C. 1 2.   
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Anglais  Français  

Shear vs.  Wind  Speed  Ratio  Ci sai l l ement en  fonction  d u  rapport  d e  vi tesses  du  ven t  

Wind  Speed  Rati o  Correction  Correction  d u  rapport  d e  vi tesses  du  ven t  

Number of Data  Poi n ts  Nombre  de  po in ts  de  données  

Shear Ci sai l l ement 

Figure C. 1 2  – Rapports  de  vi tesses  du  vent  en  fonction  
du  cisai l lement  du  vent  pour l a  tranche  à  330°  

Ces  tracés  son t des  représentations  u ti l es  de  l ' impact des  cond i ti ons  du  s i te  et  d u  montage  
d 'essai  sur l 'é talonnage du  s i te.  La  F igure  C. 1 2  montre  que  l a  correction  varie  de  p l us  de  5  %  
en tre  0, 20  et  0 , 25 et l a  F igure  C. 9  montre  que  l e  cisai l lement du  vent au  n i veau  du  mât 
météorolog ique  de  référence  n 'est pas  un  bon  i nd icateur de  préd iction  du  ci sai l l emen t du  vent  
à  l 'emplacement de  l 'éol ienne  pour les  valeurs  supérieures  à  0 , 25.  Les  corrections  u ti l i san t l a  
méthode de  l a  matrice  de  l a  d i rection  du  ven t et du  cisai l l ement du  ven t peuvent ne  pas  être  
fiables .  I l  a  été  démontré  que  l e  cisai l l ement du  ven t a  une  i n fl uence s i gn i ficative  et q u ' i l  n 'est 
pas  correctement corrélé  en tre  l es  deux emplacements;  par conséquent,  un  fi l trage  
supplémenta ire  est  nécessaire  pour ten ter d 'amél iorer l a  corrélation .   

Etape 2B:  Tentative de  suppression  des  données  de  cisai l l ement du  vent non  corrélées  

Les  valeurs  faib les  de  cisa i l l ement du  ven t semblent  être  corrélées  entre  les  
deux emplacements.  Les  valeurs  faib les  de  cisai l l ement du  ven t se  produ isen t au  cours  de  l a  
j ournée  (périodes  d ' i nstabi l i té  atmosphérique).  Par conséquent,  à  parti r des  tracés,  un  fi l tre  
de  l ' heu re  du  j our est appl i qué  pour chois i r tou tes  les  données  de  la  j ournée  re levées  en tre  
7  h  et 1 9  h .  

Les  tracés  conformes  à  C. 5. 2  son t présentés  pour l e  nouvel  ensemble  de  données  fi l trées  
(voi r F i gure  C. 1 3,  F i gure  C. 1 4  et  F igure  C. 1 5).  
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Reference  mast  vs  tu rbine  l ocation  shear exponent  Exposant  de  ci sai l l ement  au  n i veau  d u  mât  de  
référence  par rapport  à  l 'exposant  de  ci sai l l ement  à  
l 'emplacement  de  l 'éol i enne  

Turbi ne  l ocation  shear exponent  Exposant  de  ci sai l l ement  à  l 'emplacement de  l 'éol i enne  

Reference  mast  shear exponent  Exposant  de  ci sai l l ement  au  n i veau  d u  mât  de  
référence  

Figure C. 1 3  – Exposants  de  cisai l lement du  vent à  l 'emplacement de  l 'éol ienne par 
rapport  au  post-fi l trage du  mât  météorolog ique  de  référence  
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Slope:  1 , 1 66  08  Pente:  1 , 1 66  08  

I n tercept:  -0 , 1 46  529  Ordonnée  à  l 'ori g i ne:  -0 , 1 46  529  

Turbi ne  l ocation  wi nd  speed  Vi tesse  du  vent  à  l ' emplacement de  l 'éol i enne  

Reference  mast  wind  speed  Vi tesse  du  vent  au  n i veau  d u  mât de  référence  

May Mai  

J un  J u in  

J u l  J u i l l et  

Aug  Août  

Sep  Septembre  

Oct Octobre  

Figure C. 1 4 – Régression  l inéai re  de  l a  vi tesse  du  vent  à  l 'emplacement de  l 'éol ienne 
par rapport  à  l a  vi tesse  du  vent à  la  hauteur du  moyeu  du  mât météorologique  de  

référence  pour l a  tranche à  330°,  post-fi l trage  
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Wind  speed  rati o  vs.  wi nd  speed  
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Rapport  de  vi tesses  du  vent  en  fonction  de  l a  vi tesse  
du  ven t  
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Wind  speed  rati o  (m /s)  Rapport  de  vi tesses  du  vent  (m /s)  

Wind  speed   (m /s)  Vi tesse  du  ven t (m /s)  

Data  Données  

Ws ratio  Rapport  de  vi tesses  du  ven t  

L i n  reg  Régression  l i néai re  

B in  avg  Moyenne  de  l a  tranche  

Figure C. 1 5  – Rapports  de  vi tesses  du  vent  en  fonction  de  la  vi tesse  
du  vent pour la  tranche  à  330° ,  post-fi l trage  

Etape 3:  Calcu ler l es  résu l tats  

Lors  de  l 'étape  précédente,  tou tes  l es  données  re levées  en  cond i tions  de  s tabi l i té  
atmosphérique  é levée  ont été  supprimées,  et seu les  l es  données  de  l 'heure  du  j our re levées  
en  cond i tions  d ' i nstabi l i té  atmosphérique  on t été  conservées.  Les  va leurs  de  cisai l l ement du  
ven t i ncluent une  p lage  rédu i te  d 'exposants  de  cisai l l ement du  vent (0 , 1 0  à  0 , 20).  Ains i ,  l es  
corrections  de  l 'écou lement d ictées  par l 'éta lonnage du  s i te  ne  dépendent p lus  du  cisai l l ement 
du  ven t et l a  méthode de  régress ion  l i néaire  peut être  u ti l i sée  en  remplacement de  l a  matrice  
de  tranches  de  l a  d i rection  du  ven t et du  cisai l l ement du  vent.   

Pour chaque tranche  de  d i rection  du  vent,  une  régression  l i néaire  de  l a  vi tesse  du  ven t à  
l ' emplacement de  l 'éol i enne  par rapport à  l a  vi tesse  du  ven t au  mât météorolog ique  de  
référence est calcu lée,  a i nsi  que  l a  va leur r2  de  l a  régress ion .  Le  nombre  tota l  de  poin ts  de 
données  val i des  dans  chaque tranche de  d i rection  du  ven t est également enreg istré.  

Etape 4:  Incerti tudes  supplémentai res  

Incerti tude opérationnel le  de  l 'anémomètre:  

Aucune mesure  de  l a  vi tesse  verticale  du  vent n 'a  été  i ncluse,  de  sorte  que  l ' i ncerti tude  l i ée  
aux caractéristi ques  d 'exploi tation  de  classe  B  doi t  être  u ti l i sée.  La  cl assi fication  des  
caractéristi ques  d 'exploi tation  de  l 'anémomètre  est 5, 4B.  
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Contrôle  de  la  convergence  (voi r Figure  C. 1 6) :  

 

Anglais  Français  
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Figure C. 1 6  – Contrôle  de  l a  convergence des  données  pour l a  tranche à  330°  

Contrôle  de  corrélation  pour l a  régression  l inéaire  

Conformément à  C. 7. 2  (voi r Tableau  C. 3).  

Tableau  C .3  – Valeurs  r2  pour chaque tranche de  d i rection  du  vent  

Centre  de  l a  
tranche  

Valeur r2  Valeur absolue  de  l a  
moyenne résiduel l e  

(en  m/s)  

Ecart-type résiduel  
(en  m/s)  

320  0, 978  0 , 00  0 , 33  

330  0 , 988  0 , 00  0 , 26  

340  0 , 979  0 , 00  0 , 26  

350  0 , 981  0 , 00  0 , 23  

 

Variation  de  correction  entre  l es  tranches:  

Conformément à  C. 7. 3  (voi r Tableau  C. 4).  
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Tableau  C .4  – Incerti tude supplémentai re  due  à  des  variations  dans  l es  tranches  

Centre  de  l a  
tranche  

Ampl i tude de  variation  en tre  
l es  tranches  (à  gauche)  

Ampl i tude  de  variation  en tre  
l es  tranches  (à  droi te)  

I ncerti tude-type  
supplémentai re  (%)  

320  1 , 01 9  -  0  %  (dans  l es  l im i tes)  

330  1 , 009  0 , 981  0  %  (dans  l es  l im i tes)  

340  1 , 01 3  0 , 988  0  %  (dans  l es  l im i tes)  

350  -  0 , 992  0  %  (dans  l es  l im i tes)  

 

Ajustement  de  la  g i rouette:  

La g i rouette  n 'a  pas  été  déplacée,  donc aucune i ncerti tude  supplémentaire  n 'est exigée,  
conformément à  C. 7.4 .  

Incerti tude saisonn ière:  

L'étalonnage  du  s i te  a  été  réa l isé  en  h i ver a lors  que  l a  mesure  de  l a  cou rbe  de  pu issance a  
été  effectuée  au  cours  de  p lus ieurs  saisons,  don t l 'été.  I l  est à  noter qu ' i l  a  été  nécessai re  
d 'aj uster l e  fi l tre  de  l 'heu re  du  j our en  ra ison  des  variations  des  h eures  de  l ever et de  coucher 
du  sole i l .  U ne  comparaison  des  valeurs  des  exposants  de  cisai l l ement du  vent (voi r 
F igure  C. 1 7)  a  révélé  une  variation  de  p l us  de  0, 05  (0, 1 5  par rapport à  0 , 22),  c'est-à-d i re  
supérieure  aux l im i tes  données  en  C. 7 .5.  Par conséquen t,  une  incerti tude  supplémenta ire  due  
à  l a  réal isation  des  mesures  au  cours  de  d i fféren tes  saisons  est exigée,  conformément à  
C. 7. 5.  

 

Anglais  Français  

Wind  speed  shear exponent vs .  t ime  of day Exposant  de  ci sai l l ement  de  l a  vi tesse  d u  ven t en  
fonction  de  l 'heu re  d u  j our 

S i te  cal i bration  E talonnage  du  s i te  

Turbi ne  l ocation  Emplacement de  l 'éol i enne  

Permanent  mast  Mât  permanent  

Shear exponent  Exposant  de  ci sai l l ement  

Time  of day Heu re  du  j our 

Shear exponent  to  hub  hei ght  wind  speed  vs .  time  of 
day 

Exposant  de  ci sai l l ement  de  l a  vi tesse  d u  vent  à  l a  
hau teur du  moyeu  en  fonction  de  l 'heu re  d u  j ou r 

Power curve  test  Essai  de  courbe  de  pu i ssance  

Shear exponent  to  hub  hei gh t  wind  speed  Exposant  de  ci sai l l ement  de  l a  vi tesse  d u  ven t à  l a  
hau teur du  moyeu  

Time  of day Heu re  du  j our 

Figure C. 1 7  – Cisai l lement du  vent  lors  de  l 'étalonnage du  si te  par rapport  
au  cisai l l ement du  vent lors  de  l 'essai  de  courbe de  pu issance  
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La  composante  de  correction  saisonn ière  correspond  à  un  ti ers  de  l 'ampl i tude  de  la  correction  
tota le.  E l l e  peut être  calcu lée  pour chaque  poin t  de  données  de  l a  man ière  su ivante:  

 U =  1 /3  ×  abs(VTurb_pred icted  – VRM_measu red )  (C. 9)  

 

où  

U  est  l ' incerti tude-type  pour un  poin t de  données;  

VTurb_pred icted -i   est l a  vi tesse  du  vent préd i te  au  n iveau  de  l 'éol ienne  compte  tenu  des  
corrections  de  l 'écou lement d ictées  par l 'éta lonnage  du  s i te ;  

VRM_measured -i  est  l a  vi tesse  du  vent mesurée  à  parti r du  mât météorolog ique  de  
référence  u ti l i sé  pour préd i re  la  vi tesse  du  ven t au  n i veau  de  l 'éol ienne.  

Les  i ncerti tudes  au  cours  de  l 'essai  de  performance de  pu issance  peuvent a lors  être  
moyennées  par tranche  en  fonction  de  la  vi tesse  et de  l a  d i rection  du  vent au  n i veau  du  mât 
météorolog ique  de  référence  pour ca lcu ler l ' incerti tude  tota le.  

C.9.3  Exemple  C  

Description  du  s i te:  

Le s i te  est un  terrain  très  complexe.  I l  est s i tué  au  sommet d 'une  montagne au  sein  d 'une  
chaîne  de  montagnes.  Le  s i te  se  trouve  en  bord  de  crête,  perpend icu la i re  à  l a  d i rection  de  
principe  du  ven t.  Le  terra in  descend  en  pen te  ra ide  des  deux côtés  de  l a  crête.  Le  ven t est  
principalement un id i rectionnel ,  car presque  tous  l es  ven ts  proviennent d 'un  secteur de  30° .  I l  
y a  une  au tre  l i gne  de  crête  de  3  km  d i rectement face  au  vent,  p l us  hau te  de  quelques  
cen taines  de  mètres  que  l e  bord  de  crête  sur l equel  se  trouve  le  s i te.  Par conséquent,  l e  s i te  
est cons idéré  comme un  terrain  de  type  C,  car i l  peu t être  local isé  dans  une  zone  de  
recircu lation  à  parti r de  l a  crête  face  au  ven t.  

Montage d 'étalonnage  du  si te:  

Le mât météorolog ique  est s i tué  à  une  d istance  correspondan t à  2 , 5  d iamètres  de  rotor de  
l 'éol i enne  à  l 'essai  su r l a  même crête  et à  une  al ti tude  très  s im i l ai re  (dans  les  5  m ).  Le  
cisai l l ement du  ven t a  été  mesuré  à  l ' a i de  d 'anémomètres  montés  à  une  hau teur i n férieu re  sur 
des  mâts  météorolog iques.  Aucune mesure  de  l a  vi tesse  verticale  du  ven t n 'a  été  i ncluse.  

Etape 1 :  véri fier l ' importance  du  cisai l lement du  vent  sur le  s i te:  

Les  valeurs  d 'exposants  de  cisai l lement du  vent son t fa ib les ,  voi re  parfois  négatives.  Tou tes  
l es  valeurs  d 'exposants  de  cisai l l ement du  vent  son t comprises  entre  –0 ,05  et 0 , 20  et  ne  
présentent aucune corré lation  éviden te  avec l 'heure  du  j our ou  d 'au tres  cond i tions  mesurées.  
Les  turbu lences  sont é levées.  Ces  cond i ti ons  i nd iquent une  atmosphère  neu tre  à  instable.  Le  
cisai l l ement du  vent n 'est donc pas  cons idéré  comme un  facteur s i gn i ficati f pour l 'éta lonnage  
du  s i te,  et  l a  méthode  de  régress ion  l i néaire  peut  être  u ti l i sée.  

Etape 2:   

I gnorée  car i l  a  déjà  été  déterm iné  que  l e  cisai l lement du  ven t est faib le.  Ce  s i te  ne  présente  
pas  une  atmosphère  s table.  

Etape 3:  calcu ler l es  résu l tats  

Pour chaque tranche de  d i rection  du  vent,  une  régression  l i néaire  de  l a  vi tesse  du  ven t à  
l 'emplacement de  l 'éol i enne  par rapport à  l a  vi tesse  du  ven t au  mât météorolog ique  de  
référence est calcu lée,  a i nsi  q ue  l a  va leur r2  de  l a  régress ion .  Le  nombre  tota l  de  poin ts  de 
données  val i des  dans  chaque  tranche  de  d i rection  du  vent est également enreg istré.  La  
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d ispers ion  des  données  est très  é levée,  de  même que  l 'ampl i tude  de  la  variation  de  correction  
de  l 'écou lement entre  les  tranches.  

Etape 4:  contrôles  de  l a  qual i té  et  incerti tude  

Les  données  confi rmen t que  l e  s i te  se  trouve  dans  une  zone  de  reci rcu lation  de  la  crête  face  
au  ven t.  La  d ispers ion  des  données  est très  é levée et l es  résu l tats  ne  convergent pas,  ce  qu i  
i nd ique  qu 'en  dépi t  de  l ' i nsta l l ation  côte  à  côte  du  mât météorolog ique  de  référence  et de  
l 'éol ienne  à  l 'essai  sur l a  crête,  à  une  a l ti tude  et sur un  terra in  local  s im i la i res,  l a  corré lation  
des  vi tesses  du  ven t en tre  les  deux emplacements  est très  fa ible.  Cette  fa ib le  corrélation  aura  
des  conséquences  négatives  sur l a  précis ion  et l ' i ncerti tude  d 'une  mesure  de  la  courbe  de  
pu issance  pour l 'emplacement en  question .   

Incerti tude opérationnel le  de  l 'anémomètre:  

Aucune mesure  de  l a  vi tesse  verticale  du  vent n 'a  été  i ncluse,  de  sorte  que  l ' i ncerti tude  l i ée  
aux caractéristi ques  d 'exploi tation  de  classe  B  doi t être  u ti l i sée.  La  class i fication  des  
caractéristi ques  d 'exploi tation  de  l 'anémomètre  est  5, 4B.  

Contrôle  de  la  convergence:  

Le con trôle  de  l a  convergence des  données  pour tou tes  les  tranches  de  d i rection  du  vent  
échoue.  Les  données  ne  convergent pas  dans  les  0, 5  %  de  l a  va leur fi nale  tant que  75  %  des  
données  recuei l l ies  n 'on t pas  été  i ncluses.  Un  con trôle  sur un  échan ti l l on  pour l 'une  des  
tranches  de  d i rection  du  ven t est représenté  à  l a  F igu re  C. 1 8  ci -dessous.  

 

Anglais  Français  

Data  convergence  check Contrôl e  de  l a  convergence  des  données  

Normal i zed  runn i ng  average  Moyenne  d 'exp loi tati on  normal i sée  

Hou rs  of data  Heu res  de  données  

Figure C. 1 8  – Contrôle  de  l a  convergence pour l a  tranche à  270°  

Variation  de  l 'ampl i tude  de  correction  entre  les  tranches:  
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Toutes  l es  tranches  ad j acentes  ont subi  des  variations  d 'ampl i tude  de  l 'ordre  de  1 0  %.  
L' incerti tude  supplémentai re  est ca lcu lée  comme su i t.  

Tableau  C .5  – Incerti tude supplémentai re  due  à  des  variations  dans  l es  tranches  

Centre  de  l a  tranche  Ampl i tude  de  variation  
entre  l es  tranches  (à  

gauche)  

Ampl i tude  de  variation  
entre  l es  tranches  (à  

droi te)  

I ncerti tude-type  
supplémentai re  (%)  

260  1 , 1 37  1 , 1 76  4 , 52  %  

270  1 , 093  0 , 91 2  2 , 61  %  

280  1 , 023  0 , 946  1 , 1 1  %  

 

Ajustement  de  la  g i rouette:  

La  g i rouette  n 'a  pas  été  ajustée,  donc aucune i ncerti tude  supplémenta ire  n 'est  exigée.  

Ajustement  de  l ' incerti tude  saisonn ière:  

L'étalonnage  du  s i te  et l ' essai  de  performance  de  pu issance on t été  réal isés  au  cours  de  
d i fférentes  saisons  (au tomne et été).  Néanmoins,  l es  variations  des  valeu rs  de  cisai l l ement 
du  ven t et  de  turbu lences  n 'ont  pas  dépassé  l es  l im i tes  adm issib les  entre  l es  sa isons.  Aucune  
vi tesse  verticale  du  vent  n 'a  été  enreg istrée  pour évaluer l 'ang le  d 'écou lement ascendant.  
Cependant,  étan t donné  que  l e  s i te  se  trouve  dans  une  zone  de  reci rcu lation ,  une  l arge  p lage  
d 'ang les  d 'écou lement ascendant est  prévue.  I l  n ' y a  aucune  ra ison  de  prévoi r une  
dépendance  sa isonn ière.  Le  s i te  se  trouvai t  dans  une  zone  à  cl imat chaud  avec une  
végétation  m in imale,  donc aucune variation  notable  de  l a  rugos i té  de  l a  surface  n 'est prévue.  

Aucune i ncerti tude  supplémentai re  pour les  variations  saisonn ières  n 'est  nécessaire.   
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Annexe D  
(normative)  

 
Evaluation  de l ' incerti tude  de  mesure  

L'Annexe D  tra i te  des  exigences  de  déterm ination  de  l ' i ncerti tude  de  mesure.  Les  fondements  
théoriques  de  l a  déterm ination  de  l ' i ncerti tude  à  l 'a ide  de  l a  méthode des  tranches  et un  
exemple  élaboré  d 'estimation  des  incerti tudes  peuven t être  consu l tés  à  l 'Annexe E .  

La  courbe  de  pu issance mesurée  doi t  être  complétée  par une  estimation  de  l ' i ncerti tude  de  la  
mesure.  L 'estimation  doi t  ê tre  basée  sur l ' I SO/IEC Gu ide  98-3: 2008,  Incertitude de mesure – 
Partie 3:  Guide pour l'expression de l'incertitude de mesure  (GUM: 1 995).  

Selon  l e  Gu ide  I SO/I EC Gu ide  98-3,  i l  existe  deux catégories  d ' i ncerti tudes:  les  i ncerti tudes  
de  catégorie  A don t l ' ampl i tude  peu t être  dédu i te  des  mesures  et l es  i ncerti tudes  de  
catégorie  B  qu i  sont estimées  par d 'autres  moyens.  Dans  l es  deux catégories,  l es  i ncerti tudes  
son t exprimées  sous  l a  forme d 'écarts-types  et  sont  appelées  i ncerti tudes-types.  

a)  Mesurandes  

Les  mesurandes  son t l a  courbe  de  pu issance  déterm inée  par l es  va leurs  de  tranches  
mesurées  et normal isées  de  la  pu issance électrique  et de  l a  vi tesse  du  vent (voir  9 . 1  et  9 . 2)  
et  l a  production  annuel l e  d 'énerg ie  estimée (voir 9. 3) .  Les  incerti tudes  de  mesure  sont 
converties  en  i ncerti tude  sur l e  mesurande  au  moyen  de  facteurs  de  sensib i l i té.  

b)  Composantes  d ' i ncerti tude  

Le  Tableau  D. 1  donne  une  l i s te  m in imale  de  paramètres  d ' i ncerti tude  qu i  doivent être  i nclus  
dans  l 'anal yse  d ' i ncerti tude.  

Tableau  D.1  – Liste  des  composantes  d ' incerti tude  

Paramètre  mesuré  Composante  d ' i ncerti tude  Catégori e  
d ' incerti tude  

Pu issance  électri que  Transformateurs  de  cou ran t  

Transformateurs  de  tensi on  

Transducteu r de  pu i ssance  ou  d i sposi ti f de  mesure  de  pu i ssance  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

Variabi l i té  de  l a  pu i ssance  é lectri que  

B  

B  

B  

B  

A 

Vi tesse  du  ven t 
(anémomètre  à  
coupel l es  et  à  
u l trasons)  

Etalonnage  de  l a  sou ffl erie  

Class i fi cation  

Di stors ion  de  l ' écou lement au  n i veau  du  mât  

Di stors ion  de  l ' écou lement au  n i veau  de  l a  fl èche  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

Essai  i n  s i tu  

B  

B  

B  

B  

B  

B  

Vi tesse  du  ven t 
(d i spos i ti f de  
tél édétection )  

Essai  de  véri fi cation  d u  RSD  

Essai  i n  s i tu  

Class i fi cation  du  RSD  

Effets  du  montage  

Variati on  de  l 'écou lement sur l e  vol ume de  sonde  à  l a  même hauteur 

Essai  de  survei l l ance  

B  

B  

B  

B  

B  

B  

Vi tesse  du  ven t 
équ i va lente  du  rotor 

Mesu re  du  ci sai l l ement du  ven t  

Mesu re  de  dévi ation  de  l a  tra jectoi re  d u  vent  

B  

B  
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Paramètre  mesuré  Composante  d ' i ncerti tude  Catégori e  
d ' incerti tude  

Direction  d u  ven t 
(g i rouette  ou  
anémomètre  à  
u l trasons)  

Etalonnage  

I nd icateur d u  nord  

Orientation  de  l a  fl èche  

Caractéri sti ques  opérationnel l es  ( i n fl uence  d u  mât)  

Ang le  de  décl i nai son  magnéti que  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

B  

B  

B  

B  

B  

B  

D i rection  d u  ven t 
(d i spos i ti f de  
tél édétection )  

Essai  de  véri fi cation  

Class i fi cation  

Essai  de  survei l l ance  

Variati on  de  l 'écou lement sur l e  vol ume de  sonde  à  l a  même hauteur 

Al i gnement  

Ang le  de  décl i nai son  magnéti que  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

B  

B  

B  

B  

B  

B  

B  

Températu re  de  l 'a i r Capteu r de  températu re  

Protection  contre  l e  rayonnement  

Effets  du  montage  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

B  

B  

B  

B  

Pression  
atmosphéri que  

Capteu r de  pression  

Effets  du  montage  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

B  

B  

B  

Hum id i té  re lati ve  Capteu r d 'hum id i té  

Effets  du  montage  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

B  

B  

B  

Système d 'acqu is i ti on  
de  données  

Transm ission  du  s i gnal  

Préci s ion  d u  système  

Cond i ti onnement du  s i gnal  

B  

B  

B  

Terrai n  (sans  
étalonnage  du  s i te)  

D i stors ion  de  l ' écou lement due  au  terrai n   B  

Terrai n  (avec 
étalonnage  du  s i te)  

E ta lonnage  de  l ' anémomètre  avan t l ' essai  

Post-étal onnage/Etalonnage  i n  s i tu  

Classi fi cation  de  l ' anémomètre  

Effets  du  montage  

Montage  normal  

Au tre  montage  

Montage  l atéra l  

Paratonnerre  

Système d 'acqu is i ti on  de  données  (voi r ci -dessous)  

Variati on  de  correction  (tranches  ad jacentes  de  d i rection  du  ven t)  

En lèvement  du  capteu r de  d i rection  du  ven t en tre  l 'éta lonnage  du  s i te  
et  l a  mesure  de  l a  cou rbe  de  pu i ssance  

Variati ons  sai sonn ières  

Variabi l i té  s tati s ti q ue  de  l 'éta lonnage  d u  s i te  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

A 

Méthode  Correction  de  l a  masse  volum ique  de  l 'a i r 

Cond i ti ons  de  ven t – I n formati ons  de  ci sai l l ement manquantes  

Cond i ti ons  de  ven t – I n formati ons  de  déviation  de  l a  tra jectoi re  
manquantes  

B  

B  

B  
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Paramètre  mesuré  Composante  d ' i ncerti tude  Catégori e  
d ' incerti tude  

Cond i ti ons  de  ven t – I n formati ons  d 'écou lement ascendant  
manquantes  

Cond i ti ons  de  ven t – I n formati ons  de  tu rbu lences  manquantes  

Variati ons  sai sonn ières  

Normal i sation  des  tu rbu lences  (ou  absence  de  normal i sation  des  
tu rbu lences)  

Mesures  dans  un  cl imat froi d  

B  
 

B  

B  

B  
 

B  

 

I l  convien t de  noter que  l a  méthode de  la  courbe  de  pu issance  de  la  vi tesse  du  vent  à  l a  
hau teur du  moyeu  donnée  dans  la  présente  norme repose sur l 'h ypothèse  impl ici te  su ivante:  
l e  rendement de  pu issance  moyen  d 'une  éol ienne  sur une  période  de  1 0  m in  s 'expl i que  
en tièrement par l a  vi tesse  du  ven t moyenne s imu l tanée sur 1 0  m in  mesurée  à  l a  hauteur du  
moyeu  et  par l a  masse  volum ique  de  l 'a i r.  

Cela  n 'est pas  l e  cas.  D 'au tres  variables  d 'écou lement affecten t le  rendement de  pu issance.  
Des  éol iennes  i den tiques  donneron t donc des  rendements  de  pu issance  d i fférents  sur des  
s i tes  d i fféren ts  même s i  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  et l a  masse  volum ique  de  
l 'a i r sont i den tiques.  Ces  au tres  variables  i ncluen t les  fl uctuations  de  tu rbu lences  de  la  
vi tesse  du  ven t (dans  l es  tro is  d i rections),  l ' i ncl ina ison  du  vecteur d 'écou lement par rapport à  
l 'hori zon ta le ,  l 'échel le  des  turbu lences  et l e  cisai l l ement de  l a  vi tesse  du  ven t moyenne  su r l a  
surface  du  rotor.  Les  ou ti l s  anal yti ques  offrent actuel lement une  ai de  l im i tée  pour i denti fi er 
l ' impact de  certaines  de  ces  variables,  et  l es  méthodes  expérimentales  rencontrent également 
de  sérieuses  d i fficu l tés .   

Par conséquent,  l a  courbe  de  pu issance varie  d 'un  s i te  à  l ' au tre,  ce  qu i  apparaîtra  comme une  
i ncerti tude.  

Cette  i ncerti tude  provient des  d i fférences  de  rendement de  pu issance  observées  dans  
d i fférentes  cond i tions  topograph iques  et cl imatiques,  c'est-à-d i re  en  comparant une  AEP  
mesurée  en  terra in  homogène à  une  AEP  mesurée  sur l e  s i te  d 'un  parc éol ien  non  homogène.  

I l  est d i ffici l e  de  quanti fi er cette  i ncerti tude  apparen te.  Se lon  l es  cond i tions  du  s i te  et l e  
cl imat,  l e  pourcentage  d ' i ncerti tude  peut être  très  é levé.  En  termes  généraux,  une  
augmentation  de  l ' i ncerti tude  peut  être  attendue  l orsque  l a  complexi té  de  l a  topograph ie  
s 'accroi t  e t l orsque  l a  fréquence  des  cond i tions  atmosphériques  non  neutres  augmente.   

Cependant,  cette  version  de  l a  présen te  norme décri t des  méthodes  permettant de  rendre  
compte  d 'au  moins  certaines  de  ces  variables  d ' i n fl uence (par exemple,  cisai l l ement du  vent 
et tu rbu lences).  L' incerti tude  de  ces  méthodes  de  correction  doi t également être  évaluée.  
Donc,  impl ici tement,  l orsque  ces  variables  sont j ugées  s ign i ficati ves  et l orsqu 'aucune 
correction  n 'est réal isée,  i l  convient d 'augmenter l ' i ncerti tude  afin  de  prendre  en  compte  cette  
absence  de  correction .  
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Annexe E  
(informative)  

 
Fondements  théoriques  de la  détermination  de l ' incerti tude  

de  mesure à  l 'aide de  la  méthode des  tranches  

E.1  Général i tés  

Dans  l 'Annexe  E ,  tou tes  l es  i ncerti tudes  énoncées  dans  l 'ensemble  de  l a  norme on t été  
composées  et add i ti onnées  afin  de  produ ire  une  évaluation  cohéren te  de  l ' incerti tude  de  
mesure  de  l a  courbe  de  pu issance,  qu i  couvre  à  l a  fo is  l a  courbe  de  pu issance et l 'AEP  
ca lcu lée.  

Pour s impl i fi er l a  structure  dans  le  bu t d ' i n trodu ire  ce  su jet p l u tôt complexe,  l a  présente  
annexe  a  été  organ isée  de  la  man ière  i nd iquée  ci -dessous.  La  structure  pri ncipale  comporte  
un  article  d isti nct pour chaque  catégorie  des  composantes  d ' i ncerti tude;  comme la  vi tesse  du  
ven t comporte  de  nombreuses  composan tes  d ' i ncerti tude,  des  articles  déd iés  leur sont  
consacrés  (voir ci -dessous):  

Article  E . 2  Description  mathématique  générale  et tableau  donnant  une  vue  
d 'ensemble  de  tou tes  les  composantes  d ' i ncerti tude  et  de  l eurs  
ampl i tudes  par défaut  
 

Article  E .3  I ncerti tudes  de  catégorie  A 

Article  E .4  I ncerti tudes  de  catégorie  B  – I n troduction  et acqu isi ti on  de  données  

Article  E .5  Catégorie  B  – Pu issance de  sortie  

Article  E .6  Catégorie  B  – Vi tesse  du  vent  – I n troduction  et  capteurs  

Article  E .7  Catégorie  B  – Vi tesse  du  vent  – RSD  

Article  E .8  Catégorie  B  – Vi tesse  du  vent  – REWS 

Article  E .9  Catégorie  B  – Vi tesse  du  vent  – Terra in  

Article  E . 1 0  Catégorie  B  – Masse  volum ique  de  l 'a i r 

Article  E . 1 1  Catégorie  B  – Méthode  

Article  E . 1 2  Catégorie  B  – D i rection  du  vent  

Article  E . 1 3  Composi tion  des  i ncerti tudes   

Cette  annexe donne  une  méthode  de  calcu l  pour l e  regroupement des  i ncerti tudes,  a i ns i  q ue  
des  tableaux perti nen ts  re lati fs  aux facteurs  de  corrélation  et un  exemple  numérique  (non  
exhausti f) .  

Pour tou tes  l es  i ncerti tudes  de  catégorie  B,  l a  présente  annexe présente  l 'objet de  chaque 
composante  d ' incerti tude,  l e  symbole  u ti l i sé  pour chaque  composan te,  des  références  à  
d 'au tres  annexes  tra i tant de  la  composante  a ins i  q u 'une  d iscuss ion  sur l 'ampl i tude  par défaut.  

E.2  Composition  des  incerti tudes  

E.2.1  Général i tés  

Dans  sa  forme l a  p l us  générale,  l ' i ncerti tude-type  composée de  la  pu issance dans  l a  
tranche  i,  uc, i  peu t être  exprimée par:  
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 ρ
k, l, i, iill, iikik

M
l

M
ki ucucu ,,,1=1=

2
c, = ∑∑  (E . 1 )  

 

où  

ck, i  est  l e  facteur de  sensib i l i té  de  l a  composante  k d ans  l a  tranche  i;  

uk, i  est  l ' incerti tude-type  de  l a  composante  k  d ans  l a  tranche  i;  

M est  le  nombre  de  composantes  d ' incerti tude  dans  chaque  tranche;  

ρk, l, i , j  est l e  coefficient de  corrélation  en tre  l a  composante  d ' i ncerti tude  k dans  la  tranche  i  e t  
l a  composante  d ' i ncerti tude  l  d ans  l a  tranche j  (dans  l 'expression ,  l es  composantes  k  
et  l  se  trouven t toutes  l es  deux dans  l a  tranche  i) .  

La  composante  d ' incerti tude  est l a  grandeur d 'en trée  i nd ividuel le  correspondant à  l ' i ncerti tude  
de  chaque  paramètre  mesuré.  L ' incerti tude-type  composée sur l a  production  annuel l e  
d 'énerg ie  estimée,  uAEP,  peu t s 'exprimer comme su i t  dans  sa  forme l a  p l us  générale:  

 ρ k, l, i, jl, jl, jjk, iiki
M
l

M
k

N
j

N
iAEP ucfucfNu ,1=1=1=1=

2
h

2  = ∑∑∑∑  (E. 2)  

 

où  

fi  est  l 'occurrence  relative  de  la  vi tesse  du  ven t dans  l a  tranche i;  

n  est  l e  nombre  de  tranches;  

Nh  est  l e  nombre  d 'heures  dans  une  année ≈  8  760.  

I l  est rarement poss ib le  de  dédu ire  toutes  les  valeurs  des  coefficients  de  corrélation  ρk, l, i , j  d e  
man ière  expl ici te;  des  s impl i fications  s i gn i ficati ves  son t normalement nécessaires.  Pour 
pouvoir s impl i fier à  un  n i veau  pratique  l es  expressions  ci -dessus  des  i ncerti tudes  composées,  
l es  hypothèses  su ivantes  peuvent  être  retenues :  

a)  l es  composantes  d ' incerti tude  son t soi t en tièrement corrélées  (ρk, l, i , j  =  1 ,  ce  qu i  impl i que  
une  sommation  l i néai re  pour obten i r l ' i ncerti tude-type  composée),  so i t  i ndépendantes  
(ρk, l, i, j  =  0 ,  ce  qu i  impl ique  une  sommation  quadrati que,  c'est-à-d i re  que  l ' i ncerti tude-type  
composée  est l a  racine  carrée  de  l a  somme des  carrés  des  composantes  d ' i ncerti tude);  

b)  l es  i ncerti tudes  de  catégorie  A ne  sont pas  corrélées  avec les  tranches  de  vi tesse  du  ven t,  
a lors  que  l es  incerti tudes  de  catégorie  B  sont entièrement corrélées  avec l es  tranches  de  
vi tesse du  ven t.  

c)  va lable  un iquement pour l es  i ncerti tudes  de  l 'éta lonnage du  s i te:  l es  i ncerti tudes  de  
catégorie  A ne  sont pas  corrélées  avec l es  tranches  de  d i rection  du  vent,  a l ors  que  l es  
i ncerti tudes  de  catégorie  B  son t entièrement corrélées  avec l es  tranches  de  d i rection  du  
ven t.  

La  corré lation  du  même type  d ' i ncerti tude  à  d i fféren tes  hau teurs  de  mesure  du  vent  lors  du  
calcu l  de  l ' i ncerti tude  l i ée  à  l a  vi tesse  du  ven t équ iva len te  du  rotor ou  une  vi tesse  du  vent 
normal isée  en  fonction  du  cisai l lemen t/de  la  déviation  de  la  trajectoire  du  vent doi t être  
évaluée  i nd ividuel l ement pour chaque composante  et chaque  cas.  Chaque i ncerti tude  peu t 
d 'abord  être  cumu lée  sur l es  d i fféren tes  hau teurs  de  mesure  d 'une  certaine  tranche de  vi tesse  
du  vent équ ivalente  du  rotor ou  de  l a  vi tesse  du  ven t normal isée  en  fonction  du  
cisai l l ement/de  la  déviation  de  l a  traj ectoi re  du  ven t.  Les  composantes  d ' incerti tude  de  la  
vi tesse  du  ven t équ iva len te  du  rotor ou  de  la  vi tesse  du  ven t normal i sée  en  fonction  du  
cisai l l ement/de  l a  déviation  de  la  trajectoire  du  ven t peuven t ensu i te  être  tra i tées  comme 
décri t  aux poin ts  a)  et  b) .  

D 'après  ces  h ypothèses,  l ' incerti tude  composée  de  l a  pu issance dans  une  tranche,  u
c, i
 peut  

être  exprimée comme su i t:  

 222
,

2
,1=

22
1=

2
c,

BA
iiikikkk, ik, i

M
ki usucscu +=∑+∑= M  (E . 3)  
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où  

MA  est  le  nombre  de  composantes  d ' incerti tude  de  catégorie  A;  

MB  est  le  nombre  de  composantes  d ' incerti tude  de  catégorie  B ;  

sk, i  est  l ' incerti tude-type  de  catégorie  A de  l a  composan te  k  dans  l a  tranche  i;  

si  est  l ' i ncerti tude  composée de  catégorie  A dans  l a  tranche  i;  

ui  est  l ' i ncerti tude  composée de  catégorie  B  dans  l a  tranche  i.  

I l  convien t de  noter que  uc , i
2  n 'est pas  indépendante  de  l a  ta i l l e  de  l a  tranche  car sP , i  dépend  

du  nombre  d 'ensembles  de  données  dans  l a  tranche  (voi r Equation  (E . 1 0)) .  

Ces  hypothèses  impl i quen t que  l ' incerti tude-type  composée su r l a  production  annuel le  
d 'énerg ie ,  uAEP,  est:  

 )( 2
i1=1=

2
h

22
1=

2
1=

2
h

2 BA ucfNscfNu k, ik, i
N
i

M
kk, ik, i

M
ki

N
iAEP ∑∑+∑∑=  (E . 4)  

 

Le second  terme de  cette  équation  s ign i fi e  que  chaque composante  d ' i ncerti tude  i nd ividuel l e  
de  catégorie  B  progresse  grâce  à  l ' i ncerti tude  de  l 'AEP  correspondante,  en  appl i quant 
l 'h ypothèse  d 'une  corré lation  complète  entre  l es  tranches  pour les  composan tes  ind ividuel les .  
Enfin ,  l es  composantes  d ' incerti tude  composée en tre  tranches  son t add i ti onnées  de  man ière  
quadratique  pour obten ir l ' i ncerti tude  de  l 'AEP.   

En  ou tre,  certa ines  composantes  de  l ' i ncerti tude  de  catégorie  A ne  peuvent pas  tou jours  être  
dédu i tes  ou  estimées  a isément en  se  fondan t sur l es  tranches.  Par exemple,  l es  composantes  
de  catégorie  A de  l a  méthode d 'éta lonnage  du  s i te  peuvent avoir été  dédu i tes  d 'une  anal yse  
de  l a  sens ib i l i té  sur l e  ca lcu l  de  l 'AEP.  I l  convient dans  ce  cas  d 'add i tionner ces  composantes  
de  man ière  quadratique  dans  l ' i ncerti tude  sur l 'AEP  obtenue.  Voir Equation  (E. 8)  pour un  
exemple.  

En  prati que,  i l  peu t être  mala isé  d 'add i ti onner l es  composantes  d ' i ncerti tude  de  catégorie  B  
dans  toutes  les  tranches  avant de  l es  composer ind ividuel lement.  Une  approximation ,  qu i  
permet de  composer l es  composantes  d ' i ncerti tude  de  catégorie  B  au  se in  des  tranches  avant 
de  l es  composer entre  des  tranches  d i fférentes  (si  et  u i  peuvent être  u ti l i sés) ,  condu i t à  
l ' expression  pl us  prati que  su ivan te:  

 ( )
( )22

ufNsfN

ucfNscfNu

ii

N
ii

N
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k, iik
M
ki

N
ik, ik, i
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iAEP

∑∑
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1=
2
h

2
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2
h

2
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,1=1=
2
h
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1=

2
i1=

2
h

2

+

=+= BA

 (E . 5)  

 

La valeur uAEP  obtenue  par cette  express ion  est tou j ours  supérieure  ou  égale  à  ce l l e  obtenue  
à  l 'a ide  de  l 'Equation  (E. 4).   

E.2.2  Incerti tude élarg ie  

Les  incerti tudes-types  composées  de  l a  courbe  de  pu issance  et de  l 'AEP  peuvent,  de  p lus ,  
être  exprimées  en  termes  d ' i ncerti tudes  é larg ies.  En  se  référant  au  Gu ide  ISO/IEC 98-3  et en  
prenan t l 'h ypothèse  de  d istribu tions  normales,  des  i n terval les  présentant l es  n i veaux de  
confiance  donnés  dans  l e  Tableau  E . 1  peuvent être  obtenus  en  mu l ti p l ian t ces  i ncerti tudes-
types  composées  par un  facteur de  couverture  également donné  dans  le  tab leau .   
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Tableau  E. 1  – Incerti tudes  élarg ies  

Niveau  de  confiance  
 %  

Facteur de  couverture   

68, 27  

90  

95  

95, 45  

99  

99, 73  

1  

1 , 645  

1 , 960  

2  

2 , 576  

3  

 

E.2.3  Fondements  de  l 'évaluation  de  l ' incerti tude  

La méthodolog ie  de  calcu l  passe  par une  estimation  des  incerti tudes  de  catégorie  A et de  
catégorie  B  pour chaque  tranche d 'une  courbe  de  pu issance  mesurée.  L ' i ncerti tude  sur l a  
courbe  de  pu issance  est dédu i te,  pu is  l ' incerti tude  sur l a  production  annuel l e  d 'énerg ie  (AEP)  
est  estimée.  Etan t donné  les  d i fférences  de  calcu ls  dans  les  d i fférentes  approches  de  
mesure,  i l  n 'a  pas  été  fourn i  d 'exemple  très  élaboré.  Lorsque  cela  est possible,  un  exemple  
é laboré  pour une  partie  du  calcu l  a  été  fourn i  afin  de  montrer comment ont été  appl i quées  l es  
équations  et  l es  estimations  des  valeurs  par défau t pour l es  composantes  d ' incerti tude.   

La  méthodolog ie  de  ca lcu l  s 'appu ie  sur l e  Gu ide  I SO,  a ins i  q ue  sur l es  h ypothèses  ci -dessus.  
En  u ti l i sant la  composi ti on  des  composantes  d ' i ncerti tude  de  catégorie  B  se lon  
l 'Equation  (E . 5),  tou tes  l es  composantes  d ' i ncerti tude  de  chaque tranche peuven t dans  un  
prem ier temps  être  combinées  afin  d 'exprimer l ' i ncerti tude  composée  de  catégorie  B  de  
chaque  paramètre  mesuré,  par exemple  l a  vi tesse  du  vent:  

 .uuu iii
. .++= 2

V2,
2
V1 ,

2
V,  (E . 6)  

 

où  l es  composan tes  d ' i ncerti tude  se  réfèrent aux composantes  d ' i ncerti tude  du  Tableau  E . ,  
se lon  l es  mêmes  symboles  et  i nd ices  que  dans  ce  tableau .   

Dans  un  deuxième temps,  l es  i ncerti tudes-types  des  mesurandes  peuven t être  exprimées  par 
l es  i ncerti tudes  des  paramètres  de  mesure  dans  l a  tranche  i:  

 ucucucucucuscsu iiiiiiiiiiiiiii
2
M,

2
V,

2
RH,

2
RH,

2
B,

2
B,

2
T,

2
T,

2
V,

2
V,

2
P,

2
SC,

2
V,

2
P,

2
c, +++++++=  (E . 7)  

 

où  

sP , i  est  l ' i ncerti tude-type  de  catégorie  A sur l a  pu issance dans  la  tranche  i;  

sSC , i  est  l ' i ncerti tude-type  de  catégorie  A sur l 'éta lonnage  du  s i te  dans  la  tranche  i;  

uP , i
 est  l ' i ncerti tude-type  de  catégorie  B  sur l a  pu issance dans  la  tranche  i;  

uV , i  est  l ' incerti tude-type  de  catégorie  B  sur l a  vi tesse  du  ven t dans  la  tranche  i;  

uT , i  est  l ' incerti tude-type  de  catégorie  B  sur l a  température  dans  la  tranche  i;  

uB , i  est  l ' incerti tude-type  de  catégorie  B  sur l a  press ion  dans  la  tranche  i;  

uRH , i  est  l ' i ncerti tude-type  de  catégorie  B  sur l ' hum id i té  re lati ve  dans  l a  tranche i;  

uM , i  est  l ' i ncerti tude-type  de  catégorie  B  sur l a  méthode dans  la  tranche  i;  

cV , i  est  le  facteur de  sensib i l i té  de  l a  vi tesse  du  vent  dans  la  tranche  i;  

cT , i  est  le  facteur de  sens ib i l i té  de  l a  température  dans  l a  tranche i;  

cB , i  est  l e  facteur de  sens ib i l i té  de  l a  press ion  dans  l a  tranche  i;  
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cRH , i  est  le  facteur de  sens ib i l i té  de  l 'hum id i té  relative  dans  la  tranche  i.  

Cela  donne  également:  

 ( ) (

 ∑∑ ucucucucucufscsfNu iiiiiiiiiiii
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2
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(E . 8)  

 

Dans  l 'équation  ci -dessus,  l es  i ncerti tudes  dues  au  système d 'acqu is i ti on  de  données  fon t  
partie  de  l ' i ncerti tude  pour chaque  paramètre  de  mesure.  

La  courbe  de  pu issance mesurée,  représentée  à  l a  F igure  6  et au  Tableau  4,  est u ti l i sée  dans  
l e  ca lcu l  d ' incerti tude  de  la  présen te  annexe.  Les  résu l tats  de  l 'anal yse  d ' incerti tude  de  
l 'exemple  son t également représentés  à  l a  F igure  6 ,  au  Tableau  4  et au  Tableau  5 .  Tous  les  
facteurs  de  sens ib i l i té  sont répertoriés  au  Tableau  E . 1 0;  l es  i ncerti tudes  de  catégorie  B  sont 
répertoriées  au  Tableau  E. 1 1 .  

Tableau  E.2  – Liste  des  incerti tudes  de  catégories  A et B  

Catégori e  B:  I nstruments  Note  I ncerti tude  Sensibi l i té  Ampl i tude  

Pu issance  de  sorti e   uP , i
 cP , i

 =  1   

Transformateurs  de  cou ran t  a  uP,CT , i  
 0 , 75  %  

Transformateurs  de  tensi on  a  uP,VT , i
  0 , 5  %  

Transducteu r de  pu i ssance  ou  

d i spos i ti f de  mesure  de  pu i ssance  

a  uP,PT , i  
 0 , 5  %  

Acqu is i ti on  de  données  (voi r E . 4. 2)  d  udP , i  

 

0 , 1  %  à  0 , 2  %  

Vi tesse du  vent   uV , i  

 

 

Mesure de  l a  vi tesse  du  vent   uVHW , i  

 

 

Vi tesse du  vent (anémomètre  à  
coupel l es  ou  à  u l trasons)  

 uVS , i
 

 Pour l 'incertitude sur 
l 'AEP (et pour la 
dernière tranche de 
l 'incertitude sur la 
courbe de puissance),  
util iser:  

VV

PP
c
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ii
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Pour l 'incertitude sur la 
courbe de puissance,  
uti l iser:  
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E ta lonnage  b  uVS, preca l , i  D 'après  
l 'éta lonnage  

Post-étal onnage/Etalonnage  i n  s i tu  b  uVS, postca l , i  0 , 2  m /s  

Classi fi cation  c  uVS, cl ass , i  1 , 0  %  

Effets  du  montage     

Mon tage  un ique  en  tête  de  mât d  uVS,mn t , i  0, 5  %  

Montage  côte  à  côte  d  ( i d en ti que)  1 , 0  %  

Montage  l atéra l  d  ( i d en ti que)  1 , 5  %  

Paratonnerre  d  uVS, l g t , i  0 , 1  %  à  0 , 2  %  

Acqu is i ti on  de  données  (voi r E . 4 . 2)  d  udVS , i
 0 , 1  %  à  0 , 2  %  

Vi tesse du  vent (RSD)   uVR , i
 cV , i

 (voi r ci -dessus)

 

 

E ta lonnage  bc uVR, ver , i  

 

2  %  à  3  %  

Contrôl e  i n  s i tu  c  uVR, i sc , i  

 

Voi r E . 7 . 3  

Classi fi cation  c  uVR, cl ass , i  

 

1 , 0  %  à  1 , 5  %  

Montage  c  uVR,mn t , i  

 

0 , 1  %  

Variati on  de  l 'écou lement  sur d i fférents  
vol umes  de  sonde  à  l a  même hau teur 

d  uVR, fl ow , i
 

 

2  %  à  3  % ,  voi r 
E . 7 . 6  

Essai  de  su rvei l l ance  c  uVR,mon , i  

 

0 , 5  %  
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Catégori e  B:  I nstruments  Note  I ncerti tude  Sensibi l i té  Ampl i tude  

Vi tesse du  vent équ ivalen te  du  rotor  uREWS ,  i
 cV , i

 (voi r ci -dessus)

 

 

Ci sai l l ement  du  vent  c  uREWS, shear ,  i  

 

Voi r E . 8. 2  

Déviati on  de  l a  tra jectoi re  du  ven t  c  uREWS, veer ,  i  

 

Voi r E . 8. 3  

Vi tesse  du  vent – Effets  du  terrain   uVT , i
 cV , i

 (voi r ci -dessus)

 

 

Sans  étalonnage du  s i te    

 

 

D i s tors ion  de  l ' écou lement due  au  
terrain  

d  uVT , i
 cV , i

 (voi r ci -dessus)

 

2  %  ou  3  %  (en  
mer 1  %  ou  
2  %)  

Avec l 'étalonnage du  s i te    

 

 

E ta lonnage  de  l ' anémomètre  b  uVT, preca l , i  

 

D 'après  
l 'éta lonnage  

Post-étal onnage/Etalonnage  i n  s i tu  b  uVT, postca l , i  

 

0 , 2  m /s  

Classi fi cation  de  l ' anémomètre  c  uVT, cl ass   1 , 0  %  

Effets  du  montage      

Montage  un ique  en  tête  de  mât  d  uVT,mn t , i   0 , 5  %  

Montage  côte  à  côte  d  ( i denti que)   1 , 0  %  

Montage  l atera l  d  ( i denti que)   1 , 5  %  

Paratonnerre  d  uVT, l g t , i   0 , 1  %  à  0 , 2  %  

Acqu is i ti on  de  données  (voi r E . 4 . 2)  d  udVT , i
  0 , 1  %  à  0 , 2  %  

Variati on  de  correction  (tranches  
ad jacentes  de  di rection  d u  ven t)  

c  uVT, coc , i   Voi r E . 9. 8  

En lèvement du  capteu r de  d i rection  du  
vent  en tre  l 'étalonnage  d u  s i te  et  l a  
mesure  de  l a  courbe  de  pu i ssance  

c  uVT, rmv , i   Voi r E . 9. 9  

Variati ons  sai sonn ières  c  uVT, sv , i   Voi r E . 9. 1 0  

Masse  volumique de  l 'ai r  uAD , i
   

Températu re   uT , i
  ,c iT (voir E.1 0.2)  

Capteu r de  temperatu re  ab  uT, ca l , i   0 , 4  K à  0 , 6  K  

Protection  contre  l e  rayonnement  cd  uT, sh i e l d , i
  1 , 5  K à  2 , 5  K  

Effets  du  montage  cd  uT,mn t , i   0 , 25  K à  0 , 4  K 

Acqu is i ti on  de  données  (voi r E . 4 . 2)  c  udT , i
  0 , 1  %  à  0 , 2  %  

Pression  atmosphérique   uB , i
  ,c iB (voir  E.1 0.7)  

Capteu r de  press ion  ab  uB, ca l , i   2  hPa  à  4  hPa  

Effets  du  montage  a  uB,mn t , i   1 0  %  de  
correction  

Acqu is i ti on  de  données  (voi r 
E . 4 . 2)  

c  udB , i
  0 , 1  %  à  0 , 2  %  

Hum id i té  re lati ve   uRH , i
 

c i,RH  (voir  E.1 0.1 1 )  

Capteu r d 'hum id i té  ab  uRH , ca l , i   1  %  à  2  %  (HR)  

Effets  du  montage  cd  uRH ,mn t , i   0 , 1  %  à  0 , 2  %  

Acqu is i ti on  de  données  (voi r 
E . 4. 2)  

c  udRH , i
  0 , 1  %  à  0 , 2  %  

Méthode  

Normal i sation  de  l a  masse  vol um ique  de  
l 'a i r 

cd  uAD,method , i
 cAD,me thod , I

 = cV . , i
 

(pour l es  éol i ennes  
avec contrôl e  acti f)  

cAD,me thod , I
 = cV . , i

 =  

1  (pou r l es  
éol i ennes  à  
régu lati on  par 
décrochage)  

0 , 2  %  à  0 , 3  %  
de  l a  vi tesse  
du  ven t  
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Catégori e  B:  I nstruments  Note  I ncerti tude  Sensibi l i té  Ampl i tude  

Méthode   uM ,  i
 cV , i

 (voi r ci -dessus)   

Cond i ti ons  de  ven t  d  uM, wc ,  i   Voi r E . 1 1 . 2 . 1 ,  
poin t  a)  ou  b) .  

Cond i ti ons  de  vent  – ci sai l l ement du  
ven t  

d  uM, sh ear ,  i   Voi r E . 1 1 . 2 . 2  

Cond i ti ons  de  vent  – déviati on  de  l a  
trajectoi re  du  vent  

d  uM, veer ,  i   Voi r E . 1 1 . 2 . 3  

Cond i ti ons  de  ven t – écou l ement  
ascendant  

d  uM, upfl ow ,  i
  Voi r E . 1 1 . 2 . 4  

Cond i ti ons  de  vent  – tu rbu l ences  d  uM, ti ,  i   0 , 3  %  à  0 , 5  %  
(un iquement 
pou r un  RSD  
avec mât 
météorolog ique  
p l us  bas).  Voi r 
E . 1 1 . 2 . 5  

Variati ons  sai sonn ières  d  uM, sfx ,  i   0 , 7  % .  Voi r 
E . 1 1 . 3  

Normal i sation  des  tu rbu lences  d  uM, ti norm ,  i
  Voi r E . 1 1 . 4  

Cl imat  froid  d  uM, cc ,  i   0 , 5  %  à  1  %  

Direction  du  vent      

Girouette  de  d i rection  du  ven t   uWV ,  i
 Aucune  (voi r 

E . 1 2. 2 . 1 )  
 

E ta lonnage  b  uWV, ca l ,  i   Voi r E . 1 2 . 2 . 1  

I nd icateur d u  nord  c  uWV, nm ,  i
  Voi r E . 1 2 . 2 . 2  

Orien tation  de  l a  fl èche  d  uWV, bo ,  i   Voi r E . 1 2 . 2 . 3  

Caractéri sti ques  opérationnel l es  
( i n fl uence  du  mât)  

c  uWV, oe ,  i   Voi r E . 1 2 . 2 . 4  

Ang le  de  décl i nai son  magnéti que  c  uWV,mda ,  i   Voi r E . 1 2. 2 . 5  

Acqu is i ti on  de  données  (voi r E . 4 . 2)  c  udWV ,  i
  Voi r E . 1 2. 2 . 6  

Direction  du  vent (RSD)   uWR ,  i
 Aucune  (voi r E . 1 2. 3)   

Véri fi cation  ab  uWR, ver ,  i   Voi r E . 1 2 . 3. 1  

Classi fi cation  c  uWR, cl ass ,  i   Voi r L. 4 . 4  

Essai  de  su rvei l l ance  c  uWR,mon ,  i   Voi r E . 1 2. 3. 2  

Variati on  de  l 'écou lement su r d i fférents  
vol umes  de  sonde  à  l a  même hauteur 

c  uWR, fv ,  i   Voi r E . 1 2 . 3. 3  

Al i gnement  d  uWR,al i gn ,  i   Voi r E . 1 2. 3. 4  

Ang le  de  décl i nai son  magnéti que  c  uWR,mda ,  i   Voi r E . 1 2. 3. 5  

Acqu is i ti on  de  données  (voi r E . 4 . 2)  c  udWR ,  i
  Voi r E . 1 2. 3. 6  

Catégori e  A:  S tati stiques      

Pu i ssance  électri que  e  sP , I
 cP , i

 =  1   

E ta lonnage  du  s i te  e  ssc  cV , i
 (voi r ci -dessus)   

NOTE  I denti fi cati on  des  i ncerti tudes:  

a  =  référence  à  l a  norme;  

b  =  étal onnage;  

c  =  au tre  "méthode  objecti ve" ;  

d  =  "estimation" ;  

e  =  s tati s ti que.  
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I l  convien t de  ten i r compte  des  p lages  des  composantes  d ' incerti tude  données  dans  
l e  Tableau  E. 2 .  I l  convient d 'u ti l i ser les  valeurs  réel l es  des  mesures  spéci fi ques  l orsqu 'e l les  
son t d ispon ibles .  I l  convient de  noter qu ' i l  est recommandé de  ne  pas  estimer l es  
composantes  d ' i ncerti tude  à  une  valeur nu l le ,  comme ind iqué  dans  l es  l i gnes  d i rectrices  du  
Guide pour l'expression de l'incertitude de  mesure ,  sauf s i  l es  composan tes  d ' incerti tude  
spéci fiques  ne  conviennent pas  à  l a  méthodolog ie  d 'essai  spéci fi que  appl iquée  (voir 
Article  E . 1 4) .  

I l  est également important de  noter que  l ' i ncerti tude  de  d i rection  du  vent n 'a  aucune  i n fl uence  
d i recte  sur l ' i ncerti tude  re lati ve  à  l a  courbe  de  pu issance ou  à  l 'AEP  (sauf s i  une  normal isation  
de  l a  déviation  de  la  traj ectoi re  du  vent est appl i quée).  L' i ncerti tude  de  d i rection  du  vent est 
toutefois  i ncluse  ici .  I l  est en  effet  important  de  comprendre  avec quel  n i veau  de  précis ion  est  
m is  en  œuvre  l e  fi l trage  du  secteur de  mesure,  mais  auss i  avec quel  n i veau  de  précis ion  les  
facteurs  d 'éta lonnage du  s i te  sont appl iqués  aux données  des  secteurs  appropriés.  Etan t  
donné  que  l ' i ncerti tude  de  d i rection  du  vent doi t ê tre  cons ignée,  ce  tableau  donne  l es  
composantes  d ' i ncerti tude  m in imales  qu i  doiven t être  prises  en  compte  pour l ' i ncerti tude  de  
d i rection  du  ven t.  Aucune  estimation  de  l 'ampl i tude  de  ces  composantes  n 'est donnée,  mais  i l  
convient  de  l es  i nclu re  dans  une  courbe  de  pu issance  cons ignée.  

I l  est à  noter que  certains  rapports  d 'éta lonnage donnent une  i ncerti tude  pour un  facteur de  
couverture  de  2  au  l i eu  de  1 .  Afi n  de  composer correctement l es  i ncerti tudes,  i l  convient de  
l es  converti r à  un  facteu r de  couverture  cohéren t avec tou tes  l es  en trées  d ' incerti tude  (par 
défau t,  u ti l i ser un  facteur de  couverture  de  1 ) .  

E.3  Incerti tudes  de catégorie  A 

E.3.1  Général i tés  

Les  i ncerti tudes  de  catégorie  A re latives  à  l a  pu issance é lectrique  mesurée  et normal isée,  
a ins i  q ue  cel l es  dues  aux variations  cl imatiques  et à  l 'éta lonnage  du  s i te  (s ' i l  a  é té  réa l isé)  
doivent être  prises  en  compte.  

E.3.2  Incerti tude de  catégorie  A sur l a  pu issance électrique  

L'écart-type  de  la  d istribution  des  données  de  pu issance normal isées  dans  chaque  tranche  
est  ca lcu lé  à  l ' a ide  de  l 'équation  su ivan te:  

 ( )2,n,1=,P  
1

1
 = PP

N
jii

N
j

i
i

i −∑
−

σ  (E . 9)  

 

où  

σP , I est  l 'écart-type  des  données  de  pu issance  normal isées  dans  l a  tranche  i;  

Ni  est  le  nombre  d 'ensembles  de  données  de  1 0  m in  dans  l a  tranche  i;  

Pi  est  la  pu issance de  sortie  normal isée  et moyennée dans  la  tranche  i;  

Pn , i ,  est  l a  pu issance de  sortie  normal isée  de  l 'ensemble  de  données  j  dans  l a  tranche  i.  

L ' incerti tude-type  sur l a  pu issance normal isée  et  moyennée dans  la  tranche est estimée à  
l 'a ide  de  l 'équation  su ivante:  

 

i

i
ii

N
ss

P,
P,

σ
==

 
(E . 1 0)  

 

où  

sP , i  est  l ' i ncerti tude-type  de  catégorie  A sur l a  pu issance  dans  la  tranche  i;  

σP , i  est  l 'écart-type  des  données  de  pu issance normal isées  dans  l a  tranche i;  
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Ni  est  le  nombre  d 'ensembles  de  données  de  1 0  m in  dans  l a  tranche  i.  

E.3.3  Incerti tudes  de  catégorie  A sur l 'étalonnage  du  si te  

Les  résidus  en tre  l a  vi tesse  du  ven t corrigée  après  l 'éta lonnage  du  s i te  et  mesurée  au  n iveau  
du  mât météorolog ique  représentan t l 'éol ienne  son t u ti l i sés  pour déterm iner l ' i ncerti tude  de  
catégorie  A de  l 'étalonnage  du  s i te,  ssc.  Pour l a  méthode de  dérivation ,  se  reporter à  C. 6. 1 .  

E.4 Incerti tudes  de catégorie  B:  Introduction  et système d 'acquisi tion  de 
données  

E.4.1  Incerti tudes  de  catégorie  B:  In troduction  

Par h ypothèse,  l es  i ncerti tudes  de  catégorie  B  se  rapporten t aux i nstruments,  au  système 
d 'acqu is i ti on  de  données,  au  terrain  qu i  entoure  l e  s i te  d 'essai  de  performance de  pu issance,  
a ins i  q u 'à  l ' i ncerti tude  re lati ve  à  l a  méthode  appl iquée.  S i  les  incerti tudes  son t exprimées  
comme des  l im i tes  d ' incerti tude  ou  qu 'e l l es  comporten t des  facteurs  impl ici tes  de  couverture  
non  un i ta i res ,  l ' i ncerti tude-type  doi t  être  estimée  ou  les  incerti tudes  doiven t être  converties  
convenablement en  i ncerti tudes-types.  

Soi t  une  i ncerti tude  exprimée sous  l a  forme d 'une  l im i te  d ' i ncerti tude  ±  U.  S i  l ' h ypothèse  d 'une 
d istribu tion  de  probabi l i té  rectangu la i re  est  retenue,  l ' i ncerti tude-type  est:  

 

3
=

U
σ  (E . 1 1 )  

 

Si  l 'h ypothèse  d 'une  d istribu tion  de  probabi l i té  tri angu lai re  est retenue,  l ' i ncerti tude-type  est:  

 

6
=

U
σ  (E . 1 2)  

 

E.4.2  Incerti tudes  de  catégorie  B:  Système d 'acqu isi tion  de  données  

Les  incerti tudes  re lati ves  à  l 'acqu is i tion  de  données  on t été  i ncluses  dans  l e  trai tement des  
s i gnaux spéci fi ques.  L' i ncerti tude  de  l a  pu issance é lectri que  i nclu t  une  composante  
concernan t l 'acqu is i tion  de  données;  i l  en  va  de  même pour l a  vi tesse  du  vent et  les  au tres  
s i gnaux mesurés.  

La  présen te  annexe prend  l 'h ypothèse  que  l e  système d 'acqu is i ti on  de  données  d ispose  d 'une  
i ncerti tude-type  ud , i  égale  à  0 , 1  %  de  la  p lage  complète  de  chaque canal  de  mesure.  
Toutefois,  lors  de  l a  cons ignation  d 'un  essai  de  performance  de  pu issance spéci fique,  
l ' i ncerti tude  re lati ve  à  l ' acqu is i ti on  de  données  doi t  ê tre  estimée pour l a  configuration  d 'essai  
spéci fique,  y compris  au  m in imum  les  con tribu tions  à  l ' incerti tude  relative  à  l ' acqu is i tion  de  
données  mentionnées  en  E . 4. 2.  

I l  peu t exister des  incerti tudes  dues  à  l a  transm ission ,  au  cond i tionnement des  s ignaux,  à  la  
convers ion  analog ique-numérique,  a i ns i  q u 'au  tra i tement de  données  dans  l e  système 
d 'acqu is i ti on  de  données.  Les  incerti tudes  peuvent être  d i fféren tes  selon  l e  canal  de  mesure.  
L' incerti tude-type  du  système d 'acqu is i tion  de  données  concernant la  p l age  complète  d 'un  
canal  de  mesure  donné,  ud , i,  peu t être  exprimée  comme su i t:  

 
uuuu iiii
2
SC,d,

2
SA,d,

2
ST,d,d, ++ =  (E . 1 3)  
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où  

ud ,ST , i  est  l ' incerti tude  due  à  l a  transm iss ion  du  s i gnal  dans  l a  tranche  i;  

ud ,SA , i  est  l ' incerti tude  due  à  l a  précis ion  du  système dans  l a  tranche  i;  

ud ,SC , i  est  l ' i ncerti tude  due  au  cond i ti onnement des  s ignaux dans  l a  tranche  i.  

B ien  que  l ' hypothèse  d 'une  incerti tude-type  égale  à  0 , 1  %  de  l a  p lage  complète  du  canal  de  
mesure  se  révèle  ra isonnable  dans  l a  p lupart  des  cas,  des  cond i tions  et des  matérie ls  
spéci fiques  peuven t fa i re  augmenter cons idérablement cette  valeur.  Pour s 'assurer que  
l ' i ncerti tude  du  système d 'acqu is i tion  de  données  est effectivement nég l igeable  par rapport à  
l ' i ncerti tude  des  capteurs  (qu ' i l  convient,  se lon  l es  l ignes  d i rectrices,  d ' i n terpréter comme un  
facteur 1 0  d 'ampl i tude  par rapport aux incerti tudes-types) ,  une  évaluation  de  l ' i ncerti tude  
réel l e  du  système d 'acqu isi ti on  de  données  u ti l i sé  doi t  être  réa l isée.  

E.5 Incerti tudes  de catégorie  B:  Puissance de sortie  

E.5.1  Général i tés  

Les  incerti tudes  de  catégorie  B  re lati ves  à  l a  pu issance  de  sortie  son t fondées  sur quatre  
composan tes  d ' incerti tude,  présentées  ci -après.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uP , i.  

L ' incerti tude  de  l a  mesure  de  pu issance comporte  des  contribu tions  d ' i ncerti tude  dues  aux 
transformateurs  de  courant et de  tens ion ,  a i ns i  qu 'au  transducteur de  pu issance (ou  tou t au tre  
d ispos i ti f de  mesure  de  pu issance).  Les  i ncerti tudes  de  ces  sous-composantes  sont 
normalement mentionnées  dans  l eurs  class i fications.   

Enfi n ,  l ' i ncerti tude  re lative  à  l 'acqu is i tion  de  données  du  s ignal  de  pu issance  doi t  ê tre  aj outée.  

E.5.2  Incerti tudes  de  catégorie  B:  Pu issance de  sortie  – Transformateurs  de  courant  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude due  au  transformateur de  couran t,  
déterm inée  par la  class i fication  du  capteur.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uP,CT , i.  

Dans  l a  présente  annexe,  l 'h ypothèse  retenue  est que  l es  transformateurs  de  couran t et  le  
transducteur de  pu issance sont tous  de  classe  0, 5,  q u i  consti tue  la  classe  acceptable  
m in imale  pour une  mesure  de  l a  courbe  de  pu issance selon  l es  exigences  de  l a  présen te  
norme.   

Les  transformateurs  de  courant sont de  classe  0 , 5  ( les  charges  nom inales  des  
transformateurs  de  couran t sont ici  prévues  pour correspondre  à  l a  pu issance  nom inale  de  
2  000  kW,  et non  à  1 25  %  de  la  pu issance  nom inale) .  I l s  ont des  l im i tes  d ' i ncerti tude  égales  à  
±  0 , 5  %  du  courant pour une  charge  de  1 00  %  (voi r l ' I EC 61 689-2) .  Cependant,  pour des  
charges  de  20  %  et  5  % ,  l es  l im i tes  d ' i ncerti tude  augmenten t respectivement j usqu 'à  ±  0 , 75  %  
et ±  1 , 5  %  du  couran t.  Pour l es  mesures  de  performance  de  pu issance sur des  éol iennes,  l a  
production  d 'énerg ie  l a  p l us  importante  s 'effectue  à  pu issance rédu i te.  I l  est a insi  prévu  que  
l es  l im i tes  d ' incerti tude  de  ±  0 , 75  %  du  couran t à  une  charge  de  20  %  soient une  bonne 
moyenne.   

L 'h ypothèse  d 'une  d istribu tion  d ' incerti tude  rectangu la i re  du  transformateur de  courant est 
retenue.  S i  l es  transformateurs  de  couran t ne  son t pas  exploi tés  dans  l eurs  l im i tes  de  charges  
opérationnel les  sur l a  boucle  secondaire,  des  i ncerti tudes  supp lémentai res  doiven t être  
ajoutées.  
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L'hypothèse  retenue  est  que  les  i ncerti tudes  des  tro is  transformateurs  de  cou rant sont 
causées  par des  facteurs  d ' i n fl uence externes,  par exemple  l a  température  de  l 'a i r,  l a  
fréquence du  réseau  é lectrique,  etc.  I l  est donc pris  pour hypothèse  qu 'e l l es  son t entièrement 
corrélées  (par exception  à  l 'h ypothèse  générale)  et son t add i tionnées  de  man ière  l inéai re.  
Pu isque  chaque  transformateur de  couran t contribue  à  1 /3  de  la  mesure  de  pu issance,  i l  en  
résu l te  que  l ' incerti tude  de  tous  l es  transformateurs  de  courant est proportionnel le  à  l a  
pu issance  comme su i t:  
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E.5.3  Incerti tudes  de  catégorie  B:  Pu issance de  sortie  – Transformateurs  de  tension  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  due  au  transformateur de  tens ion ,  
déterm inée  par la  class i fication  du  capteur.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uP,VT , i.  

Dans  l a  présente  annexe,  l ' h ypothèse  retenue  est que  les  transformateurs  de  tens ion  et l e  
transducteur de  pu issance sont tous  de  classe  0, 5 ,  q u i  consti tue  la  classe  acceptable  
m in imale  pour une  mesure  de  l a  courbe  de  pu issance selon  l es  exigences  de  l a  présente  
norme.   

Les  transformateurs  de  tens ion  de  classe  0 , 5  on t des  l im i tes  d ' incerti tude  égales  à  ±  0 , 5  %  de  
l a  tens ion  pour tou tes  les  charges  (voi r l ' I EC 61 869-3) .  L'hypothèse  d 'une  d istribution  
d ' incerti tude  rectangu la i re  est  retenue.   

Les  transformateurs  de  tension  ne  son t pas  u ti l i sés  pour tou tes  l es  mesures,  et  l a  va leur de  
ces  composantes  d ' incerti tude  peut être  défin ie  à  zéro  lorsqu ' i l s  ne  sont  pas  u ti l i sés.   

S i  l es  transformateurs  de  tension  ne  son t pas  exploi tés  dans  leurs  l im i tes  de  charges  
opérationnel les  sur l a  boucle  secondaire,  des  i ncerti tudes  supplémentai res  doiven t être  
ajoutées.  

La  tens ion  du  réseau  é lectri que  est normalement re lati vement constante  et i ndépendante  de  
l a  pu issance de  l 'éol i enne.  L'hypothèse  retenue  est que  les  i ncerti tudes  des  trois  
transformateurs  de  tens ion  son t,  comme pour l es  transformateurs  de  couran t,  causées  par 
des  facteurs  d ' in fluence externes,  par exemple  la  température  de  l 'a i r,  l a  fréquence  du  réseau  
é lectrique,  etc.  I l  est donc pris  pour hypothèse  qu 'e l l es  sont  entièrement corrélées  (par 
exception  à  l ' h ypothèse  générale)  et son t add i ti onnées  de  man ière  l i néaire.  Pu isque  chaque 
transformateur de  tens ion  contribue  à  1 /3  de  l a  mesure  de  pu issance,  i l  en  résu l te  que  
l ' i ncerti tude  de  tous  l es  transformateurs  de  courant est proportionnel le  à  l a  pu issance comme 
su i t:  
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E.5.4  Incerti tudes  de  catégorie  B:  Pu issance de  sortie  – Transducteur de  pu issance 
ou  autre  d isposi ti f de  mesure  de  pu issance  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  due  au  transducteur de  pu issance (ou  tou t 
au tre  d isposi ti f de  mesure  de  pu issance)  déterm inée  par l a  class i fication  du  capteur.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uP,PT, i.  
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Le  transducteur de  pu issance de  classe  0 , 5  (voir l ' I EC 60688)  d 'une  pu issance nom inale  de  
2  500  kW (1 25  %  de  l a  pu issance nom inale,  soi t 2  000  kW,  de  l 'éol ienne)  a  une  l im i te  
d ' incerti tude  de  1 2, 5  kW.  L'hypothèse  d 'une  d istribu tion  d ' i ncerti tude  rectangu la i re  est  
retenue.  

L' incerti tude  du  transducteur de  pu issance  est a insi :  

 
kW7,2=

3

kW1 2,5
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E.5.5  Incerti tudes  de  catégorie  B:  Pu issance de  sortie  – Acqu is i tion  de  données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' acqu is i tion  de  données  du  
s i gnal  de  pu issance.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udP, i.  

Par hypothèse,  l a  va leu r par défau t de  l 'ampl i tude  de  cette  composante  est comprise  entre  
0, 1  %  et  0 , 2  %  de  l a  p lage  complète  du  système d 'acqu is i tion  de  données.  

En  prenant pour hypothèse  que  l a  p lage  de  pu issance é lectri que  du  canal  de  mesure  d 'une  
éol i enne  de  2  MW est égale  à  3  000  kW et que  l ' i ncerti tude  du  système d 'acqu is i tion  de  
données  est égale  à  0 , 1  %  de  cette  p lage,  l ' i ncerti tude  obtenue  est  de  3  kW.  

E.6  Incerti tudes  de catégorie  B:  Vi tesse du  vent – Introduction  et capteurs  

E.6.1  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – I n troduction  

L' incerti tude  de  l a  vi tesse  du  vent  compte  trois  composantes,  chacune comportan t e l l e-même 
p lus ieurs  sous-composantes.  Ces  trois  composantes  sont:  

a)  l ' i ncerti tude  re lati ve  à  l 'u ti l i sation  de  matérie l  de  détection  (anémomètres  à  coupel les ,  à  
u l trasons  et d ispos i ti fs  de  té lédétection  (RSD);  

b)  l ' i ncerti tude  relati ve  à  la  d istors ion  de  l 'écou lement due  au  terra in ;  

c)  l ' i ncerti tude  relati ve  aux méthodes  appl iquées.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uV, i.  

Ces  composantes  d ' incerti tude,  a ins i  que  l eurs  sous-composantes,  seron t i n trodu i tes  dans  les  
paragraphes  qu i  su ivent.  

Le  facteur de  sens ib i l i té,  cv , i,  est défi n i  au  Tableau  E . 2.  

E.6.2  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Matériel  

L' incerti tude  de  l a  vi tesse  du  ven t re lative  au  matérie l  compte  trois  composantes,  chacune  
comportant  e l l e-même p l us ieurs  sous-composantes.  Ces  trois  composantes  sont:  

a)  l ' i ncerti tude  re lati ve  à  l 'u ti l i sation  de  capteurs  placés  sur un  mât météorolog ique  
(anémomètres  à  coupel l es  et à  u l trasons);  

b)  l ' i ncerti tude  relati ve  au  d ispos i ti f de  télédétection  (RSD);  

c)  l ' i ncerti tude  relative  à  l a  vi tesse  du  ven t équ iva len te  du  rotor (REWS).  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVHW , I.  
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E.6.3  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique  

E.6.3.1  Général i tés  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'u ti l i sation  d 'anémomètres  à  
coupel les  et à  u l trasons  sur l es  mâts  météorolog iques  (montés  en  tête  ou  l atéra lement).  

Le  symbole  de  cette  composante  d ' incerti tude  est  uVS , i.  (où  V représente  l a  vi tesse  du  ven t et 
S  représente  l es  capteurs) .  

Cette  composante  d ' i ncerti tude  compte  s ix sous-composantes:  

a)  l ' i ncerti tude  re lati ve  à  l 'éta lonnage du  capteur avant l e  débu t de  l 'essai  de  performance de  
pu issance;  

b)  l ' i ncerti tude  relati ve  à  l 'éta lonnage  du  capteur pendant ou  après  l 'essai  de  performance de  
pu issance;  

c)  l ' i ncerti tude  re lative  aux caractéristiques  opérationnel les ,  déterm inées  par l a  class i fication  
du  capteur;  

d )  l ' i ncerti tude  relati ve  au  montage  du  capteur;  

e)  l ' i ncerti tude  relati ve  au  montage  du  paratonnerre;  

f)  l ' i ncerti tude  relative  à  l ' acqu is i ti on  de  données  du  s ignal  du  capteur.  

E.6.3.2  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique – Pré-étalonnage  

Cette  composan te  d ' i ncerti tude  couvre  l ' i ncerti tude  relati ve  à  l 'é ta lonnage  du  capteur avan t 
l 'essai .  Cela  i nclu t l a  variabi l i té  des  essais  répétés  pour une  i nstal lation  d 'essai ,  a i ns i  que  la  
variabi l i té  des  essais  répétés  en tre  d i fféren tes  instal lations.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVS,precal , i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe F  de  l a  présen te  norme.  

Pour un  essai  de  performance de  pu issance spéci fi que,  l es  valeurs  i nd iquées  sur l 'éta lonnage 
des  capteurs  u ti l i sés  doiven t être  u ti l i sées  pour le  ca lcu l  de  l ' i ncerti tude.   

E.6.3.3  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique – Post-étalonnage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l 'éta lonnage i n  s i tu  et/ou  au  
post-étalonnage  du  capteur pendan t et/ou  après  l 'essai .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVS, postcal , i.  

Cette  i ncerti tude  est  également décri te  en  7 . 2 . 2  et  à  l 'Annexe  K de  l a  présente  norme.  

S i  un  éta lonnage  i n  s i tu  a  été  réal isé  l ors  de  l 'essai  de  performance de  pu issance  et s i  u n  
post-étalonnage a  été  réal isé  après  l 'essai  de  performance de  pu issance,  l 'ampl i tude  de  cette  
composante  d ' incerti tude  doi t  être  issue  du  post-éta lonnage.  

S i  un  post-étalonnage est réal isé,  l ' ampl i tude  de  cette  composante  d ' i ncerti tude  doi t être  
égale  à  l a  d i fférence maximale  en tre  l e  pré-éta lonnage et l e  post-étalonnage dans  l a  p l age  de  
vi tesses  du  ven t comprise  en tre  4  m /s  et  1 2  m /s,  j usqu 'à  un  maximum  de  0 , 2  m /s.  

I l  est à  noter que,  étant donné  l ' i ncerti tude  i nhéren te  de  l 'étalonnage,  des  d i fférences  
m ineures  apparaîtront en tre  l e  pré-étalonnage et  l e  post-étalonnage.  La  mei l l eure  estimation  
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de  l a  valeur d 'étalonnage  pour un  capteur spéci fi que  correspondra  à  l a  moyenne des  
éta lonnages  réal isés;  dans  l a  l im i te  d 'un  très  grand  nombre  d 'éta lonnages,  l a  moyenne 
convergera  vers  l e  cen tre  de  l a  d istribu tion .  

Comme seu l  le  pré-étalonnage  est u ti l i sé  pour déterm iner l a  vi tesse  du  ven t au  n i veau  du  
capteur,  l a  d i fférence  maximale  peut donc être  u ti l i sée  comme une  contribu tion  d ' i ncerti tude  
supplémenta ire.  

S i  seu l  un  éta lonnage i n  s i tu  est réal isé  conformément à  l 'Annexe  K,  l 'ampl i tude  de  cette  
composante  d ' i ncerti tude  doi t être  égale  à  l a  va leur maximale  de  δ  dans  l a  p lage  de  vi tesses  
du  ven t comprise  en tre  4  m /s  et  1 2  m /s,  j usqu 'à  un  maximum  de  0, 2  m /s.  

E.6.3.4  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique – Classification  

Cette  composan te  d ' i ncerti tude  couvre  l ' incerti tude  relative  aux caractéristiques  
opérationnel les  du  capteur,  déterm inées  par l a  cl assi fication  du  capteur.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVS, class, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe I  de  la  présente  norme.  

L'ampl i tude  de  cette  i ncerti tude  doi t ê tre  i ssue  du  rapport de  class i fication .  Le  type  de  terrain  
sur l equel  est u ti l i sé  l e  capteur doi t correspondre  au  type  de  terra in  adapté  à  l a  class i fication  
du  capteur (classe  A,  B  ou  S) .  

Le  rapport de  performance de  pu issance  doi t  fa i re  référence  au  rapport de  cl assi fication .  

La  plage  mesurée  des  paramètres  d ' in fluence u ti l i sés  pour l a  class i fication ,  conformément à  
l 'Annexe I ,  do i t  ê tre  consignée pour l 'ensemble  de  données  u ti l i sé  aux fins  du  rapport de  
performance de  pu issance.  S i  l ' écou lement ascendant n 'est pas  mesuré,  l a  conform i té  à  l a  
classe  de  précision  doi t être  j usti fi ée  à  parti r des  pen tes  du  terra in  l ocal  pour l es  d i rections  du  
ven t rencontrées,  en  adaptant un  p lan  au  terrain  à  une  d istance  i n férieure  à  5  fo is  l a  mesure  
de  hauteur re lative  à  l a  pos i ti on  du  WME conformément à  l ' I EC 61 400-1 : 2005,  1 1 . 9.   

L ' incerti tude  opérationnel l e  de  l 'anémomètre  de  référence (d ictée  par un  éven tuel  étalonnage 
du  s i te)  doi t être  i ncluse  dans  cette  composante  d ' i ncerti tude.  E l l e  peu t eng lober toutes  l es  
i ncerti tudes  de  l 'anémomètre  de  référence de  l 'éta lonnage du  s i te,  certa ines  d 'en tre  e l l es  ou  
aucune d 'en tre  e l les ,  se lon  que  l a  p l age  mesurée  des  paramètres  d ' in fl uence rencontrés  par 
l e  capteur de  référence  sur l e  mât météorolog ique  permanent pendant l 'éta lonnage  du  s i te  est 
ou  non  s i gn i ficati vement d i fféren te  de  la  pl age  des  paramètres  d ' i n fl uence rencon trés  par l e  
capteur de  référence  su r l e  mât météorolog ique  permanent pendan t l 'essai  de  courbe  de  
pu issance.  

Par défau t,  la  moi tié  des  i ncerti tudes  opérationnel les  de  l 'anémomètre  de  référence et tou tes  
l es  i ncerti tudes  opérationnel les  de  l 'anémomètre  monté  sur l 'éol ienne  pendant l 'éta lonnage du  
s i te,  a ins i  que  la  moi tié  des  i ncerti tudes  opérationnel les  de  l 'anémomètre  pendant l 'essai  de  
courbe  de  pu issance,  doiven t être  i ncluses.  E l l es  doivent être  add i ti onnées  selon  la  méthode  
quadrati que.   

E.6.3.5  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique – Montage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  au  mon tage  du  capteur.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVS,mnt, i.  
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Cette  i ncerti tude  est également décri te  en  7 . 2. 4  et en  9 . 1 . 2 ,  mais  aussi  à  l 'Annexe  G  de  la  
présente  norme.  

Cette  composan te  d ' i ncerti tude  a  trois  valeurs  par défau t qu i  correspondent aux trois  
configurations  de  mon tage  adm ises  par l 'Annexe G  (un  seu l  anémomètre  monté  en  tête  de  
mât,  anémomètres  montés  en  tête  de  mât côte  à  côte  ou  anémomètre  monté  l atéralement).  

Pour un  seu l  anémomètre  mon té  en  tête  de  mât,  l ' ampl i tude  par défaut de  cette  composante  
d ' incerti tude  est égale  à  0 , 5  %  de  l a  vi tesse  du  vent mesurée.  

Pour des  anémomètres  montés  côte  à  côte  en  tête  de  mât,  l ' ampl i tude  par défau t de  cette  
composan te  d ' incerti tude  est égale  à  1 , 0  % .  

Pour un  anémomètre  monté  l atéralement,  l 'ampl i tude  par défau t de  cette  composante  
d ' incerti tude  est égale  à  l 'u ne  des  valeurs  su ivantes:  

•  pour l es  s i gnaux n 'ayant pas  subi  de  correction  de  l 'écou lement,  l 'ampl i tude  par défaut 
pour cette  composante  d ' i ncerti tude  est égale  à  1 , 5  %  du  s ignal  mesuré;  

•  pour l es  s i gnaux ayan t subi  une  correction  de  l 'écou lement conformément à  7 . 2. 4  et 
à  9. 1 . 2  (correction  de  l a  d istors ion  de  l 'écou lement au  n i veau  du  mât) ,  l 'ampl i tude  par 
défau t de  cette  composante  d ' incerti tude  est égale  à  l a  résu l tan te  quadrati que  de  l a  
moi tié  de  l a  correction  moyenne  appl i quée  au  s ignal  de  vi tesse  du  vent et  à  0 , 5  %  du  
s ignal  mesuré.  Les  effets  du  s i l l age  doivent être  exclus  pour appl i quer l a  correction .   

Le  même principe  de  correction  peu t également être  appl iqué  à  deux anémomètres  montés  
en  tête  de  mât dans  une  configuration  en  poteaux de  bu t,  avec la  même ampl i tude  par défaut  
pour l e  s ignal  ayant subi  une  correction  de  l 'écou lement.  

E.6.3.6  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique – Paratonnerre  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  un  éven tuel  paratonnerre  monté  
en  tête  de  mât et à  son  i n fl uence sur un  anémomètre  monté  en  tête  de  mât l orsque  l es  
exigences  de  l 'Article  G . 5  pour le  montage  du  paratonnerre  ne  peuvent pas  être  respectées.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVS, l g t, i.  

L 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est comprise  en tre  0, 1  %  et 0 , 2  %  
du  s ignal  de  vi tesse  du  ven t.  

E.6.3.7  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  montés  sur mât 
météorolog ique – Acqu isi tion  de  données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' acqu is i tion  de  données  du  
s i gnal  de  vi tesse  du  vent.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udVS, i.  

Cette  i ncerti tude  est  également décri te  en  E. 4. 2  de  l a  présente  norme.  

L'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est comprise  en tre  0, 1  %  et 0 , 2  %  
de  la  pl age  complète  du  s i gnal  de  vi tesse  du  vent mesuré.  

En  prenant pour hypothèse  que  l a  p l age  de  vi tesses  du  vent est égale  à  30  m /s  du  canal  de  
mesure  et que  l ' i ncerti tude  du  système d 'acqu is i ti on  de  données  est égale  à  0 , 1  %  de  cette  
p lage,  l ' i ncerti tude-type  de  l 'acqu is i ti on  de  données  est de  0 , 03  m /s.  
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E.7  Incerti tudes  de catégorie  B:  Vi tesse du  vent – RSD  

E.7.1  Général i tés  

Cette  composan te  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' u ti l i sation  de  d isposi ti fs  de  
té lédétection  pour l es  mesures  de  vi tesse  du  ven t,  comme les  d ispos i ti fs  de  détection  et  
té lémétrie  par ondes  l um ineuses  (LIDAR,  Light Detection And Ranging)  et par ondes  
sonores  (SODAR,  Sonic Detection And Ranging) .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVR, i  (V représente  la  vi tesse  du  ven t et  
R représente  l e  d ispos i ti f de  télédétection) .  

Cette  composante  d ' i ncerti tude  compte  s ix sous-composantes:  

a)  l ' i ncerti tude  relati ve  à  la  véri fication  du  d isposi ti f;  

b)  l ' i ncerti tude  relati ve  au  con trôle  i n  s i tu  du  d ispos i ti f;  

c)  l ' i ncerti tude  re lati ve  aux caractéristiques  opérationnel les  du  d ispos i ti f,  déterm inées  par l a  
cl assi fication  du  d ispos i ti f;  

d )  l ' i ncerti tude  relati ve  au  montage  du  d ispos i ti f;  

e)  l ' i ncerti tude  re lative  à  l a  variation  d 'écou lement sur d i fféren ts  volumes  de  sonde  à  l a  
même hau teur;  

f)  l ' i ncerti tude  relati ve  à  l 'essai  de  survei l l ance.  

g )   

E.7.2  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – RSD – Etalonnage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'éta lonnage du  d ispos i ti f de  
té lédétection .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVR,ver, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe L.  

Avan t de  procéder à  l a  mesure,  un  éta lonnage  selon  l 'Annexe  L  doi t  être  effectué  et ses  
i ncerti tudes  doiven t être  évaluées  (uVR, vrf, i)  (pour pl us  d ' i n formations,  voi r L . 4 . 3).  S i  l es  
i ncerti tudes  re lati ves  à  l a  hau teur de  mesure  exacte  ne  son t pas  d ispon ibles ,  i l  est 
recommandé d ' i n terpoler l es  i ncerti tudes.  L'ampl i tude  par défau t de  cette  composante  
d ' incerti tude  est comprise  entre  1 , 0  %  et 3, 0  %  de  l a  vi tesse  du  vent mesurée.  

E.7.3  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – RSD – Contrôle  in  s i tu  

Cette  composan te  d ' incerti tude  couvre  l ' i ncerti tude  re lative  à  l a  véri fication  du  d isposi ti f de  
té lédétection ,  appl i quée  un iquement aux  RSD équ ipant un  mât météorolog ique  d 'une  hau teur 
i n férieure  à  ce l le  du  moyeu .   

Le  symbole  de  cette  composante  d ' i ncerti tude  es t uVR, i sc, i  ( " isc"  représente  l e  con trôle  i n  s i tu ,  
" in-situ check") .  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe L  de  l a  présente  norme.  

L'essai  i n  s i tu  doi t  être  évalué  conformément à  l a  description  de  l 'Annexe  K,  où  l e  RSD  est le  
principal  matérie l  de  mesure  et l 'anémomètre  monté  sur l e  mât de  survei l lance  est  
l 'anémomètre  de  commande  d isposant  des  mêmes  l im i tes  d ' i ncerti tude.  
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E.7.4  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – RSD – Classification  

Cette  composan te  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  la  class i fication  du  d isposi ti f de  
té lédétection .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVR, class, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe L  de  l a  présente  norme.  

L' incerti tude  due  aux caractéristiques  opérationnel l es  est i ssue  du  rapport de  cl ass i fication  
du  RSD,  qu i  donne  les  pen tes  et l es  p lages  des  variables  envi ronnementales.  I l  existe  trois  
façons  de  calcu ler l ' i ncerti tude  due  à  ces  variables :  

1 .  La  variable  environnementa le  est  mesurée  l ors  de  l a  mesure:  

(se lon  l 'Equation  (L. 6)  de  l 'Annexe  L)  

 ∑
=











−⋅=

M

j

i,j,i,j,
j

iiV xx
m

vu

1

2

verPCclass,R, 1 00
 (E . 1 7)  

 

où  

vi  est  l a  vi tesse  du  ven t mesurée  à  l a  hau teur i;  

M est  l e  nombre  de  variables  envi ronnementales  répu tées  avoi r une  i n fl uence  
s i gn i ficati ve  sur l a  précision  du  d ispos i ti f de  télédétection  se lon  l 'essai  de  
cl assi fication ;  

m j  est l a  pente  décrivan t l a  sens ib i l i té  de  l a  mesure  de  la  vi tesse  du  vent par l e  d isposi ti f 
de  té lédétection  sur l a  variable  environnementale  j  obtenue  par combinaison  des  
résu l tats  d 'au  moins  3  essais  de  class i fication ;  

i,j,xPC  est l a  va leur moyenne  de  la  variable  environnementa le  j  dans  la  tranche de  vi tesse  du  

ven t i  présen te  lors  de  l 'essai  de  courbe  de  pu issance;  

i,j,xver  est l a  va leur moyenne de  la  variable  envi ronnementale  j  dans  la  tranche de  vi tesse  du  

ven t i  présente  l ors  de  l 'essai  de  véri fication  de  performance sur l e  d ispos i ti f de  
té lédétection .  

2 .  La  variable  envi ronnementale  N 'EST PAS  mesurée  l ors  de  l a  mesure:   

 ∑
= 












 −−
⋅=

M

j

i,j,i,ji,ji,jj
ii,V

xx,xx(m
vu

1

2
vermax,ver,min,

classR,
3

max

1 00
 (E. 1 8)  

 

où  

vi   est  l a  vi tesse  du  ven t mesurée  à  la  hau teur i;  

M est l e  nombre  de  variables  environnementales  répu tées  avoi r une  i n fl uence 
s i gn i ficati ve  sur l a  précis ion  du  d isposi ti f de  té lédétection  selon  l 'essai  de  
cl assi fication ;  

m j  est  l a  pente  décrivan t l a  sensib i l i té  de  l a  mesure  de  la  vi tesse  du  vent par l e  
d ispos i ti f de  té lédétection  sur l a  variable  envi ronnementale  j  obtenue  par 
combinaison  des  résu l tats  d 'au  moins  3  essais  de  cl assi fication ;  

i,jxmin,  est  l a  l im i te  i n férieure  de  l a  p l age  attendue  pour l a  variable  environnementale  non  

mesurée  j  dans  l a  tranche de  vi tesse  du  ven t  i;  
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i,j,xmax  est la  l im i te  supérieure  de  l a  p l age  attendue  pour l a  variable  envi ronnementale  non  

mesurée  j  dans  l a  tranche de  vi tesse  du  ven t i;  

i,j,xver  est  la  va leur moyenne  de  l a  variable  environnementa le  j  dans  l a  tranche de  vi tesse  

du  ven t i  présente  lors  de  l 'essai  de  véri fication  de  performance sur l e  d ispos i ti f de  
té lédétection .  

3.  S i  une  p lage  fixe  est  attendue:  

 
3

,classR,

classaccuracy
iiV vu =  (E . 1 9)  

 

NOTE  Cette  équation  n 'est  pas  précise,  car l es  vari ati ons  de  l a  variab le  envi ronnementale  sont  dé jà  i ncl uses  
dans  l es  i ncerti tudes  de  catégorie  A de  l a  cou rbe  de  pu i ssance.  

Conformément à  L. 4 . 4 ,  uVR,class  devien t égal  à  zéro  s i  l 'essai  de  véri fication  i nclu t les  mêmes 
données  que  l 'essai  de  courbe  de  pu issance.  

Pour p lus  de  détai ls ,  vo i r  L . 4 . 4  dans  l 'Annexe  L.  

L'ampl i tude  par défau t pour cette  composan te  d ' i ncerti tude  est comprise  en tre  1 , 0  %  et 1 , 5  %  
de  la  vi tesse  du  ven t mesurée.  

E.7.5  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – RSD – Montage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  au  montage  du  d isposi ti f de  
té lédétection .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVR,mnt , i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe L  de  l a  présente  norme.  

L' incerti tude  du  d isposi ti f de  té lédétection  due  à  un  n i vel lement non  i déal  du  d ispos i ti f doi t  
être  estimée.  L' i ncerti tude  dépend  fortement du  type  d ' instrument u ti l i sé.  

L'ampl i tude  par défau t pour cette  composan te  d ' i ncerti tude  est égale  à  0 , 1  %  de  l a  vi tesse  du  
ven t mesurée.  

E.7.6  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – RSD – Variation  d 'écoulement 

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  variation  de  l 'écou lement sur 
l e  vo lume de  mesure  du  d ispos i ti f de  té lédétection .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVR, flow, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe L  de  l a  présente  norme.  

I l  convient  que  l 'u ti l i sateu r consu l te  l e  fabrican t du  d ispos i ti f de  té lédétection  pour connaître  l a  
mei l l eure  man ière  d 'évaluer l ' i ncerti tude  du  d isposi ti f spéci fique  sur l e  s i te  d 'essai .  

La  procédure  su ivan te  est recommandée  pour une  u ti l i sation  normale  (conformément à  Albers  
et al. ,  référence [1 2 ] 25) :  

___________ 

25  Les  ch i ffres  en tre  crochets  se  réfèren t à  l a  b i b l i ogaph ie.  
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1α  est  l 'ang le  d 'écou lement ascendant vers  l e  volume de  l a  sonde;  

2α  est  l 'ang le  d 'écou lement ascendan t depu is  l e  vo lume de  la  sonde;  

Φ  est  l 'ang le  d 'ouverture  du  RSD  par rapport  à  la  verticale.  

Une  prem ière  estimation  des  ang les  d 'écou lement ascendant  entrant et sortant  du  volume  
d 'essai ,  de  1 °  et de  –1 °  respectivement,  peut être  u ti l i sée.  

Cette  prem ière  estimation  par défau t donne  une  composante  d ' incerti tude  comprise  en tre  2  %  
et  3  %  de  l a  vi tesse  du  ven t mesurée  (en  fonction  de  l 'ang le  d 'ouverture  du  RSD) 
conformément à  L. 4 .5 .  A défau t,  l a  méthode référencée en  E. 6 . 3. 4  et basée  su r la  pente  du  
terra in  peu t être  u ti l i sée.  

E.7.7  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – RSD – Essai  de  survei l l ance  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  au  résu l tat de  l a  survei l l ance  du  
d ispos i ti f de  té lédétection .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVR,mon , i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe L.  

Trois  scénarios  sont  possibles  et doivent  être  tra i tés  comme su i t:  

1 .   Aucune i ncerti tude  supplémenta ire  n 'a  besoin  d 'être  aj ou tée  s i  l e  cri tère  su ivant est 
respecté:  

 
i,i,mh,i,mh,Vi,mh,V vvuu MMRSDRcls

2
Rvrf

2 −>+  (E. 21 )  

 

i,mh,Vu Rvrf  est l ' i ncerti tude  de  l a  véri fication  du  RSD  à  l a  hauteur du  mât de  con trôle  dans  

l a  tranche  i;  

i,mh,Vu Rcls  est l ' i ncerti tude  due  aux caractéristi ques  opérationnel les  du  RSD  à  l a  hau teur 

du  mât de  con trôle  dans  l a  tranche  i;  

i,mh,vRSD  est l a  vi tesse  du  vent du  RSD  à  l a  hauteur du  mât de  con trôle  dans  la  

tranche  i;   

i,vMM  est  la  vi tesse  du  ven t du  mât de  contrôle  dans  l a  tranche  i .  

 

2 .   S i  l 'Equation  (E. 21 )  n 'est  pas  respectée  et que  l a  hau teur de  mesure  du  RSD  est égale  à  
l a  hau teur du  mât météorolog ique  de  con trôle ,  l ' i ncerti tude  su ivan te  doi t  être  ajou tée:  

 i,mh,Vi,mh,Vi,i,mhi,V uuvvu Rcls
2

Rvrf
2

MMRSD,Rmon +−−=  (E . 22)  

 

3.   S i  l 'Equation  (E .21 )  n 'est  pas  respectée  et s i  l a  hau teur de  mesure  du  RSD  est d i fféren te 
de  la  hauteur du  mât météorolog ique  de  contrôle,  uVRmon , i  doi t  ê tre  calcu lé  comme su i t:  

 
i

i,j
i,,ij,
u

u
uu

, 1 ,systematic

,systematic
1ematicadded_systematic,added_syst =  (E . 23)  
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où  

uadded_systematic , j, i  est l ' i ncerti tude-type  aj ou tée  de  catégorie  B  à  l a  hauteur de  
mesure  j  (non  couverte  par l e  mât météorolog ique);  

uadded_systematic , 1 , i  est l ' i ncerti tude  a j ou tée  de  catégorie  B  à  l a  hau teur de  la  tête  du  
mât météorolog ique;  

usystemati c , j, i  son t l es  au tres  incerti tudes  cumu lées  de  catégorie  B  du  d ispos i ti f 
de  té lédétection  à  l a  hauteur j;  

usystemati c , 1 , i  son t l es  au tres  incerti tudes  cumu lées  de  catégorie  B  du  d isposi ti f 
de  té lédétection  à  l a  hauteur de  la  tête  du  mât météorolog ique.  

L 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est égale  à  0 , 5  %  de  l a  vi tesse  du  
ven t mesurée.  

E.8  Incerti tudes  de catégorie  B:  Vi tesse du  vent – REWS 

E.8.1  Général i tés  

De nombreuses  composantes  d ' i ncerti tude  ne  se  rapporten t pas  à  l a  mesure  de  l a  vi tesse  du  
ven t (du  moins  pas  appl i quée  à  une  vi tesse  du  vent à  la  hau teur du  moyeu ),  mais  à  
l 'u ti l i sation  et  à  l a  défi n i ti on  de  la  vi tesse  du  ven t équ ivalente  du  rotor (REWS).  Les  
composantes  d ' incerti tude  re latives  à  l a  REWS sont couvertes  dans  l e  présent paragraphe.  

La  vi tesse  du  vent  équ ivalente  du  rotor,  se lon  l 'Equation  (5)  en  9. 1 . 3 . 2 ,  i nclu t des  mesures  de  
l a  vi tesse  du  ven t à  d i fféren tes  hauteurs  au-dessus  du  sol .  Pour que  l es  calcu ls  d ' i ncerti tude  
de  l a  vi tesse  du  ven t équ ivalen te  du  rotor soient faisables,  l es  Equations  (E . 3)  et (E . 4)  sont 
nécessaires.  Les  Equations  (E. 3)  et (E . 4)  son t des  approximations  des  Equations  (E . 1 )  
et  (E. 2)  respectivement,  lorsque  l es  composantes  d ' i ncerti tude  de  catégorie  B  son t 
i ndépendantes  en tre  les  d i fférentes  sources  d ' incerti tude  de  catégorie  B .  Cette  approximation  
est largement enfrein te  s i  des  i ncerti tudes  de  mesure  de  vi tesse  du  ven t à  d i fférents  n i veaux 
de  hauteur sont tra i tées  comme des  i ncerti tudes  de  catégorie  B  d isti nctes,  car l es  
composan tes  d ' i ncerti tude  des  mesures  de  vi tesse  du  vent à  d i fféren ts  n i veaux de  hau teur 
son t b ien  corré lées.  Les  Equations  (E. 3)  et  (E. 4)  ne  peuvent donc pas  être  appl i quées  
d i rectement.  

Afi n  de  résoudre  ce  problème,  l es  Equations  (E. 3)  et (E . 4)  doivent être  appl iquées  avec l es  
composan tes  de  catégorie  B  correspondan tes  pour l a  vi tesse  d u  ven t équ ivalen te  du  rotor,  
qu i  peuvent être  tra i tées  de  façon  i ndépendan te  l es  unes  des  autres.  Le  Paragraphe  E . 8. 2  
fourn i t  des  consei ls  sur l a  façon  don t cela  peut  être  m is  en  œuvre.  

E.8.2  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – REWS – Mesure de  l a  vi tesse  du  
vent sur l 'ensemble  du  rotor 

E.8.2 .1  Général i tés  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  sur l a  REWS en  fonction  des  mu l tip les  
mesures  de  vi tesse  du  ven t sur l esquel l es  est  fondée  l a  REWS.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uREWS, shear, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe P  de  l a  présen te  norme.  

NOTE  Cette  i ncerti tude  sera  u ti l i sée  à  l a  p l ace  de  uV , i
 se lon  E . 1 3. 3.  

La dérivation  et donc l 'ampl i tude  sont fortement dépendantes  des  d i fférentes  méthodes  de  
mesure  i n trodu i tes  en  7. 2;  ce  poin t est particu l i èrement importan t pour cette  composante  
d ' incerti tude.  Une  configuration  comportan t un  mât météorolog ique  à  l a  hauteur du  moyeu  
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seu lement ne  condu i ra  pas  à  une  m ise  en  œuvre  de  l a  REWS.  Les  autres  configurations  de  
mesure  sont étud iées  dans  l es  paragraphes  ci -dessous.  

I l  est à  noter que  le  même symbole  est u ti l i sé  dans  chaque  paragraphe.  En  effet,  ces  
configurations  s 'excluen t mutuel l ement et,  se lon  l a  configuration  de  mesure  spéci fique,  un  
seu l  des  paragraphes  E. 8. 2. 2  à  E. 8. 2. 4  s 'appl ique.  

E.8.2 .2  Incerti tude  de  cisai l lement de  l a  REWS – Mât météorologique  
sign ificativement  au-dessus  de  la  hauteur du  moyeu  

Dans  cette  configuration ,  l a  REWS est fondée sur l es  s ignaux produ i ts  par des  anémomètres  
à  coupel l es  ou  à  u l trasons  montés  l atéralement à  p l us ieurs  hau teurs  de  mesure  sur un  mât 
météorolog ique.  

Dans  ce  cas,  l 'Equation  (5)  en  9. 1 . 3 . 2  s 'appl i que  et  l es  composantes  d ' incerti tude  de 
l a  REWS son t i ssues  de  l 'Article  E. 6.  

Les  valeurs  par défau t sont  i ssues  de  l a  combinaison  des  valeurs  par défau t à  l 'Article  E. 6.   

La  man ière  de  combiner ces  composantes  dans  une  i ncerti tude  de  l a  REWS est décri te  
en  E. 1 3. 7.  

E.8.2.3  Incerti tude de  cisai l lement de  l a  REWS – RSD +  mât météorolog ique d 'une  
hauteur in férieure  à  cel le  du  moyeu  

Dans  cette  configuration ,  l a  REWS est fondée  sur l es  s ignaux produ i ts  par un  RSD.  Les  
données  du  mât météorolog ique  ne  sont  u ti l i sées  que  pour val ider l es  données  du  RSD.  

Dans  ce  cas,  l 'Equation  (5)  en  9. 1 . 3 . 2  s 'appl i que  et  l es  composantes  d ' incerti tude  de 
l a  REWS son t i ssues  de  l 'Article  E. 7.  

Les  valeurs  par défau t sont  i ssues  de  l a  combinaison  des  valeurs  par défau t à  l 'Article  E. 7.  

La  man ière  de  combiner ces  composan tes  dans  une  i ncerti tude  de  l a  REWS est décri te  
en  E. 1 3. 7.  

E.8.2 .4  Incerti tude de  cisai l lement de  l a  REWS – Mât météorolog ique  à  l a  hauteur du  
moyeu  +  RSD  du  cisai l lement 

Dans  cette  configuration ,  l a  REWS est fondée sur l es  données  d 'un  anémomètre  à  coupel les  
ou  à  u l trasons  monté  sur un  mât météorolog ique  à  l a  hau teur du  moyeu ,  combinées  aux 
données  de  cisai l lement d 'un  RSD.  

Dans  ce  cas,  l 'Equation  (1 1 )  en  9 . 1 . 3. 4  s 'appl i que  et  les  composantes  d ' i ncerti tude  de  
l a  REWS son t i ssues  de  l 'Article  E. 6  et  de  l 'Article  E. 7 .  

I l  existe  dans  ce  cas  une  d i vis ion  supplémentai re:  l es  s ignaux du  RSD  son t considérés  soi t  
comme des  mesures  de  l a  vi tesse  du  ven t absolue,  soi t comme des  mesures  de  l a  vi tesse  du  
ven t re lative,  car l e  tra i tement des  deux est d i fféren t.  Cela  dépend  du  type  de  matérie l  u ti l i sé ,  
ou  de  l 'essai  de  sensib i l i té  et  de  véri fication  d ispon ible.   

Pour une  vi tesse  du  vent absolue,  l a  man ière  de  combiner ces  composan tes  dans  une  
incerti tude  de  l a  REWS est décri te  en  E. 1 3. 8.   

Pour une  vi tesse  du  ven t relati ve,  l a  man ière  de  combiner ces  composantes  dans  une  
i ncerti tude  de  l a  REWS est décri te  en  E. 1 3. 9.  
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E.8.3  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – REWS – Déviation  de  l a  
trajectoi re  du  vent  

Cette  composan te  d ' incerti tude  couvre  l ' incerti tude  re lati ve  à  l ' i n fluence  de  l a  déviation  de  l a  
traj ectoi re  sur l a  REWS.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uREWS, veer, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe  Q  de  l a  présente  norme.  

La  mesure  de  l a  déviation  de  la  traj ectoire  est  fondée sur l es  s i gnaux produ i ts  par des  
g i rouettes  ou  des  anémomètres  à  u l trasons  montés  latéra lement à  p lusieurs  hau teurs  de  
mesure  sur un  mât météorolog ique  ou  sur l es  s ignaux produ i ts  par un  RSD.  

Les  sous-composan tes  de  cette  composan te  d ' i ncerti tude  sont donc i ssues  de  E . 1 2 . 2  ou  
de  E. 1 2. 3.  

E.9  Incerti tudes  de catégorie  B:  Vi tesse du  vent – Terrain  

E.9.1  Général i tés  

Cette  composan te  d ' incerti tude  couvre  l ' incerti tude  re lati ve  à  l a  d istors ion  de  l 'écou lement de  
l a  vi tesse  du  ven t entre  l e  poin t de  mesure  et  l 'éol ienne  due  au  terra in  l ocal .  

Le  symbole  de  cette  composante  d ' incerti tude  est  uVT, i  (V représen te  l a  vi tesse  du  vent et 
T  représente  l e  terrain).  

Cette  i ncerti tude  est  également décri te  en  6 . 3 . 4  de  l a  présente  norme.  

Lorsque  l 'essai  de  performance  de  pu issance est réa l isé  sans  étalonnage du  s i te,  l ' ampl i tude  
par défaut de  cette  composan te  d ' i ncerti tude  est déterm inée  par l a  d istance  en tre  l e  d isposi ti f 
de  mesure  et l 'éol ienne  à  l 'essai .  S i  cette  d is tance  est comprise  entre  2  et 3  d iamètres  de  
rotor (2D  ≤  d is tance  ≤  3D) ,  l 'ampl i tude  par défaut est égale  à  2  %  de  l a  vi tesse  du  vent  
mesurée  pour un  terra in  p lat sur terre  et à  1  %  en  mer.  S i  cette  d istance  est comprise  entre  
3  et 4  d iamètres  de  rotor (3D  <  d istance  ≤  4D) ,  l 'ampl i tude  par défau t est  égale  à  3  %  de  l a  
vi tesse  du  ven t mesurée  pour un  terrain  p lat  sur terre  et à  2  %  en  mer.  

Lorsque  l 'essai  de  courbe  de  pu issance est réal i sé  avec éta lonnage du  s i te,  l 'ampl i tude  par 
défau t de  cette  composan te  d ' incerti tude  est déterm inée  par l a  mesure  de  l 'éta lonnage du  
s i te .  

Dans  ce  cas,  l a  composante  d ' i ncerti tude  re lative  au  terrain  compte  neuf sous-composantes:  

a)  l ' i ncerti tude  relative  à  l 'éta lonnage des  anémomètres  u ti l i sés  pour l 'étalonnage  du  s i te;  

b)  l ' i ncerti tude  relati ve  aux caractéristi ques  opérationnel les  des  anémomètres  u ti l i sés  pour 
l 'éta lonnage du  s i te ;  

c)  l ' i ncerti tude  relative  au  mon tage  des  anémomètres  u ti l i sés  pour l 'éta lonnage  du  s i te;  

d )  l ' i ncerti tude  re lative  à  l 'acqu is i ti on  de  données  des  s ignaux produ i ts  par l es  anémomètres  
u ti l i sés  pour l 'éta lonnage  du  s i te;  

e)  l ' i ncerti tude  relative  au  con trôle  de  convergence;  

f)  l ' i ncerti tude  relative  au  con trôle  de  corrélation ;  

g )  l ' i ncerti tude  relati ve  à  l a  variation  de  l a  correction  en tre  des  tranches  ad j acentes;  

h )  l ' i ncerti tude  re lati ve  à  l 'en lèvement du  capteur de  d i rection  du  ven t en tre  l 'éta lonnage  du  
s i te  et l a  mesure  de  l a  courbe  de  pu issance;  

i )  l ' i ncerti tude  relative  à  la  variation  saisonn ière.  
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E.9.2  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Pré-étalonnage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  relati ve  à  l 'éta lonnage des  capteurs  avan t 
l 'essai .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVT, preca l , i.  

Cette  i ncerti tude  est  également décri te  à  l 'Article  C. 6  de  l a  présente  norme.  

Cette  i ncerti tude  est quasiment l a  même que  uVS, preca l , i  à  l a  d i fférence qu 'e l le  est appl iquée  
aux vi tesses  du  ven t mesurées  sur deux mâts .   

S i  l 'anémomètre  de  référence n 'est pas  l e  même pour l 'étalonnage du  s i te  et l 'essai  de  courbe  
de  pu issance,  son  incerti tude  d 'étalonnage  s 'annu le  complètement.  Seu le  l ' i ncerti tude  
d 'éta lonnage de  l 'anémomètre  au  n i veau  du  mât de  l 'éol ienne  est a lors  perti nen te.  S i  
l 'anémomètre  de  référence est  l e  même pour l 'éta lonnage  du  s i te  et l 'essai  de  courbe  de  
pu issance  d 'un  anémomètre  éta lonné  dans  l a  soufflerie  u ti l i sée  pour l a  ca l ibration  du  prem ier 
anémomètre,  une  grande  partie  de  l 'éta lonnage des  anémomètres  de  référence s 'annu le  s i  l a  
souffl erie  produ i t  des  résu l tats  fortement reproductib les.  S i  l 'anémomètre  de  référence est l e  
même pour l 'éta lonnage du  s i te  et l 'essai  de  courbe  de  pu issance d 'un  anémomètre  éta lonné  
dans  une  soufflerie  d i fféren te  de  cel le  u ti l i sée  pour l 'étalonnage  du  prem ier anémomètre,  
l ' i ncerti tude  des  deux éta lonnages  d 'anémomètres  est perti nente.  

E.9.3  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Post-étalonnage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l 'éta lonnage i n  s i tu  et/ou  au  
post-étalonnage  du  capteur pendant et/ou  après  l 'éta lonnage du  s i te.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVT, postcal , i.  

Cette  i ncerti tude  est  également décri te  en  7 . 2 . 2  et  à  l 'Annexe  K de  l a  présente  norme.  

S i  un  éta lonnage i n  s i tu  a  été  réa l isé  l ors  de  l 'essai  de  performance  de  pu issance et s i  un  
post-éta lonnage a  été  réal isé  après  l 'essai  de  performance de  pu issance,  l 'ampl i tude  de  cette  
composante  d ' incerti tude  doi t  être  i ssue  du  post-étalonnage.  

S i  un  post-éta lonnage est réa l isé,  l 'ampl i tude  de  cette  composante  d ' i ncerti tude  doi t ê tre  
égale  à  la  d i fférence maximale  en tre  l e  pré-étalonnage et l e  post-étalonnage  dans  l a  p lage  de  
vi tesses  du  ven t comprise  entre  4  m /s  et  1 2  m /s,  j usqu 'à  un  maximum  de  0 , 2  m /s.  

I l  est à  noter que,  étant donné  l ' i ncerti tude  i nhéren te  de  l 'étalonnage,  des  d i fférences  
m ineures  apparaîtront  entre  l e  pré-étalonnage et  l e  post-étalonnage.  La  mei l l eure  estimation  
de  l a  valeur d 'étalonnage pour un  capteur spéci fi que  correspondra  à  l a  moyenne des  
éta lonnages  réal isés;  dans  l a  l im i te  d 'un  très  grand  nombre  d 'éta lonnages,  l a  moyenne 
convergera  vers  l e  cen tre  de  l a  d istribu tion .  

Comme seu l  le  pré-étalonnage est u ti l i sé  pour déterm iner l a  vi tesse  du  ven t au  n i veau  du  
capteur,  l a  d i fférence maximale  peut donc être  u ti l i sée  comme une  contribu tion  d ' i ncerti tude  
supplémentai re.  

S i  seu l  u n  éta lonnage i n  s i tu  est réal isé  conformément à  l 'Annexe  K,  l 'ampl i tude  de  cette  
composante  d ' i ncerti tude  doi t être  égale  à  l a  va leur maximale  de  δ  dans  l a  p lage  de  vi tesses  
du  ven t comprise  en tre  4  m /s  et  1 2  m /s,  j usqu 'à  un  maximum  de  0, 2  m /s.  

E.9.4  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Classification  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  cl ass i fication  des  capteurs  
pour l 'étalonnage du  s i te.  
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Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVT, class, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Article  C. 6  de  l a  présente  norme.  

Cette  i ncerti tude  est quasiment l a  même que  uVS, class, i,  à  l a  d i fférence  qu 'e l l e  est appl iquée  à  
une  mesure  des  vi tesses  du  ven t su r deux mâts.  Certains  des  facteu rs  d ' i n fl uence pour l a  
cl assi fication  auront l a  même in fluence  sur l es  deux capteurs ,  ce  qu i  provoquera  une  
corrélation  dans  l a  réponse  opérationnel l e  et une  d im inution  de  l a  d i fférence  en tre  les  
s i gnaux.  Les  pri ncipaux facteurs  d ' i n fl uence,  par exemple  les  tu rbu lences,  l e  cisai l lemen t et 
l 'écou lement ascendant,  peuvent tou tefois  d i fférer en tre  les  deux emplacements  de  mesure;  
l 'ampl i tude  de  cette  composante  d ' i ncerti tude  doi t  donc être  égale  à  l ' i ncerti tude  relati ve  à  l a  
cl assi fication  d 'un  capteur.  

L 'ampl i tude  de  cette  i ncerti tude  doi t  être  i ssue  du  rapport de  cl ass i fication .  Le  type  de  terra in  
sur l equel  est u ti l i sé  l e  capteur doi t correspondre  au  type  de  terrain  adapté  à  l a  class i fication  
du  capteur (classe  A,  B  ou  S) .  

Le  rapport d 'éta lonnage  du  s i te  doi t  fai re  référence au  rapport de  cl assi fi cation .  En  l 'absence 
d 'une  te l le  référence,  l 'ampl i tude  par défaut de  l ' i ncerti tude  doi t  ê tre  de  classe  3, 4A (pour un  
terra in  non  complexe)  ou  de  classe  4, 5B  (pour un  terrain  complexe).  

La  plage  mesurée  des  paramètres  d ' in fluence u ti l i sés  pour l a  class i fication ,  conformément à  
l 'Annexe I ,  do i t  être  cons ignée pour l 'ensemble  de  données  u ti l i sé  pour l e  rapport 
d 'éta lonnage du  s i te.  S i  l 'écou lement ascendant n 'est pas  mesuré,  l a  con form i té  à  l a  classe  
de  précis ion  doi t être  j usti fiée  à  parti r des  pentes  du  terra in  local  pour l es  d i rections  du  vent 
rencontrées,  en  prenan t pour hypothèse  que  l 'ang le  vertica l  du  ven t est  égal  aux  2 /3  de  l a  
pen te  moyenne du  terrain  à  moins  de  5D  du  côté  exposé au  ven t de  l 'éol ienne.   

S i  l a  p lage  mesurée  des  paramètres  d ' in fluence  rencontrés  par l e  capteur de  référence  sur l e  
mât météorolog ique  permanen t pendant l 'éta lonnage du  s i te  est s i gn i ficati vement d i fféren te  
de  l a  p l age  des  paramètres  d ' i n fl uence rencon trés  par l e  capteur de  référence  sur l e  mât 
météorolog ique  permanent pendant l 'essai  de  courbe  de  pu issance,  i l  peut être  nécessaire  
d 'ajouter une  i ncerti tude  supplémentaire.  Tant que  l es  deux essais  resten t dans  l es  l im i tes  
défin ies  pour l es  classes  A et B,  l a  couverture  est  tou tefois  cons idérée  comme suffisan te  et i l  
n 'est  pas  nécessaire  de  prendre  en  compte  une  i ncerti tude  supplémenta ire.   

E.9.5  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Montage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  au  montage  des  capteurs  pendant  
l 'éta lonnage du  s i te.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVT,mnt, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Article  C. 6  de  l a  présente  norme.  

Cette  i ncerti tude  est quasiment l a  même que  uVS,mnt, i,  à  la  d i fférence  qu 'e l le  est appl i quée  à  
une  mesure  des  vi tesses  du  ven t sur deux mâts.  Lorsque  l es  types  des  capteurs,  l es  
implan tations  des  mâts  et l es  d i rections  du  ven t son t l es  mêmes,  l ' h ypothèse  d 'une  corrélation  
é levée entre  l es  i n fluences  de  montage  des  deux mâts  sur l es  deux capteurs  pourrai t  ê tre  
envisagée,  ce  qu i  pourrai t  j usti fi er une  i ncerti tude  rédu i te.  Cependan t,  même lorsque  l es  
types  des  capteurs  et l es  implantations  des  mâts  son t i denti ques,  l es  d i rections  du  ven t 
rencontrées  en  même temps  par l es  deux mâts  ne  sont pas  tou jours  i dentiques.  Alors  que  
l ' i n fl uence du  mât sur l es  capteurs  est sensib l e  à  l a  d i rection ,  l a  corrélation  réel l e  des  effets  
du  mon tage  en tre  l es  deux mâts  sera  l im i tée  et  l es  effets  du  montage  doivent être  pris  en  
compte.  

L'ampl i tude  par défaut  pour cette  composante  d ' incerti tude  correspond  à:   

a)  0 , 5  %  de  l a  vi tesse  du  vent  mesurée  pour un  seu l  anémomètre  monté  en  tête  de  mât;  
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b)  1 , 0  %  pour une  configuration  avec des  anémomètres  montés  côte  à  côte  en  tête  de  mât.  

c)  Pour un  anémomètre  mon té  l atéralement,  l ' ampl i tude  par défau t pour cette  composante  
d ' incerti tude  est égale  à  l 'une  des  valeurs  su ivantes:  

1 )  pour l es  s i gnaux n 'ayant pas  subi  de  correction  de  l 'écou lement,  l 'ampl i tude  par défaut 
pour cette  composante  d ' i ncerti tude  est égale  à  1 , 5  %  du  s ignal  mesuré;  

2)  pour l es  s i gnaux ayan t subi  u ne  correction  de  l 'écou lement conformément à  7. 2 . 4  et 
à  9. 1 . 2 ,  l 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est  égale  à  l a  
résu l tan te  quadrati que  de  la  moi tié  de  la  correction  moyenne appl i quée  au  s ignal  de  
vi tesse  du  ven t et à  0 , 5  %  du  s ignal  mesuré.  Les  effets  du  s i l lage  doiven t  être  exclus  
pour appl iquer l a  correction .  Cela  remplace  l ' i ncerti tude  re lative  à  l 'absence de  
correction  de  l 'écou lement,  et  ne  doi t  pas  l u i  être  ajouté.  

Le  même principe  de  correction  peu t également être  appl iqué  à  deux anémomètres  montés  
en  tête  de  mât dans  une  configuration  en  poteaux de  bu t,  avec la  même ampl i tude  par défaut 
pour l e  s i gnal  ayant  subi  une  correction  de  l 'écou lement.  

E.9.6  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Capteurs  – Paratonnerre  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  un  éven tuel  paratonnerre  monté  
en  tête  de  mât et à  son  i n fl uence sur un  anémomètre  monté  en  tête  de  mât l orsque  l es  
exigences  de  l 'Article  G . 5  pour le  montage  du  paratonnerre  ne  peuvent pas  être  respectées.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVT, l g t, i.  

L 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est comprise  en tre  0, 1  %  et 0 , 2  %  
du  s ignal  de  vi tesse  du  ven t.  

E.9.7  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Acquis i tion  de  
données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'acqu is i ti on  de  données  des  
s i gnaux des  capteurs  de  vi tesse  du  ven t pendan t l 'éta lonnage  du  s i te .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udVT, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Article  C. 6  de  l a  présente  norme.  

Cette  i ncerti tude  est quasiment l a  même que  udVS, i,  à  l a  d i fférence qu 'e l l e  est appl iquée  à  une  
mesure  des  vi tesses  du  vent sur deux mâts .  Par hypothèse,  l 'acqu is i ti on  d e  données  des  
deux s i gnaux est i ndépendante.  Cette  i ncerti tude  doi t donc être  comptée  deux fo is.  

L'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est comprise  en tre  0, 1  %  et 0 , 2  %  
de  la  p lage  complète  du  canal  de  mesure  de  vi tesse du  ven t.  

E.9.8  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Variation  de  correction  
entre  tranches  ad jacentes  

Cette  composan te  d ' i ncerti tude  couvre  l ' i ncerti tude relati ve  à  l 'é ta lonnage des  capteurs  avan t 
l 'essai .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est uVT, coc, i  (COC représente  la  variation  de  
correction ,  "correction change") .  

Voi r C. 7. 3  pour p lus  d ' i n formations  sur l 'évaluation  de  cette  incerti tude.  
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E.9.9  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – En lèvement du  capteur 
de  d i rection  du  vent  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'en lèvement du  capteur de  
d i rection  du  vent  en tre  l 'éta lonnage  du  s i te  et  l 'essai  de  performance  de  pu issance.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uVT, rmv, i.  

Voi r C. 7. 4  pour p lus  d ' i n formations  sur l 'évaluation  de  cette  incerti tude.  

E.9.1 0  Incerti tudes  de  catégorie  B:  Vi tesse  du  vent – Terrain  – Variation  saisonnière  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lative  à  la  variation  saisonn ière  entre  
l 'éta lonnage du  s i te  et l 'essai  de  performance  de  pu issance.  

Le  symbole  de  cette  composan te  d ' incerti tude  est  uVT, sv, i  (SV représen te  la  variation  
saisonn ière,  "seasonal variation") .  

Cette  i ncerti tude  est  également décri te  en  C.7 .5  de  l a  présente  norme.  

Cette  incerti tude  ne  doi t  être  appl i quée  que  s i  au  moins  l ' une  de  ces  cond i tions  pour une  
tranche  de  d i rection  du  vent  d i ffère  d 'une  va leur supérieure  aux valeu rs  su ivan tes  en tre  
l 'éta lonnage du  s i te  et l 'essai  de  performance  de  pu issance:   

a)  0 , 05  pour l 'exposant de  cisai l l ement du  ven t;  

b)  3  %  pour l ' in tens i té  des  turbu lences;   

c)  s i  l 'écou lement ascendant est mesuré,  une  l im i te  de  variation  de  ±  2°  est recommandée  
pour l 'écou lement ascendan t vertica l .  

S i  au  moins  l ' une  de  ces  cond i ti ons  est  déclenchée,  l 'ampl i tude par défaut de  cette  i ncerti tude  
correspond  à  1 /3  de  l 'ampl i tude  de  l a  correction  de  l 'écou lement d ictée  par l 'éta lonnage du  
s i te .  

E.1 0  Incerti tudes  de catégorie  B:  Masse volumique de l 'ai r 

E.1 0. 1  Général i tés  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' i n fluence de  l a  masse  
volum ique  de  l 'a i r sur la  courbe  de  pu issance.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uAD, i.  

La  masse  volum ique  de  l 'a i r est dédu i te  à  parti r des  mesures  de  l a  température  de  l 'a i r,  de  
l ' hum id i té  et  de  la  press ion  atmosphérique.  

L' incerti tude  de  masse  volum ique  de  l 'a i r contien t  quatre  composantes:  

•  l ' i ncerti tude  re lative  à  l 'u ti l i sation  d 'un  capteur de  température  et à  l ' acqu is i tion  de  
données;  

•  l ' i ncerti tude  re lati ve  à  l 'u ti l i sation  d 'un  capteur de  press ion  et à  l ' acqu is i tion  de  
données;  

•  l ' i ncerti tude  re lative  à  l 'u ti l i sation  d 'un  capteur d 'hum id i té  re lati ve  (HR)  et à  l 'acqu is i tion  
de  données  ou  à  l 'absence  d 'un  te l  capteur;  

•  l ' i ncerti tude  due  à  l a  correction  de  la  masse  volumique  de  l 'a i r.  
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Ces  composan tes  d ' incerti tude,  a ins i  que  l es  sous-composantes  associées,  seront i n trodu i tes  
dans  l 'Article  E. 1 0.  

E.1 0.2  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – In troduction  – 
Température  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  mesure  de  l a  température.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uT, i.  

Cette  i ncerti tude  compte  quatre  composantes:  

a)  l ' i ncerti tude  relati ve  à  l 'éta lonnage du  capteur de  température;  

b)  l ' i ncerti tude  relati ve  à  la  protection  con tre  le  rayonnement du  capteur de  température;  

c)  l ' i ncerti tude  relati ve  au  mon tage  du  capteur de  température;  

d )  l ' i ncerti tude  relati ve  à  l ' acqu is i tion  de  données  du  s i gnal  du  capteur de  température.  

Les  équations  relatives  au  calcu l  des  facteurs  de  sensib i l i té  pour l a  température  son t:  

sens ib i l i té  de  température  d 'une  mesure  sur une  éol i enne  avec con trôle  de  l a  pu issance  
acti ve:  
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où  

cT, i  est  l e  facteur de  sensib i l i té  de  l a  température  dans  l a  tranche i;  

cv, i  est  le  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent  dans  la  tranche  i;  

vi  est  l a  vi tesse  du  ven t moyenne dans  la  tranche  i;  

ρ i  est  la  masse  volum ique  de  l 'a i r moyenne  dans  l a  tranche  i;  

Ti  est  la  température  moyenne  dans  l a  tranche  i;  

Φi  est  l 'hum id i té  re lati ve  moyenne (p lage  de  0  %  à  1 00  %)  dans  l a  tranche i;  

R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] ;  

Rw  est  l a  constante  des  gaz pour l a  vapeur d 'eau  (461 , 5)  [J /kgK] .  

Sens ibi l i té  de  température  d 'une  mesure  sur une  éol ienne  à  régu lation  par décrochage:  
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où  

cT, i  est  l e  facteur de  sensib i l i té  de  l a  température  dans  l a  tranche i;  

Pi  est  le  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent  dans  la  tranche  i;  

ρ i  est  la  masse  volum ique  de  l 'a i r moyenne  dans  l a  tranche  i;  

Ti  est  la  température  moyenne  dans  l a  tranche  i;  

Φi  est  l 'hum id i té  re lati ve  moyenne (p lage  de  0  %  à  1 00  %)  dans  l a  tranche i;  

R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] ;  

Rw  est  l a  constante  des  gaz pour l a  vapeur d 'eau  (461 , 5)  [J /kgK] .  
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E.1 0.3  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Température – 
Etalonnage  

Cette  composan te  d ' incerti tude  couvre  l ' i ncerti tude  re lative  à  l 'éta lonnage du  capteur de  
température.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uT, cal , i.  

L 'ampl i tude  par défau t pour cette  composante  d ' incerti tude  est comprise  en tre  0 , 4  °C  et 
0 , 6  °C.  

E.1 0.4  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Température – 
Protection  contre  le  rayonnement 

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  la  protection  contre  l e  
rayonnement du  capteur de  température.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uT, sh ie l d , i.  

L 'ampl i tude  par défau t pour cette  composante  d ' incerti tude  est comprise  en tre  1 , 5  °C  et 
2 , 5  °C.  

E.1 0.5  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Température – Montage  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  au  montage  du  capteur de  
température.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uT,mnt, i.  

L 'ampl i tude  par défau t pour cette  composante  d ' incerti tude  est comprise  entre  0 , 25  °C  et 
0 , 4  °C.  

E.1 0.6  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Température – 
Acquisi tion  de  données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' acqu is i ti on  de  données  du  
s i gnal  du  capteur de  température.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udT, i.  

L 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est comprise  en tre  0 , 1  %  et 0 , 2  %  
de  l a  p lage  complète  du  canal  de  mesure.  En  prenant pour h ypothèse  une  p lage  de  
température  de  40  °C,  l a  va leur obtenue  est égale  à  0 , 04  °C.  

E.1 0.7  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Pression  – In troduction  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  mesure  de  l a  pression .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uB , i.  

Cette  composante  d ' i ncerti tude  compte  tro is  sous-composan tes:  

a)  l ' i ncerti tude  relati ve  à  l 'éta lonnage du  capteur de  pression ;  

b)  l ' i ncerti tude  relati ve  au  mon tage  du  capteur de  pression ;  

c)  l ' i ncerti tude  relati ve  à  l ' acqu is i tion  de  données  du  s i gnal  du  capteur de  pression .  

Les  équations  relati ves  au  ca lcu l  des  facteurs  de  sensib i l i té  pour la  press ion  son t:  
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Sensibi l i té  de  press ion  d 'une  mesure  sur une  éol ienne  avec contrôle  de  la  pu issance acti ve:  
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où  

cB, i  est  l e  facteur de  sens ib i l i té  de  l a  température  du  ven t dans  la  tranche  i;  

cv, i  est  le  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent  dans  la  tranche  i;  

vi  est  l a  vi tesse  du  ven t moyenne dans  la  tranche  i;  

ρ i  est  l a  masse  volum ique  de  l 'a i r moyenne  dans  l a  tranche  i;  

Ti  est  la  température  moyenne  dans  l a  tranche  i;  

R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] .  

Sens ib i l i té  de  press ion  d 'une  mesure  sur une  éol ienne  à  régu lation  par décrochage:  
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où  

cB, i  est  l e  facteur de  sensib i l i té  de  l a  température  du  ven t dans  la  tranche  i;  

Pi  est  l e  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent dans  la  tranche  i;  

ρ i  est  l a  masse  volum ique  de  l 'a i r moyenne dans  l a  tranche  i;  

Ti  est  l a  température  moyenne  dans  l a  tranche  i;  

R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] .  

E.1 0.8  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Pression  – Etalonnage  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'éta lonnage du  capteur de  
press ion .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uB , cal , i.  

L 'ampl i tude  par défaut  pour cette  composante  d ' incerti tude  est  comprise  en tre  2  hPa  et 4  hPa.  

E.1 0.9  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Pression  – Montage  

Cette  composan te  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  au  montage  du  capteur de  
press ion .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uB ,mnt , i.  

L 'ampl i tude  par défaut pour cette  composante  d ' i ncerti tude  est déterm inée  par l a  d i fférence 
de  hauteur pour l aquel le  est corri gé  le  s i gnal  du  capteur de  press ion .  La  press ion  re lati ve  à  
cette  d i fférence  de  hauteur peut être  ca lcu lée  se lon  l ' I SO  2533.  L'ampl i tude  par défaut  de  
l ' i ncerti tude  relati ve  à  cette  correction  de  press ion  est  égale  à  1 0  %  de  l a  correction .  

Pour un  capteur i nsta l lé  à  une  hau teur de  2  m  et une  hauteur du  moyeu  de  1 00  m ,  l a  
d i fférence  est égale  à  98  m ,  ce  qu i  donne  une  d i fférence de  pression  de  1 1 , 7  hPa.  
L ' incerti tude  serai t  a l ors  de  1 , 1 7  hPa.  
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E.1 0. 1 0  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Pression  – Acquisi tion  
de  données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l 'acqu is i ti on  de  données  du  
s ignal  d u  capteur de  pression .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udB, i.  

L 'ampl i tude  par défaut pour cette  composante  d ' incerti tude  est égale  à  0 , 1  %  de  la  p lage  
complète  du  canal  de  mesure  pour l a  pression .  En  prenan t pour hypothèse  une  p lage  de  
press ions  de  1 00  hPa  du  canal  de  mesure,  l a  va leur obtenue  est  égale  à  0 , 1  hPa.  

E.1 0. 1 1  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Humid i té  relative – 
In troduction  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  mesure  de  l ' hum id i té  re lati ve.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uRH , i.  

La  mesure  de  l ' hum id i té  re lati ve  n 'est pas  exigée.  Dans  ce  cas,  une  valeur par défaut de  50  %  
avec une  i ncerti tude  de  1 00  %  (en tre  0  %  et  1 00  %)  doi t être  prise  pour h ypothèse.  

Lorsque  l ' hum id i té  est  mesurée,  cette  composante  d ' i ncerti tude  compte  trois  sous-
composantes:  

a)  l ' i ncerti tude  relati ve  à  l 'éta lonnage du  capteur d 'hum id i té;  

b)  l ' i ncerti tude  relative  au  mon tage  du  capteur d 'hum id i té;  

c)  l ' i ncerti tude  relative  à  l ' acqu is i ti on  de  données  du  s ignal  d u  capteur d 'hum id i té.  

Les  équations  relati ves  au  ca lcu l  des  facteurs  de  sens ib i l i té  pour l 'hum id i té  re lati ve  sont:  

Sens ibi l i té  d 'hum id i té  re lati ve  d 'une  mesure  sur une  éol ienne  avec contrôle  de  l a  pu issance 
acti ve:  
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où  

cRH, i  est  l e  facteur de  sensib i l i té  de  l a  température  du  ven t  dans  la  tranche  i;  

cv, i  est  le  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent  dans  la  tranche  i;  

vi  est  l a  vi tesse  du  ven t moyenne dans  la  tranche  i;  

ρ i  est  l a  masse  volum ique  de  l 'a i r moyenne dans  l a  tranche  i;  

Ti  est  la  température  moyenne  dans  l a  tranche  i;  

R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] ;  

Rw  est  la  constante  des  gaz pour l a  vapeur d 'eau  (461 , 5)  [J /kgK] .  

Sens ibi l i té  d 'hum id i té  re lative  d 'une  mesure  sur une  éol i enne  à  régu lation  par décrochage:  
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où  

cRH , i  est  le  facteur de  sens ib i l i té  de  l a  température  du  ven t dans  la  tranche  i;  
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Pi  est  le  facteur de  sens ib i l i té  de  l a  vi tesse  du  vent  dans  la  tranche  i;  

ρ i  est  l a  masse  volum ique  de  l 'a i r moyenne dans  l a  tranche  i;  

Ti  est  l a  température  moyenne  dans  l a  tranche  i;  

R0  est  l a  constante  des  gaz pour l 'a i r sec (287,05)  [J /kgK] ;  

Rw  est  la  constante  des  gaz pour l a  vapeur d 'eau  (461 , 5)  [J /kgK] .  

E.1 0. 1 2  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Humid i té  relative – 
Etalonnage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'éta lonnage  du  capteur 
d 'hum id i té.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uRH,cal , i.  

L 'ampl i tude  par défau t pour cette  composan te  d ' incerti tude  est  comprise  en tre  1  %  et 2  % .  

E.1 0. 1 3  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Humid i té  relative – 
Montage  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'éta lonnage  du  capteur 
d 'hum id i té.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uRH,mnt , i.  

L 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  est comprise  en tre  0, 1  %  et 0 , 2  %  
de  la  valeur mesurée.  

E.1 0. 1 4 Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Humid i té  relative – 
Acquisi tion  de  données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l 'acqu is i ti on  de  données  du  
s ignal  d u  capteur d 'hum id i té.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udRH , i.  

L 'ampl i tude  par défaut pour cette  composan te  d ' incerti tude  est égale  à  0 , 1  %  de  la  p lage  
complète  du  canal  de  mesure  pour l 'hum id i té  relati ve.   

E.1 0. 1 5  Incerti tudes  de  catégorie  B:  Masse volumique de  l 'ai r – Correction  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  relative  à  l a  correction  de  l a  masse  
volum ique  de  l 'a i r.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uAD,method , i .  

Dans  l e  cadre  de  l 'anal yse  des  données,  l a  masse  volum ique  de  l 'a i r mesurée  est normal isée  
à  l a  masse  volum ique  de  l 'a i r de  référence.  Cette  normal isation  est l i ée  à  une  composante  
d ' incerti tude,  en  partie  à  cause  des  i ncerti tudes  re lati ves  à  l a  température,  l a  press ion  et 
l 'hum id i té  re lati ve  mesurées,  mais  également parce  que  l 'une des  h ypothèses  sous-jacentes  
sur l esquel les  se  fonde  l a  formu le  de  normal isation  est de  p lus  en  p lus  imprécise,  ce  qu i  
augmente  l a  d i fférence  de  masse  volum ique  de  l 'a i r à  laquel le  s 'appl i que  l a  normal isation  de  
masse  volum ique  de  l 'a i r.   

Pour une  éol i enne  à  régu lation  par décrochage  avec pas  de  pale  constant et vi tesse  de  
rotation  constan te,  cette  i ncerti tude  doi t  être  évaluée  en  procédan t à  un  moyennage de  
tranche de  l a  pu issance  de  sortie  normal isée  à  l a  masse  volum ique  de  l 'a i r a ins i  que  de  la  
pu issance  de  sortie  mesurée  par rapport à  la  vi tesse  du  vent à  la  hauteur du  moyeu .  La  moi ti é  
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de  l 'écart entre  l a  pu issance  de  sortie  normal isée  et l a  pu issance de  sortie  mesurée  par 
tranche  de  vi tesse  du  vent doi t ê tre  considérée  comme l ' incerti tude-type  de  l a  normal isation  
de  la  masse  volum ique  de  l 'a i r dans  cette  tranche  de  vi tesse  du  ven t.  

Pour une  éol i enne  avec con trôle  de  l a  pu issance acti ve,  l ' i ncerti tude  de  l a  normal isation  de  l a  
masse  volum ique  de  l 'a i r doi t être  évaluée  en  procédan t à  un  moyennage par tranche de  la  
vi tesse  du  vent mesurée  par rapport à  l a  vi tesse  du  ven t normal isée  pour l a  masse  volum ique  
de  l 'a i r.  La  moi tié  de  l 'écart en tre  l a  vi tesse  du  vent normal isée  et la  vi tesse  du  ven t mesurée  
doi t être  cons idérée  comme l ' i ncerti tude-type  de  l a  normal isation  de  l a  masse  volum ique  de  
l 'a i r dans  cette  tranche de  vi tesse  du  vent.  

Dans  cet exemple  u ti l i sant une  éol i enne  avec contrôle  de  l a  pu issance  acti ve,  l es  écarts  de  
vi tesse  du  ven t par tranche  de  vi tesse  du  ven t sont  répertoriés  au  Tableau  E . 9.  

E.1 1  Incerti tudes  de catégorie  B:  Méthode  

E.1 1 . 1  Général i tés  

La méthode  spéci fique  u ti l i sée  pour mesurer ou  anal yser une  courbe  de  pu issance peu t 
également contribuer à  l ' i ncerti tude  du  résu l tat.  Autan t  que  possib le,  cette  i ncerti tude  a  été  
ajoutée  aux incerti tudes  de  catégorie  B  auxquel l es  e l le  se  rapporte.  L ' i ncerti tude  re lati ve  à  l a  
correction  de  la  masse  volum ique  est donc i ncluse  dans  la  masse  volum ique  de  l 'a i r,  tand is  
que  l ' i ncerti tude  re lative  à  l a  correction  de  l a  d is tors ion  de  l 'écou lement est i ncluse  dans  les  
capteurs  de  vi tesse  du  ven t.  

Certa ines  des  i ncerti tudes  re latives  à  la  méthode,  regroupées  sous  l 'en- tête  "Méthode",  ne  
peuven t tou tefois  pas  être  faci l ement attribuées  à  une  composante  spéci fique.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM, i.  

E.1 1 .2  Incerti tudes  de  catégorie  B:  Méthode  – Cond itions  de  vent  

E. 1 1 .2. 1  Général i tés  

Bien  que  cette  i ncerti tude  ne  soi t d i rectement décri te  nu l le  part a i l l eu rs  dans  l a  présen te  
norme,  e l l e  est i n timement l i ée  à  l a  défin i tion  de  l a  courbe  de  pu issance décri te  à  l 'Article  5  
de  la  présente  norme.  

Conformément à  la  défin i tion  donnée,  la  courbe  de  pu issance selon  l a  présente  norme est 
une  courbe  de  pu issance spéci fi que  au  cl imat.  Les  cond i ti ons  de  vent (cisai l l emen t du  ven t,  
déviation  de  la  traj ectoire  du  ven t,  tu rbu lences  et écou lement ascendant)  on t une  i n fl uence  
d i recte  sur l a  performance de  pu issance  d 'une  éol i enne.  

Par exemple,  so i t  u ne  courbe  de  pu issance  mesurée  pour l 'ensemble  spéci fique  de  cond i ti ons 
de  ven t su ivantes:  cisai l l ement  =  0 , 1 ,  déviation  de  la  traj ectoire  du  vent =  1 0° ,  
tu rbu lences  =  1 0  %  et écou lement ascendan t =  +2° .  La  courbe  de  pu issance mesurée  serai t 
a lors  cons ignée en  même temps  que  ces  valeurs,  et i l  ne  serai t pas  nécessaire  d ' i n trodu i re  
d 'au tres  i ncerti tudes.  

Toutefois,  l es  valeurs  rencontrées  pour ces  paramètres  l ors  d 'une  mesure  de  la  courbe  de  
pu issance ne  sont généralement pas  constantes,  et  l ors  de  l a  mesure  de  l a  courbe  de  
pu issance,  chacun  de  ces  paramètres  reflétera  une  p lage  de  valeurs  auxquel l es  a  été  
soum ise  l 'éol ienne.  Dans  cet exemple,  so i t  un  cisa i l l ement compris  entre  0  et  0 , 3 ,  une  
déviation  de  l a  trajectoire  du  ven t comprise  en tre  0°  et 20° ,  un  n i veau  de  turbu lences  compris  
en tre  3  %  et 20  %  et un  écou lement ascendant compris  en tre  0°  et  5° .  Au  fu r et à  mesure  de  
l a  mesure,  l 'échanti l lonnage se  fa i t donc parm i  p lus ieurs  courbes  de  pu issance.  Ces  variables  
d 'en trée  étant i ncon trôlables ,  la  prochaine  mesure  de  l a  courbe  de  pu issance sur l e  même 
s i te  (que  ce  soi t imméd iatement après  l a  prem ière  mesure  ou  un  an  p lus  tard  pour réa l iser l a  
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mesure  à  l a  même sa ison)  sera  donc p lus  ou  moins  d i fféren te  de  l a  prem ière.  C'est  l e  
principal  argument en  faveur de  l 'a j out d 'une  composante  d ' incerti tude  relati ve  aux cond i ti ons  
de  ven t.  

Dans  cette  perspective,  l es  é léments  su ivan ts  son t à  prendre  en  compte:  

a)  S i  un  ou  p lus ieurs  des  quatre  paramètres  qu i  déterm inen t l es  cond i tions  de  vent n 'ont pas  
été  mesurés,  l a  courbe  de  pu issance ne  peu t pas  être  consignée précisément.  
L' incerti tude  associée  ne  peu t être  estimée qu 'en  prenant pour h ypothèse  des  p lages  et  
va leurs  poss ib les  pour les  paramètres  manquants,  e t en  estimant leur i n fluence 
poten tie l l e  sur l a  performance  de  pu issance de  l 'éol i enne.  

b)  Des  i n formations  supplémentaires  sont d ispon ibles  pour l es  paramètres  qu i  ont été  
mesurés,  mais  e l l es  ne  son t pas  forcément suffi san tes  pour caractériser la  performance  
de  pu issance  en  détai l .  Par exemple:  

•  Un  paramètre  mesuré  en  tro is  poin ts  de  l a  surface  du  rotor peu t ne  pas  donner une  
image complète  des  surfaces  qu i  n 'ont pas  été  mesurées.  

•  Les  cond i tions  de  ven t (par exemple,  l e  cisa i l lement)  son t mesurées  à  une  d istance  
comprise  en tre  deux et quatre  d iamètres  de  rotor de  l 'éol ienne  et,  l a  p lupart du  temps,  
sans  aucune au tre  donnée concernan t l e  degré  auquel  l es  cond i tions  à  l 'emplacement 
de  mesure  reflètent l es  cond i tions  à  l 'emplacement de  l 'éol i enne.  I l  est à  noter que  
l ' i ncerti tude  concernant l a  corrélation  de  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  est 
exam inée  en  E .9 . 1 .  

•  Un  argument s im i la i re  s 'appl ique  à  la  d imension  horizon tale  du  rotor;  l a  mesure  ne  
caractérise  en  grande  partie  que  la  variation  de  hau teur de  ces  paramètres,  mais  pas  
l a  variabi l i té  hori zontale  des  paramètres  mesurés.  

A l a  l um ière  de  ces  arguments,  une  approche  prati que  a  été  adoptée.  Pour au  moins  neuf 
hau teurs  de  mesure  de  l 'un  de  ces  paramètres,  l 'h ypothèse  se lon  l aquel le  aucune  
i ncerti tude  supplémentaire  ne  doi t être  a j outée  a  été  retenue.  S ' i l  y a  moins  de  hauteurs  
de  mesure,  une  augmentation  supplémenta ire  de  l ' i ncerti tude  sera  ajoutée.  

Cela  s i gn i fie  que  certains  des  poin ts  ci -dessus  ne  son t pas  du  tou t envisagés  dans  
l 'anal yse  de  l ' i ncerti tude  actuel le;  i l s  seron t i ncl us  dans  une  prochaine  révis ion  de  l a  
présente  norme après  éclai rcissement d 'un  nombre  suffisan t de  poin ts .  

c)  S i  u n  ou  p lus ieurs  de  ces  paramètres  on t été  mesurés,  i l  peut  être  poss ib le  de  normal iser 
l a  courbe  de  pu issance  à  l 'a ide  de  ces  i n formations,  comme ind iqué  à  l 'Annexe  M ,  à  
l 'Annexe P  et à  l 'Annexe  Q.   

Les  i ncerti tudes  re latives  aux poin ts  a)  et  b)  son t couvertes  dans  l e  présen t paragraphe,  a lors  
que  l ' i ncerti tude  re lati ve  aux normal isations  est  couverte  ci -après.  

Un  grand  nombre  de  ces  i n fl uences  seron t exprimées  sous  la  forme d 'une  i ncerti tude  de  l a  
vi tesse  du  vent.  Les  va leurs  d 'expérience  sur l esquel l es  se  fondent l es  estimations  par défau t 
s 'expriment souven t en  termes  d 'AEP.  Dans  le  cadre  d 'une  approche pratique,  i l  a  été  décidé  
de  l 'exprimer sous  l a  forme d 'une  i ncerti tude  par l ' i n terméd iai re  de  l a  vi tesse  du  ven t.  

E.1 1 .2.2  Incerti tudes  de  catégorie  B:  Méthode  – Cond itions  de  vent – Cisai l lement  

E. 1 1 .2.2 .1  Général i tés  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM,shear, i.  

L 'ampl i tude  par défau t pour cette  composante  d ' i ncerti tude  peu t être  trouvée dans  l es  deux 
paragraphes  ci -dessous.  

E.1 1 .2.2 .2  Couverture  de  l a  mesure du  cisai l lement  du  vent pour l a  moitié  du  rotor 

Cette  estimation  d ' i ncerti tude  s 'appl i que  à  une  courbe  de  pu issance  pour l aquel le  la  vi tesse  
du  vent à  l a  hauteur du  moyeu  est défi n ie  et sans  normal isation  conforme  à  l 'Annexe P.  Etan t 
donné  que  les  courbes  de  pu issance d 'une  éol ienne  sont in fluencées  par l e  cisai l lement du  
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ven t,  l ' i ncerti tude  de  l a  courbe  de  pu issance  mesurée  due  au  cisa i l l ement du  vent doi t  être  
estimée avec prudence  et être  prise  en  compte  même si  aucune mesure  du  cisai l l ement du  
ven t n 'est  réa l isée.  Pour cette  raison ,  un  facteur de  correction  du  ci sai l l ement du  vent 
conforme à  l 'Equation  (9)  et  à  l 'Equation  (1 0)  en  9. 1 . 3. 3  doi t être  calcu lé  en  prenant l es  
hypothèses  su ivantes:  

a)  Soient 20  mesures  vi rtuel l es  de  l a  vi tesse  du  ven t également d is tribuées  sur toute  la  
p lage  de  hauteurs  du  rotor,  ce  qu i  donne  20  facteurs  de  pondération .  

b)  Soient une  l oi  exponentie l le  pour l a  moi tié  i n férieure  du  rotor et une  au tre  l o i  exponen tie l l e  
pour l a  moi tié  supérieure  du  rotor.  En  fonction  de  ces  l ois  exponentie l l es,  l a  vi tesse  du  
ven t re lati ve  à  l a  hauteur du  moyeu  doi t  être  calcu lée  pour chaque hauteur de  mesure  
vi rtue l l e .  L'exposant de  cisai l l ement du  ven t appl iqué  à  l a  moi ti é  i n férieu re  du  rotor doi t  
être  déterm iné  à  parti r des  mesures  pour chaque  poin t de  données  sur 1 0  m in .  I l  doi t ê tre  
pris  pour hypothèse  que  l 'exposant de  cisai l l ement du  vent pour l a  moi tié  supérieure  du  
rotor est égal  à  l a  moi ti é  de  l a  va leur u ti l i sée  pour l a  moi ti é  i n férieure  du  rotor.  Lorsque  l es  
va leurs  de  cisa i l lement son t négatives,  l a  moi ti é  de  ces  valeurs  doivent être  prises  pour 
hypothèse  pour l a  moi ti é  supérieure  du  rotor.  

Par hypothèse,  l ' incerti tude-type  de  l a  courbe  de  pu issance  mesurée  en  termes  de  vi tesse  du  
ven t due  à  l 'absence de  mesures  du  cisai l l ement du  vent doi t  ê tre  ca lcu lée  comme su i t pour 
l a  tranche  de  vi tesse  du  ven t i:  

 
irishearM vfu ,,, 1

3

1
h−=  (E . 30)  

 

où  

fr  est  l e  facteur de  correction  du  cisa i l lement du  vent  ca lcu lé  en  9 . 1 . 3. 3;  

vh , i  est  la  vi tesse  du  ven t à  l a  hau teur du  moyeu  dans  l a  tranche  i.  

Le  Tableau  E. 3  donne  des  exemples  d ' incerti tudes-types  estimées  pour l es  mesures  de  l a  
courbe  de  pu issance en  termes  de  vi tesse  du  ven t,  dues  à  l 'absence de  mesures  du  
cisai l l ement du  ven t.  L ' incerti tude  correspondante  augmente  en  même temps  que  le  d iamètre  
du  rotor et d im inue  en  même temps  que  l a  hau teur du  moyeu .  

Tableau  E.3  – Exemples  d ' incerti tudes-types  dues  à  l 'absence de  mesures  du  
cisai l lement  du  vent   

H  D  uM,shear, i  /vH  

[m ]  [m ]  [% ]  

60  60  3 , 0  

60  80  3 , 9  

1 00  80  2 , 4  

1 20  80  2 , 0  

1 00  1 20  3 , 5  

1 50  1 20  2 , 4  

Par hypothèse,  d es  exposants  de   
ci sai l l ement du  ven t d e  0 , 5  et  0  on t  été  
retenus  pour l es  moi ti és  i n féri eure  et  
supéri eu re  du  rotor,  respecti vement.  

 

E.1 1 .2.2 .3  Couverture  de  l a  mesure du  cisai l lement  du  vent pour l a  total i té  du  rotor 

Cette  estimation  d ' incerti tude  s 'appl ique  à:  

a)  une  courbe  de  pu issance  appl i quan t l a  défin i tion  de  l a  vi tesse  du  vent équ ivalente  du  rotor 
(REWS);  
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b)  une  courbe  de  pu issance de  la  vi tesse  du  vent à  l a  hau teur du  moyeu  à  l aquel l e  
s 'appl ique  l a  normal isation  défin ie  à  l 'Annexe  P.  

Le  calcu l  de  l a  REWS conformément à  l 'Equation  (5)  en  9 . 1 . 3. 2,  prend  pour h ypothèse  une  
vi tesse  du  ven t constan te  pour chaque hau teur de  mesure.  Cette  hypothèse  condu i t  à  une  
i ncerti tude  d 'évaluation  de  l a  REWS.  Cette  i ncerti tude  doi t  être  estimée en  appl iquan t une  l o i  
exponentie l le  à  chaque  pa ire  de  mesures  de  vi tesse  du  ven t à  des  hau teurs  de  mesure  
success ives  (zm ) .  La  vi tesse  du  vent selon  cette  l oi  exponentie l le  doi t être  ca lcu lée  pour au  
moins  1 0  n i veaux de  hau teur également d is tribués  entre  chaque paire  de  hau teurs  de 
mesure.  La  sommation ,  conformément à  l 'Equation  (5),  doi t  être  répétée  avec tous  l es  
n i veaux de  hau teur couverts  par l ' h ypothèse  de  l o i  exponen tie l le  et l es  hau teurs  de  mesure.  I l  
doi t être  pris  pour h ypothèse  que  l 'écart en  pourcentage  en tre  l a  REWS qu i  en  résu l te  et 
l a  REWS u ti l i sant seu lement les  vi tesses  du  vent mesurées  correspond  à  l ' i ncerti tude-type  
(en  pourcen tage)  de  l a  vi tesse  du  vent  due  au  nombre  l im i té  de  hauteurs  de  mesure.  

L'estimation  de  l ' i ncerti tude-type  due  au  nombre  l im i té  de  hauteurs  de  mesure  doi t  être  
effectuée  sur l a  base  des  moyennes  de  tranche des  mesures  de  vi tesse  du  ven t aux d i fféren ts  
n iveaux de  hau teur en  fonction  de  l a  vi tesse  du  ven t fi na lement appl iquée  pour l 'évaluation  de  
l a  courbe  de  pu issance.  

NOTE  Des  ensembles  de  données  de  1 0  m in  son t  nécessai res  pou r l e  cal cu l .  

E.1 1 .2.3  Incerti tudes  de  catégorie  B:  Méthode  – Cond itions  de  vent – Déviation  de  l a  
trajectoi re  du  vent  

E. 1 1 .2.3.1  Général i tés  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  moins  de  neuf hau teurs  de  
mesure  pour l a  déviation  de  la  traj ectoi re  du  ven t.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM,veer, i.  

L 'ampl i tude  par défaut pour cette  composante  d ' i ncerti tude  peu t être  déterm inée  à  l 'a ide  des  
trois  paragraphes  ci -dessous.  

E.1 1 .2.3.2  Aucune mesure de  l a  déviation  de  l a  trajectoi re  

Un  facteur de  correction  de  l a  déviation  de  l a  trajectoi re  du  vent conforme à  l 'Equation  (Q. 1 )  
doi t être  calcu lé  en  prenant les  hypothèses  su ivantes:  

a)  Soient  des  vi tesses  du  ven t égales  à  1  à  tou tes  l es  hau teurs  de  mesure.  L'Equation  (Q. 1 )  
se  transforme a lors  en  facteur de  correction  de  la  déviation  de  la  traj ectoi re  du  vent.  

b)  Soient 20  mesures  vi rtuel l es  de  l a  d i rection  du  ven t également d is tribuées  sur toute  l a  
p lage  de  hauteurs  du  rotor,  ce  qu i  donne  20  facteurs  de  pondération .  

c)  Soi t u ne  déviation  de  la  traj ectoi re  du  vent homogène sur toute  l a  pl age  de  hau teurs  du  
rotor auss i  l arge  qu ' i l  peut être  ra isonnablement attendu  pour l e  s i te  d 'essai .  S i  aucune  
hypothèse  ra isonnable  ne  peut être  formu lée  concernant l a  déviation  de  l a  traj ectoire  du  
ven t extrême pour l e  s i te  d 'essai ,  une  déviation  de  l a  trajectoi re  du  ven t de  40° /1 00  m  doi t  
être  prise  pour hypothèse.  

L' incerti tude-type  de  l a  courbe  de  pu issance  mesurée  en  termes  de  vi tesse  du  ven t due  à  
l 'absence  de  mesures  de  l a  déviation  de  l a  trajectoi re  du  vent doi t  être  prise  pour h ypothèse  
pour l a  i e  tranche  de  vi tesse  du  ven t:  

 
iriveerM vfu ,,, 1

3

1
h−=  (E . 31 )  

 

où  

fr  est  l e  facteur de  correction  de  la  déviation  de  la  trajectoire  du  vent  calcu lé  ci -dessus;  
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vh , i  est  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  dans  l a  tranche  i.  

Le  Tableau  E. 4  donne  des  exemples  d ' incerti tudes-types  estimées  pour l es  mesures  de  l a  
courbe  de  pu issance  en  termes  de  vi tesse  du  vent dues  à  l 'absence  de  mesures  de  l a  
déviation  de  l a  traj ectoire  du  ven t.  L ' incerti tude  correspondante  augmente  en  même temps 
que  l e  d iamètre  du  rotor.  

Tableau  E.4 – Exemples  d ' incerti tudes-types  dues  à  l 'absence de  mesures  de  la  
déviation  de  l a  trajectoi re  du  vent  

D uM,veer/  vh  

[m ]  [% ]  

20  0, 04  

40  0, 1  

60  0, 3  

80  0, 6  

1 00  0, 9  

1 20  1 , 2  

1 40  1 , 7  

1 60  2, 1  

1 80  2, 7  

200  3, 2  

Par hypothèse,  une  
déviation  de  l a  trajectoi re  d u  
vent  extrême de  40° /1 00  m  
a  été  retenue  pou r l es  
calcu l s .  

 

E.1 1 .2.3.3  Mesure  de  l a  déviation  de  l a  trajectoi re  du  vent  sur l a  moi tié  du  rotor 

Le ca lcu l  de  l a  REWS,  conformément à  l 'Equation  (Q. 1 ),  prend  pour h ypothèse  une  d i rection  
du  ven t constante  pour chaque hau teur de  mesure.  Cette  hypothèse  condu i t  à  une  incerti tude  
d 'évaluation  de  l a  REWS.   

L' incerti tude  associée  à  une  mesure  de  l a  déviation  de  l a  traj ectoire  du  vent sur l a  moi tié  d 'un  
rotor doi t être  estimée  à  l 'a ide  de  la  même procédure  que  la  déviation  de  la  traj ectoire  du  vent 
sur l a  tota l i té  d 'un  rotor (voi r E . 1 1 . 2 . 3 .4),  à  l a  d i fférence que  la  déviation  de  la  traj ectoi re  du  
ven t sur l a  tota l i té  du  rotor est  égale  à  2 , 5  fois  cel le  mesurée  sur l a  moi ti é  du  rotor.  

E.1 1 .2.3.4  Mesure de  l a  déviation  de  l a  trajectoi re  du  vent  sur l a  total i té  du  rotor 

Le  calcu l  de  l a  REWS,  conformément à  l 'Equation  (Q. 1 ),  prend  pour hypothèse  une  d i rection  
du  ven t constante  pour chaque hau teur de  mesure.  Cette  h ypothèse  condu i t à  une  incerti tude  
d 'évaluation  de  l a  REWS.  Cette  incerti tude  doi t être  estimée en  prenan t pour h ypothèse  une  
augmentation  l i néai re  de  la  déviation  de  la  trajectoire  du  vent en tre  chaque  pai re  de  mesures  
de  vi tesse  du  ven t à  des  hau teurs  de  mesure  success ives.  La  vi tesse  du  vent selon  cette  
hypothèse  doi t être  ca lcu lée  pour au  moins  1 0  n i veaux de  hau teur également d istribués  en tre  
chaque  pai re  de  hauteurs  de  mesure.  La  sommation ,  conformément à  l 'Equation  (Q. 1 ) ,  doi t 
être  répétée  avec tous  l es  n i veaux de  hau teur couverts  par l 'h ypothèse  de  profi l  d e  déviation  
de  l a  trajectoi re  et l es  hauteurs  de  mesure,  et  en  prenan t pour hypothèse  une  vi tesse  du  ven t 
constan te  pour toutes  l es  hau teurs.  I l  do i t  ê tre  pris  pour hypothèse  que  l 'écart en  pourcentage  
en tre  l a  REWS qu i  en  résu l te  et l a  REWS u ti l i san t seu lement l es  d i rections  du  vent mesurées  
correspond  à  l ' incerti tude-type  (en  pourcentage)  de  l a  vi tesse  du  vent due  au  nombre  l im i té  
de  hau teurs  de  mesure  de  l a  d i rection  du  vent.  
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L'estimation  de  l ' i ncerti tude  due  au  nombre  l im i té  de  hauteurs  de  mesure  de  d i rection  du  ven t 
doi t ê tre  effectuée  sur la  base  des  moyennes  de  tranche des  mesures  de  d i rection  du  ven t 
aux d i fférents  n i veaux de  hauteur en  fonction  de  l a  vi tesse  du  vent fi nalement appl i quée  pour 
l 'évaluation  de  la  courbe  de  pu issance.  

NOTE  Des  ensembles  de  données  de  1 0  m in  son t  nécessai res  pou r l e  cal cu l .  

E.1 1 .2.4  Incerti tudes  de  catégorie  B:  Méthode  – Cond itions  de  vent – Ecou lement 
ascendant 

Cette  composan te  d ' i ncerti tude  couvre  l ' i ncerti tude  qu i  s 'appl ique  lorsqu ' i l  existe  moins  de  
neuf hauteurs  de  mesure  pour l 'écou lement ascendant.  Cette  composante  d ' i ncerti tude  doi t 
être  appl i quée  pour l es  s i tes  qu i  ne  satisfon t pas  aux exigences  de  l 'Annexe  B .  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM,upflow, i .  

L 'ampl i tude  par défau t  pour cette  composante  d ' incerti tude  peu t être  trouvée dans  l e  
Tableau  E. 5.  

Tableau  E.5 – Contributions  d ' incerti tudes  dues  au  fai t  
que  l 'écou lement ascendant n 'est pas  connu  

Nombre de  hauteurs  de  mesure  [% de  l a  vi tesse du  vent]  

0  (aucune  mesure  de  l ' écou l ement ascendant)  0 , 3  à  0 , 5  

1  (à  l a  hau teu r d u  moyeu  seu lement)  0 , 1 5  à  0 , 25  

2  (surface  i n féri eure  d u  rotor)  0 , 08  à  0 , 1 2  

3  0 , 03  à  0 , 07  

5  0  01 5  à  0  025   

7  0 , 005  à  0 , 01 5  

 

I l  est à  noter que  cette  composan te  d ' incerti tude  de  l 'écou lement ascendant est très  d i fférente  
de  cel l e  envisagée dans  la  class i fication  du  capteur de  vi tesse  du  ven t,  dans  laquel le  
l 'écou lement ascendant est i nclus .  La  seconde étud ie  l ' imprécis ion  de  mesure  de  la  vi tesse  
horizon tale  du  ven t due  à  la  présence d 'une  composan te  de  vi tesse  vertica le  du  vent.  I ci ,  
c'est  l ' i n fluence de  l 'écou lement ascendan t sur l a  performance de  l 'éol i enne  qu i  est étud iée.  
B ien  qu 'une  vi tesse  horizon tale  du  vent  so i t  défin ie ,  l a  performance  de  l 'éol i enne  continue  à  
varier l orsqu 'une  composante  verticale  est présente.  

E.1 1 .2.5  Incerti tudes  de  catégorie  B:  Méthode  – Cond itions  de  vent – In tensi té  des  
turbu lences  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' absence de  mesure  pour les  
turbu lences  à  l a  hau teur du  moyeu .   

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM, ti , i.  

Les  turbu lences  ne  sont étud iées  à  aucune au tre  hau teur de  mesure;  en  effet,  l 'Article  5  de  l a  
présente  norme n 'a  défi n i  l a  courbe  de  pu issance que pour l es  turbu lences  à  l a  hauteur du  
moyeu .  I l  s 'ag i t  d 'un  s ignal  requ is .  La  ra ison  pour l aquel l e  i l  est tou jours  i nclus  sous  l a  forme 
d 'une  composan te  d ' i ncerti tude  supplémentai re  est que,  dans  l a  configuration  de  mesure  d 'un  
mât météorolog ique  d 'une  hauteur i n férieure  à  cel le  du  moyeu ,  seu les  l es  turbu lences  à  l a  
hau teur du  moyeu  son t mesurées  par un  RSD.  Les  turbu lences  mesurées  par un  RSD  sont  
sens ib lement d i fféren tes  de  cel les  mesurées  par un  anémomètre  à  coupel les  ou  à  u l trasons.  
Cela  expl i que  l ' incerti tude  supplémentai re.  
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L'ampl i tude  par défau t pour cette  composante  d ' incerti tude  peu t  être  trouvée  dans  l e  
Tableau  E. 6.  

Tableau  E.6  – Contributions  d ' incerti tudes  dues  au  fai t  
que  l ' in tensi té  des  turbu lences  n 'est  pas  connue  

Nombre  de  hauteurs  de  mesure  [% de  l a  vi tesse  du  vent]  

0  (mesure  TI imprécise  en  ra i son  d u  RSD)  0 , 3  %  à  0 , 5  %  

 

E.1 1 .3  Incerti tudes  de  catégorie  B:  Méthode  – Variations  saisonnières  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' i n fl uence des  variations  
saisonn ières  sur l a  courbe  de  pu issance.  I l  est à  noter que  certaines  variations  saisonn ières  
con tribuent à  l ' i ncerti tude  de  la  vi tesse  du  ven t,  car e l les  i n fluent sur l es  caractéristi ques  du  
profi l  du  ven t (cisa i l l ement,  tu rbu lences,  etc. ) .  Ces  variations  son t trai tées  séparément.  

D 'au tres  fa i ts,  te ls  que  l 'accumu lation  d ' insectes  et/ou  de  boue  sur l es  pales  (p.  ex.  pendant 
une  période  chaude et sèche) ,  contribuent à  augmenter l a  rugosi té  de  surface  des  pales  et à  
rédu ire  l eur performance  aérodynam ique.  Par conséquen t,  pour une  même énerg ie  ci nétique  
du  ven t,  la  production  d 'énerg ie  de  l 'éol i enne  sera  i n férieure  l orsque  l es  pales  sont sa les.  Ces  
con tribu tions  sont  prises  en  compte  dans  l a  composante  d ' i ncerti tude  uM,sfx, i.  

Cla i rement,  ces  con tribu tions  n ' i n fl uen t pas  sur l es  caractéristi ques  du  profi l  du  vent;  par 
conséquent,  au  sens  propre,  e l l es  consti tuen t  des  effets  sur l a  pu i ssance é lectrique.  
Cependan t,  afin  de  quan ti fi er la  con tribu tion  à  l a  variation  de  l 'AEP,  cette  composante  
d ' incerti tude  est exprimée,  pour p lus  de  s impl ici té,  comme une  i ncerti tude  de  la  vi tesse  du  
ven t.  

Une  ampl i tude  par défau t de  0 , 7  %  sur l a  vi tesse  du  ven t est  suggérée;  tou tefois,  l 'ampl i tude  
de  cette  composante  varie  en  fonction  de  l 'emplacement du  s i te  et de  l a  période  de  l 'année à  
l aquel l e  est  réal isé  l 'essai  de  performance.  S i  poss ib le,  i l  convien t de  l 'estimer à  parti r de  
l 'expérience  ou  des  données  de  variations  de  l 'AEP  i ssues  du  s i te  en  question .  

E.1 1 .4  Incerti tudes  de  catégorie  B:  Méthode  – Normal isation  des  turbulences  (ou  
absence de  connaissances)  

Cette  composante  d ' i ncerti tude  couvre  l ' incerti tude  re lative  à  l a  normal isation  des  tu rbu lences  
de  la  courbe  de  pu issance.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM, ti norm , i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe  M  et  en  9. 1 . 6.  

La  normal isation  des  turbu lences  décri te  à  l 'Annexe  M  a  été  conçue de  man ière  à  gérer l es  
effets  du  moyennage des  données  sur une  période  de  1 0  m in  sur l a  courbe  de  pu issance 
évaluée.  L ' i n tens i té  des  turbu lences  a  d 'autres  effets  sur l es  courbes  de  pu issance de  
l 'éol i enne;  ces  effets  pourraient,  par exemple,  être  dus  à  l ' impact d i rect  de  l ' i n tens i té  d es  
tu rbu lences  sur l 'aérodynam ique  ou  au  caractère  tri d imensionnel  des  tu rbu lences.  En  fi n  de  
compte,  l a  normal isation  de  l ' i n tens i té  des  turbu lences  consti tue  une  approche fortement 
s impl i fiée  de  l a  caractérisation  des  variations  de  l a  vi tesse du  vent à  court terme.  I l  pers iste  
donc une  incerti tude  de  la  courbe  de  pu issance évaluée due  aux effets  des  turbu lences  
éven tuel les ,  même s i  l a  procédure  de  normal i sation  des  turbu lences  est appl i quée.  La  
normal isation  des  turbu lences  é l im ine  souven t envi ron  la  moi ti é  des  effets  observés  de  
l ' i n tensi té  des  turbu lences  sur l es  courbes  de  pu issance mesurées  de  l 'éol i enne.  I l  convient  
donc d 'exécuter l es  étapes  ci -dessous  afin  de  ca lcu ler l ' i ncerti tude  de  l a  normal isation  des  
tu rbu lences:  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 409  – 

a)  La  courbe  de  pu issance fina le  moyennée par tranche doi t ê tre  évaluée  en  fonction  de  la  
pu issance de  sortie  normal isée  des  turbu lences,  a i ns i  q ue  de  l a  pu issance de  sortie  non  
normal isée  des  tu rbu lences.  

b)  I l  doi t être  pris  pour hypothèse  que  l 'écart en tre  ces  deux courbes  de  pu issance 
correspond  à  l ' i ncerti tude  maximale  de  l a  courbe  de  pu issance normal isée  des  
turbu lences  par tranche  de  vi tesse  du  vent,  i ssue  de  l a  normal isation  des  turbu lences.  
L ' incerti tude-type  i ssue  de  l a  normal isation  des  turbu lences  par tranche  de  vi tesse  du  ven t 

doi t être  ca lcu lée  comme étan t l 'écart entre  les  courbes  de  pu issance  d ivisé  par 3 .  
L ' incerti tude-type  doi t ê tre  combinée  avec l es  au tres  i ncerti tudes  de  l a  mesure  de  
performance de  pu issance  pour déterm iner l ' i ncerti tude-type  tota le,  conformément à  
l 'Annexe D.  

En  l 'absence de  normal isation  des  turbu lences,  i l  convient de  calcu ler l ' incerti tude  due  à  
l 'effet des  tu rbu lences  su r l a  courbe  de  pu issance  comme i nd iqué  à  l 'Article  M .5.  

E.1 1 .5  Incerti tudes  de  catégorie  B:  Méthode  – Cl imat froid  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l ' i n fl uence  de  la  mesure  dans  un  
cl imat fro id  sur l a  class i fication  des  anémomètres.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uM,cc, i.  

Cette  i ncerti tude  est  également décri te  à  l 'Annexe O  de  la  présente  norme.  

S i  une  p lage  de  températures  étendue  est exigée,  la  composante  d ' i ncerti tude  pour la  
cl assi fication  du  capteur doi t être  fondée  sur un  rapport de  cl ass i fication  de  classe  S ,  ce  qu i  
est  couvert  par l a  composan te  d ' incerti tude  uVS, class, i.   

B ien  que  l a  détection  du  g i vre  soi t  recommandée,  l a  formation  de  neige  et de  g ivre  ne  peu t 
pas  être  évi tée  sur l a  s tructure  de  montage,  ce  qu i  a  une  i n fl uence sur l a  vi tesse  du  vent 
mesurée.  Cet aspect est couvert par l a  composante  d ' i ncerti tude  décri te  ici .  

I l  est à  noter qu ' i l  convien t de  prendre  en  compte ces  remarques  pour l es  mesures  de  
classe  B  "normales";  la  cl asse  B  s 'étend  en  effet j usqu 'à  –1 0  °C  et,  l a  p l upart du  temps,  l a  
neige  et l a  g l ace  se  forment au tour de  0  °C.  S i  une  mesure  est exposée  à  pl us  de  quelques  
j ours  de  ne ige  et/ou  de  g lace,  cette  composante  d ' i ncerti tude  supplémentai re  doi t  être  
appl iquée.  Au trement,  cette  composante  peu t être  fixée  à  zéro.  

L 'ampl i tude  par défaut pour cette  composante  d ' i ncerti tude  est comprise  en tre  0 , 5  %  et 1  %  
de  la  vi tesse  du  ven t.  

E.1 2  Incerti tudes  de catégorie  B:  Di rection  du  vent 

E.1 2. 1  Général i tés  

L' incerti tude  de  d i rection  du  ven t a  une  in fluence  su r l a  courbe  de  pu issance  lors  de  
l 'éta lonnage du  s i te ,  a insi  qu 'un  effet moindre.  En  fonction  de  l 'ampl i tude  de  l ' i ncerti tude  sur l a  
d i rection  du  vent par rapport à  l a  ta i l l e  de  tranche  pour l 'étalonnage du  s i te ,  l es  données  
seron t ass ignées  de  façon  ( i n )correcte  à  une  tranche.  Pour une  ta i l le  de  tranche de  1 0°  et une  
i ncerti tude  de  d i rection  du  ven t de  5° ,  environ  39  %  des  données  d 'une  tranche on t été  mal  
ass ignés.  Le  phénomène  tendra  à  s 'équ i l i brer,  mais  peu t avoir un  effet sur l es  peti ts  secteurs  
de  mesure  et de  grandes  d i fférences  entre  des  tranches  ad jacentes.  Un  argument s im i la i re  
s 'appl i que  au  fi l trage  du  secteur de  mesure  de  l a  courbe  de  pu issance,  mais  dans  une  
moindre  mesure.  

Ces  i ncerti tudes  ne  doiven t s 'appl iquer que  s i  l e  capteur de  d i rection  du  ven t ou  son  montage 
son t mod i fiés  sur l es  s i tes  sur l esquels  un  éta lonnage  a  été  réal isé.  
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Ce  contexte  est l a  principa le  ra ison  pour l aquel l e  l a  norme exige  q ue  l ' i ncerti tude  de  d i rection  
du  ven t soi t  évaluée  afin  de  garanti r q u 'e l le  demeure  i n férieure  à  5° .   

L ' in fluence  de  l a  d i rection  du  vent sur l a  courbe  de  pu issance et  sur l 'AEP  n 'est  pas  
quanti tati vement établ ie ,  et  aucun  facteur de  sensib i l i té  n 'a  été  déterm iné.   

Etant  donné  que  l ' i ncerti tude  de  d i rection  du  vent  doi t être  cons ignée,  l 'Article  E. 1 2  donne  les  
composan tes  d ' i ncerti tude  m in imales  qu i  doiven t être  prises  en  compte  pour l ' i ncerti tude  de  
d i rection  du  ven t.  Aucune estimation  de  l 'ampl i tude  de  ces  composantes  n 'est donnée,  mais  
e l l e  doi t  être  i ncluse  dans  une  courbe  de  pu issance consignée.  

E.1 2.2  Incerti tudes  de  catégorie  B:  Di rection  du  vent – G i rouette  ou  anémomètre à  
u l trasons  

E. 1 2.2. 1  Incerti tudes  de  catégorie  B:  Di rection  du  vent – G i rouette  ou  anémomètre à  
u l trasons  – Etalonnage  

Cette  composan te  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'éta lonnage  du  capteur de  
d i rection  du  vent.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWV,cal , i.  

La  résolu tion  du  capteur de  d i rection  du  ven t est  également i ncluse  ici  et  cette  va leur d ivisée  

par 2 3 doi t  être  retenue  comme valeur m in imale.  

Aucune valeur par défaut  n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t  ê tre  évaluée  
et  consignée.   

E.1 2.2.2  Incerti tudes  de  catégorie  B:  Di rection  du  vent – G i rouette  ou  anémomètre à  
u l trasons  – Ind icateur du  nord  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lative  à  l a  déterm ination  précise  de  
l ' i nd ication  du  nord  des  capteurs  par rapport  à  l a  fl èche  sur laquel l e  est  insta l l é  l e  capteur.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWV,nm , i.  

Aucune valeur par défaut  n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t ê tre  évaluée  
et  consignée.   

E.1 2.2.3  Incerti tudes  de  catégorie  B:  Di rection  du  vent – G i rouette  ou  anémomètre à  
u l trasons  – Orientation  de  l a  flèche  

Cette  composante  d ' i ncerti tude  couvre  l ' incerti tude  re lative  à  l 'établ issement de  la  d i rection  de  
l a  flèche  par rapport au  nord  de  référence,  c'est-à-d i re  l e  nord  magnétique  ou  l e  nord  
géograph ique.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWV,bo, i.  

Aucune valeur par défaut  n 'est donnée,  mais  cette  composan te  d ' i ncerti tude  doi t être  évaluée  
et  cons ignée.   

E.1 2.2.4  Incerti tudes  de  catégorie  B:  Di rection  du  vent – G i rouette  ou  anémomètre à  
u l trasons  – Effets  opérationnels  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' i n fl uence du  mât sur l a  
d i rection  du  vent  en  écou lement l i bre  au  poin t  de  mesure.  
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Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWV,oe, i.  

Etant donné  que  l e  ven t s 'écou lera  au tour du  mât,  l a  d i rection  du  ven t mesurée  par le  capteur 
peu t ne  pas  être  l a  d i rection  du  vent en  écou lement l i bre.  Cet effet est  couvert par cette  
composante  d ' incerti tude.  

Aucune valeur par défaut  n 'est donnée,  mais  cette  composan te  d ' i ncerti tude  doi t  être  évaluée  
et  cons ignée.   

E.1 2.2.5  Incerti tudes  de  catégorie  B:  Di rection  du  vent – G i rouette  ou  anémomètre à  
u l trasons  – Angle  de  décl inaison  magnétique  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  relati ve  à  l a  d i fférence en tre  l e  nord  
magnétique  et l e  nord  géograph ique.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWV,mda, i  (MDA représente  l 'ang le  de 
décl i na ison  magnétique,  "magnetic declination angle") .   

La  correction  en tre  l e  nord  magnétique  et  le  nord  géograph ique  est  également associée  à  une  
i ncerti tude.  

Aucune valeur par défaut  n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t ê tre  évaluée  
et  consignée.   

E.1 2.2.6  Incerti tudes  de  catégorie  B:  Di rection  du  vent – Gi rouette  ou  anémomètre à  
u l trasons  – Acqu isi tion  de  données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l ' acqu is i ti on  de  données  du  
s i gnal  du  capteur de  d i rection  du  ven t.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udWV, i.  

Aucune valeur par défau t n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t ê tre  évaluée  
et  cons ignée.   

E.1 2.3  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  

E. 1 2.3. 1  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  – Véri fication  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l a  véri fication  du  capteur de  
d i rection  du  vent.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWR,ver, i.  

Aucune  valeur par défaut n 'est donnée,  mais  cette  composan te  d ' i ncerti tude  doi t  être  évaluée  
et  cons ignée.   

E.1 2.3.2  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  – Survei l lance  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lative  à  l 'acqu is i tion  de  données  à  parti r 
du  s ignal  provenant de  l a  survei l l ance  de  la  d i rection  du  ven t par l e  RSD.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWR,mon , i.  

Aucune valeur par défau t n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t ê tre  évaluée  
et  cons ignée.   
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E.1 2.3.3  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  – Variation  
d 'écou lement  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  variation  d 'écou lement entre  
d i fférents  volumes  de  sonde.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWR, fv, i.   

Aucune valeur par défaut n 'est donnée,  mais  cette  composan te  d ' i ncerti tude  doi t  ê tre  évaluée  
et  cons ignée.   

E.1 2.3.4  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  – Al ignement 

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  re lati ve  à  l a  précis ion  de  l 'a l ignement 
du  RSD.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWR,al i gn , i.  

Aucune valeur par défaut  n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t être  évaluée  
et  consignée.   

E.1 2.3.5  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  – Ang le  de  décl inaison  
magnétique  

Cette  composante  d ' incerti tude  couvre  l ' i ncerti tude  relati ve  à  l a  correction  entre  le  nord  
magnétique  et l e  nord  géograph ique.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  uWR,mda, i.  

Aucune valeur par défau t n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t ê tre  évaluée  
et  cons ignée.   

E.1 2.3.6  Incerti tudes  de  catégorie  B:  Di rection  du  vent – RSD  – Acquisi tion  de  
données  

Cette  composante  d ' i ncerti tude  couvre  l ' i ncerti tude  re lati ve  à  l 'acqu is i tion  de  données  du  
s i gnal  du  RSD.  

Le  symbole  de  cette  composante  d ' i ncerti tude  est  udWR, i.  

Aucune valeur par défau t n 'est donnée,  mais  cette  composante  d ' i ncerti tude  doi t être  évaluée  
et  cons ignée.   

E.1 3  Composition  des  incerti tudes  

E.1 3. 1  Général i tés  

Dans  l 'Article  E . 1 3,  l es  équations  et au tres  hypothèses  concernan t l a  composi tion  des  
composan tes  d ' i ncerti tude  à  un  n iveau  d 'agrégation  seront présentées  et débattues.  Le  calcu l  
de  l ' i ncerti tude  d 'étalonnage du  s i te  en  fonction  des  composan tes  de  l ' i ncerti tude  
d 'éta lonnage du  s i te  consti tue  un  exemple.   

E.1 3.2  Composi tion  des  incerti tudes  de  catégorie  B  relatives  à  la  pu issance  
électrique  (uP , i)  

L' incerti tude-type  sur l a  pu issance é lectrique  pour chaque tranche,  uP , i ,  est ca lcu lée  en  
combinan t l es  incerti tudes-types  du  transducteur de  pu issance,  des  transformateurs  de  
courant et de  tension  et  du  système d 'acqu is i ti on  de  données:  
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uuuuu iiiii
2

,dP
2

,PTP,
2

,VTP,
2

,CTP,, +++=P  (E . 32)  

 

où   

uP , i  est  l ' i ncerti tude  de  l a  mesure  de  la  pu issance;  

uP,CT , i  est  l ' i ncerti tude  re lati ve  aux transformateurs  de  couran t;  

uP,VT , i  est  l ' i ncerti tude  re lati ve  aux transformateurs  de  tens ion ;  

uP,PT , i  est  l ' i ncerti tude  re lati ve  aux transducteurs  de  pu issance;  

udP , i  est  l ' incerti tude  re lati ve  à  l 'acqu is i tion  de  données  du  s ignal  de  pu issance.  

En  prenan t pour hypothèse  l es  ampl i tudes  par défau t pour ces  composantes  d ' i ncerti tude  
données  dans  l 'Article  E. 5,  l ' i ncerti tude-type  du  capteur de  pu issance  é lectrique  pour chaque  
tranche  est:  
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E.1 3.3  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse du  vent  (uV, i)  

Les  composan tes  d ' incerti tude  su ivan tes  son t  combinées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lati ve  à  l a  vi tesse  du  ven t,  uV , i:  

 
iiii uuuu method,AD,

2
VT,

2
VHW,V, =

2++  (E . 34)  

 

où   

uVHW , i  est  l ' i ncerti tude  re lati ve  au  matérie l  u ti l i sé  et est  égale  à  uVS , i,  uVR , i  ou  uREWS , i;   

uVT , i  est  l ' i ncerti tude  re lati ve  à  l a  d is tors ion  de  l 'écou lement due  au  terrain ;  

uAD,method , i  est  l ' i ncerti tude  re lati ve  à  l a  correction  de  l a  masse  volum ique  de  l 'a i r.  

E.1 3.4  Composi tion  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse du  vent par un  
anémomètre  à  coupel les  ou  à  u l trasons  (uVS , i)  

Les  composan tes  d ' incerti tude  su ivan tes  son t  combinées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  relati ve  aux mesures  de  l a  vi tesse  du  vent par un  anémomètre  à  coupel les  ou  à  
u l trasons,  uVS , i:  

 
uuuuuuu iiiiiili
2
dVS,

2
lgt,VS,

2
mnt,VS,

2
class,VS,

2
postcal,VS,

2
,precaVS,VS, ++= +++  (E . 35)  

 

où   

uVS,precal , i  est  l ' i ncerti tude  re lati ve  au  matérie l  u ti l i sé  et est  égale  à  uVS, i,  uVR, i  or uREWS, i;   

uVS,postcal , i  est  l ' incerti tude  re lative  à  l a  d istors ion  de  l 'écou lement due  au  terrain ;  

uVS, class, i  est  l ' incerti tude  re lative  à  l a  cl assi fication  des  capteurs ;  

uVS,mnt, i  est  l ' incerti tude  re lati ve  au  montage  des  capteurs;   

uVS, l g t, i  est  l ' i ncerti tude  re lati ve  à  l a  d is tors ion  de  l 'écou lement due  au  paratonnerre;  

udVS, i  est  l ' i ncerti tude  re lati ve  à  l 'acqu is i tion  de  données  du  s ignal  de  vi tesse  du  ven t.  
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E.1 3.5  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse  du  vent par 
un  RSD (uVR, i)  

Les  composantes  d ' incerti tude  su ivan tes  son t combinées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lati ve  aux mesures  de  l a  vi tesse  du  vent par un  RSD,  uVR , i:  

 
uuuuuuu iiiiiii
2

mon,VR,
2

flow,VR,
2

mnt,VR,
2

class,VR,
2

isc,VR,
2

ver,VR,VR, ++= +++  (E . 36)  

 

où   

uVR,ver, i  est  l ' i ncerti tude  re lati ve  à  l 'essai  de  véri fication ;   

uVR, i sc, i  est  l ' i ncerti tude  re lati ve  à  l 'essai  i n  s i tu ;  

uVR,class, i  est  l ' i ncerti tude  re lati ve  à  l a  class i fication  du  RSD;  

uVR,mnt, i  est  l ' incerti tude  re lati ve  au  montage  du  RSD;   

uVR, flow, i  est  l ' i ncerti tude  re lative  à  l a  variation  d 'écou lement sur l e  vo lume de  mesure  
du  RSD;  

uVR,mon , i  est  l ' incerti tude  re lative  à  l a  survei l lance  du  RSD.  

E.1 3.6  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse du  vent selon  
la  REWS uREWS , i  

Les  composan tes  d ' incerti tude  su ivan tes  son t  combinées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lative  aux mesures  de  l a  vi tesse  du  vent  exprimées  comme la  REWS,  uREWS , i:  

 
uuu

iii
22

veer,REWS,shear,REWS,REWS,
+=  (E . 37)  

 

où   

uREWS, i  est  l ' incerti tude  de  l a  vi tesse  du  ven t équ ivalen te  du  rotor (REWS);   

uREWS, shear, i  est l ' i ncerti tude  due  à  l ' i n fl uence sur l a  REWS de  la  mesure  du  cisai l l ement 
sur l a  surface  du  rotor;  

uREWS, veer, i  est  l ' incerti tude  re lative  à  l a  cl assi fication  du  RSD.  

La  valeur de  uREWS, shear, i  est i ssue  de  l 'une  des  valeurs  su ivan tes:  

– uveq , i  (voi r E . 1 3. 7) ,   

– uveq , fi nal , i  (vo i r E . 1 3. 8),   

– ou  déterm inée  à  l 'a i de  de  ufr,RSD, k , i  (voi r E . 1 3 . 9).  

La  valeur de  uREWS , veer, i  est  i ssue  de  uveq , i  (voi r E . 1 3. 1 0).  

Les  composantes  d ' incerti tude  de  l a  vi tesse  du  ven t qu i  sont i ncluses  dans  l ' i ncerti tude  de  
l a  REWS sont fondées  sur l 'Equation  (5)  en  9. 1 . 3. 2  ou  l 'Equation  (1 1 )  en  9. 1 . 3. 4 .  
L'Equation  (6)  en  9 . 1 . 3. 2  (qu i  pourrai t également i n fluencer l 'Equation  (1 1 ))  impl ique  qu 'une  
composan te  d ' incerti tude  est associée  à  l 'établ issement de  l a  hauteur de  mesure  appropriée.  
Etant donné  que  cette  composante  d ' i ncerti tude  est répu tée  non  s i gn i ficati ve  pour une  mesure  
réal isée  sur un  mât météorolog ique  et qu 'e l le  est incluse  dans  l 'éta lonnage d 'un  d isposi ti f 
LI DAR conformément à  l 'Annexe  L,  l e  seu l  problème concerne  l es  mesures  SODAR,  en  
particu l i er dans  le  cas  de  vi tesses  du  ven t p lus  é levées,  où  i l  peut se  produ ire  une  "déviation  
du  fa isceau ".  S i  un  te l  phénomène se  produ i t pendant une  mesure,  ce  fai t  doi t ê tre  i nclus  
comme une  au tre  composante  d ' incerti tude.  
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E.1 3.7  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse  du  vent  selon  
la  REWS pour un  mât météorologique  s ign i ficativement au-dessus  de  l a  
hauteur du  moyeu  ou  un  RSD avec un  mât météorologique en  dessous  de  l a  
hauteur du  moyeu  

Les  composantes  d ' incerti tude  su ivantes  son t  composées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lati ve  aux mesures  de  l a  vi tesse  du  vent d 'un  RSD.  

La  REWS doi t être  cons idérée  comme la  mesure  d 'une  vi tesse  du  ven t un ique.  L' i ncerti tude-
type  tota le  de  l a  REWS dans  la  tranche  de  vi tesse  du  vent  i peu t être  exprimée comme su i t:  

 
i,l,k

M

k
i,l,vi,k,v

M

l

i,v uuu ρ∑∑
= =

=
1 1

2
eqeqeq  (E . 38)  

 

où  

M est  l e  nombre  de  composan tes  d ' incerti tude  de  veq ;  

i  est l a  tranche de  vi tesse  du  vent qu i  fa i t  référence au  moyennage  de  tranche  
de  la  courbe  de  pu issance;  

i,k,vu eq  est la  sous-composante  de  l ' i ncerti tude-type  k de  veq  d ans  l a  tranche  de  

vi tesse  du  ven t i;  

i,l,vu eq  est l a  sous-composan te  de  l ' i ncerti tude-type  l de  veq  dans  l a  tranche de  vi tesse  

du  ven t i;  

ρk, l, i  est l e  coefficien t de  corrélation  entre  la  composante  d ' i ncerti tude  k à  l a  
hau teur m  e t  n  d ans  l a  tranche  de  vi tesse  du  vent  i.  

I l  est à  noter que  l es  facteurs  de  sens ib i l i té  ne  son t pas  expl ici tement i ncl us  ici ,  car i l s  sont 
présents  dans  l 'équation  ci -dessous.  

Les  composan tes  d ' i ncerti tude  de  veq  d ans  l a  tranche de  vi tesse  du  ven t i  d o iven t être  
calcu lées  à  parti r des  composantes  d ' i ncerti tude  des  mesures  de  l a  vi tesse  du  ven t dans  l es  
hau teurs  de  mesure  un iques  à  l 'a ide  de  l a  méthode de  propagation  d 'erreur:  

 

∑∑
= =
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m
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2
eq
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où  

L  est  l e  nombre  de  hauteurs  de  mesure  sur l a  surface  du  rotor;  

ikvm
u ,,  est  l a  sous-composante  de  l ' i ncerti tude-type  k de  l a  mesure  de  l a  vi tesse  du  ven t à  

l a  hau teur m  d ans  l a  tranche  de  vi tesse  du  ven t  i;  

ikvn
u ,,  est l a  sous-composante  de  l ' incerti tude-type  k de  l a  mesure  de  l a  vi tesse  du  ven t à  

l a  hau teur n  d ans  l a  tranche  de  vi tesse  du  ven t i;  

cm, i  est l e  facteur de  sens ib i l i té  de  veq  su r l a  vi tesse  du  vent à  l a  hau teur m  dans  la  
tranche  de  vi tesse  du  vent  i;  

cn , i  est l e  facteur de  sensib i l i té  de  veq  sur l a  vi tesse  du  ven t à  l a  hau teur n  dans  l a  
tranche  de  vi tesse  du  vent  i;  

ρm, n , k, i  est l e  coefficient de  corrélation  en tre  l a  composante  d ' incerti tude  k aux hau teurs  m  
et  n  d ans  la  tranche de  vi tesse  du  vent  i.  

Les  facteurs  de  sensib i l i té  cm, i  e t  cn , i  son t i ssus  de  la  défin i tion  de  l a  REWS à  l 'a i de  de  la  
méthode  de  propagation  d 'erreur:  
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où  

Am  est l e  segment de  rotor attribué  à  l a  mesure  de  l a  vi tesse  du  vent à  l a  hau teur m  
conformément à  l 'Equation  (6)  en  9 . 1 . 3 . 2;  

A  est  la  surface  ba layée  par l e  rotor;  

vm, i  est  l a  vi tesse  du  ven t à  l a  hau teur m  d ans  l a  tranche  de  vi tesse  du  ven t i;  

veq , i  est  l a  vi tesse  du  ven t équ iva len te  dans  l a  tranche  i.  

Pour l 'appl ication  de  l 'Equation  (E. 40) ,  l a  vi tesse  du  vent mesurée  aux d i fféren tes  hauteurs  de  
mesure,  vm, i,  doi t être  moyennée  par tranche en  fonction  de  la  vi tesse  du  vent fi nalement 
appl iquée  pour l 'évaluation  de  l a  courbe  de  pu issance (vi tesse  du  vent normal isée  en  fonction  
de  la  masse volum ique  de  l 'a i r e t du  cisai l l ement du  ven t).  

L 'Equation  (E . 39)  u ti l i sée  con jo in tement à  l 'Equation  (E. 40)  est s impl i fiée  s i  une  corré lation  
complète  ou  une  absence de  corrélation  entre  l es  composantes  d ' i ncerti tude  à  d i fférentes  
hau teurs  de  mesure  est  prise  pour hypothèse.  I l  convien t d 'appl i quer l es  coefficien ts  de  
corrélation  suggérés  au  Tableau  E. 7  pour l e  ca lcu l  des  i ncerti tudes  de  veq .  Des  coefficien ts  
de  corrélation  i n férieurs  ne  doiven t être  u ti l i sés  que  s ' i l s  sont éviden ts.  

Tableau  E.7  – Hypothèses  suggérées  pour les  corrélations  des  incerti tudes  
de  mesure entre  d i fférentes  hauteurs  de  mesure 26  

Composan te  
Coeffici ent de  corrélation  des  
i ncerti tudes  en tre  d i fféren tes  

hauteurs  de  mesure  
Expl ication  

Mesure  du  ci sai l l ement du  vent par des  anémomètres  à  coupel l es  

Etalonnage  de  l a  sou ffl erie  1  

Un  éta lonnage  dans  l a  même 
souffl eri e  est  exigé;  forte  
corrélati on  des  i ncerti tudes  des  
étalonnages  de  d i fféren ts  
anémomètres  à  coupel l es  

Classi fi cation  des  anémomètres  à  
coupel l es  

1  

Les  anémomètres  à  d i fféren tes  
hauteurs  réal i sen t l es  mesures  
dans  des  cond i ti ons  cl imati ques  
très  s im i l a i res  

Montage  des  anémomètres  à  
coupel l es  

1 ,  0  

1 ,  en  cas  de  montage  sur l a  
fl èche  et  d e  confi guration  de  
fl èche  i denti que;  0 ,  s i  un  
anémomètre  est  monté  en  tête  
de  mât et  que  l ' au tre  est  monté  
sur l a  fl èche  

Système d 'acqu is i ti on  de  données  0  
D i fférents  canaux d 'en trée  
appl i qués  

Effets  du  s i te  dus  à  l a  d i stance  en tre  
l e  mât  météorol og i que  de  référence  et  
l 'éol i enne  à  l ' essai .  

1  

Comme prem ière  approximati on ,  
i l  peu t  être  pri s  pou r hypothèse  
que  l es  effets  du  s i te  son t  
i denti ques  pou r l a  p l age  de  
hau teurs  d u  rotor 

I ncerti tude  due  au  nombre  l im i té  de  
mesures  su r l a  p l age  de  hau teurs  du  
rotor 

1  
Pour u ne  prem ière  
approximation ,  cette  i ncerti tude  
est  en ti èrement corrél ée  en tre  

___________ 

26  La  normal i sation  de  l a  masse  vol um ique  de  l 'a i r condu i t  à  u ne  i ncerti tude  suppl émentai re  pour l a  déterm ination  
de  l a  vi tesse  d u  ven t.  Cette  composante  est  produ i te  après  l e  moyennage  des  vi tesses  d u  ven t au  n i veau  du  
rotor et  d oi t  être  a jou tée  pour l ' éva luati on  fi nal e  des  i ncerti tudes  de  vi tesse  du  vent.  
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Composan te  
Coeffici ent de  corrélation  des  
i ncerti tudes  en tre  d i fféren tes  

hauteurs  de  mesure  
Expl ication  

l es  hau teu rs  de  mesure.  

Mesure  du  ci sai l l ement du  vent par un  RSD  

Essai  de  véri fi cation  1  

Normalement,  l es  cond i ti ons  des  
capteu rs  de  référence  à  
d i fférentes  hau teurs  son t très  
s im i l a i res .  La  sens ibi l i té  d e  l a  
précis ion  du  RSD à  l a  hau teur 
de  mesure  peu t être  i gnorée  

Analyse/classi fi cation  de  l a  sens ibi l i té  1  

Class i fi cation  réal i sée  dans  des  
cond i ti ons  très  s im i l a i res  à  
d i fféren tes  hau teurs .  Le  degré  
de  dépendance  de  l a  sensib i l i té  
du  RSD aux cond i ti ons  
envi ronnementales  à  l a  hau teu r 
de  mesure  peut  être  i gnoré  

I ncerti tude  i ssue  d u  con trôl e  à  l 'a i de  
du  mât météorolog i que  

1  
Même hypothèse  d ' i ncerti tude  
pou r tou tes  l es  hau teu rs  

I ncerti tude  due  à  l a  vari ati on  de  
l 'écou l ement su r d i fférents  vol umes  
de  sonde  à  l a  même hau teur 

1  

Normalement,  un  effet  assez 
s im i l a i re  est  attendu  à  
d i fférentes  hau teurs  de  mesure.  
La  sensib i l i té  d e  l 'erreu r à  l a  
hau teur de  mesure  peu t être  
i gnorée  

Montage  1  
Effet  s im i l a i re  du  montage  du  
système à  d i fféren tes  hau teu rs  
de  mesure  

Effets  du  s i te  dus  à  l a  d i stance  en tre  
l a  mesure  et  l 'éol i enne  à  l 'essa i  

1  

Comme prem ière  approximation ,  
i l  peu t  être  pri s  pou r hypothèse  
que  l es  effets  du  s i te  son t  
i den ti ques  pou r l a  p l age  de  
hau teurs  d u  rotor 

I ncerti tude  due  au  nombre  l im i té  de  
mesures  su r l a  p l age  de  hau teurs  du  
rotor 

1  

Pour u ne  prem ière  
approximation ,  cette  i ncerti tude  
est  en ti èrement corrél ée  en tre  
l es  hau teu rs  de  mesure  

 

NOTE  S i  l 'hypothèse  est  que,  pou r tou tes  l es  composantes,  l e  coeffi cien t  d e  corrél ation  est  égal  à  1  et  que  tou tes  
l es  composantes  sont  l es  mêmes  pour chaque  hauteur,  cette  procédure  est  s impl i fi ée  au  poi n t  que  l ' i ncerti tude  
peu t  être  calcu l ée  comme décri t  à  l 'Arti cl e  E . 6,  en  prenant veq , i

 à  l a  p l ace  de  v
i
.  Pour l es  va l eurs  fi xes  (par exemple  

l 'éta lonnage)  cette  val eu r peut  être  u ti l i sée  pou r veqveq , i.   

E.1 3.8  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse du  vent selon  
la  REWS pour un  mât météorologique  à  l a  hauteur du  moyeu  +  un  RSD  pour l a  
mesure  du  cisai l lement  avec une  vi tesse du  vent absolue  

L' incerti tude  de  mesure  de  l a  vi tesse  du  ven t à  l a  hau teur du  moyeu  par un  anémomètre  à  
coupel l es  ou  à  u l trasons  et l ' i ncerti tude  de  mesure  du  cisa i l lement du  ven t par un  RSD  
peuven t être  tra i tées  comme étant indépendantes  l 'une  de  l 'au tre.  La  propagation  d 'erreur 
selon  l 'Equation  (1 1 )  en  9. 1 . 3 . 4  mène à  l 'équation  su ivan te  pour l ' i ncerti tude  de  l a  REWS 
finale:  

 22222
final,eq i,fi,hi,vi,X,ri,v X,rh

uvufu +=  (E . 41 )  

 

où  

i,vu final,eq  est  l ' incerti tude-type  de  l a  REWS finale  dans  l a  tranche  i;  

fr, X, i  est l e  facteur de  correction  du  cisai l l ement du  vent dans  la  tranche de  vi tesse  du  
ven t i;  



 – 41 8  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

vh , i  est l a  vi tesse  du  vent mesurée  à  l a  hauteur du  moyeu  dans  l a  tranche  i  par 
l 'anémomètre  à  coupel l es  ou  à  u l trasons;  

ivh
u ,  est  l ' i ncerti tude-type  de  vh , i  dans  l a  tranche de  vi tesse  du  ven t i;  

if Xr
u ,,  est  l ' incerti tude-type  de  fr, X, i  d ans  la  tranche  de  vi tesse  du  ven t i.  

L ' incerti tude  du  facteur de  correction  du  cisai l l ement du  vent (propagation  d 'erreur selon  
l 'Equation  (9)  et l 'Equation  (1 0)  en  9. 1 . 3 . 3) :  
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1
ρ−+=  (E . 42)  

 

où  

vh , X, i  est  l a  vi tesse  du  ven t mesurée  par l e  RSD  dans  l a  tranche i;  

iv Xh
u ,,  est  l ' incerti tude-type  de  vh , X, i;  

veq ,X, i  est  la  REWS mesurée  par l e  RSD  dans  l a  tranche  i;  

i,v X,
u

eq  est  l ' i ncerti tude-type  de  veq , X, i  d ans  la  tranche  i;  

i,u,u
X,hvveq

ρ  est  le  coefficien t de  corrélation  entre  l es  composantes  

d ' incerti tude  i,v X,
u

eq  et  iv Xh
u ,,  d ans  la  tranche i.  

Dans  l a  mesure  où  veq, X, i  et  vh , X, i  on t les  mêmes types  de  sous-composan tes  d ' i ncerti tude  
décri tes  au  Tableau  E. 7  et en  prenan t pour hypothèse  que  ces  sous-composan tes  son t 
i ndépendantes  l 'une  de  l 'au tre,  l 'Equation  (E. 42)  est égale  à:  
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(E . 43)  

 

où  

i,k,v X,
u

eq  est l a  composante  d ' i ncerti tude-type  k de  la  REWS mesurée  par l e  RSD  

dans  l a  tranche  i,  à  des  fi ns  d 'anal yse  conformément à  l 'Equation  (E. 39);   

ikv Xh
u ,,,  est l a  composante  d ' i ncerti tude-type  k d e  l a  vi tesse  du  ven t à  l a  hauteur du  

moyeu  mesurée  par l e  RSD  dans  l a  tranche i;  

i,k,u,u
X,hvX,veq

ρ  est le  coefficien t de  corrélation  entre  les  composan tes  d ' incerti tude-

type  i,k,v X,
u

eq  et  ikv Xh
u ,,,  dans  l a  tranche i;  

M est  le  nombre  de  composantes  d ' incerti tude  de  veq , X e t  de  vh , X.  

Pour l 'appl ication  de  l 'Equation  (E. 43) ,  vh , X, i  et  veq , X, i  sont i ssus  du  moyennage de  tranche  de  
l a  REWS et de  la  vi tesse  du  vent à  l a  hau teur du  moyeu  mesurée  par l e  RSD en  fonction  de  
l a  vi tesse  du  ven t fi nalement appl iquée  pour l 'évaluation  de  l a  courbe  de  pu issance  (masse  
volum ique  de  l 'a i r normal isée  et vi tesse  du  ven t après  correction  du  cisa i l l ement du  ven t).  Les  
coefficien ts  de  corrélation  en tre  les  composantes  d ' i ncerti tude- type  de  l a  REWS et de  la  
vi tesse  du  vent  à  l a  hau teur du  moyeu  mesurée  par l e  RSD i,k,u,u

X,hvX,veq
ρ  d o iven t être  

estimés  à  parti r des  résu l tats  de  l 'essai  de  véri fication  et  de  l 'essai  de  sens ib i l i té/de  la  
cl assi fication  du  RSD.  Dans  certains  cas,  l ' h ypothèse  de  coefficients  de  corrélation  proches  
de  1  peu t se  j usti fi er.  
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L'Equation  (E .43) ,  l orsqu 'e l le  est u ti l i sée  con jo in tement à  l 'Equation  (E. 41 )  et à  
l 'Equation  (E .39) ,  permet d 'évaluer tou tes  l es  composan tes  d ' incerti tude-type  de  la  REWS 
finale.  Ces  sous-composan tes  doivent être  m ises  en  œuvre  dans  l es  Equations  (E. 3)  et (E . 4) .  

Conformément à  l 'Equation  (E. 41 ),  l ' i ncerti tude  tota le  de  la  REWS finale  est supérieure  à  
l ' i ncerti tude  de  l a  vi tesse  du  vent  mesurée  à  l a  hauteur du  moyeu  par l 'anémomètre  à  
u l trasons  ou  à  coupel les  (au  moins  dès  que  le  facteur de  correction  du  cisai l l ement du  ven t 
dépasse  1 ) .  L' i ncerti tude  augmente  à  cause  de  l ' i ncerti tude  du  facteur de  correction  du  
cisai l l ement du  ven t.  Conformément à  l 'Equation  (E. 43),  cette  i ncerti tude  supplémentai re  
d isparaît s i  l es  i ncerti tudes  de  l a  REWS et l a  vi tesse  du  vent mesurée  à  l a  hau teur du  moyeu  
par l e  RSD  sont en tièrement corrélées  )1(

eq
=i,k,u,u

X,hvX,v
ρ ,  mais  aussi  s i  l a  REWS est égale  à  

l a  vi tesse  du  ven t à  l a  hauteur du  moyeu  mesurée  par l e  RSD.   

NOTE  En  prenant pour hypothèse  que  tous  l es  coeffi cien ts  de  corrélati on  sont  égaux à  1  et  que  i,k,v X,
u

eq
 est  

égal  à  ikv Xh
u ,,,

 (voi r E . 1 3. 7),  l ' équati on  pou r 2
,, if Xr

u  est  s impl i fi ée  comme su i t:   

 

∑
=

−
=

M

k
i,k,v

i,X,h

i,X,i,X,h

i,f X,hX,r
u)

v

vv
(u

1

2
2

eq
 (E . 44)  

 

où  

vh , X, i  est  la  vi tesse  du  ven t mesurée  par l e  RSD  dans  l a  tranche i;  

uh , X, k, i  est  l ' incerti tude-type  de  l a  composan te  k  d e  vh , X, i  ou  de  veq ,X, i;  

veq ,X, i  est  l a  REWS mesurée  par l e  RSD  dans  l a  tranche  i.  

E.1 3.9  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse  du  vent selon  
la  REWS pour un  mât météorologique  à  l a  hauteur du  moyeu  +  un  RSD  pour l a  
mesure  du  cisai l lement avec une  vi tesse du  vent relative  

Une anal yse  de  la  sensibi l i té  et un  essai  de  véri fication  du  RSD  pour l es  mesures  du  
cisai l l ement du  vent  à  l a  p lace  des  mesures  de  l a  vi tesse  du  vent  absolue  peuvent être  
d ispon ib les.  Cela  s ign i fi e  que  l a  précision  du  RSD en  termes  de  mesures  du  cisai l lement du  
ven t est véri fi ée  l ors  de  l 'essai  de  véri fication ,  mais  aussi  que  la  sens ib i l i té  de  la  mesure  du  
cisai l l ement du  ven t su r l es  variables  envi ronnementales  fai t  l 'objet d 'un  essai  pour l a  
classi fication  du  RSD.  S i  une  te l l e  anal yse  de  la  sens ib i l i té  et un  te l  essai  de  véri fication  du  
RSD son t présents,  i l  est particu l ièrement u ti le ,  à  des  fi ns  d 'évaluation  des  i ncerti tudes,  
d ' in trodu i re  une  mesure  de  la  vi tesse  du  ven t re lati ve  par l e  RSD:  

 

RSD

RSD
RSD

,h

,m
m,,r

v

v
v =  (E . 45)  

 

où  

vr,RSD , m  est la  vi tesse  du  vent re lative  mesurée  par l e  RSD à  l a  hauteur m  par rapport à  l a  
vi tesse  du  ven t à  l a  hauteur du  moyeu  mesurée  par l e  RSD;  

vh ,RSD  est  l a  vi tesse  du  ven t mesurée  par l e  RSD à  l a  hauteur du  moyeu ;  

vm,RSD  est  la  vi tesse  du  ven t mesurée  par l e  d ispos i ti f de  té lédétection  à  l a  hauteur m .  

Le  facteur de  correction  de  cisa i l l emen t du  vent défin i  à  l 'Equation  (9)  en  9 . 1 . 3. 3  peu t a lors  
être  réécri t  comme su i t:  
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où  

Am  est l e  segment de  rotor attribué  à  l a  mesure  de  l a  vi tesse  du  vent à  l a  hau teur m  
conformément à  l 'Equation  (5)  en  9 . 1 . 3 . 2 ;  

A  est  la  surface  ba layée  par l e  rotor;  

L  est  le  nombre  de  hauteurs  de  mesure  sur l a  p l age  de  hauteurs  du  rotor.  

L'Equation  (E . 41 )  peu t ensu i te  être  appl i quée  pour évaluer l ' i ncerti tude  de  la  REWS finale  
avec l es  composantes  d ' i ncerti tude  du  facteur de  correction  du  cisai l l ement du  vent dans  la  
tranche  de  vi tesse  du  vent  i obtenue  à  parti r de:  
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=
L

m

L

n

i,k,n,m,ri,k,n,vi,n,vi,k,m,vi,m,vi,k,f
ucucu

,r,r,r,r
1 1

RSD
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RSDRSDRSDRSD
ρ  (E . 47)  

 

où  

L  est  le  nombre  de  hauteurs  de  mesure  su r l a  p lage  de  hauteurs  du  rotor;  

i,k,m,v ,r
u

RSD
 est la  composante  de  l ' i ncerti tude-type  k de l a  mesure  de  l a  vi tesse  du  vent 

re lati ve  à  l a  hau teur m  d ans  l a  tranche  de  vi tesse  du  ven t i;  

i,k,n,v ,r
u

RSD
 est la  composante  de  l ' i ncerti tude-type  k d e  l a  mesure  de  l a  vi tesse  du  vent 

re lati ve  à  l a  hau teur n  dans  l a  tranche  de  vi tesse  du  ven t i;  

i,m,v ,r
c

RSD
 est le  facteur de  sensib i l i té  de  fr,RSD  sur l a  mesure  de  la  vi tesse  du  ven t 

re lati ve  à  l a  hau teur m  d ans  l a  tranche  de  vi tesse  du  ven t i;  

i,n,v ,r
c

RSD
 est le  facteur de  sensib i l i té  de  fr,RSD  sur l a  mesure  de  la  vi tesse  du  ven t 

re lati ve  à  l a  hau teur n  dans  l a  tranche  de  vi tesse  du  ven t i.  

Les  facteurs  de  sensib i l i té  i,m,v ,r
c

RSD
 e t  i,n,v ,r

c
RSD

 son t:  
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Les  composan tes  d ' i ncerti tude  données  au  Tableau  E . 7  doivent  être  appl iquées,  mais  en  
termes  de  mesures  de  l a  vi tesse  du  ven t re lati ve  au  RSD  pl u tôt qu 'en  termes  de  mesures  de  
l a  vi tesse  du  vent absolue.  En  ou tre,  i l  do i t être  pris  pour h ypothèse  l es  mêmes  coefficients  
de  corré lation  des  composantes  d ' i ncerti tude  en tre  deux hauteurs  de  mesure,  comme décri t 
au  Tableau  E. 7,  dans  l e  cadre  des  mesures  de  l a  vi tesse  du  ven t re lati ve,  sauf s ' i l  est  
démontré  que  d 'au tres  valeurs  son t présentes.  

La  vi tesse  du  vent mesurée  à  l a  hau teur du  moyeu  par l 'anémomètre  à  coupel les  ou  à  
u l trasons  vh ,  l e  facteur de  correction  du  cisai l l ement du  ven t  fr,RSD  e t  l es  vi tesses  du  ven t 
re lati ves  vr,RSD  mesurées  par le  RSD  doiven t être  moyennés  par tranche  par rapport à  l a  
vi tesse  du  ven t fi nale  appl iquée  pour l 'évaluation  de  l a  courbe  de  pu issance pour l 'appl ication  
des  Equations  (E. 41 ) ,  (E .47)  et  (E. 48)  (vi tesse  du  ven t normal isée  à  la  masse  volum ique  de  
l 'a i r et  corrigée  du  cisai l l ement du  vent).  

E.1 3. 1 0  Composi tion  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse du  vent selon  
la  REWS en  raison  de  l a  déviation  de  l a  trajectoire  du  vent  sur l 'ensemble du  
rotor uREWS,veer, i  

La REWS (en  fonction  de  l a  déviation  de  l a  trajectoire  du  ven t,  conformément à  l 'Annexe Q)  
dépend  des  vi tesses  du  ven t et  des  d i rections  du  vent  sur la  p l age  de  hau teurs  du  rotor.  Les  
i ncerti tudes  des  mesures  de  l a  d i rection  du  vent  et de  l a  vi tesse  du  ven t peuvent souven t être  
tra i tées  i ndépendamment l 'une  de  l 'au tre.  L 'Equation  (E. 38)  en  E . 1 3. 7  devien t a lors:  
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où  

M est  l e  nombre  de  sous-composantes  d ' incerti tude  de  veq  rel ati ves  aux mesures  
de  la  vi tesse  du  ven t;  

i  est l a  tranche  de  vi tesse  du  ven t qu i  fa i t  référence  au  moyennage  de  tranche  de  
l a  courbe  de  pu issance;  

i,k,vu eq
 est la  sous-composante  de  l ' i ncerti tude-type  k de  veq  re lati ve  aux mesures  de  la  

vi tesse  du  ven t dans  la  tranche de  vi tesse  du  ven t  i;  

N est  l e  nombre  de  sous-composantes  d ' incerti tude  de  veq  rel ati ves  aux mesures  
de  la  d i rection  du  vent;  

i,l,vu eq
 est la  sous-composante  de  l ' i ncerti tude-type  k de  veq  re lati ve  aux mesures  de  la  

d i rection  du  vent dans  l a  tranche  de  vi tesse  du  vent  i.  

Le  terme de  gauche de  cette  équation  couvre  toutes  les  i ncerti tudes  de  mesure  de  la  vi tesse  
du  vent de  l a  REWS et doi t être  trai té  conformément à  l 'Article  E . 8,  a lors  que  l es  facteurs  de  
sensib i l i té  donnés  dans  l es  Equations  (E. 39)  et (E. 49)  doiven t être  mu l ti p l iés  par l a  trois ième 
pu issance  de  cos(φm) ,  où  m  est l a  d i fférence de  d i rection  du  ven t par rapport à  l a  hauteur du  
moyeu  à  la  hau teur de  mesure  m .  Ce  facteur doi t également être  i n trodu i t  dans  
l 'Equation  (E . 46)  pour l a  défin i tion  du  facteur de  correction  du  cisa i l lemen t du  ven t.  

Le  terme de  d roi te  dans  cette  Equation  (E. 49)  couvre  tou tes  les  i ncerti tudes  de  mesure  de  la  
d i rection  du  vent de  la  REWS.  Comme expl i qué  en  E .8. 1 ,  l 'une  des  d i fficu l tés  de  l 'évaluation  
de  cette  incerti tude  est l i ée  au  fa i t  que  l es  incerti tudes  des  mesures  de  l a  d i rection  du  ven t  
aux d i fférents  n i veaux de  hau teur son t corré lées  les  unes  aux autres.  Comme pour 
l 'Equation  (E . 39) ,  l es  sous-composantes  d ' i ncerti tude  sur l a  d i rection  du  ven t de  veq  d ans  la  
tranche de  vi tesse  du  vent  i  doivent être  calcu lées  à  parti r des  composan tes  d ' i ncerti tude  des  
mesures  de  l a  d i rection  du  vent dans  l es  hau teurs  de  mesure  un iques  à  l 'a ide  de  l a  méthode  
de  propagation  d 'erreur:  
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ρ  (E . 50)  

 

où  

L  est  le  nombre  de  hauteurs  de  mesure  su r l a  p lage  de  hauteurs  du  rotor;  

ilvm
u ,,  est l a  sous-composante  de  l ' incerti tude-type  l  de l a  mesure  de  l a  d i rection  du  vent  

à  l a  hau teur m  re l ati ve  à  l a  hau teur du  moyeu  dans  l a  tranche  de  vi tesse  du  ven t  i;  

ilvn
u ,,  est l a  sous-composan te  de  l ' i ncerti tude-type  l  d e  l a  mesure  de  l a  d i rection  du  vent 

à  l a  hau teur n  re lative  à  l a  hau teur du  moyeu  dans  l a  tranche de  vi tesse  du  ven t  i;  

cm, i  est le  facteur de  sens ib i l i té  de  veq  sur l a  d i rection  du  ven t à  l a  hauteur m  re lati ve  à  
l a  hau teur du  moyeu  dans  l a  tranche de  vi tesse  du  vent  i;  

cn , i  est l e  facteur de  sens ib i l i té  de  veq  su r l a  d i rection  du  vent à  l a  hauteur n  re l ati ve  à  
l a  hau teur du  moyeu  dans  l a  tranche de  vi tesse  du  vent  i;  

ρm, n , l, i  est l e  coefficient de  corrélation  en tre  l a  composante  d ' incerti tude-type  l  de la  
d i rection  du  ven t mesurée  à  l a  hau teu r m  e t  à  l a  hau teur n  par rapport à  l a  hau teur 
du  moyeu  dans  l a  tranche  de  vi tesse  du  vent  i  ( tranche de  vi tesse  du  ven t par 
rapport  à  l a  courbe  de  pu issance).  

Les  facteurs  de  sensib i l i té  cm, i  et  cn , i  i  son t i ssus  de  l a  défi n i tion  de  l a  REWS en  fonction  de  l a  
déviation  de  la  traj ectoi re  du  vent  à  l ' ai de  de  l a  méthode  de  propagation  d 'erreur:  
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où  

Am  est l e  segment de  rotor attribué  à  l a  mesure  de  l a  vi tesse  du  vent à  l a  hauteur m  
conformément à  l 'Equation  (5)  en  9 . 1 . 3 . 2;  

A  est  l a  surface  balayée  par l e  rotor;  

φm, i  est l a  d i rection  du  ven t à  l a  hau teur m  par rapport à  l a  d i rection  du  ven t à  l a  
hau teur du  moyeu  dans  l a  tranche  de  vi tesse  du  ven t  i;  

vm, i  est  la  vi tesse  du  ven t à  l a  hau teur m  d ans  l a  tranche  de  vi tesse  du  ven t i;  

veq , i  est  la  vi tesse  du  ven t équ ivalen te  dans  l a  tranche  i.  

Pour l 'appl ication  de  l 'Equation  (E. 40) ,  l es  d i rections  du  ven t Φm, i  e t  l es  vi tesses  du  vent  vm, i  
re latives  mesurées  aux d i fférentes  hau teurs  de  mesure  doivent être  moyennées  par tranche 
en  fonction  de  l a  vi tesse  du  ven t fina lement appl i quée  pour l 'évaluation  de  l a  courbe  de  
pu issance  (masse  volum ique  de  l 'a i r normal isée,  vi tesse  du  ven t après  correction  du  
cisai l l ement du  ven t ou  de  l a  déviation  de  l a  traj ectoire  du  ven t) .  

L'Equation  (E . 50)  u ti l i sée  con jo in tement à  l 'Equation  (E. 51 )  est s impl i fi ée  s ' i l  est pris  pour 
hypothèse  une  corrélation  complète,  l ' absence de  corré lation  ou  l a  présence d 'une 
an ticorrélation  en tre  l es  composantes  d ' i ncerti tude  aux d i fféren tes  hauteurs  de  mesure.  Les  
coefficien ts  de  corrélation  suggérés  au  Tableau  E . 8  doiven t être  appl iqués  pour l e  ca lcu l  des  
i ncerti tudes  en  termes  de  d i rection  du  ven t de  veq .  Des  coefficien ts  de  corrélation  i n férieurs  
ne  doiven t être  u ti l i sés  que  s ' i l s  sont évidents  et q ue  s i  l es  données  adéquates  son t 
cons ignées.  
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Tableau  E.8  – Hypothèses  de  corrélation  suggérées  pour les  incerti tudes  de  mesure  
de  l a  d i rection  du  vent  à  d i fférentes  hauteurs  de  mesure  

Composan te  

Coeffici ent de  corrélation  
des  i ncerti tudes  entre  
d i fféren tes  hauteurs  de  

mesure  

Expl ication  

Mesure  de  l a  d i rection  du  vent relative  par des  g i rouettes  ou  des  anémomètres  à  u l trasons  

Etalonnage  de  l a  sou ffl erie  des  
g i rouettes  u ti l i sées  aux hauteu rs  m  

et n  e t  à  l a  hau teu r d u  moyeu  
0 , 5  

L' i ncerti tude  de  l ' éta l onnage  des  g i rouettes  
i nd i vi duel l es  est  fondamentalement 
corrélée.  Par con tre,  étant  donné  q ue  l es  
d i fférences  de  d i rection  du  ven t  par rapport  
à  l a  hau teur d u  moyeu  aux hau teurs  m  e t  n  
i ncl uent  l a  mesure  de  l a  d i rection  à  l a  
hau teur du  moyeu ,  un  coeffi cien t  de  
corrélati on  de  0 , 5  est  suggéré.  

I n fl uence  du  mât  météorol og i que  sur 
l es  mesures  de  l a  d i rection  d u  vent  
aux hauteu rs  m ,  n  e t  à  l a  hau teur d u  
moyeu  

0 , 5;  1  

S i  l es  g i rouettes  aux deux hauteurs  m  e t  n  

sont  montées  de  l a  même man ière  par 
rapport  à  l a  même structure  de  mât,  l es  
i ncerti tudes  son t en tièrement  corrélées  su r 
l es  deux hauteurs  m  et  n .  L ' i ncerti tude  e l l e-
même devient  tou tefoi s  égale  à  0  s i  l a  
g i rouette  à  l a  hau teur du  moyeu  est  aussi  
i n fl uencée  de  l a  même man ière  par l e  mât  
météorolog ique.  S i  l es  g i rouettes  aux deux 
hau teurs  m  e t  n  ne  sont  pas  montées  de  l a  
même man ière  par rapport  à  l a  s tructure  de  
mât ou  que  l a  s tructure  du  mât est  très  
d i fférente  aux deux hau teu rs  m  e t  n ,  l es  
i ncerti tudes  et  ces  deux hau teurs  peuvent  
être  tra i tées  comme étan t non  corrélées.  
Par con tre,  étant  donné  que  l a  d i fférence  
de  d i rection  du  ven t par rapport  à  l a  
hau teur du  moyeu  aux deux hauteu rs  m  e t  
n  i ncl u t  l a  mesure  de  l a  d i recti on  à  l a  
hau teur du  moyeu ,  un  coeffi cien t  de  
corrélati on  de  0 , 5  est  suggéré  pou r ce  cas.  

M ise  au  nord  de  l a  mesure  de  l a  
d i rection  d u  vent  aux hau teu rs  m  e t  n  

et à  l a  hau teur du  moyeu  
0 , 5  

L' i ncerti tude  de  l a  m ise  au  nord  des  
g i rouettes  i nd i vi duel l es  est  
fondamentalement non  corrél ée.  Par 
con tre,  étan t  d onné  q ue  l a  d i rection  du  vent  
par rapport  à  l a  hau teu r du  moyeu  aux 
deux hau teurs  m  et  n  i ncl u t  l a  mesure  de  l a  
d i rection  à  l a  hau teu r d u  moyeu ,  un  
coeffi cien t  d e  corrél ation  de  0 , 5  est  
suggéré.   

Système d 'acqu is i ti on  de  
données  (DAS)  u ti l i sé  pour su rvei l l er 
l es  g i rouettes  aux hauteu rs  m ,  n  e t  à  
l a  hau teu r d u  moyeu  

0 , 5  

L' i ncerti tude  des  canaux DAS  des  
g i rouettes  i nd i vi duel l es  est  souvent  
fondamentalement non  corrél ée.  Par 
con tre,  étan t  d onné  q ue  l es  d i fférences  de  
d i rection  d u  vent  par rapport  à  l a  hau teu r 
du  moyeu  aux deux hauteu rs  m  et  n  
i ncl uent  l a  mesure  de  l a  d i rection  à  l a  
hau teur du  moyeu ,  un  coeffi cien t  de  
corrélati on  de  0 , 5  est  suggéré.  

Mesure  de  l a  d i rection  du  vent relative  par un  RSD  

Etalonnage  de  l a  sou ffl erie  des  
g i rouettes  de  référence  u ti l i sées  pour 
l es  essais  de  véri fi cati on  aux 
hau teurs  m  et  n  et  à  l a  hau teur du  
moyeu  

0 , 5;  1  

Les  i ncerti tudes  de  l a  mesure  de  référence  
des  essais  de  véri fi cation  son t 
fondamentalement  non  corrél ées  aux deux 
hauteurs  m  et  n .  Par contre,  étan t  donné  
que  l es  d i fférences  de  d i rection  du  vent  par 
rapport  à  l a  hau teu r du  moyeu  aux deux 
hauteurs  m  e t  n  i ncl uen t l a  mesure  de  l a  
d i rection  à  l a  hau teu r du  moyeu ,  un  
coeffi cien t  d e  corrél ation  de  0 , 5  est  
suggéré.  Une  exception  se  produ i t  l orsque  
l e  même essai  de  véri fi cation  est  u ti l i sé  
aux deux hau teu rs  m  e t  n  (par exemple,  s i  
l e  mât  u ti l i sé  pou r l 'essai  d e  véri fi cation  ne  
couvre  pas  l 'ensemble  du  rotor).  Les  
i ncerti tudes  son t a l ors  en tièrement  

M ise  au  nord  des  g i rouettes  de  
référence  u ti l i sées  pou r l es  essais  de  
véri fi cation  aux hau teurs  m  et  n  e t  à  l a  
hau teur du  moyeu  

0 , 5;  1  

Système d 'acqu is i ti on  de  
données  (DAS)  u ti l i sé  pour su rvei l l er 
l es  g i rouettes  de  référence  
appl i quées  pour l es  essais  de  
véri fi cation  aux hau teurs  m  e t  n  et  à  l a  

0 , 5;  1  
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Composan te  

Coeffici ent de  corrélation  
des  i ncerti tudes  entre  
d i fféren tes  hauteurs  de  

mesure  

Expl ication  

hau teur du  moyeu  corrélées  en tre  l es  deux hauteurs  m  e t  n .  
Tou tefo i s ,  l ' i ncerti tude  e l l e-même 
correspond  à  0  s i  cette  véri fi cation  est  
aussi  app l i q uée  à  l a  hau teur d u  moyeu .  

Ecart  moyen  en tre  l a  mesure  d u  RSD  
et  l a  mesure  de  référence  l ors  des  
essais  de  véri fi cati on  aux hau teurs  m  
e t  n  et  à  l a  hau teu r d u  moyeu  

0 , 5;  1  

I ncerti tude  s tati sti que  des  essa is  de  
véri fi cation  aux hau teurs  m  et  n  e t  à  l a  
hau teur du  moyeu  

0 , 5;  1  

I ncerti tude  des  essais  de  véri fi cation  
aux hauteu rs  m  et  n  e t  à  l a  hau teur d u  
moyeu  à  cause  d 'un  poss ibl e  
désal i gnement  d u  RSD  

1  

L ' i ncerti tude  est  en ti èrement corrélée  su r 
l es  hau teu rs  m  et n .  L ' i ncerti tude  
correspondante  est  tou tefoi s  égale  à  zéro  
pou r tou tes  l es  hau teu rs  m  et  n  é tan t  donné  
que  l ' erreur d e  désal i gnement  s 'annu le  l ors  
de  l 'éva luati on  de  l a  d i fférence  en tre  l es  
d i rections  du  ven t aux hauteurs  m  et  n  par 
rapport  à  l a  hau teu r du  moyeu .  

I ncerti tude  des  essais  de  véri fi cation  
aux hauteu rs  m  et  n  e t  à  l a  hau teur d u  
moyeu  causée  par l ' h ypothèse  de  
cond i ti ons  de  ven t égales  sur l es  
vol umes  de  sonde  du  RSD.  

1  

Ces  i ncerti tudes  sont  fortemen t corrél ées  
su r l es  hau teu rs  m  e t  n .  Les  i ncerti tudes  
respecti ves  son t tou tefoi s  proches  de  zéro  
étan t  donné  q ue  l ' i n fl uence  sur l a  mesure  
de  l a  d i recti on  d u  vent  à  l a  hau teur m  (ou  n )  
et  à  l a  hau teur du  moyeu  s 'annu le  l ors  de  
l 'évaluation  de  l a  d i fférence  en tre  l es  
d i rections  du  ven t.  

I ncerti tude  des  essais  de  véri fi cation  
aux hauteu rs  m  et  n  e t  à  l a  hau teur d u  
moyeu  causée  par une  possib l e  
séparation  en tre  l e  centre  du  vol ume  
de  mesure  d u  RSD  et  l a  posi ti on  du  
mât de  référence  

1  

I ncerti tude  due  à  l a  sensibi l i té  des  
mesures  du  RSD  et  aux vari abl es  
envi ronnementales  

1  

Possib le  désa l i gnement  du  RSD  l ors  
de  l 'essai  d e  cou rbe  de  pu i ssance  

1  

Ces  i ncerti tudes  son t fortemen t corrél ées  
su r l es  hau teu rs  m  e t  n .  Les  i ncerti tudes  
respecti ves  sont  tou tefoi s  égal es  à  zéro  
pou r tou tes  l es  hau teu rs  m  e t  n  étan t  donné  
que  l ' i n fl uence  su r l a  mesure  de  l a  d i rection  
du  ven t à  l a  hau teu r m  (ou  n )  e t  à  l a  
hau teur du  moyeu  s 'annu l e  l ors  de  
l 'évaluation  de  l a  d i fférence  en tre  l es  
d i rections  du  ven t.  

Hypothèse  de  cond i ti ons  de  ven t 
égal es  sur tous  l es  vol umes  de  sonde  
du  RSD  aux hau teurs  m  et  n  e t  à  l a  
hau teur du  moyeu  

1  

Ces  i ncerti tudes  sont  fortemen t corrél ées  
su r l es  hau teu rs  m  e t  n .  Les  i ncerti tudes  
respecti ves  son t tou tefoi s  proches  de  zéro  
étan t  d onné  q ue  l ' i n fl uence  su r l a  mesure  
de  l a  d i recti on  d u  vent  à  l a  hau teur m  (ou  n )  
et  à  l a  hau teur du  moyeu  s 'annu le  l ors  de  
l 'évaluation  de  l a  d i fférence  en tre  l es  
d i rections  du  ven t.  

Survei l l ance  d u  vent  à  l ' a i de  d 'un  mât 
météorolog ique  l ors  de  l 'essai  de  
courbe  de  pu i ssance  

0 , 5;  1  

S i  l e  mât météorol og i que  de  su rvei l l ance  
couvre  l es  deux hauteurs  m  et  n  avec des  
g i rouettes  d i fféren tes,  l es  i ncerti tudes  de  l a  
survei l l ance  sont  fondamentalement  non  
corrélées  aux deux hauteu rs  m  e t  n .  Par 
con tre,  étant  d onné  q ue  l a  d i fférence  de  
d i rection  d u  vent  par rapport  à  l a  hau teu r 
du  moyeu  aux deux hauteu rs  m  et  n  i ncl u t  
l a  mesure  de  l a  d i rection  à  l a  hau teur d u  
moyeu ,  un  coeffi cien t  d e  corrél ation  de  0 , 5  
est  suggéré  dans  ce  cas.  S i  l e  mât de  
survei l l ance  ne  fou rn i t  q u 'une  hau teur de  
mesure  qu i  peu t  être  u ti l i sée  pour véri fi er 
l a  mesure  du  RSD  aux hauteu rs  m  e t  n ,  
l ' i ncerti tude  est  en ti èrement  corré lée  su r 
l es  hau teu rs  m  e t  n .  L ' i ncerti tude  
correspondante  est  tou tefoi s  proche  de  
zéro  pou r tou tes  l es  hau teu rs  m  et  n  é tan t  
donné  q ue  l ' i ncerti tude  s 'annu l e  l ors  d e  
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Composan te  

Coeffici ent de  corrélation  
des  i ncerti tudes  entre  
d i fféren tes  hauteurs  de  

mesure  

Expl ication  

l 'évaluation  de  l a  d i fférence  en tre  l es  
d i rections  du  vent  à  l a  hau teu r m  (ou  n )  et  à  
l a  hau teu r d u  moyeu .  

 

E.1 3. 1 1  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  vi tesse  du  vent en  
raison  de  l a  d istorsion  de  l 'écoulement due  à  l 'étalonnage  du  s i te  uVT , i  

Les  composantes  d ' incerti tude  su ivantes  son t  composées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lati ve  à  un  éta lonnage du  s i te ,  uVT , i:  

 
VT

22
dVT,

2
sv,VT,

2
rmv,VT,

2
coc,VT,

2
mnt,VT,

2
class,VT,

2
postcal,VT,

2
precal,VT,VT, ++++++= suuuuuuuuu j,ij,ij,ij,ij,ij,ij,ij,ij,i ++    (E . 52)  

 

où   

uVT, i, j  est  l ' i ncerti tude  de  l 'éta lonnage  du  s i te;   

uVT, precal , i, j  est  l ' i ncerti tude  re lative  à  l 'é ta lonnage  des  anémomètres;  

uVT, postcal , i, j  est l ' i ncerti tude  relati ve  au  post-éta lonnage ou  à  l 'éta lonnage in  s i tu  des  
anémomètres;  

uVT, class, i, j  est  l ' i ncerti tude  re lati ve  à  l a  cl ass i fication  des  capteurs ;  

uVT,mnt, i, j  est  l ' i ncerti tude  re lati ve  au  mon tage  des  capteurs ;   

uVT, coc, i, j  est l ' i ncerti tude  re lati ve  à  l a  variation  de  l a  va leur de  correction  entre  l es  
tranches;  

uVT, rmv, i, j  est l ' i ncerti tude  re lative  à  l 'en lèvement du  capteur de  d i rection  du  ven t entre 
l 'éta lonnage du  s i te  et l ' essai  de  performance  de  pu issance;  

uVT, sv, i, j  est l ' i ncerti tude  re lati ve  à  l a  variation  saisonn ière  entre  l 'éta lonnage du  s i te  
et  l 'essai  de  performance  de  pu issance;  

udVT, i, j  est  l ' i ncerti tude  re lati ve  à  l ' acqu is i ti on  de  données  du  s ignal  de  vi tesse  du  
ven t;  

sVT  est  l ' i ncerti tude-type  de  catégorie  A de  l 'étalonnage  du  s i te,  voi r C. 6. 1 .   

Pour obten i r l ' i ncerti tude  dans  une  tranche de  vi tesse  du  vent  sur tous  les  secteurs  
d i rectionnels ,  l a  moyenne  pondérée  doi t  être  u ti l i sée:  

 

∑

∑
=

j

j,i

j

j,ij,i,

i,
N

Nu

u

VT

VT
 (E . 53)  

 

où  Ni, j  est le  nombre  d 'ensembles  de  données  de  courbe  de  pu issance  pour l a  tranche de 
vi tesse du  ven t i  e t  l a  tranche  de  d i rection  du  ven t  j.  

E.1 3. 1 2  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  température  uT , i  

Les  composantes  d ' incerti tude  su ivantes  son t composées  pour ca lcu ler l ' i ncerti tude  de  
catégorie  B  pour l a  température,  uT , i :  

 
uuuuu iiiii
2
dT,

2
mnt,T,

2
shield,T,

2
cal,T,T, ++= +  (E . 54)  
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où   

uT, i  est  l ' incerti tude  de  l a  mesure  de  la  température;   

uT, cal , i  est  l ' incerti tude  re lati ve  à  l 'éta lonnage  du  capteur de  température;  

uT, sh iel d , i  est  l ' i ncerti tude  re lati ve  à  l a  protection  con tre  le  rayonnement du  capteur de  
température;  

uT,mnt, i  est  l ' incerti tude  re lati ve  au  montage  du  capteur de  température;  

udT, i  est  l ' incerti tude  re lative  à  l 'acqu is i tion  de  données  du  s ignal  de  température.   

En  prenant l es  hypothèses  su ivan tes:  

•  L ' i ncerti tude-type  du  capteur de  température  est  égale  à  0 , 5  °C.  

•  La  protection  con tre  le  rayonnement du  capteur de  température  est  égale  à  2  °C.   

•  L ' i ncerti tude-type  due  aux effets  de  montage  du  capteur de  température  dépend  de  l a  
d istance  verticale  par rapport à  l a  hauteur du  moyeu .  Le  capteur de  température  étant 
monté  à  moins  de  1 0  m  de  l a  hau teur du  moyeu ,  l ' h ypothèse  est une  i ncerti tude- type  
de  1 /3  °C.   

•  En  prenant pour h ypothèse  une  p lage  de  températures  de  40  °C  du  canal  de  mesure  et 
une  i ncerti tude-type  du  système d 'acqu is i ti on  de  données  égale  à  0 , 1  %  de  cette  p lage.  

Le  calcu l  numérique  de  l ' i ncerti tude-type  de  l a  température  de  l 'a i r dans  chaque  tranche est:  

 K12K)40%10(K)30(K)02(K)50(= 2222
T, ,,,,, =⋅+++u i  (E . 55)  

 

E.1 3. 1 3  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  pression  uB , i  

Les  composantes  d ' incerti tude  su ivantes  son t composées  pour ca lcu ler l ' i ncerti tude  de  
catégorie  B  re lative  à  l a  press ion ,  uB , i:  

 
uuuu iiii
2
dB,

2
mnt,B,

2
cal,B,B, += +  (E . 56)  

 

où   

uB, i  est  l ' incerti tude  de  l a  mesure  de  la  press ion ;   

uB, cal , i  est  l ' incerti tude  re lative  à  l 'é ta lonnage  du  capteur de  pression ;  

uB,mnt, i  est  l ' incerti tude  re lative  au  montage  du  capteur de  pression ;  

udB, i  est  l ' incerti tude  re lative  à  l 'acqu is i tion  de  données  du  s ignal  de  press ion .   

En  prenant l es  h ypothèses  su ivan tes:  

•  L ' incerti tude-type  du  capteur de  press ion  est égale  à  3 , 0  hPa.  I l  est pris  l ' h ypothèse  que  la  
press ion  est corri gée  à  l a  hauteur du  moyeu  conformément à  l ' I SO  2533  (qu i ,  pour une  
atmosphère  normale  et  une  d i fférence de  hau teur de  98  m  en tre  l e  capteur et l e  moyeu ,  
est égale  à  1 1 , 7  hPa).  L' incerti tude-type  due  au  déploiement est estimée être  égale  à  
1 0  %  de  l a  correction ,  c'est-à-d i re  1 , 1 7  hPa.   

•  En  prenant pour hypothèse  une  p lage  de  press ions  de  1 00  hPa du  canal  de  mesure  et une  
i ncerti tude-type  du  système d 'acqu is i ti on  de  données  égale  à  0 , 1  %  de  cette  p lage.  

Le  calcu l  numérique  de  l ' i ncerti tude-type  de  l a  pression  atmosphérique  est:  

 
hPa23hPa)1 00%10(hPa)1 71(hPa)03(= 222

B, ,,,, =⋅++u i  (E. 57)  
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E.1 3. 1 4 Composition  des  incerti tudes  pour l a  mesure  de  l 'humid i té  uRH , i  

Les  composan tes  d ' incerti tude  su ivan tes  son t  combinées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lative  à  l 'hum id i té,  uRH , i :  

 
uuuu iiii
2
dRH,

2
mnt,RH,

2
cal,RH,RH, += +  (E . 58)  

 

où   

uRH, i  est  l ' i ncerti tude  de  l a  mesure  de  l 'hum id i té  re lative;  

uRH,cal , i  est  l ' i ncerti tude  re lati ve  à  l 'éta lonnage  du  capteur d 'hum id i té  re lati ve;  

uRH,mnt, i  est  l ' i ncerti tude  re lati ve  au  montage  du  capteur d 'hum id i té  re lati ve;  

udRH, i  est  l ' i ncerti tude  re lati ve  à  l 'acqu is i tion  de  données  du  s ignal  d 'hum id i té  re lati ve.  

En  prenant  l es  h ypothèses  su ivan tes:  

•  L ' incerti tude-type  du  capteur d 'hum id i té  re lati ve  est égale  à  1  %.   

•  L ' incerti tude  re lati ve  au  montage  du  capteur est de  0, 1  %.  

•  En  prenant pour hypothèse  une  p lage  de  press ions  de  1 00  %  du  canal  de  mesure  et une  
i ncerti tude-type  du  système d 'acqu is i ti on  de  données  égale  à  0 , 1  %  de  cette  p lage.  

Le  calcu l  numérique  de  l ' i ncerti tude-type  de  l 'hum id i té  re lati ve  est:  

 
%01)%1 00%(0,1)%(0,1)%(1 ,0 222

,RH ,=⋅++=u i  (E . 59)  

 

E.1 3. 1 5  Composition  des  incerti tudes  pour l es  composantes  relatives  à  l a  méthode  uM,i  

Les  composantes  d ' incerti tude  su ivantes  son t composées  pour ca lcu ler l ' i ncerti tude  de  
catégorie  B  re lati ve  à  l a  méthode,  uM , i:  

 
uuuuuuuu iiiiiiiri
2
cc,M,

2
tinorm,M,

2
sfx,M,

2
ti ,M,

2
upflow,M,

2
veer,M,

2
,sheaM,M, ++++++=     (E . 60)  

 

où   

uM, i  est  l ' i ncerti tude  re lati ve  à  l a  méthode  appl i quée;   

uM, shear, i  est  l ' incerti tude  re lati ve  aux i n formations  de  cisai l l ement manquantes  sur 
l 'ensemble  du  rotor;  

uM,veer, i  est l ' i ncerti tude  relati ve  aux i n formations  de  déviation  de  l a  trajectoi re  du  vent 
manquantes  sur l 'ensemble  du  rotor;  

uM,upflow, i  est l ' i ncerti tude  re lati ve  aux i n formations  d 'écou lement ascendant manquantes 
sur l 'ensemble  du  rotor;  

uM, ti , i  est l ' i ncerti tude  relati ve  aux i n formations  de  turbu lences  manquantes  
l orsqu 'aucun  s ignal  de  vi tesse  du  vent du  mât météorolog ique  à  l a  hauteur du  
moyeu  n 'est  d ispon ib le;  

uM, sfx, i  est l ' i ncerti tude  re lati ve  aux variations  sa isonn ières  non  quan ti fi ab les  sur 
l 'éol ienne;   

uM, ti norm , i  est  l ' incerti tude  re lative  à  l a  normal isation  des  turbu lences;  

uM,cc, i  est  l ' i ncerti tude  re lati ve  à  l a  mesure  dans  un  cl imat fro id .  
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E.1 3. 1 6  Composition  des  incerti tudes  relatives  à  l a  mesure  de  la  d i rection  du  vent par 
une  g i rouette  ou  un  anémomètre  à  u l trasons  uWV, i  

Les  composantes  d ' incerti tude  su ivantes  son t composées  pour ca lcu ler l ' i ncerti tude  de  
catégorie  B  re lative  à  l a  mesure  de  l a  d i rection  du  vent  par une g i rouette  ou  un  anémomètre  à  
u l trasons,  uWV , i:  

 
uuuuuuu

i,iiiiii
222222
dWVmda,WV,oe,WV,bo,WV,nm,WV,cal,WV,WV,

+++++=       (E . 61 )  

 

où  

uWV, i  est  l ' i ncerti tude  re lati ve  à  l a  d i rection  du  ven t mesurée  par un  capteur de  d i rection  
du  ven t monté  sur un  mât (g i rouette  ou  anémomètre  à  u l trasons);  

uWV,cal , i  est  l ' incerti tude  re lati ve  à  l 'éta lonnage  du  capteur de  d i rection  du  vent;  

uWV,nm , i  est  l ' incerti tude  re lati ve  à  l ' i nd icateur du  nord  du  capteur de  d i rection  du  vent;  

uWV,bo, i  est l ' i ncerti tude  re lative  à  l 'orien tation  de  la  fl èche  sur laquel l e  l e  capteur de  
d i rection  du  vent est monté;  

uWV,oe, i  est l ' i ncerti tude  re lati ve  à  l ' i n fl uence du  mât météorolog ique  sur l a  mesure  de  l a  
d i rection  du  vent;  

uWV,mda, i  est  l ' incerti tude  re lative  à  l 'ang le  de  décl inaison  magnétique;   

udWV, i  est l ' i ncerti tude  re lati ve  à  l 'acqu is i ti on  de  données  du  s ignal  d u  capteur de  
d i rection  du  vent.  

E.1 3. 1 7  Composi tion  des  incerti tudes  relatives  à  l a  mesure  de  la  d irection  du  vent par 
un  RSD uWR, i  

Les  composantes  d ' incerti tude  su ivantes  son t composées  pour calcu ler l ' i ncerti tude  de  
catégorie  B  re lati ve  à  l a  mesure  de  l a  d i rection  du  vent par un  RSD,  uWR , i:  

 
uuuuuuuu

i,iiiiiii
2222222
dWRmda,WR,align,WR,WR,fv,mon,WR,class,WR,WR,ver,WR,

++++++=    (E . 62)  

 

où   

uWR, i  est  l ' incerti tude  re lati ve  à  l a  d i rection  du  ven t mesurée  par un  RSD;  

uWR,ver, i  est  l ' i ncerti tude  re lati ve  à  l 'essai  de  véri fication  du  RSD;  

uWR,class, i  est  l ' incerti tude  re lati ve  à  l a  cl assi fication  du  RSD;  

uWR,mon , i  est  l ' i ncerti tude  re lati ve  à  l a  survei l lance  du  RSD;  

uWR, fv, i  est  l ' i ncerti tude  re lative  à  l a  variation  de  l 'écou lement du  vent  sur l e  volume 
mesuré;  

uWR,al i gn , i  est  l ' i ncerti tude  re lati ve  à  l 'a l i gnement du  RSD;  

uWR,mda, i  est  l ' i ncerti tude  re lative  à  l 'ang le  de  décl inaison  magnétique;   

udWR, i  est  l ' i ncerti tude  re lative  à  l 'acqu is i tion  de  données  du  s ignal  du  capteur de  
d i rection  du  vent.  

E.1 3. 1 8  Incerti tudes  de  catégorie  B  composées  

Les  incerti tudes  de  catégorie  B  dans  chaque  tranche  son t composées  comme su i t:  

 2222222

,,,,, iiiiiiivii
ucucucucuu

RHRHBBT,iT,V,P,
++++= 22  (E. 63)  
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E.1 3. 1 9  Incerti tude-type  composée  – Courbe  de  pu issance  

Les  i ncerti tudes-types  composées  de  chaque  tranche de  la  courbe  de  pu issance sont 
trouvées  en  composan t l ' i ncerti tude  de  catégorie  A avec tou tes  l es  i ncerti tudes  de  
catégorie  B .   

 222222222222
RHRHBBTTvP

+=
iiiiiiiiviic

ucucucucuSuSu iii
,,,,,,,,,,

++++=+  (E . 64)  

 

E.1 3.20  Incerti tude-type  composée  – Production  d 'énergie  

L' incerti tude-type  composée de  l 'AEP  est trouvée en  combinan t i nd ividuel l ement les  
i ncerti tudes  des  catégories  A et B  en  fonction  des  tranches.  Cela  peut être  fai t  conformément 
à  l a  formu lation  complète  de  l 'Equation  (E. 4),  comme ind iqué  par l 'Equation  (E. 65),  ou  à  l a  
formu lation  s impl i fiée  et pruden te  de  l 'Equation  (E . 5) ,  comme i nd iqué  par l 'Equation  (E .65) :  
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où  

fi   est l 'occurrence  re lati ve  de  l a  vi tesse  du  vent en tre  Vi–1  e t  Vi:  F(Vi)  – F(Vi–1 )  dans  l a  
tranche  i.  

E.1 4 Pertinence des  composantes  d ' incerti tude dans  les  condi tions  spécifiées  

Conformément au  Gu ide  pour l 'expression  de  l ' i ncerti tude  de  mesure,  dans  certains  cas,  une  
composan te  d ' incerti tude  peut être  évaluée  et se  révéler non  s i gn i ficati ve,  et donc ne  pas  être  
i ncluse  dans  l 'évaluation  de  l ' incerti tude  du  résu l tat de  la  mesure.  

Dans  la  présente  norme,  i l  convien t de  n 'ass igner à  d i fféren tes  composantes  d ' incerti tude  une  
valeur égale  à  zéro  que  dans  ces  cas  spéci fiques  ou  l orsqu 'un  ensemble  spéci fique  de  
cond i ti ons  a  été  satisfai t.  Un  exemple  est l ' i ncerti tude  de  uVT, coc, i, j,  l i ée  à  l ' i ncerti tude  
appl iquée  dans  un  étalonnage  de  s i te  l orsque  l es  tranches  de  d i rection  du  vent présentant  
une  variation  du  facteur de  correction  supérieure  à  2  %  par rapport  aux tranches  ad jacentes  
ne  son t pas  él im inées  de  l 'ensemble  de  données  (voi r C. 7. 3  d )) .  Lorsqu ' i l  a  été  décidé  de  ne  
pas  é l im iner ces  tranches,  et dans  ce  cas  seu lement,  uVT, coc, i, j  se  voi t a ttribuer une  valeur,  
s i non  i l  prend  la  valeur zéro.  

I l  revient  à  l ' u ti l i sateur de  l a  présente  norme de  déterm iner dans  quels  cas  une  composante  
d ' incerti tude  peu t être  j ugée  i nadéquate  et donc être  m ise  à  zéro.  I l  convien t de  documenter 
ce  fa i t (y compris  l a  j usti fication)  afin  de  garanti r l a  reproductib i l i té  du  calcu l  de  l ' i ncerti tude.  
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E.1 5  Tableaux de référence 

Tableau  E.9  – Incerti tudes  l i ées  à  l a  normal isation  de  l a  masse  volumique de  l 'ai r 

N o  de  
tranche  

Vi tesse  du  vent 
normal i sée  en  
fonction  de  l a  

masse volumique  
de  l 'ai r 

Vi tesse  du  vent avant 
normal i sation  (non  

normal i sée)  

Di fférence  entre  l es  
vi tesses  du  vent 
normal i sée  et non  

normal i sée   

I ncerti tude  due  à  
l a  normal isation  

de  l a  masse  
volumique de  l 'ai r 

i  Vn  i
 Vun  i

 Vn i
 –  Vun  i  uP1 , i

 

 m /s  m /s  m /s  m /s  

4  2 , 03  2 , 025  0 , 008  0 , 004  

5  2 , 51  2 , 501  0 , 01 3  0 , 007  

6  3 , 03  3 , 01 5  0 , 01 4  0 , 007  

7  3 , 52  3 , 501  0 , 01 6  0 , 008  

8  4 , 02  4 , 000  0 , 022  0 , 01 1  

9  4 , 53  4 , 503  0 , 028  0 , 01 4  

1 0  5, 00  4 , 976  0 , 029  0 , 01 4  

1 1  5, 55  5, 523  0 , 031  0 , 01 6  

1 2  6 , 03  5, 991  0 , 035  0 , 01 7  

1 3  6 , 56  6 , 503  0 , 055  0 , 028  

1 4  7 , 01  6 , 970  0 , 041  0 , 021  

1 5  7 , 55  7 , 485  0 , 061  0 , 031  

1 6  8, 04  7 , 979  0 , 065  0 , 032  

1 7  8, 57  8 , 503  0 , 064  0 , 032  

1 8  9, 08  8 , 999  0 , 080  0 , 040  

1 9  9, 58  9 , 494  0 , 090  0 , 045  

20  1 0 , 1 0  1 0 , 007  0 , 091  0 , 045  

21  1 0 , 61  1 0 , 501  0 , 1 1 3  0 , 056  

22  1 1 , 1 0  1 0 , 982  0 , 1 22  0 , 061  

23  1 1 , 60  1 1 , 475  0 , 1 21  0 , 060  

24  1 2 , 1 1  1 1 , 986  0 , 1 25  0 , 062  

25  1 2 , 64  1 2 , 504  0 , 1 39  0 , 070  

26  1 3 , 1 7  1 3 , 034  0 , 1 34  0 , 067  

27  1 3 , 59  1 3 , 467  0 , 1 23  0 , 061  

28  1 4 , 1 8  1 4 , 020  0 , 1 57  0 , 079  

29  1 4 , 62  1 4 , 479  0 , 1 40  0 , 070  

30  1 5, 07  1 4 , 91 6  0 , 1 49  0 , 075  

31  1 5, 76  1 5, 61 1  0 , 1 51  0 , 075  

32  1 6 , 09  1 5, 941  0 , 1 47  0 , 073  

33  1 6 , 83  1 6 , 680  0 , 1 50  0 , 075  

34  1 7 , 03  1 6 , 926  0 , 1 00  0 , 050  

35  1 7 , 81  1 7 , 586  0 , 226  0 , 1 1 3  

36  1 8, 1 9  1 8, 05  2  0 , 1 35  0 , 068  

37  1 8, 5  0 , 1 52  2  0 , 1 35  0 , 068  

38  1 9  0 , 1 52  1  0 , 1 35  0 , 068  

39  1 9, 5  0 , 1 53  9  0 , 1 35  0 , 068  

40  20  0 , 1 54  1  0 , 1 35  0 , 068  
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N o  de  
tranche  

Vi tesse  du  vent 
normal i sée  en  
fonction  de  l a  

masse volumique  
de  l 'ai r 

Vi tesse  du  vent avant 
normal i sation  (non  

normal i sée)  

Di fférence  entre  l es  
vi tesses  du  vent 
normal i sée  et non  

normal i sée   

I ncerti tude  due  à  
l a  normal isation  

de  l a  masse  
volumique de  l 'ai r 

i  Vn  i
 Vun  i

 Vn i
 –  Vun  i  uP1 , i

 

 m /s  m /s  m /s  m /s  

41  20, 5  0 , 1 50  5  0 , 1 35  0 , 068  

42  21  0 , 1 51  2  0 , 1 35  0 , 068  

43  21 , 5  0 , 1 54  8  0 , 1 35  0 , 068  

44  22  0 , 1 53  0 , 1 35  0 , 068  

45  22 , 5  0 , 1 53  3  0 , 1 35  0 , 068  

46  23  0 , 1 55  7  0 , 1 35  0 , 068  

47  23, 5  0 , 1 56  7  0 , 1 35  0 , 068  
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Tableau  E. 1 0  – Facteurs  de  sensibi l i té  

 Courbe de  pu issance  
(base  de  données  B)  

Facteurs  de  sensibi l i té  

N o  de  
tranche  

Vi tesse  du  
vent  

Pu issance 
électrique  

Vi tesse du  
vent  

Température  de  
l 'ai r 

Pression  
atmosphérique  

i  V
i
 P

i
 cV , i

 cT , i  cB , i
 

 m /s  kW kW/m/s  kW/K kW/hPa 

4  2 , 1 3  –3, 64  1 , 71 2  0 , 01 3  0 , 004  

5  2 , 49  – 3 , 65  0 , 01 4  0 , 01 3  0 , 004  

6  2 , 99  –3, 78  0 , 269  0 , 01 3  0 , 004  

7  3 , 51  – 2 , 1 9  3 , 062  0 , 008  0 , 002  

8  3 , 99  – 0 , 43  3 , 645  0 , 001  0 , 000  

9  4 , 50  6 , 04  1 2 , 825  0 , 021  0 , 006  

1 0  4 , 98  27, 70  44, 664  0 , 096  0 , 027  

1 1  5 , 52  67, 39  74, 049  0 , 234  0 , 067  

1 2  5 , 98  1 1 1 , 30  94, 430  0 , 386  0 , 1 1 0  

1 3  6 , 51  1 60, 95  95, 01 9  0 , 558  0 , 1 59  

1 4  7 , 01  209, 42  95, 472  0 , 727  0 , 207  

1 5  7 , 50  261 , 96  1 07, 566  0 , 909  0 , 259  

1 6  8 , 00  327, 63  1 31 , 992  1 , 1 37  0 , 323  

1 7  8 , 50  395, 23  1 36, 290  1 , 372  0 , 390  

1 8  8 , 99  462, 01  1 34, 677  1 , 603  0 , 456  

1 9  9 , 49  556, 06  1 87, 824  1 , 930  0 , 549  

20  1 0, 00  629, 80  1 45, 079  2 , 1 86  0 , 622  

21  1 0, 47  703, 06  1 55, 957  2 , 440  0 , 694  

22  1 1 , 00  786, 55  1 57, 358  2 , 729  0 , 776  

23  1 1 , 50  836, 48  1 00, 000  2 , 903  0 , 826  

24  1 1 , 99  893, 52  1 1 6, 327  3, 1 01  0 , 882  

25  1 2 , 49  928, 61  70, 200  3, 223  0 , 91 7  

26  1 3, 03  956, 44  51 , 481  3 , 31 9  0 , 944  

27  1 3, 50  971 , 30  31 , 702  3, 371  0 , 959  

28  1 4, 00  980, 92  1 9, 200  3 , 404  0 , 968  

29  1 4, 48  988, 1 7  1 5, 208  3, 429  0 , 976  

30  1 5, 00  993, 46  1 0, 1 92  3, 448  0 , 981  

31  1 5, 49  993, 71  0 , 408  3 , 449  0 , 981  

32  1 5, 99  995, 70  4 , 000  3 , 455  0 , 983  

33  1 6, 54  996, 22  0 , 909  3 , 457  0 , 983  

34  1 7, 02  996, 42  0 , 41 7  3 , 458  0 , 984  

35  1 7, 48  996, 48  0 , 21 7  3 , 458  0 , 984  

36  1 7, 95  996, 50  0 , 000  3 , 458  0 , 984  

37  1 8, 49  995, 71  0 , 556  3 , 457  0 , 983  

38  1 8, 97  996, 6  0 , 833  3 , 459  0 , 984  

39  1 9, 42  996, 1  1 , 1 1 1  3 , 457  0 , 983  

40  1 9, 96  994, 1  3 , 704  3 , 450  0 , 981  

41  20, 51  987, 4  1 2 , 1 82  3 , 427  0 , 975  

42  20, 88  996, 9  25, 676  3 , 460  0 , 984  
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Tableau  E. 1 1  – Incerti tudes  de  catégorie  B  

N
o
 de  

tranche  
Pu issance  
électrique  

Vi tesse  du  
vent  

Vi tesse  du  
vent  

Température  de  
l 'ai r 

Température  de  
l 'ai r 

Pression  
atmosphérique  

Pression  
atmosphérique  

i  uP , i
 uV , i

 cV , i  ·  uV , i  uT , i
 cT , i  ·  uT , i  uB , i

 cB , i  ·  uB , i  

 kW m /s  kW K kW hPa  kW 

4  6 , 29  0 , 1 9  0 , 33  2 , 09  0 , 03  3, 1 8  0 , 01  

5  6 , 29  0 , 1 9  0 , 00  2 , 09  0 , 03  3, 1 8  0 , 01  

6  6 , 29  0 , 1 9  0 , 05  2 , 09  0 , 03  3, 1 8  0 , 01  

7  6 , 29  0 , 1 9  0 , 60  2 , 09  0 , 02  3, 1 8  0 , 01  

8  6 , 29  0 , 20  0 , 71  2 , 09  0 , 00  3, 1 8  0 , 00  

9  6 , 29  0 , 20  2 , 53  2 , 09  0 , 04  3, 1 8  0 , 02  

1 0  6 , 29  0 , 20  8 , 85  2 , 09  0 , 20  3, 1 8  0 , 09  

1 1  6 , 30  0 , 20  1 4, 82  2 , 09  0 , 49  3, 1 8  0 , 21  

1 2  6 , 32  0 , 20  1 9, 04  2 , 09  0 , 81  3 , 1 8  0 , 35  

1 3  6 , 35  0 , 20  1 9, 34  2 , 09  1 , 1 7  3 , 1 8  0 , 51  

1 4  6 , 39  0 , 21  1 9, 58  2 , 09  1 , 52  3, 1 8  0 , 66  

1 5  6 , 44  0 , 21  22, 28  2 , 09  1 , 90  3, 1 8  0 , 82  

1 6  6 , 52  0 , 21  27, 66  2 , 09  2 , 37  3, 1 8  1 , 03  

1 7  6 , 62  0 , 21  28, 87  2 , 09  2 , 86  3, 1 8  1 , 24  

1 8  6 , 74  0 , 21  28, 86  2 , 09  3 , 35  3, 1 8  1 , 45  

1 9  6 , 93  0 , 22  40, 71  2 , 09  4 , 03  3, 1 8  1 , 75  

20  7 , 09  0 , 22  31 , 82  2 , 09  4 , 57  3, 1 8  1 , 98  

21  7 , 28  0 , 22  34, 61  2 , 09  5, 1 0  3 , 1 8  2 , 21  

22  7 , 51  0 , 22  35, 38  2 , 09  5, 70  3, 1 8  2 , 47  

23  7 , 65  0 , 23  22, 77  2 , 09  6 , 06  3, 1 8  2 , 63  

24  7 , 82  0 , 23  26, 81  2 , 09  6 , 48  3, 1 8  2 , 81  

25  7 , 93  0 , 23  1 6, 41  2 , 09  6 , 73  3, 1 8  2 , 92  

26  8 , 02  0 , 24  1 2 , 20  2 , 09  6 , 93  3, 1 8  3 , 00  

27  8 , 07  0 , 24  7 , 61  2 , 09  7 , 04  3, 1 8  3 , 05  

28  8 , 1 0  0 , 24  4 , 67  2 , 09  7 , 1 1  3 , 1 8  3 , 08  

29  8 , 1 3  0 , 25  3 , 75  2 , 09  7 , 1 6  3 , 1 8  3 , 1 0  

30  8 , 1 4  0 , 25  2 , 55  2 , 09  7 , 20  3, 1 8  3 , 1 2  

31  8 , 1 4  0 , 25  0 , 1 0  2 , 09  7 , 20  3, 1 8  3 , 1 2  

32  8 , 1 5  0 , 26  1 , 03  2 , 09  7 , 22  3, 1 8  3 , 1 3  

33  8 , 1 5  0 , 26  0 , 24  2 , 09  7 , 22  3, 1 8  3 , 1 3  

34  8 , 1 5  0 , 26  0 , 1 1  2 , 09  7 , 22  3, 1 8  3 , 1 3  

35  8 , 1 5  0 , 27  0 , 06  2 , 09  7 , 22  3, 1 8  3 , 1 3  

36  8 , 1 5  0 , 27  0 , 00  2 , 09  7 , 22  3, 1 8  3 , 1 3  

37  8 , 1 5  0 , 28  0 , 1 5  2 , 09  7 , 22  3, 1 8  3 , 1 3  

38  8 , 1 5  0 , 28  0 , 23  2 , 09  7 , 22  3, 1 8  3 , 1 3  

39  8 , 1 5  0 , 28  0 , 32  2 , 09  7 , 22  3, 1 8  3 , 1 3  

40  8 , 1 5  0 , 29  1 , 07  2 , 09  7 , 21  3 , 1 8  3 , 1 2  

41  8 , 1 2  0 , 29  3 , 54  2 , 09  7 , 1 6  3 , 1 8  3 , 1 0  

42  8 , 1 5  0 , 29  7 , 54  2 , 09  7 , 23  3, 1 8  3 , 1 3  
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Annexe F  
(normative)  

 
Procédure d 'étalonnage de la  soufflerie  pour les  anémomètres  

F.1  Exigences  générales  

Les  exigences  générales  pour l 'éta lonnage des  anémomètres  sont résumées  de  la  man ière  
su ivante:  

a)  l ' éta lonnage de  l 'anémomètre  doi t être  réal isé  dans  une  souffl erie  qu i  est adaptée  à  
l 'éta lonnage des  anémomètres;   

b)  l ' i nsta l l ation  d 'éta lonnage doi t  être  reconnue par l ' I ECRE et accréd i tée  conformément à  
l ' I SO/IEC  1 7025,  qu i  est la  norme principa le  pour l es  l aboratoires  d 'éta lonnages  et 
d 'essais ;   

c)  tous  l es  transducteurs  et  l e  matérie l  de  mesure  adaptés  à  l 'é talonnage des  anémomètres  
doivent présenter des  éta lonnages  traçables,  conformément à  l ' I SO/IEC  1 7025.  Les  
certi ficats  et rapports  d 'éta lonnage  doiven t con ten i r tou tes  l es  i n formations  perti nen tes  
re lati ves  à  l a  traçabi l i té ;  

d )  l a  vi tesse  du  vent  de  référence  doi t  être  mesurée  au  moyen  d 'un  tube  de  P i tot  double  qu i  
doi t ê tre  de  type  NPL à  tête  e l l i psoïdale ,  conformément à  l ' I SO  3966.  Le  tube  de  P i tot 
double  doi t ê tre  éta lonné  pour l es  p lages  de  vi tesses  du  vent appropriées  et doi t être  
documenté.  En  varian te,  l a  vi tesse  du  ven t de  référence peu t être  mesurée  par 
anémométrie  l aser Doppler (LDA,  Laser Doppler Anemometry)  avec des  i ncerti tudes  b ien  
documentées;  

e)  l a  cohérence du  montage  expérimenta l  doi t être  véri fiée  au  m in imum  par des  éta lonnages 
comparati fs  quoti d iens  de  l ' "anémomètre  de  commande  de  qual i té"  de  l ' i n sta l lation ;  

f)  l a  qual i té  de  l 'écou lement doi t  être  véri fiée  comme exigé  à  l 'Article  F. 2;  

g )  l a  répétabi l i té  de  l 'éta lonnage doi t ê tre  véri fiée,  comme exigé  à  l 'Article  F. 2 ;   

h )  l ' éta lonnage de  l 'anémomètre  doi t  être  s 'appuyer sur une  évaluation  exhaustive  de  
l ' i ncerti tude  d 'étalonnage,  réa l isée  conformément à  l ' I SO/IEC  Gu ide  98-3: 2008.  

F.2  Exigences  pour la  soufflerie  

La  présence  de  l 'anémomètre  ne  doi t pas  affecter de  man ière  considérable  l e  champ 
d 'écou lement dans  la  souffl erie .  Au  cours  des  mesures,  et  j usqu 'à  un  certain  poin t,  
l 'anémomètre  sera  i n fl uencé par l 'obstruction  de  l a  soufflerie  et les  effets  de  bord .  Le  rapport 
d 'obstruction  de  surface  (BR,  Blockage area Ratio)  ne  doi t pas  dépasser 0 , 05.  I l  est défin i  
comme le  rapport de  l a  surface  projetée  par l 'anémomètre,  perpend icu la i re  à  l a  d i rection  de  
l 'écou lement (y compris  son  système de  montage  et l a  surface  proj etée  par un  rotor tournant) ,  
à  l a  surface  tota le  de  la  section  d 'essai .  Les  effets  d 'obstruction  doivent tou jours  être  pris  en  
compte  conformément à  F . 4 . 3.  

I l  est recommandé  que  l a  section  d 'essai  de  l a  souffl erie  présente  une  hau teur d 'au  moins  
1 , 0  m  et une  largeur d 'au  moins  1 , 0  m .   

L 'écou lement doi t être  un i forme dans  l a  surface  de  l a  section ,  où  sera  monté  l 'anémomètre.  I l  
convient de  mesurer l 'un i form i té  de  l 'écou lement avec l es  d isposi ti fs  de  détection  de  la  
vi tesse,  c'est-à-d i re  les  tubes  de  P i tot,  l es  anémomètres  à  fi l s  chauds  ou  l a  vé locimétrie  l aser 
Doppler,  afin  de  mesurer l es  profi ls  d 'écou lement dans  l es  d i rections  l ong i tud ina le ,  
transversale  et verticale.  Sur l a  p lage  de  vi tesses  du  ven t d 'éta lonnage,  la  d i fférence  
maximale  de  l a  vi tesse  moyenne en tre  deux poin ts  quelconques  à  l ' i n térieur du  volume de  
mesure  doi t  être  i n férieure  à  0 , 2  %.  La  valeur moyenne doi t être  calcu lée  sur au  moins  
5  m inu tes  et l e  volume de  mesure  doi t couvri r l e  vo lume acti f de  l 'anémomètre,  avec une  
marge  de  50  %  dans  toutes  l es  d i rections  conformément à  l a  F igure  F . 1 .  L 'un i form i té  doi t être  
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soum ise  à  l 'essai  sur une  période  m in imale  de  5  m in  pour l es  vi tesses  du  ven t envi ron  égales  
à  4  m /s,  8  m /s,  1 2  m /s  et 1 6  m /s  chacune.   

 

Figure F . 1  – Défin i tion  du  volume pour l 'essai  d 'un i formité  d 'écoulement – Le  volume 
présentera également une profondeur de  1 ,5  x b  ( l e  long  de  l 'écoulement)  

La stabi l i té  de  l 'écou lement doi t  être  mesurée  au  cen tre  du  volume pour l equel  l 'u n i form i té  a  
été  véri fiée.  L 'écou lement peut être  cons idéré  comme stable  s i  1 0  moyennes  de  30  s  
consécutives  sont  comprises  dans  les  0 , 5  %  de  sa  valeur moyenne.  

Les  anémomètres  à  coupel les  son t très  sens ib les  aux grad ients  horizon taux de  vent.  
D i fféren ts  grad ien ts  horizon taux de  ven t peuven t être  observés  en  fonction  de  l a  pol l u tion  des  
fi l ets  et des  d ispos i ti fs  de  l i ssage.  Par conséquen t,  i l  est u ti l e  de  véri fier l e  g rad ient hori zon ta l  
de  ven t en  u ti l i sant deux tubes  de  P i tot i den tiques.  I l s  doivent être  p lacés  à  la  pos i tion  exacte  
à  l aquel le  l 'anémomètre  sera  l u i -même p lacé,  l eu rs  têtes  ba layant de  façon  approximative  l a  
surface  couverte  par l es  coupel l es  des  anémomètres  à  coupel l es  rotati ves.  Un  ensemble  de  
mesures  doi t être  réa l isé,  et  l a  régression  l i néai re  doi t être  calcu lée  en tre  les  press ions  
d ynam iques  mesurées  par l es  deux tubes  de  P i tot.  La  d i fférence de  vi tesse  du  vent doi t être  
i n férieure  à  0 , 2  %  sur une  période  m in imale  de  5  m in .  I l  d oi t  être  véri fi é  que  l ' i n fl uence  de  la  
présence du  type  d 'anémomètre  à  étalonner (notamment le  tube  de  mon tage)  sur l a  vi tesse  
de  l 'écou lement mesurée  par l e  tube  de  P i tot est  i n férieure  à  ±  0 , 2  %.  

L' in tens i té  des  turbu lences  axia les  dans  la  vi tesse  du  ven t à  l 'emplacement de  l 'anémomètre  
doi t  être  i n férieure  à  2  % .  L ' in tensi té  des  turbu lences  doi t i ncl ure  l es  fl uctuations  de  l a  vi tesse  
du  vent long i tud inale  avec des  fréquences  a l lan t j usqu 'à  1 0  Hz.  Les  données  re latives  aux 
mesures  des  turbu lences  doiven t être  obtenues  pour une  durée  de  60  s  par vi tesse  du  ven t à  
une  fréquence d 'échanti l l onnage m in imale  de  20  Hz.  L'évaluation  des  turbu lences  doi t  être  
réa l isée  au  m in imum  pour l es  vi tesses  d 'écou lement de  7  m /s,  1 0  m /s  et 1 3  m /s  avec un  
d ispos i ti f adapté  à  l a  mesure  des  fluctuations  de  l a  vi tesse  du  vent  dont  l a  fréquence  de  
coupure  m in imale  est de  20  Hz.  Les  écarts  par rapport aux exigences  susmentionnées  
doivent être  évalués  par des  essais  appropriés  et être  exam inés  l ors  de  l 'évaluation  de  
l ' i ncerti tude.  

Le  facteur d 'éta lonnage  de  l a  souffl erie ,  qu i  donne  la  re lation  en tre  l es  cond i ti ons  à  
l 'emplacement de  l a  mesure  de  référence et l es  cond i ti ons  à  l 'emplacement de  l 'anémomètre,  
doi t être  estimé à  l 'a ide  des  tubes  de  P i tot pour une  p lage  de  vi tesses  a l lan t de  4  m /s  à  
1 6  m /s.   

Le  montage  d 'éta lonnage doi t  être  soum is  à  un  examen  approfond i  de  l a  répétabi l i té  des  
éta lonnages  des  anémomètres.  L' i nsta l lation  d 'éta lonnage doi t  désigner des  anémomètres  de  
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référence de  ta i l l es  représentati ves  desti nés  à  être  u ti l i sés  au  cours  de  ces  essais .  I l  convien t 
que  l 'écart-type  et l 'écart  maximal  de  l a  sortie  de  l 'anémomètre  de  commande  de  qual i té  dans  
l a  p l age  de  vi tesses  d 'éta lonnage soien t respectivement i n férieurs  à  0 , 2  %  et 0 , 6  %  de  l eu r 
valeur moyenne.  

L' instal lation  doi t prouver que  ses  résu l tats  son t comparables  aux autres  i nsta l l ations  
d 'éta lonnage d 'anémomètres  en  réal isan t des  essais  d 'apti tude,  conformément à  l ' I SO  1 7043.  

F.3  Exigences  de configuration  de l ' instrumentation  et de  l 'étalonnage  

Le matériel  déd ié  de  cond i ti onnement du  s ignal  externe  (notamment l es  convertisseurs  
fréquence-tension ,  entre  au tres)  doi t être  éta lonné  séparément de  l 'anémomètre,  permettan t 
a ins i  de  dédu i re  et de  cons igner l es  éta lonnages  de  l 'anémomètre  et  dud i t  matérie l  de  
man ière  séparée.  

La  résolu tion  du  système d 'acqu is i tion  de  données  doi t  être  au  m in imum  de  0, 02  m /s.  Une  
atten tion  particu l ière  doi t  également être  prêtée  en  cas  d ' instrument de  mesure  de  l a  tens ion  
analogue  visan t à  garan ti r que  l e  s i gnal  est correctement m is  en  tampon  afi n  d 'empêcher son  
atténuation  par un  matérie l  d 'enreg istrement de  fa ib le  impédance.  

Les  configurations  de  mon tage  peuvent avoi r des  effets  cons idérables  su r la  performance de  
l ' i nstrument,  p l us  particu l i èrement s i  l e  rapport du  d iamètre  du  tube  au  d iamètre  du  rotor est 
é levé.  Par conséquent,  au  cou rs  de  l 'éta lonnage,  l 'anémomètre  doi t  ê tre  monté  au  sommet 
d 'un  tube  afi n  de  rédu ire  l e  p lus  poss ib le  l a  d istorsion  de  l 'écou lement et u n  seu l  anémomètre  
peu t être  éta lonné  à  l a  fo is.  Ce  tube  doi t présen ter l e  même d iamètre  que  ce lu i  sur l equel  
l 'anémomètre  sera  monté  pour son  fonctionnement dans  l 'atmosphère  l ibre.  A ti tre  de  
recommandation ,  i l  convien t que  la  d istance  verticale  en tre  le  rotor de  l 'anémomètre  et l es  
l im i tes  i n férieure  et supérieure  de  la  section  d 'essai  de  l a  soufflerie  soi t  au  moins  égale  à  
0 , 5  m .  S i  l 'anémomètre  est sensible  à  l a  d i rection  de  l 'écou lement horizon tal ,  une  orien tation  
de  référence doi t ê tre  défin ie,  documentée  et u ti l i sée  au  cours  de  l 'étalonnage.  L'anémomètre  
doi t être  pos i tionné  au  n i veau  de  l a  section  d 'essai ,  perpend icu la i re  au  champ d 'écou lement 
de  l a  soufflerie,  de  man ière  aussi  précise  que  possible.  L 'écart maximal  du  tube  de  montage  
de  l 'anémomètre  est de  0 , 2° .  Un  exemple  de  réponse  d ' incl i na ison  d 'un  anémomètre  à  
coupel l es  type  est  donné  à  la  F igure  J . 1 .   

I l  est important de  garanti r que  l 'anémomètre  n 'est  pas  i n fluencé par l a  présence d 'un  matérie l  
de  mesure  de  la  vi tesse  du  ven t de  référence.  Réciproquement,  l a  présence d 'un  anémomètre  
ne  doi t  pas  affecter l 'écou lement dans  l a  zone  de  l ' i nstrument de  référence.  En  cas  d 'effets  de  
d istors ion  de  l 'écou lement,  l e  tube  de  P i tot do i t  être  replacé.  Ces  effets  peuvent être  évalués  
en  en levant pu is  en  ré insta l lan t l 'anémomètre  pu is  l ' i nstrument de  référence,  et  enfin  en  
véri fian t s i  l a  sortie  de  l ' i nstrument restant  varie  ou  non .   

Les  tubes  de  P i tot doubles  doivent être  p lacés  dans  la  section  d 'essai  en  al i gnement avec l a  
d i rection  moyenne de  l 'écou lement.  Le  désal i gnement maximal  adm is  est  0 , 5° . 27   

Au  cours  de  l 'éta lonnage,  l e  s ignal  de  sortie  de  l 'anémomètre  doi t ê tre  exam iné pour garan ti r 
qu ' i l  n 'est pas  soum is  à  des  i n terférences  ou  nu isances  sonores.  

___________ 

27  Un  désal i gnement  des  tubes  de  P i tot  doubles  peu t mener à  u ne  pol ari sati on  l ors  de  l a  mesu re  de  l a  pression  
d i fféren tie l l e .  U n  a l i gnement  compris  dans  l es  0 , 5°  de  l a  d i rection  moyenne  de  l 'écou l ement  assure  une 
polari sati on  de  l a  valeur de  pression  d i fféren tie l l e  de  moins  de  0 , 1  %  pour l e  tube  de  P i tot  de  type  NPL  (voi r 
l ' I SO  3966: 2008,  F i gure  A. 5).   
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F.4 Procédure d 'étalonnage  

F.4. 1  Procédure  générale  pour l es  anémomètres  à  coupel les  et  à  u l trasons  

L'anémomètre  doi t fonctionner pendant au  moins  5  m in  à  une  vi tesse  d 'envi ron  1 0  m /s  avant  
d 'amorcer l a  procédure  d 'éta lonnage.  L 'éta lonnage  doi t être  réal isé  à  des  vi tesses  du  vent à  
l a  fois  croissantes  et décroissantes,  dans  la  p l age  de  4  m /s  à  1 6  m /s,  à  un  i n terval le  
d 'éta lonnage de  1  m /s  ou  moins 28.  Si  l e  chauffage  est acti vé  pendant l es  éta lonnages,  cela  
doi t être  noté  dans  l e  certi ficat d 'éta lonnage.  

La  fréquence d 'échanti l l onnage doi t ê tre  d 'au  moins  1  Hz et l ' i n terval le  d 'échan ti l l onnage d 'au  
moins  30  s.  Cet i n terval l e  d 'échanti l l onnage peu t être  augmenté  lorsque  des  anémomètres  
basse  résolu tion  sont  éta lonnés.  I l  est importan t de  garanti r que  les  i nd ications  de  l a  vi tesse  
du  vent mesurée  par l 'anémomètre  et les  i nd ications  de  l a  vi tesse  du  ven t de  référence 
couvrent l a  même période.  Avan t de  recuei l l i r l es  données  à  chaque vi tesse  du  ven t,  u ne  
durée  adéquate  doi t  être  adm ise  pu is  établ i e  pour des  cond i tions  d 'écou lement stables  (voi r 
Article  F . 2).  E l l e  peut  être  de  1  m in ,  mais  variera  selon  l es  i nsta l lations.   

F.4.2  Procédure  d 'étalonnage  des  anémomètres  à  u l trasons  

Les  anémomètres  à  u l trasons  sont conçus  pour mesurer l es  composantes  du  vent  2D  ou  3D.  
Pour l es  besoins  des  mesures  de  la  performance de  pu issance,  l es  anémomètres  à  u l trasons  
doivent être  configurés  pour mesurer l a  vi tesse  horizontale  du  ven t,  de  préférence en  i n terne  
ou  par post-tra i tement.   

Au  cours  de  l 'éta lonnage,  l a  tota l i té  de  l 'anémomètre  à  u l trasons  doi t être  p lacée dans  l a  
section  d 'essai  de  l a  sou fflerie.  La  partie  active  de  l 'anémomètre  à  u l trasons  doi t être  s i tuée  
dans  le  volume de  l a  section  d 'essai .  L'a l i gnement d 'orientation  doi t  être  établ i  su r l a  d i rection  
d 'orientation  d 'étalonnage de  référence,  voi r Article  F. 3 .  I l  est souvent avantageux d 'établ i r un  
a l i gnement d 'orientation  qu i  impose  la  p l us  fa ib le  perturbation  de  l 'écou lement engendrée  par 
l es  supports  des  émetteurs  acoustiques.  

Pendant l 'étalonnage de  l 'anémomètre  à  u l trasons,  ses  paramètres  de  montage  doiven t être 
documentés  dans  l e  certi ficat d 'éta lonnage ou  dans  l 'une  de  ses  annexes.  L'é ta lonnage 
couvre  un iquement l es  rég lages  identi ques  du  capteur et u n  format i den tique  de  s i gnal  de  
sortie.  

Pour cet essai ,  l 'anémomètre  à  u l trasons  doi t  ê tre  éta lonné  à  des  vi tesses  du  ven t variables,  
conformément au  Paragraphe  F. 4. 1 .  Les  éta lonnages  de  l 'emplacement d 'orien tation  
supplémentai re  (c'est-à-d i re  l 'ang le  d 'orien tation  pour l a  perturbation  de  l 'écou lement 
maximale  engendrée  par l es  supports)  peuvent être  réa l isés,  s i  ce la  est  souhai té.  I l  convient 
de  réal iser les  éta lonnages  des  emplacements  d 'orien tation  supplémenta ires  à  1 0  m /s  sous  
forme d 'un  con trôle  qual i té  de  l a  conform i té  aux résu l tats  de  l a  cl ass i fication .  

Le  s i gnal  d 'état de  l 'anémomètre  à  u l trasons  (s ' i l  est d ispon ib le)  doi t être  survei l l é  au  cours  
des  éta lonnages.  Le  s i gnal  d 'état  doi t  être  u ti l i sé  pour exclure  l es  données  erronées.  

F.4.3  Détermination  de  l a  vi tesse  du  vent  à  l 'emplacement de  l 'anémomètre  

La  masse  volum ique  de  l 'a i r ρ  d o i t  ê tre  calcu lée  sur l a  base  de  l a  température  de  l 'a i r de  la  
souffl erie  T,  l ' hum id i té  re lati ve  Φ  et  l a  press ion  atmosphérique  B  moyennes,  en  u ti l i sant  
l 'Equation  (F. 1 )  ( i ncerti tude-type  in férieure  à  1 0–3  kg/m 3) :  

___________ 

28  Des  i n terva l l es  de  1  m /s  peuvent égal ement  être  app l i q ués  avec des  écarts  de  valeurs  de  2  m /s,  par exemple  
4  m /s,  6  m /s,  8  m /s,  1 0  m /s,  1 2  m /s,  1 4  m/s ,  1 6  m /s,  1 5  m /s,  1 3  m /s,  1 1  m /s,  9  m /s ,  7  m /s,  5  m /s .   
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où  

B  est  l a  pression  atmosphérique  [Pa] ;  

T est  l a  température  absolue  [K] ;  

Φ   est  l 'hum id i té  re lati ve  (p lage  de  0  à  1 ) ;  

R0  est  l a  constante  de  gaz de  l 'a i r sec [287,05  J /kgK] ;  

Rw  est  l a  constante  de  gaz de  l a  vapeur d 'eau  (461 , 5)  [J /kgK] ;  

Pw  est  l a  press ion  de  vapeur [Pa] .   

La  press ion  de  vapeur Pw  dépend  de  l a  température  moyenne  de  l 'a i r.  

 ( )TP ⋅⋅= 0631 846,0exp0000205,0w  (F . 2)  

 

La vi tesse  moyenne de  l 'écou lement à  l 'emplacement de  l 'anémomètre  est ca lcu lée  à  parti r de  
l a  press ion  d i fférentie l le  moyenne  

∆pref  à  l 'emplacement de  référence  en  u ti l i sant l 'équation :  

 
( ) ∑

=

∆
=

n
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i,
i
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ref
cppb

21

ρ
  (F . 3)  

 

où  

α  est  l e  coefficien t de  la  tête  du  tube  de  P i tot  double;  

kc  est l e  facteur d 'étalonnage  de  l a  soufflerie,  qu i  donne  l a  re lation  entre  
l es  cond i tions  à  l 'emplacement de  l a  mesure  de  référence  et l es  
cond i ti ons  à  l 'emplacement de  l 'anémomètre;  

( ),ν,k,k,kf i ppb  est une  fonction  de  correction  due  à  l ' i n terférence  en tre  l 'anémomètre,  y 

compris  son  tube  de  mon tage,  et  l 'écou lement de  l a  soufflerie;  

kb  est  l e  facteur de  correction  de  l ' i n terférence dû  à  l 'obstruction ;  

ik  est l e  facteur de  correction  dû  à  l ' i n terférence entre  l 'anémomètre  (y 

compris  son  tube  de  montage)  et l 'enveloppe de  la  section  d 'essai ,  
comprenant également l es  effets  de  l 'écou lement provoqués  par l es  
tubes  de  montage  s 'étendan t j usqu 'à  l 'enveloppe;  

kp  est l e  facteur de  correction  dû  à  l ' i n terférence provoquée par 
l 'anémomètre  (y compris  son  tube  de  montage)  sur l a  vi tesse  mesurée  
par l e  tube  de  P i tot;  

풗�   est  l a  vi tesse  moyenne  du  vent à  l 'emplacement de  l 'anémomètre;  

pν  est  l a  vi tesse  moyenne  du  vent à  l 'emplacement de  référence;  

n   est  l e  nombre  d 'échanti l l ons  dans  un  i n terval l e  d 'échanti l lonnage.  

I l  convien t que  l a  fonction  de  correction  ( ),ν,k,k,kf i ppb soi t égale  à  1  pour une  section  

d 'essai  sans  anémomètre  et  son  tube  de  support.  L' in fluence  de  la  fonction  de  correction  sur 
l es  résu l tats  de  l 'éta lonnage doi t  être  évaluée  et i ncluse  dans  l e  rapport de  mon tage  de  
l ' i nsta l l ation  d 'éta lonnage  et l e  ca lcu l  d ' i ncerti tude.   
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F.5 Analyse des  données  

Une anal yse  par régression  l i néaire  doi t être  réa l isée  sur l es  données  d 'éta lonnage  pour 
estimer l es  paramètres  de  régression  su ivants:  décalage,  pen te,  coefficient  de  régress ion  et 
i ncerti tude-type.  Les  valeurs  de  vi tesse  du  ven t doivent subi r une  régression  par rapport aux 
sorties  de  l 'anémomètre.  

S i  l e  coefficient de  corrélation  r  pour les  données  est i n férieur à  0 , 999  95,  i l  do i t être  véri fié  
s ' i l  est provoqué  par l a  non- l i néari té  de  l 'anémomètre  ou  par d 'au tres  paramètres.  S i  
l 'anémomètre  présente  une  non- l inéari té,  ce l l e-ci  do i t  être  documentée  dans  l e  certi ficat.   

F.6 Analyse d ' incerti tude  

I l  est important d ' i denti fier l ' i ncerti tude  de  la  vi tesse  horizon tale  du  ven t i nciden te  sur 
l 'anémomètre.  Une  anal yse  d ' incerti tude  doi t  être  réal isée  conformément à  
l ' I SO/IEC  Gu ide  98: 2008  et  regrouper l es  deux catégories  d ' i ncerti tudes  A et  B.  L'ampl i tude 
de  l ' i ncerti tude  nette  doi t  être  évaluée  d 'un  poin t de  vue  statisti que  et do i t  prendre  en  compte  
l es  é lémen ts  su ivan ts:  

a)  i ncerti tude  de  mesure  de  l a  vi tesse  de  l 'écou lement ( tubes  de  P i tot,  transducteurs ,  
évaluation  de  l a  masse  volum ique  de  l 'a i r,  etc. ) ;  

b)  facteur d 'éta lonnage  de  l a  soufflerie;  

c)  facteurs  de  correction  de  l a  souffl erie  de  l a  fonction  de  correction  ( ),ν,k,k,kf i ppb défin is  

dans  l 'Equation  (F . 3) ;  

d )  l ' i n fl uence de  la  ta i l le  de  l a  section  de  l a  souffl erie  doi t être  évaluée  dans  l e  cadre  de  
l 'anal yse  d ' i ncerti tude;  

e)  mesures  de  l a  sortie  de  l 'anémomètre;  

f)  l ' i n fl uence de  l 'a l i gnement de  l 'anémomètre  non  vertical  do i t  ê tre  étud iée  pour chaque  
type  d 'anémomètre  au  cours  de  l 'évaluation  d ' incerti tude;  

g )  i ncerti tude  s tatistique  due  à  une  d ispers ion  à  court terme de  l a  sortie  de  l 'anémomètre  
(variation  du  s ignal  de  l 'anémomètre  ind iqué,  c'est-à-d i re  fl uctuation  de  la  vi tesse  
angu la i re  du  rotor,  po larisation  issue  de  l a  génération  du  s ignal ,  polarisation  de  
l 'échanti l l onnage sur l e  temps  de  moyennage);  

h )  i ncerti tude  due  à  l a  d i fférence en tre  l e  résu l tat de  l a  soufflerie  où  sera  réal i sé  l 'éta lonnage  
et l e  résu l tat moyen  d 'autres  souffleries  déterm iné  par l es  essais  d 'apti tude,  hors  
d i fférence  couverte  par d 'autres  composantes  d ' i ncerti tude;  

i )  i ncerti tude  due  à  l a  l i néarisation  de  l 'expression  de  l 'éta lonnage.  

F.7  Format de  rapport  

La documentation  appropriée  doi t fourn i r les  i n formations  relatives  à  l a  procédure  su ivie,  
l ' i nsta l l ation  u ti l i sée  pour l 'éta lonnage des  anémomètres  (rapport de  mon tage  de  l ' i nsta l l ation  
d 'éta lonnage)  et l 'éta lonnage de  chaque anémomètre.  Le  rapport de  montage  de  l ' instal lation  
d 'éta lonnage  doi t,  au  m in imum,  i nclure  l es  i n formations  su ivan tes:  

a)  description  de  la  souffl erie  (y compris  section  d 'essai ,  chambre  de  dépôt,  redresseurs  
d 'écou lement,  d ispos i ti on  des  venti l ateurs);  

b)  croqu is  de  la  soufflerie  présentant l es  emplacements  des  anémomètres  et du  ou  des  
tubes  de  P i tot  dans  l a  section  d 'essai ;  

c)  mesures  de  l a  qual i té  de  l 'écou lement;  

d )  évaluation  de  l 'effet d 'obstruction ;  

e)  i n fl uence  de  la  hauteur de  mon tage  de  l 'anémomètre;  

f)  i n fl uence  de  la  plaque  de  fond ;  
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g )  i n fl uence de  l 'emplacement de  montage  sur la  mesure  de  référence;  

h )  i n fl uence de  la  fonction  de  correction ;  

i )  mesures  des  turbu lences;  

j )  certi ficats  d ' i nstrumentation ;  

k)  procédure  de  mesure;  

l )  procédure  d 'évaluation  des  données;  

m )  documentation  de  répétabi l i té  de  l 'éta lonnage de  l 'anémomètre;  

n )  anal yse  d ' i ncerti tude;  

o)  écarts  par rapport à  ces  exigences.  

Le  rapport d 'éta lonnage  d 'un  anémomètre  doi t,  au  m in imum,  inclure  l es  i n formations  
su ivantes:  

1 )  marque,  type  et numéro  de  série  de  l 'anémomètre  à  l 'essai  et numéro de  série  de  l a  
coupel l e  s i  e l l e  est transportée  séparément;  

2)  spéci fication  de  l 'orien tation  au  cours  de  l 'éta lonnage (d isposi ti fs  sens ib les  à  
l 'orien tation) ;  

3)  d iamètre  du  tube  du  système de  montage;  

4)  marque,  type  et  numéro  de  série  des  convertisseurs  externes;  

5)  nom  et adresse  du  cl ien t;  

6)  s ignatures  des  personnes  qu i  ont réal isé  l 'éta lonnage,  véri fié  l es  résu l tats  et  
approuvé  leur publ ication ;  

7)  nom  de  l a  soufflerie;  

8)  cond i ti ons  envi ronnementales  au  cours  de  l 'éta lonnage (température  de  l 'a i r,  press ion  
atmosphérique  et  hum id i té);  

9)  paramètres  de  régress ion  (décalage,  pen te,  coeffi cien t  de  régress ion );  

1 0)  i ncerti tude  due  à  l a  l i néarisation  (d ispers ion  des  résidus) ;  

1 1 )  i ncerti tude  due  à  l a  fonction  de  correction  ( ),ν,k,k,kf i ppb ;  

1 2)  présentation  sous  forme de  tableaux et g raph iques  (écarts  par rapport à  l a  l i gne  de  
régress ion  l i néai re  ampl i fiés)  de  tous  l es  poin ts  d 'étalonnage  et des  résu l tats  de  
régress ion ;  

1 3)  i ncerti tude  associée  à  chaque poin t de  mesure;  

1 4)  référence  au  rapport de  montage  de  l ' i nsta l lation  d 'éta lonnage correspondant;  

1 5)  date  de  l 'éta lonnage;  

1 6)  photo  de  l 'anémomètre  et  du  mon tage  dans  l a  soufflerie.  

F.8  Exemple de calcul  d ' i ncerti tude  

Dans  l a  mesure  où  l a  vi tesse  de  l 'écou lement ne  peut prati quement pas  être  mesurée  à  
l 'emplacement de  l 'anémomètre  et où  l e  champ d 'écou lement du  capteur est 
cons idérablement p l us  fa ib le  dans  l a  soufflerie  que  dans  l 'atmosphère  l i bre,  des  corrections  
son t nécessaires.  L'optim isation  de  la  souffl erie  tant  en  termes  de  corrections  que  de  
déterm ination  du  facteur de  correction  est essen tie l l e  pour l e  ca lcu l  de  l ' i ncerti tude  de  
mesure.   

I déalement,  i l  convient d 'appl iquer séparément l e  ca lcu l  d ' incerti tude  à  chaque cond i ti on  
d 'éta lonnage  de  la  vi tesse  du  ven t u ti l i sée  dans  un  essai  d 'éta lonnage.  Cet exemple  présente  
un  poin t d 'éta lonnage théorique  de  1 0  m /s  u ti l i sant une  soufflerie  don t l a  va leur ass ignée est 
25  m /s.  
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Le  Tableau  F. 1  couvre  chaque source  d ' incerti tude,  en  commençant par cel l es  de  l a  
catégorie  B .  

Pour évi ter l es  répéti ti ons,  une  évaluation  approfond ie  de  l a  mesure  de  l a  pression  
atmosphérique  a  été  om ise,  dans  l e  sens  où  e l le  peu t être  tra i tée  de  l a  même man ière  que  la  
mesure  de  l a  températu re.  

Tableau  F. 1  – Exemple  d 'évaluation  de  l ' incerti tude  d 'étalonnage  d 'un  anémomètre  

Source  d 'erreur 

u
i
 

Expl i cation  Valeur 

u
i
 

Valeur de  
sensibi l i té  

c
i
 

u
i

 c
i

 

m/s  

u f,  facteur de  
correction  de  l a  
souffl eri e,  f 

Une  i ncerti tude  su r l e  facteur d e  correction  

( ),ν,k,k,kf i ppb  basée  su r l 'examen  des  

facteurs  d ' i n fl uence  de  l 'éta lonnage.  

   

u
i
,  facteur 

d 'étal onnage  de  l a  
souffl eri e,  kc  

L 'étal onnage  de  l a  sou ffl eri e  peut  être  
réa l i sé  en  u ti l i sant  deux tubes  de  P i tot,  l 'un  
s i tué  à  l 'emplacement de  référence  
permanent et  l 'au tre  à  l 'emplacement de  
l 'anémomètre  à  l ' essai .  En  i n terverti ssant  
l es  deux systèmes  de  P i tot,  tou tes  l es  
erreu rs  de  catégorie  B  peuvent  être  
é l im inées  et  l 'anal yse  par rég ression  
normal i sée  peu t être  appl i q uée  pou r 
produ i re  un  facteu r d e  correcti on  
( l 'ordonnée  à  l ' ori g i ne  étant  forcée  à  passer 
par l ' ori g i ne)  et  une  i ncerti tude-type  re lati ve  
de  catégorie  A.  Par hypothèse,  l a  va l eu r d e  
correction  est  1 , 02  et  l ' i ncerti tude-type  est  
0 , 01 .  

0 , 01  Ct  =  0 , 5  v/kc  

=  0 , 5  x 1 0/1 , 02  

=  4 , 90  m /s  

0, 049  

uB ,  facteu r de  
correction  de  
l 'obstruction ,  kb  

Si  un  obj et  sol i de  est  p l acé  dans  
l 'écou l ement de  l a  sou ffl erie,  l ' écou lement  
sera  affecté  sel on  l a  re lati on  en tre  l a  ta i l l e  
de  l 'objet  et  l a  su rface  de  l a  sou ffl eri e.  En  
fonction  des  d imensions  dans  l 'espace  de  
l 'éprouvette,  l a  vi tesse  de  l ' écou lement 
augmente  dans  u ne  section  de  mesure  
fermée en  ra i son  de  l a  conti nu i té.  Dans  u ne  
section  de  mesure  ouverte,  l e  courant  sera  
é l arg i ,  en traînan t une  réduction  de  l a  
vi tesse.  En  prenant pou r hypothèse  q ue  
l 'effet  d 'obstruction  est  connu ,  une  val eu r 
d ' i ncerti tude  de  0 , 1  %  est  appropriée.  Le  
rapport  de  montage  de  l ' i nstal l ati on  
d 'éta l onnage  do i t  présenter l es  calcu l s  
appl i qués  et  l a  valeur estimée  du  facteu r d e  
correction  et  d e  l ' i ncerti tude  associée.  

0, 001  Cf  =  v/kb  

=  1 0  m /s/1 , 001  

≈  1 0  m /s  

0, 01   

u
ki
,  facteu r de  

correction  de 

l ' emplacement,  k
i  

Un  anémomètre  nécess i te  d e  d i sposer d 'un  
espace  l i bre  donné  (en  fonction  de  l a  ta i l l e  
de  l a  canal i sati on  de  montage  et  de  
l 'anémomètre)  en  dessous  et  au -dessus  de  
l u i  afi n  de  reprodu i re  l es  mêmes  cond i ti ons  
d 'écou lement  qu 'en  atmosphère  l i bre.  Ains i ,  
l e  cen tre  de  l a  section  de  mesure  n 'est  pas  
nécessai rement  l e  mei l l eu r emplacement  
pou r l 'éprouvette.  S i  l a  ta i l l e  de  l a  souffl erie  
est  rédu i te  et  s i ,  par conséquent,  l a  
canal i sati on  de  montage  est  trop  cou rte,  
une  erreu r a l l an t  j usqu 'à  2  %  peu t su rven i r.  
L ' i n fl uence  commence  à  d im inuer 
seu lement à  parti r de  certai nes  l ongueu rs  
de  canal i sation  de  montage.  Cette  l ongueu r 
l i bre  est  égale  à  50  cm  envi ron  au -dessus  
de  l a  p l aque  d 'appu i .  En  prenant pou r 
hypothèse  que  l 'effet  d e  l 'empl acement est  
connu ,  u ne  val eu r d ' i ncerti tude  de  0 , 1  %  
peut  être  appropri ée.  

0, 001  CP  = v/kp   

=  1 0  m /s/1 , 001  

≈  1 0  m /s  

0 , 01  

uP ,  facteu r de  
correction  de  

L'écou lement au tour de  l ' anémomètre  
exerce  u ne  certai ne  i n fl uence  su r 

0 , 001    
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Source  d 'erreur 

u
i
 

Expl i cation  Valeur 

u
i
 

Valeur de  
sensibi l i té  

c
i
 

u
i

 c
i

 

m/s  

l 'emplacement,  kp  l 'écou l ement au tour d u  tube  de  P i tot  de  
référence.  En  prenant pou r hypothèse  q ue  
l 'effet  de  l ' i n fl uence  est  connu ,  une  val eu r 
d ' i ncerti tude  de  0 , 1  %  de  l ' effet  peu t  être  
appropri ée.  

uB ,  facteu r de  
correction  de  
l 'écou l ement,  kFD  

Les  anémomètres  sont  souven t  montés  sur 
de  très  hau ts  mâts  de  mesure,  s i tuation  qu i  
ne  peut  pas  être  reprodu i te  dans  une  
souffl eri e.  S i  un  anémomètre  est  monté  sur 
une  embase  de  tube,  e l l e-même montée  
dans  u ne  souffl eri e  avec une  section  de  
mesure  ouverte,  l e  cou ran t peu t  s 'échapper 
vers  l e  bas.  Cela  impl i q ue  u ne  perte  
d ' impu ls ion  pou r l 'anémomètre,  et  donc une  
erreu r systématique.  En  i nstal l an t  une  
pl aque  d 'appu i ,  cette  perte  peu t  être  
cons idérab lement rédu i te.  En  prenant pou r 
hypothèse  qu 'une  p l aque  d 'appu i  est  
i nsta l l ée,  une  va leu r d ' i ncerti tude-type  de  
0 , 1  %  est  appropriée.  S i non ,  l ' i n fl uence  do i t  
être  exam inée.  

0, 001  CFD  = v/kFD   

=  1 0  m /s/1 , 001  

≈  1 0  m /s  

0 , 01  

up , t  transducteu r 
de  pression ,  Kp , t  

Le  certi fi cat  d 'étal onnage  d u  transducteur 
de  pression  affi che  u ne  i ncerti tude  
maximale  de  0 , 5  Pa  dans  l a  p l age  a l l an t  de  
0  Pa  à  500  Pa.  

0 , 5  Pa  cp , t  = 0, 5  v/Kp, t  

=  0 , 5  ×  1 0/5  000  

=  0 , 001  

0 , 000  5  

up , s  ga i n  de  
cond i ti onnement  
du  s i gnal  d u  
transducteu r de  
pression ,  Kp , s  

et  

up , d  convers ion  de  
l 'échanti l l onnage  
de  données  d u  
transducteu r de  
pression  Kp, d  

L 'éta l onnage  du  matériel  d e  mesure  de  l a  
sorti e  d u  transducteur de  pression  affi che  
une  i ncerti tude  maximale  de  0 , 000  1 5  V 
dans  l a  p l age  a l l an t  d e  0  V à  1 0  V.  

0 , 000  1 5  V  cp, s  =  0, 5  v/Kp, s  

=  0 , 5  ×  1 0/0 , 01  

=  500  

0 , 01 0  

uT, t  transducteur 
de  température  
ambian te,  KT, t,  

up , s  ga i n  de  
cond i ti onnement  
du  s i gnal  d e  
températu re,  Kp , s  

e t  

uT, d  convers ion  
numérique  d u  
s i gnal  d e  
températu re,  KT, d  

L 'étal onnage  du  matéri el  de  mesure  de  l a  
températu re  affi che  une  i ncerti tude  
maximale  de  0 , 1  ºC  dans  l a  p l age  a l l an t  d e  
1 0  ºC  à  30  ºC.  

0 , 1  ºC  cT, t  = 0, 5  v/KT, t  

n /a  

0, 001  

uh  coeffi cien t  de  
l a  tête  d u  tube  de  
P i tot,  Ch  

Le  coeffi cien t  de  l a  tête  d u  tube  de  P i tot  
dépend  de  l ' ang le  d 'attaque  d u  vent.  Deux 
sources  d 'erreu r son t  poss ibles :  l a  prem ière  
est  l i ée  à  l a  précis ion  avec l aquel l e  l e  tube  
de  P i tot  est  rég lé  en  a l i gnement avec l a  
d i rection  moyenne  de  l ' écou l ement et  l a  
deuxième  est  due  aux variati ons  des  
tu rbu lences  dans  l a  d i rection  i nstan tanée  
d 'écou lement.  

Par hypothèse,  l e  coeffi cien t  nom inal  de  l a  
tête,  Ch ,  est  0 , 997  et  i l  peu t  être  dédu i t  q ue  
l 'écart-type  de  l 'ang l e  d 'attaque  est  égal  
à  2° .  Les  normes  I SO  perti nen tes  suggèren t 
que  cel a  donnera  l i eu  à  u ne  augmentation  
de  0 , 1  %  d u  coeffi cien t  d e  l a  tê te.  

0 , 000  997  Ch  = –0, 5  v/Ch  

=  –0, 5  ×  
1 0/0 , 997  

=  –5, 01 5  

0, 005  
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Source  d 'erreur 

u
i
 

Expl i cation  Valeur 

u
i
 

Valeur de  
sensibi l i té  

c
i
 

u
i

 c
i

 

m/s  

upca l  étalonnage  
du  tube  de  P i tot  

D'après  l e  certi fi cat  d 'étalonnage  d u  tube  
de  P i tot,  une  i ncerti tude  de  0 , 25  %  dans  l a  
p l age  a l l an t  d e  4  m /s  à  1 6  m /s  peut  être  
u ti l i sée.  

0 , 002  5  Cph  = –0, 5  v/Ch  

=  –0, 5  ×  
1 0/0, 997  

=  –5, 01 5  

 

uB, t  sensib i l i té  d u  
baromètre,  KB, t,  

uB, s  g a i n  d e  
cond i ti onnement  
du  s i gnal  d u  
baromètre,  KB, s  

et  

uB, d  conversion  
numérique  d u  
s i gnal  d u  
baromètre,  KB, d  

L 'éta l onnage  du  baromètre  affi che  une  
i ncerti tude  maximale  de  0 , 5  hPa  dans  l a  
p l age  a l l an t  d e  900  hPa  à  1  1 00  hPa.  

0 , 5  hPa  cB, t  = –0, 5  v/kB , t   

sA  i ncerti tude  
stati sti que  de  l a  
moyenne  du  
chronogramme de  
l a  vi tesse  du  vent  

Par hypothèse,  l ' i n tens i té  des  tu rbu lences  
est  de  2  % ,  et  un  échanti l l onnage  de  2  H z 
su r une  période  de  30  s  est  u ti l i sé,  ce  qu i  
donne  60  échanti l l ons .  L ' i ncerti tude-type  de  
l a  va leu r moyenne  de  1 0  m /s  est  a l ors  

donnée  par:  1 0020601 ⋅⋅ ,/   

0 , 026  1  0 , 026  

up ,  correction  
d 'hum id i té  d ans  l a  
masse  volum ique,  
kp  

ou  

uϕ ,  hum id i té  
rel ati ve,  ϕ  

L 'étal onnage  du  matériel  d e  mesure  de  
l 'hum id i té  relati ve  affi che  une  i ncerti tude  de  
moins  de  2  %  dans  l a  p l age  a l l an t  de  1 0  %  
à  95  % .  Une  valeu r de  2  %  est  chois ie  pour 
l e  cal cu l .  

B

P

k

νk

k

ν
c w

p

p

p
378,0

2

1
=

∂

∂
⋅

∂
∂

=
ϕϕ

 

Pour une  températu re  de  1 5  °C,  Pw  =  
1  700  Pa  et,  en  prenant  pour hypothèse  que  
B  =  1  01 3  mbar =  1 01  300  Pa,  kp  est  éval ué  
à  0 , 997  et  cϕ  (à  1 0  m /s)  est  égal  à  0 , 032.  

uϕ  =  
0 , 02  %RH  

cP  =  0 , 032  0 , 001  

 

L' incerti tude-type  composée  peut être  obtenue  en  u ti l i sant  la  va leur efficace  des  i ncerti tudes  
de  contribu tion  dans  l a  colonne  de  d roi te.  Pour l es  va leurs  qu i  on t déjà  été  tra i tées,  e l l e  
correspond  à  0, 06  m /s.   

L 'exemple  montre  que  l 'erreur de  catégorie  B  est susceptib le  de  prévaloi r.  L'extension  de  l a  
période  d 'éta lonnage  peu t permettre  de  rédu i re  l ' i ncerti tude  d e  catégorie  A,  mais  n 'aura  aucun  
effet sur l a  catégorie  B.  En  ou tre,  l es  sources  d 'erreurs  de  catégorie  B ,  même si  e l les  ne  son t 
pas  corré lées  en tre  e l l es  pour une  vi tesse  du  ven t spéci fique,  son t complètement 
au tocorrélées  pour l 'ensemble  des  vi tesses  du  ven t.  En  d 'au tres  termes,  des  étalonnages 
apparen ts  corrects  ( l i gnes  parfa i tement d roi tes)  peuvent être  obtenus,  malgré  le  main tien  
d 'une  i ncerti tude  cons idérable.  
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Annexe G  
(normative)  

 
Montage  des  instruments  sur le  mât météorologique  

G.1  Général i tés   

Un  montage  approprié  des  i nstruments  sur l e  mât météorolog ique  est important pour assurer 
l a  précis ion  de  l 'essai  de  l 'éol ienne.  Le  montage  des  anémomètres  pour les  essais  de  
performance de  pu issance doi t  i nclu re  un  anémomètre  principa l  à  l a  hau teur du  moyeu ,  a i ns i  
qu 'un  anémomètre  de  commande.  L'objecti f de  l 'anémomètre  de  commande cons iste  à  fourn ir 
un  moyen  de  véri fi er i n  s i tu  l a  cohérence  des  mesures  de  l 'anémomètre  pri ncipa l  à  l a  hau teur 
du  moyeu  décri t  à  l 'Annexe  K.  Avant d 'u ti l i ser un  anémomètre  desti né  aux essais  de  
performance de  pu issance,  i l  est recommandé de  con trôler sa  géométrie  d 'après  l a  
description  de  l a  géométrie  correspondant à  sa  catégorie  de  class i fication .  L'anémomètre  doi t  
en  particu l ier être  p lacé  de  façon  à  rédu ire  le  p l us  poss ib le  les  d istors ions  d 'écou lement,  en  
particu l i er dues  à  l ' i n fl uence du  mât et de  l a  fl èche.  Lorsqu 'une  d istors ion  de  l 'écou lement 
m in imale  est exigée  sur une  l arge  p lage  de  d i rections  du  vent,  e l l e  est obtenue  à  l 'a i de  d 'un  
anémomètre  un ique  monté  en  tête  de  mât.  Cependan t,  u n  montage  côte  à  côte  de 
deux anémomètres  en  tête  de  mât apporte  une  redondance et une  méthode  rés istan te  de  
con trôle  de  la  cohérence des  anémomètres  n 'entraînan t qu 'une  fa ible  augmentation  de  la  
d istors ion  de  l 'écou lement s i  une  séparation  horizon tale  adéquate  et une  structu re  s table  de  
montage  des  anémomètres  son t réun ies .  Lorsque  l es  anémomètres  sont montés  sur des  
flèches  l atérales  à  des  a l ti tudes  i n férieures  à  l a  tête  du  mât météorolog ique,  l a  d is torsion  de  
l 'écou lement provenant à  l a  fo is  du  mât météorolog ique  et de  l a  fl èche  est cons idérable  et  
do i t  être  prise  en  compte.  I ndépendamment du  type  de  configuration  de  montage,  des  
précautions  doivent être  prises  pour garanti r que  l a  structure  de  la  fl èche  est suffisamment 
stable  pour évi ter des  vibrations  s i gn i ficati ves.  I l  convient de  p lacer les  au tres  instruments  qu i  
do ivent être  montés  sur l e  mât météorolog ique  à  proxim i té  de  la  hau teur du  moyeu  
(anémomètre  de  commande,  g i rouettes,  capteurs  de  température  et de  press ion)  de  man ière  
à  évi ter l es  i n terférences  avec l 'anémomètre  primaire.  

G.2  Un  seul  anémomètre monté en  tête  de mât  

Pour obten ir une  d istors ion  de  l 'écou lement nég l i geable  des  mesures  de  vi tesses  du  ven t sur 
une  large  p lage  de  d i rections  du  ven t,  l a  configuration  i déale  est un  anémomètre  un ique  
monté  en  tête  de  mât.  Lorsque  cette  configuration  est  adoptée,  toutes  l es  d ispos i tions  de  l a  
présente  section  doiven t être  satisfa i tes .  Tou tefois,  i l  convien t d 'estimer avec atten tion  s i  l es  
con trôles  de  cohérence des  anémomètres  par rapport à  un  anémomètre  d 'al ti tude  in férieure  
peuven t être  suffisamment rés istan ts  dans  l e  cad re  de  cette  configuration .  Cela  est 
notamment le  cas  l orsque  l a  surface  de  section  du  mât météorolog ique  est l arge,  
l 'anémomètre  l e  moins  é levé  étant en  effet soum is  à  des  effets  d ' i n terférence au  n i veau  du  
mât météorolog ique  pl us  considérables  que  l 'anémomètre  monté  en  tête  de  mât,  mais  
également lorsque  de  grandes  variations  du  cisai l l ement du  vent son t re levées.  

L'anémomètre  doi t être  monté  de  man ière  à  ce  que  ses  coupel les 29  se  s i tuen t au  moins  à  
1 , 5  m  au-dessus  du  mât météorolog ique  et  des  au tres  sources  de  perturbation  de  
l 'écou lement et qu 'aucune  partie  de  l a  structure  de  support  ou  du  mât météorolog ique  ne  
doive  s 'étendre  à  l 'extérieur d 'un  dem i -cône  1 1 : 1 30  don t le  vertex coïncide  avec les  coupel l es  
de  l 'anémomètre.  L 'anémomètre  doi t être  monté  sur un  tube  vertical  cyl i ndrique  de  même 

___________ 

29  Lorsque  l ' anémomètre  est  un  type  adm issibl e  d 'anémomètre  au tre  qu 'un  anémomètre  à  coupel l es  (p.  ex. :  un  
anémomètre  à  u l trasons),  i l  convien t  d ' i n terpréter l e  terme  "coupel l es"  par des  "é léments  de  mesure  par 
détection "  tou t  au  l ong  de  l a  présente  annexe.  

30  Le  cône  est  d éfi n i  par une  base  dont  l e  d i amètre  est  éga l  à  l a  l argeur caractéri sti que  du  mât ( l argeu r 
maximale  d u  mât ou  sai l l i es  pour une  d i stance  de  4  m  en  dessous  des  coupel l es)  et  une  hauteur égale  à  
1 1  fo i s  l e  rayon  de  sa  base.  
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d iamètre  extérieur (±  0 , 1  mm)  que  ce lu i  u ti l i sé  pendant l ' éta lonnage (et l a  classi fication) ,  l ed i t 
d iamètre  n 'étant  pas  supérieur à  celu i  du  corps  de  l 'anémomètre.  La  l ongueur combinée  du  
tube  et de  l 'anémomètre  (mesurée  au  n i veau  des  coupel les  de  l 'anémomètre)  doi t être  d 'au  
moins  0, 75  m .  En  outre,  l a  s tabi l i té  de  l 'anémomètre  doi t être  main tenue,  ce  qu i  peu t 
nécess i ter l e  montage  d 'un  tube  vertical  de  d iamètre  rédu i t concentri que  à  un  au tre  tube  de  
p lus  grand  d iamètre  afi n  d 'assurer une  s tructure  stable .  Le  tube  supplémentai re  ne  peu t pas  
avoi r un  d iamètre  p l us  g rand  que  l e  corps  de  l 'anémomètre  pour une  hauteur de  1 , 5  m  en  
dessous  des  coupel les.  Le  support qu i  re l i e  l 'anémomètre  au  tube  vertical  do i t  ê tre  compact,  
l i sse  et symétrique.  Lorsque  l 'anémomètre  est  conçu  pour l 'achem inement d 'un  câble  i n terne  
dans  l e  tube  de  support,  l e  câble  doi t  être  achem iné  à  l ' i n térieur du  tube  vertical .  Pour l es  
au tres  configurations  (p .  ex. :  fibres  amorces) ,  i l  convient d 'enrou ler l e  câble  au tour du  tube  
vertical  (envi ron  3  r/m in  ou  appl i quer la  procédure  i den ti que  à  cel l e  u ti l i sée  pendan t 
l 'éta lonnage  et l a  class i fi cation) .  I l  convien t d 'éta lonner l 'anémomètre  avec un  raccordement 
de  câble  et une  configuration  d 'achem inement s im i la i res  à  ceux qu i  doivent être  u ti l i sés  sur l e  
terra in .  L ' i ncl i naison  de  l 'anémomètre  (et du  tube  de  montage)  par rapport à  l a  pos i tion  
verticale  doi t  être  i n férieure  à  2° .  I l  est  recommandé de  réal iser cette  mesure  à  des  fi ns  de  
véri fication .  Aucun  autre  i nstrument ne  doi t être  p lacé  à  moins  de  1 , 5  m  des  coupel l es  de  
l 'anémomètre  n i  à  l ' extérieur du  dem i -cône  1 1 : 1  pour une  d istance  m in imale  de  4  m  en  
dessous  des  coupel les .  Dans  ce  cas,  l 'anémomètre  de  commande de  l 'anémomètre  monté  en  
tête  de  mât doi t ê tre  un  anémomètre  monté  l atéralement s i tué  à  une  d istance  comprise  
en tre  4  m  et  6  m  en  dessous  de  l 'anémomètre  monté  en  tête  de  mât et satisfaisan t par 
a i l l eurs  aux exigences  relati ves  aux anémomètres  montés  l atéralement données  à  
l 'Article  G . 4.  La  F igure  G . 1  représente  un  exemple  de  configuration  de  montage  en  tête  de  
mât.  
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Anglais  Français  

Tube  d iameter ≤  anemometer body and  same  as  that  
used  d uri ng  cal i bration  

Diamètre  du  tube  ≤  corps  d e  l ' anémomètre  e t  i d enti q ue  
à  celu i  u ti l i sé  pour l ' étal onnage  

≤  1 , 5  m  no  other obstructions  wi th i n  th i s  zone  and  tube  
d iameter ≤  anemometer body 

≤  1 , 5  m  sans  aucune  au tre  obstruction  dans  cette  zone  
et  d i amètre  d u  tube  ≤  corps  d e  l ' anémomètre  

Tube  l ength  ≥ tube  l ength  used  du ri ng  cal i bration  

Longueur du  tube  ≥  l ongueu r d u  tube  u ti l i sé  pou r 
l 'étalonnage  

Met mast structure,  mounti ng  tube  and  other ob jects  
shal l  l i e  wi th i n  the  1 1 : 1  ha l f-cone  

La  structu re  d u  mât  météorolog ique,  l e  tube  de  
montage  et  l es  au tres  objets  doivent  être  dans  l e  d em i -
cône  1 1 : 1  

No  sensors  shal l  be  mounted  above  th i s  l i ne  ou ts i de  
the  1 1 : 1  ha l f-cone  

Aucun  capteur ne  doi t  être  monté  au -delà  de  cette  l i gne  
à  l 'extérieu r d u  dem i -cône  1 1 : 1  

Con trol  anemometer Anémomètre  de  commande  
Wind  d i rection  sensor Capteu r de  d i rection  d u  ven t  
Temperatu re/rel ati ve  hum id i ty sensor/pressu re  sensor Capteu r de  températu re/d 'hum id i té  re lati ve/de  pression  
As  per Cl ause  G . 4  Conformément  à  l 'Arti cl e  G . 4  

Figure G .1  – Exemple  d 'anémomètre monté  en  tête  de  mât et  exigences  de  montage  

IEC  
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G.3 Anémomètres  montés  côte à  côte en  tête  de  mât 

Pour l e  mon tage  côte  à  côte,  tou tes  l es  cond i tions  de  montage  de  l 'Article  G .2  doiven t être  
satisfa i tes  en  p lus  des  cond i tions  ici  spéci fiées.  Les  coupel les  de  l 'anémomètre  doivent être  
montées  au-dessus  de  l a  fl èche  à  une  hau teur m in imale  de  20  fois  l e  d iamètre  de  l a  flèche.  
Toutefois,  i l  est recommandé d 'u ti l i ser l a  hau teur de  25  fois  l e  d iamètre  de  la  fl èche.  La  
flèche,  composée  de  l a  partie  hori zon tale  et des  ti ges  verticales,  doi t  avoir une  section  
cyl i ndrique.  Les  anémomètres  doivent être  séparés  par une  d istance  comprise  entre  2 , 5  m  
et  4 , 0  m .  Aucune partie  du  mât météorolog ique  ne  doi t  s 'étendre  au -delà  du  dem i-cône  1 1 : 1  
don t l e  vertex coïncide  avec l e  poin t méd ian  en tre  l es  coupel les  des  deux anémomètres  
montés  en  tête  de  mât.  La  fl èche  au  sommet est  e l l e-même exclue  de  l a  présen te  exigence 
sous  réserve  qu 'e l le  sati sfasse  aux cri tères  de  d imensions  an térieurs.  Aucun  au tre  i nstrument 
ne  doi t être  p lacé  à  moins  de  1 , 5  m  des  coupel l es  de  l 'anémomètre  n i  à  l ' extérieur du  dem i -
cône  1 1 : 1  pour une  d istance  m in imale  de  4  m  en  dessous  des  coupel les.  La  F igure  G . 2  
représente  un  exemple  de  configuration  de  montage  côte  à  côte.  I l  est recommandé  de  
monter l a  fl èche  de  façon  concentri que  par rapport à  l 'axe  du  mât météorolog ique  ou  au  
cen tre  du  côté  exposé au  vent du  même mât.  L ' in fluence d 'un  anémomètre  sur un  au tre  
anémomètre  doi t  être  évaluée  et le  secteur de  mesure  restre in t afin  que  l ' i ncerti tude  g lobale  
de  mesure  de  la  vi tesse  du  ven t soi t contenue  dans  l es  l im i tes  souhai tées.  L' i ncerti tude  due  à  
l a  d istorsion  de  l 'écou lement provenant d 'au tres  i nstruments,  du  mât météorolog ique  et des  
flèches  doi t  être  déterm inée.  
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Anglais  Français  

Tube  d iameter ≤  anemometer body and  same  as  that  
used  d uri ng  cal i bration  

Diamètre  d u  tube  ≤  corps  d e  l ' anémomètre  e t  i d enti q ue  
à  celu i  u ti l i sé  pour l ' étal onnage  

Cone  apex i s  cen tered  at  anemometer cup  heigh t,  
m idway between  the  anemometer rotor axes  

Le  sommet du  cône  est  cen tré  à  l a  hau teur d e  
l 'anémomètre  à  coupel l es,  à  m i -chem in  en tre  l es  axes  
du  rotor de  l ' anémomètre  

Tube  l ength  ≥  tube  l ength  used  duri ng  cal i bration  

Longueur du  tube  ≥  l ongueur d u  tube  u ti l i sé  pou r 
l 'étalonnage  

Tube  d iameter ≤  anemometer body and  shal l  be  ci rcu l ar 
i n  cross  section  

Diamètre  d u  tube  ≤  corps  d e  l ' anémomètre  e t  d evant  
présenter une  section  ci rcu la i re  

Verti cal  s tem  Tige  verti cale  
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Anglais  Français  

Central  mounti ng  tube  i nstal l ed  concentri c  wi th  met  
mast,  or on  the  upwind  face  of the  met  mast 

Tube  de  montage  cen tral  i nstal l é  de  façon  concentri que  
avec l e  mât météorol og i que,  ou  i nsta l l é  su r l a  face  au  
ven t du  mât météorolog ique  

Hori zon tal  boom  F lèche  hori zontal e  

Met  mast  s tructu re  and  other objects  shal l  l i e  wi th i n  the  
1 1 : 1  hal f-cone  

La  structu re  d u  mât météoro log ique  et  l es  au tres  objets  
doi vent  être  dans  l e  dem i -cône  1 1 : 1  

No  sensors  shal l  be  mounted  above  th i s  l i ne  ou ts i de  
the  1 1 : 1  hal f-cone  

Aucun  capteur ne  doi t  être  monté  au -delà  de  cette  l i gne  
à  l 'extérieu r d u  dem i -cône  1 1 : 1  

Wind  d i rection  sensor Capteu r de  d i rection  d u  ven t  

Temperatu re/rel ati ve  hum id i ty sensor/pressure  sensor Capteu r de  températu re/d 'hum id i té  relati ve/de  pression  

As  per Cl ause  G . 4  Conformément à  l 'Arti cl e  G . 4  

Figure G .2  – Exemple  d 'anémomètre de  commande et  d 'anémomètre   
principal  al ternati fs  montés  en  tête  de  mât et  côte  à  côte,  avec  

une  g i rouette  et  d 'autres  instruments  sur l a  flèche  

G.4 Instruments  montés  l atéralement 

G.4.1  Général i tés  

Les  instruments  montés  l atéralement comme les  anémomètres  et  l es  capteurs  de  d i rection  du  
ven t son t in fluencés  par l a  d is tors ion  de  l 'écou lement du  mât météorolog ique,  de  la  fl èche  et 
des  haubans.  L' i n fl uence d 'une  fl èche  tubu la i re  cyl i ndrique  est de  0 , 5  %  à  une  d istance  de  
séparation  au-dessus  de  l a  fl èche  de  20  fois  l e  d iamètre  de  fl èche.  I l  convien t de  main ten ir l a  
d istors ion  de  l 'écou lement à  l 'emplacement de  la  coupel l e  de  l 'anémomètre  due  aux fl èches  
en  dessous  de  0, 5  %.  L'anémomètre  doi t  être  monté  sur un  tube  vertical  cyl i ndrique  de  même 
d iamètre  extérieur (±  0 , 1  mm)  que  celu i  u ti l i sé  pendant l 'éta lonnage (et l a  cl assi fication) ,  l ed i t  
d iamètre  n 'étan t pas  supérieur à  ce lu i  du  corps  de  l 'anémomètre.  I l  convien t de  monter l es  
capteurs  de  d i rection  du  ven t à  une  d istance  par rapport au  mât météorolog ique  au  moins  
égale  à  l a  moi tié  de  l a  d istance  recommandée pour l es  anémomètres.  Une  séparation  
vertica le  d 'une  valeur m in imale  de  20  fois  l e  d iamètre  de  la  flèche  doi t  exister entre  les  
i nstruments  montés  l atéra lement et l es  fl èches  s i tuées  au -dessus.  Cette  exigence de  
séparation  s 'appl i que  l orsqu 'un  anémomètre  monté  latéralement est u ti l i sé  comme 
anémomètre  de  commande d 'un  au tre  anémomètre  monté  latéra lement à  une  hauteur 
d i fférente,  mais  également l orsqu 'un  anémomètre  monté  l atéralement est  u ti l i sé  pour mesurer 
l e  cisai l lement du  ven t à  d i fférentes  hau teurs.  Lorsque  l 'anémomètre  monté  l atéralement est  
u ti l i sé  comme anémomètre  de  commande  d 'un  au tre  anémomètre  monté  l atéralement,  l a  
séparation  verticale  avec l ' i nstrument principal  doi t être  comprise  dans  l a  p l age  de  4  m  à  6  m ,  
avec l es  flèches  l atéra les  s i tuées  du  même côté  du  mât et i nd iquan t l a  même d i rection .  Par 
a i l l eurs,  l a  fl èche  latérale  de  l 'anémomètre  de  commande peu t être  p lacée  à  l a  même hauteur 
que  l 'au tre  anémomètre  monté  l atéralement mais  en  i nd iquant une  d i rection  d i fféren te  de  
man ière  à  ce  que  les  exigences  relati ves  à  l a  d i stors ion  de  l 'écou lement aux emplacements  
respecti fs  des  deux anémomètres  soient respectées  dans  l e  secteur de  mesure.   

Un  anémomètre  en  exploi tation  dans  l e  s i l l age  du  mât météorolog ique  subi t de  fortes  
perturbations.  Les  mesures  obtenues  dans  ces  cond i ti ons  ne  doivent pas  être  u ti l i sées  pour 
l 'anal yse  de  performance de  pu issance.  La  d is tors ion  de  l 'écou lement en  amont du  mât 
météorolog ique  peut être  s i gn i ficati ve.  Une  séparati on  adéquate  doi t être  adm ise  en tre  
l 'anémomètre  et l e  mât météorolog ique  afin  de  main ten ir l a  d istors ion  de  l 'écou lement au  
n iveau  du  mât météorolog ique  en  dessous  de  1  %.  Les  l i gnes  d i rectrices  pour une  séparation  
appropriée  entre  l 'anémomètre  et l e  mât météorolog ique  son t données  aux 
Paragraphes  G . 4. 2  et G . 4. 3.  

Les  s i l l ages  créés  par l es  haubans  du  mât météorolog ique  peuvent avoi r une  forte  i n fluence 
sur l es  anémomètres  sur des  d istances  étonnamment longues.  Le  p lacement des  
anémomètres  en  aval  des  haubans  doi t être  évi té.  
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L'u ti l i sateur est l argement l i bre  de  déterm iner quel  est le  degré  acceptable  de  perturbation  et  
donc d ' i ncerti tude,  mais  i l  convient  que  l 'obj ecti f soi t d 'évi ter que  l es  d istorsions  de  
l 'écou lement produ i tes  par l e  mât météorolog ique  et par l a  flèche  dépassen t respectivement 
1  %  et  0 , 5  %.  

Les  mâts  météorolog iques  peuvent être  de  construction  cyl i ndrique  ou  en  tre i l l i s .  La  
séparation  exigée  en tre  l 'anémomètre  et l e  mât météorolog ique  dépend  du  type  et de  l a  
sol i d i té  du  mât météorolog ique.  

G.4.2  Mâts  météorologiques  tubu lai res  

Une approximation  de  l a  perturbation  de  l 'écou lement à  proxim i té  d 'un  mât météorolog ique  
tubu la i re  peut  être  obtenue  à  l a  F igure  G . 3.  La  fi gure  représente  un  tracé  des  isovi tesses  de  
l 'écou lement au tour d 'un  mât météorolog ique  tubu lai re  d 'après  une  anal yse  de  Navier-Stokes.  
La  perturbation  la  p lus  fa ib le  engendrée  peu t être  observée avec un  vent de  face  à  un  ang le  
de  45° .  De  man ière  p lus  générale,  un  retard  de  l 'écou lement du  côté  exposé  au  vent  du  mât 
météorolog ique,  une  accélération  au tour du  mât et un  s i l l age  à  l 'arrière  du  mât peuvent être  
observés.  En  ra ison  de  l a  complexi té  de  l 'écou lement dans  l a  surface  i n fl uencée par l e  s i l l age  
du  mât,  la  F igure  G .3  ne  doi t  être  considérée  comme précise  que  pour l a  zone  face  au  ven t 
où  la  pertu rbation  est  la  p lus  fa ib le,  i nd iquée  en  vert  su r l a  fi gure.  

 

Anglais  Français  

Reg ion  of h i gh  i so-  l i ne  accuracy Rég i on  de  précis i on  é l evée  des  i sol i gnes  

Reg i on  of l ow i so-  l i ne  accuracy Rég i on  de  fa i b le  précis i on  des  i sol i gnes  

NOTE   La  vi stesse  est  normal i sée  par l a  vi tesse  du  vent  en  champ l i bre  (provenant  d e  l a  gauche);  anal yse  à  l ' a i de  
des  calcu l s  de  Navier-Stokes  b i d imensionnels  sel on  l esquel s  l a  zone  en  vert  à  gauche  est  considérée  comme 
précise  et  l a  zone  en  rouge  à  d ro i te  comme imprécise  en  rai son  des  imprécis ions  de  modél i sation  de  l 'écou l ement 
à  l ' i n térieur et  à  l 'arri ère  de  l a  zone  de  séparati on .  

Figure G .3  – Tracé  des  i sovi tesses  de  l a  vi tesse  locale  d 'écou lement  
autour d 'un  mât  météorolog ique cyl indrique   

D'après  l a  F igure  G . 3,  i l  est évident qu 'un  anémomètre  monté  dans  un  secteur de  ±  45°  par 
rapport à  l a  d i rection  du  ven t sur le  côté  exposé au  ven t du  mât météorolog ique  présente  l a  
d istors ion  l a  p l us  é levée  de  la  vi tesse  du  ven t par rapport  à  l 'écou lement l ibre  l orsque  
l 'anémomètre  est d i rectement du  côté  exposé au  ven t du  mât météorolog ique.  La  F igure  G . 4  
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représente  l a  vi tesse  du  ven t re lative  comme une  fonction  de  l a  d istance  du  côté  exposé au  
ven t du  mât météorolog ique 31 .   

 

Anglais  Français  

Centrel i ne  re l ati ve  wi nd  speed  Vi tesse  du  vent  par rapport  à  l ' axe  central  

D i stance  to  center d i vi ded  by mast  d i ameter Rld 
D i stance  à  parti r d u  centre  d i vi sée  par l e  d i amètre  d u  
mât Rld 

Figure G .4  – Vi tesse  du  vent  par rapport à  l 'axe  central  en  fonction  de  l a  d istance Rd  à  
parti r du  centre  d 'un  mât météorolog ique tubu laire  et  du  d iamètre d  du  mât 

météorolog ique  

Une vi tesse  du  ven t re lati ve  à  99,5  %  se  produ i t l orsque  Rd /d =  8 , 2 .  La  valeur correspondan te  
pour une  vi tesse  du  vent  re lati ve  à  99  %  est de  6, 1 .  

G.4.3  Mâts  météorologiques  en  trei l l i s  

L'anal yse  de  l 'écou lement au tour d 'une  structure  en  tre i l l i s  peu t s 'appuyer sur une  
combinaison  d 'anal yses  et des  théories  du  d isque  acti f et de  Navier-Stokes.  Le  degré  à  parti r 
duquel  l ' écou lement est perturbé  par l e  mât météorolog ique  est une  fonction  de  l a  so l i d i té  
dud i t mât météorolog ique,  de  la  traînée  sur l es  é lémen ts  i nd ividuels ,  de  l 'orien tation  du  vent 
et de  l a  séparation  du  poin t de  mesure  du  mât météorolog ique.  La  F igure  G .5  donne  l es  
d imensions  d ' i n térêt  d 'une  vue  de  dessus  d 'un  mât météorolog ique  en  tre i l l i s  triangu la i re.  

  

___________ 

31   I l  est  à  noter q ue  l a  d i s tors ion  de  l a  vi tesse  du  vent  peu t  présenter des  val eu rs  p l us  é l evées  q ue  cel l es  
données  à  l a  F i gu re  G . 4  s i  l es  ven ts  qu i  arri ven t forment  d es  ang les  supérieurs  à  45°  d e  l 'a l i gnement  d e  
l 'anémomètre  et  d u  mât.  
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NOTE   La  fi gu re  donne  l e  d éfi ci t  de  l a  vi tesse  du  ven t re lati ve  à  l 'axe  cen tra l  et  l a  représentation  d u  mât 
météorolog ique  selon  l a  théori e  d u  d i sque  acti f avec l a  d i stance  en tre  l es  p i eds  Lm  et  l a  d i stance  Rd  du  centre  du  
mât  météorolog ique  au  poin t  d 'observation .  

Figure G .5  – Représentation  d 'un  mât météorologique  en  trei l l is  à  trois  pieds   

La  d istors ion  de  l 'écou lement est une  fonction  du  coefficien t de  poussée  retenu  par 
h ypothèse,  CT ,  qu i  dépend  quan t à  l u i  de  l a  sol i d i té  du  mât météorolog ique  et de  la  traînée  
sur l es  é léments  i nd ividuels.  CT peut être  pris  en  compte  comme la  force  de  traînée  tota le  par 
l ongueur d 'un i té  du  mât d ivisée par l a  pression  d ynam ique  et l a  d istance  en tre  l es  p ieds   
Lm

32.  

La  F igure  G . 6  donne  l es  résu l tats  des  calcu ls  des  écou lements  au tour d 'un  mât 
météorolog ique  en  trei l l i s  pour l equel  CT  =  0 , 5.  Pour des  d istances  types  de  l 'anémomètre  
avec Rd  >  2  fois  la  d is tance  en tre  les  p ieds  du  mât météorolog ique,  cette  perturbation  de  
l 'écou lement est très  peu  affectée  par l 'orientation  du  mât météorolog ique  (s i  l a  face  ou  un  
ang le  est orien té  dans  l e  vent) .  Par conséquent,  i l  peu t être  pris  pour hypothèse  qu 'e l le  est 
s im i l a i re.  Cependant,  l a  F i gure  G . 6  ne  doi t être  considérée  comme précise  que  pour l a  zone  
face  au  vent  exposée à  l a  perturbation  l a  p l us  fa ib le  ind iquée  en  vert  sur l a  figure.  

  

___________ 

32  La  d i stance  en tre  l es  p ieds  doi t  représenter l a  l argeur de  face.  En  cas  de  d i amètres  de  pieds  conséquents  
(d i amètre  d u  p ied  >  5  %  de  l a  l argeu r de  face),  i l  convi en t  d 'a jou ter l 'u n  d es  d i amètres  d u  p ied  à  l a  d i s tance  
en tre  l es  cen tres  des  pi eds  pour obten i r l a  d i stance  en tre  l es  p ieds.  

Lm  

Rd  

Disque  acti f 

Mât  à  troi s  p i eds  Défici t  de  l a  vi tesse  du  vent  

à  l 'axe  cen tral  Ud         
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Anglais  Français  

Reg ion  of h i gh  i so-  l i ne  accuracy Rég i on  de  précis i on  é l evée  des  i sol i gnes  

Reg i on  of l ow i so-  l i ne  accuracy Rég i on  de  précis i on  faib l e  d es  i sol i gnes  

NOTE   La  vi tesse  est  normal i sée  par l a  vi tesse  du  ven t en  champ l i bre  (provenant  de  l a  gauche);  anal yse  à  l 'a i de  
des  calcu l s  de  Navier-Stokes  bi d imensionnels  et  de  l a  théorie  du  d i sque  acti f sel on  l esquels  l a  zone  en  vert  à  
gauche  est  considérée  comme précise  et  l a  zone  en  rouge  à  d roi te  comme imprécise  en  ra i son  des  imprécis ions  de  
modél i sation  de  l 'écou l ement  à  l ' i n térieu r et  à  l ' arri ère  de  l a  zone  de  séparation .  

 

Figure G .6  – Tracé  des  i sovi tesses  de  l a  vi tesse locale  d 'écou lement autour d 'un  mât 
météorolog ique en  trei l l i s  tri angulaire  pour l equel  CT  =  0 , 5    
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Anglais  Français  

Centrel i ne  re l ati ve  wi nd  speed  Vi tesse  du  vent  par rapport  à  l ' axe  central  

Tubu l ar (based  on  Rd/d)  Tubu l ai re  (basé  su r Rd/d)  

D i stance  to  mast  centre  d i vi ded  by mast  l eg  d i s tance  
Rd/Lm  

D i stance  à  parti r d u  centre  d u  mât  d i vi sée  par l a  
d i s tance  en tre  l es  p ieds  du  mât  Rd /Lm  

Figure G .7  – Vi tesse  du  vent  par rapport à  l 'axe  central  en  fonction  de  l a  d istance Rd  du  
centre  d 'un  mât  météorolog ique en  trei l l i s  triangulai re  et  de  l a  d istance  entre  l es  pieds  

Lm  pour plusieurs  valeurs  de  CT  

En  cas  de  d is torsion  de  l 'écou lement perpend icu la i re  à  la  face d 'un  mât météorolog ique,  l a  
d istors ion  m in imale  est obtenue  lorsque  l 'anémomètre  est pl acé  à  un  ang le  de  90°  de  l a  
d i rection  de  l 'écou lement.  S inon ,  l a  d istors ion  de  l 'écou lement peu t être  déterm inée  en  
retenant  l 'h ypothèse  que  l e  défici t  face  au  vent est une  fonction  de  la  d is tance.  La  F igure  G . 7  
donne  l es  résu l tats  des  calcu ls  des  vi tesses  du  vent re lati ves  à  l 'axe  centra l  pour l es  mâts  en  
tre i l l i s  d isposant de  p lusieurs  va leurs  de  CT .  I l  est néanmoins  à  noter que  la  d istors ion  de  l a  
vi tesse  du  vent peu t présenter des  va leurs  p lus  é levées  que  cel les  données  à  l a  F igure  G . 7  s i  
l es  vents  qu i  arri vent forment des  ang les  supérieurs  à  1 00°  de  l 'a l i gnement de  l a  fl èche  de  
l 'anémomètre.   

L 'équation  ci -dessous  peut être  u ti l i sée  pour estimer l e  défici t  de  l a  vi tesse  du  ven t re lati ve  à  
l 'axe  cen tral  Ud  comme une  fonction  de  CT et Rd /Lm :  

 ( ) 







⋅+= 0820076006201

d

m
T

2
Td ,–

R

L
C,C,–U  (G . 1 )  

 

CT  peu t être  estimé  à  parti r des  codes  l ocaux de  construction  ou ,  dans  l es  l im i tes  des  p lages  
spéci fiées,  à  parti r du  Tableau  G . 1 .  Dans  ce  tab leau ,  l a  sol i d i té  S  est défi n ie  comme le  rapport 
de  la  surface  proj etée  par tous  les  é léments  de  l a  structu re  sur le  côté  du  mât météorolog ique  
à  l a  surface  totale  exposée.  
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Tableau  G . 1  – Méthode d 'estimation  de  l a  valeur CT  pour d ivers  types  de  mâts  en  trei l l is  

Type de  mât  P lan  de  
section  

Expression  de  C
T
 P lage  val ide  

Section  en  carré,  é l éments  avec 
extrém i tés  sai l l an tes  

 4 , 4(1  – S)S  0 , 1  <  S <  0 , 5  

Section  en  carré,  é l éments  
cyl i nd ri ques  

 2 , 6(1  – S)S  0 , 1  <  S <  0 , 3  

Section  tri angu lai re,  é l éments  
cyl i nd ri ques  

 2 , 1 (1  – S)S  0 , 1  <  S <  0 , 3  

 

Par a i l leurs ,  s i  l e  défici t  maximal  souhai té  de  la  vi tesse  du  vent re lati ve  à  l ' axe  centra l  est  
spéci fié ,  l a  d istance  Rd  peu t être  obtenue  par l ' in terméd iai re  de  l 'équation  su ivante:  

 

082,0
)076,0062,0(

–1

T
2
T

d
d

+
+

=

CC

U

L
R  

(G . 2)  

 

Pour un  mât météorolog ique  en  tre i l l i s  avec CT  =  0 , 5  et un  défici t  de  l a  vi tesse  du  ven t re lati ve  
à  l 'axe  central  de  99, 5  %,  Rd  d o i t  correspondre  à  5, 7  fois  l a  d istance  en tre  l es  p ieds  du  mât 
météorolog ique  Lm .  Un  défici t  de  l a  vi tesse  du  vent de  99  %  rédu i ra  l a  d is tance  Rd  à  3 , 7  fois  
l a  d istance  entre  les  p ieds  du  mât météorolog ique.  

Dans  une  certaine  mesure,  l es  équations,  tableaux et graph iques  ci -dessus  représentent l a  
géométrie  du  mât météorolog ique  et l es  cond i tions  d 'écou lement i déal isées.  I l  convient de  
noter que  l ' i n terférence de  l 'écou lement sera  cons idérablement p lus  complexe  dans  les  cas  
pour l esquels  l es  s tructures  de  support secondaires  (p.  ex. :  ouvrages  en  tre i l l i s ,  châssis,  
échel les  à  câbles,  bri des  et supports  d 'attache)  son t également présentes  au  n i veau  ou  à  
proxim i té  de  la  hauteur de  l 'anémomètre  ou  pour l esquels  la  d i rection  de  l 'écou lement n 'est 
pas  paral lè le  à  l 'axe  de  symétrie  de  l a  section  du  mât météorolog ique.  La  F igure  G . 8  
représente  l 'écou lement (provenant de  l a  gauche)  dédu i t par l a  mécan ique  des  fl u ides  
numérique  (CFD)  où  la  pos i tion  relative,  et donc l ' i n fl uence du  châss is  sur l a  d istors ion  de  
l 'écou lement varie  en  fonction  de  l a  hau teur.  I l  est à  noter que  l a  d is tors ion  est asymétrique  
mais  que  l 'emplacement optimal  pour obten i r une  d istors ion  m in imale  de  l 'écou lement reste  à  
90°  de  l a  d i rection  de  l 'écou lement.  
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U  Magn i tude  Ampl i tude  U  
 

Figure G .8  – Distorsion  de  l 'écoulement dédu ite  par l a  mécan ique des  flu ides  
numérique  3D  pour deux d i rections  d i fférentes  du  vent autour d 'un  mât météorologique  
en  trei l l i s  tri angulai re  (CT  =  0 , 27)  – La  fl èche rouge  en  bas  à  droi te  de  chaque  figure  

ind ique la  d i rection  de  l 'écoulement  

IEC  
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G.5 Protection  contre la  foudre  

Un  paratonnerre  (attracteur)  peu t protéger l es  i nstruments  montés  en  tête  de  mât.  S i  une  
protection  con tre  l a  foudre  est i nsta l lée,  certa ines  précau tions  doiven t être  prises.  I l  convien t 
de  monter le  paratonnerre  en  tête  de  mât météorolog ique  de  sorte  que:  

a)  l ' anémomètre  soi t  séparé  horizon ta lement du  paratonnerre  par au  moins  30  fo is  l e  
d iamètre  du  paratonnerre;  

b)  l ' anémomètre  ne  soi t  pas  dans  l e  s i l l age  du  paratonnerre  l orsque  l e  vent est dans  l e  
secteur de  mesure.  

Lorsque  ces  cond i ti ons  ne  peuvent pas  être  satisfai tes,  la  d istors ion  de  l 'écou lement sur 
l 'anémomètre  doi t  être  évaluée.  En  outre,  une  incerti tude  supplémenta ire  doi t  ê tre  ajou tée.  

G.6 Montage d 'autres  instruments  météorologiques  

I l  convien t de  p lacer l 'anémomètre  de  commande aussi  près  que  possib le  de  l 'anémomètre  
primaire,  tou t en  conti nuant de  satisfai re  aux exigences  de  séparation  m in imales  des  
Articles  G . 2  à  G . 4  afin  d 'assurer une  bonne corrélation  en tre  l es  deux  i nstruments  au  cours  de  
l 'essai .  I l  convien t de  va l i der cette  corrélation  pour garanti r que  l 'éta lonnage de  l 'anémomètre  
primaire  ne  varie  pas  pendan t l 'essai .  Cependant,  l ' anémomètre  de  commande  ne  doi t pas  
i n terférer avec l 'anémomètre  primaire.  I l  do i t  également être  exempt de  toute  perturbation  de  
l 'écou lement provoquée par d 'au tres  i nstruments .  

Le  capteur de  d i rection  du  ven t doi t être  monté  en tre  4  m  et  1 0  m  en  dessous  de  
l 'anémomètre  primaire.  I l  d oi t être  monté  de  façon  à  rédu ire  le  pl us  possible  l es  effets  de  
d istors ion  de  l 'écou lement par rapport au  secteur de  mesure.  I l  convient  que  l a  séparation  
horizon ta le  du  capteur de  d i rection  du  ven t et d u  mât météorolog ique  soi t égale  à  au  moins  la  
moi tié  de  cel le  exigée  pour un  anémomètre.  

Excepté  l orsqu 'un  mât météorolog ique  dont l a  hau teur est i n férieure  à  cel l e  du  moyeu  est 
u ti l i sé  en  association  avec un  d ispos i ti f de  té lédétection ,  l es  capteurs  de  température,  
d 'hum id i té  et de  press ion  doiven t être  s i tués  à  moins  de  1 0  m  de  la  hau teu r du  moyeu  du  mât 
météorolog ique,  à  une  d i stance  m in imale  de  1 , 5  m  en  dessous  de  l 'anémomètre  primaire,  tou t 
en  satisfaisan t aux exigences  de  mon tage  re lati ves  aux au tres  i nstruments  défin ies  dans  les  
Articles  G . 2  et G . 3.  Le  capteur de  température  doi t être  monté  dans  une  zone  équ ipée  d 'une  
protection  con tre  le  rayonnement.  Le  capteur de  press ion  peut être  monté  dans  un  caisson  
protégé  contre  l es  in tempéries.  Cependant,  i l  convien t de  redoubler d 'attention  pour s 'assurer 
que  l e  caisson  est b ien  exposé au  vent.  Ains i ,  l es  re levés  de  pression  ne  son t pas  i n fl uencés  
par l a  d is tribu tion  de  l a  pression  au tour dud i t ca isson .  

S i  l e  mât météorolog ique  d ispon ib le  pour l 'essai  de  performance de  pu issance présente  une  
hau teur i n férieure  à  cel le  du  moyeu  (en  particu l i er l orsqu ' i l  est u ti l i sé  en  association  avec un  
d ispos i ti f de  té lédétection ;  voi r Annexe L) ,  l es  capteurs  de  température,  d 'hum id i té  et de  
press ion  doiven t être  s i tués  à  une  hau teur comprise  entre  1 , 5  m  et 1 0  m  de  l 'anémomètre  
primaire.  La  press ion  atmosphérique  doi t ê tre  a j ustée  à  l a  hau teur du  moyeu  conformément à  
l a  présente  norme.  En  outre,  l a  température  de  l 'a i r do i t  être  aj ustée  à  la  hau teur du  moyeu  
en  prenant pour h ypothèse  que  l 'atmosphère  varie  conformément aux propriétés  
d 'atmosphère  type  données  dans  l ' I SO  2533: 1 975.  Par a i l l eurs,  u n  capteur de  température  
doi t être  monté  sur l a  nacel l e  de  l 'éol ienne.  I l  doi t être  mon té  au  moins  1  m  au-dessus  de  l a  
nacel le  et  du  côté  exposé au  ven t des  systèmes  de  ven ti l ation  existants ,  l e  cas  échéant.  

La  F igure  G . 1  et  l a  F i gure  G .2  donnent  des  exemples  de  configurations  adaptées  à  d 'au tres  
i nstruments  météorolog iques  et  aux anémomètres  montés  en  tête  de  mât.  
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Annexe H  
(normative)  

 
Essai  de  performance de puissance sur les  peti tes  éol iennes  

H.1  Général i tés  

Les  peti tes  éol iennes  (défin ies  par l ' I EC 61 400-2)  exigent des  d isposi ti ons  spécia les  pour les  
essais  de  performance de  pu issance.  Les  chargeurs  de  batteries  éol iens  doivent notamment 
être  soum is  à  l 'essai  dans  des  cond i ti ons  de  fonctionnement normal  mais  en  rédu isant ou  
é l im inan t l ' i n fl uence  de  l a  configuration  particu l i ère  des  batteries  et des  cond i tions  u ti l i sées  au  
cours  de  l 'essai .  En  ou tre,  l es  éol iennes  qu i  u ti l i sen t des  ondu leurs  pour l e  raccordement au  
réseau  é lectri que  doi vent  être  soum ises  à  l 'essai  en  con jonction  avec ces  ondu leurs  afin  que  
l es  résu l tats  soient représentati fs  d 'un  fonctionnement normal .  Dans  tous  l es  cas,  l a  
pu issance en  question  est u ti le  au  consommateur.  Ains i ,  l a  pu issance  correspond  à  l a  
pu issance i n jectée  au  réseau  pour l es  éol i ennes  raccordées  au  réseau  é lectri que.  I l  en  va  de 
même pour la  pu issance fourn ie  aux batteries  pour les  chargeurs  de  batteries  éol iens.  
Lorsqu 'une  peti te  éol i enne  est soum ise  à  l 'essai ,  tou tes  l es  exigences  décri tes  dans  l a  
présente  norme doiven t être  satisfai tes,  avec l es  add i tions  et  mod i fications  ci -après.  

H.2  Défin i tions  

Pu issance maximale  P60 :   pu issance de  sortie  maximale  moyennée sur 1  m in  qu 'une  éol ienne  
en  cond i ti ons  de  fonctionnement normal  en  rég ime établ i  produ i ra  ( l a  crête  de  pu issance  de  
sortie  i nstantanée peu t être  p lus  é levée).  

Pu issance  de  référence:   n i veau  de  pu issance moyenné sur l a  tranche de  vi tesse  du  ven t de  
1 1  m /s.   

Production  annuel l e  d 'énerg ie  de  référence:   L 'AEP  mesurée  à  une  vi tesse  du  ven t moyenne  
annuel l e  de  5  m /s,  d is tribuée  d 'après  l a  fonction  de  Rayleigh ,  en  u ti l i san t l a  courbe  de  
pu issance  corrigée  en  fonction  de  la  masse  volumique  de  l 'a i r au  n i veau  de  l a  mer.  

H.3  Défin i tion  et instal lation  d 'un  système éol ien  

Conformément au  Paragraphe 6. 2 ,  l es  é lémen ts  su ivants  son t exigés:  

a)  Lors  de  l a  caractérisation  de  l a  performance  de  charge  des  batteries,  l ' aérogénérateur 
doi t i ncl ure  l 'éol i enne,  l e  mât de  l 'éol ienne,  le  système de  con trôle  de  l 'éol i enne,  le  
câblage  entre  l 'éol i enne  et l a  charge  a ins i  que  l e  système de  con trôle  de  l a  charge,  à  
savoi r un  d ispos i ti f de  protection  en  tens ion  qu i  rédu i t  l a  pu issance de  sortie  de  l 'éol i enne  
l orsque  l es  batteries  sont  complètement chargées.  I l  peu t i nclu re  une  charge  de  délestage  
qu i  est u ti l i sée  pour d issiper l 'énerg ie  de  l 'éol ienne  l orsque  l es  batteries  son t 
complètement chargées.  L'aérogénérateur n ' i nclu t pas  de  banc de  batteries ,  car i l  est  
considéré  comme partie  i n tégran te  de  la  charge.  D 'au tres  d isposi ti fs  d 'accumu lation  
d 'énerg ie  peuvent se  substi tuer aux batteries  tout  au  long  du  présent article ;  

b)  l ors  de  la  caractérisation  de  l a  sortie  du  système vers  un  réseau  é lectrique,  
l 'aérogénérateur doi t i ncl ure  l 'éol ienne,  l e  mât de  l 'éol i enne,  l e  système de  contrôle  de  
l 'éol ienne,  le  câblage  entre  l 'éol i enne  et la  charge  a ins i  que  l es  systèmes  de  contrôle  
supplémenta ires.  En  ou tre,  l e  système peut i ncl ure  un  ondu leur de  tension .  S i  un  
transformateur est i nsta l lé  en tre  l 'ondu leur de  tension  et l e  réseau  é lectrique,  i l  peu t être  
cons idéré  comme partie  i n tégran te  de  l 'aérogénérateur ou  de  la  charge.  S i  l e  système 
éol ien  raccordé  au  réseau  é lectrique  in tègre  un  banc de  batteries  et/ou  une  charge  de  
délestage,  ce la  doi t  être  cons idéré  comme partie  i n tégrante  du  système;  

c)  l 'éol ienne  doi t être  raccordée à  une  charge  é lectrique  représentative  de  la  charge  pour 
l aquel l e  e l le  est conçue.  Pour les  appl ications  de  charge  de  batteries ,  l a  charge  est 
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composée  d 'un  banc de  batteries,  d 'un  régu lateur de  tens ion  et d 'un  moyen  de  d iss iper l a  
pu issance qu i  traverse  l e  régu lateur de  tens ion  (ou  l a  charge  de  délestage).  Dans  une  
configuration  d 'essai  i déale,  l e  banc de  batteries  ne  stocke  pas  l 'énerg ie  produ i te  par  
l 'éol i enne.  I l  est préférable  que  toute  l a  pu issance de  sortie  de  l 'éol i enne  soi t  achem inée  
vers  le  régu lateur de  tension .  Le  banc de  batteries  peut donc être  p lus  de  ta i l le  i n férieure  
à  l a  ta i l le  habi tuel l ement recommandée  pour l es  éol iennes  à  cond i ti on  que  l a  tension  au  
n i veau  du  raccordement de  l 'éol i enne  à  l a  charge  pu isse  être  main tenue  dans  l es  l im i tes  
des  spéci fications  men tionnées  ci -dessous;   

d )  l 'éo l i enne  doi t être  instal lée  à  l 'a ide  du  système de  montage  spéci fi é  par l e  fabricant.  S i  
une  éol i enne  n 'est pas  fourn ie  avec un  système de  montage  spéci fique,  i l  convien t de  
monter l 'aérogénérateur à  une  hauteur du  moyeu  m in imale  de  1 0  m ;   

e)  afi n  de  rédu i re  l e  p l us  possib le  l es  d i fférences  de  résu l tats  dues  au  câblage  en tre  
l 'éol i enne  et  la  charge,  l a  l ongueur tota le  des  câbles,  mesurée  de  l a  base  du  mât à  l a  
charge,  doi t  être  au  m in imum  de  8  fo is  le  d iamètre  du  rotor.  Le  câblage  en tre  la  peti te  
éol i enne  et l a  charge  doi t être  conforme aux spéci fications  du  fabrican t pour cette  
l ongueur de  câble.  S i  l es  spéci fications  i nd iquen t une  p lage  de  ta i l l es  de  câbles,  l es  tai l l es  
des  câbles  doiven t être  auss i  proches  que  possible  de  la  moyenne de  cette  p lage.  S i  
aucune  spéci fication  n 'est fourn ie,  l e  câblage  doi t être  d imensionné  de  man ière  à  ce  que  
l a  chute  de  tens ion  en tre  l 'aérogénérateur et l a  charge  soi t  équ ivalente  à  1 0  %  de  la  
tens ion  nom inale  à  l a  pu issance  ass ignée;  

f)  l e  régu lateur de  tens ion  doi t ê tre  capable  de  mainten i r la  tension  au  n i veau  du  
raccordement de  l 'éol ienne  à  l a  charge  dans  les  1 0  %  des  rég lages  donnés  au  
Tableau  H . 1  sur l a  tota l i té  de  la  pl age  de  pu issances  de  sortie  de  l 'éol i enne.  La  moyenne  
sur une  période  de  1  m in  de  l a  tens ion  de  charge  doi t se  s i tuer dans  l es  5  %  des  rég lages  
donnés  au  Tableau  H . 1  pour être  i n tégrée  à  l 'ensemble  de  données  u ti l i sable.  

H.4 Emplacement du  mât météorologique  

Conformément à  6 . 3. 2,  l es  é léments  su ivants  son t exigés:  

a)  S ' i l  est p l us  prati que  de  monter l 'anémomètre  sur une  l ongue  fl èche  raccordée à  l a  tour de  
l 'éol i enne,  un  mât météorolog ique  séparé  n 'est pas  exigé.  Afi n  de  rédu ire  l e  p l us  possib le  
l a  d istors ion  de  l 'écou lement sur l a  surface  du  rotor de  la  peti te  éol ienne  engendrée  par 
l es  s i l l ages  de  l 'anémomètre,  de  la  g i rouette  et de  leur matérie l  de  montage,  toutes  ces  
composan tes  doivent être  p lacées  à  une  d istance  m in imale  de  3  m  de  tou te  partie  du  rotor 
de  l 'éol ienne.  En  outre,  i l  convient de  configurer l e  montage  de  l 'anémomètre  de  façon  à  
rédu ire  l e  p l us  poss ib le  sa  surface  de  section  au-dessus  du  n i veau  correspondant à  
1 , 5  fois  l e  d iamètre  du  rotor en  dessous  de  la  hau teur du  moyeu .  La  fl èche  doi t être  
i nsta l lée  de  man ière  à  ce  que  l es  vibrations  de  l a  structu re  ne  soient pas  i n trodu i tes  dans  
l e  s ignal  de  vi tesse  du  vent;   

b)  Pour l es  éol i ennes  à  axe  vertical ,  l a  hau teur du  moyeu  est défin ie  comme l a  hauteur du  
cen troïde  de  la  surface  balayée  par l e  rotor de  l 'éol i enne;  

c)  Pour les  éol iennes  à  axe  vertica l ,  l a  d is tance  entre  l 'éol i enne  et l e  mât météorolog ique  est  
représentée  à  l a  F igure  H . 1 .  
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Figure H . 1  – Défin i tion  de  l a  hauteur du  moyeu  et  de  l 'emplacement du  mât 
météorolog ique pour les  éol iennes  à  axe  vertical  

H.5 Matériel  d 'essai  

a)  en  7. 1 :  pour mesurer l es  sorties  en  courant continu  pour les  chargeurs  de  batteries  
éol i ens  présentan t une  surface  balayée de  40  m2  ou  moins ,  l 'u ti l i sation  d 'un  matérie l  avec 
une  précis ion  de  2  %  ou  p lus  est adm ise  pour l a  mesure  du  couran t et de  l a  pu issance,  au  
l ieu  de  l a  précis ion  de  0, 5  %  mentionnée  en  7. 1 ;  

b)  également en  7 . 1 :  l a  pu i ssance  de  sortie  de  l 'éol ienne  doi t ê tre  mesurée  au  n i veau  du  
raccordement à  l a  charge  (voi r Article  H . 3) ;   

c)  également en  7. 1 :  ou tre  l a  pu issance é lectrique,  l a  tens ion  au  n iveau  du  raccordement à  
l a  charge  doi t  ê tre  mesurée  afi n  de  garanti r l a  con form i té  aux exigences  de  l 'Article  H . 3;  

d )  également en  7.2 . 2 :  i l  convient de  su ivre  l es  l i gnes  d i rectrices  re latives  au  mon tage  de 
l 'anémomètre  données  à  l 'Annexe G .  S i  des  écarts  sont créés,  l es  ra isons  doivent en  être  
documentées  dans  l e  rapport d 'essai  et  une  i ncerti tude  supplémentai re  doi t  être  ajou tée  à  
l 'anal yse.  Dans  certa ins  cas  extrêmes,  i l  est adm is  d 'u ti l i ser temporai rement un  
anémomètre  au tre  que  l 'anémomètre  de  commande  s i  l ' existence  d 'une  bonne  corré lation  
en tre  l 'anémomètre  de  commande et  son  troisième anémomètre  peut être  démontrée.  Une  
i ncerti tude  supplémenta i re  devra  être  u ti l i sée  pour l 'anal yse  afi n  de  ten ir compte  des  
i ncerti tudes  de  l a  corrélation ;  

e)  également en  7. 2. 3:  l ' anémomètre  doi t être  monté  en  tête  de  mât météorolog ique  à  une  
hau teur du  moyeu  de  ±  2  %  par rapport au  sol  à  l 'emplacement du  mât météorolog ique;  

f)  en  7. 2. 6:  aucun  cisai l l ement du  vent ne  doi t  être  mesuré;  

g )  en  7.4 :  l a  mesure  de  l 'hum id i té  relati ve  et de  sa  correction  est facu l tative;  

h )  également en  7 . 4 :  l es  capteurs  de  température  de  l 'a i r,  de  pression  atmosphérique  et 
d 'hum id i té,  le  cas  échéant,  doivent être  montés  de  man ière  à  être  s i tués  à  une  d istance  
vertica le  m in imale  de  1 , 5  fo is  l e  d iamètre  du  rotor par rapport à  l a  hau teur du  moyeu  et à  
une  d istance  horizon tale  dans  un  rayon  de  1 00  m  du  moyeu ;  

i )  en  7. 7:  la  survei l lance  de  l 'état de  l a  peti te  éol ienne  est  recommandée  mais  pas  exigée.  
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H.6  Procédure de mesure  

a)  en  8. 2:  s i  l e  système de  con trôle  de  l a  charge  de  l 'éol i enne  rédu i t l a  sortie  de  l 'éol ienne  au  
rég lage  facu l tati f de  hau te  tension ,  l e  système de  con trôle  de  la  charge  peut être  aj usté  à  
une  p l us  hau te  tension .  Si  le  système de  contrôle  de  la  charge  est a j usté,  le  rapport 
d 'essai  do i t  documenter les  rég lages  avan t et  après  l 'a j ustement.  Tous  l es  au tres  
aj ustements  apportés  aux systèmes  de  contrôle  de  l 'éol ienne  doiven t  être  cla i rement 
i nd iqués  dans  l e  rapport;  

b)  en  8. 3:  l es  données  prétrai tées  doiven t avoir une  durée  m in imale  de  1  m in .  Tou tes  les  
références  u l térieures  aux ensembles  de  données  de  1 0  m in  dans  l a  présen te  norme 
doivent appl iquer des  ensembles  de  données  de  1  m in  pour les  essais  des  peti tes  
éol i ennes;  

c)  en  8. 4:  a j outer un  ti ret pour l e  rej et  des  données   

– l a  moyenne sur 1  m in  de  l a  tens ion  de  charge  n 'est pas  comprise  dans  les  5  %  des  
rég lages  donnés  au  Tableau  H . 1 ;  

d )  en  8. 5:  l a  base  de  données  doi t  être  considérée  comme complète  lorsqu 'e l le  a  satisfai t 
aux cri tères  su ivan ts:  

1 )  chaque tranche de  vi tesse  du  vent comprise  en tre  1  m /s  en  dessous  de  l a  vi tesse  de  
démarrage  et 1 4  m /s  doi t con ten ir des  données  échanti l lonnées  sur un  m in imum  de  
1 0  m in ;  

2)  l a  base  de  données  complète  compte  au  moins  60  h  de  données,  la  peti te  éo l ienne  
étant  comprise  dans  l a  p l age  de  vi tesses  du  vent défin ie  au  poin t  1 ) ;  

3)  pour l es  éol i ennes  équ ipées  d 'un  système d 'effacement du  rotor,  i l  convien t que  l es  
tranches  de  vi tesse  du  ven t complètes  caractérisan t l a  performance l orsque  l e  rotor de  
l 'éol i enne  est effacé  fi guren t dans  la  base  de  données;  

e)  i l  est recommandé d 'obten ir des  données  supplémenta ires  de  performance afin  de  
quanti fier l 'effet  que  l es  variations  de  l a  tension  du  banc de  batteries  on t sur l a  
performance  de  l 'éol ienne.  I l  convient d 'obten i r ces  courbes  de  pu issance supplémentai res  
en  défin issan t l a  tens ion  du  banc de  batteries  sur l es  rég lages  facu l tati fs  de  hau te  et 
basse  tens ion  donnés  au  Tableau  H . 1  et  en  se  procurant  au  moins  30  h  de  données  à  
l 'a ide  d 'un  prémoyennage sur une  durée  de  1  m in .  Lors  de  la  génération  du  rapport re lati f 
à  ces  courbes  de  pu issance,  l es  tab leaux et graph iques  doiven t cl a i rement afficher l a  
performance pour l es  rég lages  facu l tati fs  de  hau te  et basse  tens ion  et doivent i nd iquer 
ces  rég lages  de  tension .  I l  est  recommandé  d 'u ti l i ser un  seu l  graph ique  pour afficher l es  
variations  de  la  pu issance en  fonction  de  la  vi tesse  du  vent et de  la  tens ion  du  banc de  
batteries.  

Tableau  H .1  – Réglages  de  l a  tension  du  banc de  batteries  

Tension  nominale  

V 

Réglage  exigé  

V 

Réglage  facu l tati f de  
basse tension  

V 

Réglage facu l tati f 
de  haute  tension  

V 

1 2  1 2 , 6  1 1 , 4  1 4 , 4  

24  25, 2  22, 8  28, 8  

36  37, 8  34, 2  43, 2  

48  50, 4  45, 6  57, 6  

Au tre  2, 1 *  1 , 9*  2 , 4*  

*   Vol ts  par é l ément  de  batterie  

 

H.7  Résul tats  dédui ts  

a)  en  9. 1 :  pour l es  éol iennes  avec con trôle  de  l a  pu issance  passive,  notamment avec 
système d 'effacement du  rotor ou  de  fl ottement des  pales,  l a  vi tesse  du  vent doi t être  
normal isée  par rapport  au  n i veau  de  l a  mer à  l 'a ide  de  l 'Equation  (1 4)  (normal isation  de  l a  
vi tesse  du  vent) ,  de  l 'Equation  (1 3)  (normal isation  de  la  pu issance)  ou  d 'une  au tre  
méthode.  Pour j usti fi er l 'u ti l i sation  d 'une  méthode  a l ternative,  une  documentation  doi t ê tre  
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fourn ie.  Toutefois ,  s i  l 'éol i enne  est déj à  rég lée  pour s 'adapter à  l a  masse  volum ique  de  
l 'a i r spéci fi que  au  s i te,  i l  convient d ' i nd iquer ce  rég lage  dans  le  rapport et  aucune 
normal isation  supplémenta ire  n 'est  adm ise;  

b)  en  9. 1 . 6:  pour les  peti tes  éol iennes,  l a  correction  des  turbu lences  n 'est pas  recommandée.  
S i  e l l e  est néanmoins  réal isée,  l e  rapport doi t i nd iquer s i  l a  méthode est appl iquée  pour 
des  moyennes  de  pu issance et de  vi tesse  du  vent  mesurées  d 'une  du rée  de  1  m in  au  l ieu  
de  1 0  m in ,  et s i  ces  va leurs  son t adm ises.  S i  l a  correction  des  turbu lences  est appl i quée,  
l es  courbes  de  pu issance avec et sans  correction  des  tu rbu lences  doivent être  i nd iquées  
dans  l e  rapport et  cl ai rement i denti fiées ;  

c)  en  9. 3:  dans  l es  cas  où  la  peti te  éol i enne  ne  s 'arrête  pas  en  cas  de  vents  forts ,  l 'AEP  
mesurée  et l 'AEP  extrapolée  doiven t être  calcu lées  comme s i  l a  vi tesse  de  coupure  étai t l a  
p lus  é levée,  en  retenant la  p lus  grande  va leur entre  la  tranche de  vi tesse  du  vent 
complétée  ou  25  m /s.   

H.8  Rapports  

A l 'Article  1 0:  ou tre  les  i n formations  de  l 'Article  7 ,  l a  description  de  l 'éol i enne  et du  montage  
d 'essai  do i t  i nclure  l es  é léments  su ivants :   

a)  l es  ta i l les ,  l es  matériaux conducteurs ,  l es  types,  l es  l ongueurs  et les  connecteurs  des  
câbles  u ti l i sés  pour raccorder l 'éol i enne  à  l a  charge;  

b)  l e  ou  les  rég lages  de  tension  pour tous  l es  d ispos i ti fs  de  protecti on  contre  l es  surtens ions  
et  l es  sous-tens ions  in tégrés  à  l 'aérogénérateur;  

c)  l a  tens ion  nom inale  du  banc de  batteries  (p.  ex. :  1 2  V,  24  V,  48  V) ;  

d )  l a  ta i l le  du  banc de  batteries  (c'est-à-d i re  l a  capaci té  en  ampères-heures),  l e  type  et l a  
durée  de  vie  de  l a  batterie;  

e)  l a  description  comprenant  l a  marque,  l e  modèle  et l es  spéci fications  du  régu lateur de  
tens ion  u ti l i sé  pour main ten i r la  tens ion  du  banc de  batteries  dans  les  l im i tes  spéci fiées;  

f)  l a  pu issance  de  référence;  

g )  l a  production  annuel le  d 'énerg ie  calcu lée  d 'après  l 'AEP  mesurée  et l a  fonction  de  Rayleigh  
pour l a  d istribution  des  vi tesses  du  ven t avec une  vi tesse  du  ven t moyenne  de  5  m /s  et l a  
courbe  de  pu issance  normal isée  par rapport à  l a  masse  volum ique  de  l 'a i r au  n i veau  de  l a  
mer doi t être  i nd iquée  dans  l e  rapport comme l 'énerg ie  annuel le  de  référence;  

h )  une  i n tensi té  des  tu rbu lences  d 'une  durée  de  1  m in  pour chaque  ensemble  de  données  
(séquentiel ,  non  fractionné,  ch ronolog ique)  sous  forme d 'un  d iagramme de  d ispers ion  
pour l a  p lage  de  vi tesses  du  vent  observée.  

H.9  Annexe A – Evaluation  de l ' influence des  éol iennes  et des  obstacles  sur le  
si te  d 'essai  

a)  Les  exigences  données  au  Tableau  A. 1  peuvent être  assoupl ies  afin  de  s 'adapter aux 
peti tes  éol i ennes,  mais  i l  convien t d ' i nclu re  une  i ncerti tude  supplémenta ire  re lati ve  à  
l ' i ncerti tude  de  vi tesse  du  vent.  Cependan t,  l es  au tres  sections  de  l 'Annexe A (à  savoir l a  
méthode pour les  secteurs  exclus  à  cause  des  obstacles)  ne  doivent pas  être  nég l i gées.   

H.1 0  Annexe B  – Evaluation  du  terrain  sur le  si te  d 'essai  

a)  En  fonction  des  environnements  types  dans  l esquels  l es  peti tes  éol i ennes  son t i nsta l l ées,  
l es  exigences  de  pen te  maximale  du  Tableau  B. 1  peuvent être  augmentées  j usqu 'à  1 0  %  
pour toutes  l es  d is tances  et tou tes  l es  d i rections.  Tou tefois,  i l  convien t d 'a jou ter une  
i ncerti tude  supplémentaire  de  l a  vi tesse  du  ven t.  
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H.1 1  Annexe C  – Procédure d 'étalonnage du  si te  

a)  en  C. 3. 2:  i l  n 'est pas  recommandé  de  fourn ir des  mesures  supplémentai res  pour 
caractériser l e  cisa i l lement du  ven t.  Cela  inclu t l es  mesures  de  l a  vi tesse  verticale  du  vent 
et  de  l a  déviation  de  l a  trajectoire  du  vent;  

b)  à  l 'Article  C. 5:  i gnorer l 'anal yse  du  cisai l l ement du  vent  et de  l a  s tabi l i té  atmosphérique;  

c)  également à  l 'Article  C. 5:  aucune  mesure  du  cisai l lement du  ven t n 'est  exigée  au  n i veau  
des  deux mâts  météorolog iques;  

d )  également à  l 'Article  C.5:  pour chaque poin t de  données  d 'une  durée  de  1  m in ,  l e  rapport 
de  vi tesses  du  ven t doi t  être  calcu lé ,  so i t l a  vi tesse  du  ven t à  l a  hauteur du  moyeu  à  
l 'emplacement du  mât météorolog ique  représentant  l 'éol i enne  d ivisée  par l a  vi tesse  du  
ven t à  l a  hau teu r du  moyeu  à  l 'emplacement du  mât météorolog ique  de  référence;  

e)  en  C.5. 1  et  en  C. 5. 2 :  ces  paragraphes  seront ignorés;  

f)  en  C.5.3 :  ce  paragraphe  sera  u ti l i sé  pour l 'anal yse  d 'éta lonnage  du  s i te;  

g )  concernan t l 'éta lonnage du  s i te  pour de  peti tes  éol iennes,  i l  est acceptable  d 'u ti l i ser l a  
tour de  support de  l 'éol i enne  p lu tôt qu 'un  mât météorolog ique  à  l 'emplacement de 
l 'éol ienne,  sous  réserve  de  satisfa i re  aux exigences  de  d istors ion  de  l 'écou lement.  
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Annexe I  
(normative)  

 
Classification  des  anémomètres  à  coupel les  et à  u l trasons  

I . 1  Général i tés  

Les  anémomètres  à  coupel les  et à  u l trasons  sont des  i nstruments  de  mesure  qu i  peuvent être  
u ti l i sés  pour l es  mesures  de  performance de  pu issance.  Afi n  de  transférer l a  traçabi l i té ,  i l s  
doivent être  étalonnés  dans  une  soufflerie  conformément à  l 'Annexe  F .  L 'étalonnage des  
souffleries  est effectué  dans  des  cond i tions  environnementa les  contrôlées  avec un  
écou lement l i sse  et peu  tu rbu len t.  Lors  des  mesures  et de  l 'explo i tation  sur s i te,  ces  
i nstruments  sont toutefois  soum is  à  un  écou lement tu rbu len t et  à  des  cond i tions  
environnementales  qu i  peuvent d i fférer de  man ière  s i gn i ficati ve  par rapport aux cond i ti ons  
d 'éta lonnage de  l a  souffl erie.  Les  cond i tions  du  s i te  peuvent i n fl uencer de  façon  s i gn i ficati ve  
l es  caractéristiques  de  l ' i nstrument et provoquer un  écart en tre  l es  résu l tats  donnés  par 
l ' i nstrument et l es  étalonnages  de  l a  soufflerie.  S i  l es  p lages  des  paramètres  d ' i n fl uence  l ors  
de  l 'explo i tation  sur s i te  son t déterm inées,  l es  écarts  systématiques  peuvent être  anal ysés  et 
l es  écarts  dans  les  résu l tats  des  instruments  peuven t être  i n tégrés  à  un  système de  
classi fication .  

Les  paramètres  d ' in fluence  connus  sur l es  mesures  des  anémomètres  à  coupel l es  son t l es  
turbu lences,  l a  température  de  l 'a i r,  l a  masse  volum ique  de  l 'a i r e t l ' ang le  d 'écou lement 
ascendan t moyen .  Les  paramètres  d ' in fluence connus  sur l es  mesures  des  anémomètres  à  
u l trasons  sont l a  d i rection  du  ven t,  l 'ang le  d 'écou lement ascendant et l a  température  de  l 'a i r.  
Ces  paramètres  d ' i n fl uence  doivent être  pris  en  compte  dans  la  classi fication .  D 'autres  
paramètres  environnementaux peuven t i n fluencer l es  i nstruments .  S ' i l  est adm is  que  ces  
paramètres  d ' in fluence donnent des  écarts  systématiques,  l eu r i n fl uence doi t être  anal ysée  et 
i ncl use  dans  l e  système de  class i fication .  L'effet combiné  de  tous  les  paramètres  d ' i n fl uence 
doi t en  ou tre  être  évalué.  Les  écarts  systématiques  dus  aux paramètres  d ' in fluence  doivent 
être  anal ysés  conformément aux procédures  décri tes  à  l 'Annexe J  et  donner l i eu  à  une  
spéci fication  de  class i fication  du  type  de  l 'anémomètre.  Au  moins  cinq  échanti l l ons  du  type  
d 'anémomètre  doiven t être  évalués.  La  mod i fication  d 'un  type  d 'anémomètre  qu i  peut avoi r 
une  i n fl uence sur l e  résu l tat exige  une  nouvel le  évaluation .  Les  mod i fications  apportées  à  l a  
géométrie  du  type  d 'anémomètre,  au  pri ncipe  de  mesure,  à  l 'a l gori thme l og icie l  pour l e  ca lcu l  
de  l a  sortie ,  aux paramètres  l og icie ls  ou  à  la  géométrie  de  l a  s tructu re  de  support exigent une  
nouvel l e  évaluation .  

La  méthode de  classi fication  ne  prend  en  compte  qu 'une  explo i tation  normale  des  capteurs.  
La  méthode  ne  tien t pas  compte,  par exemple,  de  l 'usure,  des  d ysfonctionnements  ou  du  
g i vrage  (voir Annexe O).  

I .2  Classes  de classification  

La  class i fication  des  types  d 'anémomètres  est  d ivisée  en  cinq  cl asses  en  fonction  de  
l 'obj ecti f.  Les  classes  A,  B ,  C  et D  se  basent sur des  p lages  de  terra ins  et de  cl imats  
prédéfin ies  (voi r Tableau  I . 1 ) .  Les  classes  A et  C  doivent être  u ti l i sées  pour les  terrains  qu i  
satisfont aux exigences  de  l 'Annexe  B  et au  terra in  de  type  A en  C. 3. 1 .  Les  classes  B  et  D  
doivent être  u ti l i sées  pour l es  terrains  qu i  ne  satisfont pas  aux exigences  de  l 'Annexe B .  Les  
classes  B  et D  pourraient être  u ti l i sées  dans  un  terrain  de  type  B  en  C. 3. 1 .  S i  des  
i n formations  sur l es  p lages  des  paramètres  d ' i n fl uence l ors  des  mesures  son t d ispon ib les,  l a  
classe  S  peu t être  u ti l i sée.   

La  classe  S  est une  classe  spécia le ,  dans  laquel l e  l es  p lages  des  paramètres  d ' in fluence  
peuvent être  défin ies  par l ' u ti l i sateur (voir Tableau  I . 1 ) .  E l l e  peut  être  desti née  à  un  cl imat 
spécia l ,  par exemple  d 'un  cl imat froid  (voi r Annexe  O).  La  cl asse  S  peu t également être  
u ti l i sée  pour estimer l ' i ncerti tude  lors  d 'une  campagne de  mesures,  où  l es  p lages  des 
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paramètres  d ' in fluence son t déterm inées  l ors  des  mesures.  La  cl asse  S  peut être  u ti l i sée  pour 
l es  mesures  dans  les  terra ins  de  type  A,  B  et  C  (voi r C. 3. 1 ) .  

Le  numéro de  classi fi cation  k do i t  être  u ti l i sé  pour déterm iner l ' i ncerti tude  l i ée  aux 
caractéristiques  opérationnel l es  de  l a  vi tesse  du  ven t,  comme ind iqué  à  l 'Annexe  D  
(Tableau  D. 1 ).  

L'Annexe B  fourn i t  une  évaluation  du  terra in ,  afin  d 'évaluer s i  l a  d istors ion  de  l 'écou lement 
due  au  terrain  sera  s i gn i ficati ve.  Pour l a  cl assi fication  des  anémomètres  à  coupel les  et à  
u l trasons,  cette  évaluation  du  terra in  prend  en  charge  l a  défin i tion  des  classes  de  
classi fication  A,  B ,  C  et D .   

Classe  A:  Associée  aux terrains  qu i  satisfont aux exigences  de  l 'Annexe B  et aux p lages  
des  paramètres  d ' i n fl uence  générales  pour ce  type  de  terrain .   

Classe  B :  Associée  aux terrains  qu i  ne  satisfon t pas  aux exigences  de  l 'Annexe  B  et aux 
p lages  des  paramètres  d ' i n fl uence générales  pour ce  type  de  terra in .   

Classe  C:  Comme pour l a  classe  A,  mais  avec des  températures  j usqu 'à  –20  °C.  

Classe  D:  Comme pour l a  classe  B ,  mais  avec des  températures  j usqu 'à  –20  °C.  

Pour un  terrain  ou  un  cl imat qu i  s 'écarte  des  classes  A à  D ,  u n  cl imat de  classe  S  peut être  
spéci fié .   

Classe  S :  Associée  à  des  cond i tions  qu i  s 'écarten t des  classes  A,  B ,  C  ou  D .  Dans  cette  
cl asse,  l 'u ti l i sateur défin i t  les  p lages  des  paramètres  d ' i n fl uence.  Cela  peu t être  
dû  à  des  cond i ti ons  cl imatiques  ou  de  terrain  particu l i ères  ou  défin ies  par 
l ' u ti l i sateur.  

I .3  Plages  des  paramètres  d 'influence  

Les  p lages  m in imales  de  paramètres  d ' i n fl uence  nécessaires  pour l a  cl assi fication  des  
anémomètres  à  coupel les  et à  u l trasons  son t données  au  Tableau  I . 1 .   

I .4 Classification  des  anémomètres  à  coupel les  et à  u l trasons  

La  class i fication  d 'un  anémomètre  est  spéci fi ée  par la  quan ti té  d 'écarts  systématiques  par 
rapport aux valeurs  éta lonnées  (étalonnage  conforme à  l 'Annexe  F) ,  l orsque  l es  écarts  
systématiques  sont déterm inés  pour des  va leurs  comprises  dans  l es  plages  des  paramètres  
d ' in fluence.  Pour un  anémomètre  à  u l trasons  et pour des  anémomètres  à  coupel l es  sens ib les  
à  l a  d i rection ,  une  d i rection  de  référence u ti l i sée  pour l es  éta lonnages  conformément à  
l 'Annexe F  doi t être  défin ie  pour l e  type  d ' instrument.  Les  écarts  systématiques  doiven t être  
dédu i ts  pour toutes  l es  valeurs  pertinen tes  pour l a  déterm ination  de  l a  cl asse  entre  l es  
va leurs  m in imale  et maximale  de  chaque  paramètre.  Le  numéro de  classe  kn  d 'un  numéro 
d 'échanti l lon  d 'anémomètre  n  d o i t  ê tre  déterm iné  comme l 'écart systématique  maximal  par 
rapport à  la  va leur d 'éta lonnage de  l a  souffl erie,  pondérée  à  l 'a i de  de  l a  fonction  de  vi tesse  du  

ven t :   

 iin wk εmax1 00 ⋅=  ( I . 1 )  

 

où  
kn  est  le  numéro  de  classe  du  numéro  de  l 'échanti l lon  d 'anémomètre  n  (n=1 . . . 5  ou  p lus) ;  

wi  est une  fonction  de  pondération  en  m /s  qu i  défin i t  l 'enveloppe des  écarts  (voi r 
Equation  ( I . 2)) ;  

εi  est  l 'écart en  m /s  pour l a  combinaison  des  paramètres  d ' in fluence  i.  

iε
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La  fonction  de  pondération   moyenne l ' i n fl uence des  écarts  absolu  et re lati f33:   

 wi  =  5  m /s  +  0, 5  ·  Ui  ( I . 2)  

 

où  

Ui  est  la  vi tesse  du  ven t en  m /s  pour l a  combinaison  des  paramètres  d ' i n fl uence i.  

Tableau  I . 1  – Plages  des  paramètres  d ' in fluence (moyennes  de  1 0  m in)  
des  classes  A,  B ,  C,  D  et  S  

  C l asse  A 

Le  terrain  
sati sfai t  aux 
exigences  de  
l 'Annexe  B  

Classe  B  

Le  terrain  ne  
sati sfai t  pas  
aux exigences  
de  l 'Annexe B  

Classe  C  

Le  terrain  
sati sfai t aux 
exigences  de  
l 'Annexe  B  

Classe  D  

Le  terrain  ne  
sati sfai t  pas  
aux exigences  
de  l 'Annexe B  

Classe  S 34  

C l asse  
spéci ale  avec 

plages  
défin ies  par 
l 'u ti l i sateur 

Plage  P lage  P lage  P lage  P lage  

Vi tesse  du  ven t V (m /s)  4  à  1 6  4  à  1 6  4  à  1 6  4  à  1 6  4  à  1 6  

I n tensi té  d es  
tu rbu lences  

0 , 03  à  0 , 1 2  +  
0 , 48/V 

0, 03  à  0 , 1 2  +  
0 , 96/V 

0, 03  à  0 , 1 2  +  
0 , 48/V 

0, 03  à  0 , 1 2  +  
0 , 96/V 

Défin i  par 
l 'u ti l i sateur 

Structure  des  

tu rbu lences  35 σu /σv/σw  

1 /0 , 8/0, 5*   1 /0, 8/0, 5*   1 /0, 8/0, 5*   1 /0 , 8/0, 5*   Défi n i  par 
l 'u ti l i sateur  

ou  1 /0 , 8/0, 5*  

Températu re  de  
l 'a i r (°C)  

0  à  40  –1 0  à  40  –20  à  40  –20  à  40  Défi n i  par 
l 'u ti l i sateur 

Masse  vol um ique  de  
l 'a i r (kg /m 3);  

 

0 , 9  à  1 , 35  0 , 9  à  1 , 35  0 , 9  à  1 , 35  0 , 9  à  1 , 35  Défi n i  par 
l 'u ti l i sateur 

Ang le  d 'écou lement 
ascendant moyen  (° )  

–3  à  3  –1 5  à  1 5  –3  à  3  –1 5  à  1 5  Défi n i  par 
l 'u ti l i sateur 

Di rection  du  ven t  (° ) 36 Anémomètres  
à  coupel l es  et  
à  u l trasons:   
0°  à  360°  

Anémomètres  
à  coupel l es  et  
à  u l trasons:   
0°  à  360°  

Anémomètres  
à  coupel l es  et  
à  u l trasons:  

0°  à  360°  

Anémomètres  
à  coupel l es  et  
à  u l trasons:   
0°  à  360°  

Anémomètres  
à  coupel l es :   

0°  à  360°  

Anémomètres  
à  u l trasons:  
défi n i  par 

l 'u ti l i sateur 

*   Un  spectre  de  tu rbu l ences  de  Kaimal  non  i sotropi que  avec échel l e  d e  l ongueu r des  tu rbu lences  de  350  m .  

 

___________ 

33  Un  numéro  de  cl asse  de  1  correspond  à  1  %  à  1 0  m /s ,  mais  à  p l us  de  1  %  en  dessous  de  1 0  m /s  et  à  moins  
de  1  %  au -dessus  de  1 0  m /s.   

34  Les  p l ages  des  paramètres  d ' i n fl uence  déterm inées  l ors  d ' une  mesure  de  l a  performance  de  pu i ssance  
i ncl uent  d es  paramètres  mesu rés  dans  l e  cad re  de  l a  mesure  de  performance:  vi tesse  d u  ven t,  tu rbu l ences,  
températu re  de  l 'a i r,  masse  vo lum ique  de  l ' a i r.  L 'ang l e  d 'écou lement ascendant peu t être  déterm iné  l ors  d 'u n  
éta lonnage  du  s i te  en  montant  un  anémomètre  à  u l trasons  à  deux g i rouettes  ou  tri d imensionnel  à  l a  hau teur 
du  moyeu  su r l e  mât météoro log i que  temporai rement  monté  sur l a  fondation  des  éol i ennes.  L 'ang l e  
d 'écou lement  ascendant  sur l 'éol i enne  peu t être  déterm iné  par un  anémomètre  su r l e  nez d u  rotor.  

35  Pour l a  génération  de  vent  arti fi cie l ,  voi r par exemple  l 'Arti cl e  J . 4 .   

36  S i  un  anémomètre  à  coupel l es  est  sensib le  à  l a  d i rection  ( i l  convien t  d e  l e  véri fi er su r au  moins  un  
échanti l l on ),  l a  d i recti vi té  doi t  être  i ncl use  dans  l a  cl assi fi cation .  Pour l es  anémomètres  à  u l trasons,  l a  
d i recti vi té  doi t  tou j ou rs  être  i n cl use  dans  l a  cl ass i fi cation ,  a l ors  q ue  pour l a  cl asse  S ,  l a  p l age  de  d i rections  
du  vent  peu t  être  défi n i e  par l 'u ti l i sateu r.   

iw
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Pour les  cinq  échanti l l ons  d 'anémomètres  à  l 'essai  pour l a  cl ass i fication ,  l a  cl asse  est 

déterm inée  par la  moyenne des  valeurs  k p l us  la  moi tié  de  la  p l age  d ivisée  par 3 ,  avec en  
prenan t pour h ypothèse  une  d istribu tion  rectangu la i re  (voi r Equation  ( I . 3)) .   

 

3

1

25

1 minmax
5

1

⋅+= ∑
=

k–k
kk

n

n  

 

( I . 3)  

 

Une class i fication  qu i  fa i t  référence à  une  classe  donnée  est exprimée par kA,  kB ou  kS,  par 
exemple  1 , 7A ou  2 , 5S.  L' i ncerti tude-type  des  caractéristiques  opérationnel l es  (voi r 
Tableau  D. 1 )  d 'un  anémomètre  à  u l trasons  ou  d 'un  anémomètre  à  coupel l es  peut être  dédu i te  
à  parti r de  l a  class i fi cation  en  prenant pour hypothèse  une  d istribu tion  d ' i ncerti tude  
rectangu lai re.  Dans  ce  cas,  l ' i ncerti tude-type  à  u ti l i ser dans  l 'évaluation  de  l ' incerti tude  de  
performance de  pu issance est:   

 
uv2 j  =  (0, 05  m /s  +  0, 005  ·  Uj)  ·  k 3  

 

( I . 4)  

Un  exemple  de  class i fication  est  décri t à  l 'Annexe  J .  

I .5  Format de  rapport  

Les  rapports  de  classi fi cation  du  capteur de  vi tesse  du  vent doivent spéci fier tou tes  l es  
i n formations  pertinen tes  concernant le  capteur,  notamment l 'ensemble  des  paramètres.  La  
documentation  de  la  cl asse  d 'un  anémomètre  à  u l trasons  doi t spéci fi er la  configuration  
programmée pour laquel le  l a  cl assi fication  est va l i de.  

La  documentation  adéquate  doi t être  fourn ie  avec des  i n formations  détai l l ées  sur l es  
procédures  su ivies,  l es  mesures  réal isées  dans  l e  con texte  de  l a  classi fi cation ,  a ins i  que  l a  
documentation  des  i nsta l l ations  et des  i nstruments  u ti l i sés.  
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Annexe J  
(normative)  

 
Evaluation  des  anémomètres  à  coupel les  et à  u l trasons  

J .1  Général i tés  

L'évaluation  de  l 'anémométrie  pour l a  class i fication  doi t  être  dédu i te  à  parti r d 'essais  en  
souffl erie  traçables,  d 'autres  essais  en  laboratoi re  et  de  la  modél isation  associée  de  
caractéristi ques  des  anémomètres.  I l  convient d ' i nclure  également des  essais  de  véri fication  
sur s i te  dans  une  évaluation  poussée.   

L 'évaluation  d 'un  type  d 'anémomètre  à  u l trasons  ou  à  coupel l es  doi t  comprendre  des  
procédures  véri fiées  afi n  de  déterm iner l ' i n fluence des  caractéristiques  de  base  su ivan tes  
(noter aussi  l e  Tableau  I . 1 ) :  

•  caractéristi ques  de  réponse  de  l 'ang le  d ' i ncl i na ison ;  

•  caractéristi ques  de  réponse  de  l 'ang le  d 'orien tation ;  

•  effets  i ndu i ts  par l a  température  sur l a  performance de  l 'anémomètre.  

Les  caractéristiques  su ivan tes  doivent en  ou tre  être  évaluées  pour l es  anémomètres  à  
coupel l es :  

•  effets  d ynam iques  dus  aux caractéristi ques  de  couple  du  rotor.  

L'Article  J . 2  décri t l es  procédures  de  mesure  des  caractéristiques  de  l 'anémomètre.  
L'Article  J . 3  décri t  une  méthode de  classi fication  des  anémomètres  à  coupel l es  avec un  
exemple;  l 'Article  J . 4  décri t  une  méthode de  class i fication  des  anémomètres  à  u l trasons.  Une  
évaluation  réel l e  doi t ê tre  basée sur l es  méthodolog ies  à  l 'Article  J . 3  et à  l 'Article  J . 4 ,  mais  
pourrai t  également être  basée  sur d 'autres  méthodes  d 'évaluation ,  à  cond i tion  qu 'e l l es  
i ncluen t des  procédures  véri fi ées  afi n  d ' inclu re  l ' i n fl uence  des  paramètres  du  Tableau  I . 1 .  
L'Article  J . 5  présente  une  méthode  de  comparaison  sur s i te  des  anémomètres.  

J .2  Mesures  des  caractéristiques  des  anémomètres  

J .2. 1  Mesures  des  caractéristiques  de  réponse de  l 'ang le  d ' incl inaison  des  
anémomètres  à  coupel les  dans  une  soufflerie  

La réponse  de  l 'ang le  d ' i ncl i naison  est l a  vi tesse  du  ven t mesurée  aux ang les  d 'écou lement 
i ncl i nés  par rapport à  l a  vi tesse  du  ven t mesurée  à  l 'écou lement non  i ncl i né.  La  réponse  de  
l 'ang le  d ' incl i na ison  d 'un  anémomètre  à  coupel l es  doi t être  mesurée  dans  une  soufflerie  qu i  
satisfa i t  aux exigences  décri tes  à  l 'Annexe  F .  Le  fa i t que  l a  hau teur de  l a  souffl erie  soi t  
suffisante  pour obten i r des  caractéristiques  de  réponse  d ' i ncl inaison  précises  doi t  en  ou tre 
être  documenté.  

Le  comportement d 'un  anémomètre  est fortement i n fluencé  par l 'espace  l ibre  qu i  l ' en toure,  
particu l i èrement en  dessous  et au -dessus  de  l 'anémomètre.  I l  est important que  l e  mécan isme 
d ' incl i naison  soi t conçu  de  te l l e  sorte  que  l e  centre  du  détecteur de  l 'anémomètre  soi t fixé,  
mais  en  mesure  de  tourner.  La  p laque  de  fond  de  la  souffl erie  doi t en  ou tre  être  fermée  afi n  
d 'évi ter tou t effet défavorable  l i é  à  l 'écou lement.  Aucun  mouvement de  trans lation  ne  peut 
donc être  effectué  par l e  rotor;  seu le  une  incl i naison  du  p lan  du  rotor a  l i eu .  

La  réponse  de  l 'ang le  d ' incl i naison  peut être  mesurée  de  deux man ières  d i fféren tes:  par 
balayage  ou  à  parti r de  pos i tions  fixes.  

I l  convien t de  déterm iner l a  réponse  de  l 'anémomètre  à  un  écou lement de  l 'a i r i ncl iné  quas i  
statiquement avec l 'a i de  d 'un  d isposi ti f d ' ang le  d ' incl i naison  automatique  i nstal lé  dans  l a  
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souffl erie .  Pendant l es  mesures,  l 'anémomètre  est l en tement i ncl i né  dans  un  sens  et dans  
l 'au tre  avec une  vi tesse  de  ba layage très  lente  (moins  de  0, 05° /s) ;  l ' i n fluence  su r l es  résu l tats  
de  la  vi tesse  angu lai re  peu t a lors  être  nég l igée.  Les  balayages  ne  peuven t être  u ti l i sés  que  s i  
l a  vi tesse  du  vent dans  l a  soufflerie  reste  i n férieure  à  0 , 5  %  de  l a  vi tesse  du  ven t nom inale  
pour tous  les  ang les  d ' i ncl ina ison .  

A un  écou lement non  i ncl iné,  l ' ang le  d ' i ncl inaison  doi t ê tre  fixé  et l es  mesures  doivent  être  
effectuées  pendant 300  s  afi n  de  garan ti r que  suffisamment de  données  sont col lectées  
depu is  la  tranche zéro  (±  0, 5° ).  Ces  données  de  tranche  zéro  son t  u ti l i sées  pour l a  
normal isation  de  l a  réponse  de  l 'ang le  d ' i ncl i naison .  

Les  enreg istrements  de  l 'ang le  d ' i ncl i naison ,  de  l a  vi tesse  du  vent dans  l a  soufflerie  et des  
résu l tats  de  l 'anémomètre  doivent être  s imu l tanés  et  moyennés.  I l  peu t être  u ti l e  d ' in tégrer 
une  résolu tion  p lus  fine  de  l 'a l gori thme de  moyennage  de  tranche  afin  de  ten i r compte  de  
grad ien ts  p l us  é levés  dans  l a  réponse  de  l 'ang le  d ' incl i naison  autou r de  zéro  degré.   

A défau t,  i l  convien t de  déterm iner l a  réponse  de  l 'ang le  d ' incl i naison  par des  mesures 
progress ives  de  l a  pos i ti on  fixée,  où  l a  réponse  à  chaque ang le  est déterm inée  par 
l 'éta lonnage  de  l a  soufflerie  de  l 'Annexe  F  à  des  vi tesses  du  ven t nom inales  chois ies  dans  l a  
p lage  de  vi tesses  du  ven t.   

Recommandations  concernant l a  matrice  de  mesure:  

a)  défin i tion  de  l 'ang le  d 'écou lement:  pos i ti f pour écou lement montan t sur rotor à  coupel les;  

b)  étapes  et p lage  d 'ang les  d ' incl i naison :  au  moins  –30°  à  +  30°  (par exemple,  ±0° ,  ±1 ° ,  ±2° ,  
±3° ,  ±4° ,  ±6° ,  ±8° . . . ±30°) ;  

c)  étapes  et p lage  de  vi tesses  du  vent:  4  m /s  à  1 6  m /s  (par exemple,  4  m /s,  8  m /s,  1 2  m /s  
et  1 6  m /s);  

d )  p lage  de  moyennage  de  tranche pour l a  méthode de  ba layage:  l argeur de  tranche max 2° .  

Un  exemple  de  réponse  de  l 'ang le  d ' i ncl i naison  (y compris  l a  forme " i déale"  d e  cosinus)  est  
représenté  à  l a  F igure  J . 1 .  
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Anglais  Français  

Cup  wind  speed/tunnel  wind  speed  
Vi tesse  du  vent  mesurée  par u n  anémomètre  à  
coupel l es/Vi tesse  du  vent  dans  l a  souffl erie  

F low ang l e,  posi ti ve  for u pwards  fl ow on  cup  rotor (deg)  
Ang le  d 'écou lement,  pos i ti f pour écou lement ascendant 
su r un  rotor à  coupel l es  (° )  

Figure J . 1  – Réponse de  l 'angle  d ' incl inaison  0=αα VV  d 'un  anémomètre  à  coupel les  en  

fonction  de  l 'angle  d 'écoulement  α  comparée  à  l a  réponse du  cosinus  

J . 2.2  Mesures  des  caractéristiques  d i rectionnel les  des  anémomètres  à  coupel les  
dans  une  soufflerie  

La  conception  de  certains  anémomètres  à  coupel les  (par exemple  une  forme de  logement 
asymétrique,  des  en trées  de  câbles  asymétriques,  etc. )  peu t avoir des  effets  défavorables  sur 
l e  s ignal  de  vi tesse  du  vent de  l 'anémomètre  par rapport à  l a  d i rection  de  l 'écou lement 
horizon ta l  et  la  d i rection  de  référence  u ti l i sée  pour l 'éta lonnage  (sens ibi l i té  de  l 'orientation ).  
Cet effet n 'est pas  souhai té,  car i l  ne  peu t pas  généralement pas  être  corrigé.  I l  peu t 
con tribuer de  façon  substantie l le  à  l ' i ncerti tude  tota le  de  la  mesure  de  la  vi tesse  du  vent.  Les  
mesures  de  sens ib i l i té  à  l 'orien tation  doiven t être  effectuées  à  des  vi tesses  du  vent de  4  m /s,  
8  m /s,  1 2  m /s  et  1 6  m /s.   

J .2.3  Mesures  des  caractéristiques  de  couple  du  rotor de  l 'anémomètre  à  coupel les  
dans  une  soufflerie   

La  réponse  d ynam ique  d 'un  anémomètre  à  coupel les  est  gouvernée  par l 'Equation  (J . 1 ) ,  où  퐼  
est  l e  moment d ' inertie  de  la  masse,  휔  est  l a  vi tesse  angu la i re,  푡  est l a  durée,  QA  est l e  
couple  aérodynam ique  du  rotor et QF  est le  couple  dû  au  frottement (principalement sur l es  
pal i ers).  

 
FAd

d
QQ

t

w
I −=  (J . 1 )  

 

Le couple  net,  QA  – QF  ,  sur l e  rotor de  l 'anémomètre  à  coupel l es  et donc l es  caractéristi ques  
du  couple  du  rotor peuvent  être  mesurés  dans  une  soufflerie.  

IEC  
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Le  couple  aérodynam ique  peu t être  mesuré  en  ob l i geant le  rotor à  tourner à  des  vi tesses  
angu la i res  spéci fi ques  en  déséqu i l i bre  tout  en  mesuran t l e  couple  avec un  capteur de  couple.  

Le  couple  aérodynam ique  du  rotor de  l 'anémomètre  à  coupel les  est égal  au  couple  de  
réaction  sur l 'arbre,  mesuré  par l e  capteur de  couple,  moins  l e  couple  de  frottement.  I l  
convient que  les  mesures  proches  de  l a  vi tesse  angu la i re  à  l 'équ i l i bre  soien t très  précises  et 
détai l l ées.  Un  exemple  de  mesure  du  couple ,  dans  lequel  l a  vi tesse  de  l a  soufflerie  a  été  
maintenue  à  un  n i veau  constan t de  8  m /s  et  où  l a  vi tesse  de  rotation  du  rotor a  été  soum ise  à  
des  variations,  est donné  à  l a  F igure  J . 2.   
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Figure J . 2  – Mesures  du  couple  QA  –  QF  dans  une  soufflerie  en  fonction  de  l a  vi tesse  

angu lai re  ω  d 'un  rotor d 'anémomètre à  coupel les  à  8  m/s  

J .2.4  Mesures  des  réponses  échelonnées  des  anémomètres  à  coupel les  dans  une 
soufflerie  

Les  caractéristiques  du  couple  du  rotor peuven t également être  mesurées  avec une  méthode 
de  réponse  échelonnée  dans  une  soufflerie .  Cette  méthode est moins  précise  que  cel l e  
décri te  en  J . 2 . 3 .  En  effet,  l es  caractéristiques  de  couple  l i néai re  des  deux côtés  du  rapport de  
vi tesse  à  l 'équ i l i bre  (coefficien t de  couple  égal  à  zéro,  voi r J . 3 . 2)  doivent fai re  l 'obj et d 'une  
hypothèse.   

Une  réponse  échelonnée est une  méthode dans  laquel le  un  anémomètre  à  coupel l es,  dans  
une  soufflerie  avec une  vi tesse  d 'écou lement constante,  est forcé  à  une  vi tesse  de  rotation  en  
déséqu i l i bre,  supérieure  ou  i n férieure  à  la  vi tesse  du  vent à  l 'équ i l i bre,  l a  récupération  de  l a  
vi tesse  angu la i re  à  l 'équ i l ibre  étant survei l l ée.  La  rég ion  de  récupération  proche de  l 'équ i l i bre  
est l a  partie  importan te  de  l a  récupération .  I l  est recommandé d 'u ti l i ser l es  données  de  l a  
rég ion  de  récupération  entre  50  %  et 98  %  de  l a  vi tesse  du  rotor à  l 'équ i l i bre  l ors  des  essais  
d 'accélération  et entre  1 50  %  et 1 02  %  l ors  des  essais  de  décélération  l ors  de  l ' i nsta l lation  
des  l i gnes  de  coefficien t de  couple.   

Pour forcer l 'anémomètre  à  fonctionner en  déséqu i l i bre,  l a  méthode peu t cons ister à  fixer un  
arbre  in terméd ia i re  sur le  dessus  du  rotor de  l 'anémomètre  à  coupel l es  et à  l e  raccorder à  un  
moteur en  le  fa isan t passer par un  trou  à  travers  la  cl o ison  de  la  soufflerie .  La  vi tesse  de  
rotation  est con trôlée  par l e  moteur,  qu i  est mécan iquement désengagé du  rotor quand  l a  
mesure  de  l 'accélération  ou  de  la  décélération  doi t  commencer.   
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L'état de  déséqu i l i bre  peu t également être  atte in t en  appl iquan t un  ou  p lus ieurs  j ets  d 'a i r 
comprimé d 'un  côté  ou  de  l 'au tre  du  rotor de  l 'anémomètre  à  coupel les.  Des  précau tions  
doivent tou tefois  être  prises  pour ne  pas  perturber l e  ven t en  amont dans  l a  soufflerie.  

I l  convien t que  l es  états  de  départ  en  déséqu i l i bre  soient b ien  en  dehors  de  la  p l age  de  
rotations  pour l 'anal yse  (de  50  %  à  1 50  %  de  l a  vi tesse  du  rotor à  l 'équ i l ibre),  afin  de  garanti r 
que  l e  d ispos i ti f d 'exci tation  n ' in flue  pas  sur l es  données  u ti l i sées  pour l ' i nsta l l ation .   

Lorsque  l es  caractéristi ques  du  couple  peuvent être  exprimées  par une  re lation  l inéai re  d 'un  
côté  ou  de  l 'au tre  de  l 'équ i l i bre  du  couple  (couple  égal  à  zéro) ,  la  réponse  échelonnée peu t 
être  exprimée par l 'équation :  

 

u(t)  =  ut – ∆u ·  exp  






 −

τ
0tt

 (J . 2)  

 

où  

u(t)  est l a  vi tesse  du  ven t mesurée  par l 'anémomètre  à  coupel l es  au  moment  t  à l 'a i de  
de  la  fonction  d 'éta lonnage  ord inaire;  

ut  est  l a  vi tesse  du  ven t dans  l a  soufflerie;  

∆u  est  l a  d i fférence  entre  l a  vi tesse  du  vent dans  l a  soufflerie  et l a  vi tesse  du  ven t  
i nd iquée  par l 'anémomètre  à  coupel l es ,  au  début de  l a  mesure  de  l a  réponse  
échelonnée,  à  l ' i nstant  t0 ;  

 푡  est  l e  temps;  

휏  est  l a  constante  de  temps  à  déterm iner pour la  réponse  échelonnée  (τ l ow  pour la  
réponse  échelonnée  du  dessous  et τh igh  pour l a  réponse  échelonnée  du  dessus).  

Lors  de  l ' i nsta l lation  des  données  dans  les  deux constan tes  inconnues  τ  e t  0t ,  i l  est  u ti le  de  

reformu ler l 'Equation  (J . 2)  et  d 'u ti l i ser l a  régression  l i néai re  pour déterm iner l a  constan te  de  
temps  τ :  

 
l n  

τ
0)( tt

u

tuu t −
=








∆

−
 (J . 3)  

 

Un  exemple  d 'u ti l i sation  des  résu l tats  de  la  méthode de  réponse  échelonnée pour déterm iner 
l e  couple  l i néai re  des  constantes  de  temps  est décri t  de  man ière  p lus  approfond ie  en  J . 3 . 2 .   

J .2.5  Mesures  des  effets  indu i ts  de  l a  température  sur l a  performance de  
l 'anémomètre  

Les  effets  i ndu i ts  par l a  température  qu i  i n fl uen t sur l a  performance  de  l 'anémomètre  doivent  
être  évalués.  

J .2.5. 1  Mesure  du  couple  de  frottement dans  un  anémomètre à  coupel les   

Les  effets  dépendants  de  la  température  et dus  au  frottement des  pal iers  doivent être  évalués  
par un  essai  du  volan t d ' i nertie  dans  une  chambre  cl imatique  [1 1 ] .  

Les  mesures  du  couple  de  frottement doiven t être  fa i tes  en  remplaçant l e  rotor de  
l 'anémomètre  à  coupel les  par un  volant d ' i nertie  et en  mesurant l a  décélération  d 'une  vi tesse 
de  rotation  qu i  correspond  à  20  m /s.  Deux couples  ag issent sur le  rotor:  l e  couple  de  
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frottement des  pal i ers  37  e t  l e  couple  de  frottement de  l 'a i r sur l e  volan t d ' inertie  (qu i  doi t être  
soustrai t  du  couple  mesuré).  Les  essais  doiven t être  effectués  à  des  températures  comprises  
en tre  – 20  °C  et  +  40  °C  au  moins  avec des  graduations  de  5  °C.  Pour chaque  température,  l e  
frottement peut être  exprimé sous  l a  forme d 'un  pol ynôme de  deuxième ordre  avec trois  
constan tes,  F0 ,  F1  e t  F2 .   

 QF  =  F0  +  F1ω  +  F2  ω
2  (J . 4)  

La  F igure  J . 3  montre  un  exemple  de  couple  de  frottement des  pal iers  en  fonction  de  l a  
température  pour l es  vi tesses  de  rotation  fixes.  

 

 

Anglais  Français  

Fricti on  (Nm)  Frottement  (Nm)  

Temperatu re  (°C)  Températu re  (°C)  

Figure J .3  – Exemple  de  couple  de  frottement des  pal iers  QF  en  fonction  de  l a  

température  pour une plage  de  vi tesses  angu laires  ω  

J . 2 .5.2  Essais  de  soufflerie  à  d i fférentes  températures  et  vi tesses  du  ven t  

L' influence des  effets  de  la  température  sur un  anémomètre  en tier (que  ce  soi t  u n  
anémomètre  à  coupel l es  ou  un  anémomètre  à  u l trasons)  peut être  véri fiée  à  l ' a ide  d 'essais  en  
souffleries  cl imatiques.  Les  essais  peuven t être  effectués  à  des  températures  conformes  au  
Tableau  I . 1 ,  comprises  en tre  –20  °C  et  +  40  °C  avec des  graduations  de  5  °C.  Les  essais  
peuvent être  effectués  à  des  vi tesses  de  4  m /s,  8  m /s,  1 2  m /s  et 1 6  m /s.  Les  écarts  de  l a  
vi tesse  du  ven t par rapport à  l 'éta lonnage  normal  d e  l 'anémomètre  peuven t a lors  être  
déterm inés.  Des  précautions  doiven t être  prises  pour garanti r que  les  conclusions  des  essais  
___________ 

37  Le  couple  de  frottement  peut  être  dû  à  au tre  chose  que  l e  frottement des  pal i ers,  par exemple  à  l a  génération  
d 'un  s i gnal .  Un  tel  coupl e  doi t  être  i ncl us  dans  l es  mesures  de  coupl e  de  frottement.  
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en  soufflerie  ne  sont pas  b ia isées  par des  effets  non  souhai tés  (p .  ex. :  par l 'accumu lation  de  
g ivre  sur le  rotor de  l 'anémomètre) .  I l  convien t de  comparer les  résu l tats  aux valeurs  s imu lées  
calcu lées  avec le  modèle  d 'anémomètre  à  coupel l es  en  J . 3 . 2 .  

J .2.6  Mesures  des  caractéristiques  d i rectionnel les  des  anémomètres  à  u l trasons  
dans  une  soufflerie  

L' in fluence  d i rectionnel l e  de  l a  sortie  des  anémomètres  à  u l trasons  doi t être  mesurée  dans  
une  soufflerie  qu i  satisfai t aux exigences  décri tes  à  l 'Annexe F.  

La  réponse  de  l 'anémomètre  à  un  écou lement de  l 'a i r i ncl iné  et/ou  orien té  quas i  stati quement 
doi t être  déterm inée  avec l 'a ide  d 'un  d isposi ti f d 'ang le  d ' i ncl i naison  et d 'orien tation  i nsta l lé  
dans  l a  soufflerie.  Lors  des  mesures,  l ' anémomètre  est pos i ti onné  avec un  ang le  d ' i ncl ina ison  
fixe.  La  d i rection  d 'orien tation  peu t être  spéci fi ée  pour l es  emplacements  d 'orien tation  fixes  
avec des  mesures  pour des  moyennes  de  30  s  ou  peu t être  orientée  de  façon  con tinue  avec 
une  vi tesse  de  ba layage  d 'environ  1 ° /s 38.  L 'orien tation  doi t  être  effectuée  pour l e  secteur de  
mesure  prédéfin i  de  l 'anémomètre  à  u l trasons.  L'ang le  d ' incl i naison  de  l 'anémomètre  à  
u l trasons  doi t être  fixé  pour l es  ang les  d ' incl i naison  su ivants :  0° ,  ±  2 ° ,  ±  5° ,  ±  1 0° ,  ±  1 5° ,  
±  20° ,  ±  30° .  I l  convient d 'ajouter ou  d 'omettre  les  ang les  d ' i ncl inaison  s ' i l  est éviden t qu ' i l s  
son t nécessai res  ou  qu ' i l s  son t i nu ti les .  Les  mesures  doiven t être  effectuées  pour l es  vi tesses  
du  vent su ivantes:  4  m /s,  8  m /s,  1 2  m /s  et 1 6  m /s.  Pour chaque d i rection ,  l 'écart entre  la  
vi tesse  du  vent i nd iquée  par l 'anémomètre  à  u l trasons  et l 'éta lonnage ord inaire  à  l a  d i rection  
de  référence doi t  être  dédu i t.  

J .3  Méthode de classification  des  anémomètres  à  coupel les  basée sur les  
essais  en  soufflerie  et en  laboratoire  et sur la  modél isation  de 
l 'anémomètre à  coupel les  

J .3. 1  Méthode  

La méthode de  class i fication  doi t  u ti l i ser un  modèle  d 'anémomètre  à  coupel les  approprié  pour 
déterm iner l es  écarts  dus  aux paramètres  d ' in fluence,  conformément au  Tableau  I . 1 .  I l  d oi t  
être  véri fié  que  l e  modèle  d 'anémomètre  à  coupel les  est en  mesure  d ' i nclure  correctement 
tous  l es  paramètres  d ' i n fl uence.  La  méthode doi t être  basée sur l es  mesures  en  soufflerie  et 
en  laboratoi re  décri tes  à  l 'Article  J . 2 .  La  méthode doi t  en  ou tre  u ti l i ser un  générateur de  vent  
arti ficie l  afin  de  générer des  données  de  ven t d 'en trée  de  domaine  de  temps  tri d imensionnel  
pour l e  modèle  d 'anémomètre  à  coupel l es.  Les  écarts  ε i  d o iven t être  déterm inés  à  parti r des  
d i fférences  entre  l es  moyennes  d 'entrée  de  vi tesse  horizon ta le  du  ven t sur 1 0  m in  du  
générateur de  vent arti ficie l  et  l es  moyennes  de  réponse  du  modèle  d 'anémomètre  à  
coupel l es  sur 1 0  m in .  

J .3.2  Exemple  de  modèle  d 'anémomètre  à  coupel les  

J .3.2 .1  Général i tés  

Le  modèle  d 'anémomètre  à  coupel l es  donné  en  exemple  est un  modèle  physique  qu i  s imu le  la  
réponse  de  l 'anémomètre  à  coupel les  dans  l e  temps;  voi r références  [7 ]  et  [8 ] .  Certaines  
propriétés  physiques  de  l 'anémomètre  à  coupel les  doivent être  mesurées  et u ti l i sées  tou t au  
l ong  de  l 'évaluation .  I l  s 'ag i t de  l ' inertie  I du  rotor,  de  l a  surface  fron tale  d 'une  coupel l e  A  e t  du  
rayon  R  en tre  l e  centre  de  l 'arbre  et  l e  centre  des  coupel les .   

La  réponse  de  l 'anémomètre  à  coupel l es  au  vent tri d imensionnel  doi t ê tre  dédu i te  à  parti r 
d 'une  équation  d i fférentie l l e  à  l 'équ i l i bre  du  couple ,  où  le  couple  sur l e  rotor est égal  au  
couple  aérodynam ique  moins  le  couple  de  frottement (côté  d roi t  de  l 'équation)  (voi r 
Equation  (J . 1 )) .  

___________ 

38  L 'u ti l i sati on  de  d i rections  d 'ori en tati on  fi xes  amél iore  l a  précis ion  de  l a  mesure,  a l ors  q ue  l 'u ti l i sation  d 'une 
vi tesse  de  bal ayage  l en te  est  un  avantage  pou r révéler l e  détai l  des  variati ons  susceptibl es  de  se  produ i re.  
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La  vi tesse  angu la i re  de  l 'anémomètre  à  coupel les  ω  est trouvée  à  parti r de  l 'équation  
d i fférentie l l e .  La  réponse  du  couple  aérodynam ique  et des  couples  de  frottemen t dus  aux 
variations  de  ven t est déterm inée  à  l 'a i de  des  valeurs  d 'éta lonnage de  l a  soufflerie.  Le  couple  

aérodynam ique  AQ  est fonction  du  vecteur de  ven t i nstantané  { }, ,U u v w=


 déterm iné  par l e  

générateur de  vent arti ficiel .  L'ang le  d 'écou lement ascendant et l e  scala i re  du  vecteur de  ven t 
son t déterm inés  à  parti r du  vecteur de  ven t:  
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Une vi tesse  horizon tale  du  vent équ ivalen te  est  trouvée  en  mu l tipl i ant l e  scala i re  du  vecteur 
de  ven t par l a  réponse  angu lai re  mesurée  dans  l a  souffl erie  pour l 'ang le  d 'écou lement 
ascendant i nstan tané:   

 
UUFU


⋅




= ,ααeq  (J . 7)  

 

I ci ,  ( , )F Uα α


 est l a  réponse  de  l 'ang le  d ' i ncl inaison  de  l 'anémomètre  à  coupel les ,  comme 

i nd iqué  à  l a  F igure  J . 1 .  

Le  couple  aérodynam ique  peut  être  exprimé par une  courbe  de  couple  général isé  don t la  
va l i d i té  a  été  véri fiée  pour tou tes  l es  vi tesses  du  ven t et tou tes  l es  vi tesses  de  rotation  [1 1 ] :  

 
( )λCARUQA QA

2
eq2

1
ρ=  (J . 8)  

 

où  

ρ  est  l a  masse  volum ique  de  l 'a i r;  

A  est  l a  surface  d 'une  coupel l e ;  

R  est  l e  rayon  d 'une  coupel l e;  

Ueq  est  l a  vi tesse  horizon ta le  du  vent  équ iva len te;  

CQA  est  le  coefficien t de  couple  aérodynam ique  général isé  du  rotor.  

Le  coefficient de  couple  aérodynam ique  général isé  du  rotor est dédu i t  à  parti r des  mesures  
de  coupe de  soufflerie  en  J . 2 . 3  ou  en  J . 2 . 4 ,  où  Ueq  dans  ce  cas  est remplacé  par l a  vi tesse  
du  ven t dans  la  souffl erie:  
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Le  coefficien t de  couple  aérodynam ique  général isé  du  rotor est fonction  du  rapport de  vi tesse:  

 

teq –UU

Rω
λ =  (J . 1 0)  

 

où  

Ut  est un  seu i l  de  vi tesse  du  vent (dédu i t comme le  reste  du  décalage  de  l 'éta lonnage  
après  soustraction  de  l ' i n fluence  du  frottement;  s i  l e  frottement est égal  à  zéro,  l e  seu i l  
de  vi tesse  du  ven t est  égal  au  décalage  de  l 'éta lonnage).  

Lorsque  l e  coefficien t de  couple  du  rotor peu t être  caractérisé  par deux courbes  l i néaires  des  
deux côtés  du  couple  à  l 'équ i l i bre,  deux constan tes  de  temps  correspondantes  peuven t être  
déterm inées  par l es  mesures  de  réponse  échelonnée  de  l a  soufflerie  (voir J . 2 . 4  et [9 ] ) .  Les  
caractéristi ques  de  couple  l i néaire  peuvent a lors  être  déterm inées  à  parti r des  valeurs  de  ,  
pour l es  rapports  de  vent bas  et é levé  respectivement,  de  l 'équation :  

 ( )
( ) τuuAR

U–uuI
–K

2
0

2
t02

∆+

∆+
=

ρ
 (J . 1 1 )  

 

Le  coefficien t de  couple  aérodynam ique  général isé  du  rotor peut  être  exprimé par:  

 pour λ  ≤ λ0  :  CQA =  Kl ow (λ  – λ0)  et  pour λ  >  λ0  :  CQA =  Kh igh  (λ  – λ0)  (J . 1 2)  

 

où  

λ0  est  l e  rapport  de  vi tesse  pour CQA  =  0 .  

τ
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Un  exemple  de  coefficien t de  couple  du  rotor est  donné  à  l a  F igure  J . 4 .  

 

Anglais  Français  

Torque  coeffi cien t  CQ Coeffi cien t  de  coupl e  CQ 

Speed  rati o  l ambda  Rapport  de  vi tesses  l ambda   

Figure J .4 – Exemple de  coefficient de  couple  du  rotor CQA  en  fonction  

du  rapport de  vi tesse 흀  d édu i t  à  partir des  réponses  échelonnées  
avec Kl ow  égal  à  –5,5  et  Khigh  égal  à  –6,5  

Le couple  de  frottement est fonction  de  l a  température  et de  l a  vi tesse  de  rotation ,  i ssue  des 
mesures  de  frottement en  J . 2 . 5. 1 :  

 ( )ω,TQQ FF =  (J . 1 3)  

 

J .3.2 .2  Variations  de  la  plage  de  paramètres  d ' in fluence et exemple  de  
détermination  de  classe  

Les  p lages  des  paramètres  d ' i n fl uence doivent être  variées  à  l 'a i de  d 'un  modèle  de 
turbu lences  qu i  génère  des  chronogrammes trid imensionnels  arti ficie ls  de  l a  vi tesse  du  vent 
sur des  périodes  de  1 0  m in  avec un  échanti l l on  de  vi tesse  d 'au  moins  1 0  Hz.  En  exposant l e  
modèle  d 'anémomètre  à  coupel les  à  ces  vents  arti ficie ls,  l es  réponses  de  l 'anémomètre  à  
coupel les  son t dédu i tes  et l es  écarts  par rapport à  l a  vi tesse  horizontale  des  vents  arti ficie ls  
son t trouvés.  Les  écarts  pour toutes  les  combinaisons  de  p lages  des  paramètres  d ' i n fl uence  
peuvent être  dédu i ts  à  l ' a ide  de  l a  méthode  de  Monte-Carlo.  Les  écarts  déterm inent l a  classe  
comme exprimé dans  l 'Equation  ( I . 1 ) .  U n  exemple  de  class i fication  d 'un  anémomètre  à  
coupel les  est donné  à  l a  F igu re  J . 5;  l es  caractéristiques  son t représentées  à  l a  F igure  J . 3  et à  
l a  F igure  J . 4;  et  l es  données  sont répertoriées  au  Tableau  J . 1  et  au  Tableau  J . 2 .  D 'au tres  
données  re latives  à  l a  class i fication  son t d ispon ibles  dans  l e  Tableau  J . 3.   
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Les  écarts  de  tous  les  paramètres  d ' i n fl uence pour les  classes  A,  B ,  C  et D  son t i nd iqués  à  l a  
F igu re  J . 5  et à  l a  F igure  J . 6 .  Les  classes  qu i  en  résu l ten t sont 1 , 69A,  6, 56B,  8 , 01 C et  9, 94D.  
L'anémomètre  à  coupel l es  de  classe  1 , 69A satisfai t donc aux exigences  de  1 , 70A pour une  
u ti l i sation  sur un  terra in  qu i  satisfai t aux exigences  de  l 'Annexe  B  et sur un  terrain  de  type  A 
en  C. 3. 1  pour l es  températures  supérieures  à  0  °C,  mais  pas  pour l es  températures  
i n férieures  à  0  °C  avec l a  cl asse  8, 01 C.  L'anémomètre  à  coupel les  ne  satisfai t pas  aux 
exigences  recommandées  de  l a  classe  2 . 5B  ou  2 . 5D  pour un  terrain  qu i  ne  satisfai t pas  aux 
exigences  de  l 'Annexe  B.  
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Tableau  J . 1  – Réponse de  l 'ang le  d ' incl inaison  de  l 'exemple  d 'anémomètre  à  coupel les  

Wsp 푽  
(m /s)  

4  8  1 2  1 6  

Angle  휶  (° )  푽휶 푽휶=ퟎ⁄  푽휶 푽휶=ퟎ⁄  푽휶 푽휶=ퟎ⁄  푽휶 푽휶=ퟎ⁄  

–30  0 , 967  005  0 , 935  689  0 , 921  81 5  0 , 91 3  545  

–28  0 , 968  769  0 , 943  307  0 , 932  028  0 , 925  304  

–26  0 , 971  484  0 , 951  098  0 , 942  067  0 , 936  683  

–24  0 , 974  941  0 , 958  908  0 , 951  805  0 , 947  569  

–22  0 , 978  933  0 , 966  583  0 , 961  1 1 1  0 , 957  850  

–20  0 , 983  253  0 , 973  974  0 , 969  863  0 , 967  41 3  

–1 8  0 , 987  695  0 , 980  930  0 , 977  934  0 , 976  1 48  

–1 6  0 , 992  055  0 , 987  304  0 , 985  1 99  0 , 983  945  

–1 4  0 , 996  1 31  0 , 992  948  0 , 991  538  0 , 990  698  

–1 2  0 , 999  722  0 , 997  71 7  0 , 996  829  0 , 996  301  

–1 0  1 , 002  628  1 , 001  468  1 , 000  954  1 , 000  648  

–8  1 , 004  651  1 , 004  057  1 , 003  793  1 , 003  637  

–6  1 , 005  594  1 , 005  344  1 , 005  233  1 , 005  1 66  

–4  1 , 005  262  1 , 005  1 88  1 , 005  1 55  1 , 005  1 36  

–3  1 , 004  558  1 , 004  526  1 , 004  51 3  1 , 004  505  

–2  1 , 003  462  1 , 003  452  1 , 003  448  1 , 003  446  

–1  1 , 001  951  1 , 001  950  1 , 001  949  1 , 001  949  

0  1 , 000  000  1 , 000  000  1 , 000  000  1 , 000  000  

1  0 , 997  595  0 , 997  594  0 , 997  593  0 , 997  593  

2  0 , 994  750  0 , 994  740  0 , 994  736  0 , 994  734  

3  0 , 991  490  0 , 991  458  0 , 991  445  0 , 991  437  

4  0 , 987  838  0 , 987  764  0 , 987  731  0 , 987  71 2  

6  0 , 979  458  0 , 979  208  0 , 979  097  0 , 979  030  

8  0 , 969  803  0 , 969  209  0 , 968  945  0 , 968  789  

1 0  0 , 959  068  0 , 957  908  0 , 957  394  0 , 957  088  

1 2  0 , 947  450  0 , 945  445  0 , 944  557  0 , 944  029  

1 4  0 , 935  1 47  0 , 931  964  0 , 930  554  0 , 929  71 4  

1 6  0 , 922  359  0 , 91 7  608  0 , 91 5  503  0 , 91 4  249  

1 8  0 , 909  287  0 , 902  522  0 , 899  526  0 , 897  740  

20  0 , 896  1 33  0 , 886  854  0 , 882  743  0 , 880  293  

22  0 , 883  1 01  0 , 870  751  0 , 865  279  0 , 862  01 8  

24  0 , 870  397  0 , 854  364  0 , 847  261  0 , 843  025  

26  0 , 858  228  0 , 837  842  0 , 828  81 1  0 , 823  427  

28  0 , 846  801  0 , 821  339  0 , 81 0  060  0 , 803  336  

30  0 , 836  325  0 , 805  009  0 , 791  1 35  0 , 782  865  
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Tableau  J .2  – Coefficients  de  frottement de  l 'exemple  d 'anémomètre  à  coupel les  

Temp  F0  F1  F2  

(°C)  (Nm)  (Nms)  (Nms2)  

–20  2 , 000E-04  2 , 000E-05  –8, 000E-08  

–1 8  1 , 563E-04  1 , 563E-05  –5, 71 4E-08  

–1 5  1 , 1 63E-04  1 , 1 63E-05  –4, 000E-08  

–1 0  7, 692E-05  7 , 692E-06  –3, 077E-08  

–5  5, 556E-05  5, 556E-06  –2, 222E-08  

0  4 , 348E-05  4 , 348E-06  –1 , 739E-08  

5  3 , 571 E-05  3 , 571 E-06  –1 , 429E-08  

1 0  3 , 030E-05  3 , 030E-06  –1 , 21 2E-08  

1 5  2 , 632E-05  2 , 632E-06  –1 , 053E-08  

20  2 , 326E-05  2 , 326E-06  –9, 302E-09  

25  2 , 083E-05  2 , 083E-06  –8, 333E-09  

30  1 , 887E-05  1 , 887E-06  –7, 547E-09  

35  1 , 724E-05  1 , 724E-06  –6, 897E-09  

40  1 , 587E-05  1 , 587E-06  –6, 349E-09  

 

Tableau  J .3  – Données  d iverses  relatives  à  la  classification  
de  l 'exemple  d 'anémomètre  à  coupel les  

Diamètre  de  l a  coupe l l e  75  mm  

Surface  de  l a  coupe l l e  A  0 , 004  41 7  87  m 2  

Rayon  au  centre  de  l a  coupe l l e  R  65  mm  

I nerti e  I d u  rotor 0 , 000  2  kgm 2  

Rapport  de  vi tesse  à  l ' équ i l i bre  λ0  0 , 3  

Températu re  d 'étal onnage  20  °C  

Pression  atmosphérique  d 'étal onnage  1  01 3  hPa  

Masse  vol um ique  de  l 'a i r d 'étal onnage  ρ  1 , 203  821  kg/m 3  

I n tens i té  d es  tu rbu lences  d 'éta lonnage  0 , 003  

Structure  des  tu rbu l ences  d 'étalonnage  σu /σv/σw  =  1 /1 /1  i sotropi que  

Coeffi cien ts  d 'éta l onnage  A  e t  B  0 , 679  55  et  0 , 258  70  

Coeffi cien ts  de  frottement d 'éta lonnage  F0 ,  F1  e t  F2  
à  20  °C  

voi r Tableau  J . 3  pour 20  °C  

Pentes  de  coeffi cien t  d e  coup l e  Kl ow  et  Kh i g h  –5, 0  et  –6, 5  
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Anglais  Français  

Deviati ons  cl ass  A (m /s)  Classe  d 'écarts  A (m /s)  
Deviati ons  cl ass  B  (m /s)  Classe  d 'écarts  B  (m /s)  
Wind  speed  (m /s)  Vi tesse  du  vent  (m /s)  
Class  1  Classe  1  
Class  2  Classe  2  
Class  5  Classe  5  
Class  1 0  Classe  1 0  

Figure J .5  – Ecarts  de  classification  d 'un  exemple  d 'anémomètre  à  coupel les  présentant  
une  classe  1 , 69A ( image du  haut)  et  une  classe 6,56B  (image  du  bas)  

IEC  
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Anglais  Français  

Deviati ons  cl ass  C  (m /s)  Classe  d 'écarts  A (m /s)  
Deviati ons  cl ass  D  (m /s)  Classe  d 'écarts  B  (m /s)  
Wind  speed  (m /s)  Vi tesse  du  vent  (m /s)  
Class  1  Classe  1  
Class  2  Classe  2  
Class  5  Classe  5  
Class  1 0  Classe  1 0  

Figure J .6  – Ecarts  de  classification  d 'un  exemple  d 'anémomètre  à  coupel les  présentant  
une  classe  8, 01 C  (image du  haut)  et  une  classe 9,94D  ( image  du  bas)  

IEC  
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J .4 Méthode de classification  d 'anémomètre à  u l trasons  basée sur l es  essais  
en  soufflerie  et  sur la  modél isation  de  l 'anémomètre à  u l trasons  

La méthode de  class i fication  u ti l i se  un  modèle  d 'anémomètre  à  u l trasons  approprié  pour 
déterm iner l es  écarts  dus  aux paramètres  d ' i n fl uence.  La  méthode est basée sur l es  mesures  
en  soufflerie  et en  laboratoi re  décri tes  en  J . 2 . 6  et en  J . 2 . 5. 2 .  La  méthode de  class i fication  de  
l 'anémomètre  à  u l trasons  u ti l i se  en  ou tre  un  générateur de  ven t arti ficie l  s im i l a i re  à  celu i  du  
modèle  de  l 'anémomètre  à  coupel l es ,  afi n  de  générer des  données  de  vent d 'en trée  de  
domaine  de  temps  tri d imensionnel  pour le  modèle  d 'anémomètre  à  u l trasons;  voi r  J . 3 . 2 .   

La  réponse  de  l 'anémomètre  à  u l trasons  est  fonction  du  vecteur de  vent  

i nstan tané  { }, ,U u v w=


 d éterm iné  par l e  générateur de  vent arti ficie l .  L'ang le  d 'écou lement 

ascendant et l e  scalai re  du  vecteur de  vent  sont  déterm inés  à  parti r du  vecteur de  ven t par 
l es  Equations  (J . 5)  et  (J . 6) .  La  réponse  est ensu i te  déterm inée  par l ' i n terpolation  dans  les  
données  mesurées  dans  une  soufflerie :  

 
UUFU


⋅




= ,,,sonic γαγα  (J . 1 4)  

 

où  

, ( , , )F Uα γ α γ


 est fonction  de  réponse  d ' i ncl i na ison  et d 'orien tation  pour l 'anémomètre  à  

u l trasons.  

Les  écarts  sont déterm inés  à  parti r des  d i fférences  entre  les  réponses  du  modèle 
d 'anémomètre  à  u l trasons  et  l es  moyennes  des  données  du  ven t arti ficie l ;  vo i r J . 3 . 2. 2.  Les  
paramètres  d ' i n fl uence perti nen ts  sont l es  réponses  des  ang les  d ' i ncl i naison  et d 'orien tation ,  
a ins i  que  l es  effets  i ndu i ts  par l a  température.  

J .5 Mesures  de comparaison  sur si te  l ibre  

Dans  une  mesure  de  comparaison  sur s i te  l i bre,  deux anémomètres  peuven t être  comparés.  
La  mesure  de  comparaison  peut  être  u ti l i sée  pour véri fi er que  l es  méthodes  u ti l i sées  dans  l a  
cl assi fication  des  i nstruments  sont cohérentes.  Voi r l es  Articles  J . 3  et  J . 4 .  La  comparaison  
en tre  l es  anémomètres  exige  que  les  deux anémomètres  soien t éta lonnés  dans  l a  même 
soufflerie .  I l  convient de  configurer le  s i te  conformément aux procédures  de  montage  pour 
deux anémomètres  montés  en  tête  de  mât,  comme décri t à  l 'Annexe G ,  avec une  d istance  
maximale  en tre  eux.  Un  anémomètre  à  u l trasons  3D  (éta lonné  U ,  V et  W)  doi t être  mon té  sur 
une  fl èche  en  dessous  des  deux capteurs  pour mesurer l es  p lages  des  paramètres  d ' i n fl uence  
envi ronnementaux (ang le  d 'écou lement,  tu rbu lences,  spectre  des  tu rbu lences)  pour une  
anal yse  de  class i fication  de  campagne de  mesure  de  classe  S.  La  température  de  l 'a i r doi t en  
ou tre  être  mesurée  su r l a  même flèche  pour déterm iner la  p l age  de  températures  et la  
press ion  atmosphérique  doi t  être  mesurée  pour déterm iner l a  p lage  de  masses  volum iques  de  
l 'a i r.  Les  traces  temporel l es  de  l 'anémomètre  à  u l trasons  3D  doivent être  enreg istrées,  a l ors  
que  des  mesures  moyennes  su r 1 0  m in  dans  un  secteur re lati vement rédu i t et perpend icu la i re  
à  l a  fl èche  son t acceptables  pour l es  deux anémomètres  en  cours  de  comparaison .  Une  base  
de  données  acceptable  (au  moins  1 80  h )  doi t  ê tre  col lectée  pour une  p lage  de  vi tesses  du  
ven t de  4  m /s  à  1 6  m /s  et une  p lage  d ' in tens i tés  des  turbu lences  (par exemple,  de  0 , 04  
à  0 , 1 4).  Afi n  de  comparer deux anémomètres,  i l  convient a lors  de  dériver une  classi fication  de  
classe  S  des  deux anémomètres  des  essais  en  laboratoi re,  pu is  de  l es  comparer aux mesures  
sur s i te .  
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Annexe K 
(normative)  

 
Comparaison  in  si tu  des  anémomètres  

K.1  Général i tés  

I l  d oi t  être  prouvé  que  l 'éta lonnage d 'un  anémomètre  u ti l i sé  pour l es  mesures  de  performance 
de  pu issance  ne  varie  pas  pendant toute  l a  période  de  mesure.  L'anémomètre  peut être  
éta lonné  dans  une  soufflerie  après  l a  période  de  mesure  pour i nd iquer l es  d i fférences  
d 'éta lonnage  avant  l a  période  de  mesure.  Une  au tre  méthode  cons iste  à  comparer in  s i tu  
l 'anémomètre  primaire  à  un  anémomètre  de  commande  i nstal l é  à  proxim i té  pendan t l a  période  
de  mesure.  I l  convient de  noter que  cette  méthode  n ' i den ti fi e  pas  une  dégradation  graduel le  
de  l 'éta lonnage de  l 'anémomètre  s i  l 'anémomètre  de  commande se  dégrade  à  un  rythme 
sim i la i re.  I l  convien t de  répéter régu l i èrement l a  comparaison  i n  s i tu  pour i denti fier l es  
problèmes  l e  p l us  tôt possible.  

K.2  Condi tions  préalables  

Pendant l a  période  de  mesure,  l es  deux anémomètres  son t i nsta l l és  sur l e  mât 
météorolog ique  conformément à  l 'Annexe  G .  L'anémomètre  primaire  est u ti l i sé  pour mesurer 
l a  performance  de  pu issance.  L'autre  est l 'anémomètre  de  commande;  i l  est u ti l i sé  pour l a  
comparaison  i n  s i tu .  Les  anémomètres  peuvent être  i nsta l lés  en  trois  variantes:  

a)  variante  1 :  mon tage  en  tête  de  mât conformément à  l 'Article  G . 2;   

b)  variante  2 :  au tre  montage  en  tête  de  mât conformément à  l 'Article  G . 3;   

c)  variante  3 :  l es  deux anémomètres  montés  l atéralement,  conformément à  l 'Article  G . 4.  

K.3  Méthode d 'analyse  

Deux bases  de  données  seront comparées  à  l 'a ide  des  va leurs  moyennes  sur 1 0  m in  
enreg istrées  lors  de  l a  période  de  mesure  de  l a  performance de  pu issance.  La  prem ière  base  
de  données  i nclu t des  données  qu i  commencen t d i rectement après  l ' instal lation  des  
anémomètres.  La  deuxième base  de  données  inclu t  des  données  pour l a  dern ière  partie  de  l a  
période  de  mesure  de  la  performance  de  pu issance.  Chaque base  de  données  doi t satisfai re  
aux exigences  su ivantes:  

a)  l a  p lage  couverte  est  comprise  entre  4  m /s  et 1 2  m /s;  

b)  l es  d i rections  du  vent  doiven t être  dans  l e  bon  secteur de  mesure;  

c)  chaque  tranche de  vi tesse  du  ven t doi t avoi r au  moins  3  poin ts  de  données.  I l  existe  deux 
possib i l i tés  de  réparti ti on  en  tranches  des  données:   

1 )  Option  de  réparti tion  en  tranches  1 :  des  tranches  de  vi tesse  du  ven t d 'une  l argeur de  
1  m /s,  cen trées  sur des  va leurs  de  1 , 0  m /s,  basées  sur l a  vi tesse  du  vent mesurée  par 
l 'anémomètre  de  commande d 'une  tranche  de  d i rection  du  ven t i n férieure  ou  égale  à  
±  1 5° .   

2)  Option  de  réparti tion  en  tranches  2 :  des  tranches  de  vi tesse  du  ven t d 'une  l argeur de  
4  m /s  cen trées  sur des  va leurs  de  2  m /s,  6  m /s,  1 0  m /s  et 1 4  m /s 39,  basées  sur l a  
vi tesse  du  vent  mesurée  par l 'anémomètre  de  commande et des  tranches  de  d i rection  
du  ven t de  1 0° .   

___________ 

39  I l  est  à  noter q ue  cette  p l age  de  vi tesses  d u  vent  de  0  m /s  à  1 6  m /s  est  réservée  à  cette  étape  d 'anal yse  
i n terméd i ai re  et  q ue  l 'anal yse  fi nal e  doi t  être  basée  su r l a  p l age  de  4  m /s  à  1 2  m /s.  
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d )  i ncl ure  un  secteur de  d i rection  du  ven t au  mât météorolog ique  l i bre  de  tout s i l l age  d 'une  
éol i enne  et  aux anémomètres  l i bres  de  tout  s i l l age  du  mât météorolog ique  comme su i t:  

1 )  En  cas  de  mon tage  côte  à  côte  des  anémomètres  (variante  2)  et  en  n 'u ti l i sant l a  
réparti ti on  en  tranches  de  l a  vi tesse  du  ven t que  pour un  seu l  secteur de  d i rection  du  
ven t (option  de  réparti ti on  en  tranches  1 ) ,  i l  convient que  l e  secteur de  d i rection  du  
ven t i nclue  l a  d i rection  du  vent à  90°  de  l a  d i rection  de  la  fl èche  et dans  des  d i rections  
du  ven t acceptables;  

2)  Dans  le  cas  d 'un  anémomètre  mon té  en  tête  de  mât (variante  1 ) ,  l es  tranches  de  
d i rection  du  vent  doiven t être  en  dehors  du  s i l l age  du  mât météorolog ique.  Les  l i gnes  
de  connexion  horizon tales  (voir F i gure  K. 1  et  F igure  K. 2)  entre  l e  centre  de  
l 'anémomètre  de  commande et n ' importe  quel le  partie  du  mât météorolog ique  doiven t 
avoir une  d istance  angu la i re  m in imale  de  45°  par rapport aux bords  des  tranches.  

e)  l a  durée  maximale  doi t  être  de  8  semaines.  

Les  tranches  de  d i rection  du  vent  u ti l i sées  pour l 'anal yse  doivent être  cl a i rement i nd iquées  
dans  l e  rapport.  

S i  des  tranches  de  vi tesse  du  ven t de  1  m /s  et une  tranche  de  d i rection  du  ven t de  30°  (option  
de  réparti ti on  en  tranches  1 )  sont appl i quées,  une  régress ion  l inéai re  est effectuée,  
l ' anémomètre  primaire  étan t l a  variable  dépendante  et l 'anémomètre  de  commande étan t l a  
variable  i ndépendan te.  Cette  régression  sera  u ti l i sée  pour calcu ler l a  vi tesse  du  vent de  
l 'anémomètre  primaire,  appelée  Vprimary_est.   

 Vprimary_est  =  m  ·  Vcontrol  +  b  (K. 1 )  

 

où  

m  est  la  pente  de  l a  régression  l i ant  Vcontrol  et  Vprimary_est ;  

b  est  le  décalage  de  la  régress ion  l i an t Vcontrol  e t  Vprimary_est;  

Vcontrol  est  l a  vi tesse  du  ven t mesurée  par l 'anémomètre  de  commande.  

L'obj ecti f est de  mon trer une  évolu tion  du  comportement d 'un  anémomètre  dans  l e  temps,  et  
non  un  éta lonnage  absolu .  

S i  des  tranches  de  vi tesse  du  ven t de  4  m /s  et  des  tranches  de  d i rection  du  vent de  1 0°  
(option  de  réparti ti on  en  tranches  2)  son t appl iquées,  une  i n terpolation  l i néai re  par morceaux 
en tre  l es  tranches  de  vi tesse  du  ven t dans  chaque  tranche de  d i rection  du  ven t  de  la  prem ière  
base  de  données  peu t être  u ti l i sée  pour estimer la  vi tesse  du  vent de  l 'anémomètre  primaire  
en  fonction  de:  

 
( ) 1primary1controlcontrol

1controlcontrol,

1primaryprimary,
tprimary_es −−

−

−
+−

−

−
= i,i,

i,i

i,i
VVV

VV

VV
V  (K. 2)  

 

Dans  ce  cas,  seu les  l es  données  de  l 'anémomètre  de  commande dans  l es  tranches  de  vi tesse  
du  vent couvertes  par l a  prem ière  base  de  données  dans  chaque  tranche de  d i rection  du  ven t 
doivent être  u ti l i sées  pour l 'évaluation  de  l a  comparaison  i n  s i tu  dans  l a  deuxième base  de  
données.  L'Equation  (K. 2)  peu t être  u ti l i sée  pour l 'extrapolation  j usqu 'aux l im i tes  des  tranches  
de  vi tesse  du  vent couvertes.  S i  une  seu le  tranche  de  vi tesse  du  vent est couverte  dans  une  
tranche  de  d i rection  du  ven t,  l e  rapport des  moyennes  de  l a  tranche des  vi tesses  du  ven t 
mesurées  par l 'anémomètre  primai re  et par l 'anémomètre  de  commande  doi t  servi r de  facteur 
de  correction  pour l a  mesure  de  l 'anémomètre  de  commande.  
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K.4 Cri tères  d 'évaluation   

Appl iquer la  régress ion  ou  l es  i n terpolations  l i néai res  par morceaux de  l a  prem ière  base  de  
données  vers  l es  mesures  de  l 'anémomètre  de  commande de  la  deuxième base  de  données  
dans  une  vi tesse  du  ven t estimée par l 'anémomètre  primaire  pour chaque  période  de  1 0  m in .  

Calcu ler la  moyenne des  d i fférences  (écart systématique)  dans  l a  vi tesse  du  ven t mesurée  et 
estimée de  l 'anémomètre  primaire  pour des  tranches  de  vi tesse  du  vent l arges  de  1  m /s  
cen trées  au tour de  va leurs  de  1  m /s.  L 'écart systématique  est:  

 

γ  =  
( )

n

VV primarytprimary_es −∑
 (K. 3)  

 

Calcu ler l ' i ncerti tude-type  des  d i fférences  en tre  l es  vi tesses  du  vent (écart statis tique)  
mesurée  et estimée  par l 'anémomètre  primaire  pour chaque  tranche de  vi tesse  du  ven t.  
L' incerti tude-type  des  d i fférences  de  vi tesse  du  ven t est l ' écart-type  des  d i fférences  de  
vi tesse  du  ven t d i visé  par la  racine  carrée  du  nombre  de  poin ts  de  données  mesurés.  
L' incerti tude-type  est:  

 

( )
( )

n

n

V–V

n

γ

∑
==

2
primarytprimary_es

stdev
σ  

(K. 4)  

 

Si  l e  carré  de  la  somme racine  de  la  moyenne  des  d i fférences  (écart systém ique)  et  
l ' i ncerti tude-type  des  d i fférences  de  vi tesse  du  vent (écart statis tique)  ne  dépasse  pas  0 , 1  m /s  
dans  une  tranche  en tre  4  m /s  et  1 2  m /s,  l 'essai  i n  s i tu  est réussi  

 
δ  =  22 σ  γ + <  0, 1  m /s  (K. 5)  

 

Si  l a  va leur δ  est supérieure  à  0 , 1  m /s  dans  au  moins  une  tranche et ne  dépasse  pas  0 , 2  m /s  
dans  tou tes  l es  tranches  en tre  4  m /s  et 1 2  m /s,  l ' i ncerti tude  de  l 'éta lonnage  de  
l 'anémomètre  uV1 , I d oi t  être  augmenté  au  moins  j u squ 'à  l a  va leur maximale  de  δ  dans  la  pl age  
de  vi tesses  du  vent de  4  m /s  à  1 2  m /s.  S i  l a  va leur δ  est  supérieure  à  0 , 2  m /s  dans  une  
tranche  entre  4  m /s  et 1 2  m /s,  i l  convient de  déplacer l 'essai  i n  s i tu  à  une  période  an térieure  
j usqu 'à  ce  que  δ   ne  dépasse  p lus  0, 2  m /s.  Les  données  de  la  courbe  de  pu issance  après  
cette  période  doiven t être  rejetées.  L' i ncerti tude  de  l 'éta lonnage de  l 'anémomètre  uV1 , I des  
données  de  l a  courbe  de  pu issance  restan te  doi t  être  trai tée,  comme en  cas  d 'absence de  
rejet des  données.  

NOTE  L'essai  i n  s i tu  peu t être  répété  pl us i eurs  foi s  l ors  de  l a  campagne  de  mesure  pour a i der à  i denti fi er tou te  
dégradation  i n term i ttente  de  l 'anémomètre.   
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Anglais  Français  

Remain ing  area  i n  wh ich  the  val i d  sector for i n  s i tu  
compari son  can  be  pl aced  (after cons i deration  of wake  
effects  of the  mast)  

Surface  restan te  dans  l aquel l e  peu t être  p l acé  l e  
secteur val i de  pou r l a  comparai son  i n  s i tu  (après  étude  
des  effets  de  s i l l age  du  mât)  

Con trol  anemometer (on  s i de  boom  below top)  Anémomètre  de  commande  (su r l a  fl èche  l atéral e  en  
dessous  de  l a  tête)  

I nval i d  sector for i n  s i tu  compari son  (due  to  wake  
effects  of the  mast)  

Secteur non  val i de  pou r l a  comparaison  i n  s i tu  (en  
rai son  des  effets  d e  s i l l age  du  mât)  

M in .  45°  45°  au  m in imum  

M in .  45°  45°  au  m in imum  

Horizon tal  connecti ng  l i nes  between  cen ter of control  
anemometer and  ou termost parts  of mast (at  the  same  
heigh t  as  the  control  anemometer)  

Lignes  de connexion  horizontales entre  le centre  de 
l 'anémomètre de commande et les  parties  l es plus  
externes du  mât (à la même hauteur que l 'anémomètre de 
commande) 

Mast  Mât  

Primary anemometer (on  top)  Anémomètre  primai re  (en  tête  de  mât)  

Figure K. 1  – Exemple  avec mât météorolog ique en  trei l l i s  triangulaire  

IEC  
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Anglais  Français  

Remain ing  area  i n  wh ich  the  val i d  sector for i n  s i tu  
compari son  can  be  pl aced  (after consi deration  of wake  
effects  of the  mast)  

Surface  restan te  dans  l aquel l e  peu t être  p l acé  l e  
secteur val i de  pou r l a  comparai son  i n  s i tu  (après  étude  
des  effets  de  s i l l age  du  mât)  

Con trol  anemometer (on  s i de  boom  below top)  Anémomètre  de  commande  (su r l a  fl èche  l atéral e  en  
dessous  de  l a  tête)  

I nval i d  sector for i n  s i tu  compari son  (due  to  wake  
effects  of the  mast)  

Secteur non  val i de  pou r l a  comparaison  i n  s i tu  (en  
rai son  des  effets  d e  s i l l age  du  mât)  

M in .  45°  45°  au  m in imum  

M in .  45°  45°  au  m in imum  

Horizon tal  connecti ng  l i nes  between  cen ter of control  
anemometer and  ou termost parts  of mast (at  the  same  
heigh t  as  the  control  anemometer)  

Lignes  de connexion  horizontales entre  le  centre  de 
l 'anémomètre de commande et les  parties  l es plus  
externes du  mât (à la  même hauteur que l 'anémomètre de 
commande) 

Mast  Mât  

Primary anemometer (on  top)  Anémomètre  primai re  (en  tête)  

Figure K.2  – Exemple avec mât météorolog ique tubu laire  

 

IEC  
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Annexe L  
(normative)  

 
Appl ication  de  la  technologie  de  télédétection  

L.1  Général i tés  

L'Annexe L  décri t l es  exigences  de  fonctionnement des  d ispos i ti fs  de  té lédétection  de  l a  
vi tesse  du  vent,  notamment l es  d ispos i ti fs  de  détection  et té lémétrie  par ondes  l um ineuses  
(LIDAR,  Light Detection And Ranging)  et par ondes  sonores  (SODAR,  Sonic Detection And 
Ranging)  l orsqu ' i l s  sont  déployés  dans  le  cadre  des  essais  de  courbe  de  pu issance de  
l 'éol i enne.  Une  procédure  visant à  assurer l a  traçabi l i té  des  mesures  selon  l es  normes  
i n ternationales  est prévue;  e l l e  présente  les  composantes  d ' i ncerti tude  associées  à  u ti l i ser 
pour évaluer l a  courbe  de  pu issance.  

Dans  l a  présen te  version ,  l es  procédures  dépendent des  restrictions  su ivan tes:  

a)  Un  mât météorolog ique  d 'au  moins  40  m  de  hau t ou  atteignan t l a  hauteur de  l 'extrém ité  
i n férieure  de  l 'éol i enne  à  l 'essai  doi t être  u ti l i sé  l ors  de  l 'essai  de  courbe  de  pu issance  
pour survei l ler les  performances  du  d ispos i ti f de  té lédétection  (une  hauteur de  l 'extrém i té  
i n férieure  du  rotor de  30  m  exige,  par exemple,  une  hau teur de  survei l l ance  d 'au  moins  
30  m ,  a lors  qu 'une  hau teur de  l 'extrém i té  i n férieure  du  rotor de  50  m  exige  un  mât 
météorolog ique  de  survei l lance  d 'au  moins  40  m  de  hau t) .  

b)  Seu ls  l es  d ispos i ti fs  de  té lédétection  au  sol  sont u ti l i sés  ( l es  montages  de  l a  nacel l e  ne  
son t pas  i nclus ,  par exemple) .  

c)  L'u ti l i sation  de  la  té lédétection  pour procéder aux évaluations  de  la  performance de  
pu issance se  l im i te  aux terrains  p lats ,  c'est-à-d i re  aux s i tuations  dans  l esquel les  
l 'éta lonnage du  s i te  n 'est pas  exigé  (voi r l 'Annexe B).  

Par rapport aux mesures  i ssues  d 'un  anémomètre  à  coupel l es  mon té  sur un  mât 
météorolog ique,  l es  mesures  du  d isposi ti f de  té lédétection  affichen t en  général  un  certa in  
degré  de  d ispers ion .  Une  certaine  partie  de  cette  d ispers ion  est due  à  la  sensib i l i té  du  
d ispos i ti f de  té lédétection  aux d i verses  cond i tions  environnementa les  ( l a  température  et l e  
cisai l l ement du  ven t,  par exemple) .  I l  i ncombe à  l 'essai  de  classi fication  (voir Article  L. 2)  
d ' identi fi er et de  quan ti fier ces  sensib i l i tés  pour un  certain  nombre  de  hau teurs  d i scrètes  
couvrant l a  p lage  de  mesures  concernée.  A l ' i nstar des  anémomètres  à  coupel les ,  l ' h ypothèse  
retenue  est l a  su ivan te:  ces  sensib i l i tés  dépendent du  type,  et i l  est nécessaire  de  procéder à  
l 'essai  de  class i fication  pour chaque type  de  d ispos i ti f de  té lédétection ,  pour au  moins  deux 
i nstruments  de  chaque  type,  et  en  au  moins  deux emplacements.  

La  d ispers ion  restante  dans  la  comparaison  des  anémomètres  à  coupel l es  est cons idérée  
comme un  bru i t  a léatoire.  Cela  provien t d 'une  d ivers i té  de  sources.  Par exemple,  la  
décorrélation  des  turbu lences  dans  l e  ven t due  à  l a  d istance  en tre  l es  mâts  météorolog iques  
se  tradu i t  par une  d ispersion .  De  même,  la  d is tance  entre  l es  volumes  de  sonde  ind ividuels  
du  capteur de  té lédétection  l u i -même peu t contribuer à  ce  type  de  d ispersion .  L 'hypothèse  
retenue  est  l a  su ivan te:  l e  bru i t a l éatoire  est spéci fi que  à  l 'u n i té  et  au  s i te,  c'est-à-d i re  qu ' i l  
peu t varier en tre  l es  d i fféren tes  évaluations  du  même d ispos i ti f de  té lédétection .  

Pour pouvoi r être  u ti l i sée  dans  le  cadre  d 'un  essai  de  courbe  de  pu issance,  une  un i té  
particu l ière  d 'un  d ispos i ti f de  té lédétection  doi t en  prem ier l i eu  fa i re  l 'objet d 'un  essai  de  
véri fication  (Article  L . 3) .  En  gu ise  d 'a l ternative,  l 'essai  de  véri fication  peut également être  
réa l isé  l ors  de  l 'essai  de  courbe  de  pu issance.  Cet essai  cons iste  à  comparer les  mesurages  
du  d isposi ti f de  té lédétection  à  ceux des  anémomètres  à  coupel l es  éta lonnés  montés  sur un  
mât météorolog ique  s 'étendant sur une  partie  s ign i ficati ve  de  l a  p lage  de  hau teurs  observée.  
Cet essai  a  pour obj et d 'assurer l a  traçabi l i té  par rapport aux normes  in ternationales  de  ce  
d ispos i ti f particu l ier,  sous  la  forme d 'une  i ncerti tude.  En  règ le  générale,  l ' essai  de  courbe  de  
pu issance a  l ieu  à  un  au tre  endroi t  et un  au tre  moment,  et  donc avec une  d istribution  des  
cond i tions  envi ronnementa les  d i fférentes  de  cel l e  de  l 'essai  de  véri fication .  Selon  les  
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sens ib i l i tés  i den ti fi ées  lors  de  l 'essai  de  class i fication ,  l es  d i fféren tes  cond i ti ons  
envi ronnementales  mod i fien t les  performances  du  d isposi ti f de  télédétection ,  augmentant 
l ' i ncerti tude  par rapport à  ce l l e  déterm inée  dans  l 'essai  de  véri fication .  Les  expressions  
d ' incerti tude  du  d isposi ti f de  té lédétection  et la  man ière  don t i l  convien t de  l es  u ti l i ser dans  
l 'évaluation  de  l ' incerti tude  de  l a  courbe  de  pu issance  son t données  à  l 'Arti cle  L. 4.  

L'Article  L. 5  décri t  comment l es  mesures  de  l 'anémomètre  à  coupel les  provenant du  mât 
météorolog ique  court peuvent être  u ti l i sées  pour survei l ler l es  performances  du  d ispos i ti f de  
té lédétection .  En  assurant au  moins  une  hau teur de  mesure  commune,  l a  cohérence de  
l ' i ncerti tude  obtenue  dans  l e  cadre  de  l 'essai  de  cl assi fication  et de  l 'essai  de  véri fication  avec 
l es  performances  du  d ispos i ti f de  té lédétection  l ors  de  l 'essai  de  courbe  de  pu issance peu t 
être  évaluée.  En  cas  d ' i ncohérence,  l es  incerti tudes  correspondan tes  u ti l i sées  dans  l 'essai  de  
courbe  de  pu issance son t augmentées.  Cela  assure  un  "fi l et  de  sécuri té"  u ti l e  pour l a  
méthodolog ie  et un  mécan isme de  retour d ' in formations  don t i l  convien t qu ' i l  favorise 
l 'obten tion  d 'évaluations  d ' incerti tude  réa l istes.   

Des  déta i l s  spéci fi ques  re lati fs  à  l ' u ti l i sation  du  d isposi ti f de  té lédétection  dans  l 'essai  de  
courbe  de  pu issance son t donnés  à  l 'Article  L. 6 .  La  pos i ti on  et l es  d imensions  des  volumes  de  
l a  sonde  du  d ispos i ti f de  té lédétection  revêten t une  importance  particu l i ère  eû t  égard  à  
l 'éol i enne  à  l 'essai .  

Les  exigences  de  consignation  pour l 'ensemble  de  l a  méthodolog ie  son t données  à  
l 'Article  L. 7 .  

L.2  Classification  des  d isposi ti fs  de  télédétection  

L.2. 1  Général i tés  

La précis ion  du  RSD  peut être  i n fl uencée  par des  variables  météorolog iques.  Les  cond i tions  
météorolog iques  au  cours  de  l 'essai  de  courbe  de  pu issance  pouvant être  d i fféren tes  de  
cel l es  qu i  prédom inent pendant l 'essai  de  véri fication  de  performance du  RSD,  ces  i n fl uences  
son t l iées  à  une  i ncerti tude  supplémenta ire.  I l  est  donc nécessai re  de  déterm iner dans  quel l e  
mesure  les  performances  du  d isposi ti f de  té lédétection  sont sensib les  aux variables  
météorolog iques.  Les  résu l tats  de  ces  essais  doiven t i denti fier l es  variables  ayant un  impact 
sur l es  performances  du  d isposi ti f de  télédétection  et  déterm iner l a  classi fication  de  
l ' i nstrument.  

La  pl us  s imple  de  ces  évaluations  impl i que  de  ten ir compte  de  la  d i fférence entre  l a  mesure  
du  d isposi ti f de  té lédétection  et la  mesure  de  référence  en  fonction  d 'une  variable  
météorolog ique  à  la  fo i s.  Une  classe  de  précis ion  du  d isposi ti f de  té lédétection  doi t être  
évaluée  pour certaines  p lages  de  d i verses  variables  environnementales  s 'apparentant à  l a  
cl assi fication  des  anémomètres  à  coupel les  conformément à  l 'Annexe  I ,  en  s 'appuyan t sur 
l 'anal yse  empirique  des  sensib i l i tés  observées  l ors  des  essais  de  class i fication .  I l  convient de  
vei l l er à  assurer l ' in terdépendance  possib le  des  variables  envi ronnementales  (cisa i l l ement du  
ven t et  in tens i té  des  turbu lences,  par exemple)  de  man ière  à  ne  pas  compter deux fois  les  
sens ib i l i tés  par inadvertance.  Les  i ncerti tudes  dues  à  l a  class i fication  du  d ispos i ti f de  
té lédétection  peuvent  a lors  être  évaluées.  

Une  classe  de  précis ion  spéci fique  au  cas  peut  également être  évaluée  se lon  l es  sens ib i l i tés  
du  système de  té lédétection  et l a  variation  des  variables  environnementales  observées  l ors  
des  essais  de  véri fication  de  performance  et des  essais  de  courbe  de  pu issance.  I l  convient 
d 'établ i r cl a i rement s i  un  résu l tat de  class i fication  a  été  dédu i t de  man ière  générique  sur 
p lus ieu rs  un i tés  ou  s ' i l  repose  sur une  évaluation  spéci fique  au  cas.  

L.2.2  Acqu isi tion  de  données   

L'essai  de  cl assi fication  repose  sur des  mesurages  concurren ts  obtenus  par l e  d ispos i ti f de  
té lédétection  et un  mât météorolog ique  de  référence é levé  auquel  i l  est comparé.  Les  
mesurages  sont colocal i sés,  de  man ière  à  caractériser l 'écou lement dans  l e  même volume 



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 491  – 

d 'ai r.  Les  degrés  de  concurrence et de  colocation  qu i  doivent s 'appl iquer aux mesurages  son t 
ceux permettan t de  déterm iner la  re lation  l a  plus  précise  et l a  m ieux comprise  en tre  eux.  En  
particu l i er:  

a)  Les  mêmes i n terval les  de  moyennage  doivent être  u ti l i sés  pour l e  d isposi ti f de  
té lédétection  et l e  capteur de  référence  fa isan t l 'obj et  de  l a  comparaison :  des  moyennes  
de  1 0  m in  doiven t être  enreg istrées.  Outre  les  moyennes  de  1 0  m in ,  l es  écarts-types  et 
l es  va leurs  extrêmes  des  variables  mesurées  dans  l es  périodes  de  1 0  m in  doivent être  
enreg istrés.  

b)  Le  nombre  d 'échanti l l ons  acqu is  par chaque  i nstrument l ors  de  chaque in terval l e  de  
moyennage afi n  d 'obten ir une  moyenne  doi t  être  enreg istré.  

c)  I l  do i t être  noté  s i  l es  échanti l l ons  i nd ividuels  acqu is  dans  l ' i n terval le  de  moyennage par l e  
d ispos i ti f de  té lédétection  sont des  va leurs  cumu lées,  représentant,  par exemple,  un  
spectre  i n tégré  entre  l e  début  de  l ' i n terval le  de  moyennage et  l e  moment d 'acqu is i tion  de  
l 'échanti l l on .  Cela  a  un  impact sur l es  s tatistiques ,  qu i  exigen t que  l es  échanti l lons  
successi fs  soient i ndépendants,  comme l 'écart-type  u ti l i sé ,  par exemple,  pour l es  
évaluations  des  turbu lences.  

d )  Le  d isposi ti f est instal l é  sur s i te,  et u ne  anal yse  des  mesurages  est réal isée  de  man ière  à  
l im i ter l es  i n fluences  extérieures  sur l a  re lation  entre  le  d ispos i ti f de  té lédétection  et l es  
mesurages  du  capteur de  référence.  Ces  i n fl uences  peuvent i nclure,  mais  sans  s 'y l im i ter:  
l es  écou lements ,  l es  échos  fixes,  l es  variations  réel les  de  l 'écou lement entre  l e  volume de 
mesure  du  d ispos i ti f de  té lédétection  et l e  poin t de  mesure  de  l ' i nstrument de  référence.  
La  d is tance  entre  l e  mât  météorolog ique  et  l e  d ispos i ti f de  té lédétection  doi t être  un  
comprom is  permettan t une  bonne  corrélation  en tre  l es  mesures  du  mât météorol og ique  et 
du  d ispos i ti f de  télédétection ,  tou t en  empêchant ou  l im i tan t l ' i n fl uence du  mât 
météorolog ique  sur l e  d ispos i ti f de  télédétection .  

e)  Les  capteurs  de  référence  montés  sur mât météorolog ique  doiven t satisfai re  aux 
exigences  de  l a  présente  norme.  Cela  concerne  particu l ièrement l 'éta lonnage,  l a  
classi fication  et l e  mon tage.  

f)  I l  convient que  l e  mât météorolog ique  de  référence  présente  de  préférence une  section  
transversale  et  une  sol id i té  constantes  sur tou te  sa  hau teur.  De  cette  man ière,  l ' i n fl uence 
du  mât météorolog ique  sur l es  anémomètres  montés  su r la  fl èche  reste  constan te  et 
permet une  comparaison  p l us  précise  du  cisai l lement du  ven t mesuré  entre  le  mât 
météorolog ique  et l e  d ispos i ti f de  té lédétection .  

Le  d isposi ti f de  télédétection  et  l es  capteurs  de  référence sont synchron isés  dans  l es  l im i tes  
de  1  %  de  l ' i n terval le  de  moyennage,  et ce  degré  de  synchron isation  est  véri fié  et soum is  à  
l 'essai  au  moins  une  fois  par semaine  pour connaître  la  dérive.  S i  l a  comparaison  des  
horodatages  i nd ique  qu 'une  dérive  s 'est produ i te,  l 'horloge  du  d ispos i ti f de  té lédétection  est  
ré in i tia l i sée  pour être  synchron isée  avec cel le  du  capteur de  référence,  l es  horodatages  des  
données  de  té lédétection  étan t a j ustés  de  man ière  à  compenser l a  dérive  sur l a  période  sur 
l aquel l e  e l le  a  été  m ise  en  évidence  par i n terpolation  l i néai re.  Les  données  son t acqu ises  tan t 
que  l es  exigences  de  couverture  de  données  ci -dessous  ne  son t pas  satisfa i tes :  

a)  Les  mesures  de  l a  vi tesse  du  ven t du  capteur de  référence  son t réparties  en  tranches  
0, 5  m /s  cen trées  sur des  mu l tip les  entiers  de  0, 5  m /s.  

b)  Les  données  son t fi l trées  selon  les  recommandations  du  fabricant du  d ispos i ti f et  l es  
exigences  en  L. 2 . 3.  Les  exigences  su ivantes  doiven t être  satisfai tes  après  l e  fi l trage.  

c)  Les  exigences  d 'acqu isi ti on  de  données  d 'un  essai  de  cl assi fication  ne  doivent pas  être 
cons idérées  comme satisfai tes  tan t qu 'au  moins  3  pa ires  de  mesures  concurrentes,  
colocal isées  et fi l trées  val i des  n 'ont pas  été  enreg istrées  dans  chaque tranche de  vi tesse  
du  ven t centrée  en tre  4  m /s  et 1 6  m /s  (valeurs  extrêmes  i ncluses) .  

d )  La  quanti té  de  données  acqu ises  doi t  couvri r au  moins  1 80  h .  

e)  La  campagne d 'acqu is i ti on  de  données  du re  au  moins  3  mois  et couvre  une  variété  
suffisante  de  cond i ti ons  envi ronnementales  (de  l ' h i ver à  l ' été,  par exemple).  La  base  de  
données  doi t couvri r au  moins  25  %  des  tranches  (voi r Tableau  L. 3)  avec un  nombre  
m in imal  de  poin ts  de  données  (voi r l 'Equation  (L. 2)  pour tou tes  l es  variables  réputées  
avoir un  impact sur la  précis ion  du  RSD.  
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La  classi fication  et la  véri fication  du  d ispos i ti f de  té lédétection  doiven t être  cons idérées  
comme val ides  pour l es  besoins  d 'un  essai  de  courbe  de  pu issance d 'une  éol i enne  s i  l es  
anémomètres  à  coupel l es  de  référence  u ti l i sés  l ors  des  essais  de  cl assi fication  et  de  
véri fication  on t été  montés  à  au  moins  3  hau teurs,  y compris  l a  hau teur de  l 'extrém i té  
i n férieure  ±  25  %  et l a  hau teur du  moyeu  de  l 'éol i enne  ±  25  %.  Ces  exigences  de  hauteur 
pour l a  class i fication  et l a  véri fication  s 'appl i quen t s i  l e  d ispos i ti f est u ti l i sé  pour l es  mesures  
du  ven t sur tou te  l a  p lage  de  hau teurs  du  rotor de  l 'éol ienne  ou  un iquement j usqu 'à  l a  hau teur 
du  moyeu .  

L.2.3  Préparation  des  données  

Les  fi l tres  de  données  su ivan ts  doivent être  appl iqués:  

a)  Le  mât météorolog ique  de  référence ne  doi t  être  soum is  à  aucun  s i l lage  de  l a  part des  
éol i ennes  et  des  obstacles  défin is  à  l 'Annexe A.  

b)  Les  volumes  de  sonde  dans  l esquels  l e  d ispos i ti f de  télédétection  acqu iert  une  mesure  de  
vi tesse  rad ia le  ne  doiven t être  soum is  à  aucun  s i l l age  et à  aucune  perturbation  de  
l 'écou lement dû  aux éol i ennes  et aux obstacles  décri ts  à  l 'Annexe  A.  L ' i n fl uence du  s i l l age 
du  mât météorolog ique  de  référence sur les  mesures  du  d ispos i ti f de  té lédétection  doi t 
être  exam inée en  traçant l e  rapport des  mesures  du  d ispos i ti f de  té lédétection  et du  
capteur de  référence  en  fonction  de  l a  d i rection  du  vent.  Les  cri tères  re lati fs  aux valeurs  
adm iss ibles  de  ce  rapport peuvent être  développés  en  référence  aux cons idérations  
correspondantes  de  l 'anémométrie  à  coupel l es  présen tées  à  l 'Article  G .4 .  Les  mesures  du  
d ispos i ti f de  té lédétection  doivent être  réal isées  s i  e l l es  son t i n fl uencées  soi t par l e  mât 
météorolog ique,  soi t  par l es  haubans.  

c)  Les  anémomètres  à  coupel l es  de  référence ne  doivent  pas  être  soum is  à  l ' i n fl uence des 
s i l l ages  du  mât météorolog ique,  de  ses  haubans  ou  du  paratonnerre,  défi n ie  dans  la  
présente  norme.  

d )  Les  anémomètres  à  coupel l es  de  référence  ne  doivent  pas  être  i n fl uencés  par l e  g i vrage.  
Cela  peu t être  obtenu  par n ' importe  quel le  méthode j ugée  conforme à  l 'exigence  de  
documentation  adéquate  de  la  méthode et  des  résu l tats .  

e)  Les  mesures  enreg istrées  pour chaque  in terval l e  de  moyennage tant  par l e  d ispos i ti f de  
té lédétection  que  par l es  capteurs  de  référence représenten t une  seu le  période  conti nue  
de  fonctionnement,  de  durée  égale  à  l ' in terval l e  de  moyennage.  Toutefois ,  comme ind iqué 
ci -dessous  en  L . 2. 4,  l es  exigences  en  matière  de  d ispon ib i l i té  des  données  peuvent être  
assoupl ies .  I l  convien t de  véri fier l ' i n fl uence que  l 'assoupl issement des  exigences  pourrai t 
avoir sur l a  précis ion  de  mesure  par une  anal yse  de  sens ib i l i té .  S i  l e  d ispos i ti f de  
té lédétection  n 'enreg istre  pas  l a  proportion  de  l a  période  dans  l ' in terval l e  de  moyennage 
de  1 0  m in  au  cours  de  laquel le  i l  a  été  d ispon ib le,  un  facteu r de  qual i té  générale  doi t  être  
enreg istré  pour i nd iquer l a  fi abi l i té  de  l a  mesure  d 'une  man ière  semblable  à  l a  d ispon ibi l i té  
du  d ispos i ti f.  Ensu i te,  l es  données  peuvent être  fi l trées  ou  une  anal yse  de  sens ib i l i té  peu t 
être  réal isée  en  faisant référence au  facteur de  qual i té .  Des  l i gnes  d i rectri ces  doiven t être  
fourn ies  par l e  fabricant eu  égard  au  tra i tement approprié  du  facteur de  qual i té.  

f)  En  règ le  générale,  i l  convien t de  ne  procéder à  aucun  fi l trage  de  précipi tations.  I l  convient 
de  trai ter les  précipi tations  comme une  variable  envi ronnementale  dans  l 'essai  de  
cl assi fication .  S i  l es  l ignes  d i rectrices  d 'un  fabricant de  d ispos i ti fs  de  télédétection  
prévoien t un  fi l trage  en  fonction  des  précipi tations,  i l  convient de  l es  su ivre.  S i  l e  fi l trage  
est réa l isé  en  fonction  des  précip i tations,  i l  convien t de  cons idérer l es  données  fi l trées  
comme un  ensemble  de  données  particu l i er,  et  de  procéder en  conséquence  à  l a  
cl assi fication ,  à  l a  véri fication  et  à  l 'appl ication  du  d ispos i ti f de  télédétection .  

Les  mesures  des  capteurs  de  référence  montés  su r l a  fl èche  peuvent être  corrigées  pour ten ir 
compte  des  effets  du  mât météorolog ique  (effets  d 'obstruction  et effets  d 'accélération  de  
l 'écou lement) .  I l  convien t de  noter que  ces  corrections  des  effets  du  mât météorolog ique  
i ndu isen t une  i ncerti tude  supplémentai re  par rapport aux capteurs  de  référence montés  en  
tête  de  mât.  La  correction  peut être  obtenue  par n ' importe  quel l e  méthode j ugée  adaptée  pour 
l a  réduction  de  l ' incerti tude  tota le,  conformément à  l ' exigence d e  documentation  adéquate  de  
l a  méthode et des  résu l tats .  L' i ncerti tude  associée  à  l 'u ti l i sation  d 'anémomètres  montés  sur l a  
flèche  est  présentée  à  l 'Annexe D  et  à  l 'Article  G . 4 .  
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Tous  l es  cri tères  de  fi l trage  u ti l i sés  et l eurs  effets  respecti fs  sur l 'ensemble  de  données  
doivent être  enreg istrés  et  cons ignés  dans  un  rapport.  

L.2.4  Principes  et  exigences  d 'un  essai  de  sensibi l i té  

L'écart observé  en tre  l es  mesures  du  d isposi ti f de  té lédétection  et des  capteurs  de  référence  
doi t être  anal ysé  en  termes  de  sensibi l i té  aux d i fféren tes  variables  envi ronnementa les .  Selon  
l 'u ti l i sation  du  d ispos i ti f de  té lédétection  dans  l e  cadre  de  l a  campagne d 'essai  de  courbe  de  
pu issance,  l a  cl asse  de  précis ion  doi t être  évaluée  en  termes  de  mesure  absolue  de  l a  
composante  de  la  vi tesse  horizon tale  du  vent.   

Une  classe  de  précis ion  du  d ispos i ti f de  té lédétection  pour d 'au tres  appl ications  impl i quan t 
l 'acqu is i ti on  d 'au tres  paramètres  d 'écou lement du  ven t ( l ' i n tens i té  des  tu rbu lences  ou  l a  
d i rection  du  ven t,  par exemple)  peut être  dédu i te  en  termes  de  sensib i l i té  des  mesures  de  ces  
paramètres  en  fonction  de  d i fférentes  variables  environnementales ,  à  l 'a i de  d ' i nstruments  de  
référence adaptés.  Cet aspect va  au-delà  du  domaine  d 'appl ication  d 'un  s imple 40  essai  de  
courbe  de  pu issance,  seu le  l 'évaluation  d 'une  classe  de  précis ion  en  termes  de  vi tesse  
horizon ta le  du  ven t étant  abordée  ici .   

La  sens ib i l i té  i n i tia le  à  soumettre  à  l 'essai  doi t  se  rapporter à  l ' assoupl issement des  cri tères  
décri ts  au  poin t e)  en  L. 2. 3.  La  sens ib i l i té  de  l 'écart en tre  l es  capteurs  de  référence et l e  
d ispos i ti f de  té lédétection  re lati ve  à  l a  d ispon ibi l i té  de  ce  dern ier dans  l es  l im i tes  de  
l ' i n terval le  de  moyennage ou  du  facteur de  qual i té  correspondant des  mesures  (défin i  par l e  
fabrican t)  doi t être  exam inée.  Les  données  de  té lédétection  doivent être  considérées  comme 
acceptables  s i  e l les  se  caractérisent par un  n iveau  de  d ispon ib i l i té  ou  un  facteur de  qual i té  
don t i l  a  été  démontré  qu ' i l  n 'a  aucun  impact s i gn i ficati f sur l 'écart en tre  les  mesures  des  
capteurs  de  référence et  cel les  du  d isposi ti f de  té lédétection .  

L'écart en  pourcentage  en tre  l es  moyennes  de  1 0  m in  du  paramètre  de  sortie  à  l 'étude  acqu is  
par l e  d ispos i ti f de  té lédétection  (RSD)  et l es  capteurs  de  référence  à  un  n i veau  de  hau teur 
est cons idéré  comme une  variable  dépendante,  qu i  est anal ysée  comme étant fonction  d 'une  
variable  envi ronnementale  dans  le  cadre  d 'un  essai  de  classi fication :  

Variable  
dépendante:  

( )
%1 00

reference

referenceRSD ×
−

v

vv
 (L. 1 )  

 

Toutes  l es  variables  envi ronnementales  sont cons idérées  comme pouvant re lever du  domaine  
d 'appl ication  de  l 'anal yse  de  sensib i l i té .  Une  l i s te  non  exhaustive  de  variables  à  prendre  en  
compte  peu t être:  l 'exposant de  cisai l l emen t du  ven t,  l ' i n tens i té  des  turbu lences,  l a  p l u ie,  l a  
d i rection  du  ven t,  l a  température  de  l 'a i r,  l a  masse  volum ique  de  l 'a i r,  l e  d i fféren tie l  de  
température  à  deux hau teurs  d i fférentes,  l 'ang le  d 'écou lement ascendant,  l a  déviation  de  l a  
traj ectoire  du  ven t et l a  couverture  nuageuse.  Certa ins  paramètres  perti nen ts  peuven t être  
spéci fiques  à  l ' i nstrument ( l a  d ispon ibi l i té  des  données  ou  le  facteur de  qual i té,  par exemple)  
et  peuven t être  spéci fi és  par l e  fabrican t.   

La  sens ib i l i té  d 'un  paramètre  environnemental  peu t être  l 'artefact  d 'une  erreur a isément 
corrigée  dans  la  configuration  du  d isposi ti f de  té lédétection .  Par exemple,  une  sens ib i l i té  
marquée au  cisai l l ement du  vent peu t apparaître  en  cas  d 'erreur systématique  dans  l es  
hau teurs  associées  aux mesures  de  l a  vi tesse  du  ven t du  d ispos i ti f de  té lédétection .  S i  u ne  
forte  sensib i l i té  est observée avec un  d ispos i ti f de  té lédétection  ou  en  cas  de  variation  
s i gn i ficati ve  de  l a  sensibi l i té  en tre  l es  essais,  i l  convient de  contrôler l e  d ispos i ti f pour ce  type  
d 'erreurs .  S i  des  erreurs  sont détectées  et corri gées,  i l  convient de  répéter l es  essais  de  
sens ib i l i té.   

___________ 

40  Par exemple,  u n  essai  qu i  n ' i n tèg re  pas  l a  correcti on  de  l a  déviati on  de  l a  tra j ectoi re  du  vent  ou  l a  
normal i sation  des  tu rbu lences.  
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S i  l 'anémomètre  à  coupel les  de  référence montre  une  sensib i l i té  connue  à  une  variable  
envi ronnementale,  i l  convien t de  ten ter de  supprimer l ' i n fl uence de  cette  sensib i l i té  de  l 'essai  
de  sensib i l i té.  Cela  peu t être  obtenu  par tou te  méthode j ugée  conforme à  l 'exigence  de  
documentation  adéquate  de  l a  méthode et des  résu l tats .  Par exemple,  l a  F i gure  J . 1  
représente  l es  effets  de  l 'ang le  d 'écou lement ascendant su r l a  vi tesse  du  ven t mesurée  par un  
anémomètre  à  coupel les  usuel  de  classe  1 , 7A,  déterm inés  à  l a  su i te  d 'essais  en  soufflerie  
normal isés  de  l ' i ndustrie.  

La  F igure  L. 1  a)  montre  la  réponse  d 'un  d ispos i ti f de  té lédétection  à  l 'ang le  d 'écou lement 
ascendant déterm iné  en  fonction  des  données  issues  d 'un  anémomètre  à  coupel les  du  type  
représenté  par l a  F igure  J . 1 .  Dans  l a  F igure  L. 1  b),  un  modèle  l i néai re  a  été  adapté  aux 
données  de  l a  F igure  J . 1  dans  la  rég ion  entre  ±  3º  et u ti l i sé  pour a j uster l es  poin ts  de  
données  afin  de  supprimer l es  effets  de  la  réponse  de  l 'anémomètre  à  coupel les.  La  figure  
montre  que  l a  sens ib i l i té  enreg istrée  du  d isposi ti f de  té lédétection  de  l a  F igure  L. 1  a)  est dans  
ce  cas  au  moins  partie l l ement impu table  à  l ' anémomètre  à  coupel l es  de  référence.  

  

a)  avant a justement de  l a  réponse  de  
l 'anémomètre  à  coupel les  

b)  après  a justement de  l a  réponse  de  
l 'anémomètre  à  coupel l es  

 
Anglais  Français  

Deviati on  [% ]  Ecart  [%]  

F low i ncl i nati on  ang l e  [° ]  Ang le  d ' i ncl i nai son  de  l ' écou l ement  [° ]  

F l ow i ncl i nati on  ang l e  [° ]  Ang le  d ' i ncl i nai son  de  l ' écou l ement  [° ]  

Figure L. 1  – Ecart  par rapport  à  l 'ang le  d 'écoulement  ascendant déterminé pour un  
d ispositi f de  télédétection  en  fonction  de  l 'anémomètre  à  coupel les  de  l a  F igure  J . 1  

Les variables  environnementales  doiven t être  anal ysées  pour i denti fier l es  i n terdépendances.  
Dans  ce  cas,  des  anal yses  p l us  approfond ies  do ivent être  réal isées  pour i denti fi er l aquel le  
des  variables  environnementa les  a  un  impact sur l 'écart  de  mesure.  Cela  peu t être  obtenu  
toute  méthode  j ugée  conforme à  l 'exigence de  documentation  adéquate  de  l a  méthode et des  
résu l tats.  I l  convient que  la  documentation  comporte  suffisamment de  détai ls  pour l a  
répl ication  des  résu l tats  à  parti r des  données  acqu ises  l ors  de  l 'essai  de  cl assi fication .  Les  
méthodolog ies  suggérées  pour y parven i r son t décri tes  en  L. 2 . 6 .  Seu les  l es  variables  
envi ronnementa les  s 'étant révélées  avoir un  impact d i rect sur l 'écart de  mesure  doivent être  
i ncluses  dans  l 'anal yse  de  sens ib i l i té.  Ces  variables  son t a lors  cons idérées  comme 
i ndépendantes.  

S i  des  variables  environnementales  répu tées  avoir un  impact d i rect sur l 'écart  de  mesure  son t 
i gnorées  dans  l 'essai  de  sens ib i l i té,  ce la  est  susceptib le  de  donner l i eu  à  une  i ncerti tude  
supplémentai re  au  stade  de  l 'appl ication  (voir Article  L. 5) .  S i  une  survei l l ance  u l térieure  du  
d ispos i ti f de  té lédétection  avec un  mât météorolog ique  d 'anémomètre  court  réal isée  l ors  de  
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l 'essai  de  courbe  de  pu issance montre  que  l es  résu l tats  de  l 'essai  de  sensib i l i té  son t 
excess ivement prudents,  une  révis ion  des  variables  envi ronnementales  i ncluses  dans  l 'essai  
de  sens ib i l i té  peut  être  exigée.  

Une  anal yse  de  régress ion  l i néai re  par l a  méthode  des  moindres  carrés  (OLS,  Ordinary Least 
Squares)  à  une  d imension  et deux paramètres  doi t être  réal isée  pour chaque  pai re  de  
variables  dépendantes  et i ndépendantes.  Les  paramètres  su ivan ts  sont ca lcu lés  à  parti r de  
l 'anal yse  de  régress ion :  

a)  pen te:  m ;  

b)  décalage:  c;  

c)  coefficien t de  déterm ination  qu i ,  dans  l e  cas  de  l a  régression  l i néai re  par l a  méthode  des  
moindres  carrés,  est l e  coefficien t de  corré lation :  r2 ;  

d )  écart-type  de  l a  variable  i ndépendante:  std;  

e)  va leur moyenne de  l a  variable  i ndépendante:  avg.  

La  pen te  m  et le  décalage  c  d o ivent être  estimés  sur des  données  moyennées  par tranches  
pour l a  variable  envi ronnementale  mesurée,  l a  ta i l le  de  la  tranche  à  u ti l i ser étan t donnée  au  
Tableau  L. 1 .  

Tableau  L. 1  – Exemple de  l argeur de  tranche pour une l i ste  
de  variables  envi ronnementales  

Variable  i ndépendan te  Largeur de  tranche   Un i té  

Exposant  de  ci sai l l ement  du  ven t  0 , 05  Sans  d imension  

I n tens i té  d es  tu rbu l ences  0 , 01  Sans  d imension  

P l u ie  0 , 1  mm  

Dispon ibi l i té  du  d i spos i ti f d e  
tél édétection  

1  
%  

D i rection  du  ven t  5  °  

Températu re  de  l 'a i r 2  °C  

Masse  vol um ique  de  l 'a i r 0 , 05  kg/m –3  

G rad ient  de  températu re   0 , 002  K/m  

Ecou lement  ascendant  0 , 2  °  

Grad ient  de  déviation  de  l a  
tra jectoi re  du  vent  

0 , 04  
° /m  

 

S'ag issant des  variables  à  i ncl ure  dans  l 'anal yse  de  sensib i l i té  et q u i  ne  fi gurent pas  au  
Tableau  L. 1 ,  i l  convient  de  chois i r des  l argeurs  de  tranches  adaptées  en  fonction  de  la  p lage  
et  de  l a  réparti tion  des  données.  

S'ag issant d 'une  variable  environnementa le  particu l ière,  i l  convient d ' incl ure  l es  tranches  
dans  l 'essai  de  sens ibi l i té  un iquement l orsqu 'el l es  satisfont  aux cri tères  figuran t dans  l es  
Equations  (L. 2)  et (L. 3) :  

 
b

i
n

N
n

2
>  (L. 2)  

 

où   

nb  est  le  nombre  de  tranches  en  fonction  des  p lages  de  variables  données  au  Tableau  L. 3;  

n  est  le  nombre  tota l  de  poin ts  de  données;  

n i  est  l e  nombre  de  poin ts  de  données  dans  l a  tranche  i.  
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L'Equation  (L. 3)  doi t  être  appl i quée  seu lement l orsque  les  sens ib i l i tés  sur l a  mesure  de  l a  
vi tesse  du  ven t sont  analysées:  

 
( )

m/s030
1 00
ref

,
v

n

d i,

i

i <
σ

 (L. 3)  

 

où   

di  son t l es  données  dans  l a  tranche i;  

σ(di)  est l ' écart-type  des  écarts  de  vi tesse  du  vent en  pourcen tage  des  données  pendant 
1 0  m in  dans  l a  tranche  i;  

V ref, i  est  l a  va leur moyenne  de  l a  vi tesse  du  vent  de  référence dans  la  tranche  i.  

Le  coefficien t de  corrélation  (r2) ,  l 'écart-type  des  variables  i ndépendan tes  (std)  et  l a  va leu r 
moyenne des  variables  i ndépendantes  (avg)  doiven t être  estimés  à  l 'a ide  des  données  sur 
1 0  m in  dans  l es  tranches  i ncluses  dans  l 'essai  de  sensib i l i té.  

 

Anglais  Français  

Deviati on  (%)  Ecart  (%)  

Wind  shear Ci sai l l ement du  ven t  

Les  régressions  l i néai res  son t  tracées  pou r l es  données  su r 1 0  m in  (en  noi r)  et  pour l es  données  moyennées  par 
tranche  (en  rouge).  

Figure L.2  – Exemple  d 'analyse  de  sensibi l i té  en  fonction  du  cisai l lement du  vent  

La sens ib i l i té  se  défin i t  comme la  pen te  mu l ti pl iée  par l 'écart-type  de  l a  variable  
i ndépendante:  m · std.  La  sens ib i l i té  i nd ique  l 'étendue,  exprimée en  pourcentage,  de  l a  
variation  de  l 'écart entre  l es  mesures  du  d ispos i ti f de  té lédétection  et  du  capteur de  référence  
à  l a  su i te  d 'une  variation  de  la  variable  i ndépendante  d 'un  écart-type.  
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Tableau  L.2  – Paramètres  dédu its  d 'une analyse  
de  sensibi l i té  d 'un  d ispositi f de  télédétection  

Hauteur 
au-

dessus  
du  sol  

Variable  
i ndépendante  

avg 

Variable  
i ndépendan te  

std 

Variable  
i ndépendan te  

m 
Sensibi l i té  

m  ×  std 
r2  

Sensibi l i té  

r  

[m ]  [-]  [un i té  variabl e]  [un i té  variable]  
[%/unité 
variable]  

[%]  [-]  [%]  

1 35  
Exposant de  
ci sai l l ement  

du  vent  

0 , 21  0 , 1 9  –2 , 324  –0, 45  0 , 235  –0, 21 8  

1 04  0 , 21  0 , 2  –1 , 91 8  –0, 38  0 , 085  –0, 1 1 1  

72  0 , 1 7  0 , 1 7  0 , 607  0 , 1  0 , 009  0 , 009  

1 35  

I n tensi té  d es  
tu rbu lences  

0 , 07  0 , 03  8 , 855  0 , 26  0 , 08  0 , 074  

1 04  0 , 07  0 , 03  1 3 , 902  0 , 39  0 , 093  0 , 1 1 9  

72  0 , 08  0 , 03  1 5, 81 2  0 , 4  0 , 1 33  0 , 1 46  

1 35  P l u ie  

(ou i=1 ,  
non=0)  

0 , 02  0 , 1 3  0 , 205  0 , 03  0 , 001  0 , 001  

1 04  0 , 04  0 , 1 9  1 , 1 68  0 , 22  0 , 028  0 , 037  

72  0 , 03  0 , 1 8  0 , 499  0 , 09  0 , 007  0 , 008  

1 35  

D i rection  d u  
ven t  

247, 28  31 , 62  –0, 007  –0, 22  0 , 059  –0, 053  

1 04  252, 83  34, 1 9  0 , 01 2  0 , 43  0 , 1 08  0 , 1 41  

72  225, 1 4  1 1 , 39  0 , 003  0 , 03  0 , 001  0 , 001  

1 35  Températu re  
de  l 'a i r 

à  1 31  m  

1 4 , 66  2 , 7  0 , 044  0 , 1 2  0 , 01 6  0 , 01 5  

1 04  1 4 , 56  2 , 66  –0, 042  –0, 1 1  0 , 008  –0, 01 0  

72  1 5, 1 6  3 , 43  –0, 091  –0, 31  0 , 083  –0, 089  

1 35  
Masse  

vol um ique   
de  l 'a i r 

1 , 23  0 , 01  –1 6, 43  –0, 24  0 , 065  –0, 061  

1 04  1 , 23  0 , 01  1 , 804  0 , 03  0  0 , 000  

72  1 , 22  0 , 02  5 , 208  0 , 08  0 , 005  0 , 006  

1 35  D i fféren ti el  de  
températu re  

en tre  1 33  m  
et  1 0  m  

–0, 69  1 , 36  –0, 1 1 2  –0, 1 5  0 , 027  –0, 025  

1 04  –0, 69  1 , 36  –0, 444  –0, 6  0 , 21 7  –0, 279  

72  –0, 64  1 , 53  –0, 281  –0, 43  0 , 1 58  –0, 1 71  

1 35  Ang le  
d 'écou lement  

ascendant  

0 , 35  1 , 37  –0, 085  –0, 1 2  0 , 01 5  –0, 01 5  

72  –0, 35  0 , 73  0 , 665  0 , 49  0 , 1 7  0 , 202  

1 35  Déviati on  de  
l a  traj ectoi re  
du  ven t en tre  

1 33  m  et  
35  m  

1 5, 36  1 0, 01  –0, 036  –0, 36  0 , 1 45  –0, 1 37  

1 04  1 5, 26  1 0, 05  –0, 07  –0, 71  0 , 298  –0, 388  

72  1 5  9 , 26  –0, 036  –0, 33  0 , 092  –0, 1 00  

 

La F igure  L. 2  et l e  Tableau  L. 2  ci -dessus  donnent un  exemple  d 'anal yse  de  sens ib i l i té  d 'un  
d isposi ti f de  té lédétection  réa l isée  selon  d i vers  paramètres  environnementaux.  La  sens ib i l i té  
du  d isposi ti f a  été  anal ysée  à  trois  hau teurs  d i fféren tes.  Seu les  l es  données  de  té lédétection  
don t l a  d ispon ibi l i té  est comprise  dans  l ' i n terval l e  de  moyennage d 'au  moins  80  %  ont été  
prises  en  compte  pour l 'essai .  Comme le  mon tre  l e  Tableau  L. 2 ,  et conformément aux cri tères  
de  s ign i fication  défin is  en  L . 2. 5,  l e  cisai l l ement du  vent,  l ' i n tensi té  des  turbu lences,  l a  
d i rection  du  vent,  l e  d i fférentie l  de  températu re  de  l 'a i r (comme s imple  i nd icateur de  
strati fication) ,  l 'ang le  d 'écou lement ascendant et l a  déviation  de  l a  trajectoire  du  ven t 
s 'avèren t avoi r un  impact important sur l 'écart  en tre  les  mesures  de  l a  vi tesse  du  vent 
réal isées  par l e  d isposi ti f de  télédétection  et cel les  de  l 'anémomètre  à  coupel les  de  référence.  
Les  au tres  variables  i ndépendantes  s 'avèrent ne  pas  être  importantes.  Tou tefois,  certa ines  
variables  qu i  semblen t avoir un  impact sur l es  performances  du  d isposi ti f de  télédétection  
peuven t n 'avoi r aucune i n fl uence.  S i  l eur variation  est corrélée  avec l a  variation  de  certa ines  



 – 498  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

au tres  variables  qu i  ont également une  i n fl uence,  cette  corré lation  peu t être  la  ra ison  de  leur 
apparen te  i n fl uence.  L ' in terdépendance  entre  l es  variables  doi t être  analysée  de  man ière  à  
i denti fier l es  variables  qu i  exercent une  véri table  i n fl uence (voi r L. 2 . 6 )  avan t d 'estimer l a  
cl asse  de  précis ion  fi nale  du  d ispos i ti f de  té lédétection .  Par exemple,  des  techn iques  de  
régress ion  mu l tid imensionnel les  peuven t être  u ti l i sées  pour y parven ir.   

La  classi fication  s 'apparen te  à  l a  class i fication  existante  des  anémomètres  à  coupel l es  et à  
u l trasons  conformément à  la  présente  norme (voir l 'Annexe  I  e t l 'Annexe  J ) .  La  classe  de  
d ispos i ti f de  té lédétection  peu t être  évaluée  pour les  cond i tions  prédéfin ies  ou  pour l es  
cond i ti ons  particu l ières  qu i  prévalen t l ors  de  l 'appl ication  du  d isposi ti f de  té lédétection .  

Des  cond i tions  analogues  à  la  class i fication  A des  anémomètres  à  coupel les  et à  u l trasons  
conformément à  la  présente  norme (voi r l 'Annexe I  et l 'Annexe J )  sont données  au  
Tableau  L. 3.  

Tableau  L.3  – Plages  des  paramètres  envi ronnementaux pour l 'analyse  de  l a  sensibi l i té  

Variable  i ndépendante    Max M in  P lage  Source  

Exposant  de  ci sai l l ement  du  vent  [- ]  0 , 80  –0, 40  1 , 20  N /A 

I n tens i té  d es  tu rbu lences  [-]  0 , 24  0 , 03  0 , 21  La  présente  norme  

Plu ie  (ou i =1 ,  non=0)  [- ]  1  0  1  Défi n i ti on  du  capteu r 

D i spon ibi l i té  [%]  1 00  80  20  Défi n i ti on  du  fi l tre  

D i rection  d u  ven t  [° ]  360  0  1 80  
L 'écart  maximal  en tre  
2  d i rections  est  de  1 80° .  

Températu re  de  l 'a i r [°C]  40  0  40  La  présente  norme 

Masse  vol um ique  de  l 'a i r [kg/m 3 ]  1 , 35  0 , 90  0 , 45  La  présente  norme 

Grad ient  de  températu re  

en tre  1 33  m  et  1 0  m  de  hau teu r 
[K/m ]  0 , 06  –0, 02  0 , 08  N /A 

Ang le  d 'écou lement  ascendant  [° ]  3  –3  6  La  présente  norme  

Déviati on  de  l a  tra jectoi re  du  vent  

en tre  1 33  m  et  35  m  de  hauteu r 
[° /m ]  0 , 2  –0, 2  0 , 4  N /A 

 

La p lage  de  d ispon ibi l i tés  du  d ispos i ti f de  télédétection  doi t  être  cohéren te  avec l a  p l age  à  
appl iquer l ors  du  déploiement sur s i te.  Sauf s i  e l l es  on t été  déterm inées  par la  configuration  
des  capteurs  de  référence,  l es  l im i tes  du  d i fféren tiel  de  température  de  l 'a i r observées  en tre  
l es  deux hauteurs  i nd iquées  doivent être  égales  à  1 0  fois  l e  g rad ient normal isé  entre  les  
hau teurs  prises  en  compte  ( l e  grad ien t normal isé  est de  0 , 65  K/1 00  m ),  et  l a  déviation  de  l a  
traj ectoire  du  vent doi t  être  égale  à  4  fo is  l 'écart-type  de  l a  d i fférence  en tre  l es  d i rections  
moyennes  du  vent sur 1 0  m in  aux hau teurs  i nd iquées.  

L.2.5  Evaluation  de  l ' importance d 'une variable  environnementale  

L' importance  d 'une  variable  est évaluée  en  mesuran t son  degré  d ' i n fluence sur la  mesure  du  
d ispos i ti f de  té lédétection .  Les  essais  de  sensib i l i té  peuvent  révéler qu ' i l  n 'existe  aucune  
re lation  s i gn i ficative  entre  la  variable  dépendante  et certa ines  variables  i ndépendantes.  Par 
conséquent,  seu les  l es  variables  i ndépendantes  perti nen tes  doiven t être  prises  en  compte.  La  
pertinence est  déterm inée  dans  les  cas  su ivants :  

a)  une  sens ib i l i té  d 'au  moins  0, 5  est démontrée  ou  un  produ i t  d u  coefficien t de  corré lation  r  

et de  l a  sens ib i l i té  d 'au  moins  0 , 1  est  déterm iné;  

b)  l 'anal yse  de  sensib i l i té  d 'une  variable  i ndépendante  doi t  être  perti nen te  pour tou tes  l es  
hau teurs  de  mesure  s i  l ' une  des  cond i ti ons  ci -dessus  est satisfai te  pour une  seu le  
hau teur.  
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Pour une  sensib i l i té  d 'au  moins  0 , 5,  un  impact importan t de  la  variable  i ndépendante  sur la  
précis ion  du  d ispos i ti f de  té lédétection  est  d i rectement mesuré  l ors  de  l 'essai  de  
classi fication .  Le  coefficien t de  corrélation  peut mod i fier ce  cri tère,  étan t donné  qu ' i l  i nd ique  
l ' importance  de  l a  re lation  entre  les  variables  dépendan tes  et l es  variables  i ndépendantes.  Le  
coefficien t de  corrélation  et l a  sens ib i l i té  i nd iquen t l a  pertinence  d 'une  variable  i ndépendan te.  
Le  produ i t des  deux mesures  défin i t  donc l a  seconde cond i ti on  a l ternative  du  prem ier poin t ci -
dessus.  

I l  convient  d 'exclure  de  l 'anal yse  de  sens ib i l i té  les  variables  environnementales  don t l a  p lage  
mesurée  ne  couvre  pas  au  moins  25  %  des  tranches  (voi r Tableau  L. 3)  avec un  nombre  
m in imal  de  poin ts  de  données  défin i  par l 'Equation  (L. 2).  Les  résu l tats  de  sens ib i l i té  dédu i ts  
de  ces  variables  ne  seraien t pas  représen tati fs  d 'une  re lation  avec l 'écart de  mesure.  Même s i  
une  variable  peut être  é l im inée  de  l 'anal yse  de  sens ib i l i té  en  raison  d 'une  variation  
i nsuffisan te  pour l 'établ issement fiable  d 'une  relation  avec l 'écart de  mesure,  i l  se  peut  qu 'une  
plage  de  variation  p l us  étendue soi t  observée l ors  de  l 'appl ication  du  d isposi ti f dans  l e  cadre  
de  l 'essai  de  performance de  pu issance.  S ' i l  s 'avère  que  l a  variable  en  question  a  un  impact 
sur l 'écart  de  mesure  par l ' i n terméd iai re  du  processus  de  survei l l ance  l ors  de  l 'appl ication ,  l e  
d isposi ti f peut être  rej eté.  A défaut,  l ' i ncerti tude  supplémentai re  sera  appl i quée  aux résu l tats  
de  man ière  à  refléter correctement ce la,  conformément à  l 'Article  L. 4 .  I l  convient d 'exclure  de  
l 'anal yse  de  sensib i l i té  l es  variables  envi ronnementales  dont  i l  a  été  déterm iné  qu 'e l les  
i n fl uent sur l 'écart de  mesure  un iquement par l eur corré lation  avec d 'au tres  variables  
environnementa les  (voir L. 2. 6) .  

Un  choix de  variables  i ndépendantes  pertinentes  pour un  d ispos i ti f de  télédétection  est  
représenté  au  Tableau  L. 4.  

Tableau  L.4  – Exemple de  choix de  variables  environnementales  
qu i  se  révèlent avoi r un  impact s ign ificati f 

Hauteur 
au-

dessus  
du  sol  

Variable  
i ndépendan te  

avg 

Variable  
i ndépendan te  

std 

Variable  
i ndépendan te  

m 
Sensibi l i té  

m  ×  std 
r2  

Sensibi l i té  

×  r  

[m ]  [- ]  [un i té  variable]  [un i té  variable]  
[%/unité 
variable]  

[%]  [-]  [%]  

1 35  
Exposant  de  

ci sai l l ement  du  
vent  

0 , 21  0 , 1 9  –2 , 324  –0, 45  0 , 235  –0, 21 8  

1 04  0 , 21  0 , 2  –1 , 91 8  –0, 38  0 , 085  –0, 1 1 1  

72  0 , 1 7  0 , 1 7  0 , 607  0 , 1  0 , 009  0 , 009  

1 35  

I n tensi té  d es  
tu rbu lences  

0 , 07  0 , 03  8, 855  0 , 26  0 , 08  0 , 074  

1 04  0 , 07  0 , 03  1 3 , 902  0 , 39  0 , 093  0 , 1 1 9  

72  0 , 08  0 , 03  1 5, 81 2  0 , 4  0 , 1 33  0 , 1 46  

1 35  
D i recti on  

du  ven t  

247, 28  31 , 62  –0, 007  –0, 22  0 , 059  –0, 053  

1 04  252, 83  34, 1 9  0 , 01 2  0 , 43  0 , 1 08  0 , 1 41  

72  225, 1 4  1 1 , 39  0 , 003  0 , 03  0 , 001  0 , 001  

1 35  Di fférenti e l  de  
températu re  

en tre  1 33  m  et  
1 0  m  

–0, 69  1 , 36  –0, 1 1 2  –0, 1 5  0 , 027  –0, 025  

1 04  –0, 69  1 , 36  –0, 444  –0, 6  0 , 21 7  –0, 279  

72  –0, 64  1 , 53  –0, 281  –0, 43  0 , 1 58  –0, 1 71  

1 35  Ang le  

d 'écou lement 
ascendant  

0 , 35  1 , 37  –0, 085  –0, 1 2  0 , 01 5  –0, 01 5  

72  –0, 35  0 , 73  0 , 665  0 , 49  0 , 1 7  0 , 202  

1 35  Déviati on  de  l a  
trajectoi re  du  

ven t en tre  

1 33  m  et  35  m  

1 5, 36  1 0 , 01  –0, 036  –0, 36  0 , 1 45  –0, 1 37  

1 04  1 5, 26  1 0 , 05  –0, 07  –0, 71  0 , 298  –0, 388  

72  1 5  9, 26  –0, 036  –0, 33  0 , 092  –0, 1 00  
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L.2.6  Evaluation  de  l ' in terdépendance  entre  l es  variables  environnementales  

L'anal yse  de  sens ib i l i té  de  L . 2 . 4  repose  sur l 'h ypothèse  selon  l aquel l e  l es  variables  
envi ronnementales  à  l 'étude  sont  indépendantes,  c'est-à-d i re  non  corré lées.  Dans  l a  prati que,  
cela  peut ne  pas  être  le  cas.  Cela  peut  amener à  enreg istrer des  en trées  dans  l a  classe  de 
précis ion  correspondan t à  des  variables  particu l ières,  compte  tenu  de  l eur corrélation  avec 
d 'au tres  variables ,  p l u tôt que  d 'établ i r une  re lation  d i recte  avec l 'écart  de  mesure.  Une  
représentation  des  effets  de  l a  corrélation  entre  l es  variables  envi ronnementa les  peu t être  
consu l tée  à  l a  F igure  L. 3  et à  l a  F igure  L. 4  pour le  cisai l l emen t du  vent et l ' i n tens i té  des  
tu rbu lences.  La  F igure  L. 3  représente  l a  re lation  entre  le  cisai l l emen t du  vent et l ' i n tensi té  des  
tu rbu lences  lors  d 'un  essai  de  cl ass i fication .  E l le  montre  que  le  cisai l l ement du  ven t et  
l ' i n tensi té  des  turbu lences  au  n i veau  du  s i te  d 'essai  ne  sont pas  tota lement non  corrélés  l ors  
de  la  période  de  mesure  en  question .  Cela  se  man i feste  dans  la  F igure  L . 4  sous  l a  forme d 'un  
groupement de  poin ts  de  données  à  l ' i n térieur du  d iagramme de  d ispersion  de  l 'écart de  
mesure  par rapport à  l ' i n tens i té  des  turbu lences  en  fonction  de  l 'ampl i tude  du  cisai l l ement du  
ven t.  Ce  groupement peut fausser l a  l igne  à  parti r de  laquel l e  est déterm inée  l a  sens ib i l i té  du  
d ispos i ti f à  l ' i n tensi té  des  turbu lences.  Grâce  à  ce  mécan isme,  une  re lation  d ans  l 'essai  de  
sensib i l i té  peut être  transférée  d 'une  variable  envi ronnementale  d i rectement corré lée  à  l 'écart 
de  mesure  vers  une  autre  variable  qu i  ne  l 'est pas,  s i  l es  variables  envi ronnementales  ne  sont 
pas  mutuel lement i ndépendantes.  

 

Anglais  Français  

Wind  shear:  power l aw exponent  Ci sai l l ement du  ven t:  exposant  de  l a  l o i  de  pu i ssance  

Turbu lence  i n tens i ty [ -]  I n tensi té  d es  tu rbu lences  [-]  

Figure L.3  – Exemple  de  cisai l lement  du  vent  par rapport à  l ' in tensi té  des  tu rbu lences  
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Anglais  Français  

Deviati on  [% ]  Ecart  [%]  

Wind  shear:  power l aw exponent  Ci sai l l ement du  ven t: exposant de  l a  l o i  de  pu i ssance  

Turbu lence  i n tens i ty [ -]  I n tensi té  d es  tu rbu lences  [-]  

 

La  cou l eu r i n d ique  l e  n i veau  de  ci sai l l ement du  ven t.  

Figure L.4 – Exemple  d 'écart en  pourcentage entre  les  mesures   
du  d ispositi f de  télédétection  et cel les  du  capteur de  référence  

en  fonction  de  l ' in tensi té  des  turbu lences   

Afin  d 'atténuer la  surestimation  de  l ' incerti tude,  i l  est d 'é l im iner de  l 'anal yse  de  sens ib i l i té  
toutes  l es  variables  environnementa les  dont i l  peu t être  démontré  qu 'e l l es  n 'on t aucun  impact 
d i rect sur l 'écart de  mesure.  Un  exemple  est donné  à  la  F igure  L. 4,  où  i l  apparaît cl a i rement 
que  l ' incl us ion  de  l ' i n tensi té  des  turbu lences  et du  cisai l l ement du  ven t dans  l e  ca lcu l  de  
l 'estimation  d ' i ncerti tude,  et compte  tenu  de  l a  re lation  qu ' i l s  entretiennent,  donne  l i eu  à  une  
"double  comptabi l isation "  des  con tribu tions  d ' incerti tude.  L'él im ination  des  variables  
envi ronnementales  corrélées  peut  être  obtenue  par n ' importe  quel l e  méthode  j ugée  conforme 
à  l 'exigence de  documentation  adéquate  de  l a  méthode et des  résu l tats,  comme ind iqué  
en  L. 2. 4.  I l  convient que  l a  documentation  comporte  suffisamment de  déta i l s  pour l a  
répl ication  des  résu l tats  à  parti r des  données  acqu ises  lors  de  l 'essai  de  cl assi fication .  

Les  dépendances  en tre  l es  variables  environnementales  ont été  anal ysées  pour les  données 
u ti l i sées  au  Tableau  L. 4.  Les  variables  qu i  n 'ont  aucun  impact d i rect sur l 'écart  de  mesure  
mais  qu i  son t corré lées  à  une  ou  p lus ieurs  variables  ayan t un  impact d i rect sur l 'écart de  
mesure  on t été  é l im inées  de  l 'essai  de  sensib i l i té.  Après  l e  retra i t  des  effets  du  cisa i l l ement 
du  vent de  l 'ensemble  de  données,  l ' i n fl uence restante  de  l ' i n tens i té  des  tu rbu lences  n 'éta i t 
p lus  pertinente.  Les  au tres  variables  sont  présentées  dans  le  Tableau  L. 5 .  Seu ls  l e  
cisai l l ement du  ven t,  l 'ang le  d 'écou lement ascendant et l a  déviation  de  l a  traj ectoi re  du  vent  
s 'avèren t avoi r un  impact important sur l 'écart  en tre  les  mesures  de  l a  vi tesse  du  vent 
réal isées  par le  d ispos i ti f de  télédétection  et ce l les  de  l 'anémomètre  à  coupel les  de  référence.  
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Tableau  L.5  – Paramètres  de  l 'analyse  de  sensibi l i té  restants   
après  l 'analyse  de  l ' i n terdépendance  des  variables  

Hauteur 
au -

dessus  
du  sol  

Variable  
i ndépendante  

avg 

Variable  
i ndépendan te  

std 

Variable  
i ndépendante  

m 
Sensibi l i té  

m  ×  std 
r2  

Sensibi l i té  

×  r  

[m ]  [-]  
[un i té  

variable]  
[un i té  

variable]  
[%/un i té  
variable]  

[- ]  [- ]  [-]  

1 35  
Exposant de  

ci sai l l ement du  
ven t  

0 , 21  0 , 1 9  –2, 324  –0, 45  0 , 235  –0, 21 8  

1 04  0 , 21  0 , 2  –1 , 91 8  –0, 38  0 , 085  –0, 1 1 1  

72  0 , 1 7  0 , 1 7  0 , 607  0 , 1  0 , 009  0 , 009  

1 35  Ang le  

d 'écou lement  
ascendant  

0 , 35  1 , 37  –0, 085  –0, 1 2  0 , 01 5  –0, 01 5  

72  –0, 35  0 , 73  0 , 665  0 , 49  0 , 1 7  0 , 202  

1 35  Déviati on  de  l a  
tra jectoi re  du  

vent  en tre  
1 33  m  et  35  m  

1 5, 36  1 0, 01  –0, 036  –0, 36  0 , 1 45  –0, 1 37  

1 04  1 5, 26  1 0, 05  –0, 07  –0, 71  0 , 298  –0, 388  

72  1 5  9 , 26  –0, 036  –0, 33  0 , 092  –0, 1 00  

 

L.2.7  Calcu l  de  l a  classe de  précision  

Le  pri ncipe  général  du  calcu l  des  classes  de  précis ion  est l e  su ivan t:  

a)  défin i r l es  p lages  de  tou tes  l es  variables  restan tes  ayan t un  impact important (voi r 
l ' exemple  du  Tableau  L. 5 ;  

b)  ca lcu ler l 'écart maximal  de  chaque variable  i ndépendante  sur l a  précision  du  d isposi ti f de  
té lédétection  en  mu l ti p l ian t la  pente  de  régression  m  par l a  p l age  de  l a  variable  
i ndépendante  (voir Tableau  L. 2) .  Un  exemple  est  donné  au  Tableau  L. 6;  

c)  ca lcu ler l ' impact maximal  cumu lé  de  tou tes  l es  variables  i ndépendantes  sur la  précis ion  du  
d ispos i ti f de  té lédétection ,  en  partan t du  pri ncipe  que  les  d i fférentes  variables  sont 
tota lement i ndépendantes  les  unes  des  autres,  de  man ière  à  aj outer dans  la  quadratu re  
l es  erreurs  de  mesure  maximales  engendrées  par chaque variable  i nd ividuel l e .  

En  re lation  avec l e  poin t  c) ,  i l  est reconnu  que  l es  variables  environnementales  à  l 'étude  ne  
son t pas  tota lement i ndépendan tes  les  unes  des  au tres.  Tou tefois ,  eu  égard  aux évaluations  
d ' incerti tude,  l es  d i fférences  en tre  les  cond i tions  environnementales  qu i  prévalen t l ors  de  
l 'appl ication  du  d isposi ti f de  té lédétection  dans  l e  cadre  de  l 'essai  de  courbe  de  pu issance et  
de  l a  véri fication  de  performance son t des  é léments  clés .  Ces  d i fférences  dépendent dans  
une  très  l arge  mesure  du  s i te  d 'essai  de  courbe  de  pu issance et du  s i te  d 'essai  de  véri fication  
de  performance du  RSD.  Cette  dépendance de  s i te  d issocie  les  variables  l es  unes  des  autres  
quant  aux ca lcu ls  d ' incerti tude.  Par conséquen t,  pou r estimer l ' impact maximal  cumu lé,  
l ' i ndépendance en tre  l es  variables  est une  h ypothèse  ind ispensable,  malgré  l es  efforts  
consentis  en  L . 2 . 6  pour tra i ter l ' i n terdépendance  des  variables.  

Les  classes  de  précis ion  pré l im inaires  résu l tant de  ce  schéma sont données  au  Tableau  L. 7.  
E l les  on t été  calcu lées  en  ajou tant dans  l a  quadrature  l es  écarts  maximaux de  toutes  l es  
variables  environnementales  et des  variables  d ' in fluence importantes  un iquement,  
conformément au  Tableau  L. 6  et au  Tableau  L. 4.  Les  valeurs  ne  représenten t pas  le  résu l tat  
fina l  de  la  class i fication .  
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Tableau  L.6  – Exemple de  schéma de  calcu l  de  l ' impact maximal  
des  variables  envi ronnementales  

Hauteur  
au -dessus   

du  sol  
Variable  i ndépendante  Variable  de  pl age  m  m  ×  p l age  

[m ]  [- ]  [un i té  variable]  
[%/un i té  
variable]  

[-]  

1 35  
Exposant  de  

ci sai l l ement du  ven t  

1 , 20  –2, 324  2 , 79  

1 04  1 , 20  –1 , 91 8  2 , 30  

72  1 , 20  0 , 607  0 , 73  

1 35  
I n tensi té  

des  tu rbu l ences  

0 , 21  8 , 855  1 , 86  

1 04  0 , 21  1 3, 902  2 , 92  

72  0 , 21  1 5, 81 2  3, 32  

1 35  
P l u ie  

(ou i=1 ,  non=0)  

1 , 00  0 , 205  0 , 21  

1 04  1 , 00  1 , 1 68  1 , 1 7  

72  1 , 00  0 , 499  0 , 50  

1 35  

D i spon ibi l i té  du  d i sposi ti f d e  té l édétection  

20, 00  0 , 01 7  0 , 34  

1 04  20, 00  –0, 068  1 , 36  

72  20, 00  –0, 31 8  6, 37  

1 35  
Di rection   

du  vent  

1 80, 00  –0, 007  1 , 28  

1 04  1 80, 00  0 , 01 2  2 , 24  

72  1 80, 00  0 , 003  0 , 51  

1 35  
Températu re  de  l 'a i r 

à  1 31  m  

40, 00  0 , 044  1 , 76  

1 04  40, 00  –0, 042  1 , 69  

72  40, 00  –0, 091  3 , 65  

1 35  
Masse  vol um ique   

de  l 'a i r 

0 , 45  –1 6, 430  7, 39  

1 04  0 , 45  1 , 804  0 , 81  

72  0 , 45  5, 208  2 , 34  

1 35  
Di fférenti e l  de  températu re  en tre   

1 33  m  et  1 0  m  

8, 00  –0, 1 1 2  0 , 90  

1 04  8, 00  –0, 444  3, 55  

72  8, 00  –0, 281  2 , 25  

1 35  
Ang le  d 'écou lement  ascendant  

6 , 00  –0, 085  0 , 51  

72  6 , 00  0 , 665  3, 99  

1 35  Déviati on  de  l a  trajectoi re  du  ven t  

en tre  

1 33  m  et  35  m  

40, 00  –0, 036  1 , 45  

1 04  40, 00  –0, 070  2 , 81  

72  40, 00  –0, 036  1 , 42  

 

Tableau  L.7  – C lasses  de  précision  prél im inai res  d 'un  d ispositi f de  télédétection  
compte  tenu  de  toutes  l es  variables  ou  des  variables  d ' influence  l es  plus  importantes  

seu lement  

Hauteur 

Classes  de  précision  

Compte  tenu  de  

toutes  l es  variables  

Compte  tenu  seu lement  

des  variables  d ' i nfluence importan tes  

[m ]  [- ]  [-]  

1 35  8 , 6  3 , 2  

1 04  7 , 1  3 , 6  

72  9 , 7  4 , 3  

 

Pour ca lcu ler l a  classe  de  précis ion  finale,  l a  cl asse  de  précis ion  prél im inai re  doi t  ê tre  d ivisée  
par √2.  Les  impacts  max imaux  ca lcu lés  au  Tableau  L. 6  sont val i des  en  partant de  l ' h ypothèse  
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que  l 'essai  de  véri fication  de  performance  du  RSD a  été  réa l isé  à  l 'un  des  extrêmes  des  
p lages  de  tou tes  les  variables  envi ronnementales ,  a l ors  que  l 'essai  de  courbe  de  pu issance  
est réa l i sé  à  l 'extrême opposé,  ce  qu i  est cons idéré  comme un  scénario  improbable.  Une  
hypothèse  p l us  probable  consiste  à  considérer que  l es  variables  x  l ors  des  deux mesures  sont 
proches  du  centre  de  l a  p lage  maximale,  avec un  écart  maximal  égal  à  l a  moi tié  de  l a  p l age:  
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(L. 4)  

 

Si  l es  cond i tions  l ors  de  l a  véri fication  de  performance et de  l 'essai  de  courbe  de  pu issance  
son t cons idérées  comme indépendantes  l es  unes  des  au tres,  l es  écarts  des  variables  
environnementales  présentent  l es  p lages  maximales:  
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(L. 5)  

 

Les  classes  de  précis ion  obtenues  concernant l ' i n fl uence  des  variables  données  en  exemple  
au  Tableau  L. 6  sont présen tées  au  Tableau  L. 8.  

Tableau  L.8  – Exemple de  classes  finales  de  précision  d 'un  d isposi ti f de  télédétection  

Hauteur 

Classe  de  
précision  
finale  

[m ]  [- ]  

1 35  2 , 3  

1 04  2 , 5  

72  3 , 0  

 

L.2.8  Cri tères  d 'acceptation  

L'essai  de  class i fication  doi t être  réal isé  sur au  moins  deux types  spéci fi ques  de  d ispos i ti fs  de  
té lédétection  et sur au  moins  deux s i tes  d istincts.  Cela  permet de  procéder à  une  
classi fication  spéci fi que  au  type,  à  cond i tion  que  l es  résu l tats  de  ces  essa is  soient 
suffisamment convergen ts.  Au  moins  l 'un  des  d ispos i ti fs  d 'essai  doi t  être  soum is  à  l 'essai  sur 
deux s i tes  d i fféren ts,  au  moins  tro is  essais  étan t donc exigés  pour obten ir l a  class i fication  de  
type.   

S i  l es  résu l tats  d i vergent  trop,  une  un i té  i nd i viduel le  peut être  reti rée,  sur l 'h ypothèse  qu 'el l e  
présente  une  défai l l ance  et qu 'el l e  n 'est donc pas  représen tati ve  du  type  d ' instrument.  Le  
retrai t d 'une  un i té  pour ce  moti f fa i t  l ' objet des  exigences  formu lées  ci -dessus  concernant l e  
nombre  m in imal  d 'un i tés  i nd ividuel les  soum ises  à  l 'essai  pour établ i r une  classi fication  
spéci fique  au  type.  Une  classi fication  spéci fi que  au  type  ne  peut pas  être  réal isée  s i  l e  retrai t 
des  un i tés  au  moti f qu 'e l l es  ne  fonctionnent pas  correctement se  tradu i t par un  nombre  
i nsuffisan t d 'un i tés  soum ises  à  l 'essai .  S i  des  un i tés  sont reti rées,  i l  convien t de  ten i r compte  
du  nombre  d 'un i tés  reti rées  comparé  au  nombre  accepté  comme étan t représen tati f.  La  ra ison  
du  retrai t  d 'une  un i té  de  l 'essai  de  sens ib i l i té  doi t être  motivée  et  cons ignée.  
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Les  résu l tats  de  ces  classi fications  son t considérés  comme suffisamment convergents  s i  
l 'ordre  de  g randeur de  l ' impact des  variables  envi ronnementales  exam inées  est cohérent 
en tre  l es  d i fféren ts  essais  de  class i fication  (pour chaque variable  i ndépendante  s i gn i ficative,  
par exemple,  l ' ampl i tude  de  la  sens ib i l i té  dédu i te  de  chaque essai  i nd ividuel  ne  d i ffère  pas  de  
p lus  de  50  %  par rapport à  l a  va leur moyenne).  

L.2.9  Classification  du  RSD  

La classe  est déterm inée  à  parti r d 'au  moins  trois  essais  de  cl ass i fication  (2  un i tés  au  même 
emplacement et une  un i té  à  2  emplacements  d i fféren ts) .  

I l  convient d 'u ti l i ser l a  pente  de  sensib i l i té  fi nale  de  l 'Equation  (L. 7)  pour ca lcu ler l ' i ncerti tude.  
Les  pen tes  fi nales  résu l ten t de  la  combinaison  des  pen tes  obtenues  à  l a  su i te  des  d i fféren ts  
essais  de  class i fication ,  comme su i t:   

a)  i l  convient de  prendre  en  compte  tou tes  l es  variables  i ndépendantes  s ign i ficati ves  i ssues  
de  chaque essai  de  classi fication  (c'est-à-d i re  que  s i  u ne  variable  s 'est révélée  
s ign i ficati ve  et i ndépendan te  dans  un  essai  sur tro is,  i l  convient de  l a  prendre  en  compte  
dans  l a  cl asse  finale) ;  

b)  pour tou tes  l es  variables  i ndépendantes  s ign i ficatives:  

1 )  i n terpoler l a  pen te  à  l a  hau teur observée  pour chaque essai  de  class i fi cation ,  

2)  combiner les  pentes  à  parti r des  d i fféren ts  essais  de  class i fication  à  l ' a ide  de  
l 'Equation  ( I . 3) .  

L.3  Véri fication  des  performances  des  d isposi ti fs  de  télédétection  

Les  mesures  acqu ises  par l e  d isposi ti f de  té lédétection  doiven t être  éta lonnées  par rapport 
aux mesures  concurrentes  et colocal isées  des  mêmes  paramètres  d 'écou lement du  ven t 
acqu is  par l es  capteurs  de  référence montés  sur l e  mât météorolog ique  et qu i  aura ient été  
cons idérés  comme étant conformes  pour procéder à  un  essai  de  courbe  de  pu issance.  Se lon  
l 'u ti l i sation  du  d ispos i ti f de  té lédétection  dans  l e  cadre  de  l a  campagne d 'essai  de  courbe  de  
pu issance,  l a  précis ion  doi t être  évaluée  par rapport aux mêmes  paramètres  de  sortie  du  
d isposi ti f de  té lédétection  pris  en  compte  l ors  de  l 'essai  de  cl ass i fication  et  qu i  son t pertinents  
pour l 'essai  de  l a  courbe  de  pu issance.  

L'éta lonnage  doi t  être  réa l isé  dans  un  déla i  d 'un  an  avant  l e  débu t de  l 'essai  de  courbe  de 
pu issance  (ou  l ors  de  l 'essai  de  performance de  pu issance),  pour que  ses  résu l tats  soien t 
tou jours  cons idérés  comme étant val ides  par rapport à  l 'essai  de  courbe  de  pu issance dans 
l equel  le  d ispos i ti f de  té lédétection  est en  cours  de  déploiement.  

Concernant l 'acqu is i ti on  de  données  et l a  préparation  des  données,  l 'essai  d 'éta lonnage est  
réal isé  de  la  même man ière  que  l 'anal yse  de  sens ib i l i té  (voi r L. 2. 2  et L . 2 . 3) ,  à  l a  d i fférence  
que  le  cri tère  L . 2 . 2  e)  est assoupl i ,  de  sorte  qu ' i l  est suffisan t d 'acquéri r 1 80  h  de  données.  
Les  exigences  en  matière  de  hauteurs  des  capteurs  de  référence décri ts  en  L. 2. 2  en  re lation  
avec les  essais  de  class i fication  s 'appl iquen t également aux essais  de  véri fication .   
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Une  procédure  de  moyennage sur l a  tranche doi t  être  u ti l i sée  pour comparer les  mesures  
acqu ises  à  l 'a ide  du  d isposi ti f de  té lédétection  et des  capteurs  de  référence.  L'écart par 
tranche  entre  l a  mesure  du  d ispos i ti f de  té lédétection  et ce l l e  du  capteur de  référence est 
cons idéré  comme le  résu l tat essen tie l .  La  l argeur et l e  cen tre  des  tranches  doivent être  
comme su i t41 :  

a)  des  tranches  de  vi tesse  du  ven t de  référence  de  0, 5  m /s  centrées  sur des  en tiers  
mu l tip les  de  0 , 5  m /s  doivent être  appl i quées  pour l a  comparaison  des  vi tesses  
horizon ta les  du  ven t et l a  comparaison  des  va leurs  d 'écart-type  de  l a  vi tesse  horizon ta le  
du  ven t;  

b)  des  tranches  de  d i rection  du  ven t de  5°  cen trées  sur des  entiers  mu l ti ples  de  5°  doivent 
être  appl i quées  pour comparer les  d i rections  du  vent.  

Les  données  bru tes,  exprimées  sous  forme de  moyennes  sur 1 0  m in ,  doiven t être  présentées  
sous  l a  forme d 'un  d iagramme de  d ispersion  des  mesures  acqu ises  par l e  d isposi ti f de  
té lédétection  par rapport  à  ce l l es  acqu ises  par l e  capteur de  référence.  De  pl us ,  l es  écarts  
en tre  les  mesures  du  d i spos i ti f de  té lédétection  et l es  mesures  de  référence doiven t être  
tracés  en  fonction  des  mesures  de  référence.  Cela  doi t  apparaître  sur l e  même tracé,  dont un  
exemple  est donné  à  l a  F igure  L. 5.  Pour l e  prem ier d iagramme de  d ispers ion ,  l e  coefficien t de  
corrélation  doi t  être  ca lcu lé.  Pour l e  second  d iagramme de  d ispers ion ,  l a  va leur moyenne  et 
l ' écart-type  des  écarts  doivent  être  calcu lés .  Pour les  deux d iagrammes  de  d ispersion ,  l es  
va leurs  moyennes  et l es  écarts-types  par tranche de  la  variable  dépendante  doiven t être  
ca lcu lés  (Tableau  L. 9) .  

Les  moyennes  de  tranche des  mesures  du  d isposi ti f de  té lédétection  doiven t être  tracées  en  
fonction  des  moyennes  de  tranche des  mesures  du  capteur de  référence (F igure  L. 6) .  Une  
régress ion  l i néai re  par l a  méthode des  moindres  carrés  (OLS)  à  deux paramètres  doi t être  
tracée,  passant par l es  poin ts  de  données  se  trouvant dans  la  p l age  de  vi tesse  du  ven t de  
référence  comprise  en tre  4  m /s  et 1 6  m /s  (va leurs  extrêmes  incluses).  

L' incerti tude  totale  du  d i sposi ti f de  té lédétection  résu l tan t de  l 'essai  d 'éta lonnage  doi t être  
évaluée  conformément à  L . 4 . 3  (F igure  L. 6 ,  Tableau  L. 9).  Les  écarts  moyennés  par tranche 
des  mesures  du  RSD  et des  mesures  de  référence doiven t être  comparés  à  l ' i ncerti tude-type  
de  l 'essai  d 'étalonnage,  corrigée  des  écarts  moyennés  par tranche d onnés  par l 'expression  
su ivante,  dans  l aquel l e  tou tes  l es  composantes  présentent  des  un i tés  cohéren tes:  

 ( )2,Ref,RSD
2

,ver –– iii VVu   

où  

iV ,RSD   est  la  moyenne de  tranche du  RSD  l ors  de  l 'essai  d 'éta lonnage dans  la  tranche  i;  

iV ,Ref  est la  moyenne de  tranche de  la  mesure  de  référence  l ors  de  l 'essai  d 'éta lonnage  

dans  l a  tranche i;  

iu ,ver  est l ' i ncerti tude-type  de  l 'essai  d 'éta lonnage  dans  l a  tranche  i  conformément à  

L. 4. 3 .  

Les  mesures  de  l a  vi tesse  du  ven t du  RSD peuvent être  corrigées  selon  l es  résu l tats  de  
l 'essai  d 'éta lonnage  afin  d 'él im iner la  polarisation .  Ce  type  de  correction  est recommandé  s i  
l es  écarts  moyennés  par tranche dépassent l 'expression  ci -dessus  (au  moins  dans  une  

___________ 

41   Dans  l e  contexte  d 'au tres  appl i cations  du  d i sposi ti f de  té l édétection ,  i l  peu t  être  souhai table  de  comparer des  
paramètres  au tres  q ue  ceux répertori és .  Par exemple,  des  tranches  de  0 , 1  m /s  peuvent être  u ti l i sées  pour l a  
comparaison  des  vi tesses  verti cales  du  ven t et  l a  comparai son  des  écarts-types  de  vi tesse  hori zonta le  du  
vent,  cen trées  sur des  en ti ers  mu l ti p l es  de  0 , 1  m /s,  a l ors  que  des  tranches  de  1  %  (0 , 01 )  peuvent  être  
u ti l i sées  pou r l a  comparaison  des  i n tensi tés  des  tu rbu l ences,  centrées  su r des  en tiers  mu l ti pl es  de  1  %  
(0 , 01 ).  
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tranche).  La  correction  de  vi tesse  du  ven t peu t être  composée d 'une  régress ion  l i néai re  des  
mesures  du  capteur de  référence moyennées  par tranche  par rapport  aux mesures  du  RSD.  

 

 

 

Anglais  Français  

Raw data  Données  bru tes  

Deviati on  raw data  Données  bru tes  d 'écart  

Wind  speed  remote  sensing  device  [m /s]  Vi tesse  du  ven t mesurée  par un  d i spos i ti f d e  
té l édétecti on  [m /s]  

Mean  deviation :  2 , 02  m /s ,  0 , 2  %  Ecart  moyen :  2 , 02  m /s,  0 , 2  %  

Standard  deviati on  of d eviati on :  0 , 0  m /s ,  0 , 9  %  Ecart-type  de  l 'écart:  0 , 0  m /s,  0 , 9  %  

Wind  speed  cup  anemometer [m /s]  Vi tesse  du  ven t mesurée  par u n  anémomètre  à  
coupel l es  [m /s)  

Deviati on  [% ]  Ecart  [%]  

Figure L.5  – Comparaison  des  moyennes  sur 1 0  min  de  la  composante  
de  vi tesse  horizontale  du  vent mesurée  par un  d isposi ti f 

de  télédétection  et  par un  anémomètre  à  coupel les   

IEC  
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Anglais  Français  

Bin  averages  Moyennes  des  tranches  

Deviati on  Ecart  

Uncertain ty veri fi cation  test  reduced  by mean  
deviation  

Essai  de  véri fi cation  de  l ' i ncerti tude  d im inué  de  l 'écart  
moyen  

Wind  speed  remote  sensing  device  [m /s]  Vi tesse  du  vent  mesurée  par u n  d i sposi ti f d e  
tél édétection  [m /s]  

Wind  speed  cup  anemometer [m /s]  Vi tesse  du  vent  mesurée  par u n  anémomètre  à  coupel l es  
[m /s]  

Deviati on  [%]  Ecart  [%]  

Figure L.6  – Comparaison  par tranche de  l a  mesure  de  la  composante  de  vi tesse  
horizontale  du  vent  par un  d ispositi f de  télédétection  et par un  anémomètre à  coupel les  

I l  convient également de  ten ir compte  des  cons idérations  formu lées  en  L. 2 . 4  dans  l e  contexte  
des  essais  d 'éta lonnage par rapport aux erreurs  et sens ib i l i tés  détectées  l ors  des  essais  de  
classi fication ,  qu i  sont  l es  artefacts  d 'une  configuration  incorrecte  du  d ispos i t i f de  
té lédétection ,  notamment l ' i n troduction  d 'erreurs  et  de  sens ib i l i tés  dues  au  cisai l l ement du  
ven t à  l a  su i te  d 'une  attribu tion  i ncorrecte  des  hau teurs  de  mesure  (voi r Référence  [1 0] ) .   

L.4 Evaluation  de l ' incerti tude des  mesures  des  d isposi ti fs  de  télédétection  

L.4. 1  Général i tés  

Les  composants  su ivants  doiven t être  pris  en  compte  pour évaluer l ' i ncerti tude  des  mesures  
avec des  d isposi ti fs  de  té lédétection :  

a)  l ' i ncerti tude  résu l tant  de  l 'essai  d 'éta lonnage du  RSD,  conformément à  L. 4. 3;  

b)  l ' i ncerti tude  résu l tan t de  la  cl assi fication  du  d ispos i ti f de  té lédétection ,  conformément 
à  L. 4 . 4 ;  

c)  l ' i ncerti tude  due  à  l 'écou lement non  homogène dans  l e  volume de  mesure  du  d ispos i ti f de  
té lédétection ,  conformément à  L. 4 . 5;  

d )  l ' i ncerti tude  due  aux effets  de  montage  du  d ispos i ti f de  té lédétection ,  conformément 
à  L. 4 . 6 ;  

IEC  
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e)  l ' i ncerti tude  due  à  l a  variation  de  l 'écou lement sur l e  s i te  d 'essai  de  courbe  de  pu issance,  
conformément à  L. 4 . 7 ;  

f)  une  i ncerti tude  possib le  due  aux résu l tats  imprévus  de  l a  survei l l ance  de  l a  précis ion  du  
d ispos i ti f de  té lédétection  sur l e  s i te  d 'appl ication ,  conformément à  l 'Article  L. 5.  

I l  doi t ê tre  pris  pour hypothèse  que  l es  d i fférentes  composantes  d ' incerti tude  son t 
i ndépendantes  l es  unes  des  au tres  et  doiven t être  a jou tées  dans  la  quadrature.  

L.4.2  Incerti tude de  référence  

Les  composantes  d ' i ncerti tude  su ivantes  sont  prises  en  compte  pour l 'évaluation  de  
l ' i ncerti tude-type  du  capteur de  référence (dans  l e  cas  d 'un  anémomètre  à  coupel les) ;  e l l es  
doivent être  considérées  comme étan t i ndépendantes  l es  unes  des  autres,  et  doivent donc 
être  aj ou tées  dans  l a  quadrature:  

a)  l ' éta lonnage de  l a  soufflerie;  

b)  l es  effets  de  l 'anémomètre  à  coupel les  selon  l a  cl assi fication  de  l 'anémomètre;  

c)  l es  effets  du  mon tage  de  l 'anémomètre  à  coupel l es;  

d )  l ' i ncerti tude  des  corrections  de  mât météorolog ique  appl iquées  aux mesures  de  
l 'anémomètre  à  coupel l es  de  référence;  

e)  l ' i ncerti tude  du  système  d 'acqu is i ti on  de  données  de  l ' i nstrument de  référence  pour l a  
vi tesse  du  ven t dans  la  tranche i.  

L.4.3  Incerti tude résu l tant  de  l 'essai  d 'étalonnage  du  RSD  

Les  mesures  du  d isposi ti f de  té lédétection  son t l i ées  aux i ncerti tudes  systématiques  su ivan tes  
( i ncerti tudes  de  catégorie  B)  résu l tant  de  l 'essai  d 'éta lonnage,  qu i  do ivent  être  calcu lées  pour 
chaque  tranche  de  mesure  du  d ispos i ti f de  té lédétection :  

a)  l ' i ncerti tude-type  du  capteur de  référence conformément à  L. 4. 2;  

b)  l 'écart moyen  des  mesures  du  d ispos i ti f de  té lédétection  et des  mesures  du  capteur de  
référence.  S i  une  correction  de  la  mesure  du  d ispos i ti f de  té lédétection  est  apportée,  
l 'écart  moyen  en tre  les  mesures  corrigées  du  d isposi ti f de  té lédétection  et  l es  mesures  du  
capteur de  référence  est évalué;  

c)  l ' i ncerti tude-type  de  l a  mesure  du  d ispos i ti f de  télédétection  calcu lée  comme étan t l 'écart-
type  des  mesures  d ivisé  par l a  racine  carrée  du  nombre  d 'enreg istrements  de  données  par 
tranche  ( incerti tude  de  catégorie  A de  l 'essai  d 'éta lonnage);  

d )  l ' i ncerti tude  du  d ispos i ti f de  té lédétection  due  aux effets  de  montage  l ors  de  l 'essai  
d 'éta lonnage;  

e)  l ' i ncerti tude  du  d isposi ti f de  té lédétection  due  à  l 'écou lement non  homogène  dans  l e  
volume de  mesure  l ors  de  l 'essai  d 'éta lonnage,  conformément à  L . 4 . 5.  

Les  effets  su r s i te  peuvent être  cons idérés  comme une  incerti tude  supplémenta ire  s i  l a  
d istance  qu i  sépare  le  d isposi ti f de  télédétection  du  mât météorolog ique  de  référence est 
suffisante  pour compromettre  l a  conform i té  au  poin t  L. 2 . 2  d ) .  En  particu l i er,  une  incerti tude  
supplémentai re  dans  l a  vi tesse  du  vent de  1  %  mu l tip l i ée  par l a  d is tance  de  séparation  
d i visée  par l a  hauteur de  mesure  doi t  être  appl i quée.  La  d is tance  de  séparation  est  l a  
d istance  en tre  l e  cen troïde  du  volume de  mesure  et l e  capteur de  référence u ti l i sé  pour 
l 'essai .  La  hauteur de  mesure  est  l a  hau teur à  l aquel l e  l a  comparaison  en tre  le  capteur de  
référence  et l e  d ispos i ti f de  télédétection  est réal i sée.  I l  ne  s 'ag i t pas  de  l a  hau teur du  moyeu  
n i  de  cel le  du  d iamètre  du  rotor de  l 'éol ienne  à  l 'essai ,  l esquel les  peuvent  être  i nconnues  au  
moment de  l 'essai  de  class i fication  ou  de  l 'essai  d 'éta lonnage.  Les  incerti tudes  
supplémentai res  l i ées  à  des  problèmes  s im i la i res  sou levés  lors  de  l 'essai  de  courbe  de  
pu issance  en  ra ison  de  l a  d istance  entre  l e  d isposi ti f de  télédétection  et  l ' éol ienne  à  l 'essai  
son t présentées  en  L. 4 .7 .  



 – 51 0  – I EC 61 400-1 2-1 : 201 7  © I EC  201 7  

Les  i ncerti tudes  du  système d 'acqu is i ti on  de  données  du  d isposi ti f de  té lédétection  sont 
au tomatiquement i n tégrées  dans  l es  résu l tats  de  l 'essai  d 'étalonnage et ne  doiven t pas  être  
cons idérées  comme des  i ncerti tudes  supplémenta i res.  

I l  doi t ê tre  pris  pour hypothèse  que  l es  d i fférentes  composantes  d ' incerti tude  son t 
i ndépendantes  l es  unes  des  autres  et do ivent être  aj outées  dans  l a  quadrature  pour chaque  
tranche  de  vi tesse  du  ven t.  Un  exemple  est  montré  dans  l e  Tableau  L. 9 .  L' i ncerti tude  de  
catégorie  B  tota le  des  mesures  du  d isposi ti f de  té lédétection  résu l tan t de  l 'essai  d 'éta lonnage  
doi t être  prise  en  compte  comme étant l ' i ncerti tude  de  catégorie  B  de  l 'essai  de  courbe  de  
pu issance  dans  tous  l es  cas.  

Tableau  L.9  – Exemple de  calcu ls  d ' incerti tude  découlant  de  l 'étalonnage d 'un  d ispositi f 
de  télédétection  (RSD)  en  termes  d ' incerti tudes  systématiques   

V
cup

 V
RSD

 
Nombre  

d 'ensembles  
de  données  

V
RSD

  

max 

V
RSD

  

m in  

V
RSD  

std  
V
RSD  

std/√n  
Ecart 
moyen  

Incerti tude  V
cup

 

I ncerti tude  
de  

montage  
du  RSD  

Incerti tude 
V
RSD

 

[m /s]  [m /s]  [-]  [m /s]  [m /s]  [m /s]  [m /s]  [% ]  [%]  [%]  [% ]  

4 , 1 33  4 , 1 48  1 5  4 , 30  4 , 00  0 , 090  0 , 023  0 , 4  2 , 3  0 , 5  2 , 4  

4 , 528  4 , 525  33  4 , 85  4 , 28  0 , 1 39  0 , 024  0 , 0  2 , 2  0 , 5  2 , 3  

5 , 064  5, 086  26  5 , 31  4 , 74  0 , 1 41  0 , 028  0 , 4  2 , 0  0 , 5  2 , 2  

5 , 538  5, 593  47  5 , 92  5, 28  0 , 1 66  0 , 024  1 , 0  1 , 9  0 , 5  2 , 2  

5 , 985  6, 025  44  6 , 27  5, 72  0 , 1 41  0 , 021  0 , 7  1 , 9  0 , 5  2 , 0  

6 , 51 3  6 , 546  45  6 , 80  6, 26  0 , 1 58  0 , 024  0 , 5  1 , 8  0 , 5  1 , 9  

6 , 995  7, 01 9  87  7 , 33  6, 73  0 , 1 51  0 , 01 6  0 , 3  1 , 7  0 , 5  1 , 8  

7 , 500  7, 501  1 09  7 , 83  7, 1 4  0 , 1 56  0 , 01 5  0 , 0  1 , 7  0 , 5  1 , 7  

8 , 01 0  8, 01 3  1 1 8  8 , 41  7 , 69  0 , 1 60  0 , 01 5  0 , 0  1 , 6  0 , 5  1 , 6  

8 , 51 2  8, 537  1 45  8 , 97  8, 22  0 , 1 83  0 , 01 5  0 , 3  1 , 6  0 , 5  1 , 6  

8 , 993  9, 033  1 46  9 , 45  8, 71  0 , 1 76  0 , 01 5  0 , 4  1 , 5  0 , 5  1 , 6  

9 , 498  9, 554  1 21  9 , 97  9, 1 6  0 , 1 71  0 , 01 6  0 , 6  1 , 5  0 , 5  1 , 6  

1 0, 008  1 0, 059  1 66  1 0, 57  9, 63  0 , 1 81  0 , 01 4  0 , 5  1 , 5  0 , 5  1 , 6  

1 0, 506  1 0, 536  1 06  1 0, 91  1 0, 25  0 , 1 41  0 , 01 4  0 , 3  1 , 5  0 , 5  1 , 5  

1 1 , 003  1 1 , 037  78  1 1 , 52  1 0, 68  0 , 1 85  0 , 021  0 , 3  1 , 4  0 , 5  1 , 5  

1 1 , 502  1 1 , 51 0  59  1 1 , 92  1 1 , 1 3  0 , 1 88  0 , 025  0 , 1  1 , 4  0 , 5  1 , 4  

1 2 , 000  1 2 , 035  63  1 2 , 62  1 1 , 68  0 , 21 7  0 , 027  0 , 3  1 , 4  0 , 5  1 , 5  

1 2 , 51 9  1 2 , 521  68  1 2 , 97  1 2 , 1 5  0 , 1 82  0 , 022  0 , 0  1 , 4  0 , 5  1 , 4  

1 2 , 957  1 2 , 998  64  1 3, 40  1 2 , 64  0 , 1 86  0 , 023  0 , 3  1 , 4  0 , 5  1 , 4  

1 3, 469  1 3, 470  40  1 3, 87  1 3, 1 7  0 , 1 77  0 , 028  0 , 0  1 , 4  0 , 5  1 , 4  

1 4, 01 1  1 4, 01 4  25  1 4, 36  1 3, 67  0 , 1 92  0 , 038  0 , 0  1 , 3  0 , 5  1 , 4  

1 4, 444  1 4, 490  30  1 4, 83  1 4, 21  0 , 1 72  0 , 031  0 , 3  1 , 3  0 , 5  1 , 4  

1 4, 983  1 4, 951  1 4  1 5, 48  1 4, 62  0 , 246  0 , 066  –0, 2  1 , 3  0 , 5  1 , 4  

1 5, 509  1 5, 585  1 7  1 5, 92  1 5, 38  0 , 1 35  0 , 033  0 , 5  1 , 3  0 , 5  1 , 4  

1 5, 990  1 6, 038  1 6  1 6, 24  1 5, 77  0 , 1 30  0 , 032  0 , 3  1 , 3  0 , 5  1 , 4  

1 6, 475  1 6, 479  1 0  1 6, 69  1 6, 22  0 , 1 49  0 , 047  0 , 0  1 , 3  0 , 5  1 , 3  

1 7, 066  1 7, 1 40  1 2  1 7, 50  1 6, 75  0 , 227  0 , 065  0 , 4  1 , 3  0 , 5  1 , 4  

1 7, 51 5  1 7, 682  1 3  1 7, 91  1 7, 44  0 , 1 53  0 , 042  1 , 0  1 , 3  0 , 5  1 , 6  

1 8, 001  1 8, 020  8  1 8, 32  1 7, 82  0 , 1 57  0 , 056  0 , 1  1 , 3  0 , 5  1 , 3  

1 8, 430  1 8, 549  1 3  1 8, 82  1 8, 25  0 , 1 73  0 , 048  0 , 6  1 , 3  0 , 5  1 , 5  

1 8, 849  1 8, 980  4  1 9, 1 6  1 8, 80  0 , 1 49  0 , 075  0 , 7  1 , 3  0 , 5  1 , 5  

1 9, 41 5  1 9, 430  3  1 9, 67  1 9, 23  0 , 223  0 , 1 29  0 , 1  1 , 3  0 , 5  1 , 4  

 L ' i ncerti tude  due  à  l 'écou lement non  homogène  dans  l e  vol ume  de  mesure  est  réputée  nu l l e .  
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I l  est à  sou l igner que  l ' i ncerti tude-type  s tatistique  de  la  mesure  d 'un  d ispos i ti f de  té lédétection  
par rapport aux seu les  moyennes  sur 1 0  m in  d 'une  variable  mesurée  à  la  su i te  de  l 'essai  
d 'éta lonnage est donnée par l 'écart-type  des  écarts  des  mesures  du  d isposi ti f de  té lédétection  
et  du  capteur de  référence.  Cette  i ncerti tude  est nettement supérieure  à  l ' i ncerti tude  
statistique  des  moyennes  par tranche de  l 'essai  d 'éta lonnage décri t au  poin t c)  ci -dessus.  
Toutefois,  l ' i ncerti tude  statisti que  des  seu les  moyennes  sur 1 0  m in  est  au tomatiquement 
i ncluse  dans  l ' i ncerti tude  de  catégorie  A des  moyennes  de  tranche  de  la  courbe  de  pu issance 
évaluée.  E l l e  ne  doi t donc pas  être  prise  en  compte  par d 'au tres  moyens.  

L.4.4  Incerti tude due  à  l a  classification  du  d ispositi f de  télédétection  

La  sens ibi l i té  du  d isposi ti f due  à  d iverses  cond i tions  i n trodu i t  une  i ncerti tude  étan t donné  que  
l es  cond i tions  météorolog iques  l ors  de  l 'appl ication  du  capteur de  té lédétection  peuvent être  
d i fférentes  de  cel les  présentes  au  moment de  l 'essai  d 'éta lonnage.  L' incerti tude- type  
décou lant  de  l a  cl asse  de  précis ion  (voir L. 2 . 7)  est  l e  numéro de  classe  de  précis ion  fina l  

d ivisé  par 3 .  

La  cl asse  de  précis ion  selon  L. 2 .7  représente  l 'erreur de  mesure  maximale  du  d isposi ti f de  
té lédétection  due  à  l ' impact des  cond i ti ons  environnementales  dans  chaque période  de  
1 0  m in  (après  l 'essai  d 'éta lonnage associé).  Cette  i ncerti tude  inclu t l es  i ncerti tudes  dues  à  
une  variation  des  vari ables  envi ronnementales  au tour de  ses  valeurs  moyennes  présentes  
l ors  de  l 'essai  de  courbe  de  pu issance  dans  chaque tranche  de  vi tesse  du  ven t.  Tou tefois ,  
l ' i ncerti tude  due  à  cette  variation  des  variables  environnementales  l ors  de  l 'essai  de  courbe  
de  pu issance est de  nature  statistique  et est  tota lement reflétée  dans  l ' i ncerti tude  de  
catégorie  A des  moyennes  de  tranche de  l a  courbe  de  pu issance ( i ncerti tude  de  catégorie  A 
de  l a  courbe  de  pu issance).  I l  convien t donc de  ne  pas  la  cons idérer comme une  i ncerti tude  
de  catégorie  B  de  la  mesure  de  la  vi tesse  du  vent.  I l  convien t que  l ' i ncerti tude  de  catégorie  B  
de  l a  mesure  de  l a  vi tesse  du  vent due  à  l ' impact des  variables  environnementales  sur l es  
performances  du  d ispos i ti f de  té lédétection  ne  tienne  compte  que  des  écarts  de  valeurs  
moyennes  des  variables  environnementa les  l ors  de  l 'essai  d 'éta lonnage  et de  l 'essai  de  
courbe  de  pu issance.  I l  convient de  l es  ca lcu ler comme su i t pour chaque  tranche de  vi tesse  
du  ven t:  
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 (L. 6)  

 

où  

uVR, class , i  est l ' i ncerti tude-type  de  catégorie  B  de  mesure  de  la  vi tesse  du  ven t dans  l a  
tranche de  vi tesse  du  ven t i  d ue  à  l ' impact des  variables  envi ronnementales  su r 
l es  performances  du  d isposi ti f de  té lédétection ;  

M est l e  nombre  de  variables  envi ronnementales  réputées  avoi r une  i n fl uence  
s ign i ficati ve  sur l a  précis ion  du  d isposi ti f de  télédétection  selon  l 'essai  de  
classi fication ;  

m j  est l a  pente  qu i  décri t  l a  sens ib i l i té  de  l a  mesure  de  la  vi tesse  du  ven t du  
d ispos i ti f de  té lédétection  sur l a  variable  envi ronnementale  j  obtenue  de  la  
combinaison  de  résu l tats  de  3  essais  de  cl assi fication  au  moins;  

ijPCx ,,  est la  va leur moyenne de  la  variable  environnementa le  j  dans  l a  tranche de  

vi tesse  du  ven t i  présen te  l ors  de  l 'essai  de  courbe  de  pu issance;  

i,j,xver  est la  va leur moyenne de  la  variable  environnementa le  j  dans  l a  tranche de  

vi tesse  du  vent  i  présente  lors  de  l 'essai  d 'éta lonnage sur l e  d isposi ti f de  
té lédétection .  

Pour l es  variables  envi ronnementales  perti nentes  non  mesurées  l ors  de  l 'essai  de  courbe  de  
pu issance,  l a  pl age  maximale  de  lad i te  variable  présente  l ors  de  l 'essai  de  courbe  de 
pu issance doi t  être  estimée,  et l 'écart des  va leurs  moyennes  des  variables  envi ronnementales  
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l ors  de  l 'essai  de  courbe  de  pu issance et de  l 'essai  d 'étalonnage  dans  l 'équation  ci -dessus  
doi t  être  remplacé  par l 'écart absolu  maximal  prévu  de  l ad i te  variable  présent l ors  de  l 'essai  
de  courbe  de  pu issance  par rapport  à  sa  valeur moyenne  u ti l i sée  l ors  de  l 'essai  d 'étalonnage  

d i visée  par 3 .  Tou tefois ,  l 'écart de  class i fication  s 'appuyant sur l 'h ypothèse  d 'une  réponse  
l inéai re  aux perturbations  dans  l es  variables  i ndépendantes,  dont  l es  va leurs  maximales  et  
m in imales  l ors  de  l 'essai  de  courbe  de  pu issance ou  de  l 'essai  d 'étalonnage dépassent l es  
p lages  obtenues  l ors  des  essais  de  sens ib i l i té  de  class i fication ,  i l  convient de  fa i re  atten tion  
l ors  de  l ' i n terprétation  du  résu l tat d ' i ncerti tude  de  classi fication .  S i  l ' essai  d 'éta lonnage  i n tègre  
l es  mêmes  données  que  l 'essai  de  courbe  de  pu issance,  l ' i ncerti tude  selon  L. 4. 4  devient 
nu l l e.  

L.4.5  Incerti tude due  à  l 'écou lement non  homogène  dans  l e  volume de  mesure  

La p l upart des  d ispos i ti fs  de  té lédétection  du  ven t impl i quent de  prendre  pour h ypothèse  que  
l es  cond i ti ons  de  vent  sont  équ iva len tes  en tre  les  zones  du  volume de  mesure  présentan t une  
séparation  spatia le  s i gn i ficati ve.  Cette  hypothèse  peu t être  rej etée  dans  un  terrain  complexe.  
Même s i  l e  terrain  n 'est pas  considéré  comme étan t complexe  conformément à  l a  présen te  
norme,  des  erreurs  s i gn i ficati ves  peuven t se  produ ire  en  ra ison  de  l a  non-homogénéi té  de  
l 'écou lement.  L ' incerti tude  l iée  à  l 'h ypothèse  de  cond i ti ons  de  vent équ ivalentes  dans  des  
volumes  de  sonde  séparés  dans  l 'espace doi t être  évaluée.  I l  convien t de  soumettre  l es  
d ispos i ti fs  de  télédétection  à  une  anal yse  approfond ie  et ri goureuse  par rapport à  l ' impact de  
l 'écou lement non  un i forme sur l es  polarisations  de  mesure  en  ce  qu i  concerne  l eur 
configuration  particu l i ère.   

Par exemple,  l a  combinaison  d 'un  modèle  d 'écou lement adapté  et  d 'un  modèle  reprodu isant 
l 'a lgori thme d 'extraction  de  la  vi tesse  horizon ta le  du  vent du  d ispos i ti f de  té lédétecti on  peu t 
être  u ti l i sée  pour évaluer l ' i ncerti tude  due  à  l 'écou lement non  homogène.   

Une  a l ternative  s impl i fi ée  permettan t d 'estimer cette  i ncerti tude,  appl icable  à  l a  p l upart des  
systèmes  monostatiques  m is  en  œuvre  par l es  observations  de  l 'effet Doppler,  est donnée  par 
l a  méthode de  B ingöl  et a l . ,  référence  [1 1 ] ,  avec des  extensions  par Albers  et a l . ,  
référence  [1 2 ] .  

I l  convient  que  l ' u ti l i sateur consu l te  l e  fabrican t du  d isposi ti f de  té lédétection  pour connaître  l a  
mei l l eure  man ière  d 'évaluer l ' i ncerti tude  du  d isposi ti f spéci fique  sur l e  s i te  d 'essai .   

L.4.6  Incerti tude due  aux effets  de  montage  

L' incerti tude  du  d isposi ti f de  té lédétection  due  à  un  n i ve l lement non  i déal  du  d ispos i ti f doi t  
être  estimée.  L' i ncerti tude  dépend  fortement du  type  d ' instrument u ti l i sé.   

L.4.7  Incerti tude due  à  l a  variation  de  l 'écou lement sur l e  si te  

La même i ncerti tude  que  dans  l 'appl ication  d 'un  mât doi t être  prise  pour hypothèse  pour cette  
i ncerti tude,  c'est-à-d i re  une  incerti tude-type  de  2  %  en  termes  de  composante  de  vi tesse  
horizon tale  du  vent  pour une  p lage  de  d istances  de  2  à  3  d iamètres  de  rotor,  et  u ne  
i ncerti tude-type  de  3  %  pour une  p lage  de  d i stances  de  pl us  de  3  d iamètres  de  rotor.  
Lorsqu 'un  RSD est  u ti l i sé,  c'est l a  d istance  horizon tale  entre  l e  centre  du  volume d 'essai  du  
RSD et l a  posi tion  de  l 'éol ienne  en  essai  qu i  doi t être  prise  en  compte.  

L.5 Contrôles  supplémentaires  

L.5. 1  Survei l lance  de  l a  performance  du  d isposi ti f de  télédétection  sur l e  si te  
d 'appl ication  

Un  mât météorolog ique  d 'au  moins  40  m  ou  l a  hau teur de  l 'extrém i té  in férieure  de  l 'éol ienne  
soum ise  à  l 'essai  do i t  être  appl i qué(e)  l ors  de  l 'essai  de  courbe  de  pu issance  pour survei l l er 
l es  performances  du  d isposi ti f de  té lédétection .  Le  montage  du  mât météorolog ique  et du  
d isposi ti f de  té lédétection ,  a ins i  que  la  préparation  des  données,  doiven t satisfai re  aux 
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exigences  décri tes  en  L. 2. 2  et L . 2 . 3 ,  sauf que  le  mât météorolog ique  est  re lativement peu  
é levé  et qu ' i l  peu t être  équ ipé  de  capteurs  de  référence  un iquement en  son  sommet.  Les  
données  doiven t être  anal ysées  conformément à  L. 5. 1  et à  L. 5. 3.  

L.5.2  Identi fication  du  dysfonctionnement  du  d isposi ti f de  télédétection  

Les  tracés  de  chronogramme des  mesures  du  ven t (vi tesse  du  ven t et  d i rection  du  vent)  
réa l isés  avec l e  mât météorolog ique  doivent être  comparés  à  ceux des  mesures  du  vent 
respectives  du  d ispos i ti f de  té lédétection .  De  p lus ,  l es  d iagrammes de  d ispers ion  des  
mesures  de  l a  vi tesse  du  vent et de  l a  d i rection  du  vent du  d isposi ti f de  té lédétection  par 
rapport aux mesures  respecti ves  réal isées  avec l e  mât météorolog ique  doiven t être  exam inés.  
Les  périodes  de  données  aberran tes  ou  d 'autres  anomal ies  évidentes  doivent être  exclues  de  
l 'essai  de  courbe  de  pu issance.  

L.5.3  Contrôle  de  cohérence  de  l 'évaluation  des  incerti tudes  systématiques  du  
d ispositi f de  télédétection  

I l  est à  noter que  le  présent paragraphe ne  s 'appl ique  pas  s i  l ' éta lonnage du  RSD a  l i eu  en  
même temps  que  l a  mesure  de  performance de  pu issance.  La  comparaison  et l 'anal yse  des  
mesures  du  d ispos i ti f de  té lédétection  et des  capteurs  de  référence aux hau teurs  de  mesure  
communes,  l orsqu 'e l les  son t réa l isées  dans  le  cadre  d 'un  essai  d 'éta lonnage conformément à  
l 'Article  L . 3 ,  doivent être  répétées  avec le  mât météorolog ique  sur l e  s i te  d 'essai  de  courbe  de  
pu issance  pendant tou te  l a  durée  de  l a  période  de  mesure  de  l a  courbe  de  pu issance.  I l  est 
prévu  que  l a  va leur absolue  de  l 'écart moyen  des  mesures  du  d ispos i ti f de  té lédétection  et du  
capteur de  référence  par tranche  de  vi tesse  du  vent l ors  de  l 'essai  de  courbe  de  pu issance ne  
dépasse  pas  l a  racine  carrée  de  l a  somme des  carrés  des  composan tes  d ' incerti tude  
su ivantes:  

a)  l ' i ncerti tude-type  de  catégorie  B  de  la  mesure  du  d isposi ti f de  té lédétection  résu l tant de 
l 'essai  d 'éta lonnage  réal isé  avant l 'essai  de  courbe  de  pu issance,  évaluée  en  tota le  
conform ité  avec L. 4. 3;  

b)  l es  effets  systémati ques  des  variables  envi ronnementa les  sur l es  performances  du  
d ispos i ti f de  té lédétection  l ors  de  l 'essai  de  courbe  de  pu issance,  évalués  conformément à  
l ' équation  donnée  en  L. 4 . 4 ,  en  ne  tenan t compte  que  des  écarts  moyens  des  variables  
envi ronnementa les  d ' i n fl uence l ors  de  l 'essai  de  courbe  de  pu issance et de  la  mesure  
d 'éta lonnage qu i  l e  précède.  

S i  l a  va leur absolue  de  l 'écart moyen  des  mesures  du  d isposi ti f de  tél édétection  et d u  capteur 
de  référence dépasse  cette  prévis ion  dans  une  certa ine  tranche  de  vi tesse  du  vent,  l a  
d i fférence  en tre  l 'écart  vra i  et  l 'écart prévu  est  cons idérée  comme une  composante  
d ' incerti tude  de  catégorie  B  supplémenta ire  de  l a  mesure  du  d i spos i ti f de  té lédétection  lors  de  
l 'essai  de  courbe  de  pu issance dans  lad i te  tranche  de  vi tesse  du  ven t.  Pour les  hauteurs  de  
mesure  du  d isposi ti f de  té lédétection  non  capturées  par l e  mât météorolog ique  sur l e  s i te  
d 'essai  de  courbe  de  pu issance,  cette  i ncerti tude  supplémentai re  doi t être  calcu lée  comme 
su i t:  
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où  

uadded_systematic , j, i  est l ' i ncerti tude-type  ajoutée  de  catégorie  B  à  l a  hauteur de  mesure  j  
(non  couverte  par l e  mât  météorolog ique) ;  

uadded_systematic , 1 , i  est l ' i ncerti tude  aj outée  de  catégorie  B  à  l a  hau teur de  l a  tête  du  mât 
météorolog ique;  

usystematic , j, i  son t l es  au tres  incerti tudes  cumu lées  de  catégorie  B  du  d isposi ti f de  
té lédétection  à  l a  hauteur j;  

usystematic , 1 , i  son t l es  au tres  incerti tudes  cumu lées  de  catégorie  B  du  d ispos i ti f de  
té lédétection  à  l a  hauteur de  l a  tête  du  mât météorolog ique.  
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L' incerti tude  de  mesure  a joutée  de  catégorie  B  doi t être  cumu lée  aux autres  i ncerti tudes  de  
catégorie  B  des  mesures  du  d isposi ti f de  té lédétection  dans  la  quadrature.  

L.5.4  Essai  i n  si tu  du  d isposi ti f de  télédétection  

Pour véri fi er l a  cohérence de  l a  précis ion  des  mesures  du  d ispos i ti f de  télédétection  tout  au  
l ong  de  l a  campagne de  mesure  de  la  courbe  de  pu issance,  le  mât météorolog ique  présent 
sur l e  s i te  d 'essai  peu t être  u ti l i sé  pour procéder à  un  essai  i n  s i tu  du  d isposi ti f de  
té lédétection ,  s 'apparen tan t à  l 'essai  i n  s i tu  défin i  à  l 'Annexe  K.  S i  un  essai  i n  s i tu  est réal isé,  
i l  d oi t l 'être  pour tou tes  les  hau teurs  de  mesure  communes  couvertes  par l e  mât 
météorolog ique  et l e  d ispos i ti f de  té lédétection .  

Un  essai  i n  s i tu  réuss i  peu t remplacer une  répéti ti on  de  l 'essai  d 'étalonnage  après  l 'essai  de  
courbe  de  pu issance.  

L.6 Autres  exigences  spécifiques  à  l 'essai  de  courbe de puissance  

Avan t d 'u ti l i ser l e  d ispos i ti f de  té lédétection  pour l es  mesures  de  l a  courbe  de  pu issance,  un  
essai  de  classi fication  conforme à  l 'Article  L. 2  et un  essai  d 'éta lonnage  conforme à   
l 'Article  L. 3  doivent être  réal isés.  Par a i l l eurs ,  l ' essai  d 'éta lonnage peut être  réal isé  l ors  de  
l 'essai  de  courbe  de  pu issance.  S i  l 'essai  d 'éta lonnage n 'est pas  réal isé  su r l e  s i te  d 'essai  de  
courbe  de  pu issance,  l e  d isposi ti f de  té lédétection  doi t être  stocké  ou  do i t ê tre  d i rectement 
achem iné  vers  l 'emplacement où  doi t  avoir l ieu  la  campagne de  courbe  de  pu issance à  l ' i ssue  
de  l 'essai  d 'éta lonnage.  L'essai  d 'éta lonnage doi t ê tre  répété  après  l 'essai  de  courbe  de  
pu issance.  D 'autre  part,  un  essai  in  s i tu  du  d ispos i ti f de  té lédétection  par rapport au  mât 
météorolog ique  présent sur le  s i te  d 'essai  de  courbe  de  pu issance peu t être  réa l isé.  Les  
écarts  de  méthodolog ie  d 'essai  d 'éta lonnage  qu ' impl i que  l 'essai  in  situ  d o ivent être  tra i tés  
comme l es  écarts  des  éta lonnages  d 'anémomètre  à  coupel l es  défin is  dans  l a  présente  norme.  

S i  une  hau teur de  mesure  exigée  pour l 'essai  de  courbe  de  pu issance est comprise  entre  
deux hau teurs  de  mesure  d ispon ibles  depu is  l 'essai  d 'étalonnage ou  l 'essai  de  class i fication ,  
une  i n terpolation  l i néai re  des  résu l tats  de  l 'essai  d 'éta lonnage ou  de  l 'essai  de  class i fication  
en  fonction  de  l a  hau teur doi t être  réal isée.  I l  convient de  ne  pas  extrapoler de  façon  
l i néaire 42  l es  résu l tats  de  l 'essai  d 'éta lonnage ou  de  l 'essai  de  cl assi fication .  S i  l es  mesures  
exigées  pour le  ca lcu l  de  l a  vi tesse  du  ven t équ iva len te  du  rotor dépassent l a  p lage  de  
hau teurs  couverte  par l 'essai  d 'éta lonnage  ou  l 'essai  de  class i fication ,  une  i ncerti tude  
supérieure  à  ce l le  dépendan t de  l a  hau teur l a  p l us  proche couverte  par l 'essai  d 'éta lonnage 
ou  l 'essai  de  cl assi fication  doi t  ê tre  prise  en  compte.  

Dans  certains  cas,  i l  est u ti l e  de  procéder à  un  éta lonnage  du  s i te  su r un  terrain  su ffisamment 
peu  complexe  pour satisfai re  aux exigences  de  l 'Annexe B .  S i  l e  d ispos i ti f de  té lédétection  est 
u ti l i sé  con jo in tement avec une  mesure  de  l 'éta lonnage du  s i te ,  l e  volume de  mesure  doi t être  
cen tré  horizon ta lement à  1 0  m  près  ou  1 0  %  de  la  hauteur du  moyeu  H  du  mât 
météorolog ique  de  référence,  se lon  l a  va leur l a  pl us  importante.  S i  un  éta lonnage du  s i te  
n 'est pas  exigé,  l e  d ispos i ti f de  té lédétection  peu t être  p lacé  conformément aux exigences  
de  6. 3. 2 .  Dans  l es  deux cas,  l ors  de  l 'acqu is i ti on  des  mesures  de  l a  vi tesse  du  ven t à  l a  
hau teur du  moyeu ,  les  extrêmes  du  volume de  mesure  à  l a  hau teu r du  moyeu  H n e  doiven t 
pas  être  p lus  proches  de  l 'éol ienne  à  l 'essai  que  l a  d istance  2D,  où  D  est l e  d iamètre  du  rotor,  
et l e  centroïde  du  volume de  mesure  ne  doi t pas  être  à  une  d istance  supérieure  à  4D  par 
rapport à  l 'éol i enne  à  l 'essai .  Cela  est présenté  à  l a  F igure  L. 7,  dans  l aquel le  une  géométrie  
de  ba layage con ique  inversé  est u ti l i sée  à  ti tre  d 'exemple  un iquement:  cette  l i gne  d i rectrice  
ne  se  l im i te  pas  à  cette  géométrie  de  balayage particu l ière.  Les  extrêmes  du  volume de  
mesure  à  tou tes  l es  hau teurs  évaluées  pour l 'essai  de  courbe  de  pu issance doiven t se  trouver 
à  l 'extérieur d 'une  sphère  centrée  sur l a  pos i ti on  et l a  hau teur du  moyeu  d 'une  éol ienne  de  
rayon  égal  à  2  d iamètres  de  rotor de  l 'éol i enne  respective.  

___________ 

42  D 'au tres  types  d 'extrapolati on  son t adm is  tan t  qu ' i l s  son t  prudents.  
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Measurement  vol ume Volume de  mesure  

Centroi d  Centroïde  

Hub  hei ght  Hau teu r du  moyeu  

Test  tu rbi ne  Eol i enne  d 'essai  

Figure L.7  – Exemple  de  p lage d 'emplacements  admise  du  volume de  mesure  

Les  volumes  de  sonde  dans  l esquels  l e  d ispos i ti f de  té lédétection  acqu iert une  mesure  de  
vi tesse rad ia le  ne  doiven t être  soum is  à  aucun  s i l l age  et à  aucune perturbation  de  
l 'écou lement dû  aux éol iennes  et aux obstacles  décri ts  à  l 'Annexe A.  Pour p lus  de  clarté:  

a)  l e  volume de  mesure  est  l a  zone  dans  l aquel le  les  caractéristi ques  d 'écou lement du  vent 
peuvent i n fluencer une  mesure  de  l a  vi tesse  du  ven t,  et  est défi n i  par l a  géométrie  de  
balayage,  l a  configuration  du  d isposi ti f ou  l 'agencement des  mu l ti ples  faisceaux qu i  
pénètrent  dans  l e  volume  afin  d 'acquéri r cette  mesure;  

b)  l e  volume de  sonde  est la  zone  à  parti r de  l aquel le  une  seu le  mesure  physique  
consti tuan te  du  décalage  Doppler,  de  l a  vi tesse  rad ia le  ou  de  l a  vi tesse  de  vue  l i néaire,  
par exemple,  est acqu ise,  don t pl us ieurs  sont en  général  exigées  pour dédu i re  une  
mesure  de  l a  vi tesse  du  ven t.  Le  volume de  sonde  est une  caractéristi que  de  l ' i n teraction  
physique  de  base  du  d ispos i ti f de  télédétection  avec l 'atmosphère,  p l u tôt que  de  l a  
mesure  de  la  vi tesse  du  vent dédu i te  de  ces  i n teractions,  qu i  est déterm inée  par 
l 'écou lement à  l ' i n térieur du  volume de  mesure.   

I l  convien t de  procéder aux mesures  spéci fiques  au  d isposi ti f conformément aux consei ls  et  
l i gnes  d i rectrices  des  fabrican ts  du  d ispos i ti f de  té lédétection  u ti l i sé.  I l  s 'ag i t  de  satisfai re  aux 
exigences  générales  en  matière  de  hauteur de  mesure.  

La  configuration  du  d i sposi ti f de  té lédétection ,  l es  paramètres  de  fonctionnement,  l es  
l og iciels/m icrog icie ls  et l es  composants  matérie ls  l iés  aux performances  u ti l i sés  l ors  de  l 'essai  
de  courbe  de  pu issance  doiven t être  l es  mêmes que  ceux u ti l i sés  l ors  de  l 'essai  de  
cl assi fication  et de  l 'essai  d 'étalonnage du  d isposi ti f.  I l  ne  doi t être  apporté  aucune  
mod i fication  importante,  qu i  pourrai t affecter l es  performances  en tre  l 'essai  d 'éta lonnage,  de  
cl assi fication  et de  courbe  de  pu issance.  

S i  l e  mât météorolog ique  d ispon ib le  pour l 'essai  de  courbe  de  pu issance n 'atte in t  pas  l a  
hau teur du  moyeu ,  l a  press ion  atmosphérique  mesurée  par les  i nstruments  du  mât 
météorolog ique  doi t  être  aj ustée  à  l a  hau teur du  moyeu  conforme à  l a  présente  norme.  En  
ou tre,  l a  température  de  l 'a i r sera  aj ustée  à  l a  hauteur du  moyeu  en  prenan t pour h ypothèse  
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que  l 'a tmosphère  varie  conformément à  l ' I SO  2533: 1 975.  Une  méthode  a l ternative  cons iste  à  
monter un  capteur de  température  sur l a  nacel le  de  l 'éol ienne.  Le  capteur doi t être  monté  au  
moins  un  mètre  (1  m )  au-dessus  de  l a  nacel l e  et du  côté  exposé au  ven t des  systèmes  de  
ven ti lation  existants ,  l e  cas  échéant.  Les  effets  de  l a  nacel le  sur l e  capteur doiven t être  
l im i tés  conformément à  l ' I EC 61 400-1 2-2 .   

Les  mesures  su ivan tes  son t exigées  pour l 'essai  de  courbe  de  pu issance,  l 'essai  d 'éta lonnage 
et l ' essai  de  cl ass i fication  s i  l e  d ispos i ti f de  té lédétection  exige  l e  fi l trage  des  données  
respectives  pour assurer des  mesures  exactes:  

a)  mesure  des  précip i tations;  

b)  mesure  de  l a  hau teur des  nuages;  

c)  mesure  du  n i veau  de  bru i t acoustique  ambian t.  

La  nécessi té  de  ces  mesures  doi t être  ra isonnablement évaluée  l ors  de  l 'essai  de  
cl assi fication .  

L.7  Rapports  

L.7. 1  Rapport commun  sur l 'essai  de  classification ,  l 'essai  d 'étalonnage et  l a  
survei l lance du  d isposi ti f de  télédétection  lors  de  l 'appl ication  

Les  rapports  re lati fs  à  l 'essai  de  class i fication ,  à  l 'essai  d 'éta lonnage  et  à  la  survei l l ance  du  
d isposi ti f de  té lédétection  l ors  de  l 'appl ication  doivent con ten ir l es  i n formations  communes  
su ivantes:  

a)  tous  l es  déta i l s  du  montage  de  l a  mesure  de  référence et tous  l es  détai l s  du  s i te  d 'essai ,  
exigés  dans  le  cadre  d 'un  essai  de  courbe  de  pu issance;  

b)  tous  l es  détai ls  du  montage  du  d ispos i ti f de  té lédétection ,  y compris  sa  pos i ti on  exacte,  sa  
posi tion  re lative  par rapport  au  mât météorolog ique  de  référence,  l 'orien tation ,  l a  vers ion  
et  l e  montage  du  l og iciel  d 'exploi tation ,  l 'ang le  de  pas  et l ' ang le  de  rou l is  et sa  
survei l l ance;  

c)  l e  numéro  de  série  et l e  type  de  d isposi ti f de  té lédétection ;  

d )  l a  période  de  mesure;  

e)  l a  description  de  l 'anal yse  de  données,  y compris  l e  fi l trage;  

f)  l a  présentation  des  données  bru tes  (voir l 'Article  L. 3);  

g )  l 'anal yse  par tranche de  l a  mesure  du  d isposi ti f de  té lédétection  par rapport à  l a  mesure 
de  référence,  y compris  l a  documentation  graph ique  et  tabu lai re  (voir l 'Arti cle  L. 3  et L. 4. 3) ;  

h )  l 'anal yse  de  l ' i ncerti tude  des  mesures  de  référence,  se lon  l e  cas  (voir L. 4 . 2);  

i )  l es  cond i tions  environnementales  lors  de  l 'essai  restant après  l e  fi l trage  de  tou tes  les  
données:  au  moins  tou tes  l es  variables  ayan t un  impact s i gn i ficati f sur l a  précis i on  du  
d isposi ti f de  té lédétection  résu l tan t de  l 'essai  de  cl assi fication  doiven t être  documentées.  
Chacune de  ces  variables  doi t être  tracée en  fonction  de  l a  vi tesse  du  vent à  l a  hau teur 
d 'évaluation ,  et  doi t  être  moyennée  par tranche par rapport à  cette  vi tesse  du  ven t avec 
une  l argeur de  0, 5  m /s  cen trée  sur des  entiers  mu l tiples  de  0 , 5  m /s.  De  p lus,  l a  réparti tion  
de  ces  variables  doi t être  i nd iquée.  Pour l a  survei l l ance  des  performances  lors  de  l 'essai  
de  courbe  de  pu issance,  cette  documentation  se  l im i te  aux mesures  d ispon ibles  des  
cond i ti ons  environnementa les;  

j )  tous  l es  certi ficats  d 'éta lonnage de  tous  l es  capteurs  de  référence et  du  système 
d 'acqu is i ti on  de  données.  

L.7.2  Rapport supplémentai re  sur l 'essai  de  classification  

Le rapport re lati f à  l 'essai  de  cl ass i fication  doi t conten i r l es  i n formations  su ivan tes,  en  p lus  de 
cel l es  données  en  L. 7. 1 :  
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a)  l es  d iagrammes de  d ispersion  des  données  sur 1 0  m in  et  l es  moyennes  de  tranche  l i ées  à  
l ' anal yse  de  sens ib i l i té  pour toutes  l es  variables  prises  en  compte  (voi r  L. 2. 4);  

b)  l a  description  et l a  j usti fication  du  choix des  variables  envi ronnementa les  prises  en  
compte;  

c)  l a  documentation  complète  du  processus  d ' i den ti fication  et d 'é l im ination  des  variables  
envi ronnementales  non  s i gn i ficatives;  

d )  l a  documentation  complète  du  processus  d 'examen  des  i n tercorrélations  des  variables  
envi ronnementa les  prises  en  compte;  

e)  l es  paramètres  de  sens ib i l i té ,  l es  sensib i l i tés ,  les  coefficien ts  de  corrélation ,  l es  valeurs  
moyennes  et l es  écarts-types  de  toutes  l es  variables  prises  en  compte  (voi r Article  L. 2);  

f)  l es  p lages  de  variables  envi ronnementales  prises  en  compte  pour l a  cl ass i fication ;  

g )  l e  choix de  l a  méthode  de  class i fication ;  

h )  l es  résu l tats  de  l a  class i fi cation  pour l es  p lages  des  paramètres  défin ies  au  Tableau  L. 3.  

L.7.3  Rapport supplémentai re  sur l 'essai  d 'étalonnage  

Le rapport re lati f à  l 'essai  d 'éta lonnage doi t conten ir l es  i n formations  su ivan tes,  en  p l us  de  
cel l es  données  en  L. 7. 1 :  

a)  l ' i ncerti tude-type  du  d i spos i ti f de  té lédétection  résu l tan t de  l 'essai  d 'étalonnage  
(voir L. 4 . 3) ;  

b)  s i  l 'essai  d 'étalonnage  est répété  après  l 'essai  de  courbe  de  pu issance:  l a  comparaison  
des  résu l tats  des  essais  d 'éta lonnage et  l es  conséquences  de  cette  comparaison ;  

c)  l e  rapport supplémentaire  re lati f à  l a  survei l l ance  du  d ispos i ti f de  té lédétection  l ors  de  
l 'appl ication ;  

d )  tou te  anomal ie  dans  l es  mesures  (voi r L. 5. 2);  

e)  l a  quan ti té  et les  périodes  des  données  fi l trées  en  fonction  du  contrôle  de  données  
(voir L. 5. 2) ;  

f)  l ' ana l yse  d ' i ncerti tude  (voir L . 4 . 3  et  L . 4 . 4);  

g )  l a  représentation  par tranche  des  cri tères  d 'évaluation  (voi r L. 5 . 3)  et  l ' i ncerti tude  a joutée;  

h )  l a  période  de  formation  et d 'essai ,  l es  résu l tats  et l es  conséquences  de  l 'essai  i n  s i tu ,  
réa l isé  j usqu ' ici .  

L.7.4  Rapport supplémentai re  sur l 'appl ication  

Le rapport relati f à  l ' appl ication  doi t conten ir l es  i n formations  su ivantes,  en  pl us  de  cel l es  
données  en  L . 7 . 1 ;  

a)  l ' évaluation  d ' i ncerti tude  complète  des  mesures  du  d isposi ti f de  té lédétection  (voir  
l 'Article  L . 4) ;  

b)  l a  réal isation  des  mesures  de  masse  volum ique  et  l a  description  des  corrections  de  
données  associées  apportées  à  l a  hauteur du  moyeu .  
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Annexe M  
(informative)  

 
Normal isation  des  données  de  courbe de  puissance  

conformément à  l ' i n tensi té  des  turbu lences  

M.1  Général i tés  

Les  courbes  de  pu issance de  l 'éol ienne  son t i n fluencées  par l ' in tens i té  des  tu rbu lences.  Une  
partie  s ign i ficati ve  de  l 'effet de  l ' i n tens i té  des  turbu lences  est provoquée  par l e  moyennage  de  
l a  pu issance de  sortie  mesurée  et par l a  vi tesse  du  ven t mesurée  sur des  périodes  de  1 0  m in .  
Cet effet peut  être  dédu i t  de  la  re lation  non  l i néaire  en tre  la  pu issance de  sortie  et l a  vi tesse  
du  vent.  Dans  l a  p lage  de  vi tesses  du  ven t pour l aquel l e  l a  pu issance de  sortie  augmente  de  
man ière  proportionnel l e  avec l a  vi tesse  du  vent (chevi l l e  de  l a  courbe  de  pu issance),  l e  
moyennage  sur 1 0  m in  en traîne  une  augmentation  de  l a  pu issance  de  sortie  avec 
l 'augmentation  de  l ' in tensi té  des  turbu lences.  Cela  est notamment l e  cas  en  cas  de  basses  
vi tesses  du  ven t et pour des  vi tesses  du  vent proches  du  coefficient  de  pu issance maximale.  
Dans  l a  p l age  de  vi tesses  du  vent pour l aquel le  l a  pu issance de  sortie  augmente  
proportionnel lemen t moins  que  l a  vi tesse  du  ven t (coude  de  la  courbe  de  pu issance) ,  l e  
moyennage sur 1 0  m in  entraîne  une  d im inution  de  la  pu issance de  sortie  avec l 'augmentation  
de  l ' i n tensi té  des  tu rbu lences.  Cela  est notamment le  cas  au  n i veau  du  coude  de  la  courbe  de  
pu issance  pour des  vi tesses  du  ven t j uste  en  dessous  de  la  vi tesse  du  ven t ass ignée.  

L'Annexe M  décri t une  procédure  de  normal isation  des  données  de  courbe  de  pu issance à  
l ' i n tens i té  des  tu rbu lences  de  référence (voir références  [1 3]  e t [1 4] ) .  L' i n tensi té  des  
tu rbu lences  de  référence peu t être  défin ie  comme une  fonction  de  l a  vi tesse  du  ven t.  La  
procédure  donnée tra i te  un iquement de  l 'effet d u  moyennage sur 1 0  m in  des  données  de 
mesure.  Les  au tres  effets  des  tu rbu lences  sur l a  pu issance  de  sortie  de  l 'éol ienne  ne  son t pas  
couverts  par cette  méthode.  I l  est recommandé d 'appl iquer la  procédure  de  normal isation  des  
tu rbu lences  pour faci l i ter l a  comparaison  en tre  l es  courbes  de  pu issance mesurées  à  
d i fférentes  i n tensi tés  des  turbu lences.  

La  procédure  de  normal isation  des  tu rbu lences  décri te  ici  donne  des  h ypothèses  de  
s impl i fication ,  par exemple  que  l 'éol i enne  su i t à  chaque  i nstant une  courbe  de  pu issance  
donnée indépendante  de  l ' in tensi té  des  turbu lences  et que  l es  fl uctuations  de  l a  vi tesse  du  
ven t concernant l a  tota l i té  de  la  surface  du  rotor pour une  période  de  1 0  m in  sont  
correctement caractérisées  par l ' i n tensi té  des  turbu lences  à  l a  hauteur du  moyeu .  Malgré  l a  
s impl ici té  de  ces  h ypothèses,  l a  méthode permet d 'aj uster l 'effet  du  moyennage  su r 1 0  m in  à  
une  grande  d i vers i té  de  types  d 'éol iennes,  de  tai l l es  de  rotors  et de  p lages  de  turbu lences.  

Une  procédure  destinée  à  estimer l es  i ncerti tudes  dues  aux effets  des  turbu lences  sur l es  
courbes  de  pu issance tan t pour l a  normal isation  des  turbu lences  que  pour l a  non-appl ication  
de  la  normal isation  des  turbu lences  est donnée à  l 'Article  M . 5.  Le  calcu l  d ' i ncerti tude  suggéré  
est également destiné  à  couvri r l es  contributions  aux i ncerti tudes  de  l 'essai  de  courbe  de  
pu issance  dues  aux effets  des  turbu lences  non  l iés  au  moyennage sur 1 0  m in .  

M.2  Procédure de normal isation  des  turbulences  

Pour l a  normal isation  des  turbu lences,  i l  est pris  pour hypothèse  que  l 'éol i enne  su i t à  chaque 
i nstan t une  courbe  de  pu issance donnée,  i ci  défi n ie  comme la  courbe  de  pu issance en  
l 'absence de  turbu lences.  La  déterm ination  de  la  courbe  de  pu issance en  l 'absence de  
turbu lences  est décri te  à  l 'Article  M .3 .  La  F igu re  M . 1  représente  l e  processus  de  
normal isation  des  tu rbu lences.  
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Figu re  M . 6  F i gu re  M . 6  

Zero-tu rbu lence  power cu rve  P0  Cou rbe  de  pu i ssance  en  l ' absence  de  tu rbu lences,  P0  

Measured  data  (1 0-m inu te  averages):  v  and  I Données  mesurées  (moyennées  sur 1 0  m in ):  v  e t  I 

S imu late  power time-series  data  wi th  measured  I:  S imu ler l es  données  temporel l es  de  pu i ssance  avec l a  
va l eu r I mesurée:  

S imu late  power time-series  data  at  Ireference  S imu ler l es  données  temporel l es  de  pu i ssance  
à  Ireference  

Measured  v  (1 0-m inu te  averages)  and  Ireference  Va leu r v  mesurée  (moyennée  sur 1 0  m in )  et  Ireference  

Measured  tu rbi ne  power Pu issance  mesurée  de  l 'éol i enne  

For each  observati on  Pour chaque  observati on  

B in -average  PIreference
 and  v  i n  wind  speed  bi ns  of  

0 , 5  ms  
Moyenne  de  tranche  de  PIreferen ce  

et  de  v  dans  l es  
tranches  de  vi tesse  du  ven t de  0 , 5  ms  

Ireferen ce  power curve  Cou rbe  de  pu i ssance  Ireference  

Figure M .1  – Processus  d 'obtention  d 'une  courbe de  pu issance  pour une in tensi té  des  
turbu lences  spécifique  (Ireference)  

D'après  une  courbe  de  pu issance en  l 'absence de  tu rbu lences  et une  d istribu tion  des  vi tesses  
du  vent sur une  période  de  1 0  m in ,  l a  moyenne  sur 1 0  m in  de  la  pu issance  de  sortie  de  
l 'éol ienne  peu t être  s imu lée  par l 'équation  su ivante:  

 ( ) ( ) ( )dvvfvPvP

v

I∫
∞

=

= ⋅=
0

0sim  (M . 1 )  

 

où  

f(v)  est  l a  d is tribution  des  vi tesses  du  ven t sur 1 0  m in ;  

PI=0(v)  est  l a  courbe  de  pu issance en  l 'absence  de  turbu lences;  

Psim (v)  est  une  moyenne  s imu lée  sur 1 0  m in  de  la  pu issance  de  sortie  mesurée.  

L 'Equation  (M . 1 )  doi t être  appl i quée  aux données  de  la  courbe  de  pu issance (à  chaque 
période  de  1 0  m in)  pour ca lcu ler deux pu issances  de  sortie  s imu lées  pour les  cond i ti ons  
su ivantes:  

1 )  l a  d istribution  des  vi tesses  du  vent est mesurée  sur l a  période  de  1 0  m in  à  l a  hauteur 
du  moyeu .  Une  d istribution  gauss ienne  f(v)  peut être  prise  pour h ypothèse,  p le inement 
déterm inée  par l a  vi tesse  du  ven t moyenne et par l 'écart-type  de  l a  vi tesse  du  ven t 
enreg istrés  pour l a  période  de  1 0  m in .  Pour une  éol ienne  avec con trôle  de  la  
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pu issance acti ve,  l 'Equation  (M . 1 )  doi t ê tre  évaluée  pour l a  vi tesse  du  ven t à  l a  
hau teur du  moyeu  normal isée  à  l a  masse  volum ique  de  l 'a i r.  L'écart-type  à  appl i quer 
est ca lcu lé  comme le  produ i t de  l ' in tens i té  des  turbu lences  mesurée  (écart-type  de  l a  
vi tesse  du  ven t d i visé  par la  vi tesse  du  ven t moyenne à  l a  hau teur du  moyeu)  et de  l a  
vi tesse  du  ven t moyenne normal isée  à  la  masse  volum ique  de  l 'a i r (à  l a  hauteur du  
moyeu).  

2)  une  d istribution  gaussienne  des  vi tesses  du  ven t avec l a  moyenne  sur 1 0  m in  de  la  
vi tesse  du  vent mesurée  à  l a  hauteur du  moyeu  est associée  à  un  écart-type  égal  au  
produ i t  de  l a  moyenne  sur 1 0  m in  de  la  vi tesse  du  ven t mesurée  à  l a  hauteur du  
moyeu  et de  l ' in tens i té  des  turbu lences  de  référence.  Pour une  éol ienne  avec con trôle  
de  l a  pu issance  acti ve,  l 'Equation  (M . 1 )  do i t  être  évaluée  pour l a  vi tesse  du  ven t 
normal isée  à  l a  masse  volum ique  de  l 'a i r (à  l a  hauteur du  moyeu ).  

La  pu issance de  sortie  mesurée  est a lors  normal isée  à  l ' i n tens i té  des  tu rbu lences  de  
référence  à  l 'a i de  de  l 'équation  su ivan te:  

 ( ) ( ) ( ) ( )vPvPvPvP I,I,I refref simsim +−=  (M . 2)  

 

où  

( )vP  est  l a  moyenne sur 1 0  m in  de  l a  pu issance  de  sortie  mesurée;  

( )vP I,sim  est l a  moyenne s imu lée  sur 1 0  m in  de  la  pu issance de  sortie  mesurée  

conformément à  l a  cond i tion  1  ci -dessus:  Equation  (M . 1 )  appl iquée  pour l a  
d istribu tion  des  vi tesses  du  ven t mesurée  (vi tesse  du  vent moyenne  et i n tens i té  
des  turbu lences  mesurées);  

( )vP I, refsim  est l a  moyenne  s imu lée  sur 1 0  m in  de  la  pu issance  de  sortie  mesurée  

conformément à  l a  cond i ti on  2  ci -dessus:  Equation  (M . 1 )  appl iquée  pour l a  
vi tesse  du  ven t moyenne  mesurée  et pour l ' i n tensi té  des  turbu lences  de  
référence  Iref  en  retenant pour h ypothèse  une  d istribution  gauss ienne  des  
vi tesses  du  ven t.  

Pour une  éol i enne  à  régu lation  par décrochage,  l 'Equation  (M .2)  doi t ê tre  appl i quée  avec l a  
pu issance  de  sortie  mesurée  normal isée  à  l a  masse  volum ique  de  l 'a i r.  

Les  données  du  coefficien t de  pu issance (un iquement desti nées  à  l a  représen tation  
graph ique  des  mesures)  doivent  être  calcu lées  sur l a  base  de  l a  pu issance de  sortie  
normal isée  à  l ' in tens i té  des  turbu lences  de  référence.  Pour une  éol ienne  à  régu lation  par 
décrochage,  l es  données  du  coefficient  de  pu issance doiven t être  calcu lées  sur la  base  de  l a  
pu issance  de  sortie  normal isée  à  l ' i n tensi té  des  turbu lences  de  référence a ins i  que  sur l a  
base  de  l a  masse  volum ique  de  l 'a i r de  référence,  et non  sur l a  base  de  l a  masse  volum ique  
de  l 'a i r mesurée.  

M.3 Détermination  de  la  courbe de  puissance en  l 'absence de turbulences  

Une courbe  de  pu issance  i n i ti ale  en  l 'absence de  tu rbu lences  est calcu lée  d 'après  la  courbe  
de  pu issance  moyennée  par tranche normal isée  à  l a  masse  volum ique  de  l 'a i r.  E l l e  n 'est en  
revanche pas  normal isée  à  l ' i n tensi té  des  tu rbu lences  et aucune correction  selon  l e  
cisai l l ement du  ven t n 'a  été  apportée.  Pour une  prem ière  approche,  l a  courbe  de  pu issance 
i n i tia le  en  l 'absence de  turbu lences  est déterm inée  de  l a  man ière  su ivan te  (voir également l a  
F igure  M . 2  et  la  F igure  M .3) :  

a)  par h ypothèse,  l a  pu issance de  sortie  est nu l le  en  dessous  de  la  vi tesse  de  démarrage .  
Pour une  prem ière  approche,  la  vi tesse  de  démarrage  est défin ie  sur l a  vi tesse  du  vent 
moyenne de  la  tranche  de  vi tesse  du  vent dans  l aquel l e  l a  pu issance de  sortie  mesurée  
atte in t  au  moins  0, 1  %  de  l a  pu issance  assignée;  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 521  – 

b)  par h ypothèse,  le  coefficien t de  pu issance constante  cP  est égal  au  coefficient de  
pu issance maximale  cP,max  en tre  la  vi tesse  de  démarrage  et l a  vi tesse  du  vent ass ignée.  
Cette  hypothèse  correspond  à  une  augmentation  de  l a  pu issance  de  sortie  avec le  cube  
de  la  vi tesse  du  ven t.  La  courbe  de  pu issance  i n i ti ale  en  l 'absence de  tu rbu lences  doi t 
être  ca lcu lée  à  l 'a i de  de  cette  hypothèse  et sur l a  base  de  la  masse  volum ique  de  l 'a i r de  
référence en tre  l a  vi tesse  de  démarrage  et la  vi tesse  du  ven t ass ignée par i ncréments  
don t l es  valeurs  ne  dépassent pas  0 , 1  m /s.  Pour une  prem ière  approche,  l e  coefficient de  
pu issance maximale  cP,max  d o i t  être  établ i  comme le  coefficien t de  pu issance  maximale  de 
l a  courbe  de  pu issance  moyennée par tranche  mesurée;  

c)  ca lcu l  de  la  vi tesse  du  vent ass ignée vrated  à  parti r de  la  pu issance  assignée  Prated ,  de  la  
surface  A  balayée par l e  rotor,  d u  coefficient de  pu issance maximale  cP,max  e t  de  la  masse  

volum ique  de  l 'a i r de  référence ρ  d e  l a  man ière  su ivante:  .  
3

1

maxP,

rated
rated

2











⋅⋅

⋅
=

Ac

P
v

ρ
.  Pour 

une  prem ière  approche,  l a  pu issance assignée  est établ i e  à  l a  pu issance de  sortie  
moyennée  par tranche  l a  p l us  é levée  de  tou tes  l es  tranches  de  vi tesse  du  ven t;  

d )  l a  pu issance de  sortie  est égale  à  la  pu issance assignée pour l es  vi tesses  du  ven t 
supérieures  à  l a  vi tesse  du  ven t ass ignée  vrated .  Pour une  prem ière  approche,  la  
pu issance  assignée est établ ie  à  l a  pu issance de  sortie  moyennée par tranche  l a  p l us  
é levée  de  toutes  les  tranches  de  vi tesse  du  vent de  l a  courbe  de  pu issance mesurée.  
Cette  pu issance de  sortie  ass ignée  doi t ê tre  retenue  pour h ypothèse  dans  l e  cas  de  
vi tesses  du  ven t l argement supérieures  aux vi tesses  de  coupure  (p .  ex. :  1 00  m /s)  pour l a  
défin i tion  de  l a  courbe  de  pu issance i n i ti ale  en  l 'absence  de  turbu lences.  
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Various  normal i zati ons  appl i ed  i n  the  order described  i n  
F i gu re  4  

D i fférentes  normal i sations  appl i quées  dans  l 'ord re  
décri t  à  l a  F i gure  4  

Measured  and  normal i zed  data  (1 0 -m inu te  averages)  

•  Wind  speed  v  

•  Tu rb ine  ou tpu t  power 

•  Tu rbu lence  i n tens i ty I 

Données  mesurées  et  normal i sées  (moyennées  su r 
1 0  m in )  

•  Vi tesse  du  vent  v  

•  Pu i ssance  de  sorti e  d e  l 'éol i enne  

•  I n tensi té  d es  tu rbu lences  I 

B i n -average  measured  data  i n  wind  speed  b i ns  of  
0 , 5  m  s–1  to  get:  

•  Power P
i
 

•  Wind  speed  v
i
 

•  Tu rbu lence  i n tens i ty I
i
 

Données  mesurées  de  moyenne  de  tranche  dans  l es  
tranches  de  vi tesse  du  ven t de  0 , 5  m  s–1  pour 
déterm iner:  

•  Pu i ssance  P
i
 

•  Vi tesse  du  vent  v
i
 

•  I n tensi té  d es  tu rbu lences  I
i
 

Rotor area  A  Su rface  d u  rotor A  

Power coeffi cien t  for each  b i n :  Coeffi cien t  de  pu i ssance  pour chaque  tranche:  

I n i ti a l  zero-turbu l ence  power cu rve  parameters  

•  Rated  power:  Prated  =  max (P
i
)  

•  Cu t- i n  speed  vcu t- i n :  l owest v
i
 where  P

i  
>  

0, 001  Pra ted  

•  Ai r densi ty ρ  =  reference  a i r densi ty  

•  Rated  wind  speed :  

•  Power coeffi cien t:  CP , i
 (constant)  

•  Cu t-ou t  wi nd  speed  vcu t-ou t  =  1 00  m  s–1  

Paramètres  de  l a  cou rbe  i n i ti a l e  de  pu i ssance  en  
l 'absence  de  tu rbu lences  

•  Pu i ssance  assignée:  Pra ted  =  max (P
i
)  

•  Vi tesse  de  démarrage  vcu t- i n :  v
i
 m i n imale,  où  

P
i
 >  0 , 001  Prated  

•  Masse  vol um ique  de  l 'a i r ρ  =  masse  volum ique  de  
l 'a i r de  référence  

•  Vi tesse  assignée  du  vent:  

•  Coeffi cien t  de  pu i ssance:  CP , i
 (constan te)  

•  Vi tesse  de  coupure  vcu t-ou t  =  1 00  m  s–1  

F i gu re  M . 4  F i gu re  M . 4  

Figure M .2  – Processus  d 'obtention  des  paramètres  de  l a  courbe  de  pu issance  
in i tiale  en  l 'absence  de  turbu lences  depuis  l es  données  mesurées  
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P  measured  P  mesurée  

P  theory I=0,  fi rst  s tep  P  théorique  l orsque  I=0,  prem ière  étape  

CP  measured  CP  mesuré  

CP  theory I=0,  fi rst  s tep  CP  théori que  l orsque  I=0,  prem ière  étape  

CP , max  set  to  maximum  measured  CP  CP, max  d éfi n i  à  l a  val eu r CP  maximale  mesurée  

Prated  set  to  maximum  measured  P  Prated  défi n i  à  l a  va leur P  maximale  mesurée  

Vrated  determ ined  by Pra ted ,  CP , max,  A  and  ρ  Vrated  déterm iné  par Pra ted ,  CP  max,  A  et  ρ  

v~v3  wi th  cP=cP  from  vcu t- i n  to  vra ted  v~v3  où  cP=cP  de  vcu t- i n  à  vrated  

Vcu t- i n  set  to  fi rst  b i n  average  where  P > 0, 001 *Prated  Vcu t- i n  défin i  à  l a  prem ière  moyenne  de  tranche,  où  
P  >  0 , 001 *Pra ted  

P/Prated  [ - ]  P/Prated  [- ]  

Power coeffi cien t  CP  [ - ]  Coeffi cien t  de  pu i ssance  CP  [- ]  

Wind  speed  at  hub  hei gh t  [m /s]  Vi tesse  du  ven t à  l a  hau teu r d u  moyeu  [m /s[ 

Figure M .3  – Première  approche  pour l a  courbe  de  pu issance  
in i tiale  en  l 'absence  de  turbu lences   

Lors  de  l 'étape su ivan te,  l a  pu issance  assignée,  l a  vi tesse  de  démarrage  et  l e  coefficient de  
pu issance maximale  de  l a  courbe  de  pu issance i n i tia le  en  l 'absence de  turbu lences  doiven t 
être  ajustés.  En  effet,  ces  trois  paramètres  dépenden t de  l ' i n tens i té  des  tu rbu lences  et l eurs  
valeurs  on t été  appl iquées  à  l 'étape  précédente  à  l a  p l ace  des  valeurs  correspondant à  une  
i n tens i té  nu l l e  des  tu rbu lences.  Un  moyennage par tranche  de  l ' i n tensi té  des  turbu lences  
mesurée  doi t  être  réal isé  comme une  fonction  de  l a  vi tesse  du  vent mesurée  à  l a  hau teur du  
moyeu .  Pour une  éol i enne  avec contrôle  de  la  pu issance  acti ve,  l ' i n tensi té  des  turbu lences  
doi t être  moyennée par tranche conformément à  la  vi tesse  du  ven t normal isée  à  l a  masse  
volum ique  de  l 'a i r à  l a  hauteur du  moyeu .  

La  courbe  de  pu issance i n i ti a le  en  l 'absence  de  turbu lences  doi t être  in tégrée  à  une  
d istribu tion  gaussienne  des  vi tesses  du  vent conformément à  l 'Equation  (M . 1 )  avec l a  vi tesse  
du  vent moyenne égale  à  l a  moyenne de  l a  tranche de  l a  courbe  de  pu issance mesurée  et 
avec l 'écart-type  calcu lé  comme le  produ i t  de  l a  vi tesse  du  ven t et  de  l ' i n tensi té  des  
turbu lences  toutes  deux moyennées  par tranche.  La  vi tesse  du  vent  normal isée  à  l a  masse  
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vra ted  d e term i ned  by Prated ,  cp, m ax ,  A  an d  ρ  
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volum ique  de  l 'a i r à  l a  hau teur du  moyeu  doi t ê tre  appl iquée  pour une  éol i enne  avec contrôle  
de  l a  pu issance acti ve.  Avec cette  procédure,  l a  courbe  de  pu issance est s imu lée  pour 
chaque tranche de  vi tesse  du  vent pour l ' i n tens i té  des  turbu lences  mesurée,  a l ors  que  l a  
courbe  de  pu issance  s imu lée  se  réfère  exactement aux mêmes  tranches  de  vi tesse  du  vent 
que  l a  courbe  de  pu issance  mesurée.  La  pu issance  assignée,  la  vi tesse  de  démarrage  et  l e  
coefficien t de  pu issance maximale  de  la  courbe  de  pu issance i n i ti a le  en  l 'absence  de  
turbu lences  doivent a lors  être  ajustés  de  l a  man ière  su ivan te  (voi r F igure  M .4) :  

a)  l a  pu issance ass ignée doi t être  a j ustée  de  man ière  à  ce  que  la  pu issance  maximale  de  l a  
courbe  de  pu issance  s imu lée  corresponde  à  l a  pu issance  maximale  moyennée par 
tranche  de  l a  courbe  de  pu issance  mesurée;  

b)  l a  vi tesse  de  démarrage  doi t être  aj ustée  de  te l le  man ière  que  l a  vi tesse  de  démarrage  de  
l a  courbe  de  pu issance s imu lée  corresponde à  l a  vi tesse  de  démarrage  moyennée par 
tranche  de  l a  courbe  de  pu issance  mesurée.  Pour les  deux courbes  de  pu issance,  la  
vi tesse  de  démarrage  est défin ie  comme l a  tranche  de  vi tesse  du  ven t l a  p lus  basse  dans  
l aquel l e  l a  pu issance  de  sortie  attein t au  moins  0 , 1  %  de  la  pu issance  ass ignée;  

c)  l e  coefficient de  pu issance  maximale  de  l a  courbe  de  pu issance s imu lée  doi t être  aj usté  
de  man ière  à  correspondre  au  coefficient de  pu issance maximale  de  la  courbe  de  
pu issance  mesurée.  

Les  étapes  a)  à  c)  susmentionnées  doivent être  répétées  tou tes  les  trois  à  chaque i tération ,  
dans  l 'ordre  donné,  j usqu 'à  obten ir l a  convergence des  trois  paramètres  dans  les  cond i ti ons  
m in imales  i nd iquées  ci -après:  

a)  l a  pu issance maximale  de  la  courbe  de  pu issance s imu lée  présente  un  écart  ne  
dépassant pas  0, 1  %  de  la  pu issance maximale  moyennée par tranche de  l a  courbe  de  
pu issance  mesurée;  

b)  l a  vi tesse  de  démarrage  de  l a  courbe  de  pu issance s imu lée  présente  un  écart ne  
dépassant pas  0 , 5  m /s  de  l a  vi tesse  de  démarrage  moyennée par tranche  de  la  courbe  de  
pu issance  mesurée;  

c)  l e  coefficient de  pu issance maximale  de  l a  courbe  de  pu issance s imu lée  présente  un  écart 
ne  dépassant pas  0, 01  du  coefficien t de  pu issance maximale  de  l a  courbe  de  pu issance 
mesurée.  

 



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 525  – 

 

Anglais  Français  

Figu re  M . 2  F i gu re  M . 2  

I n i ti a l  zero-tu rbu l ence  power cu rve  parameters :  

•  Rated  power:  Prated  =  max(P
i
)  

•  Cu t-i n  speed  vcu t- i n :  l owest  v
i
 where  P

i
 >  

0 , 001  Pra ted  

•  Ai r densi ty ρ  =  reference  a i r densi ty  

•  Rated  wind  speed :  

•  Power coefficien t:  cP , i
 (constan t)  

•  Cu t-ou t  wi nd  speed  vcu t-ou t  =  1 00  m  s–1  

Paramètres  de  l a  cou rbe  i n i ti a l e  de  pu i ssance  en  
l 'absence  de  tu rbu lences:  

•  Pu i ssance  ass ignée:  Pra ted  =  max(P
i
)  

•  Vi tesse  de  démarrage  vcu t- i n :  v
i
 m i n imale,  où  

P
i
 >  0 , 001  Prated  

•  Masse  vo lum ique  de  l 'a i r ρ  =  masse  volum ique  de  
l 'a i r de  référence  

•  Vi tesse  assignée  du  vent:  

•  Coeffi cien t  de  pu i ssance:  cP , i
 (constan te)  

•  Vi tesse  de  coupure  vcu t-ou t  =  1 00  m  s–1  

I n i ti a l  zero-tu rbu l ence  power curve:  Cou rbe  i n i ti a l e  d e  pu i ssance  en  l 'absence  de  
tu rbu l ences:  

IEC  

In itial  zero-turbulence power curve:

Bin-average 

measured  

data:  and  

Simulated  power for a l l  bin-averaged data:

Initial  zero-turbulence

power curve,  adjusted  

Simulated  power coefficient:

Pass a l l  tests?

Rotor 

area  

Figure 

M.6

Convergence tests:

< 0.5  m  s-1

<0.01

Update power curve parameters

no

yes

In itial  zero-turbulence power curve 

parameters:

• Rated  power:  

• Cut-in  speed :  lowest where 

• Air density = reference air density

• Rated  wind  speed:

• Power coefficient:  (constant)

• Cut-out wind  speed 

100  m  s-1

Figure 

M.2
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v  <  vcu t- i n , th  or v  ≥  vcu t-ou t  v  <  vcu t- i n , th  ou  v  ≥  vcu t-ou t  

B i n -average  measured  data:  v
i
 and  Ii  Données  mesurées  de  l a  moyenne  de  tranche:  v

i
 e t  Ii  

S imu lated  power for a l l  b i n -averaged  data:  Pu i ssance  s imu lée  pour tou tes  l es  données  moyennées  
par tranche:  

Rotor area  A  Surface  d u  rotor A  

S imu lated  power coeffi cien t:  Coeffi cien t  de  pu i ssance  s imu l ée:  

Convergence  tests :  Essais  de  convergence:  

Pass  a l l  tests?  Tous  l es  essais  on t- i l s  été  réussis?  

No  Non  

Update  power cu rve  parameters  Mettre  à  j ou r l es  paramètres  de  l a  cou rbe  de  pu i ssance  

Yes  Ou i  

I n i ti a l  zero-tu rbu l ence  power curve,  ad j usted  P0 , th  Cou rbe  i n i ti a l e  d e  pu i ssance  en  l 'absence  de  
tu rbu lences,  a j ustée  à  P0 , th  

F i gu re  M . 6  F i gu re  M . 6  

Figure M .4  – Processus  d 'obtention  de  la  courbe de  pu issance  théorique en  l 'absence  
de  tu rbu lences  depu is  l es  données  mesurées  

Une convergence  suffisan te  est normalement obtenue  après  la  prem ière  ou  la  seconde  
i tération .  La  F igure  M .5  représente  l a  man ière  don t,  en  règ le  générale,  l es  aj ustements  
mod i fient l a  courbe  de  pu issance in i tia le  en  l 'absence de  turbu lences  à  parti r de  la  
prem ière  étape.  

  



I EC 61 400-1 2-1 : 201 7  © I EC  201 7  – 527  – 

   

Anglais  Français  

P  theory I=0,  fi rst  s tep  P  théorique  l orsque  I =0 ,  prem ière  étape  

P  theory I =0 ,  ad j usted  P  théorique  l orsque  I =0 ,  a j ustée  

cP  theory I =0,  fi rst  s tep  cP  théori que  l orsque  I =0 ,  prem ière  étape  

cP  theory I =0,  ad j usted  cP  théori que  l orsque  I =0 ,  a j ustée  

cP , max  reduced  compared  to  fi rst  s tep  cP , max  i n féri eu re  par rapport  à  l a  prem ière  étape  

Prated  s l i gh tl y i ncreased  compared  to  fi rst  s tep  Prated   l égèrement supérieure  par rapport  à  l a  prem ière  
étape  

Vrated  i ncreased  compared  to  fi rst  s tep  Vrated  supéri eure  par rapport  à  l a  prem ière  étape  

Vcu t- i n  i ncreased  to  fi rst  s tep  Vcu t- i n  supérieure  par rapport  à  l a  prem ière  étape  

P/Prated  [ - ]  P/Prated  [- ]  

Wind  speed  at  hub  hei gh t  [m /s]  Vi tesse  du  ven t à  l a  hau teu r d u  moyeu  [m /s]  

Figure M .5  – Courbe  de  pu issance in i ti ale  en  l 'absence  de  turbu lences  ajustée (verte)  
comparée  à  la  première  approche  (rouge)  

La courbe  de  pu issance en  l 'absence de  tu rbu lences  doi t  a l ors  être  déterm inée  en  appl i quant  
l e  processus  de  normal isation  des  données  décri t  à  l 'Article  M .2  avec l a  courbe  de  pu issance  
en  l 'absence  de  turbu lences  établ i e  à  l a  cou rbe  de  pu issance i n i ti ale  en  l 'absence de  
turbu lences  dans  l 'Equation  (M . 1 )  et,  par hypothèse,  une  in tens i té  des  turbu lences  nu l l e  
(vi tesse  du  vent constan te  pendant la  période  de  1 0  m in).  La  courbe  de  pu issance fi na le  en  
l 'absence de  tu rbu lences  est  obtenue  à  l 'a ide  d 'un  moyennage de  tranche des  données  bru tes  
a ins i  normal isées  de  la  courbe  de  pu issance (voir F igure  M . 6) .  La  courbe  de  pu issance  
moyennée par tranche  doi t être  étendue avec la  pu issance de  sortie  de  l a  tranche de  vi tesse  
du  vent l a  p lus  é levée  largement supérieure  aux vi tesses  de  coupure  (p.  ex. :  1 00  m /s)  l ors  de  
l 'appl ication  des  Equations  (M . 1 )  et (M .2)  pour l es  normal isations  des  turbu lences.   
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Figu re  M . 4  F i gu re  M . 4  

I n i ti a l  zero-tu rbu l ence  power cu rve,  ad j usted  P0 , th  Cou rbe  i n i ti a l e  d e  pu i ssance  en  l 'absence  de  
tu rbu lences,  a j ustée  à  P0 , th  

Measured  data  (1 0-m inu te-averages):  v  and  I Données  mesurées  (moyennées  su r 1 0  m in ):  v  e t  I 

S imu lated  power time-series  data:  Données  temporel l es  de  pu i ssance  s imu lée:  

Measured  data  (1 0-m inu te-averages):  P(v)  Données  mesurées  (moyennées  su r 1 0  m in ):  P(v)  

For each  observati on :  Pour chaque  observati on :  

B i n -average  v  and  P
0
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 Cou rbe  de  pu i ssance  en  l ' absence  de  tu rbu lences,  P

0
 

F i gu re  M . 1  F i gu re  M . 1  

Figure M .6  – Processus  d 'obtention  de  la  courbe de  pu issance  finale  
en  l 'absence de  turbu lences  depu is  l es  données  mesurées  

La F igure  M . 7  donne  une  comparaison  type  de  la  courbe  de  pu issance fina le  en  l 'absence  de  
turbu lences  et  de  l a  courbe  de  pu issance i n i tia le  en  l 'absence  de  turbu lences.  
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P  theory I=0,  ad j usted  P  théorique  l orsque  I =0 ,  a j ustée  

P  theory I =0 ,  fi nal  P  théorique  l orsque  I =0 ,  fi nal e  

cP  theory I =0,  ad j usted  cP  théori que  l orsque  I =0 ,  a j ustée  

cP  theory I =0,  fi nal  cP  théori que  l orsque  I =0,  fi nal e  

P/Prated  [ - ]  P/Prated  [- ]  

Power coeffi cien t  cP  [ - ]  Coeffi cien t  de  pu i ssance  cP  [- ]  

Wind  speed  at  hub  hei gh t  [m /s]  Vi tesse  du  vent  à  l a  hau teu r d u  moyeu  [m /s]  

Figure M .7  – Courbe  de  pu issance in i ti ale  en  l 'absence  de  turbu lences  ajustée (verte)  
comparée  à  la  courbe de  pu issance finale  en  l 'absence de  tu rbu lences  (noire)  

M.4 Ordre de la  correction  du  cisai l lement du  vent (normal isation)  et  de  la  
normal isation  des  turbulences  

En  règ le  générale ,  l 'ordre  d 'appl ication  de  la  correction  (ou  de  l a  normal isation)  du  
cisai l l ement du  vent ou  de  l a  déviation  de  l a  tra jectoi re  du  ven t et de  l a  normal isation  des  
turbu lences  n 'a  pas  d ' in fl uence majeu re  sur l a  courbe  de  pu issance  fi nale.  I l  est p lus  prati que  
d 'appl iquer un iquement l a  normal isation  des  tu rbu lences  sur l a  base  de  la  vi tesse  du  ven t à  l a  
hau teur du  moyeu  (voir l es  Articles  M .2  et M . 3),  mais  e l le  pourrai t l 'ê tre  également sur l a  base  
de  l a  vi tesse  du  vent après  correction  (ou  normal isation)  du  cisa i l l ement du  ven t ou  de  la  
déviation  de  la  traj ectoire  du  ven t l orsque  l es  mesures  de  l a  vi tesse  du  vent sur la  tota l i té  de  
l a  hau teur du  rotor permettent d 'appl iquer l a  correction  du  cisa i l l ement du  ven t.  Enfin ,  l a  
pu issance fina le  doi t  ê tre  calcu lée  à  l 'a ide  d 'un  moyennage  de  tranche  de  l a  pu issance de 
sortie  normal isée  des  turbu lences  par rapport à  l a  vi tesse  du  vent après  correction  (ou  
normal isation)  du  cisa i l l ement du  ven t ou  de  l a  déviation  de  l a  trajectoire  du  ven t.  Pour une  
éol ienne  avec con trôle  de  la  pu issance acti ve,  l a  vi tesse  du  ven t après  correction  (ou  
normal isation)  du  cisai l l ement du  vent doi t être  normal isée  à  l a  masse  volum ique  de  l 'a i r 
avan t de  procéder au  moyennage de  tranche.  Pour une  éol i enne  à  régu lation  par décrochage,  
une  correction  a  déjà  été  apportée  pour l a  masse  volum ique  de  l 'a i r à  l a  pu issance de  sort ie  
normal isée  des  tu rbu lences  se lon  l 'Article  M . 2.  
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M.5 Incerti tude de la  normal isation  des  turbulences  ou  des  courbes  de 
puissance dues  aux effets  des  turbulences  

La  normal isation  des  tu rbu lences  décri te  à  l 'Article  M . 2  et  à  l 'Article  M . 3  a  été  conçue de 
man ière  à  gérer l es  effets  du  moyennage des  données  sur une  période  de  1 0  m in  sur la  
courbe  de  pu issance  évaluée.  L' in tens i té  des  turbu lences  a  d 'au tres  effets  sur l es  courbes  de  
pu issance de  l 'éol ienne;  ces  effets  pourraien t,  par exemple,  ê tre  dus  à  l ' impact d i rect de  
l ' i n tens i té  des  turbu lences  sur l 'aérodynam ique  ou  au  caractère  tri d imensionnel  des  
turbu lences.  En  fi n  de  compte,  la  normal isation  de  l ' i n tens i té  des  turbu lences  consti tue  une  
approche fortement s impl i fiée  de  la  caractérisation  des  variations  de  la  vi tesse  du  ven t à  court 
terme.  I l  pers iste  donc une  i ncerti tude  de  l a  courbe  de  pu issance  évaluée  due  aux effets  des  
turbu lences  éven tuel l es,  même s i  l a  procédure  de  normal isation  des  turbu lences  est  
appl iquée.  La  normal isation  des  turbu lences  é l im ine  souvent  envi ron  la  moi tié  des  effets  
observés  de  l ' i n tens i té  des  tu rbu lences  sur l es  courbes  de  pu issance mesurées  de  l 'éol i enne.  
I l  convien t donc d 'exécuter l es  étapes  ci -dessous  afin  de  calcu ler l ' i ncerti tude  de  l a  
normal isation  des  tu rbu lences:  

a)  l a  courbe  de  pu issance fi nale  moyennée par tranche doi t  être  évaluée  en  fonction  de  la  
pu issance de  sortie  normal isée  des  turbu lences,  a i ns i  q ue  de  l a  pu issance de  sortie  non  
normal isée  des  tu rbu lences;  

b)  i l  do i t être  pris  pour hypothèse  que  l 'écart en tre  ces  deux courbes  de  pu issance 
correspond  à  l ' i ncerti tude  maximale  de  l a  courbe  de  pu issance normal isée  des  
turbu lences  par tranche  de  vi tesse  du  vent,  i ssue  de  l a  normal isation  des  turbu lences.  
L ' incerti tude-type  i ssue  de  l a  normal isation  des  tu rbu lences  par tranche  de  vi tesse  du  ven t 

doi t être  calcu lée  comme étan t l 'écart entre  les  courbes  de  pu issance d i visé  par 3 .  
L ' incerti tude-type  doi t ê tre  combinée  avec l es  au tres  i ncerti tudes  de  l a  mesure  de  
performance de  pu issance  pour déterm iner l ' i ncerti tude-type  tota le,  conformément à  
l 'Annexe D.  

L' incerti tude  des  effets  des  turbu lences  sur l a  mesure  doi t également être  prise  en  compte  s i  
aucune  normal isation  des  turbu lences  n 'est réal i sée,  l ' i ncerti tude  étan t p lus  é levée,  car l a  
courbe  de  pu issance  est  un iquement val i de  pour l es  cond i tions  de  turbu lences  présentes  au  
cours  de  l 'essai  de  performance  de  pu issance et non  pour une  i n tens i té  des  turbu lences  de  
référence  présentant un  écart avec l es  cond i tions  de  l 'essai .  Par conséquent,  s i  aucune  
normal isation  des  turbu lences  n 'est appl iquée,  l 'estimation  su ivante  de  l ' i ncerti tude  due  aux 
effets  des  turbu lences  est recommandée:  

1 )  deux courbes  de  pu issance normal isées  des  tu rbu lences  doiven t être  évaluées  
conformément à  l 'Article  M . 2  et  l 'Article  M . 3  un iquement pour la  déterm ination  de  
l ' i ncerti tude.  Dans  un  prem ier temps,  l a  courbe  de  pu issance doi t être  normal isée  à  une  
i n tens i té  des  turbu lences  extrêmement fa ib le  pu is,  dans  un  second  temps,  doi t  être  
normal isée  à  une  in tens i té  des  turbu lences  extrêmement é levée.  S i  l es  u ti l i sateurs  n 'ont 
pas  prédéfin i  de  l im i tes  d ' i n tensi té  des  tu rbu lences,  l es  valeurs  d ' in tensi té  des  
tu rbu lences  0 , 05  et 0 , 1 5  doivent être  cons idérées  comme l es  i n tensi tés  des  turbu lences  
extrêmes  pour l es  normal isations  des  deux courbes  de  pu issance;  

2)  par hypothèse,  l 'écart  en tre  les  deux courbes  de  pu issance  normal isées  doi t correspondre 
à  la  moi tié  de  l ' i ncerti tude  maximale  due  aux effets  des  tu rbu lences.  L' i ncerti tude- type  
i ssue  de  l a  normal isation  des  tu rbu lences  par tranche  de  vi tesse  du  vent doi t être  calcu lée 
comme l 'écart entre  l es  deux courbes  de  pu issance normal isées  mu l tip l i é  par le  facteur 

32 / .  L ' i ncerti tude-type  doi t  être  composée  avec l es  au tres  i ncerti tudes  pour l a  
déterm ination  de  l ' i ncerti tude  tota le  de  l a  courbe  de  pu issance,  conformément à  
l 'Annexe D;  
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3)  s i  l a  courbe  de  pu issance mesurée  doi t  être  comparée à  une  courbe  de  pu issance qu i  se  
réfère  à  une  in tensi té  des  tu rbu lences  donnée (pouvant dépendre  de  la  vi tesse  du  vent,  
par exemple  une  courbe  de  pu issance garan tie)  et  s i  aucune normal isation  de  la  courbe  
de  pu issance  n 'est réal i sée,  l es  deux i n tensi tés  des  tu rbu lences  extrêmes  appl i quées  à  
l 'étape  1 )  do ivent être  remplacées  par l ' i n tens i té  des  turbu lences  mesurée  moyennée par 
tranche  a ins i  que  par l ' i n tens i té  des  turbu lences  de  référence  de  l a  courbe  de  pu issance à  
comparer pour l e  ca lcu l  d ' i ncerti tude.  
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Annexe N  
(informative)  

 
Procédure d 'étalonnage de la  soufflerie  
pour les  capteurs  de  d irection  du  vent 

N.1  Général i tés  

Cette  procédure  décri t l a  méthode d 'éta lonnage des  d ispos i ti fs  de  détection  de  l a  d i rection  du  
ven t,  notamment des  g i rouettes  et des  anémomètres  à  u l trasons  u ti l i sés  comme d ispos i ti fs  de  
détection  de  l a  d i rection  du  ven t.   

N.2  Exigences  générales  

Les  exigences  générales  pour l 'étalonnage  des  capteurs  de  d i rection  du  ven t son t résumées  
de  la  man ière  su ivante:  

a)  l ' éta lonnage du  capteur de  d i rection  du  vent doi t être  réal isé  dans  une  souffl erie  
fonctionnel le  qu i  est adaptée  à  l 'éta lonnage  des  capteurs  de  d i rection  d u  ven t;  

b)  l ' i nsta l l ation  d 'étalonnage  doi t  être  accréd i tée  conformément à  l ' I SO/I EC  1 7025,  qu i  est la  
norme pour l es  l aboratoires  d 'éta lonnages  et d 'essais ;  

c)  tous  l es  transducteurs  et l e  matérie l  de  mesure  adaptés  à  l 'éta lonnage des  capteurs  de  
d i rection  du  vent doivent présenter des  éta lonnages  traçables.  Les  certi fi cats  et rapports  
d 'éta lonnage  doiven t con ten ir tou tes  l es  in formations  perti nen tes  re lati ves  à  la  traçabi l i té.  
Toutes  l es  normes  de  référence u ti l i sées  pendant l 'éta lonnage des  capteurs  de  d i recti on  
du  ven t doivent être  i nd iquées  dans  l e  rapport  d 'essai  de  la  campagne d 'éta lonnage;  

d )  avan t chaque campagne  d 'étalonnage ( l orsqu 'un  l ot de  capteurs  de  d i rection  du  vent est 
en  cours  d 'éta lonnage),  l ' i n tégri té  du  montage  expérimental  doi t ê tre  véri fi ée  par un  
éta lonnage comparati f du  "capteur de  d i rection  du  ven t de  contrôle  de  qual i té"  de  
l ' i nsta l l ation  d 'éta lonnage;  

e)  des  mesures  de  l a  qua l i té  de  l 'écou lement doivent  être  effectuées  conformément à   
l 'Article  N . 3 ;  

f)  l a  répétabi l i té  de  l 'éta lonnage doi t ê tre  véri fiée  conformément à  l 'Article  N . 3;  

g )  l ' éta lonnage du  capteur de  d i rection  du  ven t doi t s 'appuyer sur une  évaluation  exhaustive 
de  l ' i ncerti tude  d 'éta lonnage,  réa l isée  conformément à  l ' I SO/I EC Gu ide  98-3,  Incertitude 
de mesure – Partie  3: Guide pour l'expression de l'incertitude de  mesure  (GUM  1 995).  

N.3  Exigences  pour la  soufflerie  

La  soufflerie  doi t satisfa i re  aux exigences  données  à  l 'Article  F . 2 .  

La  présence du  capteur de  d i rection  du  vent ne  doi t pas  affecter de  man ière  cons idérable  la  
d i rection  de  l 'écou lement (champ)  dans  l a  soufflerie.  Pendant son  éta lonnage,  l e  capteur de  
d i rection  du  vent peut entraîner une  déviation  de  l 'écou lement qu i  ne  se  produ i t pas  l orsque  
l ed i t  capteur fonctionne  à  l 'a i r l i bre.  Pour main ten i r ces  effets  à  un  n i veau  acceptable,  l e  
rapport d 'obstruction  ne  doi t pas  dépasser 0  pour une  section  d 'essai  ouverte  et 0 , 05  pour 
une  section  d 'essai  fermée.  I l  est défi n i  comme le  rapport de  la  surface  frontale  du  capteur de  
d i rection  du  vent dont l ' a i lette  est a l ignée  avec l 'écou lement et son  système de  montage  à  l a  
surface  tota le  de  l a  section  d 'essai .  

Une  attention  particu l ière  doi t en  ou tre  être  portée  afin  de  véri fi er que  la  d i rection  horizon tale  
de  l 'écou lement de  l a  soufflerie  est paral l è le  à  l 'axe  cen tral  de  l a  section  d 'essai .  Avant de  
procéder à  l 'éta lonnage du  capteur de  d i rection  du  vent,  l 'u n i form i té  du  champ d 'écou lement 
(exigée  par l 'Annexe F)  et  l a  d i rection  de  l 'écou lement doiven t être  évaluées.  La  d i rection  de  
l 'écou lement doi t être  étud iée  par rapport à  l 'axe  cen tral  de  l a  section  d 'essai  à  l 'emplacement 
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représentati f du  capteur de  d i rection  du  ven t à  l 'a i de  de  d ispos i ti fs  de  mesure  de  l 'écou lement 
sens ib les  à  l a  d i rection  (d ispos i ti f de  mesure  de  l 'orientation  con ique  à  deux  trous).  La  
d i rection  horizon tale  de  l 'écou lement mesurée  doi t  être  paral lè le  à  l 'axe  central  de  l a  section  
d 'essai  avec une  marge  de  0, 2° .  L'écart doi t  être  pris  en  compte  dans  l 'évaluation  des  
données.  

L' instal lation  doi t être  soum ise  à  un  examen  approfond i  de  l a  répétabi l i té  des  étalonnages  du  
capteur de  d i rection  du  ven t.  L' i nsta l lation  doi t i nd iquer au  moins  un  capteur de  d i rection  du  
ven t de  référence destiné  à  être  u ti l i sé  pour ces  essais.  Le  ou  les  capteurs  de  d i rection  du  
ven t de  référence doivent un iquement être  u ti l i sés  pour véri fier l a  performance de  cette  
i nsta l l ation  d 'éta lonnage  du  capteur de  d i rection  du  vent a i ns i  que  d 'au tres  instal l ations  de  
fonction  s im i l a i re.  L'examen  de  répétabi l i té  doi t  i nclure  un  m in imum  de  1 0  éta lonnages  du  
capteur de  d i rection  du  ven t de  contrôle  de  qual i té.  L 'essai  de  répétabi l i té  ne  doi t  pas  être  
réal isé  success ivement.  Cet essai  est p lus  représen tati f s i  l es  éta lonnages  sont réa l isés  sur 
un  i n terval l e  de  temps  pl us  espacé.  Cela  fourn ira  une  pl us  large  p lage  de  cond i ti ons  
atmosphériques  au  cours  des  essais .  I l  convien t que  l a  d i fférence maximale  en tre  l es  
éta lonnages  du  même capteur de  référence soi t i n férieure  à  0 , 5°  à  une  vi tesse  du  vent 
de  8  m /s  pendant  toute  l a  du rée  de  l a  mesure  du  capteur de  d i rection  du  ven t à  l 'exclus ion  du  
nord  (g i rouettes),  où  des  cond i ti ons  non  défin ies  existen t habi tuel lemen t.  Ce  processus  doi t  
être  répété  après  tou te  mod i fication  ou  tout rééta lonnage de  l ' i nsta l lation .  I l  doi t être  prouvé  
que  l es  résu l tats  de  l ' i nsta l lation  sont  comparables  à  ceux des  au tres  i nsta l lations  
d 'éta lonnage d 'anémomètres  en  réal isan t des  essais  d 'apti tude,  conformément à  l ' I SO  1 7043.  

I l  convien t que  l 'éta lonnage moyen  du  capteur de  d i rection  du  ven t  de  référence de  
l ' i nsta l lation  (déterm iné  par les  essais  de  répétabi l i té  décri ts  ci -dessus)  soi t  en  adéquation  
avec l e  résu l tat moyen  d 'au tres  i nsta l lations  d 'éta lonnage,  avec un  écart  de  l a  d i rection  de  
l 'écou lement équ ivalen te  ind iquée  de  moins  de  1 °  pour la  total i té  de  la  p l age  de  mesure,  à  
l 'exception  du  nord ,  à  une  vi tesse  du  vent  de  8  m /s.  

N.4 Exigences  de configuration  de l ' instrumentation  et de  l 'étalonnage  

Le  matérie l  déd ié  au  cond i ti onnement du  s ignal  externe,  par exemple  l es  ampl i ficateurs  
d ' instruments,  etc. ,  doi t être  étalonné  séparément du  capteur de  d i rection  du  ven t;  
l 'éta lonnage du  capteur de  d i rection  du  vent  peut  a lors  être  dédu i t  et cons igné  
i ndépendamment du  matérie l  de  cond i ti onnement du  s i gnal .  La  résol u tion  du  système 
d 'acqu is i ti on  de  données  doi t  être  au  m in imum  de  1 2  b i ts .  Une  attention  particu l i ère  doi t 
également être  prêtée  en  cas  d ' instrument de  mesure  de  l a  tension  analog ique  visan t à  
garanti r que  l e  s ignal  est  correctement m is  en  tampon  afin  d 'empêcher son  atténuation  par un  
matérie l  d 'enreg istrement de  fa ib le  impédance.  De  te ls  effets  son t a isément nég l i gés  dans  l e  
sens  où  des  s i gnaux "créd ib les"  son t tou jours  enreg istrés.  Le  système de  mesure  de  l 'ang le  
de  référence doi t être  de  type  d i rect (codage  d 'ang le  d i rect,  comptage  des  i ncréments,  
mesure  de  l a  g randeur proportionnel l e,  par exemple  l a  méthode magnétique,  par i nduction  ou  
poten tiométrique) .  L 'arbre  du  système de  mesure  de  l 'ang le  de  référence doi t être  raccordé  à  
l 'arbre  du  mécan isme de  rotation  du  capteur de  d i rection  du  vent à  l ' a i de  d 'un  couplage  sans  
j eu  en tre-dents .  Le  couplage  doi t ê tre  rés istant aux tors ions  et fl exible  (é lasti que  en  cas  de  
flexion)  afin  d 'é l im iner l e  p lus  poss ible  les  grandeurs  qu i  i n fl uencent l 'assemblage  (tolérances  
de  concen trici té  et ang les  des  deux  axes  de  rotation).  Les  axes  de  rotation  doiven t être  
orientés  de  man ière  concentrique  et  coaxia le.  Le  l ogement du  système de  mesure  de  l 'ang le  
de  référence  doi t  ê tre  fixé  de  man ière  sécurisée  sans  présenter de  j eu  entre-den ts.  Le  
capteur de  mesure  de  l 'ang le  de  référence doi t  ê tre  posi ti onné  dans  la  soufflerie  de  man ière  
auss i  précise  que  possib le ,  et  i l  peut ne  pas  perturber le  capteur de  d i rection  du  vent à  
l 'essai .  L'écart maximal  adm is  est 0 , 1 ° .  La  F igure  N . 1  i l l ustre  un  exemple  de  montage  
d 'éta lonnage dans  une  souffl erie .  

Au  cours  de  l 'éta lonnage,  l e  capteur de  d i rection  du  ven t doi t être  monté  au  sommet d 'un  tube  
afi n  de  rédu i re  le  p lus  poss ib le  l a  d istors ion  de  l 'écou lement.  Ce  tube  doi t présenter l es  
mêmes d imensions  que  celu i  sur l equel  l e  capteur de  d i rection  du  vent sera  monté  pour son  
fonctionnement dans  l 'atmosphère  l i bre.  I l  est importan t de  garan ti r q ue  l e  champ 
d 'écou lement au tour du  capteur de  d i rection  du  ven t n 'est  pas  i n fl uencé par l a  présence  d 'un  
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matérie l  de  mesure  de  l a  vi tesse  du  ven t de  référence.  La  présence du  capteur de  d i rection  
du  ven t ne  doi t donc pas  affecter l a  d i rection  de  l 'écou lement de  façon  s ign i ficati ve.  

Le  capteur de  d i rection  du  vent doi t être  monté  au  n i veau  de  l a  section  d 'essai ,  
perpend icu la i re  au  champ d 'écou lement de  l a  souffl erie,  de  man ière  auss i  précise  que  
poss ib le.  L'écart  maximal  adm is  est 0 , 2° .  L 'a i l ette  doi t  également être  a l i gnée  avec l 'axe  de  
référence/ind icateur du  nord  et main tenue  dans  cette  posi tion  par un  support rég lable  
j usqu 'au  l ancement du  processus  d 'éta lonnage.  Un  a l i gnement précis  du  capteur de  d i rection  
du  ven t et de  son  a i l ette  peu t être  obtenu  grâce  à  un  d isposi ti f approprié,  par exemple  un  
gabari t  mécan ique  ou  l 'u ti l i sation  d 'un  i nstrument optique  (n iveau  laser 2D).  Le  s i gnal  de  
sortie  du  capteur de  d i rection  du  ven t doi t être  exam iné  au  cours  de  l 'éta lonnage pour garan ti r 
qu ' i l  n 'est pas  soum is  à  des  i n terférences  ou  nu isances  sonores.  La  déterm ination  de  l a  
vi tesse  d 'écou lement dans  l a  soufflerie  doi t  ê tre  conforme à  l 'Annexe F.  

Une  attention  particu l i ère  doi t être  prêtée  l ors  de  l 'a l ignement du  capteur de  d i rection  du  ven t 
avec l 'axe  de  référence (axe  central )  d e  la  soufflerie.  L' ind icateur de  référence mécan ique  (en  
règ le  générale,  i nd icateur du  nord)  du  capteur de  d i rection  du  ven t doi t  être  a l i gné  de  man ière  
adéquate  avec l 'axe  de  référence de  l a  soufflerie.  I l  n 'est pas  acceptable  de  réal iser 
l 'a l i gnement angu la i re  du  capteur de  d i rection  du  ven t en  u ti l i san t un iquement son  s ignal  de  
sortie  é lectri que.  Cela  provoquerai t un  écart angu lai re  en tre  l ' ind ication  de  référence externe  
et l a  valeur i nd iquée  par l e  transducteur angu la i re  i n terne  du  capteur de  d i rection  du  ven t.  Cet 
écart serai t  ensu i te  d i ffici le  à  repérer pu isque  l 'a l ignement de  l a  g i rouette  avec le  mât 
météorolog ique  est généralement effectué  à  l 'a ide  de  l ' i nd icateur du  nord .  L 'a l i gnement 
angu la i re  convenable  pour l 'éta lonnage  doi t  être  assuré  au  moyen  d 'une  méthode adéquate  
permettan t de  mesurer l ' i nd icateur de  référence.  
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Figure N . 1  – Exemple  de  montage d 'étalonnage d 'un  capteur 
de  d i rection  du  vent  dans  une soufflerie  

N.5 Procédure d 'étalonnage  

En  règ le  générale,  le  capteur de  d i rection  du  ven t doi t  ê tre  p lacé  dans  l e  sens  de  l a  d i rection  
à  l 'a ide  d 'un  mécan isme de  rotation  adéquat ( tab le  de  rotation)  tand is  que  la  d i rection  et  la  
vi tesse  de  l 'écou lement restent i nchangées.  Le  s i gnal  de  sortie  du  capteur de  d i rection  du  
ven t est  ensu i te  évalué  par rapport  au  système de  mesure  de  l 'ang le  de  référence i nsta l lé  au  
n i veau  du  mécan isme de  rotation .  

La  procédure  d 'éta lonnage des  capteurs  de  d i rection  du  ven t est  la  su ivante:  

Le  capteur de  d i rection  du  ven t effectue  une  rotation  à  une  vi tesse  d 'orien tation  constante  ou  
de  man ière  progressive.  L'ang le  d 'orientation  i nd iqué  (valeur mesurée  par l e  capteur de  
d i rection  du  vent)  est enreg istré  au  même moment que  l 'ang le  d 'orien tation  de  référence 
(va leur mesurée  par l e  mécan isme de  rotation).  La  vi tesse  de  rotation  chois ie  consti tue  un  
comprom is  en tre  l a  précis ion  de  mesure  adéquate  et l e  temps  de  mesure  réel .  La  vi tesse  
recommandée  est 0 , 5  ° /s.  Pour une  procédure  progress ive,  i l  est importan t d 'avoi r une 
i ncrémentation  b ien  adaptée  de  moins  de  3°  afi n  de  ne  pas  manquer de  données  de  d i rection  
erronées.  La  fréquence d 'échanti l lonnage doi t  être  suffisamment é levée  (généralement 1  Hz  
ou  p l us  rapide)  pour obten i r une  polarisation  d 'échanti l lonnage  comprise  dans  l es  l im i tes  
acceptables.  La  température  du  capteur de  d i rection  du  vent ne  doi t pas  varier de  man ière  
s i gn i ficati ve  au  cours  de  son  éta lonnage afi n  de  rédu i re  le  p l us  possib le  l ' i ncerti tude  
supplémenta ire  due  aux effets  engendrés  par la  température  sur l a  d i rection  i nd iquée.  Avant 
de  procéder à  l 'éta lonnage,  une  exécu tion  sur une  période  supérieure  à  1  m in  doi t  ê tre  
i ncluse  pour rédu i re  l e  p l us  possib le  l 'écart de  température  entre  le  capteur de  d i rection  du  
ven t et l 'écou lement dans  l a  soufflerie.  

Le  processus  d 'éta lonnage doi t  être  composé au  m in imum  de  deux  balayages  d 'orien tation  
complets  (y compris  l e  sau t au  nord )  pour chacune  des  procédures  susmentionnées.  Les  
ba layages  doivent s 'effectuer dans  l es  d i rections  opposées  afi n  de  prendre  en  compte  les  
éven tuels  effets  d 'hystérésis.  Un  chevauchement angu la i re  des  poin ts  de  données  d 'au  moins  
1 0°  doi t  exister au  début  et à  l a  fin  de  chaque balayage.  Une  séquence  poss ib le  peu t couvri r 
un  ba layage dans  l e  sens  horai re  à  parti r de  –1 0°  à  370°  et u ne  exécution  dans  l e  sens  
an tihorai re  à  parti r de  370°  à  –1 0°  pour l e  balayage su ivan t.  

L'éta lonnage doi t  être  réal isé  à  une  vi tesse  du  ven t constan te  de  (8  ±  1 0  %)  m /s.  I l  convien t 
que  la  vi tesse  du  ven t moyenne ne  varie  pas  pendant tou te  l a  durée  de  l 'éta lonnage  du  
capteur de  d i rection  du  ven t.   

N.6  Analyse des  données  

Seu l  l e  vecteur de  vent  hori zonta l  do i t  ê tre  étud ié  l ors  de  l 'évaluation  des  données  du  capteur 
de  d i rection  du  ven t.  Pour l es  g i rouettes  comme pour l es  anémomètres  à  u l trasons,  
l 'évaluation  du  s ignal  de  d i rection  du  vent doi t  être  réa l isée  à  l 'a ide  de  la  méthode  du  
moyennage  vectorie l  décri te  dans  l ' I SO  1 6622  [4 ]  et  en  7 . 3 .   

Toutes  les  données  perti nentes  doivent être  évaluées  comme des  données  moyennées  par 
tranche.  Dans  le  présent  document,  l es  données  du  capteur d 'orientation  de  référence  son t 
u ti l i sées  comme fondement pour défin i r l ' in terval l e  en tre  l es  tranches  pour la  base  de  
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données  restan te.  La  l argeur de  tranche doi t présenter une  résolu tion  m in imale  de  1 0° ,  
cen trée  à  5° ,  1 5° ,  etc.  du  d ispos i ti f d 'orientation .  La  l argeur de  tranche  doi t être  rédu i te  afi n  
d 'évaluer de  man ière  appropriée  l e  comportement de  types  de  capteurs  donnés  
(anémomètres  à  u l trasons)  ou  de  m ieux représenter l es  caractéristi ques  des  capteurs  (non-
l inéari té  excessive) .  

N.7  Analyse d ' incerti tude  

I l  est importan t d ' i den ti fier l ' i ncerti tude  de  mesure  de  la  d i rection  de  l 'écou lement horizontal  
en  con jonction  avec l e  capteur de  d i rection  du  ven t.  

Une  anal yse  d ' i ncerti tude  doi t  être  réal isée  conformément à  l ' I SO/IEC Gu ide  98-3  pour 
l 'expression  de  l ' i ncerti tude  de  mesure  in tégrant tant l es  i ncerti tudes  de  catégorie  A que  
ce l l es  de  catégorie  B .  L 'ampl i tude  de  l ' i ncerti tude  nette  doi t  être  évaluée  d 'un  poin t de  vue  
statisti que  et do i t  prendre  en  compte  les  é lémen ts  su ivan ts:  

a)  i ncerti tude  de  mesure  du  système de  mesure  de  l 'ang le  de  référence (transducteur 
d 'ang le  de  référence,  couplage,  montage,  transducteurs  é lectri ques,  convers ion  
numérique,  etc. ) ;  

b)  i ncerti tude  de  l a  d i rection  de  l 'écou lement mesurée  par l e  capteur de  d i rection  du  vent,  
i n tégrant une  évaluation  de  l a  possib i l i té  que  l e  capteur de  d i rection  du  vent entraîne  une  
déviation  de  l 'écou lement;  

c)  i ncerti tude  de  montage  du  capteur de  d i rection  du  ven t (a l ignement de  l ' i nd icateur du  nord  
et  de  l 'a i l ette  avec l 'axe  cen tral  de  la  souffl erie) ;  

d )  i ncerti tude  de  catégorie  A due  à  une  d ispers ion  à  court terme ( le  s i gnal  du  capteur de  
d i rection  du  ven t peu t varier au  fi l  d u  temps  en  ra ison  des  cond i tions  d 'écou lement 
i nstables);  

e)  i ncerti tude  de  catégorie  A due  à  une  d ispersion  à  l ong  terme (d ispersion /dérive  des  
résu l tats  d 'éta lonnage du  capteur de  d i rection  du  ven t de  référence  au  fi l  d u  temps  au  
cours  de  p l us ieurs  éta lonnages);  

f)  i ncerti tude  de  mesure  du  s i gnal  é lectri que  du  capteur de  d i rection  du  vent ( transducteur 
é lectrique,  convers ion  numérique,  etc. ) .  

N.8  Format de  rapport  

La documentation  appropriée  doi t fourn i r les  i n formations  relatives  à  l a  procédure  su ivie,  
l ' i nsta l l ation  u ti l i sée  pour l 'éta lonnage du  capteur de  d i rection  du  ven t (rapport d 'essai  de  l a  
campagne d 'éta lonnage)  et l 'éta lonnage du  capteur de  d i rection  du  ven t  i nd ividuel  (rapport 
d 'éta lonnage  du  capteur de  d i rection  du  vent) .  Le  rapport d 'essai  du  montage  de  l ' instal l ation  
d 'éta lonnage  doi t  i nclu re  au  m in imum  les  i n formations  su ivantes:  

a)  description  de  la  souffl erie  (y compris  section  d 'essai ,  chambre  de  dépôt,  redresseurs  
d 'écou lement,  d ispos i ti on  des  venti l ateurs);  

b)  croqu is  de  la  soufflerie  présentant les  emplacements  exacts  du  capteur de  d i rection  du  
ven t et des  tubes  de  Pi tot dans  l a  section  d 'essai ;  

c)  mesures  de  l a  qual i té  de  l 'écou lement;  

d )  mesures  des  turbu lences ;  

e)  certi ficats  d ' i nstrumentation ;  

f)  procédure  de  mesure;  

g )  procédure  d 'évaluation  des  données;  

h )  documentation  sur l a  répétabi l i té  de  l 'étalonnage  du  capteur de  d i rection  du  vent;  

i )  ana l yse  d ' i ncerti tude;  

j )  écarts  par rapport à  ces  exigences.  
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Le  rapport d 'éta lonnage  d 'un  capteur de  d i rection  du  vent doi t,  au  m in imum,  inclure  les  
i n formations  su ivan tes:  

a)  marque,  type  et numéro  de  série  du  capteur de  d i rection  du  ven t à  l 'essai  et numéro  de  
série  de  l 'a i l ette  s i  e l le  peu t être  séparée  du  capteur;  

b)  d iamètre  du  tube  du  système de  montage;  

c)  marque,  type  et numéro de  série  des  convertisseurs  externes,  l e  cas  échéant 
(convertisseurs  fréquence-tension);  

d )  nom  et adresse  du  cl i en t;  

e)  s i gnatures  des  personnes  qu i  ont réa l isé  l 'éta lonnage,  véri fi é  l es  résu l tats  et approuvé  
l eur publ ication ;  

f)  nom  de  l a  soufflerie;  

g )  cond i ti ons  envi ronnementales  au  cours  de  l 'éta lonnage ( température  de  l 'a i r,  pression  
atmosphérique  et  hum id i té);  

h )  paramètres  de  régress ion  (décalage  et pente),  dans  une  présentation  sous  forme de  
tab leaux et  g raph iques  de  tous  l es  poin ts  d 'éta lonnage;  

i )  i n formations  sur la  l argeur de  l a  zone  morte  i nd iquan t l e  nord ;  

j )  Le  tableau  doi t  conten i r l es  i n formations  su ivan tes:  

1 )  nombre  de  tranches;  

2)  d i rection  (écou lement)  de  référence  moyenne par tranche;  

3)  s i gnal  de  d i rection  i nd iqué  moyen  du  capteur de  d i rection  du  ven t par tranche;  

4)  i ncerti tude  par tranche;  

5)  vi tesse  d 'écou lement dans  l a  soufflerie  par tranche.  

k)  La  représentation  g raph ique  doi t  i ncl ure  l es  é léments  su ivan ts:  

1 )  s ignal  du  capteur de  d i rection  du  ven t ind iqué  comme une  fonction  de  l 'ang le  
d 'orientation  de  référence par tranche;  

2)  d iagramme de  d ispersion  du  s ignal  du  capteur de  d i rection  du  ven t en  fonction  de  
l 'ang le  d 'orien tation  de  référence  s i  l e  balayage  est u ti l i sé ;  

3)  d iagramme de  d ispers ion  des  rés idus  du  s ignal  du  capteur en  fonction  de  l 'ang le  
d 'orien tation  de  référence;  

4)  rés idus  par tranche  (écart en tre  le  s ignal  du  capteur de  d i rection  du  vent  i nd iqué  et l e  
résu l tat de  l a  fonction  d 'éta lonnage  du  capteur de  d i rection  du  ven t) ;  

5)  i ncerti tude  associée  à  chaque poin t de  mesure.  

l )  référence  au  rapport de  campagne d 'éta lonnage  correspondant et date  de  l 'éta lonnage;  

m )  photo  du  capteur de  d i rection  du  ven t et du  montage  dans  l a  soufflerie.  

n )  vi tesse  angu la i re,  l argeur des  tranches  de  données  et nombre  de  poin ts  de  données  
obtenus  par tranche.  

N.9  Exemple de calcul  d ' i ncerti tude  

N.9. 1  Général i tés  

La  déterm ination  de  l ' i ncerti tude  de  mesure  s 'appu ie  sur l 'h ypothèse  que  les  tro is  sources  
principales  ci -après  con tribuent à  l ' i ncerti tude  tota le:  

a)  déterm ination  de  l a  d i rection  de  l 'écou lement dans  l a  soufflerie  (catégorie  B);  

b)  i ncerti tude  due  au  capteur de  d i rection  du  ven t à  étalonner (g i rouette,  anémomètre  à  
u l trasons)  (catégorie  B) ;  

c)  répétabi l i té  (catégorie  A).  
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Seu les  l es  i ncerti tudes  de  catégorie  B  son t pri ses  en  compte  ci -après.  Pour déterm iner 
l ' i ncerti tude  tota le,  l a  composante  de  catégorie  A doi t  également être  i ncluse.   

N.9.2  Incerti tudes  de  mesure pour l a  détermination  de  la  d irection  de  l 'écou lement 
dans  l a  soufflerie  

N .9.2. 1  Général i tés  

Pour évaluer l ' i ncerti tude  de  mesure  pour la  déterm ination  de  l a  d i rection  de  l 'écou lement,  l es  
i ncerti tudes  ind ividuel l es  su ivantes  doiven t être  étud iées:   

N.9.2.2  Contribution  d ' incerti tude  pour l a  détermination  de  l 'axe central  géométrique  

αCL  (axe  central  de  la  soufflerie)  

En  prenant pour hypothèse  que  l 'axe  cen tral  est défin i  par de  s imples  méthodes  géométriques  
et que  l es  axes  présenten t une  marge  de  précis ion  de  2  mm  pour une  section  d 'essai  de  
1 , 00  m  par 2 , 00  m ,  l ' i ncerti tude  de  l 'axe  cen tral  géométrique  est égale  à  0 , 1 ° .  En  prenant pour 
h ypothèse  une  d istribution  rectangu la i re,  l a  contribu tion  à  l ' i ncerti tude-type  tota le  est  0 , 06° .  

N.9.2.3  Contribution  d ' incerti tudes  pour la  détermination  de  l a  d i rection  de  

l 'écou lement αdir  

L'éta lonnage de  l a  d i rection  de  l 'écou lement est  réal isé  à  l 'a i de  d 'une  sonde  de  calage.  Une  
souffl erie  correctement conçue ne  présente  en  prati que  aucun  écart de  d i rection  de 
l 'écou lement par rapport à  son  axe  cen tral  géométrique.  La  contribu tion  d ' i ncerti tude  est 
estimée à  0, 1 ° .  En  prenant pour h ypothèse  une  d istribu tion  rectangu la i re,  l a  con tribu tion  à  
l ' i ncerti tude-type  tota le  est 0 , 06° .  

N.9.2.4  Contribution  d ' incerti tudes  pour l 'étalonnage du  capteur d 'orientation  de  

référence  αsensor  

L'ang le  de  référence est défin i  à  l 'a i de  d 'un  capteur d 'orien tation  é lectron ique.  La  con tribu tion  
d ' incerti tude  pour l 'étalonnage  de  ce  capteur est 0 , 35° ,  par hypothèse.  En  prenant  pour 
hypothèse  une  d istribution  rectangu la i re,  l a  contribu tion  à  l ' i ncerti tude-type  tota le  est  0 , 2° .   

N.9.2.5  Contribution  en  al ignant l 'axe  central  avec l ' ind icateur du  nord  par le  capteur 

de  d i rection  du  vent  αset  

Le capteur ( ind icateu r du  nord ,  a i lette,  axe  cen tral  de  l a  soufflerie)  peu t être  a l i gné  à  l 'a i de  
d 'un  laser.  En  prenant pour hypothèse  que  l e  fa i sceau  l aser présente  un  écart maximal  de  
1  mm  par rapport à  l 'axe  cen tral ,  l a  contribu tion  d ' i ncerti tude  est  i n férieure  à  0 , 1 ° .  Par 
h ypothèse,  l a  contribution  d ' i ncerti tude  totale  est 0 , 1 ° .  En  prenant pour h ypothèse  une  
d istribu tion  rectangu la i re,  l a  contribu tion  à  l ' i ncerti tude-type  tota le  est 0 , 06° .  

N.9.2.6  Contribution  due à  l ' i nfluence de  l 'ang le  entre  l es  axes  de  rotation  α i ncl . 1  

Lors  du  montage  de  l 'un i té  de  référence sur l e  d ispos i ti f d 'en traînement rotati f,  des  erreurs  
peuven t se  produ i re  dans  l 'ang le  en tre  l es  axes  de  rotation  du  d isposi ti f d 'en traînement rotati f 
et l ' un i té  de  référence ( i ncl i naison  de  l 'obj et éta lonné  par rapport à  l ' i ncl i naison  du  d ispos i ti f 
d 'éta lonnage).  Les  axes  de  rotation  ne  s 'a l i gnent  pas,  mais  un  couplage  en tre  l es  arbres  de  
l 'obj et  de  référence et de  l 'obj et  éta lonné  compense,  dans  une  certa ine  mesure,  l 'effet  
engendré  par l a  posi ti on  des  p lans  de  mesure  d 'ang le.  L 'erreur d 'ang le  peu t être  ca lcu lée  à  
l 'a ide  de  l 'équation  su ivante:   

 ( ) αα sin21 250 2
1incl . ⋅⋅⋅= r/p,δ  (N . 1 )  

 

où ,  conformément à  VDI /VDE  2648,  référence  [5] :  

α  est  l 'ang le  à  mesurer (valeur d 'éta lonnage);  
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p   est  l 'écart de  battement ci rcu la i re;  

r  est  le  rayon  effecti f de  la  mesure  de  l 'ang le.  

En  prenant pour hypothèse  un  écart des  n iveaux de  1  mm  et un  rayon  de  50  mm  pour le  
capteur d 'orientation ,  l e  cas  extrême de  α  =  90°  mène  à  une  i ncerti tude  de  0, 01 ° .   

N.9.2.7  Contribution  à  l ' incerti tude  par l 'excentrici té  potentiel l e  entre  l e  capteur de  

d irection  du  vent  et  l 'un i té  de  référence  αExz  

En  procédant au  montage  du  capteur de  d i rection  du  ven t sur l e  d isposi ti f d 'en traînement 
rotati f de  l ' un i té  de  référence,  des  excentrici tés  peuvent se  produ i re  en  ra ison  du  
désal ignement paral l èle  en tre  l es  axes  de  rotation  respecti fs.  Les  axes  de  rotation  ne  
s 'a l ignen t pas.  L 'erreur d 'ang le  qu i  peut se  produ i re  en  ra ison  du  désal i gnement para l l è le  peut 
être  calcu lée  à  l 'a i de  de  l 'équation  su ivan te:   

 ( ) )2sin(2Exz /r/e αα ⋅⋅=δ  (N . 2)  

 

où ,  conformément à  VDI /VDE  2648,  référence  [5] :   

α  est  l 'ang le  à  mesurer (valeur d 'éta lonnage);  

e  est  l 'excentrici té;  

R  est  l e  rayon  effecti f de  la  mesure  de  l 'ang le.  

En  prenan t pour hypothèse  que  l 'excentrici té  des  axes  de  rotation  est égale  à  0 , 2  mm  et que  
l e  rayon  est égal  à  50  mm ,  l ' i ncerti tude  du  cas  extrême de  α  =  1 80°  est  0 , 2° .  

N.9.3  Contribution  à  l ' incerti tude  de  mesure par le  capteur de  d i rection  du  vent  

N .9.3. 1  Général i tés  

Les  capteurs  de  d i rection  du  ven t peuvent avoir d i fférents  s ignaux de  sortie .  I l  existe  
également des  capteurs  numériques  qu i  i nd iquent  d i rectement l 'ang le  d 'azimut en  degrés.  En  
règ le  générale,  l 'éprouvette  est un  capteur de  d i rection  du  ven t avec un  s i gnal  de  sortie  
analog ique  (courant  ou  tens ion)  ou  un  capteur potentiométrique.   

N.9.3.2  Contribution  à  l ' incerti tude  par l e  s ignal  de  sortie  numérique αDig i tal  

Par hypothèse,  l a  moi ti é  de  la  résolu tion  numérique  contribue  à  l ' incerti tude  de  mesure.  

N.9.3.3  Contribution  à  l ' incerti tude  de  mesure par le  signal  de  sortie  

analogique  αAnalog  

Les  capteurs  don t le  s i gnal  est analog ique  (généralement 1 0  V ou  20  mA)  sont censés  
con tribuer à  l ' i ncerti tude  avec l a  résolu tion  de  la  conversion  analog ique-numérique.  En  
prenant pour h ypothèse  un  système de  mesure  dont l a  résolu tion  est de  1 2  b i ts,  l a  
con tribu tion  d ' i ncerti tude  est 360° /4  096=0, 1 ° .  En  prenant pour h ypothèse  une  d istribu tion  
rectangu lai re ,  l a  con tribu tion  à  l ' i ncerti tude-type  tota le  est  0 , 06° .  

N.9.3.4  Contribution  à  l ' incerti tude  par l a  détermination  de  la  résistance  ohmique  

d 'un  capteur de  d i rection  du  vent  αΩ  

La rés istance  d 'une  g i rouette  potentiométrique  peut un iquement être  déterm inée  à  l 'a ide  de  l a  
mesure  connue d 'une  tens ion/d 'un  courant.  Lors  de  l a  déterm ination  de  l a  résistance  d 'une  
g i rouette  poten tiométrique  (en  général ,  p l us ieurs  kΩ)  à  l 'a ide  d 'une  mesure  i nd i recte  de  la  
rés istance  de  tens ion  et  stabi l isée  en  courant,  l es  i ncerti tudes  su ivan tes  peuvent  se  produ ire:   

•  pourcentage  d 'erreur du  shun t de  l ' instrument  0 , 030  % ;  

•  courant  d 'erreur traversant le  système de  mesure  0, 020  % ;  
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•  résolu tion  de  l a  convers ion  analog ique-numérique  0, 025  % ;  

•  i ncerti tude  de  mesure  par hypothèse  0 , 05  %  ∼     0 , 1 6° .  

En  prenan t pour hypothèse  une  d istribu tion  rectangu la i re,  l a  contribu tion  à  l ' i ncerti tude-type  
tota le  est 0 , 1 ° .  

N.9.3.5  Contribution  à  l ' incerti tude  par l e  montage  du  capteur de  d i rection  du  

vent α i tem  

Les  capteurs  de  d i rection  du  vent types  on t un  d iamètre  d 'environ  50  mm .  L' ind icateur du  nord  
a  souvent une  l argeur de  1  mm.  I l  est par conséquent généralement égal  à  2° .  Pour 
l 'a l i gnement de  l ' ind icateur du  nord  avec un  fa isceau  l aser,  une  i ncerti tude  de  0 , 25  mm  est 
prise  pour h ypothèse,  en traînant a ins i  une  contribution  d ' i ncerti tude  de  0, 25° .  En  prenant pour 
h ypothèse  une  d istribution  rectangu la i re,  l a  contribu tion  à  l ' incerti tude-type  tota le  est  0 , 1 5° .  

N.9.3.6  Contribution  à  l ' incerti tude  par un  éventuel  mauvais  posi tionnement du  

capteur de d i rection  du  vent  α Incl . 2  

Lors  du  montage  du  capteur de  d i rection  du  vent sur le  d isposi ti f d 'en traînement rotati f e t 
l ' un i té  de  référence,  des  erreurs  d 'ang le  d 'a l ignement entre  l es  axes  de  rotation  peuvent  
surven ir.  L'h ypothèse  est que  l 'erreur d 'ang le  est  0 , 05° .   

N.9.4  Résu ltats  du  calcu l  d ' incerti tude  

Pour déterm iner l ' i ncerti tude-type  tota le,  l es  i ncerti tudes  i nd ividuel les  ci -après  on t été  
étud iées  (voi r l e  Tableau  N . 1  et  le  Tableau  N . 2).  

Tableau  N .1  – Contributions  d ' incerti tude  dans  l 'étalonnage  
du  capteur de  d i rection  du  vent  
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Reproductib i l i té  A 1  1  -   0 , 1  °  

Déterm ination  de  l ' axe  
cen tral  géométri que  

B  2  1  0 , 1  
CL

3

1
CL ⋅=u  

0 , 06  °  

Déterm ination  de  l a  
d i rection  de  l 'écou lement   

B  2  1  0 , 1  
DIR

3

1
DIR ⋅=u  

0 , 06  °  

Capteu r d 'orien tation  de  
référence  

B  1  1  0 , 35  
REF

2

1
REF ⋅=u  

0 , 2  °  

Ang le  d ' i ncl i nai son  B  2  1  0 , 01  
1INCL.

3

1
Incl.1 ⋅=u  

0 , 01  °  

Excentri ci té  B  2  1  0 , 2  
1EXZ

3

1
EXZ ⋅=u  

0 , 1 2  °  

1  =  d i s tri bu tion  normale;  2  =  d i s tri bu tion  rectangu la i re  
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Le  calcu l  de  l ' i ncerti tude-type  de  mesure  pour l a  déterm ination  de  l a  d i rection  de  l 'écou lement 
est  réa l isé  à  l 'a ide  de  l a  sommation  quadrati que:   

 502
1EXZ

2
1Incl.

2
REF

2
DIR

2
CLFlow_dir )( ,uuuuuu ++++=  (N . 3)  

 

 250)1 2001020060060( 5022222
Flow_dir ,,,,,,u , =++++=  (N . 4)  

 

Tableau  N .2  – Contributions  d ' incerti tude  et  i ncerti tude-type  totale  
d 'étalonnage du  capteur de  d i rection  du  vent  

 

Par exemple,  l ' i ncerti tude-type  tota le  d 'une  g i rouette  potentiométrique  est  la  su ivan te:  

 502
2Exz

2
2Incl

2
Mounting

22
Flow_dirTotal )( ,

. uuuuuu ++++= Ω  (N . 5)  

 

 340)1 200101 501 20,250( 5022222
Total ,,,,,u , =++++=  (N . 6)  

 

Pour une  g i rouette  poten tiométrique,  l a  contribution  des  sources  d ' i ncerti tude  ind ividuel les  à  
l ' i ncerti tude-type  tota le  abou ti t  a i ns i  à  une  i ncerti tude-type  tota le  de  0, 34°  pour k=1 .  En  règ le  
générale,  cette  valeur est  mu l ti p l i ée  par l e  facteur de  couverture  k =2.  
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Signal  de  sorti e  
numérique   

B  2  1  moi ti é  de  
l a  

résol u ti on  
numérique  

LSB
2

1
Digital ⋅=u  

-  °  

Ou  s i gnal  de  sorti e  
anal og i que  

B  2  1  0 , 1  
ANALOG

3

1
Analog ⋅=u  

0 , 06  °  

Ou  capteur 
poten tiométri que  

B  1  1  0 , 2  
Ω⋅=Ω

3

1
u  

0 , 1 2  °  

Montage  du  capteur B  1  1  0 , 25  
Mounting

3

1
Mounting ⋅=u  

0 , 1 5  °  

Ang le  d ' i ncl i nai son  B  2  1  0 , 01  
2INCL

3

1
2INCL. .u ⋅=  

0 , 01  °  

Excentri ci té   B  2  1  0 , 2  
2EXZ

3

1
2EXZ ⋅=u  

0 , 1 2  °  

1  =  d i stri bu tion  normale;  2  =  d i stri bu tion  rectangu la i re  
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Annexe O  
(informative)  

 
Essai  de  performance de  puissance dans  un  cl imat froid  

O.1  Général i tés  

Pour d i fférentes  ra isons,  l a  réal isation  de  l 'essai  de  performance de  pu issance à  des  
températures  i n férieures  à  0  °C  peut être  souhai table.  Par exemple,  de  basses  températures  
peuven t être  fréquentes  ou  i l  pourra i t  exister un  besoin  de  déterm iner l a  dégradation  de  l a  
performance de  pu issance à  cause  du  g i vrage  des  pales .  

L'Annexe O  donne l es  l i gnes  d i rectrices  re lati ves  aux aspects  qu ' i l  est importan t d 'étud ier et 
de  donner des  recommandations  l ors  de  la  réal isation  des  essais  de  performance de  
pu issance  dans  des  cl imats  froids .  

O.2  Recommandations  

O.2.1  Général i tés  

I l  est recommandé d 'u ti l i ser des  capteurs  de  mesure  de  la  vi tesse  du  vent qu i  ne  son t pas  
susceptib les  de  g i vrer,  comme des  anémomètres  à  coupel l es  chauffés,  des  anémomètres  à  
u l trasons  chauffés  et des  d ispos i ti fs  de  té lédétection ,  ou  b ien  d 'u ti l i ser des  détecteurs  de  
g i vrage  adaptés  afin  de  survei l ler de  man ière  fi able  l a  présence de  g i vre  et de  fi l trer l es  
données  en  conséquence.  

I l  convient que  le  matérie l  d 'essai  de  performance de  pu issance dans  un  cl imat froid  i nclue  
une  détection  fiable  du  g i vrage.  I l  existe  p lus ieurs  possib i l i tés  pour détecter le  g i vre,  
notamment les  détecteurs  de  g i vrage  atmosphérique,  l es  détecteurs  de  g i vrage  des  
i nstruments ,  l 'observation  ou  d 'au tres  méthodes  s im i l a i res.  L'accumu lation  de  g i vre  se  produ i t 
à  des  températures  i n férieures  ou  proches  de  zéro.  L'essai  de  performance  de  pu issance  à  
des  températures  amplement i n férieures  à  0  °C  pourra i t donc être  réal isé  sans  grande  
d i fficu l té,  sous  réserve  d 'u ti l i ser des  instruments  et des  méthodes  adaptés.   

L'accumu lation  de  g i vre  sur des  supports  et  des  structures  de  montage  peu t avoir un  effet 
s i gn i ficati f sur l es  cond i tions  d 'écou lement de  l 'anémomètre.  I l  est  essentie l  d 'évi ter de  te l l es  
s i tuations.  Une  évaluation  ou  une  survei l l ance  exhaustive  des  cond i tions  est exigée.  I l  est  
recommandé d 'u ti l i ser des  structures  suffisamment chauffées  à  proxim i té  des  i nstruments  afin  
d 'évi ter l 'accumulation  de  g i vre.  

O.2.2  Anémomètres  à  u l trasons  

Pour l 'essai  de  performance de  pu issance,  l es  anémomètres  à  u l trasons  son t adm is  à  
cond i ti on  d 'appl i quer des  procédures  d 'éta lonnage  et  de  cl ass i fication  adaptées  
conformément à  l 'Annexe  F,  l 'Annexe  I  et  à  l 'Article  J . 4 .   

Les  anémomètres  à  u l trasons  qu i  d isposent des  apti tudes  de  chauffage  suffisantes  peuvent 
être  u ti l i sés.  En  effet,  i l s  ne  son t pas  équ ipés  de  parties  mobi les  et sont donc adaptés  à  une  
u ti l i sation  dans  un  cl imat froid .  

O.2.3  Anémomètres  à  coupel les  

La  l im i te  in férieure  de  température  pour les  anémomètres  de  classe  A peu t être  étendue  de  
0  °C  à  –30  °C  s i  l e  chauffage  de  l 'arbre  (pa l i er)  est  correct.  Cela  n 'é l im ine  en  rien  l a  nécess i té  
de  détecter l e  g ivre.  
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Pour cette  classe,  l a  p lage  de  températures  peu t être  étendue en  dessous  de  l a  l im i te  
i n férieure  sous  réserve  qu ' i l  pu isse  être  démontré  que  les  effets  dus  au  frottement peuvent 
être  évalués  et pris  en  cons idération .  

La  class i fication  d 'un  anémomètre  dont  la  p l age  de  températures  est  étendue  peu t être  
réa l isée  par extension  de  la  p lage  de  températures  donnée à  l 'Annexe  J  sous  réserve  que  l es  
mesures  de  frottement du  pal i er couvren t l a  total i té  de  l a  p lage  de  températures.  

O.3 Incerti tudes  

Plage  de  températures  étendue:  donnée  par l a  classe  S .  

O.4 Rapports  

En  supplément des  exigences  de  rapport  normales,  l es  précau tions  adoptées  pour garan ti r 
que  l es  i nstruments  u ti l i sés  pour mesurer l a  vi tesse  du  vent ne  sont pas  affectés  par l e  g i vre  
et  q ue  l es  effets  des  basses  températures  sur la  mesure  de  l a  vi tesse  du  ven t sont  pris  en  
compte.  

I l  convien t de  documenter i nd ividuel l ement l e  fi l trage  des  cond i ti ons  de  g i vre.  Les  résu l tats  de 
l 'essai  de  performance de  pu issance avec et sans  étude  de  l 'extens ion  des  températures  
doivent être  cons ignés.  
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Annexe P  
(informative)  

 
Procédure de  normal isation  du  cisai l lement du  vent 

P.1  Général i tés  

Pour dédu ire  une  courbe  de  pu issance spéci fique  au  cl imat,  l ' i n fl uence  du  cisai l lement du  
ven t et de  l a  déviation  de  la  trajectoire  du  vent sur la  courbe  de  pu issance doi t  être  prise  en  
cons idération  en  normal isan t l a  vi tesse  du  vent à  l a  hauteur du  moyeu  à  des  va leurs  de  
référence prédéfin ies  de  cisai l l ement du  ven t et de  déviation  de  l a  traj ectoi re  du  vent.  Le  profi l  
de  cisa i l lement du  ven t et  de  déviation  de  la  tra jectoi re  du  vent  de  référence peu t adopter 
toutes  les  formes  et peu t  être  défin i  en  fonction  de  l a  vi tesse  du  vent à  l a  hau teur du  moyeu .  
Par exemple,  l e  cisai l lement du  ven t et l a  déviation  de  la  traj ectoi re  du  vent de  référence 
pourraien t refléter l es  cond i tions  prévues  sur l e  s i te  d 'essai  de  courbe  de  pu issance s i  
l 'obj ecti f de  l 'essai  de  courbe  de  pu issance cons iste  à  véri fier une  courbe  de  pu issance  
garantie  qu i  est  spéci fi ée  pour l es  mêmes  cond i tions  de  référence.  Sauf i nd ication  con tra ire,  
un  profi l  de  cisai l l ement du  vent selon  l a  l o i  exponen tie l le  avec un  exposant de  cisa i l l ement 
de  0, 2  et une  déviation  de  l a  trajectoire  de  0°  pour tou te  la  p l age  de  hau teurs  du  rotor de  
l 'éol ienne  doi t  ê tre  appl iqué.  

La  vi tesse  du  ven t à  l a  hau teur du  moyeu  doi t  ê tre  normal isée  par rapport au  cisai l lement du  
ven t et  à  l a  déviation  de  l a  traj ectoi re  du  ven t de  référence  à  l 'a i de  du  concept de  vi tesse  du  
ven t équ ivalente  du  rotor.  L 'énerg ie  ci nétique  du  ven t au  se in  de  l a  p lage  de  hauteurs  du  rotor 
est  l a  su ivante:  

 ( )( ) AVP
A

d–cos
2

1 3
hubkin ϕϕρ∫=

 

(P. 1 )
 

 

et la  vi tesse  du  ven t équ ivalente  du  rotor qu i  correspond  à  l 'énerg ie  ci néti que  est:  
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.
 Le  rapport en tre  la  vi tesse  du  ven t équ iva len te  du  rotor et l a  vi tesse  du  ven t à  l a  hauteur du  

moyeu  caractérise  la  forme du  profi l  de  cisai l l ement du  ven t et du  profi l  de  déviation  de  l a  
traj ectoire  du  ven t perti nen ts  pour l a  description  de  l 'énerg ie  cinéti que  d i spon ible  pour une  
vi tesse  du  vent donnée  à  l a  hau teur du  moyeu .  Ce  rapport est appelé  facteur de  correction  du  
cisai l l ement du  ven t:  

 
h

r
V

V
f

eq
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(P. 3)
 

 

Une même vi tesse  du  ven t équ ivalen te  du  rotor peut être  obtenue  à  l 'a i de  de  d i fférentes  
combinaisons  de  vi tesses  du  ven t à  l a  hau teur du  moyeu  et de  cond i ti ons  de  cisa i l lement du  
ven t/de  déviation  de  l a  traj ectoire  du  vent,  par exemple:  l e  cisai l l ement/l a  déviation  de  la  
traj ectoire  du  vent et l a  vi tesse  du  vent à  l a  hau teur du  moyeu  pour une  période  de  1 0  m in  
l ors  de  l 'essai  de  courbe  de  pu issance,  ou  encore  l e  cisai l lemen t/la  déviation  de  la  trajectoi re  
du  ven t de  référence  et  une  vi tesse  du  ven t à  l a  hauteur du  moyeu  correspondante  ( ici  
nommée vi tesse  du  ven t normal isée) :  

 normalisedreferencemeasuredmeasuredeq ,h,r,h,r VfVfV ⋅=⋅=  (P. 4)  
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Par conséquent,  l a  vi tesse  du  vent à  l a  hauteur du  moyeu  normal isée  au  cisa i l lemen t du  
ven t/à  l a  déviation  de  la  traj ectoire  du  ven t doi t être  calcu lée  pour chaque période  de  1 0  m in  
de  la  man ière  su ivante:  

 

reference

eq
normalised

,r
,h

f

V
V =  

(P. 5)  

 

ou  de  la  man ière  su ivante:  

 
measured

reference

measured
normalised ,h
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f

f
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(P. 6)  

 

Pour un  facteur de  correction  du  cisai l l ement du  ven t de  référence de  1  (fr, reference  =  1 ) ,  c'est-
à-d i re  en  l 'absence de  cisai l l ement et de  déviation  de  la  trajectoi re,  l a  vi tesse  du  vent à  l a  
hau teur du  moyeu  normal isée  est égale  à  l a  vi tesse  du  ven t équ iva len te  du  rotor.  L' incerti tude  
de  mesure  de  l a  vi tesse  du  vent normal isée  en  fonction  du  cisa i l l emen t et de  l a  déviation  de  
l a  trajectoire  doi t être  évaluée  conformément à  l 'Article  E. 8  et à  E . 1 1 . 2 . 2  et E . 1 1 . 2. 3 .  I l  est à  
noter que  l a  vi tesse  du  ven t équ ivalente  du  rotor peu t surestimer l 'énerg ie  éol i enne  effecti ve  
u ti l i sable  par les  grandes  éol iennes  en  cas  de  cisai l lement du  ven t  él evé.  Ainsi ,  une  
i ncerti tude  de  méthode  correspondant à  un  ti ers  de  l a  correction  de  l a  vi tesse  du  vent à  l a  
hau teur du  moyeu  doi t  être  appl iquée  sous  forme d ' i ncerti tude  supplémentaire  a joutée  à  
l ' i ncerti tude  de  mesure  de  l a  vi tesse  du  ven t normal isée  en  fonction  du  cisai l l ement et de  l a  
déviation  de  la  traj ectoire.  

Dans  certaines  cond i tions,  l ' évaluation  du  cisa i l lemen t du  vent et de  l a  déviation  de  l a  
traj ectoire  du  ven t sur l a  p l age  de  hau teurs  du  rotor de  l 'éol ienne  peut  ne  pas  être  possible,  
parce  qu 'aucune  mesure  de  l a  vi tesse  du  ven t ou  de  l a  d i rection  du  vent n 'est d ispon ible  sur 
cette  p lage  de  hau teurs  ou  parce  qu ' i l  n 'est pas  poss ib le  de  réal iser un  éta lonnage de  l a  
vi tesse  du  vent et de  la  d i rection  du  vent sur l e  s i te  à  des  hau teurs  d i fféren tes  de  cel le  du  
moyeu .  Dans  ce  cas,  l 'absence  d ' in tégration  du  cisai l l ement/de  l a  déviation  de  l a  traj ectoi re  
du  vent dans  l 'évaluation  de  l a  courbe  de  pu issance  doi t  être  prise  en  compte  
se lon  E . 1 1 . 2 . 2 . 2  et E . 1 1 . 2. 3. 2  pour l es  cond i ti ons  souhai tées  de  cisai l l emen t/déviation  de  la  
traj ectoi re  de  référence  du  ven t.  En  ou tre,  u ne  incerti tude  de  méthode  correspondant à  
un  ti ers  de  l a  correction  de  l a  vi tesse  d u  ven t vi rtuel l e  dans  l es  cond i tions  de  
cisai l l ement/déviation  de  l a  trajectoi re  du  ven t prises  pour hypothèse  lors  de  l 'essai  de  courbe  
de  pu issance doi t être  prise  en  cons idération  pour l es  cond i tions  souhai tées  de  
cisai l l ement/déviation  de  l a  traj ectoire  de  référence.  
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Annexe Q 
(informative)  

 
Défini tion  de  la  vi tesse du  vent équivalente du  rotor en  prenant 

en  compte la  déviation  de la  trajectoire  du  vent 

Q.1  Général i tés  

La  vi tesse  du  ven t à  l a  hau teur du  moyeu  n 'est pas  systématiquement représentative  du  vent 
sur l 'ensemble  du  rotor.  La  vi tesse  et l a  d i rection  du  ven t peuvent subir des  variations  
cons idérables  en  ra ison  de  la  stabi l i té  atmosphérique  et/ou  de  l ' i n fluence  du  terrain .  La  
F igure  Q. 1  représente  des  profi l s  de  vent  mesurés  à  l 'a ide  d 'un  d ispos i ti f LIDAR sur un  terrain  
p lat,  a ins i  que  le  cos inus  des  variations  de  d i rection  du  ven t par rapport à  une  hau teur du  
moyeu  prise  pour h ypothèse.  I l  est observé  que  l a  composante  de  vi tesse  du  ven t 
perpend icu la i re  au  rotor de  l 'éol ienne  à  une  hau teur spéci fique  sera  parfois  beaucoup moins  
é levée que  l a  vi tesse  du  ven t à  cette  même hauteur.  

 
a)  Profi l s  de  vents  mesurés  par un  d i sposi ti f LIDAR 

 
b)  Cosinus  de  l 'ang le  de  vari ation  de  l a  d i rection  du  ven t par rapport à  l a  hau teur 

Anglais  Français  

Height  (m )  Hau teu r (m )  
Wind  speed  (m/s)  Vi tesse  du  vent  (m /s)  
Cos(ph i )  ( )  Cos(ph i )  ( )  

Figure Q.1  – Profi ls  de  vent mesurés  à  l 'aide d 'un  d ispositi f LIDAR sur un  terrain  plat   

IEC  

IEC  
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Le  rendement énergéti que  du  rotor de  l 'éol ienne  dépendra  donc à  l a  fo is  du  cisai l l ement du  
ven t et de  l a  déviation  de  l a  trajectoire  du  vent du  profi l  spéci fi que.  L'u ti l i sation  de  la  courbe  
de  pu issance  ca lcu lée  à  parti r de  l a  vi tesse  du  vent à  la  hau teur du  moyeu  i gnore  à  l a  fo is  l e  
cisai l l ement du  ven t et l a  déviation  de  l a  trajectoi re  du  ven t.  La  courbe  de  pu issance obtenue  
d 'après  l a  vi tesse  du  ven t équ iva len te  du  rotor dépend  moins  du  cisa i l lement du  vent  et de  l a  
déviation  de  la  traj ectoi re  du  ven t que  l a  courbe  de  pu issance obtenue  d 'après  l a  vi tesse  du  
ven t à  l a  hauteur du  moyeu .  

Q.2  Défin i tion  de  la  vi tesse du  vent équivalente  du  rotor en  prenant en  compte 
la  déviation  de la  trajectoire  du  vent  

La vi tesse  du  vent équ ivalente  du  rotor est l a  vi tesse  du  vent correspondant au  fl ux d 'énerg ie  
ci nétique  qu i  traverse  l a  surface  balayée  par l e  rotor,  compte  tenu  du  cisai l lement du  ven t et 
de  la  déviation  de  la  trajectoire  du  vent.  Lorsqu 'au  moins  trois  hauteu rs  de  mesure  son t 
d ispon ibles  (voi r 7. 2 . 6) ,  l a  vi tesse  du  vent  équ iva len te  du  rotor est défin ie  comme su i t:  

 ( )( )
31

1
3

eq cos 
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i

i
ii

A

A
νν ϕ  (Q. 1 )  

 

où   

n  est  l e  nombre  de  hau teurs  de  mesure  d ispon ib les  (n  ≥  3) ;  

vi  est  l a  vi tesse  du  ven t mesurée  à  l a  hauteur i;  

φ i  est l a  d i fférence d 'ang le  en tre  la  d i rection  du  vent à  l a  hau teur du  moyeu  et  l e  
segment i;  

A  est  l a  surface  balayée  par l e  rotor (c'est-à-d i re,  πR2  avec le  rayon  R) ;  

A i  est l a  surface  du  ie  segment,  c'est-à-d i re  l e  segment représenté  par l a  vi tesse  du  
ven t vi  (vo i r 9. 1 . 3 . 2 ,  Equation  (6)).  

Q.3 Mesure de la  déviation  de  la  trajectoire  du  vent 

La vi tesse  du  vent équ iva lente  du  rotor défi n ie  par l 'Equation  (Q. 1 )  est i n fl uencée par l es  
mesures  de  la  d i fférence entre  les  d i rections  du  ven t à  p l us ieurs  hau teurs  par rapport à  l a  
hau teur du  moyeu .  Afi n  d 'assurer l a  précis ion  des  mesures  de  la  d i fférence entre  les  
d i rections  du  ven t,  i l  est  importan t de  mesurer l es  d i rections  du  vent  à  d i fférentes  hauteurs  
avec l e  même type  de  capteur,  c'est-à-d i re  avec un  d ispos i ti f de  té lédétection  effectuan t l es  
mesures  à  tou tes  l es  hau teurs  ou  avec les  mêmes capteurs  sur l e  mât météorolog ique  à  
toutes  l es  hauteurs.  
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Q.4 Normal isation  du  cisai l lement du  vent et  de  la  déviation  de la  trajectoire  
du  vent combinés  

Les  procédures  décri tes  à  l 'Annexe  P  peuvent être  étendues  au  référencement à  la  courbe  de  
pu issance mesurée  pour référencer l es  cond i ti ons  de  déviation  de  l a  trajectoi re  du  vent,  en  
prenant également en  cons idération  un  profi l  de  déviation  de  l a  traj ectoi re  du  vent de  
référence en  supplément du  profi l  de  cisai l lement du  vent  de  référence.  Les  profi ls  de  
référence  doiven t être  i n tégrés  sur l a  surface  du  rotor conformément à  l 'Equation  (Q. 1 ) .  
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Annexe R 
(informative)  

 
Considérations  relatives  aux incerti tudes  pour les  essais  

sur plusieurs  éol iennes  

R.1  Général i tés  

L'Annexe R tra i te  des  considérations  re lati ves  aux incerti tudes  qu i  apparaissent l ors  de  l a  
compi lation  des  résu l tats  d 'essai  de  p lus ieurs  éol iennes.  Lors  d 'essais  sur p l us ieurs  
éol iennes,  l es  grandeurs  étud iées  son t généralement l 'AEP  moyenne  de  l 'échanti l l on  et 
l ' i ncerti tude  sur cette  moyenne.  L 'AEP  moyenne  peut être  déterm inée  très  s implement en  
prenant une  s imple  moyenne  des  AEP  d e  chaque éol i enne.  

La  déterm ination  de  l ' i ncerti tude  de  l 'AEP  moyenne n 'est pas  aussi  d i recte.  Dans  l a  mesure  où  
ce  problème se  pose  fréquemment,  l a  présente  norme défin i t  une  approche i n formative  de  la  
man ière  dont  cette  i ncerti tude  peu t être  estimée.  Le  cadre  mathématique  de  cette  approche 
est i den tique  à  ce lu i  expl iqué  à  l 'Annexe I  e t à  l 'Annexe  J  de  l ' I EC 61 400-1 2-2: 201 3.  I l  ne  sera  
donc pas  répété  ici .  La  d i fférence  observée dans  l a  présente  norme concerne  l e  Tableau  R. 1  
des  corrélations  estimées  en tre  les  essais  sur d i fférentes  éol iennes  et  l es  résu l tats  
représentés  aux F igures  J . 1  et  J . 2  de   l ' I EC  61 400-1 2-2: 201 3,  qu i  seront  reprodu i ts  i ci .  A ti tre  
d ' in troduction ,  une  brève  exposi tion  du  problème sera  répétée.  

Une  approche possib le  de  l a  composi ti on  des  i ncerti tudes  cons iste  à  fai re  une  s imple  
moyenne des  i ncerti tudes  de  chaque essai .  Toutefois,  cette  s imple  moyenne ne  parvient pas  
à  rendre  compte  du  pri ncipal  avan tage  des  essais  mu l tip les,  à  savoi r une  d im inu tion  de  
l ' i ncerti tude  composée des  essais .  Une  seconde  approche consiste  à  calcu ler l ' incerti tude-
type  de  l a  moyenne  des  i ncerti tudes.   

 ∑
=

=
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i

i,AEPAEP u
L

u

1

21
AVG

 (R. 1 )  

 

où  

AVGAEPu 43   est  l ' i ncerti tude  sur l 'AEP moyenne;  

iAEPu  ,
 est  l ' incerti tude  sur l 'AEP  pour l 'éol ienne  i;   

L  est  le  nombre  d 'éol iennes  à  l 'essai .  

L'Equation  (R. 1 )  prend  pour hypothèse  une  i ndépendance complète  entre  l es  résu l tats  d 'essai  
sur chacune des  éol i ennes,  ce  qu i  s ign i fi e  qu ' i l  n ' y a  pas  de  corrélation  entre  les  résu l tats  
d 'essai  i nd ividuels  d 'une  un i té  à  l a  su ivan te.  Par conséquent,  l 'appl ication  de  l 'Equation  (R. 1 )  
condu irai t à  sous-estimer l ' i ncerti tude  de  l 'AEP  moyenne.  Afi n  évaluer précisément 
l ' i ncerti tude  de  l 'AEP  moyenne,  i l  est donc nécessai re  d ' identi fier une  méthode prati que  de  
trai tement des  composantes  d ' incerti tude  corrélées.  L 'approche suggérée  est fondée  sur l a  
publ ication  i n formative  de  l ' I SO i n ti tu lée  'Guide pour l'expression de l'incertitude de mesure',  
avec des  aj ustements  m ineurs  concernant l a  gestion  de  la  corré lation .  

___________ 

43  I l  est  à  noter q ue  l 'équation  présentée  i ci  d i ffère  l égèrement  de  l 'équati on  donnée  dans  l ' I EC 61 400-1 2-2 .  I l  
s 'ag i t  de  l ' i ncerti tude  d 'une  moyenne  et  l a  d i vi s i on  par 1 /L  es t  une  transformation  l i néai re,  donc 1 /L2  se  s i tue  
sous  l a  raci ne  carrée  ou  1 /L  se  p l ace  devant l a  racine  carrée.  
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Tableau  R.1  – Liste  des  composantes  d ' incerti tude  corrélées  

Paramètre  

mesuré  

Source  Coeffici ent de  

corrél ation  

Condi tion  P lage de  

valeurs  

Notes  

Pu issance  
é lectri que  

Transformateurs  de  
couran t  

ρu p1 , m , n  
Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

0 , 9  

0 , 1  

Les  CT  d e  l a  même 
marque  on t  tendance  à  
produ i re  des  valeurs  
d 'erreur de  catégorie  B  
s im i l a i res  par rapport  à  l a  
val eu r vrai e.  

Transformateurs  de  
tension  

ρu p2 , m , n  
Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

0 , 9  

0 , 1  

Les  VT  d e  l a  même 
marque  on t  tendance  à  
produ i re  des  erreurs  de  
catégorie  B  s im i l a i res .  
Une  mesure  d i recte  de  l a  
tension  é l im ine  cette  
i ncerti tude.  

Transducteu r de  
pu i ssance  ou  
d i spos i ti f de  mesure  
de  pu i ssance  

ρu p3 , m , n  
Même marque  d ' i nstrument 

Marque  d ' i nstrument 
d i fféren te  

0 , 9  

0 , 1  

Les  d i sposi ti fs  de  mesure  
de  pu i ssance  de  l a  même 
marque  on t  tendance  à  
produ i re  des  erreurs  de  
catégorie  B  s im i l a i res.  

Mesu re  de  
pu i ssance  
dynam ique  

ρu p4 , m , n  
Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

0 , 9  

0 , 1  

Les  d i sposi ti fs  de  mesure  
de  pu i ssance  de  l a  même 
marque  on t  tendance  à  
produ i re  des  erreurs  de  
catégorie  B  s im i l a i res.  

Acqu is i ti on  de  
données  

ρu dp , m , n  
Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

0 , 9  

0 , 1  

Des  d i spos i ti fs  
d 'acqu is i ti on  de  données  
de  l a  même marque  on t  
tendance  à  produ i re  des  
erreu rs  de  catégori e  B  
s im i l a i res  par rapport  à  l a  
va l eu r vrai e.  

Vi tesse  du  
vent  

E ta lonnage  de  
l 'anémomètre  

ρu v1 , m , n  
I nstrument partagé  (même 
mât  météorolog ique)  

D i fféren ts  mâts ,  même 
marque/modèl e,  même 
l aboratoi re  d 'éta lonnage  

D i fféren ts  mâts ,  
marque/modèl e  d i fférents,  
même l aboratoi re  
d 'éta l onnage  

D i fféren ts  mâts ,  même 
marque/modèl e,  d i fféren ts  
l aboratoi res  d 'éta lonnages   

D i fféren ts  mâts ,  
marque/modèl e  d i fférents,  
d i fféren ts  l aboratoi res  
d 'éta l onnages   

1 , 0  
 

0 , 9  
 
 

0 , 7  
 
 
 

0 , 4  
 
 

0 , 1  

La  référence  et  l a  
méthode  d 'éta lonnage  
produ isent  une  erreur de  
catégorie  B  s im i l a i re.  

Post-
étalonnage/Etal onna
ge  i n  s i tu  

ρu v2 , m , n  
I nstrument partagé  (même 
mât  météorolog ique)  

Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

1 , 0  
 

0 , 9  

0 , 7  

Les  anémomètres  de  l a  
même marque  on t  
tendance  à  produ i re  des  
erreu rs  de  catégori e  B  
s im i l a i res  par rapport  à  l a  
va l eu r vrai e.  

I ncerti tude  
opérati onnel l e  

ρu v3 , m , n  
I nstrument partagé  (même 
mât)  

Même marque  d ' i nstrument 

Marque  d ' i nstrument 
d i fféren te  

1 , 0  
 

0 , 9  

0 , 8  

Les  anémomètres  de  l a  
même marque  on t  
tendance  à  produ i re  des  
erreu rs  de  catégori e  B  
s im i l a i res  par rapport  à  l a  
va l eu r vrai e.  
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Paramètre  

mesuré  

Source  Coeffici ent de  

corrél ation  

Condi tion  P lage de  

valeurs  

Notes  

Effets  du  montage  ρu v4 , m , n
 

Selon  l a  spéci fi cation  de  l a  
présente  norme  

0, 9  Le  montage  s im i l a i re  
exi gé  pou r l ' u ti l i sation  
d 'une  fonction  de  transfert  
donnée  condu i t  à  u ne  
i ncerti tude  corrélée.  

Acqu is i ti on  de  
données  

ρu v5 , m , n
 Acqu is i ti on  de  données  

partagée  

Di fféren tes  acqu is i ti ons  de  
données  de  même marque,  
même conception  

Di fféren tes  acqu is i ti ons  de  
données  de  marque  
d i fféren te,  même 
conception  

Di fféren tes  acqu is i ti ons  de  
données  de  même marque,  
d i fféren tes  conceptions  

Di fféren tes  acqu is i ti ons  de  
données  de  marque  
d i fféren te,  d i fférentes  
conceptions  

1 , 0  
 

0 , 9  
 
 

0 , 7  
 
 
 

0 , 5  
 
 

0 , 2  

P l us  l e  montage  sera  
s im i l a i re,  p l us  l 'acqu is i ti on  
de  données  sera  corrél ée.  

D i stors ion  de  
l 'écou l ement due  au  
terrain  sans  
éta lonnage  du  s i te  

ρu v6 , m , n
 

Les  deux éol i ennes  s i tuées  
à  une  d i s tance  comprise  
en tre  2D  e t  3D  (ou  3D  et  
4D)  du  mât  météorolog ique  

Une  éol i enne  s i tuée  à  u ne  
d i stance  comprise  en tre  2D  
e t  3D  e t  u ne  éol i enne  en tre  
3D  et  4D  

0 , 9  
 
 
 

0 , 6  

Une  augmentati on  de  l a  
complexi té  d u  terrai n  et  
une  variati on  d u  terra in  
en tre  l es  un i tés  d 'essai  
tend ront  à  produ i re  des  
erreu rs  de  catégorie  B  
d i fférentes  su r l a  vi tesse  
du  ven t par rapport  à  l a  
va l eu r vrai e;  l a  d i stance  
j oue  un  rôle  importan t.  

D i stors ion  de  
l 'écou l ement due  au  
terrain  en tre  l es  
un i tés  d 'essai  avec 
éta lonnage  du  s i te,  
éta lonnage  de  
l 'anémomètre  

ρu v7 , m , n
 

I nstrument partagé  (même 
mât  météorolog ique)  

D i fféren ts  mâts ,  même 
marque/modèl e,  même 
l aboratoi re  d 'éta lonnage  

D i fféren ts  mâts,  
marque/modèl e  d i fféren ts ,  
même l aboratoi re  
d 'étal onnage  

D i fféren ts  mâts ,  même 
marque/modèl e,  d i fférents  
l aboratoi res  d 'éta lonnages   

D i fféren ts  mâts,  
marque/modèl e  d i fféren ts ,  
d i fférents  l aboratoi res  
d 'étal onnages   

1 , 0  
 

0 , 9  
 
 

0 , 7  
 
 
 

0 , 4  
 
 

0 , 1  

 

D i stors ion  de  
l 'écou l ement due  au  
terrain  en tre  l es  
un i tés  d 'essai  avec 
éta lonnage  du  s i te,  
i ncerti tude  
opérati onnel l e  

ρu v7 , m , n
 

I nstruments  partagés  
(mêmes  mâts)  

D i fféren ts  mâts ,  même 
marque/modèl e  

D i fféren ts  mâts ,  
marque/modèl e  d i fférents  

1 , 0  
 

0 , 9  
 

0 , 7  
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Paramètre  

mesuré  

Source  Coeffici ent de  

corrél ation  

Condi tion  P lage de  

valeurs  

Notes  

Acqu is i ti on  de  
données  pou r 
l 'étalonnage  du  s i te  

ρu dv , m , n
 

Acqu is i ti on  de  données  
partagée  

D i fféren tes  acqu is i ti ons  de  
données  de  même marque,  
même conception  

D i fféren tes  acqu is i ti ons  de  
données  de  marque  
d i fféren te,  même 
conception  

D i fféren tes  acqu is i ti ons  de  
données  de  même marque,  
d i fféren tes  conceptions  

D i fféren tes  acqu is i ti ons  de  
données  de  marque  
d i fféren te,  d i fférentes  
conceptions  

1 , 0  
 

0 , 9  
 
 

0 , 7  
 
 
 

0 , 5  
 
 

0 , 2  

Des  d i spos i ti fs  
d 'acqu is i ti on  de  données  
de  l a  même marque  on t  
tendance  à  avoi r une  
erreu r d e  catégori e  B  
s im i l a i re.  

Tempéra-
tu re  

Capteu r de  
températu re  

ρu t1 , m , n
 

I nstruments  partagés  
(même mât  
météorolog ique)  

Même marque  d ' i nstrument  

Marque  d ' i nstrument 
d i fférente  

1 , 0  
 
 

0 , 9  

0 , 1  

Des  d i spos i ti fs  de  mesure  
de  température  de  l a  
même marque  on t  
tendance  à  produ i re  des  
erreu rs  de  catégorie  B  
s im i l a i res.  

Protection  con tre  l e  
rayonnement  

ρu t2 , m , n
 

I nstruments  partagés  
(même mât  
météorolog ique)  

Même marque  d ' i nstrument  

Marque  d ' i nstrument 
d i fférente  

1 , 0  
 
 

0 , 9  

0 , 6  

Les  protections  contre  l e  
rayonnement  on t  tendance  
à  produ i re  l es  mêmes  
erreu rs  de  méthode  par 
rapport  à  l a  val eu r vrai e.  

E ffets  du  montage  ρu t3 , m , n
 

I nstruments  partagés  
(même mât  
météorolog ique)  

Même emplacement  et  
même montage  

Emplacement  ou  montage  
d i fférents  

1 , 0  
 
 

0 , 9  
 
 

0 , 1  

 

Acqu is i ti on  de  
données  

ρu d t , m , n
 

I nstruments  partagés  
(même mât  
météorolog ique)  

Même marque  d ' i nstrument  

Marque  d ' i nstrument 
d i fférente  

0 , 9  
 
 

0 , 1  

Des  d i spos i ti fs  
d 'acqu is i ti on  de  données  
de  l a  même marque  on t  
tendance  à  avoi r une  
erreu r d e  catégori e  B  
s im i l a i re.  

Pression  

Capteu r de  press ion  ρu b1 , m , n
 

I nstrument partagé  (même 
mât  météorolog ique)  

Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

1 , 0  
 

0 , 9  

0 , 1  

Des  d i spos i ti fs  de  mesure  
de  press ion  de  l a  même 
marque  on t  tendance  à  
produ i re  des  erreurs  de  
catégorie  B  s im i l a i res.  

E ffets  du  montage  ρu b2 , m , n
 

I nstrument partagé  (même 
mât  météorolog ique)  

Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

1 , 0  
 

0 , 9  

0 , 1  

S i  p l us ieu rs  i nstruments  
son t u ti l i sés,  l e  montage  
sera  vrai semblabl ement 
s im i l a i re.  

Acqu is i ti on  de  
données  

ρu db , m , n
 

I nstrument partagé  (même 
mât  météorolog ique)  

Même marque  d ' i nstrument 

Marque  d ' i nstrument  
d i fféren te  

1 , 0  
 

0 , 9  

0 , 1  

Des  d i sposi ti fs  
d 'acqu is i ti on  de  données  
de  l a  même marque  on t  
tendance  à  avoi r une  
erreu r d e  catégori e  B  
s im i l a i re.  
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Paramètre  

mesuré  

Source  Coeffici ent de  

corrél ation  

Condi tion  P lage de  

valeurs  

Notes  

Méthode  

Correction  de  l a  
masse  volum ique  de  
l 'a i r 

ρum1 , m , n
 

Même méthodol og i e  de  
correction  pou r tou tes  l es  
éol i ennes  

1 , 0   

Cond i ti ons  de  ven t  ρum2 , m , n
 Mêmes  cond i ti ons  pour 

d i fféren tes  éol i ennes  
1 , 0   

Variati ons  
sai sonn i ères  

ρum3 , m , n
 

L 'essai  s 'effectue  pendant 
l es  mêmes  périodes  de  
l 'année  

L'essai  s 'effectue  pendant 
des  périodes  de  l 'année  
d i fféren tes  

1 , 0  
 
 

0 , 6  

 

S tati sti ques  
Variati ons  de  l a  
pu i ssance  é l ectri que  

ρ sp , m , n
 

 0 , 0  I n tri nsèquement  a l éatoi re  
et  i ndépendante.  
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Annexe S  
(informative)  

 
Correction  de la  d istorsion  de l 'écoulement au  n iveau  

du  mât pour les  mâts  en  trei l l is  

L'Annexe S  donne  l es  l i gnes  d i rectrices  relati ves  à  une  méthode possib le  de  déterm ination  
d 'une  correction  de  l a  d istors ion  de  l 'écou lement des  anémomètres  montés  l atéralement.  
Cette  correction  a  déjà  été  tra i tée  en  7. 2. 4  et en  9. 1 . 2 .  La  présente  annexe présen te  une  
approche  p l us  approfond ie  pour les  mâts  en  tre i l l i s .  

Une  méthode s im i la i re  peu t fonctionner pour d 'au tres  types  de  configurations  de  mâts,  mais  i l  
peu t être  nécessaire  de  procéder à  des  mod i fications  spéci fi ques  pour permettre  l es  
d i fférences  de  configuration .  D 'au tres  méthodes  de  déterm ination  d 'une  correction  peuvent 
être  appl iquées.  En  revanche,  e l l es  doiven t être  documentées  de  man ière  suffisamment 
détai l l ée  pour qu 'un  ti ers  pu isse  reprodu i re  l es  résu l tats  d 'après  l es  i n formations  consignées.  

Le  poin t de  départ consiste  à  effectuer une  régress ion  l inéai re  entre  deux  anémomètres  
i nsta l l és  su r d i fférentes  fl èches  à  l a  même hauteur de  mesure.  Les  rés idus  de  l a  régress ion  
peuven t être  déterm inés  et tracés  par rapport à  l a  d i rection  du  ven t pour l a  tota l i té  du  secteur 
a l l an t de  0°  à  360° .  D 'autres  fi l tres  peuvent être  appl iqués  afin  de  garan ti r l a  qual i té  des  
données.  Normalement,  ce  tracé  montrera  deux  é léments:  

a)  pour des  d i rections  spéci fi ques,  des  d is tors ions  de  l 'écou lement considérables  seront 
vis ib les  et l es  s i l l ages  engendrés  par l e  fonctionnement du  mât,  des  haubans  ou  d 'autres  
capteurs  seront ind iqués;  

b)  une  onde  s inusoïdale  qu i  varie  l entement est  normalement vis ib le  avec une  période  de  
360° .  

Un  exemple  est donné  à  l a  F igure  S . 1  ci -dessous.  Cet exemple  est desti né  à  une  conception  
en  poteaux de  bu t pou r l a  tête  de  mât,  mais  i l  représente  l e  comportement du  s ignal  prévu .  
Comme l ' ind ique  l e  graph ique,  i l  peu t être  avan tageux de  tracer également l es  s i l l ages  prévus  
déterm inés  à  parti r du  montage  géométrique,  ce  qu i  faci l i tera  l ' i n terprétation  correcte  du  
tracé.  I l  convien t de  prêter une  attention  particu l i ère  aux s i l l ages  engendrés  par l es  mâts ,  l es  
haubans  et d 'au tres  capteurs  lorsqu ' i l s  son t trop  nombreux et/ou  trop  forts.  En  effet,  ces  
s i l l ages  peuvent écl ipser l 'onde  s inusoïdale  étud iée  et par conséquent rendre  l 'appl ication  de  
cette  méthode  peu  prati que,  voi re  imposs ible .  
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Anglais  Français  

Permanent  mast  res idual s  vs.  wind  d i rection  Rés idus  du  mât  permanent  en  fonction  de  l a  d i rection  
du  ven t  

Anemometer res idual s  (m /s)   Résidus  de  l 'anémomètre  (m /s)   

Wind  d i rection  D i rection  d u  vent  

Boom  ang le  Ang le  de  l a  fl èche  

Boom  ang le  +  1 80  Ang le  de  l a  fl èche  +  1 80  

Primary waked  by control  Anémomètre  primai re  sous  l 'effet  du  s i l l age  de  
l 'anémomètre  de  commande  

Control  waked  by primary Anémomètre  de  commande  sous  l 'effet  du  s i l l age  de  
l 'anémomètre  primai re  

Figure S.1  – Exemple  de  d istorsion  de  l 'écoulement  au  n iveau  du  mât 

L'onde  s i nusoïdale  représente  l a  d istors ion  de  l 'écou lement à  parti r du  mât et  d 'autres  
matérie ls  à  l a  hauteur de  mesure  à  corriger.  Pour ce la ,  des  valeurs  appropriées  sont  chois ies  
pour l es  paramètres  de  l 'équation  su ivante:  

 )sin(WD21 CentreABVmV +++⋅=  (S. 1 )  

 

où  

V1  est  l a  vi tesse  du  ven t mesurée  par l e  prem ier capteur;  

V2  est  l a  vi tesse  du  ven t mesurée  par l e  second  capteur;  

m  est  l a  pente  de  l a  régress ion  en tre  V 1  e t  V 2 ;  

B  est  le  décalage  de  la  régress ion  entre  V 1  et  V 2 ;  

A  est  un  paramètre  de  m ise  à  l 'échel le;   

WD est l a  d i rection  du  ven t.  

Centre  correspond  à  l a  d i rection  du  vent  pour l aquel l e  i l  est prévu  que  l es  rés idus  soien t nu ls .  
Dans  l es  exemples  ci -dessus  affichant des  ang les  de  flèche  de  92°  et 272° ,  Centre  =  1 82° .  La  
F igu re  G . 3,  l a  F i gure  G .6  et l a  F igure  G . 8  peuvent être  u ti l es  pour évaluer l es  d i rections  dans  
l esquel l es  la  d istors ion  de  l 'écou lement est égale  aux deux emplacements  des  capteurs.  Les  
solu tions  l es  p lus  u ti les  se  trouvent  au  sein  du  secteur de  mesure  (ou  le  p l us  proche  
poss ib le).  

IEC  
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A  est un  paramètre  de  m ise  à  l 'échel le  qu i  doi t être  résolu .  A  peu t être  trouvé  par i tération ,  en  
défin issant d 'abord  A  su r zéro,  pu is  en  chois issan t un  au tre  poin t de  données  (en  restan t 
é lo igné  des  données  des  s i l l ages),  l a  va leur du  couran t peut être  déterm inée  pour les  rés idus.  
Le  graph ique  ci -dessus  affiche  une  va leur de  rés idus  de  0 , 03  à  1 50°  et de  0  à  1 82° .  A 
présent,  soi t Centre  =  1 82° ,  et  soi t exigée  une  valeur nu l l e  pour V1  à  1 50° .  La  va leur 
déterm inée  pour A  est a l ors  0, 06  (un  s i gne  négati f est à  noter pour l e  s i nus  à  un  ang le  de  
1 50°  +  1 80°  =  330°) .  Une  véri fication  p lus  approfond ie  à  l 'a ide  d 'autres  poin ts  est 
recommandée  afin  de  garan ti r que  la  va leu r de  A  est  correcte  et q u 'e l l e  n 'est  pas  fondée  sur 
des  données  aberran tes  accidente l l es .  

A  refl ète  l 'ampl i tude  de  l 'effet de  somme de  l a  d is tors ion  de  l 'écou lement au  n i veau  des  deux 
anémomètres.  Par conséquent,  l a  vi tesse  du  ven t pour chaque anémomètre  doi t être  corrigée  
de  la  moi ti é  de  l 'ampl i tude  A  conformément aux Equations  (S . 2)  et  (S. 3)  ci -dessous:  

 
)sin(WD

2
11 corr Centre

A
VV ++=  (S. 2)  

 
 

)sin(WD
22corr2 Centre
A

VV +−=  
(S. 3)  

 

La  correction  de  l a  d istorsion  de  l 'écou lement présen tée  ici  ne  ramène pas  la  d is tors ion  de  
l 'écou lement à  une  va leur nu l le ,  mais  la  normal ise  seu lement à  l a  d i rection  dans  l aquel le  
l 'effet de  l a  d istors ion  de  l 'écou lement est l e  même au  n i veau  des  deux anémomètres.  La  
d i rection  dans  laquel l e  l a  d istors ion  de  l 'écou lement est  nu l le  peut  être  estimée  à  parti r des  
graph iques  de  vi tesse  d 'écou lement de  l 'Article  G .4  et l a  correction  fi na le  de  l 'écou lement 
peu t être  aj ustée  en  fonction .  

Les  valeurs  des  vi tesses  du  ven t peuvent désormais  être  u ti l i sées  pour recalcu ler l es  rés idus,  
l esquels  peuvent être  i nd iqués  dans  le  même graph ique  afi n  de  représenter l 'amél ioration .  
Les  rés idus  du  s i gnal  après  correction  (en  rouge)  dépendent nettement moins  de  la  d i rection  
du  ven t que  le  s ignal  d 'ori g ine  (en  b leu) ,  comme l ' i l l ustre  l a  F igure  S. 2.  
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Anglais  Français  

Residual s  vs.  wi nd  d i recti on  Rés idus  en  foncti on  de  l a  d i rection  du  vent  

Anemometer res idual s  Rés idus  de  l 'anémomètre  

Wind  d i rection  D i rection  d u  vent  

No  ad justment  Aucun  a j ustement  

D i rection  ad justed  D i rection  a j ustée  

Figure S.2  – Résidus  de  l a  d istorsion  de  l 'écou lement en  fonction  de  la  d i rection  
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