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FOREWORD 

1 )  The  I n ternati ona l  E l ectrotechn ical  Commissi on  ( I EC)  i s  a  worl dwide  organ izati on  for s tandard i zati on  compri s i ng  
a l l  nati onal  e l ectrotechn ical  commi ttees  ( I EC  National  Commi ttees).  The  ob ject  of I EC  i s  to  promote  
i n ternati onal  co-operati on  on  a l l  q uesti ons  concern ing  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 ternati onal  S tandards,  Techn ica l  Speci fi cati ons ,  
Techn ica l  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 cati on (s)” ).  The i r preparati on  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  sub j ect d eal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternati onal ,  governmen tal  and  non -
governmen ta l  organ izati ons  l i a i s i ng  wi th  the  I EC  a l so  parti ci pate  i n  th i s  preparati on .  I EC  col l aborates  cl osel y 
wi th  the  I n ternational  Organ izati on  for Standard izati on  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by 
ag reement between  the  two  organ izati ons.  

2 )  The  formal  deci s ions  or ag reemen ts  of I EC  on  techn ical  matters  express,  as  nearl y as  poss ib l e,  an  i n ternati onal  
consensus  of op i n i on  on  the  re l evan t  subjects  s i nce  each  techn ical  commi ttee  has  represen tati on  from  a l l  
i n terested  I EC  Nati onal  Commi ttees.   

3 )  I EC  Publ i cati ons  have  the  form  of recommendati ons  for i n ternati ona l  u se  and  are  accepted  by I EC  Nati onal  
Commi ttees  i n  that  sense.  Wh i l e  a l l  reasonab l e  efforts  are  made  to  ensu re  that  the  techn ica l  con ten t  of I EC  
Publ i cati ons  i s  accu rate,  I EC  cannot be  hel d  responsibl e  for the  way i n  wh i ch  they are  used  or for any 
m is in terpretati on  by any end  u ser.  

4 )  I n  order to  promote  i n ternational  u n i form i ty,  I EC  Nati onal  Commi ttees  undertake  to  appl y I EC  Publ i cati ons  
transparen tl y to  the  maximum  exten t  possib l e  i n  the i r nati ona l  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC  Publ i cati on  and  the  correspond i ng  nati onal  or reg ional  pub l i cati on  shal l  be  cl earl y i nd i cated  i n  
the  l a tter.  

5)  I EC  i tse l f does  not  provi de  any attestati on  of con form i ty.  I ndependen t  certi fi cati on  bod ies  provi de  conform i ty 
assessmen t services  and ,  i n  some  areas,  access  to  I EC  marks  of con form i ty.  I EC  i s  not  responsibl e  for any 
services  carri ed  ou t  by i n dependen t  certi fi cati on  bod i es .  

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

7)  N o  l i abi l i ty shal l  a ttach  to  I EC  or i ts  d i rectors,  employees,  servan ts  or agen ts  i ncl ud i ng  i nd i vi dual  experts  and  
members  of i ts  techn i cal  commi ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property d amage  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  pub l i cati on ,  use  of,  or re l i ance  upon ,  th i s  I EC  Publ i cation  or any other I EC  
Pub l i cati ons.   

8)  Atten ti on  i s  d rawn  to  the  Normati ve  references  ci ted  i n  th i s  publ i cati on .  U se  of the  referenced  publ i cati ons  i s  
i nd i spensabl e  for the  correct appl i cati on  of th i s  publ i cati on .  

9 )  Atten ti on  i s  d rawn  to  the  poss ib i l i ty that  some  of the  e l emen ts  of th i s  I EC  Publ i cati on  may be  the  subj ect  of 
paten t ri gh ts .  I EC  sha l l  not  be  he l d  responsibl e  for i den ti fyi ng  any or a l l  such  paten t  ri gh ts .  

The  main  task of I EC  techn ical  commi ttees  i s  to  prepare  I n ternational  Standards.  However,  a  
techn ical  commi ttee  may propose  the  publ ication  of a  Techn ical  Report when  i t  has  col lected  
data  of a  d i fferen t ki nd  from  that wh ich  i s  normal l y publ i shed  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC  TR 62001 -3,  wh ich  i s  a  Techn ical  Report,  has  been  prepared  by subcommi ttee  22F:  
Power e lectron ics  for e lectrical  transmission  and  d istribu tion  systems,  of I EC  techn ical  
commi ttee  22 :  Power e lectron ic systems  and  equ ipment.  

Th is  fi rst ed i tion  of I EC  TR 62001 -3,  together wi th  I EC  TR 62001 -1 ,  I EC  TR 62001 -2  and  
I EC  TR 62001 -4,  cancels  and  replaces  I EC  TR 62001  publ ished  in  2009.  Th is  ed i ti on  
consti tu tes  a  techn ical  revision .  

Th is  ed i tion  i ncludes  the  fol lowing  s ign i fican t techn ical  changes  wi th  respect to  I EC  TR 62001 :  

International  Electrotechnical  Commission

 



 –  8  – I EC  TR 62001 -3: 201 6  © I EC  201 6  

a)  expanded  and  supplemented  Clause  6 ;  

b)  new Clause  4 ;  

c)  new Clause  5;  

d )  new annexes  on  the  location  of worst case  network impedance;  

e)  accuracy of network component model l i ng  at harmon ic frequencies;  

f)  fu rther gu idance  for the  measurement of harmon ic vol tage  d istortion ;  

g )  project experience  of pre-existing  harmon ic i ssues;  

h )  worked  examples  showing  impact of pre-existing  d istortion ;  

i )  comparison  of calcu lation  methods.  

The  text of th is  Techn ical  Report i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

22F/41 1 /DTR 22F/41 5/RVC 

 
Fu l l  i n formation  on  the  voting  for the  approval  of th is  document can  be  found  i n  the  report on  
voting  i nd icated  i n  the  above  table.  

Th is  publ ication  has  been  drafted  i n  accordance  wi th  the  ISO/IEC Di rectives,  Part 2 .  

A l i st  of a l l  parts  i n  the  I EC  62001  series,  publ i shed  under the  general  ti tl e  High-voltage direct 
current (HVDC)  systems – Guidance to the specification and design evaluation of AC filters,  

can  be  found  on  the  IEC websi te.  

The  commi ttee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  un ti l  
the  stabi l i ty dateind icated  on  the  IEC  web  s i te  under "h ttp: //webstore. iec.ch"  i n  the  data  
related  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 tion ,  or 

•  amended .  

A b i l i ngual  version  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

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 
understanding  of i ts  contents.  Users  should  therefore  print th is  document using  a  
colour printer.  
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I NTRODUCTION  

The  I EC TR 62001  series  i s  structured  i n  four parts:  

Part 1  – Overview 

Th is  part concerns  speci fications  of AC fi l ters  for h igh-vol tage  d i rect curren t (HVDC)  
systems  wi th  l i ne-commutated  converters,  permissible  d istortion  l im i ts,  harmon ic 
generation ,  fi l ter arrangements,  fi l ter performance calcu lation ,  fi l ter swi tch ing  and  reactive  
power management and  customer speci fied  parameters  and  requ i rements.  

Part 2  – Performance  

Th is  part deals  wi th  cu rren t-based  in terference  cri teria,  design  i ssues  and  special  
appl ications,  fi e ld  measurements  and  veri fication .  

Part 3  – Model l ing  

Th is  part addresses  the  harmon ic i n teraction  across  converters,  pre-existi ng  harmon ics,  
AC  network impedance  model l ing ,  s imu lation  of AC fi l ter performance.  

Part 4  – Equ ipment 

Th is  part concerns  steady-state  and  transien t ratings  of AC fi l ters  and  thei r components,  
power losses,  aud ible  noise,  design  i ssues  and  specia l  appl ications,  fi l ter protection ,  
se ismic requ i rements,  equ ipment design  and  test parameters.  
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HIGH-VOLTAGE DIRECT CURRENT (HVDC)  SYSTEMS –  
GU IDANCE TO THE SPECIFICATION  AND  
DESIGN  EVALUATION  OF AC FILTERS –  

 
Part 3:  Model l ing  

 
 
 

1  Scope 

Th is  part of I EC  TR 62001 ,  wh ich  i s  a  Techn ical  Report,  provides  gu idance  on  the  harmon ic 
i n teraction  across  converters,  pre-existi ng  harmon ics,  AC network impedance  model l i ng  and  
s imu lation  of AC  fi l ter performance.   

The  scope  of th is  document covers  AC s ide  fi l tering  for the  frequency range  of i n terest i n  
terms  of harmon ic d istortion  and  aud ib le  frequency d isturbances.  I t  excludes  fi l ters  designed  
to  be  effective  in  the  PLC and  rad io  i n terference  spectra.  

Th is  document concerns  the  "conventional "  AC  fi l ter technology and  l i ne-commutated  h igh-
vol tage  d i rect curren t (HVDC)  converters.   

2  Normative references  

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

I EC  TR 61 000-3-6:2008,  Electromagnetic compatibility (EMC)  – Part 3-6: Limits – Assessment 
of emission limits for the connection of distorting installations to MV,  HV and EHV power 
systems 

I EC  61 000-4-30,  Electromagnetic compatibility (EMC)  – Part 4-30: Testing and measurement 
techniques – Power quality measurement methods  

3  Harmonic in teraction  across  converters  

3.1  General  

I n  order to  faci l i tate  the  analysis  of harmon ic generation  by an  HVDC converter,  s impl i fying  
assumptions  are  often  made.  Typical l y,  the  HVDC converter i s  regarded  as  a  generator of 
harmon ic curren ts,  wi th  an  i n fi n i te  i n ternal  impedance.  Such  an  assumption  i s  reasonably 
val id  for practical  purposes  for most harmon ics,  and  i s  the  basis  of the  calcu lation  methods  
described  i n  I EC  TR 62001 -1 .  

The  customer shou ld  be  aware,  however,  that such  a  s impl i fied  approach  has  l im i tations,  and  
can  lead  to  i ncorrect analysis  and  design  i n  some ci rcumstances.  I n  practice,  the  converter i s  
a  l i nk between  the  AC and  DC  s ide  harmon ic systems,  and  the  AC s ide  harmon ic cu rren ts  
may be  strong ly i n fl uenced  by the  harmon ic impedance  and  harmon ic curren t flows  on  the  DC 
s ide.  

Th is  i s  particu larly true  for l ow-order harmon ics,  and  i t  i s  strong ly recommended  that the  
analysis  of th i rd  harmon ic d istortion  and  fi l tering  requ i rements  shou ld  take  i n to  account the  
AC/DC s ide  harmon ic i n teraction .  At the  1 1 th  and  1 3 th  harmon ics,  the  i n teraction  effect can  
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a l so  be  s ign i fican t.  At h igher frequencies,  a l though  in teractions  occur,  thei r practical  impact 
on  fi l ter design  and  harmon ic performance  wi l l  normal l y be  neg l ig ib le.  

Subclauses  3 . 2  to  3 . 1 5  g ive  an  overview of the  in teraction  phenomena,  focusing  on  practical  
impl ications  for AC fi l ter design .  The  techn ical  speci fication  shou ld  make  i t  clear that such  
phenomena  have  to  be  taken  i n to  account,  and  the  customer shou ld  be  able  to  address  the  
subject i n  h is  evaluation  of the  b idders’  designs.   

The  terms  "harmon ic i n teraction"  and  "cross-modu lation "  are  used  synonymously i n  th is  
report.  "Cross-modu lation "  i s  to  be  understood  here  as  the  process  of harmon ic transfer 
across  one  converter,  not,  as  i t  i s  sometimes  used  in  a  more  speci fic sense,  as  the  transfer of 
harmon ics  from  one  AC system  to  another via  the  i n terven ing  HVDC l ink.  

CIGRE  Techn ical  Brochure  1 43  [1 ] 1  d i scusses  i n  detai l  the  techn ical  aspects  re lated  to  the  
subject.  Th is  i s  a  comprehensive  review of the  subject and  i ncluded  valuable  references  to  
other publ ications.  However,  i t  concentrates  on  the  theoretical  aspects  of ca lcu lation  
procedures.  CIGRE  Techn ical  Brochure  533  [2 ]  contains  more  gu idance  on  the  practical  
requ i rements  for speci fying  and  evaluating  the  treatment of cross-modu lation  during  a  tender 
and  subsequent design  process  and  some  aspects  not i ncluded  or on ly briefly covered  i n  [1 ] .  
Some  of the  fundamental  conclusions  of [1 ]  [2 ]  and  other referenced  books  and  papers  have  
been  summarised  in  th is  document.  

Harmon ic i n teraction  across  the  converters  can  be  a  cause  of problems,  some  examples  of 
wh ich  are  i l l ustrated  in  3 . 2 .  Proper consideration  of cross-modu lation  during  the  design  
process  can  be  of benefi t,  not on ly i n  avoid ing  such  fu ture  problems  i n  operation ,  bu t a l so  in  
possibly s impl i fying  designs.  There  are  examples  of where  3 rd  harmon ic fi l tering  wou ld  have  
been  necessary when  using  a  s impl i fied  classic calcu lation  wi th  a  sti ff cu rren t source,  bu t 
shown  to  be  unnecessary when  a  fu l l  i n teraction  model  was  appl ied ,  taking  i n to  account the  
impedances  on  both  s ides  of the  converter.  I t  shou ld  therefore  not a lways  be  assumed  that  
consideration  of cross-modu lation  wi l l  i n troduce  problems  or make  the  design  more  d i ffi cu l t  – 
i t  may actual ly resolve  some  d i fficu l t  i ssues.   

Th is  document does  not recommend  prescrib ing  calcu lation  procedures  and  cond i tions  in  the  
customer’s  techn ical  speci fication .  I n  practice,  i ssues  involving  harmon ic i n teraction  have  
been  treated  i n  very d i fferen t ways  and  using  d i fferen t study methods  by various  HVDC 
con tractors  i n  the  past.  However,  customers  need  comparable  b ids  and  want to  be  in  control  
of the  ri sks  associated  wi th  th is  phenomenon .  C lause  3  wi l l  therefore  pinpoin t the  importan t 
assumptions  that need  to  be  defined  in  a  techn ical  speci fication  and  i t  wi l l  recommend  that 
con tractors  shou ld  j usti fy thei r chosen  calcu lation  procedure  and  veri fy i ts  accuracy.  

3.2  Practical  experience  of problems  

There  has  been  considerable  experience  from  operational  HVDC schemes of adverse  
harmon ic i n teractions  between  AC  and  DC  s ides  of the  converter.  Several  experiences  are  
described  i n  detai l  i n  [1 ] .  A brief summary of some  i l l ustrative  i ssues  i s  g iven  below.  

One  of the  earl iest i nciden ts  of reported  i n teraction  i s  related  to  the  Kingsnorth  HVDC l i nk [3 ] .  
The  particu lar combination  of DC reactors  and  DC cable  capaci tance  of the  Wi l lesden  pole  
resu l ted  in  a  series  resonance  cond i tion  at  the  fundamental  frequency i n  the  DC ci rcu i t.  A 
smal l  2nd  harmon ic present on  the  AC s ide  therefore  resu l ted  i n  h igh  fundamental  cu rren t on  
the  DC side,  wh ich  i n  tu rn  gave  cause  to  unequal  fi ri ng  pu l se  spacing .  Th is  resu l ted  i n  a  
further contribu tion  to  the  fundamental  frequency vol tage  on  the  DC s ide  and  created  smal l  
d i rect currents  i n  the  converter transformers,  wh ich  tended  to  satu rate  the  transformer cores,  
generating  fu rther 2nd  harmon ic d istortions  on  the  AC  s ide.  An  add i tional  fl ux con trol  l oop  i n  
the  HVDC con trol  system  solved  the  problem.  Th is  was  one  of the  earl i est examples  of what 

___________ 

1   Numbers  i n  square  brackets  refer to  the  B i b l i og raphy.  
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i s  known  as  "core  saturation  instabi l i ty"  wh ich  has  subsequently been  observed  on  several  
HVDC schemes.   

At the  Chateauguay back-to-back converter station ,  a  s im i lar phenomenon  occurred .  A 2nd  
harmon ic resonance  cond i tion  was  observed  at the  AC s ide  of the  converter [4 ] .  The  i n i tia l l y 
smal l  pre-existing  vol tage  d istortion  at the  2nd  harmon ic was  transferred  to  the  DC  s ide  of the  
converter.  The  resu l ting  fundamental  curren t on  the  DC  side  transferred  back to  the  AC s ide  
as  a  2nd  harmon ic curren t.  Due  to  a  paral le l  resonance  of the  AC network impedance  at  the  
2nd  harmon ic,  th is  converter curren t gave  ri se  to  a  correspond ing  vol tage  d istortion ,  and  the  
l oop  was  closed .  The  problem  was  solved  by in troducing  an  auxi l iary d i rect current control ler 
wh ich  created  an  external  damping  for the  fundamental  frequency component of the  d i rect 
cu rren t.  Shunt fi l ters  tuned  to  the  2nd  harmon ic have  a lso  been  i nstal led  on  the  AC s ide.  

During  commission ing  of the  Gezhouba-Shanghai  HVDC transmission ,  non-characteristic DC 
harmon ic cu rrents  of orders  2 ,  6  and  1 8  were  observed  wh ich  caused  an  undu ly large  
equ ivalent d i sturbing  current.  I t  was  found  that pre-existing  vol tage  d istortions  of order 3 ,  5  
and  7  on  both  AC  sides  caused  a  number of non-characteristi c vol tage  d istortions  on  the  DC 
s ide.  These  met wi th  near-resonant cond i tions  at  these  frequencies  on  the  DC  s ide  resu l ting  
i n  the  observed  current d istortions.  The  implementation  of add i tional  resisti ve  damping  i n  the  
DC  fi l ters,  as  wel l  as  changes  to  the  neu tral  capaci tor,  solved  the  problem.   

For the  same scheme,  i t  was  a lso  reported  that the  1 1 th  harmon ic AC s ide  converter current 
was  s ign i fican tl y h igher,  and  the  1 3 th  harmon ic s ign i fican tl y l ower,  when  a  1 2 th  harmon ic 
curren t of not neg l ig ib le  value  flows  i n  the  DC ci rcu i t.  Possib ly,  th is  i s  the  case  for most HVDC 
schemes,  bu t i s  rarely mentioned .  

I n  the  design  of the  Quebec-New Eng land  mu l ti -terminal  scheme,  a  60  Hz component i n  the  
DC ci rcu i t  caused  by induction  from  nearby AC  l i nes  was  an ticipated  due  to  the  planned  DC  
l i ne  rou te.  Th is  i nduced  fundamental  frequency current wou ld  cross  the  converter and  
generate  d i rect current i n  the  transformer wind ing ,  wh ich  cou ld  l ead  to  core  saturation .  The  
design  of the  scheme therefore  i ncluded  a  series  b locking  fi l ter tuned  to  the  fundamental  
frequency i nserted  i n  the  DC  neu tral  of each  converter.   

A second  i ssue  i n  the  same  project was  re lated  to  the  Rad isson  converter station  [5] .  The  
station  i s  l ocated  i n  an  area  of the  far north  of Canada  where  geomagnetic acti vi ty i s  strong  
and  the  ground  resistivi ty i s  h igh .  Th is  combination  can  create  h igh  d i rect cu rren ts  i n  
transformer neu trals  during  geomagnetic storms.  During  such  an  even t,  5 th  and  7 th  harmon ic 
d istortion  on  the  AC  s ide  due  to  transformer satu ration  produced  excessive  6th  harmon ic on  
the  DC s ide  resu l ting  i n  the  fa i lu re  of a  DC fi l ter arrester.  I t  was  found  that the  converter 
impedance  as  seen  from  the  AC s ide,  wh ich  was  heavi ly determined  by 6 th  harmon ic 
impedance  of the  DC  s ide,  sh i fted  the  resonance  frequency between  the  AC network and  the  
complete  converter station  from  below 3 rd  ( i . e .  not considering  converter impedance)  to  
around  5 th  harmon ic.  The  problem  was  m i tigated  by i n troducing  a  5 th  harmon ic re-tun ing  
ci rcu i t to  two  existing  36/48 th  harmon ic AC fi l ters.  Th is  re-tun ing  ci rcu i t  consists  of a  fi l ter 
reactor i n  paral le l  wi th  a  resistor,  i nsta l led  at the  neu tral  s ide  of the  fi l ter.  Th is  ci rcu i t,  normal l y 
short-ci rcu i ted  by a  bypassing  swi tch ,  i s  activated  when  h igh  5 th  or 7 th  harmon ic d istortion  i s  
detected ,  resu l ting  i n  a  re-tun ing  of the  fi l ter to  5 th  harmon ic.  

At the  Sandy Pond  i nverter station  of the  same scheme,  i ncreasing  l evels  of pre-existing  5 th  
harmon ic i n  the  AC network resu l ted  in  overload  of the  DC side  6 th  harmon ic fi l ter,  due  to  
cross-modu lation .  The  problem  was  resolved  by converting  the  existing  shun t capaci tors  to  5 th  
harmon ic fi l ters.  

The  B lackwater back-to-back HVDC I n tertie  a l so  su ffered  from  a  2nd  harmon ic i nstabi l i ty 
related  to  transformer core  saturation .  A solu tion  was  reported  wh ich  involved  modu lation  of 
the  converter fi ring  ang les.  

At the  Kristiansand  converter station  on  the  Norweg ian  s ide  of the  Skagerrak,  HVDC 
Transmission  scheme transformer core  i nstabi l i ties  and  occasional  s ign i ficant harmon ic 
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d istortions  in  the  l ow order range  have  been  observed ,  wh ich  l ed  to  tripping  of AC  l i nes  and  
transformers.  Theoretical  i nvestigations  [6 ]  i nd icated  that the  energ ization  of a  400kV shun t 
reactor i n  the  Tjele  converter station  i n  Denmark can  cause  satu ration  of the  l ocal  
transformers.  The  resu l ti ng  AC s ide  2nd  harmon ic vol tage  d istortions  cause  a  s ign i ficant 
fundamental  curren t i n  the  DC  ci rcu i t  wh ich  i s  transferred  to  the  Kristiansand  converter station  
i n  Norway.  The  Kristiansand  converters  transform  th is  fundamental  cu rren t i n to  a  DC curren t 
on  thei r AC s ide  resu l ti ng  i n  unsymmetrical  transformer saturation .  The  zero  sequence  
currents  thus  generated  on  the  network s ide  can  reach  values  wh ich  are  able  to  trigger AC 
l i ne  protection .  The  effectiveness  of a  50  Hz damping  con trol  s im i lar to  the  one  developed  for 
the  Chateauguay project was  proven  for the  Skagerrak scheme.  

A second  effect,  occasional l y observed  at  Kristiansand ,  was  transformer tripping  due  to  
curren t overload .  I t  was  found  that h igh  negative  phase  sequence  components  of the  
fundamental  frequency vol tages  in  Norway,  caused  by heavy l oad  fl ow over not fu l l y 
transposed  AC l ines,  cause  th i rd  harmon ic current generation  by the  converters  on  the  AC 
s ide,  and  th is  feeds  i n to  an  AC network wh ich  can  experience  occasional  resonance  at th i rd  
harmon ic.  As  these  network resonances  can  not be  avoided ,  detun ing  of the  impedance  by 
temporary fi l ter tripping ,  triggered  by a  protection  re lated  to  h igh  harmon ic curren ts,  was  
defined  as  a  general  coun ter measure.  

The  Sasaram  500MW back-to-back HVDC station  i n terconnects  two  asynchronous  AC 
systems.  During  i n i tia l  commission ing  testing ,  on  some  occasions  the  unbalance  i n  one  of the  
AC systems exceeded  the  speci fied  l evel  of 1  %  NPS  vol tage.  Th is  resu l ted  in  2nd  harmon ic 
generation  on  the  DC s ide  and  consequent 3rd  harmon ic cu rrent generation  in to  the  AC 
system.  Th is  resu l ted  i n  thermal  overload  of the  resistors  i n  the  i nstal led  3 rd  harmon ic C-type  
fi l ters.  The  problem  d id  not persist,  bu t i l l ustrated  the  sensi tivi ty of some  station  equ ipment to  
AC-DC harmon ic i n teractions.  

During  design  stud ies  of a  l arge  undersea  HVDC in terconnection  i n  Japan ,  a  vu lnerabi l i ty to  
core  satu ration  i nstabi l i ty was  observed .  The  DC cable  system  exh ibi ted  series  resonance  
near the  fundamental  frequency,  and  the  AC systems had  an  impedance resonance  near the  
second  harmon ic.  The  AC systems were  not particu larl y weak.  For purposes  of compaction ,  
the  shun t capaci tor banks  were  implemented  using  dead-tank construction  at med ium  vol tage,  
wi th  transformers  connecting  these  banks  to  the  EHV level .  The  transformer-capaci tor 
combination  yie lded  a  series  resonance  near the  th i rd  harmon ic,  i n troducing  the  impedance  
resonance  wi th  the  grid  at a  l ower frequency near second  harmon ic.  Smal l  s ignal  analysis  
techn iques,  described  i n  [7] ,  were  used  to  screen  system  cond i tions  for th is  core  saturation  
i nstabi l i ty phenomenon .  A mod i fication  of the  capaci tor bank design  was  implemented ,  wh ich  
has  avoided  th is  i ssue  du ring  operation .  

3.3  Ind icators  of where  harmonic interaction  is  s ign ificant 

The  practical  impl ications  of AC-DC harmon ic i n teraction  are  main ly re lated  to  l ow order 
harmon ics.  Al though  the  theory of cross-modu lation  i s  equal l y val id  at a l l  frequencies,  the  
i ncreasing  inductive  impedance  of the  converter transformers  and  DC  s ide  smooth ing  reactors  
wi th  ris i ng  frequency tend  to  l im i t h i gher order DC side  harmon ic cu rrents  and ,  consequently,  
thei r transferred  impact on  the  AC  s ides  i s  correspond ing ly smal ler.  

Harmon ic i n teraction  has  to  be  considered  for both  harmon ic performance  and  fi l ter rating  
type  calcu lations  as  wel l  as  i ts  impact on  protections  and  the  overal l  dynamic behaviour of the  
converter station  and  i ts  controls.  

HVDC systems  connected  to  AC nodes  wi th  l ow short ci rcu i t ratios,  i . e .  implying  h igh  network 
impedance  at  l ow order harmon ic frequencies,  and /or nodes  wh ich  tend  to  experience  
s ign i fican t negative  phase  sequence  components  of the  fundamental  vol tage,  are  more  l i kely 
to  be  at  ri sk of harmon ic i n teraction  problems.   

For back-to-back schemes,  i n teraction  shou ld  a lways  be  i nvestigated ,  as  thei r DC  ci rcu i t  may 
not provide  effective  smooth ing  or damping  of harmon ics  and  as  they may i n terconnect 
systems  wi th  asynchronous  or even  d i fferen t nominal  frequencies.  
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As  an  i n i tial  sensi ti vi ty check,  the  AC and  DC  s ide  impedances  shou ld  be  scanned  for 
possible  resonance  cond i tions  i n  the  l ow order range,  taking  converter impedance  i n to  
account.  Whereas  2nd ,  3rd ,  5 th  and  7 th  harmon ic resonances  on  the  AC s ide  are  especial l y 
s ign i fican t i n  supporting  harmon ic i nstabi l i ties,  the  DC  side  shou ld  not be  sensi tive  to  
fundamental ,  2nd  and  6 th  harmon ic exci tation .  Special  atten tion  shou ld  be  paid  when  the  AC 
and  DC side  networks  are  tuned  to  complementary frequencies,  i . e .  i f the  AC  side  has  a  

paral le l  resonance  at frequency f1  and  the  DC is  series  resonant at a  frequency f2  where   

f1  –  f2  =  ±f0  (see  3 . 9).  

I n  a  case  where  the  i nductance  of a  DC smooth ing  reactor i n  the  DC s ide  i s  l ow,  1 2 th  
harmon ic current i n  the  converter on  the  DC  s ide  may a lso  be  an  i ssue,  wi th  an  impact on  the  
relati ve  levels  of AC s ide  1 1 th  and  1 3 th  harmon ics.  Even  wi th  normal  va lues  of smooth ing  
reactors,  where  a  1 2 th  harmon ic DC  fi l ter i s  present,  the  converter curren t can  be  h igh  enough  
to  have  a  s i gn i fican t impact on  the  1 1 th  and  1 3 th  harmon ic AC  side  cu rren ts.  Th is  wi l l  be  
particu larl y noticeable  i n  l ow power operation ,  where  the  DC  s ide  1 2 th  can  be  close  to  i ts  
maximum  value  wh i le  the  characteristi c generation  of AC s ide  1 1 th  and  1 3 th  harmon ics  i s  l ow,  
and ,  therefore,  the  transferred  1 1 th  and  1 3 th  curren ts  wi l l  have  a  proportional l y g reater impact.   

Fundamental  frequency i nduction  i n  DC l i nes  from  nearby AC l ines  a lso  i n troduces  a  risk of 
converter transformer saturation  due  to  d i rect curren t i n  the  valve  wind ings,  and  consequent 
undesi rable  effects  [8] .  Detai led  study of the  level  of fundamental  frequency induction  and  of 
harmon ic i n teraction  i n  such  cases  i s  essen tia l  (see  3 . 1 3) .  

3.4 In teraction  phenomena 

The  AC vol tage  and  cu rrent waveforms  can  be  considered  to  be  composed  of posi ti ve,  
negative  and  zero  sequence  components  of the  fundamental  frequency a long  wi th  posi ti ve,  
negative  and  zero  sequence  components  of other frequencies.  The  DC  s ide  waveforms  can  
s im i larl y be  expressed  as  a  DC  component p lus  a  broad  spectrum  of other frequencies.  The  
conversion  process  involved  i n  the  conventional  bridge  connected  converter establ ishes  a  
wel l  defined  relationsh ip  between  frequencies  on  the  AC side  of the  converter and  frequencies  
on  the  DC s ide.   

I n  general ,  the  relationsh ip  i s  governed  by several  s impl i fied  ru les.  

•  The  ungrounded  star and  del ta  transformer connections  on  the  valve  s ide  of the  
converter transformers  preclude  the  transfer of zero  sequence  frequencies  from  the  AC 
s ide  of the  converter transformers  to  the  DC s ide.  Zero  sequence  coupl ing  i s  l im i ted  to  
second  order capaci tive  transfer effects.  

•  Any g iven  posi tive  sequence  frequency greater than  fundamental  on  the  AC s ide  of the  
converter i s  converted  to  a  dominan t frequency on  the  DC  side  wh ich  i s  l ower i n  
frequency than  the  AC s ide  frequency by an  amount precisely equal  to  the  fundamental  
frequency of the  AC side  of the  converter.  For AC s ide  posi tive  sequence  frequencies  
l ess  than  fundamental ,  the  resu l tan t DC s ide  frequency i s  the  complement of the  AC 
s ide  frequency.  

•  Any g iven  negative  sequence  frequency on  the  AC s ide  of the  converter i s  converted  
to  a  dominant frequency on  the  DC side  wh ich  i s  g reater i n  frequency than  the  AC s ide  
frequency by an  amount precisely equal  to  the  fundamental  frequency of the  AC s ide  
of the  converter.  

•  Any g iven  frequency on  the  DC side  of the  converter i s  converted  to  two  dominan t 
frequencies  on  the  AC s ide.  A posi tive  sequence  frequency i s  created  wh ich  i s  g reater 
than  the  DC  s ide  frequency by an  amount precisely equal  to  the  fundamental  
frequency of the  AC s ide  of the  converter.  I f the  DC  s ide  frequency i s  g reater than  the  
AC s ide  frequency,  a  negative  sequence  frequency i s  a lso  created  wh ich  i s  l ess  than  
the  DC s ide  frequency by an  amount precisely equal  to  the  fundamental  frequency of 
the  AC  system.  I f the  DC  s ide  frequency i s  l ess  than  the  AC side  fundamental  
frequency,  then  i nstead  of a  negative  sequence  frequency,  a  second  posi ti ve  sequence  
frequency i s  generated  at  a  value  precisely equal  to  the  AC s ide  fundamental  
frequency l ess  the  DC side  frequency.  
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Table  1  provides  a  summary of the  dominan t frequencies  i nvolved  i n  any in teraction :  

Table  1  – Dominant frequencies  in  AC–DC  harmonic  interaction  

DC s ide   
frequency 

AC  s ide   
frequencies  

F
DC
 >  f

0
 F

DC
 +  f

0
 (pos.  seq . )  F

DC
 –  f

0
 (n eg .  seq . )  

f
DC
 =  f

0
 2f

0
 (pos .  seq . )  0 , 0  (DC)  

F
DC
 <  f

0
 f

DC
  +  f

0
 (pos .  seq . )  F

0
 –  f

DC
 (pos.  seq . )  

F
DC
 =  0  f

0
(pos.  seq . )   

f
DC
  i s  the  i n teracti on  frequency on  the  DC  s i de  of the  converter.  

f
0
  i s  the  fu ndamenta l  frequency of the  AC  s i de  of the  converter.  

 

The  above  ru les  are  not l im i ted  to  j ust harmon ic frequencies  bu t i n  general  can  be  appl ied  to  
a l l  frequencies.  Other frequencies  sh i fted  by mu l tip les  of the  converter pu lse  number times  
fundamental  frequency (or thei r complements)  can  a lso  be  i nvolved  in  the  conversion  process  
bu t for the  most part,  thei r con tribu tions  to  any g iven  in teraction  are  of second  order.  The  
relationsh ips  hold  for not on ly steady-state  cond i tions  bu t can  a lso  be  observed  in  quasi -
steady state  cond i tions  as  experienced  under prolonged  unbalance  fau l t  cond i tions,  and  even  
transient cond i tions  (any phenomena  l asting  g reater than  1  or 2  cycles).  

3.5 Impact on  AC  fi l ter design  

3.5.1  General  

I n teraction  wi l l  i n fluence  AC fi l ter design  on ly when  the  resu l tan t harmon ics  are  of a  
s ign i fican t magn i tude  so  as  to  affect e i ther the  AC  fi l ter performance  or the  AC  fi l ter rati ng  or 
both .  

Several  i n teractions  are  known  to  i n fl uence  the  design  of AC fi l ters,  and  are  d iscussed  in  the  
fol lowing  subclauses.  

3.5.2  AC  s ide  th ird  harmonic 

One  such  set of i n teraction  frequencies  includes  

•  AC  s ide  negative  sequence  fundamental  frequency,  

•  DC  s ide  second  harmon ic,  and  

•  AC  s ide  posi ti ve  sequence  th i rd  harmon ic.  

The  presence  of a  substan tia l  component of fundamental  frequency negative  sequence  

vol tage  in  the  commutating  bus  vol tage  (>  1  %  to  2  %)  wi l l  often  resu l t  i n  l arge  components  of 
posi ti ve  sequence  th i rd  harmon ic i n  the  AC side  waveforms  and  large  second  harmon ic 
components  i n  the  DC  waveforms.  Considering  the  two  AC networks,  current fl ow is  l im i ted  by 
the  series  combination  of the  negative  sequence  fundamental  frequency impedance  and  the  
th i rd  harmon ic posi ti ve  sequence  impedance.  Wi th  low values  of net effective  impedance,  and  
a  l arge  negative  sequence  vol tage,  the  negative  sequence  curren t flow and  th i rd  harmon ic 
cu rren t flow cou ld  be  l arge.  I nsta l l i ng  a  l ow impedance  shunt connected  th i rd  harmon ic fi l ter to  
l im i t  the  th i rd  harmon ic fl ow i n to  the  AC  system  cou ld  actual l y exaggerate  the  amount of 
cu rren t fl ow,  i ncreasing  the  th i rd  harmon ic curren t i n  the  fi l ter to  values  above  the  flow wi thou t 
the  AC fi l ter.  Th is  cou ld  be  further compounded  by resonances  between  the  AC fi l ter and  the  
AC  system.  

The  second  harmon ic impedance  of the  DC network cou ld  a lso  in fluence  the  design  of the  AC 
side  th i rd  harmon ic fi l ter.  
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3.5.3  Direct current on  the  AC  s ide  

A second  set of i n teraction  frequencies  affecting  the  design  of fi l ters  i ncludes  

•  AC  s ide  second  harmon ic posi ti ve  sequence,  

•  DC  s ide  fundamental  frequency,  and  

•  AC  s ide  valve  wind ing  DC curren ts.  

Fundamental  frequency curren ts  on  the  DC s ide  of the  converters  can  be  converted  i n to  
posi tive  sequence  second  harmon ic and  DC currents  on  the  AC side  of the  converter.  The  
second  harmon ic curren ts  are  transformed  and  hence  appear i n  the  AC network.  Al though  DC 
curren ts  are  i n i tia l l y coupled  in to  the  AC  network,  wi th  time,  the  AC  side  curren ts  decay to  
zero  and  the  DC  current fl ow eventual ly ends  up  flowing  through  the  magnetizing  path  of the  
equ ivalent ci rcu i t  of the  converter transformer sh i fting  the  transformer saturation  
characteristics.  Depend ing  on  the  magn i tude  of the  sh i ft,  one-sided  transformer saturation  
cou ld  occur resu l ti ng  i n  the  generation  of second  harmon ic posi tive  sequence  curren ts  due  to  
transformer saturation .  These  curren ts  cou ld  add  to  the  second  harmon ics  coupled  by the  
i n teraction  network exaggerating  the  curren t fl ows  in  the  three  networks.   

Fundamental  frequency b locking  fi l ters  on  the  DC  side  and  second  harmon ic shun t connected  
fi l ters  on  the  AC s ide  have  been  used  to  l im i t  the  i n teraction  effects.  The  design  of the  second  
harmon ic fi l ter shou ld  take  i n to  account not on ly the  d i rect i n teraction  effects  bu t a lso  the  
possible  ampl i fication  resu l ting  from  i n teraction  wi th  transformer magnetization .   

3.5.4 Characteristic  harmonics  

I n teraction  can  occur at characteristic frequencies  as  wel l  as  l ow order non-characteristic  
frequencies.   

F i l tering  i s  normal ly provided  for the  1 1 th  and  1 3 th  harmon ics  creating  a  l ow impedance  path  
i n  the  1 3 th  harmon ic posi tive  sequence  network as  wel l  as  the  1 1 th  harmon ic negative  
sequence  network.  I f the  DC side  impedance  at the  1 2 th  harmon ic i s  a l so  smal l  (as  can  occur 
on  back-to-back schemes  wi th  smal l  or no  smooth ing  reactors) ,  coupl ing  can  occur between  
the  1 1 th  and  1 3 th  networks  of both  AC systems.  As  a  resu l t  of the  coupl i ng ,  1 1 th  and  1 3 th  
harmon ics  of both  AC system  frequencies  cou ld  be  eviden t i n  the  respective  fi l ter waveforms.  

The  AC  fi l ters  l im i t  the  impact of the  i n teraction  to  the  converters  themselves  and  as  a  resu l t 
the  in teraction  i s  not normal l y eviden t i n  the  AC system  vol tage  and  curren t waveforms.  The  
design  of the  AC fi l ters  however shou ld  recogn ize  the  potentia l  for i n teraction  wi th  su i table  
a l lowance  i n  the  fi l ter performance  and  rating .  

3.6  General  overview of model l ing  techniques  

3.6.1  General  

A theoretical l y comprehensive  investigation  i n to  the  harmon ic behaviour of an  HVDC system  
i s  on ly fu l l y possible  i f a  complete  AC-DC-AC in teraction  model  i s  used .  Th is  i s  feasib le  once  
a l l  the  AC and  DC  fi l ter design  i s  complete  and  the  fi l ter component parameters  are  known .  
Also,  fu l l  AC-DC-AC in teraction  models  bu t using  approximate  representations  of the  fi l ters,  
perhaps  s imply as  AC capaci tors  of the  estimated  Mvar capaci ty or DC  fi l ters  wi th  the  
pred icted  capaci tor s ize,  can  be  used  to  i nvestigate  l ow order resonance  cond i tions  during  an  
early design  stage  when  smooth ing  reactors  and  transformer impedances  are  selected ,  as  
wel l  as  the  possib le  need  for l ow order fi l tering  on  e i ther or both  s ides.   

However,  i t  i s  general l y not practicable  to  use  a  complete  AC-DC-AC in teraction  model  for the  
detai l ed  fi l ter design  i tsel f,  as  i t  impl ies  that the  design  of the  i nd ividual  fi l ter schemes  on  both  
AC s ides  and  the  DC s ide  wou ld  have  to  be  done  s imu l taneously.  Al l  such  fi l ter design  
calcu lations  requ i re  variation  of an  extensive  number of system  parameters  and  factors  
affecting  detun ing ,  and  to  do  th is  for a l l  fi l ters  i n  the  complete  HVDC system  s imu l taneously 
wou ld  be  an  extremely compl icated  i terative  process.  Th is  practical  d i fficu l ty has  l ed  to  the  
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use  of reduced  models  wh ich  attempt to  de-couple  the  various  e lements  and  a l low the  design  
of the  various  g roups  of fi l ters  to  be  made  i ndependently.   

One  of the  most common  approaches  i s  to  perform  the  fi l ter design  at one  converter station  
wi th  a  re lati vely s imple  frequency domain  model  i n  wh ich  converters  are  model led  as  a  
harmon ic curren t source.  Current source  values  for th is  equ ivalen t are  derived  from  s impl i fied  
calcu lations.  The  DC fi l ter design  calcu lations  can  a lso  be  performed  using  a  s im i l ar model  
wi th  the  converters  as  harmon ic vol tage  sources.  However,  there  are  s ign i fican t i nherent 
i naccuracies  i n  any such  reduced  model .  

I f i t  can  be  shown  that there  i s  very l i ttl e  harmon ic coupl ing  between  the  two  converter 
stations,  for example  due  to  a  l ong  HVDC cable,  then  i t  may be  possib le  to  treat the  two 
stations  independently.  I t  may a lso  be  usefu l  to  treat the  two  stations  separately i n  a  partial  
analysis  to  i nvestigate  some  aspect of the  harmon ic transfer at one  station  alone.  

Various  fu l l  and  reduced  model l i ng  techn iques  are  d iscussed  i n  the  subsequent subclauses.  
Al l  refer to  some  or a l l  of the  system  components  represented  i n  F igure  1 .  

More  detai l s,  particu larl y on  the  mathematical  background ,  are  g iven  i n  [1 ]  and  [9] .  
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Figure  1  – Key elements  of a  complete  AC-DC-AC harmonic  interaction  model  

The  ci rcu i t  shown  i n  F igure  1  shows  the  key e lements  of any model  used  to  study AC-DC-AC 
harmon ic i n teractions.  The  detai l s  of these  e lements  are  as  fol lows.  
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•  AC  system  vol tage  (Uon ) :  Represents  the  posi tive  and  negative  sequence  fundamental  
frequency system  vol tage,  p lus  any pre-existing  harmon ic d istortion ,  i nclud ing  i ts  
phase  sequence.  

•  AC  network harmon ic impedance  (Zsn ) :  Th is  models  the  range  of possib le  harmon ic 

impedances  (Rsn  ±  j  Xsn )  of the  AC network.  

•  AC  harmon ic fi l ters  (Zfn ) :  I ncludes  the  number of connected  fi l ters  and  the  type  of fi l ter,  
for example  tuned ,  h igh  pass,  double  frequency.  Detun ing  due  to  various  reasons  has  
to  be  represented  i f i t  affects  the  particu lar harmon ic(s)  under study.  Shun t capaci tors  
are  a lso  represented  as  thei r presence  affects  the  overal l  impedance  at  l ow harmon ic 
orders.  

•  Converter transformer:  Th is  represents  the  impedance of the  transformer,  a l so  
considering  any imbalance  between  star/star and  star/del ta  connections  and  
imbalances  between  phases  and  tu rns  ratios.  The  transformer saturation  
characteristics  may also  be  represented ,  us ing  a  model  wh ich  responds  to  d i rect 
cu rren t i n  the  valve-side  wind ings.  The  range  of the  tap-changer shou ld  be  considered ,  
as  th is  has  a  s ign i fican t effect on  the  transferred  impedances.  

•  HVDC converter:  Models  the  fi ri ng  con trols  of the  converter,  i nclud ing  any to lerance  
effects,  p lus  the  h igher l evel  con trol  system  functions  such  as  constan t cu rren t con trol  
and  any specia l  functions  wh ich  affect harmon ic i n teraction .   

•  DC  smooth ing  reactor (Zrn ) :  Th is  i s  the  series  i nductance  and  resistance  of the  reactor.  

•  DC  fi l ter (Zdn ) :  Considers  the  number of connected  DC  fi l ters  and  the  type  of fi l ter,  for 
example  tuned ,  h igh  pass,  double  tuned .  F i l ter ou tages  and  de-tun ings  due  to  various  
reasons  have  to  be  taken  i n to  account.  The  neu tral  bus  capaci tors  (not shown)  are  
a l so  represented .  

•  Transmission  impedance:  Th is  i ncludes  the  impedance  of the  DC system  (overhead  
wi re  or submarine/underground  cable)  represented  by the  exact transmission  l i ne  
equations.  I n  the  case  of a  back-to-back station ,  th is  impedance  i s  zero.  I n  case  of 
overhead  l i nes,  i t  m igh t be  necessary to  consider add i tional  vol tages/curren ts  i nduced  
by paral l el  AC  overhead  l i nes.  Long  e lectrode  l i nes  or neu tral  conductors  shou ld  a l so  
be  expl ici tl y model led .  

For a  fu l l ,  closed-loop  model ,  a l l  the  above  AC and  DC  s ide  systems  and  converters  need  to  
be  represented .  

3.6.2  Time domain  AC-DC-AC interaction  model  

The  most comprehensive  model  i s  a  fu l l  representation  in  the  time  domain  of the  AC  and  DC  
s ide  ci rcu i ts  and  the  converters,  as  th is  i ncludes  al l  aspects  of "real  l i fe"  i n teraction .  The  
stud ies  can  be  performed  using  e lectromagnetic transien t programs,  i nclud ing  fu l l  
representation  of the  converters  and  thei r con trol  systems,  such  as  PSCAD/EMTDC or EMTP-
RV.  A fu l l  th ree-phase  detai l ed  swi tch ing  model  of the  converter i s  i ncluded ,  i nclud ing  i ts  
con trol  system.  Carefu l  attention  shou ld  be  g iven  to  choosing  an  appropriate  time  step  to  
accurately represent harmon ic generation  (some  programs  use  time-step  i n terpolation  to  
rel ieve  some of these  i ssues).  When  coupled  to  models  of the  AC s ide  and  DC s ide  systems,  
th is  g ives  a  powerfu l  tool  to  analyse  the  AC-DC-AC in teractions  across  the  converters.  The  
model  can  be  used  to  calcu late  the  vol tage  and  curren t waveform  at any l ocation  of i n terest.  A 
Fourier analysis  of the  waveform  wi l l  determine  the  harmon ic components  and  the  phase  
sequence  of these  components.  Experience  wi th  Fourier analysis  tools  i s  vi ta l  and  care  
shou ld  be  taken  to  avoid  m is lead ing  resu l ts.   

Al though  a  powerfu l  techn ique,  such  time  domain  stud ies  requ i re  a  considerable  expertise  
and  effort to  perform,  especial l y considering  the  l ong  run  time  for such  complex models  and  
the  many cases  wh ich  need  to  be  considered  for fi l ter design .  Hence,  a  complete  i nvestigation  
of a l l  re levant fi l ter design  cases  ( includ ing  variation  of AC network impedance  and  
component to lerances  as  wel l  as  a l l  l oad  and  configuration  cases)  i s  not feasible  wi th  th is  
model .  Moreover,  speci fic AC  network models  are  used ,  wh ich  effectively removes  the  
capabi l i ty to  i ndependently model  network impedances  at the  various  harmon ic frequencies,  
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such  as  shou ld  be  done  when  the  AC network impedances  are  defined  by envelopes  i n  the  R-
X p lane.  Hence,  th is  techn ique  i s  normal l y used  as  a  val i dation  of the  frequency domain  
stud ies  for certa in  speci fi c comparison  cases,  especial l y for l ow order harmon ic resu l ts.   

Another possib le  use  for time-domain  models  i s  to  determine  l i nearised  harmon ic coupl ing  
parameters,  to  represent the  converters  i n  a  subsequent fu l l  closed-loop  frequency domain  
analysis  (see  3 . 6 .3).  Effectively,  th is  approach  makes  the  closed  loop  frequency domain  
analysis  actual l y a  hybrid  between  frequency-  and  time-domain  approaches.  

3.6.3  Frequency domain  AC-DC-AC interaction  model  

A model  of s im i lar exten t,  bu t implemented  in  the  frequency domain ,  can  a lso  i nclude  a l l  key 
e lements  to  calcu late  i n teraction .  The  benefi t  of th is  model  i s  that a  very l arge  number of 
design  cases  can  be  calcu lated  very efficien tly.  Model l ing  of AC network impedance  envelope  
in  the  R-X p lane  as  wel l  as  variation  of tolerances  can  be  easi l y real ised .  

One  of the  most important featu res  of a  frequency domain  model  i s  the  way i t  considers  the  
converter impedance  on  the  AC and  DC s ides  respectively.  Whereas  s impler models  often  
on ly use  the  commutating  reactance  of the  converter transformers,  more  soph isticated  models  
use  impedance transformation  functions  to  account for a l l  impedances.  An  example  of such  
functions  has  been  g iven  i n  [1 0] .  The  apparen t converter impedance  at a  g iven  frequency on  
the  DC s ide  i s  i n fluenced  by AC s ide  impedances  at various  other frequencies  – and  vice  
versa.  A common  approach  i s  to  l im i t  the  number of considered  frequencies  to  the  most 
s ign i fican t ones.  

However,  the  determination  of the  case  sensi tive  converter transformation  functions  ( i . e.  
vol tage,  curren t and  impedance)  i s  d i fficu l t.  A function  taking  i n to  account the  effects  of 
closed-loop  con trols  can  be  determined  by calcu lations  using  a  correspond ing  time  domain  
model .  Th is  matter has  been  e laborated  in  [1 0] .  I n teractions  can  a lso  be  stud ied  using  an  
appropriate  smal l -signal  model l ing  tool ,  such  as  described  i n  [9] .  I n  e i ther case,  final  
veri fication  of analytic resu l ts  requ i res  use  of time-domain  s imu lations.  

I n  a  l ess  soph isticated  open-loop  frequency-domain  model l ing  of AC-DC-AC harmon ic 
i n teraction ,  the  impact of converter con trols  i s  neg lected  ( i . e .  constan t fi ring  ang les  accord ing  
to  the  selected  operating  poin t are  used).  Under th is  prerequ is i te,  the  transfer functions  of 
vol tages,  currents  and  impedances  can  be  calcu lated  analytical l y.  

More  detai l s  on  th is  subject can  be  found  in  [1 ] .  

3.6.4 Frequency domain  AC-DC  interaction  model  

Th is  i s  a  reduced  frequency domain  model  wh ich  neg lects  the  impact of harmon ics  generated  
at  the  remote  station  and  the  transferred  impedance  of that station .  The  DC ci rcu i t wi th in  such  
a  model  i s  s imply model led  by a  passive  impedance.  Obviously,  the  benefi t of th is  
s impl i fication  i s  that ca lcu lations  can  be  performed  separately for each  converter station  and  
the  number of design  cases  i s  reduced  s ign i fican tl y.  Th is  model  m igh t be  appl icable  i f 2nd  
harmon ic shun t DC fi l ter were  i nstal led  at the  remote  station ,  thus  effectively short-ci rcu i ting  
the  converter and  remote  AC system  as  seen  from  the  DC s ide.  

The  d isadvantage  of doing  so  i s  that the  DC  impedance  used  i s  l ess  accurate  as  i t  does  not 
take  i n to  account the  AC network and  AC  fi l ter impedance  of the  remote  station .  Moreover,  
the  cross-modu lated  harmon ic contribu tions  of the  remote  station ,  wh ich  can  be  s ign i fican t,  
wi l l  not be  model l ed .  

3.6.5  Frequency domain  current source  model  

I n  th is  s imple  frequency domain  model l i ng ,  i t  i s  assumed  that at a l l  harmon ics  the  converter 
behaves  on  the  AC  s ide  as  a  source  of harmon ic curren t.  Th is  model  provides  a  very effi cien t  
way to  i nvestigate  the  AC fi l ter design  for one  converter station  and  has  been  used  i n  [1 1 ]  
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when  d iscussing  other i ssues  of AC fi l ter design .  Harmon ic curren t source  values  have  to  be  
determined  using  an  AC-DC in teraction  model  as  described  above,  bu t wi th  on ly generic or 
even  no  consideration  of AC network and  AC  fi l ter impedance.  

However,  th i s  assumption  may in troduce  s ign i ficant errors  for l ow order harmon ics.  For 
example,  i n  cases  where  there  may be  a  natural  resonance  between  the  AC fi l ters  and  the  AC  
network close  to  3 rd  harmon ic,  the  converter may behave  more  l i ke  a  harmon ic vol tage  source  
than  a  harmon ic curren t source.  I n  such  cases,  the  said  resonance wi l l  resu l t  i n  a  h igh  
impedance  for the  3 rd  harmon ic as  seen  from  the  converter.  Th is  h i gh  impedance wi l l  be  
transferred  to  the  DC  side  and  seen  main ly as  a  2nd  and  4 th  harmon ic impedance.  Hence  2nd  
harmon ic curren ts  on  the  DC  side  wi l l  be  heavi ly i n fl uenced  by the  3 rd  harmon ic AC s ide  
impedance.  F inal l y,  as  2nd  harmon ic DC s ide  curren ts  wi l l  cause  the  converter to  produce  3 rd  
harmon ic curren ts  on  the  AC s ide,  these  currents  wou ld  therefore  be  dependent upon  the  
network and  fi l ter impedance,  rather than  behaving  as  a  constan t curren t source.   

Th is  means  that a  time  consuming  i terative  design  process  shou ld  be  used  wh ich  re-
calcu lates  cu rren t source  values  using  the  an ticipated  AC fi l ter design  and  the  AC network 
impedance.  Fol lowing  th is ,  the  AC  fi l ter design  has  to  be  re-confi rmed  (or changed)  us ing  the  
new source  values.  Nevertheless,  such  a  procedure  may be  qu icker than  the  use  of a  
complete  AC-DC-AC in teraction  model .  

3.7  In teraction  model l ing  

3.7. 1  General  

For any g iven  set of AC and  DC s ide  operating  cond i tions  (AC vol tage,  DC  vol tage  and  
cu rren t and  fi ri ng  ang le) ,  the  DC  converter can  essentia l ly be  treated  as  a  l i near passive  
device  s im i lar to  a  th ree  wind ing  transformer bu t wh ich  transforms  vol tages  and  cu rren ts  
between  the  th ree  networks  (at three  d i fferen t frequencies)  i nvolved  i n  any in teraction  as  
i l l ustrated  in  F igure  2 .  The  fi gu re  depicts  the  cond i tion  where  the  DC s ide  in teraction  
frequency i s  g reater than  the  fundamental  frequency of AC system.  Representation  of the  
other cond i tions  i s  s im i l ar wi th  the  sequence  and  frequency of each  of the  networks  
establ ished  from  the  table  of frequencies  shown  above.  

The  magn i tude  of vol tages  and  curren ts  wh ich  appear i n  any g iven  i n teraction  are  a  function  
of the  coupl i ng  between  the  networks,  impedances  of the  AC and  DC networks  at  the  
respective  frequencies  as  wel l  as  the  magn i tude  of the  d riving  force  (or forces)  wh ich  
establ i shes  the  frequencies  in  the  fi rst  p lace.  

3.7.2  Coupl ing  between  networks  

The  amount of coupl ing  from  network to  network i s  a  d i rect function  of the  DC operating  
cond i tions  and  can  be  quan ti fi ed  i n  terms  of the  fi ri ng  ang le  and  overlap  ang le.  I f overlap  i s  
not considered  in  the  analysis,  the  coupl i ng  network behaves  as  an  i deal  th ree  wind ing  
transformer where  the  "equ ivalen t tu rns  ratios"  are  dependent on  the  fi ring  ang le.  The  
harmon ic curren t fl ow in to  each  of the  three  networks  i s  a  function  of the  "equ ivalen t tu rns  
ratio"  and  as  such  effectively connects  each  of the  two  AC networks  and  the  DC network i n  
series.  I nclusion  of overlap  ang le  i n to  the  analysis  i s  equ ivalen t to  add ing  l eakage  and  
magnetizing  reactances  to  the  i deal  transformer.  
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Figure  2  – Equ ivalent ci rcu i t  for evaluation  of harmonic  in teraction  with  DC  side  
in teraction  frequency greater than  AC  s ide  fundamental  frequency 

3.7.3  Driving  forces  

Driving  forces  cou ld  orig inate  in  the  AC systems.  The  d riving  force  cou ld  be  harmon ic i n  
nature  resu l ti ng  from  the  presence  of harmon ic generating  devices  such  as  other DC  stations,  
static var compensators  (SVCs),  transformer saturation ,  non-l i near l oads.  Also,  the  d riving  
force  cou ld  s imply be  negative  sequence  fundamental  frequency vol tage  resu l ti ng  from  
unbalanced  l oads  i n  the  vicin i ty of the  DC  converter,  heavi l y l oaded  un transposed  
transmission  l i nes  feed ing  the  converter or asymmetrical  fau l ts  and /or 2  phase  operation  
during  s ing le  pole  reclosure.  

The  d riving  force  cou ld  orig inate  in  the  DC  converter i tsel f,  wi th  harmon ic currents  and /or 
vol tages  d riven  by fi ri ng  ang le  j i tter,  unbalance  in  commutating  reactances  or possibly 
unbalance  i n  converter transformer tu rns  ratios.  

The  th i rd  source  of d riving  forces  i ncludes  vol tages  and  cu rren ts  of the  DC transmission  
network e i ther coupled  e lectromagnetical l y or e lectrostatical l y from  nearby AC  transmission  or 
d i rectl y coupled  as  a  resu l t  of some AC/DC in teraction  phenomena  at the  remote  converter.  
For the  l atter,  harmon ics  of the  remote  AC  system  frequency wou ld  be  involved  resu l ting  i n  
non-harmon ic i n teraction  frequencies  at the  local  station .  
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3.7.4 System  harmonic impedances  

The  impedance of the  three  networks  at  thei r respective  i n teraction  frequencies  p lay an  
important role  i n  the  magn i tude  of the  vol tages  and  curren ts  wh ich  can  appear at  the  
converters.  Series  and  paral le l  resonances  can  occur wi th in  each  l eg  of the  equ ivalen t 
network,  bu t a lso  between  the  three  l egs.  For example  an  effective  series  resonance  cou ld  
appear between  the  posi ti ve  sequence  AC network and  the  DC  network resu l ting  i n  l arge  
cu rren t fl ow at the  respective  frequencies  between  the  two  networks.  To  the  negative  
sequence  network,  the  resonance  cond i tion  cou ld  appear as  a  paral le l  resonance  (wi th  a  h igh  
impedance).  I n  fact,  the  curren t flow in  the  posi ti ve  sequence  and  DC networks  cou ld  be  
exci ted  by a  smal l  vol tage  in  the  negative  sequence  network.  

3.8  Study methods  

3.8.1  Frequency domain  

Both  the  performance  and  rating  calcu lations  for fi l ters  have  been  carried  ou t trad i tional l y 
us ing  frequency domain  analysis  and  design  tools.  A network solu tion  of vol tages  and  
cu rren ts  are  calcu lated  for each  selected  harmon ic and  the  weigh ted  vol tages  and  curren ts  for 
each  frequency are  combined  mathematical l y to  establ ish  some  overal l  performance or rating  
i ndex.  Study of i n teraction  effects  requ i res  the  expansion  of the  s ing le  frequency network 
model  i n to  a  mu l ti -frequency model .  The  model  cou ld  be  the  s imple  th ree  frequency model  
described  above  or cou ld  be  expanded  to  i nclude  a  broad  spectrum  of frequencies.  

Wi th  frequency domain  analysis,  i t  i s  possib le  to  focus  on  the  exact nature  of a  speci fic 
i n teraction .  The  AC  system  and  DC s ide  harmon ic impedances  can  be  read i l y varied  wi th in  a  
known  spread  of va lues  to  establ ish  i f i n teraction  i s  l i kely to  occur.  I n  the  event that 
i n teraction  can  occur,  the  same procedure  can  be  used  to  establ i sh  l im i ting  cond i tions  for the  
design  includ ing  DC control  parameters  and  component ratings.  I t  can  also  be  used  to  trade  
off DC  design  wi th  possib le  AC and  DC system  operating  restrictions.  

Frequency domain  analysis  i s  for the  most part l im i ted  to  "smal l  s i gnal "  analysis .  For harmon ic 
i n teraction  analysis,  th is  i s  normal ly val id  as  harmon ic components  are  typical l y several  
orders  of magn i tude  less  than  the  AC s ide  fundamental  frequency and  DC side  DC 
components  of thei r respective  waveforms.  

The  main  chal lenge  i nvolved  i n  frequency domain  analysis  i s  the  derivation  of the  coupl i ng  
coefficien ts  wh ich  mathematical l y couple  the  AC and  DC networks.  These  can  be  derived  
numerical l y or analytical ly  and  can  be  set-up  to  i nclude  the  i n fluence  of the  DC  con trols.  

I n  s ing le  frequency analysis  techn iques,  HVDC converters  are  often  treated  as  i deal  harmon ic 
current (AC s ide)  and  vol tage  (DC s ide)  sources  wi th  magn i tudes  of non-characteristic 
harmon ics  used  in  the  calcu lations  based  on  experience  from  measurements  on  s imu lators  or 
other DC schemes.  When  considering  harmon ic i n teraction ,  th is  treatment may not be  
completely val id .  For example,  the  th i rd  harmon ic generated  by the  converter i s  for the  most 
part d ictated  by the  magn i tude  of negative  sequence  vol tage  at the  converter bus,  and  hence  
an  i deal  th i rd  harmon ic vol tage  source  wou ld  provide  a  more  accurate  treatment i n  the  
analysis  than  the  conventional ly used  curren t source.  

3.8.2  Time domain  

With  the  avai labi l i ty of d ig i ta l  s imu lation  techn iques  approach ing  (or ach ieving)  real  time  
capabi l i ty,  time  domain  analysis  i s  an  effective  tool  when  coupled  wi th  Fourier series  or 
Fourier transform  analysis  of the  vol tage  and  cu rren t waveforms.  The  approach  i nvolves  the  
s imu lation  of a  set of speci fic AC and  DC operating  cond i tions.  Once  a  steady state  cond i tion  
i s  ach ieved ,  the  vol tage  and  current waveforms  are  recorded  and  analyzed  for thei r frequency 
con ten t.  The  waveform  components  are  then  numerical l y combined  to  obtain  the  trad i tional  
fi l ter performance and  rating  i nd ices.  Th is  analysis  cou ld  be  carried  ou t on  a  con tinuous  basis  
provid ing  "on-l i ne"  mon i toring  of the  performance  and  rating  i nd ices.  
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The  major advantage  of th is  method  i s  that the  s imu lation  i s  i n  fact carrying  ou t the  harmon ic  
l oad  flow,  hence  there  i s  no  requ i rement to  compute  the  coupl ing  coefficien ts.  A s ign i fican t 
second  benefi t  i s  the  abi l i ty to  observe  sustained  i n teraction  wh ich  may be  triggered  by some  
d isturbance  to  the  network.  

The  major d i sadvantage  of the  time  domain  solu tion  i s  the  l im i t  imposed  on  the  exten t of the  
AC network wh ich  can  be  practical l y represented  in  any g iven  s imu lation .  Wi thou t a  detai led  
model ,  AC  system  operating  cond i tions,  wh ich  may resu l t i n  an  i n teraction ,  may not be  
s imu lated  and  hence  the  i n fluence  of the  potentia l  i n teraction  wou ld  not be  i ncluded  i n  the  
fi l ter design .  

3.9  Composite  resonance 

Th is  i s  a  term  wh ich  describes  a  resonance  i nvolving  the  ci rcu i ts  on  both  AC  and  DC s ides  of 
a  converter,  i nclud ing  the  harmon ic transfers  across  the  converter and  the  action  of the  
converter con trol  [1 ]  [1 4] .  I t  i s  importan t to  recogn ize  that the  cri tical  resonance  cond i tions  of 
the  system  may not be  determined  by analysis  of j ust the  AC s ide  or j ust the  DC s ide  ci rcu i ts,  
bu t shou ld  consider the  whole  i n terl inked  system,  as  shown  i n  [1 3] .  Th is  reference  presents  a  
frequency scan  method  using  a  time  domain  s imu lation  tool  to  obtain  a  more  accurate  
frequency characteristic for i den ti fying  harmon ic i nstabi l i ty i n  HVDC systems.  I t  shows  that 
d i fferen t impedance  characteristics  are  obtained  i f AC  and  DC impedances  are  determined  
independently than  i f the  i n terl i nked  system  i s  considered .   

3.1 0  Core  saturation  instabi l i ty 

Th is  phenomenon  may be  regarded  as  a  special  case  of composi te  resonance,  wi th  the  
in troduction  of an  add i tional  “ frequency sh i ft”  wi th  AC  side  2nd  harmon ic being  generated  due  
to  one-sided  saturation  of the  converter transformer core  by d i rect current caused  by DC s ide  
fundamental  frequency curren t [1 ]  [3] .  

3.1 1  Particu lar considerations  for back-to-back converters  

I n  a  back-to-back HVDC scheme,  there  i s  vi rtual l y no  DC transmission  impedance,  there  are  
no  DC  fi l ters,  and  smooth ing  reactors  may be  smal l  or non-existen t,  due  to  the  absence  of DC 
short-ci rcu i ts  and  the  lack of i n terference  from  DC s ide  harmon ics.  Due  to  the  close  coupl ing  
of the  recti fier and  i nverter,  there  wi l l  be  a  s ign i fican t harmon ic contribu tion  at  the  recti fi er AC 
s ide  from  the  i nverter and  at  the  i nverter AC  side  from  the  recti fier.  The  magn i tude  of these  
cross-modu lated  harmon ics  can  be  typical l y 1 0  %  to  20  %  of the  local  contribu tion  and  i s  
dependent upon  the  impedance  wi th in  the  ci rcu i t,  wh ich  can  be  seen  as  the  AC s ide  
impedances  ( i . e .  transformers,  AC fi l ter and  AC network),  transferred  to  the  DC  side  by 
converter operation  at both  terminals,  p lus  the  DC smooth ing  reactor,  i f i nsta l led .   

Al though  a  DC smooth ing  reactor has  an  i n fluence  on  the  magn i tude  of these  cross-
modu lated  harmon ic components,  the  presence  of such  a  reactor does  not fu l l y e l im inate  
them.  I n  some  designs,  no  DC  s ide  smooth ing  reactors  are  used ,  resu l ting  i n  considerably 
l ower smooth ing  and  hence  i n  h i gher transferred  harmon ics.  When  smooth ing  reactors  are  
used ,  they normal ly have  low i nductance  values,  as  i t  i s  impracticable  to  manufacture  a i r core  
reactors  wi th  h igh  i nductance  for very h igh  d i rect current ratings.   

NOTE  The  smooth ing  effect of a  l ow i nductance  reactor i n  the  l ow vol tage,  h i gh  cu rren t  ci rcu i t  can  be  as  h i gh  or 
h i gher than  a  much  l arger i n ductance  reactor i n  a  h i gh  vol tage  l i ne  transmissi on .  

I f the  nominal  fundamental  frequencies  of the  two  AC systems are  d i fferen t,  then  due  to  
cross-modu lation ,  harmon ics  of one  fundamental  frequency wi l l  appear i n  the  AC  system  of 
the  other s ide  of the  back-to-back l i nk as  i n terharmon ic frequencies,  to  wh ich  more  stringen t 
l im i ts  may apply.  Beating  of the  d i fferen t frequencies  wi l l  resu l t  i n  sub-harmon ic frequencies  
wh ich  may cause  l i gh t fl i cker or torsional  effects  on  mach ines.  

Therefore,  i n  the  analysis  of back-to-back HVDC l inks,  i t  i s  not advisable  to  use  reduced  
i n teraction  models  wh ich  consider on ly the  impact of one  converter station .  
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3.1 2  Issues  to  be  considered  in  the  design  process  

3. 1 2.1  General  

As d iscussed  i n  the  preced ing  subclauses,  due  to  the  complex nature  of harmon ic i n teraction ,  
complex and  time  consuming  calcu lations  are  requ i red  to  take  a l l  aspects  i n to  account.  For 
practical  reasons,  s impl i fications  are  therefore  needed ,  especial l y du ring  the  tender stage  
when  on ly l im i ted  time  i s  avai lable.  3 . 1 2  d iscusses  assumptions  and  procedures  common ly 
used .  

F i rstl y,  a  d i stinction  shou ld  be  made  between  the  actual  design  process  and  evaluation  of a  
design ,  where  the  l atter i s  made  s imply to  demonstrate  the  adequacy of the  design .  The  
actual  design  of the  fi l ters  i s  often  made  wi th  s impl i fied  assumptions,  for example  model l ing  
the  converter as  a  curren t source,  taking  harmon ic i n teraction  i n to  account th rough  s impler 
model l ing  as  d iscussed  i n  previous  subclauses,  or by s imple  manual  calcu lations.  A major 
reason  for th is  s impl i fication  l i es  i n  the  nature  of design ing  a  HVDC scheme,  where  typical l y 
many aspects  of the  overal l  design  often  have  to  be  made  in  paral l el .  That i s ,  main  ci rcu i t  
calcu lation ,  AC  fi l ter design ,  DC fi l ter design  and  other stud ies  start more  or l ess  
s imu l taneously and  run  i n  paral le l .  Th is  i s  more  the  case  for a  short-duration  tender,  bu t to  
some extent i t  wi l l  s ti l l  hold  true  during  execu tion  of a  project when  station  l ayou t,  civi l  
d rawings,  etc.  awai t  the  ou tcome  of techn ical  system  stud ies  and  subsequent equ ipment 
speci fications.   

Therefore,  i n  many cases  fi l ter designs  have  been  completed ,  and  wi l l  con tinue  to  be  in  the  
fu ture,  wi thout detai led  consideration  of harmon ic i n teraction .  I n  such  s i tuations  i t  i s  the  
designer’s  responsibi l i ty to  ensure  that there  i s  an  i nheren t marg in  i n  the  design  such  that i t  
cou ld  demonstrably meet requ i rements  of rating  and  performance,  i f harmon ic i n teraction  
were  to  be  considered  expl ici tl y.   

Such  a  demonstration  i s  often  made  using  time  domain  tools,  such  as  PSCAD/EMTDC,  EMTP 
or s im i lar,  though  other methods  are  used .  A restricted  number of s imu lations  are  usual ly 
su fficien t i n  order to  demonstrate  that a  design  i s  acceptable.  The  con tractor needs  to  be  
capable  of expla in ing  why such  restricted  cases  are  govern ing  or su fficien t for design .  

Wh ich  model  and  software  to  use  i s  best determined  by the  con tractor accord ing  to  h is  
capabi l i ties  and  normal  practice.  However,  the  con tractor shou ld  be  prepared  to  j usti fy and  
veri fy the  model  used ,  th rough  theoretical  and  analytical  reason ing  or any other means  
acceptable  to  the  customer.  Especia l l y for newer converter topolog ies,  for wh ich  there  i s  l ess  
practical  experience,  such  j usti fication  shou ld  preferably be  veri fied  th rough  practical  
measurements  on  an  actual  converter i n  service.  

Further,  i f a  time  domain  model  i s  used  and  harmon ics  are  evaluated  using  Fourier analysis,  
some a l lowance  shou ld  be  made for errors  i n troduced  through  the  l im i tations  of the  model .  
The  accuracy wi l l  be  a  trade  off between  s imu lation  time  (how close  the  s imu lation  comes  to  
steady state  cond i tions)  and  time-step  i n  s imu lation  (a  too  l arge  time  step  can  resu l t  i n  
unreal istical l y h igh  calcu lated  harmon ic l evels).  

I n  the  d iscussion  below,  the  focus  of harmon ic i n teraction  i s  on  low order harmon ics,  as  
theory and  practical  experience  i nd icate  that harmon ic i n teraction  i s  main ly an  i ssue  i n  th is  
range.  

3.1 2.2  Fundamental  frequency and  load  issues  

The  fundamental  frequency aspects  that can  affect the  harmon ic i n teraction  are  the  negative  
phase  sequence  component of AC bus  vol tage,  the  frequency variation  ( i nasmuch  as  th is  
affects  fi l ter detun ing)  and ,  to  some  exten t,  the  load  l evel  of the  converter.   

I t  i s  common  practice  in  fi l ter design  to  consider a  defined  operational  range  for system  
frequency and  posi tive  sequence  vol tage  of the  in terconnected  AC systems.  I t  i s  a l so  
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essen tia l  to  define  a  maximum  value  for the  negative  sequences  vol tage  to  be  considered .  
Separate  sets  of parameters  for performance  and  rati ng  type  calcu lations  are  often  used .  

When  using  such  posi tive  sequence  values  for the  d riving  source  Uon  i n  a  model  accord ing  to  
F igure  1  a long  wi th  a  g iven  fundamental  AC  network impedance,  the  resu l ting  fundamental  
frequency vol tage  occurring  at the  converter busbar may be  unreal istic  and  exceed  normal  
operational  l im i ts.  Such  a  procedure  does  not take  in to  account the  fact that i n  real  AC 
systems,  acti ve  and  reactive  l oad  d ispatch  wi l l  avoid  such  exceptional  busbar cond i tions.  
Therefore,  the  range  of fundamental  vol tage  i s  often  considered  to  be  defined  at the  converter 
bus  rather than  beh ind  the  network impedance.  Al ternatively,  the  magn i tude  of the  source  
vol tage  cou ld  be  ad justed  such  that fundamental  frequency vol tage  at the  converter bus  
corresponds  to  the  actual  operational  range.  I f several  d i fferen t fi l ter configurations  are  
stud ied ,  then  the  source  l evels  may have  to  be  ad justed  for d i fferent s imu lations.  

The  converter l oad  l evels  shou ld  be  selected  such  that the  various  fi l ter configurations  that 
can  affect the  resu l t  are  a l l  considered  (see  I EEE  Std  1 1 24-2003,  5 . 4 . 1  [1 1 ] ) .   

I f harmon ic i n teraction  of characteristic harmon ics  i s  to  be  stud ied ,  then  min imum  load  shou ld  
be  considered ,  as  the  DC s ide  1 2 th  harmon ic and  others  can  be  at thei r h ighest at th is  l oad  
l evel .  

3.1 2.3  Negative  phase  sequence 

I f the  level  of negative  phase  sequence  (NPS)  vol tage  to  be  considered  i s  defined  by the  
techn ical  speci fication  to  occur at the  converter bus,  then  when  using  the  model  i n  F igure  1  
the  negative  sequence  source  vol tage  i s  a lso  ad justed  such  that the  desi red  magn i tude  at  the  
converter bus  i s  reached .  However,  the  s i tuation  for the  negative  phase  sequence  
fundamental  component i s  s l igh tly d i fferen t from  that for posi ti ve  sequence.  The  operation  of 
the  converter may i n  i tsel f generate  negative  sequence  curren t,  wh ich  when  flowing  in to  the  
AC  network impedance  wi l l  generate  a  negative  sequence  vol tage  at the  converter bus.  The  
ang le  of th is  component re lati ve  to  the  orig inal  source  NPS wi l l  depend  on  the  AC  and  DC 
system  impedances,  and  may be  add i tive.  I n  that case,  the  l evel  of NPS  at the  converter bus  
wi l l  be  h igher than  the  speci fied  pre-existing  source  l evel .  Th is  wi l l  not be  seen  by,  or subject 
to,  any system  vol tage  regu lation  such  as  appl ies  to  posi tive  sequence  vol tage,  and  therefore  
shou ld  be  taken  i n to  account as  a  real  possibi l i ty.  

Therefore,  a l though  i t  i s  fa i rl y common  practice  for techn ical  speci fications  to  define  NPS  
e i ther at the  converter bus  or i n  a  general  way wi thou t speci fying  l ocation ,  i t  wou ld  be  more  
correct to  define  i t  i n  the  same  way as  a  pre-existi ng  harmon ic,  that i s ,  beh ind  the  re levant AC 
network impedance.  S imu lations  shou ld  a l so  take  i n to  account the  re lative  phase  sh i ft  of the  
negative  sequence  compared  to  the  posi tive  sequence,  as  th is  may i n teract wi th  converter 
operation ,  affecting  the  DC  side  second  harmon ic vol tage  and  consequently both  the  negative  
sequence  fundamental  and  posi tive  sequence  3 rd  harmon ic AC s ide  curren ts  from  the  
converter.  

The  speci fication  of NPS  and  the  analysis  of the  impact of NPS  fundamental  frequency 
vol tages  at  a  back-to-back converter connecting  asynchronous  systems  of the  same nominal  
frequency can  be  particu larl y chal leng ing .  The  fundamental  frequency NPS  in  each  system  
in troduces  a  second  harmon ic component i n to  the  DC current wh ich  can  beat i n  magn i tude  as  
the  phase  of the  two  systems  s lowly s l ip  against one  another due  to  s l i gh t d i fferences  in  
frequency between  the  two  systems.  The  second  harmon ic component i s  then  i n jected  i n to  
the  AC systems  on  each  s ide  as  a  3 rd  harmon ic posi ti ve  sequence  and  negative  sequence  
fundamental  wh ich  tends  to  modu late  the  pre-existi ng  NPS  vol tage.  I n  the  extreme  case,  the  
amount of 3rd  harmon ic cu rren t can  a lmost double  (and  shou ld  be  considered  i n  the  design  of 
any 3rd  harmon ic fi l ters)  due  to  the  rein forcement of the  NPS  components  from  each  system.  
The  fundamental  frequency NPS in  each  system  wi l l  a lso  be  modu lated  by the  converter,  and  
the  variation  i n  fundamental  frequency phase  vol tage  can  become large  enough  to  affect 
tapchanger con trols.  The  effect can  be  particu larl y acu te  when  the  converter i s  i nstal led  at  the  
end  of a  s ing le  l ong  un transposed  AC transmission  l i ne  wh ich  i s  then  loaded  to  mu l tip le  times  
the  surge  impedance  l oad ing .  I n  th is  case,  any previously measured  values  of NPS  in  the  AC 
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system  wou ld  g reatl y understate  the  magn i tude  of NPS  vol tage  that wou ld  be  experienced  at 
the  converter station  when  operating  at fu l l  l oad ,  and  thus  the  customer shou ld  be  aware  that 
a  “h igher than  measured”  value  of NPS  i s  speci fied  as  applying  at  the  converter station .  

3.1 2.4 Pre-existing  harmonic  d istortion  

Distortion  of the  AC system  vol tage  at the  converter bus  a lso  in fluences  the  resu l ting  
converter harmon ics.  These  vol tage  d istortions  are  caused  by harmon ic cu rrents  generated  by 
the  converters  as  wel l  as  by pre-existing  d istortion .  I f an  i n teraction  model  i s  used  wh ich  can  
consider both  effects  s imu l taneously,  i t  i s  su fficien t to  use  actual  va lues  for pre-existing  

d istortion  (wi th  an  a l lowance  for fu ture  g rowth)  as  the  d riving  vol tage  Uon  i n  a  model  
accord ing  to  F igure  1 .  Separate  spectra  for performance  and  rating  type  calcu lations  may be  
used .  

For the  harmon ic i n teraction  to  be  model led  correctly,  not on ly the  magn i tude  bu t a lso  the  
phase  sequence  of the  pre-existing  harmon ics  i s  needed ,  as  th is  affects  the  order of harmon ic 
transfer across  the  converter.  I n  case  i n formation  i s  l acking  on  sequence,  then  a  general  
assumption  of 2nd ,  5 th  and  8th  harmon ics  being  main ly negative  sequence,  and  4 th ,  7 th  and  
1 0th  harmon ic being  posi ti ve  sequence  may be  reasonably val id .  Any 3rd ,  6 th  and  9 th  
harmon ics  generated  by saturation  of transformers  and  mach ines  wi l l  be  zero  sequence  ( i n  
wh ich  case  they can  be  i gnored  as  they do  not cross  the  converter) ,  bu t e lectron ic converters  
(both  domestic and  i ndustria l )  and  any other nearby HVDC converters  wi l l  generate  3 rd  
harmon ic of posi ti ve  sequence,  and  so  i t  shou ld  not be  assumed  that a l l  pre-existi ng  3 rd  
harmon ic i s  of zero  sequence.   

General l y,  the  practical  impact on  fi l ter design  of h igher order harmon ics  i s  normal l y 
neg l i g ib le.  

The  re lative  phase  ang le  (wi th  respect to  fundamental  frequency vol tage)  of pre-existing  
harmon ics  i s  a l so  an  importan t parameter i n  the  AC-DC-AC transfer process.  F igure  3  
i l l ustrates  th i s  by showing  the  DC  s ide  6th  harmon ic vol tage  as  generated  by 5 th  and  7 th  
harmon ic on  the  converter bus,  wi th  constan t phase  ang le  for 5 th  harmon ic bu t varying  phase  
ang le  for the  7 th .  I n  most cases,  i t  i s  vi rtual l y impossible  to  pred ict the  phase  ang les,  as  they 
are  of a  random  nature.  Therefore,  i n  order to  assess  the  probable  impact of harmon ic 
i n teraction  wi th  some confidence,  a  statistical  approach  wou ld  be  needed  using  a  l arge  
number of s imu lations  wi th  phase  ang les  as  stochastic variables.  For a  worst-case  
assessment however,  such  as  for rating  purposes,  then  l i near add i tion  shou ld  be  used .  
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Figure  3  – DC  s ide  6 th  harmonic  vol tage  due  to  AC  s ide  5th  harmonic 
(fixed  ang le)  and  7 th  harmonic  (varying  angle)  

From  a  practical  poin t  of view,  the  typical  s i tuation  i s  that designs  are  demonstrated  to  be  
val id  by s imu lating  harmon ic i n teraction  for one  or a  few selected  harmon ics,  for example  the  
harmon ic i n teraction  between  5 th  and  7 th  AC  s ide  harmon ics  and  DC  s ide  6 th  harmon ic.  For 
such  case,  i t  i s  fa i rl y easy to  pred ict response,  s imply by defin ing  the  source  vol tage  beh ind  
network impedance  i n  magn i tude  and  l etting  the  phase  ang le  of one  harmon ic vary.   

3.1 2.5  AC  network impedance 

Harmon ic AC network impedances  are  normal ly speci fied  as  an  area  i n  the  complex 
impedance  plane.  As  there  i s  proof (see  Annex A)  that worst-case  impedances  for resonance  
wi th  the  converter station  impedance  wi l l  a lways  be  located  on  the  boundaries  of such  areas,  
there  i s  no  need  to  scan  the  complete  envelope  when  considering  j ust l ocal  worst-case  
resonance,  bu t on ly to  scan  the  boundary to  find  the  decis ive  impedance  for each  harmon ic.  

However,  when  we  consider the  doubly-transferred  effect of the  remote  AC network 
impedance  on  the  l ocal  system,  i t  i s  necessary to  consider a l l  possib le  poin ts  wi th in  that 
remote  AC  network impedance  envelope,  as  what i s  importan t i s  the  apparen t AC side  
impedance  of the  local  converter.  

Furthermore,  as  i n  the  complete  in teraction  model ,  th is  s i tuation  has  to  be  reversed  to  study 
the  harmon ic d istortion  at  the  remote  terminal ,  i t  becomes  clear that the  fu l l  areas  of both  
network impedance  envelopes  have  to  be  scanned ,  i nvestigating  the  effect of every 
combination  of a l l  sampled  poin ts  wi th in  each  envelope.  

Furthermore,  for a  s i ng le  frequency i n  the  DC ci rcu i t,  the  combination  of at l east four 
impedance  areas  ( two  frequencies  at each  AC s ide)  have  to  be  scanned .  Th is  task therefore  
requ i res  a  considerable  computing  resource  and  i n tel l i gen t selection  of the  number of 
sampled  poin ts  to  be  stud ied  wi th in  each  network impedance  envelope.  

Th is  complexi ty of ca lcu lation  wou ld  on ly be  j usti fi able  i n  case  there  was  a  strong  connection  
between  the  respective  s ides  of a  DC  transmission ,  for example  i n  a  back-to-back scheme 
wi th  l i ttle  or no  smooth ing  reactance.  For many transmission  systems,  such  as  those  wi th  l ong  
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l i nes  or cable  transmission ,  th is  may not be  the  case,  or on ly the  case  for l ow order 
harmon ics,  and  the  model  can  be  s ign i fican tly s impl i fied  by scann ing  on ly the  AC  impedance  
boundaries  at  each  converter station  ind ividual ly to  maxim ise  the  harmon ic contribu tion  of that 
converter and  add ing  con tribu tions  accord ing  to  the  methods  of superposi tion  as  e laborated  
below.  

For stud ies  made  using  time  domain  s imu lations,  the  network impedance  wi l l  have  to  be  
represented  by a  ci rcu i t  equ ivalent.  I n  many cases,  a  model  as  used  i n  dynamic performance  
stud ies  i s  adequate,  as  such  an  equ ivalen t i s  often  tuned  such  that i t  wi l l  be  reasonably 
representative  for l ower order harmon ics.  I n  some  cases,  i t  can  be  su ffi cien t to  use  an  even  
s impler equ ivalent.  I n  the  example  below (F igure  4) ,  the  aim  i s  to  represent the  network for 5 th  
and  7 th  harmon ics,  wi th  the  short ci rcu i t  reactance  tuned  to  g i ve  desi red  phase  ang le  at the  
mean  of the  two,  i . e .  at the  6th  harmon ic.  The  series  resistance,  RS,  i s  se lected  to  g i ve  
fundamental  frequency X to  R  ratio  and  Rp  ca lcu lated  such  as  to  g ive  the  desi red  phase  ang le  
at  6 th  harmon ic accord ing  to  Equation  (1 ) .  Th is  model  wou ld  however on ly be  correct for that 
particu lar harmon ic and  may therefore  g ive  m is lead ing  resu l ts  for other harmon ics  i n  the  
Fourier analysis  of the  s imu lation  resu l ts.  

 

Figure  4  – Simple  circu i t  used  to  represent AC  network impedance 
at 5 th  and  7 th  harmonics  

where:  
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3.1 2.6  Converter control  system 

The  impact of converter con trols  on  the  harmon ic transfer th rough  the  converter has  l ong  
been  eviden t i n  practical  s i tuations.  Some  problems  wh ich  occurred  i n  very early HVDC 
schemes  due  to  fi ring  ang le  modu lation  were  reduced  or removed  wi th  the  i n troduction  of 
phase  locked  osci l lators  and  equ id istan t fi ring .  Other i ssues  have  been  resolved  by the  
i n troduction  of add i tional  l oops  wi th in  the  constan t cu rrent con trol ,  a imed  to  affect the  
i n teraction  wi th  the  con trol  wi th  one  or more  l ow order harmon ics.  An  example  of such  
add i tional  con trol  consists  of an  a lpha  balancing  ci rcu i t,  wh ich  modu lates  the  final  poin t  on  
wave  of fi ri ng  to  ach ieve  balanced  (equal )  fi ring  ang les  between  the  two  valves  i n  each  l imb  of 
each  s ix-pu lse  converter.  I t  produces  a  fundamental  frequency modu lation  of valve  fi ring  and  
acts  to  prevent magn i fication  of second  harmon ic i n  the  AC system.   

When  model l i ng  harmon ic i n teraction ,  i t  i s  recommended  to  i nclude  the  impact of the  curren t 
con trol ,  i f the  bandwid th  of the  con trol  i s  such  as  to  act on  fundamental  frequency and  l ow 
order harmon ics  and  the  DC s ide  impedance  does  not su fficien tl y attenuate  these  
frequencies.  Conversely,  i f the  con trol  bandwid th  i s  such  that i t  does  not respond  s ign i fican tly 
at these  frequencies,  or the  DC  s ide  impedance  provides  strong  fundamental  frequency and  
l ow order harmon ic damping ,  then  the  impact of the  curren t con trol  may be  neg lected .  An  
i n i ti a l  DC  resonance  study cou ld  be  performed  i n  the  time  domain  at an  early stage  of the  
calcu lations  to  test th is ,  and  thereby possib ly a l l ow for s impl i fication  of the  fu ture  harmon ic 
i n teraction  stud ies.  
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For most cases,  a  s impl i fi ed  generic con trol  model  i s  expected  to  be  suffi cien t to  evaluate  i f 
there  are  harmon ic i n teraction  i ssues.  The  fi nal  settings  of a  con trol  system  are  in  any case  
general l y not usual ly avai lable  un ti l  l ate  i n  the  project,  after dynamic performance  stud ies  
have  been  completed .  

3.1 2.7  Combination  wi th  "classic"  harmonic  generation  

Under the  s impl i fying  "classic"  assumptions  for calcu lation  of converter AC s ide  harmon ic 
generation ,  the  d i rect curren t i s  assumed  to  be  completely smooth ,  wi th  no  harmon ic con ten t 
and  consequently no  consideration  of cross-modu lation .  Under these  cond i tions  the  
characteristic harmon ics  are  generated ,  p lus  non-characteri stic harmon ics  due  to  various  
factors,  among  wh ich  are  the  pre-existi ng  d istortion  and  unbalance  of the  AC  vol tage  source.  
Therefore,  for example,  there  i s  a  3 rd  harmon ic curren t generation  caused  by a  negative  
phase  sequence  vol tage  unbalancing  the  symmetry of the  commutation  periods  wi th  respect 
to  the  d i fferen t phases.  I t  i s  importan t to  recogn ize  that th is  i s  d isti nct from  the  3 rd  harmon ic 
curren t d iscussed  in  3 . 1 2 . 8,  a lso  orig inal l y due  to  negative  sequence  bu t occurring  ind i rectl y 
due  to  the  generation  of 2nd  harmon ic vol tage  on  the  DC s ide  and  the  consequent flow of 2nd  
harmon ic curren t i n  the  DC  ci rcu i t.  

These  two  contribu tions  to  3rd  harmon ic cu rren t are  impossible  to  d isti ngu ish  i n  real  l i fe  or i n  
any time  domain  s imu lation ,  and  i ndeed  d i fficu l t  to  treat analyti cal l y.  I n  a  s impl i fi ed  view,  they 
may be  considered  as  i ndependent sources,  wi th  a  possible  phase  ang le  d isplacement wh ich  
depends  on  the  phase  ang le  of the  2nd  harmon ic cu rren t.   

I t  i s  important to  understand  that i n  a  fu l l  time  domain  s imu lation  of the  harmon ic i n teraction ,  
both  effects  wi l l  be  natural l y model led  and  correctly s imu lated .  I n  a  frequency domain  study,  
however,  they wi l l  have  to  be  separately calcu lated  and  combined ,  wi th  some  uncertain ty as  
to  the  correct vector re lationsh ip  to  use  for summation .  

3.1 2.8  Relative  magnitude  of pairs  of low-order harmonics  

Various  factors  have  been  observed  to  have  a  strong  i n fluence  on  the  relati ve  l evels  of the  
pai rs  of l ow order harmon ics  transferred  across  the  converter from  DC  to  AC s ides.  For 
example,  whereas  accord ing  to  modu lation  theory a  2nd  harmon ic DC side  current shou ld  
resu l t i n  equal  values  of AC  s ide  NPS  fundamental  and  3rd  harmon ic,  time  domain  s imu lations  
of typical  HVDC systems  tend  to  show a  strong  unbalance,  wi th  NPS  general ly (bu t not 
a lways)  being  h igher and  3 rd  harmon ic being  lower than  pred icted .  The  d i fferences  in  some  
cases  may be  so  h igh  that the  NPS  curren t i s  several  times  the  magn i tude  of the  3 rd  harmon ic 
curren t.  The  average  of the  two,  however,  tends  to  the  pred icted  value.  

One  factor i s  the  presence  of 3rd  harmon ic due  to  commutation  period  unbalance  as  
described  in  3 . 1 2 .7  above.  Another i s  the  action  of the  con trol  system,  wh ich  can  have  a  
strong  i n fl uence  and  acts  wi th  d i fferen t characteristics  at  the  recti fier and  the  i nverter.  The  
relati ve  phase  ang les  of the  AC side  negative  sequence  vol tage  and  the  DC s ide  2nd  
harmon ic curren t are  a lso  s ign i fican t.  

I t  i s  extremely d i fficu l t,  even  wi th  time  domain  s imu lations,  to  separate  and  explain  the  
d i fferen t i n fluences  of various  factors,  wh ich  i n  real i ty have  i n terdependent actions.  Th is  
behaviour i s  un l ikely to  be  observed  i n  s impl i fied  models  wh ich  depend  on  transfer factors  
calcu lated  accord ing  to  modu lation  theory.  

For pai rs  of h igher order harmon ics,  th is  unbalance  effect i s  l ess  obvious,  partly because  of 
the  reduced  i n fluence  of the  con trol  system.  

The  l i terature  has  l i ttl e  or no  mention  of th is  phenomenon ,  bu t i t  i s  one  wh ich  shou ld  be  
observed  in  any real istic s imu lation  and  one  wh ich  shou ld  be  taken  i n to  account i n  the  design  
process.  

International  Electrotechnical  Commission

 



 –  30  – I EC  TR 62001 -3: 201 6  © I EC  201 6  

3.1 2.9  Superposition  of contributions  

Frequently,  harmon ic i n teraction  stud ies  may be  made  by imposing  harmon ic vol tage  sources  
on  one  s ide  of a  HVDC system  in  steady state  cond i tions  and  evaluating  the  ou tcome  in  
harmon ic l oad  flow,  then  repeating  the  same procedure  for the  other s i de.  Th is  i s  a  
s impl i fication ,  bu t i n  general  i t  i s  advantageous  as  i t  provides  better understand ing  of the  
behaviour of the  ci rcu i t and  as  the  error i n troduced  typical l y i s  acceptable.  The  obvious  
question  i s  how to  add  con tribu tions  from  the  d i fferen t orig ins.  

Where  both  s ides  of the  HVDC l i nk operate  at the  same  nominal  fundamental  frequency,  the  
harmon ic frequencies  can  be  added  up  using  ei ther an  RSS  or ari thmetic basis.  Often ,  RSS  is  
used  for performance  evaluation ,  whereas  an  ari thmetic sum  is  used  when  establ ish ing  
maximum  possib le  equ ipment stresses,  i n  particu lar i f there  i s  a  strong  harmon ic connection  
between  both  s ides  of the  HVDC l i nk.  

I n  the  case  where  both  s ides  operate  at  d i fferent fundamental  frequencies,  the  cross-
modu lated  con tribu tions  wi l l  be  at  d i screte  frequencies  and  shou ld  be  evaluated  accord ing ly.  
That i s ,  performance  evaluation  shou ld  be  made  considering  i n ter-harmon ic performance  
cri teria.  I n  establ i sh ing  equ ipment stresses,  i n terharmon ic components  shou ld  be  treated  as  
i nd ividual  frequencies,  as  th is  best represents  thei r physical  effects  on  components.  

3.1 3  Paral lel  AC  l ines  and  converter transformer saturation  

I n  some  s i tuations,  DC  transmission  l i nes  run  in  paral le l  wi th  AC  transmission  l i nes  over part 
of thei r l i ne  rou te.  Th is  may occur due  to  geograph ical  featu res,  wayleave  restrictions,  desi re  
to  keep  a l l  transmission  i n  a  corridor,  or may be  physical l y unavoidable  i n  the  approach  to  a  
converter station .  

Theoretical ly,  both  capaci tive  and  i nductive  coupl ing  between  the  l i nes  wi l l  occur,  bu t for 
practical  purposes  at typical  l i ne  separations  the  capaci tive  e lement i s  neg l i g ib le.  I nductive  
coupl ing  can  however be  of great importance,  wi th  fundamental  frequency curren ts  being  
d riven  i n  the  DC  transmission  ci rcu i t.  

I n  a  b ipolar transmission ,  the  i nduced  current i n  the  two  HVDC conductors  wi l l  be  i n  the  same  
sense,  and  therefore  be  main ly of g round  mode wi th  a  return  path  th rough  the  neutrals  or 
e lectrodes  of the  converter stations.  However,  due  to  the  d i fferent d istances  between  each  
DC conductor and  the  AC l ine,  the  i nduction  i n  each  wi l l  be  of d i fferent magn i tude,  and  so  an  
unbalanced  or pole  mode  current wi l l  a lso  flow.   

Typical  l evels  of i nduced  fundamental  frequency curren t are  usual l y not h igh  enough  to  make  
any s ign i ficant impact on  e i ther the  DC  side  harmon ic performance  or the  rating  of DC  s ide  
fi l ters  and  other equ ipment.  Thei r main  s i gn i ficance  i s  i n  the  effect wh ich  they can  have,  
th rough  cross-modu lation ,  on  satu ration  of the  converter transformers.  Fundamental  
frequency curren t i n  the  DC  ci rcu i t  i s  cross-modu lated  to  appear main ly as  d i rect curren t and  
posi ti ve  sequence  2nd  harmon ic i n  the  valve  s ide  transformer wind ings.  The  d i rect cu rren t i s  
d ivided  among  the  three  phases  of the  valve-side  wind ing  i n  proportions  depend ing  on  the  
relati ve  phase  ang le  of the  i nduced  curren t to  the  appl ied  AC source  vol tage  and  the  fi ri ng  
ang le:  

 ( ) ( )αωtI
π

αI
π

I −+++= 11d1d1t 2cos
3

cos
3

ϕϕ  (2)  

where   

It   i s  the  current i n  one  phase  of the  transformer valve  s ide  wind ing ;  

Id1   i s  the  fundamental  frequency current i n  the  DC  side;  

φ1   i s  the  ang le  of fundamental  curren t i n  DC ci rcu i t  re lati ve  to  converter source  vol tage;  

α   i s  the  fi ring  ang le.  
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The  magn i tude  of the  DC component wi l l  therefore  be  between  0  and  1d
3

I
π

 d epend ing  on  φ1  

and  α .  As  the  phase  ang le  between  the  i nduced  fundamental  and  the  converter source  AC 
vol tage  i s  an  unknown  quan ti ty,  i t  i s  assumed  that the  d i rect curren t i n  any one  phase  may 

reach  i ts  maximum  possib le  value,  wh ich  i s  1d
3

I
π

.  The  sum  of the  three  phases  shou ld  be  

zero  as  there  i s  no  neu tral  g round  path  on  the  valve  s ide  wind ings.   

There  are  other possib le  sources  of d i rect curren t i n  the  transformer wh ich  shou ld  a l so  be  
taken  i n to  account when  assessing  the  risk of saturation .  These  are:  fu rther DC side  
fundamental  frequency current resu l ti ng  both  from  AC s ide  2nd  harmon ic vol tage  and  from  
possible  fi ri ng  ang le  unbalance,  stray d i rect curren t from  nearby e lectrodes,  and ,  possibly,  
geo-magnetical l y i nduced  curren t [1 2 ] .  These  l atter two  flow through  the  l i ne  s ide  wind ings  via  
the  neu tral  poin t  g round ing  of the  Y-wind ing ,  and  thereby a lso  contribu te  to  core  saturation .   

The  re lative  magnetizing  effect of d i rect curren ts  i n  the  valve  and  in  the  l i ne  s ide  wind ings  wi l l  
depend  on  the  number of tu rns  i n  each .  I n  order to  derive  a  total  effect referred  to  say the  l i ne  
s ide  wind ing ,  a  d i rect cu rren t i n  the  valve  wind ing  can  be  approximately represented  by a  
d i rect curren t i n  the  l i ne  wind ing ,  i f su i tably mu l tip l ied  by the  transformation  ratio.  Of course,  
the  d i rect cu rren t cannot i n  real i ty cross  the  transformer to  the  l i ne  s ide  wind ings,  and  care  
shou ld  be  taken  when  using  certain  wel l  known  time-domain  programs  whose  transformer 
models  do  implement such  unreal isti c transformation  of d i rect cu rren ts  and  vol tages.  The  
extent of satu ration  wi l l  a l so  depend  on  the  zero  sequence  resistance,  as  shown  i n  [1 3] .  

The  resu l tan t sh i ft  towards  si ng le-sided  saturation  of the  core  resu l ts  i n  the  generation  of a  
broad  spectrum  of harmon ics  in  the  magnetizing  curren t on  the  AC s ide  of the  converter 
transformer.  The  aud ib le  noise  produced  by the  transformer wi l l  i ncrease  g reatly and  there  i s  
a  ri sk of l ocal ized  overheating  and  gassing .  Transformer protections  may operate  wi th  
poten tia l  tripping  of the  HVDC l i nk.  The  add i tional  harmon ic generation  cou ld  resu l t  i n  
overload  and  trip  of harmon ic fi l ters  un less  adequately considered  i n  thei r design  and  rating .  
F inal l y,  i f the  second  harmon ic curren t produced  by saturation  sees  a  h igh  network/fi l ter 
impedance,  the  resu l ting  i ncreased  2nd  harmon ic vol tage  may resu l t  i n  fu rther DC s ide  
fundamental  vol tage  and  curren t,  closing  a  l oop  wh ich  wou ld  resu l t  i n  core  saturation  
i nstabi l i ty.   

I t  i s  therefore  clear that i nduction  from  paral le l  AC  l i nes  can  have  extremely serious  
consequences  and  shou ld  be  carefu l l y stud ied .  The  AC l ines  can  easi ly be  represented  in  
detai l  wi th in  a  typical  frequency domain  or time  domain  model  of the  DC  l i nes  and  converter 
stations.  Important factors  are:  

•  l eng th  of exposure(s)  – the  i nduced  current i s  proportional  to  the  exposure  l eng th ;  

•  l ocation  of exposure(s)  – th is  matters  because  of the  stand ing  wave  pattern  a long  the  
DC l ine;  the  fundamental  curren t at  the  converters  wi l l  not be  the  same as  that at  a  
remote  l ocation  of i nduction ;  

•  geometric l ayou t of the  AC and  DC l i nes,  i nclud ing  g round  wi res;  

•  separation  d istance  – shou ld  be  clear whether th is  i s  cen tre  l i ne  to  centre  l i ne  or 
between  nearest conductors;  

•  g round  resisti vi ty – h igher resistivi ty i ncreases  the  induced  curren t;  

•  operation  mode  of the  HVDC transmission  (b ipolar,  monopolar g round  or metal l ic 
return );  

•  maximum  current l evels  i n  the  AC l i ne,  i nclud ing  percentages  of negative  and ,  very 
importan tl y,  the  zero  sequence  components;   

•  transposi tions  of the  AC l i ne  and  possibly the  DC  l i ne.  

I f ca lcu lations  show a  h igh  ri sk that i nduction  levels  wi l l  be  such  that the  converter 
transformers  wi l l  be  satu rated ,  then  there  are  three  possib le  m i ti gation  measures.  
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1 )  Transposi tion  of the  AC l i nes  a long  the  l eng th  of the  exposure.  Th is  wi l l  cancel  the  
i nduction  due  to  posi ti ve  and  negative  sequence  components,  whose  effects  depend  
on  the  varying  d istance  to  the  DC l i ne  of the  three  AC  phases.  I t  wi l l  however have  no  
impact on  i nduction  due  to  any zero  sequence  component of AC curren t.   

NOTE  1  Transposi ti on  of the  DC  l i ne  conductors  i n stead  wou l d  be  re l ati vel y i neffecti ve  as  i t  wou l d  have  no  effect  
on  the  i nducti on  of g round  mode  cu rren t,  wh ich  i s  often  the  dom inan t  componen t.  

2)  Implementation  of a  current con trol  system  action  wh ich  wi l l  tend  to  damp the  flow of 
fundamental  frequency curren t i n  the  DC  ci rcu i t.  Th is  i s  by far the  easiest and  l east 
costl y solu tion  to  implement.  The  negative  consequence  of such  modu lation  may 
however be  the  generation  of a  range  of harmon ics  on  both  the  AC and  DC  s ides,  
wh ich  creates  d i fferen t problems.  

3)  I n troduction  of e i ther series  blocking  fi l ters  i n  the  neu tral  s ide  of the  converter ci rcu i t,  
or shun t fi l ters,  tuned  to  fundamental  frequency.  Of these,  series  fi l ters  have  a lways  
been  the  preferred  option .  Shunt fi l ters  may act as  a  bypass  for fundamental  curren t 
i nduced  i n  the  DC  l i ne,  bu t they a lso  provide  a  very l ow impedance  path  for 
fundamental  frequency curren t generated  by the  converter (for example  due  to  AC  side  
2nd  harmon ic),  resu l ti ng  i n  i ncreased  d i rect curren t i n  the  transformer.  

Series  b locking  fi l ters  have  been  shown  to  be  a  very effective  solu tion  and  have  been  used  on  
a  number of HVDC projects.  However,  th is  solu tion  has  a  h igh  cost as  the  fi l ters  conduct the  
fu l l  d i rect cu rren t and  therefore  the  reactors  are  s im i lar to  smooth ing  reactors  – i n  fact 
sometimes  the  same  design  i s  used .  

NOTE  2  However,  a  reactor of the  b l ocking  fi l ter does  not  con tri bu te  to  the  smooth i ng  effect  for d i rect  cu rren t,  as  
i t  i s  bypassed  by a  para l l e l  capaci tor.  

Blocking  fi l ters  have  to  be  sharply tuned  and  may become largely i neffective  at  wide  
frequency variations  due  to  system  d isturbances.  During  such  l arge  frequency variations,  
saturation  of the  transformers  may occur due  to  the  detun ing  of the  b locking  fi l ters.  The  risk of 
thermal  problems  and  consequent protection  actions  wou ld  have  to  be  carefu l l y evaluated  i n  
relation  to  the  an ticipated  duration  of the  wide  frequency deviation .  

3.1 4 Possible  countermeasures  

3. 1 4.1  AC  (and/or DC)  fi l ters  

Shunt connected  AC fi l ters  can  be  used  to  l im i t  the  impact of i n teraction  on  the  AC  system  by 
provid ing  a  l ow impedance  path  for i n teraction  cu rrent to  fl ow.  A l ow impedance  at the  
i n teraction  frequency resu l ts  i n  a  smal l  correspond ing  vol tage  at  the  converter bus.  I n  some 
i nstances,  i t  may be  more  advantageous  to  design  the  fi l ter to  i n troduce  damping  in to  the  
network.  I ncreased  damping  at the  in teraction  frequencies  reduces  the  ampl i fication  of 
vol tages  and  curren ts  wh ich  may resu l t  from  the  i n teraction .  

DC  s ide  b locking  fi l ters  can  be  used  to  avoid  i n teraction .  The  fi l ters  typical l y consist of paral l el  
capaci tor-reactor-resistor components  connected  in  series  wi th  the  DC converter.  The  fi l ter 
restricts  the  current flow at the  tuned  frequency,  thus  decoupl i ng  the  DC network at the  
i n teraction  frequency.  Often ,  th is  i s  a l l  that i s  requ i red  to  e l im inate  the  in teraction .  

I n teraction  can  often  be  avoided  by selecting  an  appropriate  value  for the  i nductance  of the  
smooth ing  reactor(s)  and  su i table  selection  of DC  fi l ter parameters  to  avoid  series  or paral le l  
resonances  at cri tical  DC  in teraction  frequencies.  Smooth ing  reactors  are  an  effective  means  
of l im i ting  i n teraction  due  to  crossmodu lation  effects.  

3.1 4.2  DC  control  design  

DC con trols  are  an  extremely cost effective  way to  coun ter harmon ic i n teraction .  They are  
most effective  i n l im i ting  i n teractions  i nduced  by d riving  forces  external  to  the  converter at l ow 
harmon ic i n teraction  frequencies.  Typical  con trol  design  i nvolves  the  implementation  of a  
ci rcu i t  wh ich  responds  to  vol tage  or curren t of one  of the  i n teraction  networks  at the  
correspond ing  in teraction  frequency.  The  ci rcu i t  adds  a  smal l  correction  to  the  fi ri ng  ang le  of 
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each  valve  i n  such  a  way as  to  reduce  the  magn i tude  of the  measured  quanti ty.  Chang ing  
con trol  parameters  effectively a l ter the  gain  and  phase  of the  mathematical  coefficients  wh ich  
couple  the  networks  at the  i n teraction  frequencies.   

3.1 4.3  Operating  restrictions  and  design  protections  

Al though  undesi rable,  the  most cost effective  solu tion  to  an  i n teraction  problem  may be  to  
avoid  the  operating  cond i tion  wh ich  resu l ts  i n  the  i n teraction .  I f the  l i kel ihood  that such  an  
operating  cond i tion  cou ld  occur i s  extremely remote,  imposing  an  undesi rable  system  
operating  restriction  may be  more  attractive  than  the  expense  (and  possib le  i nconven ience)  
associated  wi th  a  l arge  capaci ty l ow order AC harmon ic fi l ter.  I f such  a  strategy i s  adopted ,  i t  
wou ld  be  prudent to  ensure  that fi l ter and  system  protections  detect and  respond  to  the  
i n teraction  (shou ld  i t  occur)  and  smooth ly bring  the  AC-DC operating  cond i tions  to  a  safe  
s i tuation .  

3.1 5  Recommendations  for technical  specifications  

3. 1 5.1  General  

A techn ical  speci fication  shou ld  be  absolu tely clear about the  performance  and  rating  
requ i rements  wi th  respect to  harmon ic i n teraction  i ssues  and  the  cond i tions  under wh ich  they 
are  met.  To  support a  comprehensive  design ,  the  speci fication  shou ld  i nclude  a l l  system  data  
wh ich  cou ld  i n fl uence  the  performance  of the  HVDC plan t i n  th is  respect.  3 . 1 5  shou ld  serve  as  
a  gu idel ine  for wri ting  a  complete  and  detai led  speci fication .  

From  experience,  i t  i s  l i kely that the  customer wi l l  be  presented  wi th  rather d i fferen t methods  
of ca lcu lation  from  d i fferen t b idders,  and  i ndeed  s ign i fican tl y d i fferent calcu lation  resu l ts  for 
harmon ics  wh ich  depend  on  cross-modu lation  effects.  Furthermore,  during  the  l im i ted  time  of 
a  b idd ing  process,  suppl iers  may tend  to  s impl i fy thei r design  approach  and  estimate  the  
resu l ting  risk for possib le  i ncreased  costs  when  the  fi nal  detai led  design  i s  made  during  the  
con tract stage.   

The  b idders  may be  asked  to  explain  thei r respective  methodolog ies  and  j usti fy thei r 
ca lcu lation  resu l ts,  bu t i t  may be  d i ffi cu l t  for a  customer wi th  l im i ted  special i zed  techn ical  
experience  i n  th is  area  and  no  i ndependent calcu lation  tools  to  assess  wh ich ,  i f any,  of the  
presented  study resu l ts  i s  accurate,  and  to  compare  the  resu l ting  b ids.  The  best protection  for 
the  customer i s  to  state  i n  the  techn ical  speci fication  that the  con tractor i s  u l timately 
responsible  for fu l fi lment of a l l  re lated  requ i rements,  wh ich  shou ld  be  veri fied  by test 
measurements  during  and  after commission ing .  The  onus  i s  on  the  customer to  ensure  that 
such  testing  and  measurements  are  l ater carried  ou t.  The  techn ical  speci fication  cou ld  a l so  
requ i re  that the  con tractors  prove  thei r resu l ts  by time  domain  s imu lation  of cri tical  se lected  
cases  using  a  detai led  HVDC model  wi th  appropriate  representation  of AC  networks.  

3.1 5.2  Specified  design  data  

The  fol lowing  in formation  i s  requ i red  by con tractors.  

•  Fundamental  frequency 

Th is  shal l  i nclude  i n formation  on  the  range  of posi ti ve  and  negative  phase  sequence  
vol tages.  The  defin i tion  of the  pre-existing  negative  sequence  vol tage  shal l  make  clear 
whether th is  value  i s  defined  at  the  converter bus  or beh ind  a  network impedance  
(3. 1 2 . 2).The  range(s)  of frequency deviation  shou ld  a l so  be  defined .  The  customer shou ld  
note  that i n  some  cases  there  cou ld  be  an  i ncrease  i n  NPS  due  to  i ncreased  load ing  in  
un transposed  transmission  l i nes  when  the  converter i s  operating .  

•  Pre-existi ng  harmon ics  

The  magn i tudes  of pre-existing  harmon ics  shou ld  be  provided ,  and  whether these  values  
apply to  the  converter bus  or beh ind  a  network impedance.  I deal l y,  i n formation  on  phase  
ang les  re lative  to  the  fundamental  as  wel l  as  the  correspond ing  phase  sequence  of the  
harmon ic shou ld  be  i ncluded ,  bu t i n  most cases  th is  i n formation  i s  not known  to  the  
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customer and  i t  may vary wi th  time.  The  requ i red  ru le  for superposi tion  of harmon ics  
orig inating  at the  two terminals  of the  system  (3. 1 2 . 9)  shou ld  be  stated .  D i fferent pre-
existing  harmon ic spectra  may be  speci fied  (e. g .  for fi l ter performance  and  rating)  and  the  
speci fication  shou ld  i nclude  gu idance  on  the  speci fic calcu lations  the  correspond ing  
spectrum  has  to  be  used  for.  

•  AC  network impedance 

Impedances  have  to  be  determined  and  speci fied  fol lowing  the  gu idel ines  as  g iven  i n  
C lause  4 .  Detai led  i n formation  on  a l lowable  s impl i fications  of impedance  model l i ng  i s  
requ i red .  I f several  impedance  areas  are  speci fied  (e. g .  for performance and  rating) ,  the  
speci fication  has  to  i nclude  gu idance  on  the  speci fic calcu lations  the  correspond ing  
impedance  has  to  be  used  for.  I n  case  of d i fferences  between  posi tive  and  negative  phase  
sequence  impedance  of the  AC network,  these  d i fferences  shal l  be  stated .  Such  may be  
the  case  i f the  p lanned  converter station  i s  l ocated  close  to  a  generator station .  

•  DC  s ide  impedance 

I f the  DC  ci rcu i t,  or part of i t,  i s  ou ts ide  the  con tractor’s  scope  of supply,  the  speci fication  
i ncludes  the  relevant model l i ng  data  ( l i ne  l eng th ,  tower configuration ,  conductors).   

•  Paral le l  AC  l i nes  

Possible  paral le l  or near-paral le l  exposures  of the  DC  l ine  to  AC overhead  l i nes  have  to  be  
speci fied .  The  factors  l i sted  i n  3 . 1 3  are  defined .  

•  Requ i red  l im i ts  

I t  shou ld  be  stated  in  the  techn ical  speci fication  that harmon ic i n teraction  across  the  
converters  (or cross-modu lation)  shou ld  be  fu l l y taken  in to  account i n  fi l ter performance  
and  rating  calcu lations.  I f there  are  other l im i ts  on  the  external  impact of harmon ics  l i kely 
to  be  affected  by cross-modu lation ,  such  as  the  flow of 5 th  and  7 th  harmon ic curren t i n  
nearby generators,  then  these  shou ld  be  defined .  Wi th  regard  to  i nduction  from  paral l e l  
AC  l i nes,  i t  shou ld  be  stated  that th is  shou ld  not resu l t  i n  saturation  of converter 
transformers  even  during  wide  frequency variations,  any adverse  effect on  the  control  
system,  or operation  of any protection .  

3.1 5.3  Requ irements  regard ing  calcu lation  techn iques  

A bidder wi l l  need  the  l ati tude  to  select the  procedure  used  to  determine  the  impact of 
harmon ic i n teraction  during  the  tender stage  as  th is  decision  i s  often  i n fluenced  by non-
techn ical  constrain ts  such  as  resources  or time.  The  b idders  shal l  be  requ i red  to  e laborate  on  
the  calcu lation  procedure  used  i n  terms  of the  fol l owing  i tems.  

•  Model l ing  techn iques  

As  elaborated  in  3 . 6 ,  a  wide  range  of model l ing  techn iques  are  i n  use.  The  b idder shou ld  
be  asked  to  describe  the  calcu lation  method(s)  to  be  used  and  to  provide  veri fication  of i ts  
su i tabi l i ty and  accuracy.   

•  Variation  and  tolerances  

Each  e lement wi th in  an  i n teraction  model  i s  subject to  variations  and  to lerances.  The  
b idder shou ld  detai l  procedures  for sensi ti vi ty checks.  Moreover,  the  treatment of fi l ter and  
shun t capaci tor ou tages  and  redundancy shal l  be  clari fied .  

•  Summation  laws/superposi tion  

Depend ing  on  the  used  model l i ng  techn iques,  the  b idder i ncludes  in formation  on  the  
summation  of i nd ividual  con tribu tions  to  an  i nd ividual  harmon ic d istortion .  I f appl icable,  
the  techn iques  to  combine  classical  models  ( i . e .  the  converter as  a  current source  on  the  
AC  s ide  and  a  vol tage  source  on  the  DC s ide)  wi th  an  i n teraction  model  have  to  be  
addressed .  

•  Converter impedance  

The  b idder shal l  e laborate  on  how h is  calcu lation  procedure  determines  the  converter 
impedance.  I f a  s impl i fied  approach  i s  chosen ,  the  b idder shal l  qual i fy h is  method  i n  more  
detai l .  
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Many aspects  of harmon ic calcu lation  and  practical  fi l ter design  are,  for re lative  s impl ici ty,  
based  on  an  AC s ide  cu rren t source  model ,  assuming  smooth  d i rect cu rren t and  DC side  
vol tage  source  model  assuming  purely fundamental  frequency AC s ide  d riving  vol tage.  
Harmon ic cross-modu lation  i s  the  factor wh ich  undermines  the  val id i ty of such  s impl i fications  
and  hugely compl icates  the  calcu lation  process.  

For normal  fi l ter design  purposes,  harmon ic i n teraction  tends  to  be  of s ign i ficance  on ly up  to  
the  AC  s ide  7 th  harmon ic,  a l though  some s ign i fi can t i n fl uence  i s  observed  up  the  1 3 th ,  bu t 
usual l y has  l i ttl e  practical  impact at h i gher harmon ics.  

Even  wi th  the  computing  power now read i l y avai lable,  the  complexi ty of a  complete  fi l ter 
design  for both  of the  AC s ides  and  the  DC s ide  of a  typical  HVDC l ink,  us ing  a  fu l l  and  
accurate  representation  of cross-modu lation ,  i s  general l y too  g reat to  be  practical  wi th in  the  
time  and  resource  l im i tations  of a  tender period  or con tract design  period .  S impl i fications  
therefore  have  to  be  made,  and  parts  of the  design  de-coupled  from  other parts.  Th is  
i n troduces  some  degree  of ri sk,  wh ich  shou ld  be  covered  by the  add i tion  of su i table  marg ins  
to  the  calcu lated  resu l ts.   

Customers  shou ld  be  aware  of the  complexi ties  i nvolved  i n  speci fication  of performance  and  
rating  when  appreciable  cross-modu lation  i s  l i kely,  and  seek techn ical  advice  i f requ i red .  The  
customer shou ld  a l so  be  aware  of s ign i fican t d i fferences  in  calcu lation  techn iques  typical l y 
used  by d i fferen t HVDC suppl iers  and  be  prepared  to  question  the  resu l ti ng  d i fferences  i n  
ca lcu lation  resu l ts  and  fi l ter design  both  during  the  b id  evaluation  and  a lso  in  the  project 
design  phase  and  to  request veri fication  of the  val id i ty of the  techn iques  and  s impl i fying  
assumptions  appl ied .  

4 AC  network impedance  model l ing   

4.1  General  

I EC  62001 -1  and  I EC  62001 -4  d iscuss  the  importan t i n fl uence  of network harmon ic 
impedance  on  both  the  performance  and  rating  aspects  of the  AC fi l ter design .  For a  
customer,  i t  i s  one  of the  most d i fficu l t  aspects  to  speci fy,  especia l l y i f the  customer i s  not the  
owner of the  network and  has  l i ttle  d i rect knowledge  of i ts  composi tion  and  possible  fu ture  
development.  The  purpose  of C lause  4  i s  to  ampl i fy the  reasons  why the  correct speci fication  
of network harmon ic impedance  i s  crucial  to  an  optimal  design  of AC fi l ters  and  a lso  to  
provide  further detai led  gu idance  as  to  i ts  assessment.   

I EC  62001 -1  d iscusses  that normal l y the  customer defines  the  range  of network impedance  to  
be  used  for fi l ter design  bu t that i n  some  cases  the  customer l eaves  the  prospective  
con tractors  to  perform  th is  assessment.   

C lause  4  re in forces  a  recommendation  that i n  the  production  of the  techn ical  speci fication  by 
the  customer for an  HVDC system,  the  customer rather than  the  prospective  con tractors  i s  
general l y best su i ted  to,  and  shou ld  be  responsible  for,  the  defin i tion  of the  AC network 
impedance  characteristics.  Th is  means  that the  study i s  done  on ly once  and  avoids  al l  
prospective  contractors  having  to  make  thei r own  i nd ividual  assessment of the  provided  data,  
such  as  system  s ing le  l i ne  d iagrams  and  associated  re levant data,  detai l s  of normal  and  
abnormal  operating  cond i tions  and  l oad ing ,  and  the  effects  of fu ture  network expansion  (such  
data  are  often  on ly known  to  customer or u ti l i ty) .  Th is  wou ld  then  have  the  i nevi table  risk that 
each  prospective  con tractor wou ld  assess  the  network impedance  i n  a  d i fferen t manner wi th  
d i ffering  resu l ts,  l eaving  the  customer to  determine  wh ich  i s  correct or whether any of them  
are  adequate.  The  customer shou ld  therefore  take  responsibi l i ty for these  stud ies,  e i ther 
d i rectl y or through  a  consu l tan t.  He  can  take  advantage  of the  longer period  that i s  general l y 
avai lable  before  the  i ssue  of the  techn ical  speci fication  to  prepare  th is  i n formation ,  rather than  
requ i ring  the  prospective  con tractors  to  i nd ividual l y make  the  assessment during  the  shorter 
tender stage.   
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I t  has  become common  practice  that the  speci fications  and  design  of the  AC  harmon ic fi l ters  
establ ished  at the  tender stage  form  part of the  l ater con tract.  I f the  customer decides  to  
postpone  the  detai led  network impedance  study un ti l  execu tion  of the  con tract,  he  wi l l  need  to  
be  aware  of the  fol lowing  d isadvantages  and  manage  the  risks.  

•  Received  b ids  may not been  based  on  the  same  assumptions,  hence  may not be  
comparable.  

•  Cost and  space  requ i rements  of the  AC fi l ter scheme determined  during  the  tender 
stage  may not be  su fficien t.  

•  The  con tractor may have  to  cla im  change/variation  orders.  

•  The  time  needed  for the  fi nal  design  stage  may be  prolonged .  

There  are  some i nstances  in  wh ich  the  methods  for determin ing  the  network harmon ic 
impedance  described  in  [1 1 ]  or i n  th is  document may be  inappropriate  or requ i re  special  
consideration .  Such  si tuations  i nclude  the  fol lowing .  

•  Where  a  proposed  HVDC scheme i s  to  be  connected  in  paral le l  wi th  an  existing  
scheme wh ich  i s  operating  wi th  adequately designed  AC harmon ic fi l ters  and  there  i s  a  
preference  for the  fi l ters  to  be  associated  wi th  the  new scheme to  have  i den tical  
characteristics  as  the  existing  un i ts,  at  l east for the  converter characteristic harmon ics.  
I n  th is  case,  any change  i n  the  defin i ti on  of network harmon ic impedance  from  that 
used  for design  of the  orig inal  scheme wi l l  requ i re  carefu l  consideration  of the  
con tinu ing  viabi l i ty of the  existing  fi l ters  and  of the  combined  operation  of the  orig inal  
and  new fi l ter designs.  

•  Where  a  proposed  HVDC scheme wi l l  be  connected  to  an  AC network that i s  on ly 
operated  i n  an  " i s landed"  mode;  that i s  a  smal l  and  wel l  defined  network for wh ich  i t  
may be  preferable  to  model  the  transmission  l i nes,  cables,  transformers  and  
generators  etc.  expl ici tl y rather than  to  employ impedance  envelopes.  

4.2  Impl ications  of inaccurate  defin i tion  of network impedance 

Due  to  the  d i fficu l ties  i n  accurately assessing  the  network harmon ic impedance,  i t  can  be  
attractive  for a  customer to  base  h is  speci fication  on  a  s impl i fied  network defin i tion  wi th  fa i rl y 
arbi trary parameters,  probably b iased  towards  conservative  values.  However,  a  too  
conservative  assessment of network impedance  (e. g .  an  impedance  having  excessively h igh  
damping  ang les  and /orexcessive  range)  can  have  several  s ign i fican t d isadvantages  i n  respect 
of AC fi l ter design :  

•  an  i ncreased  number and /or d i fferen t types  of fi l ters  may be  requ i red  to  cater for 
network impedance  cond i tions  that i n  practice  may not occur;  

•  an  i ncrease  i n  swi tchyard  space  wou ld  be  needed  to  cater for redundancy 
requ i rements  as  a  resu l t  of the  provis ion  of a  l arger number of d i fferen t fi l ter types;  

•  the  requ i rement for a  greater number of sharply tuned  fi l ters,  the  appl ication  of wh ich  
can  incur excessive  harmon ic ratings  especial l y when  considering  the  effects  of pre-
existing  harmon ic d istortion ;   

•  the  need ,  especial l y at l ow transmi tted  power levels,  for AC fi l ters  wi th  a  total  reactive  
power in  excess  of that wh ich  can  be  accepted  by the  AC network and  therefore  the  
requ i rement for the  converters  to  operate  at e i ther i ncreased  con trol  ang les  or often  
the  use  of h igh  capi ta l  cost shun t reactors,  both  of wh ich  g ive  ri se  to  i ncreased  losses;  

•  h igher i n i tia l  and  project l i fetime  operating  costs.  

Conversely,  however,  a  design  wh ich  i s  based  on  too  narrow an  assessment of network 
impedance  may fa i l  to  meet the  requ i red  harmon ic performance  cri teria  and /or sometimes  
cannot remain  i n  service  due  to  component overload ing  because  of resonances  between  the  
AC fi l ters  and  the  network wh ich  were  not pred icted .  I n  such  cases,  the  economic 
consequence  of such  shortcomings  cou ld  be  more  serious  than  those  l i sted  above  due  to  an  
over-conservative  design .   
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I t  i s  therefore  eviden t that efforts  shou ld  be  made to  ach ieve  as  accurate  as  possib le  an  
assessment of the  network harmon ic impedance.  

4.3  Considerations  for network model l ing  

4.3.1  General  

I EC  62001 -1  g i ves  references  [1 4]  [1 5]  to  various  methods  of deriving  network harmon ic 
impedance.   

I n  attempting  to  postu late  cri teria  to  be  considered  i n  determin ing  network harmon ic 
impedance,  there  are  very few generic ru les  that can  be  appl ied  un iversal ly for a l l  networks  
worldwide;  therefore  each  network shou ld  be  treated  on  a  case  by case  basis.  

The  exten t of the  network to  be  model led  i s  a l so  system  dependent and  no  general  ru les  can  
be  defined .  One  approach  i s  to  start by model l ing  a  relati vely smal l  area  of the  system,  bu t 
reta in ing  su ffi cien t to  i ncorporate  a l l  of the  con tingencies  requ i red  to  be  stud ied .  The  analysis  
i s  then  repeated  a  number of times  wi th  more  of the  AC network retained  each  time,  un ti l  
there  i s  no  s ign i ficant change  in  the  harmon ic impedance  characteristics.  

4.3.2  Project l i fe  expectancy and  robustness  of data  

The  speci fied  l i fe  for an  HVDC project can  typical l y vary between  25  years  and  40  years.  The  
cost of AC harmon ic fi l ters  forms  a  substan tia l  part  of the  overal l  converter equ ipment costs,  
as  they are  inevi tably custom-made  i tems  wi th  un ique  l ayou ts  and  component s izes.  Al so  they 
are  very d i fficu l t to  a l ter s ign i ficantly once  constructed .  I t  i s  obviously desi rable  that thei r 
design ,  i n  terms  of compl iance  wi th  performance requ i rements  and  thei r rati ng ,  i s  su fficien tly 
robust such  that a  redesign  or reconfiguration  wi th  attendant l eng thy ou tages  i s  not requ i red  
part way through  thei r service  l i fe .  For mature  and  strong ly i n terconnected  networks  such  as  
those  i n  the  UK and  con tinen tal  Europe,  i t  shou ld  be  easier to  pred ict network developments  
than  i t  i s  for a  rapid ly developing  coun try.  However,  many so-cal led  mature  networks  are  now 
also  subject to  s ign i fican t i n frastructure  developments  to  accommodate  the  requ i rements  of 
renewable  energy sources.  Such  developments  were  not foreseen  un ti l  recen tly.  

4.3.3  Network operating  condi tions  

I n  deriving  the  variation  of network impedance  the  fol lowing  effects  shou ld  be  considered  as  a  
m in imum  to  ensure  that a l l  practical ly feasible  and  l i kely operating  scenarios  are  captured :  

•  System  load/generation  variation  for a  maximum  demand  day.  

•  System  load/generation  variation  for a  m in imum  demand  day.  

•  System  load/generation  variation  for i n termed iate  demand  day(s).  

•  D i fferen t AC system  generation  connection  cond i tions,  for example  d i ffering  m ixes  and  
l ocations  of hydro,  nuclear,  thermal ,  wind ,  other HVDC l i nks.  Where  nearby generation  
exists,  i t  i s  general l y recommended  that the  l owest practical  l evels  of such  generation  
are  used  for the  various  scenarios,  i n  order to  model  the  weakest system  wh ich  for l ow 
orders  general l y g ives  the  largest impedance  envelopes.  

•  S tatus  of reactive  compensation  p lan t,  both  dynamic and  fi xed  (e. g .  mechan ical l y 
swi tched  capaci tors  and  reactors)  types.  I n  th is  respect,  a l l  possible  combinations  of 
shunt reactive  compensation  at or close  to  the  converter station  AC busbar are  
considered  because  where  more  than  one  such  device  i s  connected ,  these  are  l i kely to  
i n teract,  thereby forming  d i ffering  resonance  cond i tions.   

•  S im i l arly,  where  there  i s  another HVDC l ink e lectrical l y close  enough  to  have  a  
s ign i fican t impact on  the  network impedance,  i t  i s  model led  expl ici tl y,  rather than  being  
i ncluded  as  a  l umped  element wi th in  the  network,  wi th  i ts  associated  AC  fi l ters  being  
subjected  to  the  effects  of thei r detun ing  (due  to  changes  in  system  frequency,  ambient 
temperature,  capaci tor e lement fai l u res,  etc. )  together wi th  the  variation  in  the  number 
and  types  of fi l ters  wh ich  may be  connected  wi th  varying  load .   
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•  AC  network transmission  ou tages  (con tingency and  p lanned).  The  con tingency 
ou tages,  i . e.  s ing le  or double  ci rcu i t  etc. ,  that need  to  be  considered  are  a  function  of 
the  manner i n  wh ich  the  u ti l i ty operates  the  network ( i . e.  n-1 ,  n-2  etc.  cri teria  accord ing  
to  i ts  securi ty standard)  and  for wh ich  i t  e i ther requ i res  harmon ic performance  l im i ts  to  
be  met,  or requ i res  AC harmon ic fi l ters  to  be  rated  wh i l e  not necessari l y ach ieving  
performance l im i ts.  The  classi fication  of these  con tingency and  p lanned  (e. g .  
main tenance)  ou tages  shou ld  be  defined  by the  u ti l i ty.  Depend ing  on  the  complexi ty of 
the  network under consideration ,  i t  wou ld  be  usual  that at l east 50  s ign i ficantl y 
d i fferent network cond i tions  wou ld  need  to  be  stud ied  for each  l oad ing  cond i tion  to  
g ive  a  su i table  and  rel iable  range  of possib le  impedances.   

However,  any network cond i tions  that are  unreal i stic  particu larl y i n  terms  of generation  and  
l oad  scenarios  ( i . e .  those  cond i tions  wh ich  imply impossible  operating  scenarios  or wh ich  
m igh t fai l  to  provide  a  convergent fundamental  frequency load  fl ow)  shou ld  not be  included .  I f 
the  software  does  not a l l ow for load-flow calcu lations,  i t  shou ld  at l east be  veri fi ed  that the  
fundamental  frequency short ci rcu i t  impedance,  ca lcu lated  for the  same cases  as  the  
harmon ic impedance,  i s  wi th in  the  an ticipated  range.  

I t  needs  to  be  recogn ised  that the  a im  i s  to  develop  a  network impedance  characteristi c wh ich  
i s  val i d  for a l l  reasonably possib le  system  developments  over the  expected  l i fe  of a  project.  
Even  mature  networks  do  not usual l y have  plans  beyond  the  next 20  years  to  25  years.  The  
network impedance  defin i tion  therefore  may have  to  cover a  period  up  to  twice  as  long  as  the  
p lann ing  horizon .  There  i s  therefore  some d i fficu l ty i n  how to  cater for the  years  after the  
p lann ing  horizon  and  the  resu l tan t uncertain ties.  Some  gu idance  i s  g i ven  i n  4 . 5. 4  and  4 . 5.5  on  
th is  topic.   

4.3.4 Network impedances  for performance  and  rating  calcu lations  

General l y,  i t  i s  necessary to  determine  the  network harmon ic impedance  characteristics  for 
both  AC  harmon ic fi l ter "performance"  and  "rating"  cond i tions.  Generation  and  load  scenarios  
and  con tingency cond i tions  for these  two  requ i rements  can  often  d i ffer s ign i ficantly as  
d iscussed  below.   

I EC  TR 61 000-3-6,  other s im i lar standards  and  national  g ri d  codes  relating  to  the  assessment 
of harmon ic emission  l im i ts  d iscuss  p lann ing  l evels  for harmon ic vol tage  d istortion  based  on  
cond i tions  that cover typical l y 95  %  of the  time  annual ly based  on  a  statistical  average,  and  
d iscuss  "normal "  operating  cond i tions  of the  network.  "Normal "  general l y i ncludes  al l  
generation  variations,  l oad  variations  and  reactive  compensation  states,  p lanned  ou tages  and  
arrangements  during  main tenance  and  construction  work,  non  ideal  operating  cond i tions  and  
normal  con tingencies  under wh ich  the  considered  network and  the  d isturbing  i nstal lation  (e. g .  
the  HVDC converter)  have  been  designed  to  operate.   

However,  "normal "  network operating  cond i tions  typical l y exclude  those  cond i tions  wh ich  arise  
as  a  resu l t  of a  fau l t  or a  combination  of fau l ts  beyond  those  p lanned  for under the  network’s  
securi ty standard .  These  include  exceptional  s i tuations  and  unavoidable  ci rcumstances  (e. g .  
force  majeure,  exceptional  weather cond i tions  and  other natural  d i sasters,  acts  by publ ic 
au thori ties,  i ndustria l  actions),  cases  where  other network users  may s ign i fican tl y exceed  thei r 
em ission  (performance)  l im i ts  or do  not comply wi th  the  connection  requ i rements,  and  
temporary generation  or supply arrangements  adopted  to  main tain  supply to  customers  during  
main tenance  or construction  work,  where  otherwise  supply wou ld  be  in terrupted .  Such  
scenarios  typical l y form  the  basis  of "rating"  cond i tions,  i n  add i tion  to  those  described  above  
relati ng  to  performance  cond i tions.  

The  resu l tan t d i fferences  in  the  variation  of network harmon ic impedance  when  comparing  
"performance"  and  "rating "  cond i tions  can  be  s ign i fican t,  especial l y at h igher order harmon ics.  
Th is  i s  d iscussed  i n  4 . 5.8.  
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4.3.5  Model l ing  of network components  

The  reader i s  d i rected  to  [1 4]  to  [1 6]  for methods  of representing  frequency dependent power 
system  e lements  such  as  overhead  transmission  l i nes,  cables,  generators  and  transformers  in  
determin ing  the  network harmon ic impedance.  

I n  deriving  the  harmon ic impedance  envelopes,  the  fol lowing  shou ld  be  accounted  for:  

•  the  accuracy of the  network component data;  

•  the  l im i tations  of component impedance  models  i n  the  frequency domain ;  

•  the  variation  of component impedance  wi th  ambien t and  system  cond i tions.  

Some of the  data  on  existing  network components  are  model led  as  measured  during  rou tine  
manufacturing  tests,  others  are  set to  the  nominal  va lue.  For the  l atter,  the  calcu lations  take  
i n to  account the  effects  of manufacturing  tolerances,  and  for consideration  of fu ture  add i tions  
in  the  network,  a  su i table  range  of possib le  component values  shou ld  be  taken  i n to  account.  

The  variation  of ambient temperature  has  an  effect on  some  network components,  and  the  
operational  variation  of network frequency a lso  affects  the  component impedance  (refer a lso  
to  4 . 5.5).  

The  basic network data  i s  general l y easi l y avai lable  and  i s  normal l y relati vely accurate  at  the  
fundamental  frequency because  u ti l i ti es  make  extensive  use  of l oad  flow programs for thei r 
operational  needs.  I n  some  instances,  the  data  i s  transferred  from  a  l oad  flow program  
d i rectl y to  a  harmon ic analysis  program.  However,  as  the  frequency increases,  the  models  
become l ess  accurate  or requ i re  add i tional  data  that i s  often  not avai l able.  Furthermore,  some 
harmon ic impedance  calcu lation  programs  may not have  the  capaci ty to  perform  a  prior l oad  
flow wh ich  can  cause  an  i ncorrect impedance  to  be  transferred  from  one  vol tage  l evel  to  the  
other due  to  the  effects  of an  i nappropriate  transformer tap  changer posi tion .  Sometimes,  
fundamental  frequency l oad flow datasets  have  the  parameters  of d isparate  components  i n  a  
branch  l umped  together.  For example,  a  series  curren t-l im i ting  reactor may be  added  to  the  
series  reactance  of a  transmission  cable,  or the  susceptance  of a  permanently-connected  l i ne  
shunt reactor i s  netted  ou t of the  tota l  l i ne  charg ing .  Wh i le  su fficien tly correct at  fundamental  
frequency,  such  combination  of branch  component parameters  i s  not acceptable  for harmon ic 
analysis.  Load  flow data  are  screened  to  i den ti fy and  separate  the  components  of any such  
branches,  especial l y those  that are  located  near the  busbars  under study.  

The  accuracy of network harmon ic impedance  derived  by the  use  of such  network e lement 
models  tends  to  reduce  at h igher order harmon ics,  above  approximately 20 th  harmon ic.  The  
need  for accurate  model l i ng  at such  harmon ic orders  can  often  become less  cri ti cal  because  
both  the  magn i tude  of converter harmon ic curren t generation  i s  l ower (for l i ne  commutated  
converters)  and  hence  the  resu l tan t vol tage  d istortion  i s  a lso  often  lower,  and  a lso  because  
fi l tering  at such  orders  i s  often  provided  by damped  type  fi l ters,  and  so  the  effects  of 
i naccuracy in  the  magn i tude  of network harmon ic impedance  become less  importan t i n  the  
calcu lation  of harmon ic vol tage  d istortion .  However,  where  a  te lephone  in terference  cri terion  
i s  speci fied ,  the  need  for accurate  (as  far as  i s  practicable)  model l i ng  at these  h igh  order 
harmon ics  i s  sti l l  desi rable.  

The  correct model l i ng  of the  variation  of resistance  of the  network components  wi th  frequency 
i s  particu larly important i n  determin ing  the  damping  of the  network at  harmonic frequencies.  
I ts  i n fluence  on  harmon ic performance  and  rating  i s  d iscussed  i n  B .3 .2  and  Clauses  B . 4  to  B .6  
and  provides  in  g reater detai l  a  d iscussion  regard ing  techn iques  for model l ing  network 
component resistances.  

4 . 3 .3  has  emphasised  that the  effects  of reactive  compensation  p lan t,  especial l y p lan t near to  
the  busbar of i n terest shou ld  be  i ncluded  in  determin ing  network impedance.  I n  th is  respect,  
most p la inshun t capaci tor banks  are  configured  wi th  i n rush /ou trush  curren t l im i ting  reactors.  
Often ,  the  tun ing  frequency of such  capaci tor/reactor combinations  fa l l s  wi th in  the  relevant 
frequency range  of the  study.  I t  i s  therefore  advisable  to  col lect detai l ed  data  for a l l  re levant 
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shun t e lements  i n  the  network.  General l y,  l oad  fl ow data  i s  used  as  basic i npu t data  for 
harmon ic model l ing ,  and  detai l ed  data  on  curren t l im i ti ng  reactors  or the  tun ing  frequency of 
reactive  power elements  i s  often  not i ncluded  in  such  data  sets.  Further,  i f a  shun t e lement i s  
l ocated  e lectrical l y close  to  the  poin t of i n terest,  i t  i s  a l so  necessary to  i nclude  the  resistive  
l oss  of any shunt reactors  i n  the  model .   

Detai led  d iscussion  of some aspects  of the  harmon ic representation  of l oads,  transformers,  
transmission  l i nes  and  mach ines  i s  g iven  i n  Annex B,  wh ich  i ncludes  some  numerical  
gu idel i nes  as  wel l  as  calcu lations  and  measurements  wh ich  cal l  i n to  question  some 
conventional  assumptions.   

4.3.6  Representation  of loads  at  harmonic frequencies  

Of cri tical  importance  i n  deriving  network harmon ic impedance  i s  an  adequate  representation  
of the  l oad  at harmon ic frequencies,  particu larl y i n  the  network close  to  the  converter station  
AC  busbar under consideration .  U ti l i ties  shou ld  be  encouraged  to  develop  databases  of thei r 
geograph ic e lectrical  reg ions  wi th  as  much  in formation  as  possib le  on  the  composi tion  of the  
load  and  power factor correction  e lements.  I n  practice,  th is  has  not a lways  been  forthcoming ,  
general l y because  of the  d i fficu l ti es  i n  obtain ing  the  necessary detai l ed  i n formation ,  and  some  
fu rther gu idance  i s  therefore  necessary.   

I t  i s  i ncorrect to  assume  that,  where  l oad  data  i s  e i ther unknown  or d i fficu l t  to  assess,  to  
exclude  i ts  representation  from  the  model  wi l l  l ead  to  a  conservative  ( i . e.  safe)  assessment of 
network harmon ic impedance.  Wh i l st the  l evel  of network damping  at  harmon ic frequencies  
may be  reduced  by neg lecting  to  i nclude  any form  of l oad  model ,  more  importantly the  
network resonant frequencies,  especia l l y at  l ow order harmon ics,  wi l l  a lso  sh i ft.  Hence,  the  
absence  of any load  model  can  produce  even  greater errors  than  wou ld  occur i f an  i ncorrect 
or i nappropriate  model  were  used .   

At  i ts  extreme,  the  most accurate  network model  wou ld  arise  from  the  inclusion  of a l l  l ow 
vol tage  (e. g .  400  V)  nodes,  wh ich  i s  clearly impractical  because  of the  l ack of detai led  
knowledge  of such  networks  and  because  the  detai led  representation  of such  a  network wou ld  
be  extremely time  consuming  i f not impossib le.  Therefore,  an  equ ivalen t representation  of the  
downstream  impedance  i s  often  used .  The  requ i red  accuracy of an  equ ivalen t depends  on  the  
proxim i ty (both  i n  terms  of relati ve  vol tage  levels  and  physical  d i stance)  of the  particu lar 
d istribu tion  busbar to  the  converter station  AC busbar.  

Accurate  l oad  model l i ng  of course  requ i res  detai led  knowledge  of the  l oad  i tsel f i n  terms  of i ts  
de-composi tion  i n to  residen tia l ,  commercial ,  i ndustria l ,  traction ,  etc.  and  combinations  
thereof.  Many u ti l i ties  often  possess  l i ttl e  detai led  data  regard ing  th is ,  and  care  shou ld  be  
taken  i n  applying  generic assumptions  regard ing  load  model l ing  and  i ts  composi tion .  For 
example,  i n  the  Un i ted  Kingdom,  domestic load  i s  cu rren tly predominately resisti ve  ( l i gh ting  
and  heating)  and  hence  can  provide  damping  to  any d istribu tion  network resonances.  
However,  i n  much  of the  USA for example,  the  peak domestic l oad  i s  dominated  by motor l oad  
(ai r cond i tion ing),  wh ich  provides  very l im i ted  harmon ic damping .   

I rrespective  of the  l oad  composi tion ,  i ts  magn i tude  wi l l  vary s ign i ficantly (between  m in imum  
and  maximum  day levels)  and  i t  i s  model led  so  as  to  provide  a  convergent l oad  flow at  
fundamental  frequency.  More  detai led  d iscussion  of the  harmon ic representation  of l oads  i s  
g i ven  i n  Annex B.2 .  

4.4 Network harmonic  impedance envelopes  

The  harmon ic impedance  of the  AC  network i s  d i fferen t at each  harmon ic frequency and  also  
varies  si gn i fican tl y wi th  the  topology of the  network.  I t  therefore  varies  as:  

•  transmission  e lements  are  swi tched  i n  and  ou t as  a  resu l t of protection  sequences  
and /or for main tenance,  
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•  network l oad  changes  and  as  generators  are  connected  or d isconnected  to  meet the  
l oad ,   

•  reactive  compensation  i s  ad justed  to  support the  AC bus  vol tages  th roughou t the  
network,  

•  transmission  characteristi cs  change  as  resu l t  of ambien t temperature  changes.   

F igure  5  shows  the  variation  of network impedance  between  harmon ic orders  2nd  to  49 th  as  
seen  from  a  typical  HVDC converter station  busbar for one  network cond i tion .  The  figure  
demonstrates  that wh i lst  the  impedance  i s  normal l y i nductive  at  fundamental  frequency,  i t  can  
change  from  inductive  to  capaci tive  and  back again  a  number of times  wi th  i ncrease  i n  
harmon ic order,  producing  a  number of major resonant poin ts  (both  series  and  paral le l )  at 
wh ich  the  impedance  i s  en ti rely resisti ve.  There  are  a lso  resonances  occurring  where  the  s ign  
of the  impedance  does  not change  (known  as  m inor l oops).   

Each  d i fferen t network configuration  speci fied  wi l l  possess  an  associated  impedance  l ocus,  
enabl ing  a  fami ly of l oci  to  be  constructed .  

The  fi gu re  a lso  demonstrates  that the  change  in  impedance  (both  magn i tude  and  s ign )  can  be  
very rapid  for a  smal l  change  in  harmon ic order (for example,  study the  change  in  impedance  
between  1 1 th  and  1 3 th  harmon ics).  I t  i s  therefore  emphasised  that the  calcu lation  tool  
determines  the  variation  of impedance  wi th  harmon ic frequency on  a  quasi -con tinuous  basis  
i n  respect of variation  of frequency,  typical l y at  i n tervals  as  low as  1  Hz,  rather than  
performing  the  calcu lations  at i n teger ("spot")  harmon ics  on ly.  I f the  l atter method  i s  
employed ,  resonances  occurring  at non-in teger mu l tip le  of fundamental  frequency may then  
not be  eviden t.  Any such  resonances  cou ld  be  importan t i f frequency variations,  to lerances  
and  model l ing  i naccuracy mean  that they cou ld  i n  practice  actual l y occur at a  neighbouring  
i n teger harmon ic at wh ich  there  i s  a  s ign i fican t harmon ic source.  

 

Figure  5  – Example  of a  s ing le  impedance  locus  for harmonic  orders  2  to  49  

The  calcu lated  network impedance  at the  d i fferen t harmon ic orders  for a l l  the  various  network 
configurations  stud ied ,  both  those  of performance  and  rating  categories,  can  be  presented  in  
terms  of envelope  d iagrams  in  the  R-X plane.  The  use  of such  envelope  d iagrams enables  
s impl i fication  of the  AC fi l ter design  process  and  a lso  provides  a  degree  of conservatism  in  
the  design .  I t  a lso  ensures  that at the  b idd ing  stage  of a  design ,  a l l  prospective  con tractors  
design  on  a  common  basis  rather than  being  l eft to  determine  exactly wh ich  impedance  
shou ld  be  employed .  The  manner i n  wh ich  the  resu l ts  of the  many i nd ividual  network 
impedance  calcu lations  (common ly termed  scatter p lots,  or clouds  of poin ts)  are  translated  
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i n to  such  envelopes,  i . e .  the  wid th  of harmon ic frequency band  to  be  i ncluded  and  the  
complexi ty of each  envelope  shape,  however requ i res  carefu l  consideration  to  avoid  e i ther 
under-  or over-design  of the  AC harmon ic fi l ters.   

At the  s implest extreme,  some  techn ical  speci fications  have  s imply i nd icated  that the  network 
impedance  at  any harmon ic between  2nd  and  49 th  (say)  orders  l i es  anywhere  i n  a  ci rcle  of 
defined  rad ius  wi th  associated  maximum  and  m in imum  ang les  that encompass  the  impedance  
scatter p lots  for a l l  network cond i tions  stud ied  and  for a l l  such  harmon ics.  Th is  s impl i fying  
assumption  m ight apparen tly re l ieve  the  customer of a  s ign i fi can t amount of work.  I t  wi l l  a l so  
general ly produce  a  safe  fi l ter design ,  bu t i t  probably wi l l  be  an  unnecessari l y complex and  
expensive  design  and  may comprise  harmon ic fi l ters  (especia l l y those  for l ow order 
harmon ics)  that i n  real i ty may be  e i ther unnecessary or l arger i n  Mvar terms  than  i s  real l y 
requ i red .   

F i gure  6  shows,  for a  typical  HVDC converter station  network impedance  study,  the  defin ing  
parameters  of a  s imple  ci rcle  envelope  that wou ld  encompass  a l l  of the  scatter poin ts  over the  
range  2nd  to  49 th  harmon ic orders.  The  l im i ti ng  (min imum  and  maximum)  damping  ang les  
requ i red  to  i nclude  a l l  poin ts  actual l y on ly occur for harmon ics  around  the  1 5 th  and  1 7 th  
orders,  and  the  rad ius  of the  ci rcle  i s  d ictated  by the  need  to  accommodate  impedance  values  
occurring  at the  23rd  harmon ic order for another and  d i fferen t particu lar network operating  
cond i tion .  I t  can  therefore  be  seen  that the  defin i ti on  of such  a  s i ng le  envelope  to  cater for a l l  
harmon ic orders  i s  particu larl y pessimistic,  wi th  the  g reater majori ty of the  harmon ic 
impedance  values  being  confined  to  a  far smal ler area.  

 

Figure  6  – Example  of s imple  ci rcle  envelope encompassing  
al l  scatter points  for harmonic  orders  2  to  49  

I t  needs  to  be  remembered  that i n  the  assessment of worst-case  resonance  between  the  AC 
fi l ters  and  the  network for deriving  e i ther performance  or rating  (see  also  [1 1 ] ,  7 . 1 . 6  and  9 .5)  
th is  worst-case  resonant network harmon ic impedance  i s  a  value  l yi ng  on  the  boundary,  
rather than  wi th in ,  the  envelope  (refer a lso  to  Annex A for fu rther detai led  d iscussion  on  th is  
i ssue)  and  that i n  general  i t  i s  an  impedance  close  to  the  orig in  of the  R-X p lane  and  often  

a long  the  Rmin  l i ne  or the  m in imum/maximum  damping  ang le  l i nes.  The  correct defin i tion  of 
the  network impedance  i n  these  areas  of the  envelope  boundary at the  cri ti cal  harmon ic 
frequencies  i s  therefore  vi ta l  to  ach ieve  an  optimal  fi l ter design .  
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I t  i s  therefore  appropriate  that i n  most ci rcumstances  the  scatter p lots  shou ld  be  broken  down  
i n to  a  greater number of envelopes  each  covering  a  smal ler frequency band  and  each  having  
un ique  parameters.  Each  envelope  shou ld  i nclude  the  m in imum  possible  area  of non-real istic  
impedance  poin ts.  Wi th  the  advent of advanced  design  software  and  study techn iques,  the  
customer shou ld  not feel  constrained  to  speci fying  envelopes  of relati vely s imple  shape  such  
as  ci rcles,  arcs,  sectors;  rather he  shou ld  speci fy any shapes  (e. g .  d i screte  polygons)  wh ich  
avoid  the  inclusion  of non-relevant poin ts.  Note  that parts  of the  boundary of typical  
impedance  scatter p lots  are  often  most accurately described  by arc sections  and  these  may 
be  incorporated  in  a  total  polygonal  envelope  whose  other boundaries  may be  straigh t l i nes,  
thereby avoid ing  the  i nclusion  of extraneous  impedance  areas.   

4.5 Methods  of determin ing  envelope  characteristics  

4.5.1  General  

I n  determin ing  the  manner of subd ivis ion  of the  scatter p lots  i n to  envelopes  covering  smal ler 
frequency bands  and  the  defin ing  thei r characteristics,  the  fol lowing  gu idel ines  shou ld  be  
noted  – wi th  however an  important cau tionary note.  The  variation  of network impedance  wi th  
harmon ic frequency,  particu larl y i n  terms  of the  numbers  of resonant frequencies  and  where  
these  occur,  wi l l  d i ffer s ign i fican tly from  one  network to  another due  to  thei r d i fferen t 
geograph ic characteristics,  i nheren t m ixes  of generation  and  l oad  characteristics  and  thei r 
composi tion  of overhead  l i nes  and  cable  ci rcu i ts.  Networks  comprised  predominately of 
overhead  l i nes  and  s ign i ficant l evels  of generation  often  tend  to  possess  a  fi rst resonant 
frequency at a  much  h igher order than  one  comprised  main ly of cable  ci rcu i ts  and  a  l ower 
l evel  of generation .  The  gu idel ines  d iscussed  below are  therefore  general  i n  nature  and  each  
network shou ld  be  stud ied  on  a  case  by case  basis.  

4.5.2  Low order harmonics  

At l ower order harmon ics  (often  say up  to  the  1 3 th  order,  bu t th is  i s  dependent on  the  
characteristics  of the  network),  i t  i s  general  practice  to  subd ivide  the  scatter p lots  i n to  bands  
each  covering  on ly a  few harmon ics,  say 2nd  to  4 th ,  4 th  to  7 th ,  7 th  to  1 3 th  ,  or even  smal ler 
bands  such  as  a  s ing le  harmon ic order.  The  viabi l i ty of subd ivid ing  i n to  relati vely smal l  bands  
does  however strong ly depend  on  the  behaviour of the  network impedance  vs.  frequency 
characteristics;  i f there  are  no,  or on ly one  or two,  series  and /or paral l el  resonances  at these  
l ower order harmon ics,  the  p lot wi l l  not be  characterised  by rapid  changes  i n  impedance  value  
(both  magn i tude  and  s ign )  wi th  frequency.  

Therefore,  ascrib ing  re latively smal l  s ize  envelopes  to  a  band  covering  on ly a  few harmon ics  
can  be  done  wi th  some  confidence  i n  these  cases.  4 . 5.5  d iscusses  i n  g reater detai l  the  
importan t requ i rement to  take  account of the  effects  of data  relati ng  to  harmon ic orders  at  
both  ends  of the  band  under consideration .  F igure  7  shows  an  example  of an  envelope  
encompassing  data  for 7 th  to  1 3 th  harmon ics  aris ing  from  the  study of several  network 
cond i tions  together wi th  the  associated  scatter p lots.   
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Figure  7  – Example  of an  impedance  envelope  for 7 th  to  1 3 th  harmonic 
with  associated  scatter plots  

4.5.3  M id-range  and  h igher order harmonics  

With  i ncreasing  harmon ic order (say above  1 3 th  order,  bu t th is  depends  en ti rely on  the  
characteristics  of the  particu lar network),  i t  i s  l i kely that the  number of series  and  paral le l  
resonances  wi l l  i ncrease  s ign i fican tly,  both  major resonances  (where  the  value  of reactance  
changes  s ign )  or a  m inor loop  (where  reactance  does  not change  s ign ).  Because  of these  
rapid  changes  in  network impedance  values  wi th  smal l  changes  in  frequency,  i t  therefore  
becomes  increasing ly d i fficu l t  to  d raw the  envelope  wi th  confidence  to  e i ther  a  s ing le  or on ly a  
smal l  number of harmon ic orders.  Some of th is  d i fficu l ty relates  to  the  effects  of accuracy 
( tolerance)  on  the  i npu t data  to  the  network impedance  reduction  stud ies.  For example,  a  
smal l  variation  i n  i npu t data  parameters  for say overhead  l i ne  impedances  or due  to  change  i n  
transformer impedance  wi th  tap  posi tion  can  move  a  h igh  order resonant frequency by one  or 
two  (or even  more)  harmon ic orders.  I t  therefore  often  becomes  necessary to  i nclude  several  
harmon ic orders  i n  a  parti cu lar band ,  for example  1 3 th  to  1 9 th ,  1 9 th  to  25 th ,  25 th  to  31 st,  31 st  to  
40 th  (again  noting  the  requ i rements  of 4 . 5.5)  as  typical l y demonstrated  i n  F igure  8  and   
F i gure  9 .  
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Figure  8  – Example  of an  impedance  envelope for 1 3 th  to  1 9 th  harmonic 
with  associated  scatter plots  

 

Figure  9  – Example  of an  impedance  envelope  for 1 9 th  to  25th  harmonic 
with  associated  scatter plots  

4.5.4 Balancing  of risk and  benefi t  

On  occasions,  there  may be  a  need  to  balance  the  poten tia l l y confl i cting  ri sks  and  benefi ts  of 
certa in  aspects  of network impedance  speci fication .  For example,  the  con tractor’s  AC fi l ter 
designer m igh t calcu late  that the  provis ion  of separate  smal ler (and  hence  l ess  restrictive)  
impedance  envelopes  for each  of the  35 th  and  37 th  orders,  that possess  d i fferent 
characteristics  from  a  wider envelope  speci fied  for a l l  h i gher order harmon ics,  cou ld  m i tigate  
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a  possib le  d i fficu l ty of performance  compl iance.  Th is  wou ld  not have  been  obvious  to  the  
customer when  speci fying  the  network impedance.   

However,  the  customer on  the  other hand  shou ld  be  aware  that the  accuracy of model l ing  
tends  to  decrease  wi th  i ncreasing  harmon ic order ( th is  can  occur typical l y beyond  
approximately 20 th  harmon ic)  and  that around  these  particu lar h i gh  harmon ic orders  the  
impedance  characteristics  may i nclude  many major and  m inor resonances.  He  may therefore  
wish  to  exercise  cau tion  and  prefer to  speci fy an  impedance  envelope  covering  (say)  
31 st  to  40 th  harmon ic orders  to  ensure  that overly optim istic impedance  data  i s  not provided .  

The  in i tia l  stud ies  to  define  network impedance  scatter p lots ,  and  hence  impedance  
envelopes  wi l l  typical l y i nclude  a l l  feasib le  operating  configurations,  l oad  l evels ,  etc.  Later i n  
the  design  process,  the  fi l ter designer may fi nd  that there  i s  one  particu lar smal l  extremi ty of 
the  impedance  envelope  wh ich  makes  a  l arge  d i fference  in  the  requ i red  fi l ter solu tion ,  wi th  
associated  cost and  complexi ty i ssues.  I n  such  cases,  i t  may be  desi rable  for both  customer 
and  con tractor to  re-examine  the  orig inal  stud ies  to  determine  wh ich  case(s)  gave  rise  to  that 
particu lar impedance  area,  and  consider whether for example  that case  i s  so  rare  that h i gher 
d istortion  l evels  cou ld  be  to lerated ,  thus  permi tting  the  s impler fi l ter design  to  be  used .  An  
i n te l l i gen t d iscussion  shou ld  resu l t  i n  the  optimal  balance  of ri sk and  benefi t.  

4.5.5  Consideration  of tolerances  on  harmonic  bands  

For whatever band  of harmon ic orders  i s  chosen  for a  particu lar envelope,  some  care  i s  a l so  
needed  to  ensure  that data  re lating  to  frequencies  immed iately above  and  below that band  i s  
a lso  i ncluded  in  deriving  the  characteristics  of the  envelope.  Th is  i s  to  take  account of the  
effects  of the  variation  of network frequency from  the  nominal  value  (both  steady state  and  
those  appl icable  to  short time  rating ),  tolerances  of the  i npu t data  parameters,  other 
uncertain ties  i n  data  and  assumptions,  and  a lso  the  fact that at  h igher order harmon ics,  the  
model l ing  i tsel f becomes  i ncreasing ly l ess  accurate.  

As  an  example,  when  the  network impedance  characteristics  have  no,  or few,  resonances  i n  
the  range  under consideration ,  i t  i s  probably on ly necessary to  i nclude  data  re lating  to  say 
on ly hal f a  harmon ic order at both  ends  of the  band  considered .  Thus,  for an  envelope  
nominal l y describing  1 3 th  to  1 9th  harmon ic orders,  data  for 1 2 , 5 th  to  1 9 , 5 th  cou ld  normal l y be  
i ncluded  i n  the  assessment.  However,  i f there  are  s ign i fican t resonances  appearing  in  the  
impedance  characteristic close  to  the  beg inn ing  or end  of the  band ,  i t  shou ld  be  widened  
accord ing ly.  F igure  1 0  shows  that because  of a  major resonance  occurring  for two  particu lar 
network operating  configurations  close  to  the  end  of the  envelope  band  (data  re lating  to  the  
other operating  configurations  are  not shown  for clari ty),  i t  i s  necessary i n  th is  example  to  
extend  the  band  to  a l so  i nclude  (at l east)  harmon ics  of the  20 th  order where,  because  of a  
major resonance,  the  reactance  changes  rapid ly from  inductive  to  capaci tive  near that order.  

B lue  and  red  dots  i n  F igure  1 0  are  for two  d i fferent operating  configurations.  

Some  speci fi cations  of network impedance  characteristics  have  requ i red  that the  calcu lated  

resu l ts  for a  to lerance  of say ±1  harmon ic orders  shou ld  be  i ncluded  for the  harmon ic i n  
question .  Wh i le  that methodology may be  reasonable  for h igher orders,  i ts  use  for l ow orders  
i s  treated  wi th  cau tion .  For example,  i t  wou ld  mean  includ ing  the  2nd  harmon ic impedance  
when  calcu lating  the  network impedance  to  be  used  for the  3rd  harmon ic.  The  variation  i n  
impedance  over th is  range  can  be  very large,  and  unnecessari l y i nclud ing  a  too  wide  band  of 
tolerance  may l ead  to  a  d i fficu l t fi l ter design .  A good  gu ide  wou ld  be  to  use  a  s im i lar tolerance  
range  in  percentage  of the  harmon ic i n  question ,  rather than  as  a  fi xed  number of harmon ic 
orders.   
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Figure  1 0  – Example  of the  need  to  extend  the  band  of harmonics  
to  al low for resonance effects  

An  example  of applying  a  percentage  tolerance  range  to  the  maximum  network impedance  
characteristic i s  shown  i n  F igure  1 1 ,  for a  60  Hz system.  The  b lue  curve  i s  the  maximum  
calcu lated  impedance  magn i tude  for a l l  of the  800  000  operating  cond i tions  stud ied ,  wh ich  
i ncluded  variations  i n  network development wi th  time,  system  l oad ing  cond i tions,  generation  
d ispatch  cond i tions,  con tingencies  etc.  I n  th is  example,  impedances  were  calcu lated  i n  1 , 0  Hz  
steps  from  60  Hz to  3000  Hz.  The  maximum  impedance  envelope  to  be  used  in  the  fi l ter 
stud ies,  taking  i n to  account a  percentage  tolerance,  i s  shown  i n  red .  For the  majori ty of 

frequencies,  a  ±1 0  %  tolerance  was  assumed  to  take  in to  account sh i fts  i n  resonant 
frequencies  that may occur as  a  resu l t  of uncertain ties  i n  data  and  AC  system  operating  
cond i tions  that were  not stud ied .   

I f,  however,  there  i s  reason  to  bel ieve  that the  calcu lated  impedance  at certa in  frequencies  
has  a  l esser susceptib i l i ty to  such  variance,  then  a  narrower to lerance  band  cou ld  be  used .  
For example,  i n  th is  case  the  AC network included  nearby h igh-pass  1 2 th  harmon ic fi l ters  at 
another substation ,  for wh ich  there  i s  a  very h igh  certain ty i n  model l i ng  data.  The  impedance  
of these  fi l ters  dominated  the  total  AC  network harmon ic impedance  around  the  1 1 th  and  1 3 th  

harmon ics  so  a  ±1 0  %  tolerance  was  unreasonable.  A ±2  %  frequency tolerance  was  
therefore  assumed  around  660  Hz and  780  Hz correspond ing  to  the  equ ivalen t detun ing  of the  
other substation  fi l ters  due  to  a l l  causes,  as  shown  on  an  expanded  scale  i n  F igure  1 2 .  For 
the  subsequent fi l ter design  stud ies,  the  maximum  impedance  at  each  harmon ic was  then  
taken  d i rectly from  the  l arger envelope  (red )  at  the  nominal  harmon ic frequency.  

The  advantage  of doing  th is  i s  that the  consequent reduction  i n  the  maximum  impedance 
(together wi th  s im i lar actions  on  the  other network impedance  parameters)  may permi t a  more  
efficien t design  of the  new fi l ters.  Applying  a  percentage  tolerance  range  in  th is  manner 
resu l ts  i n  maximum  impedances  close  to  the  calcu lated  values  at l ow order harmon ics  where  
the  AC network and  i ts  harmon ic impedances  are  wel l  defined .  At h i gher frequencies,  where  a  
smal l  change  i n  parameters  cou ld  have  a  g reater impact on  resonant frequency,  the  maximum  
selected  impedance  cou ld  overlap  several  harmon ics.  For example,  the  maximum  impedance  
characteristic selected  wou ld  be  the  same (abou t 1 2  p . u . )  for the  35 th  to  42nd  harmon ic.  

The  same  procedure  can  be  appl ied  to  each  of the  other R-X d iagram  characteristics  such  as  
m in imum  impedance,  maximum  and  m in imum  impedance  ang le,  maximum  and  m in imum  
resistance.   
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The  choice  of the  speci fi c tolerance  values  on  how far to  extend  the  band  of harmon ics  i s  
therefore  cri tical l y dependent on  the  particu lar characteristics  of the  network under 
consideration  and  can  on ly be  determined  from  detai l ed  stud ies.  The  use  of s imple  generic 
values  to  be  appl icable  for a l l  cases  cannot be  recommended .  I t  i s  a lso  dependent on  whether 
the  inpu t data  i s  appl icable  for the  en ti re  project l i fetime,  or whether i t  appl ies  on ly for the  
early l i fe  of a  project,  i n  wh ich  case  wider to lerances  are  desi rable  to  a l low for unknown  fu ture  
developments.  

 

Figure  1 1  – Appl ication  of tolerance  range  in  percentage  of the  harmonic  number 

 

Figure  1 2  – Appl ication  of tolerance  range  in  percentage  of the  harmonic  number,  
zoomed  to  show 1 1 th  and  1 3 th  harmonics  

4.5.6  Two separate  envelopes  for one  harmonic band  

I f,  i n  deriving  the  envelope  parameters  for a  particu lar band  of harmon ics  under consideration ,  
i t  i s  eviden t that for certa in  network operating  cond i tion(s)  the  resu l tan t harmon ic impedance 
scatter poin ts  l ie  i n  an  area  of the  R-X p lane  d istan t from  a l l  other poin ts,  then  i t  may be  
appropriate  to  speci fy two  or more  d istinct envelopes  for that band  to  avoid  the  i nclusion  of 
non-relevant poin ts  that wou ld  arise  from  the  use  of a  s ing le  l arge  envelope.  F igure  1 3  
provides  an  example  of th is  i n  wh ich ,  under a  particu lar set of ou tage  cond i tions  on ly,  the  
impedance  characteristics  l ie  i n  an  area  of the  R-X plane  s ign i fican tl y d i sti nct from  those  for 
a l l  other cond i tions.  
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4.5.7  Cri tical  envelope  parameters  

The  correct choice  of network m in imum  resistance  (Rmin) ,  and  maximum/min imum  damping  
ang les  i n  particu lar,  i s  often  crucia l  i n  the  assessment of AC  fi l ter performance  and  rating .  
Care  shou ld  be  taken  when  determin ing  these  parameters,  bearing  in  m ind  the  possib le  
s ign i fican t impl ications  for fi l ter design .  I t  i s  more  important to  avoid  unnecessary restrictions  
on  the  fi l ter design  than  to  s impl i fy the  number or format of impedance  envelopes  for ease  of 
speci fication  or calcu lation .  For wide  bands  covering  several  harmon ic orders,  i t  may be  

prudent to  provide  add i tional  data,  shou ld  the  chosen  value  of a  cri ti cal  parameter (e. g .  Rmin)  
on ly re late  to  one  harmon ic order (say 1 5 th  on ly i n  a  band  covering  1 3 th  to  1 9 th ) ,  and  a  l ess  
l im i ting  value  cou ld  be  permi tted  for a l l  other orders.  

 

Figure  1 3  – Example  showing  two impedance  envelopes  for a  particu lar band  

There  are  instances  when  assessing  "aggregate"  harmon ic vol tage  d istortion  ( i . e .  sum  of 
effects  of d i stortion  due  to  converter and  that due  to  pre-existi ng  d istortion)  that the  resonant 
network harmon ic impedance  can  l ie  at  a  poin t remote  from  the  orig in  rather than  close  to  i t.  

Therefore,  the  choice  of Rmax,  Xlmax  and  Xcmax  a l so  requ i res  carefu l  consideration .   

4.5.8  Impedance  envelopes  for performance  and  rating  conditions  

Under "performance"  and  "  rating "  cond i tions  the  resu l tan t harmon ic impedance  variation  may 
be  s ign i fican tl y d i fferen t.  F igure  1 4  shows  the  impedance  envelopes  re lating  to  performance 
and  rati ng  cond i tions  (for the  same  network)  for the  band  4 th  to  7 th  harmon ics.  Despi te  the  
d i fferences  in  cri teria  re lating  to  thei r respective  assessments,  the  resu l tan t envelopes  have  
s im i lar parameters,  especial l y i n  that part of the  envelope  wh ich  i s  cri ti cal  for AC  harmon ic 
fi l ter design ,  i . e .  close  to  the  orig in  and  a long  the  i nductive  boundary.  

However,  for th is  same  network the  resu l tan t resonant frequencies  start  to  d i ffer s ign i ficantly 
between  "performance"  and  "rating "  cond i tions  as  the  harmon ic order i ncreases;  th is  i s  shown  
i n  F igure  1 5  for the  band  25 th  to  31 st  harmon ics.  Each  of these  figures  a lso  show the  
associated  scatter p lots  used  to  define  the  characteristics  of the  relevant "performance"  and  
"rating "  envelopes.  Clearly a l l  "performance"  poin ts  are  a lso  "rating"  poin ts.  
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Figure  1 4  – Example  of impedance  envelopes  under "performance"  and  "rating"  
conditions  for harmonic  orders  4th  to  7 th  

 

Figure  1 5  – Example  of impedance  envelopes  "performance"  and  "rating"  
conditions  for harmonic  orders  25th  to  31 st  

4.6  Examples  of the  impact of d i fferent network impedance representations  

4.6.1  Effect of network envelope parameters  on  resu l tant d istortion  

Examples  of "d iscrete  envelopes  (polygons)"  for i nd ividual  harmon ic network impedances  and  
related  to  the  speci fied  envelopes  (performance  cond i tions)  as  of 1 980  for the  UK converter 
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station  of the  Cross  Channel  HVDC l i nk for harmon ic orders  2nd  to  49 th  i nclusive  are  shown  i n  
F igure  1 6  (a)  to  1 6  (d )  respectively.   

  

(a)  Example  of harmon ic  impedances  for  
harmon ics  of order 2  to  4  

(b)  Example  of harmon ic  impedances  for 
harmon ics  of order 5  to  8  

 

 

(c)  Example  of harmonic  impedances  for 
 harmonics  of order 9  to  1 3  

(d )  Example  of harmon ic  impedances  for 
harmon ics  of order 1 4  to  49  

Figure  1 6  – Discrete  envelopes  for d i fferent groups  of harmonics  

However,  at an  earl ier stage  du ring  the  development of th is  particu lar project,  the  impedance 
envelope  as  shown  i n  F igure  1 6  (d )  was  declared  by the  customer to  be  re levant to  a l l  
harmon ic orders  (2nd  to  49 th )  for the  purpose  of assessing  harmon ic performance.  Resu l tan t 
detai l ed  design  stud ies  i nd icated  that compl iance  wi th  the  speci fied  l im i ts  at l ow order 
harmon ics  cou ld  not be  easi l y ach ieved  wi thou t recourse  to  e i ther further subd ivis ion  of the  
avai lable  shun t capaci tive  compensation  in to  a  g reater number of fi l ters  and /or the  inclusion  
of s ing le  tuned  fi l ters  to  cater for speci fic harmon ics.  Fol lowing  fu rther detai led  stud ies  by the  
customer,  the  representation  of AC network harmon ic impedance  at  i nd ividual  l ow order 
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harmon ics  was  then  re-assessed  to  provide  a  more  accurate  defin i tion  i n  the  form  of "d iscrete  
envelopes  (polygons)"  as  shown  below.  The  s ign i ficant d i fference  i n  scales  between   
F igure  1 6  (a)  and  F igure  1 6  (d )  i n  particu lar shou ld  be  noted .  

Table  2  compares  the  resu l tan t harmon ic performance  when  considering  both  types  of 
representation  of AC network impedance  at  l ow harmon ic orders  for a  g i ven  (and  i den tical )  
AC  harmon ic fi l ter design .  

Table  2  – Comparison  of calcu lated  harmonic  vol tage  d istortion  between  
two methods  of representing  network harmonic  impedance 

Harmon ic  order Permi tted  vol tage  
d i stortion a  

%  

Harmon ic  vol tage  
d i stortion  based  on  

F igure  1 6  (d )b  

%  

Harmon ic  vol tage  
d i stortion  based  on  

F igure  1 6  (a)  to  F igure  
1 6  (c)c  

%  

2  1 , 0  1 , 1 0  0 , 74  

3  1 , 0  1 , 75  1 , 28d  

5  1 , 0  1 , 20  0 , 98  

7  1 , 0  1 , 05  1 , 05  

1 1  1 , 0  1 , 05  0 , 77  

1 3  1 , 0  0 , 85  0 , 74  

a  Maximum  perm i tted  vol tage  d i s torti on  (%)  at  each  harmon i c  order from  a l l  sou rces  (converter,  SVCs,  
pre-exi sti ng  harmon ic  vol tage  d i storti on ).  

b  Maximum  i nd i vi dual  harmon ic vo l tage  d i storti on  i n  %  ( tota l  ari thmeti c  add i ti on  of a l l  sou rces)  u nder 
resonan t  system  cond i ti ons  based  on  F i gu re  1 6  (d )  harmon ic impedance  characteri sti c  (ci rcl e)  a t  a l l  
harmon i c orders ,  for the  parti cu lar worst-case  combinati on  of DC  l oad /fi l ters.  

c  Maximum  i nd i vi dual  harmon ic vo l tage  d i storti on  i n  %  ( tota l  ari thmeti c  add i ti on  of a l l  sou rces)  u nder 
resonan t  system  cond i ti ons  based  on  F i gu re  1 6  (a)  to  F i gu re  1 6  (c)  harmon ic  impedance  
characteri sti cs  (pol ygon )  at  each  harmon ic order for the  worst-case  combinati on  of DC  l oad /fi l ters.  

d  Wh i l s t  th i s  l eve l  of d i s torti on  i s  g reater than  the  perm i tted  l im i t,  i t  was  deemed  acceptabl e  by the  
customer due  to  the  parti cu l ar operati ng  cond i ti on  g i vi ng  ri se  to  i t.  

 

I t  can  be  observed  from  th is  example  that for 2nd ,  3 rd ,  5 th  and  1 1 th  harmon ics  i n  particu lar,  the  
more  restricted  envelopes  of network harmon ic impedance g ive  ri se  to  substan tial l y l ower 
values  of resu l tan t harmon ic d istortion  (wh ich  were  a lso  compl ian t wi th  the  speci fied  
performance requ i rements).  For th is  particu lar example,  the  reduction  in  d i stortion  at these  
harmon ics  arises  because  the  value  of network damping  resu l ting  from  the  appl ication  of the  
80°  i nductive  impedance  ang le  shown  i n  F igure  1 6  (d )  i s  l ess  than  that as  described  by the  
d iscrete  envelopes  (polygons).  Further,  i n  th is  example  for 7 th  and  1 3 th  harmon ics,  the  
calcu lated  d istortion  from  the  consideration  of both  types  of representation  of network 
impedance  i s  e i ther s im i lar or i den tical  because  the  resonant network impedance  under the  
d iscrete  envelope  cri teria  i s  a lso  s im i lar to  that from  the  ci rcle  cri teria.  

The  choice  of network harmon ic impedance  damping  ang le  can  have  a  crucial  i n fl uence  on  
the  resu l tan t calcu lated  values  of harmon ic vol tage  d istortion  both  for performance  and  rating  
cond i tions,  particu larl y for the  harmon ic order(s)  where  the  AC fi l ter configuration  i tsel f has  
l ow damping .  As  a  fu rther worked  example  for the  Cross  Channel  HVDC scheme,  under the  
same  cond i tions  as  described  i n  Table  2  (and  based  on  Figure  1 6  (d )  harmon ic impedance  
characteristics,  i . e .  a  ci rcle  at a l l  harmon ic orders),  the  effect of hypothetical l y varying  the  
i nductive  impedance  l im i ting  ang le  from  the  speci fied  value  of 80°  to  e i ther 87°  ( l ess  damping)  
or 78°  (more  damping)  i s  demonstrated  i n  Table  3 .  
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Table  3  – Comparison  of calcu lated  harmonic vol tage  d istortion  
considering  the  variation  of network impedance  angle  

Harmon ic  order Harmonic  vol tage  
d istortion  based  on  

F igure  1 6(d )  wi th  
impedance  ci rcle  

l im i ted  by 80°  
i nducti ve  and  73°  
capaci ti ve  ang les  

%  

Harmon ic  vol tage  
d istortion  based  on  

F igure  1 6(d )  wi th  
impedance  ci rcle  

l im i ted  by 87°  
i nductive  and  73°  
capaci ti ve  ang les  

%  

Harmonic  vol tage  
d istortion  based  on  

F igure  1 6(d)  wi th  
impedance  ci rcle  

l im i ted  by 78°  
i nductive  and  73°  
capaci ti ve  ang les  

%  

2  1 , 1 0  1 , 54  1 , 02  

3  1 , 75  1 , 95  1 , 70  

5  1 , 20  1 , 45  1 , 1 3  

7  1 , 05  1 , 31  0 , 96  

1 1  1 , 05  1 , 07  1 , 04  

1 3  0 , 85  0 , 85  0 , 85  

 

Table  3  demonstrates  that at  2nd  harmon ic,  where  the  particu lar AC  fi l ter configuration  i tsel f 
has  a  l ow value  of damping  (relative  to  other h igher harmon ic orders) ,  the  effect of varying  the  
i nductive  impedance  ang le  has  a  s ign i fican t effect on  the  resu l tan t d i stortion .  For other 
harmon ic orders  (exclud ing  1 3 th ,  for wh ich  the  resonant network impedance  i s  capaci ti ve  
rather than  i nductive),  the  effect i s  nonetheless  sti l l  noticeable.  As  d iscussed  above,  care  
shou ld  therefore  be  taken  to  ensure  that the  l im i ting  impedance  ang les  for a  g iven  harmon ic 
(or band  of harmon ics)  are  appropriate,  rather than  being  the  worst-case  values  appl icable  to  
the  whole  harmon ic range.   

S im i larly,  the  effect of an  appropriate  choice  of network m in imum  resistance  (Rmin )  can  a lso  
have  s im i lar s ign i fican t effects.  I n  the  above  examples,  the  resu l tan t resonant network 

harmon ic impedances  are  re lati vely d istan t from  the  orig in  so  the  effects  of typical  Rmin  va lues  
do  not have  an  in fluence;  th is  i s  not a lways  the  case,  especial l y for an  AC fi l ter configuration  

compris ing  sharply tuned  (h igh  q  factor)  fi l ters.  

4.6.2  Effect of network min imum resistance on  fi l ter rating  

The  min imum  resistance  of the  AC  network can  have  a  s ign i fican t impact on  the  fi l ter ratings,  
as  i l l ustrated  below.  Consider a  typical  1 3 th  s ing le  frequency tuned  fi l ter forming  part of the  
AC fi l ter scheme associated  wi th  an  HVDC converter and  having  the  fol lowing  parameters:  

•  Vol tage  of connection :  220  kV 

•  Fundamental  frequency Mvar rati ng  (three  phase)  at  220  kV,  50  Hz:  80  Mvar 

•  q  factor at  tuned  harmon ic order (1 3 th ) :  1 00  

•  Nominal  fundamental  frequency fi l ter current:  21 0  A 

•  Maximum  equ ivalen t detun ing  frequency:  ±2  %  

Consider a lso  that the  m in imum  resistance  of the  network impedance at  1 3 th  harmon ic i s  

e i ther 4 , 6  Ω  (0 , 0095  pu  on  1 00  MVA)  or a l ternatively 1 , 0  Ω  (0 , 002  pu  on  1 00  MVA).  Both  of 
these  values  are  typical .  I t  i s  a l so  assumed  for s impl ici ty that the  effects  of other AC  fi l ters  
forming  part of the  tota l  configuration  are  neg l ig ib le  at 1 3 th  harmon ic.  Table  4  shows  the  
resu l tan t magn i fication  factor of a  pre-existing  vol tage  source  beh ind  a  resonant network 
impedance,  as  wel l  as  the  vol tage  d istortion  on  the  AC  fi l ter busbar and  the  fi l ter cu rren t at 
1 3 th  harmon ic.  The  study i s  performed  for both  cond i tions  of perfect fi l ter tun ing  and  at 
maximum  detun ing ,  each  considering  both  values  of network m in imum  resistance.  For th is  
s imple  study,  the  effects  of any converter generated  harmon ic curren ts  are  neg lected .  
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Table  4  not on ly i nd icates  the  expected  variation  of magn i fication  factor and  harmon ic fi l ter 
cu rren t wi th  tun ing ,  bu t clearly demonstrates  the  s ign i fican t effect on  both  of these  values  of 
what m ight appear to  be  on ly a  smal l  change  i n  network m in imum  resistance.  The  value  of 
1 3 th  harmon ic current i n  the  fi l ter remains  constan t th roughou t the  detun ing  range  i n  th is  
calcu lation  because  wh i l st the  1 3 th  harmon ic vol tage  d istortion  i ncreases  as  the  fi l ter 
progressively detunes,  so  al so  does  the  fi l ter impedance.  

Table  4  – Comparison  of calcu lated  fi l ter harmonic  current considering  
the  variation  of network min imum  resistance  and  fi l ter detun ing  

Case  F i l ter 
impedance  
(Z

f
)  at  1 3 th  

h armonic  

Ω   

Resonant  
network 

impedance  
(Z

s
)  at  1 3 th  

h armon ic  

Ω  

 

Magn i fication  
factor 

 (Z
f 
/ Z

f 
+  Z

s
)  of 

pre-existing  
d i stortion  

Magn i tude  of 
pre-existing  1 3 th  

h armonic  
vol tage  

d istortion  
beh ind  resonant 

network 
impedance  

%  

1 3 th  
h armonic  
vol tage  
on  fi l ter 
busbar 

%  

1 3 th  
h armonic  
current i n  

fi l ter 

A 

Fi l ter on  
tu ne,  network 

R
m in
 =  4 , 6  Ω   

0 , 46  +  j 0  4 , 6  +  j 0  0 , 091  1 , 5  0 , 1 36  375  

F i l ter 
detuned  
capaci ti vel y 
by 2  % ,  

network R
m in
 

=  4 , 6  Ω   

0 , 46  – j 1 , 91  4 , 6  +  j 1 . 91  0 , 388  1 , 5  0 , 582  375  

F i l ter on  
tu ne,  network 

R
m in
 =  1 , 0  Ω  

0 , 46  +  j 0  1 , 0  +  j 0  0 , 31 5  1 , 5  0 , 472  1  305  

F i l ter 
detuned  
capaci ti vel y 
by 2  % ,  

network R
m in
 

=  1 , 0  Ω  

0 , 46  – j 1 , 91  1 , 0  +  j 1 , 91  1 , 35  1 , 5  2 , 02  1  305  

 

4.7  In terharmonic  impedance  assessment 

I n terharmon ics  are  often  thought to  be  of l i ttl e  s ign i ficance  i n  the  design  of HVDC converter 
station  fi l ters,  as  the  typical  converter and  pre-existing  harmon ics  are  at  i n teger frequencies.   

However,  some  network owners  in ten tional l y use  i n terharmon ic frequency s ignals  ( termed  
ripple  con trol  s ignals)  to  con trol  thei r network devices  or to  change  e lectrical  tari ffs  at 
cen tral ised  time  instan ts.  The  range  of ri pple  con trol  frequencies  extend  from  1 75  Hz up  to  
several  kHz depend ing  on  the  particu lar appl ication ,  bu t these  control  frequencies  are  never 
at i n teger harmon ic frequencies.  A ripple  con trol  s ignal  generator i s  normal l y a  vol tage  source  
converter i nsta l led  i n  series  at med ium  or h igh  vol tage  level .  Each  network owner d ictates  a  
m in imal  ripple  control  s ignal  l evel  for a l l  poin ts  of i ts  network.  As  for any harmon ic,  the  
effectiveness  of ripple  control  s i gnals  depends  on  LV impedance,  HV impedance,  background  
ripple  frequency level  and  downstream  ripple  frequency emission  l evel .  Any customer whose  
i nstal lation  provokes  excessive  attenuation  of the  ripple  con trol  s ignals  shou ld  apply 
necessary solu tions  such  as  a  blocking  fi l ter or an  active  fi l ter.  General ly,  a l l  power e lectron ic 
devices  and  d istribu ted  generators  cause  a  certa in  degree  of attenuation  i n  ri pple  con trol  
s ignals.  Hence,  ripple  con trol  s ignal  analysis  i s  a  compu lsory study prior to  connection  of any 
d istu rbing  load  or generation  l oad  to  the  g rid  where  ripple  con trols  are  used .  

For th is  reason ,  where  appl icable  i n  areas  where  ripple  control  s ignals  are  used ,  an  
i n terharmon ic assessment shou ld  a lso  be  carried  ou t for a  HVDC project as  part of the  design  
process.  As  recommended  in  4 . 4 ,  the  network impedance  computation  shou ld  be  performed  
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as  a  near-con tinuous  spectrum  (covering  both  harmon ics  and  in terharmon ics).  I n  the  same  
manner as  for i n teger harmon ics,  b idders/contractors  shou ld  perform  speci fic i n terharmon ic 
assessments  by using  network impedance  data,  proposed  AC fi l ter data  and  in terharmon ic 
cu rren t l evels  of the  HVDC converter station .  

As  an  example,  the  fol l owing  case  study shows  that a  d istribu ted  generation  (DG)  has  caused  
abou t 1 5  %  attenuation  of ripple  control  s ignal  at the  PCC (see  F igure  1 7).  

 

Figure  1 7  – Example  showing  a  d istributed  generation  causing  
about 1 5  % attenuation  of ripple  control  s ignal  at  the  PCC 

The  re levant network owner(s)  (HV,  MV and  LV)  shou ld  provide  the  fol lowing  necessary 
techn ical  i n formation  in  order that the  HVDC con tractors  wou ld  be  able  to  perform  a  ri pple  
con trol  vol tage  assessment:  

•  the  ri pple  con trol  frequencies;  

•  the  rated  ripple  con trol  s ignal  l evel ;  

•  the  ri pple  con trol  l im i ts  on  HV and  MV sides;  

•  the  upstream  grid  impedance  at the  ripple  control  frequencies.  

For example,  the  characteristics  of the  ripple  control  s ignal  used  by the  d istribu tion  supply 
operators  i n  France  are:  

•  th ree  phase  ripple  con trol  s ignal  at 1 75Hz;  

•  l im i ts  are  represented  i n  %  to  the  fundamental  vol tage;  

•  DSO’s  rated  ripple  control  s ignal  l evel  i s  2 , 3  %  at MV s ide  of substation ;  

•  m in imum  ripple  control  s i gnal  l evel  at MV busbar of HV/MV substation :  ≥  1 , 37  %;  

•  maximum  ripple  control  s ignal  l evel  at  HV s ide  of HV/MV substation :  ≤  0 , 43  %.  

Two  aspects  shou ld  be  stud ied  when  i n tegrating  an  HVDC l ink i n to  the  existi ng  networks:  

•  Em ission  level  of the  HVDC converter station  at  the  ripple  con trol  frequencies.  I f the  
HVDC converters  generate  i n terharmon ic cu rren t at the  re levant ripple  con trol  
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frequencies,  the  vol tage  i n terharmon ic level  at the  HVDC converter station  
busbar/PCC shou ld  be  assessed .  

•  Attenuation  effect of the  ripple  con trol  s ignal  by a  smal l  impedance  or a  resonance.  
Even  i f the  HVDC converter does  not generate  the  i n terharmon ic cu rren t at the  
relevant ripple  con trol  frequencies,  i t  may attenuate  the  existing  ripple  con trol  s ignal  
due  to  i ts  fi l ters.  Th is  attenuation  effect shou ld  be  stud ied .  

I f these  stud ies  show that satisfactory ripple  control  l evels  cannot be  main tained  after the  
i n tegration  of HVDC l i nk,  special  fi l ters  shou ld  be  added .  

4.8  Measurement of network harmonic  impedance 

I n formation  on  the  measurement of network harmon ic impedance  i s  avai lable  i n  [1 7] .  There  
have  been  fu rther developments  i n  techn iques,  as  described  i n  some  of the  references  quoted  
below.   

Aspects  of network harmon ic impedance  measurements  and  the  re lati ve  meri ts  and  uses  of 
these  are  d iscussed  below.   

•  Measurement of network harmon ic impedance i s  general l y on ly relevant for the  
particu lar operating  cond i tion(s)  at the  time  of measurement.  Pred iction  of how the  
network impedance  changes  as  a  resu l t  of variation  i n  l oad  pattern ,  ou tages,  etc.  and  
of the  effects  of fu ture  network developments  i s  general l y not possible  because  i t  i s  
not feasib le  to  extrapolate  measurements  from  one  operating  cond i tion  to  another.  

•  For certain  techn iques,  the  accuracy of network impedance  by measurement i s  g reater 
at  those  harmon ic orders  where  the  magn i tude  of pre-existing  harmon ic d istortion  i s  
l ow.  Several  of the  techn iques  employed  assume  that during  the  period  of 
measurement the  magn i tude  of pre-existing  d istortion  remains  constan t,  bu t i n  real i ty 
th is  may not a lways  be  the  case.   

•  Comparison  of network impedance  by measurement wi th  that by calcu lation  has  shown  
that i n  general  there  i s  good  correlation  regard ing  where  the  network resonances  occur 
and  a lso  i n  terms  of the  reactive  component of impedance.  However,  there  appears  to  
be  poor correlation  in  terms  of the  resisti ve  component (damping),  wi th  measured  
resu l ts  general l y showing  greater damping  than  calcu lated .  Th is  cou ld  be  due  to  errors  
i n  the  calcu lation  method  regard ing  the  model l ing  techn iques  employed  for the  
variation  of resistance  wi th  frequency for the  various  power system  elements  as  
d iscussed  i n  4 . 3 .5  and  Annex B.  

•  Measurement techn iques  that mon i tor the  response  of the  network to  the  
energ isation/de-energ isation  of mechan ical l y swi tched  capaci tors,  shunt reactors  or 
transformers,  etc. ,  and  hence  derive  harmon ic impedance  by use  of various  
a lgori thms,  can  usual ly be  undertaken  wi th  m in imal  physical  i n trusion  of the  network 
for the  connection  of requ i red  instrumentation ,  as  often  the  requ i red  su i table  
transducers  a l ready exist  bu t may need  to  be  cal ibrated  to  ensure  accuracy at 
harmon ic frequencies  [1 8] .   

•  Techn iques  for measurement of network harmon ic impedance  that are  based  on  the  
measurement of vol tage  (and  current)  d i stortion  resu l ti ng  from  the  operation  of a  l arge  
d istu rbing  l oad ,  such  as  an  AC-DC converter (pu lsed)  l oad  have  been  found  to  be  
accurate  compared  to  calcu lated  values  of network impedance  at the  characteristi c 
harmon ic orders  of such  systems.  However,  such  techn iques  are  l ess  rel iable  for the  
l ower order non-characteristic harmon ics  where  the  magn i tude  of the  d isturbing  
harmon ic i s  e i ther too  l ow and /or there  i s  a  s i gn i fican t l evel  of pre-existing  d istortion .  
The  use  of such  techn iques  i s  of course  l im i ted  to  the  measurement of network 
impedance  at the  re levant node  of connection  [1 9] .  

•  The  preced ing  method  evaluates  the  network impedance  on ly at the  harmon ic 
frequencies  wh ich  makes  i t  mandatory to  take  i n to  account the  pre-existing  d istortion  
and  th is  l eads  to  the  mentioned  l im i tations.  However the  pre-existing  d istortion  i s  
usual l y very l ow at i n terharmon ic frequencies.  I t  i s  re latively easy to  i ncrease  the  
i n terharmon ic spectrum  by i n jecting  a  noise  s ignal  i n  the  control  l oop  of the  same large  
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d istu rbing  load  (AC-DC converter or SVC).  Th is  a l l ows  evaluation  of the  network 
impedance  at the  in terharmon ic frequencies,  and  i n terpolation  can  be  used  to  estimate  
the  impedance  at the  i n teger harmon ic frequencies  [20] -[23] .  Use  of au tocorrelation  
techn iques  and  a  l arge  number of samples  a l lows  extraction  of the  impedance  values  
using  on ly very l ow,  essentia l l y imperceptib le,  l evels  of noise  i n jection .  

•  Techn iques  for deriving  the  network impedance by the  i n jection  of a  d isturbance  s ignal  
from  a  re latively smal l  e lectron ical l y commutated  s ing le  or th ree  phase  l oad  connected  
to  the  HV system  via  a  coupl ing  capaci tor have  g iven  re l iable  resu l ts  for those  
harmon ic orders  where  there  i s  e i ther l i ttle  pre-existing  d istortion  and /or there  i s  not an  
ad jacent strong  source  of harmon ic i n jection .  A possib le  d rawback of th is  method ,  
however,  i s  the  requ i rement for an  " i n trusive"  connection  (by vi rtue  of the  coupl ing  
capaci tor)  i n to  the  HV system  [24] .   

To  conclude,  the  derivation  of network impedance  by measurement,  where  i t  i s  practicable,  
shou ld  be  encouraged  and  viewed  as  a  method  to  confi rm  the  calcu lation  of impedance  rather 
than  a  substi tu te  for network harmon ic impedance  calcu lations.  Such  veri fication  i s  much  
needed  to  val idate  the  existing  harmon ic network models  and  poten tia l l y to  improve  them.  The  
resu l ts  of any avai l able  harmon ic impedance  measurements  shou ld  be  taken  i n to  account by 
the  customer when  choosing  the  network impedance  l oci  to  be  used  for AC  harmon ic fi l ter 
design .   

4.9  Conclusions  

The  network harmon ic impedance has  a  profound  i n fluence  on  the  design  of the  AC  fi l ters  of 
an  HVDC scheme,  wi th  substan tial  impl ications  for the  cost and  complexi ty of the  fi l ters  as  
wel l  as  for the  risk of i nadequate  harmon ic performance  or overload ing  of fi l ter components.  I t  
i s  therefore  importan t to  apply adequate  and  timely resources  to  the  determination  of the  
correct values  to  use  i n  the  design  stud ies.  

The  i ssue  of who  shou ld  define  the  network harmon ic impedance  (customer or contractor),  
and  at what stage  of the  tender and  design  process,  i s  fundamental ,  and  the  impl ications  are  
d iscussed .  

Computer model l ing  of the  network impedance  uses  su i table  models  of a l l  system  
components,  i nclud ing  l oads,  at  harmon ic frequencies,  wh ich  are  very d i fferen t to  those  used  
for fundamental  frequency stud ies.  The  degree  of resisti ve  damping  i n  the  network and  the  
manner i n  wh ich  i t  varies  wi th  frequency i s  h igh ly importan t.  The  models  recommended  in  the  
l i terature  are  varied  and  sometimes  not sol i d l y j usti fi ed  and  more  work i s  requ i red  i n  th is  area.  

The  variation  of ca lcu lated  network impedance due  to  both  the  val id i ty of models  and  actual  
physical  aspects,  such  as  change  of the  network configuration  and  load ing  over time,  shou ld  
be  considered ,  and  various  techn iques  for ach ieving  th is  have  been  d iscussed .  To  faci l i tate  
the  process  of fi l ter design ,  i t  i s  common  to  express  the  network impedance  in  terms  of an  
envelope  in  the  Z-plane,  bound ing  a l l  the  calcu lated  impedance  values.  The  choice  of such  
envelopes,  thei r possible  shapes  and  the  harmon ic bands  to  be  i ncluded  shou ld  be  carefu l l y 
considered  as  the  impl ications  for under-  or over-design  are  s ign i fican t.  Gu idel ines  are  
provided ;  however i t  i s  emphasised  that they are  general  i n  natu re  and  each  network i s  
stud ied  on  a  case-by-case  basis.  

Al though  network harmon ic impedances  are  mostly derived  by computer s imu lation  methods,  
i n  order to  cover a  fu l l  range  of present and  fu tu re  scenarios,  fi el d  measurements  can  be  very 
usefu l  as  veri fication  and  are  recommended  where  possib le.   

5 Pre-existing  harmonics   

5.1  General  

As wel l  as  considering  harmon ics  generated  by the  HVDC converter,  AC  fi l ter design  a l so  has  
to  take  i n to  account the  i n fluence  of pre-existing  harmon ics  in  the  AC network.  The  term  “pre-
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existing  harmon ic d istortion ”  refers  to  the  level  of harmon ic d i stortion  present on  the  system  i n  
the  absence  of the  HVDC l i nk;  other terms  such  as  background  d istortion  or ambien t l evels  of 
d i stortion  have  the  same mean ing .  Th is  term  does  not have  any time-related  impl ication ,  i . e .  i t  
does  not necessari l y mean  the  d istortion  existing  previous  to  the  commission ing  of the  HVDC 
l i nk,  bu t rather the  background  l evel  existing  at any time.  

The  motive  for a  detai led  examination  of th is  topic i s  that i t  con tinues  to  be  a  problematic area  
of AC fi l ter speci fication  and  design  in  many HVDC projects.  For example,  pre-existing  
harmon ics  are  frequently speci fied  as  a  fi xed  vol tage  d istortion  source  beh ind  a  network 
impedance  chosen  such  as  to  maxim ize  the  component ratings.  Th is  can  resu l t  i n  extremely 
h igh  fi l ter rati ngs,  wh ich  i n  many cases  are  qu i te  unreal istic.  The  essentia l  i ssue  i s  that both  
the  speci fied  pre-existing  d istortion ,  and  the  chosen  network impedance  can  occur i n  real i ty,  
bu t perhaps  not s imu l taneously.  

The  a im  of Clause  5  i s  therefore  to  g i ve  add i tional  gu idance  on  su i table  methods  of 
considering  the  effects  of pre-existing  harmon ic d istortion  on  the  design  of the  AC  harmon ic 
fi l ters,  wi thou t e i ther compromising  the  harmon ic p lann ing  requ i rements  for the  transmission  
network or creating  an  over-conservative  fi l ter design .  I n  th is  respect,  there  i s  a  need  to  
examine  whether certain  existing  rating  methodolog ies  wh ich  can  resu l t  i n  fi l ter component 
ratings  becoming  excessive  are  appropriate,  especia l l y i f they cou ld  detract from  the  
economic viabi l i ty of the  HVDC station .   

I f the  l evels  of pre-existing  harmon ic d istortion  are  a l ready h igh ,  the  network owner or 
regu lator may en force  l ower permissib le  performance  l im i ts  for the  proposed  HVDC station ,  to  
ensure  that the  overal l  p lann ing  levels  for the  network are  main tained .  I t  may a lso  be  
desi rable  to  a l l ow a  "headroom"  marg in  for fu ture  harmon ic-producing  instal lations.  Al though  i t  
has  often  been  normal  practice  to  apply " i ncremental "  performance  cri teria  for HVDC 
schemes,  some  customers  may a lso  now speci fy an  "aggregate"  performance  requ i rement.  
The  term  "aggregate"  rather than  "total "  i s  used  in  th is  document to  avoid  confusion  wi th  
" total "  (mean ing  the  tota l  over a l l  speci fied  harmon ic orders)  as  employed  i n  the  term  "THD".  
I n  the  former case  (" incremental ") ,  the  declared  harmon ic performance  cri teria  wi l l  re late  to  
the  effects  of the  HVDC station  a lone,  or more  speci fical ly i n  terms  of the  effects  of the  
converter harmon ic curren t spi l l  i n to  the  network.  I n  the  latter case  ("aggregate") ,  the  l im i ts  
wi l l  apply to  the  combination  of pre-existing  harmon ic d istortion  and  how i t  i s  mod i fied  as  a  
resu l t  of connecting  the  HVDC station ,  together wi th  the  contribu tion  generated  by the  HVDC 
station .  I n  th is  l atter case,  a  clear understand ing  of the  l evels  of pre-existing  harmon ic 
d istortion  (and  thei r variation )  i s  therefore  requ i red .  The  measurement of such  harmon ic 
l evels  i s  d i scussed  in  Annex C.   

The  method  of combin ing  the  con tribu tions  from  the  pre-existing  d istortion  and  the  HVDC 
station  for performance  evaluation  al so  has  to  be  clearly stated .  A typical  method  i s  described  
l ater i n  Clause  5  and  further detai led  gu idance  i s  a lso  provided  i n  Clause  6  of I EC  TR 61 000-
3-6:2008.  I n  a  s im i lar manner,  when  establ i sh ing  the  ratings  of the  fi l ter equ ipment,  the  
method  of combin ing  these  two  sources  a lso  needs  to  be  clearly stated .  

5.2  Model l ing  and  measurement of pre-existing  harmonic  levels  

I n  real i ty,  pre-existi ng  d istortion  i s  general l y not due  to  the  effect of a  s ing le  source  a lone,  bu t 
i s  due  to  a  mu l tip l i ci ty of harmon ic curren t (and  vol tage)  sources  compris ing  both  domestic 
l oads  (each  potentia l l y generating  l ow levels  of d i stortion  at  l ow vol tage  busbars)  and  
i ndustria l  l oads  embedded  wi th in  the  LV,  MV,  HV and  sometimes  EHV networks.  I n  fi l ter 
design  calcu lations,  i t  i s  not practicable  to  model  such  mu l tiple  d isparate  sources,  both  
because  data  for i nd ividual  l oads  i s  not avai lable  and  because  the  model l ing  of network 
impedance  at the  AC harmon ic fi l ter busbar by the  use  of an  equ ivalen t impedance  envelope  
i s  not then  feasible.   

Therefore,  for both  conven ience  and  practical i ty i n  e i ther performance or rating  analysis,  i t  
has  been  common  practice  that a  vol tage  source  i s  model led  beh ind  the  AC network harmon ic 
impedance  as  shown  i n  the  generic model  i l l ustrated  in  F igure  1 8,  to  create  an  open  ci rcu i t  
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vol tage  d istortion  at the  fi l ter busbar,  i . e .  the  level  of d i stortion  representative  of cond i tions  
prior to  connection  of the  AC  harmon ic fi l ters.   

The  magn i tude  of the  ind ividual  harmon ic vol tages  Uon  u sed  in  th is  model  can  be  based  on  
actual  measurements,  performance  l im i ts,  p lann ing  pevels  or compatibi l i ty l evels  depend ing  
on  the  particu lar appl ication  under consideration .  When  these  vol tages  are  based  on  the  
resu l ts  of measurements,  some al lowance  shou ld  be  made for fu ture  growth  or developments  
of the  system,  especia l l y i f the  measured  levels  are  l ow when  compared  wi th  p lann ing  or 
compatibi l i ty l evels.  Wi th  respect to  the  method  of measuring  existing  harmon ic vol tage  
d istortion ,  some  fu rther gu idance  i s  g iven  i n  Annex C.   

The  various  appl ications,  advantages  and  d isadvantages  of the  use  of th is  model  i n  the  
assessment of both  fi l ter performance  and  rating  are  d iscussed  i n  fu rther detai l  i n  5 . 3  and  5.5  
respectively.   

The  above  model  i s  sometimes  referred  to  as  the  "Théven in  model "  or approach .  That wou ld  
be  correct,  i f the  vol tages  used  are  those  wh ich  cou ld  be  measured  at open  ci rcu i t ( i . e .  wi th  
the  fi l ters  and  converter d isconnected )  and  i f the  network impedance  used  i s  the  same as  for 
that particu lar vol tage  measurement.  That i s  by defin i tion  a  Théven in  equ ivalent.  The  
problems arise  when  the  vol tages  appl ied  are  set to  some arbi trary l evels  and  the  network 
impedance  to  worst-case  values  to  resonate  wi th  the  fi l ters,  i n  wh ich  case  the  model  i s  no  
l onger a  Théven in  equ ivalen t bu t s imply a  vol tage  source  beh ind  a  network impedance.  I n  
Clause  5  i t  i s  therefore  referred  to  as  the  "vol tage  source/worst network"  model .  
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Al l  of these  models  assume  that the  converter i s  a  pure  curren t source,  bu t i n  fact the  
converter i tsel f has  an  harmon ic impedance,  wh ich  may be  s i gn i fican t especia l l y at l ower 
harmon ic orders,  as  d iscussed  i n  Clause  3 .  

The  terms  p lann ing  l evel ,  compatibi l i ty l evel  and  immun i ty l evel  are  fu rther described  i n  
Annex C  and  a lso  i n  Clause  3  of I EC  TR 61 000-3-6: 2008.  An  i l l ustration  of basic vol tage  
qual i ty concepts  wi th  respect to  p lann ing  l evel ,  compatibi l i ty l evel  and  immun i ty l evel  i s  a l so  
provided  i n  F igure  1 9.  Wh i l st for the  UK and  some  other u ti l i ties,  compatibi l i ty l evels  for a l l  
vol tage  l evels  i nclud ing  EHV are  defined ,  I EC  TR 61 000-3-6: 2008  on ly d iscusses  such  l evels  

for vol tages  ≤  35  kV,  s ince  i n  general  the  greater majori ty of "end-user"  equ ipment (for wh ich  
the  cri teria  of compatibi l i ty and  immun i ty levels  are  of s ign i fican t importance)  are  connected  at 
such  l evels.  However,  HVDC instal lation  are  invariably connected  at  HV/EHV levels  and  thus  
where  compatib i l i ty l evels  are  not speci fical l y defined ,  any such  choice  by the  network owner 
requ i res  a  carefu l  ba lance  against p lann ing/immun i ty levels.  The  p lann ing  l evels  at  HV and  
EHV are  selected  such  as  to  ach ieve  co-ord ination  wi th  rather h igher percentage  l im i ts  at the  
MV level .  

 

Figure  1 9  – I l lustration  of basic  vol tage  qual i ty concepts  
with  time/location  statistics  covering  the  whole  system   

5.3  Harmonic  performance evaluation ,  methods  and  d iscussion  

5.3.1  General  

The  main  requ i rements  for the  AC fi l ter performance speci fication  are  general ly re lated  to  the  
maximum  permissible  vol tage  d istortion ,  th is  being  a  d i rectl y measurable  quan ti ty at  the  poin t 
of connection .  The  i n tention  i s  that by l im i ting  the  vol tage  d istortion ,  the  harmon ic curren ts  
i n jected  i n to  the  AC system,  by the  HVDC converter and  the  resu l tan t harmon ic vol tages  
e lsewhere,  shou ld  a l so  be  l im i ted  to  l evels  that wi l l  ensure  service  qual i ty to  the  network 
owner and  to  a l l  other connected  customers  of the  AC system.  

5.3.2  " Incremental"  harmonic performance  evaluation  

Figure  20  shows  an  adaptation  of the  generic model  of the  equ ivalen t ci rcu i t  shown  i n  F igure  

1 8  i n  wh ich  Uon  (speci fied  pre-existing  harmon ic vol tage  source)  i s  set to  zero.  Th is  i s  the  
model  used  for the  calcu lation  of the  i ncremental  impact of the  converter generated  
harmon ics.  
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Figure  20  – C ircu i t  model  for calcu lation  of incremental  performance   

For the  " i ncremental "  cri terion ,  the  permi tted  d istortion  at  each  harmon ic at the  poin t of 
connection  of the  HVDC converter i s  based  on  the  requ i rement to  ensure  service  qual i ty to  
the  network owner and  to  a l l  connected  customers  wi th in  the  i n terconnected  AC network,  on  
connection  of the  converter.  The  method  of determin ing  such  l im i ts  i s  d i scussed  i n  detai l  i n  
I EC  TR 61 000-3-6:2008,  Annex D,  wh ich  provides  a  worked  example.   

When  implemented  correctly,  th is  method  requ i res  determin ing  the  maximum  al l owable  
contribu tion  from  the  HVDC converter at a l l  remote  busbars,  wh i le  taking  thei r own  levels  of 
pre-existing  d istortion  and  a l lowance  for fu tu re  network extensions  i n to  account.  The  
correspond ing  local  permissib le  " incremental "  l im i ts  ( i . e .  at the  poin t of HVDC converter 
connection)  are  then  calcu lated  using  the  transfer harmon ic impedances  from  those  remote  
busbars  to  the  poin t of connection .   

Care  shou ld  be  taken  i n  those  cases  where,  because  of a  series  resonance,  the  network 
harmon ic impedance  i s  very low,  as  th is  cou ld  resu l t  i n  harmon ic vol tages  exceed ing  p lann ing  
l evels  i n  remote  parts  of the  network.  The  magn i tude  of the  " i ncremental "  l im i ts  permi tted  at 
the  poin t of connection  may therefore  be  restricted  by the  occurrence  of h igh  l evels  of pre-
existing  d istortion  at a  particu lar remote  busbar,  possibly coupled  wi th  an  adverse  transfer 
impedance  between  that remote  busbar and  the  poin t of connection .  Th is  may resu l t  i n  l im i ts  
being  speci fied  for the  poin t of connection  at far l ower levels  than  wou ld  be  otherwise  
appl icable  for that particu lar l ocation  when  considered  i n  i solation .  I t  i s  therefore  importan t 
that the  level  of pre-existi ng  d istortion  at that remote  busbar and  the  defined  sel f and  related  
transfer impedances  from  the  poin t of connection  relate  to  consistent cond i tions.  Th is  can  be  
extremely d i ffi cu l t  to  ach ieve  i n  practice  (refer a l so  to  Annex C).   

D . 2 . 3  of I EC TR 61 000-3-6: 2008  suggests  that,  where  there  i s  a  paral le l  resonance  wi th in  the  
network that i s  causing  a  magn i fication  factor g reater than  2  or 3  (and  l ead ing  to  restricted  
" i ncremental "  l im i ts  at the  poin t of connection),  the  network owner shou ld  examine  possib le  
measures  to  reduce  such  magn i fication .  For example,  where  th is  i s  due  to  the  presence  of 
p la in  capaci tor banks  wi th in  the  network,  these  cou ld  be  detuned .  However,  where  the  
resonance  i s  due  to  the  effects  of overhead  l i ne  or cable  capaci tance,  i t  may be  impractical  to  
change  the  resonance  cond i tions.  I n  the  former case,  i t  may a lso  be  commercial l y un justi fied  
to  detune  capaci tor banks  wi th in  the  ownersh ip  of the  network s imply to  accommodate  and  
ease  the  connection  of a  th i rd  party asset,  i . e .  an  HVDC converter.  

5.3.3  "Aggregate"  harmonic  performance  evaluation  

The  "aggregate"  cri terion  (as  represented  i n  F igure  1 8)  permi ts  e i ther the  fu l l  p l ann ing  l evels  
of harmon ic vol tage  d istortion  at the  poin t of connection ,  or a  proportion  thereof based  on  
consideration  of the  re lati ve  rating  of the  converter to  the  network supply capabi l i ty at  that 
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poin t (as  per the  requ i rements  of I EC  TR 61 000-3-6:2008,  9. 2 . 1 ) .  The  combined  effects  of the  
converter-generated  harmon ics  and  magn i fication  or attenuation  of pre-existi ng  d istortion  by 
the  connection  of the  converter station  AC fi l ters  (as  d iscussed  in  I EC  TR 61 000-3-6: 2008  6 . 2 ,  
Note  1 )  are  both  accounted  for.  I n  respect of the  method  of summating  the  con tribu tions  of the  
converter-generated  harmon ics  and  pre-existing  harmon ics  for a  particu lar harmon ic order,  
Clause  7  and  Table  3  of I EC  TR 61 000-3-6:2008  a lso  provides  some detai led  gu idance.   

I n  th is  case,  the  levels  of pre-existing  vol tage  d istortion  to  be  speci fied  by the  customer at the  
poin t of connection  shal l  be  representative  of those  occurring  i n  practice  wi th  an  al lowance  for 
fu ture  growth  where  th is  can  be  pred icted  and  j usti fied ,  rather than  being  arbi trari l y based  on  
the  (fu l l )  p lann ing  levels.  

Th is  method  i s  i nherentl y conservative,  as  i t  combines  the  maximum  possible  pre-existing  
harmon ic vol tages  wi th  the  worst-case  (resonant)  i n terven ing  network harmon ic impedances.  
However,  i t  may risk being  too  conservative.  Th is  i s  because  of the  use  of source  (pre-
existing )  vol tages  wh ich  i n  practice  may not occur s imu l taneously wi th  a  particu lar network 
impedance.  For example,  i f the  appl icable  worst-case  network impedance  was  for a  
configuration  wh ich  included  large  shunt capaci tors  or fi l ters  wi th in  the  network,  thei r 
presence  wou ld  general l y tend  to  reduce  the  pre-existi ng  harmon ic vol tages.  I t  i s  therefore  
h igh ly desi rable  that when  the  generic (F igure  1 8)  model  i s  used ,  the  source  (pre-existing)  
harmon ic vol tages  and  the  speci fied  network harmon ic impedance  shou ld  be  sel f-consistent,  
i . e .  i t  shou ld  be  physical ly possible  for them  to  occur s imu l taneously.  

I t  i s  however recogn ised  that i n  a  practical  design  s i tuation ,  th is  requ i rement of consistency 
between  pre-existing  harmon ic vol tage  and  impedance  data  may be  d i fficu l t  to  ach ieve,  
especia l l y when  preparing  a  techn ical  speci fication  in  the  short time  period  typical l y avai lable.  
I t  requ i res  a  detai led  h istory and  correlation  of the  various  l oad ings  and  operating  modes  of 
the  network wi th  the  various  measurements  of pre-existi ng  harmon ic d istortion .  However,  a l l  
parties  shou ld  at  l east be  aware  that i t  i s  an  area  wh ich  can  l ead  to  an  assessment of 
excessive  harmon ic vol tage  d istortion  and  shou ld  be  prepared  to  re-examine  particu lar cri tical  
cases  fol lowing  the  i n i ti a l  fi l ter design  calcu lations.   

I t  i s  suggested  that,  for those  networks  wh ich  do  experience  s ign i fican t seasonal  variations  i n  
system  load /generation  (and  hence  a lso  s im i lar seasonal  variations  i n  thei r associated  
network harmon ic impedance)  and  a lso  seasonal  variations  i n  pre-existi ng  harmon ic d istortion  
(due  to  variation  i n  d i stu rbing  load  patterns),  i t  may be  an  advantage  to  provide  several  "more  
consisten t"  data  re lating  to  impedance  and  pre-existing  harmon ic vol tage,  for example  
representative  of d i fferen t seasons.  Wh i lst i t  i s  i nevi table  that th is  provision  cou ld  l engthen  
the  fi l ter design  process,  the  improvement i n  consistency cou ld  a l leviate  certain  i ssues  
regard ing  unreal istic  fi l ter performance  and /or component rati ngs.  However,  i t  shou ld  be  
noted  that th is  approach  can  general l y on ly relate  to  present network cond i tions;  i t  may be  
d i fficu l t  to  attempt to  pred ict such  correlation  between  pre-existi ng  d istortion  and  system  
load /generation  for fu tu re  cond i tions,  especia l l y over a  period  of some  30  years  to  40  years.  

I t  i s  general l y a l so  assumed  i n  the  appl ication  of the  "aggregate"  cri teria  that,  wh i l st the  l evels  
of pre-existing  vol tage  d i stortion  at the  converter station  wi l l  be  mod i fied  by the  connection  of 
the  associated  AC fi l ters  because  of resonance  between  the  AC fi l ters  and  the  network 
harmon ic impedance,  the  effects  on  pre-existing  vol tage  d istortion  at  busbars  more  remote  
from  the  converter station  due  to  the  effects  of these  fi l ters  wi l l  be  smal l .  The  calcu lation  of 
such  effects  on  remote  busbars  i s  a  complex i ssue;  however,  practical  experience  i n  the  UK 
network,  wh ich  i s  strong ly i n terconnected ,  has  confi rmed  that such  an  assumption  i s  
reasonably val id .  

5.3.4 Both  " incremental"  and  "aggregate"  performance  evaluation  

Where  s ign i fi can t l evels  of pre-existing  harmon ic d istortion  exist  not on ly at the  HVDC 
converter station  poin t of connection  bu t a lso  at  surround ing  busbars  (ei ther EHV/HV or MV 
types  and  wi th in  the  responsibi l i ty of the  network owner),  consideration  shou ld  be  g iven  to  
speci fying  both  " i ncremental "  and  "aggregate"  types  of vol tage  d istortion  performance  cri teria  
to  ensure  that the  overal l  p lann ing  levels  for the  network are  main tained .  
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5.3.5  " Incremental"  and  "maximum magnification  factor"  harmonic  performance 
evaluation  

Th is  i s  a  s im i lar performance  cri teria  to  that d i scussed  i n  5 . 3. 4  and  has  been  speci fied  i n  a  
few HVDC schemes.  Rather than  speci fying  an  "aggregate"  harmon ic performance  cri terion ,  a  
separate  cri terion  re lating  to  the  "maximum  magn i fication  factor"  i s  speci fied .  Th is  cri terion  
relates  to  the  maximum  permissible  magn i fication  of pre-existing  harmon ic vol tage  d istortion  
at the  HVDC converter station  poin t of connection  due  to  resonance  between  the  converter 
station  ( i . e .  the  AC harmon ic fi l ters)  and  the  network harmon ic impedance.  I n  th is  case,  the  

value  of Icn  i n  F igure  1 8  i s  set to  zero.  The  network impedance i s  se lected  as  that value  wh ich  
resu l ts  i n  the  g reatest magn i fication  factor at the  harmon ic order under consideration .   

The  appl ication  of the  "maximum  magn i fication  factor"  cri terion  has  general ly been  considered  
as  being  l ess  appropriate  for HVDC schemes  but more  appropriate  for passive  types  of static 
var compensation  equ ipment such  as  thyristor swi tched  capaci tors  (TSCs)  and  MSC/MSCDNs 
(mechan ical ly swi tched  capaci tors/mechan ical ly swi tched  capaci tors  wi th  damping  networks)  
wh ich  are  not themselves  sources  of harmon ic curren t/vol tage  bu t by vi rtue  of thei r 
connection  may mod i fy,  e i ther magn i fying  or attenuating ,  the  l evels  of pre-existi ng  d i stortion .  
The  maximum  permi tted  values  chosen  are  general ly such  that at the  poin t of connection  of 
the  proposed  equ ipment,  the  pre-existing  d istortion  shal l  not i ncrease  beyond  p lann ing  l evels.   

Th is  cri terion  i s  general ly not recommended  to  be  used  instead  of an  "aggregate"  cri terion  i n  
an  HVDC converter appl ication .  I n  an  "aggregate"  cri teria  for each  harmon ic,  there  i s  a  s ing le  

value  of Zsn  wh ich ,  depend ing  on  the  relati ve  values  of Icn  and  Uon  and  the  speci fied  manner 

of summation  of thei r re lative  effects,  wi l l  l ead  to  a  maximum  value  of d istortion  Ufn  when  the  
effects  of both  converter i n jected  harmon ics  and  magn i fication  or attenuation  of pre-existi ng  
d istortion  are  considered  s imu l taneously.  However,  for a  "maximum  magn i fication  factor"  
cri terion ,  wh ich  re lates  on ly to  a  series  resonant cond i tion  between  the  AC harmon ic fi l ters  
and  the  network impedance,  the  value  of network resonant impedance  on ly re lates  to  that 
cond i tion  and  wi l l  general l y be  d i fferen t from  that resu l ting  from  an  "aggregate"  type  of 
assessment.  I ts  use  i n  terms  of demonstrating  whether the  AC fi l ter design  ensures  that the  
overal l  p lann ing  levels  for the  system  are  main tained  i s  therefore  questionable  for an  HVDC 
converter appl ication .  

5.4 Calcu lation  of total  harmonic  performance  ind ices  

For the  calcu lation  of performance  ind ices  wh ich  combine  a l l  re levant harmon ic orders,  such  
as  total  harmon ic d istortion  (THD),  te lephone  in terference  factor (TI F)  and  te lephone 
harmon ic form  factor (THFF),  i t  i s  perhaps  unreal istic  to  assume  that resonance  between  the  
AC fi l ters  and  the  network wi l l  occur at a l l  or many of the  harmon ic frequencies  
s imu l taneously.   

Reference  [1 1 ]  suggested  that THD,  THFF  and  TIF  cou ld  be  calcu lated  wi th  the  AC network 
impedance  at va lues  wh ich  resu l t  i n  the  h ighest value  of that parameter ( i . e .  i n  resonance)  for 
say two  harmon ics;  for a l l  other harmon ics,  the  AC network harmon ic impedance  shou ld  be  
considered  as  some  other,  arti ficia l  value,  for example  an  open  ci rcu i t.  Th is  methodology has  
been  appl ied  to  numerous  HVDC schemes,  bu t i t  i s  at best an  approximation .  

Consideration  shou ld  therefore  be  g iven  as  to  whether the  speci fication  of such  tota l  i nd ices  
(RSS  or ari thmetic tota l  harmon ic vol tage  d istortion)  are  actual ly j usti fied  un less  there  i s  some 
mean ingfu l  or real istic  manner for treating  network harmon ic impedance  at non-resonant 
harmon ics.  Shou ld  on ly i nd ividual  harmon ic performance  l im i ts  ( in  resonance)  be  speci fied ,  on  
the  basis  that i n  practice  tota l  vol tage  d istortion  wi l l  then  be  acceptable?  

The  most theoretical l y accurate  assessments  of " tota l "  i nd ices  wou ld  be  provided  i f the  
network impedance  i s  model l ed  (to  the  exten t needed)  for each  of i ts  many configurations,  
rather than  by an  overal l  envelope,  and  the  harmon ic d istortion  calcu lated  for each ,  bu t as  i t  
cou ld  take  substan tia l  time  to  convert,  set up  and  cal ibrate  such  models  another approach  i s  
proposed  below.  
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For those  appl ications  where  the  speci fication  of total  i nd ices  i s  j usti fied ,  and  where  the  
impedance  data  for each  operating  cond i tion  re lating  to  the  impedance  envelopes  i s  avai lable,  
the  fol lowing  method  of determin ing  total  d istortion  (of a l l  harmon ics)  i s  suggested ,  based  on  
the  speci fication  for the  Cross  Channel  (Un i ted  Kingdom-France)  HVDC l i nk:   

1 )  For each  fi l ter configuration ,  i ts  impedance  i s  ca lcu lated  at each  of the  lower order 
harmon ics  where  resonance  i s  a  possib i l i ty,  and  at  each  of these  harmon ics  a  
(resonant)  poin t on  the  impedance  envelope  i s  chosen  such  that the  ari thmetic sum  of 
the  d istortion  produced  by the  converter,  any SVC and  by magn i fication  of pre-existing  
d istortion ,  i s  a  maximum.  Using  th is  method ,  the  harmon ic wh ich  produces  the  g reatest 
d istortion  for a  g i ven  DC  load  (or range)  may be  detected  and  i s  termed  the  resonant 
harmon ic.  For th is  harmon ic,  the  ind ividual  con tribu tions  from  the  various  sources  
(converter,  SVC,  pre-existi ng  d istortion ,  etc. )  are  added  ari thmetical l y un less  there  i s  a  
known ,  defin i te  phase  re lationsh ip  between  these  sources.  

2 )  From  the  various  p lots  of network impedance  versus  frequency for each  of the  network 
configuration  cases  stud ied  ( load ing/ou tages/design  year,  etc. )  wh ich  formed  the  
scatter p lots,  determine  that particu lar case/configuration  wh ich  has  an  impedance  at 
the  resonant harmon ic nearest i n  va lue  to  the  envelope  impedance  calcu lated  in  1 )  
above.  

3)  The  vol tage  d istortion  at other harmon ics  i s  assessed  using  the  impedance  values  for 
the  particu lar network configuration  i den ti fied  i n  2)  above.  I n  th is  i nstance,  the  
components  from  the  various  sources  can  be  summed  using  an  RSS  relationsh ip.  

4)  The  ind ividual  harmon ic frequency components  as  derived  above  are  summed  using  
an  RSS  re lationsh ip  to  derive  the  tota l  (RSS)  d istortion .  

Th is  method  (or variation  on  i t)  m ight appear complex to  pu t i n to  practice,  because  the  
i nd ividual  network configuration  impedance  versus  frequency data  needs  to  be  retained  i n  
some form  of " l ook up"  table  for each  network configuration /load ing ,  bu t i t  does  have  the  
benefi t  that the  resu l tan t calcu lation  of THD  is  real i stic.  Th is  i s  because  the  network case  
g iving  the  worst-case  resonant harmon ic i s  a lso  used  to  determine  the  d istortion  at a l l  other 
non-resonant harmon ics.  Because  of the  complexi ty th is  method  en tai l s ,  i ts  appl ication  may 
not be  feasib le  at  the  tender stage  of a  design ,  rather on ly at the  detai led  design  stage,  post-
contract award .  

5.5  Harmonic  rating  evaluation  

The  pre-existi ng  l evels  of harmon ic d istortion  together wi th  the  manner of thei r representation  
can  have  a  s ign i ficant i n fl uence  on  the  harmon ic contribu tion  to  the  fi l ter rating ;  wh ichever 
representation  i s  chosen  wi l l  i nevi tably be  a  compromise  between  safety and  a  ri sk of over-
d imension ing  the  fi l ters.   

The  earl ier practice  of applying  an  arbi trary 1 0  %  or 20  %  i ncrease  i n  converter-generated  
harmon ics  to  a l l ow for the  effects  of pre-existing  d istortion  can  now no  longer be  considered  
adequate  or real istic,  especial l y for the  l ow order harmon ics  3 rd ,  5 th  and  7 th  (see  Annex D  for 
an  example  of problems  wh ich  have  occurred  due  to  use  of th is  approach).  I ts  use  for 
proposed  new HVDC schemes  i s  strong ly not  recommended .  

The  fol lowing  subclauses  d iscuss  various  approaches  to  the  treatment of pre-existing  
harmon ic d istortion  i n  terms  of determin ing  the  steady state  rating  of AC harmon ic fi l ters.  The  
generic ci rcu i t  model  shown  i n  F igure  1 8  i s  perhaps  most commonly used  for the  steady state  
rati ng  evaluation .  When  F igure  1 8  i s  employed  as  a  model  for AC  fi l ter rating ,  i t  re lates  to  the  
effects  of harmon ic frequencies  on ly,  not to  the  effects  of fundamental  frequency wh ich  for 
rati ng  shou ld  be  considered  separately by the  appl ication  of a  vol tage  source  (Uf 1 )  d i rectly to  
the  AC fi l ter busbar.  
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5.6  Difficu l ties  with  the  vol tage  source/worst network model  for rating  

5.6.1  Background  

I n  the  appl ication  of the  generic vol tage  source/worst network model  for assessing  the  effects  
of pre-existing  con tribu tion  on  rating ,  as  shown  in  F igure  1 8,  for each  harmon ic under 

consideration  there  i s  a  s i ng le  value  of Zsn  from  wi th in  the  speci fied  network impedance 

envelope  wh ich ,  depend ing  on  the  relati ve  values  of Icn  and  Uon  and  the  speci fied  manner of 

summation  of thei r re lative  effects,  wi l l  l ead  to  a  maximum  value  of Ufn ,  and  hence  Ifn .   

I t  i s  i nevi table  that for many designs  of AC  harmon ic fi l ters  (especia l l y for those  compris ing  

relati vely h igh  Q  fi l ters)  and  possibly where  the  network harmon ic impedance  characteristics  
are  a lso  adverse,  there  wi l l  be  some magn i fication  of pre-existing  vol tage  d istortion .  Th is  
cou ld  be  under de-tuned  cond i tions  for harmon ic orders  where  there  i s  speci fic fi l tering  
provided  to  cater for the  converter characteristic harmon ics,  or for harmon ic orders  for wh ich  
speci fic fi l tering  for converter characteristic harmon ics  i s  not i ncluded ,  for example  3 rd ,  5 th  
and  7 th  harmon ics  in  an  arrangement compris ing  fi l ters  for the  1 1 th  harmon ic order and  above.  

I n  the  past,  when  using  th is  approach  for rating ,  i f the  values  of pre-existing  harmon ic vol tage  
d istortion  speci fied  for rating  purposes  were  relati vely l ow,  any h igh  l evels  of magn i fication  of 
pre-existing  harmon ic vol tage  d istortion  was  not considered  undu ly costly,  when  considered  
relati ve  to  the  effects  of the  converter con tribu tion  to  rating ,  and  the  vol tage  source/worst 
network approach  therefore  remained  acceptable.   

However,  more  recently the  magn i tude  of speci fied  pre-existing  harmon ic d istortion   
i n  F igure  1 8  for rating  evaluation  has  often  been  set at e i ther the  fu l l  p lann ing  l evel  or even  at  
compatibi l i ty l evels.  For some  schemes,  th is  has  resu l ted  in  fi l ter designs  wh ich  are  robust bu t 
not excessively costly,  bu t for others  has  g iven  extremely h igh  rati ngs,  wh ich  sometimes had  
to  be  arbi trari l y l im i ted  to  more  real istic  values.  

I n  recent years,  there  has  been  a  trend  for certa in  u ti l i ti es  to  need  to  permi t i ncreasing ly 
h igher p lann ing  l evel  l im i ts  and  hence  a lso  compatibi l i ty l evel  l im i ts  ( th is  i s  reflected  in  the  
relevant p lann ing  standards)  due  to  the  s ign i fican t and  sometimes  uncontrol led  i ncrease  i n  
the  use  of d i stu rbing  loads,  often  of the  domestic type.  Such  a  trend  has  general ly been  
considered  acceptable  provided  there  are  no  adverse  effects  to  other users  of the  network 
and  a  safe  marg in  remains  between  compatibi l i ty l evels  and  immun i ty levels  for connected  
p lan t (refer a l so  to  F igure  1 9  and  I EC  TR 61 000-3-6:2008,  F igures  1  and  2) .   

Bu t wi th  such  i ncreasing ly h igher pre-existing  l evels  often  now being  speci fied  for rati ng  
purposes,  i n  some  cases  arbi trari l y chosen  to  be  equal  to  compatibi l i ty l evels  ( th is  i s  often  the  
case  at the  tender stage  for the  apparent sake  of s impl ici ty) ,  the  appl ication  of the  vol tage  
source/worst network approach  can  resu l t i n  vol tages  at the  AC fi l ter busbar often  then  
becoming  considerably greater than  compatibi l i ty l evels.  For example,  under such  rating  
cond i tions,  i t  i s  possible  for a  1  %  harmon ic vol tage  d istortion  l evel  represented  beh ind  the  
network impedance  to  be  magn i fied  to  1 0  to  20  times  at the  AC fi l ter busbar.  Clearly,  such  
l evels  wou ld  both  be  in tolerable  to  the  network owner,  and  thei r resu l tan t effect on  fi l ter 
component rating  wou ld  a l so  be  dominan t.  I t  i s  a l so  l i kely that such  h igh  levels  cou ld  l ead  to  
HVDC inverter commutation  fai lu res.  

Th is  problem  can  prove  to  be  particu larl y d i fficu l t  at  l ow order harmon ics  (typical l y <  1 0 th)  
where  levels  of pre-existing  d istortion  are  general l y g reater than  at  h i gher frequencies  and  
where  the  impedance  of the  h igher order fi l ters  appears  as  purely capaci tive.  

The  resu l tan t effect i s  that,  especia l l y for AC  harmon ic fi l ter components  whose  rating  i s  
predominantly based  on  harmon ic rather than  fundamental  frequency con tribu tion ,  for 
example  resistor banks  and  auxi l iary reactors  i n  double/treble  tuned  type  fi l ters,  thei r rati ngs  
can  become unreal istical l y excessive  ( low order fi l ter resistor ratings  can  read i ly exceed  
1  MW per phase  under such  a  rating  assessment) ,  perhaps  even  to  a  degree  that an  
a l ternative  design  of AC fi l ter configuration  i s  requ i red ,  solely to  ach ieve  reasonable  ratings.  
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Even  for other components  where  the  fundamental  frequency i s  dominan t,  such  as  h igh-
vol tage  capaci tors,  the  increase  in  cost can  be  substan tia l  (being  approximately proportional  
to  the  square  of the  vol tage).  Such  h igh  component rati ngs  can  arise  even  i f i t  i s  assumed  
that resonance  between  the  AC fi l ters  and  the  network impedance  on ly occurs  at  one  or two 
rather than  many or a l l  harmon ic orders.  

5.6.2  I l lustration  of the  vol tage  source/worst network method  

To demonstrate  the  ampl i fication  of pre-existing  harmon ics  and  the  effect of the  network 
impedance  magn i tude  and  ang le,  the  fol lowing  numerical  examples  are  shown   
(see  F igure  21 ) .   

Example  I  

•  Assume  that the  harmon ic considered ,  h ,  i s  below the  tun ing  frequency of the  fi l ter,  that i s  
the  fi l ter impedance  can  be  taken  as  approximately jXC .  

•  Fu rther assume  that the  network impedance at  that harmon ic,  ZNcosΦ + jZNsinΦ  ,  i s  such  
that XC =  ZNsinΦ.  

•  Then  the  vol tage  across  the  fi l ter wi l l  be  tanΦ  t imes  the  source  vol tage,  as  shown  in   
Table  5  below.  The  ampl i fication  factor i ncreases  d ramatical l y wi th  network impedance 
ang le,  being  around  1 1  times  at  85°and  reach ing  57  times  at 89° .  
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 reactance  of a  fi l ter wi th  the  tun i ng  frequency h i gher than  the  frequency of the  h th  harmon ic 

Figure  21  – Equ ivalent ci rcu i t  of a  network for the  h th  harmonic 

Ampl i fication  factor tanΦ  a t  d i fferent network impedance  ang les  i s  shown  in  Table  5 .  

Table  5  – Ampl i fication  factor tanΦ  at  d i fferent network impedance  ang les  

Φ  (° )  45  60  75  80  85  87 , 5  88  88 , 5  89  

tanΦ (%)  1 00  1 73  373  567  1  1 43  2  290  2  864  3  81 9  5  729  

 

Example  I I  

Figure  22  shows  the  vol tage  magn i fi cation  factor across  a  sector impedance  (Φ  ≤  85° )  for a  
typical  real i stic  fi l ter design .  
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Figure  22  – Typical  vol tage  magnification  factor 

The  examples  demonstrate  two  importan t factors:  

a)  the  maximum  magn i fication  i s  h igh ly dependent on  assumptions  (here  expressed  i n  terms  

of the  ang le  Φ) ;  

b)  the  extreme  maximum  i s,  typical l y,  very local .  

The  conclusions  to  be  d rawn  from  these  s imple  examples  are:  

•  i f there  i s  confidence  that the  assumptions  wi th  respect to  the  network impedance  
envelope  and  pre-existing  d istortion  levels  are  real i stic  and  coheren t,  then ,  of course,  i t  i s  
necessary to  consider the  impact on  the  fi l ter design  and  s imply accept the  add i tional  
complexi ty and  cost of a  fi l ter design ;  

•  i f there  i s  l ess  confidence,  for example  say that wide  frequency bands  have  been  used  to  
determine  network impedance  envelopes,  then  the  impact on  the  fi l ter design  shou ld  be  
questioned ,  and  the  i ssue  examined  more  closely.   

Both  examples  above  demonstrate  that the  harmon ic impedance  envelopes  are  crucial  for any 
fi l ter design  and  the  fol l owing  add i tional  observations  can  be  made.  

1 )  The  fi rst  approach  shou ld  be  to  carefu l l y review and  analyse  the  frequency scann ing  study 
resu l ts  to  ensure  that the  network impedance  being  considered  in  the  model  i s  not more  
severe  (wider l im i ts)  than  i s  j usti fied ,  and  where  possible  revise  harmon ic impedance  
envelopes  or other assumptions.  Even  so,  th is  step  does  not e l im inate  the  basic problem,  
that the  assumed  source  vol tage  may not be  coheren t wi th  ( i . e .  cannot exist  under the  
same  cond i tions  as)  the  worst-case  network impedance.  

2)  The  val id i ty of models  used  to  derive  harmon ic impedance  envelopes  for h i gher order 
harmon ics  i s  l im i ted  and  i n  view of th is  a  more  conservative  approach  i s  often  used  in  
se lecting  these  envelopes.  Consequently,  i t  i s  probably not representative  to  use  such  
envelopes  for evaluating  the  impact of background  d istortion .  

3)  I n  evaluating  the  impact of pre-existing  harmon ics,  not on ly thei r magn i tude  shou ld  be  
considered ;  d istinction  has  a lso  to  be  made  between  harmon ics  that have  posi tive  or 
negative  sequences  and  those  of zero  sequence.  Much  of the  pre-existing  harmon ic 

con ten t of orders  of 3 ,  6 ,  9 ,  … ,  i s  of zero-sequence  and  so  shou ld  on ly be  evaluated  using  
impedance  envelopes  wh ich  are  derived  for zero  sequence  harmon ics.  That i s ,  d i fferen t 
envelopes  shou ld  be  used  from  those  derived  for converter harmon ics  (wh ich  consti tu te  
posi ti ve  and  negative  sequences  on ly).  Zero-sequence  impedance  envelopes  can  be  
expected  to  have  a  s ign i fican tl y d i fferent appearance,  considering  system  earth ing ,  
i ncreased  l osses,  etc.  
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G iven  the  problems  described  wi th  applying  the  basic vol tage  source/worst network approach ,  
i t  i s  therefore  suggested  that further calcu lation  procedures  may be  considered  and  
evaluated .  Such  al ternative  approaches  are  d iscussed  i n  fu rther detai l  below.  At the  tender 
design  stage,  the  time  avai lable  may not permi t  these  more  detai led  procedures  to  be  
performed ;  bu t where  feasible  they shou ld  be  considered  during  the  detai led  project design .  
Th is  of course  may lead  to  d i fficu l ties  i n  j udg ing  the  adequacy of i nd ividual  b ids,  and  thei r 
comparison  wi th  each  other,  i n  respect of an  adequate  al lowance  for pre-existing  d istortion .   

Whatever rating  procedure  i s  chosen ,  i t  i s  su i tably robust for the  l i fe  of the  plan t ( i . e .  up  to  40  
years)  even  catering  for fu ture  and  possib ly unspeci fied  changes  and  developments  in  the  
network.   

Examples  showing  impact of pre-existing  d istortion  are  considered  i n  Annex E .  

5.7  Further possible  calcu lation  procedures  for rating  evaluation  

5.7. 1  Using  measured  levels  of pre-existing  d istortion  

The  fol lowing  methodology considers  the  use  of measured  pre-existing  l evels  of d istortion ,  
rather than  maximum  permi tted  (e. g .  compatibi l i ty l evels)  as  the  vol tage  source.  

Consider the  equ ivalen t ci rcu i t  shown  i n  F igure  23.  Th is  i s  i den tical  i n  configuration  to  that 

shown  i n  F igure  1 8  and  d i ffers  on ly i n  that the  vol tage  source  Uon  i s  set to  a  vol tage  d istortion  
representative  of l evels  measured  prior to  connection  of the  converter station  AC harmon ic 
fi l ters  (pl us  a  marg in  for fu ture  g rowth  where  th is  can  be  reasonably estimated  and  j usti fi ed ),  
rather than  s imply an  arbi trary choice  of a  compatibi l i ty l evel .  Such  data  shou ld  be  provided  at 
the  tender stage,  especia l l y for those  appl ications  where  an  "aggregate"  type  performance  
cri terion  i s  speci fied .   

 

Calcu l ate  val ue  of U
fn  
and  compare  wi th  compati b i l i ty l evel .   

Key 

U
on
 measu red  l evel  p l us  marg i n  

Figure  23  – Pre-existing  d istortion  set  to  measured  levels  (plus  marg in)  

A calcu lation  wh ich  also  includes  the  effects  of the  converter-generated  harmon ic cu rren ts  

(Icn )  shou ld  then  be  undertaken  to  compare  the  resu l tan t harmon ic vol tage  d istortion  at the  

AC fi l ter busbar (Ufn ) ,  wi th  compatibi l i ty l evels.  Depend ing  on  the  magn i fication  factor of Uon  
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and  of the  con tribu tion  due  to  Icn ,  the  resu l tan t vol tage  d istortion  Ufn  may be  l esser or g reater 
than  the  compatib i l i ty l evel .  Th is  i s  of course  synonymous  wi th  an  "aggregate"  performance  
calcu lation ,  bu t performed  under rating  cond i tions.  The  "performance"  requ i rement i n  th is  
case  however i s  to  compare  and  comply wi th  a  compatibi l i ty l evel  target.  Some care  i s  a lso  
needed  i n  i n terpreting  the  resu l ts  of such  calcu lations  for h igh  order harmon ics,  typical l y 
above  approximately 20 th ,  because  of the  possib le  i naccuracies  i n  both  determin ing  the  
network harmon ic impedance  and  the  measuring  of pre-existing  harmon ic d istortion  at  such  
orders.  

I f the  calcu lated  value  of  Ufn   for any DC power range  and  associated  combination  of AC  
harmon ic fi l ters,  network harmon ic impedances,  converter generated  harmon ic curren ts  and  
AC fi l ter detun ing  effects  appl icable  to  con tinuous  ( i . e.  steady state)  rati ng  cond i tions  i s  l ess  
than  the  compatib i l i ty l evel ,  then  the  design  shou ld  be  considered  satisfactory.   

However,  i f the  calcu lated  Ufn  does  exceed  the  compatibi l i ty l evel  at the  AC fi l ter busbar,  and  
i f th is  i s  a l so  the  poin t of common  coupl ing  wi th  other consumers,  the  network owner may not 
permi t  th is  g i ven  h is  responsibi l i ty to  other consumers.  

Compatibi l i ty l evels  are  general ly based  on  e i ther 99  or 95  percenti les  and  can  therefore  be  
exceeded  for short periods  of time.  Thus  under cond i tions  for example  of short time  duration  
frequency excursions  beyond  the  normal  continuous  values,  and  for wh ich  the  AC  harmon ic 
fi l ters  remain  connected ,  i t  i s  qu i te  feasible,  and  permissib le,  for the  value  of Ufn  to  exceed  
the  compatib i l i ty l evel ,  bu t i t  does  not exceed  the  immun i ty level .  

Therefore,  i f the  calcu lation  does  g ive  rise  to  harmon ic vol tages  in  excess  of compatibi l i ty 
l evels  under con tinuous  (steady state)  rating  cond i tions  by vi rtue  of the  effects  of excessive  
magn i fication  factors  of pre-existing  d istortion ,  one  shou ld  fi rst  question  and  check whether 
such  a  fi l ter design  i s  satisfactory.  I f the  fi l ter design  i s  reasonable,  and  cannot be  improved  
wi thou t excessive  added  cost,  then  the  val i d i ty of the  assumed  network impedance  shou ld  
a lso  be  examined .  For example:  

•  Are  the  resonant network impedance  values  (Zsn )  consisten t wi th  the  speci fied  pre-
existing  d istortion  vol tage  l evels,  or does  the  techn ical  speci fication  simply g ive  the  
non-consistent worst cases  for each  (refer a lso  to  5. 3. 3  above)?   

•  Does  the  design  a l so  sati sfy the  speci fied  performance  requ i rements,  especia l l y where  
an  "aggregate"  cri teria  d istortion  i s  speci fied  (refer to  5 . 3 . 3  above)?  

•  I f i t  does,  what are  the  d i fferences  between  the  performance  and  rating  cri teria  
especia l l y i n  respect of network impedance  and  pre-existi ng  d istortion  l evels?  

Th is  shou ld  therefore  become an  important checkpoin t during  the  calcu lation  of AC  harmon ic 
fi l ter rating .  For those  appl ications  where  on ly an  " i ncremental "  performance  cri terion  i s  
speci fied ,  such  a  problem  wi th  magn i fication  of pre-existing  harmon ic d istortion  wi l l  on ly 
become apparen t once  such  a  rati ng  study i s  performed .  

Even  i f the  resu l tan t va lue  of Ufn  i s  l ess  than  the  compatibi l i ty l evel  i t  may a lso  be  prudent to  
consider the  effects  on  the  AC fi l ter rati ng  shou ld  the  l evels  of d istortion  at the  AC fi l ter 
busbar eventual l y ri se  to  compatibi l i ty l evels,  due  to  say i ncreases  in  pre-existing  d istortion ;  
th is  i s  of course  someth ing  the  network owner cou ld  l eg i timately permi t  (see  a lso  5 . 7. 3).   

The  acceptabi l i ty of th is  checkpoin t during  the  calcu lation  of AC harmon ic fi l ter rating  i s  of 
course  dependent on  the  network owner ensuring  that the  harmon ic vol tage  d istortion  l evels  
at  the  poin t of common  coupl ing  do  not exceed  compatibi l i ty l evels  not on ly at the  time  of 
connection  of the  HVDC l i nk bu t for a l l  fu tu re  operating  cond i tions.  Th is  i s  probably a  va l i d  
assumption  for mature  and  strong ly i n terconnected  networks  bu t may not be  so  for rapid ly 
developing  networks.  I n  such  l atter i nstances,  i t  wou ld  be  wise  to  i nclude  a  marg in  on  the  

speci fied  value  of Ufn  i n  excess  of compatib i l i ty l evels  to  cater for fu ture  unspeci fied  
cond i tions.  Such  a  vol tage  i s  l ower than  immun i ty l evel  and  i ts  choice  wou ld  be  project 
dependent and  wou ld  be  a  balance  between  cost and  securi ty.  For example,  i n  certa in  areas  
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of Ch ina  during  the  development of thei r fi rst 500  kV AC network,  th i rd  harmon ic vol tage  
d istortion  levels  reached  a  maximum  value  of 4  %  at  periods  of l i gh t l oad /h igh  system  vol tage  
due  to  g rid  supply transformer saturation ;  such  l evels  were  substantia l l y i n  excess  of 
compatibi l i ty l evels,  bu t l ower than  immun i ty levels.   

The  use  of th is  checkpoin t i s  on ly relevant for those  appl ications  where  the  busbar to  wh ich  
the  AC harmon ic fi l ters  are  connected  i s  a lso  poin t of common  coupl ing  type  busbar and  
hence  under the  responsibi l i ty of the  network owner.  The  appl i cation  wou ld  be  unsu i table  for 
those  types  of HVDC l ink whose  AC harmon ic fi l ters  are  e i ther connected  to  an  MV busbar 
(e. g .  on  a  transformer auxi l i ary wind ing )  wh ich  i s  not under the  control  of the  network owner,  
or for example  a  back-to-back HVDC scheme wh ich  i s  connected  to  the  AC networks  by 
ded icated  s ing le  AC l ines,  where  the  AC fi l ter busbar i s  general l y not the  poin t of common  
coupl i ng  wi th  other consumers.  

A numerical  i l l ustration  of th is  method  i s  g i ven  i n  Annex F.  

5.7.2  Applying  compatibi l i ty level  vol tage  source  at  the  fi l ter busbar 

An  al ternative  and  s impler approach  to  considering  the  effect of pre-existing  harmon ics  on  
fi l ter rating  wou ld  be  to  apply the  vol tage  source,  set to  сompatib i l i ty l evels,  d i rectl y at the  
fi l ter busbar that the  network оwner i s  responsible  for main tain ing ,  regard less  of any 
i n teraction  wi th  the  HVDC instal lation .  Compared  to  the  method  in  5 . 7. 1 ,  i t  therefore  ensures  
some marg in  for fu ture  network operating  cond i tions.  

The  equ ivalen t ci rcu i t  for th is  s impler rating  approach  i s  shown  i n  F igure  24.  There  i s  no  
requ i rement to  represent the  converter or the  network harmon ic impedance,  and  the  vol tage  

source  Ufn  i s  s imply set to  the  compatibi l i ty l evel .  Hence  there  i s  no  need  to  consider any 
add i tional  ampl i fication  between  the  AC network harmon ic impedance  and  the  AC fi l ters.  
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U
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compati b i l i ty l evel  

Figure  24 – Pre-existing  d istortion  appl ied  d i rectly at  the  fi l ter bus  

The  appl ication  of th is  s impler equ ivalen t ci rcu i t  may be  reasonable  for AC fi l ter designs  

compris ing  damped  type  fi l ters  ( l ow q  factor)  bu t i t  i s  i nappropriate  for those  compris ing  

sharply tuned  type  fi l ters  (h igh  q  factor),  wh ich  wi l l  d raw extremely h igh  currents  using  th is  
model .  Th is  i s  unreal istic  because  in  general  for an  appl ication  employing  s ing le  frequency 
tuned  fi l ters,  even  when  considering  operation  at the  extremes  of thei r (con tinuous)  detun ing  
range,  the  resu l tan t magn i fication  factor of pre-existing  d istortion  at thei r tuned  harmon ic 
order can  be  s ign i fican tly l ess  than  un i ty.  I t  i s  extremely un l ikely that for sharply tuned  types  
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of fi l ters,  when  the  fi l ter i s  perfectl y tuned ,  such  a  h igh  harmon ic vol tage  d istortion  equal  to  
the  compatib i l i ty l evel  at the  fi l ter busbar cou ld  actual l y occur,  as  the  harmon ic curren t 
requ i red  to  be  d rawn  from  the  network wou ld  be  un feasib ly h igh .  

An  example  of th is  i s  shown  i n  Table  6  (based  on  a  s imple  AC fi l ter configuration  and  
parameters  d iscussed  in  4 . 6 . 2  and  Table  4) .  Th is  demonstrates  that i f a  fi xed  value  of 

d i stortion  (equal  to  compatibi l i ty l evel )  of Ufn  i s  appl ied  at the  fi l ter busbar for a  sharply tuned  
fi l ter,  the  resu l tan t fi l ter curren t – when  perfectl y tuned  – can  be  unreal i stical l y h igh .   

Table  6  – Variation  of calcu lated  fi l ter harmonic  current as  a  function  of detun ing  

Casea  F i l ter impedance  (Z
fn

)  
at  1 3 th  h armon ic  

U
on

 (compatibi l i ty l evel )  at  
fi l ter busbar  

I
fn

 (1 3 th  h armonic  
current)  i n  fi l ter 

Fi l ter on  tune  0 , 46  +  j 0  Ω  1 , 0  %  2  761  A 

F i l ter detuned  
capaci ti vel y by 2  %  

0 , 46  – j 1 , 91  Ω  1 , 0  %  646  A 

a  Refer to  4 . 6 . 2  and  Tabl e  4  for defi n i ti ons .  

 

Another argument against applying  pre-existing  vol tages  d i rectl y on  the  fi l ter bus  i s  to  ask,  
what wou ld  be  the  impact i f th is  methodology were  appl ied  to  other non-HVDC fi l ter 
equ ipment?  For example,  what i f the  i nd icative  p lann ing  l evels  of I EC  TR 61 000-3-6  were  
appl ied  to  a  standard  shun t capaci tor.  F igure  25  g ives  the  consequent i ncrease  i n  vol tage  
rating ,  wh ich  i s  up  to  about 28  %  in  a  HV or EHV system,  wh ich  equates  to  an  extra  64  %  i n  
i nsta l led  capaci tor un i ts.  The  correspond ing  harmon ic curren t i n  the  same  shun t capaci tor 
wou ld  be  abou t 85  %  of fundamental  frequency rated  curren t.  I t  cou ld  a lso  be  questioned  
whether other equ ipment i s  designed  to  wi thstand  such  harmon ic vol tage  l evels ,  for example  
CVTs  or any such  equ ipment where  d ie lectric stresses  are  cri tical .  I f th is  approach  i s  not used  
for such  equ ipment (and  general l y i t  i s  not) ,  then  i t  wou ld  appear i nconsistent to  use  i t  for 
HVDC fi l ter appl ications.  

Th is  method  has  however frequently been  used  for SVC appl ications,  where  there  i s  a  
transformer impedance  between  the  appl ied  source  vol tage  and  where  the  l ow-vol tage  fi l ter i s  
l ocated ,  thus  preventing  the  excessive  curren ts  i l l ustrated  above.   

A numerical  i l l ustration  of th is  method  i s  g iven  i n  Annex F .  
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Figure  25  – Harmonic  vol tage  stress  on  a  shunt capacitor 
with  IEC  plann ing  levels  appl ied  

5.7.3  Limiting  the  fi l ter bus  harmonic vol tage  to  a  maximum level  for fi l ter rating  
(MLFR)  

So far,  5 . 7 . 1  and  5. 7 .2  have  shown  that there  can  be  considerable  uncertain ty i n  the  
evaluation  of the  impact of pre-existi ng  harmon ics  on  the  AC fi l ter solu tion ,  i n  particu lar i ts  
rati ng .  I t  i s  of course  desi rable,  where  possible,  to  remove  or l im i t  such  uncertain ty.  Bu t where  
that i s  not possib le,  the  fol lowing  procedure  may be  considered  to  l im i t the  impact on  fi l ter 
rati ng  and  consequent cost of such  uncertain ty.  

Th is  i s  not to  be  seen  as  a  fi rm  recommendation ,  bu t as  a  suggestion  wh ich  may be  
considered  jo in tly by the  customer and  con tractor.  

Al though  the  suggested  l im i tation  a lgori thm  may appear compl icated ,  i t  shou ld  i n  fact be  easy 
to  i nclude  in  the  calcu lation  software  of any HVDC suppl ier.  The  smal l  add i tional  effort i n  
doing  these  calcu lations  can  be  worthwhi le  i n  avoid ing  excessive  and  expensive  component 
rati ngs.  

I t  i s  assumed  that the  defined  method  of rating  fi l ter components  for the  con tribu tion  of pre-
existing  harmon ics  i s  to  use  a  vol tage  source  beh ind  the  worst-case  network impedance.  I t  i s  
a l so  assumed  that the  fi l ter design  for performance  purposes  has  a l ready been  determined ,  
and  by whatever reason ing  (as  d iscussed  in  Clause  5)  has  been  deemed  satisfactory i n  terms  
of ampl i fication  of pre-existing  harmon ics.   

Then ,  i f an  i nd ividual  harmon ic vol tage  on  the  fi l ter bus,  under rati ng  cond i tions,  due  to  pre-
existing  harmon ics,  i s  ca lcu lated  to  be  s ign i ficantly h igher than  the  compatibi l i ty l evel  (or 
other appl icable  l im i t) ,  i t  may be  that the  calcu lation  i s  s imply unreal istic,  possibly due  to  the  
use  of i nconsisten t source  vol tages  and  network impedances,  wh ich  i s  usual l y the  case  i n  the  
appl ication  of th is  model .  

I n  real i ty,  operation  of the  HVDC converter station  wou ld  not be  permi tted  wi th  harmon ic 
d istortion  considerably above  the  appl icable  l im i ts.  Wh i l st some excess  may be  a l lowed  
temporari l y,  extremely h igh  l evels  wou ld  not be  permi tted .  There  i s  therefore  no  poin t i n  rating  
fi l ter equ ipment for such  excessive  l evels.   
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The  maximum  i nd ividual  harmon ic vol tage  l evel  at the  fi l ter busbar,  due  to  pre-existi ng  
harmon ics,  for wh ich  equ ipment i s  to  be  rated ,  can  therefore  be  l im i ted  to  some chosen  
cei l i ng ,  above  wh ich  i t  i s  j udged  that con tinuous  operation  wou ld  anyway not be  permi tted .  We  
wi l l  refer to  th is  as  the  maximum  level  for fi l ter rati ng  (MLFR).   

The  a lgori thm  to  implement th is  wou ld  be  as  fol lows:  

•  d uring  the  fi l ter rating  calcu lations,  a l so  calcu late  the  correspond ing  i nd ividual  vol tage  
d istortion  at the  fi l ter busbar due  to  the  pre-existing  harmon ics  (as  d iscussed  i n  5 . 7 . 1 ) ;  

•  i f such  an  i nd ividual  harmon ic d istortion  exceeds  the  MLFR,  then  calcu late  the  
component stresses  due  to  the  pre-existi ng  harmon ics  for that harmon ic using  the  
MLFR appl ied  on  the  fi l ter busbar,  rather than  the  values  obtained  by the  i n i tia l  
ca lcu lation ;  

•  these  stresses  are  then  added  to  the  calcu lated  stresses  due  to  the  converter 
harmon ic generation  ( th is  may be  optional  – see  d iscussion  below).  

I n  other words,  calcu late  using  the  vol tage  source/worst network method ,  bu t l im i t  the  fi l ter 
stress  due  to  pre-existing  harmon ics  to  that wh ich  wou ld  resu l t  from  the  MLFR harmon ic 
vol tage  level  being  appl ied  at  the  fi l ter bus.  

The  d istortion  levels  selected  for the  MLFR may take  i n to  account the  consequence  for the  
particu lar HVDC project of the  fi l ters  tripping  ( i . e .  i f the  MLFR has  been  chosen  too  l ow and  
fi l ter rati ng  were  to  be  exceeded  on  occasions  i n  practice),  the  cost of fi l ter rating ,  and  the  
normal  standards  of harmon ic d istortion  con trol  to  be  expected  on  that particu lar AC network.   

The  chosen  l evel  of MLFR may be  imposed  by the  techn ical  speci fication ,  or cou ld  be  

proposed  by a  con tractor.  I t  i s  suggested  that 2  ×  compatibi l i ty l evel  wou ld  be  a  su i table  l im i t,  
bu t d i fferen t l evels  cou ld  be  appropriate  for d i fferen t projects.  I ndeed ,  d i fferen t re lative  l evels  

may be  appropriate  for d i fferen t harmon ics,  for example,  an  MLFR =  say 2  ×  compatib i l i ty 
l evel  may be  su i table  for h3,  bu t MLFR=  say 1 , 2  ×  compatibi l i ty l evel  for h 1 1  where  a  tuned  
fi l ter may be  present.  

As  the  chosen  MLFR on ly affects  the  fi l ter rating ,  i t  needs  on ly be  agreed  between  the  HVDC 
customer and  con tractor,  wi th  no  reference  being  necessary to  the  network owner or regu lator 
(except perhaps  i n  view of possib le  impl ications  for the  rel iabi l i ty of the  HVDC system).  

I t  shou ld  be  understood  that th is  method  does  not guaran tee  successfu l  operation  of the  
fi l ters  i n  the  presence  of background  harmon ics.  I f,  for whatever reason ,  resu l tan t d i stortion  
levels  due  to  the  pre-existi ng  harmon ics  in  excess  of the  chosen  MLFR d id  occur,  then  fi l ters  
wou ld  trip  on  overload ;  bu t at  such  d istortion  levels  con tinued  operation  wou ld  anyway have  
been  unacceptable  or even  impossible.  The  MLFR l im i tation  i s  s imply a  means  of l im i ting  fi l ter 
rating  to  be  coheren t wi th  maximum  operable  l evels  of AC system  harmon ic d istortion .  

F inal l y,  note  that i n  the  proposed  a lgori thm  as  stated  above,  any con tribu tion  from  the  
converter to  the  d istortion  l evel  i s  added  on  top  of the  MLFR.  An  a l ternative  approach  wou ld  
be  to  define  the  MLFR to  i nclude  both  pre-existi ng  and  converter con tribu tions.  Th is  wou ld  
perhaps  be  more  l og ical  i n  that the  concept of MLFR i s  based  on  the  maximum  total  real i stic  
d i stortion  l evel  wh ich  cou ld  be  to lerated ,  wh ich  natural l y i ncludes  both  contribu tions.  On  the  
other hand ,  i t  m igh t be  considered  that the  con tractor shou ld  be  fu l l y responsible  for the  
converter con tribu tion ,  wi th  on ly the  pre-existing  contribu tion  being  subject to  l im i tation .  The  
choice  of approach  i s  l eft  to  the  user to  determine.   

A numerical  i l l ustration  of th is  method  i s  g i ven  i n  Annex F .  

5.7.4 Limiting  total  source  d istortion  to  the  defined  THD 

Th is  approach  can  be  used  together wi th  any of the  above  three  methods.  
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I n  certa in  I n ternational  Standards  wh ich  define  emission  l im i ts  for d isturbing  i nstal l ations  (e. g .  
I EC  TR 61 000-3-6),  the  quadratic sum  of a l l  i nd ividual  harmon ic vol tage  d istortions  
substan tia l l y exceeds  the  speci fied  THD.  

When  such  pre-existing  d istortion  l evels  are  speci fied ,  the  fi l ter rati ngs  consider the  maximum  
levels  of the  i nd ividual  harmon ics  wh ich  most affect them.  Bu t i t  i s  unreal istic  and  excessive  
to  consider the  maximum  levels  of a l l  harmon ics  s imu l taneously when  th is  wou ld  imply a  total  
exceed ing  the  speci fied  source  THD.  The  problem  is  – wh ich  harmon ics  to  select at thei r 
maximum  values,  and  wh ich  to  l im i t  or i gnore?  

The  fol lowing  suggested  a lgori thm  ensures  that the  sum  of the  contribu tions  to  the  rating  of 
each  component uses  the  maximum  con tribution  of the  worst-case  harmon ics  for that 
component,  wh i le  not exceed ing  the  maximum  source  THD.   

The  terms  "source"  harmon ics  and  THD  below normal ly apply to  the  vol tage  source  beh ind  
the  network impedance.  However,  i t  can  a lso  be  appl ied  i f the  methodology used  appl ies  the  
source  vol tage  d i rectl y at the  fi l ter bus,  as  i n  5 . 7 .3 .  

For each  ind ividual  stress  (vol tage,  cu rren t)  to  be  calcu lated  for each  equ ipment:  

•  ca lcu late  the  stress  at each  i nd ividual  harmon ic as  usual  wi th  the  vol tage  source  set to  
the  appl icable  i nd ividual  harmon ic l im i ts ;  

•  sum  the  harmon ic stresses,  starti ng  wi th  the  l argest con tribu ting  harmon ic and  
con tinu ing  un ti l  the  total  quadratic sum  of the  correspond ing  source  harmon ics  reaches  
or passes  the  THD  l im i t.  Use  on ly these  harmon ics  i n  defin ing  the  rating  for that i tem  
of equ ipment,  and  d iscard  a l l  remain ing  harmon ic con tribu tions;  

•  fi nal l y add  the  converter harmon ic contribu tion  to  complete  the  component rati ng .  

The  above  a lgori thm  therefore  conforms  completely to  the  speci fied  requ i rements  wh i le  
l im i ti ng  excessive  component rati ngs.  A s im i lar varian t wou ld  be  to  not e l im inate  some  
harmon ic con tribu tions,  bu t to  reduce  the  magn i tude  of a l l  except the  largest.  Th is  varian t 
wou ld  be  s l i gh tly more  compl icated  to  execu te  and  wou ld  g i ve  no  clear advantage.  

A possib le  extension  of the  above  can  be  used  i f fu rther arbi trary bu t reasonable  assumptions  
abou t the  typical  composi tion  of the  pre-existi ng  harmon ic source  vol tages  are  made  for 
example  as  fol lows  (remembering  that these  are  RSS  totals):  

•  that a l l  harmon ics  other than  3 ,  5  and  7  account for at most say 70  %  of the  THD  l im i t  
(e. g .  at most 2 , 1  %  where  THD  =  3  %);  

•  that of these,  harmon ics  n  ≥  1 5  account for at most say 50  %  of THD  l im i t  (e. g .  1 , 5  %).  

These  factors  can  then  a lso  be  taken  i n to  account i n  the  summation  of harmon ic stresses,  
and  when  e i ther of these  l im i ts  for the  correspond ing  source  harmon ics  i s  passed ,  then  no  
fu rther harmon ics  in  that category are  included  in  the  speci fied  stress  for that equ ipment.   

The  l im i ts  of 70  %  and  50  %  quoted  above  are  suggested  values  and  may be  ad justed  by the  
customer i n  view of experience  of the  pre-existi ng  harmon ics  of the  particu lar AC network 
under consideration .  They are  probably conservatively h igh  for most typical  AC  systems.  

Th is  extension  can  be  valuable  especia l l y when  deal i ng  wi th  h i gher order tuned  fi l ters  where  
otherwise  a  l arge  number of unreal i stical l y h igh  pre-existi ng  con tributions  at h igh  order 
harmon ics  can  con tribu te  s ign i ficantly to  calcu lated  stresses.   

A numerical  i l l ustration  of th is  method  i s  g i ven  i n  Annex F .  
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5.7.5  Limi ting  harmonic  order of pre-existing  d istortion  

Another option  for restricting  possible  unreal istic impacts  of pre-existing  harmon ics  i s  to  use  
the  vol tage  source/worst network model  bu t consider on ly l ow order pre-existi ng  d istortion  
harmon ics,  for example  up  to  1 0th ,  wi th  or wi thou t a  l im i tation  in  l i ne  wi th  C lauses  3  and  4 .  
Then  to  a l low for h igher order harmon ics,  a  marg in  i s  appl ied  to  converter-generated  
harmon ic stresses  at those  h igher harmon ics,  typical l y 1 0  %.   

Such  a  method  may have  i ts  shortcomings  and  can  be  perceived  as  arbi trary,  bu t i t  provides  a  
reasonable  compromise  as  i t  

•  a l l ows  for l ow order harmon ics  to  be  fu l l y considered ,  wh ich  i s  importan t as  these  pre-
existing  harmon ics  are  h igh  i n  many AC system,  and  

•  wi l l  not undu ly penal ise  a  fi l ter design  at  characteristic harmon ics,  that i s ,  i t  provides  
fl exib i l i ty to  a l l ow for both  sharply or broad ly tuned  branches.   

A 1 0  %  marg in  i s  of course  arbi trary bu t i t  actual l y impl ies  a  reasonable  design  marg in .  To  
i l l ustrate  th is ,  i ncreasing  a  characteristic harmon ic by 1 0  %  i s  actual l y comparable  wi th  add ing  
a  pre-existing  contribu tion  of abou t 46  %,  assuming  quadratic summation  of converter and  
pre-existing  harmon ics.   

A numerical  i l l ustration  of th is  method  i s  g i ven  i n  Annex F .  

5.8  Conclusions  

The  effects  of pre-existing  harmon ic vol tage  d istortion  are  crucia l l y importan t i n  determin ing  
the  performance  and  rati ng  of the  AC  harmon ic fi l ters,  and  therefore  thei r correct assessment 
and  in terpretation  are  vi ta l .  The  customer and  the  network owner need  to  carefu l l y speci fy 
these  levels  and  clearly state  how they shal l  be  used .  The  techn ical  speci fication  al so  needs  
to  state  clearly how the  converter and  pre-existi ng  harmon ics  shou ld  be  summed  for rating  
and ,  where  relevant,  performance  evaluation .  

The  choice  of values  of pre-existing  d istortion  set arbi trari l y to  l evels  equal  to  compatibi l i ty 
l evels  beh ind  a  resonant network impedance  in  the  determination  of fi l ter rati ng  may i n i ti a l l y 
appear to  be  a  robust methodology;  i t  may however lead  to  l evels  of harmon ic d istortion  at the  
AC fi l ter busbar g reater than  those  compatibi l i ty l evels  because  of magn i fication  effects.  
Al ternative  calcu lation  approaches  are  described  and  assessed .  U l timately however,  there  i s  
no  perfect solu tion  and  an  i n te l l i gent eng ineering  approach  i s  requ i red  by a l l  parties,  taking  
in to  account the  particu lar ci rcumstances  of the  project both  i n  purely techn ical  terms  and  a lso  
considering  the  economic factors  and  the  consequences  of ri sk.  
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Annex A 
( informative)  

 
Location  of worst-case network impedance 

When  d iscussing  worst-case  network impedances  wi th  regard  to  fi l ter design ,  the  question  
often  arises  of whether that worst-case  impedance  can  occur wi th in  the  bound ing  envelope,  or 
whether i t  shou ld  l ie  on  the  perimeter.  Proofs  of th is  can  be  hard  to  find  i n  the  l i teratu re,  and  
so  the  fol lowing  i s  i ncluded  here  for reference.  

From  the  equ ivalent ci rcu i t  showed  in  F igure  A. 1 ,  where  the  HVDC converter i s  represented  
by a  harmon ic cu rren t source  and  pre-existing  d istortion  i s  represented  as  a  vol tage  source  
beh ind  the  network harmon ic impedance,  th is  annex demonstrates  that to  obtain  the  maximum  
i n jected  harmon ic curren t i n to  the  fi l ter (IF) ,  i t  i s  necessary and  su fficien t to  on ly consider the  
perimeter of the  network impedance  envelope  rather than  the  en ti re  envelope.   

A s im i lar demonstration  can  be  appl ied  to  determine  the  maximum  vol tage  at the  fi l ter busbar 
(VF)  by using  an  admi ttance  rather than  an  impedance  envelope.  
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  i n j ected  harmon ic cu rren t  from  converter 
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 p re-exi sti ng  Théven i n  harmon ic  vol tage  sou rce  

Figure  A. 1  – Equ ivalent ci rcu i t  model  for demonstration  of worst-case 
resonance  between  AC  fi l ters  and  the  network 
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then :  
FN

HN
CF

ZZ

ZZ
II

+

+
⋅=   (A.3)  

To  maximize  IF  and  al so  VF ,  ZN  +  ZH  i s  maxim ized  and  ZN  +  ZF  i s  m in im ized .  

I t  can  be  demonstrated  that the  min imum  d istance  between  –ZF  and  ZN  corresponds  to  the  
m in imum  value  of the  denominator of the  equation .  

S ince,  to  fi nd  the  maximized  calcu lated  d istortion ,  the  phase  ang le  of the  vol tage  source  and  
the  phase  ang le  of the  curren t source  are  set to  the  worst va lues  (ari thmetic add i tion  of the  
con tribu tions  of converter current and  pre-existing  d istortion),  ZH  has  the  same  phase  ang le  
as  ZN  i n  order to  maxim ize  the  numerator of the  equation .  Then ,  ZH  be ing  a  constant,  
maxim izing  ZN  wi l l  maxim ize  the  numerator.  

F igure  A.2  shows  the  d i fferen t vectors  wi th  a  ci rcle  as  an  impedance  envelope.  Taking  any 
network impedance  wi th  a  constan t impedance  magn i tude  ZN  (dotted  ci rcle  around  the  orig in ) ,  
i t  can  be  shown  that the  value  ins ide  the  envelope  wh ich  m in im izes  the  d istance  between  –ZF  
and  ZN  l i es  on  the  perimeter.  Th is  wi l l  be  a lso  true  for any ZN  va lue  between  the  min imum  R  
and  the  maximum  R  wi th in  the  envelope  and  for any other envelope  shape.   

The  methodology i s  equal l y appl icable  for AC  harmon ic fi l ters  that are  e lectrical l y "d istanced"  
from  the  impedance  envelope,  wi th  an  i n terven ing  impedance,  for example  for AC fi l ters  
connected  to  the  converter transformer tertiary wind ing  and  a lso  for those  appl ications  
i nclud ing  series  connected  AC harmon ic fi l ters.   

 

Figure  A.2  – Diagram  ind icating  vectors  ZF ,  ZN  and  ZH  

An  al ternative  a l gebraic demonstration  i s  shown  below:  

Assuming  that i n  the  vector re lation :  
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The  on ly variable  quan ti ty i s  ZN ,  therefore  i t  i s  possible  to  describe  the  maximum  ampl i tude  of 
IF  as :  
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⋅=  (A. 5)  

S ince  the  phase  of IF  i s  unnecessary,  we  can  rewri te:  
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⋅=   (A. 6)  

I n  a l l  possible  values  for the  sum  of the  vector ZN  and  ZH ,  the  maximum  ampl i tude  i s  obtained  

when  ZN  and  ZH  are  i n  phase,  then  

 HNHN ZZZZ +=+   (A.7)  

Remembering  that ZN  i s  the  on ly variable  quanti ty,  the  variation  of ampl i tude  of IF  i s  
described  by:  
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Therefore,  for a  ci rcle  of ZN  rad ius  around  the  orig in ,  the  maximum  value  of the  fi rst  term  is  
obtained  when  the  sum  of ZN  +  ZF  i s  a  m in imum.  I t  has  a l ready been  demonstrated  that th is  
m in imum  value  i s  obtained  when  ZN  i s  on  the  perimeter of the  impedance  envelope.  
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Annex B  
( informative)  

 
Accuracy of network component model l ing  at harmonic frequencies  

B.1  General  

Subclause  4 . 3. 5  d iscusses  the  importance  of correctl y model l i ng  and  representing  the  
frequency dependence  of the  various  power network e lements  (overhead  l i nes,  cables,  
generators  and  transformers,  etc. )  for determin ing  the  resu l tan t network harmon ic impedance.   

Numerous  textbooks,  papers  and  documents  produced  by CIGRE and  I EEE  propose  d i fferent 
harmon ic models  for network components.  References  are  i ncluded  to  a  number of these.  
Various  other varian ts  are  i n  use  by d i fferen t u ti l i ties,  consu l tan ts  and  manufacturers.  I t  i s  
beyond  the  scope  of th is  document to  make  a  comprehensive  review of these,  or to  compare  
thei r meri ts.  I t  i s  apparen t,  however,  that the  orig in  of some formu lae  and  recommendations  
have  been  lost over time  and  in  repeti tion  and  i t  i s  not now possible  to  veri fy thei r j usti fication .   

Th is  annex i s  therefore  l im i ted  to  g i ving  some gu idance  on  possib le  model l ing  techn iques  
wh ich  are  not widely covered  in  the  l i terature  and  a lso  i nd icating  some areas  of weakness  in  
cu rren t practice.  

B.2  Loads  

I n  order to  restrict the  network model  to  a  manageable  s ize,  l oads  are  represented  by 
equ ivalen ts  located  at  su i table  buses,  as  d iscussed  in  4 . 3 .5.  The  d istribu tion  load  model  may 
d i ffer substan tia l l y between  d istribu tion  networks  using  the  "cen tral  del i very"  concept,  used  in  
Europe  and  e lsewhere,  and  the  " l ocal  del ivery"  concept used  in  North  America  and  i n  parts  of 
Asia.  I n  the  cen tral  de l ivery concept,  the  MV network has  l im i ted  exten t and  complexi ty,  
relati vely l arge  d istribu tion  transformers  are  used ,  and  LV networks  are  extensive.  I n  the  l ocal  
del i very concept,  the  MV network i s  extensive  and  reaches  close  to  every consumer load .  
Smal l  d i stribu tion  transformers  are  used  and  the  LV network i s  extremely l im i ted .  

F igure  B . 1  shows  an  example  of a  typical  equ ivalen t l oad  network as  used  i n  the  Un i ted  
Kingdom.  Cau tion  shou ld  be  exercised  regard ing  the  appl icabi l i ty of such  equ ivalen t models  
on  a  generic and  world  wide  basis  as  the  method  of connection  of domestic consumers  to  
thei r u ti l i ty/d istribu tion  (MV)  network can  vary s ign i ficantly coun try to  coun try s imply by vi rtue  
of the  geograph ic constrain ts.  
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Key 

L1  suppl y bus  

LV Low vol tage  l oad  bus  

Cl ump  l umped  capaci tance  

X l umped  transformer reactance  

R damping  res i stance  

Rmw resi sti ve  MW l oad  

C  LV capaci tance  

Figure  B. 1  – Typical  equ ivalent load  network  

I n  i ts  s impl istic  form,  the  model  i ncludes  l umped  capaci tance  (C l ump) ,  representing  the  tota l  
cable  capaci tance  at  the  supply bus  L1 ,  a  l umped  transformer reactance  (X)  a long  wi th  a  
damping  resistance  (R),  representing  a l l  of the  transformers  between  the  supply bus  and  LV 
connected  customers.  The  LV bus  then  i s  represented  by a  paral le l  combination  of resisti ve  
MW load  (RMW)  (predominately heating  and  l i gh ting)  and  LV capaci tance  (C)  to  i nclude  power 
factor correction  capaci tance  i n  the  l oad  and  400  V to  41 5  V cable  capaci tance.  The  choice  of 
va lues  for C l um ,  X and  C  depend  on  the  maximum  permi tted  MW load  as  seen  at  the  supply 
bus  and  topology of the  network and  load  composi tion .  The  l oad  composi tion  and  i ts  degree  
of power factor correction  wi l l  depend  on  whether the  l oad  i s  domestic,  agricu l tu ral ,  
commercia l ,  commercia l /domestic,  i ndustria l ,  l i gh ti ng  or traction ,  etc.  

Where  l oads  have  a  s i gn i fican t motor component,  a  series  resistance  and  i nductance  can  be  
added  to  the  network of F igure  B. 1  i n  paral le l  wi th  C  and  RMW.  Note  that the  real  power flow 
i n to  a  motor at fundamental  frequency does  not consti tu te  an  equ ivalen t resistance  val id  for 
harmon ic model l i ng ;  a  motor shou ld  be  represented  at harmon ic frequencies  by i ts  
subtransien t reactance  pl us  a  resisti ve  e lement equ ivalen t to  i ts  l osses.   

The  choice  of supply bus  vol tage  l evel  to  wh ich  to  apply the  use  of an  equ ivalen t network 
depends  on  the  proximi ty of that particu lar busbar to  the  busbar for wh ich  the  network 
impedance  i s  being  assessed  (wh ich  i s  typical l y the  converter station  AC busbar).  For supply 
busbars  close  to  the  poin t of i n terest,  i t  i s  usual  practice  to  model  the  MV d istribu tion  network 
i n  g reater detai l  i n  terms  of representing  speci fic vol tage  levels.  For busbars  remote  from  the  
poin t of i n terest,  i t  i s  not normal ly necessary to  represent a l l  d istribu tion  vol tage  levels ,  and  a  
more  s impl i fi ed  equ ivalen t at a  h igher vol tage  level  wi l l  su ffice.  The  more  detai led  the  model  
becomes,  i . e .  i n  that fu rther vol tage  levels  are  i ncluded ,  the  more  accurately the  various  
actual  l oad  resonances  wi l l  be  represented .  Th is  wi l l  he lp  to  avoid  the  transformation  of 
unreal i stic series  and  paral le l  resonances  between  the  various  s imple  i nductive  and  
capaci ti ve  components  wi th in  the  equ ivalen t l oad  representation  appearing  at  the  
transmission  vol tage  level .  The  defin i ti on  of whether a  busbar i s  to  be  regarded  as  "remote"  or 
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C  

IEC  

LV  

L1  

International  Electrotechnical  Commission

 



I EC  TR 62001 -3: 201 6  © I EC  201 6  – 81  – 

"close"  i n  terms  of whether to  represent the  d istribu tion  network in  detai l  or not may be  
determined  by sensi tivi ty calcu lations  ( i . e.  comparing  the  effects  i n  change  of network 
impedance  characteristic at the  HVDC converter station  busbar as  a  function  of variation  in  
l oad  model  complexi ty).   

For example,  take  a  network whose  EHV vol tage  l evels  are  400  V and  275  kV wi th  associated  
d istribu tion  vol tage  l evels  of 1 32  kV,  33  kV and  1 1  kV ( typical l y,  and  as  employed  in  the  
Un i ted  Kingdom)  and  i t  i s  i n tended  to  calcu late  the  network harmon ic impedance  at a  
particu lar 400  kV busbar (denoted  as  HVDC bus  1 ) .  The  complete  400  kV,  275  kV network 
and  the  complete  1 32  kV d istribu tion  network i n  the  vicin i ty of HVDC bus  1  wou ld  be  model led  
and  down  to  the  33  kV l evel  (or sometimes  l ower),  i nclud ing  any 1 32  kV and  33  kV connected  
reactive  compensation  as  d iscreet e lements.  The  load  model  as  shown  i n  F igure  B1  i s  then  
appl ied  at each  relevant 33  kV node  ( in  th is  case  L1  i s  thus  at 33  kV l evel )  wi th  l ocal  
capaci tance  i n  the  form  of e i ther cable  capaci tance  or power factor correction  capaci tance,  
and  d istribu tion  transformers  and  l oads  being  accurately represented  ( in  terms  of thei r effects  
on  resonant frequencies,  etc. ,  as  seen  from  HVDC bus  1 ).  However,  for 1 32  kV nodes  
e lectrical l y remote  from  HVDC bus  1 ,  general l y those  not wi th in  the  d istribu tion  network local  
to  HVDC bus  1 ,  i t  i s  considered  su ffi cien tly accurate  to  apply the  F igure  B. 1  l oad  models  at 
1 32  kV or even  275  kV ( in  wh ich  case  L1  becomes  1 32  kV or 275  kV as  appl icable).  

I n  North  America,  where  the  “ local  de l ivery”  d istribu tion  design  i s  a lmost un iversal ly appl ied ,  
the  MV d istribu tion  feeders  are  far too  complex to  feasib ly model  i n  detai l  for a  transmission -
orien ted  harmon ic impedance analysis.  I t  i s  usual ly deemed  su fficien t to  model  such  
d istribu tion  networks  by an  equ ivalent model  connected  to  the  MV terminals  of the  primary 
d istribu tion  substation  transformer.  

The  load  model  previously shown  in  F igure  B . 1  can  sti l l  be  used  to  represent a  typical  ” l ocal  
del ivery”  type  of d istribu tion  network.  However,  the  e lements  correspond  to  d i fferent parts  of 
the  network.  When  used  wi th  l ocal  de l ivery networks,  the  load  model  shou ld  be  appl ied  at  the  
MV bus  of each  d istribu tion  substation .  A series  R-L  shou ld  be  p laced  i n  paral le l  wi th  RMW  to  
represent the  subtransien t reactance  and  wind ing  resistance  ( l osses)  of i nduction  motors  on  
l oad  buses.  RMW  shou ld  on ly represent the  portion  of the  l oad  that i s  resisti ve  i n  nature,  i . e .  
l oads  other than  motors.  C  represents  power factor correction  appl ied  d i rectly at  the  loads.  I n  
North  America,  LV power factor compensation  tends  to  be  on ly present at l arger commercial  
and  i ndustria l  l oads  where  reactive  power demand  i s  metered .  Most power factor 
compensation  i s  appl ied  at  the  MV l evel  on  the  feeders,  or at  the  MV bus  of the  d istribu tion  
substation ,  and  i s  model led  by C l ump  i n  F igure  B . 1 .  X represents  the  i nductive  reactance  of 
the  MV d istribu tion  feeders  and  the  d istribu tion  transformers.  R provides  the  appropriate  
frequency-dependent damping  of th is  series  impedance  branch .  

As  a  further example,  resu l ti ng  from  a  study recently performed  i n  Ch ina  relating  to  the  
assessment of harmon ic vol tage  d istortion  for the  plann ing  of a  500  kV network,  the  
aggregate  load  model  [26]  was  employed .  Th is  arose  because  of the  absence  of detai l ed  data  
regard ing  the  network downstream  of the  500  kV/220  kV transformers,  other than  s imple  
p lann ing  l oad  data.  The  resu l ts  were  somewhat surpris ing  in  that the  tota l  harmon ic vol tage  
d istortion  was  as  h igh  as  20  %  and  i n  some instances  reached  30  %,  especia l l y on  the  
boundaries  of the  500  kV network.  Th is  phenomenon  was  a lso  veri fied  using  a  fu rther network 
calcu lation  wi th  the  network downstream  of the  220  kV busbars  represented  by s imple  load  
models  – th i s  too  resu l ted  i n  very h igh  l evels  of THD.  However,  i n  practice,  the  measured  
values  of THD  on  the  actual  500  kV network was  under 3  %.  Th is  impl ies  that the  l oad  model  
i n  [26]  shou ld  be  used  carefu l l y,  and  as  d iscussed  above  shou ld  not be  appl ied  to  the  nodes  
near the  busbar concerned ,  because  i ts  resu l tan t impedance  i s  a lways  i nductive  and  
i ncreasing  l i nearly wi th  frequency,  and  wi l l  hence  resonate  wi th  the  remainder of the  network 
under consideration  at  e i ther one  or several  harmon ic frequencies.  The  network downstream  
of each  HV and  MV d istribu tion  busbar network close  to  the  poin t of i n terest shou ld  therefore  
be  represented  i n  as  much  detai l  as  possible  and  presented  i f requ i red  as  an  envelope  sim i lar 
to  F igure  6 .  

To  conclude,  the  proposed  employment of a  un iversal  and  generic harmon ic load  model  
shou ld  not be  undertaken  wi thou t due  consideration ,  especia l l y when  close  to  the  busbar of 
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concern  because  each  downstream  network i s  d i fferen t and  the  load  components  ( i nclud ing  
thei r composi tion)  are  a l so  qu i te  d i fferen t.   

B.3  Transformers  

B.3.1  Transformer reactance 

The  reactance  of existi ng  transformers  shou ld  be  accurately known  because  they are  
subjected  to  rou tine  tests  and  measurements.  The  tolerance  on  the  nominal  reactance  of a  

new transformer i s  typical l y ±7,5  %  for two  wind ing  transformers  wi th  an  impedance  g reater 
than  2 , 5  %  on  rating  impedance  and  ±  1 0  %  for au totransformers  accord ing  to  I n ternational  
Standards.  The  reactance  of dupl icate  transformers  produced  by the  same  manufacturer 
shou ld  a lso  not deviate  more  than  7 , 5  %  for transformers  and  1 0  %  for au totransformers.  

The  transformer reactance  varies  a l so  s i gn i fican tl y wi th  the  tap  posi tion .  [27]  shows  that,  
depend ing  on  wind ing  arrangements,  the  reactance  variation  over the  en ti re  tap  range  can  be  
very l arge,  i n  the  order of 40  %  and  more.  

The  transformer tap  posi tion  wi l l  a l so  affect the  impedance  of the  network seen  from  ei ther 
s ide  of the  transformer.  That impedance  varies  wi th  the  square  of the  tu rns  ratio.  A typical  tap  

changer range  i s  ±1 5  %,  wh ich  translates  i n to  a  possible  impedance  error of around  ±30  %.  
Th is  error can  obviously occur at both  fundamental  and  harmon ic frequencies.  Programs 
employed  to  derive  network harmon ic impedance  wi thou t performing  a  prior l oad  flow or 
transferring  the  tap  posi tion  from  a  l oad  fl ow where  the  solu tion  has  been  obtained  may 
therefore  i n troduce  s ign i fican t errors.  The  effect of neg lecting  to  account for the  correct 
transformer tap  posi tion  i s  most s ign i ficant for those  transformers  e lectrical l y close  to  the  
busbar of concern ;  the  effect on  network impedance  of transformers  remote  from  the  busbar 
of concern  i s  general l y l ess  so.   

B.3.2  Transformer resistance 

B.3.2. 1  General  

The  variation  of network component resistance  wi th  frequency i s  parti cu larl y importan t i n  
determin ing  the  damping  of the  network at harmon ic frequencies.  Wh i l st certa in  data  
regard ing  th is  aspect i n  respect of overhead  l i nes  and  cables  exists,  there  i s  a  noticeable  l ack 
of data  wi th  respect to  transformers.  Cau tion  shou ld  be  exercised  i n  applying  certain  
transformer resistance  frequency-dependent models  across  the  en ti re  spectrum  of harmon ic 
frequencies  to  be  stud ied  (say n  =  2  to  49)  because  they can  often  g ive  i nsu fficien t damping  
at l ow order harmon ics  and  excessive  damping  at  h igh  order harmon ics  or vice  versa.   

The  transformer l oss  i s  a l so  accurately measured  during  rou tine  tests;  however,  i t  can  vary 
s ign i ficantly wi th  the  effects  of frequency variation  and  temperature.  Transformer losses  a lso  
vary depend ing  on  when  the  transformer was  constructed  and  the  re lati ve  cost of energy 
losses  compared  to  capi ta l  cost at  that time.   

B.3.2.2  Frequency variation  

Reference  [27]  describes  a  recommended  model  for converter transformer losses.  As  
i l l ustrated  in  F igure  B .2  below,  however,  i t  does  not provide  a  su i table  model  for l osses  at 
harmon ic frequencies.   

Reference  [28]  g ives  an  equation  re lating  the  losses  to  frequency for a  converter transformer:  

 ]W)n([WnPRIP pq −++= 1sdc
2

n  (B . 1 )  
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where  

n    i s  the  harmon ic order;  

Pn   i s  the  l oad  l oss  at  n th  harmon ic;  

W  i s  the  wind ing  stray l oss  as  a  fraction  of the  total  stray loss  at 60  Hz;   

1  –  W  i s  the  other stray loss  as  a  fraction  of the  tota l  stray loss  at 60  Hz;  

Ps   i s  the  total  stray loss  at 60  Hz.  

For the  particu lar transformer analysed :  

W  =  0 , 25  

q   =  1 , 9  

p   =  1 , 4  

[29]  g i ves  add i tional  i n formation  regard ing  these  parameters  for normal  (rather than  
converter)  power transformers:  

W  varies  between  0 , 25  and  0 , 38  depend ing  on  the  tap  posi tion  ( [29] ,  Table  VI ,   

q   =  2 ,  wind ing  edd ies  l oss  ratio  of 0 , 694  ([29] ,  Table  I I )  

p   =  1  or 1 , 4  (wi thou t and  wi th  magnetic tank shun ts)  

From  normal l y avai lable  test reports,  i t  i s  usual l y on ly possib le  to  obtain  the  total  fundamental  
frequency load  l oss  and  I2R  l oss.  Assuming  a  ratio  of 75  %  of I2R  l oss  to  the  tota l  l oss,  we  can  
obtain  the  extreme  equ ivalent resistance  Rn  va lues  (correspond ing  to  l oad  loss  Pn  a t  n

th  
harmon ic)  wi th  the  fol l owing  sets  of equation  parameters:  

M in imum  Rn  wi th  W =  0 , 25,  q  =  1 , 9  and  p  =  1 .  

Maximum  Rn  wi th  W =  0 , 38,  q  =  2  and  p  =  1 , 4 .  

Applying  th is  to  a  notional  1 00  MVA transformer wi th  a  reactance  of 1 2  %  on  rating  and  a  tan  

ψ  (X/R)  of 32 ,  we  obtain  the  possib le  error compared  wi th  that derived  from  the  recommended  
model  accord ing  to  [27] .  From  Figure  B .2 ,  the  error can  be  seen  to  be  qu i te  s ign i fican t 
th roughou t the  complete  range  of i n terest.  

 

Figure  B.2  – Relative  error of equ ivalent load  loss  resistance  Rn   
of using  [28]  compared  with  Electra 1 67  [27]  model  
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As  h igh l i gh ted  above,  there  i s  uncertain ty regard ing  the  provis ion  of adequate  and  rel iable  
data  for transformer resistance  variation  as  a  function  of harmon ic frequency;  i t  i s  therefore  
recommended  that the  variation  of network harmon ic impedance  due  to  such  effects  i s  
assessed  fi rstl y by assuming  that there  i s  no  variation  of transformer resistance  wi th  
frequency ( i . e .  va lues  set at fundamental  frequency value)  and  second ly by varying  the  
transformer resistance  wi th  harmon ic frequency by the  particu lar method  chosen .  Comparison  
of the  resu l ts  from  the  two  methods  ( in  particu lar the  magn i tude  of the  rad ius  of major and  
m inor impedance  resonant loops)  wi l l  then  determine  the  sensi ti vi ty of the  calcu lated  network 
impedance  to  transformer damping  at harmon ic orders  and  hence  the  need  or otherwise  to  
refine  the  damping  model l i ng  techn iques.  I t  i s  often  the  case  that transformers  close  to  the  
busbar of i n terest have  a  more  s ign i fican t i n fl uence  than  those  at  a  remote  poin t.  

B.3.2.3  Temperature  variation  

I n ternational  standards  (e. g .  I EEE  Std  C57. 1 2. 90-1 999)  describe  the  variation  of transformer 
l oss  wi th  temperature:  
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where  

Pr   i s  the  resistance  l oss  at  temperature  T;  

Ps   i s  the  stray loss  at temperature  T;  

Prc   i s  the  calcu lated  resistance  l oss  at temperature  Tm ;  

Psc   i s  the  calcu lated  stray loss  at temperature  Tm ;  

Tk   i s  234,5  for copper;  

Tk   i s  225  for a lumin ium.  

F igure  B.3  g ives  l oss  as  function  of temperature,  accord ing  to  the  equations  above.  I t  can  be  
observed  that the  temperature  has  a  relatively l ow effect on  resistance.  As  the  temperature  of 
each  transformer i s  not known  anyway,  the  l oss  value  wi thout temperature  correction  can  be  
used  wi thou t a  s ign i fican t impact on  accuracy.   

 

Figure  B.3  – Effect of temperature  on  transformer load  loss  
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B.4 Transmission  l ines  

The  damping  in troduced  by transmission  l i nes  and  cables  can  be  h igh ly i n fl uen tia l  i n  
determin ing  the  overal l  damping  of the  network impedance  envelope,  and  has  been  the  
subject of much  d iscussion .   

The  fol lowing  approach ,  wh ich  i s  employed  i n  the  UK and  by some  other u ti l i ties,  appl ies  the  
fol lowing  formu lae  and  correction  factors  for skin  effect.  These  are  based  on  research  
performed  in  the  UK by CEGB and  CERL during  the  1 970’s  and  assume  various  standard  
conductors.  They are  offered  for i n formation  on ly,  as  i t  was  not possib le  to  l ocate  the  orig inal  
derivation  of these  formu lae  and  therefore  i t  i s  not possible  to  determine  thei r re levance  to  

d i fferen t l i ne,  conductor and  bund le  types  or more  modern  cables.  The  resistance  at the  n th  
harmon ic,  Rn  ,  i s  g i ven  i n  terms  of the  fundamental  frequency resistance  R1 :  

1 )  400  kV or 275  kV l ines  

 )
n

n
(RRn 2

2

1
77,20,1 92

45,3
0,1

+
+=  for 1 , 00  ≤  n  <  4 , 21  (B. 4)  

 n)(RRn 1 05,0806,01 +=  for 4 , 21  ≤  n  <  7 , 76  (B .5)  

 )485,0267,01 n(RRn +=  for 7 , 76  ≤  n  (B .6)  

2)  1 32  kV l ines  

 )
51 8,00,1 92

646,0
0,1

2

1
n

n
(RRn +

+=  (B . 7)  

3)  400  kV or 275 kV cables  

 )n(RRn 794,01 98,01 +=  for n  ≥  1 , 5  (B .8)  

4)  1 32  kV cables  

 )n(RRn 532,01 87,01 += for n  ≥  2 , 35  (B.9)  

A compl ication  i n  model l i ng  a  3-phase  l i ne  wi th  a  s ing le  phase  equ ivalen t i s  to  apply su i table  
frequency dependency of l osses.  Most models  consider on ly the  balanced  mode (posi tive  
sequence)  component of impedance.  However,  at harmon ic frequencies,  there  i s  a  s ign i ficant 
conversion  from  posi tive  to  zero  sequence  a long  a  transmission  l i ne  [30] .  The  zero  sequence  
impedance  wi l l  general l y have  h igher damping  than  the  posi ti ve  sequence,  and  i ts  con tribu tion  
to  overal l  damping  shou ld  i deal l y be  taken  in to  account.  

Reference  [30]  a lso  shows  that,  except for short l i nes,  a  mu l tiphase  matrix model  shou ld  be  
used  to  obtain  accurate  resu l ts.  The  paper i l l ustrates  that,  wi thou t representing  the  exact 
transposi tion  of l ong  l i nes,  the  accuracy of harmon ic impedance  above  the  5 th  harmon ic i s  
reduced .  I t  a l so  shows  that for two  long  l i nes  runn ing  in  paral le l ,  they shou ld  be  represented  
i nclud ing  thei r mu tual  impedance,  otherwise  the  error i n  impedance  becomes  s ign i fi can t even  
at l ower than  5 th  harmon ic.  

Another approach  i s  to  assess  the  frequency dependency of l i ne  losses  by using  the  reduced  
impedance  matrix Z (where  UX abc  =  ZIX abc, )  of a  l i ne  and  estimate  the  frequency dependency 

through  the  resisti ve  values  i n  the  Z-matrix,  taken  as   
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•  the  average  of d iagonal  e lements  <ri i> ,  and  

•  the  average  of non-d iagonal  e lements  <ri j> .  

As  an  example,  assume that l i ne  l osses  in  the  s ing le  phase  equ ivalen t are  wri tten  as  

α

f

f
R 









1

1
 

where   

R1   i s  the  fundamental  frequency l osses;  

α   d escribes  the  frequency dependency.   

Then  a  h igher value  of α  i s  derived  from  the  Z-matrix than  from  the  balanced  mode 
components  wh ich  i s  i l l ustrated  by F igure  B. 4 .  F igures  B. 4  and  B. 5  g ive  the  ratio  between  
harmon ic and  fundamental  frequency resistance  as  calcu lated  for balanced  mode components  
and  as  calcu lated  as  the  averages  described  above.  The  l i ne  model led  i s  a  500  kV s ing le  
ci rcu i t  i n  del ta  configuration .  To  ensure  that there  i s  no  model l i ng  error i n  ca lcu lations,  th ree  
d i fferen t software  programs  are  used  for comparison  wi th  s im i lar resu l ts.  

For F igure  B. 4 ,  a  earth  resisti vi ty of 500  Ω  −  m  i s  used .  To  i l l ustrate  that the  earth  resistivi ty 
has  an  impact,  F igure  B.5  g ives  the  same  calcu lated  ratio  as  F igure  B. 4  bu t for varying  values  

of earth  resisti vi ty.  I n  the  calcu lations,  the  permeabi l i ty (µr)  of sh ie ld  wi res  and  conductor 
cores  are  set to  1 ;  th is  i s  pessim isti c as  a  h igher µr  wou ld  resu l t  i n  a  stronger frequency 
dependency of l osses.  

 

  

Figure  B.4  – Ratio  between  harmonic  and  fundamental  frequency resistance as  
calcu lated  for balanced  mode  components  and  calcu lated  from  averages  

of reduced  Z matrix resistance  values  
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Figure  B.5  – Ratio  between  harmonic and  fundamental  frequency resistance  as  
calcu lated  for balanced  mode components  and  calcu lated  from  averages  

of reduced  Z matrix resistance  values,  for varying  earth  resistivi ty 

B.5 Synchronous  machines  

Reference  [1 7]  suggests  that generators  shou ld  be  represented  by thei r subtransien t 
reactance  and  a  series  resistance  equal  to  0 , 1  X”d .  The  reactance  i ncreases  d i rectly wi th  n  

(harmon ic order)  and  the  resistance  increases  wi th  n .  Th is  model  may not a lways  be  

appl icable  as  i l l ustrated  i n  F igure  B. 6  and  F igure  B. 7,  where  i t  has  been  compared  to  values  
derived  by a  manufacturer for a  sal ien t pole  hydro  generator of 370  MVA.  

 

 

Figure  B.6  – Comparison  of synchronous  machine  reactance between  [4-1 ]  
recommendation  and  test measurements  for a  sal ient pole  hydro  generator of 370  MVA 
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Figure  B.7  – Comparison  of synchronous  machine  resistance between  [1 7]  
recommendation  and  test measurements  for a  sal ient  pole  hydro  generator of 370  MVA 

I t  can  be  observed  that the  reactance  values  are  very close  at  the  fundamental  frequency bu t 
d i ffer by 9  %  at h igher frequencies.  I n  terms  of the  resistance  values,  however,  the  error at  
h igher frequencies  reaches  600  %,  i . e .  the  [1 7]  model  greatl y underestimates  the  damping .  
[25]  proposes  a  resistance  variation  proportional  to  nα  where  α  i s  i n  the  range  of 0 , 5  to  1 , 5.  
The  [1 7]  model  i s  on  the  l ower end  of the  range  and  can  be  considered  on  the  cau tious  s ide,  
bu t where  there  i s  a  l arge  generator i nsta l l ation  close  to  the  HVDC converter or busbar of 
concern ,  the  generator manufacturer shou ld  be  asked  to  provide  more  accurate  values.  

To  model  a  mach ine  as  an  impedance  at a  s ing le  frequency,  as  described  above,  i s  common  
practice  even  though  i t  i s  a  s impl i fication .  [31 ]  shows that a  generator cannot be  model led  
wi th  complete  accuracy by an  impedance  at  a  s ing le  frequency because  of i ts  time  varying  
nature.  When  a  mach ine  i s  subjected  to  a  harmon ic d isturbance  at  frequency hω ,  harmon ic 

components  of curren t are  d rawn  at hω  and  at the  associated  frequency,  i . e .  (h  ±  2 )ω .  
However,  typical l y,  detai led  mach ine  data  i s  sparsely avai l able  and  many software  packages  
wou ld  not easi l y i n tegrate  such  mach ine  model  wh ich  i s  why the  s impl i fication  of a  s ing le  
impedance  representation  i s  general ly accepted .  

B.6 Model l ing  of resistance in  harmonic analysis  software  

Variation  of the  resistance  of the  network components  wi th  frequency i s  often  represented  by 
sets  of equations  or even  scattered  resistance  poin ts  obtained  by tests.  When  representing  
th is  frequency dependent resistance  variation ,  a  common  s impl i fying  approach  i s  to  use  the  
fol lowing  equation :   

 
αnRR 0h =  (B . 1 0)  

where   

Rh   i s  the  resistance  at n th  order;  

R0  i s  the  resistance  at fundamental  frequency;  

α   i s  a  factor that varies  for d i fferent network components.  

Every network component may i n  fact have  a  d i fferen t range  of α  that wi l l  depend  on  such  
factors  as  nominal  vol tage  and  power.  I n  stud ies  to  determine  harmon ic impedance  

envelopes,  i t  i s  a  common  s impl i fying  approach  to  adopt one  si ng le  value  of α  for each  type  of 
component – transmission  l i nes,  power transformers  and  synchronous  mach ines.  

However,  because  of i ts  s impl ici ty,  th i s  equation  may 
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•  overestimate  damping  at  l ower orders,  for example  th i rd  and  fi fth  harmon ics,  wh ich  
may resu l t  i n  an  i nadequate  fi l ter solu tion ,  and  

•  u nderestimate  damping  at h igher order harmon ics,  wh ich  may resu l t  i n  unnecessary 
fi l ters  being  provided .  

An  a l ternative  approach  adopted  i n  Brazi l  [32 ]  i s  to  represent the  frequency dependence  of 
resistance  by a  fi ve  parameter equation ,  as  shown  below:  

 C)Bn(AnRR ++= βα
0h   (B . 1 1 )  

where  A ,  B ,  C,  α  and  β  are  constan ts  that wi l l  vary for each  network component of the  
network.   

The  fol l owing  i l l ustration  i s  based  on  the  model l ing  of theoretical  frequency-dependent 
resistance  as  fol lows:  

•  transmission  l i nes  using  Carson ’s  equations  for ground  retu rn  and  a  Bessel  function  
approximation  for skin  effect;  

•  the  model  proposed  i n  [27]  for a  transformer of 1 00  MVA;   

•  for generators,  resistance  proportional  to  n0, 5 .  

S imple  al gori thms  and  commercia l  mathematical  software  were  used  to  obtain  the  constan ts  
for Equation  (B . 1 1 )  that best fi t  the  sets  of poin ts  for each  of the  above  components.  
Table  B . 1  shows  examples  of parameters  adopted  i n  [32]  covering  the  range  DC to  3  kHz.   

Table  B.1  – Constants  for resistance  ad justment – five  parameter equations  

Component α  β  A  B  C 

Transmissi on  l i ne  0 , 731  6  0 , 71 5  8  -1 , 243  1 , 549  0 , 6  

Power transformers  1 , 909  1 , 5  0 , 1 43  1  -0 , 081  21  0 , 91  

Generators  0 , 880  2  0 , 806  9  -0 , 822  2  1 , 37  0 , 6  

 

Figure  B . 8  shows  comparisons  of resistance  variation  for (a)  a  500  kV,  300  km  transmission  
l i ne  and  (b)  a  1 00  MVA power transformer,  us ing  d i fferen t a lphas  in  the  s imple  formu la,  
compared  wi th  the  use  of the  fi ve  parameter equations.   

  

(a)  500  kV,  300  km  transmission  l i n e  (b)  1 00  MVA power transformer 

Figure  B.8  – Comparison  of d i fferent approximations  for resistance  variations  
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Examples  of the  effect of resistance  corrections  on  harmon ic impedance  envelopes  of the  
network are  provided  for 3 rd  (F igure  B.9  (a))  and  1 3 th  harmon ics  (F igure  B. 9  (b)) .  The  
envelopes  were  obtained  for Araraquara  substation  wh i le  performing  stud ies  for fi l ters  design  
for Rio  Madei ra  HVDC converters.  The  polygons  were  obtained  from  tens  of s imu lations  for 
d i fferen t contingencies  and  for an  e igh t-year scenario.  I n  order to  compare  the  effect of 
d i fferen t resistance  representations  on  the  fi l ter design ,  th ree  polygons  were  obtained  for the  
fol lowing  cond i tions:  no  resistance  correction  wi th  frequency,  resistances  corrected  wi th  the  

s imple  α  Equation  (B. 1 0)  and  resistances  corrected  wi th  the  fi ve  parameter equation .  

 
 

(a)  Network impedance  at  3
rd
 h armon i cs  (b)  N etwork impedance  at  1 3

th
 h armon ics  

Figure  B.9  – Network impedance  for Araraquara  substation  
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Annex C  
( informative)  

 
Further gu idance for the measurement of harmonic vol tage distortion  

Dependent on  the  avai labi l i ty of su i table  transducers,  measurements  of pre-existing  harmon ic 
vol tage  d istortion  shou ld  be  undertaken ,  e i ther at the  poin t of HVDC l ink connection  and /or at  
" remote"  nodes.  Many transmission  systems  exh ibi t  considerable  variations  in  the  l evels  of 
pre-existing  d istortion  due  to  variations  of network l oad  l evels,  generation  patterns  and  
system  operating  scenarios/ou tage  cond i tions.  The  effects  of reactive  compensation  p lan t 
(e. g .  SVCs,  MSCs)  ad jacent to  the  proposed  HVDC l ink and  thei r various  operating  modes  
can  a lso  have  an  i n fluence.  Extreme  care  i s  therefore  undertaken  to  ensure  that the  
measurements  are  conducted  over su fficien tly l ong  periods  to  real i stical l y encompass  the  
various  d i ffering  cond i tions.  I t  i s  recommended  for example  that where  the  system  load  and  
generation  pattern  varies  s ign i ficantly throughou t the  year,  and  where  i t  i s  practicable,  
measurements  shou ld  be  undertaken  for one  year on  a  con tinuous  basis.  I f th is  i s  not 
practicable,  then  they shou ld  be  conducted  for at l east one  week,  say four times  i n  a  year,  to  
capture  these  variations  as  fu l l y as  practicable.  However,  i t  shou ld  be  remembered  that the  
su rvey covers  on ly those  poin ts  i n  time  and  may g ive  no  rel iable  i n formation  regard ing  fu ture  
l evels  of d istortion  wh ich  wi l l  apply over the  l i fetime  of the  HVDC station .  Where  excessive  
l evels  of pre-existing  d istortion  are  found  during  the  measurement period ,  an  analysis  shou ld  
be  undertaken  to  determine  the  cause,  for example  a  particu lar l arge  harmon ic source,  
abnormal  system  operating  cond i tion ,  ou tage.   

The  choice  of vol tage  measuring  transducer and  record ing  equ ipment requ i res  special  
consideration  to  ensure  that the  requ i red  accuracy for harmon ic vol tage  measurements  i s  
ach ieved .  I n  respect of record ing  equ ipment,  i t  i s  preferable  that mon i tors  ach ieving  
compl iance  wi th  I EC  61 000-4-7  Class  A are  employed .  I n  respect of measuring  transducers,  
the  customer needs  to  be  aware  that the  frequency response  ( i . e .  actual  ratio/nominal  ratio)  of 
the  transducer employed  may be  far from  l inear.  I EC  TR 61 869-1 03  reports  the  performance 
of existing  i nstrument transformers  as  wel l  as  new technology transformers  for thei r possible  
use  i n  power qual i ty measurements  ( includ ing  harmon ics).  General l y,  there  are  three  types  of 
vol tage  transducer found  in  a  transmission  system,  namely RC d ividers,  e lectromagnetic 
vol tage  transformers  and  capaci tive  vol tage  transformers.  Al l  of these  are  adequate  for the  
purpose  of measuring  fundamental  frequency vol tage,  typical l y for e i ther protection ,  metering  
or system  vol tage  control  purposes.  Not a l l  of these,  however,  are  su i table  for accurate  
measurement of harmon ic vol tage  d istortion .  

Wh i l st i t  may i n i tia l l y appear that an  RC d ivider i s  i deal  for such  measurement purposes  
because  of i ts  near perfect frequency response,  the  effect of the  secondary wi ring ,  
connections  and  burden  can  have  a  s ign i fican t effect on  i ts  accuracy.  I t  i s  a lso  often  
overlooked  that wound  (magnetic)  vol tage  transformers  do  not i n  fact have  an  adequate  
frequency response  especial l y at h igh  order harmon ics.  I n  general ,  the  h igher thei r primary 
vol tage,  the  l ower thei r fi rst  resonance  occurs  [1 4,  33] .  I t  i s  un fortunate  that for EHV vol tages  
of the  order of 400kV,  such  wound  vol tage  transformers  can  exh ib i t  a  poor frequency 
response  near key HVDC converter characteristic harmon ic orders  (23 rd /25 th )  and  can  
therefore  g ive  a  m is lead ing  impression  of the  actual  l evels  of pre-existing  d istortion  and  hence  
the  avai l able  marg in  for the  connection  of the  proposed  converter station  (a l though  an  i nverse  
transfer function  cou ld  be  appl ied  to  the  measured  resu l ts  as  a  correction).  They do,  however,  
provide  a  su fficien tly accurate  frequency response  at the  cri ti cal  l ow order harmon ics  (3 rd ,  5 th  
and  7 th )  where  there  can  be  s i gn i ficant l evels  of pre-existi ng  harmon ic vol tage  d istortion .  Even  
at these low orders,  capaci tor vol tage  type  transformers  have  a  very poor frequency response  
and  shou ld  not be  expected  to  provide  rel iable  resu l ts.  However,  recent developments  i n  the  
fi e ld  of power qual i ty sensing  devices  that can  be  e i ther fi tted  to  new CVTs  or even  retrofi tted  
to  existi ng  CVTs  wi th  m in imal  d istu rbance  can  provide  a  frequency response  comparable  to  
that of an  RC d ivider [34]  [35] .  

Al l  measurements  shou ld  i deal l y be  taken  on  a  th ree  phase  basis  as  i t  cannot be  assumed  
that the  harmon ic d istortion  wi l l  be  balanced  over the  three  phases,  especia l l y for tri plen  order 
harmon ics.  I f the  harmon ic analyser can  perform  measurements  on  the  th ree  phases  
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s imu l taneously,  i t  wi l l  be  then  possib le  to  establ i sh  the  posi ti ve,  negative  and  zero  phase  
sequence  components  of the  pre-existing  d istortion .   

I t  i s  recommended  to  compare  the  actual  harmon ic l evels  as  measured  wi th  the  p lann ing  
l evels  by using  one  or more  of the  fol lowing  i nd ices  (more  than  one  index or more  than  one  
probabi l i ty value  – for example:  99  %  and  95  %  may be  needed  for p lann ing  l evels  i n  order to  
assess  the  impact of h igher emission  levels  a l l owed  for short periods  of time  such  as  during  
bursts  or start up  cond i tions).  The  basic standard  to  be  used  i s  I EC  61 000-4-30.   

•  The  95  %  probabi l i ty dai l y value  of Uh . vs  (RMS  value  of i nd ividual  harmon ic 
components  over "very short"  3  s  periods);  

•  The  99  %  probabi l i ty weekly value  of Uh . vs  (RMS value  of i nd ividual  harmon ic 
components  over "short"  1 0  m in  periods);  

•  The  99  %  probabi l i ty weekly value  of Uh . vs  

The  p lann ing  levels  for the  fi rst two  ind ices  may be  the  same.  The  plann ing  level  for the  99  %  

probabi l i ty value  of Uh . vs  may exceed  th is  by a  factor (e. g .  1 , 25  to  2  times)  to  be  speci fied  by 
the  system  operator depend ing  on  the  harmon ic order and  the  system  and  l oad  
characteristics.  I t  i s  worth  noting  that maximum  values  can  be  i n flated  by transien ts  having  
rich  harmon ic conten ts  that shou ld  not be  considered .  Such  values  shou ld  be  removed  from  
the  measured  data.  

Further,  when  performing  and  assessing  measurements  to  determine  the  effects  of pre-
existing  d istortion  on  the  harmon ic rati ng  of AC fi l ter components,  and  where  the  effects  of 
pre-existing  d istortion  are  l i kely to  be  s ign i fican t i n  comparison  wi th  those  of converter 
generated  harmon ics  ( th is  i s  general l y re levant for l ow order non-characteristic harmon ic 
orders  such  as  3 rd ,  5 th  and  7 th) ,  because  the  various  components  compris ing  the  AC fi l ter 
have  widely d i ffering  overvol tage  or curren t versus  time  characteristics,  i t  may be  necessary 
to  ensure  that the  time  averag ing  characteristic chosen  for the  measurement of the  relevant 
harmon ic order(s)  under consideration  i s  appropriate  for the  fi l ter component under 
consideration .   
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Annex D  
( informative)  

 
Project experience of pre-existing  harmonic issues  

D.1  General  

The  examples  below are  taken  from  experience  wi th  actual  projects  to  i nd icate  typical  
problems  wh ich  have  arisen  due  to  h i gh  and  i ncreasing  l evels  of pre-existing  l ow-order 
harmon ics.  

D.2  Th ird  harmonic overload  of fi l ters  in  a  back-to-back system 

A 500  MW HVDC back-to-back converter station  was  i nstal led  to  i n ter-connect two  400  kV 
50  Hz transmission  systems,  creating  an  asynchronous  l i nk.  On  each  s ide  of the  station ,  there  
were  mu l tip le  harmon ic fi l ters,  of the  fol lowing  designs:  

•  1 06  Mvar banks  compris ing  40  Mvar HP3  and  66  Mvar HP1 2/24  sub-banks;  

•  1 06  Mvar banks  HP1 2/24.  

The  l evel  of pre-existing  d istortion  for the  purpose  of fi l ter equ ipment rati ng  was  defined  i n  the  
customer’s  techn ical  speci fication  as  equ ivalen t to  20  %  of the  HVDC converter harmon ic 
cu rren t.  The  performance  l im i t  for any i nd ividual  harmon ic was  1  %,  wi th  a  THD  of 2  %  and  an  
ari thmetic total  of 4  %.  

During  commission ing  testing ,  the  pre-existing  d istortion  was  measured  prior to  the  fi rst  
energ ization  of the  harmon ic fi l ters.  The  l evel  of 3 rd  harmon ic was  found  to  be  i n  excess  of 
1  % .   

When  the  fi rst fi l ter was  energ ised  (HP3  +  HP1 2/24),  and  before  the  HVDC converter was  
connected ,  the  protection  tripped  the  fi l ter due  to  thermal  overload  of the  HP3  fi l ter resistor.  
Th is  was  due  to  the  h igh  l evels  of 3 rd  harmon ic cu rren t from  the  system,  wh ich  overloaded  the  
fi l ter resistor.   

The  3 rd  harmon ic curren t produced  by an  HVDC converter i s  predominantly due  to  the  l evel  of 
negative  phase  sequence  (NPS)  vol tage  on  the  AC network.  However,  the  speci fied  l evel  of 
NPS  vol tage  (1  %)  resu l ted  i n  a  l ow level  of i n jected  3 rd  harmon ic curren t from  the  converter.  
Add ing  a  20  %  a l lowance  to  th is  l ow curren t l evel  d id  not adequately represent the  du ty 
actual l y imposed  on  the  fi l ter,  by the  over 1  %  3 rd  harmon ic pre-existing  vol tage  on  the  
system.  The  resistor of the  HP3  C-type  fi l ter was  the  component especia l ly susceptible  to  3 rd  
harmon ic overload .  

The  solu tion  to  the  problem  was  to  swi tch  i n  two  of the  fi l ter banks  type  (HP3  +  HP1 2/24).  
Th is  reduced  the  3rd  harmon ic curren t i n  each  resistor by approximately hal f and  hence  the  
power d issipation  by one  quarter.   

NOTE  Th i s  i nd i cates  that  the  pre-exi sti ng  harmon i c was  acti ng  as  a  cu rren t  sou rce  rather than  a  vo l tage  sou rce  
as  i s  often  assumed .  Th i s  cou l d  be  due  to  the  network impedance  bei ng  much  g reater than  the  fi l ter impedance.   

The  d isadvantage  was  the  effect on  reactive  power balance  at l ow operating  power levels .  As  
th is  was  a  back-to-back station ,  the  converters  cou ld  be  operated  at h igher fi ri ng  ang les,  
hence  reducing  the  DC vol tage,  to  absorb  the  add i tional  reactive  power generated  by the  
second  fi l ter.  However,  th is  i ncreased  the  operating  losses  i n  the  converter.  When  transmi tted  
power was  increased  to  the  poin t where  the  second  fi l ter wou ld  have  been  swi tched  i n ,  the  
operation  wi th  i ncreased  reactive  power cou ld  be  re laxed  and  the  station  then  operated  in  i ts  
normal  designed  mode.  
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Th is  experience  demonstrated  that the  former practice  of i ncreasing  the  l evel  of converter 
harmon ic curren ts,  for example  by 20  %,  i s  un l ikely to  g i ve  a  su i table  representation  of pre-
existing  harmon ic d istortion  on  the  system,  particu larl y at  l ow order harmon ics  at  wh ich  the  
converter harmon ic generation ,  on  wh ich  the  20  %  marg in  i s  based ,  i s  re lati vely low.  

D.3  Th ird  and  fi fth  harmonic overload  of fi l ters  in  a  l ine  transmission  

At the  i nverter station  of a  600  kV HVDC transmission  system,  constructed  in  the  1 980’s,  
2  sub-banks  of 3 rd /5 th  harmon ic fi l ters  were  provided .  These  were  deemed  necessary both  for 
the  l im i tation  of d istortion  due  to  the  converter harmon ic generation  i n  steady-state,  bu t a lso  
helped  inverter recovery i n  transient s i tuations  [36]  [37] .  

I n  the  orig inal  rating  of these  fi l ters,  the  on ly provision  for pre-existi ng  harmon ics  was  the  then  
usual  add i tion  of 1 0  %  on  the  converter generated  harmon ics.  

I n  the  early years  of operation ,  no  s ign i fican t problems  were  observed  wi th  these  fi l ters.  
During  the  1 990’s,  some overload  warn ings  were  noted  du ring  l i gh t l oad  cond i tion ,  and  by the  
turn  of the  century overloads  were  common  during  a l l  system  operating  cond i tions,  l ead ing  
sometimes  to  trips  and  even  to  damaged  fi l ter reactors.  I t  became necessary to  operate  wi th  
both  the  fi l ters  a lways  connected ,  wh ich  meant there  was  no  redundancy or opportun i ty for 
main tenance.  

I n tensive  stud ies  were  undertaken  wh ich  proved  that the  overloads  were  due  to  a  much-
increased  l evel  of pre-existi ng  harmon ics  in  the  area,  wh ich  borders  a  mega-ci ty wi th  i ts  h igh  
concentration  of i ndustry.  I t  was  therefore  decided  to  i nstal l  new 3 rd /5 th  fi l ters  wi th  a  h igher 
rati ng ,  designed  to  accommodate  the  levels  of pre-existing  harmon ics  being  experienced  and  
expected  i n  the  fu ture.  Th is  project was  execu ted  around  2006  and  has  successfu l l y 
e l im inated  such  harmon ic overload  problems  and  has  consequently i ncreased  the  re l iabi l i ty of 
the  HVDC transmission .  

D.4 Overload  of a  DC  side  6 th  harmonic fi l ter 

The  converter station  i n  question ,  part of a  l ong  HVDC l i ne  transmission ,  was  designed  in  the  
l ate  1 980’s.  The  AC s ide  fi l tering  i ncluded  1 1 /1 3 th ,  HP24  and  3 rd  harmon ic branches.  The  DC 
s ide  fi l tering  was  complex and  i ncluded  6 th  harmon ic fi l tering .  

By the  early 2000’s,  problems  began  to  be  noted  concern ing  overload  and  sometimes  trip  of 
the  6 th  harmon ic fi l ter on  the  DC  side,  and  i t  was  i den ti fied  that th is  was  due  to  the  cross-
modu lation  of 5 th  harmon ic vol tage  on  the  AC bus.  The  h igh  l evels  of 5 th  harmon ic being  
observed  were  i den ti fied  as  being  due  to  pre-existing  harmon ic sources  in  the  network.   

The  determined  solu tion  was  to  convert two  existing  shun t capaci tors  to  5 th  harmon ic fi l ters.  
The  speci fication  for the  conversion  requ i red  that the  5 th  harmon ic shou ld  be  effectively 
m i tigated ,  bu t a lso  that other low order harmon ics  shou ld  not be  undu ly ampl i fied ,  and  
un iquely for that project,  that the  new fi l ters  shou ld  provide  a  l ow impedance  at frequencies  
above  2 , 8  kHz,  s im i l ar to  that a l ready provided  by the  shunt capaci tors  to  be  converted ,  i n  
order to  m i tigate  i ssues  wi th  PLC systems.   

L i ttl e  data  was  avai l able  e i ther on  the  actual  l evels  of low order pre-existi ng  harmon ic 
d istortion ,  or on  the  network impedance  characteristics.  The  new fi l ter design  was  therefore  
made  wi th  conservative  assumptions  for both  the  performance  and  for rating ,  where  i t  was  
assumed  that d i stortion  l evels  equal  to  or g reater than  the  I EC  p lann ing  l evels  for i nd ividual  
harmon ics  cou ld  exist on  the  fi l ter bus.   

The  requ i red  l ow impedance  at  h igh  frequencies  was  ach ieved  by using  a  3 rd  order fi l ter 
design ,  wi th  a  capaci tor bypassing  the  l ower vol tage  components  of the  fi l ter,  wh ich  g ives  an  
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an ti -resonance  j ust above  5 th  harmon ic and  a  decreasing  capaci tive  impedance  at h igher 
frequencies.  

S ince  instal lation  of the  new fi l ters,  the  5 th  harmon ic vol tage  on  the  AC s ide  has  been  
m i tigated  to  wi th in  the  speci fied  l evel ,  and  the  overload  of the  DC  s ide  6 th  harmon ic fi l ters  has  
been  e l iminated .  
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Annex E  
( informative)  

 
Worked  examples  showing  impact of pre-existing  distortion  

E.1  General  

The  purpose  of these  worked  examples  i s  to  demonstrate  the  impact of background  
harmon ics  on  performance  and  equ ipment stresses,  wh i le  varying  network impedance  
parameters  and  using  d i fferen t methodolog ies.  Th is  may be  valuable  i n  g i ving  a  feel  for the  
impact of the  various  factors  i nvolved  and  the  magn i tudes  of the  parameters  concerned .  

The  fi rst  example  i l l ustrates  the  magn i fication  effect,  and  how th is  can  be  very local ized  i n  an  
area  of the  network impedance  range.  The  second  example  a ims  to  i l l ustrate  the  impact of 
network impedance.  I t  demonstrates  that factors  governed  by losses,  here  i n  terms  of 

maximum  impedance  ang le  (Φ)  and  Zmin ,  wi l l  be  cri tical  for any design .  The  example  a lso  
demonstrates  that the  extreme magn i fication  of pre-existing  d istortion  i s  very l ocal ,  i . e.  
confined  to  a  narrow and  confined  impedance  area.  That i s ,  i t  emphasises  preced ing  
d iscussions  on  how cri ti cal  a  proper design  cri teria  i s ,  wi th  respect to  network impedance.  

I n  both  examples,  the  HVDC converter i s  model led  as  a  sti ff curren t source,  and  pre-existing  
d istortion  i s  model led  by a  vol tage  source  beh ind  a  sector impedance,  as  i l l ustrated  by 
F igure  E . 1 .  Wi th  such  models,  the  worst-case  network impedance,  wh ich  maxim ises  fi l ter bus  
vol tage  and  equ ipment stresses,  wi l l  be  g iven  by 

•  the  network impedance  wh ich  m in imises  the  sum  of fi l ter (YF)  and  network (YR)  
admi ttance,  for the  converter harmon ics,  and  

•  the  network impedance wh ich  m in im ises  the  sum  of fi l ter (ZF)  and  network (ZR)  
impedance,  for pre-existing  harmon ics.  

Th is  i s  visual i sed ,  for converter harmon ics,  by F igure  E .2 .  

To  add  the  harmon ic contributions,  thus  calcu lated  using  two  d i fferent network impedances,  i s  
conservative  bu t i s  qu i te  often  used  as  i t  saves  computation  effort.  I t  a lso  has  the  advantage  
that the  known  source  (converter)  con tribu tions  are  taken  fu l l y i n to  account.  
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Figure  E.1  – Harmonic models  for converter and  for pre-existing  d istortion  

 

 

Figure  E.2  – Geometrical  visual isation  of selecting  worst-case  impedance 
for converter harmonics  

E.2  Pre-existing  d istortions  

E.2.1  Example  1  – I l lustration  of magnification  

For th is  example,  the  pre-existing  d istortion  i s  model l ed  by a  vol tage  source  of 1  %  at  each  of 
5 th ,  7 th ,  1 1 th ,  1 3 th  23 rd  and  25 th  harmon ics  (THD  =  2 , 4  %)  appl ied  beh ind  a  sector impedance.  

The  fi l ter design  i s  a  s impl i fi ed  scheme,  as  shown  in  F igure  E . 3,  not en ti rely representative  for 
a  typical  HVDC scheme bu t su fficient for demonstration  purposes,  wi th  branches  having  both  

h igh  and  l ow q-factors.  
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Figure  E.3  – Simple  fi l ter scheme to  i l lustrate  magnification  

Table  E. 1  – Parameters  of elements  of a  s impl i fied  fi l ter scheme shown  in  F igure  E.3  

Branch  BP1 1  HP24 

Q,  Mvar 
3ph

 1 00  1 00  

h
0
,  --  1 0 , 95  24  

q-factor 200a  5  

C
1
,  uF  1 , 973  1 , 986  

L
1
,  mH  42 , 83  8 , 857  

R
1
,  Ω  --  334  

a  q-factor of reactor at  tun i ng  frequency.  

 

I n  calcu lati ng  bus  vol tage  and  current d istortions,  the  fol l owing  system  data  i s  considered .  

•  Fundamental  frequency 50  hz  ±  0 , 1  Hz.  

•  System  vol tage  400  kV ±  20  kV.  

•  Detun ing  i s  model led  through  expl ici t frequency variations  and  component to lerances.  

– The  BP1 1  branch  i s  tuneable,  and  a  capaci tance  variation  between  -2 , 1  %  and  1 , 2  %  
i s  considered  (d ielectric temperature  variation  and  e lement fa i lu res).  The  reactor i s  
assumed  to  have  taps  wi th  a  maximum  tap  step  of 0 , 5  %,  and  a  tun ing  error of 0 , 3  %  
( i . e.  ha l f a  tap  step).  

– The  HP24  branch  i s  non-tuneable,  and  a  capaci tance  variation  of -4 , 1  %  and  3 , 2  %  i s  
considered  (manufacturing  tolerances  added).  For the  reactor,  a  manufacturing  

to lerance  of ±  2  %  i s  considered .  

The  3-D  p lots  i n  F igure  E . 4  below show vol tage  magn i fication  of pre-existing  harmon ics,  

NF

F

ZZ

Z

+
,  as  mapped  over the  ZN  p l ane,  taken  as  Real (ZN )  >  0 ,  for a  few selected  harmon ics.   

The  magn i fication  i s  very l ocal ,  wh ich  i s  fu rther demonstrated  by add i tional  close-up  contour 
p lots.  The  extreme  magn i fication  factor,  i n  particu lar for the  l ower order harmon ics,  i s  

unreal i stical l y h igh  as  the  impedance  ang le  of ZN  i s  a l lowed  to  reach  ±90°  a t  the  same  time  as  
the  fi l ter branches  are  vi rtual l y l ossless  at  these  harmon ics.  

IEC  

C1  C1  

L1  L 1  R1  
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Figure  E.4  – Plots  i l lustrating  magni fication  of various  pre-existing  harmonics  

E.2 .2  Impact of network impedance  parameters  

The  fol lowing  numerical  example  i s  i n tended  to  i l l ustrate  the  impact of d i fferen t network 
impedance  parameters.  An  arbi trary impedance  sector i s  selected ,  defined  by:  

•  Zmin  (variable);  

•  Zmax  (1 000  Ω) ;  

•  ±  Φ  (variable).  

Again  for th is  example,  the  pre-existing  d istortion  i s  model led  by a  vol tage  source  of 1  %  at  
each  of 5 th ,  7 th ,  1 1 th ,  1 3 th  23 rd  and  25 th  harmon ics  (THD  =  2 , 4  %)  appl ied  beh ind  a  sector 
impedance.  

For the  pre-existing  harmon ics,  5 th ,  7 th  ,  1 1 th  ,  1 3 th  ,  23 rd  and  25 th  ,  Tables  E . 1  and  E .2  
summarize  the  vol tage  and  curren t d istortion  on  the  network s ide  of the  fi l ter,  i n  p . u .  of 400  kV 

and  440  MW load  respectively,  that i s ,  ( ) kAkVMWI 6,040034401 ≈÷= .  The  cases  shown  are  

calcu lated  wi th  

•  Zmin  =  1  Ω  and  varying  Φ  (Table  E . 2),  and   

•  Φ  =  ±  85°  and  varying  Zmin   (Table  E. 3) .  

Table  E.2  – Voltage  and  current d istortion  for Zmin  =  1  Ω  and  varying  Φ  

Φ  ±85°  ±75°  ±65°  ±55°  ±45°  

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 

h \THD  1 8 , 1  %  448,8  % 7 , 0  %  373,2  %  4, 7  %  325, 9  %  3 , 7  %  291 ,3  %  3 , 1  %  264,5  % 

5  1 1 , 8  %  29 , 8  %  4 , 0  %  1 0 , 5  %  2 , 5  %  6 , 4  %  1 , 8  %  4 , 8  %  1 , 5  %  3 , 9  %  

7  1 1 , 5  %  48 , 7  %  4 , 0  %  1 7 , 5  %  2 , 5  %  1 0 , 8  %  1 , 8  %  8 , 0  %  1 , 5  %  6 , 5  %  

1 1  3 , 2  %  444, 0  %  2 , 1  %  370, 0  %  1 , 7  %  322 , 8  %  1 , 4  %  288 , 2  %  1 , 2  %  261 , 4  %  

1 3  6 , 4  %  22 , 9  %  3 , 2  %  9 , 3  %  2 , 1  %  6 , 4  %  1 , 7  %  5 , 0  %  1 , 4  %  4 , 2  %  

23  1 , 4  %  28 , 1  %  1 , . 2  %  26 , 9  %  1 , 1  %  25 , 9  %  1 , 1  %  25, 6  %  1 , 0  %  25 , 3  %  

25  1 , 0  %  28 , 1  %  1 , 0  %  27 , 3  %  1 , 0  %  27 , 0  %  1 , 0  %  26 , 7  %  1 , 0  %  26 , 4  %  
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Table  E.3  – Vol tage  and  current d istortion  for Φ  =  ±85°  and  varying  Zmin   

Z
min

 2  Ω  4  Ω  8  Ω  1 6  Ω  32  Ω  

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 U
PCC

 I
LINE

 

h\THD  1 8 , 1  %  428,3  %  1 7 ,9  %  332, 2  %  1 7 ,8  %  1 20 , 1  %  1 7 ,8  %  75,8  %  1 7 , 7  %  66, 1  %  

5  1 1 , 8  %  29, 8  %  1 1 , 8  %  31 , 6  %  1 1 , 8  %  31 , 6  %  1 1 , 8  %  31 , 6  %  1 1 , 8  %  29 , 7  %  

7  1 1 , 5  %  48, 6  %  1 1 , 5  %  52 , 0  %  1 1 , 5  %  52 , 0  %  1 1 , 5  %  52 , 0  %  1 1 , 5  %  48 , 4  %  

1 1  3 , 2  %  422 , 0  %  1 , 9  %  324, 4  %  0 , 6  %  95, 7  %  0 , 2  %  32 , 2  %  0 , 1  %  1 3 , 0  %  

1 3  6 , 4  %  23 , 9  %  6 , 4  %  1 1 , 6  %  6 , 4  %  1 1 , 6  %  6 , 4  %  1 1 , 6  %  6 , 4  %  24 , 8  %  

23  1 , 4  %  28, 1  %  1 , 4  %  29, 1  %  1 , 4  %  27 , 1  %  1 , 3  %  20 , 5  %  0 , 7  %  1 5 , 4  %  

25  1 , 0  %  27 , 9  %  1 , 0  %  26 , 6  %  0 , 9  %  26 , 2  %  0 , 7  %  21 , 4  %  0 , 4  %  1 0 , 9  %  
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Annex F  
( informative)  

 
Comparison  of calcu lation  methods  

F.1  General  

The  aim  of th is  annex i s  to  i l l ustrate  numerical l y the  impact of the  d i fferen t methods  for taking  
i n to  account pre-existi ng  d istortion  when  rating  equ ipment.  The  methods  considered  are  as  
fol lows,  applying  pre-existing  d istortion :  

Method  1   as  source  vol tages  beh ind  a  worst network impedance;  

Method  2   as  source  vol tages  d i rectl y on  the  fi l ter bus  as  i n  5 . 7 . 2 ;  

Method  3   l im i ting  the  fi l ter bus  harmon ic vol tage  to  a  maximum  level  for fi l ter rati ng  (MLFR)  
as  i n  5. 7. 3;  

Method  4   l im i ti ng  total  source  d istortion  to  the  THD  l evel ,  as  i n  5. 7 .4 ;  

Method  5   l im i ti ng  expl ici t  representation  of pre-existing  d istortion  to  below the  1 0 th  
harmon ic,  and  add ing  1 0  %  to  converter harmon ics  for a l l  the  remain ing  
harmon ics  above  1 0 th ,  as  i n  5 . 7. 5.  

I n  add i tion ,  a  reference  set of converter generated  harmon ic stresses  i s  ca lcu lated  for 
comparison .  

The  precond i tions  are  i den tical  for a l l  cases.  I t  i s  assumed  that the  scheme has  a  rated  power 
of abou t 600  MW connected  to  a  50  Hz,  400  kV system  wi th  a  short ci rcu i t  l evel  of between  
1  500  MVA and  1 5  000  MVA.  

The  AC  network harmon ic impedance  envelope  i s  defined  by the  sector shown  i n  F igure  F. 1  
where:  

•  50man50min ZnZZn  ×≤≤×  where  n  i s  the  harmon ic order and  Zmax50  and  Zmin50  are  the  

maximum  and  m in imum  network impedances  at fundamental  frequency,  evaluated  from  
m in imum  and  maximum  short ci rcu i t  power respectively.  

•  the  phase  ang les  are:  
n

0 80 2 4

75 75  for  5 1 0

70 70 1 1 50

nϕ
° °

− ° ≤ ≤ ° =

− ° °







 

 

Figure  F. 1  – Network impedance  sector used  in  example  

IEC  

jX
 

R   
Zmax  

Zm in   
Φ  

+   

Φ  

– 

International  Electrotechnical  Commission

 



 –  1 04  – I EC  TR 62001 -3: 201 6  © I EC  201 6  

For the  example,  i t  i s  assumed  that the  complete  fi l ter design  consists  of two  i dentical  fi l ter 
banks,  bu t i n  the  calcu lations  on ly a  s ing le  fi l ter bank i s  considered  to  be  connected ,  
consisting  of a  double-tuned  1 1 /1 3 th  bandpass  branch  and  a  h igh-pass  24 th  harmon ic branch .  
No  l ow-order fi l ter,  such  as  an  HP3,  i s  provided .  The  fi l ter i s  detai led  i n  Figure  F .2 .  I n  the  
calcu lations,  the  fol lowing  i s  further assumed .  

•  Fundamental  frequency 50  Hz ±  0 , 1  Hz.  

•  System  vol tage  400  kV ±  20  kV.  

•  Detun ing  i s  model led  through  expl ici t frequency variations  and  component to lerances.  

– The  BP1 1 1 3  branch  i s  tuneable,  and  a  capaci tance  variation  between  -2 , 1  %  and  
1 , 2  %  i s  considered  (d ie lectric temperature  variation  and  e lement fa i lu res).  The  reactor 
i s  assumed  to  have  taps  wi th  a  maximum  tap  step  of 0 , 5  %,  and  a  tun ing  error of 0 , 3  %  
( i . e .  hal f a  tap  step).  

– The  HP24  branch  i s  non-tuneable,  and  a  capaci tance  variation  of -4 , 1  %  and  3 , 2  %  i s  
considered  (manufacturing  tolerances  added).  For the  reactor,  a  manufacturing  

to lerance  of ±  2  %  i s  considered .  

The  pre-existing  harmon ic d istortion  i s  arbi trari l y taken  as  the  I EC p lann ing  levels,  see   
F i gure  F .3 .  

 

Figure  F.2  – Assumed  fi l ter scheme for examples  of d i fferent methods  of calcu lation  

Table  F.1  – Parameters  of components  of fi l ters  shown  in  Figure  F.2  

Branch  BP1 1 1 3  HP24 

Q,  Mvar 
3ph

 43  47  

h
0
,  --  1 1  and  1 3  24  

C1 ,  uF  0, 85  0 , 94  

L1 ,  mH  84, 2  1 8 , 7  

C2,  uF  30, 4  - -  

L2,  mH  2, 3  - -  

R1 ,  Ω  250  250  

IEC  

C1  C1  

T1  T1  

L1  F1  L 1  R 1  F1  

L2  R 1  C2  

T3  

T2  T2  

BP1 1 1 3  HP24  

International  Electrotechnical  Commission

 



I EC  TR 62001 -3: 201 6  © I EC  201 6  – 1 05  – 

 

 

Figure  F.3  – IEC  planning  levels  used  for source  vol tages  in  the  study  

I n  assessing  equ ipment stresses  for the  d i fferen t methods,  ca lcu lated  stresses  are  
determined  as  i nd icated  i n  the  tables  for each  method  as  RSS,  qRSS  or SUM,  wh ich  are  
defined  as:   

•  root-sum-square  values  (RSS),  for example  ∑= 2

hII ;  

•  q uasi -root-sum  square  values  (qRSS),  for example  ∑
≠

+= 2

kh
hk UUU  where  Uk  i s  the  

maximum  ind ividual  harmon ic;  

•  ari thmetic sum  values  (SUM),  for example  ∑= hUU .  

Table  F . 2  summarises  the  resu l ts.  The  converter generated  stresses  are  g iven  both  exclud ing  
and  includ ing  fundamental  frequency stresses,  whereas  the  pre-existing  d istortion  cases  
(Methods  1  to  5)  on ly contain  harmon ic stresses.  As  the  table  demonstrates,  the  harmon ic 
stresses  due  to  pre-existing  d istortion  for most methods  exceed  or are  comparable  to  the  
converter generated  stresses.  That i s ,  for the  assumptions  made  here,  the  impact of pre-
existing  d istortion  wou ld  be  dominant for component stresses.  That wou ld  not be  expected  nor 
representative  for the  general  experience  of HVDC plan ts  i n  service.  These  examples  
therefore  emphasise  that precond i tions  shou ld  be  selected  wi th  care.  The  example  a lso  
demonstrates  that the  selected  method  used  i n  determin ing  stresses  wi l l  be  cri ti cal  and  
d i rectl y decis ive.  

From  Table  F. 2 ,  i t  can  be  seen  that the  impact of the  various  methods  on  the  separate  
components  i s  s ign i fican tl y d i fferent,  depend ing  on  the  dominan t harmon ics  responsible  for 
the  particu lar component stresses,  and  how these  are  affected  by the  appl icable  rating  
method .   

No  l ow order (3 rd  or 5 th /7 th)  fi l ters  have  been  included  here,  bu t i f they had  been ,  then  the  
impact of l ow order stresses  on  these  wou ld  be  dominan t and  a  d i fferent pattern  of stress  
reduction  by the  various  methods  wou ld  be  seen .  
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F.2  Reference case  – Converter generated  harmonics  on ly 

Th is  calcu lation  i s  provided  as  a  reference  case  to  show the  stresses  calcu lated  for the  
converter operating  at 600  MW transfer wi th  a  s ing le  fi l ter bank i n  service.  The  calcu lated  
THD  i s  abou t 1 , 9  %.  The  fundamental  frequency components  are  excluded .  Equ ipment 
stresses  are  summarised  i n  Table  F. 2 .  

Table  F.2  – Component rating  calcu lated  using  d i fferent calcu lation  methods  

  Method  
1  

Method  
2  

Method  
3  

Method  
4  

Method  
5  

Converter 
harmon ics  

on ly 

Converter 
i nclud ing  

funda-
mental  

 

BP1 1 1 3           

U  C1  kV 74  1 57  63  64  50  36  246  √ΣU
h
2  

 kV 223  269  1 70  1 20  1 34  61  299  ΣU
h
 

I  C1  and  
L1  

A 1 94  487  1 80  1 82  96  1 06  1 20  √ΣI
h
2  

I  C2  A 1  000  2  780  999  1  000  1 29  573  573   

I  L2  A 1  030  2  890  1  020  1  030  21 1  606  609   

I  R1  A 35  98  35  35  6  21  21   

          

HP24          

U  C1  kV 36  1 6  24  28  35  5  243  √ΣU
h
2  

 kV 1 40  82  1 04  62  90  20  261  ΣU
h
 

I  C1  A 96  80  80  72  64  25  77  √ΣI
h
2  

I  L1  A 89  70  71  69  63  22  76   

I  R1  A 36  39  35  23  1 1  1 2  1 2   

Method  1 :  as  sou rce  vol tages  beh ind  a  worst  n etwork impedance   

Method  2 :  as  sou rce  vol tages  d i rectl y on  the  fi l ter bus  as  i n  5 . 7 . 2  

Method  3 :  l im i ti ng  the  fi l ter bus  harmon i c vo l tage  to  a  maximum  l eve l  for fi l ter rati ng  (MLFR)  as  i n  5 . 7 . 3  

Method  4 :  l im i ti ng  tota l  sou rce  d i s torti on  to  the  THD  l evel ,  as  i n  5 . 7 . 4  

Method  5 :  l im i ti ng  expl i ci t  representati on  of pre-exi sti ng  d i storti on  to  bel ow the  1 0
th
 harmon ic,  and  add i ng  1 0  %  

to  converter harmon ics  for a l l  the  remain i ng  harmon ics  above  1 0
th
,  as  i n  5 . 7 . 5  

 

F.3  Method  1  – Source vol tages  behind  impedance sector 

With  the  source  vol tages  l ocated  beh ind  the  sector impedances,  Method  1  g i ves  a  THD  at the  
converter bus  of abou t 1 4 , 4  %  (dominated  by 5 th  and  7 th  harmon ic) .  Equ ipment stresses  are  
summarised  i n  Table  F. 2.  

F.4 Method  2  – Source vol tages  at  fi l ter bus  (see 5.7.2)  

With  the  source  vol tages  located  d i rectl y on  the  fi l ter bus,  Method  2  g i ves  a  THD  at the  
converter bus  of abou t 5, 6  %.  Equ ipment stresses  are  summarised  i n  Table  F. 2 .  
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F.5 Method  3  – Limiting  the  fi l ter bus  harmonic vol tage  to  a  maximum  level  for 
fi l ter rating  (MLFR)  (see 5.7.3)  

The  maximum  levels  of d istortion  at the  fi l ter bus  to  be  considered  as  real i stic  for fi l ter rating  
(the  MLFR)  are  here  selected  as  2  times  I EC  p lann ing  l evels  for a l l  harmon ics  except 
characteristic harmon ics  where  a  maximum  level  of 1 , 2  times  i s  used ,  based  on  the  concept 
that effective  fi l tering  i s  present at these  frequencies.  These  are  arbi trary l evels  selected  for 
i l l ustration  – they may be  chosen  as  h igher or l ower as  appropriate  to  a  g iven  project.  

Table  F. 3  i l l ustrates  the  methodology,  us ing  the  curren t as  calcu lated  for BP1 1 1 3  fi l ter HV 
capaci tor.  The  second  column  g ives  the  calcu lated  fi l ter bus  d istortion  for the  worst-case  
impedance  and  the  th i rd  the  MLFR harmon ic d istortion  l im i ts.  The  fourth  g ives  the  calcu lated  
cu rren t correspond ing  to  the  raw calcu lated  d istortion  and  the  fi fth  g i ves  the  cu rren t as  
corrected  by MLFR.   

Table  F.3  – Rating  calcu lations  using  Method  3  – for BP1 1 1 3  C1  

BP1 1 1 3  

I  C1  

D
h  Ca l c

 D
h  l im i t

 I
h  Cal c

 I
h  Corrected

 

√ΣI
h
2    1 93 , 62  1 79, 23  

2  1 , 82  %  2 , 80  %  2 , 37  2 , 37  

3  4 , 21  %  4 , 00  %  8 , 53  8,11  

4  4 , 57  %  1 , 60  %  1 3 , 06  4,57 

5  7 , 66  %  4 , 00  %  29, 45  15,38 

6  1 , 52  %  0 , 80  %  7 , 77  4,08 

7  7 , 55  %  4 , 00  %  51 , 47  27,26 

8  1 , 50  %  0 , 80  %  1 4 , 03  7,51  

9  3 , 68  %  2 , 00  %  51 , 08  27,73 

1 0  1 , 24  %  0 , 70  %  30 , 50  17,25 

1 1  1 , 1 1  %  1 , 80  %  1 39 , 44  1 39 , 44  

1 2  0 , 30  %  0 , 64  %  4 , 1 6  4 , 1 6  

1 3  1 , 00  %  1 , 80  %  96 , 82  96 , 82  

1 4  0 , 60  %  0 , 59  %  22 , 99  22,62 

1 5  0 , 41  %  0 , 60  %  8 , 51  8 , 51  

…  …  …  …  …  

 

Clearly,  the  impact of the  MLFR method  i n  reducing  stresses  (see  Table  F . 2)  i s  g reatest 
where  the  dominan t harmon ics  for a  particu lar component are  not the  sharply-fi l tered  1 1 th  and  
1 3 th  harmon ics,  where  the  calcu lated  vol tage  l evel  was  anyway not h igh  enough  to  be  l im i ted  
by the  appl ication  of th is  method .   

F.6  Method  4 – Limiting  total  source  d istortion  to  the  THD level  (see  5.7.4)  

Th is  recogn izes  that i f,  for example,  I EC plann ing  levels  are  taken  as  the  pre-existing  source  
vol tage,  the  quadratic sum  of the  ind ividual  harmon ics  exceeds  the  al lowable  maximum  THD.  
I n  th is  method ,  the  i nd ividual  harmon ic con tribu tions  are  therefore  l im i ted  such  that the  
speci fied  THD  i s  not exceeded .  Th is  i s  done  such  that a  d i fferen t set of i nd ividual  harmon ics  
may be  selected  for each  fi l ter component,  depend ing  on  wh ich  harmon ics  g ive  the  h ighest 
stresses  for that particu lar component.  
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As  an  example  to  i l l ustrate  the  method ,  Table  F. 4  and  Table  F. 5  show th is  calcu lation  
procedure  for the  curren t i n  the  BP1 1 1 3  C2  capaci tor and  the  HP24  R1  resistor respectively.  
Two  components  are  shown  to  i l l ustrate  that a  d i fferen t set of harmon ics  i s  chosen  for each  
component,  depend ing  on  the  sensi tivi ty of the  l oad ing  of that component to  each  harmon ic.   

As  a  fi rst step,  the  raw calcu lated  harmon ic stresses  for the  g iven  component (C2  or R1 )  are  
sorted  i n  descend ing  order,  as  shown  i n  column  ICalc .  Then ,  us ing  th is  order,  harmon ics  
stresses  are  added  up  starting  wi th  the  largest harmon ic con tribution  and  add ing  successively 
smal ler harmon ic con tribu tions,  a l so  add ing  the  i nd ividual  source  vol tages  un ti l  the  chosen  
THD  l im i t  for the  harmon ic source  i s  reached .  The  other (arbi trari l y)  se lected  l im i ts  on  
maximum  l im i ts  for i nd ividual  g roups  of harmon ics  are  a lso  respected  wh i le  performing  these  
add i tions,  as  fo l lows:  

•  THD  of the  correspond ing  source  vol tage  i s  l im i ted  to  ≤  3 , 0  %  (THDTotal ) ;  

•  con tribu tion  of 3rd ,  5 th  and  7 th  harmon ic i s  max.  70  %  of THD,  i . e.  ≤  2 , 1  %  (THD3, 5, 7) ;  

•  con tribu tion  of harmon ics  ≥  1 5  i s  max.  50  %  of THD,  i . e .  ≤  1 , 5  %  (THD≥1 5) .  

The  resu l ting  harmon ic stresses  are  g iven  by ICorrected .  

For i n formation ,  the  vol tage  l evels  at  the  fi l ter bus  are  a lso  g iven  (DFi l ter Bus  Corrected ) .  

For the  HP24  R1  resistor,  th is  method  has  a  s ign i fican t impact on  the  rating .  Table  F.4  shows 
that the  rating  curren t i s  not dominated  by j ust a  few large  harmon ics,  bu t i s  composed  of 
many fai rl y equal  harmon ics.  A large  proportion  of the  more  dominan t ones  are  h igher 
frequency non-characteri stics,  wh ich  are  probably not real i stic,  and  these  are  l im i ted  by the  

h  ≥  1 5  cri terion .  The  l im i tation  on  h  3 , 5 , 7  con tribu tions  i s  a lso  en forced ,  and  fi nal l y the  
THD  =  3  %  l im i t  cu ts  off remain ing  harmon ic con tribu tions.  Harmon ics  25,  5 ,  and  1 3  being  
reduced  proportional ly at  each  of these  l im i ts  respectively to  main tain  the  con tributions  from  
those  groups  wi th in  thei r respective  l im i ts.  The  total  curren t i s  reduced  from  35,27  to  23,25  A,  
a  reduction  in  power rating  of 56  %.  

However,  Table  F . 5  shows  that the  m i tigating  i n fluence  of th is  method  on  the  calcu lated  
cu rren t rating  of the  BP1 1 1 3  C2  capaci tor i s  neg l ig ib le.  The  curren t i n  th is  component i s  
main ly composed  of 1 1 th  and  1 3 th  harmon ics,  wh ich  are  not l im i ted  by th is  a lgori thm  as  thei r 
total  does  not exceed  THD  and  as  they are  not covered  by the  other arbi trary l im i ts.  The  on ly 
l im i tation  wh ich  i s  appl ied  here  i s  when  the  total  reached  3  %,  when  the  7 th  harmon ic i s  
reduced  accord ing ly to  l im i t  the  total  to  3  %.  Al l  subsequent harmon ic con tribu tions  are  then  
neg lected ,  bu t th is  makes  an  a lmost i ns ign i fican t d i fference  to  the  tota l .  

I n  both  these  cases,  the  resu l ting  vol tage  d istortion  on  the  converter bus  i s  sti l l  un real i stical l y 
h igh ,  both  for some  ind ividual  harmon ics  and  for THD,  wh ich  impl ies  that Method  3  cou ld  be  
appl ied  in  add i tion  to  Method  4  to  derive  an  overal l  more  real istic  rati ng  for these  components.  

Tables  showing  the  calcu lated  stresses  for a l l  components  are  shown  fu rther below,  and  
these  are  summarized  i n  Table  F. 2 .  
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Table  F.4 – Rating  calcu lations  using  Method  3  – for HP24 R1  

HP24 

I  R1  

D
Source

 D
h=3, 5 , 7

 D
h ³1 5

 D
Others

 THD
Total

 I
ca lc

 

A 

I
corrected

 

A 

D
Fi l ter Bus  

Corrected
 

1 9  1 , 07  %   1 , 07  %   1 , 07  %  1 3 , 33  1 3 , 33  1 , 28  %  

23  0 , 89  %   0 , 89  %   1 , 39  %  1 3 , 02  1 3 , 02  0 , 80  %  

25  0 , 82  %   0 , 56  %   1 , 50  %  1 1 , 1 6  7 , 62  0 , 43  %  

1 7  1 , 20  %      1 1 , 1 0    

29  0 , 70  %      8 , 87    

31  0 , 66  %      8 , 40    

35  0 , 58  %      7 , 37    

37  0 , 55  %      6 , 87    

7  2 , 00  %  2 , 00  %    2 , 50  %  6 , 68  6 , 68  7 , 53  %  

41  0 , 50  %      6 , 00    

9  1 , 00  %    1 , 00  %  2 , 69  %  5 , 64  5 , 64  3 , 67  %  

43  0 , 47  %      5 , 62    

47  0 , 43  %      4 , 97    

49  0 , 42  %      4 , 69    

22  0 , 25  %      3 , 66    

20  0 , 26  %      3 , 48    

24  0 , 24  %      3 , 40    

5  2 , 00  %  0 , 64  %    2 , 77  %  3 , 34  1 , 07  2 , 45  %  

26  0 , 23  %      3 , 05    

1 8  0 , 27  %      2 , 92    

2 1  0 , 20  %      2 , 91    

30  0 , 22  %      2 , 84    

28  0 , 23  %      2 , 84    

32  0 , 22  %      2 , 80    

34  0 , 22  %      2 , 74    

36  0 , 21  %      2 , 67    

38  0 , 21  %      2 , 60    

1 4  0 , 30  %    0 , 30  %  2 , 78  %  2 , 59  2 , 59  0 , 58  %  

33  0 , 20  %      2 , 55    

40  0 , 21  %      2 , 52    

27  0 , . 20  %      2 , 51    

39  0 , 20  %      2 , 45    

42  0 , 21  %      2 , 45    

44  0 , 20  %      2 , 39    

1 0  0 , 35  %    0 , 35  %  2 , 81  %  2 , 38  2 , 38  1 , 22  %  

45  0 , 20  %      2 , 33    

46  0 , 20  %      2 , 32    

48  0 , 20  %      2 , 27    

50  0 , 20  %      2 , 2 1    

1 6  0 , 28  %      1 , 92    

8  0 , 40  %    0 , 40  %  2 , 83  %  1 , 77  1 , . 77  1 , 49  %  

1 5  0 , 30  %      1 , 77    

1 3  1 , 50  %    0 , 98  %  3 , 00  %  1 , 58  1 , 04  0 , 28  %  

4  0 , 80  %      1 , 26    

1 2  0 , 32  %      1 , 03    

6  0 , 40  %      0 , 97    

1 1  1 , 50  %      0 , 94    

3  2 , 00  %      0 , 67    

2  1 , 40  %      0 , 1 2    

 THD  2 , 1 0  %  1 , 50  % 1 , 53  %  3 , 00  %   9 , 1 0  %  

 √ΣI
h
2      

35,27  22 ,35  
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Table  F.5  – Rating  calcu lations  using  Method  4  – for BP1 1 1 3  C1  

BP1 1 1 3  

I  C2  

D
Source

 D
h=3, 5 , 7

 D
h ³1 5

 D
Others

 THD
Tota l

 I
ca lc

 

A 

I
corrected

 

A 

D
Fi l ter Bus  Corrected

 

1 3  1 , 50  %    1 , 50  %  1 , 50  %  790, 1 8  790, 1 8  1 , 00  %  

1 1  1 , 50  %    1 , 50  %  2 , 1 2  %  593, 03  593, 03  1 , 1 1  %  

1 4  0 , 30  %    0 , 30  %  2 , 1 4  %  95, 23  95, 23  0 , 60  %  

1 2  0 , 32  %    0 , 32  %  2 , 1 7  %  83 , 08  83 , 08  0 , 30  %  

1 0  0 , 35  %    0 , 35  %  2 , 1 9  %  61 , 93  61 , 93  1 , 24  %  

9  1 , 00  %    1 , 00  %  2 , 41  %  60 , 70  60 , 70  3 , 68  %  

1 7  1 , 20  %   1 , 20  %   2 , 69  %  34 , 48  34 , 48  1 , 44  %  

7  2 , 00  %  1 , 32  %    3 , 00  %  25, 1 9  1 6 , 66  4 , 99  %  

1 5  0 , 30  %      25 , 1 2    

1 9  1 , 07  %      1 8 , 82    

…       . . .    

         

 
THD  1 , 32  % 1 , 20  % 2 ,41  %  3 , 00  %   6 , 69  % 

 √ΣI
h
2      

1  001 ,38  1  000 ,51  
 

 

F.7  Method  5  – Pre-existing  harmonics  considered  on ly up to  the  1 0 th ,  wi th  
1 0  % margin  on  converter generation  for remainder (see 5.7.5)  

Stresses  were  calcu lated  considering  expl ici tly the  pre-existing  harmon ics  up  to  the  1 0 th  
harmon ic using  the  vol tage  source/worst network approach ,  and  then  add ing  1 0  %  of 
converter generated  harmon ic stresses  for a l l  h igher harmon ics  (as  i n  5. 7 . 5).  The  resu l ts  are  
l i sted  in  Table  F . 2 .  

The  impact on  the  characteristic harmon ics  i s  clearly much  lower than  wi th  any of the  
methods  i nvolving  a  vol tage  source/worst network approach  at these  harmon ics.  I t  i s  arguable  
whether th is  i s  su fficien tly conservative  at  these  harmon ics.   

No  l im i tation  on  pre-existing  harmon ics  i s  appl ied  even  though  the  correspond ing  calcu lated  
THD  level  at the  fi l ter bus  i s  unreal istical l y h igh  at 1 4  %  (compare  to  Method  1 ) .  
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