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H IGH-VOLTAGE DIRECT CURRENT (HVDC)  SYSTEMS –  

GU IDANCE TO THE SPECIFICATION  AND  
DESIGN  EVALUATION  OF AC FILTERS –  

 
Part 2:  Performance 

 
FOREWORD 

1 )  The  I n ternati onal  E l ectrotechn i ca l  Commiss i on  ( I EC)  i s  a  worl dwide  organ i zati on  for s tandard i zati on  compri s i ng  
a l l  nati onal  e l ectrotechn i ca l  commi ttees  ( I EC  Nati onal  Commi ttees).  The  ob j ect  of I EC  i s  to  promote  
i n ternati onal  co-operati on  on  a l l  q uesti ons  concern i ng  s tandard i zati on  i n  the  e l ectri ca l  and  e l ectron i c  fi e l ds .  To  
th i s  end  and  i n  add i ti on  to  o ther acti vi ti es ,  I EC  publ i shes  I n ternati ona l  S tandards,  Techn i ca l  Speci fi cati ons ,  
Techn i ca l  Reports ,  Publ i cl y Avai l ab l e  Speci fi cati ons  (PAS)  and  Gu i des  (hereafter referred  to  as  “ I EC  
Pub l i cati on (s)” ) .  The i r preparati on  i s  en trusted  to  techn i ca l  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  subj ect  dea l t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternati onal ,  g overnmen ta l  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 i zati on  for S tandard i zati on  ( I SO)  i n  accordance  wi th  cond i ti ons  d eterm ined  by 
ag reemen t  between  the  two  organ i zati ons.  

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

3 )  I EC  Publ i cati ons  have  the  form  of recommendati ons  for i n ternati onal  u se  and  are  accepted  by I EC  Nati ona l  
Commi ttees  i n  that  sense.  Wh i l e  a l l  reasonabl 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  he l d  responsib le  for the  way i n  wh i ch  they are  u sed  or for any 
m i s i n terpretati on  by any end  u ser.  

4 )  I n  order to  promote  i n ternati onal  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  poss i b l e  i n  the i r nati ona l  and  reg i ona l  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 i onal  publ i cati on  sha l l  be  cl earl y i nd i cated  i n  
the  l a tter.  

5)  I EC  i tse l f d oes  not  provi de  any attestati on  of con form i ty.  I ndependen t  certi fi cati on  bod i es  provi de  con form i ty 
assessmen t servi ces  and ,  i n  some  areas,  access  to  I EC  marks  of con form i ty.  I EC  i s  not  respons ib l e  for any 
servi ces  carri ed  ou t  by i ndependen t  certi fi cati on  bod i es .  

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

7)  No  l i ab i l i ty sha l l  a ttach  to  I EC  or i ts  d i rectors,  employees,  servan ts  or agen ts  i n cl ud i ng  i nd i vi dual  experts  and  
members  of i ts  techn i ca l  commi ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l ega l  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cati on ,  u se  of,  or re l i ance  upon ,  th i s  I EC  Publ i cati on  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  pub l 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 i b 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  n ot  be  he l d  respons ib l 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 i cation  of a  Techn ical  Report when  i t  has  col l ected  
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 -2 ,  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 ti on  of I EC  TR 62001 -2,  together wi th  I EC  TR 62001 -1 ,  I EC  TR 62001 -3  and  I EC  
TR 62001 -4,  cancels  and  replaces  I EC  TR 62001  publ i shed  i n  2009.  Th is  ed i tion  consti tu tes  
a  techn ical  revis ion .  
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Th is  ed i tion  i ncludes  the  fol l owing  s ign i fican t techn ical  changes  wi th  respect to  
I EC  TR 62001 :  

a)  expanded  and  supplemented  Clause  1 9,  and  Annex B;  

b)  new Clause  3  on  cu rren t-based  i n terference  cri teria;  

c)  new annexes  on  i nduced  noise  calcu lation  wi th  Dubanton  equations;  

d )  add i tion  of a  TIF  requ i rement i n  a  techn ical  speci fi cation ,   

e)  speci fi cation  of I T  l im i ts  dependent on  network impedance  and  on  the  impact of AC 
network harmon ic impedance;  and   

f)  speci fi cation  of vol tage  l evel  on  the  fi l ter design  necessary to  fu l fi l  an  I T  cri terion .  

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

Enqu i ry d raft  Report  on  voti ng  

22F/41 0/DTR 22F/41 4/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 i cation  has  been  d rafted  i n  accordance  wi th  the  I SO/IEC D i recti ves,  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  I EC  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 date  i nd icated  on  the  I EC  web  s i te  under "h ttp: //webstore. iec. ch"  i n  the  data  
re lated  to  the  speci fic publ ication .  At th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i 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  wh ich  are  considered  to  be  usefu l  for the  correct 
understanding  of i ts  contents.  Users  shou ld  therefore  print  th is  document using  a  
colour printer.  
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I NTRODUCTION  

The  I EC 62001  series  i s  structu red  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 cu rren t (HVDC)  
systems  wi th  l i ne-commutated  converters,  permissib le  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  i n terference  cri teria,  design  i ssues  and  specia l  
appl ications,  fi e l d  measurements  and  veri fication .  

Part 3  – Model l i ng  

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

Part 4  – Equ ipment 

Th is  part concerns  steady-state  and  transien t rati ngs  of AC fi l ters  and  thei r components,  
power l osses,  aud ib le  noise,  design  i ssues  and  specia l  appl i cations,  fi l ter protection ,  
aud ible  noise,  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 2:  Performance 

 
 

1  Scope 

Th is  part of I EC  62001 ,  wh ich  i s  a  Techn ical  Report,  provides  gu idance  on  the  performance  
aspects  and  veri fication  of performance  of harmon ic fi l ters.  

The  scope  of th i s  document covers  AC s ide  fi l tering  for the  frequency range  of i n terest i n  
terms  of harmon ic d i stortion  and  aud ib le  frequency d i stu rbances.  I t  excludes  fi l ters  designed  
to  be  effective  i n  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 cu rren 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 tent consti tu tes  requ i rements  of th i s  document.  For dated  references,  on ly the  ed i tion  
ci ted  appl ies.  For undated  references,  the  l atest ed i ti on  of the  referenced  document 
( i nclud ing  any amendments)  appl ies.  

I EC  TR 62001 -1 : 201 6,  High-voltage direct current (HVDC)  systems – Guidebook to the 
specification and design evaluation of AC filters – Part 1 :  Overview 

I EC  TR 62001 -4: 201 6,  High-voltage direct current (HVDC)  systems – Guidebook to the 
specification and design evaluation of AC filters – Part 4:  Equipment 

3  Current-based  interference  cri teria   

3.1  General  

Permissib le  d istortion  l im i ts  and  performance  measures  for l im i ti ng  te lephone  i n terference,  
such  as  te lephone  i n terference  factor (TIF),  product of RMS current (A)  and  TI F  ( I T),  ( the  
defin i ti ons  of these  cri teria  are  shown  i n  3 . 3 . 4 . 1  and  Clause  A.4),  are  d i scussed  i n  detai l s  and  
summarized  i n  I EC  TR 62001 -1 : 201 6,  C lause  4 .  Where  these  measures  are  appl ied  wi th  
stri ct l im i ts,  particu larly cu rren t-based  cri teria  such  as  I T,  they can  be  a  decis ive  or l im i ting  
factor for fi l ter design .  Thus,  these  measures  can  d i rectl y affect the  costs  of fi l ters  and  the  
concomi tan t effects  of l arger fi l ters  (extra  station  space,  shunt reactors  to  compensate  
excess  reactive  power produced  by the  fi l ters,  etc. ) .  On  the  other hand ,  a  few HVDC projects  
have  experienced  h igh  l evels  of te lephone  i n terference  that caused  problems  during  
commission ing  and  early operation .  Reference  [1 ] 1  considers  basic i n terference  cri teria,  
defines  te lephone  i n terference  l im i ts  and  d i scusses  consequences  of the  te lephone  
i n terference  for fi l ter design .  

Because  these  cri teria,  based  on  psophometric or C-message  weigh ting  of harmon ics,  are  
speci fic to  evaluation  of noise  i nduced  on  te lephone  ci rcu i ts  e lectromagnetical l y coupled  to  
AC  l i nes,  they shou ld  on ly be  speci fied  where  s ign i fi can t coupl i ng  between  AC  transmission  

_____________ 

1   Numbers  i n  square  brackets  refer to  the  B i b l i og raphy.  

Copyright International  Electrotechnical  Commission  



I EC  TR 62001 -2 : 201 6  © I EC  201 6  – 9  – 

l i nes  and  analogue  te lephone  ci rcu i ts  can  be  reasonably an ticipated .  Th is  document provides  
gu idance  for d iscrim inating  those  s i tuations  where  ri sk of te lephone  i n terference  exists.  
However,  there  are  many factors  that affect the  potentia l  for te lephone  i n terference  and  i t  i s  
not possib le  to  provide  defin i ti ve,  quan ti tati ve  gu idel ines.  One  of the  most e l usive  factors  i s  
the  propagation  of harmon ic cu rren ts  th rough  the  AC system.  Experience  has  shown  that 
s ign i fi can t harmon ic HVDC-created  cu rren t fl ow can  exist i n  l i nes  that are  remote  from  the  
converter station  and  beyond  transformations  to  other transmission  vol tage  l evels.  A fu l l  
i nductive  coord ination  study,  wh ich  i nvolves  the  calcu lation  of harmon ic cu rren t fl ow i n  the  
system  i n  order to  determine  the  problematic transmission  l i nes  and  the  assessment of thei r 
actual  coupl i ng  wi th  the  ad jacent te lephone  l i nes,  i s  the  on ly mean  to  assess  the  i n terference  
potentia l  wi th  any certain ty.   

The  speci fi cation  of te lephone  i n terference  shou ld  a l so  take  i n to  account l ocal  parti cu lari ti es,  
as  d iscussed  i n  3 . 2 .  

A valuable  paper produced  by the  Join t  Task Force  02  of WG1 4. 03/CC.02  [2 ]  g ives  a  very 
complete  description  of the  i nductive  coord ination  process  and  the  main  parameters  affecting  
te lephone  i n terference.  The  I T  l im i ts  are  based  on  experience  from  the  F inn ish  te lephone  
system,  wh i l e  making  use  of some  approximations  for the  network characteri sti cs.  Th is  
document wi l l  focus  on  North  American  practice  for I T  l im i ts,  a l though  the  princip les  and  
calcu lation  methods  are  appl icable  worldwide  and  wi l l  i nd icate  the  importan t system  
parameters  that need  to  be  defined  i n  a  techn ical  speci fication .  

I n  systems  where  te lephone  i n terference  poten tia l  can  be  j udged  to  exist,  proper speci fication  
of harmon ic cu rren t-  and  vol tage-based  performance  cri teria  are  of g reat importance  to  
protect the  i n terests  of the  HVDC system  owner.  I f not su ffi cien tl y addressed  by the  
speci fi cations,  and  shou ld  te lephone  i n terference  problems  ari se,  the  consequences  to  the  
HVDC owner can  be  severe.  Resolu tion  of te lephone  i n terference  after the  HVDC system  i s  
p laced  i n to  service  can  be  h igh ly expensive  and  time  consuming .  Post-commission ing  
resolu tion  of te lephone  i n terference  i s  compl icated  by the  fact that the  i n terference  d i rectly 
affects  parties  other than  the  HVDC owner,  i . e .  the  te lephone  system  operator and  i ts  
subscriber customers.  I t  i s  possib le  that the  HVDC system  can  be  forced  to  cease  operation  
by l egal  or regu latory action  un ti l  the  HVDC fi l tering  system  i s  redesigned  and  mod i fied  or 
te lephone  system  m i tigation  measures  are  appl ied .  When  the  whole  process  of i nductive  
coord ination  i s  done  correctl y,  i t  i s  much  easier to  face  a  problem  at the  i n i ti ation  of the  
project.  

I f not used  wi th  consideration ,  the  requ i rements,  and  equal ly important how to  evaluate  them,  
can  l ead  to  an  undu ly complex and  costl y design .  Clause  3  attempts  to  clari fy many aspects  
of the  subject,  presenting  the  theory,  assessing  practical  experience  and  provid ing  
gu idel i nes.   

3.2  Determin ing  the  necessi ty for telephone  interference  l imi ts  

Whi le  vol tage  d i stortion  con trol  i s  a  common  concern  for any e lectrical  network,  te lephone  
i n terference  i s  h igh ly project-dependent.  I n terference  can  occur when  harmon ic cu rrents  flow 
i n  an  AC transmission  l i ne  wh ich  runs  paral l e l  to  te lephone  l i nes.  The  harmon ic cu rren ts  
i nduce  a  d i stu rbing  vol tage  i n  the  te lephone  l i nes  wh ich  i s  proportional  to  the  l ength  of 
exposure  and  the  per un i t  mutual  impedance  between  the  two  ci rcu i ts.  3 . 2  speci fi cal l y deals  
wi th  harmon ic l im i ts  re lated  to  te lephone  i n terference  such  as  I T,  TI F,  Ieq  and  THFF.  These  
cri teria  a im  to  control  the  i n terference  i nduced  i n  cable  wi re  te lephone  l i nes  transmi tti ng  
s i gnals  i n  the  (vocal )  aud ib le  frequency band ,  i . e .  approximately between  200  Hz and  
3  500  Hz.   

There  i s  no  easy way to  g ive  quan ti tati ve  gu idance  as  to  the  cond i tions  where  te lephone  
i n terference  has  the  poten tia l  to  be  of s i gn i fi cance  for a  project,  or where  speci fic  te lephone-
in terference  orien ted  speci fications  are  needed  to  protect the  buyer.  Qual i tati ve  gu idel i nes  
are  provided  below.  I f there  i s  concern  that a  project can  have  susceptib i l i ty to  one  or more  of 
these  factors,  an  i nductive  coord ination  study i s  desi rable  to  gu ide  the  development of 
speci fi cations.  
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Cond i tions  known  to  i ncrease  the  susceptib i l i ty to  AC-side  te lephone  i n terference  are  the  
fol lowing :  

•  Long  sections  of exposure  between  AC l i nes  carrying  converter harmon ic cu rren ts  and  
te lephone  l i nes.  

•  C lose  proxim i ty of AC transmission  l i nes  and  paral l e l  te lephone  l i nes.   

•  Even  moderate  separation  d istances  and  l ong i tud inal  exposures  i f combined  wi th  very 
h igh  earth  resisti vi ty.  

•  Open-wi re  te lephone  l i nes.  However,  sh ielded  twisted -pai r te lephone  ci rcu i ts  provide  on ly 
a  partia l  reduction  of coupl i ng  poten tia l ,  and  such  ci rcu i ts  are  by no  means  exempt from  
poten tia l  i n terference  i ssues.  

•  Rad ia l  transmission  l i ne(s)  to  the  converter station ,  where  a l l  converter harmon ics  are  
forced  i n to  the  one  s ing le-ci rcu i t  or double-ci rcu i t  l i ne.  

•  AC  transmission  systems  having  a  hybrid  overhead /underground  design ,  wi th  overhead  
l i nes  i n terspersed  wi th  underground  cable  sections.  

•  AC  transmission  systems  wi th  a  l arge  number of capaci tor banks  i n  e lectrical  proxim i ty to  
the  converter station ,  causing  numerous  resonances  i n  the  AC network.  Analysis  i s  
compl icated  i n  these  systems  because  a l l  combinations  and  permutations  of capaci tor 
bank status  can  need  to  be  considered .  

Converter harmon ic curren ts  are  not l im i ted  to  the  AC l i nes  terminating  at the  converter 
station .  Harmon ic cu rren ts  can  penetrate  several  ti ers  i n to  the  transmission  network and  can  
cross  over transformers  to  other vol tage  l evels .  Th is  can  be  problematic when  l ower-vol tage  
transmission  l i nes  are  more  closely coupled  to  te lephone  ci rcu i ts.  There  i s  a  general  
tendency for harmon ic cu rren ts  to  d im in ish  for ti ers  remote  from  the  converter station ,  bu t th is  
general  trend  can  be  offset by resonance  cond i tions  to  produce  g reater harmon ic cu rrent 
levels  at second  and  h igher tier l ines  than  on  fi rst-tier l ines  connected  to  the  converter station .  

The  fol l owing  cond i tions  can  be  assumed  to  i nd icate  non-existence  of te lephone  i n terference  
i ssues  at vocal  frequency,  and  thus  no  need  for psophometric or C-message  weighted  
speci fications:  

•  a l l  exposed  te lephone  ci rcu i ts  are  fibre  optic cable;  

•  mu l tip lex systems  ( time  or frequency mu l tip lexing ):  

•  no  te lephone  ci rcu i ts  exposed .  

Worldwide  experience  of HVDC has  shown  that i n  some  p laces,  te lephone  i n terference  l im i ts  
have  not been  speci fied ,  yet no  problems  have  been  experienced .  I ndeed ,  te lephone  systems  
are  very s im i lar from  coun try to  coun try bu t others  parameters  affecting  the  poten tia l  for 
i n terference  can  be  qu i te  d i fferent.  I n  North  America  for i nstance,  te lephone  i n terference  i s  a  
b i g  concern  because  of the  structu re  of the  te lephone  and  transmission  systems  i n  ru ral  
areas  favouring  l ong  exposures  and  close  proximi ty.  There  i s  a l so  powerfu l  l egal  protection  
for consumers  and  u ti l i ti es  wi th  a  ri sk of serious  economical  consequences  for an  HVDC 
project causing  excessive  te lephone  i n terference.  On  the  other hand ,  i n  Ch ina  for example,  
most te lephone  l i nes  are  general l y remote  from  HV transmission  l i nes.  Huge  HVDC 
i n frastructu re  projects  can  have  a  “national  i n terest”  d imension  wh ich  means  that i n  terms  of 
the  overal l  effect on  society i t  i s  more  importan t to  bu i l d  them  qu ickly and  economical l y,  and  
to  address  possib le  te lephone  noise  problems  as  a  separate  i ssue.  

Nearly a l l  homes  and  smal l  businesses  i n  North  America  and  many other parts  of the  world  
are  sti l l  connected  to  the  phone  network by the  same pai r of twisted  copper wi res  that have  
been  i n  use  for decades.  G iven  the  con tinued  hu rd les  to  fibre  deployment and  the  
i ncreasing ly h igh  transmission  speeds  avai l able  over the  existi ng  copper network,  i t  i s  l i kely 
that copper wi l l  con tinue  to  be  the  i ndustry’s  standard  for many years  to  come.  Th is  i s  
especia l l y true  i n  ru ral  areas  due  to  the  economics  of i nsta l l i ng  fi bre  optic cabl i ng  or coaxia l  
cabl i ng  th rough  l ow densi ty areas.  However,  i n  many coun tries  the  cel l u lar phone  d ig i ta l  
technolog ies  are  tend ing  to  l eapfrog  analogue  l and l i ne  te lephone  system.  Furthermore,  
te lecom  operators’  tari ffs  i n  these  coun tries  are  gu id ing  people  to  use  mobi le  phones  on ly.  
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Past experience  wi th in  the  u ti l i ty and  the  te lephone  company wi th  te lephone  i n terference  
from  existing  faci l i ti es  wou ld  be  the  best reference  s ince  i t  i s  l i kely to  reflect the  parti cu lar 
s i tuation  where  the  new HVDC project wi l l  have  to  operate.  

3.3  Defin ing  telephone  in terference  l imi ts  

3.3. 1  General  

I EC  TR 62001 -1 : 201 6,  Clause  4  g i ves  general  recommendations  for determination  of l im i ts  
wi thou t detai led  stud ies  due  to  possible  short time  schedu le,  l ack of computational  tool ,  l ack 
of te lephone  system  data  or i f no  serious  i n terference  problems  are  expected  because  of 
harmon ic d i stortion .  I t  refers  to  I EEE  Std  368-1 977  [3]  wh ich  g ives  a  table  suggesting  range  
of l im i ts  appl icable  to  HV and  EHV transmission  l i nes,  wi th  a  clear warn ing  that te lephone  
i n terference  shou ld  be  carefu l l y stud ied  on  a  case-by-case  basis.  The  table  of va lues  was  
merely i l l ustrative  and  i ts  derivation  i s  not g i ven .  Successive  standards  ( I EEE  Std  51 9-1 992  
[4]  and  CAN/CSA-C22.3  No.  3-98  [5] )  have  copied  th i s  table  wi th  no  apparen t veri fication  of 
i ts  val i d i ty.  On  the  other hand ,  experience  shows  that some HVDC schemes  wi th  a  speci fied  
I T emanating  from  a  converter bus  of between  25  000  A and  50  000  A function  wi th  no  
problems  of te lephone  i n terference.  Applying  these  previous  l im i ts  wi thou t any study i s  
therefore  not recommended .  

I f i t  has  been  establ i shed  that there  i s  a  s ign i fi can t ri sk of te lephone  i n terference  re lated  to  a  
particu lar HVDC project,  a  detai led  study i s  requ i red  to  assess  the  l im i ts  for the  AC  fi l ter 
performance  speci fi cations.  3 . 3  g i ves  a  general  description  of the  procedure  to  calcu late  the  
i n fluence  of a  g i ven  transmission  l i ne  on  ad jacent te lephone  l i nes.  The  method  presented  i s  
based  on  the  North  American  practice  because  i n terference  problems  appear to  be  more  
acu te  i n  that part  of the  world ,  and  focuses  on  te lephone  cable  systems,  bu t the  same  basic 
princip les  apply to  other systems  wi th  d i fferen t susceptib i l i ty l evels.  Tables  of i l l ustrative  
values  of coupl ing  are  provided .  

I t  i s  a l so  necessary to  assess  the  harmon ic cu rren t fl ow i n  transmission  l i nes  ad jacent to  the  
HVDC project i n  order to  i den ti fy the  ones  that need  to  be  considered  for the  te lephone  
i n terference  requ i rement of the  HVDC project,  and  thei r possib le  l evel  of i n terference.  
Recommendations  are  g iven  on  the  requ i red  i n formation  abou t the  AC  system  that needs  to  
be  i ncluded  i n  a  speci fi cation  to  ach ieve  an  adequate  AC fi l ter design .   

3.3.2  Mechanisms  of in terference 

Harmon ic cu rren ts  fl owing  i n  a  transmission  l i ne  i nduce  harmon ic vol tages  and  cu rren ts  i n  
nearby i nstal lations.  Th is  vol tage  can  be  measured  between  one  end  of the  te lephone  
conductor and  g round ,  wi th  the  remote  end  g rounded ,  and  i s  ca l l ed  the  l ong i tud inal  vol tage.  
The  l ong i tud inal  vol tage  i nduced  i n  any paral le l  conductor can  be  calcu lated  as  fol l ows:  

 )Zm(IV

k

j

jn
1

jnng ×=∑
=

  ( 1 )  

where  

n   i s  the  harmon ic number;  

j    i s  the  conductor number;  

k  i s  the  number of conductors  on  the  transmission  l i ne;  

Vgn   i s  the  l ong i tud inal  vol tage  at harmon ic n ;  

Ij n   i s  the  phasor curren t i n  conductor j  a t  harmon ic n ;  

Zm j n   i s  the  mu tual  impedance  between  conductor j  and  te lephone  l i ne  at harmon ic n ,  
i nclud ing  the  screen ing  effect of the  g round  wi res  and  any other nearby g rounded  
conductors.  
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I n  Equation  (1 ) ,  the  harmon ic curren ts  fl owing  i n  the  transmission  l i ne  are  calcu lated  by the  
HVDC converter con tractor accord ing  to  the  method  defined  i n  the  techn ical  speci fications.   

The  mu tual  impedance  depends  main ly on  earth  resisti vi ty,  separation  between  transmission  
and  te lephone  l i nes,  transmission  l i ne  configuration  and  frequency.  I nductive  coord ination  
stud ies  requ i re  the  calcu lation  of mu tual  impedances  for a  l arge  number of exposures  
between  AC transmission  l i nes  and  te lephone  l i nes.  The  calcu lation  usual l y i ncludes  the  
effect of screen ing  conductors  l i ke  sh ie ld  wi res  or any other extended  conductive  i nstal l ation  
close  by.  Th is  calcu lation  i s  general l y done  by specia l i sed  computer programs  such  as  
EMTP,  CORRIDOR,  MathCAD,  CDEGS 2.  However,  for s imple  cases,  Dubanton  equations  [6 ]  
can  be  used  wi th  satisfactory resu l ts  for a  typical  range  of va lues  of exposures.  I n  add i tion ,  
the  calcu lation  of coupl i ng  for i rregu lar exposures  i nvolves  breaking  down  the  exposures  i n to  
a  series  of paral l e l  sections  and  add ing  these  together to  obtain  the  tota l  coupl i ng  [7 ,  8 ] .  
Some  computer programs  have  the  capaci ty to  calcu late  mu tual  impedances  for i rregu lar 
exposures  (Crinol ine  toolbox i n  EMTP,  CDEGS).  

Modern  te lephone  l i nes  use  sh ie lded  cables  to  transmi t the  voice  s ignal  to  each  customer via  
a  twisted  conductor pai r.  The  sh ield  supports  the  same harmon ic i nduced  vol tages  as  the  
conductor pai r bu t a l l ows  curren t fl ow through  i ts  g rounded  ends  wh ich  cancels  ou t part of 
the  i nduced  vol tage  i n  the  conductor pai r and  i s  very effective  at h igher frequencies  to  reduce  
the  l ong i tud inal  vol tage.  The  resu l ti ng  i n terference  vol tage  i s  the  d i fference  between  both  
conductor l ong i tud inal  vol tages,  wh ich  i s  ca l l ed  the  metal l i c  or transverse  vol tage,  and  i s  the  
vol tage  wh ich  appears  across  a  te lephone  receiver.   

NOTE  The  terms  "common  mode"  for l ong i tud i na l  and  "d i fferen ti a l  mode"  for transverse  are  a l so  u sed .   

The  ratio  between  metal l i c  and  l ong i tud inal  vol tage  i s  ca l l ed  the  balance  of the  ci rcu i t  and  i s  
frequency dependent.  The  metal l i c  vol tage  i s  then  weigh ted  to  reflect the  frequency response  
of the  ear and  the  te lephone  system.  The  C-message  weigh ting  i s  used  i n  North  America  
wh i l e  psophometric weigh ting  i s  used  i n  Europe.  Other parts  of the  world  adopt one  or other 
of these  methods.  

The  tota l  effective  noise  wi l l  be  calcu lated  by the  root of the  squares  of these  weigh ted  
components  for each  harmon ic to  be  considered .  The  tota l  weighted  metal l i c  noise  vol tage  i s  
g i ven  by:  

 ∑ ∑
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where  

m   i s  the  maximum  order of harmon ic to  be  considered ;  

Cn   i s  the  C-message  or psophometric weighting  of harmon ic n;  

Kn   i s  the  te lephone  ci rcu i t  sh ie ld ing  factor at harmon ic n;  

Bn   i s  the  te lephone  ci rcu i t  ba lance  at  harmon ic n.  

The  te lephone  ci rcu i t  sh ie ld ing  and  balance  factors  are  general l y provided  by the  te lephone  
compan ies.  I n  practice,  the  sh ield ing  improves  wi th  frequency wh i le  the  balance  gets  worse  
as  frequency i ncreases.  The  combined  factor i s  a lmost constan t over the  frequency range  of 
i n terest.  

_____________ 

2  EMTP,  CORRIDOR,  MathCAD,  CDEGS  are  examples  of su i tab l e  products  avai l ab l e  commercia l l y.  Th i s  
i n formati on  i s  g i ven  for the  conven ience  of u sers  of th i s  documen t  and  does  not  consti tu te  an  endorsemen t  by 
I EC  of these  products .  

Copyright International  Electrotechnical  Commission  



I EC  TR 62001 -2 : 201 6  © I EC  201 6  – 1 3  – 

I EEE  Std  1 1 24-2003  [9]  provides  a  g reat deal  of i n formation  abou t the  calcu lation  of mutual  
impedances  and  the  characteri sti cs  of the  d i fferen t parameters  re levant to  an  i nductive  
coord ination  study.  The  methodology of i nductive  coord ination  for a  DC transmission  l i ne  i s  
basical l y the  same  as  for an  AC l i ne.  Usefu l  i n formation  on  the  management of 
e lectromagnetic i n terference  by power systems  on  te lecommun ication  systems  can  a l so  be  
found  i n  [1 0] .  I n fl uence  of vol tage  and  cu rren t d i stortion  on  te lephone  i n terference  l evel  i s  
considered  i n  Annex A.  

3.3.3  Noise  performance  coord ination  levels   

I TU -T EMC-1 . 6  [1 1 ]  used  i n  Europe  and  e l sewhere  states  that the  psophometric vol tage  
measured  across  a  resistance  of 600  Ω  a t  one  end  of the  l i ne  wi th  the  remote  end  terminated  
wi th  i ts  characteri sti c impedance  shou ld  not exceed  0 , 5  mV.   

The  North  American  standards  ( [1 2 ] ,  [1 3] )  recommend  l im i ting  the  noise  con tribu tion  on  the  
customer l oop  to  20  dBrnC.  The  te lephone  ci rcu i t  noise  i s  defined  re lative  to  1  pW in  600  Ω ,  
i . e .  re lati ve  to  an  appl ied  vol tage  of 24 , 5  mV,  and  i s  expressed  i n  dB  above  th is  l evel .  

 Nm  (dBrnC)  =  20  l og  (Vm /(24, 5  ×  1 0
-6))   (3)  

where  

Nm   i s  the  metal l i c  ( transverse)  noise  expressed  i n  dB  above  24, 5  mV.  

The  correspond ing  metal l i c  noise  vol tage  i s  0 , 245  mV,  wh ich  i s  therefore  stri cter than  the  I TU  
counterpart (0 , 5  mV).  

S ince  the  i n fluence  of transmission  l i nes  on  te lephone  i n terference  i s  more  predominant i n  
North  America,  the  fol lowing  d iscussion  wi l l  focus  on  the  American  practice.   

The  basic quan ti ties  i n  the  characterization  of i n terference  between  HV transmission  l i nes  
and  te lephone  l i nes  are:  

 Nm  (dBrnC)  =  Ng  (dBrnC)  – Bal  (dB)  (4)  

where  

Ng   i s  the  l ong i tud inal  noise  to  g round  expressed  i n  dB  above  24, 5  mV;  

Bal   i s  the  balance  of the  te lephone  ci rcu i t  i n  dB  (ratio  of d i stu rbing  l ong i tud inal  vol tage  and  
the  resu l ti ng  metal l i c  vol tage).  

Noise  to  g round  i s  the  resu l t  of power i n fl uence  from  the  HV transmission  l i ne  and  the  
coupl i ng  between  th i s  transmission  l i ne  and  a  te lephone  l i ne.  Th is  value  i s  re lated  to  the  l evel  
of harmon ic cu rrent i n  the  transmission  l i ne  and  thus  under the  network owner’s  con trol .  The  
balance  measures  the  susceptib i l i ty of the  te lephone  system  and  as  such  i s  the  responsibi l i ty 
of the  te lephone  company.   

E lectrical  coord ination  standards  ( [5] ,  [1 3] ,  [1 9] )  define  performance  th resholds  for metal l i c  
noise,  l ong i tud inal  noise  and  balance  on  normal  business  or residen tia l  l i nes  wh ich  are  cable  
l i nes  as  described  i n  Tables  1  to  3 .  
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Table  1  – Performance  thresholds  for metal l ic  noise  

Metal l i c  noise  thresholds  

dBrnC  

Noise  l evel  performance  category 

≤  20  recommended  

>  20  ≤  30  acceptabl e  

>  30  not  recommended  

 

Table  2  – Performance  thresholds  for longi tudinal  noise  

Long i tud inal  noise  thresholds  

dBrnC  

Noise  l evel  performance  category 

≤  80  recommended  

>  80  ≤  90  acceptabl e  

>  90  not  recommended  

 

Table  3  – Performance thresholds  for balance  

Balance  thresholds  

dB  

Noise  l evel  performance  category 

≥  60  recommended  

≥  50  <  60  acceptabl e  

<  50  not  recommended  

 

The  "recommended"  l evels  shou ld  be  treated  as  both  the  overal l  design  requ i rements  and  
objective  main tenance  l evels.  The  "acceptable"  category i s  acceptable  as  a  temporary 
s i tuation  on ly un ti l  improvement can  be  reasonably ach ieved  or un ti l  te lephone  customer 
complain ts  have  been  received .  Even  "not recommended"  l evels  of l ong i tud inal  noise  or 
balance  cou ld  be  tolerated  i f there  was  l ow impact on  the  metal l i c  noise  performance.  Noise  
l evels  above  20  dBrnC are  not bel i eved  to  un i formly resu l t  i n  customer complain t bu t l evels  
above  30  dBrnC  most probably wi l l .  On  th is  basis,  many commun ication  compan ies  consider 
an  upper l im i t  of 5  %  of the  network l i nes  exceed ing  20  dBrnC,  wi th  none  above  30  dBrnC,  to  
be  an  objective.  For the  parti cu lar case  of a  new HVDC project,  the  power company wou ld  
have  to  control  the  l ong i tud inal  noise  due  to  the  power i n fl uence  of the  transmission  l i nes  
affected  by the  harmon ic generation  of the  converters  to  the  recommended  l im i t  of 80  dBrnc.  

3.3.4  In fluence  of power transmission  l ines  

3.3.4.1  Defin i tions   

The  i n fluence  of power transmission  l i nes  depends  on  each  conductor curren t at each  
harmon ic,  usual ly from  1  to  49,  accord ing  to  Equation  (2).  I n  order to  ease  the  speci fi cation  of 
a  l im i t  on  power i n fl uence  by the  transmission  system  owner and  the  calcu lation  of AC  
harmon ic fi l ter performance  by the  HVDC con tractor,  these  d i fferen t phase  and  harmon ic 
components  shou ld  be  combined  i n  a  un ique  value  wh ich  represents  thei r g lobal  effect on  the  
te lephone  i n terference  l evel .  The  defin i ti on  of power i n fluence  l im i t  i s  d i scussed  below.  

I t  i s  conven ien t to  convert the  transmission  l i ne  harmon ic cu rren ts  from  phase  quan ti ti es  to  
symmetrical  components.  The  harmon ic curren ts  generated  by a  HVDC converter are  e i ther 
of posi tive  or negative  sequence  depend ing  on  harmon ic order.  Theoretical l y,  no  zero  
sequence  (residual )  harmon ic cu rren ts  are  generated  by the  converter station .  However,  the  
posi ti ve  and  negative  sequence  curren t components  fl owing  i n  a  non-symmetrical  e lectrical  
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component ( i . e .  the  transmission  l i ne)  wi l l  a l so  partia l l y convert to  create  some residual  
harmon ic cu rren ts  that need  to  be  considered  due  to  thei r h i gh  coupl i ng  to  te lephone  l i nes.  
The  harmon ic cu rrents  flowing  i n  a  transmission  l i ne  are  therefore  common ly expressed  as  
balanced  mode  curren ts  (e i ther posi tive  or negative  sequence)  and  residual  mode  curren ts.  
Each  i s  processed  i ndependently s i nce  i t  s impl i fi es  the  speci fications  and  as  one  mode  
usual ly predominates.  

Equation  (2)  can  be  spl i t  i n  two  components  of metal l i c  vol tages:  

 ( )∑
=

=

××××=
mn

n

CBKZIV

1

2
nnnmbnbnmbal  (5)  

 ( )∑
=

=

××××=
mn

n

CBKZIV

1

2
nnnmrnrnmr  (6)  

where  

Vmbal   i s  the  weighted  metal l i c  noise  vol tage  i n  balanced  mode  (V);  

Zmbn   i s  the  mu tual  impedance  i n  balanced  mode  at  harmon ic n  (Ω) ;  

Ibn   i s  the  balanced  mode  curren t at harmon ic n  (A) ;  

Vmr   i s  the  weigh ted  metal l i c  noise  vol tage  i n  residual  mode  (V) ;  

Zmrn   i s  the  mu tual  impedance  i n  residual  mode  at harmon ic n  (Ω) ;  

Irn    i s  the  residual  mode  curren t at  harmon ic n  (A) .  

I t  i s  possib le  to  fu rther s impl i fy the  preced ing  equations  wi th  the  concept of "equ ivalen t 
d i stu rbing  cu rren t"  [1 4] .  Th is  i s  a  notional  s ing le  frequency reference  curren t fl owing  i n  a  
notional  s ing le  conductor l ocated  geometrical l y between  the  l i ne  conductors  wh ich  produce  
the  same  weigh ted  noise  i n  a  nearby commun ication  ci rcu i t.  Th is  representation  a l l ows  the  
metal l i c  noise  vol tage  to  be  calcu lated  wi th  Equation  (7):  

 111meqm BKZIV ×××=  (7)  

where  

Ieq   i s  the  C-message  weigh ted  equ ivalen t d i stu rbing  cu rren t (A);  

Zm1   i s  the  mutual  coupl i ng  impedance  between  the  notional  conductor and  the  
commun ication  ci rcu i t  at the  reference  frequency (1  kHz),  i nclud ing  the  screen ing  effect 
of sh ie ld  wi res  on  the  transmission  l i ne  towers  and  other g rounded  conductors  (Ω) ;  

K1   i s  the  te lephone  ci rcu i t  sh ie ld ing  factor at the  reference  frequency;  

B1   i s  the  commun ication  ci rcu i t  unbalance  factor at  the  reference  frequency;  

The  equ ivalen t d i stu rbing  cu rren t Ieq  (A)  combines  the  effect of each  i nd ividual  harmon ic 
cu rren t wi th  Equation  (8):  

 ∑
=

=

⋅⋅=
mn

n

)CH(II

1

2
nnneq  (8)  

where  

In   i s  the  the  s ing le  frequency RMS curren t at  harmon ic n  (A) ;  

m    i s  the  the  maximum  harmon ic number to  be  considered ;  
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Hn   i s  the  the  weigh ting  factor to  account for the  general  natu re  of frequency dependent 
coupl ing  between  telephone  cables  and  AC transmission  l i ne,  normal ized  to  1  kHz.  

The  term  Hn  combines  the  frequency dependent characteristics  of Zmn ⋅Kn ⋅Bn  over the  
harmon ic range  from  n  =  1  to  n  =  m ,  such  that:  

 (Zmn ⋅Kn ⋅Bn )  =  (Zm1 ⋅K1 ⋅B1 ⋅Hn )   (9)  

The  Hn  factor for a  speci fi c project i s  based  on  the  assessment of frequency dependencies  of 
mu tual  impedances,  sh ield ing  factor and  balance  for each  i nd ividual  exposure.  S ince  each  
exposure  requ i res  theoretical l y a  d i fferen t Hn  factor,  a  representative  value  shou ld  be  
developed  for a l l  the  exposures  i nvolved  i n  a  speci fi c project.  [9 ]  proposes  a  method  to  
develop  an  adequate  Hn  factor.  The  combined  effect of sh ie ld ing  and  balance  i s  practical l y 
constan t over frequency so  th i s  factor reflects  the  characteri sti cs  of mu tual  impedance  versus  
frequency.  

An  a l ternative  concept to  the  "equ ivalen t d i stu rbing  cu rren t"  (A)  i s  the  " I T  product" .  The  I T  
product (often  abbreviated  to  s imply " I T")  i s  widely used  i n  North  America  as  a  measure  of 
transmission  l i ne  i n fluence  and  i s  defined  as  fol l ows:  

 ∑
=

=

=
mn

n

)W(IIT

1

2
nn  ( 1 0)  

where  

In    i s  the  s i ng le  frequency RMS  curren t at harmon ic n;  

m    i s  the  maximum  harmon ic number to  be  considered ;  

Wn   i s  the  s i ng le  frequency TIF  weighting  at  harmon ic n    (=Cn  5  n  fo) .  

Equation  (1 0)  combines  the  d i fferen t harmon ic con tribu tions  i n to  a  s ing le  value  that 
represents  the  overal l  effect of a l l  harmon ic curren ts  flowing  i n  a  l i ne.  The  I T can  be  
considered  as  a  specia l  case  of Ieq  wh ich  assumes  a  l i near frequency dependence  of the  
coupl ing .  The  I T product can  be  used  wi th  the  balanced  component of harmon ic cu rren ts  or 
the  residual  component.  The  balanced  I T  can  have  a  l arge  i n fl uence  on  te lephone  l i nes  i n  
close  proximi ty to  the  transmission  l i ne  bu t i ts  i n fl uence  decreases  very rapid ly wi th  
i ncreasing  separation  between  the  two  systems  especia l l y wi th  l ow earth  resistivi ty.  The  
residual  I T  has  a  l arger zone  of i n fl uence  and  i s  more  dependent on  earth  resistivi ty.  

S im i larl y,  i t  i s  possib le  to  define  a  residual  Ieq  or a  balanced  Ieq  depend ing  on  wh ich  
component of the  AC transmission  l i ne  curren ts  i s  considered .  The  Ieq  cri terion  has  the  
advantage  of defin ing  an  Hn  factor that better su i ts  the  frequency dependent coupl i ng  
characteri sti c of a  parti cu lar exposure,  bu t the  I T  sti l l  shou ld  g i ve  acceptable  resu l ts  for most 
cases,  taking  i n to  consideration  the  accuracy of the  data.  

Depend ing  on  each  speci fi c case,  balanced  mode  coupl i ng  or residual  mode  coupl i ng  wi l l  
prevai l  bu t,  i n  most s i tuations,  both  modes  need  to  be  considered .  Combination  of both  
coupl ing  modes  i n  one  l im i t  i s  possib le  by using  a  correction  factor Kb  computed  from  the  
most cri ti cal  exposures:  

 Kb  =  Zmb1 /Zmr1  ( 1 1 )  

where  

Zmb1   i s  the  balanced  mode  coupl i ng  at reference  frequency;  

Zmr1   i s  the  residual  mode  coupl ing  at  reference  frequency.  

The  Kb  factor g i ves  the  appropriate  weighting  to  the  balanced  mode  harmon ic cu rrents  In  (A) :  
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where  

Irn   i s  the  the  tota l  residual  mode  curren t at harmon ic n ;  

Ibn   i s  the  the  balanced  mode  current at harmon ic n ;  

Kb   i s  the  the  ratio  of balanced  mode  coupl ing  to  the  residual  mode  coupl i ng  at reference  
frequency.  

Equation  (1 2)  uses  RSS  summation  as  a  compromise,  because  the  computation  of phase  
ang le  d i fference  between  residual  mode  and  balanced  mode  i nduced  i n  each  te lephone  l i ne  
i s  too  complex.  The  factor Kb  of Equation  (1 2)  resu l ts  i n  i naccuracy i n  assessing  the  
i n fl uence  of balanced  mode  s ince  th i s  factor i s  based  on  the  most cri ti cal  exposures.  Where  
the  i nductive  coord ination  study shows  that the  balanced  mode  i s  predominant,  the  equation  
can  be  rearranged  so  that the  correction  factor i s  appl ied  to  the  residual  mode.  The  resu l ti ng  
cu rrent can  be  used  to  calcu late  the  equ ivalent d i sturbing  cu rren t or I T  (Equations  (8)  and  
(1 0)) .  

3.3.4.2  I l lustrative  values  

An  I T  value  can  be  converted  to  i ts  equ ivalent 1  000  Hz cu rren t to  calcu late,  wi th  Equation  
(2) ,  the  resu l ti ng  l ong i tud inal  noise  for a  g i ven  exposure  characteri sti c.  Wi th  the  above  
considerations,  i t  i s  possib le  to  obtain  a  rough  assessment of the  ri sk of te lephone  
i n terference  as  a  function  of I T  l evels  and  some  read i l y avai lable  data  on  te lephone  l i nes.  
The  calcu lations  below are  based  on  a  l ong i tud inal  noise  of 80  dBrnC,  a  balance  of 60  dB  
and  a  sh ie ld ing  of 1 0  dB.  I n  fact,  the  sh ie ld ing  factor varies  wi th  cable  type,  exposure  l eng th ,  
frequency and  cable  sh ie ld  end  g rounds,  bu t 1 0  dB  can  be  used  as  a  typical  va lue  for a  
s i gn i fi cant exposure  l eng th .  Table  4  and  Table  5  respectively g ive  maximum  l eng th  of paral l e l  
exposures  for a  g i ven  balanced  I T and  residual  I T  as  a  function  of earth  resistivi ty and  
separation .   

Table  4  – I l lustrative  maximum telephone l ine  l ength  to  ach ieve  the   

North  American  recommended  longi tudinal  Ng  l evel ,  as  a  function   

of balanced  IT  l evel ,  earth  resistivi ty and  separation  d istance  

Separation  

m  

Maximum  exposure  l ength  

km  

1 00  Ω⋅m  1  000  Ω⋅m  1 0  000  Ω⋅m  

40  1 , 0  0 , 9  0 , 9  

1 30  3 , 7  2 , 9  2 , 5  

500  44  1 2 , 2  7 , 0  

1  000  240  29 , 7  1 2  

3  000  2  880  350  39  

NOTE  Ba l anced  I T  l evel  i s  1 0  000  A.  

 

Tables  4  and  5  are  based  on  a  typical  230  kV transmission  l i ne  wi th  a  horizon tal  configuration  
and  two  steel  overhead  sh ie ld  wi res.  I n  practice,  the  coupl ing  i n  balanced  mode  i ncreases  
somewhat wi th  the  d istance  between  phases  (proportional  to  the  transmission  l i ne  nominal  
vol tage),  bu t the  coupl i ng  i n  residual  mode  shows  a  rather l ow dependency on  th is  
parameter.  Fu rthermore,  any transmission  l i ne  configuration  wh ich  tends  to  m in im ize  the  
d i fference  i n  separation  between  the  phases  and  the  te lephone  l i ne  (verti cal  configuration )  
presents  much  l ower coupl ing  to  balanced  I T.  A ratio  of 1 0  to  1  between  the  balanced  I T and  
residual  I T  basic l evels  i s  chosen  because  i t  i s  considered  typical  for HV transmission  l i nes  
[1 5] .  These  figu res  are  based  on  neg l i g ib le  g round ing  resistance  at each  end  of the  
exposure;  i n  practice,  g round ing  resistance  can  have  some  effect on  the  i nduced  vol tage  by 
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reducing  the  sh ie ld ing  effect of sh ie ld  wi res.  These  figu res  a lso  assume  that the  curren t i s  
constan t a long  the  transmission  l i ne,  wh ich  can  be  true  for a  perfectly balanced  l i ne  
terminated  by i ts  characteristic impedance,  bu t i t  i s  general l y not the  case.  

Annex B  shows  an  example  wh ich  i l l ustrates  the  d i fferen t steps  requ i red  to  calcu late  the  
maximum  l ength  of a  transmission  l i ne  taking  i n to  account the  particu lar characteri sti cs  of the  
exposure,  the  main  characteristics  of the  te lephone  system  and  the  recommended  values  of 
Ng .  Using  the  same  procedure,  a  user can  recalcu late  such  tables  for h is  own  s i tuation ,  for 
example  wi th  a  d i fferen t l i ne,  or d i fferen t assumptions  abou t acceptable  l im i ts,  sh ie ld ing .  

The  maximum  exposure  l eng th  i s  i nversely proportional  to  the  I T  l evel ,  and  so  the  resu l ts  of 
these  tables  can  be  proportional l y ad justed  to  apply to  a l ternative  I T l im i ts.   

The  resu l ts  show that for th i s  particu lar transmission  l i ne  configuration  

•  short exposures  and  l ow I T are  requ i red  when  the  separation  d istance  i s  l ow,  

•  when  the  earth  resisti vi ty i s  h i gh ,  the  separation  d i stance  shou ld  be  much  l arger,  for the  
same  exposure  l eng th ,  and  

•  for l i ne  configuration  wi th  l ow balanced  coupl i ng ,  residual  I T  becomes  prevalen t even  at  
l ow earth  resisti vi ty.  

Table  5  – I l lustrative  maximum telephone l ine  l ength  to  ach ieve  the  North  American  

recommended  long i tud inal  Ng  l evel  as  a  function  of residual  IT  l evel ,  

earth  resistivi ty and  separation  d istance 

Separation  

m  

Maximum  exposure  l ength  

km  

1 00  Ω⋅m  1  000  Ω⋅m  1 0  000  Ω⋅m  

40  2 , 6  1 , 9  1 , 5  

1 30  5 , 8  3 , 0  2 , 1  

500  45  8 , 0  3 , 7  

1  000  1 80  1 9 , 8  5 , 9  

3  000  1  600  1 92  20  

NOTE  Resi dual  I T  l evel  i s  1  000  A.  

 

A ru ral  te lephone  l i ne  can  extend  over 25  km  or more,  bu t general l y on ly part of the  l i ne  i s  
close  to  a  transmission  l i ne  and  on ly that part  needs  to  be  considered .  For ang led  exposures,  
the  equ ivalen t horizon tal  projection  l eng th  of the  te lephone  l i ne  on  the  power l i ne  shou ld  be  
used ,  as  described  i n  [9 ] .  

Th is  methodology can  be  compared  to  l evels  that were  pu t forward  i n  a  CIGRÉ gu ide  [2 ]  
based  on  the  F inn ish  experience.  Accord ing  to  th i s  study,  on ly commun ication  cables  wi th  
mu tual  impedance  above  1  Ω  were  considered  assuming  an  earth  resistivi ty of 2  300  Ω-m.  
The  noise  to  g round  l im i t  of 80  dBrnC taking  i n to  account a  commun ication  cable  sh ie ld ing  
factor of 1 0  dB  corresponds  to  a  maximum  long i tud inal  noise  vol tage  of 0 , 775  V weigh ted  
(see  Append ix 5 . 1  of [2 ] ) .  For such  commun ication  cables  (Zm  >  1  Ω) ,  the  equ ivalent 
psophometric residual  cu rren t shou ld  be  l im i ted  to  0 , 775  A,  wh ich  corresponds  to  a  residual  
I T  of 3  500  A using  a  conversion  factor of 4  500.  Doubl i ng  th i s  l im i t  because  of the  h igher 
metal l i c  vol tage  permi tted  by the  I TU  (European)  standards  resu l ts  i n  a  maximum  residual  I T  
of 7  000  A for the  commun ication  cables  that show the  l ower coupl i ng  i n  the  g roup  of 
commun ication  cables  being  stud ied .  Th is  fi gu re  can  be  compared  to  a  recommended  
equ ivalen t psophometric residual  cu rrent of 2  A or a  residual  I T  of 9  000  A based  on  F inn ish  
commun ication  cables  accord ing  to  [2 ] ,  wh ich  wi l l  resu l t  i n  on ly 5%  of the  commun ication  
cable  i n  the  same  g roup  exceed ing  the  recommended  noise  metal l i c  l im i t.  
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I t  can  be  concluded  that the  North  American  te lephone  system  i s  more  susceptib le  to  the  
i n fl uence  of harmon ic cu rren t fl owing  i n  power l i nes  and  that care  shou ld  be  exercised  when  
using  the  l im i ts  recommended  i n  [2 ]  for other systems.  Furthermore,  a  stati sti cal  approach  
can  not be  acceptable  for a  HVDC project because,  i n  some  coun tries,  even  a  s ing le  case  of 
excessive  te lephone  i n terference  can  j eopard ize  the  permission  to  operate  the  transmission  
l i ne.  

The  values  of Table  4  and  Table  5  can  be  used  to  obtain  rough  estimates  of I T  l im i ts  based  
on  the  North  American  practice  wi th  m in imal  i n formation  on  exposures  between  the  te lephone  
and  transmission  l i nes.  These  approximate  I T  l im i ts  cou ld  be  used  to  speci fy a  range  of 
values  to  get the  cost sensi tivi ty of the  fi l ter design .  However,  many parameters  can  take  a  
wide  range  of va lues  that can  affect s i gn i fi cantly the  calcu lated  I T  l evels  (notably cable  
balance  can  vary from  50  dB  to  70  dB  and  sh ield ing  from  2  dB  to  1 3, 5  dB).  I t  i s  therefore  
strong ly recommended  to  perform  detai led  co-ord ination  stud ies  when  there  are  te lephone  
l i nes  i n  the  proxim i ty of the  AC  transmission  l i nes,  at  l east for the  fi nal  se lection  of AC fi l ter 
design .   

3.3.5  Determination  of IT  l im i ts  for a  specific  project 

3 .3.5. 1  General  

3.3. 5  wi l l  focus  on  the  detai led  stud ies  to  be  performed  i n  order to  produce  the  techn ical  
speci fication  of AC fi l ters  for a  speci fi c HVDC project.  There  i s  very l i ttl e  reference  materia l  
avai l able  on  th is  subject from  previous  experience,  so  3 . 3 . 5  wi l l  concentrate  on  the  
description  of the  main  parameters  affecting  the  penetration  of harmon ics  i n to  the  HV 
network,  and  the  preparation  of techn ical  speci fi cations.   

I t  was  considered  i n  the  past [1 6]  that the  calcu lation  of harmon ic cu rren ts  i n  the  conductors  
of AC transmission  l i nes  for the  purpose  of te lephone  i n terference  con trol  was  too  complex 
because  of the  exten t of the  transmission  system  and  the  number of network configurations  
to  consider.  However,  wi th  the  computation  tools  now avai l able  and  the  improvement i n  
transmission  e lement models,  i t  i s  easier to  perform  such  stud ies  and  the  accuracy i s  
deemed  acceptable.  I ndeed ,  an  example  at  the  end  of 3 . 3 . 5. 3  shows  that i t  i s  possib le  to  
reproduce  a  case  of severe  harmon ic ampl i fi cation  on  a  transmission  system  by a  detai led  
s imu lation  model .  I n  any case,  a  te lephone  i n terference  l im i t  obtained  by calcu lation  wi th  the  
re levant actual  characteristics  of the  network i s  preferable  to  an  arbi trary l im i t.  

The  fi rst step  wou ld  be  to  i den ti fy the  transmission  l i nes  that carry a  substantia l  part  of,  or 
magn i fy,  the  harmon ic curren ts  generated  by the  p lanned  converter station .  These  
transmission  l i nes  wi l l  l i ke ly d i ctate  the  te lephone  i n terference  requ i rements  of the  HVDC 
project.  An  i nductive  coord ination  study shou ld  then  be  performed  to  determine  the  te lephone  
i n terference  l im i t  profi l e  a long  these  transmission  l i nes.  F inal l y,  a l l  the  re levant data  shou ld  
be  i ncluded  i n  the  techn ical  speci fi cation  so  that the  HVDC con tractor cou ld  reproduce  the  
harmon ic cu rren t fl ow i n  these  transmission  l i nes  and  optim ize  the  fi l ter design ,  i deal l y wi th  a  
s imple  calcu lation  method .  

The  pre-speci fication  stud ies  can  requ i re  a  l arge  effort to  i den ti fy a l l  of the  harmon ic cu rrent 
i ssues  associated  wi th  a  l arge  AC system,  especia l l y where  many te lephone  l i nes  are  
i nvolved .  The  presence  of a  nearby HVDC system  wi l l  requ i re  add i tional  effort  to  represent i ts  
con tribu tion  to  the  te lephone  in fl uence  requ i rements.  Consequently,  these  stud ies  are  started  
at  an  early stage  of the  project i n  order to  not i n terfere  wi th  the  project schedu le.   

3.3.5.2  Identi fication  of the  decisive  transmission  l ines  

The  obvious  l i nes  of i n terest are  those  d i rectly connected  to  the  converter station ,  bu t 
harmon ic cu rrents  can  a l so  flow i n  remote  l i nes  due  to  parti cu lar network characteri sti cs,  for 
i nstance  wi th  the  presence  of cables.  A harmon ic penetration  study i s  performed  to  determine  
wh ich  transmission  l i nes  shou ld  be  considered .  Such  a  study can  be  done  wi th  the  same  
d ig i tal  tool  as  used  to  perform  the  impedance  l ocus  study,  l ooking  at  transmission  l i ne  
harmon ic cu rren ts  when  i n jecting  a  un i tary curren t at the  poin t of connection  of the  converter.  
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Transferred  cu rrents  are  determined  as  a  function  of frequency,  up  to  abou t 3  000  Hz,  at 
l east for the  main  harmon ic orders  generated  by HVDC converters.   

The  converter main ly generates  balanced  sequence  harmon ics  that wi l l  sp l i t  between  the  
d i fferen t transmission  l i nes  connected  to  the  converter bus  accord ing  to  thei r re lati ve  
harmon ic impedances,  wh ich  depend  on  thei r e lectrical  characteri sti cs  and  end  impedances.  
These  harmon ic cu rrents  can  be  magn i fied  a long  the  l i nes  or at remote  l ocations  i n  the  
network.  Consequently,  the  harmon ic cu rrents  shou ld  be  checked  at  several  l ocations  a long  
thei r tota l  l eng th  wi th  a l l  possib le  foreseen  network configurations  and  operating  cond i tions.   

I n  add i tion ,  the  transmission  l i nes  wi l l  convert posi ti ve  or negative  sequence  harmon ic 
cu rrents  i n jected  by the  converter i n to  g round  mode  and  negative  or posi ti ve  sequence  
currents,  un less  the  configuration  of the  conductors  i s  symmetrical  wi th  respect to  each  other 
and  to  g round  (wh ich  i s  never the  case),  even  when  they are  transposed  for fundamental  
frequency.  Because  the  coupl i ng  between  te lephone  l i nes  and  transmission  l i nes  i s  h i gher i n  
g round  mode,  th i s  harmon ic cu rren t g round  mode  shou ld  not be  i gnored .  The  sequence  
opposi te  (negative  versus  posi tive)  to  that of the  cu rrent source  can  a lso  be  h igher i n  
magn i tude  than  the  source  sequence  at  remote  l ocations  i n  the  network.  

I n  order to  get real i stic  resu l ts,  the  transmission  l i nes  shou ld  be  represented  by an  adequate  
three  phase  model  wi th  the  best avai l able  assessment of earth  resisti vi ty a long  each  
transmission  l i ne.  Note  that transmission  l i nes  runn ing  i n  the  same  ri gh t of way shou ld  be  
model led  taking  i n to  account thei r mu tual  impedance  because  the  zero  sequence  impedance  
i s  l argely affected  by any ad jacent transmission  l i ne.  The  impedance  at  the  poin t of 
connection  shou ld  i deal ly be  the  same as  the  fu tu re  converter i nsta l l ation  i n  order to  a l l ow the  
flow of i nduced  balanced  and  zero  sequence  harmon ic cu rren ts  due  to  mu tual  impedance  
between  sequences.  At the  pre-speci fi cation  study stage,  th is  i n formation  i s  not avai lable,  bu t 
a  l ow impedance  shou ld  be  assumed  at l east at  characteri sti c harmon ics  for wh ich  there  wi l l  
probably be  tuned  AC fi l ter branches.  The  converter transformers  wi l l  a l so  create  a  path  to  
g round  through  the  g rounded  wye  – del ta  wind ings  for zero  sequence  curren ts.  At the  l oad  
end ,  the  d i fferen t networks  cond i tions  are  considered  wi th  network e lements  model led  i n  
balanced  and  zero  sequences  (transformers,  shun t capaci tors,  etc. )  wi th  proper g round ing  
connection .  

Care  shou ld  be  exercised  not to  consider unreal i stic  cond i tions  l i ke  cases  of paral l e l  
resonance  seen  at the  poin t of connection  of the  converter wh ich  are  l i kely to  produce  h igh  
cu rren ts  at remote  l ocations  for a  l ow current at the  i n jection  poin t.  Such  paral le l  resonance  
cond i tions  general l y present h i gh  harmon ic impedance  at  the  poin t of connection ,  wh ich  
wou ld  cause  most of the  harmon ic cu rren t to  fl ow i n  the  AC  fi l ters  i nstead ,  especial l y at 
characteristic harmon ic frequencies  where  tuned  fi l ters  are  general l y provided .  The  TIF  
cri terion  used  i n  many techn ical  speci fications  has  the  benefi t  of avoid ing  such  severe  
ampl i fications.  Annex C  describes  a  theoretical  case.  

One  way to  con trol  th is  wou ld  be  to  consider on ly cond i tions  for wh ich  the  calcu lated  
harmon ic vol tages  at  the  poin t of connection  remain  under a  certa in  TIF  l evel .  I n  fact,  the  
harmon ic vol tage  d i stortion  requ i rement wi l l  i nd i rectl y con trol  the  TIF  l evel .  For i nstance,  a  
HVDC project complying  wi th  the  p lann ing  l evels  of I EC  TR 61 000-3-6  [1 7]  wi l l  l im i t  the  
i nd ividual  TI F  l evels  to  approximately 50  for odd  harmon ics  wh ich  are  non-mu l tip le  of 3  and  to  
approximately 20  for others.  S ince  the  harmon ic emission  of the  converter i nsta l lation  a lone  
shou ld  be  l ower than  the  p lann ing  l evels,  l ower values  of TI F  can  be  considered .  Even  wi th  
TIF  l im i tation ,  i t  i s  l i kely that cond i tions  l ead ing  to  ampl i fication  at remote  l ocations  wou ld  be  
offset by the  efficiency of fi l tering  at  characteristic harmon ics,  and  that unreal i sti c  cond i tions  
cou ld  be  considered .  

To  fu rther i l l ustrate  th is  concept,  F igure  2  shows  the  ratio  of posi ti ve  sequence  curren t at the  
receiving  end  to  the  posi ti ve  sequence  curren t at the  send ing  end  of a  230  kV l i ne,  horizon tal  
configuration ,  1 24  km  l ong  and  fu l l y transposed  at 60  Hz together wi th  i ts  posi tive  sequence  
impedance,  ca lcu lated  wi th  EMTP wi th  a  variable  frequency posi ti ve  sequence  un i tary cu rren t 
source.  A shunt e lement i s  connected  to  the  send ing  end ;  th i s  e lement has  neg l i g ib le  zero  
sequence  impedance  and  800  Ω  res isti ve  posi ti ve  and  negative  sequence  impedance.  The  
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receiving  end  i s  g rounded  and  earth  resistivi ty equals  1  000  Ω-m.  A s im i lar transfer factor can  
be  found  i f the  harmon ic cu rren t i s  measured  at the  m idd le  of the  transmission  l i ne.  H igh  
ratios  of transfer factor can  be  found  for frequencies  close  to  resonance  of the  l i ne  bu t va lues  
wel l  be low 1  are  found  for l ow values  of l i ne  impedance.  At characteri sti c harmon ics,  where  
tuned  fi l ters  shou ld  be  provided ,  the  fi l ters  are  very effi cien t close  to  l i ne  resonance  and  l ess  
so  for l ow values  of l i ne  impedance.  However,  i f the  te lephone  l i ne  i s  l ocated  at  the  m idd le  or 
the  receiving  end  of the  l i ne,  i t  can  be  concluded  that l im i tation  of IT  a t  the  send ing  end  of 
the  l i ne  can  not be  appropriate.  

F igure  2  shows  the  ratio  of g round  mode  curren t at  the  receiving  end  to  the  posi ti ve  
sequence  current at the  send ing  end .  The  residual  harmon ic cu rren ts  i n  the  m idd le  of the  l i ne  
and  at the  receiving  end  have  approximately the  same  magn i tude  and  frequency 
dependence.  F igure  2  shows  a  s im i l ar re lation  between  transfer ratio  of residual  mode  and  
l i ne  impedance  as  F igure  1 .  

 

Figure  1  – Conversion  factor from  posi tive  sequence current at  the  sending  end  to  
posi tive  sequence current at  the  receiving  end ,  and  input impedance  of a  230  kV l ine,  

1 24 km  long ,  1 000  Ω-m  

 

Figure  2  – Conversion  factor from  posi tive  sequence  current to  residual  current,  

and  input impedance of a  230  kV l ine,  1 24 km  long ,  1  000  Ω-m  
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The  d ig i ta l  s imu lations  shou ld   take  i n to  account the  accuracy of the  network component 
data,  the  l im i tations  of component impedance  models  i n  the  frequency domain  and  the  
variation  of component impedance  wi th  ambien t and  system  cond i tions  (see  I EC  TR 62001 -
3: 201 6,  Clause  4  [1 8]  and  [1 ] ,  C lause  2 .  I n  such  stud ies,  th i s  i s  usual l y accompl ished  by 
considering  a  range  of frequencies  around  the  harmon ic of i n terest.  The  range  of frequency i s  
chosen  i n  accordance  wi th  the  estimated  accuracy of the  network model .  For i nstance,  the  
analysis  of the  harmon ic flow at the  1 1 th  harmon ic wou ld  retain  the  worst resu l t  considering  
that the  frequency of the  i n jected  curren t cou ld  vary from  627  Hz to  693  Hz (60  Hz times  
1 1  ±  5  %)  or 522, 5  Hz to  577, 5  Hz (50  Hz times  1 1  ±  5  %).  

I t  has  been  said  at the  beg inn ing  of 3 . 3 . 5. 2  that the  objective  of a  harmon ic penetration  study 
i s  to  determine  the  decis ive  transmission  l i nes,  i n  terms  of te lephone  i n terference,  by 
calcu lating  transferred  harmon ic cu rrents  i n  nearby transmission  l i nes.  Wh i le  the  te lephone  
i n terference  i s  proportional  to  the  balanced  and  residual  harmon ic curren ts  fl owing  i n  paral le l  
to  the  te lephone  l i nes,  as  shown  i n  3 . 3 . 4 . 2 ,  the  accurate  determination  of i nduced  vol tage  i n  
te lephone  l i nes  requ i res  the  derivation  of the  th ree  sequence  components  fl owing  i n  the  
transmission  l i ne,  each  being  defined  by a  magn i tude  and  a  phase  ang le.  I n  add i tion ,  the  
defin i ti on  of the  IT  assumes  a  l i near variation  of the  mu tual  impedance  between  the  
transmission  l i ne  and  the  te lephone  l i ne  wi th  frequency,  wh ich  can  d i ffer somewhat from  the  
real  coupl ing  characteri sti cs.   

A more  stra igh tforward  and  accurate  method  to  determine  the  re lative  te lephone  i n fl uence  of 
d i fferen t transmission  l i nes  i s  to  use  test l i nes  i n  paral l e l  wi th  the  transmission  l i nes  to  be  
checked .  The  vol tages  i nduced  i n  such  test l i nes  wi l l  accurately i nd icate  the  l evel  of 
te lephone  i n fluence,  a lbei t  wi thout the  i n fl uence  of sh ield ing  and  balance,  relati ve  to  the  
i n jected  harmon ic curren t,  as  l ong  as  the  paral le l  separation  i s  s im i l ar to  the  actual  te lephone  
l i nes  ad jacent to  the  transmission  l i nes.  More  than  one  test l i ne  cou ld  be  used  i f several  
separations  are  requ i red  to  represent the  d i fferen t te lephone  l i nes  i nvolved .  The  reference  
value  used  to  compare  each  transmission  l i ne  i n fl uence  wou ld  then  be  a  C-message  
weigh ted  vol tage  correspond ing  to  the  l ong i tud inal  i nduced  vol tage  d i scussed  i n  3 . 3 . 4 . 2 .  

Note  that at th is  stage  i t  i s  on ly requ i red  to  i den ti fy the  transmission  l i nes  that need  a  
te lephone  i n terference  i n fl uence  l im i t  so  the  absolu te  I T  or i nduced  vol tage  l evels  are  not 
cri ti cal .  However,  correction  of severe  ampl i fi cation  cond i tions  by mod i fication  of the  AC 
system  can  be  considered  at th i s  stage,  i f deemed  more  economical .  

3.3.5.3  Inductive  coordination  study 

The  transmission  l i ne  i n fl uence  a lone  i s  not enough  to  determine  the  need  for l im i ting  
harmon ic fl ow i n  a  speci fic l i ne;  the  presence  of te lephone  l i nes  and  coupl i ng  characteri sti cs  
are  a l so  veri fi ed .  A meeting  wi th  the  l ocal  te lephone  company representatives  i s  
recommended  to  ascertain  the  number of te lephone  l i nes  i nvolved  and  the  range  of exposure  
l ength  and  separation  d i stance  to  the  transmission  l i nes.  Valuable  i n formation  on  existi ng  
noise  l evels,  sh ie ld ing  and  te lephone  susceptib i l i ty can  a lso  be  obtained  on  th is  occasion .  A 
conven ien t way to  proceed  i s  to  provide  a  set of maps  showing  the  l ocal  roads  and  the  
transmission  l i nes  to  the  te lephone  company so  they can  h igh l i gh t ad jacent te lephone  l i nes  
(usual ly a long  the  roads)  i n  the  zone  of i n fl uence  of the  l i ne.  Th is  zone  of i n fl uence  of a  
transmission  l i ne  i s  a  d i stance  e i ther s i de  of the  l i ne  for wh ich  the  AC transmission  l i ne  can  
cause  s ign i fican t i nduced  noise.  The  exten t of the  zone  depends  on  earth  resisti vi ty and  
l ength  of te lephone  l i nes  and  can  i nvolve  hundreds  of te lephone  exposures.  

G iven  the  necessary i n formation  on  te lephone  exposures  and  prel im inary values  of earth  
resistivi ty,  i t  i s  then  possib le  to  calcu late  IT  or Ieq  l im i t  for each  exposure  wi th in  the  zone  of 
i n fl uence,  e i ther by using  Table  4  and  Table  5 ,  specia l i zed  software  or the  method  described  
i n  [7 ]  and  [8] .  At th is  stage,  on ly the  reference  frequency mu tual  impedance  (value  at  1  kHz)  
i s  requ i red .  The  resu l ts  can  be  conven ien tl y ranked  i n  descend ing  order of te lephone  
i n fluence  values.  I t  i s  then  possib le  to  estimate  the  probable  cost of m i ti gation  measures  as  a  
function  of IT  or Ieq .  At th i s  stage,  the  Hn  and  Kb  factors  requ i red  i n  the  defin i ti on  of the  
te lephone  i n fluence  l im i t  shou ld  be  derived  from  the  most cri ti cal  exposures.  
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I n  paral le l  wi th  th i s  study,  the  estimate  of fi l tering  cost as  a  function  of IT  or Ieq  shou ld  be  
sought from  the  poten tia l  HVDC con tractors  for normal  operating  modes.  I t  shou ld  be  
recogn ized  that the  l evel  of Ieq  or IT  speci fied  shou ld  i deal l y be  that at  wh ich  the  i ncremental  
cost of improving  the  fi l tering  i s  equal  to  the  i ncremental  saving  i n  m i ti gation  requ i red  i n  the  
te lephone  ci rcu i ts.  The  whole  process  of determination  of the  range  of IT  or Ieq  l im i t  
appropriate  for each  l i ne  section  i s  described  i n  more  detai l  i n  [9 ] .  The  derivation  of 
appropriate  l im i ts  shou ld  consider that some marg in  exists  i n  practice  s ince  a  noise  l evel  of 
th ree  times  the  recommended  l im i t  can  be  accepted  temporari l y on  te lephone  l i nes,  un ti l  
m i tigation  i s  appl ied  to  ach ieve  the  recommended  l evel .  Th is  shou ld  be  d i scussed  wi th  the  
te lephone  company taking  i n to  consideration  the  consequence  of a  ri sk of excessive  noise  
and  the  degree  of conservati sm  used  i n  the  assumptions  and  the  determination  of data.  

I t  i s  recommended  to  accompany stud ies  on  harmon ic penetration  and  i nductive  coord ination  
wi th  measurements  of existi ng  IT  or Ieq  on  the  questionable  l i nes.  I f actual  measurements  
show lower susceptib i l i ty l evels  of the  te lephone  systems  than  the  values  estimated  wi th  th i s  
document,  they are  considered  the  more  re l iable.  

3.3.6  Pre-existing  harmonics  and  fu ture  growth  

The  te lephone  i n terference  l im i t  for a  speci fi c project shou ld  a l so  consider pre-existing  
harmon ic sources  i n  the  network and  g ive  a l l owance  for fu tu re  i ncrease  of the  harmon ic l evel .  
I ndeed ,  the  add i tion  of a  l arge  AC  fi l ter i nstal l ation  can  i ncrease  IT  l evels  on  transmission  
l i nes  because  the  shun t fi l ters  act as  a  s ink for pre-existing  harmon ics.  S imply stated ,  the  
add i tion  of a  new shun t fi l ter can  i ncrease  harmon ic cu rren t fl ow due  to  pre-existi ng  harmon ic 
d i stortion  and  thereby cause  te lephone  i n terference.   

The  effect of pre-existi ng  harmon ics  on  the  design  of the  AC fi l ters  has  been  d i scussed  i n  
depth  i n  cl ause  3  i n  re lation  wi th  the  harmon ic vol tage  d i stortion  i n  the  network.  The  same  
princip les  apply to  the  te lephone  i n fl uence  of the  transmission  l i nes,  except that the  harmon ic 
cu rrent i n  speci fi c transmission  l i nes  i s  the  parameter to  con trol .  F igure  3  shows  a  s imple  
case to i l lustrate the appl ication  of pre-existing  harmonics for telephone interference purposes.   
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Figure  3  – Simple  ci rcu i t  for calcu lation  of harmonic  performance  
taking  in to  account pre-existing  harmonics  
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The  pre-existing  sources  of harmon ic cu rrent wh ich  are  the  most l i kely to  i n fl uence  the  design  
of the  new converter AC fi l ters  are  l arge  harmon ic sources  at the  same  vol tage  l evel ,  or i n  
close  proximi ty to  the  p lanned  i nstal l ation .  I n  th is  case,  an  aggregate  type  of cri terion  shou ld  
be  used ,  as  recommended  i n  I EC  62001 -3: 201 6,  Clause  5  [1 8] ,  i n  order to  get real i sti c  
assessment of te lephone  i n fluence  i n  the  decis ive  transmission  l i nes.  Where  such  a  pre-
existi ng  harmon ic source  i s  present,  the  techn ical  speci fi cation  shou ld  provide  a l l  the  data  
requ i red  to  assess  the  harmon ic generation  of th i s  source.   

I n  pri ncip le,  the  pre-existi ng  harmon ics  from  other vol tage  l evels  are  a l so  considered .  
However,  i t  requ i res  the  determination  of an  adequate  model  wi th  consisten t sets  of harmon ic 
vol tages  and  impedances.  Such  models  cannot be  easi l y produced  because  of the  sparsi ty of 
harmon ic sources,  the  knowledge  of harmon ic l evels  i n  the  network and  the  exten t of network 
model l i ng  requ i red .  I t  shou ld  a l so  be  recogn ized  that the  resu l ts  of a  study of te lephone  
i n fluence  i n  an  extended  network cannot be  very accurate  because  of the  l im i tation  i n  
network models  at  h igher frequencies  (accurate  up  to  the  20th  harmon ic accord ing  to  
I EC  TR 61 000-3-6  [1 7] )  wh ich  are  prevalen t for te lephone  i n terference.  Th is  i s  particu larly 
true  for cases  where  the  residual  mode  coupl i ng  i s  h i gher because  i t  i nvolves  data  on  earth  
resistivi ty and  su rround ing  screen ing  ci rcu i ts  that are  d i ffi cu l t  to  assess.  Al ternatively,  a  
model  combin ing  worst case  harmon ic impedances  wi th  harmon ic p lann ing  l evels  wi l l  l i ke ly 
resu l t  i n  very conservative  I T l evels,  thereby e l im inating  possib ly optimal  AC  fi l ter solu tions.  I t  
wou ld  be  preferable  to  measure  the  pre-existi ng  harmon ic l evel  at  some  existi ng  bus  of the  
network,  bu t then  consisten t source  vol tage/network impedance  sets  are  requ i red  i n  order to  
get real i stic  resu l ts.  Measurements  shou ld  cover most expected  operating  cond i tions  and  
con tingencies.  

A rational  approach  cou ld  be  to  consider on ly harmon ic generation  by the  HVDC converters  
(new project p l us  nearby converters)  i n  the  determination  of the  l im i t  associated  to  a  speci fi c 
project.  Experience  from  at l east one  l arge  u ti l i ty wi th  a  l ot of h i gh  vol tage  capaci tor banks  
i nstal l ed  at  every vol tage  l evel  shows  that there  has  not been  any problem  of te lephone  
i n terference  i n  operation .  I n  theory,  any capaci tor bank ( i nclud ing  i ts  series  reactor)  i nsta l led  
i n  a  HV network i s  a  s i nk for h igh  order harmon ics.  Probably most of the  background  
harmon ic sources  are  l ocated  on  the  d i stribu tion  l evel  or at remote  l ocations,  and  they see  
the  HVDC fi l ters  th rough  the  i n termed iate  transmission  l i ne  and  transformer impedances,  
wh ich  tend  to  prevent s i gn i fican t ampl i fication  because  of the  damping  of l oads  and  
transformers.  

I n  practice,  other sources  of i n terference  l i ke  the  d i stribu tion  network (paral l e l i ng  te lephone  
l i nes)  can  a lso  cause  some  add i tional  l evel  of i n terference  i n  the  te lephone  l i nes.  A 
conservative  approach  wou ld  be  to  l im i t  the  con tribu tion  of each  source  to  1 7  dBrnC,  
considering  RSS  summation  of the  con tribu tions.  However,  i f the  con tribu tion  of the  new 
project together wi th  the  nearby converter i nsta l l ations  i s  set to  l im i t  the  metal l i c  noise  to  
20  dBrnC,  the  maximum  con tribu tion  from  a  d istribu tion  l i ne  to  the  total  metal l i c  noise  wi l l  not 
bri ng  i t  to  an  unacceptable  th reshold  l evel .  For i nstance,  i f the  contribu tion  of both  sources  i s  
20  dBrnC,  the  total  noise  wi l l  be  23  dBrnC,  wel l  be low 30  dBrnC.  For one  source  at 25  dBrnC 
and  the  other at 20  dBrnC,  the  tota l  noise  wi l l  be  26  dBrnC.   

The  optimal  choice  of i n fl uence  l evel  wi l l  l i ke ly requ i re  m i tigation  measures  to  be  appl ied  to  
several  te lephone  l i nes.  Considering  that the  calcu lation  method  i s  conservative  and  that 
h igher noise  can  be  to lerated  during  the  time  necessary to  apply m i ti gation  measures,  i t  i s  
possib le  to  wai t  for measurements  done  on  the  most affected  te lephone  l i nes  during  
acceptance  tests  to  confi rm  the  need  for such  m i ti gation  measures.  Measurements  on  
te lephone  l i nes  at an  early stage  of the  project are  recommended  when  te lephone  
in terference  i s  a  concern ,  to  fi x any problematic s i tuation  (unacceptable  susceptibi l i ty l evel  of 
the  te lephone  system  or d i stribu tion  l evel  i n fl uence).  

Al lowance  for fu tu re  g rowth  of harmon ic generation  i n  the  system,  such  as  fu ture  p lanned  
HVDC converter i nsta l l ations,  shou ld  be  accounted  for;  however,  i n  most s i tuations,  i t  i s  
seldom  possib le  to  pred ict such  new instal lations  except for the  near fu ture.  Other 
background  sources  wi th  progressive  i ncrease  can  be  con trol l ed  th rough  complain ts  to  the  
te lephone  compan ies;  a  process  recogn ized  by the  standards.  A su i table  a l l owance  for fu tu re  
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g rowth  shou ld  consider the  maturi ty of the  network,  the  foreseen  evolu tion  of the  te lephone  
system  and  the  consequences  of exceed ing  the  recommended  l evels  of metal l i c  noise.  

3.3.7  Recommendations  for technical  speci fications  

Once  the  IT  or Ieq  l im i t  a long  the  cri ti cal  transmission  l i nes  i s  set,  the  techn ical  speci fi cation  
shou ld  define  adequately the  network and  the  l i ne  characteri sti cs  i n  order to  ach ieve  a  
correct assessment of the  i n terference  i n fluence  (IT  or Ieq )  by the  HVDC con tractor,  wh ich  
wi l l  resu l t  i n  an  optimal  fi l ter design .  Th is  i n formation  shou ld  be  provided  i n  the  speci fi cations  
i n  a  conven ien t way,  and  i t  i s  the  responsibi l i ty of the  u ti l i ty or i ts  consu l tan t to  provide  a  
clearly defined  calcu lation  method .   

Most techn ical  speci fi cations  speci fy a  te lephone  i n terference  l im i t  defined  at  the  poin t of 
connection  of the  converter to  the  network,  e i ther i n  terms  of balanced  weigh ted  cu rren t or 
vol tage,  to  be  calcu lated  wi th  an  impedance  l ocus  representing  the  d i fferen t network 
cond i tions  i n  balanced  sequence  component.  Such  a  method  cannot control  ampl i fi cation  at 
remote  l ocations  l i ke  the  ones  described  i n  Annex C.  Th is  speci fication  method  cannot take  
i n to  account the  d i stribu tion  of IT  fl owing  i n to  the  d i fferen t transmission  l i nes  of a  meshed  
network connected  to  a  converter bus  and  the  generation  of g round  mode  harmon ics  by the  
transmission  l i nes.  I n  add i tion ,  the  generation  of residual  cu rren t by the  transmission  l i nes,  
wh ich  i n  many cases  can  be  the  main  con tribu tor to  te lephone  i n terference,  i s  not taken  i n to  
account.  

Consequently,  the  techn ical  speci fi cation  shou ld  i deal ly define  i n  detai l  the  e lectrical  
characteri sti c of the  transmission  l i ne  where  te lephone  i n terference  shou ld  be  l im i ted .  Some  
tolerance  on  l i ne  l eng th  i s  then  considered .  For a  s imple  case  wi th  a  rad ia l  transmission  l i ne  
connecting  the  converter to  the  network,  a  l i ne  model  wi th  an  impedance  l ocus  at the  other 
end  can  be  speci fied .  Th is  type  of speci fi cation  has  a l ready been  used  for one  l arge  project.  
I t  can  be  conceivable  to  extend  th i s  concept to  two  or more  rad ia l  l i nes,  bu t th is  i ncreases  
s ign i fican tl y the  number of possible  network impedances  for the  calcu lation ,  as  any 
combination  of impedances  i n  both  l ocus  shou ld  be  considered  and  there  can  be  concerns  on  
the  consistency of operating  cond i tions  considered  for each  l ocus.  I n  add i tion ,  the  two  
networks  at  each  l i ne  end  can  be  i n terconnected  th rough  other parts  of the  network,  wh ich  
requ i res  a  mu tual  impedance  to  correctly model  thei r mu tual  i n fl uence.  For speci fications  
requ i ri ng  a  residual  harmon ic curren t l im i tation ,  add i tional  data  i s  requ i red  on  the  zero  
sequence  harmon ic impedance  of the  network at the  l oad  end .   

Al ternatively,  the  complete  network data  can  be  provided  i n  the  techn ical  speci fi cation  wi th  a  
l i st  of operating  cond i tions  and  contingencies  to  be  considered .  Th is  method  has  the  meri t  of 
us ing  the  best model  avai l able  to  represent the  harmon ic cu rren t fl ow i n  the  network,  bu t i t  
requ i res  a  l arge  amount of data,  and  such  a  study cou ld  be  time  consuming  du ring  the  
b idd ing  period .  

The  choice  of the  appropriate  method  for speci fying  the  te lephone  i n terference  l im i t  wou ld  
depend  on  several  factors  such  as  the  complexi ty of the  network to  be  represented ,  the  
number of te lephone  l i nes  i nvolved  and  the  time  schedu le  of the  project.  For the  b idd ing  
stage,  the  method  shou ld  be  as  s imple  as  possib le  to  shorten  the  b idders’  stud ies,  to  
faci l i tate  the  analysis  and  to  ensure  that techn ical  proposals  from  the  d i fferen t b idders  are  
e laborated  on  the  same  basis.  However,  the  b idders  shou ld  have  enough  i n formation  to  be  
able  to  make  a  real i sti c  assessment of the  resu l ting  fi l ter costs.  For the  fi nal  project design ,  
the  method  shou ld  be  detai l ed  enough  to  a l low an  optimal  fi l ter design .  

Where  the  network i s  too  complex to  be  represented  by an  adequate  equ ivalen t ci rcu i t  to  be  
used  i n  a  techn ical  speci fi cation ,  or where  a  s imple  method  i s  requ i red  for b i dd ing  purposes,  
the  fol lowing  method  cou ld  be  used  i f stud ies  show that some  parti cu lar cond i tions  are  met.  I t  
has  been  observed  i n  F igure  1  and  F igure  2  that the  ampl i fi cation  of IT  a l ong  a  transmission  
l i ne  i s  re lated  to  the  send ing  end  impedance  magn i tude.  I n  a  s im i l ar way,  i t  i s  possib le  to  fi nd  
the  re lation  between  IT  i n  transmission  l i ne  l ocations  paral le l i ng  te lephone  l i nes  and  network 
impedance  magn i tude  at the  poin t of connection  of the  converter,  wh i le  performing  the  
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penetration  study.  I f the  re lation  i s  such  that h i gh  transferred  l evels  of IT  a l ong  the  decis ive  
transmission  l i nes  corresponds  to  h igh  network impedance  values,  such  a  re lation  can  be  
i ncluded  i n  the  techn ical  speci fication  for at l east the  characteri stic harmon ics.  The  same  
method  can  be  appl ied  to  the  ratio  of i nduced  vol tage  i n  a  representative  test l i ne  over the  
i n jected  harmon ic curren t at  the  converter,  wi th  g reater accuracy as  d i scussed  i n  3 . 3 . 5.  Th is  
method  wi l l  a l l ow a  more  optim ized  design  than  possib le  wi th  the  usual  un ique  IT  l evel  at the  
converter exi t  combined  wi th  an  impedance  l ocus.  An  example  of such  a  study i s  presented  i n  
Annex D.  

Once  the  speci fi cation  model  i s  set,  the  techn ical  speci fi cation  of an  HVDC project requ i ring  
te lephone  i n terference  l im i tation  shou ld  i nclude  

– Ieq  or IT  l im i ts  a long  each  transmission  l i ne  wi th  te lephone  l i ne  exposures,  

– the  defin i tion  of the  performance  i nd ices,  e i ther Ieq  or IT  (Equations  (8)  or (1 0))  wi th  the  
values  of Hn  i f requ i red ,  

– the  values  of Kb  for each  transmission  l i ne  when  residual  and  balanced  mode  coupl i ng  i s  
considered  (Equation  (1 1 )) ,  

– normal  operating  cond i tions  to  be  considered  for the  calcu lation  of te lephone  i n fl uence  
l im i t  wi th  the  possib i l i ty of defin ing  re laxed  l im i ts  for degraded  cond i tions,  

– transmission  l i ne  data,  and  

– harmon ic impedance  envelopes.  

3.4 Consequences  for fi l ter design  

Th is  subclause  considers  the  possib le  consequences  for AC fi l ter design  of imposing  a  l ow IT  
l im i t.   

I f the  speci fied  IT  l im i t  i s  very l ow,  the  fi l ter designer can  fi nd  that i t  i s  not enough  to  provide  
tuned  shun t fi l ters  j ust for the  main  characteri sti c harmon ics.  I t  can  become necessary to  
provide  sharply tuned  branches  for h igher order characteristics,  rather than  the  more  usual  
h igh -pass  types.   

The  provis ion  of such  a  mu l ti tude  of sharply tuned  branches  wi l l  i nevi tably resu l t  i n  h i gh-
impedance  an ti -resonances  at i n termed iate  frequencies.  Non-characteristic harmon ics  at 
these  frequencies,  wh ich  were  previously neg l ig ible,  can  then  be  ampl i fi ed  and  become 
s ign i fi cant con tribu tors  to  the  IT .  Tuned  fi l ters  at some  of these  non-characteristic harmon ics  
can  then  be  requ i red ,  or a  broad-band  damped  fi l ter provided  i n  add i tion  to  the  sharply tuned  
arms,  i n  order to  provide  some  damping  at  these  i n termed iate  an ti -resonance  poin ts.  A 
prol i feration  of smal l  fi l ter branches  can  resu l t,  wh ich  i s  costly to  bu i l d  and  main tain  and  can  
create  problems  i n  terms  of reactive  power balance.   

Shun t AC  fi l ters  by thei r natu re  l im i t  the  harmon ic vol tage  at  thei r poin t of connection .  
However,  i f the  network harmon ic impedance  as  seen  from  that poin t i s  l ow,  then  s ign i fican t 
harmon ic cu rren ts  can  sti l l  be  d ri ven  i n to  the  network.  Therefore,  shun t fi l ters  are  not 
necessari l y the  best solu tion  for l im i ti ng  IT .   

I t  can  be  that the  add i tion  of series  fi l ters  i n  the  ou tgoing  ci rcu i t(s)  i s  a  more  effective  
approach ,  thereby i ncreasing  the  re lative  impedance  of the  network s i de  compared  to  that of 
the  shun t fi l ters.  Sharply-tuned  shunt fi l ters  can  be  used  for one  or two  particu larl y 
troublesome  frequencies,  bu t i t  can  a lso  be  that a  l ow q-factor,  broad-band  series  fi l ter i s  
su ffi cien t to  ra i se  the  relati ve  impedance  su ffi cien tl y at  a  wide  range  of frequencies,  for 
example,  around  the  range  20 th  to  30 th  harmon ic.  Series  fi l ters  can  be  constructed  using  
reactors  s im i lar to  those  a l ready used  for PLC fi l tering ,  wi th  the  add i tion  of smal l  capaci tors  
and  resistors  wh ich  can  be  mounted  on  i nsu lated  p latforms.  The  l osses  need  not be  too  
s ign i fican t.  Thei r effect on  the  reactive  power balance  shou ld  be  taken  i n to  account.  
Rel iabi l i ty and  avai l abi l i ty considerations  can  prompt the  i nstal l ation  of i solators  and  a  bypass  
swi tch  for the  series  fi l ter,  a l though  such  functions  cou ld  a l so  be  fu l fi l l ed  by s imple  bus  l i nks.   
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Active  fi l ters,  wh ich  can  cancel  l ow magn i tudes  of ou tgoing  harmon ic curren t over a  wide  
frequency range,  can  a l so  be  an  effi cien t way to  l im i t  IT (see  I EC  TR 62544  [1 9] ) .  

Customers  shou ld  therefore  be  aware  that the  consequences  for fi l ter design  of speci fying  a  
l ow IT  l im i t  can  be  severe  and  costly and  shou ld  ensure  that such  l im i ts  are  not speci fied  
un less  real l y proven  necessary.  

3.5  Telephone  infrastructure  mi tigation  options  

I t  i s  beyond  the  scope  of th i s  document to  go  i n to  detai l  on  possib le  m i tigation  measures  to  
be  appl ied  to  the  te lephone  system,  bu t the  fol lowing  l i st  of options  i s  offered  s imply as  basic 
i n formation  for power system  eng ineers.  These  m igh t typical l y be  considered  for speci fi c 
phone  l i nes  or areas  when  a  detai l ed  study has  been  made  and  vu lnerable  ci rcu i ts  i den ti fi ed .   

Some  mi ti gation  measures  apply to  existing  te lephone  equ ipment that can  have  deteriorated  
s ince  thei r i nsta l lation .  Both  balance  and  sh ie ld ing  of te lephone  l i ne  can  be  restored  to  thei r 
i n i ti a l  va lues  or even  improved  by the  fol lowing  means.  

1 )  Improvement of cable  sh ie ld ing  

To  obtain  a  good  sh ield ing  from  power l i ne  i nduction ,  both  ends  of cable  sh ie ld  are  
g rounded  and  a l l  sh ie ld  open ings  bonded .  The  sh ie ld  g round ing  impedance  can  be  fu rther 
reduced  a long  the  exposure.  

2)  Improvement of customer l oop  balance  

The  swi tch ing  cen tre  equ ipment,  te lephone  cable  and  customer equ ipment can  affect the  
customer l oop  balance.  Various  steps  can  be  taken  to  improve  the  ci rcu i t  ba lance.  
Amongst others,  modern  cables  wi th  much  better balance  are  avai lable.  

Several  devices  can  be  i nstal l ed  on  the  te lephone  ci rcu i t  to  m i ti gate  i nduced  noise.  

a)  Bridged  ri ngers  and  ri nger i solators  

Ringers  that are  connected  to  the  g round  can  cause  imbalance  between  the  wi res  of the  
te lephone  pai r.  Bridge  ringers  and  ringer i solators  are  designed  to  solve  th i s  problem.   

b)  Long i tud inal  chokes  

Such  chokes  add  h igh  l ong i tud inal  impedance  i n  the  ci rcu i t  avoid ing  l ong i tud inal  to  
metal l i c  noise  conversion .  

c)  Negative  impedance  converters  

The  negative  impedance  converter i s  used  as  an  active  transmission  gain  e lement.  Sh ie ld  
or spare-pai r i nduced  curren t i s  sensed  by the  converter and  ampl i fi ed ,  thereby i ncreasing  
the  sh ie ld ing  effect.  

d )  I nduction  neu tral i zing  transformers  

One  or more  pai rs  of a  te lephone  cable  are  g rounded  beyond  the  power exposure  at each  
s i de  of the  transformer.  These  pai rs  are  used  as  the  transformer primary exci ti ng  wind ing ;  
the  secondary vol tage  i s  connected  to  the  remain ing  pai rs  applying  a  1 80°  ou t of phase  
vol tage  that partl y cancels  the  i nduced  vol tage.  Th is  device  i s  general l y most effective  at  
50  Hz or 60  Hz and  l ow order harmon ics.  

Another option  to  m i tigate  te lephone  i n terference  problems  i s  to  use  a  d i fferen t 
transmission  system.  The  fol l owing  transmission  systems  use  a  s i gnal  immune  to  voice  
frequency i n terference.  

e)  Carrier systems  

Th is  system  uses  a  40  kHz to  1 00  kHz carrier modu lated  by the  aud io-frequency 
telephone  s ignal .  Th is  permi ts  mu l tip lexing  and  i ncreases  the  number of subscribers  on  a  
te lephone  pai r.  I t  can  not be  economical  for a  few subscribers.  
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f)  F ibre  optic cables  

Th is  system  uses  optical  fibres  for te lephone  commun ication .  Wh i le  th is  system  i s  
forecast to  i ncrease  i n  the  fu tu re,  i t  can  not be  yet economical  for ru ral  areas.  

g )  Cel l  phones  

Th is  system  uses  a  rad io  s i gnal  and  a  network of an tennas  to  transmi t  the  i n formation .  
Cel l  phone  service  can  not be  avai lable  everywhere  i n  some  coun tries.  

h )  D ig i ta l  systems  

Various  d ig i ta l  technolog ies  have  now ach ieved  wide  penetration  and  are  immune  from  
aud io-frequency i n terference.  

However,  m i tigation  of noise  on  the  te lephone  ci rcu i t  can  not be  a  sati sfactory solu tion  i f the  
unweigh ted  i nduced  vol tages  are  h igh  enough  to  be  a  safety concern  on  the  te lephone  
ci rcu i ts  or can  exceed  the  ratings  of typical  m i ti gation  equ ipment.  More  i n formation  i s  
avai l able  on  noise  m i ti gation  measure  for te lephone  systems  i n  [9 ]  and  parti cu larl y i n  [1 3] .  
Rapid  advances  i n  d ig i ta l  technology wi l l  a l so  tend  to  immun ize  te lephone  systems  from  
aud io  frequency i n terference.   

3.6  Experience  and  examples  

3.6. 1  General  

There  i s  l i ttl e  i n formation  publ icl y avai l able  on  actual  te lephone  i n terference  l evels  for HVDC 
schemes  i n  service.  I f for no  other reasons,  th i s  i s  because  performance  measurements  are  
typical l y on ly made  as  a  part of system  tests  for wh ich  cond i tions  can ,  and  shou ld ,  be  
expected  to  be  more  ben ign  compared  to  the  cond i tions  for wh ich  the  fi l ter i s  designed .  One  
parti cu lar case  of i n terference,  and  i ts  solu tion ,  i s  described  i n  3 . 6 . 4  below.  

I n  view of that,  a  concise  review of wh ich  design  requ i rements  have  been  used  to  l im i t  
te lephone  i n terference  i s  made  below,  wi th  the  underlying  i dea  that i f a  cri terion  had  been  
demonstrated  to  be  i nadequate,  i t  wou ld  have  changed  (or been  replaced)  over time.  Briefly,  
the  review shows  that,  wi th  a  few exceptions,  a lmost a l l  u se  of curren t based  cri teria  i s  
restricted  to  the  American  con tinen t.  Fol l owing  the  review,  experiences  from  actual  HVDC 
projects  are  d i scussed  and  i n  add i tion  a  s imple  design  example  i s  i ncluded  i n  Annex E.  

3.6.2  Review of design  requ irements  

A review of performance  cri teria  for HVDC schemes  between  1 970’s  up  to  the  time  of 
publ i cation  i s  made.  Table  6  g i ves  a  summary of performance  l im i ts  from  publ i shed  
references  ([20]  to  [22]  and  add i tional  CIGRÉ  session  papers  of respective  projects).  Table  6  
i nd icates  the  fol l owing :  

•  1 2  ou t of 48  schemes  had  cu rren t based  cri teria;  

•  most schemes  had  TIF  (or THFF)  requ i rements;  

•  schemes  wi th  I T  (Ip)  requ i rements  are  a lmost a l l  l ocated  i n  North  or Sou th  America;  

•  on ly a  few schemes  d id  not have  cri teria  related  to  te lephone  i n terference.  

I f the  table  were  expanded  wi th  schemes  up  to  present day,  the  same  pictu re  wou ld  remain .  
Wi th  few exceptions,  I T  (Ip)  requ i rements  are  restricted  to  the  American  con tinen t.  Most 
schemes  have  requ i rements  on  TIF  (THFF)  bu t for some,  i n  parti cu lar among  the  more  recent 
schemes,  nei ther TIF  nor I T  requ i rements  are  g iven ,  bu t typical l y l im i ts  on  i nd ividual  
d i stortion  i n  practice  imply calcu lated  TI F  l evels  of about 30.  

The  reg ional  use  of IT  reflects  d i fferences  i n  national  gu idel i nes  and  recommendations  wh ich  
i n  tu rn  reflect experience,  wh ich  wi l l  be  d i fferent as  both  the  structu re  of power transmission  
and  te lecom  subscriber systems  are  bu i l t  up  d i fferen tl y i n  d i fferen t parts  of the  world .  
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Table  6  – Some HVDC schemes  – Speci fied  telephone  interference  cri teria  

Name of HVDC  System  Location  Year TIF ,  
-  

THFF,  
%  

I T,  
kA  

I p ,  
A  

Remar

k 

Volgog rad -Donbass  Russ i a  1 962  --  --  --  --   

Kon ti -Skan  1  And  2  Denmark-Sweden  1 965/88/2005  50      

New Zeal and  Hybri d  New Zeal and  1 965/92   1   26  EDV,  ED I  

Sakuma  J apan  1 965/1 993   2     

Sacoi  I ta l y-Cors i ca-Sard i n i a  1 967/85/93  35  0 , 9     

Vancouver Canada  1 968/77/79  50      

Ee l  Ri ver Canada  1 972  20   25    

N e l son  Ri ver 1  Canada  1 973/93  25   50    

Skagerrak 1 -3  Norway-Denmark 1 976/77/93  50  1 , 5     

Square  Bu tte  U . S .A.  1 977  --  - -  - -  - -   

Cahora-Bassa  Mocambique-S .A.  1 978  --  - -  - -  - -   

N e l son  Ri ver 2  Canada  1 978/85  25   50    

C . U .  U . S .A 1 979  30   1 0    

H okkai do-Honshu  J apan  1 979/80/93  --  - -  - -  - -   

Acaray Paraguay 1 981  28      

Vyborg  Russ i a-F i n l and  1 981 /82/84/0
2  

 2     

Gotl and  I I - I I I  Sweden  1 983/87  40      

Chateauguay Canada  1 984  20   25    

B l ackwater U . S .A.  1 985  30      

H i ghgate  U . S .A.  1 985  35      

Madawaska  Canada  1 985  20      

M i l es  C i ty U . S .A.  1 985  25      

Cross  Channel  Bp  1 +2  France-U .K 1 986  --  - -  - -  - -   

I . P . P . ( I n termoun ta i n )  U . S .A.  1 986  30      

I ta i pu  1  Brazi l  1 986  22/3
5  

 1 06/-    

Quebec-New Eng l and  Canada-U .S .A.  1 986/90/92  20/3
5  

    

I ta i pu  2  Brazi l  1 987  22/3
5  

 1 06/-    

Fenno-Skan  F i n l and -Sweden  1 989  50      

Gesha   Ch i na  1 989/90   1     

Mcnei l l  Canada  1 989  35   4    

Paci fi c  I n terti e  U . S .A.  1 989  30   50    

Vi ndhyachal  I n d i a  1 989  30      

Ri hand -Delh i  I n d i a  1 992  30      

E tzen ri ch t  Germany-Czech  1 993   1     

Wi en -Sudost  Austri a  1 993   1     

Ba l ti c  Cabl e  Sweden-Germany 1 994   1     

H aenam-Chej u  Sou th  Korea  1 998  40      

Garabi  1 &2  Argen ti na-Brazi l  2000/02  40   30    

Swepol  L i nk Sweden-Poland  2000       

G ri ta  Greece-I ta l y 2001   0 , 9     
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Name of HVDC  System  Location  Year TIF ,  
-  

THFF,  
%  

I T,  
kA  

I p ,  
A  

Remar

k 

Tian -Guang  Ch i na  2001   1     

Cross  Sound  U .S .A.  2002  35   1 2   VSC  

Murrayl i nk  Austra l i a  2003  40     VSC  

Th ree  Gorges  Changzhou  Ch i na  2003   1     

Gu i -Guang  Ch i na  2004   1     

Ba l l i a-Bh iwad i  I nd i a  2009   1     

Yunnan -Guangdong  Ch i na  201 0   1     

Sape i  I ta l y 201 0   0 , 9     

TI F  of 40  corresponds  to  a  THFF  of abou t  1  % .  

 

3.6.3  Measured  current levels  of schemes  in  service  

Table  6  considers  the  calcu lated  design  requ i rements  for HVDC schemes.  However,  what i s  
measured  when  the  converter(s)  are  i n  operation  can  be  rather d i fferen t.  Typical l y,  measured  
performance  can  be  expected  to  have  a  marg in  below calcu lated  values,  as  measurements  
typical l y wi l l  be  made  for ben ign  cond i tions  compared  to  design  calcu lations.  Bu t th is  i ssue  
can  sti l l  be  of some  i n terest,  and  so  two  examples  are  provided  below.  

Both  examples  g ive  95  %  values,  i . e .  the  value  wh ich  wi th  95  %  probabi l i ty i s  not exceeded  
during  the  measuring  period ,  wh ich  i n  th is  case  was  one  week.  There  i s  no  d i scrim ination  
made  regard ing  l oad  variation ,  d i fferent fi l ter configurations,  etc.  nor i s  there  any d i sti nction  
between  converter and  pre-existi ng  harmon ics,  for example  i n  the  l ast example  the  
dominating  harmon ic cu rren t i s  a  5 th  harmon ic that fl ows  between  the  EHV and  HV l i nes  and  
therefore  not re lated  to  the  HVDC converter station .  

The  fi rst  example  i s  a  600  MW scheme designed  for a  THFF  of 1  % .  Detai l ed  measurements  
of harmon ic vol tages  and  cu rren ts  were  made  wi thou t and  wi th  the  converter i n  operation .  
The  substation  connected  fi ve  i ncoming  l i nes:  one  EHV l i ne  and  four HV l i nes,  400  kV and  
1 30  kV respectively.  Table  7  summarises  the  resu l ts.  I n  add i tion  to  the  measurements,  a  
detai l ed  model  i nclud ing  both  the  AC system  (3-phase)  as  wel l  as  te lephone  cables  were  set 
up  and  i nduced  noise  l evels  were  calcu lated ,  based  on  measured  data,  both  close  to  and  
geograph ical l y d i stant to  the  converter station .  I n  brief,  the  ou tcome  showed  that there  was  
no  calcu lated  i ncrease  of te lephone  i n terference  except for one  s ing le  area  ou t of n i ne  
i nvestigated .  The  area  wi th  a  calcu lated  i ncrease  of noise  l evels  was  wi th  a  l ong  and  close-
separation  exposure  to  the  400  kV AC l i ne.   
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Table  7  – Measured  95  % values  of THFF  and  Ipe  of a  600  MW scheme (3  phases)  

  L1  L2  L3  HVDC   

THFF,%  EHV 0 , 24  0 , 23  0 , 24  No  

 

 HV 0 , 21  0 , 22  0 , 21  No  

      

 EHV 0 , 31  0 , 29  0 , 30  Yes  

 HV 0 , 22  0 , 21  0 , 22  Yes  

      

Ip,  A EHV T 0 , 59  0 , 61  0 , 59  No  

 HV i  0 , 83  0 , 77  0 , 77  No  

      

 EHV I  4 , 33  4 , 80  4 , 40  Yes  

 EHV T  0 , 96  1 , 03  0 , 93  Yes  

 HV i  1 , 22  1 , 35  1 , 26  Yes  

 HV i i  1 , 30  1 , 20  1 , 23  Yes  

 HV i i i  3 , 38  3 , 57  3 , 22  Yes  

 HV i v  0 , 27  0 , 30  0 , 27  Yes  

      

 

The  second  example  i s  taken  from  measurements  made  on  a  300  MW HVDC scheme 
designed  for a  TI F  of 50  at the  converter bus.  Measurements  were  on ly made  wi th  the  
converter i n  operation .  As  previously,  the  resu l ts  presented  are  95  %  values  of psophometric 
weigh ted  vol tages  and  cu rren ts  over one  week.  The  resu l ts  are  summarised  i n  Table  8 .  

The  two  stations  are  s i tuated  i n  qu i te  d i fferen t l ocations;  the  fi rst  i n  a  more  ru ral  area  and  the  
other i n  a  more  densely popu lated  reg ion .  For nei ther of the  two  examples  were  there  any 
reported  i ssues  of te lephone  i n terference  a long  the  rou te  of the  AC l i nes.  

Table  8  – Measured  95  % values  of THFF  and  Ipe  of a  300  MW scheme (3  phases)  

  L1  L2  L3   

THFF,%  EHV 0 , 37  0 , 35  0 , 37  

 

 HV 0 , 50  0 , 51  0 , 49  

     

Ip,  A EHV I  1 , 81  1 , 74  1 , 69  

 HV T  3 , 28  3 , 35  3 , 27  

 HV i  2 , 05  1 , 99  1 , 92  

 HV i i  1 , 63  1 , 87  1 , 72  

 HV i i i  2 , 32  2 , 32  2 , 23  

 

3.6.4  Example  of actual  telephone  interference  problems  

3. 1  h i gh l igh ts  the  need  for the  customer to  base  h is  performance  requ i rements  on  i nductive  
coord ination  stud ies,  where  i t  i s  perceived  that there  i s  a  ri sk of te lephone  i n terference  and  
a l so  not to  speci fy performance  i nd ices  based  s imply on  typical  va lues  and /or past practice.  
To  ampl i fy th i s  poin t,  fo l l owing  the  commission ing  of a  recent HVDC project,  te lephone  

IEC  

I  

EHV  

HV  

i  i i  i i i  

T  

IEC  

I  

EHV  

HV  

i v  i i i  i  &  i i  

T  
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i n terference  was  experienced  by many users  i n  the  near vicin i ty of the  converter station ,  the  
pattern  of i n terference  being  consistent wi th  operation  of the  converter station .  The  fol l owing  
poin ts  were  noteworthy wi th  respect to  th is  i ssue.  

1 )  The  performance  cri teria  i n  respect of the  converter station  AC busbar were  that over the  
en ti re  DC  power l oad  range  the  harmon ic vol tage  d istortion  ( i ncremental )  shou ld  not 
exceed  1  %  i nd ividual  or 1 , 5  %  RSS  total  (n  =  2  to  49)  and ,  for te lephone  i n terference  
l im i ts,  the  cri teria  was  that the  value  of TIF  shou ld  not ri se  by g reater than  50.  I n  that 
respect,  the  performance  cri teria  cou ld  be  viewed  as  not being  undu ly onerous.  

2 )  The  network harmon ic impedance  characteri sti cs  (as  seen  from  the  converter station  AC 
busbar)  were  defined  by the  s impl i fied  approach  g iven  i n  I EC  TR 62001 -1 : 201 6,  7 . 3 . 1 .  

3)  No  i nductive  co-ord ination  stud ies  were  performed  prior to  the  compi lation  of the  enqu i ry 
document,  nei ther were  there  d i scussions  wi th  the  re levant te lephone  operators  to  
determine  the  l i kel ihood  of potentia l  i n terference.  Furthermore,  no  detai l ed  stud ies  were  
performed  to  i den ti fy harmon ic transfer impedances  between  the  AC harmon ic fi l ter 
busbar and  remote  busbars  wi th in  the  network to  determine  potentia l  h igh  l evels  of 
ampl i fi cation  of harmon ic vol tage  and /or cu rrent from  the  converter station .  

4)  On  commission ing  and  du ring  i n i tia l  operation ,  there  were  many complain ts  
(approximately 200)  regard ing  aud ib le  noise  on  customer te lephone  ci rcu i ts,  and  i t  was  
apparen t that the  noise  being  experienced  was  due  to  the  presence  of an  1  1 50  Hz 
component on  the  ci rcu i ts  wi th  l evels  of –60  dBm 3  be ing  measured  wi th  the  HVDC l i nk i n  
service;  such  l evels  were  deemed  unacceptable  on  commun ication  ci rcu i ts.  The  affected  
customers  were  connected  to  exchanges  i n  the  vicin i ty (approximately 5  km)  of a  
substation ,  some  35  km  d istant from  the  converter station  AC  busbar.  I n  th i s  area,  there  
are  several  overhead  l i nes  a l l  at  the  same  network vol tage  l evel  as  the  converter bus  wi th  
relati vely h i gh  mu tual  coupl i ng  to  ad jacent open  wi re  te lephone  ci rcu i ts.   

5)  Measurements  of harmon ic vol tage  d i stortion  at the  converter station  AC busbar wi th  the  
i n terconnector i n  service  i nd icated  that the  RSS  total  d i stortion  was  l ess  than  1  %  wi th  
23 rd  harmon ic (1  1 50  Hz)  being  approximately 0 , 1  %.  The  calcu lated  value  of TIF  was  
a l so  s i gn i fican tl y below 50,  implying  that the  performance  cri teria  as  speci fied  had  been  
ach ieved  by the  AC harmon ic fi l ter design .   

6 )  However,  at the  remote  substation  referred  to  i n  I EC  62001 -3: 201 6,  Clause  4  [1 8] ,  wh i l st 
the  l evel  of 23 rd  harmon ic vol tage  d i stortion  showed  an  attenuation  ( to  approximately 
0 , 02  %,  i . e .  barely measurable)  compared  wi th  the  converter station  busbar,  there  was  a  
s i gn i fi cant ampl i fication  of 23 rd  harmon ic cu rrent from  the  converter station  to  th is  remote  
busbar.  Calcu lated  values  of I T  (from  harmon ic curren t measurements)  for overhead  l i ne  
feeders  i n to  th i s  substation  were  i n  the  order of 30  000  to  40  000  wi th  a  s i gn i fi can t 23 rd  
harmon ic con tribu tion .  Such  l evels  of I T  wou ld  be  consisten t wi th  poten tia l  te lephone  
customer complain ts.  

7)  The  above  phenomena  at the  remote  substation  were  i nd icative  of a  s ign i fican t series  
resonance  (transfer impedance)  between  the  converter station  busbar and  the  parti cu lar 
remote  substation ,  wh ich  was  l ater confi rmed  by detai l ed  model l i ng  of the  network 
characteri sti cs.   

8)  To  reduce  the  te lephone  i n terference  to  acceptable  l evels,  one  of the  AC harmon ic fi l ters  
was  temporari l y reconfigured  as  a  22nd  harmon ic s i ng le  frequency tuned  fi l ter.  As  a  
permanent solu tion ,  a  23 rd  harmon ic series  "b locking"  fi l ter ci rcu i t  was  i nstal led  i n  one  of 
the  ou tgoing  ci rcu i ts  from  the  converter station  (no  fu rther permanent shun t connected  AC  
fi l ters  cou ld  be  connected  because  of reactive  power exchange  l im i ts).  

To  conclude,  the  above  example  h igh l igh ts  both  the  need  to  determine  whether there  i s  a  
l i kel i hood  of h i gh  mu tual  coupl i ng  between  overhead  transmission  and  te lephone  open  wi re  
ci rcu i ts,  even  at  l ocations  remote  to  the  converter station  i tsel f,  and  a l so  to  perform  stud ies  to  
determine  the  sel f- impedance  and ,  more  importan tl y,  harmon ic transfer impedance  
characteristics  to  such  busbars.   

_____________ 

3  Th i s  i s  expressed  as  dBm,  that  i s ,  referred  to  1  mW base,  rather than  the  dBrnC  used  i n  the  rest  of th i s  
documen t,  wh i ch  i s  referred  to  1  pW.  There  i s  therefore  a  90  dB  d i fference  between  the  two  un i ts  of 
measuremen t,  -60  dBm  correspond i ng  to  +30  dBrnC  ( i f the  C  wei gh ti ng  term  i n  dBrnC  i s  neg l ected ).  
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3.6.5  Experience  in  Ch ina,  showing  no  in terference  problems  

I n  Ch ina,  l ong  d i stance  commun ication  i s  now essentia l l y th rough  optical  fi bre  cable,  even  
i nclud ing  the  commun ication  between  commun ication  hub  stations  i n  u rban  area.  On ly the  
fi nal  1  km  to  2  km  to  customers  uses  ord inary cable  or overhead  wi res  i n  u rban  areas,  
a l though  i n  the  coun tryside,  such  ord inary commun ication  wi res  can  be  l onger.  The  HV and  
EHV transmission  l i nes  above  1 1 0  kV use  specia l  towers,  wi th  no  commun ication  cables  
being  attached  on  the  same  tower.  However,  for the  35  kV u ti l i ty system,  the  d i stribu tion  
towers  can  a lso  be  used  to  carry some  commun ication  cables,  or commun ication  conductors  
can  be  rou ted  i n  paral l e l  wi th  or cross  the  rou te  of power d i stribu tion  l i nes.  

500  kV transmission  l i nes  normal ly pass  th rough  agricu l tu ral  fie l ds,  mountains  etc.  due  to  
envi ronmental  pressures.  I n  such  excessively wi l d  areas,  there  i s  l ess  commun ication  cable  
i n  paral l e l  wi th  the  transmission  l i ne  and  therefore  l i ttl e  possib i l i ty of i n terference.  I n  
developing  areas,  there  can  be  some commun ication  cables  i n  paral l e l  wi th  500  kV l i nes,  bu t 
no  complain ts  have  yet been  received  from  commun ication  compan ies  regard ing  i n terference  
due  to  power transmission .  

3.7  Conclusions  

I n  brief,  the  overal l  conclusions  are  the  fol l owing .  

1 )  I f there  i s  no  s ign i fican t poten tia l  for te lephone  i n terference,  then  there  i s  no  techn ical  
j usti fi cation  for e i ther weigh ted  vol tage  (TIF,  THFF)  or cu rren t ( I T,  Ieq )  AC  harmon ic 
l im i ts.  

2)  The  impact of such  requ i rements  on  HVDC fi l tering  cost and  complexi ty can  be  
s ign i fi can t,  so  such  requ i rements  shou ld  not be  i n troduced  i f not necessary.  

3)  Telephone  i n terference  i s  a  magnetic phenomenon  and  thus  i nherently tied  to  the  
magn i tude  of harmon ic curren ts.  I T  i s  a  measure  of harmon ic cu rren t and  TI F  i s  a  
measure  of harmon ic vol tage.  Harmon ic vol tage  i s  on ly i nd i rectly re lated  to  harmon ic 
curren t,  and  th is  re lationsh ip  i s  speci fic for a  particu lar cond i tion  and  set of system  
impedances.  Cond i tions  maxim izing  harmon ic vol tage,  and  thus  TIF,  are  often  not the  
cases  maxim izing  harmon ic cu rren ts  and  thus  te lephone  i n terference  potentia l .  

4 )  The  speci fi cation  of on ly TI F  has  shown ,  wi th  few exceptions,  to  have  resu l ted  i n  AC fi l ter 
designs  that have  not been  associated  wi th  objectionable  te lephone  i n terference.  Many of 
these  systems  wi th  TI F-on ly speci fications,  however,  do  not have  system  cond i tions  
making  them  prone  to  te lephone  i n terference  i ssues.  

5)  Under certain  cond i tions,  experience  shows  that an  HVDC plan t can  cause  i n terference  i n  
both  ad jacent and  more  remote  l i nes.   

6 )  The  degree  of i n terference  i s  not on ly dependent on  the  AC and  DC system  
characteri sti cs  bu t a l so  on  the  qual i ty of the  subscriber or s ignal l i ng  ci rcu i t.  

7)  I f i t  i s  suspected  that there  i s  a  ri sk of te lephone  i n terference,  then  both  customer and  
con tractor benefi t  i f requ i rements  are  made  fol l owing  an  i nductive  coord ination  study,  
rather than  taking  typical  va lues  provided  by standards  and /or design  codes.   

8)  The  execu tion  of such  a  study i s  complex and  speci fic to  the  natu re  of the  AC  system  and  
the  te lephone  system,  and  can  be  l engthy.  Th is  i s  often  ou tside  the  normal  ski l l  set of 
HVDC eng ineers,  and  can  be  best conducted  by the  customer prior to  i ssu ing  the  
techn ical  speci fication .  

9)  The  AC network impedance  shou ld  be  very carefu l l y defined ,  i n  parti cu lar i f impedances  
are  g iven  as  sectors  or polygons.  Most probably,  a  model  wi th  detai l ed  primary l evel  
model l i ng  and  wi th  secondary l evel  aggregate  model l i ng  i s  preferable.  
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4 Field  measurements  and  veri fication   

4.1  Overview 

Clause  4  considers  the  tests  wh ich  wi l l  be  made  during  and  after commission ing ,  to  veri fy 
that the  AC  fi l ter equ ipment and  systems  are  function ing  as  requ i red .  Su i table  speci fication  of 
the  techn ical  and  con tractual  aspects  of such  testi ng  i s  importan t to  safeguard  the  i n terests  
of the  customer,  and  a  clear defin i ti on  of what i s  requ i red  i s  to  the  benefi t  of both  customer 
and  con tractor.  

The  fie l d  tests  can  be  d ivided  i n to  

•  equ ipment and  subsystem  tests  wh ich  are  performed  before  fu l l  vol tage  energ ization ,  and  

•  system  tests  wh ich  cover a l l  tests  done  after fu l l  vol tage  energ ization .  

Another test of i n terest i n  the  con text of AC fi l ters  i s  the  measurement of pre-existing  
harmon ic l evels  for the  purpose  of design  and  l ater for veri fication  of performance.  

4.2  Equ ipment and  subsystem  tests  

4.2 . 1  General  

The  subsystem  tests  are  performed  wi thou t h igh  vol tage  energ ization ,  and  are  usual ly carried  
ou t by the  con tractor.  

The  components  of the  fi l ters  are  fi rst  veri fied  for i n tegri ty:  thei r nominal  values  of 
capaci tance,  i nductance  and  resistance  are  measured  and  checked  against thei r nameplate  
values.  After fi nal  connections  of the  components,  the  overal l  behavior of the  assembly i s  
evaluated  at l ow vol tage  operation .  

4.2.2  Fundamental  frequency impedance  and  unbalance  measurement 

A s ing le-phase  l ow vol tage  supply (<  1  kV)  i s  appl ied  i n  tu rn  to  each  phase  of the  AC  fi l ters.  
The  fundamental  frequency vol tage  and  cu rrent measurements  permi t the  evaluation  of the  
fundamental  frequency impedance  of the  fi l ter.  Add i tional ly,  provided  that the  fi l ter yard  i s  not 
i n fl uenced  by any other vol tage  source,  the  unbalance  curren t can  a lso  general l y be  
measured  down  to  the  m icroampere  range.  These  resu l ts  can  be  extrapolated  to  the  rated  
vol tage  of the  fi l ter and  compared  to  the  con tractor's  calcu lations.  

4.2.3  Frequency response  curve  

The  purpose  of th is  test i s  to  obtain  the  impedance  of the  fi l ter i n  the  frequency range  starti ng  
wi th  the  fundamental  frequency up  to  usual l y the  50 th  harmon ic.  I t  wi l l  a l so  permi t  se lection  of 
the  fi nal  tap  setti ng  of the  reactors  i n  accordance  wi th  the  desi red  tun ing  frequencies  
corrected  for the  cond i tions  of the  test,  namely the  ambient temperature.  

The  frequency curve  can  be  obtained  by applying  the  ou tpu t of a  s i gnal  generator to  the  fi l ter 
th rough  an  ampl i fi er.  F i l ter vol tage  and  cu rren t measurements  taken  across  the  complete  
frequency range  g ive  the  impedance  curve.  However,  th i s  exercise  i s  time  consuming  
considering  a l so  that the  vol tage  appl ied  to  the  fi l ter has  to  be  mon i tored  to  ensure  that i t  i s  
reasonably free  of d i stortion .  

More  soph isti cated  i nstruments  wi l l  au tomatical l y con trol  the  i n jection  s ignal  and  take  the  
read ings  wi th  probes  tuned  to  the  i n jection  frequency i n  order to  be  more  sensi ti ve  and  l ess  
i n fluenced  by d i stortion .  

F inal l y,  th is  evaluation  can  be  done  by using  a  spectrum  analyzer:  i ts  ou tpu t noise  s i gnal  i s  
fed  to  the  fi l ter th rough  the  ampl i fier,  and  the  i nstrument,  by means  of fast Fourier transform  
(FFT)  calcu lations,  performs  the  transfer function  d i rectl y on  the  vol tage  and  curren t 
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measurements.  The  i nstrument a l so  provides  a  coherence  function  wh ich  can  be  regarded  as  
a  confidence  cri terion  i n  the  transfer function  obtained .  

4.3  System  tests  

The  system  tests  complete  the  commission ing  of an  HVDC project and  consist  of the  tests  
done  at  fu l l  vol tage.  The  subject of system  tests  has  been  wel l  documented  by I EC  61 975  
[23] .  For each  test,  the  gu ide  g ives  the  objectives,  the  precond i tions,  the  procedures  and  the  
acceptance  cri teria.  

The  tests  regard ing  the  AC fi l ter equ ipment and  performance  are  treated  i n  [21 ] .  The  
fol l owing  paragraphs  on ly summarize  th is  i n formation ,  add ing  more  detai l s  on  certain  aspects  
concern ing  the  measurements.  

4.4 Measuring  equ ipment 

4.4. 1  Overview 

4.4. 1 . 1  General  

For the  system  tests,  resu l ts  are  requ i red  i n  both  time  and  frequency domains.  The  time  
domain  measurements  are  usual l y provided  by the  transien t fau l t  recorder (TFR)  and  the  
sequence-of-events  recorder (SER)  wh i l e  the  frequency domain  measurements  are  obtained  
from  a  harmon ic analyzer.  

4.4. 1 .2  Transient fau l t  recorder and  sequence-of-events  recorder 

The  speci fication  wi l l  often  ask that these  recorders  be  part of the  equ ipment suppl ied  by the  
con tractor.  The  TFR i s  now based  on  d ig i ta l  technology and  i s  used  to  analyze  transien ts,  
wh ich  impl ies  that the  selected  i npu t scales  are  usual ly much  greater than  the  nominal  
va lues.  S ince  there  are  many variables  to  mon i tor around  the  converter,  the  l im i ted  number of 
TFR channels  wi l l  normal ly not permi t record ing  more  than  one  phase  of each  fi l ter branch .  
Connection  of the  TFR m ight have  to  be  reconfigured  depend ing  on  the  commission ing  test 
being  performed .  

The  SER g ives  a  precise  time-stamping  and  i s  therefore  very usefu l  to  veri fy protective  
sequences  and  to  co-ord inate  measurement resu l ts  wi th  the  prevai l i ng  equ ipment or system  
configuration .  

4.4. 1 .3  Harmonic  analyzer 

Al though  the  d ig i ta l  natu re  of the  TFR wou ld  permi t harmon ic analysis,  i t  cannot general l y be  
used  for fi l ter performance  evaluation :  i t  i s  not sensi ti ve  enough  because  h igh  i npu t scales  
shou ld  be  selected  for transien t pu rposes.  

Harmon ic performance  evaluation  of HVDC converters  requ i res  an  i nstrumentation  that i s  
equ ipped  wi th  very good  qual i ty s i gnal  cond i tioners  and  analog-to-d ig i ta l  converters  and  
wh ich  con tains  the  necessary fi l ters  to  prevent any a l iasing .  Very good  harmon ic analyzers  
i ncorporating  a l l  these  featu res  are  now easi l y avai lable  or can  be  assembled  from  the  
various  components.  The  whole  measuring  chain  shou ld  have  a  very good  s ignal -to-noise  
ratio  (SNR).  For example,  a  SNR of at  l east 80  dB  i s  requ i red  i n  order to  evaluate  a  TI F  of 1 0  
wi th  the  necessary precis ion .  

The  i npu t channels  of the  analyzer shou ld  be  synchronously sampled  to  a l l ow evaluation  of 
symmetrical  components.  Besides  the  i n teger harmon ics,  the  harmon ic analyzer shou ld  a l so  
provide  the  i n terharmon ics  ( i n termed iate  frequencies)  wh ich  are  usefu l  to  ascertain  that the  
analyzer i s  function ing  properly and  that the  measurements  have  been  taken  i n  steady state.  
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A personal  computer (PC)  shou ld  be  used  i n  con junction  wi th  the  harmon ic analyzer i n  order 
to  store  the  resu l ts  of the  analyzer,  to  calcu late  the  various  i nd ices  (TIF,  THD,  etc. )  for wh ich  
l im i ts  have  been  set i n  the  speci fication  and  to  help  i n  the  preparation  of cu rves  and  reports.  

I EC  61 000-4-7: 2002/AMD 1 : 2008  [24]  describe  the  general  requ i rements  for harmon ic 
analyzers  depend ing  on  the  appl i cation .  Harmon ics  generated  by HVDC converters  wi l l  
usual l y not fl uctuate  i n  steady state  operation ,  especia l l y i f the  i n terconnected  AC  systems  
are  synchronous  or i f the  DC l i ne  i s  very l ong .  Therefore,  when  referring  to  I EC  61 000-4-7,  
one  shou ld  l ook for the  requ i rements  appl i cable  to  the  measurements  of quasi -stationary 
harmon ics.  

4.4. 1 .4  Current and  vol tage  transformers  

Conventional  cu rren t and  vol tage  transformers  are  su i table  for the  time  domain  
measurements.  Conventional  curren t transformers  are  a l so  su i table  for harmon ic 
performance  evaluation  s i nce  thei r fi rst  resonance  frequency i s  usual ly above  the  range  of 
i n terest.  However,  capaci ti ve  vol tage  transformers  cannot be  used  because  of thei r non-
l i near response  at harmon ic frequencies.  I nductive  vol tage  transformers  are  usual l y better 
bu t thei r frequency response  shou ld  be  veri fi ed  prior to  thei r u ti l i zation ,  and  su i table  
corrections  made  i f necessary.  The  possibi l i ty of measurement errors  due  to  magnetic 
coupl i ng  from  nearby components  to  i nductive  vol tage  transformers  i s  a l so  considered ,  as  
there  i s  evidence  that th is  can  i n troduce  s ign i fi can t d i screpancies  at some harmon ic 
frequencies.  

I f the  permanently i nsta l led  vol tage  transformers  are  found  to  be  not su i table  for harmon ic 
measurements,  the  fol lowing  a l ternatives  can  be  considered .  

•  I nsta l l  specia l  capaci ti ve  vol tage  d ividers  (d ividers  wi th  a  fl at  response  for a  l arge  
frequency bandwid th ).  An  accuracy of 1  %  i s  normal ly atta inable  wi th  such  devices.  

•  Derive  the  harmon ic vol tages  from  the  curren t fl owing  i n  an  apparatus  having  a  stable  
impedance.  A good  example  i s  the  capaci tance  of the  PLC  fi l ters.  A cal i bration  test shou ld  
be  carried  ou t before  the  actual  harmon ic measurements.  Un less  otherwise  stated  i n  the  
speci fi cation ,  an  accuracy of 5  %  to  1 0  %  i n  the  0  kHz to  3  kHz frequency band  shou ld  be  
su ffi cien t.  

4.4.2  AC  fi l ter energ ization  

These  tests  are  part of the  converter tests.  AC  fi l ters  are  energ ized  one  at a  time  and  are  
soaked  ( l eft energ ized )  for abou t 2  h .  Using  the  TFR,  the  three-phase  curren t and  vol tage  
waveforms  shou ld  be  recorded  upon  energ ization .  The  records  shou ld  be  analyzed  to  
evaluate  the  effectiveness  of the  means  of con trol l i ng  transien ts.  The  steady state  fi l ter 
cu rren ts  shou ld  be  balanced .  The  steady state  vol tage  variation  can  be  used  to  evaluate  the  
short ci rcu i t  l evel .   

4.4.3  Veri fication  of the  reactive  power control ler 

The  reactive  power con trol l er shou ld  be  veri fi ed  i n  a l l  i ts  operating  modes,  and  th i s  wi l l  
therefore  be  done  at various  stages  of the  commission ing  tests.  I t  wi l l  be  mostly veri fied  
using  the  operator's  i n terface,  a l though  the  TFR and  SER m ight be  usefu l  to  analyze  certain  
s i tuations.  

4.4.4  Veri fication  of the  specified  reactive  power in terchange  

Th is  veri fication  shou ld  be  done  for the  operating  cond i tions  g iven  i n  the  speci fications,  for 
example:  transmi tted  power l evel ,  mode  of operation  (recti fi er or i nverter),  AC  and  DC vol tage  
l evels  and  maximum  fi ri ng  ang les.  As  there  i s  usual l y a  penal ty attached  to  th i s  requ i rement,  
the  most precise  curren t and  vol tage  transformers  (usual l y the  b i l l i ng  ones)  shou ld  be  used .  
The  harmon ic analyzer m igh t be  accurate  enough  for th i s  measurement at  fundamental  
frequency.  I f not,  a  power analyzer i s  the  best i nstrument for the  appl i cation .  
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4.4.5  Veri fication  of the  harmonic  performance 

4.4.5.1  General  

These  tests  are  part of the  steady state  performance  and  i n terference  tests.  The  objective  i s  
to  establ i sh  the  various  harmon ic l evels  for various  operating  cond i tions  defined  i n  the  
techn ical  speci fi cation  i n  order to  veri fy that the  speci fied  l evels  are  not exceeded  during  
such  cond i tions  and  that the  l evels  remain  acceptable  under con tingency modes.  I t  shou ld  be  
understood  that the  measurement cond i tions  wi l l  probably never correspond  to  the  worst 
case  cond i tions  for wh ich  the  fi l ter design  has  been  made.  

4.4.5.2  Signals  to  be  analyzed  

To veri fy the  AC s ide  harmon ic performance,  the  s i gnals  showed  i n  F igure  4  shou ld  be  
brought to  the  harmon ic analyzer.  Su i table  transducers,  g i ving  accurate  reproduction  of 
harmon ics  shou ld  be  used  (see  4 . 4 . 1 . 4) :  

•  the  th ree  phase-to-earth  bus  vol tages;  

•  the  th ree  AC system  curren ts  (or cu rren ts  i n  separate  AC l i nes  i f needed  for I T  
evaluation );  

•  the  th ree  converter cu rren ts;  

•  the  th ree  fi l ter cu rren ts;  

•  the  converter fi ri ng  ang le;  

•  the  DC  s ide  vol tage  and  cu rren t s i gnals.  

 

Figure  4  – Converter variables  for harmonic  performance  tests  

The  DC s ide  harmon ic performance  wi l l  u sual l y be  evaluated  at the  same time.  The  re lated  
s ignals  wi l l  be  added  to  the  above  l i st  and  th i s  wi l l  d i ctate  the  requ i red  number of i npu t 
channels  for the  analyzer.  

Harmon ic analysis  wi l l  be  performed  on  a l l  the  s i gnals  brought to  the  analyzer.  Th is  analysis  
i s  requ i red  for the  AC s ignals  i n  order to  evaluate  the  harmon ic factors  (TI F,  THD,  etc. )  and  
for the  study of any abnormal  cond i tion .  Harmon ic analysis  of the  DC s ide  vol tage  and  
curren t wi l l  be  very usefu l  to  study any AC/DC harmon ic i n teraction .  Al though  i t  i s  the  
average  value  of the  converter fi ri ng  ang le  wh ich  i s  usual ly of i n terest,  harmon ic evaluation  
shou ld  a l so  be  performed  on  th i s  s ignal  as  the  presence  of a  l ow order harmon ic variation  of 
fi ri ng  ang le  cou ld  affect AC  and  DC s ide  harmon ics.  

I t  shou ld  be  noted  that,  wi th  the  avai labi l i ty of the  measured  th ree-phase  vol tage  and  cu rrent 
harmon ic phasors,  i t  i s  possib le  to  d i scrim inate  the  d i rection  of harmon ic cu rrent fl ow.  

System  frequency does  not have  to  be  expl i ci tl y recorded  as  i t  can  be  derived  from  the  
processing  of the  AC bus  vol tages.  
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4.4.5.3  Instal lation  of the  analyzer 

I n  the  past,  the  analyzer used  to  be  i nstal led  for a  very short period .  I t  wou ld  be  set up  a  few 
days  before  the  speci fi c harmon ic performance  tests  and  removed  shortly after.  

However,  as  i nstrumentation  has  become easier to  obtain  (cheap,  effective,  user friend ly) ,  i t  
i s  advisable  to  i nsta l l  i t  at  the  very beg inn ing  of the  commission ing  tests,  i . e .  prior to  the  
equ ipment energ ization .  I t  shou ld  be  set up  to  con tinuously take  samples  at  regu lar i n tervals  
(every 30  s  or so).  P lots  of the  harmon ic i nd ices  can  then  be  produced  and  analyzed  on  a  
dai l y basis.  Any abnormal  harmon ic l evel  can  be  documented  a long  wi th  the  converter and  
AC system  operating  cond i tions.  

The  benefi ts  of th i s  early set-up  of the  i nstrumentation  are  main ly 

•  a  very good  evaluation  of the  pre-existing  noise  s ince  the  converters  wi l l  not be  
con tinuously i n  operation  du ring  the  commission ing  period ,  

•  an  evaluation  of the  harmon ic l evels  for a  l arge  number of converter and  AC system  
cond i tions,  

•  a  reduction  of the  du ration  of the  testi ng  period  needed  for the  speci fic harmon ic 
performance  tests,  and  

•  the  possib i l i ty of establ i sh ing  stati sti cs  re lated  to  the  harmon ic i nd ices.  

4.4.5.4  Test condi tions  

I t  has  been  seen  i n  the  previous  sections  that the  harmon ic performance  i s  i n fl uenced  by a  
l arge  number of factors.  The  harmon ic performance  tests  shou ld  cover as  many 
configurations  as  practical l y possible.  These  wi l l  u sual ly be  

•  the  whole  operating  range  of the  converters  i nclud ing  the  overload  range  and  operation  at  
reduced  HVDC vol tage,  

•  various  l oad ings  of the  AC system  wh ich  shou ld  a l so  resu l t  i n  various  short ci rcu i t  l evels  
and  AC system  impedances,  

•  operation  wi th  normal  AC  fi l tering ,  wi th  reduced  fi l tering ,  and  wi th  the  whole  range  of 
fi l ters  (or combinations  of d i fferen t fi l ter banks)  wh ich  m ight be  connected  at  a  g i ven  
power l evel ,  and  

•  a l l  DC  s ide  configurations  (as  a  DC  s ide  resonance  can  affect AC s ide  d i stortion ).  

The  other parameters  such  as  system  frequency,  AC vol tage  l evel ,  vol tage  unbalance,  etc.  
cannot usual l y be  varied  easi l y and  therefore  are  taken  as  they occur.  

I f the  i nstrumentation  has  been  i nstal l ed  at  the  beg inn ing  of the  commission ing  tests,  
harmon ic performance  wi l l  be  known  for many configurations  before  the  speci fi c test period .  
The  test period  wi l l  be  used  on ly to  cover the  cond i tions  wh ich  have  not been  experienced  
a l ready or to  review some cond i tions  that wou ld  have  proved  troublesome  before  and  wou ld  
need  more  documentation .  

For the  speci fi c harmon ic performance  measurements,  taking  samples  at regu lar i n tervals  
(e. g .  every 30  s)  wh i l e  s lowly ramping  the  converters  (around  1  p . u .  power i n  2  h )  has  proven  
more  efficien t than  measuring  on ly at  fi xed  power l evels.  When  using  a  ramp,  i t  takes  l ess  
time  to  cover the  whole  converter range  and  i t  g ives  much  more  i n formation .  Al so,  i t  a lways  
remains  possib le  to  come  back to  a  speci fi c operating  poin t that wou ld  have  resu l ted  i n  
abnormal  harmon ic l evels.  Wi th  such  a  s low ramp  rate,  measurements  can  sti l l  be  considered  
to  be  carried  ou t i n  steady state.  F igure  5  i s  an  example  of measurements  made  during  a  
ramp.  

Al though  the  speci fied  harmon ic l im i ts  wi l l  most l i kely not apply for operation  wi th  l ess  than  
the  designed  number of AC fi l ters  connected ,  knowing  the  harmon ic l evels  for these  
cond i tions  can  become very usefu l  to  the  operating  personnel  i n  case  of a  fi l ter ou tage.  
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4.4.6  Veri fication  of aud ible  noise  

The  aud ib le  noise  generated  by the  overal l  station  (the  AC fi l ters  are  on ly one  of many 
sources  of aud ib le  noise)  shou ld  be  measured  accord ing  to  the  speci fication ,  wh ich  shou ld  
g ive  the  maximum  a l l owable  noise  l evels  as  wel l  as  the  measuring  procedures  (for more  
i n formation ,  refer to  I EC  TR 62001 -4: 201 6,  Clause  8 ,  and  I EC  TR 62001 -1 : 201 6,  Clause  9).  
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Figure  5  – Example  of measurements  made during  a  ramp of the  converters  
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4.5  In -service  measurements  

4.5. 1  General  

The  customer shou ld  consider what fi l ter-related  measurements,  i f any,  he  wishes  to  make  
during  the  normal  i n -service  operation  of the  HVDC station .  Provis ion  shou ld  be  made  i n  the  
techn ical  speci fication  for supply of any equ ipment,  i nstructions  and  tra in ing  re lated  to  such  
measurements.  

I n  most HVDC schemes,  no  specia l  provis ion  i s  made  for such  measurements.  I f any 
harmon ic i nvestigations  are  to  be  made  after the  completion  of the  system  tests,  these  wi l l  
usual l y employ specia l i zed  equ ipment and  personnel  provided  by the  customer.  

However,  i n  a  few HVDC projects,  the  fol l owing  categories  of measurement have  been  
considered  or implemented ,  and  the  customer shou ld  consider these  i n  re lation  to  h is  own  
operation  ph i l osophy and  capabi l i ti es.  

4.5.2  In -service  tun ing  checks  

Normal ly,  the  on ly veri fi cation  of fi l ter tun ing  after the  system  tests  wi l l  be  the  regu lar 
main tenance  checks  for fa i led  capaci tor un i ts  and  veri fi cation  of the  i n tegri ty of other 
components.  However,  measurement of the  tuned  frequency of fi l ters  cou ld  be  made  during  
main tenance  periods,  us ing  the  same equ ipment and  techn iques  as  employed  du ring  
commission ing  tests.  

4.5.3  On-l ine  moni toring  of tun ing  

I n  a  very few HVDC schemes,  equ ipment has  been  permanently i nsta l led  to  permi t  on - l i ne  
mon i toring  of the  tun ing  of AC fi l ters,  us ing  measurements  of the  phase  ang le  between  
currents  and  vol tages  at harmon ic frequencies.  A cubicle  i s  suppl ied  con tain ing  the  harmon ic 
analyzer and  faci l i ti es  to  swi tch  between  s ignals  from  d i fferen t fi l ter branches.  

4.5.4 Moni toring  of IT  performance  

I f harmon ic cu rren t i n  ou tgoing  l i nes  i s  an  importan t performance  i ssue,  the  mon i toring  of the  
I T cri terion  (see  I EC  TR 62001 -1 : 201 6,  4 . 4)  cou ld  be  made  on  a  regu lar,  or permanent,  basis  
by measurement of harmon ic cu rren t i n  the  l i nes  using  the  normal  l i ne  CTs  connected  to  a  
harmon ic analyzer.  

4.5.5  Measurements  of pre-existing  harmonic  l evels  for design  purposes  

As mentioned  i n  I EC  TR 62001 -1 : 201 6,  C lauses  4 ,  7 ,  9  and  I EC  TR 62001 -4: 201 6,  C lause  3 ,  
pre-existi ng  harmon ic l evels  have  to  be  addressed  i n  the  speci fication  to  permi t the  proper 
design  of the  AC fi l ters  by the  con tractor.  Therefore,  the  re lated  measurements  to  establ i sh  
these  l evels  wi l l  u sual l y have  to  be  carried  ou t at an  early stage  of the  project.  These  
measurements  shou ld  cover a  time  span  of at l east a  few weeks  i n  order to  obtain  stati sti cal  
fi gu res.  A l onger period ,  i deal ly one  year,  wou ld  be  desi rable  i n  order to  take  i n to  account 
seasonal  variations  i n  generation  and  network topology.  

The  data  obtained  wi l l  typical l y on ly pertain  to  the  ampl i tude  of the  bus  vol tage  harmon ics  as  
i t  i s  d i ffi cu l t  to  measure  the  associated  harmon ic impedance.  The  fi nal  va lues  speci fied  for 
pre-existi ng  harmon ics  shou ld  take  i n to  account the  measured  pre-existi ng  l evels  corrected  to  
i nclude  fu tu re  AC system  development.  
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Annex A 
( informative)  

 
Vol tage and  current d istortion  – 

Telephone interference 

A.1  Vol tage  d istortion  l imi ts  for HV and  EHV networks  

A.1 . 1  General  

Uti l i ties  con trol  the  harmon ic vol tage  l evels  i n  thei r HV and  EHV networks  i n  order to  keep  the  
d i sturbance  l evels  below the  compatib i l i ty l evels  (defined  below)  for a l l  thei r customers,  
i nclud ing  those  i n  the  l ow-vol tage  systems.  

Each  i tem  of p lan t and  equ ipment shou ld  have  an  emission  l evel  l ower than ,  and  an  immun i ty 
l evel  h igher than ,  the  defined  compatib i l i ty l evel .  

To  ach ieve  th is ,  p l ann ing  l evels  of harmon ic d istortion  are  speci fied  by the  u ti l i ty for HV and  
EHV l evels  of the  system  and  can  be  considered  as  i n ternal  qual i ty objectives  for the  u ti l i ty.  
There  i s  a l so  a  trend  wi th in  the  u ti l i ti es  to  guaran tee  a  certa in  l evel  of power qual i ty for 
consumers  at any vol tage  l evel ,  and  p lann ing  l evels  can  be  used  as  power qual i ty cri teria  for 
HV and  EHV l evels.  

Harmon ic vol tages  i n  the  system  are  produced  by the  combined  effect of a l l  harmon ic 
sources  at the  l ow vol tage  as  wel l  as  the  med ium  and  h igh  vol tage  l evels.  F igure  A. 1  shows  
the  harmon ic vol tage  bu i l d  up  i n  a  s imple  system  (taking  i n to  account on ly the  i nductive  
reactance  of the  network).  Th is  fi gu re  i l l ustrates  the  need  for co-ord ination  between  the  
d i fferen t vol tage  l evels.  

From  the  fi gu re,  i t  i s  cl ear that the  harmon ic vol tage  seen  at  the  l ow vol tage  l evel  i s  the  sum  
of the  harmon ic vol tages  over the  en ti re  system.  The  harmon ic vol tages  produced  at the  HV 
or EHV level  shou ld  therefore  be  l im i ted  to  a  fraction  of the  compatib i l i ty l evel  defined  at  the  
LV and  MV levels.  

 

Figure  A.1  – Contributions  of harmonic  vol tages  at  d i fferent 
vol tage  levels  in  a  s imple  network 
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I t  i s  a l so  importan t to  note  that the  harmon ic vol tages  at  HV and  EHV l evels  are  produced  by 
harmon ic sources  from  every vol tage  l evel  i n  the  system.  

The  above  i s  an  approximation ,  as  real  systems  are  not pu rely i nductive.  Capaci ti ve  paths  to  
earth  exist at  the  d i fferent vol tage  l evels,  and  resonant cond i tions  can  a l so  occur,  wh ich  can  
l ead  to  ampl i fi cation  of harmon ic vol tages.  I n  add i tion ,  the  structu re  of networks  i s  more  
complex than  shown ,  wi th  usual l y several  MV or LV sub-networks.  

A.1 .2  Recommended  l imi ts  for HV or EHV networks  

The  two  main  standard  organ izations,  I EC  and  I EEE,  g ive  recommendations  on  vol tage  
d istortion  for e lectrical  power systems.  They both  recommend  d i fferen t d istortion  l im i ts  for 
d istribu tion  and  transmission  systems  recogn izing  the  g reater impact of harmon ics  wi th  
i ncreasing  transmission  system  vol tage.  

As  a  general  observation ,  recommended  l im i ts  are  l ower for I EEE  compared  to  I EC.  I EC  a lso  
proposes  d i fferen t values  accord ing  to  the  type  of harmon ic and  the  frequency to  reflect the  
resu l ts  of measurements  i n  power systems  and  to  a l l ow for d i fferen t effects  on  sensi ti ve  
equ ipment.  

The  vol tage  d istortion  l im i ts  recommended  by I EEE  51 9-1 992  [4 ]  are  shown  i n  Table  A. 1 .  

Table  A. 1  – Vol tage  d istortion  l imi ts  from  IEEE  51 9-1 992  

Bus  vol tage  at  PCC  Ind ividual  vol tage  d i stortion  %  Total  vol tage  d istortion  THD  
%  

69  kV and  be l ow 3 , 0  5 , 0  

69  kV to  1 61  kV 1 , 5  2 , 5  

1 61  kV and  above  1 , 0  1 , 5  

NOTE  H i gh -vo l tage  systems  can  have  up  to  2 , 0  %  THD  where  the  cause  i s  an  HVDC term ina l  that  wi l l  
a ttenuate  by the  time  i t  i s  tapped  for a  u ser.  

 

A considerable  amount of work has  been  completed  recently by 
I EC/IEEE/CIGRE/CIRED/U IE/UN IPEDE commi ttees  on  the  subject of harmon ic compatibi l i ty 
l evels  for AC  systems.  Based  on  th i s  work,  I EC  has  i ssued  a  techn ical  report 
( I EC  TR 61 000-3-6)  on  assessment of em ission  l im i ts  for d istorti ng  l oads  i n  MV and  HV 
power systems.  Th is  Techn ical  Report ou tl i nes  princip les  wh ich  are  i n tended  to  be  used  as  
the  basis  for determin ing  the  requ i rements  for connecting  l arge  d i storting  l oads  to  publ ic  
power systems.  

I EC  TR 61 000-3-6  uses  the  concept of compatib i l i ty l evels  as  a  basis  for e lectromagnetic 
compatib i l i ty (EMC)  of a  system.  The  e lectromagnetic compatib i l i ty i s  the  abi l i ty of a  device,  
equ ipment or system  to  function  sati sfactori l y i n  i ts  e lectromagnetic envi ronment wi thou t 
i n troducing  i n tolerable  e lectromagnetic d i stu rbances  to  anyth ing  i n  that envi ronment.  The  
e lectromagnetic compatibi l i ty l evel  i s  the  speci fied  d i stu rbance  l evel  i n  a  system  wh ich  i s  
expected  to  be  exceeded  on ly wi th  a  smal l  probabi l i ty,  th is  l evel  being  such  that 
e lectromagnetic compatibi l i ty shou ld  exist  for most equ ipment wi th in  the  system.  

Experimental  va lues  for the  harmon ic vol tage  normal l y obtained  i n  the  vicin i ty of d i stu rbing  
equ ipment were  used  wi th in  I EC  to  define  the  compatibi l i ty l evels  for LV and  MV systems  [2 ] .  
The  compatib i l i ty l evels  for harmon ic vol tages  i n  LV and  MV systems  are  g iven  i n  Table  A. 2 .  
These  compatib i l i ty l evels  are  reference  values  for co-ord inating  the  emission  and  immun i ty 
of equ ipment wh ich  i s  part of,  or suppl ied  by,  a  supply network i n  order to  ensure  the  EMC in  
the  whole  system  ( includ ing  both  network and  the  connected  equ ipment) .  
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I EC  TR 61 000-3-6  a l so  g ives  i nd icative  values  of p lann ing  l evels  for harmon ic vol tage  i n  HV 
and  EHV systems,  as  shown  i n  Table  A. 3,  wh ich  reflects  harmon ic patterns  obtained  from  
measurement resu l ts  on  several  MV-HV networks  [2 ] ,  note  1 .  I t  can  be  considered  typical  for 
AC networks  s i tuated  i n  normal  l oad  areas.  However,  the  p lann ing  l evels  wi l l  be  d i fferen t 
from  case  to  case  depend ing  on  network structu re  and  ci rcumstances.  These  l evels  shou ld  
be  mod i fied  as  necessary to  reflect the  characteristics  of the  parti cu lar network considered .  

Note  that the  orig inal  table  does  not consider expl i ci tl y EHV networks,  bu t the  general  
practice  i s  not to  d i fferentiate  between  HV and  EHV.  Bearing  in  mind  the  meaning  of "plann ing  
levels",  such  a  d i fference wou ld  have  l i ttle  s ign i ficance.  I t  was  proposed  not to  change the  table  
but to  consider HV values  as  HV-EHV values.  However,  not enough  measurement resu l ts  are  
avai lable  yet to  val idate  those  HV-EHV values,  particu larl y for EHV power systems.  

Table  A.2  – Compatibi l i ty l evels  for harmonic vol tages  ( in  percent of the  nominal  
vol tage)  in  LV and  MV power systems  [based  on  Table  1  of IEC  TR 61 000-3-6: 2008]  

ODD  HARMONICS  

NON  MULTIPLE  OF  3  

ODD  HARMON ICS  

MULTIPLE  OF  3  

EVEN  HARMON ICS  

 

Order 
 
h  

Harmon ic  

vol tage  
%  

Order 
 
h  

Harmon ic  

vol tage  
 %  

Order 
 
h  

H armonic  

vol tage  
%  

5  6 , 3  3  5 , 0  2  2 , 0  

7  5 , 0  9  1 , 5  4  1 , 0  

1 1  3 , 5  1 5  0 , 3  6  0 , 5  

1 3  3 , 0  21  0 , 2  8  0 , 5  

1 7  2 , 0  >  2 1  0 , 2  1 0  0 , 5  

1 9  1 , 5    1 2  0 , 2  

23  1 , 5    >  1 2  0 , 2  

25  1 , 5      

>  25  0 , 2  +  1 , 3 (25/h )      

NOTE  1  Tota l  harmon ic  d i s torti on  (THD):  8  % .  

NOTE  2  LV refers  to  UN  ≤  1  Kv  and  MV refers  to  1  kV <  UN  ≤  35  kV.  

 
Table  A.3  – Ind icative  values  of planning  levels  for harmonic  vol tages  

in  HV and  EHV power systems  [based  on  Table  2  of IEC  TR 61 000-3-6: 2008]  

ODD  HARMONICS  

NON  MULTIPLE  OF  3  

ODD  HARMON ICS  

MULTIPLE  OF  3  

EVEN  HARMON ICS  

 

Order  Harmonic  

vol tage  

Order Harmonic  

vol tage   

Order Harmon ic  

vol tage  
n   %  n   %  n  %  

5  2 , 0  3  2 , 1  2  1 , 5  

7  2 , 0  9  1 , , 0  4  1 , 0  

1 1  1 , 5  1 5  0 , 3  6  0 , 5  

1 3  1 , 5  21  0 , 2  8  0 , 4  

1 7  1 , 0  >  2 1  0 , 2  1 0  0 , 4  

1 9  1 , 0    1 2  0 , 2  

23  0 , 7    >  1 2  0 , 2  

25  0 , 7      

>  25  0 , 2  +  25/2h      

NOTE  1  Tota l  harmon i c d i s torti on  (THD):  3  %  

NOTE  2  HV refers  to  35  kV <  UN  ≤  230  kV and  EHV refers  to  UN  >  230  kV.  
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A.2  Harmonic current in  generators  

One defin i tion  of an  equ ivalen t negative  sequence  current I2eq  for a  s i x pu lse  converter i s  as  
fo l lows  [2 ] :  

 ( )∑











+⋅= −+

n

nn II
n

I

2

4 1616eq2 2

6
 (A. 1 )  

where  

n  i s  an  i n teger;  

I6n+1  and  I6n -1  are  harmon ic cu rren ts  fl owing  i n to  the  synchronous  mach ine  armature  
wind ing .  

For twelve  pu l se  converters,  on ly the  terms  wi th  n  equal  to  an  even  number wi l l  g ive  any 
s ign i fi cant con tribu tion  to  the  sum  in  Equation  (A. 1 ) .  

I t  shou ld  be  noted  that a l ternative  formu lae  have  been  developed  for use  i n  some HVDC 
projects,  i n  consu l tation  wi th  the  generator manufacturers.  I t  i s  recommended  that the  
generator manufacturer shou ld  be  asked  to  speci fy a  su i table  formu la  to  calcu late  the  
effective  harmon ic cu rren t fl ow i n  the  mach ines.  Acceptable  l im i t  values  for the  calcu lated  
parameter shou ld  be  agreed  between  the  customer and  the  generator manufacturer.  

A.3  Causes  of telephone interference 

Harmon ic cu rren ts  flowing  i n  any conductor of a  power transmission  l i ne  create  a  magnetic 
fi e ld  i nducing  harmon ic vol tages  and  cu rren ts  i n  nearby i nstal l ations.  The  i nduced  vol tage  i n  
the  te lephone  l i nes  i s  re lated  to  the  harmon ic cu rren t i n  the  transmission  l i ne  conductors  and  
the  mu tual  coupl i ng  impedance  Zm .  The  term  Zm  i s  main ly dependent on  the  frequency,  the  
earth  resistivi ty,  the  l eng th  of exposure  and  the  d i stance  between  transmission  l i ne  and  
te lephone  l i ne  rou tes.  The  mu tual  impedance  shou ld  be  calcu lated  wi th  the  help  of computer 
programs  because  of the  complexi ty i nvolved  i n  solving  Carson ’s  equations,  however the  
Dubanton  equations  g ive  sati sfactory resu l ts  over an  extensive  range  of frequencies,  
separation  d i stances,  and  earth  resisti vi ties.  The  fol lowing  equation  g ives  the  l ong i tud inal  
i nduced  vol tage  on  one  te lephone  l i ne  conductor:  

 ∑
=

=

⋅=
kj

ik

ZmIV )( jnjncn  (A. 2)  

where  

Vcn  i s  the  l ong i tud inal  vol tage  at harmon ic n ;  

n  i s  the  harmon ic order;  

j  i s  the  conductor number;  

K i s  the  number of conductors  on  the  transmission  l i ne;  

Ij n  i s  the  phasor cu rren t i n  the  conductor j  a t  harmon ic n ;  

Zm j n  i s  the  mu tual  impedance  between  conductor j  and  te lephone  ci rcu i t  at harmon ic n .   

The  d i stance  between  the  transmission  l i ne  conductors  i s  general l y smal l  compared  to  the  
d i stance  to  the  te lephone  l i nes,  and  consequently the  mu tual  impedance  i s  nearly i dentical  
for each  conductor.  I n  such  cases,  the  i nduced  vol tage  due  to  balanced  (posi tive  or negative  
sequence)  components  of the  transmission  l i ne  cu rren ts  i s  comparatively l ow,  compared  to  
the  residual  component,  due  to  the  cancel lation  of the  i nd ividual  conductor con tribu tions.  
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Modern  te lephone  systems  general ly sti l l  u se  cables  to  transmi t the  e lectric s i gnal  from  the  
commun ication  cen tre  to  the  subscribers.  Such  a  cable  consists  of many twisted  metal l i c  
conductor pai rs  protected  by a  sh ield .  One  pai r i s  usual ly assigned  to  an  i nd ividual  
subscriber.  Cables  can  a l so  be  used  to  transmi t i n formation  between  commun ication  cen tres.  
The  harmon ic vol tage  i s  i nduced  on  each  conductor of a  pai r a long  the  exposed  sectionand  i s  
therefore  cal led  the  l ong i tud inal  vol tage.  For these  pai rs,  the  resu l ting  i n terference  vol tage,  
wh ich  i s  appl ied  to  the  te lephone  set,  i s  the  d i fference  between  the  l ong i tud inal  vol tages  of 
each  conductor of the  pai r and  i s  known  as  the  transverse  vol tage  or metal l i c  mode  vol tage.  
The  ratio  between  the  l ong i tud inal  and  resu l ti ng  transverse  vol tages  i s  ca l led  the  balance  of 
the  ci rcu i t.  

The  two  main  characteristics  of the  te lephone  system  wh ich  con tribu te  to  reduce  te lephone  
i n terference  are  the  sh ie ld ing  and  the  balance.  The  mechan ical  sh ie ld  a l so  acts  as  an  
e lectromagnetic sh ie ld  and  i s  very effective  at h igher frequencies.  The  balance  depends  on  
the  earth  capaci tance  unbalances  of cables  and  the  terminal  equ ipment unbalances  and  
therefore  worsens  wi th  i ncreasing  frequency.  The  te lephone  compan ies  are  responsible  for 
main tain ing  thei r te lephone  system  in  good  cond i tion  and  usual ly meet certa in  m in imum  
standards  on  balance  and  sh ie ld ing .  

Open-wi re  commun ication  systems  are  sti l l  i n  operation  i n  many l ocations.  These  systems  
are  very s im i lar to  cable  systems  except that there  i s  no  sh ield  and  consequently no  sh ie ld ing  
effect,  and  thei r balance  i s  general l y l ower.  

The  sensi ti vi ty of the  human  ear varies  wi th  frequency,  and  standard  weigh ting  curves  have  
been  developed  to  reflect th i s  frequency dependence  of the  ear,  the  response  of the  
te lephone  receiver and  other factors,  and  so  to  establ i sh  the  effective  noise  l evel  of the  
i nd ividual  harmon ics.  I n  coun tries  fol l owing  European  practice,  psophometric weigh ting  i s  
common ly used ,  wh i l e  the  C-message  weigh ting  curve  i s  more  i n  use  i n  countries  fol l owing  
North  American  practice,  the  d i fference  between  the  two  being  qu i te  s l i gh t.  F igure  A. 2  shows  
the  two  curves.  

 

Figure  A.2  – C-message  and  psophometric  weighting  factors  

Using  these  weigh ting  factors,  the  total  weigh ted  metal l i c  noise  l evel  i s  g i ven  by:  
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where  

Vm  i s  the  metal l i c  mode  weigh ted  vol tage;  

Vcn  i s  the  l ong i tud inal  i nduced  vol tage;  

N i s  the  maximum  order of harmon ic to  be  considered ;  

Cn  i s  the  psophometric or the  C-message  weigh ting  factor of harmon ic n ;  

Kn  i s  the  te lephone  ci rcu i t  sh ie ld ing  factor at  harmon ic n ;  

Bn  i s  the  te lephone  ci rcu i t  ba lance  at harmon ic n .  

The  CCITT [25]  has  speci fied  the  acceptable  e .m. f.  l evel  of the  noise  at  the  l i ne  terminals  of 
the  subscriber’s  set to  be  a  maximum  of 1  mV.  

Wi th in  ANSI /IEEE,  the  ci rcu i t  noise  i s  defined  relati ve  to  1  pW in  600  Ω ,  i . e .  re lati ve  to  an  
appl ied  vol tage  of 24 , 5  mV,  and  i s  expressed  i n  dB  above  th i s  l evel .  The  commun ication  
i ndustry has  determined  performance  th resholds  for metal l i c  mode  C-message  weigh ted  
noise  on  normal  business  or residen tia l  l i nes.  A noise  l evel  of 20  dBrnC (0, 245  mV)  i s  
considered  fu l l y acceptable,  whereas  30  dBrnC (0, 775  mV)  i s  considered  unacceptable  i n  
most cases.  H igher noise  l evels  are  general ly accepted  for open-wi re  systems.  

Al l  the  re levant i n formation  on  the  te lephone  system,  i nclud ing  the  rou te  of the  te lephone  
l i nes,  shou ld  be  requested  from  the  te lephone  company at an  early stage  of  the  project.  
Even  though  some  of the  references  concern  the  DC transmission  l i nes,  the  process  i s  the  
same  for both  cases.  These  references  a lso  describe  the  concept of the  equ ivalent d i sturbing  
curren t as  a  s impl i fi ed  method  to  calcu late  the  tota l  weigh ted  metal l i c  noise  l evel  i n  te lephone  
l i nes  and  to  speci fy te lephone  i n terference  l im i ts.  Th is  method  i s  recommended  for the  
speci fi cation  of te lephone  i n terference  l im i ts  for HVDC systems.  I t  i s  therefore  possib le,  for 
any HVDC project,  to  calcu late  the  te lephone  i n terference  l evel  for each  exposure  wi th  
acceptable  accuracy and  to  assess  the  exten t of te lephone  i n terference  i n fluence  re lated  to  a  
particu lar speci fied  l im i t.  

A.4 Defin i tion  of telephone interference parameters  

The  defin i ti ons  of the  most common ly used  te lephone  i n terference  performance  cri teria  are  
g iven  below,  together wi th  typical  values  of performance  l im i ts .  The  cri teria  are  presented  i n  
two  main  categories:  the  ones  wh ich  are  common ly i n  use  i n  coun tries  fol lowing  European  
practice  and  those  wh ich  are  common ly i n  use  i n  coun tries  fol l owing  North  American  practice.  

Cri teria  accord ing  to  European  practice:  

a)  Telephone  harmon ic form  factor,  THFF  

 ∑
=

=









⋅=

Nn

n

F
U

U

1

2

n
nTHFF  (A. 4)  

where  

Un   i s  the  component at harmon ic n  of the  d istu rbing  vol tage;  

N i s  the  maximum  harmon ic number to  be  considered ;  

U i s  the  l i ne  to  neu tral  tota l  RMS vol tage  and  calcu lated  by ∑
=

=

=
Nn

n

nUU
1

2
.  

Fn  =  pn  n  fo  /  800  
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where  

pn   i s  the  psophometric weigh ting  factor;  

fo   i s  the  fundamental  frequency (50  Hz).  

The  requ i red  l im i t  of THFF  for HVDC schemes  i s  typical l y around  1  % .  

b)  Equ ivalent d i stu rbing  cu rren t Ip  i s  defined ,  accord ing  to  CCITT,  by:  

 ( )∑ ⋅⋅⋅=
f

IPh
P

I
2

fff
800

p
1

 (A. 5)  

where  

If i s  the  component at frequency f of the  cu rren t causing  the  d i stu rbance;  

p f   i s  the  psophometric weigh ting  factor at  frequency f;  

h f   i s  a  factor wh ich  i s  function  of frequency and  wh ich  takes  i n to  account the  type  of 
coupl i ng  between  the  l i nes  concerned .  By convention  h800  =  1 .  

For practical  cases,  Equation  (A. 5)  can  be  expressed  as  two  components,  the  balanced  and  
the  residual  equ ivalen t d i stu rbing  cu rren ts  of a  th ree  phase  l i ne,  i n  the  fol l owing  way:  

balanced  component:    ( )∑
=

=

⋅⋅⋅=
Nn

n

IpnI

1

2
nnpe 1 6

1
 (A. 6)  

where  

In  i s  the  balanced  component of the  cu rrent i n  the  phase  conductors  at harmon ic n ;  

n  i s  the  harmon ic order;  

N i s  the  maximum  harmon ic number to  be  considered ;  

h f  i s  set equal  to  f/800  Hz and  i s  accord ing ly replaced  by n /1 6  i n  the  above  equation .  Th is  
frequency weighting  i s  su i table  for i n terference  caused  by earth  capaci tance  unbalance  
of the  te lephone  cable.  

and  

residual  component:  ( )∑
=

=

⋅⋅⋅=
Nn

n

IpnI

1

2
rnnrpe 1 6

1
 (A. 7)  

where  

Irn  i s  the  residual  cu rren t (sum  of the  zero  phase-sequence  components)  at  harmon ic n .  

The  equ ivalen t d i stu rbing  cu rren t has  been  used  for few projects  bu t there  i s  no  publ i shed  
i n formation  on  speci fied  l im i ts.  However,  [5]  provides  some  i nd icative  fi gures  for a  typical  
transmission  l i ne,  based  on  the  F inn ish  experience.  The  fi gures  are:  

7  A <  Ipe  <  20  A 

1  A <  Irpe  <  3  A 

Cri teria  accord ing  to  North  American  practice:  
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a)  Telephone  i n terference  factor,  TI F  
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==  (A. 8)  

where  

Un  i s  the  s ing le  frequency RMS vol tage  at harmon ic n ;  

N i s  the  maximum  harmon ic number to  be  considered ;  

U1  i s  the  fundamental  l i ne  to  neu tral  vol tage  (RMS);  

Wn  Cn  5  n  fo  i s  the  s i ng le  frequency TIF  weighting  at  harmon ic n ;  

Cn  i s  the  C-message  weigh ting  factor;  

n  i s  the  harmon ic order;  

fo  i s  the  fundamental  frequency.  

The  strict  defin i tion  of TIF  uses  the  l i ne  to  neu tral  tota l  RMS  vol tage  i n  the  denominator,  bu t 
the  above  defin i tion  i s  widely used  i n  the  HVDC fie ld  for speci fi cation  of performance  
requ i rements  for AC  fi l ters.  The  error i n troduced  by using  the  fundamental  vol tage  i n  the  
denominator i s  very smal l  for typical  va lues  of THD  in  HV and  EHV power systems.  

Typical  requ i rements  of TIF  are  between  1 5  and  50.  

b)  I T  product 

 ( )∑
=

=

=
Nn

n

WI

1

2
nnIT  (A. 9)  

where  

In  i s  the  s i ng le  frequency RMS curren t at  harmon ic n ;  

N i s  the  maximum  harmon ic number to  be  considered ;  

Wn  Cn  5  n  fo  i s  the  s i ng le  frequency TIF  weighting  at  harmon ic n .  

Typical  requ i rements  of I T  are  between  1 5  000  and  50  000  at  the  HVDC converter station  AC 
bus.  

c)  Equ ivalen t d i stu rbing  cu rren t 

 ( )∑
=

⋅⋅=
N

n

ICHI

1

2
nnneq  (A. 1 0)  

where  

In  i s  the  effective  d isturbing  cu rren t at  harmon ic n  (general l y correspond ing  to  residual  
mode  curren t) ;  

N i s  the  maximum  harmon ic number to  be  considered ;  

Cn  i s  the  C-message  weighting  factor;  
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Hn  i s  the  weigh ting  factor normal i zed  to  reference  frequency (1  000  Hz)  that accounts  for 
the  frequency dependence  of mutual  coupl i ng ,  sh ield ing  and  commun ication  ci rcu i t  
ba lance  at harmon ic n .  

Where  the  balanced  mode  harmon ic curren ts  are  expected  to  con tribu te  s i gn i fican tl y to  the  
i nduced  noise,  they are  i ncluded  i n  the  calcu lation  of Ieq .  The  effective  d i stu rbing  cu rren t i s  
then  speci fied  as:  

 ( ) ( )2bnbnb
2

rnn IIKII ⋅⋅+=  (A. 1 1 )  

where  

Irn  i s  the  tota l  residual  mode  curren t at  harmon ic n ;  

Ibn  i s  the  balanced  mode  curren t at  harmon ic n ;  

Kb  i s  the  ratio  of balanced  mode  coupl i ng  to  the  residual  mode  coupl ing  at  reference  
frequency.  

The  equ ivalen t d i sturbing  cu rren t has  rarely been  used  as  te lephone  i n terference  requ i rement 
for an  AC l i ne  feed ing  an  HVDC system.  I n  one  i nstance  of i ts  appl i cation ,  l im i t  va lues  i n  the  
range  1 50  mA to  800  mA were  speci fied .  The  equ ivalen t d i stu rbing  cu rren t concept has  a l so  
been  used  for DC  transmission  l i nes  for wh ich  past experience  has  i nd icated  that va lues  i n  
the  0 , 1  A to  1 , 0  A range  are  typical  for normal  operation .  

A.5 Discussion  

The  American  and  European  defin i tions  are  very s im i lar.  I ndeed ,  the  C-message  and  
psophometric weigh ting  factors  of F igure  A. 2  are  nearly i den tical .  Except for these  factors,  
the  TIF  and  THFF  d i ffer on ly by a  constant ratio  of 4  000  (that i s ,  5  n  fo  versus  n  fo  /  800).  

S im i larly,  the  American  Ieq  concept i s  a  variation  of the  European  Ip  where  the  reference  
frequency and  the  weigh ting  factor are  changed  to  the  American  standard .  The  I T  can  be  
considered  as  a  specia l  case  of Ieq  for wh ich  the  Hn  factor i s  l i near wi th  frequency and  
normal ized  at  1  000  Hz.  For th i s  specia l  case,  the  ratio  between  I T and  Ieq  i s  5  000.  

The  l i near frequency dependence  assumption  for Hn  i s  general l y considered  adequate  for 
standard  te lephone  cable  systems  and  typical  exposure  characteristics.  However,  the  I T 
concept i s  conventional ly calcu lated  wi th  balanced  mode  harmon ic cu rren ts  on ly.  The  Ieq  
concept has  the  advantage  of considering  both  balanced  modes  and  residual  mode  i nduction  
and  can  be  set to  fi t  the  needs  of a  particu lar project,  where  the  l i near frequency dependency 
assumption  i s  not considered  val i d  (due  to  h igh  soi l  resisti vi ty for example),  by defin ing  a  Hn  
factor wh ich  reflects  the  parti cu lar project characteristics.  

The  TI F  and  THFF  factors  are  d imension less  quanti ties  that are  i nd icative  of the  waveform  
d istortion  and  not the  absolu te  ampl i tude.  

The  defin i ti ons  of TI F  and  THFF  above  use  as  a  reference  the  tota l  vol tage  derived  as  the  
root-mean-square  sum  of the  fundamental  and  a l l  harmon ics.  However,  most HVDC techn ical  
speci fi cations  use  i nstead  the  nominal  fundamental  frequency vol tage,  or the  actual  
fundamental  frequency vol tage  re levant to  the  operating  cond i tions.  Wh ichever i s  i n tended  to  
be  used  shou ld  be  stated  clearly.   

The  maximum  harmon ic order to  consider for the  calcu lation  shou ld  be  h igher than  that for 
the  calcu lation  of harmon ic vol tage  d i stortion  because  of the  re lati ve  weigh t of the  h igher 
harmon ic orders  and  the  coupl ing  characteri sti cs.  Theoretical l y,  up  to  5  000  Hz shou ld  be  
considered  bu t i n  practice  many techn ical  speci fications  have  asked  for on ly up  to  the  49 th  
harmon ic.  
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A.6  Coupl ing  mechanism  from  power-l ine  current to  telephone  d isturbance 
vol tage  

 

Figure  A.3  – Flow-chart describing  the  basic telephone in terference  mechanism  
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Annex B  
( informative)  

 
Example of induced  noise calcu lation  wi th  Dubanton  equations   

B.1  General  

Annex B  shows  a  s imple  i nduced  noise  calcu lation  based  on  a  transmission  l i ne  i dentical  to  
the  one  used  to  derive  Table  4  and  Table  5  and  a  g i ven  value  of I T.  Th is  example  i l l ustrates  
the  d i fferen t steps  requ i red  to  calcu late  the  maximum  l eng th  of particu lar transmission  l i ne  
taking  i n to  account the  characteri sti cs  of the  exposure,  the  main  characteri sti cs  of the  
te lephone  system  and  the  recommended  values  of l ong i tud inal  noise  Ng .   

Assumptions:  

ρ  =  1  000  Ω-m   

separation  =  500  m   

s i ng le  ci rcu i t  230  kV l i ne  (described  i n  3 . 3 . 4 . 2)  

te lephone  l i ne  sh ie ld ing  factor =  1 0  dB  

telephone  l i ne  balance  factor =  60  dB  

residual  I T  =  1  000  A 

balanced  I T  =  1 0  000  A 

B.2  Residual  IT  

Calcu late  Zm  (Ω/m)  u s ing  the  fol l owing  equations  [5] :  
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where  

m0   4p  1 0
-7  

h 1   1 0  m  (heigh t of transmission  l i ne)   

h2   6  m  (heigh t of te lephone  l i ne)  

D   500  m  (separation )  

ω   2  p  f wi th  f =  1  000  Hz  

and  

 

m
j
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ρ
ωm0
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=

 

wi th  ρ  =  1  000  Ω-m  (B. 2)  

NOTE  1  l n (A+jB)  =  l n (A2  +  B2 )0 , 5  +  j  θ    where  θ  =  ATAN  (B/A)  i n  rad i ans .  

Resu l t  of calcu lation  i s  Zm  =  0 , 87  Ω/km.  

NOTE  2  The  mu tual  impedance  i n  res i dua l  mode  i s  equal  to  the  mu tua l  impedance  between  the  cen tra l  phase  
and  the  te l ephone  l i ne  when  the  separati on  d i s tance  i s  l arge,  because  each  phase  has  nearl y the  same  mu tual  
impedance  to  the  te l ephone  l i ne .  

I Tres  =  1  000  A then  Ires  =  1  000/(5  ×  1  000)  =  0 , 2  A weigh ted  accord ing  to  Equation  (1 0).  
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Vg  =  0 , 2  ×  0 , 87  =  0 , 1 74  V/km  

Wi th  a  balance  of 60  dB  and  a  recommended  Nm  of 20  dBrnC,  Ng  shou ld  be  below 80  dBrnC  
(Equation  (7)) .  The  te lephone  l i ne  sh ield ing  being  1 0  dB,  a  maximum  long i tud inal  vol tage  of 
90  dBrnC i s  a l l owed .  A l ong i tud inal  vol tage  of 90  dBrnC corresponds  to  a  Vg  of 0 , 775  V 
(Equation  (6)) .  

The  ratio  of the  a l l owable  l ong i tud inal  vol tage  to  the  i nduced  vol tage  per un i t  l ength  g ives  the  
maximum  a l lowable  l eng th  (0 , 775/0, 1 74  =  4 , 5  km),  wh ich  i s  d i fferen t from  the  value  of Table  
5  (8  km)  mostly because  of the  screen ing  effect of the  two  sh ie ld  wi res.  However,  part of the  
d i fference  i s  due  to  the  accuracy of the  calcu lation  method .  The  sh ield  wi res  reduce  the  
i nduced  vol tage  by 4 , 5/8  or a  factor close  to  0 , 56.  For one  sh ield  wi re,  the  screen ing  effect 
wou ld  be  approximately 0 , 7 .  Th is  screen ing  effect i s  re lati vely constan t for a  wide  range  of 
parameters  (separation ,  frequency,  earth  resisti vi ty,  etc. ) .  

B.3  Balanced  IT 

For balanced  mode  wi th  a  separation  of 500  m ,  an  earth  resisti vi ty of 1  000  Ω-m  and  a  
horizon tal  tower configuration  wi th  1 4 , 6  m  between  ou ter phases:  

– us ing  the  Equation  (B . 1 )  wi th  Da  =  492, 7,  Db  =  500  and  Dc  =  507, 3  m  being  the  d i stances  
between  each  phase  and  the  te lephone  l i ne,  we  get:  

Zma  =  0 , 889  Ω/km  ∟ 38 , 3°   x   1  A ∟ 0°  =  0 , 889  V ∟ 38 , 3°  

Zmb  =  0 , 874  Ω/km  ∟ 37 , 8°   x   1  A ∟ -1 20°  =  0 , 874  V ∟ -82, 2°  

Zmc  =  0 , 860  Ω/km  ∟ 37 , 3°   x   1  A ∟ 1 20°  =  0 , 860  V ∟ 1 57 , 3°  

– summing  the  th ree  i nduced  vol tages  =  0 ,028  ∟ 35 , 1 °  wh ich  i s  equal  to  Zmbal  i n  Ω/km.  

Wi th  an  I T of 1 0  000  A,  we  get 2  A and  a  maximum  l eng th  of 1 3 , 8  km.  Table  4  g i ves  1 2 , 2  km  
because,  i n  balanced  mode,  the  sh ie ld  wi res  have  a  marg inal  effect.  Moreover,  sh ie ld  wi res  
affect the  mu tual  impedance  i n  balanced  mode  by making  the  negative  sequence  mu tual  
impedance  s l i gh tly d i fferent from  the  posi ti ve  sequence.  
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Annex C  
( informative)  

 
I l lustration  of the benefi t  of including  a   

TIF  requirement in  the technical  specification  

Th is  s imu lation  has  been  done  to  i l l ustrate  the  advantage  of a  TI F  l im i t  i n  add i tion  to  an  I T  
l im i t  for a  speci fication  defined  at the  connection  poin t (wi thout any transmission  l i ne  i n  the  
calcu lation  model ) .  Assuming  a  1 24  km,  230  kV l i ne,  the  source  end  i s  short-ci rcu i ted  for zero  
sequence,  and  at  the  l oad  end  there  are  two  grounded  shun t capaci tor banks  wi th  a  tota l  of 
320  Mvar.  The  l i ne  model  has  been  transposed  by appropriate  permutations  of the  phase  
conductors  at one-sixth ,  a  ha l f and  fi ve-sixths  of the  l i ne  l eng th  because  transmission  l i nes  
feed ing  HVDC converters  are  normal l y h i gh ly l oaded  and  the  converters  are  affected  by 
unbalance  vol tage  at  fundamental  frequency.  For th i s  case  and  for s impl i ci ty assuming  that 
a l l  i n terference  i s  at  1  800  Hz,  there  i s  

– 1  A (posi ti ve  sequence)  i n jected  at the  source  end ,  

– 1 5, 4  A (posi tive  sequence)  at the  l oad  end ,  

– 1 4 , 7  A (negative  sequence)  at the  l oad  end ,  

– 2 , 7  A (residual  cu rren t)  at the  source  end ,  and  

– 1 , 9  A (residual  cu rren t)  at the  l oad  end  

– 5  800  Ω  (posi ti ve  sequence)  seen  at the  source  towards  the  l i ne.  

I n  terms  of te lephone  i n terference:  

– 7 , 57  kA (posi ti ve  sequence  I T)  i n jected  at the  source  end ;  

– 1 1 6  kA (posi tive  sequence  I T)  at the  l oad  end ;  

– 1 1 1  kA (negative  sequence)  at the  l oad  end ;  

– 20, 4  A (residual  curren t)  at the  source  end ;  

– 1 4 , 4  kA (residual  I T)  at  the  l oad  end ;  

– TI F  of 330  (posi ti ve  sequence)  at  the  source  end ;  

– TI F  of 31 6  (negative  sequence)  at  the  source  end .  

To  l im i t  the  TIF  l evel  to  40  for 1  800  Hz at  the  source  for i nstance,  the  impedance  of the  
transmission  l i ne  i n  paral l e l  wi th  the  fi l ter shou ld  be  below 700  Ω .  By add ing  an  800  Ω  
paral l e l  res istance  at the  source  (to  represent a  shun t fi l ter) ,  the  resu l ting  I T  l evels  i n  the  
transmission  l i ne  become 

– 1 , 49  kA (posi ti ve  sequence  I T)  at  the  source  end ,  

– 1 4 , 1  kA (posi ti ve  sequence  I T)  at  the  l oad  end ,  

– 1 , 25  kA (negative  sequence  I T)  at the  source  end ,  

– 3 , 32  kA (negative  sequence  I T)  at the  l oad  end ,  

– 1 , 44  kA (residual  I T)  at  the  source  end ,  

– 0 , 58  kA (residual  I T)  at  the  l oad  end ,  

– TIF  of 40  (posi tive  sequence)  at the  source  end ,  and  

– TIF  of 7 , 5  (negative  sequence)  at  the  source  end .  
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Th is  shows  the  benefi t  of i nclud ing  a  TIF  requ i rement even  though  i t  has  no  d i rect 
re lationsh ip  to  I T.  Of course  the  TI F  l im i t  i s  se lected  wi th  consideration  to  a  complete  
i nductive  coord ination  study.   

One  can  a l so  observe  that even  though  the  i n jected  harmon ic cu rren t i s  of posi ti ve  sequence  
on ly,  a  non-neg l ig ible  negative  sequence  curren t i s  a l so  fl owing  i n  the  l i ne,  due  to  the  
sequence  conversion  a long  the  l i ne,  as  d i scussed  i n  3 . 3 . 4 .  
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Annex D  
( informative)  

 
Specification  of IT l imi ts  dependent on  network impedance 

An  extensive  prel im inary study was  performed  for a  p lanned  HVDC project to  determine  the  
te lephone  i n terference  l im i ts  to  be  speci fied .  One  converter of th i s  HVDC system  wou ld  be  
i nstal l ed  i n  a  230  kV substation  wi th  several  connected  735  kV,  230  kV and  1 20  kV 
transmission  l i nes  as  schematized  i n  F igure  D . 1 .  A l arge  part of the  su rround ing  network was  
model led  i n  detai l  ( i n  excess  of 2  substations  away)  wi th  EMTP-RV,  and  more  than  one  
thousand  combinations  of network configuration  were  s imu lated .  F icti ti ous  1  km  telephone  
l i nes  were  s imu lated  at several  separation  d i stances  from  those  735  kV,  230  kV and  1 20  kV 
transmission  l i nes  wh ich  run  ad jacent to  actual  te lephone  l i nes  to  measure  the  effective  
te lephone  i n fl uence  of each  speci fi c transmission  l i ne.  

 

Figure  D.1  – Simpl i fication  of the  detai led  network used  
for telephone in terference  s imulation  

Such  test l i nes  are  preferred  over assessment of the  I T  l evel  i n  the  transmission  l i nes  as  they 
accurately combine  the  i n terfering  effect of the  d i fferent sequence  components  of the  phase  
curren ts.  Harmon ic cu rrents  wi th  the  appropriate  sequence  were  i n jected  at the  characteristic 
harmon ic orders  (1 1 th ,  1 3 th ,  23 th ,  25 th ,  35 th ,  37 th ,  47 th  and  49 th )  at the  poin t of coupl i ng  of the  
converter to  the  network.  A shun t impedance  of l ow magn i tude  was  used  to  s imu late  the  
effect of the  shun t fi l ters  at characteri sti c harmon ic frequencies.  The  fi l ters  were  represented  
by l ow impedances  on ly i n  order to  a l l ow the  ci rcu lation  of sequences  other than  the  i n jected  
sequence  (e. g .  i f we  i n ject 1 1 th  harmon ic wh ich  i s  negative  sequence,  there  wi l l  a l so  be  zero  
and  posi ti ve  sequence  transformed  by the  network).  The  cu rren t magn i tude  of the  main  
sequence  i s  measured  by I _meter towards  the  network (negative  sequence  for the  1 1 th )  and  
th is  measurement does  not i nclude  the  cu rren t i n  the  fi l ters,  as  shown  on  F igure  D . 1 .  S ince  i t  
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does  not i nclude  the  fi l ter cu rren t,  the  vol tage  (negative  sequence)  that appears  at the  poin t 
of connection  d ivided  by the  curren t corresponds  to  the  impedance  of the  network.  D ivid ing  
the  i nduced  vol tage  i n  the  te lephone  test l i nes  by the  i n jected  cu rren t g i ves  the  
transfer/mutual  impedances  requ i red  to  construct the  g raph  shown  i n  F igure  D . 2 .  An  existi ng  
shun t capaci tor bank was  a lso  model led  at the  230  kV bus  and  i s  therefore  i ncluded  i n  the  
network impedance.  

 

Figure  D.2  – Induced  vol tage  in  telephone  ci rcu i t  vs.  network impedance,  
for un i tary current in jected  

The  i nduced  vol tage,  for each  s imu lated  case,  was  p lotted  as  a  function  of the  network 
impedance  magn i tude  for a  un i tary curren t i n jected  i n to  the  network at  the  poin t of connection  
( I _meter) .  F igure  D . 2  represents  the  tendencies  for the  1 1 th  harmon ic of the  transmission  l i ne  
g iving  the  h ighest i nduction ,  wh ich  happens  to  be  a  735  kV l i ne.  The  resu l ts  showed  that 
there  i s  a  re lation  between  the  i nduced  vol tage  i n  the  te lephone  l i nes  and  the  network 
impedance  magn i tude.  The  g raph ic shape  i s  general l y the  same  for a l l  harmon ics  and  l i nes  
bu t the  i nduced  vol tages  and  network impedances  d i ffer.  For a  constan t i n jected  I T  l evel  from  
the  converter station ,  h igher i nduced  vol tages  on  te lephone  l i nes  correspond  to  network 
configurations  wi th  h igher impedance  magn i tudes.   

The  cu rves  show several  stra igh t l i nes  that correspond  to  d i fferent con tingencies  i n  the  
735  kV network.  G iven  that the  735  kV network i s  i n  paral le l  wi th  the  230  kV and  1 20  kV 
networks,  any change  i n  the  1 20  kV or 230  kV networks  wi l l  affect the  network impedance  
seen  at the  poin t of connection  of the  HVDC system,  and  the  vol tage  appl ied  to  the  735  kV 
network wi l l  vary i n  d i rect re lation .  S ince  the  cu rren t anywhere  i n  a  g i ven  735  kV network i s  
d i rectl y proportional  to  the  appl ied  vol tage,  the  i nduced  vol tage  i n  te lephone  l i nes  i s  d i rectl y 
proportional  to  the  network impedance  for changes  i n  the  1 20  kV and  230  kV networks.  For 
d i fferen t 735  kV configurations,  there  shou ld  be  d i fferen t l i nes.  I n  th is  case,  the  l osses  of 
paral le l  735  kV l i nes  had  the  most i n fl uence  on  the  harmon ic penetration .  Another example  of 
a  case  where  the  i nduced  vol tage  i n  te lephone  l i nes  i s  proportional  to  the  network impedance  
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i s  shown  i n  F igure  1  and  F igure  2  where  the  cu rren t at  the  receiving  end  of a  transmission  
l i ne  i s  dependent on  the  send ing  end  impedance.  

Therefore,  to  main tain  the  i nduced  vol tage  at the  acceptable  l evel ,  for h i gher network 
impedances  the  permi tted  maximum  I T i s  reduced .  A l im i t  expressed  as  a  weigh ted  vol tage,  
for example  TI F,  wou ld  tend  to  reproduce  th i s  behaviour,  i . e .  the  h igher the  impedance,  the  
l ower the  curren t.  However,  for a  g i ven  i nduced  vol tage  l evel  i n  te lephone  l i nes,  the  range  of 
network impedance  i s  rather l arge  so  that a  l im i t  expressed  i n  TI F  wou ld  be  unnecessari l y 
restricti ve  for many network configurations.  

Considering  that i t  i s  easier to  fi l ter effectively when  connected  to  a  network wi th  a  h i gh  
harmon ic impedance,  a  requ i rement that wou ld  be  dependent on  network impedance  
magn i tude  wou ld  probably resu l t  i n  a  cheaper fi l ter design .  For i nstance,  prel im inary stud ies  
showed  that at  the  1 1 th  harmon ic,  an  I T  of 20  000  A wou ld  be  requ i red  for the  worst cases  
that happen  for system  impedances  h igher than  around  1 30  Ω .  For system  impedance  h igher 
than  82  Ω ,  the  l im i t  wou ld  be  26  000  A.  I n  add i tion ,  for an  impedance  magn i tude  of 42  Ω  and  
above,  the  l im i t  wou ld  be  40  000  A and  fi nal l y,  for the  m in imum  impedance  and  above,  the  
l im i t  wou ld  be  80  000  A.  F igure  D .3  shows  the  d i fferent l im i ts  associated  wi th  thei r speci fi c 
impedance  l ocus.  

 

Figure  D.3  – IT  l imi ts  as  defined  for d i fferent network impedances  

Knowing  for i nstance  that an  I T  of 20  kA at the  1 1 th  produces  the  same  i nduced  vol tage  as  an  
I T of 80  kA when  appl ied  to  thei r speci fi c impedance  l oci ,  these  values  can  be  normal i zed  to  
one  reference  value  i n  order to  s impl i fy the  calcu lations  by the  manufacturer.  They can  a l so  
be  normal ized  between  the  d i fferen t characteri stic harmon ics  to  combine  them  in  a  tota l  I T  
value  representative  of the  expected   i nduced  vol tage  i n  the  te lephone  l i nes.   

IEC  

R
e
a
c
ta
n
ce

  
(j
*Ω

) 

Res i stance   (Ω)  

0  
–250  

–200  

–1 50  

–1 00  

–50  

0  

50  

1 00  

1 50  

200  

250  

80  
40  

26  

20  

50  1 00  1 50  200  

I T  l im i ts   (kA)  accord i ng  to  d i fferen t   n etwork impedances   

Copyright International  Electrotechnical  Commission  



I EC  TR 62001 -2 : 201 6  © I EC  201 6  – 59  – 

Such  a  speci fication  method  was  considered  for the  project i n  question ,  however the  project 
was  delayed  and  the  speci fication  stud ies  postponed .  These  resu l ts  are  g iven  as  i n formation  
hoping  that they can  be  used  i n  some  way to  improve  the  speci fication  of te lephone  
i n terference.  I t  i s  an ti cipated  that such  a  method  i s  not as  conservative  as  a  model  wi th  
transmission  l i ne  terminated  by an  l arge  impedance  l ocus,  for example,  because  i n  the  l atter 
case  there  i s  a  h i gh  probabi l i ty of h i tti ng  severe  combinations  of transmission  l i ne  and  remote  
network impedances,  whereas  the  proposed  method  considers  on ly actual  network 
cond i tions,  wi th  some tolerance.  Th is  method  cou ld  be  used  where  prel im inary stud ies  show 
a  conven ien t dependency between  i nduced  vol tage  and  network impedance.   
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Annex E  
( informative)  

 
The  impact of AC network harmonic impedance and  vol tage level  

on  the fi l ter design  necessary to  fu l fi l  an  IT cri terion  

E.1  General  

Th is  annex makes  an  assessment of the  amount of fi l tering  (Mvar)  requ i red  to  l im i t  the  
I T-product to  25  kA for a  l i ne  commutated  converter,  as  calcu lated  for d i fferen t system  
vol tages  and  d i fferen t ways  of representing  AC network harmon ic impedance.  The  resu l ts  are  
fi rst summarized  below i n  Table  E . 1 ,  and  then  a  more  detai l ed  description  of the  model l i ng  
and  fi l ter design  i s  g iven .  

The  example  i s  based  on  a  600  MW converter connected  to  a  system  wi th  a  short ci rcu i t  l evel  
between  3  to  20  times  rated  power,  system  vol tage  of 240  kV or 500  kV and  system  
frequency of 60  Hz.  Al l  designs  shown  i n  the  table  contain  shun t fi l ters  tuned  to  a l l  
characteri sti c harmon ics,  i . e .  1 1 th ,  1 3 th ,  …  36 th  and  48 th .  I n  the  calcu lations,  they are  
represented  by s i ng le  tuned  band-pass  and  h igh -pass  fi l ters,  a l though  i n  an  actual  scheme  
they wou ld  be  implemented  as  combinations  of double  or tri p le  tuned  branches  i n  order to  
optim ise  capaci tor bank designs.   

The  fi l ter Mvar requ i rements  as  shown  i n  Table  E . 1  are  very h igh  compared  to  a  design  wi th  
no  I T  requ i rement (bu t a  TI F  l im i t  of 40),  wh ich  wou ld  have  fewer tuned  fi l ter branches  and  
wou ld  requ i re  an  i nstal l ed  Mvar of on ly abou t 25  %  of rated  power.  I n  add i tion ,  the  Mvar 
d i stribu tion  between  tun ing  frequencies  i s  such  that an  actual  design  wou ld  probably requ i re  
a  shun t reactor to  restrict Mvar su rplus  for a lmost a l l  designs.  I n  some  cases,  the  degree  of 
i nsta l led  Mvar wou ld  probably j usti fy the  use  of series  fi l ters  and  possib ly sel f-tuned  or acti ve  
fi l ters.  

For a  g i ven  converter rating ,  one  wou ld  typical l y expect the  degree  of i nsta l led  Mvar to  be  
i ndependent of the  AC bus  vol tage.  Bu t comparing  the  240  kV and  500  kV designs  wi th  each  
other there  i s  a  s i gn i fi can t d i fference.  The  reason  for th i s  i s  that the   I T  cri terion  i s  an  
absolu te  measure,  i n  terms  of amperes,  and  not a  measure  re lative  to  fundamental  vol tage,  
such  as  vol tage  d istortion ,  TI F  etc.  (see  example  at  the  end  of th i s  Annex E).  

For the  500  kV fi l ters,  the  effect of an  overhead  l i ne,  of varying  l eng th ,  between  fi l ters  and  
network i s  a l so  taken  i n to  account.  I n  brief,  the  ou tcome  of th is  assessment i s  that more  
fi l ters  are  requ i red ,  bu t to  what degree  wi l l  depend  on  the  l i ne  l ength .  A s impl i fied  explanation  
i s  that i f the  l i ne  i s  terminated  by a  sector impedance,  the  complete  ci rcu i t  ( l i ne  +  sector)  
represent a  l ow impedance  path ,  such  that even  i f there  i s  a  l ow degree  of residual  vol tage  
across  the  fi l ter,  i t  wi l l  cause  a  h i gh  cu rren t to  fl ow i n to  the  l i ne.  

The  fol l owing  harmon ic impedance  models  are  used :  

1 )  worst case  impedance  for i nd ividual  harmon ic selected  from  a  general i sed  sector 
impedance  such  as  d iscussed  i n  I EC TR 62001 -1 : 201 6,  7 . 3 . 1 ,  and  frequently used  i n  
design  of AC  fi l ters  for HVDC schemes,  though  typical l y wi th  requ i rements  of TI F  rather 
than  I T;  

2 )  a  resistance  i n  paral le l  wi th  an  i nductance,  correspond ing  to  the  posi tive  sequence  su rge  
impedance  of  the  two  i ncoming  AC  l i nes  and  the  short ci rcu i t  impedance  of the  network.  
See  d iscussion  i n  I EC  TR 62001 -1 : 201 6,  7 . 3 . 1 ;  

3)  the  worst case  impedance  from  the  sector for the  two  harmon ics  that g i ves  the  h ighest I T  
product and  the  RL-equ ivalen t for remain ing  harmon ics;  

4)  worst case  impedance  from  sector impedance  for the  two  harmon ics  that g i ves  the  
h ighest I T-product,  p lus  RL-equ ivalen t for other harmon ics,  wi th  an  expl i ci t  model l ed  
transmission  l i ne  i n  between  PCC and  fi l ter bus.  
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The  resu l ts  are  summarized  i n  Table  D . 1 ,  and  the  calcu lations  are  described  i n  detai l  i n  the  
fol l owing  sections.  

Table  E. 1  – Required  total  amount of instal led  fi l ter Mvars  
to  meet a  IT  l imi t  of 25  kA for 600  MW transmission  

 Requ i red  fi l ter Mvar 

as  % of rated  power 

Remark 

 240  kV 500  kV 

1 )  73  %  42  %  Worst  case  impedance  

2 )  28  %  24  %  RL  equ i va len t  ,  shun t  reactor not  requ i red  

3)  53  %  33  %  Worst  case  impedance  2  harmon i cs  

4 )  - -  52  %  Worst  case  impedance  2  harmon i cs,  1 0  km  

4)  - -  58  %  Worst  case  impedance  2  harmon i cs,  20  km  

4)  - -  45  %  Worst  case  impedance  2  harmon i cs,  40  km  

 

The  assumptions  and  precond i tions  of the  example  are  qu i te  arbi trari l y se lected  (though  not 
unreal i sti c) ;  however,  no  detai l ed  optim isation  of the  designs  are  made.  I n  other words,  the  
purpose  of the  examples  i s  not to  g ive  any fi rm  absolu te  gu idance  i n  how to  design  fi l ters  nor 
on  how preferred  fi l ter designs  shou ld  l ook,  i t  i s  s imply to  demonstrate  that i f I T  requ i rements  
are  g iven  they are  l i kely to  be  decis ive  and  to  emphasize  that the  AC network impedance  
shou ld  be  very carefu l l y model led  to  avoid  undu ly costl y/complex fi l ter schemes.  

E.2  Assumptions  and  pre-condi tions  

The  convertor i s  a  600  MW monopole,  wi th  dx  of 6  %,  operating  wi th  fi ri ng  ang le  (α)  between  
1 2°  and  1 8° .  For s impl ici ty,  on ly characteristic harmon ics  are  considered  (1 1 th  to  49 th ) ,  that i s  
effects  of any unbalances,  asymmetries,  etc.  are  not considered .  

The  convertor i s  assumed  to  be  connected  to  a  network wi th  

•  a  short ci rcu i t  ratio  assumed  to  be  between  3  to  20,  (1  800  MVA to  1 2  000  MVA),  and  

•  AC  system  vol tage  of 240  kV or 500  kV (±5  %)  and  a  fundamental  frequency of 60  Hz.  

For s impl i ci ty,  fi l ter detun ing  i s  considered  by applying  an  equ ivalen t frequency deviation   
of ±  1 %  (±0,6  Hz),  wh ich  i s  rather smal l  and  wou ld  correspond  to  a  frequency excursion  i n  
the  range  of ±0, 1  Hz or l ess,  thus  a l l owing  approximately ±0,5  Hz equ ivalen t to  account for 
fi l ter component to lerances.  

The  p lots  i n  F igure  E . 1  g i ve  the  converter harmon ic cu rren t generation  ( i n  amperes)  versus  
l oad  ( i n  pu ) ,  both  unweigh ted  and  a l so  wi th  I T  weigh ting  appl ied ,  at system  vol tage  of 240  kV.  
For 500  kV,  the  cu rren ts  wi l l  be  decreased  by 240  ÷  500.  F igure  E . 2  shows  a  p lot g i ving  
converter Mvar absorption  versus  l oad  ( i n  %).  Assuming  a  zero  defici t  at  nominal  l oad ,  a  tota l  
of about 300  Mvar i n  i nsta l l ed  fi l ters  and  shun t banks  i s  a  reasonable  assumption .  
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Figure  E. 1  – Converter harmonics  un-weighted  (A)  and  IT weighted  (kA)  on  240  kV base  
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Figure  E.2  – Converter Mvar absorption  versus  load  

E.3  Harmonic impedance  of AC  network 

The  d i fferent assumptions  regard ing  harmon ic impedance  are  briefly d i scussed  below.  

The  impedance  sector i n  F igure  E . 3  defines  the  network impedance  as  having  the  fol l owing .  

•  Magn i tude  wi th in  Z1  m i n  ×  n  ≤  Zn  ≤  Z1  max  ×  n ,  where  Z1  i s  the  fundamental  frequency 

short ci rcu i t  impedance.  Here,  Z1  varies  between  4 , 8  Ω  to  32 , 0  Ω  and  20, 8  Ω  to  1 38, 9  Ω  
for 240  kV and  500  kV respectively.  

•  Phase  ang le  of ±70°  (as  on ly characteri sti c harmon ics  are  stud ied ).  

I n  I EC  TR 62001 -1 : 201 6,  7 . 1 . 6,  i t  i s  proposed  that I T  cou ld  be  calcu lated  wi th  a  phase  
equ ivalen t impedance  model led  by a  paral l e l  connection  of a  resistance  and  a  reactance.  The  
reactance  can  be  calcu lated  from  the  fau l t  l evel  produced  by the  l i nes  being  model led  by th i s  
equ ivalen t,  and  the  paral le l  resistance  can  be  produced  by the  posi ti ve  sequence  surge  
impedances  of these  l i nes.  Here  th is  RL-equ ivalen t i s  selected  to  have  an  i nductance  of 
1 2 , 7  mH  and  55, 3  mH  for 240  kV and  500  kV respectively.  The  feed ing  l i ne  i s  assumed  to  be  
a  double  ci rcu i t,  wi th  a  su rge  impedance  of 276/2  Ω  and  260/2  Ω  for 240  kV and  500  kV 
respectively.  
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Impedance  sector RL-equ ivalen t  

Figure  E.3  – Impedance  sector d iagram  and  RL-equivalent ci rcu i t  

For the  typical  topology of a  l i ne  commutated  converter (see  F igure  E . 4),  the  worst case  
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Figure  E.4  – Simpl i fied  converter/system  topology 

To select the  worst case  impedance  for each  i nd ividual  harmon ic i s  usual l y considered  to  be  
too  pessim isti c an  assumption .  As  a  compromise  between  th i s  and  an  RL-equ ivalen t for a l l  
harmon ics,  design  requ i rements  can  be  l im i ted  to  use  the  worst case  impedance  for the  one  
or two  harmon ic(s)  that g ive  the  h ighest value  of I T  and  using  an  RL-equ ivalen t for the  
remain ing  harmon ics.   

Wh ich  harmon ics  to  select i s  best demonstrated  by an  example.  Let xh  and  yh  be  the  
weighted  harmon ic components  as  calcu lated  for the  RL-equ ivalen t and  for the  worst case  
impedance  respectively.  Though  not necessari l y the  case,  i t  i s  reasonable  to  assume that xh  
≤  yh ,  then  the  maximum  I T  product i s  g i ven  by  

 ( ) ( )2j2
j

2
i

2
i

2
h

2IT xyxyx −+−+=∑   (E . 1 )  

IEC  

IEC  

R 

Zm in  
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jX  

Φ  

+  

Φ  
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where  harmon ic i  and  j  are  those  wh ich  g ive  the  maximum  d i fference  between  the  squares  of 
i nd ividual  harmon ic components.  

I f,  as  i n  F igure  E . 5,  there  i s  an  impedance  between  the  network sector and  the  fi l ter/converter 
bus,  the  network impedance  sector,  i n  theory,  wou ld  need  to  be  mapped  across  the  
impedance,  i n  order to  maxim ise  the  cu rren t i n to  the  mapped  network impedance.  However,  
for practical  reasons,  the  worst case  impedance  of ZN  i s  se lected  i nstead  such  that the  
cu rren t i n to  the  sector impedance  i s  maxim ised ,  i . e .  the  sum  of ZN  and  Z´  i s  m in im ised ,  Z´  
being  the  impedance  as  seen  from  the  network impedance  node  towards  the  converter and  
fi l ter (by a  posi tive  or negative  sequence  harmon ic vol tage/curren t).  

ZFZN

OHTL

Z´

 

IEC 

Figure  E.5  – Simpl i fied  ci rcu i t  including  overhead  transmission  l ine  

E.4 Fi l ter design  

Fi l ter designs  for the  500  kV and  240  kV systems  are  now described  under the  four d i fferen t 
assumptions  regard ing  network representation :  

1 )  Worst case  sector impedance  for each  i nd ividual  harmon ic 

The  total  need  for i nsta l l ed  fi l tering  Mvar can  be  assessed  by assuming  that no  i nd ividual  

harmon ic shou ld  contribu te  wi th  more  than  abou t 925
8

1
≈  kA to  the  I T  product over the  

complete  l oad  range,  the  underlying  assumption  being  that the  e igh t characteri sti c harmon ics  
(up  to  h48)  wi l l  be  the  dominan t con tribu tors  to  I T.  

To  ach ieve  harmon ic performance  on  a  500  kV system  wi l l  requ i re  abou t 250  Mvar of fi l ters  
real i sed  as  sharply tuned  band  pass  fi l ters  at 1 1 th ,  1 3 th ,  23 rd  and  25 th  harmon ic and  a lso  
tuned  h igh  pass  fi l ters  at  36 th  and  48 th  harmon ic.  G iven  that the  converter-generated  
i nd ividual  harmon ic cu rrent maxima  wi l l  occur at d i fferen t l oad  l evels,  the  fi l ters  can  be  
optim ised  and  the  tota l  Mvar can  be  brought down  to  abou t 21 0  Mvar.  Abou t two  th i rds  of the  
tota l  i s  requ i red  to  manage  1 1 th  and  1 3 th  harmon ic and  the  rest for the  23 rd  and  h igher order 
harmon ics.  I n  other words,  the  fi l ter scheme wou ld  become complex when  real i sed ,  wi th  
e i ther many smal l  d i fferent banks  or fewer,  l arger banks  p l us  shun t reactors  to  restrict Mvar 
su rplus.  

For the  240  kV a l ternative,  the  harmon ic curren ts  wi l l  i ncrease  wi th  the  decrease  i n  vol tage  
and  a lmost 2 , 1  times  more  of Mvar wou ld  be  requ i red ,  i . e .  440  Mvar,  wh ich  wou ld  be  
unreal i sti c  for most 600  MW schemes,  and  a  series  fi l ter,  se l f-tuned  fi l ters  or an  active  fi l ter 
wou ld  most probably be  requ i red .  
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2)  RL-Equ ivalen t for each  i nd ividual  harmon ic 

For the  500  kV system,  a  design  wi th  fewer tuned  branches  i s  possib le,  for example  band  
pass  branches  at 1 1 th  and  1 3 th  and  h igh  pass  branches  at 24 th  and  36 th  harmon ics,  bu t i t  
wou ld  sti l l  requ i re  abou t 21 0  Mvar and  most l i kely shun t reactors  to  l im i t  Mvar su rplus  at  l ow 
l oads.  However,  i f a  design  wi th  branches  tuned  to  1 1 th ,  1 3 th ,  23 rd ,  25 th ,  36 th  and  48 th  
harmon ic i s  used ,  a  tota l  of abou t 1 45  Mvar i s  su ffi cien t.  About 1 00  Mvar,  or two  th i rds,  are  
requ i red  for 1 1 th  and  1 3 th  harmon ic and  i f a  bank s i ze  of abou t 1 00  Mvar wou ld  be  
acceptable,  a  design  wi thou t a  shun t reactor shou ld  be  possible.   

For the  240  kV system,  a  total  of abou t 1 65  Mvar i s  requ i red ,  d ivided  i n to  sharply tuned  band  
pass  branches  tuned  to  1 1 th ,  1 3 th ,  23 rd  and  25 th  harmon ic and  a  h i gh  pass  branch  tuned  to  
36 th  harmon ic.  The  1 1 th  and  1 3 th  harmon ics  requ i re  abou t 75  Mvar of the  tota l  and ,  as  above,  
a  design  wi thou t a  shun t reactor shou ld  be  possible.  

3)  Worst case  sector impedance  for two  harmon ics  and  remain ing  from  RL-equ ivalen t 

As  d i scussed  previously,  to  assume  that worst case  impedance  wou ld  occur s imu l taneously 
for each  and  every i nd ividual  harmon ic i s  a  pessimisti c assumption .  To  assume  a  g i ven  
(fixed )  impedance  for each  and  every i nd ividual  harmon ic can  be  considered  to  g ive  l i ttl e  
room  for erroneous  assumptions.  Measures  such  as  used  for TI F  and  THD  consider the  worst 
case  impedance  for the  two  harmon ic(s)  that g ive  the  h ighest value  of I T  and  use  an  RL-
equ ivalen t for remain ing  harmon ics.  

At fi rst  s igh t,  such  a  requ i rement i s  d i fficu l t  for a  fi l ter designer,  g i ven  that when  the  fi rst pai r 
of "worst case"  harmon ic i s  fi l tered  ou t,  for example  1 1 th  and  1 3

th

,  the  next pai r becomes  
dominan t and  wi th  that fi l tered  ou t the  fol lowing  next pai r dominan t,  etc.  However,  as  a  fi rst  

assumption ,  the  l im i t  of each  harmon ic "worst-case-impedance-value"  of about 25
2

1

κ+
 kA 

can  be  used ,  where  the  add i tional  harmon ic(s)  (κ)  i s  added  to  g ive  a  design  marg in  for the  

add i tional  va lues.  Wi th  κ  between  1  and  2 ,  the  i nd ividual  harmon ic "worst-case-impedance-
value"  shou ld  be  below 1 2  kA to  1 4  kA.  

For the  500  kV system,  the  requ i red  amount of fi l ters  i s  abou t 200  Mvar,  and  band  pass  
branches  tuned  to  1 1 th ,  1 3 th ,  23 rd  and  25 th  harmon ic and  h igh -pass  branches  tuned  to  36th  
and  48 th  wi l l  be  requ i red .  Th is  relaxation  i n  the  requ i rement for network representation  
therefore  d id  not g i ve  a  s i gn i fi can t s impl i fi cation  of the  design .  One  advantage  i s  that the  
design  wou ld  probably not requ i re  a  shun t reactor.  

For the  240  kV system,  the  requ i red  amount of fi l ters  i s  abou t 320  Mvar,  and  branches  tuned  
as  for the  500  kV design .  To  restrict Mvar su rplus  wou ld  requ i re  shun t reactors.  

4)  Worst case  sector impedance  for two  harmon ics  and  remain ing  from  RL-ci rcu i t,  wi th  
i n termed iate  transmission  l i ne  

For the  500  kV system,  the  configuration  wi th  the  HVDC station  feed ing  a  transmission  l i ne  of 
1 0  km,  20  km  and  40  km  leng th  i s  evaluated .  The  l i ne  i s  terminated  wi th  worst case  sector 
and  RL-equ ivalen t as  above.   

1 0  km  l i ne:  Abou t 31 5  Mvar wi l l  be  requ i red  wi th  the  same  topology as  (3)  above.  Abou t 
two  th i rds  are  a l l ocated  to  1 1 th  and  1 3 th  harmon ic.   

20  km  l i ne:  Wi th  the  same  fi l ter bu t wi th  a  l i ne  l ength  of 20  km,  the  i ncrease  i n  I T  i s  about  
30  %  due  to  1 1 th  and  1 3 th  harmon ics.  Abou t 348  Mvar wou ld  be  requ i red ,  of 
wh ich  78  %  i s  a l l ocated  to  1 1 th  and  1 3 th  harmon ics.   

40  km  l i ne:  Wi th  i ncreasing  l i ne  l eng th ,  the  sensi tivi ty to  1 1 th  and  1 3 th  harmon ic moves  
and  i nstead  wi l l  occur at  35 th  harmon ic.  Abou t 270  Mvar i n  tota l  i s  requ i red ,  of 
wh ich  abou t 58  %  i s  a l l ocated  to  1 1 th  and  1 3 th  harmon ic.  
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For a l l  th ree  cases,  a  shun t reactor wou ld  be  requ i red  to  l im i t  Mvar surplus.  

E.5 Explanation  of the  d i fference in  impact of relative  and  absolute  
performance  cri teria  on  requ ired  fi l ter Mvar 

Here  the  term  "absolu te"  means  based  on  a  physical  quanti ty (amps  or vol ts)  whereas  
"re lative"  means  as  a  fraction  or percentage  of the  fundamental  frequency quan ti ty.  

The  above  examples  show a  s i gn i fi cant d i fference  between  the  240  kV and  the  500  kV 
systems  i n  terms  of the  fi l tering  Mvar requ i red  to  be  i nstal led  i n  order to  sati sfy an  absolu te  
l im i t  such  as  I T.  Th is  i s  i n  contrast to  what wou ld  be  expected  for a  fi l ter design  made  to  
sati sfy a  l im i t  of TI F  or other relati ve  measure.  The  fol l owing  equations  are  i ncluded  to  
expla in  why th is  shou ld  be  the  case.  

Wi th  reference  to  F igure  D . 5,  the  vol tage  at,  and  the  cu rren t i n to  the  AC network can  be  
wri tten  as:  
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For a  d i fferen t vol tage  l evel ,  U´ i nstead  of U,   

•  the  converter (source)  cu rren t wi l l  be:
U

U
II

′
=′ CC ,  

•  the  fi l ter impedance,  wi th  the  same  Mvar,  wi l l  be:  
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•  the  network impedance  wi l l  be  
2
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ZZ ,  where  th i s  i s  the  cri ti cal  network impedance  

at each  frequency as  determined  by the  network-frequency resonance.  

•  and  the  vol tage  d i stortion  wi l l  remain  i dentical :   
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•  bu t the  cu rrent ( i n  amps)  i n to  the  network wi l l  change  wi th  the  ratio  of U to  U´  as :   
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That i s ,  for two  i den tical  converters  under i dentical  cond i tions  bu t connected  to  system  
vol tages  of 240  kV and  500  kV,  fi l ters  of the  same  Mvar (and  tun ing  frequencies,  q -factors)  
wi l l  g i ve  the  same  performance  i n  terms  of vol tage  d i stortion ,  TI F,  THFF;  bu t i n  order to  g ive  
the  same  performance  for requ i rements  such  as  I T  and  Ipe ,  the  fi l ter at 240  kV wou ld  need  to  
be  approximately twice  the  s i ze  of the  fi l ter at 500  kV.   
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