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I NTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
H IGH-VOLTAGE DIRECT CURRENT (HVDC)  SYSTEMS – GU IDANCE TO 
THE SPECIFICATION  AND DESIGN  EVALUATION  OF AC  FILTERS – 

 
Part 1 :  Overview 

 
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  comm i 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 ose l 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 i ca 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  n ot  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  pub l i cati on .  

7)  N o  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 ncl ud i ng  i n d i vi d ual  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  
Publ i cati ons.   

8)  Atten ti on  i s  d rawn  to  the  Normati ve  references  ci ted  i n  th i s  publ i cati on .  U se  of the  referenced  publ i cati ons  i s  
i nd i spensabl e  for the  correct  app l 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  not  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 ication  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 -1 ,  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 -1 ,  together wi th  I EC  TR 62001 -2 1 ,  I EC  TR 62001 -31  and  
I EC  TR 62001 -4,  cancels  and  replaces  I EC  TR 62001  publ i shed  i n  2009.  Th is  ed i ti on  
consti tu tes  a  techn ical  revis ion .  

___________ 

1   To  be  publ i shed .  
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I EC  TR 62001 -1  i ncludes  the  fol lowing  s ign i fican t techn ical  changes  wi th  respect to  
I EC  TR 62001 :  

a)  Clauses  3  to  5 ,  7  to  9 ,  1 7 ,  20 ,  Annexes  A and  C  to  E  have  been  expanded  and  
supplemented ;  

b)  Annexes  C  and  F  on  the  defin i ti on  of te lephone  i n terference  parameters  and  vol tage  
sourced  converters  have  been  added .  

The  text of th i s  document i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

22F/378/DTR 22F/384A/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 rectives,  Part 2 .  

A l i st  of a l l  parts  i n  the  I EC  TR 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 i s  publ i cation  wi l l  remain  unchanged  un ti l  
the  stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec. ch"  i n  the  data  
re lated  to  the  speci fi c publ i cation .  At th i s  date,  the  publ i cation  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 i s  publ i cation  may be  i ssued  at a  l ater date.  

 

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

I EC  TR 62001  i s  structu red  i n  four parts:  

Part 1  – Overview 

Th is  part concerns  speci fi cations  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 i stortion  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 i cations,  fi e ld  measurements  and  veri fication .  

Part 3  – Model l i ng  

Th is  part addresses  the  harmon ic i n teraction  across  converters,  pre-existi ng  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 ratings  of AC fi l ters  and  thei r components,  
power l osses,  aud ib le  noise,  design  i ssues  and  specia l  appl ications,  fi l ter protection ,  se ismic 
requ i rements,  equ ipment design  and  test parameters.  
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HIGH-VOLTAGE DIRECT CURRENT (HVDC)  SYSTEMS – GUIDANCE TO 
THE SPECIFICATION  AND DESIGN  EVALUATION  OF AC  FILTERS – 

 
Part 1 :  Overview 

 
 
 

1  Scope 

Th is  part of I EC  TR 62001 ,  wh ich  i s  a  Techn ical  Report,  provides  gu idance  on  the  
speci fi cations  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  and  fi l ter performance  calcu lation .  

Th is  document deals  wi th  the  speci fi cation  and  design  evaluation  of AC s ide  harmon ic 
performance  and  AC s ide  fi l ters  for HVDC schemes.  I t  i s  i n tended  to  be  primari l y for the  use  
of the  u ti l i ti es  and  consu l tan ts  who  are  responsible  for i ssu ing  the  speci fi cations  for new 
HVDC projects  and  evaluating  designs  proposed  by prospective  suppl iers.  

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  Power L ine  Carrier (PLC)  and  rad io  i n terference  spectra.  

The  bu lk of th is  document concentrates  on  the  "conventional "  AC  fi l ter technology and  l i ne-
commutated  HVDC converters.  The  changes  en tai l ed  by new technolog ies  are  a l so  
d i scussed .  

2  Terms  and  defin i tions  

For the  purposes  of th i s  document,  the  fol l owing  terms  and  defin i ti ons  apply.  

2.1   
specification  
document wh ich  defines  the  overal l  system  requ i rements  for an  AC fi l ter and  the  AC system  
envi ronment i n  wh ich  i t  operates  

Note  1  to  en try:  Such  a  d ocumen t i s  normal l y i ssued  by u ti l i t i es  to  the  prospecti ve  HVDC manu factu rers .  I t  a l so  
ensu res  the  un i form i ty of proposa l s  and  sets  gu i de l i nes  for the  eva l uati on  of b i ds .  

Note  2  to  en try:  The  term  as  u sed  here  does  not  refer to  the  deta i l ed  eng i neeri ng  speci fi cati ons  re l a ti ng  to  
i nd i vi dua l  i tems  of equ i pmen t,  wh ich  are  prepared  by the  HVDC manu factu rer as  a  resu l t  of the  fi l ter des i gn  
process.  

Note  3  to  en try:  The  speci fi cati on  defi nes  the  techn i ca l  bas i s  for a  con tract  between  two  parti es :  the  customer 
(2 . 2)  and  the  con tractor (2 . 3) .  

2.2   
customer 
organ ization  wh ich  i s  pu rchasing  the  HVDC converter station ,  i nclud ing  the  AC fi l ters  

Note  1  to  en try:  The  term  “customer”  i s  taken  to  cover s im i l ar terms  wh i ch  may be  u sed  i n  speci fi cati ons ,  such  as  
owner,  cl i en t,  buyer,  u ti l i ty,  u ser,  employer and  pu rchaser,  and  a l so  covers  a  consu l tan t  represen ti ng  the  
customer.  

2.3   
contractor 
organ ization  wh ich  has  the  overal l  responsibi l i ty for del ivery of the  HVDC converter station ,  
i nclud ing  the  AC fi l ters,  as  a  system  
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Note  1  to  en try:  The  con tractor may i n  tu rn  con tract  one  or more  sub-suppl i ers  of i nd i vi d ual  i tems  of equ i pmen t.  

Note  2  to  en try:  The  term  “con tractor”  i s  taken  to  cover s im i l ar terms  wh i ch  may be  u sed  i n  speci fi cati ons ,  such  
as  manu factu rer,  or supp l i er.  

Note  3  to  en try:  Where  the  con text  cl earl y refers  to  the  pre-con tract  s tage  of a  pro j ect,  the  word  “b i dder”  has  
been  used  i nstead  of “con tractor” ,  to  i nd i cate  a  prospecti ve  con tractor,  or tenderer.  

2.4   
branch  
arm  
set of components  (capaci tor,  i nductor,  resistor) ,  e i ther i n  s ingu lar or i n terconnected  
arrangement,  wh ich  may be  i solated  off l oad  for main tenance  

Note  1  to  en try:  I n  i n terconnected  arrangement,  i t  forms  a  smal l est  tuned  fi l ter un i t.  

SEE:  F igure  22  

2.5   
sub-bank 
one  or more  branches  wh ich  can  be  swi tched  (connected  or d i sconnected )  on  l oad  for 
reactive  power con trol  

Note  1  to  en try:  The  swi tch  does  not  necessari l y need  to  have  fau l t  cl eari ng  capabi l i ty.  

SEE:  F igure  22  

2.6   
bank 
one  or more  sub-banks  wh ich  can  be  swi tched  together by a  ci rcu i t  breaker 

SEE:  F igure  22  

3  Outl ine  of speci fications  of AC  fi l ters  for HVDC systems  

3.1  General  

When  i nstal l i ng  an  HVDC converter station  i n  an  AC system,  the  way i n  wh ich  i t  may affect 
the  qual i ty of power supply i n  that system  i s  a lways  an  importan t i ssue.  One  of the  main  
power qual i ty topics  i s  that of harmon ic performance.  

The  AC  s ide  cu rren t of an  HVDC converter has  a  h i gh ly non-sinusoidal  waveform,  and ,  i f 
a l l owed  to  fl ow i n  the  connected  AC  system,  m igh t produce  unacceptable  l evels  of d i stortion .  
AC  s ide  fi l ters  are  therefore  requ i red  as  part of the  tota l  HVDC converter station ,  i n  order to  
reduce  the  harmon ic d i stortion  of the  AC s ide  cu rren t and  vol tage  to  acceptably l ow l evels.  

HVDC converters  a l so  consume substan tia l  reactive  power,  a  l arge  proportion  of wh ich  i s  
normal l y suppl ied  l ocal ly wi th in  the  converter station .  Shun t connected  AC fi l ters  appear as  
capaci ti ve  sources  of reactive  power at fundamental  frequency,  and  normal ly i n  conventional  
HVDC schemes  the  AC fi l ters  are  used  to  compensate  most or a l l  of the  reactive  
consumption  of the  converter.  Add i tional  shun t capaci tors  and  reactors  may a l so  be  used  to  
ensure  that the  desi red  reactive  balance  i s  main tained  wi th in  speci fied  l im i ts  under defined  
operational  cond i tions.  

The  design  of the  AC fi l ters  therefore  normal l y has  to  sati sfy these  two  requ i rements  of 
harmon ic fi l tering  and  reactive  power compensation ,  for various  operational  states  and  l oad  
levels.  Optim ization  of th i s  design  i s  the  task of the  AC fi l ter designer,  and  the  constrain ts  
under wh ich  the  design  i s  made  are  defined  i n  the  speci fication .  

The  AC fi l ters  form  a  substan tia l  part of a  conventional  HVDC converter station .  The  
fundamental  reactive  power rati ng  of the  AC fi l ters  ( i nclud ing  shunt capaci tors  where  
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appl i cable)  at each  converter station  has  typical l y been  i n  the  range  of 50  %  to  60  %  of the  
active  power rating  of the  scheme.  Together wi th  the  requ i red  swi tchyard  equ ipment,  the  AC 
fi l ters  can  occupy over hal f of the  tota l  l and  requ i rements  of an  HVDC scheme.  The  cost of 
manufacture,  i nsta l l ation  and  commission ing  of the  AC fi l ter equ ipment i s  s i gn i fi cant,  being  
typical l y i n  the  approximate  range  of 1 0  %  of the  tota l  station  costs.  I n  add i tion ,  the  fi l ter 
design  stud ies  can  be  extensive  and  may have  an  impact on  many other aspects  of station  
design  (see  [1 ,  2 ,  3 ] 2)  and  on  the  tota l  project schedu le.  Once  i n  operation ,  the  AC fi l ters  wi l l  
con tinue  to  have  a  major importance  due  to  requ i rements  for swi tch ing ,  main tenance,  
component spares,  and  re l i abi l i ty.  

I t  i s  therefore  importan t that the  way i n  wh ich  the  requ i rements  for the  AC fi l ters  are  speci fied  
i s  such  as  to  a l l ow the  design  to  be  optim ized  i n  terms  of a l l  the  above  factors,  wh i le  fu l fi l l i ng  
the  essentia l  functions  of d i stu rbance  m i tigation  and  reactive  power compensation .  

I n  general ,  th i s  document assumes  that the  purchase  of an  HVDC converter station ,  i nclud ing  
AC fi l ters,  wi l l  be  made  on  a  tu rnkey or s im i l ar basis,  such  as  has  been  the  case  for the  
majori ty of HVDC schemes  to  date.  The  d i scussions  herein  of aspects  such  as  provis ion  of 
techn ical  i n formation ,  a l l ocation  of ri sks  and  so  on  therefore  apply principal l y to  such  an  a l l -
i nclusive  approach .  I f the  a l ternative  approach  of speci fying  and  purchasing  equ ipment i tem  
by i tem  were  adopted ,  then  these  aspects  of the  document wou ld  have  to  be  reconsidered  i n  
the  context of the  parti cu lar scheme,  a l though  the  purely techn ical  content of the  document 
wou ld  sti l l  be  appl i cable.  

Most speci fi cations  for HVDC projects  are  i ssued  i n  a  fi nal  format after defin i ti on  of the  
detai l s  of the  project by the  customer and  possibly consu l tan ts.  An  a l ternative  approach  
wh ich  has  recently been  used  i s  d i scussed  i n  Annex A.  

3.2  Boundaries  of responsibi l i ty 

Before  a  speci fication  en ters  i n to  the  detai l  of AC  fi l ter design  requ i rements,  i t  shou ld  fi rst  
cl early define  the  boundaries  of responsibi l i ty between  customer and  con tractor.  

I n  th i s  respect there  are  two  extreme approaches.  

c)  The  customer defines  an  AC system  impedance,  d i stortion  l im i ts  and  other performance  
cri teria  to  be  sati sfied  by calcu lation ,  the  calcu lation  method ,  and  the  parameters  to  be  
taken  i n to  account.  The  b idder,  and  l ater on  the  con tractor,  then  makes  stud ies  and  
designs  fi l ters  based  on  th i s  i n formation ,  and  has  the  responsibi l i ty to  prove,  to  the  
sati sfaction  of the  customer,  that the  proposed  fi l ter design  compl ies  wi th  a l l  the  
speci fication  requ i rements.  The  ri sk that the  AC  fi l ters  do  not perform  adequately under 
fi e l d  cond i tions  l i es  main ly wi th  the  customer.  

d )  At the  other extreme,  the  customer defines  on ly the  maximum  actual  measured  d istortion  
and  d istu rbance  to  be  permi tted  (or even  more  s imply,  that there  are  no  problems  of 
d i stortion  or d i sturbance).  The  customer may a lso  speci fy fi e ld  tests  to  confi rm  that the  
defined  l im i ts  are  not exceeded .  The  b idder,  and  l ater on  the  con tractor,  then  has  fu l l  
responsibi l i ty for determin ing  the  AC system  impedance,  defin ing  a l l  re levant parameters,  
and  design ing  AC fi l ters  wh ich  wi l l  perform  i n  practice  wi th in  the  l im i ts  speci fied  by the  
customer (or proposed  as  reasonable  by the  con tractor)  and  wi thstand  a l l  actual  operating  
cond i tions.  Most risks  i n  th is  case  l i e  wi th  the  con tractor.  

For a  customer wi th  relati vely l i ttl e  i n -house  study capabi l i ty,  approach  b)  m igh t appear 
attractive.  However,  there  are  several  d i sadvantages  to  b) ,  as  fo l l ows.  

•  I t  impl ies  that at  the  tender stage,  several  prospective  con tractors  wi l l  a l l  have  to  make  
extensive  stud ies  of AC system  impedance  and  l ocal  harmon ic l im i t  requ i rements.  Th is  
wi l l  be  expensive  and  d i ffi cu l t  to  ach ieve  du ring  a  short tender period .  Therefore,  these  

___________ 

2 Numbers  i n  square  brackets  refer to  the  B i b l i og raphy.  
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stud ies  shou ld  be  conducted  by the  customer or h i s  consu l tan t during  the  l onger period  
wh ich  i s  usual ly avai lable  before  i ssue  of the  speci fi cation .  

•  As  the  con tractor has  to  assume ri sks,  there  wi l l  be  a  correspond ing  impact on  pricing .  

•  The  customer may have  to  decide  between  completely d i fferent designs  offered  by 
b idders  working  on  qu i te  d i fferen t assumptions  abou t the  AC system.  

•  There  are  s i gn i fi can t practical  d i fficu l ti es  i n  proving  compl iance  du ring  veri fi cation  tests.  

•  There  i s  un l i kely to  be  any overal l  fi nancia l  ga in ,  as  the  customer wi l l  even tual ly pay for 
stud ies  done  by the  b idder/con tractor as  part of the  overal l  con tract price.  

I n  practice,  most speci fications  adopt an  approach  wh ich  l i es  somewhere  between  these  two  
extremes.  For example,  the  customer may provide  some  i n formation  abou t the  AC  system  
configuration ,  maximum  and  m in imum  short-ci rcu i t  powers,  and  expected  fu tu re  expansion ,  
bu t not a  fu l l  defin i ti on  of AC system  harmon ic impedance.  

The  decis ion  on  where  to  p lace  the  boundary of responsibi l i ty wi l l  depend  on  the  strategy of 
each  i nd ividual  customer and  on  the  i n formation  and  resources  avai lable  to  the  customer.  
Th is  document does  not recommend  a  particu lar approach ,  bu t rather provides  the  detai l ed  
i n formation  necessary to  gu ide  decis ions  i n  th is  respect.  

I t  i s ,  however,  strong ly recommended  that th is  overal l  question  i s  carefu l l y cons idered  by the  
customer at an  early stage,  and  that the  boundaries  of responsibi l i ty and  del i very are  clearly 
defined  i n  the  speci fi cation  accord ing  to  the  customer’s  decis ion .  The  more  detai l ed  techn ical  
requ i rements  of the  speci fi cation  shou ld  then  fol l ow i n  accordance.  Fai l u re  to  make  a  clear 
defin i tion  of responsibi l i ty,  and  to  ensure  that the  detai l ed  requ i rements  of the  speci fi cation  
are  i n  accordance  wi th  the  general  defin i tion  of responsibi l i ty,  creates  ri sks  of con tractual  
confl i ct,  de lay and  possib le  unsatisfactory performance  of the  AC fi l ters.  

Most essen tia l l y,  the  speci fi cation  defines  whether the  cri terion  by wh ich  the  fi l ter 
performance  i s  to  be  j udged  as  satisfactory i s  to  be:  

•  d emonstration  by calcu lation  of performance  parameters,  us ing  the  speci fied  data,  or 

•  measurement i n  the  fi e ld  after commission ing ,  or 

•  a  combination  of the  above.  

Demonstration  by calcu lation  ensures  that the  worst-case  cond i tions  can  be  taken  i n to  
account,  bu t a l l ows  scope  for erroneous  data  or calcu lation  methods.  Measurement i n  the  
fi e ld  may be  considered  as  the  defin i ti ve  proof of correct design ,  bu t i t  may not be  possib le  to  
make  measurements  under the  most onerous  envi ronmental  and  AC and  DC system  
cond i tions  for wh ich  the  design  has  been  made.  Also,  the  impact of pre-existi ng  harmon ic 
d i stortion  i n  the  AC  system  i s  taken  i n to  account,  by measuring  pre-existi ng  harmon ic l evels  
wi th  the  HVDC converters  b locked  (and  wi th  AC fi l ters  both  connected  and  d isconnected ).  

A combination  of demonstration  by calcu lation  fol l owed  by eventual  fie l d  measurement 
therefore  provides  the  customer wi th  the  g reatest assurance  that the  fi l ter performance  wi l l  
be  sati sfactory.  

The  speci fi cation  shou ld  a l so  define  the  con tractor’s  responsibi l i ty for considering  the  
in teraction  of the  AC fi l ters  wi th  the  HVDC converter controls,  and  the  possible  resonance  of 
the  fi l ters  wi th  the  AC system.  

3.3  Scope  of studies  

Depend ing  on  the  boundaries  of responsibi l i ty d i scussed  above,  some system  stud ies  may be  
requ i red  to  be  conducted  by the  customer prior to  i ssu ing  the  speci fication ,  or may be  the  
responsibi l i ty of the  b idder and  l ater the  con tractor.  Such  stud ies  re lated  to  the  AC fi l ters  
wou ld  normal ly cover 
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•  AC  system  reactive  power requ i rements,  

•  AC  system  impedance  measurements  or calcu lations,  

•  pre-existi ng  harmon ic l evels,  

•  i nductive  co-ord ination  for te lecommun ication  l i nes  near affected  AC l i nes.  

The  exten t of system  stud ies  requ i red  to  be  conducted  by the  b idder and  the  con tractor 
shou ld  be  made  clear i n  the  speci fi cation .  A m in imum  set of stud ies  wi l l  a lways  be  requ i red  to  
ensure  that the  fi l ters  perform  adequately and  that they wi thstand  a l l  defined  e lectrical  and  
envi ronmental  cond i tions.  

These  essentia l  stud ies  wou ld  normal l y comprise  the  fol l owing :  

a)  reactive  power supply and  con trol ;  

b)  l ow-order resonance  wi th  AC  system;  

c)  AC  fi l ter performance;  

d )  AC  fi l ter steady-state  rati ng ;  

e)  AC  fi l ter transien t rati ng ,  overvol tage  and  i nsu lation  co-ord ination ;  

f)  AC  fi l ter l osses;  

g )  AC  fi l ter protection ;  

h )  AC  fi l ter ci rcu i t  breaker du ties;  

i )  AC  fi l ter d i scharge  requ i rements;  

j )  those  parts  of the  control  and  dynamic performance  stud ies  wh ich  are  affected  by the  AC 
fi l ters,  and  analyse  the  i n tegrated  operation  of the  AC and  HVDC systems;  

k)  those  parts  of the  aud ible  noise  study wh ich  are  affected  by the  AC  fi l ters;  

l )  those  parts  of the  RAM  (rel i abi l i ty,  avai labi l i ty and  main tenance)  study wh ich  are  affected  
by the  AC  fi l ters.  

However,  fu rther performance  and  rating  stud ies  may be  of i n terest to  assist the  p lann ing  of 
economic and  flexible  operation ,  and  to  define  recommended  procedures  i n  the  even t of 
ou tages,  main tenance  or unusual  operational  s i tuations.  Such  stud ies  m igh t cover,  for 
example,  performance  and  rati ng  under ou tage  contingencies  not requ i red  by the  
speci fication ,  or wi th  wider l im i ts  of reactive  power i n terchange  than  speci fied .  These  
s i tuations  m ight be  of considerable  i n terest to  operation  p lanners,  and  have  an  economic 
value.  The  possib le  need  for such  add i tional  stud ies  shou ld  be  considered  by the  customer 
and ,  i f desi red ,  i ncluded  i n  the  scope  of stud ies  requ i red  i n  the  speci fi cation .  

Of the  essentia l  design  stud ies,  some  wou ld  normal ly be  conducted  i n  fu l l  by the  b idder as  
part of the  tendering  process  (at l east a) ,  c) ,  d ) ,  and  j )  of the  above  l i st) .  Others  m ight be  
omi tted  or m in im ized  du ring  the  tendering  stage,  and  estimates  made  based  on  the  b idder’s  
previous  experience.  During  the  detai l ed  design  stage,  a l l  essen tia l  stud ies  wou ld  be  
conducted  i n  fu l l  by the  con tractor.  

3.4 Scope of supply 

The  speci fi cation  shou ld  make  clear the  scope  of supply wi th  regard  to  AC fi l tering  as  wi th  a l l  
aspects  of the  HVDC scheme.  I n  add i tion  to  supply of the  main  AC  fi l ter components,  the  
responsibi l i ty for supply of the  fol l owing  shou ld  be  defined :  

•  s i te  preparation ;  

•  ci vi l  and  mechan ical  structures;  

•  earth ing ;  

•  fencing ;  

•  i n terface  wi th  AC swi tchyard ;  
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•  con trol ,  measuring ,  mon i toring  and  protection ;  

•  swi tch ing  equ ipment;  

•  cabl i ng ;  

•  spare  parts;  

•  specia l  test equ ipment requ i red  for commission ing  and  main tenance;  

•  erection ,  commission ing  and  testi ng ;  

•  i n -service  performance  measurements.  

Any requ i rement for guarantees  concern ing ,  for example,  capaci tor fa i l u re  rates,  measured  
fi l ter l osses  and  performance,  shou ld  a l so  be  clearly stated .  

3.5  Techn ical  data  to  be  suppl ied  by contractor 

At the  tender stage  of an  HVDC project,  the  b idders  are  normal l y requ i red  to  supply techn ical  
data  regard ing  thei r proposed  designs  to  the  customer.  Th is  data  i s  used  by the  customer i n  
order to  qual i fy the  proposed  design  techn ical l y and  to  a l l ow comparisons  to  be  made  
between  competing  b idders.  The  speci fication  shou ld  define  carefu l l y exactly what techn ical  
data  i s  to  be  suppl ied ,  otherwise  there  i s  a  ri sk that the  i n formation  suppl ied  by d i fferen t 
b i dders  wi l l  not show possible  weaknesses  i n  design  or wi l l  not enable  fa i r comparisons  to  be  
made.  Aspects  where  particu lar atten tion  shou ld  be  paid  i nclude  the  general  aspects:  

1 )  method  and  assumptions  for fi l ter performance  calcu lations;  

2 )  cri teria  and  assumptions  for steady-state  fi l ter rating ,  and  for transien t stresses  and  
rating ;  

3)  calcu lations  as  wel l  as  the  fol lowing  speci fi c areas  where  clari ty i s  important:  

a)  harmon ic cu rren ts  generated  by converters  (the  speci fi cation  shou ld  define  under 
exactly what cond i tions  these  are  to  be  stated .  I t  shou ld  preferably request harmon ic 
cu rren ts  at  several  cri ti cal  cond i tions  or power l evels  and  under any specia l  operation  
cond i tions);  

b)  impedance  characteristics  of fi l ters  ( the  speci fi cation  shou ld  request i n formation  on  
impedance  at and  near tuned  frequencies,  under cond i tions  of detun ing ,  and  across  
the  whole  spectrum  of i n terest) ;  

c)  performance  parameters  to  be  stated  at defined  operation  cond i tions  (for example,  at  
fu l l  l oad  and  at  i n termed iate  l oads  immed iately prior to  swi tch ing-in  an  add i tional  
bank).  

After con tract award  and  du ring  the  design  and  procurement stage  of the  project,  the  
con tractor wi l l  normal l y produce  techn ical  study reports  and  other documents  covering  
aspects  of the  fi l ter design  (performance,  rating ,  ci rcu i t  d iagrams,  protection ,  i nsu lation  co-
ord ination ,  l ayou t,  re l iabi l i ty and  avai l abi l i ty evaluation ),  and  equ ipment speci fi cations  for the  
i nd ividual  i tems  of fi l ter equ ipment.  The  speci fication  (or another part of the  agreement 
between  customer and  con tractor)  shou ld  make  clear whether these  are  to  be  approved  by 
the  customer,  and  i f so,  define  an  adequate  procedure  wh ich  a l l ows  time  for examination  of 
such  material  by the  customer,  possib le  subsequent mod i fi cation ,  and  approval ,  wi th in  the  
i n tended  project time-schedu le.  

3.6  Al ternative  proposals  by bidders  

The  customer shou ld  recogn ize  that b i dders  for an  HVDC project wi l l  have  extensive  
accumu lated  experience  and  expertise,  and  fu rthermore  that they are  continual l y developing  
new techn iques  and  equ ipment technolog ies.  Consequently,  i t  i s  a lways  possib le  that a  
b i dder may be  able  to  propose  a  fi l tering  solu tion  wh ich  i s  advantageous  to  the  customer,  bu t 
for some  reason  fa l l s  ou ts ide  the  stri ct  boundaries  wh ich  may have  been  set by the  
speci fication .  
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Therefore,  speci fi cations  shou ld  a lways  l eave  open  the  possib i l i ty for the  b idder to  propose  
an  a l ternative  solu tion ,  i n  add i tion  to  the  solu tion  wh ich  expressly sati sfies  the  speci fied  
requ i rements.  

4 Permissible  d istortion  l imi ts   

4.1  General  

The  performance  objective  of the  AC  fi l ter design  i s  to  l im i t  the  adverse  effects  of both  the  
i nd ividual  harmon ics  and  of the  total  harmon ic d i stortion  of the  vol tage  and  cu rren t waveform,  
at  both  the  HVDC connection  bus  and  i n  the  su rround ing  network.  

These  possib le  adverse  effects  are  as  fol l ows.  

a)  The  waveform  d istortion  can  cause  i ncreased  heating  and  h igher d ie lectric stresses  i n  
both  the  u ti l i ty's  and  other customers'  equ ipment as  wel l  as  mal function  of e lectron ic 
equ ipment.  

b)  The  harmon ic cu rren t ci rcu lati ng  i n  the  AC  l i nes  can ,  by i nduction ,  cause  i n terference  i n  
ad jacent commun ication  l i nes  and  th is  shou ld  be  l im i ted  to  an  acceptable  l evel .  

c)  I nduced  vol tages  may cause  problems  because  of ri sk to  human  safety or mal function  of 
ad jacent commun ication ,  s ignal l i ng  and  protection  equ ipment.  

I n  order to  m i ti gate  such  adverse  effects,  the  customer's  speci fication  normal ly defines  
permissib le  harmon ic d istortion  l im i ts,  wh ich  need  to  be  respected  by the  AC fi l ter designer.  
The  defin i tion  of su i table  cri teria  for setti ng  such  l im i ts  i s  a  complex and  con troversia l  
subject,  wh ich  wi i l  be  addressed  by any customer i nstal l i ng  a  new HVDC scheme.  Clause  4  
attempts  to  provide  the  background  i n formation  necessary,  and  to  g i ve  recommendations  on  
the  d i fferen t approaches  avai l able  to  the  customer.  

A common  procedure  for the  determination  of l im i ts  has  often  been  to  set the  values  
accord ing  to  references  i n  i n ternational  l i teratu re,  wi thout detai l ed  prel im inary stud ies  of the  
particu lar l ocation .  Th is  approach  requ i res  a  m in imal  amount of stud ies  and  a l l ows  a  short 
time  schedu le.  The  d i sadvantage  i s  that i t  requ i res  conservative  l im i ts  to  be  imposed  i n  order 
to  ensure  that there  are  no  adverse  effects  of excessive  d i stortion  and  te lephone  
i n terference,  wh ich  may requ i re  h igh  add i tional  cost for corrections  and /or m i tigation .  

However,  due  to  

•  the  powerfu l  ca lcu lation  tools  now avai lable,  

•  the  recent refinements  i n  harmon ic i n fluence  assessment methods  as  stated  i n  
I EC  TR 61 000-3-6  and  i n  [4 ,  5 ] ,  

•  the  g rowing  concern  of the  u ti l i ti es  and  thei r customers  about power qual i ty,  and  

•  the  trend  towards  cost reduction  th rough  optim ization  of equ ipment design ,  

appropriate  speci fi cation  stud ies  shou ld  be  conducted  i n  order to  develop  harmon ic l im i ts  
ta i l ored  to  the  parti cu lar characteri sti cs  of the  HVDC scheme and  the  connected  AC network.  
Clause  4  describes  the  d i fferen t i nd ices  used  to  control  the  adverse  harmon ic effects  and  
d iscusses  the  considerations  that are  accounted  for i n  the  defin i ti on  of the  i nd ices  and  i n  the  
determination  of the  l im i ts .  Ranges  of l im i ts  adopted  for existi ng  schemes  are  provided  as  
wel l  as  general  gu idel i nes.  The  detai l ed  methods  recommended  for the  determination  of 
speci fi c l im i ts  are  referenced .  

The  defin i ti on  of permissib le  l im i ts  i s  d i scussed  below under four head ings:  

1 )  vol tage  d i stortion  l im i ts ;  

2)  l im i ts  pertain ing  to  the  HV and  EHV network equ ipment;  

3)  te lephone  i n terference  l im i ts ;  

International  Electrotechnical  Commission

 



 –  1 8  – I EC  TR 62001 -1 : 201 6  © I EC  201 6  

4)  specia l  cri teria.  

The  l im i tation  of te lephone  i n terference  th rough  the  appl ication  of weigh ted  i nd ices  has  i n  the  
past had  a  substan tia l  i n fl uence  on  the  natu re,  s ize  and  cost of AC  fi l ters  for HVDC stations,  
and  so  th i s  aspect i s  d i scussed  i n  some  depth  i n  3 . 4  and  Annex C.   

A customer shou ld  understand  that i t  i s  not necessary or desi rable  to  i nclude  i n  the  
speci fi cation  a l l  of the  d i stortion  l im i ts  d iscussed  i n  Clause  4 .  Some i nd ices  apply on ly i n  
certa in  s i tuations;  others  represent a l ternative  approaches  to  the  defin i tion  of d i stortion .  The  
customer shou ld  consider carefu l l y the  requ i rements  of h i s  particu lar scheme,  and  select 
those  d istortion  i nd ices  and  l im i ts  wh ich  are  relevant to  h is  needs.  

4.2  Vol tage  d istortion  

4.2. 1  General  

The  main  requ i rements  for AC  fi l ter performance  speci fication  are  general l y re lated  to  the  
permissible  vol tage  d istortion ,  th i s  being  a  d i rectly measurable  quan ti ty at  the  poin t of 
connection .  The  i n ten tion  i s  that by l im i ti ng  the  vol tage  d i stortion ,  the  harmon ic cu rrents  
i n jected  i n to  the  AC system  by converters  and  the  resu l ting  vol tages  e lsewhere  shou ld  a l so  
be  l im i ted  to  l evels  that wi l l  ensure  service  qual i ty to  the  u ti l i ty and  to  a l l  connected  
customers  of the  AC  system  (the  val i d i ty of th is  approach  i s  d i scussed  fu rther below).  

Subclause  4 . 2  describes  the  most common  i nd ices  used  to  con trol  vol tage  d i stortion  and  
g ives  some  gu idel ines  for the  determination  of su i table  l im i ts.  

4.2.2  Vol tage  d istortion  – Defin i tions  of performance  cri teria  

I nd ividual  harmon ic d i stortion ,  Dn  ( i n  %),  i s  calcu lated  as  fol lows:  

 %1 00
1

⋅=
U

U
D n
n  ( 1 )  

where  

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

Un  i s  the  n-th  order harmon ic l i ne  to  neu tral  vol tage  appearing  at the  bus  under 
consideration .  

Total  harmon ic d i stortion ,  THD  (a l so  cal l ed  Deff or vol tage  d i stortion  factor) ,  i s  ca lcu lated  as  
fol lows:  
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N  i s  the  maximum  harmon ic order considered .  

The  tota l  ari thmetic harmon ic d i stortion ,  D ,  i s  ca lcu lated  as  fol l ows:  

 ∑
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4.2.3  Vol tage  d istortion  – Discussion  and  recommendations  

The  i nd ividual  (Dn )  and  total  harmon ic d i stortion  (THD)  are  widely accepted  i nd ices  of vol tage  
d i stortion  i n  AC  networks,  wh i l e  the  tota l  ari thmetic harmon ic d istortion  (D)  i s  con troversia l ,  
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even  though  i t  has  been  used  i n  a  number of HVDC schemes  [6 ,  7 ] ,  i nstead  of,  or as  wel l  as,  
the  THD.  The  THD  corresponds  to  the  power of the  harmon ics  and  i s  therefore  more  closely 
related  to  the  severi ty of the  d i stu rbance  i n  terms  of heating  effects.  The  tota l  ari thmetical l y 
added  d i stortion  (D)  does  not correspond  to  any physical l y veri fi able  d istu rbance,  a l though  i t  
i s  an  i nd icator of the  maximum  possible  deviation  of the  waveform  from  a  s inusoid  and  of the  
maximum  possib le  harmon ic vol tage  peak l evels.  Fu rthermore,  the  THD  i s  wel l  accepted  
wi th in  I EC  (see  I EC  TR 61 000-3-6  [8]  and  I EEE  Std  51 9-1 992  [9] )  and  i s  therefore  the  
cri terion  recommended  i n  th i s  document.   

The  harmon ic vol tages  used  i n  the  defin i ti on  of harmon ic d i stortion  are  general l y those  of the  
h ighest value  i n  any phase.  Th is  i s  not an  i ssue  when  using  the  conventional  ca lcu lation  
method ,  as  the  harmon ics  produced  by HVDC converters  are  assumed  to  be  e i ther posi tive  or 
negative  sequence  and  so  are  equal  i n  a l l  phases,  and  the  AC system  impedance  i s  assumed  
balanced .  The  zero  sequence  curren t generation  of the  HVDC converters  i s  very l ow and  
there  are  no  reported  problems  re lated  to  th i s  as  a  cause  of zero  sequence  harmon ic vol tage.  
However,  i n  real  systems,  the  harmon ic vol tage  magn i tudes  wi l l  be  d i fferent i n  the  th ree  
phases  due  to  asymmetries  i n  the  network and  non-ideal  harmon ic generation  cond i tions.  
Analysis  of harmon ic performance  using  a  th ree-phase  model  of transmission  l i nes  wou ld  
general l y show d i fferences  among  the  th ree  phase  d istortion  parameters.  

The  maximum  harmon ic order considered ,  N,  i s  normal l y set to  49,  as  the  magn i tude  of the  
cu rrent generated  by the  HVDC systems  decreases  wi th  frequency and  the  harmon ic 
vol tages  transferred  to  the  l ower vol tage  l evels  general l y become very l ow wi th  i ncreasing  
frequency due  to  the  characteristics  of power transformers  and  l oads  at  these  frequencies.  

I n  the  formu la  for defin i ti on  of vol tage  d i stortion ,  some  customers  prefer to  use  the  worst-
case  value  from  the  range  of system  operating  vol tages  as  vol tage  reference  (U1 ) ,  rather 
than  the  nominal  system  vol tage  (that i s ,  the  value  of vol tage,  consisten t wi th  the  converter 
harmon ic generation  used  i n  the  calcu lation ,  for wh ich  the  h ighest percentage  d i stortion  i s  
ca lcu lated .  Th is  wi l l  general l y be  the  m in imum  vol tage  from  the  appl icable  range).  The  
argument for th i s  approach  i s  that i t  more  tru ly expresses  the  actual  percentage  d istortion  
occurring  i n  real i ty.  Wh ichever reference  vol tage  i s  to  be  used  for the  defin i tion  of vol tage  
d i stortion ,  i t  needs  to  be  stated  clearly i n  the  speci fication  i n  order to  avoid  d i fferent 
i n terpretations  by d i fferen t b i dders,  and  because  i t  may appreciably affect the  fi l ter design .  

Refer a l so  to  the  d i scussion  i n  7 . 1 . 6  on  the  system  cond i tions  under wh ich  tota l  harmon ic 
d istortion  shou ld  be  calcu lated .  The  range  of AC system  vol tages  over wh ich  the  d istortion  
cri teria  are  to  be  met needs  a l so  to  be  clearly defined .  

4.2.4  Vol tage  d istortion  – Determination  of l imi ts  

4.2 .4. 1  General  

Most major u ti l i ti es  have  thei r own  harmon ic standards  i nclud ing  ru les  to  con trol  the  harmon ic 
emission  from  i nd ividual  d i sturbing  l oads.  General l y,  the  setti ng  of these  standards  has  to  a  
considerable  degree  been  i n fluenced  by experience  gained  wi th  a  range  of harmon ic i nduced  
problems  and  the  measures  taken  to  resolve  them.  They therefore  tend  to  be  empi rical  and  
conservative  i n  form  as  they are  rarely based  on  a  detai led  study and  understand ing  of 
system  behaviour.  Where  a  l arge  HVDC i nstal lation  i s  p lanned ,  a  speci fi c analysis  shou ld  be  
performed  i n  order to  derive  d istortion  l im i ts  wh ich  have  a  more  rational  basis  and  re late  to  
the  parti cu lar ci rcumstances  of the  HVDC scheme in  question .  

4.2.4.2  Vol tage  d istortion  – Determination  of l imi ts  wi thout detai led  stud ies  

One  way to  gu ide  the  determination  of the  vol tage  d i stortion  l im i ts  i s  to  refer to  existing  
schemes  for wh ich  acceptable  performance  has  been  experienced .  The  fol l owing  ranges  of 
speci fied  l im i ts  were  taken  from  CIGRE surveys  [6 ,  7 ]  on  AC harmon ic fi l ters  for numerous  
HVDC schemes  from  d i fferen t coun tries:  

a)  speci fied  l im i ts  on  Dn  are  i n  the  range  of 0 , 5  %  to  1 , 5  %  (most typical l y 1  %);  
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b)  speci fied  l im i ts  on  THD  are  i n  the  range  of 1  %  to  4  %  (no  typical  va lue);  

c)  speci fied  l im i ts  on  D  are  i n  the  range  of 2  %  to  4  %  (most typical l y 4  %).  

These  fi gu res  refer to  d i stortion  due  to  the  HVDC converter and  do  not i nclude  other pre-
existi ng  d istortion .  They a l so  general ly refer to  worst normal  operating  cond i tions  of the  
HVDC system,  i n  comparison  to  more  extreme  cond i tions  wh ich  determine  the  component 
rati ngs.  When  considering  such  values  as  used  i n  former projects,  i t  i s  a l so  vi ta l  to  take  i n to  
account the  AC network representation  wh ich  was  speci fied  to  be  used  i n  the  calcu lation  of 
these  i nd ices.  

Where  a  customer 

1 )  wishes  to  m in im ize  the  procurement time  schedu le,  or 

2)  l acks  the  appropriate  computational  tools  or AC system  data,  or 

3)  an ticipates  no  serious  consequences  from  the  harmon ic d i stortion ,  

then  the  customer may set d i stortion  l im i ts  based  on  such  i nd icative  values  taken  from  
experience  of existing  systems.  AC fi l ter i nsta l l ations  designed  accord ing  to  these  l im i ts  have  
general ly performed  satisfactori l y.  Bu t,  wi thou t detai l ed  stud ies,  eng ineering  j udgement has  
to  be  exercised  i n  order to  adapt the  l im i ts  set for other projects  to  the  speci fi c characteristics  
of the  AC system  to  wh ich  the  HVDC system  i s  to  be  connected .  Therefore,  the  determination  
of performance  requ i rements  for a  parti cu lar HVDC scheme based  on  past experience  from  
existi ng  schemes  shou ld  take  i n to  consideration  the  fol l owing  aspects:  

•  l ocal  regu lations  on  harmon ic l im i ts ;  

•  vo l tage  l evels  (stri cter l im i ts  are  usual l y recommended  for h i gher vol tage  l evels) ;  

•  proximi ty of l oad  areas;  

•  proximi ty of generators;  

•  o ther harmon ic sources  i n  the  vicin i ty;  

•  pre-existi ng  l evel  of harmon ic d istortion ;  

•  network structu re  ( l ong  l i nes  and  capaci tor banks  can  produce  magn i fi cation  of harmon ic 
vol tage  at  remote  l ocations,  l arge  meshed  networks  wi l l  be  l i kely to  transfer a  l ower l evel  
of harmon ic to  the  l oad  areas,  etc. ) .  

The  CIGRE  surveys  [6 ,  7 ]  g i ve  many detai l s  on  the  existi ng  i nstal l ations  wh ich  may be  helpfu l  
for th is  task.  The  l im i ts  adopted  shou ld  be  on  the  conservative  s i de  to  prevent the  
consequences  of excessive  d i stortion  wh ich ,  shou ld  i t  occur,  may u l timately l ead  to  
restrictions  on  the  operation  of the  HVDC transmission .  However,  there  i s  a l so  a  ri sk that th i s  
approach  may l ead  to  a  design  wh ich  i n  practice  i s  un justi fi ably expensive.  

I n  view of th i s ,  i t  i s  suggested  that the  cost sensi tivi ty of the  fi l ter design  i s  i nvestigated  by 
asking  for an  a l ternative  fi l ter design  based ,  for example,  on  1 , 5  or 2  times  the  basic 
speci fication  l im i t.  The  cost reduction ,  i f s i gn i fi can t,  i s  i nd icative  of the  need  to  perform  more  
detai led  stud ies  before  the  choice  of a  fi nal  design .  

The  speci fi cation  cou ld  a l so  a l l ow the  b idders  to  propose  a l ternative  designs  ( i n  add i tion  to  
the  main  proposals),  wh ich ,  wh i le  possibly exceed ing  the  speci fied  l im i ts  under some  
ci rcumstances,  nevertheless  offered  substan tia l l y s impler and  more  economical  fi l ters.  

4.2.4.3  Vol tage  d istortion  – Determination  of l imi ts  wi th  detai led  studies  

Determin ing  su i table  d i stortion  l im i ts  by means  of detai led  stud ies  requ i res  more  work at the  
speci fication  stage  bu t i s  l i kely to  resu l t  i n  a  cheaper AC fi l ter design ,  wi th  an  optimal  fi l ter 
solu tion  re lati ve  to  the  harmon ic characteri sti cs  of the  AC  system,  and  avoid  an  
unnecessari l y complex fi l tering  scheme wh ich  may impose  undue  constrain ts  on  the  HVDC 
system  design  and  operation .  The  methodology can  be  appl ied  to  respect e i ther I EEE  or I EC  
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recommended  l im i ts.  CIGRE  has  publ i shed  a  techn ical  paper on  l im i tation  of harmon ic 
d i stortion  for MV and  HV power systems  [1 0]  based  on  e lectromagnetic compatib i l i ty.   

One  objective  of the  l im i tation  of harmon ic emission  i n  HV and  EHV systems  i s  to  keep  the  
d i stu rbance  l evels  below the  compatib i l i ty l evels  (wi th  a  non-exceed ing  probabi l i ty of 95  %)  i n  
the  l ow-vol tage  systems.  To  ach ieve  th is  goal ,  the  u ti l i ty has  to  co-ord inate  the  emission  
l im i ts  of equ ipment i n  the  d i fferen t parts  of the  AC  system  in  the  most economical  way.  The  
u ti l i ty has  therefore  to  take  i n to  consideration  a l l  the  possib le  emission  sources,  both  existing  
and  fu tu re,  and  thei r frequency dependent coefficien t of transfer to  the  other vol tage  l evels .  I t  
shou ld  a l so  consider the  fu tu re  expansion  stages  of the  AC  network.  

Usual l y,  a  widespread  programme of harmon ic measurements  i s  performed  to  gather data  for 
th i s  task.  Such  an  exercise  shou ld  resu l t  i n  the  determination  of su i table  p lann ing  l evels  for 
the  HV and  EHV system  and  ru les  for the  connection  of d i stu rbing  l oads  that are  general l y 
val i d  over the  whole  network.   

Such  a  study g ives  a  base  for the  establ i shment of rational  harmon ic emission  l im i ts  for the  
connection  of HVDC systems.  For such  l arge  d i stu rbing  l oads,  i t  i s  worthwh i le  to  perform  
add i tional  stud ies  to  adapt the  p lann ing  l evels  to  the  particu lar ci rcumstances  at  the  poin t of 
connection  on  the  network.  The  fol l owing  stud ies  are  recommended :  

•  The  determination  (by calcu lation )  of the  ratio  of the  harmon ic vol tage  at the  poin t of 
connection  to  the  harmon ic vol tage  at the  main  HV,  MV or LV substations  i n  the  area.  
Th is  shou ld  be  done  over the  whole  frequency range  considered  and  for a l l  an ti cipated  
normal  network configurations  and  l oad  l evels.  The  harmon ic penetration  depth  i n to  the  
network i s  l i kely to  be  frequency dependent as  d i scussed  earl i er.  

•  The  measurement of actual  harmon ic vol tage  l evels  at the  poin t of connection  and  at  the  
main  HV,  MV or LV substations  i n  the  area  (see  4 . 4. 5  for fu rther detai l s) .  

The  resu l ts  shou ld  be  analysed  fol l owing  the  general  co-ord ination  princip les  to  determine  
appropriate  emission  l im i ts.  

Such  evaluation  of sources  of harmon ic emission  and  analysis  of the  network,  to  establ i sh  
su i table  p lann ing  l evels,  may requ i re  an  enormous  amount of work for a  l arge  meshed  
network and  fu rthermore,  i t  i s  d i ffi cu l t  to  p lan  for the  fu tu re  add i tion  of harmon ic sources  and  
the  evolu tion  of the  network.  Where  no  standards  and  practices  have  been  previously 
developed  by the  u ti l i ty or where  detai led  knowledge  of network harmon ic characteri sti cs  i s  
not known,  the  method  described  i n  [1 0]  can  be  adopted .   

Reference  [9]  g ives  a  s impl i fi ed  method  to  determine  the  emission  l im i ts  of a  particu lar HVDC 
instal lation  for HV and  EHV systems.  I t  proposes  s imple  ru les  to  share  the  permissib le  
harmon ic vol tage  emission  between  the  various  users  of the  power system.  For most l arge  
HVDC i nstal l ations,  the  a l lowed  l im i ts  are  shared  accord ing  to  the  MVA rati ng  of the  
i nstal l ation  and  the  network supply capabi l i ty at  the  poin t of common  coupl ing .  

The  method  described  i n  [1 0]  takes  i n to  account the  presence  of important d isturbing  
i nstal l ations  i n  the  vicin i ty of the  considered  substation  and  g ives  summation  coefficien ts  
dependent on  the  harmon ic order for computation  of tota l  harmon ic l evels.  I t  a l so  g ives  some  
gu idel ines  for appl i cation  i n  practical  s i tuations  (pre-existi ng  l evel ,  un real i stical l y l ow 
emission  l im i ts,  etc. ) .  The  harmon ic l oad  fl ow stud ies  shou ld  a l so  try to  i den ti fy ampl i fication  
or resonance  s i tuations  wh ich  may cause  remote  harmon ic vol tage  problems  that are  not 
eviden t at the  HVDC connection  bus.  These  remote  effects  are  con trol l ed  by applying  
appropriate  coefficien ts  for the  parti cu lar harmon ics  i n  the  i nd ividual  em ission  l im i ts  appl ied  
at  the  HVDC connection  bus.  

I t  i s  importan t to  note  here  that the  l im i ts  so  defined  are  re lated  to  the  parti cu lar network 
cond i tions,  and  th is  shou ld  be  considered  i n  the  design  of the  AC fi l ters.  As  an  example,  a  
stri cter l im i t,  defined  to  con trol  an  ampl i fi cation  problem,  may correspond  to  a  l im i ted  part of 
the  tota l  harmon ic impedance  l ocus  computed  at the  poin t of coupl ing .  S im i larl y,  when  two  
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importan t harmon ic sources  are  i n  the  vicin i ty,  the  emission  l im i t  i s  shared  among  them  bu t 
then  the  impedance  l ocus  for each  shou ld  assume that the  fi l ter i nsta l l ation  of the  other i s  
present.  When  these  aspects  are  s i gn i fi can t,  mu l tip le  emission  l im i ts  coupled  to  d i fferen t 
harmon ic impedance  l oci  may be  provided  to  the  b idders.  

The  fol lowing  a l ternative  approach  wou ld  i n  pri ncip le  be  possib le,  bu t up  to  now has  not been  
used  for any HVDC scheme.  Where  the  network i s  of moderate  s i ze,  the  customer cou ld  
consider provid ing  the  b idders  wi th  the  complete  network data  set.  The  harmon ic vol tage  
con tribu tion  l im i t  from  the  HVDC converter cou ld  then  be  i nd ividual l y defined  at a l l  the  
d i fferen t MV or LV buses.  Wi th  th is  approach ,  the  customer provides  a l l  the  necessary data  
for the  fi l ter optim ization :  AC  system  configurations,  l i ne  data,  remotely i nsta l led  fi l ters,  earth  
resistivi ty,  frequency dependent equ ivalen t models  at the  end  nodes,  to lerances,  etc.  The  
data  shou ld  a l so  consider the  fu tu re  evolu tion  of the  network.  Th is  approach  wou ld  requ i re  
more  work for the  b idders,  and  they wou ld  possib ly have  to  develop  add i tional  computer 
tools,  bu t i t  wou ld  avoid  the  above  mentioned  i nconsistencies.  I t  wou ld  a l so  en tai l  
considerable  effort by the  customer to  prepare  a l l  the  necessary data,  and  l eng then  the  time  
requ i red  for the  tendering  process.  Un less  the  b idder defined  exactly how each  component i n  
the  network shou ld  be  model led ,  each  b idder cou ld  derive  d i fferen t harmon ic impedances,  
depend ing  on  the  representation  used  for network components,  i n  parti cu lar l oads,  
transformers  and  transmission  l i nes.  

4.2.5  Vol tage  d istortion  – Pre-existing  harmonic  l evels  

Measurements  of the  actual  pre-existing  harmon ic l evels  are  importan t to  complement the  
s imu lation  stud ies.  They are  often  needed  for the  fol l owing  reasons:  

•  to  characterise  pre-existi ng  harmon ic l evels,  i nclud ing  stati sti cal  characteri sti cs;  

•  to  determine  harmon ic source  characteristics;  

•  to  va l i date  s imu lation  models.  

Harmon ic measurements  i n  the  area  of the  HVDC system  instal l ation  wi l l  i nd icate  the  
aggregate  harmon ic l evels  produced  by a l l  sources,  both  wi th in  the  HV and  EHV system  and  
coming  from  the  MV and  LV systems.  Analysis  of the  measurement resu l ts  combined  wi th  the  
s imu lation  resu l ts  wi l l  be  helpfu l  to  segregate  the  two  contribu tions.  I ndeed ,  the  pre-existi ng  
harmon ic con tribu tions  from  a l l  the  i nd ividual  d i storti ng  l oads  i n  LV and  MV systems  and  
other unknown  sources  cannot be  assessed  easi l y otherwise.   

I t  may a lso  be  appropriate  to  d i rect the  measurements  to  speci fi c operating  cond i tions  where  
these  may affect the  harmon ic vol tage  l evels .  For example  a  h i gh  operating  vol tage  cond i tion  
may i ncrease  the  harmon ic contribu tion  caused  by satu ration  of transformers.  There  i s  a l so  
evidence  that corona  on  EHV AC transmission  l i nes  can  g ive  ri se  to  substan tia l  l evels  of th i rd  
harmon ic curren t.  

I deal ly,  the  measurements  shou ld  provide  the  harmon ic l evels,  phase  ang le  and  the  source  
impedance  to  characterise  adequately the  harmon ic sources,  because  the  i n troduction  of a  
l arge  AC fi l ter i nstal l ation  i s  l i kely to  affect the  harmon ic l evels  i n  i ts  vicin i ty.  I t  shou ld  be  
noted  that the  new AC fi l ter  i nsta l l ation  cou ld  be  beneficia l  for the  network,  and  the  u ti l i ty may 
even  consider speci fying  the  performance  of the  AC fi l ters  at the  HVDC converter wi th  the  
add i tional  a im  of improving  the  pre-existi ng  harmon ic cond i tion  of the  network at some  
speci fic harmon ic order(s).  

As  an  a l ternative  to  speci fying  the  l evel  of pre-existing  harmon ics,  some u ti l i ti es  have  
requested  i n  thei r speci fi cations  that the  calcu lated  harmon ics  produced  by the  HVDC 
converter shou ld  be  i ncreased  by a  marg in  of,  say,  1 0  %.  Th is  i s  a  very arbi trary approach ,  
and  wh i le  a l l owing  a  certa in  marg in  for pre-existing  harmon ics,  i s  un l i kely to  correspond  to  
real i ty.  
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4.2.6  Vol tage  d istortion  – Relaxed  l imi ts  for short  term  and  infrequent condi tions  

For unusual  cond i tions  du ring  short periods  of time  ( l ess  than  1  h ) ,  I EEE  Std  51 9-1 992  [9]  
recommends  that the  l im i ts  may be  exceeded  by 50  %.  

I EC  TR 61 000-3-6  does  not address  th is  i ssue.  Wh i le  i t  mentions  that the  assessment of 
harmon ic i n jection  from  d istorti ng  l oads  shou ld  consider the  worst normal  operating  
cond i tions  i nclud ing  those  wi th  ou tages  that may apply for a  substan tia l  fraction  of the  time,  i t  
provides  no  l im i ts  for short term  and  i n frequent cond i tions  when  the  harmon ic i n jection  shou ld  
obviously be  con trol l ed ,  for example  from  an  equ ipment rating  aspect.  

Where  such  short term  and  i n frequent operating  cond i tions  are  possib le  for the  HVDC 
system,  re laxed  l im i ts  shou ld  be  speci fied ,  such  as  those  suggested  by I EEE  Std  51 9-1 992.  
These  may be  associated  wi th  speci fi c harmon ic impedance  l oci .  

4.2.7  Treatment of in terharmonic  frequencies  

I n  the  case  of an  HVDC l i nk connecting  two  AC systems  of d i fferen t fundamental  frequencies,  
and  particu larl y i f the  l i nk i s  a  back-to-back station ,  both  converters  may generate  cu rren ts  on  
thei r AC  s ides  at  frequencies  other than  harmon ics  of the  fundamental  ( the  fundamental  
frequencies  e i ther may be  nominal ly d i fferen t,  for example  50  Hz and  60  Hz,  or may be  
nominal ly i dentical  bu t d i ffer at  times  by up  to  1  Hz  or 2  Hz).  

Th is  add i tional  generated  d i stortion  wi l l  be  at frequencies  wh ich  are  harmon ics  of the  
fundamental  frequency of the  remote  AC system,  and  wi l l  be  transferred  across  the  l i nk by 
the  mechan isms  described  i n  Clause  6 .  Th is  transfer may be  thought of as  harmon ic 
penetration  or transi tion  from  one  AC system  to  the  other.  As  the  frequencies  of these  
transferred  components  l i e  between  the  converter’ s  own  harmon ic frequencies,  they are  often  
termed  “ i n terharmon ics” .  The  term  “non-in teger harmon ics”  i s  sometimes  a l so  used .   

The  magn i tude  of these  i n terharmon ics  wi l l  be  l ow i n  comparison  wi th  the  characteristic 
harmon ics  generated  by the  l ocal  converter,  bu t may nevertheless  be  s ign i fican t,  especial l y 
as  no  speci fic fi l tering  wi l l  general l y be  provided  for them,  other than  the  broad-band  effect of 
h i gh-pass  branches.  

I n terharmon ics  may g ive  ri se  to  speci fi c problems  not found  wi th  true  harmon ics,  such  as  
i n terference  wi th  ripple  con trol  systems,  and  l i gh t fl i cker due  to  the  l ow frequency ampl i tude  
modu lation  caused  by the  beating  of a  harmon ic frequency wi th  an  ad jacent i n terharmon ic,  
for example  a  1 0  Hz fl i cker due  to  the  i n teraction  of a  650  Hz 1 3th  harmon ic of a  50  Hz 
system  wi th  660  Hz 1 1 th  harmon ic penetration  from  a  60  Hz system.  

Of i n terest here  i s  how the  d i stortion  effects  resu l ti ng  from  such  i n terharmon ics  shou ld  be  
taken  i n to  account i n  the  performance  cri teria.  I f the  various  formu lae  for defin i tion  of 
harmon ic performance  as  g iven  i n  4 . 2 . 2  refer speci fi cal l y to  “harmon ics” ,  then  a  formal  
i n terpretation  cou ld  exclude  any other frequencies.  A con tractor cou ld  thus  i gnore  the  impact 
of the  i n terharmon ics  i n  h i s  ca lcu lation  (and  subsequent measurement)  of the  performance  
parameters.  

The  possib i l i ty of con tractual  confl i ct may ari se  i f the  speci fi cation  (as  has  occurred  i n  the  
past)  both  states  that the  con tractor takes  such  i n terharmon ics  i n to  account i n  h i s  design ,  bu t 
a l so,  i nconsisten tl y,  defines  the  performance  cri teria  i n  terms  of “harmon ics  1 -49”  or s im i l ar.  

Un less  i t  i s  speci fi cal l y clari fied ,  there  cou ld  a l so  be  d i sagreement between  customer and  
contractor about whether the  term  “harmon ics”  shou ld  i nclude  so-cal l ed  “non-in teger 
harmon ics” ,  as  the  term  “harmon ics”  classical l y impl ies  i n tegral  mu l tip les  of the  fundamental ,  
and  i s  defined  as  such  i n ,  for example,  I EEE  Std  51 9-1 992  [9] .   

I EC  TR 61 000-2-1  [1 1 ]  d i scusses  i n terharmon ic sources  and  some  possib le  effects.  
I EC  TR 61 000-3-6  considers  the  impact of i n terharmon ics  on  l ow vol tage  systems,  and  

International  Electrotechnical  Commission

 



 –  24  – I EC  TR 62001 -1 : 201 6  © I EC  201 6  

i nd icates  the  need  for speci fi c l im i ts  due  to  possib le  i n terference  wi th  ri pple  con trol  systems,  
l i gh ti ng  fl i cker and  other problems.  I t  recommends  a  p lann ing  l evel  of 0 , 2  %  for i nd ividual  
i n terharmon ics.  Other appl i cable  standards  or gu idel ines  may need  to  be  taken  i n to  account.  

Therefore,  i f the  proposed  HVDC l i nk connects  two  systems  of nominal l y or potentia l l y 
d i fferent frequencies,  the  customer shou ld  take  i n to  account the  possib le  impact of i n ter-
harmon ic d i stortion .  Th is  may be  by mod i fication  of the  various  speci fied  defin i ti ons  of 
harmon ic performance  cri teria  to  encompass  s ign i fi can t i n terharmon ics  generated  by the  
converter,  or by a  speci fi c i n terharmon ic l im i t  wh ich  may need  to  be  re lated  to  preventing  
i n terference  wi th  ri pple  con trol  equ ipment or to  con trol  of fl i cker.  

4.3  Distortion  l imi ts  pertain ing  to  the  HV and  EHV network equ ipment 

4.3. 1  HVAC transmission  system  equ ipment 

Setti ng  harmon ic emission  l im i ts  as  described  above  to  meet the  compatib i l i ty requ i rements  
i n  the  network wi l l  u sual ly a l so  ensure  a  safe  harmon ic l evel  for the  HV and  EHV network 
equ ipment.  However,  when  very re laxed  l im i ts  may otherwise  be  permissible,  for example  
due  to  the  i solated  l ocation  of the  HVDC equ ipment i n  the  network,  then  the  actual  harmon ic 
emission  l im i t  may have  to  be  set wi th  regard  to  the  sensi tive  network equ ipment such  as  
shun t capaci tors,  cables  and  power transformers.  Cables  and  capaci tors  can  be  i nvolved  i n  
system  resonance  wh ich  resu l ts  i n  h i gh  d ie lectric stresses  or overload .  Relevant standards  
shou ld  be  consu l ted  for the  determination  of the  equ ipment capabi l i ty.  Parti cu larl y,  atten tion  
shou ld  be  g iven  to  ANSI  C57. 1 2. 00  [1 2] ,  wh ich  defines  the  maximum  acceptable  root-sum-
square  (RSS)  of the  3rd ,  5th  and  7th  harmon ics  at  buses  where  transformers  are  connected .  

4.3.2  Harmonic  currents  in  synchronous  machines  

The  characteri sti c and  non-characteristic harmon ic curren ts  fl owing  i n to  the  stators  of 
synchronous  mach ines  (generators  and  synchronous  condensers)  i nstal l ed  close  to  the  
converter stations  can  cause  stator and  rotor overheating  and  vibrations  that cou ld  damage  
them.  To  avoid  such  damage,  these  harmon ic cu rren ts  shou ld  not be  h igher than  the  l im i ts  
i nd icated  by the  mach ine  manufacturer.  I t  i s ,  therefore,  necessary that the  fi l ter speci fication  
clearly requ i res  the  fi l ter design  to  con trol  these  curren ts,  i n  add i tion  to  the  other 
performance  requ i rements.  

One  way to  speci fy the  fi l ter requ i rements  to  con trol  the  possib i l i ty of overheating  i s  to  requ i re  
that the  equ ivalen t negative  phase  sequence  component I2eq  (as  defined  i n  B . 2)  of the  
harmon ic cu rren t fl owing  i n  the  mach ine,  together wi th  the  expected  l evel  of actual  negative  
sequence  curren t,  be  l ess  than  the  negative  phase  sequence  component operating  capabi l i ty 
of the  mach ine  as  speci fied  by I EC  60034-1  [1 3]  or s im i l ar standards.  

The  b idder shou ld  provide  the  customer wi th  a l l  va lues  of harmon ic cu rren ts  considered  i n  
the  calcu lation  of the  I2eq .  During  the  b id  analysis ,  the  customer shou ld  d iscuss  these  values  
wi th  the  mach ine  manufacturer  to  check thei r adequacy as  to  the  heating  of the  stator and  
rotor.  Any fu rther l im i tations  that may be  necessary shou ld  be  d iscussed  wi th  the  b idders.  

The  harmon ic cu rren ts  flowing  i n to  the  synchronous  mach ine  stator wind ing  wi l l  i nduce  a  
pu l sating  a i r gap  torque  that wi l l  exci te  vibrations  i n  the  rotati ng  parts  of the  tu rbine  generator 
sets.  I n  case  of steam  tu rbine  generators,  specia l  atten tion  shou ld  be  g iven  to  the  magn i tude  
of negative  sequence  5th  and  posi ti ve  sequence  7th  harmon ic cu rren ts,  because  they wi l l  
i nduce  pu lsating  torque  on  the  rotor at 6th  harmon ic,  wh ich  may coincide  wi th  a  mechan ical  
resonant frequency i nvolving  torsional  osci l l ation  of the  rotor e lements  and  fl exing  of the  
tu rbine  b lades.  Fatigue  i n  the  tu rbine  shaft  and  b lades  may resu l t.  Where  a  l im i t  needs  to  be  
imposed  to  con trol  these  harmon ic cu rren ts  by the  AC fi l ter,  the  speci fi cation  shou ld  i nd icate  
the  maximum  l im i t  of these  harmon ic cu rren ts  or any other harmon ic curren ts  i nd icated  by the  
mach ine  manufacturer,  to  be  considered  i n  the  fi l ter design  ( I EC 6091 9-3).  

To  a l low the  b idder to  calcu late  the  harmon ic cu rren ts  flowing  i n  the  generators,  the  
speci fi cation  shou ld  g i ve  the  requ i red  data,  such  as  system  configuration  component models,  

International  Electrotechnical  Commission

 



I EC  TR 62001 -1 : 201 6  © I EC  201 6  – 25  –  

generator and  transformer frequency dependent reactances,  operating  cond i tions  to  be  
considered ,  etc.   

Another way to  speci fy the  fi l ter requ i rements,  from  the  poin t of view of the  synchronous  
mach ine  heating  and  vibration ,  i s  for the  customer to  undertake  a  study to  determine  the  
maximum  permissib le  harmon ic vol tage/curren t at the  converter bus  wh ich  satisfies  the  worst 
generator cri teria.  Th is  method  e l im inates  the  need  to  provide  the  s i ng le  l i ne  d iagram  of the  
complete  network,  detai l s  of operating  cond i tions  and  configurations,  method  of model l i ng ,  
etc.  The  customer i s  then  responsible  for these  calcu lations.  He  a l so  suppl ies  the  b idders  
wi th  an  equ ivalen t ci rcu i t  representing  the  generators,  or i nclude  them  in  the  overal l  network 
impedance  l ocus.  

4.3.3  Nearby HVDC instal lations  

An  existi ng  HVDC system  in  the  vicin i ty of the  new HVDC instal lation  shou ld  be  reviewed .  
Such  an  HVDC system  was  most probably designed  wi thou t su fficien t a l l owance  for such  a  
new i nstal l ation .  The  presence  of the  new HVDC station  wi l l  affect s ign i fi can tly the  network 
impedance  seen  from  the  existi ng  i nstal l ation  and  consti tu tes  a  new harmon ic source.  I n  th i s  
s i tuation ,  the  design  report of the  existing  i nstal l ation ,  i nclud ing  a l l  the  HVDC system  data  
and  design  assumptions,  i s  provided  to  the  b idders  for the  new i nstal l ation .  A design  
constrain t on  the  new AC  fi l ter wi l l  be  that the  rating  and  performance  of the  existing  AC  
fi l ters  shou ld  not be  compromised .   

4.4 Telephone in terference  

4.4. 1  General  

Telephone  i n terference  i s  a  common  concern  re lated  to  the  harmon ic d istortion  produced  by 
HVDC systems.  A su rvey [7 ]  shows  that most major HVDC schemes  have  requ i red  te lephone  
i n terference  l im i tation .  A wide  range  of parameters  affects  the  i n fluence  of HVDC schemes  on  
the  magn i tude  of te lephone  i n terference,  and  so  h i storical l y the  l im i ts  imposed  have  been  
h igh ly variable.  

The  impact of the  speci fied  te lephone  i n terference  i nd ices  on  the  complexi ty and  cost of the  
AC fi l ters  can  be  substantia l .  Therefore  an  analysis  of the  requ i rements  and  l im i ts  for each  
speci fi c HVDC scheme i s  recommended .  

Subclause  4 . 4  reviews  the  most common  cri teria  used  to  define  l im i ts  of te lephone  
i n terference  for HVDC systems,  wi th  typical  cri teria  ranges,  and  g ives  some  gu idel ines  for the  
determination  of l im i ts.  

4.4.2  Causes  of telephone  interference  

References  [4 ,  5 ]  provide  a  brief overview of the  basic te lephone  i n terference  mechan ism,  
su fficien t to  understand  the  recommendations  of th i s  document.   

4.4.3  Telephone  interference  – Defin i tions  of performance  cri teria  

The  te lephone  i n terference  performance  requ i rements  for AC  fi l ters  are  usual ly speci fied  by 
factors  calcu lated  from  the  harmon ic vol tages  and  cu rren ts,  wi th  su i table  weigh tings.  The  
defin i ti ons  of these  quan ti ti es  are  g iven  i n  Annex C.   

4.4.4  Telephone in terference – Discussion  

One  importan t l im i tation  of the  te lephone  i n terference  cri teria  – te lephone  i n terference  factor 
(TIF)  or te lephone  harmon ic form  factor (THFF),  ca lcu lated  at the  HVDC converter station  AC 
bus,  i s  that they are  not d i rectl y re lated  to  the  te lephone  i n terference  i n fluence  caused  by the  
various  l i nes  of the  AC  network.  I ndeed  these  harmon ic vol tage  cri teria  d i rectl y con trol  on ly 
the  e lectrostatic i n terference  on  the  AC  transmission  l i nes  close  to  the  HVDC substation ,  
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whereas  the  predominant coupl ing  mode  i s  general l y the  e lectromagnetic i n terference  caused  
by harmon ic curren t i n jection .  

Al though  control l i ng  the  vol tage  te lephone  i n terference  factors  wi l l  to  some  exten t l im i t  the  
harmon ic cu rrent,  and  wi l l  avoid  severe  ampl i fications  thus  reducing  the  l i kel ihood  of 
i n terference,  the  harmon ic cu rren ts  i n jected  i n to  the  network wi l l  a l so  depend  cri ti cal l y on  the  
network impedance  at  each  harmon ic.  Therefore,  the  vol tage  te lephone  i n terference  factors  
shou ld  be  used  on ly for rough  estimation  of the  te lephone  i n terference  i n fluence  of a  
parti cu lar HVDC scheme.  

The  other cri teria,  such  as  I T  (product of RMS curren t and  TI F)  or equ ivalen t d i stu rbing  factor 
Ieq ,  based  on  the  harmon ic cu rren ts  at the  poin t of connection  of the  HVDC system  and  the  
network are  not necessari l y tota l l y satisfactory e i ther.  Both  the  C-message  or psophometric 
weighting  and  the  coupl i ng  weigh ting  g ive  more  predominance  to  h i gher order harmon ics,  
and  at  such  h igh  frequencies  the  cu rren t profi le  a long  the  transmission  l i nes  can  be  h igh ly 
variable.  A l ow harmon ic cu rren t at  one  extremi ty of a  transmission  l i ne  does  not preclude  
h igh  harmon ic cu rren t at the  other extremi ty.  I n  add i tion ,  for a  meshed  network or for several  
i ncoming  transmission  l i nes  from  d i fferent nodes,  the  harmon ic l oad  fl ow i n  the  transmission  
l i nes  i s  a  complex function  of the  harmon ic impedance  of the  network e lements  and  the  
possib le  network configurations  [1 0] .  Ampl i fications  are  a l so  possib le  at  remote  l ocations.  
Th is  problem  i s  not easi l y resolved  considering  the  range  of frequencies  i nvolved .  Derivation  
of remote  i n terference  l evels  from  a  l im i t  ca lcu lated  at the  HVDC converter station  AC  bus  i s  
therefore  problematic.  

F inal l y,  the  harmon ic cu rrents  produced  by the  HVDC system  are  predominantly of balanced  
mode.  The  main  i n fl uence  of the  transmission  l i nes  on  te lephone  i n terference  resu l ts  from  
conversion  of balanced  mode  curren ts  to  residual  (zero  sequence)  cu rrents,  main ly due  to  
the  asymmetry of transmission  l i nes  [5] .  The  mu tual  impedance  between  balanced  sequences  
and  zero  sequence  modes  i s  a  function  of the  transmission  l i ne  asymmetry,  the  earth  
resisti vi ty and  the  frequency.  Furthermore,  the  zero  sequence  harmon ic curren ts  ci rcu lati ng  
i n  the  transmission  l i nes  are  affected  by the  zero  sequence  impedance  of the  network.  

The  selection  of appropriate  l im i t  values  for wh ichever i nd ices  are  used  for a  parti cu lar 
project depends  strong ly on  the  densi ty and  l eng th  of te lephone  l i nes  i n  the  zone  of i n fl uence  
of the  transmission  l i nes,  the  soi l  resisti vi ty,  the  separation  between  the  power and  the  
commun ication  l i nes,  the  type  of commun ication  l i ne  and  on  the  immun i ty of the  te lephone  
system.  

Refer a l so  to  the  d i scussion  i n  7 . 1 . 6  on  the  system  cond i tions  under wh ich  te lephone  
i n terference  parameters  shou ld  be  calcu lated .  

4.4.5  Telephone  interference  – Determination  of l imi ts  

4.4.5. 1  Telephone  interference  – Determination  of l imi ts  wi thout detai led  studies  

The appropriate  requ i rements  for te lephone  i n terference  wi l l  be  h igh ly variable  from  project  to  
project compared  to  requ i rements  related  to  vol tage  d i stortion .  Therefore,  the  determination  
of performance  requ i rements  for a  parti cu lar HVDC scheme based  on  past experience  from  
existing  schemes  shou ld  be  selected  wi th  care  based  on  comparable  requ i rements.  The  main  
parameters  affecting  the  te lephone  i n terference  i n fl uence  to  consider when  making  a  
comparison  wi th  previous  HVDC schemes  are:   

•  d ensi ty of te lephone  l i nes  close  to  the  AC transmission  l i nes,  

•  earth  resisti vi ty a long  the  AC transmission  l i nes,  

•  l ength  of te lephone  l i nes  and  mean  separation  from  the  AC transmission  l i nes,  

•  AC  network structu re  ( long  l i nes  and  capaci tor banks  can  produce  magn i fication  of 
harmon ic curren t,  l arge  meshed  networks  wi l l  l i ke ly d i ffuse  the  cu rrent,  l owering  the  
i n fl uence  of i nd ividual  AC  transmission  l i nes,  etc. ) ,  
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•  type  and  characteristics  of the  commun ication  l i nes  (cable  and /or open  wi re).  

The  structu re  of the  te lephone  system  and  the  l ocal  cond i tions  are  usual l y the  main  
parameters  wh ich  cou ld  affect the  te lephone  i n terference  l im i ts.  

For example,  i n  North  America,  typical  factors  to  consider are  that the  subscribers  of ru ral  
areas  are  general l y l ocated  a long  main  reg ional  roads,  the  densi ty of popu lation  i ncreasing  i n  
the  proximi ty of vi l l ages  crossed  by such  roads.  There  are  a l so  secondary roads  wi th  usual ly 
a  l ower densi ty of popu lation .  The  HV transmission  l i nes  usual ly cross  these  ru ral  areas.  The  
te lephone  l i nes  are  l ong  (up  to  25  km  or more)  due  to  the  sparsi ty of subscribers.  

Long  te lephone  l i nes  are  more  subject to  te lephone  i n terference  because  of the  i ncreased  
coupl i ng  and  because  of the  l ower te lephone  s ignal  l evel  wh ich  resu l ts  i n  i ncreased  
subscriber's  sensi tivi ty to  noise.  I n  h i l l y areas,  the  earth  resistivi ty can  be  very h igh ,  resu l ting  
i n  i ncreased  mu tual  impedance.  J oin t  use  of poles  wi th  power d istribu tion  l i nes  wh ich  i nclude  
an  earth  wi re  may provide  very l ow effective  earth  resistances,  improving  the  sh ie ld ing  of 
te lephone  l i nes  i n  areas  of poor earth  resistivi ty.  A consu l tation  wi th  the  te lephone  company 
i s  therefore  recommended  i n  order to  get a  p ictu re  of the  re levant characteri sti cs  of the  
te lephone  structu re  and  l ocal  cond i tions.  

The  TIF  and  THFF  m igh t be  used  as  cri teria  for projects  for wh ich  no  detai l ed  stud ies  are  
performed ,  keeping  i n  m ind  that these  cri teria  g i ve  on ly a  rough  estimate  of te lephone  
i n terference  i n fl uence.  

The  I T cri terion  can  a l so  be  used ,  wi th  the  reservations  concern ing  frequency dependency 
d iscussed  i n  the  previous  section .  Add i tional  i nd icative  values  on  balanced  I T for HV and  
EHV transmission  l i nes  are  provided  by I EEE  Std  51 9-1 992  [9] :  

•  I T  l evels  most un l i kely to  cause  i n terference:  up  to  1 0  000  

•  I T  l evels  that m igh t cause  i n terference:  1 0  000  to  25  000  

•  I T  l evels  that probably wi l l  cause  i n terference:  i n  excess  of 25  000  

These  values  are  per l i ne,  wh ich  wi l l  not be  the  same as  for the  complete  station ,  i f there  are  
several  AC  feeders  to  the  HVDC converter station .  I t  i s  recommended  that the  values  
tabu lated  above  shou ld  be  treated  wi th  cau tion ,  and  may be  excessively l ow.  I n  the  CIGRE  
surveys  of HVDC schemes  [7] ,  those  schemes  wh ich  speci fied  the  I T cri terion  imposed  l im i ts  
of between  25  000  and  50  000  for the  tota l  harmon ic cu rrent i n to  the  AC  network.  More  
recent projects  have  a lso  used  values  i n  th is  range.  

I t  i s  suggested  that the  cost sensi ti vi ty of the  fi l ter design ,  compared  wi th  the  cost of 
a l ternative  remed ial  measures,  i s  i nvestigated  by asking  for an  a l ternative  fi l ter design  based ,  
for example,  on  1 , 5  or 2  times  the  basic speci fication  l im i t.  The  cost reduction ,  i f s i gn i fi can t,  
i s  i nd icative  of the  need  to  perform  more  detai led  stud ies  before  the  choice  of a  fi nal  design .  

4.4.5.2  Telephone  interference  – Determination  of l imi ts  wi th  detai led  stud ies  

For major HVDC projects  or where  the  te lephone  i n terference  m igh t be  an  importan t concern ,  
i t  i s  strong ly recommended  to  perform  an  i nductive  co-ord ination  study.  Such  a  study wi l l  
l i kely resu l t  i n  an  optimal  fi l ter design  re lati ve  to  te lephone  i n terference,  reduce  the  overal l  
cost of the  i nstal lation  and  avoid  an  i nadverten t s i tuation  wi th  regard  to  complain ts  from  the  
te lephone  compan ies.  The  i nductive  co-ord ination  process  i s  described  i n  the  earl i er 
mentioned  references.  

The  fi rst  step  i nvolves  the  calcu lation  of a  range  of equ ivalent d i stu rbing  cu rren t reflecting  
d i fferent l evels  of te lephone  i n terference.  The  evaluation  of such  a  range  wi l l  a l l ow the  
appropriate  l im i ts  to  be  speci fied  to  the  equ ivalen t d i stu rbing  l evel  for wh ich  the  i ncremental  
cost of improving  the  fi l tering  i s  equal  to  the  i ncremental  saving  i n  m i tigation  requ i red  i n  the  
te lephone  l i nes.  Th is  requ i res  the  prel im inary estimation  of both  the  cost of m i tigation  
measures  and  the  cost of improved  fi l tering  being  gathered  from  te lephone  compan ies  and  

International  Electrotechnical  Commission

 



 –  28  – I EC  TR 62001 -1 : 201 6  © I EC  201 6  

HVDC system  manufacturers,  respectively.  I n  practice,  th is  data  may prove  to  be  d i fficu l t  to  
obtain  at th is  stage.  Optional  design  l im i ts,  covering  a  range  appropriate  to  the  avai l able  cost 
estimation ,  cou ld  be  speci fied  i n  order to  gu ide  selection  of the  optimal  l im i t  by the  b idder as  
part of the  design .  

An  equ ivalen t d i stu rbing  cu rrent l im i t  can  be  expressed  as  a  set of Ieq  values  speci fi c to  every 
HV or EHV transmission  l i ne  i n  the  vicin i ty of the  HVDC project.  For l ong  transmission  l i nes,  
when  the  densi ty of te lephone  l i nes  varies  a long  the  l i ne,  i t  may be  worthwh i l e  to  express  the  
te lephone  i n terference  l evel  as  a  profi l e  of Ieq  a l ong  the  transmission  l i ne.  The  exten t of 
transmission  l i nes  to  consider for the  study depends  on  the  penetration  of harmon ic cu rren ts  
wi th in  the  network,  wh ich  i s  dependent on  the  configuration  of the  particu lar network.  
Plann ing  stud ies  are  therefore  recommended  to  determine  the  exten t of harmon ic curren t 
penetration .  

Th is  approach  requ i res  the  customer to  provide  the  necessary data  for the  fi l ter optim ization :  
AC  system  configurations,  l i ne  data,  remotely i nsta l led  fi l ters,  earth  resisti vi ty,  frequency 
dependent equ ivalen t models  at  the  end  nodes  (balanced  sequences  and  zero  sequence  
when  requ i red ),  type  of connection  of power transformers,  etc.  For a  meshed  system  wi th  
many l i nes,  th i s  may be  impracticable,  bu t where  an  HVDC station  i s  suppl ied  by on ly one  or 
perhaps  two  AC  feeders,  the  use  of an  equ ivalen t d i stu rbing  cu rren t cri terion  may be  the  
most accurate  i ndex of te lephone  i n terference.  The  approach  a lso  requ i res  more  work for the  
b idders,  and  they wi l l  possib ly have  to  develop  supplementary computer tools.  

4.4.6  Telephone  in terference – Pre-existing  harmonic levels  

Two d i fferen t sources  of harmon ic cu rrent may add  to  the  harmon ic emission  from  the  HVDC 
system  to  con tribu te  to  the  overal l  te lephone  i n terference  l evel  i n  the  te lephone  l i nes.  These  
are  other sources  of  harmon ic curren t wi th in  the  HV or EHV system,  and  harmon ic curren t 
fl owing  i n  the  d i stribu tion  l i nes.  As  wi th  the  harmon ic vol tage  d i stortion ,  measurements  of the  
actual  harmon ic cu rren t l evels  are  important to  complement the  s imu lation  stud ies  and  to  
assess  the  i n terference  l evel  from  l i nes.  From  previous  experience,  i n terference  from  
d i stribu tion  l i nes  i s  more  l i kely to  be  the  more  s ign i fi can t con tribu tion .  

For the  reason  i nd icated  previously i n  4 . 2 . 4 ,  measurements  wi th in  the  HV or EHV system  
shou ld  a l l ow for the  effect that the  i n troduction  of l arge  AC fi l ter i nsta l l ation  may have  on  the  
pre-existi ng  harmon ic cu rren t l evels.  The  measurements  shou ld  provide  the  harmon ic l evels,  
phase  ang le  and  the  source  impedance  to  adequately characterize  the  harmon ic sources.  

I f one  of the  existi ng  sources  i s  a  nearby HVDC i nstal l ation ,  then  a  j o in t  study may be  
requ i red  to  review the  fi l tering  requ i rements  of both  i nstal l ations.  

4.4.7  Telephone  interference  – Limi ts  for temporary condi tions  

The  te lephone  company may accept h i gher noise  for short term  cond i tions.  Accord ing ly,  the  
speci fications  of several  HVDC schemes  have  a l l owed  for h igher te lephone  i n terference  
l evels  on  the  DC  s ide  for i n frequent and  short-duration  operating  modes  or cond i tions.  One  
example  of practice  i s  to  a l l ow from  two  to  th ree  times  the  normal  l evel  depend ing  on  the  
expected  frequency of occurrence  and  the  duration .  Relaxed  l im i ts  shou ld  therefore  be  
speci fied  when  such  short term  cond i tions  are  foreseen  for the  HVDC system.  Examples  of 
such  cond i tions  are  

•  short term  duration  overload  cond i tions,  

•  AC  vol tage  ou tside  normal  continuous  range,  

•  operation  at extreme  frequency deviation  or vol tage  unbalance,  

•  i n frequent AC network configurations,  

•  l oss  of fi l ter branches,  
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•  abnormal  DC  operating  cond i tions  such  as  h igh  con trol  ang les  for temporary reactive  
power con trol  or reduced  vol tage  operation .  

Such  short term  l im i ts  shou ld  be  agreed  wi th  the  te lephone  compan ies  at the  earl i est possib le  
opportun i ty.  However,  some te lephone  compan ies  may be  unwi l l i ng  to  to lerate  h igher noise  
even  for such  i n frequent and  short term  events.  

4.5  Special  cri teria  

The  fol l owing  specia l  cond i tions  shou ld  a l so  be  considered  when  preparing  the  speci fi cation .  
Normal l y,  they wi l l  not d i rectl y impact the  l im i t  va lues  expressed  i n  the  speci fi cation ,  or the  
consequent design  of the  AC fi l ters,  as  the  other d istu rbance  cri teria  a l ready d i scussed  wi l l  
u sual l y resu l t  i n  su fficien t harmon ic m i ti gation  so  that the  fol l owing  factors  are  not a  problem.  
However,  the  customer shou ld  be  aware  of poten tia l  problems  and  consider the  fol l owing  
where  appl i cable:  

•  personnel  safety from  induced  vol tage  on  te lecommun ication  l i nes;  

•  maloperation  of te lecommun ication  equ ipment (for example,  te lephone  ri ngers);  

•  effect on  data  transmission  and  ra i lway s ignal l i ng  equ ipment;  

•  effects  on  AC protective  re laying  measuring  and  con trol  equ ipment.  

Even  where  a  possib le  ri sk may ari se,  these  problems  are  usual l y more  economical l y solved  
by applying  m i ti gation  measures  to  the  d i stu rbed  equ ipment i tsel f.  

5 Harmonic generation   

5.1  General  

The  design  of the  AC fi l ters  requ i res  a  knowledge  of the  harmon ic cu rren ts  wh ich  are  
generated  by the  converters.  These  curren ts  are  calcu lated  by the  con tractor,  us ing  h i s  
knowledge  of the  converter equ ipment and  i ts  i n teraction  wi th  the  connected  AC  and  DC  
systems.  

The  i n formation  to  be  i ncluded  i n  the  speci fi cation  regard ing  harmon ic generation  wi l l  depend  
on  the  overal l  d ivi s ion  of responsibi l i ty between  customer and  con tractor,  as  d iscussed  i n  
Clause  3 .  I f the  performance  of the  AC fi l ters  i s  to  be  guaran teed  by s i te  tests,  then  the  
customer may wish  to  l eave  a l l  responsibi l i ty for the  methods  of ca lcu lating  generated  
harmon ics  to  the  con tractor.  However,  i f the  con tractual  requ i rement for adequate  
performance  i s  to  be  proved  by calcu lation ,  then  the  method  of calcu lation  i s  cri ti cal  and  the  
customer’s  requ i rements  shou ld  be  clearly expressed  i n  the  speci fi cation .  Importan t aspects  
to  i nclude  are  i nd icated  i n  5. 3 .  

I n  e i ther case,  the  customer shou ld  be  aware  of the  various  techn ical  factors  i nvolved ,  and  be  
prepared  for d iscussions  at  the  evaluation  stage.  Clause  5  therefore  i den ti fies  the  importan t 
aspects  wh ich  affect the  calcu lation  of harmon ic generation .  

5.2  Converter harmonic  generation  

5.2 . 1  Ideal ized  condi tions  

The  generation  of harmon ics  i s  best understood  by starti ng  to  consider an  i deal i zed  s i tuation ,  
wi th  no  asymmetries  i n  transformer impedances  or fi ri ng  ang le  between  phases,  smooth  DC 
curren t and  a  s i nusoidal  ba lanced  AC vol tage.  

I deal ized  phase  curren t waveforms  on  the  AC s ide  of converter transformers  of a  l i ne-
commutated  1 2-pu lse  bridge  are  shown  i n  F igure  1 .  The  separate  traces  show the  cu rren t 
from  a  star-star connected  transformer,  the  cu rren t from  the  star-del ta  connection  and  the  
sum  of the  two  curren ts.  
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Formu lae  for the  calcu lation  of converter harmon ics  are  read i l y avai l able  i n  textbooks  and  
standards  ( I EC TR 601 46-1 -2).  One  such  formu la  i s  g iven  i n  Annex B.   

Fourier analysis  of the  harmon ic con ten t of the  i deal i zed  star-star and  star-del ta  waveforms  
considering  a l l  th ree  phases  shows  that:  

•  on ly harmon ics  5 ,  7 ,  1 1 ,  1 3 ,  1 7 ,  1 9,  …  6  k ±  1  are  present (k i s  any posi ti ve  
i n teger).These  are  designated  as  “6-pu lse”  or “6-pu lse  characteri sti c”  harmon ics,  

•  harmon ics  5 ,  1 1 ,  1 7 ,  23,  …  6  k –  1  are  negative  phase  sequence,  

•  harmon ics  7 ,  1 3 ,  1 9 ,  25,  …  6  k +  1  are  posi ti ve  phase  sequence,  

•  the  magn i tude  of each  harmon ic component i s  the  same i n  both  the  star-star and  star-
del ta  waveforms,  

•  the  ang le  of each  harmon ic component i s  the  same  i n  both  the  star-star and  star-del ta  

waveforms  at harmon ics  1 1 ,  1 3 ,  23,  25,  …  1 2  k ±  1 ,  

•  the  ang le  of each  harmon ic component i s  1 80°  ou t of phase  i n  the  star-star and  star-del ta  

waveforms  at harmon ics  5 ,  7 ,  1 7,  1 9 ,  …  (1 2  k-6)  ±  1 .  

 

Figure  1  – Ideal ized  current waveforms  on  the  AC  side  of converter transformer 

Parameters:  

F =  50  Hz – AC network frequency;   

Uac  =  230  kV – AC  network vol tage;   

Ud  =  500  kV – DC vol tage;   

Id  =  1  000  A – DC curren t;   

Xl  =  1 4  %   – l eakage  reactance;   

Α  =  1 5°  – fi ri ng  delay ang le.  

The  i deal ized  cu rren t waveforms  shown  i n  F igure  1  are  created  by the  transfer of DC curren t 
from  one  phase  of the  converter transformer to  the  next phase  by the  swi tch ing  operation  of 
the  thyri stor valves.  I n  the  i deal i zed  scenario  under consideration ,  the  DC curren t i s  kept 
constan t at any g iven  DC operating  cond i tion  by the  theoretical l y i n fi n i te  smooth ing  reactor.  
For any g iven  operating  cond i tion ,  the  harmon ic con ten t i s  a l so  therefore  constan t.  S ince  the  
harmon ic cu rren ts  are  constan t and ,  under these  i deal i zed  cond i tions  unaffected  by the  
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connected  AC s ide  impedance,  the  converter i s  often  treated  as  a  harmon ic cu rrent source  i n  
harmon ic analysis.  

5.2.2  Real istic  condi tions  

The  magn i tude  of the  characteri sti c harmon ics  of the  i deal ized  waveforms  described  above  i s  
i n fl uenced  by on ly the  appl ied  AC  vol tage  magn i tude,  DC curren t magn i tude,  commutation  
reactance,  and  fi ri ng  ang le.  However,  i n  the  more  real i sti c  waveform  many add i tional  factors  
i n fluence  the  magn i tudes  and  phase  ang les  of harmon ics.  These  factors  i nclude:  

•  the  presence  of ri pple  and  fundamental  frequency i n  the  DC curren t,  

•  harmon ics  i n  the  AC vol tage,  

•  u nbalance,  i . e.  fundamental  frequency negative  sequence  component,  i n  the  AC vol tage,  

•  u nbalance  between  the  fi ri ng  ang les  of the  star-star and  the  star-del ta  valve  g roups,  

•  d i fferences  i n  the  tim ing  of i nd ividual  fi ri ng  pu lses  to  each  thyri stor valve,  

•  u nbalance  between  the  appl ied  AC vol tages  of the  star-star and  the  star-del ta  valve  
g roups  due  to  d i fferences  i n  the  converter transformer wind ingratios  or taps,  

•  commutation  reactance  unbalance  between  converter transformer phases,  

•  commutation  reactance  unbalance  between  converter transformers  forming  1 2-pu lse  
g roups.  

Some  of the  factors  above,  such  as  DC curren t,  average  fi ring  ang le  and  average  
commutating  reactance,  are  determin isti c.  Others,  such  as  variations  i n  fi ri ng  ang les  to  each  
thyristor valve  and  harmon ic d i stortion  on  the  AC buses,  exh ib i t  an  a lmost random  
characteristic.  

A more  real i sti c  presentation ,  i nclud ing  the  i n fl uence  of the  above  factors,  of phase  curren t 
waveforms  on  the  AC s ide  of the  converter transformers  i s  shown  i n  F igure  2 .  

 

Figure  2  – Real istic  current waveforms  on  the  AC  s ide  
of converter transformer including  effect of non-ideal i ties  

Parameters  as  i n  F igure  1  bu t wi th :  

•  1  %  negative  sequence  fundamental  vol tage,  
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•  1  %  second  harmon ic posi ti ve  sequence  vol tage,  

•  5  %  (of Xl )  l eakage  reactance  unbalance  between  phases,  

•  ±  0 , 5°  fi ri ng  unbalance  between  star and  del ta  g roups,  

•  50  Hz and  1 00  Hz components  i n  DC s ide  cu rrent.  

F igure  3  compares  the  harmon ic con ten t of F igure  2  and  the  i deal i zed  harmon ic con ten t of 
F igure  1 ,  and  shows  a  smal l  impact on  the  magn i tude  of the  characteristic harmon ics,  and  the  
appearance  of non-characteri sti c harmon ics  of a l l  orders.  Non-characteri sti c harmon ics  are  
generated  due  to  non-ideal  operating  cond i tions  and  have  been  wel l  documented  [7 ] .  

 

Figure  3a  – Harmon ic  content  of current waveform  in  F igure  1  ( i deal i zed  cond i tions)  

 

Figure  3b  – Harmon ic  content of current  waveform  i n  F i gure  2  (real i sti c  cond i tions)  

Figure  3  – Comparison  of harmonic  content of current  
waveform  under ideal ized  and  real istic  condi tions  

Some of the  l i sted  factors  have  a  non-l i near i n fl uence  on  the  harmon ic content i n  the  
resu l tan t AC curren t waveform.  The  harmon ic content can  even  be  a  cycl i c  function  of some  
of the  variables  as  that parameter i s  varied  from  one  extreme  to  the  other.   

From  the  above  i t  i s  evident that an  analysis  of the  cu rrent waveform  for any g iven  operating  
cond i tion  wi l l  not g i ve  a  reasonable  defin i ti on  of the  l evel  of harmon ics  wh ich  can  be  
expected  from  a  converter station .  For a  complete  p ictu re,  the  waveform  shou ld  be  
establ i shed  and  the  harmon ic con ten t determined  for every possib le  operating  cond i tion ,  
taking  i n to  account a l l  of the  factors  above.  A mu l ti tude  of possib le  combinations  of factors  i s  
possib le,  and  therefore  a  mu l ti tude  of harmon ic spectra.  
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5.3  Calcu lation  methodology 

5.3. 1  General  

A typical  method  for calcu lating  the  harmon ic cu rren ts  i s  to  construct mathematical l y the  
cu rrent waveform  resu l ting  from  one  parti cu lar combination  of a l l  the  parameters,  and  then  to  
perform  a  trigonometric Fourier analysis  on  th is  waveform  to  derive  the  harmon ic con ten t.  
One  or more  of the  parameters  i s  then  varied  wi th in  a  defined  range  and  another Fourier 
analysis  made.  Th is  process  i s  repeated  for a  very l arge  number of combinations  of a l l  the  
variables.  Where  a  parameter (such  as  commutating  reactance)  may have  a  random  value  
wi th in  a  range,  a  random  choice  of value  may be  made  using  for example  a  Monte  Carlo  
techn ique.  The  harmon ic cu rren ts  resu l ting  from  each  Fourier analysis  are  compared ,  and  the  
h ighest values  resu l ting  from  a l l  the  cases  are  then  used .  

D i fferen t methods  of ca lcu lati ng  harmon ic generation  may be  used  by d i fferen t b i dders.  For 
the  purposes  of b i d  evaluation ,  a  standard  method  may be  defined  i n  the  speci fication  i f the  
customer wishes.  However the  speci fication  shou ld  a l so  l eave  scope  for the  b idder to  
propose,  as  an  a l ternative,  h i s  favoured  method ,  wh i l e  being  clear abou t wh ich  factors  shou ld  
be  taken  i n to  account.  

I n  parti cu lar,  the  speci fi cation  shou ld  state  whether stati sti cal  methods  may be  used  to  derive  
the  values  of harmon ic cu rren ts  due  to  the  random  d i fferences  between  phases  of 
parameters  such  as  fi ri ng  ang les  and  commutation  reactances,  and  i f so,  what l evel  of 
certa in ty shou ld  be  guaran teed .  Typical l y i t  i s  requ i red  that the  magn i tude  of any non-
characteri sti c harmon ic used  i n  the  calcu lations  shou ld  not be  exceeded  i n  more  than  1  %  of 
a l l  possib le  cases,  or that i t  shou ld  not be  l ess  than  90  %  of the  extreme value  calcu lated  
using  the  worst-possib le  combination  of parameters.  

The  impact of harmon ic i n teraction  across  the  converters  i s  not easy to  take  i n to  account 
us ing  such  calcu lation  methods  wh ich  assume  a  g i ven  set of operating  cond i tions.  

5.3.2  Harmonic  currents  for performance,  rating  and  other calcu lations  

The  frequency range  and  magn i tudes  of harmon ic cu rrents  used  i n  the  calcu lations  may d i ffer 
depend ing  on  thei r u l timate  appl ication .  Sets  of harmon ic cu rren ts  used  for fi l ter rating  
calcu lations  may be  more  onerous  than  other sets  of harmon ic cu rren ts  used  for the  fi l ter 
performance,  l osses  or aud ib le  noise  calcu lations.  

The  speci fication  shou ld  be  clear i n  th i s  respect.  The  main  factors  wh ich  may d i ffer when  
calcu lati ng  harmon ic cu rren ts  for performance,  or rating ,  or l osses,  etc.  are:  

•  the  range  of AC  network vol tage  variation ,  

•  the  range  of AC frequency variations,  both  steady-state  and  transien t ( th i s  has  a  re lati vely 
m inor impact,  affecting  on ly the  commutating  reactance),  

•  l evel  of AC  system  negative  phase  sequence  vol tage,  

•  l evels  of deviations  from  rated  values  (e. g .  phase  reactance  tolerances),  

•  overload  and  short-time  operating  cond i tions  of the  converter,  

•  operation  of the  converter i n  reduced  vol tage,  or h igh  reactive  power modes,  i f appl i cable,  

•  whether harmon ic cu rren ts  are  to  be  calcu lated  at nominal  AC  bus  vol tage  or at  any 
operating  poin t wi th in  the  speci fied  vol tage  range,  

•  the  time  for wh ich  certain  cond i tions  can  exist (for example,  cond i tions  wh ich  persist for 
l ess  than  say 1  m in  to  be  d i sregarded  for performance  calcu lations).  

Narrower ranges  of AC vol tage  or frequency,  and  l ess  onerous  converter operating  cond i tions  
cou ld  be  used  for performance  than  for rati ng ,  for example.  These  aspects  are  d iscussed  i n  
more  detai l  i n  5 . 4 .   
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5.3.3  Combin ing  harmonics  from  d i fferent converter bridges  

The  most common  mu l tip le  source  problem  i s  the  combination  of harmon ics  from  a  star-star 
converter wi th  the  harmon ics  from  a  star-del ta  converter.  The  best approach  i s  to  treat the  
1 2-pu lse  converter as  a  s ing le  en ti ty and  compute  the  harmon ics  d i rectl y for the  1 2-pu lse  
converter.  

However,  as  the  number of variables  i nvolved  i n  the  calcu lation  of harmon ics  for a  1 2-pu lse  
converter i s  abou t twice  the  number i nvolved  for a  s i ng le  6-pu lse  converter,  the  number of 
operating  states  i ncreases  by a lmost a  square  function .  I f,  for th is  reason ,  d i rect calcu lation  
of the  1 2-pu lse  harmon ics  i s  not possib le  wi th  the  con tractor’s  calcu lation  method ,  then  the  
harmon ics  for the  i nd ividual  converters  may be  calcu lated  separately,  and  combined  
mathematical l y to  obtain  a  composi te  set.  

For converters  i n  the  same  pole,  the  1 2-pu lse  characteristic harmon ics  and  non-characteri sti c 
harmon ics  (exclud ing  the  theoretical l y cancel led  harmon ics)  may be  calcu lated  as  the  sum  of 
the  l argest magn i tude  of the  harmon ics  of the  i nd ividual  converters.  The  theoretical l y 
cancel l ed  harmon ics  are  calcu lated  as  the  l argest d i fference  i n  magn i tudes  of the  harmon ics  
of the  i nd ividual  converters.  For these,  i t  i s  importan t to  take  i n to  account possib le  
manufacturing  d i fferences  between  the  two  converter types,  i n  particu lar,  the  expected  
variation  i n  the  transformer reactance  and  the  expected  variation  i n  vol tage  ratio  between  the  
star and  del ta  wind ing  designs.  The  average  fi ri ng  ang le  error between  the  two  g roups  shou ld  
a l so  be  considered .  

For converters  i n  separate  poles,  i t  i s  importan t to  take  i n to  account the  s l i gh tly d i fferen t 
operating  cond i tions  pertain ing  to  the  two  poles  due  to  DC  curren t unbalance  between  poles,  
parti cu larly i f extended  DC neu tral  cu rren t operation  i s  permi tted .  Th is  wi l l  resu l t  i n  
d i fferences  i n  magn i tude  and  phase  ang le  between  the  harmon ics  generated  i n  the  two  poles.  

I n  general ,  wi th  the  exception  of the  treatment of theoretical l y cancel led  harmon ics,  i t  i s  
normal  to  assume  that the  harmon ics  from  each  converter at a  bus  add  ari thmetical l y.  Th is  
assumption  wi l l  resu l t  i n  net harmon ic curren ts  wh ich  are  g reater than  those  wh ich  can  be  
expected  to  occur i n  practice.  However,  when  i t  can  be  shown  that as  part of a  consisten t set 
of operating  cond i tions,  the  phase  re lationsh ip  between  harmon ics  i s  re lati vely wel l  defined ,  i t  
may be  advantageous  to  take  account of th i s  relationsh ip  i n  calcu lating  the  tota l  harmon ics.  
I n  particu lar,  i f i t  can  be  shown  that there  i s  a  completely random  phase  d isplacement 
between  harmon ics  from  two  or more  sources,  then  an  RSS  sum  may be  considered .   

5.3.4  Consistent sets  

The  terms  "consisten t"  and  "non-consisten t"  sets  are  frequently used ,  and  often  
m isunderstood .  A "consistent"  set of harmon ic cu rrents  consists  of harmon ics  generated  at a  
s i ng le,  real i sti cal l y feasib le  operating  cond i tion .  Many such  consisten t sets  wi l l  be  calcu lated  
wi th in  a  typical  harmon ic generation  computer program,  considering  each  of the  very many 
combinations  of variables.  However,  i f a l l  the  asymmetries  of a  real i sti c  converter are  to  be  
considered ,  i t  i s  cl early impractical  to  then  calcu late  the  fi l ter ci rcu i t  for each  of these  many 
fu l l y consistent sets  of harmon ics.  

A "non-consisten t"  set i s  a  combination  of worst-case  harmon ic values  taken  from  a  range  of 
converter operating  cond i tions,  that i s ,  the  set of harmon ics  where  the  magn i tude  of any 
i nd ividual  harmon ic i n  the  set wou ld  not be  exceeded  for any of the  possib le  operating  
cond i tions  represented  by the  set.  The  total  harmon ic generation  represented  by a  non-
consistent set can  never occur i n  real i ty,  bu t i t  does  e l im inate  the  need  to  solve  the  harmon ic 
flow for each  of many consisten t sets,  a l l  of wh ich  may be  covered  by one  non-consisten t set.  
The  d i sadvantage  i s  that i ts  use  can  resu l t  i n  overly pessimisti c values  of parameters  wh ich  
sum  the  i n fl uence  of a l l  harmon ics,  for example  TIF,  THD  or rati ng  quan ti ti es.  

An  i n termed iate  concept i s  that of a  "quasi -consisten t"  set.  Th is  impl ies  that one  or more  
major variables,  such  as  DC curren t,  are  i n  a  s i ng le  state,  bu t that other m inor variables,  
such  as  commutating  reactance  and  fi ri ng  ang le  may be  varied  wi th in  thei r complete  scope.  
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Al ternatively,  a  non-consisten t set cou ld  be  statistical  i n  natu re,  that i s ,  the  magn i tude  of 
se lected  harmon ics  i n  the  set cou ld  be  exceeded  for some  speci fied  percentage  of time.  Th is  
i s  not normal  procedure,  however,  and  wou ld  have  to  be  speci fical l y approved  by the  
customer.  

5.3.5  Harmonic  generation  for d i fferent DC  power ranges  

For most HVDC converter stations,  as  DC  power transfer i ncreases,  add i tional  AC  fi l ters  are  
connected ,  both  to  m i tigate  the  i ncreased  harmon ic generation  and  to  compensate  reactive  
power.  There  i s ,  therefore,  usual l y a  range  of DC power for wh ich  a  g iven  set of AC  fi l ters  
may be  connected .  Wi th in  th is  range,  those  fi l ters  shou ld  perform  adequately and  not su ffer 
overload ,  and  so  shou ld  be  designed  for the  worst set of harmon ic cu rren ts  wh ich  can  occur 
wi th in  the  g iven  range  of DC power.  I t  wou ld  not however normal l y be  economical  to  design  
the  fi l ters  to  deal  wi th  harmon ic cu rrents  correspond ing  to  a  h i gher DC power l evel ,  as  i n  
real i ty fu rther branches  wou ld  then  be  connected ,  reducing  the  du ty on  each  fi l ter.  

To  obtain  an  economical  design ,  therefore,  the  harmon ic cu rrents  are  calcu lated  separately 
for each  range  of power at  wh ich  a  d i sti nct set of AC fi l ters  may be  connected .  

As  shown  i n  the  p lots  of F igure  4 ,  the  magn i tude  of the  generated  harmon ic cu rren ts,  
parti cu larl y at h igher orders,  can  be  cycl ic  and  does  not i ncrease  monoton ical l y wi th  DC  
power.  Wi th in  each  DC power range  therefore  the  worst-case  set of harmon ic cu rrents  (for 
performance  or for rati ng )  may occur at  any l evel .  Most usual ly,  i t  i s  at  the  maximum  power 
wi th in  the  range,  that i s  j ust before  swi tch ing  i n  the  next fi l ter branch ,  as  both  performance  
and  rati ng  are  often  dominated  by the  1 1 th  and  1 3th  harmon ics,  wh ich  i ncrease  
monoton ical l y for most of the  usual  power range.  However,  for say a  24/36th  fi l ter,  the  worst-
case  harmon ic generation  may be  at an  i n termed iate  poin t i n  the  DC power range,  
correspond ing  to  a  l ocal  maximum  in  the  harmon ic generation  curve.  

The  fi l ter designer wi l l  therefore  be  requ i red  to  calcu late  the  harmon ic generation  at a  
number of i n tervals  th roughou t the  complete  DC power range.  I n i ti a l l y,  quasi -consisten t sets  
of harmon ics  at steps  of say 5  %  or 1 0  %  of DC power may be  adequate,  bu t l ater i n  the  
design  process,  as  fi l ter swi tch ing  poin ts  are  determined ,  the  harmon ic generation  at these  
speci fic poin ts  shou ld  be  calcu lated ,  and  i n  some  cases  at  fi ner i n tervals  i n  between .  
Conversely,  however,  some  i n termed iate  steps  may be  e l im inated  i f i t  becomes  clear that the  
worst case  i s  j ust before  swi tch ing -in  the  next fi l ter.  
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Figure  4  – Typical  variation  of characteristic   
harmonic  magni tude  wi th  d i rect current 

Al ternatively,  to  m in imize  design  effort,  a  non-consisten t set of harmon ics  may be  derived  by 
taking  the  h ighest value  of each  harmon ic that occurs  anywhere  i n  the  g iven  power range.  
Th is  i s  a  cau tious  approach .  I f the  customer does  requ i re  non-consistent sets  to  be  used  for 
calcu lation  then  th is  shou ld  be  stated  i n  the  speci fi cation ,  bu t normal l y there  i s  no  reason  to  
do  th i s  and  the  contractor shou ld  be  a l l owed  to  use  consisten t or quasi -consisten t sets  i f he  
wishes.  

Al though  DC  power (or curren t)  range  i s  most usual ly used  to  create  sets  of harmon ics,  other 
determin isti c factors  such  as  DC vol tage  or fi ri ng  ang le  cou ld  be  used  to  g roup  the  harmon ics  
i n  other operating  modes  such  as  

•  reactive  power con trol  us ing  DC vol tage  ad justment,  

•  reduced  vol tage  operation .  

5.4 Sensi tivi ty of harmonic generation  to  various  factors  

5.4. 1  Di rect current,  control  ang le  and  commutation  overlap  

The  magn i tude  of the  characteristic harmon ics  produced  by the  converter are  principal l y 
dependent on  DC curren t,  con trol  ang le,  and  commutation  overlap.  These  dependencies  are  
non-l i near and  cycl i c  bu t are  wel l  defined .  The  commutation  overlap  i s  i tsel f a  function  of 
cu rren t,  vol tage  and  con trol  ang le,  as  wel l  as  the  commutating  reactance,  and  so  the  
re lationsh ip  can  be  expressed  i n  d i fferen t ways.  Variations  of the  magn i tudes  of several  
characteri sti c harmon ics  are  shown  i n  F igure  4 .  The  curves  are  based  on  the  assumption  of 
i deal  DC  current on  the  DC s ide  of the  converter and  balanced  perfectl y s inusoidal  vol tages  
on  the  AC s ide  of the  converter.  

As  the  converter con trol  ang le  affects  the  waveshape  of the  converter cu rren t,  both  d i rectly 
and  th rough  i ts  impact on  the  overlap  ang le,  i t  has  a  very s ign i fi can t i n fl uence  on  the  
harmon ic generation .  I n  general ,  h igher con trol  ang les  resu l t  i n  h i gher harmon ic generation  
(a l though  th is  may not be  true  i n  a l l  ci rcumstances,  due  to  consequentia l  impacts  on  cu rren ts  
and  vol tages,  and  cycl i cal  variations  of harmon ic magn i tudes).  

I f the  operation  strategy of the  converter envisages  h igher than  normal  con trol  ang les,  for 
reasons  of reactive  power balance,  then  these  shou ld  be  taken  i n to  account i n  the  calcu lation  
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of sets  of harmon ic curren ts.  Such  operation  may be  requ i red  at  certain  times  for reasons  
re lated  to  the  AC system  operation  (to  be  requested  i n  the  speci fi cation  i f requ i red ),  or may 
be  associated  wi th  fi l ter swi tch ing  poin ts  and  apply on ly to  certain  DC power ranges  (normal l y 
at the  d iscretion  of the  con tractor).  

The  magn i tude  of non-characteristic harmon ics  i s  a l so  affected  by these  parameters,  as  wel l  
as  by the  various  asymmetries  d iscussed  i n  5 . 4 . 2 .  

5.4.2  Effect of asymmetries  on  characteristic  harmonics  

The  asymmetries  wh ich  g ive  ri se  to  non-characteri sti c harmon ics  do  i n fl uence  the  magn i tude  
of the  characteri sti c harmon ics  for any g iven  operating  cond i tion  bu t the  effect i s  of re latively 
l ow magn i tude.  Using  the  same  methods  as  used  for the  calcu lation  of non-characteristic 
harmon ics,  the  worst-case  values  of the  characteristic harmon ics  under the  most pessim isti c 
combination  of asymmetries  can  be  calcu lated .  To  use  these  worst-case  values  for the  fi l ter 
design  may l ead  to  s l i gh t over d imension ing ,  i f th i s  worst-case  combination  does  not occur i n  
real i ty.  I t  i s  however a  cau tious  approach  and  i s  recommended .  Care  shou ld  therefore  be  
taken  i n  the  word ing  of the  speci fi cation ,  so  that i t  i s  cl ear that the  calcu lation  of 
characteri sti c as  wel l  as  non-characteristic harmon ics  shou ld  take  account of a l l  
asymmetries.  

5.4.3  Converter equ ipment parameter tolerances  

The  speci fication  shou ld  requ i re  the  con tractor to  i nclude  i n  the  calcu lation  of non-
characteristic harmon ic cu rren ts  a l l  possib le  variations  of converter equ ipment parameters,  
such  as  commutating  reactance,  transformer wind ing  ratios,  and  fi ri ng  ang le  variation .  

I t  i s  un l ikely that fi ri ng  ang le  accuracy or transformer wind ing  ratio  d i fferences  can  be  
improved ,  and  so  the  fi l ter designer shou ld  s imply use  the  actual  va lues.  

The  commutation  reactance  unbalance  i s  due  to  manufacturing  to lerance  of converter 
transformer l eakage  impedance,  so  that i t  i s  a  con trol lable  value  to  some  extent.  I n  design ing  
the  converter transformers,  the  con tractor may compare  the  h igher cost of the  converter 
transformer caused  by ti gh ter manufacturing  to lerance  wi th  the  possible  l ower cost of the  
fi l ters  caused  by l ower non-characteri sti c harmon ic cu rren ts.  C lose  d ia logue  wi th  the  
transformer designer i s  recommended  [1 1 ] .  

5.4.4 Tap  steps  

The  converter transformer tap  setti ngs  affect the  converter vol tage,  cu rren t and  con trol  ang le,  
and  therefore  the  harmon ic generation .  Wi th in  a  6-pu lse  valve  g roup,  the  tap  settings  for the  
th ree  phases  normal l y resu l t  i n  vi rtual l y i den tical  vol tages  for the  three  phases  and  so  i t  i s  not 
usual  to  consider any d i fference  among  phases  when  calcu lating  harmon ic generation .  

Between  the  star-star and  star-del ta  6-pu lse  valve  g roups,  the  tap-changers  are  normal ly 
synchron ized .  There  i s  therefore  no  impact on  harmon ic generation ,  bu t the  speci fication  
shou ld  requ i re  that ou t-of-step  protection  i s  i nsta l led .  

Possib le  d i fferences  i n  tap  setti ng  between  the  transformers  of the  two  poles  of a  b ipolar 
HVDC scheme wi l l  depend  on  the  operating  strategy of the  scheme and  whether tap-step  
synchron ization  between  poles  i s  i nsta l led .  I f d i fferences  can  exist,  then  the  speci fi cation  
shou ld  requ i re  that they are  taken  i n to  account i n  the  calcu lation  of converter harmon ic 
generation .  

5.4.5  Theoretical ly cancel led  harmonics  

Sometimes,  a  d i stinction  i s  made  between  “ theoretical l y cancel l ed ”  and  other non-
characteri sti c harmon ics.  The  theoretical l y cancel l ed  harmon ics  are  of orders  5 ,  7 ,  1 7 ,  1 9,  …  

(1 2k-6)  ±  1 ,  that i s ,  harmon ics  wh ich  are  characteri sti c of each  6-pu lse  valve  g roup  bu t wh ich  
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are  mu tual ly cancel l ed  i n  an  i deal i zed  1 2-pu lse  converter.  I n  real i ty,  i ncomplete  cancel lation  
occurs  due  to  smal l  d i fferences  between  the  two  6-pu lse  valve  g roups.  

I f non -characteristic harmon ics  are  calcu lated  on  a  1 2-pu lse  basis  us ing  a  su i table  a l gori thm,  
then  the  worst-case  values  of the  theoretical l y cancel led  harmon ics  wi l l  be  au tomatical l y 
calcu lated .  

I f,  however,  ca lcu lation  i s  made  on  the  basis  of i nd ividual  6-pu lse  g roups,  then  the  
speci fi cation  shou ld  requ i re  that the  values  of commutating  reactance  and  con trol  ang le  
deviation  used  for the  two  groups  shou ld  be  at  the  opposi te  extremes  of the  feasib le  ranges,  
un less  the  con tractor can  guarantee  that  the  d i fference  between  the  mean  values  of these  
parameters  for the  two  groups  wi l l  be  l ess  than  a  certa in  value.  Th is  wi l l  ensure  that the  most 
pessim istic value  of theoretical l y cancel led  harmon ics  i s  derived .  

5.4.6  Negative  and  zero  phase sequence  vol tages  

Negative  sequence  vol tage  at the  converter AC bus  resu l ts  i n  the  i n troduction  of harmon ics  of 
order 6k –  3  where  k i s  any posi ti ve  i n teger,  i . e .  harmon ics  3 ,  9 ,  1 5,  etc. ,  back i n to  the  same  
AC  bus  and  via  the  DC system  i n to  the  remote  AC bus.  The  most s i gn i fican t i s  the  3rd  
harmon ic.  The  amount of negative  sequence  component wh ich  i s  speci fied  for the  converter 
AC  bus  i s  very importan t.  Wi th  a  negative  sequence  vol tage  of g reater than  abou t 1  %,  i t  i s  
possib le  that the  3rd  harmon ic cu rren t produced  by the  converter i s  so  h igh  that a  very 
expensive  3rd  harmon ic fi l ter i s  requ i red .  I n  some  i nstances,  i t  may be  more  economic to  
improve  the  vol tage  balance  i n  the  AC system,  for example  by add ing  transposi tions  to  
ci rcu i ts,  i f appl icable,  than  to  speci fy a  l arge  vol tage  unbalance  i ncreasing  the  cost of 
converter fi l tering .  

As  negative  phase  sequence  vol tage  general l y varies  over time,  rarely reach ing  i ts  extreme 
values,  i t  may be  acceptable  to  use  a  smal ler value  of negative  phase  sequence  vol tage  for 
performance  calcu lations  (e. g .  1  %)  than  for rati ng  (e. g .  2  %).  Th is  shou ld  be  carefu l l y 
considered  by the  customer when  preparing  the  speci fi cation ,  as  the  impl ications  for cost of a  
3rd  harmon ic fi l ter cou ld  be  considerable.  

I t  shou ld  be  noted  that i f a  converter station  i s  connected  e lectrical l y close  to  a  generating  
station ,  then  the  negative  sequence  vol tage  at  that poin t shou ld  be  considerably l ower than  i s  
assumed  th roughou t the  rest of the  system.  Th is  may e l im inate  the  need  for a  th i rd  harmon ic 
fi l ter,  and  so  the  speci fi cation  shou ld  consider th is  aspect carefu l l y.  

As  zero  sequence  vol tage  i s  not transferred  th rough  the  converter transformer (due  to  the  
unearthed  star or del ta  thyristor valve  wind ing  connection ),  zero  sequence  vol tages  at  the  
converter AC bus  do  not d i rectly i n fl uence  the  generation  of non-characteri sti c harmon ics.  

5.4.7  Converter transformer saturation  

For l ong  d istance  transmission  systems,  fundamental  frequency curren ts  on  the  DC system  
induced  from  paral l e l  AC  transmission  are  importan t,  and  cross  the  converter to  g ive  AC  s ide  
d i rect cu rren t and  posi tive  sequence  second  harmon ic.  Both  of these  can  resu l t  i n  DC  current 
fl ow i n  the  valve  wind ing  of the  converter transformer.  The  resu l tan t sh i ft  towards  s i ng le  s i ded  
satu ration  resu l ts  i n  the  generation  of a  broad  spectrum  of harmon ics  i n  the  magnetizing  
cu rrent on  the  AC s ide  of the  converter transformer.  Also  DC or extremely l ow frequency 
current fl ow th rough  the  neu tral  of the  transformers  resu l ting  from  stray DC curren t from  
nearby e lectrodes  or possibly geo-magnetical l y i nduced  currents  can  resu l t  i n  a  s im i l ar sh i ft  
i n  magnetizing  characteri sti cs  and  i ncreased  harmon ic generation .  

The  speci fi cation  shou ld  requ i re  that the  con tractor be  responsible  for calcu lati ng  any such  
harmon ic cu rren ts  from  the  converter transformer due  to  any of the  causes  stated ,  and  shou ld  
take  account of such  harmon ics  i n  the  AC  fi l ter design .  
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5.4.8  Harmonic in teraction  across  the  converter 

Due  to  harmon ic i n teraction  across  the  converter,  posi tive  or negative  sequence  harmon ic 
vol tages  at  the  converter AC bus  resu l t  i n  the  generation  of non-characteristic harmon ic 
cu rrents  at  two  harmon ics  down  or two  harmon ics  up  i n to  the  AC system.  For example,  a  4 th  
harmon ic posi tive  sequence  vol tage  at  the  converter wi l l  resu l t  i n  the  generation  of 2nd  
harmon ic negative  sequence  curren ts.  S im i larly,  a  4 th  harmon ic negative  sequence  vol tage  
wi l l  resu l t  i n  the  generation  of 6th  harmon ic posi ti ve  sequence  curren ts.  Curren ts  at  add i tional  
harmon ics  are  a l so  present bu t the  magn i tudes  are  l ess  than  these  dominant harmon ics.  The  
effects  above  are  cumu lative,  i . e .  the  presence  of one  harmon ic on  the  AC s ide  resu l ts  i n  a  
harmon ic on  the  DC s ide  wh ich  i n  tu rn  may resu l t  i n  another harmon ic on  the  AC s ide.  

A fu rther factor wh ich  shou ld  be  taken  i n to  account i s  harmon ic cu rren t,  or ri pple,  on  the  DC  
side.  Harmon ic cu rren ts  on  the  DC s ide  are  transferred  to  the  AC s ide  as  two  harmon ics:   

a)  a  posi tive  sequence  harmon ic,  one  harmon ic up  from  the  DC  s ide  harmon ic;  and   

b)  a  negative  sequence  harmon ic,  one  harmon ic  down  from  the  DC s ide  harmon ic.   

Ripple  i n  the  DC  curren t normal l y consists  of harmon ics  of order 1 2  k,  where  k =  1 ,  2 ,  … ,  p l us  
possib ly the  second  harmon ic.  

The  harmon ic cu rren t fl ow on  the  DC s ide  i s  normal l y under the  con trol  of the  con tractor.  
However,  under s i tuations  where  the  speci fi cation  i s  being  prepared  for a  s i ng le  converter,  
the  speci fi cation  shou ld  speci fy the  harmon ics  present i n  the  DC curren t waveform  due  to  the  
remote  converter.  

5.4.9  Back-to-back systems  

A specia l  case  of harmon ic i n teraction  across  the  converter occurs  i n  back-to-back HVDC 
systems  [1 4] .  I n  back-to-back systems,  parti cu larl y those  wi th  l ow values  of smooth ing  
reactance,  DC s ide  harmon ics  are  an  important consideration .  Back-to-back systems  wi th  l ow 
reactance  or no  smooth ing  reactors  can  i n troduce  harmon ics  of one  AC system  frequency 
i n to  the  other.  I f the  fundamental  frequencies  of the  two  AC systems  are  the  same,  then  
harmon ics  due  to  the  remote  system  can  add  or subtract from  the  harmon ics  due  to  the  
ad jacent system,  depend ing  on  the  d i fference  i n  phase  ang les  of the  two  converter AC  bus  
vol tages.  To  establ i sh  a  s i ng le  set of harmon ics  wh ich  takes  i n to  account both  effects,  i t  i s  
often  assumed  that the  harmon ic phase  d i splacement exh ib i ts  a  random  characteristic and  an  
RSS  sum  of the  harmon ics  may be  considered  to  be  appropriate  for performance  type  
calcu lations.  For rati ng  considerations,  the  pessim isti c assumption  i s  often  made  that the  two  
frequencies  are  i den tical  and  resu l t  i n  harmon ics  wh ich  are  i n  phase.  I n  th is  case,  the  
magn i tude  of the  harmon ics  wou ld  be  added  ari thmetical l y to  obtain  an  equ ivalent cu rrent.  

When  the  fundamental  frequencies  of the  two  AC  systems  are  not the  same,  then  cu rrents  
can  be  generated  at frequencies  wh ich  are  not harmon ics  of the  ad jacent system  frequency.  
Al though  the  frequencies  are  not harmon ics,  they shou ld   s ti l l  be  considered  i n  the  fi l ter 
design .  

A fu rther possib le  source  of i n teraction  has  been  observed  on  at l east one  existi ng  back-to-
back scheme.  I f the  AC l i nes  connected  to  the  two  s ides  of a  back-to-back converter station  
share  the  same  tower or rou te  for a  s i gn i fi can t d i stance,  then  i nductive  coupl ing  wi l l  occur,  
resu l ting  i n  the  presence  of non-synchronous  harmon ics  i n  both  AC systems,  or 
i n terharmon ics  i f the  frequencies  of the  two  systems  are  not i den tical .  

5.5  External ly generated  harmonics  

The  fi l ter design  shou ld  take  i n to  account other harmon ic sources  both  wi th in  the  station  and  
external  to  the  station .  

Wi th in  the  station ,  one  possible  add i tional  harmon ic source  wou ld  be  control lable  reactive  
compensation  equ ipment,  such  as  a  stati c var compensator (SVC)  (even  i f i t  has  i ts  own  
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fi l ters) .  The  speci fication  shou ld  requ i re  that any such  source  i s  to  be  taken  i n to  account 
when  calcu lati ng  both  AC fi l ter performance  and  rating ,  and  design  of the  fi l tering  for both  
HVDC and  SVC shou ld  be  co-ord inated .  

Ou tside  the  station ,  other harmon ic sources,  such  as  other HVDC converters,  SVCs,  recti fier 
type  l oads,  con trol lable  AC d rives,  arc fu rnaces,  power transformers,  corona  from  AC l i nes,  
and  consumer equ ipment,  can  resu l t  i n  a  s ign i fican t harmon ic presence.  The  effect of 
harmon ic sources  from  ou tside  the  station  for considerations  of fi l ter performance  i s  
d i scussed  i n  7 . 1 . 6 .  Such  sources  are   considered  for the  purpose  of fi l ter rati ng  (see  9 . 2 . 1 ) .  
The  speci fication  shou ld  therefore  clearly i den ti fy such  external  sources.  The  customer and  
contractor shou ld  be  aware  that th is  i s  an  area  where  considerable  d i sruption  and  d i spu te  
can  occur i f a  fi l ter i s  even tual l y damaged  wh i le  i n  operation ,  due  to  harmon ics  generated  
external l y to  the  converter station .  

6 Fi l ter arrangements  

6.1  Overview 

There  are  various  possib le  ci rcu i t  configurations  wh ich  can  prove  su i table  for AC  s ide  fi l ters  
i n  HVDC converter stations.  Clause  6  reviews  these  designs  to  g i ve  background  i n formation  
on  the  advantages  and  d i sadvantages  of particu lar fi l ter types.  

On ly shun t connected  fi l ters  are  considered  i n  Clause  6.   

The  comments  on  parti cu lar fi l ter designs  apply to  HV and  EHV connected  fi l ters  and  equal ly 
to  MV (med ium  vol tage,  1  <  Un  ≤  35  kV)  connected  fi l ters,  for example  tertiary connected  
fi l ters.  

The  choice  of the  optimum  fi l ter solu tion  i s  the  responsibi l i ty of the  con tractor and  wi l l  d i ffer 
from  project to  project.  The  design  wi l l  be  i n fl uenced  by a  number of factors  wh ich  may be  
speci fied  by the  customer:  

•  speci fied  harmon ic l im i ts  (curren t i n jection ,  vol tage  d istortion ,  te lephone  i n terference  
factors);  

•  AC  system  cond i tions  (supply vol tage  variation ,  frequency variation ,  negative  phase  
sequence  vol tage,  system  harmon ic impedance);  

•  swi tched  fi l ter s i ze  (d ictated  by vol tage  step  l im i t,  reactive  power balance,  se l f-exci tation  
l im i t  of nearby synchronous  mach ines,  etc. ) ;  

•  envi ronmental  effects  (ambient temperature  range);  

•  converter con trol  strategy (vol tage  and  overvol tage  con trol ,  reactive  power con trol ) ;  

•  s i te  area  ( l im i ted  swi tch  bays);  

•  l oss  evaluation  cri teria;  

•  avai l abi l i ty and  re l i abi l i ty requ i rements.  

Reviews  of previous  HVDC schemes  [6]  can  i nd icate  typical  fi l ter solu tions  for parti cu lar 
schemes.  However,  th is  can  on ly act as  a  gu ide  or a  starting  poin t;  on ly detai l ed  study wi l l  
produce  an  optimum  design .   

D i fferen t fi l ter configurations  wi l l  possess  certain  advantages  and  d i sadvantages  when  
considering  the  above  factors.  The  purpose  of Clause  6  i s  to  provide  designers  and  p lanners  
of HVDC schemes  wi th  a  review of the  advantages  and  d i sadvantages  associated  wi th  a  
number of widely used  fi l ter configurations.  As  on ly the  fi l ter design  and  performance  aspects  
are  considered ,  add i tional  equ ipment such  as  su rge  arresters,  cu rren t transformers  and  
vol tage  transformers  are  omi tted  from  the  ci rcu i ts  shown .  I n  HV and  EHV appl i cations  su rge  
arresters  are  normal l y used  wi th in  the  fi l ters  to  g rade  the  i nsu lation  l evels  of the  equ ipment.  
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The  protective  l evel  and  energy absorption  capabi l i ty of these  arresters  wi l l  be  the  subject of 
detai led  transien t stud ies.   

6.2  Advantages  and  d isadvantages  of typical  fi l ters  

The  fol lowing  general  poin ts  apply to  a l l  the  d i fferen t fi l ter configurations  described  and  
compared  below.  

F i l ter earth ing :  For HVDC appl i cations,  the  fi l ter neu tral  i s  normal ly sol i d ly earthed  on  
systems  above  66  kV and  sometimes  1 1 0  kV.  On  l ow vol tage  systems,  the  fi l ter neu tral  may 
be  earthed  or unearthed  depend ing  on  l ocal  requ i rements.  Al ternatively,  the  neu tral  of the  
fi l ter may be  earthed  th rough  a  reactor.   

Posi tion  of reactor:  I n  the  fi gu res  shown  i n  6 . 4  and  6 . 5,  the  reactor i s  connected  at the  
neu tral  end  of the  ci rcu i t,  a l though  i n  practice  the  reactor can  be  connected  at  e i ther the  HV 
s ide  or neu tral  s i de  of the  ci rcu i t.  

•  I f connected  on  the  HV s ide  of the  ci rcu i t,  the  reactor i s  exposed  to  short ci rcu i t  cu rren ts  
i n  the  even t of an  earth  fau l t  on  the  capaci tor bank.  Th is  wi l l  requ i re  the  reactor to  be  
rated  for the  calcu lated  short ci rcu i t  curren t and  a  su i table  type  test performed ,  thus  
add ing  to  overal l  reactor costs.  However,  th i s  arrangement a l l ows  capaci tor unbalance  
protection  schemes  to  be  i nstal l ed  at the  neu tral  terminal ,  wh ich  m in im izes  thei r design  
costs.  

•  I f the  reactor i s  connected  at the  neu tral  s ide  of the  ci rcu i t,  i t  i s  not exposed  to  l arge  short 
ci rcu i t  curren ts  and  hence  the  design  can  be  s impler and  the  need  for a  costly type  test i s  
removed .  However,  the  capaci tor unbalance  scheme now requ i res  h igh  vol tage  current 
transformers  or vol tage  transformers,  wh ich  adds  to  costs.  

•  The  l ocation  of the  reactor may a l so  i n fluence  the  Transien t Recovery Vol tage  (TRV)  
developed  across  ci rcu i t  breaker con tacts  when  clearing  fau l ts  between  a  l i ne  s i de  reactor 
and  the  capaci tor bank.  I n  some  cases,  l i ne  s i de  reactors  have  been  proh ibi ted  due  to  
adverse  effects  on  the  breaker TRV.  

6.3  C lassi fication  of fi l ter types  

Many terms  are  employed  to  classi fy fi l ters.  I n  Clause  6 ,  the  fol l owing  terms  are  used .  

a)  Tuned  fi l ters  

These  are  fi l ters  tuned  to  a  speci fic frequency,  or frequencies.  They are  characterized  by 
a  re lati vely h i gh  Q  (qual i ty)  factor,  as  i n  Formu la  (6),  i . e .  they have  l ow damping .  The  
resistance  of the  fi l ter may be  i n  series  wi th  the  capaci tor and  i nductor (more  usual ly i t  i s  
s imply the  l oss  of the  i nductor),  or i n  paral l e l  wi th  the  i nductor,  i n  wh ich  case  the  resistor 
i s  of h igh  value.  Tuned  fi l ters  are  a l so  referred  to  as  narrow band-pass  fi l ters.  Examples  
of tuned  fi l ters  are  d i scussed  i n  6 . 4 . 1  to  6 . 4 . 3  and  i nclude  s ing le  (e. g .  1 1 th ),  double  (e. g .  
1 1 /1 3th )  and  trip le  (e. g .  5/1 1 /1 3th )  tuned  types.  

b)  Damped  fi l ters  

These  are  fi l ters  designed  to  attenuate  more  than  one  harmon ic,  for example  a  fi l ter tuned  
at 24th  harmon ic wou ld  cover 23rd  and  25th  harmon ics.  Damped  fi l ters  a lways  i nclude  a  
resistor i n  paral l e l  wi th  the  i nductor wh ich  produces  a  damped  characteri sti c at  
frequencies  above  the  tun ing  frequency.  Normal l y,  a  l ow resistor value  i s  chosen  to  g ive  
h igh  damping ;  however,  the  choice  wi l l  depend  on  the  need  to  meet performance  
requ i rements,  ach ieve  a  su fficien tl y l ow resisti ve  impedance  of h igh  frequencies  and  
avoid  unacceptable  l osses  at  fundamental  frequency.  Damped  fi l ters  are  a l ternatively 
referred  to  as  broad  band-pass  fi l ters.  I f they are  a l so  i n tended  to  have  a  h i gh ly damped  
characteri sti c at frequencies  above  the  tuned  frequency,  they may a l so  be  referred  to  as  
h igh  pass  (HP)  fi l ters.  Examples  of damped  fi l ters  are  d iscussed  i n  6 . 5. 1  and  6 . 5. 2 ,  and  
i nclude  s ing le  tuned  damped  h igh  pass  (e. g .  HP1 2)  and  double  tuned  damped  h igh  pass  
(e. g .  HP1 2/24).  

c)  F i l ter “order”  
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The  expression  “order”  refers  to  the  order of the  terms  i n  the  transfer function  of the  
fi l ters,  as  fol l ows:  

•  1 st order i s  a  s imple  C  or R-C  ci rcu i t,  i . e .  a  shun t capaci tor;  

•  2nd  order i s  an  L-C  ci rcu i t,  i . e .  a  tuned  fi l ter (F igure  6)  or damped  fi l ter (F igure  9) ;  

•  3rd  order con tains  an  add i tional  capaci tor bank,  i . e .  a  double  tuned  fi l ter 
(F igure  7)  or damped  fi l ter (F igure  1 0).  

The  order of a  fi l ter i s  sometimes  used  to  clearly define  the  type  of fi l ter being  considered ,  for 
example  a  2nd  order damped  h igh  pass  (as  i n  6 . 5. 1 . 1 )  or a  3rd  order damped  h igh  pass  
(6 . 5. 1 . 2) .  

6.4 Tuned  fi l ters  

6.4. 1  Sing le  tuned  fi l ters  

Th is  i s  the  s implest fi l ter topology,  consisting  of a  reactor connected  i n  series  wi th  the  
capaci tor bank.  F igure  5  shows  the  ci rcu i t  arrangement and  the  impedance/frequency 
response  for a  typical  1 1 th  harmon ic tuned  fi l ter.  

 

Figure  5  – Sing le  tuned  fi l ter and  frequency response  

By choosing  the  capaci tance  (C)  and  i nductance  (L)  to  ach ieve  a  series  resonance  at one  
speci fi c harmon ic order,  a  very l ow impedance  path ,  l im i ted  on ly by the  resistance  (r)  i n  the  
reactor,  i s  created  for one  harmon ic cu rren t.  That i s ,  
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the  performance  of the  fi l ter at  and  near i ts  tun ing  frequency can  be  con trol l ed .  The  fi l ter 
l osses  wi l l  be  determined  by the  Q  va lues  at  fundamental  frequency and  at the  tun ing  
frequency.  Note  that the  resistance,  hence  Q,  of a  reactor i s  frequency dependent.  Reactor 
manufacturers  can  normal l y design  a  reactor wi th  any desi red  Q-factor wi th in  a  reasonable  
range.  I f an  exceptional ly l ow Q-factor i s  requ i red  for a  s i ng le-tuned  fi l ter,  a  smal l  series  
resistor may possibly be  added .  

As  th is  type  of fi l ter deals  wi th  on ly one  harmon ic,  mu l tip le  fi l ters  may be  requ i red  to  cater for 
g roups  of characteristic harmon ics  (1 1 th ,  1 3th ,  23rd ,  25th ,  etc. ) .  

Because  the  effectiveness  of the  fi l ter re l i es  upon  Formu la  (4)  being  true,  i t  fo l l ows  that i f f0  
varies  from  nominal  the  fi l ter wi l l  no  l onger be  tuned  at the  desi red  harmon ic.  S im i larl y,  i f 
manufactured  values  of C  and  L  are  not the  nominal  va lues,  and  th is  i s  i nevi table  as  as-bu i l t  
to lerances  wi l l  need  to  be  considered ,  Formu la  (5)  wi l l  no  l onger produce  exactly the  requ i red  
harmon ic order.  However,  th is  can  be  overcome by making  the  C  and /or L  va l ue  ad justable.  
As  i t  i s  the  capaci tor bank wh ich  d ictates  reactive  power generation ,  i t  i s  preferable  to  
main tain  C  constan t and  provide  ad justment i n  L .  Th is  can  be  ach ieved  by s imple  off-ci rcu i t  
taps  on  the  reactor,  bu t at i ncreased  cost,  typical l y 1 0  %  to  20  %  and  poorer reactor 
re l i abi l i ty.  

As  capaci tance  i s  a  temperature-dependent quanti ty,  Formu la  (5)  impl ies  that the  fi l ter wi l l  
become detuned  wi th  ambien t temperature  variation .  

To  summarize:  

 Advantages   D isadvantages  

1 )  S imple  connection  wi th  on ly two  
components  

1 )  Mu l tip le  fi l ter branches  may be  needed  
for d i fferen t harmon ics  

2)  Optimum  attenuation  for one  harmon ic 2)  Susceptib le  to  de-tun ing  effects  

3)  Low l oss  3)  May requ i re  off-ci rcu i t  tap  connections  

4)  Low main tenance  requ i rements    

6.4.2  Double  tuned  fi l ters  

Th is  type  of fi l ter i s  substan tia l l y equ ivalen t to  two  paral le l  connected  tuned  fi l ters  bu t i s  
implemented  as  a  s i ng le  combined  fi l ter.  The  reactive  power rati ng  of the  combined  double  
tuned  fi l ter wou ld  be  the  sum  of the  rati ngs  of the  two  tuned  fi l ters.  F igure  6  shows  two  typical  
ci rcu i t  arrangements  and  the  impedance/frequency response  for a  typical  1 1 /1 3th  fi l ter.  

International  Electrotechnical  Commission

 



 –  44  – I EC  TR 62001 -1 : 201 6  © I EC  201 6  

 

Figure  6  – Double  tuned  fi l ter and  frequency response  

By combin ing  two  tuned  fi l ters  vi rtual l y,  any Mvar spl i t  can  be  accommodated  between  the  
l ower and  upper frequency components.  Th is  a l l ows  the  possib i l i ty of i ncorporating  a  very l ow 
Mvar rated  fi l ter,  wh ich  on  i ts  own  wou ld  be  an  un -economic design ,  i n to  a  l arger fi l ter to  form  
a  double  tuned  fi l ter.  I f two  s ing le-tuned  branches  were  used  i nstead ,  there  cou ld  be  a  
m in imum  fi l ter s i ze  problem  due  to  connecting  a  possibly very l ow Mvar rated  fi l ter (as  
requ i red  for one  of the  two  frequencies)  on  to  an  HV busbar.  Th is  problem  can  be  overcome 
in  most cases  by the  use  of double-tun ing .  

There  i s  on ly one  HV capaci tor bank C1  and  on ly one  HV reactor L1 ;  the  other components  
are  operated  at l ow vol tage.  The  s i te  area  requ i red  for a  double  tuned  fi l ter wi l l  be  l ess  than  
for two  s ing le  tuned  fi l ters,  and  on ly one  set of h i gh  vol tage  swi tch ing  apparatus  i s  requ i red .  
The  protection  of on ly one  HV capaci tor bank wi l l  a l so  reduce  costs.  

As  each  swi tched  fi l ter can  attenuate  two  harmon ics,  there  i s  more  i ncen tive  to  i nsta l l  
i den tical  fi l ters,  wh ich  has  advantages  i n  design ,  testi ng  and  spares  costs.  Th is  a l so  
improves  fi l ter redundancy wh ich  wi l l  resu l t  i n  an  overal l  i ncrease  i n  station  re l iabi l i ty.  

L i ke  s i ng le  tuned  fi l ters  (see  6 . 4 . 1 ) ,  th i s  fi l ter i s  susceptib le  to  de-tun ing  due  to  frequency 
d ri ft,  ambien t temperature  variation  and  component to lerances.  Off-ci rcu i t  tap  ad justment 
may be  requ i red  to  compensate  for to lerance  effects  

The  presence  of a  paral le l  C2   – L2   ci rcu i t  wi l l  resu l t  i n  ci rcu lati ng  harmon ic cu rren ts,  wh ich  
i n  the  case  of the  capaci tor can  exceed  the  fundamental  cu rrent.  Th is  can  make  proper fusing  
of the  C2  bank d i ffi cu l t,  i ndeed  most C2  banks  are  i nstal l ed  wi thou t fuses.  The  magn i tude  of 
such  ci rcu lating  cu rrents  can  be  con trol l ed  by l owering  the  Q  va l ue,  i . e .  i ncreasing  the  
resistance,  of the  L2  reactor or i nsta l l i ng  a  resistor R  i n  the  ci rcu i t.  I ncreased  reactor 
resistance  can  be  ach ieved  by i ncreasing  the  l osses  i n  the  wind ings,  e . g .  by us ing  conductors  
of narrower cross-section ,  or by i ncreasing  stray l osses  i n  structu ral  members,  or by add ing  
add i tional  materia l  to  i nduce  eddy cu rrent l osses.  

I f a  resistor i s  used  to  con trol  the  ci rcu lati ng  cu rren ts  th i s  can  be  e i ther i n  series  wi th  the  
capaci tor bank C2  or connected  i n  paral le l  wi th  both  C2  and  L2 ,  as  shown  i n  F igure  6 .  

The  choice  of the  two  tun ing  frequencies  wi l l  affect the  magn i tude  of these  resonance  
curren ts,  thus  where  the  frequencies  are  widely separated  the  paral le l  resonance  curren ts  
wi l l  decrease.  

An  add i tional  advantage  of a  double-tuned  fi l ter over two  s ing le-tuned  fi l ters  wi th  equ ivalen t 
fi l tering  at the  tuned  frequencies  i s  that better attenuation  i s  provided  at  frequencies  between  
the  two  tuned  frequencies.  
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During  rou tine  bank swi tch ing  or system  fau l ts,  the  transient du ty on  C2  can  g reatl y exceed  
i ts  capabi l i ty based  on  steady-state  rating .  Th is  may requ i re  the  C2  capaci tor bank rated  
vol tage  to  be  i ncreased  above  the  calcu lated  steady-state  rati ng  to  wi thstand  such  transien t 
d i stu rbances.  These  transien t cond i tions  wi l l  p lace  add i tional  du ty on  the  surge  arresters  
wh ich  are  used  to  g rade  the  i nsu lation  of the  l ow vol tage  components.  

To  summarize:  

 Advantages   D i sadvantages  

1 )  Optimum  attenuation  for two  harmon ics  1 )  Susceptible  to  de-tun ing  effects  

2)  Lower l oss  than  for two  s ing le  tuned  
branches  

2)  May requ i re  off-ci rcu i t  tap  ad justment 

3)  On ly one  HV capaci tor and  reactor 
needed  to  fi l ter two  harmon ics  

3)  Transien t effects  can  determine  rating  
of LV e lements  

4)  M i ti gates  m in imum  fi l ter s i ze  problem  for 
a  l ow magn i tude  harmon ic 

4)  Complex i n terconnection ,  wi th  4  or 5  

C-L-R  components  

5)  Fewer branch  types,  faci l i tating  fi l ter 
redundancy 

5)  May requ i re  two  su rge  arresters  to  
control  i nsu lation  l evels   

6.4.3  Triple  tuned  fi l ters  

Th is  type  of fi l ter i s  e lectrical l y equ ivalen t to  th ree  paral le l  connected  tuned  fi l ters,  bu t i s  
implemented  as  a  s ing le  combined  fi l ter.  F igure  7  shows  the  ci rcu i t  arrangement and  the  
impedance/frequency response  for a  typical  1 2/24/36th  fi l ter.  

 

Figure  7  – Triple  tuned  fi l ter and  frequency response  

Al though  a  complex fi l ter,  th is  arrangement can  provide  a  su i table  method  of i ncorporating  
fi l tering  at  th ree  harmon ics.  Th is  can  be  e i ther th ree  characteri sti c harmon ics  to  con trol  
harmon ic performance  (e. g .  1 2/24/36th)  or may be  two  characteristic harmon ics  p l us  one  
non-characteri sti c harmon ic (e. g .  3/1 2/24th )  to  prevent resonance  problems.  

The  use  of trip le  tuned  fi l ters  cou ld  improve  the  operational  requ i rements  for reactive  power 
con trol .  Th is  wou ld  be  of parti cu lar importance  at l ow l oad  cond i tions  where  a  shun t reactor 
may have  been  requ i red  to  offset a  3rd  harmon ic fi l ter.  Such  m in im ization  of reactive  power 
generation  may be  important to  avoid  sel f-exci tation  of nearby generators.  Where  l ow l evels  
of TIF  and  I T  are  speci fied ,  these  fi l ters  may ach ieve  the  requ i red  performance  l evels.  As  
they are  s im i lar i n  natu re  to  double  tuned  fi l ters,  thei r meri ts  and  d rawbacks  are  as  described  
i n  6 . 4 . 2 .  
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 Advantages   D i sadvantages  

1 )  Optimum  attenuation  for th ree  harmon ics  1 )  Susceptible  to  de-tun ing  effects  

2)  Lower l oss  than  for th ree  s ing le  tuned  
branches  

2)  May requ i re  off-ci rcu i t  tap  ad justment 

3)  On ly one  HV capaci tor and  reactor 
needed  to  fi l ter th ree  harmon ics  

3)  Transien t effects  can  determine  rating  
of LV e lements  

4)  M i ti gates  m in imum  fi l ter s i ze  for l ow 
magn i tude  harmon ic(s)  

4)  Complex i n terconnection ,  wi th  7  or 8  

C-L-R  components   

5)  Fewer branch  types,  faci l i tating  fi l ter 
redundancy 

5)  Two or th ree  su rge  arresters  may be  
requ i red  to  con trol  i nsu lation  l evels   

6.5  Damped  fi l ters  

6.5. 1  Sing le  tuned  damped  fi l ters  

6.5. 1 . 1  2nd  order damped  fi l ter (h igh  pass  fi l ter)  

I n  th is  fi l ter topology,  a  damping  resistor R  i s  connected  i n  paral l e l  wi th  the  series  reactor L .  
F i gure  8  shows  the  ci rcu i t  arrangement and  the  impedance/frequency response  for a  damped  
fi l ter,  wi th  a  m in imum  impedance  at  1 1 th  harmon ic.  

For a  damped  fi l ter where  the  resistor i s  i n  paral le l  wi th  the  reactor,  the  degree  of damping  
may be  defined  i n  terms  of qual i ty factor Q,  or a l ternatively as  a  damping  factor m ,  defined  
respectively as   

C
L

R
Q=  or 

CR

L
m

2
=  

NOTE  Th i s  i s  the  i nverse  of the  defi n i ti on  of Q-factor for a  fi l ter where  the  res i stance  i s  i n  seri es  (as  i n  6 . 4 . 1 ) ,  the  

l og i c  be i ng  that  i n  both  cases  Q  i s  a  measu re  of the  sharpness  of tun i ng .  

Figure  8  i l l ustrates  the  effect of choosing  a  h i gh  qual i ty factor Q  (Curve  Z1 )  or l ow Q  (Curve  
Z2).  Note  the  transi tion  between  capaci tive  and  i nductive  impedance,  i . e.  the  phase  ang le  of 
0°  does  not occur exactly at the  poin t of m in imum  impedance.  At very h igh  frequencies,  the  
phase  ang le  wi l l  fa l l  to  near zero,  i . e .  the  fi l ter impedance  becomes  the  resistor value  (R) .  

The  presence  of the  resistor broadens  ou t the  frequency response  of the  fi l ter,  wh ich  
i n troduces  two  beneficia l  effects.  The  fi l ter i s  now l ess  sensi tive  to  the  de-tun ing  effects  of 
frequency d ri ft,  ambien t temperature  variation  and  component to lerance  effects.  Also,  by 
choice  of R ,  the  fi l ter response  can  cover a  number of harmon ics,  for example  1 1 th  and  1 3th  
cou ld  be  attenuated  by one  damped  fi l ter.  However,  the  attenuation  ach ieved  by a  damped  
fi l ter may be  l ess  than  that ach ieved  by two  tuned  arms  of the  same  tota l  rati ng ,  for example  
an  1 1 th  and  a  1 3th  s i ng le  tuned  fi l ter.  Thus  a  l arger i nsta l led  Mvar rati ng  of fi l ter may be  
requ i red  to  ach ieve  the  same  l evel  of harmon ic performance.  By add ing  the  resistor,  fi l ter 
l osses  have  been  i ncreased  both  at  harmon ic frequencies  where  i t  i s  needed  and  at 
fundamental  frequency where  i t  i s  not.  These  h igher l osses  can  be  proh ibi ti ve  i f the  costs  of 
l osses  are  h igh ,  especia l l y for a  fi l ter designed  to  attenuate  the  1 1 th  and  1 3th  harmon ics.  

 Advantages   D i sadvantages  

1 )  Provides  attenuation  over a  spectrum  of 
harmon ics  

1 )  May requ i re  l arger i nsta l l ed  Mvar 
rating  than  mu l tip le  tuned  branches  

2)  Relati vely i nsensi tive  to  de-tun ing  effects  2)  H igher l osses  than  tuned  fi l ters  
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Figure  8  – 2nd  order damped  fi l ter and  frequency response 

6.5. 1 .2  3rd  order damped  fi l ter 

I n  th is  topology,  an  auxi l i ary capaci tor (C2)  i s  connected  i n  series  wi th  the  resistor to  act as  a  
b locking  impedance,  as  shown  i n  F igure  9 .  The  main  appl i cation  of such  a  fi l ter wou ld  be  at 
l ow harmon ic orders  where  the  l osses  i n  a  2nd  order fi l ter resistor wou ld  be  unacceptable.  
The  impedance/frequency response  of such  a  fi l ter at  3rd  harmon ic i s  shown  i n  F igure  9 .  

 

Figure  9  – 3rd  order damped  fi l ter and  frequency response 

At fundamental  frequency C2  has  a  h i gh  impedance,  thus  reducing  fundamental  l osses  i n  the  
resistor as  cu rren t preferen tia l l y fl ows  th rough  the  reactor.  At h igher frequencies,  as  the  
impedance  of bank C2  d ecreases,  harmon ic cu rren t fl ows  th rough  R  provid ing  the  requ i red  
damping .  The  choice  of C2  i s  essen tia l l y economic as  the  reduced  power d i ssipation ,  hence  
cost,  of the  resistor p lus  reduced  capi ta l i zed  l osses  shou ld  cover the  costs  of the  C2  bank.  

The  presence  of the  C2  bank s l i gh tl y degrades  the  fi l ter admi ttance  characteristic,  thus  a  
s l i gh tl y l arger Mvar rating  may be  needed  to  main tain  performance.  To  summarize:  
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 Advantages   D isadvantages  

 As  6 . 5. 1 . 1  p lus:   As  6 . 5. 1 . 1  p lus:  

1  Lower fundamental  frequency l osses  i n  
the  resistor than  2nd  order damped  design  

1  S l i gh tl y poorer performance  compared  
wi th  2nd  order damped  design   

  2  More  complex fi l ter,  wi th  four C-L-R  
components   

6.5.1 .3  C-type  fi l ter 

I n  th i s  topology,  an  auxi l iary capaci tor (C2)  i s  connected  i n  series  wi th  the  reactor and  i s  
tuned  to  form  a  fundamental  frequency bypass  of the  resistor.  F igure  1 0  shows  the  ci rcu i t  
arrangement and  the  impedance/frequency response  for a  typical  3rd  harmon ic fi l ter.  

 

Figure  1 0  – C-type  fi l ter and  frequency response  

By creating  a  tuned  fi l ter C2-  L  wi th in  a  2nd  order fi l ter,  vi rtual l y a l l  fundamental  curren t i s  
excluded  from  the  resistor.  At frequencies  above  fundamental ,  harmon ic cu rren t fl ows  
th rough  R ach ieving  the  desi red  damping .  However,  as  C2-  L  i s  a  tuned  fi l ter,  de-tun ing  can  
occur due  to  variations  i n  L  or C  va l ues  from  the  rated  values.  However,  i n  th i s  case  the  
effect of de-tun ing  i s  to  i ncrease  the  resistor rati ng  rather than  degrade  overal l  fi l ter 
performance.  

The  presence  of the  C2  capaci tor has  a  smal l  effect on  the  impedance  characteristic.  

To  summarize:  

 Advantages   D i sadvantages  

 As  6 . 5. 1 . 1  p lus:   As  6 . 5. 1 . 1  p l us:  

1  Neg l ig ible  fundamental  frequency l oss  i n  
resistor 

1  Resistor rati ng  i s  susceptib le  to  de-
tun ing  effects  

  2  May requ i re  off-ci rcu i t  tap  ad justment 

  3  More  complex fi l ter,  wi th  four C-L-R  
components  
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  4  S l i gh tl y poorer performance  compared  
wi th  2nd  order damped  design   

6.5.2  Double  tuned  damped  fi l ters  

Th is  type  of fi l ter i s  e lectrical l y equ ivalen t to  two  paral l e l  connected  2nd  order damped  fi l ters  
bu t implemented  as  a  s ing le  combined  fi l ter.  F igure  1 1  shows  the  ci rcu i t  arrangement and  the  
impedance/frequency response  for a  typical  1 2/24th  fi l ter.  

 

Figure  1 1  – Double  tuned  damped  fi l ter and  frequency response 

Th is  fi l ter offers  a  considerable  degree  of control  over the  frequency response,  a l l owing  
changes  i n  Mvar spl i t  between  l ow and  h igh  frequencies,  and  changes  i n  the  damping  
ach ieved  across  the  range.  The  design  has  the  same  advantages  as  the  double  tuned  fi l ter 
wh i l st being  l ess  sensi tive  to  de-tun ing  effects.  However,  the  presence  of the  resistors  R1  
and  R2  wi l l  generate  both  fundamental  and  harmon ic l osses.  

During  swi tch ing  or fau l t  d i stu rbances,  the  l oad ing  on  the  LV components  C2,  L2 ,  R2  can  
exceed  thei r overload  capabi l i ty i f th i s  i s  based  on  steady-state  rati ngs.  Thus,  particu larl y for 
C2,  the  rati ng  needs  to  be  based  upon  transien t stud ies  and  not steady-state  stud ies.  

To  summarize:  

 Advantages   D i sadvantages  

1  Attenuation  over a  wide  spectrum  of 
harmon ics  

1  Transient effects  can  determine  
rati ngs  of LV components  

2  On ly one  HV capaci tor and  reactor 
needed  to  fi l ter a  range  of harmon ics  

2  H igher l osses  than  double  tuned  
bandpass  design  

3  M i ti gates  m in imum  fi l ter s i ze  problem  for 
a  l ow magn i tude  harmon ic 

3  Complex i n terconnection ,  wi th  6  C-L-
R  components  

4  Fewer branch  types,  faci l i tati ng  fi l ter 
redundancy 

4  Add i tional  protection  requ i rements  for 
resistors  

5  Relatively i nsensi tive  to  de-tun ing  effects  5  Possib le  add i tional  du ties  on  su rge  
arresters  compared  to  tuned  fi l ter 
design   

6.6  Choice  of fi l ters  

From  the  advantages  and  d isadvantages  d i scussed  i n  6 . 2 ,  6 . 4  and  6 . 5,  the  fol lowing  
gu idel i nes  may be  summarized .  
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a)  Where  system  frequency varies  widely,  the  use  of damped  fi l ters  wou ld  be  preferred  to  
tuned  fi l ters.  

b)  Where  there  i s  a  wide  ambient temperature  variation ,  tuned  fi l ters  may g ive  unacceptable  
performance.  However,  where  off-ci rcu i t  tap  ad justment i s  provided  the  reactors  cou ld  be  
re-tuned  on  a  b i -annual  basis  to  m i ti gate  the  variation  of capaci tance  due  to  summer and  
win ter temperatures.  

c)  Where  fi l ters  need  to  be  tuned  close  to  the  harmon ic order for optimum  performance,  off-
ci rcu i t  tap  ad justment on  the  reactors  may be  requ i red .  

d )  2nd  order h igh  pass  damped  fi l ters  can  provide  the  optimum  solu tion  for 1 1 /1 3th  and  
h igher characteri sti c harmon ic g roups,  i n  appl ications  where  on ly vol tage  d i stortion  l im i ts  
are  appl ied  and /or the  range  of system  harmon ic impedance  i s  ben ign .  

e)  Un less  needed  for l ow order harmon ic problems,  for example  3rd  or 5th ,  and  depend ing  
on  the  l evel  of damping  requ i red ,  the  l osses  i n  2nd  order h igh  pass  damped  fi l ters  are  
usual ly of an  acceptable  l evel .  

f)  For l ow harmon ic order fi l ters  where  a  damped  characteri sti c i s  requ i red ,  the  C-type  fi l ter 
i s  preferred .  

g )  Where  l im i tation  of i nd ividual  harmon ic cu rren t i n jection  or I T  (Ieq )  i s  requ i red ,  tuned  or 
double  tuned  fi l ters  may be  needed  to  g ive  the  requ i red  l ow impedance  path .  

h )  Where  l im i tation  of vol tage  d i stortion  i s  requ i red ,  e i ther tuned  or damped  fi l ters  can  g ive  
acceptable  performance.  

i )  Where  l im i tation  of TIF  (THFF)  i s  requ i red ,  combinations  of damped  fi l ters  are  normal l y 
requ i red .  

j )  Where  l im i tation  on  reactive  power exchange  i n  con junction  wi th  TIF  l im i tation  i s  requ i red ,  
double  tuned  or tri p le  tuned  fi l ters  may be  the  optimum  solu tion .  

k)  For h i gh  vol tage  and /or l ow Mvar appl i cations,  double  tuned  or trip le  tuned  fi l ters  may 
provide  the  optimum  solu tion .  

l )  Where  existing  l evels  of negative  phase  sequence  (NPS)  vol tage  on  the  system  are  h igh ,  
i . e .  exceed ing  1  %,  3rd  harmon ic fi l ters,  e i ther tuned  or C-type,  may be  requ i red .  I f C-type  
fi l ters  are  used ,  they may a l so  provide  attenuation  at 5th  harmon ic i f requ i red ,  by su i table  
choice  of the  resistor value.  I n  some  schemes,  i t  may be  possib le  to  attenuate  the  
generation  of 3rd  harmon ic due  to  NPS  vol tage  by con trol  action .  

These  comments  are  i n tended  as  a  gu ide,  as  on ly detai l ed  performance  and  rati ng  stud ies  
wi l l  establ i sh  an  optimum  solu tion .  

7  Fi l ter performance calcu lation   

7.1  Calcu lation  procedure  

7. 1 . 1  General  

Fi l ter performance  calcu lations  are  cen tral  to  the  fi l ter design  process.  Any prospective  AC 
fi l ter configuration  shou ld  fi rst  be  subjected  to  calcu lations  to  show what wou ld  be  the  
performance  under the  defined  cond i tions.  However,  due  to  other aspects  to  consider,  such  
as  rati ng  and  l osses,  the  whole  design  process  i s  i terative  by nature.  Th is  means  that the  
fi l ter performance  calcu lations  may be  made  many times,  wi th  d i fferent prospective  fi l ter data,  
i n  the  course  of fi l ter design  for any project.  

Specia l -purpose  computer programs  are  requ i red  i n  order to  conduct the  requ i red  
calcu lations  effi cien tly,  and  to  present the  design  eng ineer wi th  the  i n formation  to  optim ize  
the  fi l ter design .  Description  of wh ich  such  programs  are  to  be  used  by prospective  
con tractors  shou ld  be  requested  i n  the  speci fi cation  and  assessed  by the  customer.  
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7.1 .2  Input data  

Normal ly,  the  customer defines  the  AC system  harmon ic impedance,  vol tage  and  frequency 
range,  negative  sequence  vol tage,  reactive  power exchange  l im i ts,  operating  cond i tions,  
ambien t temperature  range,  pre-existi ng  harmon ics  and  the  permissible  d i stortion  l im i ts.  The  
customer shou ld  consider possible  fu tu re  changes  i n  the  system.  

The  con tractor then  determines  the  remain ing  data  requ i red  for performance  calcu lations,  
i nclud ing  main  ci rcu i t  parameters,  manufacturing  to lerances  and  component deviations.  

7.1 .3  Methodology 

The  methodology described  below i s  the  classical  ca lcu lation  procedure,  wh ich  does  not take  
i n to  account the  effects  of AC-DC s ide  harmon ic i n teraction  across  the  converter.  The  reader 
shou ld  be  aware  that un less  harmon ic i n teraction  phenomena  are  taken  i n to  account,  and  
un less  the  effective  impedance  of the  converter i s  adequately model led ,  ca lcu lations  using  
the  classical  method  may g ive  substan tia l l y m is lead ing  resu l ts,  especia l l y for l ow-order non-
characteri sti c harmon ics.  Subclause  5. 4 . 8  d i scusses  how such  i n teraction  may be  i ncluded  i n  
the  calcu lations.  

The  i npu t data  i s  used  to  construct a  computer model ,  (F igure  1 2),  wh ich  consists  of a  
constan t harmon ic curren t source  representing  the  HVDC converters,  i n  paral le l  wi th  the  
fi l ters  and  AC system  harmon ic impedance.  

 

Key 

I
cn
 i n j ected  harmon i c  cu rren ts  from  the  converter 

Z
fn
 fi l ter harmon i c impedance  

I
fn
 fi l ter harmon i c  cu rren t  

Z
sn
 AC  system  harmon i c  impedance  

I
sn
 AC  system  harmon i c  cu rren t  

V
sn
 AC  system  harmon i c  vo l tage  

Figure  1 2  – Ci rcu i t  model  for fi l ter calcu lations  

The  fi l ter cu rren t may then  be  found  from:  

 sn
fn cn

sn fn

Z
I I

Z Z
= ⋅

+
 (7)  

and  the  harmon ic vol tage  d i stortion  from:  

 sn fn
sn cn

sn fn

Z Z
V I

Z Z

⋅
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+
  cn

sn fn
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Y Y
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+
  (8)  
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where  

Y
sn
 i s  the  AC system  harmon ic admi ttance;  

Y
fn
 i s  the  fi l ter harmon ic admi ttance.  

I n  these  equations,  the  harmon ic cu rren t (I
cn
)  produced  by the  recti fi er or i nverter of the  

HVDC station  shou ld  be  calcu lated  by the  con tractor for a l l  harmon ics  (see  7. 1 . 4).  The  

system  network harmon ic impedance  (Z
sn
)  i s  normal l y defined  i n  the  speci fi cation  (see  7 . 3).  

7.1 .4  Calcu lation  of converter harmonic  currents  

The  cond i tions  under wh ich  the  harmon ic cu rren ts  generated  by the  converter are  to  be  
calcu lated  for performance  purposes  are  d iscussed  below.  Calcu lation  of harmon ic 
generation  and  the  parameters  requ i ri ng  consideration  are  described  i n  Clause  5.  

Under some  extreme  or rare  cond i tions  of harmon ic generation ,  the  fi l ter performance  may 
not be  requ i red  to  meet the  speci fied  l im i ts.  Therefore,  depend ing  on  the  natu re  of the  
parti cu lar scheme and  i ts  e lectrical  envi ronment,  the  customer may wish  to  consider 
exclud ing  some  such  cond i tions  from  the  calcu lation  of fi l ter performance.  The  advantage  to  
the  customer cou ld  be  s impler and  l ess  expensive  fi l ters.  The  fol lowing  aspects  cou ld  be  
considered  for exclusion :  

•  operation  under short-time  overload  cond i tions  of DC curren t (or DC power);  

•  reverse  power d i rection  for an  HVDC scheme wh ich  i s  i n tended  main ly for un i -d i rectional  
transmission ;  

•  reduced  DC vol tage  operation ,  i f i n tended  on ly for rare  and  short-time  use;  

•  extreme  rare  or short-time  AC vol tage  variations;  

•  extreme  rare  or short-time  l evels  of AC negative  phase  sequence  component;  

•  operation  wi th  one  fi l ter bank ou t of service;  

•  u nusual  operating  cond i tions  or configurations.  

The  speci fication  shou ld  be  clear as  to  whether harmon ic cu rren ts  are  to  be  calcu lated  
considering  the  steady-state  AC vol tage  range  or nominal  AC  vol tage.  Due  to  the  action  of 
the  converter transformer tap-changers  (and  assuming  constan t harmon ic generation  from  
the  converters) ,  the  harmon ic curren t magn i tudes  on  the  network s i de  wi l l  vary i n  i nverse  
proportion  to  the  AC vol tage  variation .  Maximum  harmon ic curren t i n jection  from  the  
converters  may therefore  occur at  m in imum  AC vol tage  cond i tions.  

To  fi nd  the  worst-case  performance  cond i tions  wh ich  may occur i n  practice,  the  calcu lations  
shou ld  be  made  considering  the  range  of AC vol tage  speci fied  for performance  calcu lation .  
However,  some  speci fi cations  i n  the  past have  requested  calcu lation  of harmon ic cu rren ts  
on ly at nominal  AC  vol tage,  wh ich  i s  equ ivalen t to  a  re laxation  of the  performance  cri teria.  
The  customer shou ld  decide  wh ich  approach  i s  preferable  and  state  th i s  i n  the  speci fication .  

7.1 .5  Selection  of fi l ter types  and  calcu lation  of thei r impedances  

During  the  course  of the  AC  fi l ter design  for an  HVDC project,  various  fi l tering  solu tions  wi l l  
be  stud ied  and  the  correspond ing  harmon ic performance  calcu lated .  D i fferent types  of fi l ters  
and  thei r characteristics  are  described  i n  Clause  6 ,  i nclud ing  advantages  and  d i sadvantages  
of the  respective  fi l ter type.  C lause  6  a l so  covers  aspects  of the  choice  of an  optimum  fi l ter 
solu tion .  

When  the  major featu res  of the  design  have  been  decided ,  there  wi l l  normal l y sti l l  be  a  need  
to  make  fi ne  ad justments  to  the  fi l ter component values  i n  order to  optim ize  performance,  
rating  and  l osses,  and  th i s  process  wi l l  normal l y en tai l  many i terations  of the  performance  
calcu lation  procedure.  
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7.1 .6  Calcu lation  of performance 

Using  the  model  (F igure  1 2) ,  d i fferent sets  of harmon ic cu rrents  correspond ing  to  d i fferen t 
DC  current (or power l evels)  l evels  are  appl ied  and  i nd ividual  harmon ic vol tages  appearing  
across  Zfn  are  calcu lated ,  under appl icable  and  agreed  network impedance  cond i tions.  The  
effect of AC system  vol tage  and  frequency variations  i s  considered  by mod i fying  source  
curren ts  and  fi l ter impedance,  respectively.  The  calcu lated  i nd ividual  harmon ic vol tages  are  
then  processed ,  i n  the  manner defined  by the  customer (see  Clause  4),  to  obtain  the  desi red  
performance  parameters.  

For the  calcu lation  of parameters  wh ich  combine  a l l  re levant harmon ic orders,  such  as  THD,  
TI F  and  THFF,  there  have  been  d i fferen t approaches  adopted  i n  previous  HVDC converter 
stations.  I t  i s  un real i stic  to  expect that resonance  between  the  AC system  and  the  fi l ters  wi l l  
occur at  a l l  or many of the  harmon ic frequencies  s imu l taneously.  I n  th i s  respect,  one  of the  
fol lowing  methods  i s  recommended .  

a)  THD,  TIF,  THFF  shou ld  be  calcu lated  wi th  AC  network impedance  connected  at the  two  
harmon ics  wh ich  resu l t  i n  the  h ighest value  of that parameter,  and  at a l l  other harmon ics  
the  AC system  harmon ic impedance  shou ld  be  considered  to  be  an  open  ci rcu i t.  

b)  When  d iscrete  impedance  values/d iagrams  for each  system  configuration  are  avai l able,  
another more  soph isti cated  method  i s  possible.  I t  i s  to  assume worst-case  resonance  
( i . e.  the  system  configuration  that i s  g i ving  the  h ighest d i stortion )  at one  or two  harmon ics  
and  for the  remain ing  harmon ics  to  use  the  system  cond i tion  that gave  an  impedance  
closest to  that wh ich  gave  the  worst-case  resonance  cond i tion  for those  harmon ics.  

I f however THD  and  TIF  (or THFF)  are  requ i red  to  be  calcu lated  by taking  i n to  account a l l  
harmon ics  under worst AC network cond i tions,  then  the  speci fied  l im i ts  for these  parameters  
shou ld  be  correspond ing ly h i gher.  

For I T  and  Ipe  the  fol lowing  s imple  method  cou ld  be  used .  

c)  I T  and  Ipe  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 l e l  
resistance  can  be  produced  by the  posi ti ve  sequence  surge  impedances  of these  l i nes.  
Th is  model  wi l l  not show any resonances  such  as  occur i n  a  real  system;  however,  the  
model  i s  a  good  compromise  g iving  an  average  over the  stud ied  frequency range.  

The  calcu lation  of performance  i s  general l y based  on  consideration  of harmon ics  generated  
by the  converter a lone,  i . e .  neg lecting  the  effects  of pre-existi ng  harmon ics.  Such  a  method  i s  
appropriate  where  the  pre-existing  l evels  are  l ow and /or i t  i s  d i fficu l t  to  define  the  pre-existing  
harmon ics  accurately.   

However,  where  pre-existi ng  d i stortion  i s  known ,  and  i s  s ign i fi can t i n  comparison  to  the  
permi tted  l im i ts,  the  performance  cri teria  shou ld  be  defined  i n  terms  of the  “ tota l ”  d i stortion  
due  to  the  converter p l us  pre-existing ,  rather than  an  “ i ncremental ”  va lue  of d i stortion  due  to  
the  converter a lone.  Th is  i s  because  pre-existi ng  d i stortion  may change  as  a  resu l t  of 
magn i fi cation  (or attenuation )  by the  connection  of the  converter station  AC fi l ters.  I n  th is  
case,  i t  i s  recommended  that i n  deriving  the  tota l  d i stortion  at each  harmon ic,  the  converter 
and  pre-existi ng  harmon ics  are  summed  on  a  root-sum-square  (RSS)  basis  un less  speci fic 
data  regard ing  thei r re lative  phase  ang les  i s  avai l able.  

Carefu l  i nvestigations  or measurements  of pre-existi ng  harmon ics  by the  customer are  
necessary prior to  preparation  of the  speci fication .  A recommended  practice  i s  to  model  
Theven in  equ ivalen ts  connected  to  the  converter busbars,  representing  pre-existi ng  
harmon ics  from  the  AC system  by vol tage  sources  beh ind  equ ivalen t harmon ic impedances.  
The  harmon ic frequency of the  vol tage  source  shou ld  be  varied  over a  defined  range,  to  
detect the  worst-case  resonance  cond i tions  created  by i nclusion  of the  harmon ic fi l ter 
impedances.  
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7.2  Detun ing  and  tolerances  

7.2 . 1  General  

I deal ly,  a  fi l ter wou ld  operate  under cond i tions  of perfect tun ing .  I n  real i ty,  however,  practical  
AC  fi l ters  normal ly operate  under detuned  cond i tions  to  a  g reater or l esser exten t.  The  
speci fi cation  shou ld  requ i re  that the  fol lowing  factors  con tribu ting  to  detun ing  shou ld  be  taken  
i n to  account i n  the  performance  calcu lations:  

•  fundamental  system  frequency variation ;  

•  fi l ter capaci tance  variation  due  to  temperature  variations;  

•  fi l ter capaci tance  variation  due  to  fa i l ed  capaci tor e lements  and  ageing ;  

•  i n i tia l  m istun ing  of fi l ter due  to  manufacturing  to lerances  and /or d i screte  taps  on  reactors.  

Depend ing  on  the  fi l ter type  (Clause  6),  the  d i fferent factors  wi l l  i n fl uence  the  performance  to  
d i fferen t degrees.  Sharply tuned  fi l ters  wi th  h i gh  Q-value  wi l l  be  h igh ly i n fl uenced  by 
variations  i n  the  above  parameters.  Damped  fi l ters  wi th  l ow Q-value  wi l l  be  l ess  i n fluenced .  

7.2.2  Detun ing  factors  

The  background  to  each  of the  factors  con tribu ting  to  detun ing  i s  d i scussed  below.  

a)  Fundamental  frequency variation  

The  frequency range  for wh ich  the  performance  requ i rements  shal l  be  met shou ld  be  
g iven  i n  the  speci fi cation .  Th is  range  may be  i den tical  to  the  maximum  steady-state  
frequency variation  for the  system,  or may be  l ower,  to  exclude  rare  or short-term  
extremes.  

b)  Capaci tance  variations  

The  capaci tance  of the  fi l ter capaci tors  wi l l  be  temperature-dependent to  some  exten t.  
The  ambien t temperature  l im i ts  for wh ich  the  performance  requ i rements  shal l  be  met 
shou ld  be  g iven  i n  the  speci fication .  D i fferen t temperature  ranges  for performance  and  
rati ng  calcu lations  cou ld  be  g iven ,  i f the  extreme values  of temperature  were  rare  and  of 
short time  duration .  The  variation  of capaci tance  value  versus  temperature  wi l l  be  
provided  by the  capaci tor manufacturer.  Capaci tance  change  due  to  heating  caused  by 
e lectrical  stress  and  solar rad iation  shou ld  a l so  be  taken  i n to  account.  

I t  i s  usual ly accepted  to  keep  a  fi l ter i n  operation  wi th  a  few capaci tor e lements  fa i l ed ,  up  
to  a  g iven  a larm/warn ing  l evel .  The  capaci tance  change  correspond ing  to  th i s  maximum  
al l owed  number of fa i l ed  e lements  shou ld  a l so  be  taken  i n to  consideration  for the  
performance  calcu lations.  

I t  shou ld  be  observed  that us ing  the  approach  that every fi l ter capaci tor bank may be  
operating  wi th  maximum  number of fa i led  e lements  at  the  same time  as  the  temperature  
and  the  fundamental  frequency are  at  the  ou ter l im i t  of speci fied  range,  a  very 
conservative  performance  value  i s  found .  The  probabi l i ty (see  7. 5)  that a l l  detun ing  
parameters  wou ld  be  most cri ti cal  at  the  same  time  wi l l  not be  very h igh .  

The  tota l  capaci tance  variation  resu l ti ng  from  temperature  variations,  fa i l ed  e lements  and  
ageing  shou ld  be  taken  i n to  account by the  fi l ter designer.  

c)  Manufacturing  tolerances  and  i n i ti a l  m istun ing  

Each  component i n  a  fi l ter wi l l  be  manufactured  accord ing  to  requ i rements  on  to lerances.  
The  smal ler the  to lerances  are,  the  more  expensive  the  component wi l l  be.  These  
tolerances  shou ld  be  i ncluded  i n  the  detun ing  factor i n  the  performance  calcu lations.  
However,  to  reduce  the  detun ing  factor and  a l so  re lax the  requ i rements  on  the  tolerances,  
tun ing  faci l i ties  for the  fi l ter are  often  provided ,  the  most common  of wh ich  i s  tappings  on  
reactors.  

When  reactors  wi th  tappings  are  used ,  the  to lerance  requ i rements  on  the  capaci tors  can  
be  re laxed .  The  contractor shou ld  assess  the  cost of provid ing  reactor tappings  to  cover 
the  reactor’s  own  manufacturing  to lerance,  p l us  the  range  impl ied  by the  capaci tor 
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to lerances,  and  choose  the  values  for both  to lerances  and  tappings  wh ich  g ive  the  overal l  
l owest cost solu tion .  

The  maximum  possib le  i n i ti a l  m istun ing  wi l l  correspond  to  hal f of one  reactor tap  step  p l us  
an  a l l owance  for the  accuracy of the  tun ing  procedure  and  measurement equ ipment.  
Where  a  l ong  i n terval  between  retun ing  i s  requ i red ,  the  fi l ters  may be  s l i gh tl y m istuned  
i n i ti a l l y i n  order to  take  i n to  account the  capaci tance  change  during  the  service  i n terval  
due  to  fa i l u res  and  ageing .   

d )  Seasonal  tun ing  

I n  areas  where  the  temperature  d i fference  between  summer and  win ter i s  l arge,  seasonal  
tun ing  of the  sharply tuned  branches  of fi l ters  shou ld  be  considered .  Most existing  
speci fi cations  have  re jected  seasonal  tun ing ;  however,  seasonal  tun ing  does  offer the  
fol lowing  advantages:   

1 )  cheaper fi l ter;  

2)  l ower l osses.  

The  d isadvantages  are  the  fol l owing :  

•  necessi ty of retun ing  every hal f year;  

•  cost of retun ing  (possib le  ou tage  cost and  l abour cost) .  

7.2.3  Resistance  variations  

Variations  i n  resistance  of the  resistors  due  to  temperature  changes  i n  the  resistor e lements  
shou ld  be  evaluated  by the  designer.  The  resistor e lements  shou ld  have  very l ow 
temperature  coefficien t of resistance.  

Add i tional l y,  the  to lerance  i n  Q-factors  of reactors  has  to  be  considered ,  especia l l y i n  the  
case  of sharply tuned  fi l ters.  The  Q-factor and  the  to lerance  wi l l  depend  on  the  speci fied  
characteristics  and  the  parti cu lar design  of the  reactor i n  question .  

7.2.4 Model l ing  

To model  accurately the  factors  con tribu ting  to  detun ing ,  these  shou ld  be  represented  
ind ividual l y wi th in  the  model  as  they occur i n  real i ty.  The  harmon ic frequencies  at wh ich  the  
model  i s  solved  shou ld  correspond  to  the  extremes  of the  fundamental  frequency range,  and  
the  maximum  variations  i n  the  values  of each  component shou ld  be  used ,  a lways  combined  
in  the  senses  wh ich  g ive  maximum  overal l  detun ing  of the  fi l ter.  

I n  the  past,  i t  was  common  practice  to  use  an  “equ ivalen t frequency deviation ”  i n  fi l ter 
calcu lations  (see  Annex D).  Using  th is  method ,  a l l  fi l ter component parameters  are  model led  
as  constan t values  and  the  variations  i n  these  parameters  are  taken  i n to  account by solving  
the  ci rcu i t  at  an  equ ivalen t frequency deviation ,  wh ich  takes  i n to  account not on ly the  actual  
frequency bu t a l so  the  equ ivalen t detun ing  due  to  component variations.  A formu la  for 
equ ivalen t frequency deviation  i s  shown  i n  Annex D.  

Al though  the  equ ivalen t frequency deviation  method  i s  attractive  due  to  the  s impl i fication  i t  
i n troduces,  there  are  strong  arguments  for not us ing  i t,  as  fo l lows.  

•  I t  appl ies  the  same  deviation  to  a l l  fi l ters,  even  though  the  components  for d i fferen t 
branches  may have  d i fferen t deviations  from  nominal ,  for example  d i fferen t tap  step  s i zes  
(or no  taps)  on  reactors.  Wi th  regard  to  the  l oss  of i nd ividual  capaci tor e lements,  i t  i s  
normal l y not the  case  that a l l  the  fi l ters  are  s imu l taneously detuned  to  the  maximum  
extent.  

•  I t  i s  not stri ctl y accurate  for anyth ing  other than  sharply tuned ,  h i gh  Q-factor fi l ters.  

•  The  worst case  may be  when  i den tical  fi l ters  are  detuned  i n  opposi te  d i rections  – th i s  i s  
not a l l owed  for wi th  the  equ ivalent frequency deviation  method .  
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•  I f other AC s ide  components,  for example  shun t capaci tors,  reactors,  transformers  or l i nes  
are  i ncluded  i n  the  model ,  then  thei r impedance  may be  model led  at the  wrong  frequency 
when  using  the  equ ivalen t frequency deviation  method .  

The  customer shou ld  be  aware  of these  l im i tations  when  evaluating  a  b idder’s  design  
methods  and  calcu lation  procedures.  Wi th  modern  computing  tools  and  model l i ng  techn iques,  
there  i s  no  reason  for the  equ ivalent frequency deviation  to  be  used  for other than  possib le  
rough  i n i tia l  ca lcu lations.  

Consequently,  the  calcu lation  techn iques  shou ld  model  the  frequency deviations  and  
i nd ividual  detun ings  of the  components  separately.  

7.3  Network impedance for performance  calcu lations  

7.3. 1  General  

The  network impedance  i s  one  of the  most importan t parameters  affecting  AC fi l ter design  
wi th  conventional  fi l ters,  due  to  the  possible  resonance  phenomena  between  fi l ter and  
network.  

As  the  network impedance  wi l l  change  over time  due  to  d i fferen t operating  configurations,  
connection  of l oads  and  generators,  and  ou tages  of major components,  i t  i s  essen tia l  that the  
representation  used  i n  the  stud ies  covers  the  whole  range  of possib le  impedance  values.  
Normal ly th is  i s  done  by defin ing  some  form  of envelope  of impedances  wh ich  encompasses  
a l l  possib le  values.  An  a l ternative  approach  i s  d i scussed  i n  7 . 3. 2  below.  

Normal l y,  the  customer defines  the  range  of network impedance  to  be  used  for the  fi l ter 
design ,  bu t i n  some  HVDC projects  the  customer has  l eft the  con tractor to  make  h i s  own  
estimate.  As  the  con tractor i s  un l i kely to  have  access  to  a l l  the  necessary i n formation  abou t 
the  network components,  or the  faci l i ti es  to  make  s i te  measurements,  th i s  approach  wi l l  tend  
to  resu l t  i n  conservative  estimates  being  made,  resu l ti ng  i n  overdesign  of the  fi l ters  (see  a lso  
3 . 2).  

The  customer shou ld  therefore  start  work on  defin ing  the  network impedance  early i n  the  
genesis  of an  HVDC project.  The  network impedance  wi l l  change  wi th  system  configuration  
and  l oad  cond i tions.  I n  add i tion ,  possib le  fu tu re  changes  shou ld  be  considered .  I n  practice,  i t  
can  be  d i fficu l t  to  obtain  an  accurate  defin i tion .  Experience  from  some  earl ier projects  has  
shown  that speci fied  network impedance  d iagrams  have  had  l ower damping  than  actual ly 
present i n  the  network.  I f the  g iven  impedance  i s  too  pessim isti c,  i . e .  the  range  of impedance  
magn i tudes  i s  too  wide  and /or the  damping  too  l ow,  then  the  fi l ter wi l l  be  more  expensive  
than  necessary.  Consequently,  the  effort expended  by the  customer i n  defin i ti on  of the  
network impedance  at  d i fferent harmon ic frequencies  may resu l t  i n  s i gn i fican t savings  i n  the  
cost of AC fi l ters.  

Various  methods  of deriving  the  network impedance  have  been  used .  An  assessment of 
d i fferen t methods  and  thei r meri ts  was  made  by CIGRE/CIRED  WG  CC02  [1 5] ,  and  a  study of 
network impedance  model l i ng  techn iques  was  undertaken  by CIGRE  JTF  36. 05. 02/1 4. 03. 03  
[1 6] .  The  reader i s  referred  to  these  sources  for fu rther detai l s .  

The  impedance  can  be  calcu lated  wi th  the  help  of any computer program  wi th  wh ich  i t  i s  
possib le  to  model  frequency-dependent power system  elements  [1 5,  1 6] ;  however the  
accuracy of these  calcu lations  i s  often  l im i ted  due  to  l ack of accuracy of i npu t parameters.  
The  resu l t  i s  often  a  pessim istic estimation  of the  network impedance  and  l ower damping  of 
the  harmon ics  compared  to  the  real  impedance  of the  network.  The  correct model l i ng  of the  
variation  of component/branch  resistance  wi th  frequency,  i n  parti cu lar for transformers  and  
l oads,  i s  importan t to  determine  accurately the  damping  of the  network.  D i fferences  i n  the  
network harmon ic impedance  between  phases  shou ld  be  considered ,  especia l l y i f the  
network impedance  i s  dominated  by l ong  AC  l i nes,  bearing  i n  m ind  that transposi tions  may 
not be  effective  at harmon ic frequencies.  The  calcu lations  shou ld  be  carried  ou t i n  the  
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frequency domain ,  as  i n  the  time  domain  the  calcu lations  wi l l  be  very time  consuming  due  to  
the  requ i red  detai l ed  representation  of the  system.  

Measurements  have  a l so  been  used  i n  some  cases;  however th i s  requ i res  specia l  devices  
wi th  h i gh  power ou tpu t i n  order to  obtain  h igh  s i gnal -to-noise  ratio.  Fu rther,  i t  i s  very d i ffi cu l t  
to  cover a l l  possib le  network cond i tions  by making  measurements,  and  possib le  fu tu re  
changes  wi l l  not be  covered .  

7.3.2  Network model l ing  using  impedance  envelopes  

The  impedance  can  be  presented  i n  forms  of tables  for d i fferen t system  configurations  or of 
d i fferen t types  of d iagrams.  Most common ly used  are  envelope  d iagrams  such  as  sector 
d iagrams  or ci rcle  d iagrams,  i n  wh ich  an  X/R  area  i n  the  complex impedance  d iagram  i s  
defined  for a  certa in  frequency range.  The  l ocus  of the  AC system  impedance  for varying  
system  cond i tions  and  at d i fferen t harmon ic frequencies  i s  defined  to  be  wi th in  the  envelope  
(borders)  of these  areas.  

When  no  other i n formation  i s  avai l able  abou t the  AC network,  the  borders  are  often  re lated  to  
the  m in imum  and  the  maximum  short ci rcu i t  impedance  of the  system.  A s impl i fi ed  approach  
wh ich  has  been  frequently used  defines  the  maximum  and  m in imum  impedances  as  fol l ows:  

nZZ ⋅= s.c.maxmax  

nZZ ⋅= s.c.minmin  

wi th  phase  ang le  of 

0°  to  80°  for n  <  5  

±  75°  for  5  ≤  n  <  1 1  

±  70°  for 1 1  ≤  n  ≤  49  

where  

Zmax s . c.  i s  the  AC system  maximum  short ci rcu i t  impedance  at fundamental  frequency;  

Zmin  s . c.  i s  the  AC system  min imum  short ci rcu i t  impedance  at fundamental  frequency.  

However,  customers  shou ld  be  aware  that such  s impl i fi ed  estimates  are  un l i kely to  
correspond  to  the  actual  system  characteri sti cs,  and  g reater effort  shou ld  be  pu t i n to  a  more  
accurate  representation .  

Specia l  care  shou ld  be  taken  as  to  accuracy i n  the  determination  of the  value  of the  m in imum  
impedance,  because  the  harmon ic problems  wi l l  be  more  cri ti cal  for the  system  configuration  
correspond ing  to  th i s  impedance  value.  The  value  of network resistance,  i . e .  damping ,  i s  a l so  
h igh ly cri ti cal .  

Care  shou ld  be  taken  i n  speci fying  impedance  for l ow order harmon ics,  particu larl y at 2nd ,  
3rd  and  5th  harmon ic.  I f an  excessively l arge  ang le  ( i . e .  l ow damping)  i s  speci fied  for these  
frequencies,  ca lcu lations  cou ld  i nd icate  the  need  for fi l ters  tuned  to  these  frequencies.  I n  
certa in  s i tuations,  i t  i s  advisable  to  speci fy separate  d iagrams  for these  frequencies.  

The  fol lowing  advantages  and  d i sadvantages  apply to  a l l  impedance  envelope  d iagrams.  

Advantages  of impedance  envelope  d iagrams:  

•  Relati ve  ease  of preparation  by the  customer and  the  ease  wi th  wh ich  a  systematic 
search  for a  worst-case  impedance  search  techn ique  can  be  appl ied  by the  con tractor.  

International  Electrotechnical  Commission

 



 –  58  – I EC  TR 62001 -1 : 201 6  © I EC  201 6  

•  Extensions  to  the  envelopes  can  be  made  as  possib le  measures  against fu ture  system  
changes  and  d i fferen t envelopes  can  be  g iven  for performance  and  rati ng  cond i tions.  

D isadvantages  of impedance  envelope  d iagrams:  

•  I nclusion  of i nappl i cable  ranges  i n to  impedance  search  area  wi th  s imple  envelopes,  even  
i f a  restricted  frequency range  i s  considered  and  sectors  of d i fferen t ampl i tude  are  
suppl ied  for d i fferent frequency ranges.  The  d i fferent types  of envelope  suggested  have  
d i fferen t tendencies  i n  th i s  respect.  

I n  F igures  1 3  and  1 4 ,  some examples  of envelope  d iagrams  are  shown  and  thei r re lative  
meri ts  evaluated .  Other variations  of d iagrams  than  those  shown  are  a l so  possib le.  

7.3.3  Sector d iagram  

  

Figure  1 3  – AC  system  impedance  
general  sector d iagram,  wi th  min imum  

impedance 

Figure  1 4  – AC  system  impedance  
general  sector d iagram,  wi th  min imum 

resistance  

For the  sector d iagram  maximum  and  m in imum  ang le  of the  impedance  shou ld  be  g iven  and  
a l so  the  maximum  impedance.  E i ther the  m in imum  impedance  (Figure  1 3)  or the  m in imum  
resistance  cou ld  be  g iven  as  the  l ower l im i t  (F igure  1 4).  

Advantages  of sector d iagrams:  

•  S imple  to  define  i f l i ttl e  i n formation  about the  network i s  avai l able  

D isadvantages  of sector d iagrams:  

•  Where  Rmax  i n  a  harmon ic range  i s  set by a  system  paral le l  resonance,  th i s  wi l l  define  
Zmax  and  so  resu l t  i n  va lues  of Xmax,  Xmin  wh ich  often  exceed  the  actual  va lue.  

•  Maximum  and  m in imum  ang le  values  may be  re levant for l ow reactance  values  bu t the  
ang les  wi l l  be  l ower at h igher reactance  values.  

Relative  d i sadvantages  of sector d iagram  wi th  m in imum  impedance  (Figure  1 3):  
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•  The  re lationsh ip  between  Zmin  and  Rmin  i s  un l i kely to  correspond  to  real i ty;  e i ther Rmin  wi l l  
be  too  l arge  or Zmin  wi l l  be  too  smal l .  These  values  can  have  a  cri ti cal  impact on  the  fi l ter 
design .  

7.3.4  Ci rcle  d iagram 

 

Figure  1 5  – AC  system  impedance general   
ci rcle  d iagram,  wi th  min imum  resistance  

For the  ci rcle  d iagram  (F igure  1 5) ,  the  rad ius  of the  ci rcle  as  i nd icated  i n  the  fi gu re  shou ld  be  
g iven .  I n  add i tion  to  the  rad ius,  maximum  and  m in imum  ang le  and  m in imum  resistance  
shou ld  be  g iven .  

Advantages  of ci rcle  d iagram:  

•  A better fi tti ng  envelope  of real  va lues  than  the  sector d iagrams.  

•  Particu larly,  a  more  real i sti c  approximation  for characteri sti c harmon ics  1 1 th ,  1 3th ,  etc.  

D isadvantages  of ci rcle  d iagram:  

•  Rad ius  i s  determined  by the  l argest impedance  value  i n  the  impedance  range,  wh ich  i s  
general l y of a  paral l e l  resonance  wh ich  may apply over a  more  l im i ted  frequency range  
than  that of the  complete  d iagram  (or there  may be  a  set of resonances  at d i fferen t 
frequencies  for d i fferen t system  cond i tions).  Hence,  th i s  approach  cou ld  resu l t  i n  the  
i nclusion  of an  even  l arger non-appl i cable  area  than  the  sector d iagram,  particu larl y i n  the  
capaci tive  reactance  sector for the  l ower harmon ic range.  

For most cases  the  ci rcle  d iagram  wou ld  be  more  accurate  than  the  sector d iagrams,  and  i s  
therefore  preferred .  Even  better,  however,  i f su ffi cien t i n formation  i s  avai l able,  i s  the  d i screte  
polygon  approach  described  below.  

7.3.5  D iscrete  polygons  

For a  more  accurate  representation  of network impedance,  i t  i s  necessary to  have  d i fferen t 
d iagrams  for d i fferen t frequency ranges,  as  the  system  impedance  i s  frequency dependent.  
By th i s  means,  relati vely l im i ted  impedance  sectors  can  be  defined  for each  harmon ic,  thus  
permi tti ng  a  more  exact match ing  of the  AC fi l ter design  to  the  actual  network cond i tions.  
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Figure  1 6  – Example  of harmonic  
impedances  for harmonics  of order 2  to  4  

F igure  1 7  – Example  of harmonic  
impedances  for harmonics  of  

order 5  to  8  

 

Figure  1 8  – Example  of harmonic  
impedances  for harmonics  of order  

9  to  1 3  

Figure  1 9  – Example  of harmonic  
impedances  for harmonics  of  

order 1 4  to  49  

Some examples  are  g iven  i n  F igures  1 6  to  1 9.  I n  F igure  1 9,  the  h igher order harmon ics  
(above  n  =  1 4)  are  defined  using  a  conventional  ci rcle  d iagram,  as  there  i s  l i ttl e  economic or 
techn ical  advantage  i n  trying  to  define  a  more  exact polygon  for these  frequencies.   
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I f the  polygons  for d i fferen t g roups  of harmon ics  are  to  be  derived  by computer program,  then  
i t  i s  advisable  to  i nclude  i n  each  polygon  the  calcu lated  impedance  poin ts  for one  or two  
add i tional  harmon ics  at  both  ends  of the  range  covered .  Th is  a l l ows  for the  possib i l i ty that the  
computer model l i ng  may correctl y pred ict a  resonance,  bu t at not qu i te  the  correct frequency.  
An  add i tional  marg in  i n  impedance  magn i tudes  shou ld  a l so  be  i ncluded  to  a l l ow for possible  
model l i ng  error.  

Advantages  of d i screte  polygon  d iagrams:  

•  E l im inate  ri sk of overdesign  of fi l ters  for l ow order and  1 1 th  and  1 3th  harmon ic 
characteri sti cs.  

D isadvantages  of d i screte  polygon  d iagrams:  

•  Considerably more  effort requ i red  to  define  the  polygons  for each  harmon ic.  

7.3.6  Zero-sequence impedance  model l ing  

I f the  fi l ter performance  parameters  i nclude  a  l im i tation  on  harmon ic cu rren ts,  i n  d i fferent 
phases,  propagating  i n to  the  connected  AC network,  the  model l i ng  method  wi l l  be  d i fferen t.  
The  harmon ic source  wi l l  be  appl ied  across  the  poin t of common  coupl i ng  (PCC)  from  where  
the  AC l i nes  emanate.  For l ow order harmon ics  the  impedance  l oci  for the  th ree  phases  may 
be  d i fferen t,  i . e .  the  zero  sequence  impedance  may be  d i fferen t from  the  posi tive/negative  
sequence  impedance,  and  the  l i nes  may have  to  be  model led  wi th  posi ti ve/negative  and  zero  
sequence  impedances.  I n  order to  perform  exact calcu lations,  the  contractor needs  the  zero  
sequence  data.  

HVDC converters,  however,  have  a  neg l i g ib le  generation  of zero  sequence  harmon ics,  and  
hence  the  model l i ng  of the  zero  sequence  impedance  i s  normal l y not cri ti cal  i n  th i s  con text.  

The  zero  sequence  impedance  wi l l  be  more  damped  than  correspond ing  posi tive/negative  
sequence  as  the  zero  sequence  curren t wi l l  be  retu rned  via  the  earth  (and  sh ield ing  wi res),  
wh ich  has  a  re latively h igh  resistance  at harmon ic frequencies.  

7.3.7  Detai led  model l ing  of AC  network for performance calcu lation  

I n  some  speci fi c HVDC projects,  i t  may be  feasib le  and  desi rable  to  construct a  detai l ed  
model  of the  connected  AC system  to  be  used  i n  the  performance  calcu lation  i nstead  of the  
more  normal  impedance  envelope.  Th is  has  been  rarely used  i n  the  past because  

•  d etai l ed  network data  i s  not usual l y avai lable  to  the  contractor,  

•  the  computation  time  for each  performance  calcu lation  i s  g reatl y i ncreased ,  

•  l arge  numbers  of network configurations  may need  to  be  stud ied  for each  performance  
case.  

However,  i f the  AC network data  i s  known  and  i s  re latively constan t,  and  g iven  the  computing  
power now avai lable,  the  use  of a  detai led  model  cou ld  be  j usti fied .  I ts  major advantage  over 
impedance  envelopes  i s  that i t  shows  on ly the  actual  feasib le  network impedances,  wi th  fu l l  
consistency among  harmon ics,  rather than  i nclude  the  many non-feasible  values  wh ich  are  
encompassed  i n  an  envelope.  The  detai l ed  model  i s  particu larly valuable  i n  studying  the  
lower harmon ic orders,  for wh ich  stud ies  using  an  impedance  envelope  m igh t erroneously 
i nd icate  a  need  for l ow-order fi l ters.  

One  case  i n  wh ich  the  use  of a  detai l ed  model  cou ld  be  valuable  i s  when  the  HVDC station  i s  
fed  by a  s ing le  l ong  AC l i ne.  I n  th is  case,  the  AC  s ide  impedance  i s  dominated  by the  AC l i ne  
and  changes  i n  the  network at the  remote  end  of the  l i ne  wi l l  have  a  re latively m inor 
i n fluence.  

Furthermore,  the  unbalance  between  phases  resu l ti ng  from  the  transmission  l i ne  asymmetry,  
and  coupl ing  between  phases  a long  the  transmission  l i ne,  wi l l  cause  importan t effects  i n  the  
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harmon ic domain .  These  effects  can  on ly be  properly represented  using  a  detai led  th ree-
phase  model ,  as  recommended  by CIGRE WG  CC02  [1 5] .  

I f a  detai led  model  i s  to  be  employed ,  a  th ree-phase  representation  shou ld  be  used ,  wi th  
accurate  representation  of the  characteri sti cs  of the  AC l i nes,  transformers,  generators  and  
l oads  at  harmon ic frequencies,  as  d i scussed  i n  7 . 3  above.  The  network shou ld  be  
represented  up  to  a  su ffi cien t e lectrical  d i stance  from  the  converter such  that add i tion  of 
fu rther l i nes  or l oads  makes  no  s ign i fican t d i fference  to  the  resu l ts.  Sensi tivi ty stud ies  of the  
i n fl uence  of assumed  load  models  and  damping  shou ld  be  made.  

At h i gher frequencies,  above  abou t the  20th  harmon ic [1 5] ,  i t  i s  un l ikely that the  accuracy of 
the  detai led  model  wi l l  be  su fficien t,  and  for these  frequencies  the  normal  impedance  
envelope  shou ld  be  used .  

7.4 Outages  of fi l ter banks  and  sub-banks  

Depend ing  on  the  reactive  power requ i rements  on  fi l ter bank s i ze  and  on  the  maximum  
vol tage  step  a l l owed  by the  speci fi cations  for fi l ter swi tch ing ,  the  total  fi l ter scheme wi l l  be  
d ivided  i n to  a  number of fi l ter banks  and  sub-banks.  For some  smal ler projects,  on ly one  or 
two  fi l ter banks  are  su ffi cien t.  For other projects  d i vis ion  i n to  l arge  number of smal ler fi l ter 
banks  and /or sub-banks  has  been  necessary due  to  the  system  requ i rements.  

Redundancy requ i rements,  mean ing  that the  performance  requ i rements  shou ld  be  fu l fi l l ed  
even  wi th  one  fi l ter ou t of service,  a im  to  provide  a  more  flexible  and  secure  system  for 
operation .  However,  fu l l  redundancy impl ies  add i tional  cost and  a l so  add i tional  space  

requ i rements.  Redundancy cou ld  be  obtained  by a  2  ×  1 00  %  fi l ter scheme or 3  ×  50  %,  

4  ×  33, 3  %  and  so  on .  The  requ i rements  on  redundancy wi l l  i n fl uence  the  choice  of the  
number of banks  and  s ize  of each  bank and  a l so  the  types  of fi l ter bank used .  

The  speci fi cation  shou ld  state  the  customer’s  requ i rements  regard ing  redundancy of fi l ters.  I n  
add i tion ,  the  overal l  re l i abi l i ty and  avai labi l i ty requ i rements  wi l l  have  a  strong  i n fluence.  I n  
order to  fu l fi l  the  RAM  (rel i abi l i ty,  avai labi l i ty and  main tainabi l i ty)  requ i rements,  the  contractor 
wi l l  i n  many cases  have  to  consider fi l ter redundancy.  I t  shou ld  be  noted  that an  
a l ternative/add i tional  solu tion  for fu l fi l l i ng  RAM  requ i rements  may be  to  rate  a l l  the  
components  for h i gher stresses  than  i nd icated  i n  the  calcu lations,  i . e .  an  overrating  of the  
components.  Fu rther,  i t  shou ld  not be  forgotten  that spare  components  and  repai r-  and  
replacement-time  are  a l so  factors  i n  the  tota l  RAM  evaluation .  

I n  order to  l im i t  the  cost and  complexi ty of the  AC  fi l ters,  the  customer shou ld ,  taking  i n to  
account the  nature  of use  of the  HVDC scheme,  consider i nclud ing  the  fol lowing  exceptions  
to  fu l fi lment of performance  cri teria.  

•  Al l  fi l ters  shou ld  be  permi tted  to  be  i n  service  ( i . e .  no  fi l ter ou tage  requ i rements  shou ld  
apply)  for calcu lation  of performance  at DC  curren t (or power)  l evels  above  1 00  %  rated  
l oad .  

•  No  fi l ter ou tage  shou ld  be  speci fied  for rarely used  reduced  vol tage  operation ,  or,  i f 
requ i red ,  performance  parameter l im i ts  shou ld  be  re laxed  for th i s  mode  of operation .  

•  Du ring  emergency and /or short-term  ou tage  of fi l ter banks/sub-banks,  e i ther no  
performance  l im i ts  or re laxed  performance  cri teria  cou ld  apply (especia l l y for the  h igher 
order harmon ics).  

•  Du ring  ou tage  of a  non-characteri sti c harmon ic fi l ter,  i f provided ,  no  l im i ts  for d istortions  
correspond ing  to  those  harmon ics  may be  speci fied .  However,  where  the  l ow order 
harmon ics  are  cri ti cal  and  may damage  equ ipment i n  the  converter sub-station  or 
equ ipment i n  the  connected  AC system  i f they are  not damped ,  redundancy of these  fi l ters  
may be  requ i red .  

The  rating  of the  fi l ter components  cou ld  i n  some  cases  be  reduced  due  to  requ i rements  on  
fi l ter redundancy.  I f,  for example,  two  equal  fi l ters  were  requ i red  i n  order to  fu l fi l  the  
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performance  requ i rements,  a  th i rd  fi l ter wou ld  be  i nstal led  for performance  redundancy.  The  
maximum  rati ng  wou ld  therefore  be  based  on  two  fi l ters  a lways  being  i n  service.  I f,  however,  
no  performance  redundancy was  requ i red ,  there  cou ld  sti l l  be  requ i rements  on  rating  
redundancy,  i . e.  i f one  of the  two  i nstal l ed  fi l ters  were  not avai lable,  the  one  l eft  shou ld  be  
designed  to  continue  i n  operation  under the  g iven  cond i tions.  Thus,  the  requ i red  component 
harmon ic rati ngs  for the  case  of two  i nstal l ed  fi l ters  cou ld  be  approximately double  those  for 
the  case  of th ree  i nstal l ed  fi l ters.  Th is  factor may partia l l y offset the  cost of performance  
redundancy requ i rements.  

7.5  Considerations  of probabi l i ty 

The  usual  ca lcu lation  method  for the  determination  of AC fi l ter performance  i s  based  on  
worst-case  assumptions  regard ing  operating  cond i tions,  to lerances  and  parameter 
deviations.  Th is  method  has  the  benefi t  of being  pessimisti c and  does  not requ i re  special  
i n formation  from  the  customer.  However the  d i sadvantage  i s  that the  AC fi l ter design  wi l l  be,  
i n  most cases,  based  on  unreal i stic  combinations  of parameters  and  cond i tions  that wi l l  
probably prevai l  on ly for short periods  of time.  Th is  unreal i stic  combination  of parameters  and  
cond i tions  may l ead  to  provis ion  of fi l ters  that i n  real i ty are  not requ i red .  

Many parameters  wh ich  i n fluence  the  AC vol tage  and  curren t d istortion  are  statistical  i n  
natu re;  some  are  variable  due  to  manufacturing  to lerance  (transformer impedances,  i n i tia l  
fi l ter m istun ing ,  fi ri ng  asymmetries),  wh i le  others  are  variable  wi th  time  (AC vol tage  l evel ,  AC  
vol tage  d istortion  and  unbalance,  temperature  effects,  frequency deviation ,  network 
impedance  and  l oad  l evel  of the  HVDC system).   

The  adverse  effects  of harmon ics  are  a l so  statistical  i n  natu re.  The  new approach  regard ing  
the  assessment of em ission  l im i ts  for d istorti ng  l oads,  wi th in  the  I EC  TR 61 000  series  
( I EC  TR 61 000-3-6),  i s  to  characterize  the  system  d i stu rbance  and  equ ipment immun i ty 
l evels  as  probabi l i ty d i stribu tions  (see  F igure  20).  The  equ ipment shal l  not d i stu rb  the  
operation  of other equ ipment i n  the  system  and  at the  same  time  not be  d i stu rbed  or 
damaged  by the  existing  d istortion  i n  the  system.  I t  i s  recogn ized  that,  i n  the  whole  power 
system,  i n terference  can  occur on  some  occasions  and  therefore  there  can  be  s i gn i fican t 
overlapping  between  these  two  d istribu tions.  The  emission  l im i t  of a  d i storti ng  l oad  can  thus  
be  expressed  i n  a  stati sti cal  way.  

S im i larl y,  te lephone  i n terference  l im i ts  recommended  by I EEE  [9]  and  CIGRE [5]  are  
determined  by stati sti cs.  The  annoyance  l evel  depends  on  the  sensi tivi ty of the  users  and  the  
connection  s i gnal  strength .  Even  then  a  sporad ic occurrence  wi l l  not necessari l y l ead  to  a  
complain t,  i ndeed  h igher noise  i s  common ly tolerated  for temporary operating  modes.  I t  thus  
seems  reasonable  to  define  an  i n terference  cri terion  re lated  to  a  time  probabi l i ty,  for 
example,  a  l evel  not exceeded  for more  than  say 5  %  of the  time.  A fu rther aspect of 
probabi l i ty wi th in  the  te lephone  system  i s  the  variation  of characteri sti cs  such  as  sh ie ld ing  
and  balance,  wh ich  may vary wi th  type  of cable,  age,  corrosion ,  etc.  [5] .  

Wh i le  te lephone  i n terference  l im i ts  have  not yet been  defined  i n  a  stati sti cal  way i n  any 
Standard ,  probabi l i ty numbers  cou ld  be  very conven iently appl ied ,  as  the  noise  i s  a  question  
of conven ience  not of damage  and  i t  can  be  m i ti gated  i f there  i s  a  problem.  Therefore  an  
i nductive  co-ord ination  study can  be  performed  to  assess  an  economical  i n terference  l im i t  
wi th  wh ich  a  reasonable  ri sk can  be  associated  because  exceed ing  the  l im i t  wou ld  on ly resu l t  
i n  add i tional  m i tigation  measures  and  correspond ing  costs.  Even  though  the  i n terference  
l im i ts  are  set accord ing  to  existi ng  experience,  wi thou t a  detai l ed  study,  a  stati sti cal  l im i t  
wou ld  have  the  benefi t  of resu l ti ng  i n  a  design  wh ich  pu ts  more  emphasis  on  harmon ics  l i kely 
to  cause  problems.  

HVDC con tractors  a l ready use  stati sti cal  methods  to  determine  the  non-characteri sti c 
harmon ic sources,  when  permi tted  by the  customer’s  speci fi cation ,  based  on  re levant data  
from  thei r manufacturing  statistics,  for example  to lerance  data  for converter transformer 
l eakage  impedances.  The  implementation  of a  more  complete  probabi l i sti c  approach  requ i res  
statistical  knowledge  of the  time  varying  parameters  (operating  l evels,  temperature,  
frequency deviation ,  AC  vol tage  unbalance,  harmon ics  i n  AC  vol tage,  etc. ) .  However such  
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statistical  data  i s  se ldom  avai l able,  and  some  parameters  may be  i n terdependent.  Moreover,  
statistical  i n formation  on  the  te lephone  system  may not be  read i l y procured .  A probabi l i sti c  
approach  for the  design  of AC  fi l ter performances  i s  therefore  desi rable  bu t a  g reat deal  of 
work wou ld  be  needed  to  ach ieve  th is  goal .  

 

Figure  20  – I l lustration  of basic vol tage  qual i ty concepts  wi th  time/location  statistics  
covering  the  whole  system  (adapted  from  IEC  TR 61 000-3-6: 2008)  

I t  may be  adequate  for certa in  i nsta l l ations  that the  performance  requ i rements  are  met,  for 
example,  for 95  %  of the  operating  time.  Such  requ i rements  are  used  for l ow vol tage  and  
med ium  vol tage  systems.  Th is  wou ld  g ive  the  opportun i ty to  a l l ow h igher harmon ic l evels  for 
some  specia l  operation  modes,  i f the  mode  i s  considered  to  occur seldom  and  for short 
du ration .  

As  an  example,  consider the  very smal l  operation  range  i n  the  swi tch ing  curve  as  i l l ustrated  
i n  F igure  21 .  I f a  narrow band  of operation  where  the  requ i rements  are  not met,  as  i nd icated  
i n  the  fi gu re,  shou ld  be  decis ive  for the  fi l ter scheme s izing ,  then  add i tional  fi l ters  wou ld  be  
requ i red  to  sati sfy performance  i n  j ust th is  narrow band  of operation .  I n  such  a  case,  a  
consideration  of probabi l i ty shou ld  be  made  as  to  how often  the  most cri ti cal  system  
configuration  and  operating  cond i tions  wi l l  occur at  the  same  time  as  operation  i n  the  narrow 
band .  A resu l t  of such  an  evaluation  may be  that the  probabi l i ty i s  so  smal l  that the  
i nstal l ation  of add i tional  fi l ters  i s  not j usti fied .  
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The  requ i remen ts  are  not  met  for the  range  i nd i cated  as  " 1 " .  

Figure  21  – Example  of range  of operation  where  specifications  
on  harmonic  l evels  are  not met for a  fi l ter scheme solution  

Any probabi l i ty considerations  that shou ld  be  used  i n  the  calcu lations  shou ld  be  defined  i n  
the  speci fi cation .  The  use  of a  probabi l i sti c  approach  for assessing  performance  shou ld  
however not remove  the  obl igation  to  study performance  under worst-case  assumptions,  to  
ensure  the  safety of p lan t and  other consumers.   
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7.6  F lexibi l i ty regard ing  compl iance 

One  purpose  of the  speci fi cation  i s  to  ensure  that the  con tractor del i vers  an  AC fi l ter wh ich  
sati sfies  the  customer’s  performance  requ i rements.  However,  some of the  cri teria  m igh t be  
somewhat arbi trary (say,  for example,  TI F  =  40)  and  some  of the  data  derived  by estimation  
(network impedance  for example).  

I f,  i n  order to  meet the  speci fied  requ i rements  exactly,  a  b i dder has  to  propose  a  fi l ter design  
wh ich  i s  i n  some  respects  clearly not optimal ,  the  b idder shou ld  bring  th i s  to  the  atten tion  of 
the  customer.  The  customer shou ld  then  be  prepared  to  explore,  j o i n tl y wi th  the  b idder,  those  
areas  i n  wh ich  some  mod i fication  to  the  exact speci fied  requ i rements  and  data  cou ld  l ead  to  
a  s ign i fi can t s impl i fication  of the  AC fi l ters.  The  fi nancia l  impl i cations  of any such  
mod i fications  wou ld  have  to  be  d iscussed  i n  the  con text of the  con tract.  

For some  projects,  i t  cou ld  be  desi rable  to  delay the  i nstal lation  of some fi l ter banks  un ti l  the  
need  for such  add i tional  fi l ters  has  been  i nd icated  by actual  operational  experience.  Th is  can  
especia l l y be  considered  for cases  where  the  calcu lations  show a  ri sk of l ow order harmon ic 
resonance  and  the  need  for a  l ow order fi l ter.  I f an  excessively conservative  network model  
has  been  used ,  the  i nstal lation  of a  l ow order harmon ic fi l ter may not be  necessary i n  the  real  
system  even  i f the  performance  calcu lations  have  i nd icated  so.  I n  such  a  s i tuation ,  provis ion  
for space  or even  foundations  cou ld  be  prepared  for the  possib le  l ater i nstal l ation  of a  l ow 
order harmon ic fi l ter.  

7.7  Ratings  of the  harmonic  fi l ter equ ipment 

The  calcu lation  of the  steady-state  ratings  of the  harmon ic fi l ter equ ipment i s  described  i n  
I EC  TR 62001 -4: 201 6,  Clause  3  i n  detai l .  The  calcu lation  method  i ncudes  the  effects  of pre-
existi ng  harmon ic d istortion  on  the  AC system  and  thei r combination  wi th  the  converter 
harmon ics  for each  harmon ic order from  2nd  to  50th  i nclusive.  The  calcu lation  of the  tota l  
fi l ter cu rren t for each  connected  fi l ter a l l ows  the  spectrum  of harmon ic cu rrents  i n  each  
branch  of the  fi l ter to  be  evaluated .  From  th i s  curren t data  i nd ividual  e lement ratings  can  be  
calcu lated .   

The  effect of transien t stresses  on  fi l ter rati ngs  i s  a l so  taken  i n to  account i n  I EC  TR 62001 -
4: 201 6,  Clause  4  by using  a  transien t analysis  computer program.  The  resu l ts  of these  
stud ies  wi l l  i nd icate  whether the  calcu lated  stresses  exceed  the  equ ipment’s  capabi l i ty.  I n  
such  cases  the  equ ipment rati ng  wi l l  need  to  be  i ncreased  to  accommodate  the  pred icted  
du ty.  Where  necessary,  the  resu l ts  of such  stud ies  may need  to  form  part of the  equ ipment 
speci fi cation  and  may a lso  become the  basis  for acceptance  test l evels.  From  the  resu l ts  of 
the  stud ies  the  overal l  i nsu lation  co-ord ination  of the  fi l ter can  be  derived .  

Aud ib le  noise  l im i tations  and  the  relevance  to  AC fi l ter design  are  considered  i n  I EC  TR 
62001 -4: 201 6,  Clause  8 .  The  treatment of aud ible  noise  l im i tation  i n  the  speci fi cation  can  be  
s i gn i fican t,  and  the  i ssue  may a l so  be  prominen t du ring  b id  evaluation  d iscussions  and  the  
subsequent project design .  Sound  active  components  of AC fi l ters  are  analysed ,  sound  
requ i rements  are  speci fied  and  acoustic noise  reduction  measures  are  recommended .  

8  Fi l ter swi tch ing  and  reactive  power management 

8.1  General  

The  design  of the  AC fi l ters  i s  closely l i nked  wi th  the  reactive  power management of the  
HVDC converter station .  C lause  8  d iscusses  the  impact of the  reactive  power compensation  
and  con trol  on  the  AC fi l ter design ,  and  on  the  strategy for swi tch ing  the  AC fi l ters.  I t  
i nd icates  poin ts  wh ich  shou ld  be  carefu l l y considered  by the  customer i n  preparing  a  
speci fication .  Background  material  re lati ng  main ly to  the  reactive  power absorption  
capabi l i ties  of the  HVDC converters  i s  con tained  i n  Annex E .  
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8.2  Reactive  power in terchange wi th  AC  network 

8.2 . 1  General  

An  AC network has  an  i nheren t capabi l i ty to  supply or absorb  a  certa in  amount of reactive  
power at a l l  buses  for a  g i ven  range  of operating  parameters.  The  maximum  permi tted  
amount of reactive  power i n jection  and  wi thdrawal ,  i . e .  i n terchange,  at a  g iven  bus  wi th in  the  
normal  operating  l im i ts  of the  busbar vol tages  i s  termed  the  reactive  power absorption  and  
supply capabi l i ty,  respectively,  at that bus.  A typical  permi tted  reactive  i n terchange  capabi l i ty 
of a  system  i s  shown  by Curve  4  (qac( l im i t))  i n  F igure  E . 1 .  Th is  featu re  of the  AC network has  
a  strong  i n fl uence  on  the  design  of reactive  compensation  equ ipment and  AC fi l ters  
associated  wi th  an  HVDC converter.  

8.2.2  Impact on  reactive  compensation  and  fi l ter equ ipment 

The  reactive  compensation  to  be  provided  for an  HVDC converter connected  at a  g i ven  bus  i s  
dependent on  both  the  fi l tering  requ i rements  and  the  speci fied  reactive  power i n terchange  at 
that bus.  The  reactive  power compensation  requ i rements  comprise  the  converter reactive  
power consumption ,  p l us  the  customer speci fied  converter station  i n terchange  requ i rements  
as  a  function  of the  active  power transfer.  

I n  several  existi ng  HVDC schemes,  the  total  i nsta l led  reactive  power was  governed  by the  
reactive  power compensation  requ i rements  rather than  m in imum  fi l tering  performance  
requ i rements.  I n  such  schemes,  the  a l l owable  defici t  has  been  the  control l i ng  factor as  the  
stations  were  e i ther to  be  overcompensated  or operated  close  to  un i ty power factor.  

Sometimes  a  u ti l i ty may want to  use  the  HVDC station  to  balance  the  reactive  power i n  the  
system  and  not j ust obtain  a  m in imum  reactive  power from  the  station .  I n  such  cases  i n  
parti cu lar,  the  overal l  reactive  compensation  design  shou ld  a l low fl exib i l i ty and  easy 
combinations  for operators  i n  the  con trol  cen tres.  

L iberal  i n terchange  l im i ts  are  desi rable  from  the  poin t of view of AC fi l ter design ,  and  resu l t  i n  

a)  i nstal l ation  of l ess  reactive  power compensation  equ ipment,   

b)  s impl i fi ed  and  l ess  expensive  AC fi l ters,  

c)  l ess  AC fi l ter/capaci tor swi tchgear,  

d )  s impl i fi ed  AC  swi tchyard  l ayou t 

and ,  usual l y of l esser importance,  

e)  s impl i fi ed  con trols,   

f)  l ower energy requ i rement for AC bus  arresters,  

g )  reduction  i n  main tenance  cost of swi tchgear.  

As  a  ru le  of thumb,  approximately 40  %  (of rated  converter station  power transfer capaci ty)  
reactive  power compensation  can  be  considered  to  be  adequate  so  far as  the  fu l fi lment of 
fi l tering  requ i rements  i s  concerned .  Assuming  a  m in imum  of around  40  %  compensation ,  then  
broad  reactive  power i n terchange  l im i ts  general l y permi t  the  use  of on ly a  few large  s i ze  
s imple  h igh  pass  fi l ters,  wh ich  have  fewer components  and  thus  are  l ess  expensive.  Narrow 
l im i ts,  on  the  other hand ,  wi l l  i ncrease  the  number of swi tchable  fi l ter un i ts  requ i red ,  and  
possib ly a l so  en tai l  the  use  of more  complex fi l ter branches.  

Wi th  conventional  fi l ters,  design ing  wi th  below 40  %  compensation  wi l l  mean  l ess  
capaci tance  to  devote  to  fi l ters,  and  i n  order to  i ncrease  per un i t  effectiveness  i t  may be  
necessary to  use  compl icated  double  or trip le  tuned  fi l ter design  wi th  h igh  qual i ty factors.  Any 
cost saving  due  to  the  tota l  fi l ter s ize  may therefore  be  l ost due  to  the  added  complexi ty.  
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Shun t reactors  may form  part of an  HVDC converter station  to  provide  i nductive  
compensation  for AC harmon ic fi l ters  especial l y under l i gh t l oad  cond i tions  where  a  certain  
m in imum  number of harmon ic fi l ters  are  requ i red  to  sati sfy harmon ic performance  
requ i rements.  I n  certa in  cases  where  the  reactive  power to  be  absorbed  by the  converters  i s  
not l arge,  the  need  for shun t reactors  may be  obviated  by operating  the  converters  at  
i ncreased  con trol  ang les;  refer to  8 . 7  below.  

Speci fi cation  of a  l ow value  of the  AC fi l ter performance  parameter TIF  or THFF  may 
necessi tate  the  i nstal l ation  of shunt reactors  to  enable  connection  of more  fi l ters  of a  h igh  
pass  type,  at l ow DC power l evels,  especia l l y i f the  i n terchange  l im i ts  are  restricti ve.  

The  AC swi tchyard  l ayou t tends  to  become compl icated  when  a  l arge  number of fi l ters  i s  to  
be  accommodated  wi th in  a  speci fied  l im i ted  space.  I n  certa in  s i tuations,  for example  h i l l y 
terrain  and  proxim i ty to  an  u rban  area,  the  saving  of even  a  few square  metres  i s  s ign i fican t 
and  complexi ties  such  as  mu l ti - l evel  l ayou ts,  for saving  space,  can  be  avoided  i f fewer fi l ters  
are  used .  

The  customer i n  h i s  speci fication  shou ld  a l l ow maximum  flexibi l i ty for the  con tractor to  
optim ize  h i s  fi l ter design  i n  re lation  to  reactive  power compensation .  Related  i ssues  shou ld  
be  d iscussed  wi th  the  customer during  the  design  process.  

8.2.3  Evaluation  of reactive  power in terchange  

Reactive  power i n terchange  l im i ts  at a  commutating  bus  are  determined  by the  customer 
concerned  by conducting  steady-state  l oad  flow stud ies  under d i fferent network cond i tions.  
Wh i le  conducting  such  stud ies  the  customer shou ld :  

•  consider on ly p lausib le  AC network operating  cond i tions,  

•  i ncl ude  the  impact of acti ve  power fl ow on  the  HVDC system.  Th is  i s  particu larl y important 
i f the  HVDC i s  a  bu lk power transmission  l i nk wi th  paral l e l  AC  l i nes.  Because  the  variation  
of active  power fl ow on  the  HVDC transmission  wi l l  vary the  active  power fl ow on  the  
paral l e l  AC  l i nes  as  wel l ,  and  th i s  variation  i n  acti ve  power l oad ing  of the  paral l e l  AC  l i nes  
wi l l  i n fl uence  the  reactive  power i n terchange  capabi l i ty of the  AC network,  

•  make  use  of the  i nheren t capabi l i ty of generators  to  supply or absorb  the  reactive  power,  

•  cover rare  operating  cond i tions  by re laxing  performance  requ i rements  and /or imposing  
restrictions  on  HVDC converter operation ,  

•  u nderstand  that the  choice  of reactive  power l im i ts  can  have  a  crucia l  impact on  the  AC  
fi l ter design  and  costs,  and  so  avoid  choosing  unnecessari l y restricti ve  l im i ts  or “rounded-
down”  values.  

8.3  HVDC converter reactive  power capabi l i ty 

After having  determined  the  a l lowable  reactive  power i n terchange  wi th  AC network,  the  
i nheren t reactive  power absorption  capabi l i ties  of HVDC converters  can  be  exploi ted  as  far 
as  possib le  to  fu l fi l  the  speci fied  i n terchange  requ i rements.  

The  reactive  power capabi l i ty of the  converter under steady-state  and  temporary cond i tions  i s  
d i scussed  i n  E . 1 .  

8.4 Bank/sub-bank defin i tions  and  s izing  

8.4. 1  General  

For the  purpose  of fi l tering  and  reactive  power con trol ,  capaci tors,  reactors  and  resistors  are  
i n terconnected  to  form  d i fferent type  of fi l ters,  normal ly shun t type.  These  fi l ters  are  g rouped  
so  as  to  fu l fi l  the  requ i rements  i n  respect of fi l tering  performance,  reactive  i n terchange  and  
step  change  i n  the  commutating  bus  vol tage  du ring  swi tch ing .  Such  g roups  are  cal l ed  bank,  
sub-bank and  branches  depend ing  on  thei r e lectrical  arrangement.  

International  Electrotechnical  Commission

 



 –  68  – I EC  TR 62001 -1 : 201 6  © I EC  201 6  

I t  i s  vi ta l  that the  speci fication  i s  cl ear i n  i ts  defin i tion  of these  terms,  especia l l y when  related  
to  requ i rements  on  performance  under ou tage  cond i tions  and  the  maximum  permi tted  fi l ter 
ou tages  under wh ich  operation  shou ld  be  able  to  continue.  

The  normal l y used  defin i tions  are  g iven  i n  8 . 4 . 2  and  a  typical  arrangement i l l ustrating  the  
defin i tions  i s  shown  i n  F igure  22 .  

 

Key 

1   bank 

2   sub-bank 

3   branch  

NOTE  Secti ons  of fi l ter are  defi ned  by the  type  of broken  l i ne  encl os i ng  them.  

Figure  22  – Branch ,  sub-bank and  bank defin i tion  

8.4.2  Sizing  

The  s i ze  of a  branch ,  sub-bank or bank i s  described ,  normal l y,  i n  terms  of net reactive  power 
i n jected  i n to  i ts  poin t of connection  (for a  branch)  or commutating  bus  (for a  sub-bank or a  
bank)  at nominal  AC system  fundamental  frequency,  commutating  bus  vol tage  and  rated  
component values.  

The  effectiveness  of a  conventional  passive  fi l ter i n  suppressing  a  particu lar harmon ic or a  
set of harmon ics  i s ,  general l y,  d i rectl y proportional  to  i ts  s i ze.  Large  l im i ts  for reactive  power 
i n terchange  and  step  change  i n  vol tage  resu l t  i n  fewer sub-banks/banks  and  s imple  damped  
fi l ters.  However,  the  maximum  s ize  of a  sub-bank/bank i s  a l so  governed  by the  avai lable  
breaker capabi l i ty.  

IEC  
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The  choice  of s ize  i s  a  function  of 

•  speci fied  reactive  power i n terchange,   

•  fi l ter performance  requ i rements,  

•  s tep  change  i n  vol tage  on  swi tch ing ,   

•  vo l tage  of the  connecting  bus,   

•  redundancy requ i rements.  

These  factors  are  e laborated  below.  

The  impact of reactive  power i n terchange  and  fi l tering  performance  requ i rements  on  overal l  
s i zing  i s  d i scussed  above  i n  8 . 2 . 2 .  

The  step  change  i n  vol tage  on  fi l ter swi tch ing  i s  a  decis ive  factor i n  the  s i zing .  The  
speci fication  of a  very smal l  step  wi l l  requ i re  smal l  s i ze  fi l ter sub-banks/banks  and  thus  wi l l  
l ead  to  a  more  expensive  solu tion  due  to  the  i ncreased  number of fi l ter sub-banks/banks  and  
a l so  on  account of thei r un -economical  s i zes.  Th is  wi l l  a l so  i ncrease  the  number of 
swi tch ings,  resu l ti ng  i n  an  i ncreased  main tenance  requ i rement on  the  swi tchgear.  

On  the  other hand ,  a  l arge  step  change  i n  vol tage  cou ld  adversely affect the  AC-DC system;  
for i nstance,  a  5  %  steady-state  vol tage  change  cou ld  mean  that every swi tch ing  operation  at  
the  station  wou ld  be  accompan ied  by several  converter transformer tap  changer operations  
and  operations  of au tomatic on - load  tap-changers  on  transformers  close  to  the  station .  I n  
some cases,  the  ownersh ip  of these  transformers  may not be  the  same  as  the  DC system,  a  
factor wh ich  has  to  be  considered .  Consideration  shou ld  a l so  be  g iven  to  other vol tage  
con trol l i ng  devices  i n  the  AC system,  i nclud ing  generation ,  synchronous  condensers,  SVCs  
and  au tomatical l y swi tched  capaci tors  and  reactors  i n  the  AC system  and  the  impact of a  
l arge  steady-state  vol tage  change  on  these  devices.  

Determination  of the  steady-state  step  change  i n  vol tage  under HVDC converter de-blocked  
and  b locked  cond i tions  i s  d i scussed  i n  E . 3 .  L im i tation  of the  transient step  change  i n  vol tage  
on  swi tch ing  i s  a lmost a lways  d ictated  by the  need  to  reduce  annoyance  due  to  l i gh t fl i cker,  
and  to  e l im inate  changes  i n  DC power transfer due  to  commutation  fa i l u re  or DC con trol  
mode  changes.  

Therefore,  the  speci fied  step  change  i n  vol tage  shou ld  be  such  that i t  optimal l y takes  care  of 
the  above-mentioned  concerns  of both  the  DC and  the  AC systems.  

The  permissible  steady-state  vol tage  change  caused  by swi tch ing  of fi l ters  shou ld  be  
governed  by the  prevai l i ng  norms  of the  customer.  I n  the  absence  of any norms,  a  
conservative  approach  wou ld  be  to  speci fy a  l im i t  i n  the  range  between  1  %  and  2  %.  
However,  i n  th is  case,  the  customer shou ld  be  prepared  to  d i scuss  wi th  the  b idders  the  
impact of the  speci fied  vol tage  step  on  the  AC fi l ter design  and  costs,  and  to  consider 
mod i fication  of the  speci fied  l im i t  i f i t  has  a  cri ti cal  impact.  There  are  some s i tuations  where  a  
l arger vol tage  change,  say 3  %  to  5  %,  may be  permi tted ,  such  as  

•  when  connecting  to  a  weak AC system  where  i t  i s  known  that the  AC system  strength  wi l l  
i ncrease  shortl y after the  DC i s  i nsta l l ed ,  or 

•  where  the  converter AC bus  i s  new,  e lectrical l y remote  from  the  existi ng  AC system  and  i s  
not servicing  any l ocal  l oad .  

As  regards  the  transien t step  change  i n  vol tage,  for frequent ( i n  the  order of 5  or more  times  
per day)  and  l ess  frequent (dai l y)  swi tch ing  operations,  a  transien t vol tage  change  of 2  %  and  
3  %,  respectively,  i s  qu i te  normal .  For very i n frequent swi tch ing  operations  (5  to  1 0  per 
month ),  l arger variations  cou ld  be  acceptable  (say up  to  5  %)  bu t th i s  shou ld  be  compared  to  
the  vol tage  change  wh ich  cou ld  be  expected  for other swi tch ing  operations  of the  same  
frequency,  for example  l i ne  energ ization .  Th is  can  be  j usti fi ed  i n  view of the  prevai l i ng  use  of 
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modern  state-of-the-art HVDC con trol  and  thyri stor valve  technolog ies  wh ich  help  avoid  
commutation  fai l u res  and  other transient d i stu rbances.  

The  vol tage  of the  connecting  bus  refers  to  the  fact that for a  g i ven  h igh  vol tage  there  i s  a  
m in imum  economic s i ze  of capaci tor bank (wh ich  depends  on  the  number of series-
connected  capaci tor un i ts) ,  and  hence  fi l ter s i ze.  

For those  i nstances  where  i t  i s  not possib le  to  satisfy the  balance  of reactive  i n terchange  
requ i rements  and /or swi tch ing  step  requ i rements  a l l i ed  wi th  “economic”  fi l ter s i zing ,  i t  may be  
feasib le  to  connect the  fi l ters  to  a  th i rd  wind ing  (of l ower vol tage)  of the  converter transformer 
(see  Clause  6).  

Redundancy requ i rements  may or may not affect the  total  i nsta l led  fi l ter s ize  depend ing  on  
whether they are  at component,  branch ,  sub-bank or bank l evel .  A redundancy requ i rement at 
bank l evel  wi l l  make  fi l ter solu tion  qu i te  expensive,  and ,  therefore,  i t  shou ld  not be  resorted  to  
un less  i t  i s  vi ta l  from  the  operational  or station  re l i abi l i ty and  avai labi l i ty poin ts  of view.  

Al l  of these  factors  are  speci fied  by the  customer,  and  the  con tractor shou ld  carry ou t the  

s i zing  based  on  these  i npu ts  and  h i s  own  design  optim ization .  

8.5  Hysteresis  in  swi tch ing  points  

Swi tch ing-in  poin ts  of fi l ter sub-banks/banks,  at  i ncreasing  converter power l evels,  are  
determined  on  the  basis  of 

•  m in imum  fi l tering ,  

•  reactive  power requ i rements  of the  converters,  and  

•  a l l owable  reactive  power import from  the  connected  AC network.  

I deal l y,  swi tch ing-ou t poin ts,  at decreasing  converter power l evels,  cou ld  be  the  same  as  the  
swi tch ing-in  poin ts.  However,  i t  i s  desi rable  to  avoid  frequent swi tch ings  wh ich  cou ld  take  
p lace  due  to  variation  of converter power around  an  operating  poin t (such  variation  cou ld  be  
due  to  AC system  dynamics  forcing  the  HVDC converter to  ad just i ts  power l evel .  Th is  
ad justment of power l evel  cou ld  be  ordered  by h igher l evel  HVDC con trol l ers  such  as  power 
osci l l ation  damping  and  frequency con trol lers).   

I n  order to  avoid  wear and  tear of sub-bank/bank breakers  and  network operational  
nu isances  (e. g .  vol tage  fl i cker),  sub-bank/bank swi tch ing-out i s  normal ly made  at a  l ower 
converter power l evel  than  swi tch ing-in .  I n  other words,  the  two  poin ts  are  separated  from  
each  other by a  certa in  amount of converter power,  normal ly approximately 5  %  of nominal  
power.  Th is  i s  not a  cri ti cal  va lue  and  shou ld  be  open  for d i scussion  i f i t  s i gn i fi can tl y 
i n fl uences  the  fi l ter design .  

Th is  d i fference  between  swi tch ing-in  and  swi tch ing-ou t poin ts,  i n  terms  of acti ve  power,  of a  
sub-bank/bank i s  known  as  the  "hysteresis"  or "dead-band".  

The  maximum  hysteresis  between  swi tch ing-in  and  swi tch ing-ou t poin ts  wh ich  cou ld  be  
a l lowed  i s  dependent on  

•  converter reactive  absorption  correspond ing  to  approximately 5  %  active  power variation  
around  rated  power,  

•  the  l argest sub-bank/bank s ize,  

•  change  i n  reactive  power generation ,  due  to  swi tch ing  of the  l argest sub-bank/bank,  of the  
prior connected  sub-bank/banks,  and  

•  change  i n  reactive  power absorption  of the  i nverter due  to  swi tch ing  of the  l argest sub-
bank/bank (th is  i s  appl i cable  for calcu lati ng  maximum  d i fference  between  swi tch ing-in  and  
swi tch ing-ou t poin ts  for the  recti fi er on ly) .  
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HVDC manufacturers  have  developed  other,  more  soph isti cated  strateg ies  for ach ieving  the  
same  effect as  s imple  hysteresis,  that i s ,  avoid ing  unnecessary frequent swi tch ings,  and  
these  strateg ies  may be  preferable  i n  some appl i cations.  The  general  i n ten tion  of such  
strateg ies  i s  to  reduce  or e l im inate  the  dead-band  i n  the  power range  and  so  faci l i tate  a  
s impler and  more  economic fi l ter design .  The  customer shou ld  be  aware  that such  options  
exist  and  be  carefu l  that the  word ing  of the  speci fi cation  permi ts  such  solu tions  to  be  offered .  

There  cou ld  be  specia l  s i tuations  i n  a  network i n  wh ich  there  are  sustained  vol tage  
osci l l ations  fol lowing  d i stu rbances  and  where  economics  may not favour i nsta l l ation  of an  
SVC to  damp  ou t vol tage  osci l l ations.  The  customer may decide  to  assign  th is  add i tional  task 
to  the  reactive  power con trol ler (RPC)  of the  HVDC station  wh ich  i s  p lanned  at that busbar.  I n  
such  an  i nstance,  an  i n ten tional  time  delay may have  to  be  i n troduced ,  i n  add i tion  to  the  
above  described  hysteresis,  i n  the  RPC.  

Though  not related  to  hysteresis,  i t  i s  an  operational  consideration  that a  certain  m in imum  
time  shou ld  be  a l lowed  for d ischarge  before  a  branch/sub-bank/bank i s  reconnected .  The  
amount of time  delay depends  main ly on  d ischarge  resistors  used  i n  the  capaci tors.  I f for 
operational  reasons  i t  i s  necessary to  re-energ ize  the  branch/sub-bank/bank i n  a  shorter 
period ,  d i scharge  vol tage  transformers  (DVT)  can  be  employed .  Al though  th i s  i s  an  expensive  
solu tion ,  i t  may be  feasib le  to  use  these  DVTs  for another pu rpose,  for example,  protection .  

8.6  Converter Q-V control  near swi tch ing  points  

The  use  of the  HVDC converter to  control  the  AC bus  vol tage  at,  and  close  to,  the  fi l ter 
swi tch ing  poin ts  may be  requ i red  i n  certa in  s i tuations.  Th is  featu re  makes  use  of the  
temporary reactive  power absorption  capabi l i ty of the  converter,  and  i s  d i scussed  i n  C lause  
E . 2 .  

8.7  Operation  at  increased  converter control  ang les  

Normal l y,  converter operation  at i ncreased  a lpha/gamma i s  associated  wi th  operation  of a  
l ong  d i stance  power transmission  l i nk at reduced  DC vol tage.  However,  stringent reactive  
power export l im i ts  a l so  requ i re  HVDC converters  to  operate  con tinuously at  h i gh  
fi ri ng /extinction  (a lpha/gamma)  ang les,  parti cu larl y at l ow converter power l evels.  
Vindhyachal  HVDC back-to-back l i nk i n  I nd ia  i s  such  an  example.  I n  th is  scheme,  the  

customer’s  speci fications  for reactive  i n terchange  wi th  AC  network were  as  l ow as  ±1 0  Mvar.  
The  converters  are  designed  for con tinuous  operation  at  h igh  control  ang les.  At l ow active  
power l evel ,  the  con trol  ang les  are  as  h igh  as  55°  and  at the  rated  power they are  around  
30° .  

Other HVDC schemes  using  a  s im i l ar type  of con trol  ph i losophy are  Durnrohr,  B lackwater,  
Etzenrich t,  Gezhouba-Shanghai ,  Welsh  and  Chandrapur back-to-back.  Under too  stri ngen t 
reactive  power i n terchange  l im i ts,  i n  add i tion  to  i ncreased  a lpha/gamma operation ,  the  use  of 
shun t reactors  and  thei r s imu l taneous  swi tch ing  wi th  fi l ter sub-banks  i s  a l so  requ i red .  

Th is  mode  of operation  i s  particu larl y used  du ring  l ow power transfers  when  i n  order to  meet 
fi l tering  requ i rements  more  fi l ters  are  requ i red  to  be  pu t i n to  service,  wh ich  cou ld  vio late  
reactive  power i n terchange  l im i ts  wi th  the  AC network.  However,  operation  at  i ncreased  fi ri ng  
ang les  has  certain  d i sadvantages  wh ich  are  d i scussed  i n  Clause  E . 1 .  

8.8  F i l ter swi tch ing  sequence  and  harmonic  performance 

Fi l ter swi tch ing -in  poin ts  are  determined  by fi l tering  and  reactive  power requ i rements  as  
d i scussed  above  i n  8 . 5.  The  type  of fi l ters  to  be  used  i s  decided  by the  stipu lated  fi l tering  
requ i rements  and  harmon ic impedance  of the  AC network.  Base  fi l ters  have  to  have  branches  
tuned  for dominant characteri sti c harmon ics  and  are  swi tched  i n  fi rst  so  as  to  meet the  
performance  cri teria  and  avoid  overload ing  of damped  fi l ters  such  as  h igh  pass  24th  
harmon ic branches,  wh ich  are  normal l y swi tched  i n  at h i gher DC power l evels.  
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The  swi tch ing-ou t sequence  i s  normal l y the  reverse  of the  swi tch ing-in  sequence.  

Usual ly (except for possib ly at  l ow DC power l evels) ,  the  swi tch ing-in  poin ts  wh ich  wou ld  be  
requ i red  to  satisfy performance  requ i rements  (the  so-cal l ed  “m in imum  fi l ter”  requ i rements)  
occur at h igher DC power l evels  than  the  actual  swi tch ing-in  poin ts,  wh ich  take  i n to  account 
both  fi l tering  and  reactive  power requ i rements.  Especial l y at h i gher converter power l evels,  
the  number of banks/sub-banks  to  be  pu t i n  service  i s  usual l y d ictated  by the  converter 
reactive  consumption  and  import l im i ts.   

A typical  swi tch ing  sequence  i s  shown  i n  F igure  23.  I n  th is  fi gu re,  the  reactive  power 
i n terchange  wi th  the  AC network shown  by Curve  1  i s  the  actual  reactive  power i n terchange  

(qai n tchng )  for a  typical  AC  fi l ter solu tion ,  whereas  Curve  4  g i ves  maximum  permi tted  reactive  

power i n terchange  (qac(l im i t))  wi th  the  AC network.  Curve  2  g i ves  the  converter reactive  power 

absorption .  The  sub-bank/bank swi tch ing  poin ts  are  shown  by Curve  3 .  F igure  24  g ives  a  
d iagrammatic representation  of these  reactive  power components.  

 

Figure  23  – Typical  swi tch ing  sequence  

8.9  Demarcation  of responsibi l i ties  

8 .9. 1  General  

The  customer and  the  con tractor shou ld  be  responsible  for the  activi ti es  i den ti fi ed  i n  8 . 9. 2  
and  8 . 9. 3 ,  respectively.  

8.9.2  Customer 

The  customer shou ld  define  the  fol lowing  i n  h i s  speci fi cation .  

•  Reactive  power i n terchange  l im i ts  and  the  appl i cable  busbar vol tage  or range  of vol tages  
over wh ich  the  l im i t  i s  appl i cable.  I n  add i tion  i t  shou ld  be  stated  wh ich  AC frequency 
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range  and  HVDC system  modes  of operation  apply,  and  whether the  capaci tor to lerance,  
temperature  variation ,  commutation  reactance  range  and  con trol  ang le  ranges  have  to  be  
taken  i n to  consideration .  

•  M in imum  short ci rcu i t  power l evel  at the  converter AC bus.  

•  Maximum  l im i t  on  step  change  i n  vol tage  on  swi tch ing  of reactive  power e lements  or AC 
fi l ters.  

•  Any requ i rement on  fi l ter swi tch ing  hysteresis.  

 

Key 

1   AC  network 

2   converter AC  bus  

3   AC  fi l ter/reacti ve  power e l emen ts  

4   HVDC converter 

Figure  24 – Reactive  power components  

8.9.3  Contractor 

Al l  other remain ing  activi ti es,  as  d i scussed  above,  fa l l  wi th in  the  responsibi l i ty of the  
con tractor.   

9  Customer speci fied  parameters  and  requ irements   

9.1  General  

Clause  9  i s  i n tended  to  serve  as  a  check-l i st for a  customer preparing  a  speci fi cation ,  and  
g ives  a  review of wh ich  essentia l  parameters  and  requ i rements  shou ld  be  speci fied .  

The  fol l owing  parameter i n formation ,  for the  bus  where  the  fi l ters  wi l l  be  i nsta l l ed ,  shou ld  be  
g iven  by the  customer:  

•  a t  both  ends  of the  HVDC transmission  scheme;  

•  for each  stage  of development;  

•  for any expected  fu tu re  changes.  

9.2  AC  system  parameters  

9.2 . 1  Vol tage  

The  fol l owing  vol tages  shou ld  be  speci fied .  

•  The  nominal  system  vol tage,  that i s ,  the  vol tage  by wh ich  the  system  i s  designated .  
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•  Rated  AC vol tage,  that i s ,  the  RMS  phase-to-phase  fundamental  frequency vol tage,  wh ich  
i s  often  used  to  define  rated  reactive  power (Mvar)  of the  fi l ters.  

•  S teady-state  vol tage  ranges,  that i s ,  the  ranges  over wh ich  the  AC  fi l ters  shal l  be  able  to  
work and  over wh ich  a l l  performance  and  con tinuous  rating  requ i rements  are  to  be  met.  
D i fferen t ranges  may possib ly be  defined  for the  calcu lation  of performance  and  for rati ng .  

Any specia l  vol tage  capabi l i ti es  ou tside  the  steady-state  range  shou ld  be  speci fied  as  these  
may i n fl uence  the  design  (e. g .  rating )  of the  fi l ters,  for example  temporary overvol tages.  

9.2.2  Vol tage  unbalance  

The  negative  sequence  component of AC vol tage  calcu lated  accord ing  to  the  method  of 
symmetrical  components  i s  that balanced  set of th ree-phase  vol tages  whose  maxima  occur i n  
the  opposi te  order to  that of the  posi ti ve  sequence  vol tages.  I t  i s  general l y expressed  as  a  
percentage  of the  rated  vol tage  and  i s  main ly responsible  for the  generation  of th i rd  order 
harmon ic cu rren t by the  converter.  

As  the  negative  sequence  component normal l y varies  wi th  time  and  system  cond i tions,  the  
value  to  be  speci fied  shou ld  be  the  maximum  value  wh ich  i s  to  be  used  i n  the  determination  
of non-characteristic harmon ics.  I t  may be  advisable  to  speci fy a  l ower value  for use  i n  fi l ter 
performance  calcu lations  than  for rati ng  purposes,  i n  recogn i tion  of the  time-varying  natu re  of 
th i s  parameter.  The  customer shou ld  be  aware  that speci fying  too  h igh  a  value  of negative  
sequence  vol tage  to  be  used  i n  the  performance  calcu lations  may force  the  con tractor to  
i nclude  a  3rd  harmon ic branch  i n  the  fi l ter solu tion .  

Typical l y,  the  negative  sequence  vol tage  i s  i n  the  range  of 0 , 5  %  to  2 , 0  %  [7] .  I f a  converter i s  
l ocated  i n  the  close  vicin i ty of a  generating  station ,  even  l ower values  cou ld  apply.  

9.2.3  Frequency 

The  fol lowing  frequencies  shou ld  be  speci fied .  

•  The  nominal  frequency of the  AC  system.  

•  S teady-state  frequency variations,  that i s ,  the  ranges,  i n  con junction  wi th  the  AC vol tage  
steady-state  ranges,  over wh ich  the  AC fi l ters  shal l  work and  a l l  performance  and  
con tinuous  rati ng  requ i rements  shal l  be  met.  

•  Short-term  frequency variations,  that i s ,  the  l im i ts  and  du ration  of short-term  frequency 
excursions  for wh ich  the  fi l tering  performance  i s  requ i red  to  be  satisfied  or for wh ich  the  
fi l ters  shou ld  be  adequately rated .  Speci fi c fi l tering  performance  during  such  variations  

may be  speci fied  (e. g .  i n  some  Scand inavian  projects  a  variation  of ±  1  %  wi th  a  du ration  
of maximum  30  s  has  been  speci fied ).  

•  Frequency variations  du ring  emergency.  During  an  emergency,  the  AC  system  frequency 
may reach  extreme  values  for l im i ted  periods.  These  excursions  and  thei r expected  
du rations  shou ld  be  speci fied .  Under such  cond i tions,  the  AC fi l ters  shou ld  remain  i n  
service  wi thou t damage  bu t shou ld  not be  requ i red  to  meet the  performance  speci fied  (for 
example,  i n  Sweden ,  a  variation  of at most +2  Hz to  –3  Hz wi th  a  du ration  of 30  m in  has  
been  reported .  Such  variation  i s  expected  once  every second  year.  Due  to  variation  wi th in  
the  +2  Hz to  –3  Hz l im i ts,  an  equ ivalent duration  of on ly 1 0  m in  has  been  used  for rating  
purposes).  

9.2.4  Short ci rcu i t  level  

Maximum  short ci rcu i t  l evel  and  m in imum  short ci rcu i t  l evel  at the  AC  bus  where  the  AC 
fi l ters  are  to  be  connected  shou ld  be  speci fied .  These  l evels  shou ld  be  speci fied  e i ther i n  
power (Mva)  or i n  curren t (kA)  and  the  appl icable  AC vol tage  stated .  

D i fferent values  of maximum  short ci rcu i t  l evel  may be  speci fied  for d i fferen t use,  for example  
for fi l ter performance  or rati ng ,  mechan ical  strength  of busbars  and  power ci rcu i t  breaker 
i n terrupting  capabi l i ty.  
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The  X/R  ratio  for the  fundamental  frequency may a lso  be  speci fied  i n  case  of special  breaker 
requ i rements.  

9.2.5  F i l ter swi tch ing  

Maximum  permissib le  vol tage  change  at  fi l ter swi tch ing  and  the  appl icable  m in imum  short 
ci rcu i t  l evel  shou ld  be  speci fied .  Normal l y,  th is  parameter i s  speci fied  as  a  percentage  of 
nominal  vol tage.  Al ternatively,  the  maximum  s ize  of swi tchable  fi l ter bank or sub-bank 
( i n  Mvar)  can  be  g iven .  

F i l ter swi tch ing  wi l l  a l so  create  transien ts  wh ich  may have  to  be  con trol l ed .  Measures  to  
con trol  swi tch ing  transien ts  are  the  use  of pre- insertion  resistors  and /or open ing  resistors  or 
synchron ized  swi tch ing .  I f the  customer has  preferences  regard ing  any of these  measures,  
th i s  shou ld  be  speci fied .  

9.2.6  Reactive  power in terchange  

The  a l l owed  l im i ts  of i n terchange  of reactive  power between  the  AC system  and  the  converter 
station  have  to  be  speci fied  for a l l  operating  cond i tions  of the  HVDC transmission .  

9.2.7  System  harmonic  impedance  

The  AC system  impedance  at harmon ic frequencies,  to  be  used  i n  fi l ter performance  and  
rati ng  calcu lations,  shou ld  be  speci fied .  

9.2.8  Zero  sequence  data  

Data  concern ing  zero  sequence  impedance  shou ld  be  g iven  for the  purpose  of,  for example,  
short time  rati ng  calcu lations  and  possib le  te lephone  i n terference  stud ies  a long  connecting  
AC overhead  l i nes.  

9.2.9  System  earth ing  

The  earth  fau l t  factor or reactance  ratio  X0/X1  shou ld  be  i nd icated  at  the  poin t of connection .  
Al ternatively,  the  type  of earth ing  system  can  be  g iven ,  for example  effectively earthed  or 
earthed  via  a  coi l .  

9.2. 1 0  Insu lation  level  

The  l i gh tn ing  impu lse  l evel  and  swi tch ing  impu lse  l evel  for the  HV and  neu tral  connections,  
and  the  respective  protective  marg ins,  shou ld  be  speci fied .  The  protective  marg ins  for i tems  
of fi l ter equ ipment shou ld  a l so  be  speci fied ,  noti ng  that these  may be  d i fferen t for d i fferen t 
types  of equ ipment.  

9.2. 1 1  Creepage  d istances  

The  creepage  d i stance  based  on  a  speci fic creepage,  expressed  i n  mm/kV,  shou ld  be  
speci fied  ( I EC TS  6081 5  series).  

An  i ncreased  requ i rement i s  usual l y speci fied  for bush ings  or i nsu lators  attached  i n  a  
horizon tal  posi tion .  

I f creepage  d istance  i s  speci fied ,  i t  i s  importan t to  co-ord inate  th is  parameter wi th  g iven  
parameters  for i nsu lation  and  pol l u tion  l evels.  

9.2.1 2  Pre-existing  vol tage  d istortion  

Pre-existing  vol tage  d istortion  existing  on  the  connecting  AC  bus  shou ld  be  speci fied  as  i t  
shou ld  be  taken  i n to  account i n  the  AC fi l ter rati ng ,  and  may a lso  be  needed  for performance  
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calcu lations.  I f possible,  the  d i stortion  shou ld  be  g iven  as  maximum  l evels  for each  harmon ic 
frequency (measured  before  the  station  i s  bu i l t) .  Otherwise,  the  tota l  vol tage  d i stortion  may 
be  speci fied .  

I t  i s  a l so  desi rable  to  speci fy the  source  impedance  for the  pre-existing  harmon ics.  I n  
general ,  th i s  i s  taken  to  be  the  same  as  the  harmon ic impedance  of the  system  bu t i n  some  
cases,  where  there  are  other nearby speci fi c i denti fiable  sources  of d i stortion ,  i t  wou ld  be  
more  accurate  to  state  the  actual  harmon ic impedance  between  that source  and  the  fi l ter bus.  

I n  cases  where  the  performance  cri terion  i s  based  on  a  tota l  acceptance  l evel ,  i . e .  existi ng  
p l us  new harmon ics,  the  method  for add ing  these  two  harmon ic sources  shou ld  be  speci fied .  
Possib le  methods  can  be  l i near or root-sum-square.  

When  speci fying  the  pre-existing  vol tage  d i stortion ,  frequencies  other than  mu l tip les  of the  
fundamental  may be  re levant,  depend ing  on  wh ich  sources  of harmon ics  can  be  i den ti fi ed ,  for 
example  ra i lway systems.  

Determination  of pre-existing  vol tage  d istortion  i s  not easi l y done,  bu t i n  I EC  60071 -1  [1 7] ,  
I EC  60071 -2  [1 8] ,  I EC  TR 60071 -4  [1 9] ,  I EC  60071 -5  [20]  some  i n formation  i s  g iven .  

I n  the  absence  of detai led  knowledge  about pre-existing  harmon ic d i stortion  l evels,  some  
al l owance  may be  made  by speci fying  that a  certa in  percentage  i ncrease  on  the  converter 
generated  harmon ics  be  taken  i n to  account for equ ipment rati ng .  

9.3  Harmonic  d istortion  requ irements  

9.3. 1  General  

The  harmon ic d i stortion  l im i ts  at  the  HVDC station  bus  and  possib ly i n  the  su rround ing  AC 
system  shou ld  be  defined  fol lowing  appl i cable  regu lations  or standards.  

9.3.2  Redundancy requ irements  

Redundancy requ i rements,  i f any,  shou ld  be  speci fied .  Th is  requ i rement shal l  i f possib le  
fo l low the  customer’s  normal  ph i losophy,  for example  a  mean  time  between  fa i l u res  (MTBF)  
value  for e i ther the  DC l i nk as  a  whole  or the  fi l ters  can  be  i nd icated .  I t  shou ld  be  clearly 
stated  i f the  redundancy refers  to  fi l tering  performance  and /or rati ng  or/and  reactive  power 
requ i rements.  

9.4 Environmental  condi tions  

9.4. 1  Temperature  

When  speci fying  ambien t temperatures,  i t  i s  a lways  the  d ry-bu lb  a i r temperatures  at the  s i te  
of the  i nstal l ation  wh ich  shou ld  be  used .  

The  m in imum,  maximum  and  average  ambient temperature  shou ld  be  speci fied .  As  per 
appl icable  standards  for the  i nd ividual  fi l ter components  (capaci tors,  reactors,  etc. ) ,  certain  
ranges  or categories  of the  ambien t temperature  are  considered  to  be  normal .  Ambient 
temperatures  ou tside  these  l im i ts  are  considered  as  unusual  service  cond i tions  and  shou ld  
be  brought to  the  b idder's  atten tion .  

9.4.2  Pol lu tion  

Fog  and  contamination  cond i tions  shou ld  be  speci fied .  The  type  and  l evels  of these  
requ i rements  can  for example  fol l ow practice  used  i n  nearby substations  wi th  the  same  
nominal  vol tage  and  envi ronmental  pol l u tion  characteri sti cs,  or fo l l ow appl i cable  I n ternational  
Standards  I EC  60507,  I EC  TS  6081 5,  I EC  62271 -1 .  

International  Electrotechnical  Commission

 



I EC  TR 62001 -1 : 201 6  © I EC  201 6  – 77  –  

9.4.3  Wind  

Maximum  con tinuous  and  maximum  gust,  needed  for equ ipment and  equ ipment support 
mechan ical  strength  design ,  shou ld  be  speci fied .  

9.4.4 Ice  and  snow loading  ( i f appl icable)  

Maximum  i ce  th ickness  wi th  and  wi thou t wind  i s  needed  for structure  design  and  shou ld  be  
speci fied .  

Maximum  depth  of snow shou ld  be  speci fied ,  to  define  the  equ ipment heigh t above  snow,  i . e .  
effective  g round  l evel .  

9.4.5  Solar radiation  

Maximum  i nciden t solar rad iation  may be  speci fied .  Th is  i s  needed  for rati ng  of reactors,  
resistors  and  rating  of capaci tor banks  i n  case  of l arge  banks  equ ipped  wi th  unbalance  
protection .  

9.4.6  Isokeraunic  levels  

Ligh tn ing  stroke  densi ty at the  station  shou ld  be  speci fied .  Normal l y th is  parameter i s  used  
for the  overal l  station  l i gh tn ing  protection  design .  

9.4.7  Seismic requ irements  

Seismic performance  requ i rements  shou ld  be  speci fied  for s i tes  i n  se ismic active  zones.  

The  maximum  ground  acceleration  i n  horizon tal  and  vertical  d i rection  and ,  i f avai lable,  a  fl oor 
response  spectrum  of the  zone  where  the  equ ipment wi l l  be  i nstal l ed  shou ld  be  speci fied .  
Fu rther,  i n formation  on  the  type  and  the  qual i ty of the  soi l  shou ld  be  provided .  

9.4.8  Audible  noise  

Noise  from  AC fi l ters  has  to  be  co-ord inated  wi th  the  tota l  noise  from  the  converter station  or 
substation .  The  tota l  permi tted  noise  from  the  station  shou ld  take  i n to  account requ i rements  
of any appl i cable  regu lations  or codes  of practice.  The  effects  of noise  are  general ly treated  
as  those  concern ing  nu isance  to  the  publ ic  ou ts ide  the  boundary of the  station  or noise  
effects  i n  the  working  envi ronment.  

9.5  Electrical  environment 

The  fol lowing  i n formation  and  parameters  may be  speci fied  i f appl i cable.  

•  The  presence  of another nearby HVDC converter station  shou ld  be  stated ,  i f appl i cable.  
The  source  impedance,  fi l ter configuration  and  harmon ic generation  data  shou ld  be  g iven .  

•  Ad jacent transformers,  shun t capaci tors  or reactors  shou ld  be  i den ti fi ed ,  i f appl icable.  The  
s i ze  i n  Mva  or Mvar shou ld  be  g iven  as  wel l  as  the  short ci rcu i t  impedance  for a  
transformer.  The  reason  beh ind  the  need  for these  parameters  i s  a  possib le  requ i rement 
that i n rush  curren ts  have  to  be  l im i ted  ("ad jacent"  here  means  that another substation  i s  
l ocated  wi th in  the  same  station  area  as  the  converter station ).  

•  Ad jacent su rge  arresters  data  shou ld  be  speci fied  i f appl icable,  due  to  the  possib le  
i n fl uence  on  the  i nsu lation  co-ord ination  study.  

•  Geomagnetic cu rren ts  flowing  i n  connecting  AC l i nes  may have  an  impact on  the  rating  of 
the  d i fferen t fi l ter components,  on  fi l ter protection  performance  and  on  transformer 
satu ration ,  wi th  an  impact on  fi l ters  connected  to  the  transformer tertiary.  I n  areas  where  
h igh  geomagnetic cu rren ts  are  to  be  expected ,  parameters  such  as  ampl i tude,  frequency 
of occurrence  and  du ration  shou ld  be  speci fied .  
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•  I f any practice  re lated  to  boundary l im i ts  i s  used  by a  customer,  these  shou ld  be  suppl ied  
where  appl i cable.  An  example  of such  boundary l im i ts  i s  the  magnetic fi e ld  associated  
wi th  reactors  or personal  safety.  

9.6  Requirements  for fi l ter arrangements  and  components  

9 .6. 1  F i l ter arrangements  

I f any restriction  or preferences  exist re lated  to  the  fi l ter arrangement i tsel f,  th is  shou ld  be  
speci fied .  

I f seasonal  re-tun ing  i s  not a l l owed ,  th i s  shou ld  be  speci fied .  

I f any restrictions  re lated  to  number of fi l ter d i scharges  per hour exist,  th is  shou ld  be  
speci fied .  

I f b i nary swi tch ing  of fi l ters  i s  a l l owed ,  th is  shou ld  be  speci fied .  

I f preference  for any speci fi c earth ing  system  of the  fi l ters  exists ,  th is  shou ld  be  speci fied .  

9.6.2  F i l ter capaci tors  

Preferences  on  type  of fuses  to  be  used  for capaci tors  may be  speci fied ,  i . e .  i n ternal  or 
external  fuses  or non-fused  capaci tors  for specia l  appl ications.  

Maximum  d ischarge  time  of a  capaci tor may be  speci fied  as  wel l  as  m in imum  a l lowable  re-
insertion  time  for a  capaci tor bank.  

Acceptable  l evels  of capaci tor un i t  or e lement fa i l u res  correspond ing  to  a larm,  delayed  trip  
(stati ng  requ i red  delay)  and  trip  l evels  shou ld  be  stated .  

9.6.3  Test requ irements  

Test requ i rements  for fi l ter components,  i . e .  capaci tors,  reactors,  resistors,  arresters,  etc. ,  
may be  speci fied ,  normal l y by references  to  appl i cable  standards.  

I f test requ i rements  are  not speci fied ,  the  b idder shou ld  i nclude  i n  h i s  b i d  a  l i st  of tests  to  be  
conducted .  

9.7  Protection  of fi l ters  

Any protection  requ i rement for a  speci fi c fi l ter,  or fi l ter component,  may be  speci fied .  

9.8  Loss  evaluation  

A capi ta l i zed  l oss  factor shou ld  be  speci fied  for the  optim ization  of fi l ter design .  The  
cond i tions  under wh ich  fi l ter l osses  are  to  be  calcu lated  shou ld  be  clearly stated .  

The  AC fi l ter l osses  are  considered  i n  I EC  TR 62001 -4: 201 6,  Clause  5.  The  calcu lation  of 
power l osses  i n  a l l  AC  fi l ter components  i s  described ,  and  basic cri teria  for assessing  AC 
fi l ter l osses  are  g iven .  As  part of the  fi l ter design  process,  account wi l l  have  been  taken  of 
the  l oss  capi ta l i zation  i n  choosing  the  number and  type  of fi l ters  requ i red .   

9.9  F ield  measurements  and  veri fications  

Field  tests  can  be  d ivided  i n to  sub-system  and  system  tests.  Such  tests  may be  speci fied  to  
veri fy component behaviour and  fi l ter performance.  Normal l y,  the  sub-system  tests  are  
performed  by the  con tractor wh i l e  the  system  tests  can  be  performed  jo in tl y by the  customer 
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and  the  con tractor.  The  con tractual  impl ications  of any fi l ter performance  test resu l ts  shou ld  
be  clearly stated .  

9.1 0  General  requ irements  

The  fol lowing  general  requ i rements  shou ld  be  speci fied  where  appl i cable:  

•  safety measures  such  as  su rround ing  the  fi l ter yard  by a  fence  or mounting  fi l ter 
components  on  steel  structu res  wi th  a  speci fi c heigh t;  

•  an ti -corrosion  measures  such  as  pain ting  and  galvan izing ;  

•  main tenance  i n tervals ;  

•  main tenance  accessibi l i ty,  especia l l y i f a  hydrau l ic  p latform  i s  requ i red  to  remove  
capaci tors,  etc. ;  

•  q ual i ty assurance  program  to  be  fol lowed ;  

•  moun ting  aspects/physical  l im i tations;  

•  l im i tations  on  avai l able  s i te  area;  

•  any speci fic ri sks  due  to  b i rds,  snakes,  or vermin .  

1 0  Future  developments   

1 0. 1  General  

For clari ty of presentation ,  th i s  document has  concentrated  so  far on  “conventional ”  AC  fi l ter 
technology and  harmon ics  from  l i ne-commutated  HVDC converters.  

However,  substan tia l  changes  i n  both  the  technology and  the  e lectrical  system  envi ronment 
are  taking  p lace  cu rren tl y,  and  wi l l  con tinue  to  occur i n  the  fu ture.  These  changes  wi l l  have  
an  impact on  many of the  aspects  of speci fication  and  design  d i scussed  i n  th i s  document.  

Clause  1 0  ou tl i nes  the  developments  wh ich  are  happen ing  at present,  or can  be  foreseen  i n  
the  near fu tu re,  and  i nd icates  what impact these  wi l l  have  on  the  treatment of AC  harmon ic 
fi l tering  i n  a  customer’s  speci fi cation  for an  HVDC project.  

I n  general ,  the  customer i s  advised  to  ensure  that the  speci fication  does  not i nadverten tl y 
i nclude  any restrictions  or cond i tions,  perhaps  carried  over from  previous  speci fi cations,  
wh ich  preclude  the  b idders  from  offering  solu tions  using  new technolog ies  wh ich  may be  of 
benefi t  to  the  customer.  

Customers  may natu ral l y be  cau tious  abou t the  appl i cation  of new technolog ies,  and  shou ld  
ensure  that the  speci fication  protects  the  customer’s  i n terests  i n  the  areas  of testi ng ,  
re l i abi l i ty and  avai labi l i ty,  main tenance  and  guaran tees.  

1 0.2  New fi l ter technology 

1 0.2 . 1  General  

New technolog ies  wh ich  are  cu rren tl y being  i n troduced  i n to  HVDC systems  wi l l ,  where  
appl ied ,  substan tia l l y a l ter many aspects  of AC fi l ter design .  Foremost of these  i s  the  
au tomatical l y con tinuously tuned  reactor,  especia l l y when  i n  combination  wi th  the  series  
capaci tor commutated  converter.  The  fi rst  active  fi l ters  have  a l so  been  i nstal l ed  i n  a  p i l ot 
scheme  on  the  AC s ide  of HVDC converters.  S ing le-phase  redundancy schemes  offer l ower 
capi ta l  costs.  Capaci tor technology i s  improving  con tinuously,  wi th  s i gn i fican t advances  being  
made  i n  fuseless  capaci tor design .  A l arge  reduction  i n  the  area  requ i red  for AC fi l ter 
i nstal l ations  i s  becoming  possib le,  where  necessary,  due  to  developments  i n  encapsu lated ,  
compact fi l ter design .  These  various  aspects  are  d i scussed  below.  
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1 0.2 .2  Automatical ly tuned  reactors  

Since  some  of the  earl iest HVDC projects,  i t  has  been  recogn ized  that s i gn i fi cant benefi ts  
cou ld  be  gained  i f tuned  fi l ters  cou ld  au tomatical l y correct for detun ing  due  to  frequency 
variation  or component deviation .  

I n  the  design  of conventional  tuned  AC  fi l ters,  the  worst-case  performance  occurs  under the  
cond i tions  of maximum  detun ing ,  and  the  fi l ter Q-factor has  to  be  set l ow enough  to  provide  
damping  and  permi t  optimal  fi l tering  when  the  fi l ter i s  fu l l y detuned .  

I f,  however,  e i ther the  capaci tor or the  reactor of a  tuned  fi l ter cou ld  be  varied  con tinuously,  
over a  smal l  range  around  nominal ,  then  the  tun ing  of the  fi l ter cou ld  be  au tomatical l y 
ad justed  to  compensate  for any detun ing  effects.  Wi th  such  near-perfect tun ing ,  the  Q-factor 
cou ld  be  ra i sed  to  a  h igh  value  wi th  m in imal  ri sk of fi l ter-AC system  resonance.  The  
i ncreased  effectiveness  of the  fi l tering  wou ld  a l low the  s i ze  of the  fi l ter banks  to  be  reduced  
substan tia l l y.  Wi th  no  ri sk of magn i fication  due  to  fi l ter-AC system  i n teraction ,  rated  harmon ic 
cu rren ts  i n  the  fi l ter components  wou ld  be  reduced ,  and  l osses  wou ld  a l so  be  s ign i fican tl y 
l ower.  

Such  obvious  benefi ts  attracted  designers  to  experiment wi th  au tomatical l y tuned  reactors  i n  
some early HVDC schemes,  us ing  mechan ical  methods.  These  experiments  were,  however,  
l argely unsuccessfu l  due  to  the  dependence  on  moving  parts,  as  wel l  as  con trol  problems,  
and  the  concept of au tomatic sel f-tun ing  was  not appl ied  again  un ti l  the  l ate  1 990s.  I ndeed ,  
many speci fications  d iscouraged  or forbade  au tomatic tun ing  or even  seasonal  ad justment.  
Al so,  designers  recogn ized  that the  bu lk of the  cost of a  fi l ter was  i n  the  HV capaci tors,  the  
tota l  s ize  of wh ich  was  general l y determined  by reactive  power,  rather than  fi l tering  
considerations.  

I n terest i n  the  sel f-tun ing  concept has  been  re-awakened  recently,  however,  partl y due  to  
developments  i n  the  component technology and  partl y due  to  HVDC system  considerations.  
New designs  of au tomatical l y sel f-tuned  reactors  have  been  developed  and  are  now a  proven  
option  for appl i cation  i n  HVDC schemes.  

The  recent developments  i n  the  appl ication  of series  compensated  converters  (e i ther CCC or 
CSCC)  (see  1 0 . 3. 2)  has  moved  the  l ocation  of much  of the  requ i red  reactive  compensation  
from  shun t-connected  to  series-connected  capaci tor banks,  and  therefore  substan tia l l y 
reduced  the  amount of shun t compensation  requ i red .  The  remain ing  shun t-connected  
e lements  are  therefore  on ly requ i red  for fi l tering  purposes,  and  i n  general ,  the  smal ler these  
are,  the  easier,  cheaper and  more  fl exib le  the  design  of the  HVDC system  i s ,  parti cu larly i n  
the  con text of AC systems  wi th  l ow short ci rcu i t  ratios.  

Successfu l  recent developments  of the  au tomatical l y sel f-tuned  reactor have  used  a  non-
mechan ical  concept.  The  reactor i s  constructed  around  a  core,  wh ich  i s  magnetized  
orthogonal l y by an  auxi l iary wind ing  carrying  a  con trol led  l evel  of d i rect cu rren t (F igure  25).  
The  i nductance  of the  main  wind ing  i s  varied  by ad justing  the  l evel  of d i rect curren t i n  the  
con trol  wind ing .  The  con trol  system  (F igure  26)  measures  the  phase  ang le  between  the  
vol tage  over the  fi l ter arm  and  the  cu rrent th rough  i t,  at  the  desi red  harmon ic frequency,  and  
ad justs  the  control  cu rrent to  vary the  i nductive  reactance  wi th  the  target of ach ieving  zero  
phase  d i fference  between  the  harmon ic cu rren t and  vol tage,  i . e .  perfect tun ing  of the  fi l ter.  

Long-term  tests  i n  tria l  i nstal l ations  have  proved  the  practical i ty of the  new design  of 
au tomatical l y sel f-tuned  reactors,  and  the  fi rst commercia l  i nstal l ation  i s  now in  operation .  

Al though  presently p lanned  appl i cations  of se l f-tuned  fi l ters  are  for s i ng le-tuned  shun t 
branches,  i t  i s  possib le  that i n  the  fu tu re  sel f-tuned  reactors  cou ld  be  appl ied  i n  double-tuned  
branches  and /or i n  series  fi l ters.  
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Figure  25  – Design  principle  of a  sel f-tuned  reactor using  DC  
control  current in  an  orthogonal  wind ing  

 

Figure  26  – Control  principle  for sel f-tuned  fi l ter 

The  benefi ts  of the  use  of se l f-tuned  fi l ters  may be  summarized  as  fol l ows:  

•  reduction  i n  the  requ i red  s ize  of shun t fi l ter banks;  

•  near-perfect fi l tering  at  the  tuned  frequencies;  

•  e l im ination  of need  for separate  resistor to  reduce  the  fi l ter Q-factor;  

•  reduction  i n  l osses;  

•  i n  combination  wi th  series  compensated  converters,  enabl ing  the  appl ication  of HVDC 
l i nks  connected  to  very l ow SCR AC systems.  

A number of factors  shou ld  however be  recogn ized .  

a)  Sel f-tuned  reactors,  and  thei r con trol  systems,  are  s ign i fican tl y more  costly than  
conventional  reactors  of comparable  s ize  and  rati ng ,  and  so  may not be  the  optimal  
solu tion  i n  a l l  cases.  

b)  Sel f-tuned  reactors  are  on ly appl i cable  to  sharply tuned  arms,  and  fu rthermore  are  
general ly on ly economical  when  appl ied  to  the  1 1 th  and  1 3th  harmon ics  (or l ower orders  i f 
fi l tering  i s  requ i red).  F i l tering  for the  en ti re  range  of h i gher order harmon ics  shou ld  sti l l  be  
ach ieved  by damped  h igh -pass  fi l ters,  or possibly by conventional  double-tuned  damped  
branches.  
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c)  The  m in imum  s ize  of a  sel f-tuned  fi l ter branch  i s  i nd i rectl y l im i ted  by the  amount of 
harmon ic cu rrent i t  i s  expected  to  carry,  wh ich  i s  essen tia l l y the  fu l l  harmon ic generation  
of the  HVDC converter (pl us  a  con tribu tion  from  pre-existing  harmon ics),  d i vided  among  
the  number of branches  tuned  to  that harmon ic.  As  the  fi l ter branch  Mvar s ize  i s  reduced ,  
the  i nductance  of the  reactor,  and  consequently the  harmon ic operating  vol tage  over the  
reactor,  shou ld  ri se  proportional ly.  Th is  i n  tu rn  determines  the  operating  vol tage  of the  
protective  arrester,  and  consequently the  l i gh tn ing  impu lse  wi thstand  l evel  (LIWL)  of the  
reactor.  L im i tations  on  the  practical  and  economic maximum  level  of reactor LIWL wi l l  
therefore  determine  the  m in imum  possible  s i ze  of the  sel f-tuned  fi l ter branch .  Series  
combinations  of fi xed  and  au tomatical l y variable  reactors  may be  used  to  reduce  the  LIWL 
on  the  au tomatical l y tuned  reactor,  bu t th is  wi l l  i ncrease  the  per un i t  ad justment range  
requ i red .  

d )  As  an  extension  of the  above,  the  h igher the  AC system  vol tage  of an  HVDC scheme,  the  
h igher the  i nductance  of the  reactor wi l l  be,  for a  g iven  Mvar s ize  of fi l ter branch .  
Al though ,  for a  g i ven  rated  power of HVDC transmission ,  the  harmon ic cu rren t wi l l  be  
l ower at  h igher vol tages,  th is  i s  a  l i near re lationsh ip,  whereas  the  i nductance  wi l l  ri se  
accord ing  to  the  square  of the  vol tage  ratio.  L im i tations  on  the  m in imum  s ize  of a  se l f-
tuned  branch  are  therefore  more  l i kely to  be  an  i ssue  at  very h igh  AC  system  vol tage  
l evels.  

e)  Where  paral l e l  operation  of se l f-tuned  fi l ter branches  at the  same  harmon ic i s  p lanned  (for 
example,  to  reduce  the  harmon ic curren t per branch ,  or for reasons  of redundancy),  the  
control  problems  associated  wi th  cu rrent sharing  between  the  branches  shou ld  be  solved .  

f)  The  range  of i nductance  variation  of a  se l f-tuned  reactor i s  l im i ted  by physical  and  
economic considerations,  and  so  operation  i n  AC  systems  wh ich  su ffer l arge  variations  i n  
frequency may be  problematic.  Rating  may have  to  consider the  effects  of abnormal  
frequency variations  beyond  the  design  range  of variation  of the  sel f-tuned  reactor.  

g )  The  very h igh  Q-factor of the  sel f-tuned  branches  may resu l t  i n  unacceptable  
magn i fi cation  of other non-characteristic harmon ics  near to  the  an ti -resonance  frequency 
of the  sel f-tuned  branches  i n  paral le l  wi th  the  h igher-frequency damped  branches  ( i . e .  i n  
the  range  h 1 5  to  h20),  and  so  force  mod i fications  i n  the  design  of the  h igher-frequency 
branches.  

h )  Aud ible  noise  l evels  h i gher than  for comparable  conventional  reactors  may be  an  i ssue  i n  
some appl ications.  

The  customer’s  speci fi cation  shou ld  consider taking  i n to  account the  recent developments  i n  
se l f-tuned  reactor technology,  i n  the  fol l owing  respects.  

1 )  The  b idders  shou ld  be  permi tted  to  offer sel f-tun ing ,  e i ther as  thei r main  design  or as  an  
a l ternative.  The  customer may wish  to  ensure  that a  conventional  solu tion  i s  a l so  offered ,  
i n  wh ich  case  th i s  shou ld  be  clearly expressed  i n  the  speci fi cation .  

2)  No  part of the  speci fication  shou ld  i nd i rectly preclude  the  use  of se l f-tun ing .  

3)  The  b idders  shou ld  be  asked  to  prove  thei r abi l i ty to  del i ver a  tested  and  re l iable  sel f-
tuned  solu tion .  

I n  the  subsequent design  assessment stage,  customers  shou ld  be  aware  of the  various  
factors  l i sted  above  i n  re lation  to  the  offered  design .  

1 0.2 .3  Sing le-phase  redundancy 

I t  i s  common  for a  speci fi cation  to  requ i re  a  complete  redundant th ree-phase  fi l ter bank or 
branches  to  be  i ncluded  i n  the  i nstal l ation ,  to  ensure  con tinued  fu l fi lment of performance  
cri teria  and  avai l abi l i ty of transmission  i n  the  even t of a  fi l ter component fa i l u re.  Normal ly,  
th i s  can  be  ach ieved  wi th  l im i ted  extra  cost,  as  the  amount of shun t capaci tance  i nvolved  
may anyway be  requ i red  for reactive  compensation  purposes.  

However,  wi th  the  series  compensated  converter and  sel f-tuned  reactor concept,  the  reactive  
power requ i rement i s  l argely suppl ied  by the  series  capaci tors,  and  the  on ly j usti fi cation  for 
shun t fi l ter banks  i s  for fi l tering  purposes.  A series  compensated  converter station  may i n  fact 
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need  on ly one  sel f-tuned  fi l ter branch  i n  order to  sati sfy harmon ic performance  requ i rements.  
I n  th is  con text,  a l ternative  means  of provid ing  redundancy may become more  economical l y 
attractive.  

One  a l ternative  i s  to  provide  on ly a  s i ng le  phase  of redundant components,  wi th  su i table  
swi tch ing  to  a l l ow i t  to  be  connected  i n  p lace  of any one  fa i led  phase  of a  fi l ter.  I f th ree  ci rcu i t  
breakers  or fast d i sconnect swi tches  are  provided  for the  redundant branch  (one  connected  
to  each  phase  of the  fi l ter bank),  then  very fast swi tch ing  to  replace  any fau l ted  phase  i s  
possib le  (F igure  27).  Al ternatively,  s lower connection  can  be  ach ieved  at  a  l ower price  using  
one  ci rcu i t  breaker (or d i sconnect swi tch )  and  th ree  i solators.  

 

Figure  27  – One  method  of switch ing  a  redundant s ing le  phase  fi l ter 

Th is  concept may of course  a lso  be  appl ied  to  conventional  fi l ter i nsta l lations,  i f i t  i s  
economical  to  do  so.  Th is  wi l l  depend  on  the  exact fi l tering  performance  and  reactive  power 
requ i rements  of the  scheme.  

The  customer shou ld  be  aware  of th is  possib i l i ty when  preparing  the  speci fication ,  and  permi t  
b i dders  to  offer s i ng le-phase  fi l ter redundancy,  at l east as  an  a l ternative.  I n  the  design  
evaluation  phase,  the  customer shou ld  decide  whether offered  solu tions  provide  the  l evel  of 
securi ty he  requ i res.  I ssues  of protection ,  i n terlocking  and  swi tch ing  speeds  shou ld  be  
carefu l l y examined .  

1 0.2.4  Fuseless  capaci tors  

Sign i fi cant improvements  con tinue  to  be  made  i n  capaci tor technology,  wi th  the  use  of 
improved  d ie lectrics  and  construction  techn iques  offering  h igher kvar per un i t  volume,  
reduced  costs,  and  i ncreased  re l iabi l i ty.  

One  of the  more  importan t developments  has  been  that of the  fuseless  capaci tor.  The  most 
su i table  design  for use  i n  fi l ters  has  an  i n ternal  construction  consisti ng  of a  several  paral le l  
strings,  each  stri ng  consisti ng  of a  l arge  number of series-connected  e lements  (F igure  28).  
There  are  no  paral le l  connections  between  the  strings,  except at both  ends  of the  capaci tor 
un i t.  The  construction  of each  e lement us ing  a l umin ium  foi l  i n terleaved  wi th  modern  a l l -fi lm  
d ie lectric materia l  i s  such  that a  short ci rcu i t  wi th in  an  e lement creates  an  e lectrical l y good ,  
welded  jo in t between  the  two  foi l  e l ectrodes  of the  fa i led  e lement.  A s ing le  e lement fa i l u re  
resu l ts  i n  on ly a  l im i ted  re lease  of energy,  i nsufficien t to  damage  ad jacent e lements  or 
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re lease  s ign i fican t amounts  of gas,  and  has  a  l im i ted  i n fl uence  over the  tota l  capaci tance  of 
the  un i t  and  the  vol tage  d i stribu tion  over the  remain ing  heal thy e lements.  

 

Key 

1   i n ternal  fuse  

2   fu se l ess  

3  external  fuse  

Figure  28  – Fuseless  capaci tor design  compared   
to  in ternal  and  external  fused  un i ts  

The  fuseless  design  offers  a  more  economical  construction  of capaci tor,  wi th  fewer paral l e l  
e l ements  and  i n terconnections,  than  i n  an  i n ternal l y fused  design .  A fu rther advantage  i s  that 
the  d i scharge  energy developed  at the  fa i l u re  spot i s  l im i ted .  Th is  reduces  the  ri sk of damage  
to  ad jacent e lements  and  other i nsu lation  components  i f a  fa i l u re  occurs  i n  the  ou ter tu rns  of 
the  wound  e lement.  I t  i s  especia l l y attractive  for the  h igh  vol tage  fi l ter capaci tors.  However,  i t  
may not be  su i table  for l ow vol tage,  smal l  capaci ty fi l ter banks  because  one  e lement fa i l u re  
wou ld  cause  a  l arge  vol tage  stress  on  the  re lati vely few remain ing  heal thy e lements.  

The  customer’s  speci fi cation  shou ld  permi t  the  use  of fuseless  capaci tors,  bu t requ i re  the  
b idder to  prove  thei r re l i abi l i ty,  and  to  provide  a  su i table  capaci tor bank protection  capable  of 
detecting  an  excessive  number of fa i led  e lements.  

1 0.2 .5  Active  fi l ters  

Active  fi l ters  have  been  used  on  the  DC s ide  of several  recent HVDC schemes  [21 ,  22 ] ,  and  
can  now be  regarded  as  a  maturing  technology i n  that context.  However,  thei r appl i cation  on  
the  AC s ide  of an  HVDC converter i s  curren tl y at a  re lati vely early stage  of development.  

The  princip le  of active  fi l ters  i s  to  use  a  l arge,  power e lectron ic ampl i fier to  generate  a  
harmon ic cu rren t or vol tage  s ignal  wh ich  i s  i n jected  i n to  the  HV ci rcu i t  i n  such  a  way that i t  
cancels  the  harmon ics  generated  by the  HVDC converter.  A soph isticated  control  system  i s  
necessary to  measure  the  harmon ic d i stortion  and  con trol  the  magn i tude  and  phase  of the  
i n jected  s ignal .  Physical l y,  the  active  fi l ter equ ipment can  a l l  be  pre-assembled  i n  the  factory 
and  l ocated  i n  a  con tainer-l i ke  structure  i n  the  AC  fi l ter enclosure.  

Certain  aspects,  however,  make  appl i cation  to  the  AC s ide  more  d i fficu l t  than  appl ication  to  
the  DC  s ide.  
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a)  The  presence  of the  smooth ing  reactor on  the  DC s ide  g reatly reduces  the  DC s ide  
harmon ics  and  so  l im i ts  the  harmon ic power necessary to  be  generated  by a  DC s ide  
active  fi l ter.  There  i s  no  equ ivalent on  the  AC s ide.  

b)  The  AC  fi l ters  are  normal l y requ i red  to  provide  fundamental  frequency reactive  power 
compensation  as  wel l  as  harmon ic d i stortion  l im i tation .  

There  i s ,  at  present,  no  economic power e lectron ic solu tion  to  provide  both  fundamental  
frequency reactive  compensation  and  harmon ic cancel l ation .  Even  i f the  active  fi l ter does  not 
need  to  supply the  fundamental  frequency reactive  power,  the  need  to  wi thstand  the  h igh  
fundamental  frequency vol tage  for a  shun t connected  fi l ter or to  pass  the  h igh  fundamental  
frequency l i ne  curren t for a  series-connected  fi l ter sti l l  l eads  to  an  uneconomical l y h i gh  
rating .  Therefore,  various  hybrid  solu tions  have  been  proposed  to  combine  the  advantages  of 
improved  performance  and  smal l  physical  s i ze  of the  active  fi l ter wi th  that of the  l ow cost of 
the  passive  fi l ter.  The  fol lowing  are  examples.  

•  An  active  fi l ter connected  i n  the  neu tral  end  of a  passive  tuned  harmon ic fi l ter can  
improve  fi l ter performance  and  avoid  resonances  i n  a  s im i lar fash ion  to  the  au tomatical l y 
tuned  reactor described  above,  bu t do  so  at se lected  frequencies  wi thou t chang ing  the  
overal l  frequency response;  

•  An  active  fi l ter i n  the  neu tral  end  of a  s i ng le  passive  h igh  pass  fi l ter can  ach ieve  s im i lar 
performance  to  th ree  separate  passive  tuned  and  h igh  pass  fi l ter arms;  

•  A fast swi tch ing  pu l se  wid th  modu lated  active  fi l ter i n  series  wi th  a  power e lectron ic stati c  
compensator (STATCOM)  provid ing  reactive  power compensation  can  completely replace  
the  passive  fi l ters.  

Due  to  rapid  technolog ical  development of PWM  power ampl i fiers  and  DSP-based  control  
systems,  the  price  of acti ve  fi l ters  i s  fa l l i ng  rapid ly and  the  avai l able  power ri s i ng .  Appl i cation  
to  the  AC s ide  of HVDC converters  i s  l i kely to  become an  establ i shed  option  i n  the  near 
fu tu re.  Economical  appl ication  of acti ve  fi l tering  wi l l  probably be  restricted  i n i ti a l l y to  the  
h igher order and  non-characteristic harmon ics  wh ich  have  a  l ower magn i tude,  or i n  
combination  wi th  passive  fi l ters  as  a  solu tion  to  particu lar AC system  resonance  problems.  

As  i s  the  case  for sel f-tuned  fi l ters,  acti ve  fi l ters  may prove  particu larl y attractive  i n  
con junction  wi th  a  series  compensated  HVDC converter,  as  i n  such  appl i cations  the  
requ i rement for shun t reactive  power i s  g reatl y reduced ,  and  the  function  of the  shun t fi l ters  
i s  main ly to  provide  harmon ic fi l tering .  The  use  of active  fi l ters  cou ld  enable  the  fi l tering  
requ i rements  to  be  fu l fi l l ed  wh i le  us ing  a  re lati vely smal l  shun t fi l ter.  

A fu rther advantage  of acti ve  fi l ters  i s  that thei r frequency con trol  can  be  mod i fied  wi th  ease  
at  any time  to  coun teract new harmon ic sources  or possib le  resonance  cond i tions  wh ich  may 
arise  due  to  developments  i n  the  AC  network during  the  l i fetime  of the  HVDC station .  

The  fi rst  appl ication  of an  active  fi l ter on  the  AC s ide  of an  HVDC converter was  
commissioned  at the  Tjele  station  of the  Skagerrak 3  l i nk i n  l ate  1 998.  I n  th i s  p i l ot scheme,  
the  active  fi l ter was  connected  i n  series  wi th  an  existing  passive  AC fi l ter at i ts  earth  terminal ,  
and  employed  fast swi tch ing  i nsu lated  gate  b ipolar transistor ( IGBT)  converters  rated  at 0 , 6  
MVA,  wi th  a  frequency range  covering  harmon ics  5  to  49.  

The  speci fication  shou ld  permi t  acti ve  fi l ters  to  be  offered  by the  b idders,  at l east as  an  
a l ternative,  bu t shou ld  request proof that the  offered  technology i s  proven  and  rel i able,  and  
that adequate  performance  i s  guaran teed  by fie l d  measurements.  

1 0.2 .6  Compact design  

Conventional  AC  fi l ters  requ i re  a  l arge  space  and ,  together wi th  the  associated  swi tchgear,  
take  up  a  h igh  proportion  of the  area  requ i red  by the  converter station .  
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I n  certa in  l ocations,  parti cu larly i n  u rban  areas,  the  viabi l i ty and  cost of a  proposed  HVDC 
i nstal l ation  may be  dependent on  ach ieving  a  h i gh ly compact design  of the  converter station ,  
and  measures  may have  to  be  taken  to  reduce  substan tia l l y the  space  taken  by the  AC fi l ters.  

The  use  of se l f-tun ing  reactors  (see  1 0 . 2 . 2)  i s  one  means  of substan tia l l y reducing  the  s i ze  of 
the  AC fi l ter i nsta l l ation ,  wh i le  sti l l  u s ing  otherwise  conventional  equ ipment and  l ayou t.  

I n  J apan ,  the  desi rabi l i ty of compact,  earthquake-resistan t fi l ter equ ipment has  been  l ong  
recogn ized ,  and  a  prototype  compact AC fi l ter was  tested  i n  the  early 1 980s.  More  recently,  a  
new design  has  been  developed  and  tested  for a  compact 275  kV AC fi l ter i nsta l lation ,  us ing  
oi l - i nsu lated  components  total l y encapsu lated  i n  a  dead-tank.  The  capaci tors  are  constructed  
as  s i ng le-phase  un i ts,  and  the  reactors,  tap  ad justers,  resistors  and  arresters  are  
encapsu lated  i n  one  three-phase  un i t.  Al l  i n terconnecting  buswork,  i nclud ing  to  the  converter 
transformers,  i s  enclosed  i n  o i l -fi l l ed  busbar ducts.  

The  main  advantages  cla imed  for th is  design  are  that i t  reduces  the  g round  area  requ i red  to  
abou t one  th i rd  of that requ i red  by the  equ ivalent conventional  design ,  and  that i t  i s  more  
resistant to  seismic activi ty – an  importan t consideration  i n  some  l ocations.  Protection  of 
components  from  pol l u tion ,  moistu re  and  such  ri sks  as  b i rds’  nests  shou ld  reduce  the  ri sks  of 
equ ipment fau l ts.  A possib le  d rawback i s  the  i naccessibi l i ty of components  for main tenance,  
bu t wi th  a  h igh ly re l i able  capaci tor design  th is  need  not be  a  s i gn i fi cant problem.  

An  a l ternative  technology for compacting  the  design  of AC  fi l ters  wou ld  be  to  use  gas  (SF6)  
i nsu lation ,  wi th  encapsu lation  of some,  or a l l ,  components.  Wh i le  th i s  i s  feasib le,  i t  has  not 
been  shown  to  be  economical  and  not yet been  appl ied  to  an  HVDC scheme.  

I f a  compact converter station  design  i s  an  importan t i ssue,  the  customer shou ld  decide  
whether he  wishes  to  accept such  an  encapsu lated  design ,  whether oi l -  or possib ly gas-
insu lated .  The  speci fi cation  shou ld  reflect the  customer’s  adopted  approach ,  most importan tl y 
i n  those  sections  concern ing  testi ng ,  re l i abi l i ty and  avai labi l i ty,  main tenance  and  guaran tees.  

1 0.2.7  Other fi l ter ci rcu i t  components  

1 0 .2.7. 1  General  

A s ign i fican t part of the  cost of an  AC fi l ter i s  d ue  to  the  ci rcu i t  components  needed  for 
swi tch ing ,  i solation  and  for measurements,  associated  wi th  each  fi l ter branch  and /or bank.  
Apart from  the  cost of the  equ ipment i tsel f,  there  i s  a  fu rther cost re lated  to  the  area  requ i red  
for i nsta l lation  and  the  equ ipment foundations.  

New devices  are  becoming  avai l able  wh ich  wi l l  substan tia l l y reduce  the  space  requ i rements  
and  cost of such  equ ipment.  Two  examples  are  optical  cu rren t transformers  and  compact 
swi tchgear.  

1 0.2 .7.2  Optical  current transformers  

I n  an  optical  cu rren t transformer,  the  secondary cu rren t from  a  cu rren t transducer i s  
converted  to  a  d i g i ta l  s i gnal  wh ich  i s  transmi tted  th rough  optron ics  to  the  con trol  and  
protection  equ ipment.  The  cu rren t transducer can  be  of the  conventional  core  type,  or i n  
some  appl i cations  a  shun t and /or a  Rogowski  coi l  may be  used .  Optical  cu rrent transformers  
are  very smal l  and  relati vely main tenance  free.  They can  be  mounted  d i rectly on  ci rcu i t  
breakers,  d i sconnectors  or other h igh  vol tage  equ ipment.  

1 0.2 .7.3  Compact switchgear 

Compact h i gh  vol tage  swi tchgear u ti l i zes  a  swi tch ing  un i t  wh ich  i s  bu i l t  up  from  conventional  
swi tchgear components,  combined  i n to  one  un i t  per phase.  A fu l l y equ ipped  swi tch ing  un i t  
typical l y has  the  fol l owing  bu i l t  i n  components:  
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•  one  ci rcu i t  breaker,  

•  two  d isconnectors,  

•  two  earth ing  swi tches,  

•  two  optical  cu rren t transducers.  

The  ci rcu i t  breaker i s  the  central  component of the  compact h i gh  vol tage  swi tchgear.  The  
other components  can  be  excluded  from  the  fu l l y equ ipped  un i t  as  requ i red  i n  d i fferen t 
swi tchgear appl ications.  

Compact swi tchgear has  the  fol l owing  advantages:  

a)  l ess  space  requ i red ,  reducing  the  cost for l and  and  g round  preparation ;  

b)  one  common  foundation  reducing  the  cost for ci vi l  works;  

c)  l ess  erection  work;  

d )  a l l  con trol  cables  connected  to  one  l ocation ,  reducing  the  cost for cabl i ng ;  

e)  i n ternal  cabl i ng  i s  factory assembled  and  tested ;  

f)  un i t  replacement system  shorten ing  time  for main tenance  ou tages.  

1 0.3  New converter technology 

1 0.3. 1  General  

Since  the  i nception  of HVDC transmission ,  converters  have  been  of the  th ree-phase,  l i ne-
commutated  Graetz  bridge  type,  connected  to  the  AC system  th rough  converter transformers,  
and  wi th  reactive  compensation  provided  by shun t-connected  capaci tor or fi l ter banks.  

Other converter configurations  have  frequently been  proposed  i n  the  l i terature,  bu t on ly 
recently have  practical  i nstal l ations  been  bu i l t  and  tested .  Subclause  1 0. 3  considers  some 
a l ternative  converter technolog ies  and  thei r impact on  AC fi l tering  requ i rements.  

1 0.3.2  Series  commutated  converters  

The  reactive  power absorbed  by a  l i ne-commutated  converter can  be  compensated  by the  
connection  of capaci tor banks  i n  series  wi th  each  AC phase,  rather than  as  shunt e lements.  
Th is  type  of converter connection  i s  known  variously as  a  “series  compensated  converter”  or 
“capaci tor commutated  converter (CCC)” .  Normal l y,  the  term  “capaci tor commutated  
converter”  i s  reserved  for the  configuration  where  the  capaci tors  are  connected  between  the  
converter transformer and  the  valves,  whereas  “series  compensated  converter”  can  cover 
both  th i s  and  a l ternative  configurations,  wi th  the  capaci tors  connected  on  the  AC system  s ide  
of the  converter transformer (F igure  29).  

Series  compensated  converters  have  been  stud ied  and  d iscussed  for many years,  bu t on ly 
recently i n troduced  i n to  practical  HVDC schemes.  Benefi ts  of the  series  compensated  
connection  i nclude  reduced  tota l  reactive  compensation ,  improved  performance  and  stabi l i ty 
when  connected  to  very weak AC systems  and  improved  immun i ty to  i nverter end  AC fau l ts  i n  
transmissions  where  the  d i scharge  curren t from  very l ong  DC cables  i s  an  i ssue.  

I n  the  con text of AC s ide  harmon ics  and  fi l tering ,  series  compensation  has  the  fol l owing  
impl i cations.  

•  Harmon ic cu rrent generation  from  the  converter wi l l  be  s l i gh tl y g reater than  for a  
conventional  converter operating  under comparable  l oad  cond i tions,  due  to  the  reduction  
i n  overlap  ang le.  

•  The  fl exib i l i ty of operation  of the  series  compensated  design ,  especia l l y i n  connection  to  
weak AC systems,  may mean  that operation  modes  wi th  h i gh  con trol  ang les  are  used ,  i n  
order to  ach ieve  desi red  reactive  compensation  targets.  Such  operation  may resu l t  i n  
substan tia l  i ncreases  i n  harmon ic curren t generation  compared  wi th  nominal  cond i tions.  
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•  There  i s  normal l y no  need  to  swi tch  shun t reactive  e lements  as  DC l oad  varies,  as  the  
bu lk of the  reactive  compensation  i s  varied  au tomatical l y by the  i nheren t natu re  of the  
series  capaci tor configuration .  Therefore  the  AC  fi l ter bank(s)  can  be  l eft connected  over 
the  whole  DC l oad  range.  

•  To  gain  optimal  benefi ts  from  the  series  compensated  converter,  the  s i ze  of the  shun t 
connected  fi l ters  shou ld  be  as  l ow as  possib le.  The  use  of smal l ,  se l f-tuned  fi l ter branches  
i s  therefore  an  i deal  combination  wi th  the  series  compensated  converter.  The  h igh  
performance  of the  sel f-tuned  branches  a lso  compensates  for the  i ncreased  harmon ic 
generation  of the  series  compensated  converter.  

I f series  compensated  converters  are  to  be  considered ,  then  the  speci fication  shou ld  be  
su i tably worded ,  particu larl y i n  the  con text of reactive  compensation ,  harmon ic generation ,  
and  fi l ter redundancy.  

B idders  shou ld  be  asked  to  demonstrate  the  adequacy of thei r methods  of ca lcu lati ng  the  
converter harmon ic cu rren t generation .  

The  above  l i sted  aspects  shou ld  be  considered  by the  customer i n  d i scussions  wi th  the  
b idders  and  i n  evaluation  of the  offered  designs.  

1 0.3.3  PWM  vol tage-sourced  converters  

Recent developments  i n  power e lectron ic devices  have  made  possible  the  i n troduction  of 
vol tage  sourced  converters  (VSC)  using  IGBT or gate  tu rn -off (GTO)  devices  and  pu l se-wid th  
modu lation  (PWM),  operating  at l evels  of power and  d i rect vol tage  su i table  for power 
transmission  purposes  i n  the  range  of tens  of megawatts  up  to  approximately 1 50  MW [23,  
24] .  The  ci rcu i t  and  waveforms  of a  DC l i nk using  vol tage-sourced  converters  are  shown  i n  
F igure  30.  Detai led  i n formation  on  vol tage  sourced  converters  i s  g iven  i n  Annex F .  

Because  of the  wide  con trol  range  and  tu rn -off capabi l i ty,  the  reactive  power consumption  or 
generation  of such  converters  can  be  control led  to  any desi red  value  wi th in  the  operation  
range,  vi rtual l y i ndependently of the  active  power transmission .  No  external  reactive  
compensation  i s  therefore  necessary.  
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a)  Capaci tor commutated  converter 

 

b)  Uncontrol l ed  series  capaci tor converter 

 

c)  Thyristor control led  series  capaci tor converter 

 

d)  Partl y thyristor control l ed  series  capaci tor converter 

 

e)  Thyri stor control l ed  series  capaci tor commutated  converter 

Key 

1  AC  system  e .m . f.  6  overvol tage  l im i ter 

2  AC  system  impedance  7  capaci tor 

3  AC  system  bus  8  thyri s tors  

4  AC  fi l ters  9  converters  

5  converter transformer 1 0  DC reactor 

Figure  29  – Various  possible  configurations   
of series  compensated  HVDC converters  
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Figure  30  – Ci rcu i t  and  waveforms  of a  DC  l ink using  vol tage-sourced  converters  

The  magn i tude  of these  h igh -frequency harmon ics  i s  such  that a  fi l ter wi l l  general l y be  
requ i red ,  for example  a  h i gh  pass  fi l ter tuned  to  the  swi tch ing  frequency.  The  amount of 
requ i red  fi l tering  i s ,  however,  expected  to  be  re latively smal l .  

The  customer’s  speci fication  shou ld  state  the  requ i red  harmon ic performance  l im i ts  and  the  
reactive  power i n terchange  requ i rements  for the  converter station .  I t  i s  probable  that as  
experience  i s  ga ined  from  th i s  ki nd  of converter,  new requ i rements  on  fi l tering  wi l l  evolve,  i n  
particu lar for h i gher frequencies.  I n  the  absence  of such  new requ i rements,  i t  i s  bel i eved  that 
the  normal  performance  requ i rements  of a  conventional  speci fi cation  can  be  fol l owed ,  bu t 
taking  i n to  account a  wider frequency range  for te lephone  i n terference,  such  as  5  kHz i nstead  
of the  typical  2 , 5  kHz to  3 , 0  kHz.  

As  any VSC appl ications  i n  the  near fu ture  wi l l  be  l im i ted  to  l ow and  med ium  vol tages,  
acceptable  d istortion  l im i ts  shou ld  be  set h i gher than  those  normal l y g i ven  for the  h igh  
vol tage  systems  of conventional  HVDC.  The  AC system  impedance  model  shou ld  a l so  reflect 
the  d i fferen t characteri sti cs  of AC  networks  at h i gher frequencies  and  the  h igher damping  
typical  of l ow-  and  med ium-vol tage  systems.  

I f AC  fi l ters  are  requ i red ,  they shou ld  fo l low the  normal  requ i rements  of a  conventional  
speci fi cation  wi th  respect to  equ ipment speci fication ,  testing ,  l oss  calcu lation ,  aud ible  noise  
and  protection .  

1 0.3.4 Transformerless  converters  

Proposals  have  been  made  for HVDC converters  to  be  designed  wi thout converter 
transformers,  thereby reducing  the  tota l  cost of the  i nstal l ation ,  as  wel l  as  the  l osses.  
A feasib i l i ty study has  shown  that such  operation  wi thou t converter transformers  i s  
techn ical l y feasib le.  However,  no  practical  proposals  for the  implementation  of such  a  
scheme are  known  at present.  

Wi thou t a  converter transformer,  the  i nclusion  of a  series-connected  reactor i n  each  AC 
phase  i s  requ i red  to  l im i t  fau l t  cu rrents,  and  th i s  provides  a  commutating  reactance  s im i lar to  
that normal l y due  to  the  converter transformer.  The  l arger the  fau l t  l im i ting  reactor,  the  l ower 
i s  the  AC harmon ic cu rren t generation ,  bu t conversely,  the  reactive  power consumption  i s  
h igher.  An  optimal  va lue  of fau l t  l im i ting  reactance  cou ld  be  that va lue  for wh ich  the  shunt 
capaci ti ve  reactive  power requ i red  was  equal  to  the  amount of AC fi l tering  requ i red  to  sati sfy 
performance  cri teria.  
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The  aspects  of the  speci fi cation  concern ing  AC  harmon ics  and  fi l tering  wou ld  be  very s im i lar 
to  those  for a  conventional  HVDC scheme.  

1 0.3.5  Un i t  connection  

“Un i t  connection ”  impl ies  the  d i rect connection  of a  1 2-pu lse  HVDC recti fi er to  a  parti cu lar 
generator (usual ly i n  the  con text of hydro  generation),  i n  i solation  from  the  AC system.  Th is  
has  been  the  subject of much  study [25] ,  and  some experimental  connections  have  been  tried  
and  harmon ic measurements  made,  bu t as  yet no  HVDC scheme has  been  designed  on  th is  
basis.  

Wi th  d i rect connection ,  no  fi l ters  or reactive  compensation  shou ld  be  requ i red ,  thus  
permi tti ng  considerable  cost savings.  The  generators  shou ld  be  d imensioned  to  wi thstand  the  
fu l l  harmon ic generation  of the  connected  converter,  and  to  operate  at  the  requ i red  power 
factor.  As  generators  are  typical l y designed  for around  1 0  %  negative  sequence  component,  
and  as  actual  negative  sequence  l oad ing  shou ld  be  practical l y zero  i n  the  d i rect connection ,  
th i s  capabi l i ty compensates  for the  i ncreased  harmon ic l oad ing .  Normal  generator designs  
shou ld  thus  be  capable  of wi thstand ing  the  harmon ic stresses  resu l ti ng  from  un i t  connection .  

Assuming  a  short connection  between  generator and  converter,  there  wi l l  be  no  problem  of 
te lephone  i n terference,  un less  to  i n ternal  commun ication  systems  wi th in  the  power p lan t.  The  
harmon ic d i stortion  on  the  i n terven ing  AC  connections  wi l l  however be  substantia l ,  and  both  
connected  auxi l iary power equ ipment and  measurement and  protection  apparatus  shou ld  be  
designed  to  be  immune  to  th i s .  

The  speci fi cation  for such  a  scheme wou ld  concentrate,  i n  the  con text of harmon ics,  on  the  
impl ications  of converter-generated  harmon ics  for the  design ,  rati ng ,  heating  and  vibration  of 
the  generator,  and  on  defin i ti on  of the  amount of reactive  power to  be  suppl ied  by the  
generator.  

1 0.4  Changing  external  environment 

1 0 .4.1  Increased  pre-existing  levels  of harmonic  d istortion  

The  widespread  i n troduction  of power e lectron ics  i n to  e lectrical  equ ipment at a l l  l evels  from  
domestic consumers  to  transmission  g ri d  has  resu l ted  i n  a  substan tia l  i ncrease  i n  the  amount 
of harmon ic generation  th roughou t the  supply system.  

Much  of th i s  harmon ic generation  i s  not fi l tered  effectively at source,  and  penetrates  widely 
th roughout the  network.  

The  impl i cations  for HVDC schemes  are  various.  

•  I n  order to  main tain  acceptable  harmon ic compatib i l i ty l evels  i n  the  system,  the  amount of 
harmon ic d i stortion  permi tted  to  be  generated  by a  new HVDC converter station  may be  
reduced  from  l evels  wh ich  were  previously regarded  as  acceptable,  i . e .  i ts  “share”  of the  
tota l  permi tted  d i stortion  wi l l  decrease.  

•  As  the  fi l ters  i nstal l ed  at an  HVDC converter station  are  general l y h i gh ly effective  shun t 
devices,  they provide  a  s ink for harmon iccurren ts  from  e l sewhere  i n  the  AC  system.  Th is  
i ncreases  the  requ i red  rati ng  of the  fi l ter components,  i n  some  i nstances  very 
s ign i fican tl y.  The  con tribu tion  of pre-existi ng  l evels  of l ow order harmon ics  to  the  rati ng  of 
3rd  harmon ic fi l ters  can  be  substan tia l .  The  cost of rati ng  components  to  a l l ow for pre-
existi ng  harmon ics  wi l l  therefore  tend  to  ri se  i n  fu ture.  

•  Both  of the  above  factors  may g ive  impetus  to  i ncreasing  use  of series  fi l ters,  wh ich  b lock 
the  fl ow both  of harmon ic cu rren t from  the  converter station  i n to  the  AC system,  and  of 
AC system  harmon ics  i n to  the  shun t fi l ters,  and  a l so  to  the  i n troduction  of active  fi l tering  
on  the  AC s ide.  
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The  defin i ti on  of pre-existing  harmon ics  i s  general l y the  responsibi l i ty of the  customer.  I t  i s  
an  aspect to  wh ich  customers  shou ld  pay particu lar atten tion  i n  the  preparation  of 
speci fications.  

Trips  or fa i l u res  of fi l ters  due  to  overload ing  by pre-existing  harmon ics  can  be  extremely 
costl y,  especial l y i f they l ead  to  l oss  of transmission  capaci ty.  I t  i s  d i ffi cu l t  to  prove  or 
d i sprove  that such  overload ing  was  i n  fact the  resu l t  of pre-existing  harmon ics  i n  excess  of 
speci fied  l evels,  and  expensive  con tractual  d i spu tes  between  customer and  con tractor may 
resu l t.  Customers  shou ld  be  aware  of the  severe  and  i ncreasing  poten tia l  hazards  i n  th is  
area,  and  devote  su ffi cien t atten tion  to  the  topic of pre-existing  harmon ics,  both  i n  terms  of 
speci fying  real i sti c  l evels,  and  a l so  of making  the  con tractual  responsibi l i ties  of both  s i des  
clear and  expl i ci t.  

1 0.4.2  Developments  in  communication  technology 

Modern  developments  i n  commun ication  technology are  l ead ing  to  the  progressive  
replacement of metal l i c  te lephone  conductors  by fi bre  optic cables,  the  replacement of 
analogue  by d ig i ta l  commun ication ,  and  the  widespread  use  of mobi le  cel l u lar te lephone  
systems.  Al l  of these  developments  tend  to  reduce  the  poten tia l  scale  of i n terference  from  
power l i nes  to  te lephone  systems,  and  i n  the  l ong  term  fu ture  perhaps  the  problem  wi l l  no  
l onger be  of re levance.  

One  impl i cation  of the  avai l abi l i ty of such  techn ical  solu tions,  wh ich  are  immune  to  i nductive  
i n terference  at harmon ic frequencies,  i s  that i n  the  even t of actual  i n terference  occurring  after 
an  HVDC plan t has  en tered  operation ,  some  form  of l ocal  m i ti gation  measure  i n  the  
te lephone  connections  to  affected  consumers  shou ld  be  techn ical l y possib le,  most probably 
at a  cost below that of i nsta l l i ng  add i tional  AC  fi l tering  at  the  HVDC station .  

However,  i n  the  near-term  fu tu re,  there  wi l l  s ti l l  remain  a  very l arge  amount of metal l i c  
te lephone  conductor i n  use,  parti cu larl y at consumer l evel  and  particu larl y i n  ru ral  areas  and  
i n  developing  countries,  where  many HVDC schemes  are  s i ted .  I t  i s  therefore  l i kely that 
l im i tation  of te lephone  noise  th rough  the  appl i cation  of cri teria  such  as  TIF,  THFF  and  I T wi l l  
con tinue  to  be  en forced  i n  HVDC speci fications  for the  foreseeable  fu ture.  

1 0.4.3  Changes  in  structure  of the  power supply industry 

I n  several  coun tries  or parts  of coun tries  around  the  world ,  one  company has  trad i tional l y 
been  responsible  for both  power generation  and  power transmission .  When  one  organ ization  
i s  responsible  for both  the  generation  p lan ts  and  the  g ri d ,  optimal  system  configuration  can  
be  ach ieved  by u ti l i zation  of speci fi c generators  and  g ri d  configuration  du ring  both  ord inary 
operation  and  du ring  main tenance  periods.  

However,  i n  various  coun tries  the  responsibi l i ty for the  generation  un i ts  and  the  g rid  has  
been  spl i t  between  d i fferen t generation  compan ies  and  a  power g rid  company.  Th is  
decreases  the  possib i l i ty for one  company to  optim ize  the  reactive  power balance  and  ensure  
adequate  system  strength .  The  generating  company cou ld  choose  to  have  generation  i n  
another reg ion ,  caused  by the  market s i tuation ,  and  not i n  the  reg ion  where  the  HVDC station  
i s  l ocated ,  resu l ting  i n  l ower short ci rcu i t  l evel  at  the  converter terminals .  Th is  cou ld  a l so  l ead  
to  h i gh  reactive  unbalance  i n  the  system  due  to  new power fl ow i n  the  g ri d .  Fu rthermore,  
generation  u ti l i ti es  may argue  that they are  not paid  for del ivering  reactive  power,  and  prefer 
to  operate  thei r mach ines  at close  to  un i ty power factor i n  order to  extend  thei r l i fe .  

I n  add i tion ,  l ack of co-ord ination  between  the  generation  company and  the  transmission  
company re lated  to  main tenance  cou ld  resu l t  i n  ou tage  of generators  and  l i nes  at  the  same  
time.  Th is  spl i t  of responsibi l i ty and  a  new market s i tuation  wi l l  make  the  cost of rotati ng  
reserve  and  reactive  power more  transparen t.  These  developments  may i n fluence  the  AC 
fi l ter speci fi cation  for HVDC schemes  as  fol lows:  

•  a  l ower m in imum  short ci rcu i t  l evel  at  converter terminals  due  to  the  h igh  cost re lated  to  
"buying"  spinn ing  reserve;  
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•  l ess  reactive  power exchange  wi th  the  AC  system  due  to  the  h igh  cost and  d i ffi cu l ty 
related  to  "buying"  reactive  power.  

Both  the  above  impl i cations  may l ead  to  more  complex and  expensive  fi l ter solu tions  due  to  a  
spl i t  of the  whole  i n to  more  swi tchable  fi l ter un i ts.  Th is  wi l l  a l so  resu l t  i n  more  fi l ter swi tch ing  
du ring  operation .  

I n  some cases,  a  SVC cou ld  be  necessary i n  order to  permi t a  possib le  fi l ter solu tion  and  at 
the  same  time  stabi l i ze  the  vol tage  and  reduce  the  vol tage  step  at swi tch ing .  

1 0.4.4  Focus  on  power qual i ty 

Power qual i ty i s  i ncreasing ly the  focus  of atten tion  th roughou t the  world .  General ly,  such  
atten tion  to  power qual i ty i ssues  tends  to  resu l t  i n  a  demand  for l ower l evels  of harmon ic 
d i stortion  and  th i s  cou ld  l ead  to  more  stri ngen t fi l tering  requ i rements.  

However,  the  d i scussion  wi l l  i ncreasing ly a l so  take  the  cost of ach ieving  improved  power 
qual i ty i n to  consideration .  Th is  factor may tend  to  coun teract demands  for better supply 
qual i ty.  

I t  i s  un l ikely that speci fied  l im i ts  on  harmon ic performance  cri teria  wi l l  become less  stri ngen t 
than  at present,  and  qu i te  possib le  that they wi l l  be  ti gh tened  i n  fu ture.  The  cost of ach ieving  
satisfactory harmon ic fi l tering  wi l l  a l so  be  i ncreasing ly under scru tiny.  Such  trends  wi l l  
i ncrease  the  pressure  for development of new converter and  fi l tering  technology.  
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Annex A 
( informative)  

 
Al ternative  type of procurement procedure 

I n  the  most usual  process  of procurement,  the  detai l ed  speci fi cation  as  d i scussed  i n  th i s  
document i s  establ i shed  prior to  the  tender stage.  An  a l ternative  approach  i s  to  i ssue  an  
“open”  speci fication ,  and  du ring  d iscussions  wi th  the  various  b idders  fi nd  the  optimal  solu tion  
for the  speci fic project (as  an  example,  the  European  Un ion  d i rectives  define  d i fferent 
procurement procedures  and  one  of these  i s  the  so  cal l ed  "EU  Negotiated  Procedure").  For 
th is  procedure,  an  i nqu i ry document i s  send  to  the  b idders  wi th  an  open  speci fication .  After 
receiving  the  b idders’  proposals,  the  customer starts  the  evaluation  process,  wh ich  i s  more  
compl icated  due  to  the  open  speci fi cation .  

During  the  negotiation  process,  the  goal  i s  to  fi nd  the  optimal  solu tion  and  base  the  fi nal  
speci fi cation  on  th i s .  Th is  fi nal  speci fi cation  wou ld  not d i ffer much  from  a  speci fication  
prepared  prior to  a  tender phase  wi th  respect to  the  con ten t;  however,  several  advantages  
are  gained .  

•  The  speci fi c requ i rements  wi l l  probably be  more  optim ized  for the  project.  

•  Du ring  the  negotiations,  a  common  understand ing  of the  various  aspects  of the  
speci fi cation  i s  establ i shed  between  the  customer and  the  b idders.  Th is  shou ld  resu l t  i n  
l ess  need  for clari fi cation  after the  con tract i s  s i gned .  

I n  the  open  speci fi cation ,  some  i n formation  re lated  to  the  AC  fi l tering  shou ld  be  i ncluded .  
Th is  wou ld  comprise  the  parameters  that are  known  and  fi xed ,  such  as  AC system  
parameters  and  envi ronmental  parameters.  The  requ i rements  on  harmon ic d i stortion  and  
fi l ter design  cou ld  be  open .  A starti ng  poin t for these  parameters  cou ld  a l so  be  defined  i n  
order to  make  a  fi rst  evaluation  of the  proposals;  however,  there  shou ld  be  an  open ing  for 
a l ternatives/options  i n  order to  vi sual i ze  the  consequences  of d i fferent requ i rements.  These  
consequences  are  d i scussed  th roughou t th is  document and  they are  typical l y related  to  cost,  
l ayou t or operation .  

Th is  “open”  speci fication  approach ,  however,  has  some  d i sadvantages.  

a)  The  procurement period  wi l l  be  considerably extended  compared  to  that for a  normal  
tender package.  

b)  I n  the  process  of optim izing  the  design ,  a l l  the  b idders  have  to  do  costl y and  time-
consuming  detai l ed  stud ies  of various  design  options,  wh ich  represents  wasted  effort  for 
a l l  bu t the  successfu l  b i dder.  The  b idders  are  acting  i n  effect as  unpaid  consu l tan ts.  

c)  The  customer’s  eng ineering  personnel  shou ld  have  a  h i gh  l evel  of competence,  and  
shou ld  expend  more  time  and  effort than  normal l y requ i red ,  i n  order to  evaluate  mu l tip le  
options  offered  by several  b i dders.  Al ternatively,  the  customer may need  to  engage  an  
experienced  consu l tan t to  do  th is  work on  h i s  behal f.  

d )  Some  essentia l  main  parameters  of the  project may not be  decided  un ti l  l ate  i n  the  
procurement process,  wh ich  cou ld  resu l t  i n  delayed  l i censing  and  approval  by the  
re levant au thori ti es.  

I n  th i s  document,  the  term  "speci fication "  refers  to  the  fi nal  defin i tion  of the  customer’s  
requ i rements  for a  defined  project,  whether determined  by the  conventional  approach  or by 
th i s  a l ternative  negotiated  approach .  
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Annex B  
( informative)  

 
Formulae for calcu lating  the  characteristic 

harmonics  of a  bridge converter 

The  formu lae  below g ive  the  characteri sti c harmon ics  of a  l i ne-commutated  bridge  converter,  
based  on  i deal  assumptions  of symmetrical  cond i tions  for a  HVDC converter,  wi th  the  d i rect 
curren t a l so  i deal l y smoothed .  

The  user shou ld  treat the  resu l ts  of ca lcu lations  using  these  formu lae  wi th  cau tion ,  being  
aware  that i n  real i ty numerous  factors  as  d i scussed  i n  C lause  5  both  a l ter the  magn i tude  of 
these  characteri sti c harmon ics,  and  create  non-characteri sti c harmon ics.  

The  magn i tude  of the  l i ne  s ide  harmon ic converter curren t In ,  for each  characteri sti c 
harmon ic order n ,  i s  g iven  by:  

 db
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 (B . 1 )  

where  Fn  i s  an  attenuation  factor g iven  by:  
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wi th  A  and  B  being  auxi l iary functions:   
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and  where  ε  i s  the  re lati ve  i nductive  vol tage  d rop  due  to  commutation ,  g i ven  by:  
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For operation  at  nominal  no- load  d i rect vol tage,  the  above  formu lae  s impl i fy to  become:  
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and  
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where  

In  i s  the  AC system  s ide  harmon ic cu rren t (A);  

n  i s  the  order of harmon ics  n  =  (kp)  ±  1 ,  p  =  pu l se  number,  k =  1 ,  2 ,  3 ,  … ;  

Nb  i s  the  number of 6-pu lse  bridges  compris ing  the  converter;  

Uval ve  i s  the  valve  s ide  transformer vol tage  rating  at  actual  tap  (kV);  

Ul i ne  i s  the  AC l i ne  s ide  transformer vol tage  rating  at actual  tap  (kV);  

Ud ioN  i s  the  nominal  no-load  d i rect vol tage  (V);  

Ud io  i s  the  actual  no-load  d i rect vol tage  (V);  

IdN  i s  the  nominal  d i rect cu rren t (A);  

Id  i s  the  actual  d i rect cu rren t (A);  

ε  i s  the  i nductive  vol tage  d rop  due  to  commutation  (p. u . ) ;  

 dxN  i s  the  relati ve  i nductive  vol tage  d rop  at nominal  cond i tions;  

Fn  i s  the  attenuation  factor (p. u . ) ;  

α  i s  the  fi ri ng /extinction  ang le  of converter (° ) ;  

μ  i s  the  overlap  ang le  (° ) .  
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Annex C  
( informative)  

 
Defin i tion  of telephone interference parameters  

C.1  General  

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;  those  wh ich  are  common ly i n  use  i n  coun tries  fol l owing  European  
practice  and  those  wh ich  are  common ly i n  use  i n  coun tries  fol lowing  North  American  practice.  

C.2  Cri teria  according  to  European  practice  

The  fol l owing  cri teria  are  common ly i n  use  i n  coun tries  fol l owing  European  practice.  

a)  Telephone  harmon ic form  factor,  THFF  
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where  

Un   i s  the  component at  harmon ic n  of the  d i stu 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 ∑
=

=
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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 ivalen t d i stu rbing  cu rrent Ip  i s  defined ,  accord ing  to  CCITT,  by:  

 ( )2p

800

1
f f f

f

I h p I
P

= ⋅ ⋅ ⋅∑  (C. 3)  

where  

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

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

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

For practical  cases,  the  preced ing  formu la  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:  
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balanced  component:   ( )∑
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 (C. 4)  

where  

In  i s  the  balanced  component of the  curren t 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 ;  

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

and  

residual  component:   ( )∑
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 (C. 5)  

where  

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

The  equ ivalen t d i sturbing  curren 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,  reference  [5]  provides  some  i nd icative  fi gu res  
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 

C.3  Cri teria  according  to  North  American  practice  

The  fol l owing  cri teria  are  common ly i n  use  i n  coun tries  fol l owing  North  American  practice.  

a)  Telephone  i n terference  factor,  TI F:  
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where  

Un  i s  the  s i ng 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  i s  the  s i ng le  frequency TIF  weigh ting  at  harmon ic n :  

o5nfCW nn =  

where  

Cn  i s  the  C-message  weigh ting  factor;  

n  i s  the  harmon ic order;  

fo  i s  the  fundamental  frequency (60  Hz).  

The  strict  defin i ti on  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 ti on  i s  widely used  i n  the  HVDC fie l d  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.  
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Typical  requ i rements  of TIF  are  between  1 5  and  50.  

b)  I T  product:  

 ( )2
1

IT
n N

n n

n

I W
=

=

= ∑  (C. 7)  

where  

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

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

Wn  i s  the  s i ng le  frequency TIF  weigh ting  at harmon ic n :  o5n nW C nf= .  

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:  

 ( )∑
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⋅⋅=
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n

nnneq ICHI

1

2  (C. 8)  

where  

In  i s  the  effective  d isturbing  curren 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  weigh ting  factor;  

Hn  i s  the  weigh ting  factor normal i zed  to  reference  frequency (1  000  Hz)  that accounts  for 
the  frequency dependence  of mu tual  coupl i ng ,  sh ie ld ing  and  commun ication  ci rcu i t  
balance  at harmon ic n .  

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

 ( ) ( )22

bnbnbrnn IIKII ⋅⋅+=  (C. 9)  

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 ing  to  the  residual  mode  coupl i ng  at  reference  
frequency.  

The  equ ivalen t d i stu rbing  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 ication ,  
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 sturbing  
curren t concept has  a l so  been  used  for DC transmission  l i nes  for wh ich  past experience  
has  i nd icated  that values  i n  the  0 , 1  A to  1 , 0  A range  are  typical  for normal  operation .  

C.4 Discussion  

The  American  and  European  defin i tions  are  very s im i lar.  I ndeed ,  the  C-message  and  
psophometric weigh ting  factors  are  nearly i dentical .  Except for these  factors,  the  TI F  and  
THFF  d i ffer on ly by a  constan t ratio  of 4  000  (that i s ,  5  n  fo  versus  n fo  /  800).  
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S im i larl y,  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 is  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  characteri sti cs.  However the  I T  
concept i s  conventional l y calcu lated  wi th  balanced  mode  harmon ic curren ts  on ly.  The  Ieq  
concept has  the  advantage  of considering  both  balanced  modes  and  residual  mode  i nduction  
and  may be  set to  fi t  the  needs  of a  parti cu lar project,  where  the  l i near frequency 
dependency assumption  i s  not considered  val i d  (due  to  h i gh  soi l  resisti vi ty for example),  by 
defin ing  a  Hn  factor wh ich  reflects  the  parti cu lar project characteri sti cs  [4 ] .  

The  TIF  and  THFF  factors  are  d imension less  quan ti ti es  that are  i nd icative  of the  waveform  
d i stortion  and  not the  absolu te  ampl i tude.  

The  defin i ti ons  of TIF  and  THFF  above,  are  as  stated  i n  [6]  and  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 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,  for the  reasons  d i scussed  i n  4 . 2 . 3.  

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 istortion  because  of the  re lati ve  weigh t of the  h igher 
harmon ic orders  and  the  coupl ing  characteristics.  Theoretical l y,  up  to  5  000  Hz shou ld  be  
considered ;  bu t,  i n  practice,  many speci fi cations  have  asked  for on ly up  to  the  50th  harmon ic 
(see  4 . 2 . 3).  
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Annex D  
( informative)  

 
Equ ivalent frequency deviation  

For a  s i ng le-tuned ,  h igh  qual i ty factor fi l ter,  an  equ ivalent frequency deviation  correspond ing  
to  the  detun ing  may be  defined  as:  
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where  

δ  i s  the  equ ivalen t frequency deviation  [p. u .  of nominal ,  fn  ] ;  

∆feq  i s  the  equ ivalen t frequency deviation  [Hz] ;  

f0   i s  the  nominal  AC  fundamental  frequency (50  Hz or 60  Hz)  [Hz] ;  

∆f i s  the  fundamental  frequency deviation  from  nominal  [Hz] ;  

NC

C∆
 i s  the  re lative  capaci tance  deviation  from  nominal  [p . u ] ;  

NL

L∆
 i s  the  re lative  i nductance  deviation  from  nominal  [p . u . ] .  

The  maximum  and  m in imum  equ ivalent frequencies  to  be  used  for performance  calcu lations  
wi l l  be:  

f =  f0  ±  ∆feq  

fmax  =  f0  +  ∆feq  

fmin  =  f0  –  ∆feq  

The  performance  requ i rements  shou ld  be  met for the  frequency range  from  fmax  to  fmin .  For 
conventional  fi l ter schemes,  the  h ighest harmon ic l evel  wi l l  u sual ly be  found  for fmax  or fmin .  
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Annex E  
( informative)  

 
Reactive power management 

E.1  HVDC converter reactive  power capabi l i ty 

E.1 . 1  Steady-state  capabi l i ty 

The  converter reactive  power capabi l i ty,  wh ich  i s  a  function  of d i fferen t operating  parameters  
of the  converter,  i s  d i scussed  i n  detai l  i n  [26] .  Some re levant extracts  from  th is  reference  are  
reproduced  here.  

For steady-state  operation  wi th  i ncreased  reactive  power,  i t  i s  assumed  that the  operation  
goes  on  for an  i n fin i te  time  and  the  reactive  power i s  control led  i n  such  a  way that i t  affects  
on ly one  converter station  or one  AC  network at a  time.  Al so,  the  reactive  power absorption  
capabi l i ty i n  steady state  i s  rather l im i ted .  

A natu ral  property of a  l i ne-commutated  converter i s  to  absorb  reactive  power,  whether 
operating  as  a  recti fier or an  i nverter.  F igure  E . 1  shows  reactive  power absorption  capabi l i ty 
of a  converter under d i fferen t con trol  strateg ies.  Th is  d iagram  i s  val i d  for g iven  vol tage  
cond i tions  of the  AC network and  the  tap  selected  on  the  tap-chang ing  transformer.  

Parameters  p  and  q are  per un i t  va lues  re lated  to  the  nominal  acti ve  DC power.  

 
Key 

(1 )  constan t  DC  vol tage  con trol  and  m i n imum  con tro l  ang le  (α
m in

)  

(2 )  constan t  m i n imum  con tro l  ang l e  (γ
m in

)  

(3)  constan t  DC  cu rren t  con trol  

(4 )  constan t  reacti ve  power con trol  

(5)  constan t  acti ve  power con trol  

(6)  m i n imum  d i rect  cu rren t  

(7)  maximum  con tro l  ang l e  (α
max

)  

Figure  E.1  – Capabi l i ty d iagram  of a  converter under d i fferent control  strategies  
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Wi th in  the  area  enclosed  by the  cu rves  (1 ) ,  (2)  and  (3),  the  converter con trols,  i n  theory,  can  
be  made  to  act very fast,  i f necessary,  i n  order to  improve  the  operation  of the  combined  
AC/DC system.  Add i tional  con trol  strateg ies,  as  shown  i n  the  fi gu re,  can  be  implemented  to  
act on  converter AC  or/and  DC variables  to  con trol  the  fl ow of acti ve  and  reactive  power,  the  
AC vol tage  or the  frequency.  

F igure  E . 2  shows  an  example  of the  special l y designed  i ncreased  reactive  power absorption  
capabi l i ty of a  converter designed  for normal l y used  con trol  strateg ies.  Th is  represents  a  

converter designed  for an  i ncreased  reactive  absorption  for αmax  =  35° ,  γmax  =  40°  and  
Ud iomax  =  1 , 2Ud ioN .  I n  th is  fi gu re,  the  recti fier maximum  l im i t  i s  composed  of the  maximum  

(α+u)  curve,  the  maximum  Ud io  ( i deal  no- load  d i rect vol tage  wh ich  i s  equal  to  LLVU −,
23

π
)  

curve,  the  maximum  apparen t power cu rve,  and  the  vertical  l i ne  at p  =  1 , 0  p . u .  corresponds  to  
the  rated  d i rect cu rrent.  For the  i nverter,  the  maximum  l im i t  i s  defined  by the  maximum  Ud io  

and  the  maximum  apparen t power cu rves  and  the  m in imum  l im i t  i s  the  m in imum  γ  cu rve.  

 

Key 

(1 )  constan t  DC  vol tage  con trol  and  m i n imum  con tro l  ang le  (α
m in

)  

(2 )  constan t  m i n imum  con tro l  ang l e  (γ
m in

)  

(3)  constan t  DC  cu rren t  con trol  

(4 )  maximum  con tro l  ang l e  (α
max

)  

(5)  maximum  con trol  ang l e  (γ
max

)  

Figure  E.2  – Converter capabi l i ty wi th  γmin  =  1 7° ,  γmax  =  40°,   

αmin  =  5° ,  αmax  =  35°  and  Ud iomax  =  1 ,2Ud ioN  

From  the  above  i t  i s  seen  that a  DC  converter station  can  be  designed  to  operate  wi th  very 
l i ttl e  reactive  power i n jection  i n to  the  connected  AC network.  However,  the  i ncreased  reactive  
power absorption  mode  of operation  has  the  fol l owing  d i sadvantages.  

a)  I ncreased  con trol  ang les  requ i re  that the  AC vol tage  on  the  valve  s i de  shou ld  be  
i ncreased ,  i n  order to  retain  normal  DC vol tage  and  fu l l  transmission  capaci ty.  Th is  
means  the  valves  shou ld  be  designed  for h i gher vol tage  than  for a  normal  optimum  
design .  Th is  wi l l  

•  have  d i rect impact on  the  valve  prices  and  converter l osses  as  the  number of 
thyri stors  and  other components  i n  the  valves  wi l l  i ncrease,   
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•  cause  i ncrease  i n  commutation  overshoots  and  hence  i ncrease  i n  the  cost of va lve  
arresters,  

•  i ncrease  the  cost of valve  damping  ci rcu i ts  as  the  components  wi l l  have  to  be  rated  for 
h i gher power d i ssipation ,  and  

•  i ncrease  the  valve  cool ing  capaci ty as  the  cool i ng  system  wi l l  have  to  be  designed  for 
h i gher power d i ssipation .  

However,  even  for l ong  d i stance  transmission ,  some  of the  reactive  power control  
features  described  above  can  be  made  avai l able  wi thou t i ncreasing  Ud io  and  
overd imension ing  the  thyri stor valves.  For example,  an  HVDC scheme can  have  certain  
overcurren t capabi l i ty (even  wi th  redundant cool i ng  system  i n  service)  and  i t  cou ld  be  
designed  i n  such  way that DC vol tage  i s  not requ i red  to  remain  constan t for th i s  operating  
mode.  Gezhouba-Shanghai ,  for example,  has  a  DC vol tage  range  between  475  kV and  
525  kV for reactive  power con trol  mode  up  to  nominal  operation .  

b)  The  i ncreased  reactive  power at rated  active  power a lso  means  an  i ncreased  apparent 
power and  by th i s  an  i ncreased  rati ng  of the  converter transformer.  

c)  Operation  wi th  l arge  con trol  ang les  at rated  cu rren t l eads  to  an  i ncreased  amount of 
harmon ics  on  both  the  AC  and  the  DC s ide,  and  th is  resu l ts  i n  more  expensive  AC and  
DC fi l ters.   

d )  Frequent variation  of Ud io  by stepping  the  tap-changer l eads  to  i ncreased  demands  for 
main tenance  on  the  tap-changer.  However,  there  cou ld  a l so  be  a  possib i l i ty to  operate  
HVDC converters  at  constan t Ud io  over the  whole  range  of operation .  Th is  i ncreases  fi ri ng  
ang les  s l i gh tly i n  partia l  range,  bu t the  range  of the  tap-changer and  expected  cycles  of 
tap-changer operation  are  l ower and  improve  re l iabi l i ty and  main tenance  i n tervals.  

E.1 .2  Temporary capabi l i ty 

Transien t or short time  operation  wi th  i ncreased  reactive  power consumption  can  be  
performed  wi th  much  h igher con trol  ang les  because  the  HVDC valves  are  tested  wi th  90°  
con trol  ang le  and  h igh  cu rrent for a  period  rang ing  from  0 , 5  m in  to  1  m in .  F igures  E . 3  and  E . 4  
show the  reactive  power absorption  as  a  function  of con trol  ang les  for recti fier and  i nverter,  
respectively.  These  curves  are  calcu lated  wi th  constan t Id  as  a  parameter and  wi th  
Ud io  =  Ud ioN .  These  curves  show that the  converter has  about the  same  reactive  power 
absorption  at l ow DC curren t as  for h igh  DC curren t and  normal  con trol  ang les.  Th is  featu re  
i s  very usefu l  i n  s i tuations  such  as  those  d iscussed  i n  7 . 4 .  

As  the  converter transformer tap-changer can  not be  operated  i n  the  du ration  of a  transien t,  
typical l y l ess  than  5  s ,  the  other converter station  i s  a l so  affected  as  the  d i rect vol tage  i s  

decreased  when  α  or γ  i s  i ncreased .  Thus,  i n  order to  main tain  constant active  power,  the  
decrease  i n  the  d i rect vol tage  i s  compensated  by an  i ncrease  i n  the  d i rect curren t.  
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Figure  E.3  – Reactive  power absorption  of a  recti fier as  a  function  of α  
wi th  Ud io  =  Ud ioN ,  dx  =  9 ,4  % and  dr  =  0 ,2  % 

 

Figure  E.4  – Reactive  power absorption  of a  i nverter as  a  function  of γ  
wi th  Ud io  =  Ud ioN ,  dx  =  9 ,4  % and  dr  =  0 ,2  % 

E.2  Converter Q-V control  near swi tch ing  points  

Th is  kind  of converter con trol ,  wh ich  makes  use  of temporary reactive  power absorption  
capabi l i ty of the  converter as  d i scussed  i n  E . 1 ,  i s  requ i red  i n  the  fol l owing  s i tuations:  

•  when  the  reactive  power i n terchange  i s  such  that the  export to  AC system  violates  the  
speci fied  l im i t  at  swi tch ing  and  narrow band  of DC power around  swi tch ing  poin ts  under 
certain  cond i tions  such  as  maximum  AC system  vol tage  and  frequency and  posi ti ve  
capaci tor to lerance;   

•  when  the  step  change  i n  vol tage  requ i rement i s  stri ngen t;   

•  for smooth  con trol  of AC  vol tage,  when  th i s  i s  to  be  con trol l ed  wi th  the  help  of sub-
bank/banks;  

•  for reducing  temporary overvol tages.  

Though  techn ical l y i t  cou ld  be  possible  to  meet the  stipu lated  requ i rements  i n  respect of the  
above  by choosing  smal ler fi l ter banks/sub-banks,  economic reasons  may not permi t th i s .  
I nstead ,  the  converter i s  used  to  keep  the  step  change  i n  vol tage  and  reactive  power export 
wi th in  the  stipu lated  l im i ts.  Th is  i s  ach ieved  by forcing  the  converter to  temporari l y i ncrease  
i ts  fi ri ng /extinction  ang les  as  s imu l taneously as  possib le  wi th  the  swi tch ing  even t.  Thus,  i f a  
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sub-bank/bank i s  going  to  be  d i sconnected ,  the  tota l  reactive  compensation  i s  reduced  and  a  
negative  step  i n  AC vol tage  wi l l  resu l t.  I f the  reactive  absorption  cou ld  be  reduced  at the  
same time,  the  tota l  effect on  the  vol tage  wou ld  be  smal l .   

Such  a  procedure,  wh ich  i s  of g reatest i n terest for the  i nverter,  requ i res  that γ  i s  sudden ly 
decreased ,  wh ich  of course  i s  not possible  i f the  converters  are  operating  i n  γmin  mode.  
However,  i f the  sub-bank/bank swi tch ing  i s  p lanned ,  i t  i s  possib le  to  prepare  for i t  by s lowly 

i ncreasing  γ  by a  su i table  amount and  then ,  when  the  bank i s  swi tched  off,  γ  i s  decreased  
again  to  the  nominal  value  i n  a  step.  When  a  fi l ter sub-bank/bank i s  swi tched  i n ,  no  

preparation  i s  needed .  The  con trol  ang le  γ  can  be  sudden ly i ncreased  to  i ncrease  the  
converter reactive  absorption  when  the  sub-bank/bank i s  swi tched  and  then  s lowly brought 
back to  i ts  nominal  va lue.   

When  the  reactive  power or the  AC  vol tage  i s  con trol l ed  by on ly us ing  sub-banks/banks,  the  
con trol  i s  d i screte  and  the  converter reactive  power i s  exactly compensated  on ly i n  a  l im i ted  
number of poin ts  wi th  the  range  from  zero  to  rated  power.  The  combination  of sub-bank/bank 
swi tch ing  and  converter con trol ,  i n  such  a  way that the  sub-bank/bank swi tch ing  i tsel f a lways  
g ives  reactive  over-compensation  wh ich  i s  completely or partia l l y e l im inated  by converter 

con trol  wi th  i ncreased  α  or γ,  can  be  a  practical  solu tion  when  a  l ow i n terchange  of reactive  
power wi th  the  AC network i s  requ i red .   

E.3  Step-change  in  vol tage  on  swi tch ing  a  fi l ter 

The  step  change  i n  vol tage,  ∆U,  a t  the  commutating  busbar after swi tch ing  a  fi l ter sub-
bank/bank i s  dependent on  both  the  strength  of the  AC network and  the  con trol  mode  of 

HVDC converter.  I f ∆Q0  i s  the  reactive  power i n  Mvar at  nominal  vol tage,  U0 ,  of the  fi l ter sub-
bank/bank being  swi tched  and  U i s  pre-swi tch ing  vol tage  at  the  commutating  busbar,  then  the  
resu l ti ng  step  change  i n  vol tage  after swi tch ing  of the  fi l ter sub-bank/bank wi l l  be  g iven  by:  

 VSF
U

U
QU ⋅








∆=∆

2

0
0   

where  VSF i s  the  vol tage  sensi tivi ty factor of the  combined  AC  network and  HVDC converter.  
VSF i s  defined  as  the  i ncremental  AC  vol tage  variation ,  dU,  d ue  to  a  smal l  reactive  power,  dQ,  
i n j ected  i n to  the  commutating  busbar for a  g iven  active  power l evel  of the  HVDC converter,  
i . e .  

 
dQ

dU
VSF = .   

For the  specia l  case  of a  b locked  HVDC converter,  the  above  formu la  for ∆U wi l l  take  the  
fol l owing  form:  

 ( ) UQS

Q
U

c

⋅
−

∆
=∆

0

0   

where  S  i s  th ree  phase  short ci rcu i t  Mva  at the  commutating  busbar and  Qc0  i s  the  tota l  
( i nclud ing  the  Mvar of the  fi l ter sub-bank/bank being  swi tched)  fi l ter sub-banks/banks  Mvar at  
nominal  vol tage  connected  after swi tch ing .   
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Th is  formu la  can  a l so  be  used  to  estimate  S  by record ing  the  pre-swi tch ing  vol tage,  U,  and  

post-swi tch ing  change  i n  vol tage,  ∆U as  fo l l ows:  

 0
0

cQU
U

Q
S +⋅

∆

∆
=   
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Annex F  
( informative)  

 
Vol tage sourced  converters  

F.1  General  

Since  the  l ate  1 990s,  a  new class  of HVDC converter has  emerged ,  based  on  sel f-
commutated  semiconductor devices  such  as  i nsu lated  gate  b ipolar transistors  ( IGBTs)  
i nstead  of thyristors.  The  resu l ting  class  of converters  i s  known  as  vol tage  sourced  
converters  (VSCs)  and  d i ffers  fundamental l y from  l i ne-commutated  converters  (LCCs,  wh ich  
are  cu rren t-sourced)  i n  several  key respects.   

VSC technology for HVDC i s  sti l l  re latively immature  and  i s  developing  rapid ly;  nevertheless  
Annex F  i s  i n tended  to  provide  a  short overview of the  main  types  of VSC insofar as  they are  
re levant for AC harmon ic fi l tering .  

Because  of the  wide  con trol  range  and  tu rn -off capabi l i ty,  the  reactive  power consumption  or 
generation  of such  converters  can  be  control led  to  any desi red  value  wi th in  the  operation  
range,  vi rtual l y i ndependently of the  active  power transmission .  No  external  reactive  
compensation  i s  therefore  necessary.   

The  harmon ic spectra  produced  by a  VSC are  qu i te  d i fferent to  those  produced  by an  LCC,  
general l y tend ing  to  produce  l ower l evels  of l ow-order harmon ics  bu t h igher l evels  of 
harmon ics  i n  the  kHz reg ion .  Depend ing  on  the  VSC technology chosen ,  some harmon ic 
fi l tering  may sti l l  be  necessary.  The  amount of requ i red  fi l tering  i s ,  however,  qu i te  smal l  
compared  wi th  the  needs  of an  LCC scheme.  

The  customer’s  speci fication  shou ld  state  the  requ i red  harmon ic performance  l im i ts  and  the  
reactive  power i n terchange  requ i rements  for the  converter station .  The  AC  system  impedance  
model  shou ld  a l so  reflect the  d i fferen t characteri sti cs  of AC  networks  at h i gher frequencies  
and  the  h igher damping  typical  of l ow-  and  med ium-vol tage  systems.  

I n  general ,  the  normal  performance  requ i rements  of a  conventional  speci fi cation  can  be  
fol l owed ,  bu t taking  i n to  account a  wider frequency range  for te lephone  i n terference,  such  as  
5  kHz i nstead  of the  typical  2 , 5  kHz to  3 , 0  kHz.  

I f AC  fi l ters  are  requ i red ,  they shou ld  fo l low the  normal  requ i rements  of a  conventional  
speci fi cation  wi th  respect to  equ ipment speci fication ,  testing ,  l oss  calcu lation ,  aud ible  noise  
and  protection .  

F.2  Two-level  converter wi th  PWM 

The  fi rst type  of VSC used  i n  HVDC was  the  "2-level  converter"  shown  i n  F igure  F . 1 .  The  
ci rcu i t  i s  conceptual l y s im i l ar to  the  classic 6-pu lse  Graetz  bridge  that forms  the  basis  of a  
l i ne-commutated  converter.  The  main  d i fferences  are  that the  valves  consist of series-
connected  IGBTs  (wh ich  can  be  tu rned  both  on  and  off)  i nstead  of series-connected  
thyri stors  (wh ich  can  on ly be  tu rned  on)  and  the  DC  vol tage  i s  smoothed  by a  l arge  capactor 
i nstead  of the  DC curren t being  smoothed  by a  l arge  i nductor.  
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Figure  F. 1  – S impl i fied  representation  of a  2-level  vol tage  sourced  converter  

The  AC  ou tpu t of such  a  converter i s  a  square-wave  vol tage  that a l ternates  between  +Ud /2  
and  –Ud /2 .  I f swi tched  on ly at fundamental  frequency,  such  a  square-wave  vol tage  wou ld  g ive  
unacceptably l arge  amounts  of odd  characteri sti c harmon ics,  so  to  improve  the  harmon ic 
vol tage  qual i ty,  pu l se-wid th  modu lation  (PWM)  i s  used ,  as  i l l ustrated  i n  F igure  F . 2 .  

 

Figure  F.2  – Sing le-phase  AC  output for 2-level  converter  
wi th  PWM  switch ing  at  21  times  fundamental  frequency 

By setting  the  swi tch ing  frequency su ffi cien tly h i gh ,  the  residual  h igh -frequency harmon ics  
can  become smal l  enough  for fi l tering  not to  be  needed ,  bu t th i s  comes  at an  unacceptable  
price  i n  terms  of power l osses.  Consequently,  the  choice  of swi tch ing  frequency i s  a  
compromise  between  l osses  and  harmon ic generation ,  wi th  the  optimum  typical l y l ying  i n  the  
range  1  kHz to  2  kHz.  Wi th  practical  choices  of swi tch ing  frequency,  the  magn i tude  of these  
h igh -frequency harmon ics  i s  such  that a  fi l ter wi l l  general l y sti l l  be  requ i red ,  for example  a  
h i gh  pass  fi l ter tuned  to  the  swi tch ing  frequency.   

Despi te  the  apparen t s im i l ari ty between  the  main  power ci rcu i t  of an  LCC and  that of a  2 -
l evel  VSC,  the  harmon ic spectra  produced  by the  converters  are  qu i te  d i fferen t.  Wi th  a  2 -
l evel  VSC,  the  harmon ics  wi l l ,  i deal l y,  occur at  and  around  mu l tip les  of the  converter 
swi tch ing  frequency.  For example,  i f the  swi tch ing  frequency i s  1 , 5  kHz,  then  the  dominan t or 
"characteri sti c"  harmon ics  wi l l  occur i n  the  vicin i ty of 1 , 5,  3 , 0 ,  4 , 5,  . . .  kHz.  The  choice  of 
PWM  pattern  wi l l  have  an  impact on  the  harmon ic generation ,  for example  on  the  phase  and  
magn i tude  of the  harmon ics.  
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At present 2- l evel  converters  are  sti l l  u sed  for some  VSC HVDC schemes  wi th  power rati ngs  
up  to  the  l ow hundreds  of megawatts,  bu t for h igher power rati ngs  they have  l argely been  
replaced  by mu l ti l evel  converters  (see  F . 4).  

F.3  Three-level  converter wi th  PWM 

I n  an  attempt to  improve  on  the  poor harmon ic performance  of the  2- level  converter,  some  
HVDC schemes  have  been  bu i l t  wi th  a  varian t,  the  3- level  converter,  one  example  of wh ich  i s  
shown  i n  F igure  F . 3 .   

The  AC ou tpu t vol tage  of such  converters  i s  not l im i ted  to  the  two  d i screte  values  +Ud /2  and  
-Ud /2  bu t can  a l so  be  i n  a  th i rd ,  zero  state.  As  a  resu l t,  the  harmon ic performance  for a  g i ven  
swi tch ing  frequency i s  s l i gh tl y improved ,  bu t PWM  is  sti l l  requ i red  (Figure  F . 4) .  However,  the  
converter i s  physical l y qu i te  d i fficu l t  to  real i ze  and  the  con trol  i s  more  chal l eng ing  than  that of 
the  2- level  converter,  so  the  uptake  of th i s  converter topology has  been  l im i ted  for HVDC.  

 

Figure  F.3  – Simpl i fied  representation  of a  3-level  vol tage  sourced  converter  

 

Figure  F.4  – Single-phase AC  output for 3-level  converter  
wi th  PWM  swi tch ing  at  21  times  fundamental  frequency 
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F.4 Mu l ti -level  converters  

Various  types  of converter,  col l ectively known  as  “mu l ti - level  converters”  can  produce  more  
than  three  d i screte  AC vol tage  states.  Of the  many possible  mu l ti - level  converters,  the  most 
promising  for HVDC appl ications  i s  cu rrently the  so-cal l ed  “modu lar mu l ti l evel  converter”  
(MMC)  fami ly.   

I n  the  MMC,  each  valve  i s  a  con trol lable  vol tage  source  (F igure  F. 5)  i nstead  of a  con trol l able  
swi tch .  These  converters  use  a  l arge  number of re lati vely smal l ,  two-terminal  con trol l able  
vol tage  sources  connected  i n  series  i n  each  valve.  Two  series-connected  valves  form  a  
“phase  un i t”  and  are  used  to  connect each  AC phase  to  the  DC  terminals  of the  converter.  
Each  phase  un i t  can  syn thesize  a  stepped  vol tage  waveform  that can  be  con trol l ed  i n  
ampl i tude  and  phase  i ndependently of the  other phase  un i ts  i n  the  converter.  

 

Figure  F.5  – Basic  operation  of the  MMC converters  

The  ou tpu t vol tage  produced  by each  valve  i s  an  offset s inusoidal  vol tage  wi th  a  mean  value  
equal  to  hal f the  DC  l i ne  to  l i ne  vol tage,  and  the  two  valves  i n  each  phase  un i t  are  con trol led  
such  that the  AC components  of thei r ou tpu t vol tages  are  1 80°  ou t of phase.  I n  th i s  way,  the  
sum  of the  two  valve  vol tages  i s  a lmost a  pu re  DC vol tage  (equal  to  the  DC  l i ne  to  l i ne  
vol tage  of the  converter),  and  the  d i fference  between  the  two  valve  vol tages  i s  an  a lmost 
pu re  AC vol tage  representing  the  AC ou tpu t vol tage  of the  converter.  

The  sum  of the  two  valve  vol tages  i n  each  phase  needs  to  be  con trol l ed  accurately,  i n  real  
time,  to  be  equal  to  the  converter DC  vol tage.  However,  s i nce  the  complete  converter 
consists  of th ree  phase  un i ts  connected  i n  paral l e l  to  a  common  DC bus,  “valve  reactors”  
need  to  be  connected  i n  series  wi th  each  valve  i n  order to  prevent excessive  ci rcu lating  
cu rren ts  between  phases  caused  by the  i nevi table  s l i gh t errors  i n  con trol l i ng  the  DC vol tages  
of the  three  phase  arms.  

Each  bu i l d ing  b lock of an  MMC consists  of e i ther two  or four con trol l able  semiconductor 
swi tches  and  a  l arge  storage  capactor wh ich  i s  e i ther bypassed  or i nserted  i n to  the  ci rcu i t  
depend ing  on  the  states  of the  semiconductor swi tches.  

Many MMCs use  on ly s ing le  IGBTs  as  the  swi tch ing  e lements,  avoid ing  the  need  for d i rect 
series  connection  of IGBTs.  I n  such  cases,  several  hundred  “submodu les”  are  normal ly 
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needed  i n  series  i n  each  valve.  The  resu l ti ng  AC vol tage  waveform  can  a l so  have  several  
hundred  d iscrete  states  (depend ing  on  the  modu lation  strategy chosen).  The  MMC can  
therefore  produce  very l ow levels  of harmon ics.  

However,  there  i s  a  varian t of the  MMC known  as  the  “cascaded  two  l evel  converter”  or CTL.  
The  CTL  converter i s  d i stingu ished  from  other types  of MMC by using  two  or more  IGBTs  
connected  i n  series  i n  each  swi tch  posi tion .  The  CTL  produces  fewer,  l arger steps  i n  the  AC  
ou tpu t vol tage  than  MMC varian ts  that do  not requ i re  series  connection ,  bu t the  l evels  of 
generated  harmon ics  are  sti l l  l ow.  

F igure  F . 6  shows  the  main  d i fferences  between  the  MMC wi th  submodu les  (wi thou t series-
connection  of IGBTs),  and  the  CTL,  i l l ustrated  for the  most common  varian t of each  type,  the  
"hal f-bridge"  configuration .  

I n  general ,  the  MMC fami l y i s  capable  of del i vering  excel l en t harmon ic performance,  
depend ing  main ly on  the  number of submodu les  or cel l s  per valve  and  the  modu lation  
strategy used .  As  a  resu l t,  i n  many cases,  fi l tering  i s  not requ i red .  Nevertheless,  the  need  for 
a  smal l  amount of fi l tering ,  for example  to  prevent a  resonance  cond i tion  wi th  the  AC 
network,  cannot be  excluded  un ti l  detai l ed  stud ies  have  been  performed .  

F.5  Model l ing  of VSCs  for harmonic fi l tering  purposes  

For the  most part,  the  calcu lation  processes  establ i shed  for design ing  AC fi l ters  for LCC 
HVDC schemes,  as  described  i n  Clauses  6  to  9  can  a lso  be  used  for VSC schemes.  
However,  there  are  some important d i fferences  compared  wi th  LCC schemes  that need  to  be  
taken  i n to  account.  The  most s i gn i fican t of these  are  the  fol l owing .  

a)  VSCs  tend  to  produce  harmon ics  at  h igher frequencies  than  do  LCCs.  Wi th  2- l evel  and  3-
level  converters,  the  harmon ic spectra  tend  to  be  ti gh tl y bunched  around  mu l tip les  of the  
PWM  (swi tch ing )  frequency bu t wi th  MMCs  the  spectra  can  be  qu i te  broad ,  wi th  
characteri sti cs  resembl ing  "wh i te  noise"  – a l though  there  can  sti l l  be  d i sti nct peaks  
correspond ing  to  the  PWM  frequency (where  used )  or the  clock cycle  of the  con trol l er.  
Because  of th i s ,  i t  i s  usual ly necessary to  consider a  h igher range  of frequencies  (for 
example,  up  to  5  kHz i nstead  of 2 , 5  kHz).  The  model l i ng  of the  AC network harmon ic 
impedance  a lso  needs  to  consider th i s  h i gher frequency range.  

b)  Wi th  VSCs,  the  harmon ic spectra  are  l argely a  consequence  of the  control  princip les  and  
modu lation  strategy used ,  and  as  a  resu l t  are  h igh ly speci fi c to  a  parti cu lar 
manufacturer’s  design .  Th is  i s  i n  contrast to  an  LCC,  where  the  characteri sti c harmon ics  
can  be  pred icted  qu i te  easi l y from  wel l -known  equations.  

c)  Wi th  VSCs,  the  harmon ics  produced  on  the  AC s ide  are  best model l ed  by a  vol tage  
source  beh ind  an  i nductance,  i n  con trast to  LCCs  wh ich  are  approximated  by a  harmon ic 
cu rren t source.  As  a  resu l t,  the  way the  penetration  of harmon ics  i n to  the  AC system  i s  
model l ed  needs  to  be  d i fferen t,  as  i l l ustrated  i n  F igure  F . 7 .  
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Figure  F.6  – Phase  un i t  of the  modu lar mu l ti -level  converter (MMC)   
i n  basic hal f-bridge,  wi thout series-connected  IGBTs  (left)  and  the  cascaded   

two level  (CTL)  converter wi th  series-connected  IGBTs  (right)  

 

Figure  F.7  – Representation  of a  vol tage  sourced  converter as   
a  harmonic vol tage  source  behind  an  inductance 
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