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FOREWORD 

1 )  The  I n ternati onal  E l ectrotechn i cal  Comm iss i on  ( I EC)  i s  a  worl dwi de  organ i zat i on  for  s tandard i zati on  compri s i ng  
al l  n at i onal  e l ectrotechn i cal  comm i ttees  ( I EC  Nati onal  Commi ttees) .  The  ob j ect  o f  I EC  i s  to  promote  
i n ternati onal  co-operati on  on  a l l  questi ons  concern i ng  s tandard i zati on  i n  the  e l ectri cal  and  e l ectron i c  f i e l ds .  To  
th i s  end  and  i n  add i t i on  to  o ther  act i vi t i es ,  I EC  publ i shes  I n ternati onal  S tandards ,  Techn i cal  Speci f i cat i ons ,  
Techn i cal  Reports ,  Publ i c l y  Avai l abl e  Speci f i cat i ons  (PAS)  and  Gu i des  (hereafter  referred  to  as  “ I EC  
Publ i cat i on (s) ”) .  The i r  preparati on  i s  en trusted  to  techn i cal  comm i ttees;  any I EC  Nat i onal  Comm i ttee  i n terested  
i n  the  subj ect  deal t  wi th  may part i c i pate  i n  th i s  preparatory work.  I n ternat i onal ,  g overnmen tal  and  non -
governmen tal  organ i zat i ons  l i ai s i ng  wi th  the  I EC  al so  part i c i pate  i n  th i s  preparati on .  I EC  co l l aborates  c l ose l y  
wi th  the  I n ternati onal  Organ i zat i on  fo r  S tandard i zati on  ( I SO)  i n  accordance  wi th  cond i t i ons  determ i ned  by  
ag reemen t  between  the  two  organ i zat i ons .  

2 )  The  formal  deci s i ons  or  ag reemen ts  o f  I EC  on  techn i cal  matters  express ,  as  nearl y  as  poss i bl e ,  an  
i n ternati onal  consensus  o f  opi n i on  on  the  re l evan t  subj ects  s i nce  each  techn i cal  comm i ttee  has  represen tati on  
from  al l  i n terested  I EC  Nat i onal  Comm i ttees .   

3 )  I EC  Publ i cat i ons  have  the  form  of  recommendat i ons  for  i n ternati onal  u se  and  are  accepted  by I EC  Nat i onal  
Comm i ttees  i n  that  sense.  Wh i l e  al l  reasonable  e fforts  are  made  to  ensu re  that  the  techn i cal  con ten t  o f  I EC  
Publ i cati ons  i s  accu rate ,  I EC  cannot  be  he l d  respons i bl e  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 t l y  to  the  maximum  exten t  poss ib l e  i n  the i r  nat i onal  and  reg i onal  publ i cat i ons .  Any d i vergence  
between  any I EC  Publ i cati on  and  the  correspond i ng  nat i onal  or  reg i onal  publ i cati on  shal l  be  c l earl y  i nd i cated  i n  
the  l atter.  

5)  I EC  i tse l f  does  no t  provi de  any attestat i on  o f  con form i ty.  I ndependen t  cert i f i cat i on  bod i es  provi de  con form i ty  
assessmen t  servi ces  and ,  i n  some  areas,  access  to  I EC  marks  o f  con form i ty.  I EC  i s  not  respons i bl e  for  any 
servi ces  carri ed  ou t  by i ndependen t  cert i f i cat i on  bod i es .  

6)  Al l  u sers  shou l d  ensu re  that  they have  the  l atest  ed i t i on  o f  th i s  publ i cat i on .  

7)  No  l i abi l i ty  shal l  attach  to  I EC  or  i ts  d i rectors ,  employees,  servan ts  o r  agen ts  i ncl ud i ng  i n d i vi dual  experts  and  
members  o f  i ts  techn i cal  comm i ttees  and  I EC  Nat i onal  Comm i ttees  for  any personal  i n j u ry,  property damage  or  
o ther  damage  o f  any natu re  whatsoever,  whether  d i rect  o r  i nd i rect,  o r  for  costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  o f  the  publ i cat i on ,  u se  o f,  o r  re l i ance  upon ,  th i s  I EC  Publ i cati on  or  any o ther  I EC  
Publ i cati ons .   

8 )  Atten t i on  i s  d rawn  to  the  Normati ve  references  c i ted  i n  th i s  publ i cati on .  Use  o f  the  referenced  publ i cati ons  i s  
i nd i spensable  for  the  correct  appl i cat i on  o f  th i s  publ i cati on .  

9 )  Atten ti on  i s  d rawn  to  the  poss i bi l i ty  that  some  of  the  e l emen ts  o f  th i s  I EC  Publ i cati on  may be  the  subj ect  o f  
paten t  ri g h ts .  I EC  shal l  n ot  be  he l d  respons i bl e  for  i den ti fyi ng  any or  al l  such  paten t  r i g h ts .  

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

I EC  TR  62001 -4,  wh ich  i s  a  Techn ical  Report,  has  been  prepared  by subcommi ttee  22F:  
Power e lectron ics  for  e lectri cal  transmission  and  d i stri bu ti on  systems,  of  I EC  techn ical  
commi ttee  22:  Power e lectron ic  systems  and  equ ipment.  
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Th i s  f i rst  ed i t i on  of  I EC  TR  62001 -4,  together wi th  I EC  TR  62001 -1 ,  I EC  TR  62001 -2 1  and  
IEC  TR  62001 -3 1 ,  cancels  and  replaces  IEC  TR  62001  publ i shed  i n  2009.  Th i s  ed i t i on  
consti tu tes  a  techn ical  revi s ion .  

Th i s  ed i ti on  i ncludes  the  fo l l owing  s i gn i fi can t  techn ical  changes  wi th  respect  to  
I EC  TR  62001 :  

a)  C lauses  1 0  to  1 6,  1 8 ,  Annexes  F  and  G  have  been  expanded  and  supplemented .  

The  text  o f  th i s  document  i s  based  on  the  fo l l owing  documents:  

Enqu i ry d raft  Report  on  vo t i ng  

22F/379/DTR 22F/385A/RVC  

 
Fu l l  i n formation  on  the  voti ng  for  the  approval  o f  th i s  document  can  be  found  i n  the  report  on  
voti ng  i nd icated  i n  the  above  table.  

Th i s  publ i cati on  has  been  d rafted  i n  accordance  wi th  the  I SO/IEC  D i recti ves,  Part  2 .  

A l i s t  of  al l  parts  i n  the  IEC  TR  62001  series,  publ i shed  under the  general  t i t l e  High-voltage 
direct current (HVDC) systems – Guidance to the specification and design evaluation of AC 
filters,  can  be  found  on  the  IEC  websi te.  

The  commi ttee  has  decided  that  the  con ten ts  of  th i s  publ i cati on  wi l l  remain  unchanged  un ti l  
the  stabi l i ty  date  i nd i cated  on  the  IEC  websi te  under "h ttp: //webstore. iec. ch "  i n  the  data 
re lated  to  the  speci fi c  publ i cati on .  At  th i s  date,  the  publ i cati on  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revi sed  ed i t i on ,  or  

•  amended .  

A bi l i ngual  vers ion  of  th i s  publ i cation  may be  i ssued  at  a  l ater date.  

___________ 

1  To  be  publ i shed .  
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INTRODUCTION  

I EC  TR  62001  i s  s tructu red  i n  fou r parts:  

Part  1  – Overview 

Th is  part  concerns  speci fi cati ons  of  AC  fi l ters  for  h i gh -vol tage  d i rect  cu rren t  (HVDC)  systems  
wi th  l i ne-commutated  converters,  perm issible  d i stortion  l im i ts ,  harmon ic  generati on ,  f i l ter  
arrangements,  f i l ter  performance  calcu lati on ,  f i l ter  swi tch ing  and  reactive  power management  
and  customer speci fi ed  parameters  and  requ i rements.  

Part  2  – Performance  

Th i s  part  deals  wi th  cu rren t-based  i n terference  cri teria,  design  i ssues  and  special  
appl i cations,  f i e ld  measurements  and  veri f i cation .  

Part  3  – Model l i ng  

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

Part  4  – Equ ipment  

Th i s  part  concerns  steady-state  and  transien t  rati ngs  of  AC  fi l ters  and  thei r  componen ts,  
power l osses,  aud ible  no i se,  design  i ssues  and  special  appl i cations,  f i l ter  protection ,  se i sm ic  
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  4:  Equipment  
 
 
 

1  Scope 

Th is  part  o f  I EC  TR  62001 ,  wh ich  i s  a  Techn ical  Report,  provides  gu idance  on  the  basic  data 
of  AC  s ide  fi l ters  for  h i gh -vol tage  d i rect  cu rren t  (HVDC)  systems  and  thei r  componen ts  such  
as  rati ngs,  power l osses,  design  i ssues  and  special  appl i cations,  protecti on ,  se i sm ic  
requ i rements,  equ ipment  design  and  test  parameters.  

Th is  document  covers  AC  s ide  fi l teri ng  for  the  frequency range  of  i n terest  i n  terms  of  
harmon ic  d i storti on  and  aud ible  frequency d i stu rbances.  I t  excludes  fi l ters  designed  to  be  
effecti ve  i n  the  power l i ne  carri er  (PLC)  and  rad io  i n terference  spectra.  

I t  concerns  the  "conven tional "  AC  fi l ter  technology and  l i ne-commutated  HVDC converters.  

2  Steady state rating  

2.1  General  

The  calcu lation  of  the  steady state  rati ngs  of  the  harmon ic  f i l ter  equ ipment  i s  the  
responsibi l i ty  o f  the  con tractor.  C lause  2  g i ves  gu idance  on  the  calcu lati on  of  equ ipment  
rati ng  parameters  and  the  d i fferen t  factors  to  be  considered  i n  the  stud ies.  I t  i s  the  
responsibi l i ty  o f  the  customer to  provide  the  appropriate  system  and  envi ronmental  data and  
al so  to  clari fy  the  operational  cond i ti ons,  such  as  f i l ter  ou tages  and  network con ti ngencies,  
wh ich  need  to  be  taken  i n to  accoun t.  

2.2  Calcu lation  method  

2.2.1  General  

Steady state  rati ng  of  f i l ter  equ ipment  i s  based  on  a  so lu ti on  of  the  fo l l owing  ci rcu i t  wh ich  
represents  the  HVDC converter,  the  fi l ter  banks  and  the  AC  supply  system.  See  Figu re  1 .  
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NOTE  The  symbol s  u sed  i n  th i s  f i g u re  are  explai ned  after  Formu la  ( 1 ) .  

Figure  1  – Ci rcu i t  for  rating  evaluation  

The  harmon ic  cu rren t  f l owing  i n  the  f i l ter  i s  the  summation  of  two  componen ts,  the  
con tribu tion  from  the  HVDC converter  and  the  con tribu ti on  from  the  AC  supply network.  

Using  the  pri nciple  of  superposi ti on ,  Formu lae  (1 )  and  (2)  can  be  used  to  evaluate  the  
con tribu tion  to  the  harmon ic  f i l ter  cu rren t  of  order n  from  these  two  sou rces.  

b)  HVDC converter:  
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where  

I
i
fn   i s  the  f i l ter  harmon ic  cu rren t  from  the  converter;  

Icn  i s  the  converter harmon ic  cu rren t;  

Isn  i s  the  system  harmon ic  cu rren t;  

Zfn  i s  the  fi l ter  harmon ic  impedance;  

Zsn  i s  the  network harmon ic  impedance.  

c)  AC  supply network:  
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where  

I
i i
fn  i s  the  fi l ter  harmon ic  cu rren t  from  the  system;  

Uon   i s  the  exi sti ng  system  harmon ic  vo l tage.  

The  defi n i t i on  of  network impedance  i s  described  i n  2 . 5 .  

To  so lve  Formu lae  (1 )  and  (2) ,  the  fo l l owing  i ndependen t  variables  need  to  be  known .   

•  The  harmon ic  cu rren t  (Icn)  produced  by the  recti fi er  or  i nverter of  the  HVDC stati on .  I t  i s  
calcu lated  for  al l  harmon ics  (see  IEC  TR  62001 -1 :201 6,  C lause  5) .  Th i s  evaluati on  shou ld  
consider the  worst-case  operati ng  cond i t i ons  wh ich  can  occur i n  s teady state  cond i ti ons,  
i . e .  for  periods  i n  excess  of  1  m in .  The  extreme  to lerance  range  of  key parameters,  for  

IEC  

UOn  

ZSn  

ISn  

Ifn 

Zfn  ICn  
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example  converter  transformer impedances  or  operati ng  range  of  the  tap  changer,  needs  
to  be  taken  i n to  accoun t.  Harmon ic  i n teraction  phenomena as  d i scussed  i n  I EC  TR  
62001 -3:—,  Clause  3 ,  shou ld  al so  be  taken  i n to  accoun t.   

•  The  pre-exi sti ng  system  harmon ic  vo l tage,  as  d i scussed  i n  2 . 2 . 2 .  

•  The  harmon ic  impedance  of  AC  network (Zsn) ,  as  d i scussed  i n  I EC  TR  62001 -1 :201 6,  7 . 3 .  

Note  that  d i fferen t  values  of  Zsn  can  be  defi ned  for  the  calcu lation  of  I
i
fn  and  I

i i
fn,  

depend ing  on  how the  pre-existi ng  harmon ic  d i storti on  i s  speci fi ed  (see  2 . 2 . 3) .   

The  harmon ic  impedance  of  the  fi l ter  (Zfn)  needs  to  take  accoun t  of  the  de-tun ing  and  
to lerance  factors  d i scussed  i n  2 . 4.  

I n  the  case  of  an  HVDC l i nk connecti ng  two  AC  systems  of  d i fferen t  fundamental  frequencies,  
and  parti cu larl y  i f  the  l i nk i s  a  back- to-back stati on ,  both  converters  may generate  cu rren ts  on  
thei r  AC  s i des  at  frequencies  other  than  harmon ics  of  the  fundamental .  The  fundamental  
frequencies  e i ther may be  nom inal l y  d i fferen t,  for  example  50  Hz  and  60  Hz,  or  may be  
nom inal l y  i den ti cal  bu t  d i ffer  at  t imes  by up  to  1  Hz  or  2  Hz.  Th i s  add i t i onal  generated  
d i stortion  ( i n terharmon ics)  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.  I n terharmon ics  
may g ive  ri se  to  speci fi c  problems  not  found  wi th  true  harmon ics,  such  as   

a)  i n terference  wi th  ri pple  con tro l  systems,  and  

b)  l i gh t  f l i cker due  to  the  l ow frequency ampl i tude  modu lati on  caused  by the  beating  of  a  
harmon ic  frequency wi th  an  ad jacen t  i n terharmon ic.  

EXAMPLE  A 1 0  Hz  f l i cker due  to  the  i n teracti on  o f  a  650  Hz  1 3 th  h armon i c  o f  a  50  H z  system  wi th  660  Hz  
1 1 th  h armon i c  penetrat i on  from  a  60  H z  system .  

The  effect  o f  i n terharmon ics  (see  IEC  TR  62001 -1 :201 6,  4 . 2 . 7) ,  al though  smal l ,  shou ld  al so  
be  taken  i n to  account  i n  the  calcu lation  of  f i l ter  componen t  rati ng .  

2.2.2  AC system  pre-existing  harmonics  

I t  i s  importan t  that  the  effects  of  pre-exi sti ng  harmon ic  d i stortion  on  the  AC  system  are  
i ncluded  i n  the  f i l ter  rati ng  calcu lati ons.  Conven tional l y,  th i s  has  been  accommodated  not  by  
d i rect  calcu lati on  as  shown  above,  bu t  by  creating  an  arbi trary marg in  of  a  1 0  % to  20  % 
i ncrease  i n  converter harmon ic  cu rren ts  (Icn) .  However,  such  an  approach  may not  
adequately refl ect  the  l ow order harmon ic  d i stortion  ( typical l y  3 rd ,  5 th  and  7 th )  wh ich  exi sts  on  
many power systems.  As  modern  converter stations  produce  on ly smal l  amoun ts  of  such  l ow 
order harmon ics,  a  s imple  enhancement  of  the  magn i tude  may not  adequately  refl ect  thei r  
poten tial  con tri bu tion  to  f i l ter  rati ngs.  

To  model  a  mu l ti pl i ci ty  of  harmon ic  cu rren t  sources  i n  a  detai l ed  network model  i s  impracti cal  
for  the  pu rposes  of  f i l ter  design .  Therefore,  i t  i s  proposed  that  a  Théven in  equ ivalen t  vo l tage  
sou rce  i s  model led  beh ind  the  AC  system  impedance,  as  shown  i n  Fi gu re  1 ,  to  create  an  
open  ci rcu i t  vo l tage  d i stortion  at  the  f i l ter  busbar,  i . e .  the  l evel  o f  d i storti on  pri or  to  
connection  of  the  f i l ters.  The  magn i tude  of  the  i nd ivi dual  harmon ic  vo l tages  can  be  based  on  
measurements  or  on  the  performance  l im i ts ,  bu t  l im i ted  by a  value  of  total  harmon ic  
d i stortion .  Th is  approach  provides  a  more  real i sti c  assessment  of  the  con tribu tion  to  
equ ipment  rati ng  caused  by ambien t  d i storti on  l evels.  

2.2.3  Combination  of  converter and  pre-existing  harmonics  

As  there  i s  no  f i xed  vectorial  re lationsh ip  between  I
i
fn  and  I

i i
fn,  i t  i s  proposed  that  these  

i nd ividual  con tri bu ti ons  to  f i l ter  rati ng  are  summated  on  root  sum  square  (RSS)  basi s  at  each  
harmon ic:  

 
i 2 ii 2

f f fn n nI I I= +  (3 )  
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For pre-exi sti ng  harmon ics,  o f  re lati vely l ow magn i tude,  RSS summation  i s  reasonable,  as  
some  harmon ics  may be  i n  phase  and  others  not,  and  as  these  re lati onsh ips  wi l l  vary wi th  
t ime  and  operati ng  cond i ti ons.  

Al ternati vely,  l i near add i t i on  wou ld  provide  g reater securi ty  against  the  possibi l i ty  o f  the  
con tribu ti ons  at  a  s i gn i fi can t  frequency being  approximately  i n  phase,  bu t  wou ld  en tai l  an  
i ncrease  i n  cost,  parti cu larl y  i f  u sed  for  the  vol tage  rati ng  of  the  h i gh  vol tage  capaci tors.  

Li near add i ti on  shou ld  be  considered  for  any pre-existi ng  i nd ividual  harmon ic  of  such  
magn i tude  that  l i near add i t i on  wou ld  s i gn i fi can tly  affect  the  cu rren t  rati ng  of  the  componen ts.  
Otherwise,  i f  i n  practi ce  the  two  sou rces  were  i n  phase  for  a  period  of  t ime,  the  fi l ter  cou ld  
tri p  on  overcu rren t  protection .  I f  l i near add i ti on  i s  to  be  used ,  care  shou ld  be  taken  to  ensure  
that  the  cond i ti ons  under wh ich  the  two  cu rren ts  are  calcu lated  are  consisten t,  i . e .  the  
calcu lated  cu rren ts  can  occu r s imu l taneously i n  practi ce.  

2.2.4  Equ ipment  rating  calcu lations 

2.2.4. 1  General  

The  total  f i l ter  cu rren t  i s  derived  as  above  for  each  harmon ic  order from  2nd  to  50 th  i nclus ive.  
I t  i s  importan t  that  th i s  range  i s  covered  to  ensu re  that  any resonance  cond i ti ons  between  the  
f i l ters  and  the  AC  network and  between  d i fferen t  f i l ters  are  i nherently  considered .  Harmon ics  
above  the  50 th  o rder are  un l i kely  to  have  a  s i gn i fi can t  impact  on  the  total  rati ng  values  and  
can  be  i gnored .  

The  calcu lati on  of  Ifn  for  each  connected  f i l ter  al l ows  the  spectrum  of  harmon ic  cu rren ts  i n  
each  branch  of  the  fi l ter  to  be  evaluated .  From  th i s  cu rren t  data,  i nd i vidual  e lement  rati ngs  
can  be  calcu lated .  

2.2.4.2  Capaci tors  

From  the  spectrum  of  cu rren ts  i n  the  capaci tor  bank (Ifcn) ,  the  total  RSS cu rren t  can  be  
calcu lated  as  

 ( )
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Th is  cu rren t  i s  u sed  for  capaci tor  fuse  design ,  and  both  maximum  and  m in imum  values  are  
requ i red .  

The  magn i tudes  of  the  spectrum  of  most  s i gn i fi can t  harmon ic  cu rren ts  shou ld  be  speci fi ed .  

As  the  vol tage  rati ng  of  the  h i gh -vol tage  capaci tors  i s  the  most  s i gn i fi can t  factor i n  
determ in ing  the  total  cost  o f  the  AC  fi l ters,  the  question  of  wh ich  formu la i s  used  to  deri ve  
th i s  rati ng  shou ld  be  carefu l l y  considered .  There  have  been  many d i scussions  among  u ti l i t i es,  
consu l tan ts  and  manu factu rers  i n  the  past  regard ing  th i s  poin t.  The  most  conservative  
assumption  i n  deri vi ng  a  total  rated  vol tage  wou ld  be  to  assume that  AC  system  resonance  
occurs  at  al l  harmon ics  and  that  al l  harmon ics  are  i n  phase.  However,  the  use  of  th i s  
assumption  for  an  HVDC fi l ter  capaci tor  wou ld  resu l t  i n  an  expensive  design  wi th  a  l arge  
marg in  between  rated  vo l tage  and  what  wou ld  be  experienced  i n  real i ty.  I n  practi ce,  
ampl i fi cati on  due  to  f i l ter-AC  system  resonance  may take  place  at  some  harmon ic  
frequencies,  bu t  not  at  most.  S im i larly,  some  harmon ics  may be  i n  phase  under some  
operati ng  cond i t i ons,  bu t  i n  general  the  harmon ics  have  an  unpred ictable  phase  relati onsh ip.  
Other  approaches  have  therefore  been  formu lated  by HVDC users  and  manu factu rers  i n  an  
attempt  to  ensu re  an  adequate  design  at  a  reasonable  cost.  
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The  i ssue  i s  therefore  one  of  perceived  ri sk against  cost,  and  due  to  the  d i vers i ty  of  existi ng  
opin ions  i t  i s  not  possible  to  g i ve  a  clear  recommendation  here.  Various  approaches  are  
d i scussed  below.  Al l  have  been  used  successfu l l y  i n  practi ce  on  d i fferen t  HVDC schemes.  

I n  the  most  conservati ve  approach ,  the  maximum  vol tage  (Um )  can  be  calcu lated  as  an  
ari thmeti c  sum  of  the  i nd ivi dual  harmon ics  and  the  fundamental ,  that  i s  
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where  

Xfcn  i s  the  harmon ic  impedance  of  order n  o f  the  capaci tor  bank.  

However,  such  an  evaluation ,  especial l y  when  based  on  s imu l taneous  resonance  between  
the  fi l ters  and  the  AC  system  at  al l  harmon ics,  i s  overly  pessim isti c,  as  i t  assumes  that  al l  
harmon ics  are  i n  phase,  and  wi l l  resu l t  i n  an  expensive  capaci tor  design .  

A more  real i sti c  method  i s  to  use  Formu la (5)  bu t  to  assume that  on ly  a  l im i ted  number of  
harmon ics  are  considered  to  be  i n  resonance  (e. g .  the  two  l argest  con tri bu tions)  and  al l  o ther  
harmon ics  are  evaluated  against  an  open-ci rcu i t  system  or  f i xed  impedance.  However,  th i s  
method  sti l l  assumes  that  al l  harmon ics  are  i n  phase,  wh ich  wi l l  not  be  the  case  i n  practi ce.  

I n  a  fu rther approach ,  al l  harmon ics  are  assumed  to  be  i n  resonance,  bu t  Formu la (5)  i s  
modi fi ed  such  that  on ly the  fundamental  and  l argest  harmon ic  componen t  are  summed  
ari thmeti cal l y.  Al l  o ther  harmon ic  componen ts  of  vo l tage  are  summed  on  an  RSS  basi s  and  
added  ari thmeti cal l y  to  the  sum  of  fundamental  and  l argest  harmon ic  componen ts  to  evaluate  
Um .  Th is  "quasi -quadrati c"  summation  thus  takes  account  of  the  natu ral  phase  ang le  d i vers i ty  
between  i nd ividual  harmon ic  componen ts:  
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where  

U1  i s  the  fundamental  componen t;  

Uno   i s  the  l argest  componen t  of  al l  harmon ic  vo l tages;  

Un   i s  the  i nd ividual  harmon ic  componen ts  of  order n  exclud ing  the  l argest  componen t.  

The  above  may be  taken  a  step  fu rther by add ing  on ly  the  fundamental  componen t  to  the  
RSS  summation  of  al l  harmon ic  componen ts,  again  assuming  resonance  at  al l  frequencies.  
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Th i s  i s  l ess  conservati ve  than  the  method  used  i n  Formu lae  (5)  or  (6) ,  bu t  has  been  
substan tial l y  appl i ed  i n  practi ce  and  has  proved  adequate.  The  assumption  of  resonance  at  
al l  harmon ics,  and  the  use  of  worst-case  assumptions  regard ing  to lerances  i n  the  
calcu lations,  provide  some  marg in  i n  the  capaci tor  rati ng ,  wh ich  i s  assumed  to  cover the  
even tual i ty  of  phasor summation  being  more  severe  than  i s  impl i ed  by Formu la (7) .  

As  capaci tors  manu factu red  to  certain  i n ternational  s tandards  have  up  to  a  1 0  % pro longed  
overvol tage  capabi l i ty,  i t  i s  perm issible  to  assign  a  rated  vo l tage  (UN )  for  the  capaci tor  bank 
up  to  1 0  % below Um ,  i . e .  
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 )1,1 to 0,1/(mN UU =  (8)  

However,  the  value  of  UN  cal cu lated  from  Formu la (8)  shou ld  be  at  l east  equal  to  the  
maximum  fundamental  frequency vo l tage  on  the  capaci tor  bank.  I f  th i s  i s  not  the  case,  then  
the  assigned  UN  shou ld  be  the  maximum  fundamental  frequency vo l tage.  

NOTE  I n  the  above  defi n i t i ons ,  U
n
 i s  u sed  to  denote  a  harmon i c  componen t  (n  =  1  to  49)  and  U

N
 i s  u sed  to  

denote  the  capaci tor  bank rated  vo l tage  (as  per  I EC  60871 -1 ) .  

When  l ow vol tage  capaci tor  banks  are  i nstal l ed  i n  f i l ters,  for  example  i n  double  or  tri ple  
frequency fi l ters,  the  rated  vo l tages  calcu lated  as  above  may not  be  su i table.  For such  banks,  
the  rated  vo l tage  may have  to  be  i ncreased  to  ensu re  that  the  banks  can  wi thstand  the  
transien t  s tresses,  as  d i scussed  i n  3 . 4.  

From  the  spectrum  of  harmon ic  cu rren ts  the  equ ivalen t  " thermal "  reactive  power rati ng  of  the  
capaci tor  (s ing le  phase)  can  be  calcu lated  as  
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The  reacti ve  power rati ng  of  the  capaci tor  (s ing le  phase)  i s  based  on  rated  vol tage  (UN )  and  
fundamental  frequency impedance  (Xfc1 )  as  

 
fc1

2

Nc
/' XUQ =  ( 1 0)  

Due  to  the  ari thmeti c  or  "quasi -quadrati c"  add i ti on  of  harmon ic  vo l tages  i n  Formu la (1 4) ,  Qc ′  
normal ly  exceeds  Qc .  However,  i n  cases  where  the  harmon ic  cu rren ts  are  l arge  i n  
compari son  wi th  the  fundamental  cu rren t,  Qc  can  exceed  Qc ′ .  I n  such  cases,  an  i ncreased  
rated  vo l tage  may need  to  be  speci fi ed  such  that  Qc ′  =  Qc .  I n  practi ce,  th i s  may be  deal t  wi th  
by speci fyi ng  the  magn i tudes  of  the  most  s i gn i fi can t  i nd i vi dual  harmon ic  cu rren ts.  

2.2.4.3  Reactors  

The  harmon ic  cu rren t  (If ln)  spectrum  and  the  total  RSS  harmon ic  cu rren t  need  to  be  speci fi ed  
to  the  manu factu rer to  ensu re  adequate  thermal  design  i s  ach ieved  and  the  basi s  of  thermal  
type  tests  i s  correctl y  evaluated .  The  rati ng  of  the  reactor  i s  based  on  
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where  

Xf ln  i s  the  harmon ic  impedance  of  order  n  o f  the  reactor.  

To  ensu re  that  su rface  stress  across  the  reactor  does  not  exceed  the  design  capabi l i ty,  the  
rated  vo l tage  across  the  reactor shou ld  be  speci fi ed  as  
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Du ri ng  rou tine  swi tch ing  and  when  the  fi l ter  i s  subjected  to  fast- fron ted  su rges,  very h i gh  
transien t  s tresses  can  appear across  the  reactors.  As  d i scussed  i n  C lause  3 ,  these  need  to  
be  al l owed  for  i n  the  reactor  design  and  hence  i ncluded  i n  the  equ ipment  speci fi cati on .  

2.2.4.4  Resistors  

The  thermal  cu rren t  l oad ing  can  be  expressed  from  the  harmon ic  cu rren t  (Ifrn)  spectrum  as  
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The  power rati ng  of  the  resi stor  i s  therefore  
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To  ensu re  that  the  resistor  e lements  and  bank i nsu lation  do  not  su ffer  f l ashovers  due  to  the  
appl i ed  vo l tage,  the  rated  vo l tage  across  the  resi stor  shou ld  be  speci fi ed  as  
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Th is  f i gu re,  UN ,  shou ld  become  the  basis  for  the  determ ination  of  the  creepage  d i stance  for  
res istor i n ternal  support  i nsu lati on  (see  al so  2 . 2 . 5) .  Al though  the  choice  of  an  ari thmeti c  
summation  of  fundamental  and  harmon ic  vo l tages  appears  to  be  undu ly  pessim isti c  and  i n  
con fl i ct  wi th  the  general  approach  to  i nsu lator  creepage  d i stances,  the  i n ternal  i nsu lators  are  
subjected  to  unusual  operati ng  cond i ti ons.  The  effects  of  atmospheric  po l l u ti on  can  resu l t  i n  
s i gn i fi can t  bu i l t-up  of  deposi ts  on  i nsu lator  su rfaces  wh ich  are  not  subject  to  wash ing  by 
rain fal l .  Du ri ng  normal  operati on  the  i nsu lators  experience  e levated  temperatu res,  typical l y  
1 00  °C  to  300  °C,  i ncreasing  the  ri sk of  su rface  fl ashovers.  Main tenance  has  typical l y  been  
performed  on  an  annual  basis ,  bu t  some  customers  are  now extend ing  main tenance  i n tervals  
to  3  years.  Thus  a  conservative  approach  on  the  above  basi s  for  i n ternal  i nsu lation  creepage  
may be  necessary.  

During  rou ti ne  swi tch ing  of  damped  fi l ters  and  under fast- fron ted  su rge  cond i t i ons  as  
d i scussed  i n  Clause  3 ,  the  resistors  can  experience  very h i gh  stresses.  These  pred icted  
stress  l evels  need  to  be  i ncluded  i n  the  equ ipment  speci fi cation .  

2.2.5  Appl ication  of  vol tage ratings  

The  vo l tage  rati ngs  for  the  equ ipment  as  defi ned  above  can  be  used  to  defi ne  the  m in imum  
l evel  o f  the  maximum  con ti nuous  operating  vo l tage  (MCOV)  for  su rge  arresters.  The  fu l l  du ty  
on  the  su rge  arresters  wi l l  be  determ ined  from  the  stud ies  described  i n  C lause  3 .  

The  use  of  ari thmeti c  or  quasi -ari thmetic  summation  of  fundamental  and  harmon ic  vol tages  
for  i nd i vidual  i tems  of  equ ipment  i s  i n tended  to  provide  securi ty  against  l oad ing  cond i t i ons  
wh ich  may occur on ly  for  short  periods  of  t ime.  

However,  i t  wou ld  be  undu ly  pessim isti c  i f  these  vo l tages  become  the  basi s  for  the  
calcu lation  of  external  i nsu lation  creepage  d i stances.  The  vo l tage  to  be  used  for  the  
calcu lation  of  total  creepage  d i stance  shou ld  be  the  quadrati c  sum  of  the  steady state  
fundamental  and  harmon ic  vo l tages.  Thus  d i fferen t  external  creepage  d i stances  wou ld  be  
evaluated  at  various  l ocations  wi th i n  a  f i l ter  wi th  g raded  i nsu lati on .  
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2.3  AC network condi tions  

Fi l ter  equ ipment  shou ld  be  rated  for  operati on  at  the  steady state  vo l tage  range  of  the  AC  
system,  typical l y  0 , 95  p. u .  to  1 , 05  p. u .  o f  nom inal  on  an  EHV system.  For  vo l tage  excursions  
i n  excess  of  th i s  value,  the  t ime  du ration  of  the  overvol tage  shou ld  be  speci fi ed .  

2.4  De-tuning  effects  

To  ensure  that  f i l ter  equ ipment  rati ng  i s  su ffi ci en t  to  wi thstand  l i fetime  operation ,  the  
fo l l owing  factors  need  to  be  considered .  

•  Equ ipment  to lerances:  The  extreme  guaran teed  range  of  to lerances  shou ld  be  used  for  
rati ng  stud ies.  Un l i ke  other  effects  considered  here  wh ich  are  subject  to  cycl i c  variati on ,  
any effects  due  to  manu factu ri ng  to lerance  wi l l  pers ist  for  the  equ ipment’s  l i fetime.  

•  Frequency variati on :  Whereas  normal  an ti cipated  frequency variati ons  shou ld  be  used  for  
performance,  extreme  variations  shou ld  be  considered  for  rati ng .  These  extreme 
cond i t i ons  may be  speci fi ed  as  con tinuous  or  for  speci fi c  t ime  periods.  The  former wi l l  
defi ne  con ti nuous  rati ngs  whereas  the  l atter  wi l l  defi ne  short  t ime  overloads.  

•  Temperatu re  variati on :  Whereas  maximum  and  m in imum  average  temperatu re  shou ld  be  
considered  for  performance  stud ies,  absolu te  maximum  and  m in imum  temperatu res  
shou ld  be  considered  for  equ ipment  rati ng .  As  d i scussed  previously,  the  temperatu re  wi l l  
affect  the  capaci tance  value  and  hence  wi l l  de- tune  the  fi l ter.  I n  add i t i on ,  co ld  
temperatu re  cond i t i ons  are  of  parti cu lar  importance  for  capaci tor  banks,  especial l y  for  
energ ization  cond i t i ons.  

•  Tap  posi t i on  on  reactors:  Ad justable  taps  are  often  provided  on  reactors  for  tuned  fi l ters  
to  offset  capaci tor  to lerance  effects.  The  effect  o f  tap  posi ti on  on  the  tun ing  of  the  f i l ter  
and  i ts  subsequen t  rati ng  shou ld  be  considered .  

•  Capaci tor  un i t  fai l u re  detecti on  schemes  normal l y  have  th ree  set  l evels:  alarm  on ly  (1 st  
s tage) ,  alarm  plus  impend ing  t imed  trip  (2nd  s tage)  and  i nstan taneous  tri p  (3 rd  stage) .  
Capaci tor  bank rati ng  caters  for  the  l oad ing  cond i t i on  when  operating  under the  2nd  s tage  
alarm .  I n  some cases,  on ly  a  2  s tage  scheme  wi l l  be  implemented ,  and  rati ng  needs  on ly 
consider the  1 st  a larm  stage.  

•  When  mu l t iple  tuned  banks  of  the  same  type  are  i nstal led ,  i t  i s  importan t  to  consider  
possible  ci rcu lati ng  cu rren ts  between  the  banks  due  to  d i fferences  i n  tun ing .  Such  
cu rren ts  wi l l  need  to  be  considered  for  f i l ter  equ ipment  rati ng .  However,  measures  to  
con trol  th i s  effect,  such  as  the  use  of  paral l e l i ng  buses,  can  be  used  i f  the  fi l ter  l ayou t  i s  
su i table.  

2.5  Network impedance for  rating  calcu lations 

The  represen tation  of  the  AC  network harmon ic  impedance  (Zsn )  for  the  pu rposes  of  
equ ipment  rati ng  shou ld  be  d i fferen t  from  that  used  for  pred icti ng  performance.  As  d i scussed  
i n  I EC  TR  62001 -1 :201 6,  7 . 3 ,  a  number of  d i fferen t  d i sti nct  geometric  shapes  can  be  used  to  
defi ne  the  harmon ic  impedance  for  performance  stud ies.  Th is  data shou ld  cover al l  normal  
and  plausible  con ti ngency network operati ng  cond i t i ons  and  l oad  cond i ti ons  an ti cipated  
th roughou t  the  l i fetime  of  the  equ ipment.  For rati ng  stud ies,  a  wider  range  of  network 
cond i ti ons  may be  used  to  ensure  that  equ ipment  rati ngs  are  adequate  for  the  an ti cipated  
l i fetime.  Th i s  can  be  ach ieved  by speci fyi ng  l arger  search  areas  and/or i ncreased  system  
ang les.  I t  i s  importan t  to  ensu re  that  real i sti c  l evels  of  m in imum  resi stance  are  considered  to  
avoid  undamped  resonance  cond i t i ons  occu rring .  

The  detai l ed  speci fi cati on  of  the  network harmon ic  impedance  by the  customer has  a  d i rect  
beari ng  on  the  rati ngs,  and  hence  costs,  o f  the  f i l ter  equ ipment.  

I n  some  cases,  the  zero  sequence  impedance  of  the  system  may be  requ i red  to  evaluate  the  
vo l tage  unbalance  on  the  converter  bus  fo l l owing  un -symmetri cal  fau l ts ,  such  as  a  l i ne  to  
earth  fau l t.  The  resu l tan t  negative  sequence  vo l tage  componen t  i s  used  for  the  pu rpose  of  
short  t ime  (0 , 1  s  to  1 , 5  s ,  depend ing  on  l i ne  protecti on  ph i losophy and  au to-reclose  featu res)  
rati ng  of  l ow order,  main ly  3 rd ,  harmon ic  f i l ters.  
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2.6  Outages 

Fi l ter  equ ipment  i s  rated  to  wi thstand  the  i ncreased  harmon ic  l oad ing  wh ich  wi l l  occur  when  a  
defi ned  number of  f i l ters  are  ou t  o f  servi ce.  The  speci fi c  ou tage  requ i rement  wi l l  vary from  
pro ject  to  pro ject  and  wi l l  depend  upon  the  number of  f i l ters  avai lable  and  the  l evel  o f  power 
transfer requ i red .  Typical l y,  the  ou tage  of  one  swi tched  fi l ter  or  f i l ter  g roup  shou ld  not  resu l t  
i n  an  overload  of  the  remain ing  fi l ters  or  the  need  to  reduce  power transfer.  I n  the  even t  of  
one  fi l ter  or  f i l ter  g roup  being  ou t  of  service  for  main tenance  and  a  tri p  occu rri ng  on  a  second  
f i l ter  or  f i l ter  g roup,  i t  i s  s trong ly  recommended  that  the  customer reduces  DC  power to  
preven t  f i l ter  overload  and  hence  cascade  fi l ter  tri ps.  The  speci fi cation  shou ld  clearly  defi ne  
the  customer's  speci fi c  ou tage  requ i rement  cri teria  to  be  fo l l owed  by the  con tractors  i n  the  
preparation  of  the  proposal .  

I n  order  to  avoid  the  costs  associated  wi th  i nstal l i ng  redundan t  f i l ters,  or  rati ng  fi l ter  
equ ipment  for  f i l ter  ou tages,  the  customer may choose  to  al l ow a  reduction  of  transmi tted  DC  
power to  avoid  f i l ter  overload.  Such  a  strategy can  have  a  s i gn i fi can t  effect  i n  reducing  f i l ter  
costs,  especial l y  i n  re lati vely l ow power schemes  where  the  number of  i nstal led  f i l ters  i s  
smal l .  

I n  cases  where  swi tched  f i l ters  are  used  as  part  o f  the  reacti ve  power con trol ,  the  f i l ter  
equ ipment  shou ld  be  rated  for al l  vi able  swi tch ing  strateg ies.  

3  Transient  stresses and  rating  

3.1  General  

I n  add i ti on  to  the  steady state  fundamental  pl us  harmon ic  l oad ing ,  harmon ic  f i l ters  wi l l  
experience  transien t  s tresses  due  to  a  wide  variety  of  d i stu rbances.  These  cond i ti ons  wi l l  
need  to  be  i nvestigated  to  ensu re  that  the  capabi l i ty  of  the  equ ipment  i s  su ffi ci en t  to  
accommodate  the  superimposed  transien t  du ty.  

Such  stud ies  wi l l  requ i re  a  transien t  analysi s  compu ter  prog ram,  such  as  EMTP,  ATP,  
NETOMAC or  EMTDC 2,  to  model  system  parameters,  i nclud ing  non - l i near aspects  such  as  
transformer satu rati on  and  su rge  arrester  characteri sti cs.  The  resu l ts  of  these  stud ies  wi l l  
i nd i cate  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.  
Al ternatively,  su rge  arresters  can  be  used  to  l im i t  the  transien t  du ty on  the  equ ipment.  

Where  necessary,  the  resu l ts  of  such  stud ies  may need  to  form  part  o f  the  equ ipment  
speci fi cati on  and  may also  become the  basis  for  acceptance  test  l evels.  

I n  the  case  of  double  tuned  fi l ters,  the  resu l ts  of  transien t  s tud ies  usual l y  i nd icate  that  the  
proposed  rati ngs  of  the  l ow vo l tage  fi l ter  componen ts,  based  on  steady state  l oad ing ,  are  
i nadequate  and  enhanced  equ ipment  rati ngs  are  requ i red  to  meet  the  transien t  du ty.  

The  resu l ts  of  the  transien t  s tud ies  wi l l  g i ve  importan t  i n formation  for  the  speci fi cati on  of  the  
i nd ivi dual  i tems  of  f i l ter  equ ipment.  

The  transien t  s tud ies  d iscussed  i n  C lause  3  are  the  responsibi l i ty  o f  the  con tractor;  however,  
the  customer shou ld  defi ne  i n  the  speci fi cation  any m in imum  requ i rements  for  con tract  s tage  
stud ies.  For example,  the  customer shou ld  defi ne  any speci fi c  network and  scheme  operating  
cond i t i ons  that  are  considered .  Add i ti onal l y,  any fau l t  scenarios  to  be  stud ied  shou ld  be  
stated  together wi th  detai l s  of  any au to-reclose  schemes  that  operate  on  the  supply  network.  

___________ 

2  EMTP,  ATP,  NETOMAC and  EMTDC  are  examples  o f  su i tabl e  products  avai l abl e  commerci al l y.  Th i s  
i n formati on  i s  g i ven  for  the  conven i ence  o f  u sers  o f  th i s  documen t  and  does  not  consti tu te  an  endorsemen t  by  
I EC  o f  these  products .  
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Al though  the  transien t  s tud ies  wi l l  be  performed  and  reported  at  the  con tract  s tage,  the  
bidder wi l l  need  to  perform  a  few stud ies  at  the  tender stage  i n  order to  cost  the  station  
equ ipment.  These  stud ies  are  requ i red  to  establ i sh  equ ipment  i nsu lation  l evels  and  su rge  
arrester rati ngs.  The  exten t  of  any such  stud ies  shou ld  be  at  the  bi dder’s  d i scretion .  

There  are  two  main  g roups  of  s tud ies  that  shou ld  be  performed.  

•  The  fi rst,  as  d i scussed  i n  3 . 2 ,  compri ses  swi tch ing  impu lse  stud ies  such  as  rou tine  fi l ter  
swi tch ing ,  au to-reclose  events,  system  fau l ts  and  fau l t  appl i cati on /clearance  i nvolving  DC  
l i nk l oad  re jecti on .  

•  The  second  g roup,  as  d i scussed  i n  3 . 3 ,  i ncludes  fast  fron ted  waveform  stud ies,  such  as  
l i gh tn i ng  stri kes  and  bus  f lashovers  wh ich  resu l t  i n  rapid  d i scharge  of  capaci tor  banks.  

3.2  Swi tch ing  impu lse  stud ies  

3.2. 1  Energ ization  and  swi tch ing  

For each  type  of  f i l ter  avai lable  i n  the  HVDC scheme,  i n i t i al  energ i zati on  stud ies  need  to  be  
performed  to  establ i sh  maximum  l evels  of  overcurren t,  overvol tage  and  energy.  Po in t-on -
wave  stud ies  wi l l  establ i sh  worst-case  cond i t i ons  based  on  energ izati on  from  the  h i ghest  
real i sti c  system  vol tage.  However,  i n  more  complex  f i l ter  con fi gu rati ons,  the  same  poin t-on-
wave  may not  establ i sh  worst-case  cond i t i ons  for  i nd ivi dual  i tems  of  equ ipment.  These  
stud ies  may al so  establ i sh  the  need  for  swi tch ing  overvol tage  con tro l  devices  i n  the  breakers  
(pre- i nserti on  resistors,  synchron i zed  clos ing ,  etc. )  and  the  breaker swi tch ing  capabi l i ty  
under overvol tage  cond i ti ons  for  overvol tage  con tro l .  

Routine  swi tch ing  of  f i l ters,  wi th  other banks  al ready i n  service,  wi l l  be  the  most  common  
transien t  du ty  on  the  fi l ter  componen ts.  The  number of  swi tch ing  operati ons  per annum  may 
vary widely  between  schemes.  For example,  a  l ong  d i stance  HVDC scheme  designed  for  bu lk 
power transmission  may requ i re  very i n frequen t  f i l ter  swi tch ing ,  whereas  a  back-to-back 
HVDC scheme  wi th  a  reacti ve  power con trol  faci l i ty  may swi tch  f i l ters  frequen tl y.  An  estimate  
of  the  number of  swi tch ing  even ts  wi l l  be  needed  to  accompany the  transien t  resu l ts  and  
shou ld  be  i ncluded  by the  con tractor i n  the  i nd ivi dual  equ ipment  speci fi cations.  Frequen t  
swi tch ing  of  f i l ters  i s  of  parti cu lar importance  for  the  capaci tor  banks  as  the  h i gh  l evel  o f  
d ie lectri c  s tress  imposed  du ring  the  transien t  even t  has  an  impact  on  the  equ ipment  l i fetime.  
Standards  on  capaci tor  banks,  such  as  the  I EC  60871  series  and  I EEE  Std  1 8,  g i ve  gu idance  
on  the  acceptable  l evels  of  transien t  vo l tage  and  cu rren t  and  the  number of  swi tch ing  even ts  
per  annum.  

I n  a  s im i lar  manner to  i n i t i al  energ i zation  stud ies,  poin t-on -wave  stud ies  of  rou ti ne  swi tch ing  
wi l l  be  needed  to  establ i sh  worst-case  cond i ti ons.  The  stud ies  shou ld  consider the  case  of  
each  type  of  f i l ter  i n  tu rn  being  the  l ast  to  be  swi tched ,  for  example  al l  o ther f i l ters  are  i n  
service  at  the  maximum  real i sti c  system  vol tage.  Where  shun t  capaci tor  banks  are  i nstal led  
as  part  of  the  reactive  power con trol  s trategy,  the  parti cu lar case  of  paral le l  swi tch ing  wi l l  
need  to  be  stud ied .  I n  th i s  case,  the  h i gh  l evels  of  i n rush  cu rren t  i n to  one  bank due  to  the  
d i scharge  from  an  energ i zed  capaci tor  bank may resu l t  i n  damage  to  the  capaci tor  
equ ipment.  Such  stud ies  wou ld  i nd i cate  the  need  for  cu rren t  l im i ti ng  reactors  to  be  i nstal led  
as  part  o f  the  bank.  

The  stud ies  wi l l  need  to  consider the  range  of  short  ci rcu i t  l evels  (SCL)  appl i cable  at  the  
po in t  of  connection  of  the  f i l ters.  There  i s  normal l y  no  s imple  correlati on  between  SCL and  
the  magn i tude  of  peak cu rren ts  and  vo l tages  on  the  f i l ter  equ ipment.  

Typical  examples  of  the  transien t  waveforms  wh ich  occu r du ring  rou ti ne  fi l ter  swi tch ing  are  
shown  i n  Fi gu res  2  and  3 :  
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Figure 2  – Inrush  current  in to  a  1 2/24 th  double-tuned  fi l ter  

 

Figure  3  – Vol tage across  the  low vol tage capaci tor of  a  1 2/24 th  
double-tuned  fi l ter  at  swi tch-on  

3.2.2  Fau l ts  external  to  the  fi l ter  

Fau l ts  on  the  AC  supply  network can  encompass  both  i so lated  fau l ts ,  such  as  l i ne- l i ne  and  
th ree  phase  fau l ts ,  and  fau l ts  i nvolving  earth ,  whether s i ng le  phase,  two  phase  or  th ree  
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phase  fau l ts .  Such  fau l ts  may i nvolve  re jecti on  of  the  DC  load ,  for  example  blocking  of  the  
converters,  l ead ing  to  a  l arge  prospecti ve  recovery vol tage.  Th is  vo l tage,  exacerbated  by the  
presence  of  the  fi l ters,  wi l l  be  l im i ted  by system  l i ne- to-earth  su rge  arresters  and  i s  normal l y  
the  basi s  for  thei r  energy rati ng .  When  studying  such  fau l t  appl i cation  and  l oad  re jection  
scenarios,  i t  i s  importan t  to  represent  accu rately  the  operating  strategy of  the  HVDC scheme  
i n  terms  of  breaker fau l t  clearance  t imes,  f i l ter  tri pping  strategy and  de-blocking  of  the  
converters.  Normal ly,  harmon ic  f i l ters  are  not  swi tched  du ring  dynamic  overvol tage  (DOV)  
cond i ti ons  to  avoid  any restri cti on  of  operati on  fo l l owing  the  DOV.  However,  i f  f i l ters  do  
swi tch  ou t  th i s  wi l l  impose  a  s i gn i fi can t  du ty  on  the  ci rcu i t  breaker and  al so  on  any d i scharge  
vo l tage  transformers  (DVT) ,  i f  i nstal l ed .  

Where  s i ng le  phase  au to-reclose  schemes  are  used  on  the  ci rcu i t  breakers  of  the  i ncoming  
transmission  l i nes,  the  strategy i n  the  even t  of  repeated  fai led  re-closu re  attempts  wi l l  need  
to  be  stud ied .  I n  such  cases,  successive  re-energ i zati on  of  the  fi l ters  may resu l t  i n  s i gn i fi can t  
overcu rren ts  and  overvol tages  on  the  equ ipment  and  i n  parti cu lar may d i ctate  the  energy 
l evels  of  the  fi l ter  su rge  arresters.  I f  th ree  phase  au to-reclose  schemes  are  used ,  wh ich  wi l l  
resu l t  i n  i so lati on  of  the  converter  stati on ,  th i s  wi l l  al so  need  to  be  stud ied  to  determ ine  the  
effects  on  arrester rati ngs.  Where  d i scharge  vo l tage  transformers  are  i nstal l ed  on  the  f i l ter  
banks,  they can  rapid ly  d i scharge  the  DC  vo l tage  on  the  capaci tor  banks  al l owing  re-
energ i z ing  of  the  f i l ters.  

The  du rati on  of  such  transien t  s tud ies  wou ld  need  to  be  chosen  to  cover al l  breaker 
operati ons  and  to  ensu re  that  worst-case  overload  cond i ti ons  and  arrester energy absorpti on  
cond i t i ons  had  been  reached.  However,  i t  i s  recogn ized  that  i t  i s  impracti cal  to  represen t  l ong  
breaker cleari ng  t imes,  for  example  several  m inu tes,  i n  d i g i tal  s tud ies  and  a  reduced  period  
can  be  model l ed  as  the  clearing  t ime  for  s tuck breaker cond i t i on .  

Fi gu re  4  i l l u strates  a  combination  of  fau l t  cond i ti ons:  at  25  ms,  the  HVDC converter i s  
blocked  resu l ti ng  i n  a  severe  overvol tage  on  the  main  f i l ter  capaci tor  bank.  At  70  ms,  a  3 -
phase  bus  fau l t  i s  s imu lated  wh ich  i s  cl eared  at  1 00  ms,  a  reduced  period  to  m in im ize  
compu tati on  t ime,  resu l ti ng  i n  a  severe  transien t  overvol tage  on  the  capaci tor  bank.  

 

Figure  4  – Vol tage across the  HV capaci tor bank of  a  1 2/24 th  
double-tuned  fi l ter  under fau l t  condi tions 
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3.2.3  Fau l ts  in ternal  to  the  fi l ter  

The  effects  of  fau l ts  wi th in  the  fi l ter  wi l l  depend  upon  the  type  of  f i l ter  and  the  e lectri cal  
arrangement  of  the  fi l ter.  Using  a  s i ng le- tuned  fi l ter,  as  an  example,  a  l i ne-earth  fau l t  at  the  
HV term inal  o f  the  capaci tor  bank wi l l  apply the  i nstan taneous  DC  vol tage  on  the  capaci tor  
d i rectly  across  the  l ow vo l tage  reactor  and  any su rge  arrester,  as  d i scussed  fu rther i n  3 . 3 . 2 .  
A l i ne-earth  fau l t  at  the  capaci tor  LV term inal  wou ld  s imply  bypass  the  reactor and  resu l t  i n  
very l i tt l e  change  i n  cu rren t  i n  the  capaci tor  bank wh ich  i s  the  predominan t  f i l ter  impedance.  

I f  the  f i l ter  con fi gu rati on  were  i nverted ,  for  example  the  reactor  at  the  HV term inal  and  the  
capaci tor  connected  to  the  neu tral ,  a  l i ne-earth  fau l t  from  the  reactor  HV term inal  wou ld  resu l t  
i n  a  s im i lar  transien t  du ty  on  the  reactor  as  i n  the  above  case.  However,  a  l i ne-earth  fau l t  
from  the  reactor LV term inal ,  for  example  the  capaci tor  HV term inal ,  wou ld  resu l t  i n  a  
considerable  fau l t  cu rren t  i n  the  reactor,  due  to  the  l ow impedance  of  the  reactor compared  
wi th  the  capaci tor.  To  ensu re  that  reactors  wou ld  su rvive  such  an  i n ternal  f i l ter  fau l t,  a  short  
ci rcu i t  test  o f  the  reactor  wou ld  be  requ i red .  

Al though  the  fau l t  cond i t i ons  considered  above  are  normal l y  worst-case  cond i ti ons  for  f i l ter  
transien t  du ty,  for  more  complex f i l ter  con fi gu rati ons,  o ther cred ible  i n ternal  fau l t  cond i ti ons  
wou ld  need  to  be  stud ied .  

When  studying  the  effects  of  such  fau l ts  on  f i l ter  component  and  arrester  rati ngs,  i t  i s  
importan t  to  consider  the  protecti ve  l evel  afforded  by the  bus  arrester and  to  co-ord inate  the  
design  of  th i s  arrester  wi th  the  fi l ter  arresters  to  ach ieve  an  overal l  optim i zed  design .  

3.2.4  Transformer inrush  currents  

Energ i zation  of  the  converter transformer,  or  ad jacen t  conven tional  transformers,  wi l l  resu l t  i n  
s i gn i fi can t  l evels  of  i n rush  cu rren t  that  can  be  sustained  for  considerable  periods  of  t ime.  As  
the  i n rush  cu rren ts  are  asymmetri c  and  wi th  a  h i gh  harmon ic  con ten t,  parti cu larl y  of  l ow order 
harmon ics,  they can  resu l t  i n  harmon ic  cu rren t  f l ow i n  ad jacent  f i l ters.  I n  appl i cati ons  where  
l ow order harmon ic  f i l ters  are  i nstal led ,  such  effects  wi l l  need  to  be  stud ied .  Al though  i n  
normal  practi ce  the  converter  transformers  wou ld  be  energ i zed  pri or  to  f i l ter  swi tch ing ,  du ri ng  
fau l t  recovery cond i t i ons,  transformer swi tch ing  on  ad jacen t  converter  poles,  or  swi tch ing  of  
ad jacen t  g ri d  transformers,  energ i zati on  can  occur wi th  f i l ters  connected .  Stud ies  wi l l  i nd i cate  
the  need  for  overvol tage  con tro l  devices  i n  the  breakers  for  the  defi n i t i on  of  economic  
i nsu lati on  l evels  of  the  equ ipment  and/or to  decrease  the  occu rrence  of  commutation  fai l u res.  

Stud ies  i nvolving  transformer i n rush  cu rren ts  need  to  model  the  transformer i n  some  detai l  
i nclud ing  both  l i near and  non - l i near,  for  example  satu ration ,  i nductances.  The  l osses  wi th in  
the  transformer,  wh ich  wi l l  d i ctate  the  decay of  i n rush  cu rren ts,  shou ld  be  model l ed .  

3.3  Fast  fronted  waveform  studies  

3.3.1  General  

Because  of  the  l arge  rates  of  change  of  vo l tage  and  cu rren t  i nvolved  i n  these  stud ies,  i t  i s  
importan t  that  s tray i nductances  and  capaci tances  wi th in  the  f i l ter  c i rcu i ts  and  equ ipment  are  
model l ed .  Thus  the  physical  l ocation  of  the  equ ipment,  and  parti cu larl y  of  su rge  arresters,  
shou ld  be  considered  when  model l i ng  the  fi l ter.  

3.3.2  Lightn ing  strikes  

Al though  d i rect  l i gh tn ing  stri kes  on  f i l ter  equ ipment  are  un l i kely,  especial l y  i f  overhead  earth -
wi re  protecti on  i s  provided ,  the  effect  of  s tri kes  on  the  remote  AC  system  transferred  to  the  
fi l ters  shou ld  be  considered .  The  maximum  vol tage  on  the  fi l ter  term inal  wi l l  be  l im i ted  by the  
main  HV su rge  arrester.  These  su rges  wi l l  be  transferred  to  the  l ow vo l tage  componen ts  of  
double- tuned  fi l ters  and  may have  a  s i gn i fi can t  bearing  on  thei r  i nsu lation  l evels.  Where  
appropriate,  appl ied  l i gh tn i ng  stri kes  shou ld  be  s imu lated  at  various  po in ts  wi th in  the  HV 
substati on  and  at  various  d i stances  along  the  AC  l i nes  from  the  stati on .  
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3.3.3  Busbar flashover stud ies  

A flashover to  earth  on  the  fi l ter  HV busbar wi l l  cause  a  rapid  d i scharge  of  the  f i l ter  capaci tor  
bank th rough  the  fi l ter  components.  Such  an  even t  may occur du ri ng  a  h i gh  system  vol tage,  
however,  the  capaci tor  fuses  shou ld  not  operate  for  th i s  cond i ti on  as  they are  tested  to  
wi thstand  short  ci rcu i t  cu rren ts .  Due  to  the  short  t ime  of  these  d i scharges  (a  few 
m icroseconds) ,  they fal l  i n to  the  same category as  l i gh tn i ng  impu lses  and  th i s  i s  not  normal ly  
a  deci s i ve  rati ng  case.  

3.4  Insu lation  co-ord ination  

From  the  resu l ts  of  the  stud ies  described  i n  3 . 2  and  3 . 3 ,  the  overal l  i nsu lation  co-ord inati on  
of  the  f i l ter  can  be  deri ved .  The  need  for  su rge  arresters  d i stri bu ted  wi th i n  the  f i l ters  wi l l  be  
determ ined .  I n  most  cases  the  choice  between  the  arrester’s  protective  vo l tage  l evel  and  
energy absorption  capabi l i ty  and  the  vo l tage  wi thstand  capabi l i ty  of  the  protected  equ ipment  
wi l l  be  based  on  re lati ve  costs.  Al though  l ow vo l tage  station  class  arresters  are  re lati vely  
i nexpensive,  i f  s i gn i fi can t  energy absorption  capabi l i ty  i s  requ i red  then  paral l e l  housings  are  
needed  and  costs  may be  h i gh .  I n  such  cases  i ncreasing  equ ipment  i nsu lation  l evels  may be  
the  optimum  so lu tion .  

When  model l i ng  su rge  arresters,  i t  i s  importan t  to  consider  the  maximum  to lerance  on  the  
arrester characteri sti c  when  evaluati ng  protecti ve  l evels  and  the  m in imum  to lerance  when  
evaluati ng  energy absorpti on  capabi l i ty.  

There  are  a  number of  possible  connection  arrangements  for  f i l ters  wi th  embedded  su rge  
arresters.  Typical  examples  for  double- tuned  f i l ters  are  shown  i n  Fi gu re  5 .  

 

Figure  5  – Typical  arrangements  of  surge  arresters  

The  resu l ts  of  the  l i gh tn ing  and  swi tch ing  impu lse  stud ies  wi l l  con fi rm  that  the  requ i red  
marg ins  between  the  equ ipment  wi thstand  l evels  and  the  correspond ing  su rge  arrester 
protecti ve  l evels,  accord ing  to  I EC  60099-4  or  the  customer’s  speci fi cation ,  are  ach ieved.  
Note  that  marg ins  i n  excess  of  those  normal l y  speci fi ed  by IEC  60099-4  wi l l  resu l t  i n  
i ncreased  f i l ter  costs.  The  energy absorpti on  du ty  imposed  on  su rge  arresters  by l i gh tn i ng  
su rges  wi l l  normal l y  be  l ess  than  the  energy ari s i ng  from  the  fau l t  cond i t i ons  d i scussed  i n  3 . 2 .  

I n  the  case  of  the  double-  and  triple- tuned  fi l ters ,  the  resu l ts  of  the  fau l t  s tud ies  or  swi tch ing  
stud ies  usual l y  i nd i cate  that  the  maximum  transien t  vo l tages  on  the  l ow vo l tage  capaci tors  
g reatly  exceed  the  steady state  rati ngs  as  deri ved  i n  9 . 2. 2.  As  the  cost  o f  such  banks  i s  
usual l y  l ow,  i ncreasing  the  rated  vo l tage  such  that  overload  capabi l i ty  compl ies  wi th  
pred icted  maximum  transien t  vo l tage  can  g ive  an  acceptable  design  wi thou t  i ncurri ng  the  
need  for  special  designs  of  su rge  arresters.  

IEC  
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By establ i sh ing  a  coheren t  i nsu lation  co-ord inati on  scheme  th roughou t  the  f i l ter,  i t  i s  possible  
to  defi ne  the  fo l l owing  parameters  for  the  f i l ter  equ ipment.  

•  LIWL;  

•  S IWL ( i f  appropriate) ;  

•  power frequency vo l tage;  

•  c l earance  ( l i ne- l i ne) ;  

•  c l earance  ( l i ne-earth ) ;  

•  creepage  d i stance;  

•  transien t  cu rren t  th rough  arresters  and  fi l ter  componen ts;  

•  protective  l evels  of  f i l ter  arresters;  

•  f i l ter  arrester  l ocations  and  requ i rements.  

These  parameters  can  be  defined  at  each  term inal  of  the  equ ipment  or  i n  the  case  of  l arge  
HV capaci tor  banks  at  a  number of  po in ts  where  support  i nsu lators,  cu rren t  transformers  or  
vol tage  transformers  may be  connected .  The  neu tral  poin ts  of  each  phase  of  the  star-
connected  fi l ter  are  normal ly  i nd ivi dual l y  i so lated  by a  l ow,  bu t  consi sten t  i nsu lation  l evel ,  and  
then  brough t  together to  form  a  s i ng le  star po in t  wh ich  i s  then  connected  to  earth .  

I t  i s  importan t  that  an  i nsu lati on  l evel  i s  defi ned  for  the  neu tral  o f  the  fi l ter  to  avoid  spu rious  
earth  fau l ts  du ri ng  transien t  d i stu rbances.  

4 Losses 

4.1  Background  

The  cost  of  l osses  can  be  a  s i gn i fi can t  factor of  d i fference  between  the  designs  of  d i fferen t  
b idders  for  an  HVDC scheme.  The  customer needs  to  ensu re  that  l oss  evaluation  i s  made  
accord ing  to  clearl y  defi ned  procedures,  and  under comparable  cond i ti ons,  for  each  offered  
design .  

An  i n troducti on  to  HVDC converter stati on  l osses  i s  g i ven  i n  Annex A.  

Harmon ic  f i l ters  associated  wi th  the  AC  s ide  of  HVDC converter  stations  are  typical l y  
responsible  for  up  to  around  1 0  % of  the  total  converter stati on  l osses.  Un l i ke  many plan t  
i tems  the  l osses  for  harmon ic  f i l ters  can  on ly  be  determ ined  by calcu lati on ,  especial l y  those  
re lati ng  to  l osses  at  harmon ic  frequencies  (al though  the  l oss  f i gu res  for  the  i nd ividual  
componen ts  of  the  fi l ters  may be  avai lable  as  the  resu l t  o f  works  tests) .  

The  widely accepted  standard  procedure  for  calcu lati ng  l osses  i n  HVDC stati ons  i s  defi ned  i n  
IEC  61 803.  Th i s  proposes  calcu lation  of  l osses  under essen tial l y  nom inal  cond i ti ons,  wh ich  i s  
a  fai r  basis  for  most  HVDC plan t.  

However,  for  AC  fi l ters,  the  calcu lated  l osses  can  vary over a  wide  range  depend ing  on  
factors  such  as  detun ing ,  AC  network resonance,  and  l evel  o f  negati ve  sequence  componen t  
i n  the  AC  supply  vol tage.  Consequen tl y,  a  calcu lati on  made  under nom inal  cond i t i ons  can  
g reatl y  underestimate  the  l i ke ly l evel  o f  l osses  under real i sti c  operati ng  cond i ti ons.  

The  customer shou ld  therefore  be  aware  that  by fo l l owing  the  gu idance  of  I EEE  Std  1 1 98  
(now wi thdrawn) ,  he  may not  obtain  a  real i sti c  estimate  of  probable  AC  fi l ter  l osses.  
Fu rthermore,  as  the  l osses  pertain i ng  to  d i fferen t  AC  fi l ter  designs  vary substan tial l y,  he  wi l l  
al so  not  be  able  to  make  a  fai r  compari son  of  the  designs  offered  by d i fferen t  bi dders.  

The  fo l l owing  i tems  therefore  offer  gu idance  to  the  customer,  where  appropriate,  on  how to  
defi ne  al ternati ve  cond i t i ons  for  calcu lati ng  AC  fi l ter  l osses.  I t  i s  suggested  that  the  fi l ter  
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l osses  shou ld  be  calcu lated  both  under the  nom inal  cond i t i ons  of  I EC  61 803,  and  under the  
suggested  al ternati ve  cond i ti ons  described  i n  4. 4  below,  i n  order to  provide  al l  the  
i n formation  needed  by the  customer.  

4.2  AC fi l ter  component  losses  

4.2.1  General  

The  AC  fi l ters  compri se  capaci t i ve,  i nductive  and  often  resi sti ve  e lements,  al l  o f  wh ich  
con tribu te  to  the  total  l osses  of  the  converter stati on .  As  part  of  the  fi l ter  design  process,  
accoun t  wi l l  have  been  taken  of  the  l oss  capi tal i zation  i n  choosing  the  number and  type  of  
f i l ters  requ i red .  C lause  6  i n  I EC  TR  62001 -1 :201 6  h i gh l i gh ts  the  various  advan tages  and  
d i sadvan tages  of  tuned  fi l ters,  wh ich  typical l y  produce  l ow l osses,  against  damped  fi l ters  
wh ich  general l y  produce  h igher l osses  on  a  per Mvar basis .  

Fu rther d i scussion  wi th  respect  to  overal l  f i l ter  componen t  costs,  taking  i n to  accoun t  thei r  
l osses,  i s  provided  i n  C IGRE  WG  1 4. 03.  

4.2.2  Fi l ter/shunt  capaci tor losses  

For l arge  h igh  vol tage  capaci tor  banks  having  rati ngs  of  many Mvars,  the  l oss  ang le  becomes  
importan t;  the  l ower the  l oss  ang le,  the  l ower the  l osses  are  for  the  bank.  

Table  1  detai l s  the  subd ivi s ion  of  l osses  wi th in  a  typical  al l - f i lm  type  capaci tor  un i t.  

Table  1  – Typical  losses  in  an  al l -fi lm  capaci tor un i t  

Source  of  l oss  Loss  
W/kvar 

 I n ternal l y fused  un i t  External ly fused  un i t  

Die l ectri c  0 , 05  0 , 05  

D i scharge  res i stors  0 , 05  0 , 05  

Other  ( fu ses  and  connect i ons)  0 , 05  0 , 01  

TOTAL 0 , 1 5  0 , 1 1  

 

The  above  l osses  are  typical ;  guaran teed  values  wou ld  be  i n  the  order of  20  % h i gher.  
Fuseless  capaci tors  have  s im i lar  d ie lectri c,  d i scharge  resi stor  and  connection  l osses  to  those  
stated  above.  I n  respect  of  external l y  fused  un i ts ,  the  l osses  due  to  the  external  fuse  are  
add i ti onal  to  those  quoted .  Wi th  improvements  i n  the  choice  and  design  of  d ie lectri c,  i t  i s  
noteworthy that  the  l osses  i n  the  capaci tor  un i t  d i scharge  resi stor now tend  to  dom inate.  The  
requ i rements  and  du ty for  such  resistors  are  not  wi th in  the  d i rect  con tro l  o f  the  capaci tor  
manu factu rer,  bu t  are  d i ctated  by d i scharge  t ime  requ i rements  imposed  by i n ternational  
standards  or  the  customer’s  own  requ i rements.  I f  an  enhanced  d i scharge  requ i rement  i s  
speci fi ed  then  the  l osses  as  shown  i n  Table  1  wi l l  be  h i gher.  

The  l osses  d i scussed  above  refer to  new capaci tor  un i ts .  D ie lectri c  l osses  tend  to  reduce  
wi th  t ime,  reach ing  thei r  m in imum  fi gu re  wi th in  a  few hundred  hours  of  operation  for  al l - fi lm  
type  capaci tor  un i ts .  However,  the  reducti on  i s  m in imal ,  and  because  the  d i e lectri c  l oss  i s  no  
l onger the  major con tribu tor  to  l osses,  the  effect  o f  the  reducti on  on  the  total  f i l ter  l osses  i s  
m in imal .  Tests  conducted  by capaci tor  manu factu rers  al so  con fi rm  that  the  l osses  at  l ow 
order harmon ics  ( i n  terms  of  W/kVAr)  are  s im i lar  to  the  values  g iven  above  at  fundamental  
frequency.  

The  power l osses  of  each  i nd ivi dual  capaci tor  bank,  assuming  that  the  l oss  ang le  i s  the  same  
at  harmon ic  frequencies  as  at  fundamental  frequency,  can  be  determ ined  by:  
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where  

Pc   i s  the  fi l ter  capaci tor  l oss;  

n   i s  the  harmon ic  number;  

N  i s  the  maximum  harmon ic  order ( typical l y  49) ;  

Icn   i s  the  calcu lated  cu rren t  i n  the  capaci tor  at  harmon ic  order n;  

Xcn   i s  the  capaci tor  reactance  at  harmon ic  order n;  

tan (δ)   i s  the  tangen t  of  the  capaci tor  l oss  ang le.  

Shunt  capaci tor  banks  are  often  provided  i n  add i ti on  to  harmon ic  f i l ters  to  provide  part  o f  the  
total  converter  stati on  reactive  power requ i rements.  Thei r  l osses,  at  both  fundamental  and  
harmon ic  frequency,  can  be  assessed  i n  a  s im i lar  manner to  f i l ter  capaci tors  as  d i scussed  
above.  However,  because  the  l osses  of  the  capaci tor  un i ts  themselves  are  l ow,  the  effects  of  
l osses  i n  o ther componen ts  wh ich  may then  become  s ign i fi can t  shou ld  not  be  overlooked .  I n  
th i s  respect  l osses  due  to  the  fo l l owing  plan t  i tems  can  typical l y  i ncrease  the  l osses  due  to  
the  capaci tor  un i ts  alone  by some  50  %:  

•  the  i n terconnecting  cables  and  busbars;  

•  the  capaci tor  bank swi tchgear;  

•  the  capaci tor  bank (d i scharge)  poten tial  transformer (PT) ;  

•  the  i n rush  reactor (when  provided) ;  

•  the  capaci tor  fuses;  

•  the  capaci tor  bank i n ternal  connections.  

4.3  Reactor and  resistor losses  

4.3.1  General  

I n  general ,  f i l ter  reactors  (and  where  provided,  res i stors)  are  the  dom inan t  sou rce  of  total  
f i l ter  l osses.  Th i s  i s  parti cu larly  so  for  a  f i l ter  bank that  provides  attenuation  for  l ow order 
harmon ics,  e i ther i n  the  form  of  s i ng le  frequency tuned  fi l ters  or  damped  types.  

For s i ng le  frequency tuned  fi l ters,  the  fi l ter  designer i s  o ften  requ i red  to  make  a  compromise  
between  the  Q  (qual i ty)  factor for  the  reactor  at  fundamental  frequency and  at  the  tuned  
harmon ic  frequency.  At  fundamental  frequency,  to  m in im ize  l osses,  the  requ i rement  i s  to  
speci fy  a  Q  factor  as  h i gh  as  possible,  whereas  at  harmon ic  frequencies,  i n  parti cu lar the  
tuned  frequency,  i t  i s  desi rable  to  speci fy  a  Q  factor compatible  wi th  the  f i l ter  performance  
requ i rement.  The  requ i red  Q  factor at  the  harmon ic  frequency may be  l ow when  the  f i l ter  i s  
l i kely to  be  subjected  to  wide  detun ing  effects  because  of  l arge  system  frequency variati ons  
and/or ambien t  temperatu re  range.  The  fi nal  balance  can  often  be  a  compromise  between  
these  con fl i cti ng  requ i rements,  especial l y  when  a  f i l ter  reactor  manu factu rer's  l owest  i n i t i al  
cost  design  i s  not  optimal  i n  respect  of  l osses.  

Means  are  however avai lable  to  the  reactor designer (at  l east  for  natu ral l y  ai r  cooled  reactors  
of  open  construction )  to  con tro l  or  optim ize  th i s  balance  of  Q  factor  requ i rements  at  the  
various  frequencies  by means  of  add i ti onal  de-Q ’ i ng  co i l s  i nstal l ed  on  the  reactor,  or  even  by 
the  use  of  se l f- tun ing  f i l ters.  

For  damped  f i l ters,  the  choice  of  reactor Q  factor at  harmon ic  frequencies  i s  general l y  
un importan t  i n  terms  of  ach ieving  the  requ i red  performance  and  optimal  rati ng ,  l eaving  the  
fi l ter  designer a  re lati vely  free  choice  i n  speci fying  Q  factor at  fundamental  frequency to  
sati sfy  the  balance  between  reactor  cost  and  l osses.  However,  for  double- tuned  damped  
fi l ters,  the  choice  of  reactor  Q  factor at  harmon ic  frequencies  requ i res  carefu l  optim ization  to  
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m in im ize  the  effects  of  ci rcu lati ng  harmon ic  cu rren ts  wi th in  the  f i l ter  i tse l f.  I ncreasing  the  Q  
factor may i n  certain  ci rcumstances  i ncrease  the  harmon ic  l osses  i n  the  reactors.  

The  reactor  Q  factor at  harmon ic  frequencies  i s  general l y  defi ned  wi th  a  certain  range  of  
to lerance  around  a  nom inal  value.  For  the  calcu lation  of  l osses,  the  m in imum  Q  ( i . e .  the  
h i ghest  res i stance)  rather than  the  nom inal  value  shou ld  be  used .  

The  power l osses  i n  the  reactor can  be  determ ined  by 

 ∑
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where  

Pl   i s  the  fi l ter  reactor  l oss;  

n   i s  the  harmon ic  number;  

N  i s  the  maximum  harmon ic  order  ( typical l y  49) ;  

Iln   i s  the  calcu lated  cu rren t  i n  the  reactor at  harmon ic  order n;  

Xln   i s  the  reactor reactance  at  harmon ic  order n;  

Qn   i s  the  reactor Q  factor at  harmon ic  order n.  

4.3.2  Fi l ter  resistor  losses  

I n  determ in ing  the  overal l  f i l ter  con fi gu ration ,  the  designer wi l l  have  evaluated  the  choice  
between  tuned  and  damped  type  fi l ters  and  al so  between  the  various  types  of  damped  fi l ter  i n  
terms  of  m in im iz ing  fi l ter  res i stor  l osses.  I n  th i s  con text,  considerati on  shou ld  have  been  
g iven  to  the  reducti on  i n  res istor  l oss  that  can  be  gained  by the  use  of  th i rd  order and  C-type  
fi l ters  rather than  second  order type,  against  a  general l y  poorer  performance.  Consideration  
wi l l  al so  have  been  g i ven  to  whether i t  i s  necessary for  s i ng le  frequency tuned  fi l ters  to  be  
provided  wi th  an  external  res istor to  ach ieve  the  requ i red  f i l ter  Q  factor at  the  tuned  harmon ic  
frequency.  

I n  determ in ing  the  choice  between  the  various  types  of  damped  f i l ter,  i t  shou ld  be  
remembered  that  especial l y  for  AC  fi l ters  connected  to  a  h i gh  system  vol tage,  the  cost  o f  the  
resi stor  bank i tse l f  i s  not  d i rectly  proportional  to  the  requ i red  l oss  d i ss ipati on  s i nce  the  cost  o f  
the  i nsu lation  requ i red  can  be  a  s i gn i fi can t  proportion  of  the  total  cost.  

The  power l osses  i n  the  resi stor  can  be  determ ined  by  
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where  

Pr   i s  the  fi l ter  res i stor  l oss;  

n   i s  the  harmon ic  number;  

N  i s  the  maximum  harmon ic  order  ( typical l y  49) ;  

Rn   i s  the  resistance  i n  ohms  at  harmon ic  order n;  

Irn   i s  the  calcu lated  cu rren t  i n  the  resi stor at  harmon ic  order  n.  

4.3.3  Shunt  reactor  losses  

Shunt  reactors  may form  part  o f  an  HVDC converter stati on  to  provide  i nductive  
compensation  for  AC  harmon ic  f i l ters  especial l y  under l i gh t  l oad  cond i t i ons  where  a  certain  
m in imum  number of  harmon ic  f i l ters  i s  requ i red  to  sati sfy  harmon ic  performance  
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requ i rements.  The  derivati on  of  the i r  l osses  i s  s im i lar  to  that  i n  conven tional  transmission  
system  appl i cations.  I t  shou ld  be  noted  that  i n  general  the i r  l osses  at  harmon ic  frequencies  
are  almost  neg l i g ible  i n  compari son  to  those  at  fundamental  frequency.  

4.4  Cri teria  for  loss  evaluation  

4.4. 1  General  

Loss  evaluation  i s  often  g i ven  a  h i gh  profi l e  by customers  pu rchasing  HVDC converter 
stations  i n  thei r  tender analysi s .  The  cri teria  for  thei r  assessment  therefore  need  to  be  
consisten t  and  unambiguous  and  be  clearly  defi ned  i n  the  techn ical  speci fi cation ,  wh ich  
shou ld  not  benefi t  or  d i sadvan tage  one  bidder wi th  respect  to  another.  

I EC  61 803  provides  a  set  o f  cri teria  for  assessing  AC  fi l ter  l osses  and  i s  o ften  speci fi ed  by 
pu rchasers  of  HVDC converter  stati ons/schemes.  As  such  i t  u sefu l l y  provides  a  means  of  
assessing  designs  from  a  variety  of  poten tial  b i dders  on  an  equal  basi s .  However there  are  
i nstances  where  the  cri teria  speci fi ed  i n  th i s  document  do  not  always  fu l l y  refl ect  operati ng  
cond i ti ons  occu rring  i n  practi ce,  wh ich  may g i ve  ri se  to  l osses  of  a  d i fferen t  magn i tude.  
These  parti cu lar  i nstances  are  d i scussed  l ater.  

The  various  aspects  that  need  to  be  considered  when  assessing  l osses  are  

a)  fundamental  frequency AC  fi l ter  busbar vol tage,  

b)  fundamental  frequency and  ambien t  temperatu re,  

c)  AC  system  harmon ic  impedance,  

d )  harmon ic  cu rren ts  generated  by the  converter,  

e)  pre-exi sti ng  harmon ic  d i stortion ,  and  

f)  an ti cipated  l oad  profi l e  of  the  converter  station .  

These  are  d i scussed  i n  tu rn  i n  4. 4. 2  to  4. 4. 7.  

4.4.2  Fundamental  frequency AC fi l ter  busbar vol tage 

Since  the  choice  of  AC  fi l ter  busbar vol tage  i s  not  a  sensi t i ve  i ssue,  i . e .  i t  shou ld  not  i n  
general  favour one  design  of  AC  fi l ter  con fi gu rati on  over another,  l osses  shou ld  be  
determ ined  for  nom inal  AC  fi l ter  busbar vo l tage.  

4.4.3  Fundamental  frequency and  ambient  temperature 

I n i t ial l y  i t  m igh t  appear that  i n  common  wi th  the  choice  of  fundamental  frequency AC  system  
vol tage,  l oss  assessment  shou ld  al so  be  based  on  the  nom inal  value  of  fundamental  
frequency.   

Wh i l st  th i s  approach  i s  general l y  sati sfactory for  the  majori ty  of  o ther  componen ts  compri s i ng  
the  converter station ,  i t  may be  i nappropriate  for  AC  harmon ic  f i l ters,  and  the  choice  of  
fundamental  frequency and  ambien t  temperatu re  variati on  may be  a  sensi ti ve  i ssue.  
Depend ing  on  the  type  of  f i l ter  arrangement,  the  f i l ter  harmon ic  l osses  under the  extremes  of  
frequency variati ons  (and  of  ambien t  temperatu re  where  appropriate)  can  vary s i gn i fi can tl y  
from  those  calcu lated  us i ng  nom inal  frequency and  a  "nom inal "  temperatu re.  Th i s  i s  
especial l y  s i gn i fi can t  for  arrangements  wh ich  compri se  s i ng le  or  double- tuned  f i l ter  branches.  
For damped  fi l ters  the  effect  o f  such  variati ons  i s  however neg l i g ible.  

Therefore,  i n  order  to  provide  the  customer wi th  a  fu l l er  knowledge  of  the  l osses  possible  
from  each  fi l ter  design ,  l oss  assessment  for  AC  harmon ic  f i l ters  shou ld  be  determ ined  at  the  
extremes  of  fundamental  frequency and  ambien t  temperatu res  as  speci fi ed  for  harmon ic  
performance  calcu lati ons.  
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Th is  shou ld  be  i n  add i ti on  to  the  calcu lation  method  us ing  nom inal  frequency and  an  ambien t  
temperatu re  of  20  °C ( IEC  61 803) ,  wh ich  i s  o f  u se  i n  comparison  of  l osses  for  the  overal l  
converter stati on .  

4.4.4  AC system  harmonic  impedance 

The  choice  of  an  appropriate  system  harmon ic  impedance  for  the  calcu lati on  of  l osses  i s  al so  
a  sensi ti ve  i ssue.  HVDC pro ject  speci fi cati ons  have  tended  to  i nd i cate  (and  
IEC  61 803: 1 999/AMD1 :201 0,  5 . 3 . 1 ,  recommends)  that  for  l oss  assessment  the  AC  system  
shou ld  be  assumed  to  be  open  ci rcu i ted  "so  that  al l  the  converter  harmon ic  cu rren ts  are  
considered  to  f l ow i n to  the  AC  fi l ters" .  

However,  th i s  cri terion  neg lects  the  fact  that  resonance  between  the  AC  fi l ters  and  the  supply  
system  harmon ic  impedance  can  occur,  l ead ing  to  magn i fi cati on  of  the  harmon ic  cu rren ts  
generated  by the  converters  (and  any other sources) .  

A choice  of  system  harmon ic  impedance  more  representati ve  of  cond i ti ons  actual l y  occu rring  
i n  practi ce  i s  to  use  the  impedance  employed  for  the  determ ination  of  f i l ter  performance  ( the  
al ternati ve  use  of  the  system  harmon ic  impedance  employed  for  f i l ter  rati ng  cond i ti ons  may 
be  too  pessim isti c  for  l oss  assessment) .  

As  wi th  4. 4. 3  above,  th i s  calcu lati on  cou ld  be  done  i nstead  of,  or  i n  add i t i on  to ,  the  
calcu lati on  wi th  open  ci rcu i ted  AC  system.  

4.4.5  Harmonic  currents  generated  by the  converter 

I EEE  Std  1 1 58-1 991 ,  4. 3 . 1 ,  and  several  HVDC pro ject  speci fi cati ons  recommend  that  the  
determ ination  of  AC  fi l ter  l osses  shou ld  be  based  on ly  on  the  characteri sti c  harmon ic  
cu rren ts  generated  by the  converter and  imply  that  non -characteri sti c  harmon ics  shou ld  be  
neg lected .  

However,  for  several  HVDC schemes  i t  has  been  necessary to  i nclude  l ow order harmon ic  
f i l teri ng  speci fi cal l y  to  attenuate  residual  non-characteri sti c  harmon ic  cu rren ts  to  sati sfy  the  
performance  cri teria.  I n  such  cases,  i n  order  to  obtain  a  real i sti c  assessment  of  expected  
l osses,  the  fi l ter  l oss  calcu lation  shou ld  take  these  non -characteri sti c  harmon ics  i n to  accoun t,  
as  they may have  a  s i gn i fi can t  impact  on  the  magn i tude  of  f i l ter  l osses.  Depend ing  on  the  
approach  adopted  by the  customer,  th i s  may be  requested  i nstead  of,  or  i n  add i ti on  to ,  an  
assessment  wh ich  excludes  non -characteri sti c  harmon ics.  

I n  respect  of  converter  characteri sti c  harmon ic  cu rren ts  for  l oss  assessment,  values  
calcu lated  for  "performance"  cond i ti ons  are  appropriate,  i . e .  those  based  typical l y  on  nom inal  
values  of  delay ang le  and  commutation  reactance.  

I f  non -characteri sti c  harmon ics  are  to  be  considered ,  then  values  for  reactance  imbalances  
between  converter  transformers  compri s ing  a  1 2-pu lse  g roup,  imbalances  between  i nd ivi dual  
converter transformer phases,  and  imbalances  i n  de lay ang le  between  valve  g roups  i n  a  
1 2-pu lse  pai r  and  wi th i n  a  6-pu lse  valve  g roup,  shou ld  be  based  on  "expected"  l evels  rather  
than  "guaranteed"  l evels,  subject  to  the  ag reement  of  the  customer.  

The  effects  of  negative  phase  sequence  vo l tages  on  l osses  i n  converter  plan t  are  often  
overlooked  i n  the  assessment  of  l osses.  Such  vo l tages  present  at  the  converter  station  AC  
supply system  resu l t  i n  posi ti ve  sequence  th i rd  harmon ic  cu rren ts  being  produced  by each  
converter  and  therefore  i n fl uence  the  l osses  i n  any associated  l ow-order harmon ic  f i l ters.  
These  l osses  can  be  substan tial ,  and  the  customer i s  advi sed  to  obtain  a  real i sti c  knowledge  
of  the i r  l i ke ly  l evel .  For such  a  l oss  calcu lati on ,  the  l evel  o f  negati ve  phase  sequence  vol tage  
used  shou ld  be  that  defi ned  for  the  assessment  of  harmon ic  performance.  
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4.4.6  Pre-existing  harmonic  d istortion  

Whether the  effects  of  pre-exi sti ng  harmon ic  d i stortion  shou ld  be  i ncluded  i n  the  l oss  
assessment  or  not  l argely  depends  on  the  requ i rements  of  the  performance  speci fi cation .  I f  i n  
the  assessment  of  performance  the  effects  of  pre-exi sti ng  harmon ic  d i stortion  are  to  be  
neg lected  (see  also  I EC  TR  62001 -1 :201 6,  7 . 1 . 6)  then  i t  i s  al so  appropriate  to  neg lect  them  
i n  l oss  assessment.  On  the  other  hand ,  where  the  performance  requ i rements  state  that  pre-
existi ng  harmon ic  d i stortion  shou ld  be  i ncluded ,  l osses  shou ld  al so  be  based  on  thei r  
considerati on .  

Where  the  converter  stati on  i ncludes  power e lectron ic  reactive  compensation ,  for  example  an  
stati c  var compensator (SVC) ,  as  part  o f  the  total  package,  such  plan t  may i tse l f  be  a  source  
of  harmon ic  cu rren t  generati on  and  to  comply wi th  the  performance  cri teria  may requ i re  
associated  harmon ic  f i l ters.  Nonetheless,  a  certain  l evel  o f  i ts  harmon ic  cu rren t  wi l l  f l ow i n to  
the  harmon ic  f i l ters  associated  d i rectly  wi th  the  converters  and  such  l evels  shou ld  al so  be  
taken  i n to  accoun t  i n  the i r  total  l oss  assessment.  

4.4.7  The  anticipated  load  profi le  of  the  converter station  

The  evaluati on  of  the  economic  cost  o f  l osses  from  the  AC  fi l ters  wi l l  be  heavi l y  dependen t  on  
the  expected  l oad  profi l e  for  the  converter  station ,  wh ich  al so  takes  i n to  accoun t  the  amoun t  
of  t ime  that  each  converter operates  i n  recti f i er  and  i nverter mode  ( for  bi -d i recti onal  
schemes)  and  operation  under " ready"  (or  "standby")  mode  cond i ti ons.  

Ready mode  i s  defi ned  as  the  cond i ti on  when  al l  the  equ ipment  necessary for  operation  of  
the  l i nk i s  l i ve  and  transmission  may be  establ i shed  by deblocking  the  valves.  I t  i s  al so  often  
termed  standby mode.  Load  l osses  are  those  correspond ing  to  the  operati on  of  the  l i nk at  any 
parti cu lar operating  cond i t i on  above  ready mode,  up  to  and  i nclud ing  fu l l  l oad .  

For certain  appl i cati ons,  i t  may be  a  requ i rement  that  i n  ready mode  a  m in imum  number of  
f i l ters  shou ld  be  connected  even  though  the  thyri stor  valves  are  blocked .  The  number of  
f i l ters  connected  for  such  cond i t i ons  wou ld  be  that  wh ich  sati sfies  the  harmon ic  performance  
requ i rements  for  the  m in imum  feasible  DC  l oad  cond i t i on  and  also  sati sfi es  the  reacti ve  
power balance  requ i rement.  

For each  l oad  cond i ti on  assessed ,  the  number of  AC  fi l ters  i n  servi ce  shou ld  be  consi sten t  
wi th  the  performance  and  reactive  power balance  requ i rements  and  the  total  l osses  shou ld  
be  determ ined  for  consisten t  operati ng  parameters  (such  as  delay ang le) .  

The  l osses  for  each  of  the  i nd ivi dual  l oad ing  cond i ti ons  may then  be  weigh ted  wi th  su i table  
factors  representati ve  of  the  an ti cipated  operati ng  profi l e  to  determ ine  the  total  equ ivalen t  
l osses.  I t  shou ld  however be  noted  that  depend ing  on  the  approach  adopted  by the  customer 
for evaluating  the  cost  o f  l osses,  l osses  at  fundamental  and  harmon ic  frequencies  may be  
weigh ted  d i fferen tly,  as  may be  those  for  ready mode  and  l oad  l osses.  

5  Design  issues and  special  appl ications  

5.1  General  

Clause  5  provides  some  gu idance  regard ing  a  se lecti on  of  more  advanced  design  i ssues  and  
some  special  f i l ter  appl i cati ons,  always  wi th  reference  to  conventional  passive  AC  fi l ters.  
Newer technolog ies,  for  example  acti ve  fi l teri ng ,  are  described  i n  I EC  TR  62001 -1 :201 6,  
C lause  1 0 .  

Experience  from  numerous  HVDC schemes  i s  condensed  i n  the  fo l l owing .  The  subjects  
d i scussed  i nclude  topics  wh ich  have  ari sen  i n  a  number of  pro jects,  as  wel l  as  some  more  
unusual  appl i cati ons.  
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Some  of  these  topics  may have  an  impact  on  the  word ing  of  the  customer’s  techn ical  
speci fi cati on ,  bu t  most  are  i ncluded  i n  order to  assi st  the  customer du ri ng  the  bid  evaluation  
stage  and  subsequent  d i scussions  wi th  the  bidders  and  l ater the  con tractor.  

5.2  Performance aspects  

5.2.1  Low order harmonic  fi l tering  and  resonance condi tions  wi th  AC system  

The  mechan ism  of  generati ng  non -characteri sti c  l ow-order harmon ics  i s  wel l  known  and  
described  i n  I EC  TR  62001 -1 :201 6,  C lause  5 .  The  parti cu lar  i n fl uence  of  negati ve  sequence  
vol tage  on  the  generation  of  3 rd  harmon ic  i s  treated  i n  I EC  TR  62001 -1 :201 6,  5 . 4. 6.  

Harmon ic  AC  fi l ters  tuned  for  the  characteri sti c  1 2-pu lse  harmon ics  behave  as  a  capaci t i ve  
impedance  at  l ower frequencies.  By natu re  the  AC  system  harmon ic  impedance,  wh ich  i s  i n  
paral l e l  wi th  the  fi l ter  impedance,  creates  paral le l  resonance  phenomena at  converter  
busbars.  I n  some  HVDC schemes,  therefore,  l ow-order harmon ic  f i l ters  have  been  i nstal l ed  to  
damp such  resonance  (CIGRE  WG  1 4. 03)  and  to  l im i t  the  d i stortion  generated  by some  non-
characteri sti c  harmon ics  from  the  converters.  

From  experience,  such  types  of  f i l ters  are  extremely expensive,  and  due  to  the  normal l y  l ow 
Mvar rati ng  of  the  f i l ter  capaci tors  (wh ich  themselves  are  expensive)  and  the  l ow tun ing  
frequency of  the  ci rcu i ts ,  the  fi l ter  reactors  need  to  be  designed  wi th  unusual l y  h i gh  
i nductance  values  and  fundamental  frequency rati ngs.  Add i ti onal l y,  the  l osses,  i f  damping  
resistors  are  provided ,  are  re lati vely  h i gh .  

Th i s  type  of  f i l ter  may need  to  be  i n  service  over the  whole  range  of  converter l oad .  
Consideri ng  the  reacti ve  power requ i rements,  th i s  wou ld  have  an  impact  on  the  number of  
m in imum  fi l ters  possible  at  l i gh t  l oad  cond i ti ons  and  i ncrease  the  reactive  power exchange  
wi th  the  AC  system.  I n  some  schemes  th i s  su rplus  has  been  compensated  wi th  add i ti onal  
shun t  reactors,  wh i l e  some  other schemes  operate  the  converters  wi th  i ncreased  fi ri ng  ang les  
and  h i gher reacti ve  power consumption .  

The  accurate  model l i ng  of  the  harmon ic  AC  system  impedances  at  the  second  and  th i rd  
harmon ic  i s  importan t  i n  order  not  to  overdesign  such  l ow order f i l ters.  For harmon ics  below 
the  1 1 th  order,  a  detai led  and  accurate  represen tati on  i s  recommended  to  ensu re  that  
magn i fi cati on  of  harmon ics  i s  damped  ou t  to  the  optimum.  I f  th i s  i s  not  possible  du ri ng  the  
plann ing  stage  some  fl exibi l i ty  and  al l owance  for  ri sk shou ld  be  g iven  to  the  con tractor to  
study th is  phenomenon  du ring  pro ject  execu tion  and  to  m i ti gate  any problem  under h i s  own  
responsibi l i ty  at  a  l ater  stage  of  the  pro ject.  I n  some  cases,  converter con tro l  wi th  special  
featu res  cou ld  be  used  as  a  so lu tion  for  l ow order harmon ics  problems  i nstead  of  expensive  
harmon ic  f i l ters  (CIGRE  WG1 4.03/cc. 02  (JTF 01 ) ) .  

I t  i s  al so  vi tal  to  model  accu rately  the  harmon ic  i n teracti on  between  AC  and  DC  s ides  of  the  
converter,  and  the  i n fl uence  of  the  converter con tro l  system,  when  determ in ing  the  need  for,  
or  the  design  of,  such  l ow-order f i l ters  (see  IEC  TR  62001 -3:—,  C lause  3) .  I gnori ng  these  
factors  can  resu l t  i n  complete ly  m is lead ing  conclusions,  and  possibly  the  unnecessary 
speci fi cati on  for  a  l ow-order f i l ter  to  be  i nstal led .  

A major d i sadvan tage  of  l ow order f i l ters  (3 rd  harmon ic,  or  3 /5 th  for  example) ,  i s  that  they are  
l oaded  not  on ly  by cu rren ts  from  the  converter,  bu t  al so  from  other harmon ic  sou rces  i n  the  
AC  system.  Often  such  sou rces  are  not  the  responsibi l i ty  o f  or  under the  con trol  o f  the  
customer,  may not  be  fi l tered  l ocal l y,  and  thei r  magn i tude  i s  not  known .  They may al so  have  
come  on  l i ne  due  to  i ndustrial  development  taking  place  after the  design  of  the  HVDC station .  
The  cu rren ts  from  such  sou rces  may,  fu rthermore,  be  magn i fi ed  by  resonances  wi th i n  the  AC  
network.  I t  i s  therefore  d i ffi cu l t  to  pred ict  how much  network harmon ic  cu rren t  may fl ow i n  the  
l ow-order f i l ters,  and  i n  the  past  l ow-order f i l ters  have  been  tri pped  or  damaged  due  to  such  
overloads.  Over-rating  of  the  f i l ters  i s  the  on ly  so lu ti on ,  bu t  i t  i s  d i ffi cu l t  to  pred ict  how much  
over-rati ng  i s  needed  to  ensure  securi ty,  and  the  fi l ters  can  become very expensive.  
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I t  i s  therefore  advi sable  to  expend  considerable  efforts,  i f  necessary,  i n  s tudying  l ow-order 
harmon ic  problems  us ing  accurate  model l i ng ,  i n  order to  try  to  avoid  the  necessi ty  of  
i nstal l i ng  l ow-order f i l ters .  The  customer shou ld  be  aware  of  the  i ssues  and  be  prepared  to  
d i scuss  wi th  b idders  any aspects  of  the  techn ical  speci fi cation ,  for  example  the  prescribed  
AC  system  impedance  envelope,  l evel  o f  speci fi ed  negative  sequence  vo l tage  or  i nd i vi dual  
harmon ics  vo l tage  l im i ts ,  wh ich  may force  the  con tractor  to  i nclude  l ow-order f i l ter  branches  
i n  the  design .  

5.2.2  Defin i tion  of  in terference factors  to  include harmonics  up  to  5  kHz  

I n  most  techn ical  speci fi cations,  the  maximum  harmon ic  order  to  be  considered  for  AC  fi l ter  
performance  i s  the  50th .  However,  a  few speci fi cations  have  extended  the  range  to  be  
considered  up  to  the  83 rd  harmon ic  at  60  Hz,  i . e .  5  kHz.  The  impact  on  the  f i l ter  design  and  
costs  when  consideri ng  harmon ics  h i gher than  the  order  of  50  can  be  s i gn i fi can t,  and  carefu l  
consideration  shou ld  be  g iven  by the  customer before  making  such  a  requ i rement.  

Standard  commun icati on  on  analogue  te lephone  l i nes  shou ld  not  be  s i gn i fi can tly  affected  i n  
th i s  upper frequency band  between  the  50 th  harmon ic  and  5  kHz  by the  l evel  of  harmon ics  
actual l y  generated  by the  HVDC converters.  However,  i f  the  AC  fi l ter  design  does  not  i nclude  
h igh -pass  damped  fi l ters,  then  poten tial  resonance  cond i t i ons  between  tuned  AC  fi l ters  and  
the  AC  system  cou ld  be  created .  These  wou ld  need  to  be  stud ied  i n  order to  avoid  excessive  
i n terference  i n  the  nearby commun ication  systems.  To  obtain  real i sti c  resu l ts  of  such  stud ies,  
proper model l i ng  of  frequency dependence  for  the  major componen ts  such  as  l i nes,  
transformers  and  l oads  i s  o f  g reat  importance.  However,  the  frequency dependence  i s  l argely  
unknown  i n  th i s  upper frequency range  and  so  such  detai l ed  stud ies  are  general l y  not  
feasible.  

I f  h i gh -pass  damped  f i l ters  are  used  i n  the  converter  stati ons,  the  h i gher order harmon ics  
i n jected  i n to  the  AC  system  wi l l  be  neg l i g ible.  However,  the  use  of  h i gh -pass  fi l ters  l arge  
enough  and  wi th  su ffi ci en t  damping  to  sati sfy  stri ngen t  performance  cri teria  over th i s  
extended  frequency range  may i ncrease  the  f i l ter  costs  and  l osses  s i gn i fi can tl y.  

The  customer i s  therefore  faced  wi th  a  d i l emma – i f  the  techn ical  speci fi cation  l im i ts  the  
performance  requ i rements  to  the  50 th  harmon ic,  then  the  bi dders  may fi nd  that  the  most  
competi t i ve  fi l ter  design  i s  one  us ing  double- tuned  fi l ters  at  the  characteri sti c  harmon ics,  wi th  
an  i nductive  impedance  at  frequencies  above  the  50 th  harmon ic.  Such  a  design  wou ld  fu l fi l  
the  speci fi ed  requ i rements,  bu t  cou ld  create  a  resonance  wi th  the  AC  system  at  h i gher 
frequencies,  ampl i fyi ng  harmon ics  wh ich  wou ld  otherwise  be  neg l i g ible.  

I f  however the  customer extends  the  frequency range  to  say the  83 rd  order at  60  Hz  (or  1 00 th  
o rder at  50  Hz) ,  and  i f  the  l evels  of  speci fi ed  te lephone  i n terference  factor (TIF) ,  e tc.  are  
those  typical l y  used  for  schemes  wi th  a  maximum  harmon ic  order  of  50 ,  then  rather  l arge  and  
h igh ly  damped  fi l ters  may be  needed ,  at  a  considerable  extra cost.  

The  customer shou ld  therefore  consider the  options  carefu l l y  before  extend ing  the  speci fi ed  
frequency range  for  AC  fi l ter  performance  above  the  50 th  o rder.  Two  possible  al ternati ve  
approaches  cou ld  be  considered :  

•  speci fy  performance  requ i rements  on ly  up  to  the  50 th  harmon ic,  bu t  speci fy i n  add i t i on  
that  the  AC  fi l ters  shou ld  have  a  damped  characteri sti c  above  the  50th  (possibly  al so  
defi n ing  the  maximum  perm i tted  f i l ter  impedance  phase  ang le  perm i tted  at  harmon ics  
above  the  50 th ) ;  or  

•  speci fy  performance  requ i rements  up  to  the  83 rd  order,  bu t  i ncrease  the  maximum  l im i ts  
for  TIF,  te lephone  harmon ic  form  factor (THFF)  or the  product  of  RMS cu rren t  I and  TIF  
( I T product)  accord ing ly,  i n  order to  avoid  an  unnecessari l y  expensive  fi l ter  design .  

5.2.3  Triple-tuned  fi l ter  ci rcu i ts  

Double-tuned  f i l ter  ci rcu i ts  have  been  establ i shed  i n  the  past  as  a  standard  design  for  
passive  AC  fi l ters,  as  the  savings  i n  the  h i gh  vo l tage  capaci tor  banks  and  AC  swi tchgear 



 – 32  – I EC  TR  62001 -4:201 6  © IEC  201 6  

j usti fy  a  f i l ter  design  wi th  more  than  one  tun ing  frequency.  I n  certain  ci rcumstances,  fu rther 
optim ization  may be  possible  i f  more  than  two  tun ing  frequencies  can  be  ach ieved .  I n  tenders  
for  recen t  pro jects,  manu factu rers  have  i den ti fi ed  a  cost  saving  advan tage  i f  tri ple- tuned  
f i l ters  cou ld  be  provided  (see  also  I EC  TR  62001 -1 :201 6,  6 . 4. 3) .  

I n  the  past,  the  i n troduction  of  tri ple- tuned  AC  fi l ters  has  been  resisted ,  main ly  on  the  
g rounds  that  on  s i te- tun ing  wou ld  be  d i ffi cu l t.  However,  the  use  of  modern  i nstruments  
e l im inates  any serious  d i ffi cu l ti es .  Tun ing  i s  s ti l l  more  compl i cated  than  for  s i ng le-  or  double-
tuned  f i l ters,  bu t  i s  qu i te  feas ible.  Moreover,  i f  the  f i l ter  i s  designed  so  that  sharp  tun ing  i s  
on ly  requ i red  at  one  of  the  frequencies,  wi th  broad-band  damped  characteri sti cs  at  the  other 
two  frequencies,  then  su ffi ci en tl y  accurate  tun ing  can  be  read i l y  ach ieved .  

A tri ple- tuned  f i l ter  wi l l  general l y  be  attracti ve  i f  the  al ternati ve  design  requ i res  smal l  f i l ter  
bank s i zes  at  an  extremely h i gh  AC  system  vol tage.  I n  order  to  ach ieve  an  economical  design  
of  HV capaci tor,  i t  i s  then  desi rable  to  f i l ter  several  major converter harmon ics  wi th i n  one  
f i l ter  bank.  I f  necessary,  h i gh -pass  characteri sti cs  can  be  implemented  wi th  add i ti onal  
damping  resi stors.  

The  fo l l owing  requ i rements  can  also  l ead  to  a  tri ple- tuned  fi l ter  be ing  considered  as  a  
so lu tion :  

•  operati onal  requ i rements  for  reacti ve  power con trol  wi th i n  narrow l im i ts ;  

•  combination  of  s tri ngen t  THFF or  TIF  vol tage  d i stortion  combined  s imu l taneously  wi th  l ow 
I T product  l im i ts;  

•  m i n im iz i ng  f i l ter  reacti ve  power i nstal lati on  close  to  generators;  

•  l ow order f i l teri ng  combined  wi th  a  1 2/24 th  harmon ic  f i l ter;  

•  saving  i n  AC  swi tchgear and  space;  

•  l ower reacti ve  power of  a  3 /1 2/24 th  harmon ic  f i l ter  at  l i gh t  l oad  cond i t i ons  compared  to  a  
3 rd  harmon ic  +  1 2/24 th  harmon ic  ci rcu i t,  thus  reducing  the  need  for  shun t  reactors;  

•  h i gher redundancy for  al l  types  of  f i l ter  u sed .  

Possible  d i sadvantages  to  be  considered  (see  also  IEC  TR  62001 -1 :201 6,  6 . 4. 3) ,  apart  from  
the  more  compl i cated  on -si te  tun ing ,  are  as  fo l l ows:  

•  sensi t i vi ty  of  the  tun ing  to  blown  capaci tor  fuses;  

•  n umber of  cu rren t  transformers  (CTs)  requ i red  to  ensure  protecti on  of  al l  componen ts,  or  
possible  overrati ng  of  unprotected  l ow vo l tage  componen ts.  

The  customer and  con tractor  shou ld  therefore  take  al l  these  factors  i n to  accoun t  and  g i ve  
serious  consideration  to  whether the  use  of  tri ple- tuned  f i l ters  wou ld  provide  the  most  
economic  so lu tion .  

5.2.4  Harmonic  AC fi l ters  on  tertiary wind ing  of  converter transformers  

Some HVDC converters  up  to  a  rated  power of  approximately  200  MW to  300  MW have  been  
arranged  wi th  harmon ic  AC  fi l ters  connected  to  a  terti ary wind ing  of  the  converter 
transformers,  for  example  B lackwater,  McNei l l  and  Vyborg  HVDC converter  stations.  

Savings  can  be  expected  i n  the  space  and  i nvestment  costs  of  the  fi l ter  ci rcu i ts ,  i nclud ing  the  
AC  fi l ter  breakers,  because  the  l im i tations  on  economic  m in imum  capaci tor  bank rati ng  are  
reduced  by employing  a  l ower connection  vo l tage.  I n  add i t i on ,  i den ti cal  vo l tage  and  Mvar 
design  of  the  componen ts  for  both  recti fi er  and  i nverter s i de  can  save  costs  i n  provid i ng  a  
m in im ized  number of  spare  i tems  for  the  converter  station .  Fu rther,  wi th  th i s  so lu tion  the  f i l ter  
reactors  can  be  connected  i n  the  l i ne  s i de  of  the  terti ary fi l ter.  Then ,  the  f i l ter  main  capaci tor  
can  be  made  i n  a  s imple  th ree-phase  arrangement,  s impl i fyi ng  the  AC  fi l ter  protecti on  
compared  to  a  conventional  HV fi l ter  design .  
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Consideration  shou ld  be  g iven  to  f i l ter  ou tages.  Any spare  or  redundan t  f i l teri ng  has  to  be  
provided  on  a  per- transformer rather than  a  per-stati on  basi s ,  and  th i s  can  s i gn i fi can tl y  
reduce  any cost  advantage.  Fi l ters  may be  shared  by the  use  of  o ff- l oad  d i sconnectors  to  
al l ow shari ng  wi thou t  i ncreasing  fau l t  l evels .  

Wi th  th i s  so lu ti on ,  the  series  connected  transformer impedance  between  the  fi l ter  and  the  HV 
system  s i de  reduces  the  con tribu tion  of  the  h i gher order  harmon ics  and  th i s  can  s impl i fy  the  
f i l ter  arrangement  (h i gh -pass  f i l ters  on ly  being  needed  for  h i gher frequencies) .  I f  shun t  
reactors  are  requ i red ,  the  tertiary busbar connection  ( typical  vo l tage  range  between  30  kV 
and  60  kV) ,  al l ows  ai r  core  type  reactors  to  be  provided ,  wh ich  are  probably more  economical  
compared  to  o i l  immersed  type  HV shun t  reactors.  

The  transformer costs  compared  to  a  conven tional  scheme  wi l l  s l i gh tl y  i ncrease  and  the  
savings  i n  the  fi l ter  areas  have  to  be  compared  against  th i s ,  to  determ ine  the  optimum  
solu ti on .  The  fo l l owing  aspects  re lati ng  to  the  converter transformer shou ld  al so  be  taken  i n to  
accoun t.  

•  The  add i ti onal  tertiary wind ing  has  to  be  designed  for  the  short  ci rcu i t  du ty and  has  a  
re lati vely  l ow l eakage  impedance  from  tertiary to  the  HV bus  wind ing .  

•  The  transformer re l iabi l i ty  wi l l  be  l ower.  

•  The  fou r wind ing  converter transformer i s  not  a  s tandard i zed  i tem  of  equ ipment  and  for  
system  stud ies  a  detai led  transformer model  needs  to  be  developed  by the  con tractor  to  
prove  al l  the  assumptions  and  rati ngs.  

•  The  converter transformer impedance  selection  has  to  refl ect  the  requ i rement  to  l im i t  the  
short  ci rcu i t  cu rren ts  to  acceptable  l im i ts;  bu t  on  the  other  hand  the  choice  of  the  
transformer impedances  has  an  impact  on  the  overal l  harmon ic  performance  of  the  AC  
fi l ters  and  needs  to  be  chosen  i n  such  a  way that  resonances  between  the  fi l ter  ci rcu i ts  
and  the  AC  system  are  damped  ou t  to  a  m in imum.  

•  The  vol tage  profi l e  at  the  tertiary fi l ter  busbars  has  to  be  considered  when  calcu lati ng  the  
reacti ve  power compensation ,  and  i n  general  a  l arger reactive  compensation  wi l l  be  
requ i red  than  i f  f i l ters  were  i nstal led  on  the  h i gh  vo l tage  bus.  

5.3  Rating  aspects  

5.3.1  Limi ting  h igh  harmonic  currents  in  paral lel -resonant  fi l ter  ci rcu i ts  

Double-tuned  or  tri ple- tuned  fi l ters  i nclude  paral l e l  resonan t  ci rcu i ts ,  wh ich  create  the  an ti -
resonance  po in ts  between  the  tuned  frequencies.  For the  componen t  cu rren t  and  vo l tage  
rati ngs  of  these  ci rcu i ts  the  damping  at  harmon ic  frequencies  i s  an  importan t  factor.  Un less  a  
separate  damping  resi stor i s  i ncluded  i n  the  ci rcu i t,  the  ci rcu lati ng  harmon ic  cu rren t  i s  l im i ted  
main ly  by the  resi stance  of  the  reactor.  Optim ization  between  the  feasibi l i ty  o f  provid ing  L-C  
componen ts  wi th  h i gh  harmon ic  cu rren t  rati ngs  and  the  al ternati ve  of  l oss  i n tensive  resi sti ve  
damping  i s  one  of  the  major  tasks  for  the  fi l ter  designer.  

An  i terati ve  design  procedure  i s  requ i red ,  s i nce  i f  the  reactor qual i ty  factor changes,  the  
cu rren t  and  vo l tage  rati ngs  i n  the  paral le l  resonance  ci rcu i t  can  vary s i gn i fi can tly.  C lose  co-
operation  between  the  system  designer and  the  componen t  manu factu rer i s  needed  to  obtain  
an  economic  componen t  design .  

I f  i n  special  cases,  the  qual i ty  factor  of  the  reactors  has  to  be  reduced  beyond  what  i s  
possible  wi th i n  the  reactor i tse l f,  an  add i ti onal  series  damping  resistor can  be  connected  to  
the  fi l ter  reactor coi l  or  to  the  fi l ter  capaci tor.  

5.3.2  Transient  ratings  of  paral lel  ci rcu i ts  in  mu l tiple  tuned  fi l ters  

For double- tuned  and  triple- tuned  fi l ters,  experience  has  shown  that  the  transien t  rati ngs  of  
the  components  of  the  l ow vo l tage  tun ing  ci rcu i ts  are  of  major  importance  i n  the  fi l ter  design .  
Therefore  i t  i s  recommended  to  i nclude  represen tati ve  osci l l og rams  for  the  worst-case  
transien t  vo l tage  stresses  i n  the  re levan t  component  speci fi cati ons.  
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I n  some cases  wi th  extreme  l ow damping  i n  the  ci rcu i t,  vo l tage  osci l l ati ons  have  to  be  
considered  for  the  deci s ive  vo l tage- time  cu rve  for  the  capaci tor  vo l tage  rati ngs,  for  example  
NEMA characteri sti cs.  The  transien t  vol tages  across  capaci tors  are  used  to  design  for  the  
d ie lectri c  s tresses  i ns ide  the  capaci tor  un i ts .  

For  l ow order harmon ic  f i l ters,  extreme  magn i tudes  of  transien t  l ow order harmon ic  cu rren ts  
and  vo l tages  can  occur due  to  the  harmon ic  cu rren t  i n jecti on  caused  by transformer 
satu ration  effects.  For such  fi l ter  componen ts,  the  transien t  rati ngs  i n  terms  of  cu rren ts,  
vo l tages  and  energy d i ssipati ons  may be  the  decis i ve  cases.  I t  i s  the  responsibi l i ty  o f  the  
con tractor to  defi ne  these  rati ngs  and  to  prove  that  the  fi l ter  design  i s  adequate.  The  worst  
case  for  the  d i fferen t  componen ts  has  to  be  se lected  ou t  of  various  study cases  varying  fau l t  
i n i t i ati on ,  fau l t  du rati on  and  fau l t  cleari ng  scenarios  for  d i fferen t  l oad ing  and  AC  system  
cond i ti ons.  

5.3.3  Overload  protection  of  h igh-pass  harmonic  fi l ter  resistors  

I f  res istors  are  provided  i n  h i gh -pass  fi l ters,  d i fferen t  cases  of  overload  cond i t i ons  can  stress  
the  resistors  du ri ng  emergency s i tuati ons.  Such  cases  need  to  be  checked  against  the  
protective  scheme and  the  short- time  overload  rati ngs  of  the  resistors.  Typical  examples  are  

•  m i smatch  of  f i l ter  con figu rati on  versus  l oad ,  

•  i n ternal  fau l ts  or  i n terrupti ons  i n  the  fi l ter  ci rcu i t ,  

•  converter maloperation ,  

•  frequency deviati on  during  emergency system  cond i ti ons,  and  

•  fu tu re  mod i fi cati on  of  the  AC  system  impedance,  l ead ing  to  f i l ter-AC  system  resonance.  

I n  some HVDC schemes,  the  resi stors  are  not  d i rectl y  protected  by thei r  own  cu rren t  
transformer.  Some  manu factu rers’  protecti ve  schemes  i nclude  the  abi l i ty  to  calcu late  the  
resi stor stresses  from  other  values  measured  wi th i n  the  f i l ter  ci rcu i t,  as  i npu t  to  the  protecti ve  
re laying  scheme.  However,  i f  requ i red ,  i t  i s  al so  possible  to  provide  an  add i ti onal  res i stor 
cu rren t  transformer and  the  re lated  protection  functi ons.  I t  i s  recommended  to  i nclude  i n  the  
speci fi cati on  the  requ i rement  for  speci fi c  res istor protecti on  bu t  request  the  bidder to  
propose,  as  an  al ternative,  another so lu ti on  i n  accordance  wi th  h i s  practi cal  experience  and  
design  ph i l osophy,  to  be  d i scussed  du ri ng  the  bi d  evaluati on  process.  

5.3.4  Back-to-back swi tch ing  of  fi l ters  or  shunt  capaci tors  

Back-to-back swi tch ing  refers  to  swi tch ing  one  fi l ter  or  shun t  capaci tor  bank on  a  bus  to  
wh ich  one  or  more  other  bank(s)  are  connected .  Such  swi tch ing  tends  to  cause  h i gh  i n rush  
cu rren t  i n  the  fi l ter  or  capaci tor  bank being  swi tched  i n .  

I f  tuned  fi l ters  are  used ,  the  tun ing  reactors  are  su ffi ci en t  to  l im i t  these  i n rush  cu rren ts.  I f  one  
or  more  shun t  capaci tors  i n  paral l e l  are  i ncluded  i n  the  design ,  i t  i s  recommended  to  provide  
add i ti onal  cu rren t  l im i t i ng  reactors  i n  the  shun t  capaci tor  banks  to  damp the  d i scharge  
between  the  i nd ivi dual  branches.  For ci rcu i t  breaker design  aspects  refer  to  9 . 7.  

Another add i ti onal  advantage  cou ld  be  ach ieved ,  i f  the  cu rren t  l im i t i ng  reactors  are  chosen  so  
that  the  shunt  capaci tor  banks  are  tuned  to  some h igher order  characteri sti c  harmon ics  or  
al ternatively  – i n  case  on ly  1 2 th /24 th  f i l ters  are  i nstal l ed  – to  a  frequency s l i gh tly  l ower than  
the  35 th .  By th i s  means,  paral le l  resonances  between  the  fi l ters  and  the  shun t  capaci tor  wi l l  
avoid  al l  characteri sti c  1 2-pu lse  harmon ics  h i gher than  the  25 th  and  can  be  sh i fted  to  non -
cri t i cal  frequencies.  

5.3.5  Short  t ime overload  – reasonable  speci fication  of  requ i rements  

Subclause  5 . 3 . 5  d i scusses  how far i nheren t  short  t ime  overload ing  of  the  fi l ters  due  to  
system  emergencies  shou ld  be  reasonably  speci fi ed .  Short  t ime  overload  for  f i l ter  
componen ts  can  be  caused  by one  or  more  of  the  fo l l owing  system  emergency cond i t i ons:  
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•  short  t ime  overvol tages  i n  the  AC  system;  

•  short  t ime  AC  system  frequency deviati ons;  

•  short  t ime  overload  of  the  HVDC converters .  

Al l  combinations  of  frequency excursions,  detun ing  of  f i l ter  componen ts  and  AC  bus  vo l tage  
l evels  need  to  be  stud ied  to  determ ine  the  worst-case  l oad ing  cond i t i ons.  

As  an  example,  typical  short  t ime  du rati ons  to  be  considered  can  be  classi fi ed  as:  

Normal  system  cond i ti ons:  1 0  m in  to  2  h  du ration  

D istu rbed  system  cond i ti ons:  1  m in  to  1 0  m in  du ration  

Emergency system  cond i ti ons:  1  s  to  60  s  du ration  

Also,  when  design ing  fi l ter  componen ts  for  al l  these  requ i rements  wi th  respect  to  l i fetime  and  
ri sk,  a  reasonable  du ty cycle  shou ld  be  clearly  defi ned .  These  defi n i t i ons  shou ld  al so  refl ect  
the  i n i t i al  and  fo l l ow-up system  cond i ti ons  for  the  system  du ty cycles.  

Evidently,  i t  wou ld  be  desi rable  that  the  deci s ive  rati ng  of  f i l ter  componen ts  shou ld  not  be  
determ ined  by abnormal  s i tuati ons  of  short- time  du rati on .  Often ,  f i l ter  componen ts  properly  
rated  for  s teady-state  cond i t i ons  wi l l  al so  wi thstand  short- time  cond i ti ons.  However,  these  
cond i ti ons  shou ld  be  calcu lated  and  the  short- time  capabi l i ty  of  the  f i l ter  componen ts  
checked .  

I n  the  even t  that  the  short- t ime  cond i t i on  proves  to  be  deci s i ve,  the  customer and  con tractor  
together shou ld  consider whether i t  i s  economical l y  reasonable  to  speci fy  the  fi l ter  for  the  
short- time  cond i t i on  i n  question ,  or  whether i n  such  a  possibly  un l i kely  even t  the  f i l ter  shou ld  
be  al l owed  to  tri p.  The  probabi l i ty  of  the  combination  of  short- t ime  cond i ti ons  wi th  maximum  
detun ing  cond i ti ons  shou ld  al so  be  questi oned .  

The  effect  o f  short  t ime  l oad ing  on  the  various  fi l ter  componen ts  i s  d i scussed  below.  

a)  Fi l ter  capaci tors  

Short  t ime  fundamental  frequency overvol tages  may be  deci s ive  for  the  vo l tage  rati ng  of  
the  capaci tors.  Due  to  thei r  worst-case  harmon ic  vo l tage  l oad ing ,  capaci tors  i nclude  some  
i nheren t  overvol tage  capabi l i t i es  as  l ong  as  both  maximum  harmon ic  vo l tage  rati ngs  and  
short  t ime  overvol tage  do  not  occu r at  the  same  moment.  I f  both  the  steady state  
harmon ic  rati ngs  and  the  short  t ime  system  overvol tages  are  superimposed,  the  sum  of  
both  shou ld  be  refl ected  wi th in  the  vo l tage- time  characteri sti c  of  the  capaci tor.  

The  short  t ime  system  frequency range  shou ld  be  considered  when  calcu lati ng  the  
maximum  fundamental  frequency vol tages  and  cu rren ts  across  and  wi th i n  the  f i l ter  
capaci tors  wi th  the  fi l ter  detuned  to  the  m in imum/maximum  exten t.  Th is  may i nclude  
ou tages  of  capaci tor  un i ts  and  the  worst-case  to lerances  assumed  for  the  rati ng  
calcu lati ons  l ead ing  to  the  h i ghest  vol tage  and  cu rren t  s tresses  for  the  capaci tors.  

The  vo l tage  and  cu rren t  rati ng  of  the  fi l ter  capaci tors  has  to  be  checked  against  the  short  
t ime  overload  operation  of  the  HVDC converters.  However,  normal ly,  for  converter 
overload  cond i ti ons  al l  f i l ters/shunt  capaci tors  are  energ ized ,  and  so  the  l oad ing  per  f i l ter  
i s  u sual l y  l ess  onerous  than  du ri ng  the  emergency cases  assuming  ou tages  of  f i l ter  
branches,  occu rring  at  partial  l oad ing  cond i ti ons,  wh ich  tend  to  determ ine  the  fi l ter  
rati ngs.  

b)  Fi l ter  reactors  

The  cu rren t  s tresses  are  of  g reatest  i n terest  for  the  fi l ter  reactors.  The  speci fi ed  steady 
state  rati ngs  need  to  be  checked  against  the  short  t ime  overload  stresses.  

c)  Fi l ter  res istors  

Fi l ter  res istors  are  the  componen ts  most  sensi ti ve  to  overload,  due  to  the  l oss  d i ss ipati on .  
The  overload  stresses  depend  on  al l  the  impacts  d i scussed  above.  I n  some recen t  



 – 36  – I EC  TR  62001 -4:201 6  © IEC  201 6  

pro jects  stud ies  showed  that  the  rati ng  of  the  resi stors  i s  the  cri t i cal  po in t  when  
considering  short  t ime  overloads.  

Detai l ed  calcu lati ons  are  necessary to  determ ine  the  worst-case  short  t ime  overload  of  
the  fi l ter  res istors.  

5.3.6  Low vol tage fi l ter  capaci tors  wi thout  fuses  

For double-  and  tri ple- tuned  fi l ter  arrangements,  the  l ow vol tage  capaci tors  are  general l y  not  
s tressed  by fundamental  frequency cu rren t  and  vo l tage.  Therefore  the  fuses  of  these  
capaci tors  need  to  be  designed  for  the  harmon ic  cu rren t  s tresses,  wh ich  vary depend ing  on  
the  l oad ing  cond i ti ons  of  the  converters  and  on  the  actual  number and  type  of  the  AC  fi l ters  i n  
service.  From  these  varying  l oad ing  cond i t i ons  the  fuse  operating  cu rren ts  have  to  be  co-
ord inated  wi th  the  maximum  worst-case  cu rren t  l oad ing  cond i t i ons  of  the  capaci tor  un i ts .  

For operati ng  cu rren ts  l ower than  the  rated  values,  the  fuses  wi l l  not  be  able  to  clear fai l ed  
capaci tor  un i ts  due  to  the  m issing  dom inating  fundamental  frequency componen t  i n  the  
cu rren t.  Therefore  i n  some HVDC projects,  l ow-vol tage  fi l ter  capaci tors  wi thou t  fuses  have  
been  used  for  paral le l  tun ing  ci rcu i ts .  I n  some  cases,  these  have  been  designed  for  extremely 
h i gh  harmon ic  cu rren t  rati ngs  (due  to  detun ing  and  ou tages  of  f i l ter  banks) .  For  example,  i n  
some  fi l ters,  1 1 th  and  1 3 th  harmon ic  cu rren t  rati ngs  up  to  approximately  1  000  A RMS for  l ow 
vo l tage  componen ts  of  double- tuned  fi l ters  have  been  requ i red .  

5.4  Fi l ters  for  special  purposes  

5.4.1  Harmonic  fi l ters  for  damping  transient  overvol tages  

I n  some HVDC pro jects ,  harmon ic  f i l ters  of  a  l ow-order type  are  used  for  both  steady state  
and  transien t  f i l teri ng .  Transien t  f i l ters  to  l im i t  temporary overvol tage  (TOV)  at  the  converter 
stati on  busbar can  be  used  for  l im i ti ng  the  satu ration  overvol tages  of  the  converter  
transformers  after AC  bus  fau l ts  or  l oad  re jecti on .  I f  the  short  ci rcu i t  l evel  at  the  AC  busbars  
i s  very l ow the  overvol tages  may be  qu i te  h i gh .  

During  transformer satu rati on  the  second  and  th i rd  harmon ic  transien t  overvol tages  caused  
by the  i n jected  harmon ic  transformer cu rren ts  can  be  h i gh ,  i f  the  AC  system  impedance  
resonates  wi th  the  AC  fi l ters  close  to  the  second  or  th i rd  harmon ic.  I n  th i s  case  the  fi l ters  
need  to  be  designed  to  absorb  a  h i gh  energy l evel  and  to  damp the  satu ration  overvol tages  
for  the  fi rst  t ime  peaks  before  other coun termeasures  such  as  f i l ter  tri pping  and  SVC 
operati on  can  be  i n i t i ated .  I t  i s  desi rable  to  hold  the  steady state  l oad  re jection  vo l tage  to  
between  1 , 1  p. u .  and  1 , 2  p. u .  compared  to  the  bus  vo l tage  pri or  to  the  fau l t.  

As  an  example,  for  the  1  000  MW Chateauguay HVDC converter stati on  two  fi l ter  banks  
(2  ×  1 35  MVAr 2nd  harmon ic  h i gh -pass  f i l ters)  have  been  i nstal led .  Special  design  stud ies  
were  execu ted  for  determ ination  of  the  amoun t  of  energy to  be  d i ss ipated  i n  f i l ter  res istors  
and  fi l ter  arresters.  

5.4.2  Non-l inear fi l ters  for  low order harmonics/transient  overvol tages 

Non- l i near f i l ters  can  be  requ i red  to  be  designed  for  two  d i fferen t  f i l teri ng  performance  
requ i rements.  These  two  requ i rements  are  fi l teri ng  of  harmon ics  i n  the  steady state  range,  
and  transien t  f i l teri ng  of  non-characteri sti c  harmon ics  du ring  fau l t  recovery cond i t i ons  i n  
order to  damp/l im i t  transien t  and/or  temporary  overvol tages.  The  non - l i near characteri sti cs  of  
th i s  f i l ter  are  created  by connecti ng  non - l i near metal -oxide  arresters  i n  series  wi th  other f i l ter  
tun ing  devices.  

As  an  al ternati ve  approach  to  that  d i scussed  i n  5 . 4. 1  above,  a  special  f i l ter  was  designed  and  
successfu l l y  commissioned  i n  Austria  for  the  Dürnrohr and  Vienna Sou th -East  HVDC 
converter stati on .  For  one  parti cu lar AC  system  con figu rati on ,  various  stud ies  were  carri ed  
ou t  to  detect  the  worst-case  scenario  for  temporary and  transien t  overvol tages.  The  damping  
i n  the  AC  system  was  re lati vely  l ow,  and  therefore  l ow order harmon ic  overvol tages,  
superimposed  on  the  fundamental  frequency overvol tages,  were  caused  by transformer 
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satu rati on  phenomena and  ampl i fi ed  by the  l ow damping  of  the  AC  system  du ri ng  l ow short-
ci rcu i t  rati o  (SCR)  operating  cond i ti ons  of  the  AC  system.  These  overvol tages  occurred  
almost  undamped  and  the  AC  breakers  seemed  to  be  i nsu ffi cien t  to  cl ear  against  these  fau l t  
overvol tages.  Stud ies  recommended  the  i nstal lati on  of  a  SVC combined  wi th  l ow order 
harmon ic  f i l ters,  to  l im i t  the  transien t  and  temporary overvol tages  i nclud ing  transformer 
satu ration  phenomena.  

The  deci s ion  for  the  Vienna Sou theast  and  Dü rnrohr  stations  was  to  i nstal l  a  non - l i near f i l ter  
for  the  2nd  and  3 rd  harmon ic  wi th  the  f i l ter  arrangement  as  shown  i n  Fi gu re  6 .  Th is  f i l ter  
arrangement  has  practi cal l y  no  l osses  at  fundamental  frequency and  i nserts  i ts  f i l teri ng  
capabi l i ty  from  a certain  tri gger  l evel  (determ ined  by the  arrester  arrangement) .  A g roup  of  
paral le l  connected  arresters  i ns ide  the  fi l ter  con fi gu ration  con tro ls  the  steady state  and  
transien t  impedance  of  the  fi l ter.  The  arresters  have  been  designed  for  the  worst-case  energy 
d i ss ipation  du ri ng  fau l t  cond i t i ons.  

 

Figure  6  – Non-l inear  low order fi l ter  for  Vienna Southeast  HVDC station  

5.4.3  Series  fi l ters  for  HVDC converter stations  

Existi ng  experience  i n  AC  harmon ic  f i l teri ng  i s  based  almost  en ti re ly  on  the  use  of  shun t  type  
f i l ters.  Some  detai led  i nvesti gations  have  been  carri ed  ou t  i n  the  use  of  a  m ixed  con figu rati on  
of  series  and  shun t  f i l ters  for  I taipu  and  one  actual  appl i cation ,  i n  the  U ruguaiana back- to-
back station  i n  Brazi l ,  has  g i ven  good  operati onal  experience.  

A series  f i l ter  i s  functional l y  s im i lar  to  the  wave  trap  used  i n  power l i ne  carri er  appl i cations  
and  i s  bu i l t  wi th  an  i nductor  ( i n  the  range  of  1  mH  to  2  mH)  i n  paral l e l  wi th  a  series-connected  
capaci tor  pl us  res istor (Fi gu re  7) ,  tuned  to  a  s i ng le  resonance  frequency.  I f  several  
resonance  frequencies  are  requ i red ,  a  number of  such  f i l ter  ci rcu i ts  can  be  cascaded  i n  
series,  each  of  them  tuned  to  a  parti cu lar harmon ic  frequency.  Mu l t iple- tuned  series  fi l ters  
(Fi gu re  8)  can  also  be  used ,  presenting  two  or  more  impedance  peaks  ( impedance  peaks  for  
carrier  and/or  for  rad io  frequency may also  be  i ncluded  i f  necessary) .  A damped  band-stop  
characteri sti c  can  al so  be  ach ieved  to  f i l ter  a  range  of  h i gher order harmon ics.  

The  above  men tioned  i nvestigations  have  i nd i cated  that,  consideri ng  the  converter  as  a  
sou rce  of  harmon ic  cu rren t,  the  use  of  a  series  fi l ter  i s  effi ci en t  on ly  i f  i t  i s  associated  wi th  a  
shun t  impedance  of  re lati vely  l ow impedance,  such  as  can  be  obtained  wi th  a  capaci tor  bank 
and/or shun t  f i l ter.  Therefore  the  appl i cati on  of  a  series  fi l ter  shou ld  be  done  i n  a  m ixed  
con fi gu rati on  of  series  and  shunt  f i l ters  (Fi gu re  9) .  

Depend ing  on  the  speci fi c  requ i rements  of  the  pro ject  and  on  an  economic  evaluati on ,  one  
s i ng le  series  f i l ter  for the  whole  converter stati on ,  i nstal l ed  between  the  shun t  f i l ter  bus  and  
the  AC  l i ne  bus,  or  one  f i l ter  for  each  l i ne  connected  to  the  AC  converter  station  can  be  used .  
For  the  solu ti on  wi th  a  s i ng le  f i l ter  for  the  whole  stati on ,  the  series  fi l ter  shou ld  be  formed  by 
several  i den ti cal  branches  i n  paral l e l ,  due  to  re l i abi l i ty  considerati ons.  
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Figure  7  – Sing le-tuned  series  fi l ter  and  impedance plot  

 

Figure  8  – Triple-tuned  series  fi l ter  and  impedance plot  

Advantages  of  series  fi l ter  ci rcu i ts  are:  

•  fewer capaci tor  un i ts  and  smal ler  f i l ter  reactor  s i ze  than  for  shun t  f i l ters ;  

•  l ess  space  requ i rements;  

•  n o  need  for  ci rcu i t  breakers  and  associated  swi tchgear,  bu t  on ly  paral le l  d i sconnect  
swi tches  (assuming  that  these  can  remove  a  fau l ted  paral le l  branch  on - load  or  i f  a  no-
redundancy approach  i s  acceptable) ;  

•  m in imum  of  protecti on  equ ipment.  

D isadvan tages  of  series  fi l ter  ci rcu i ts  are:  

•  the  main  reactor  has  to  carry  the  fundamental  frequency l i ne  cu rren t;  

•  capaci tor/overvol tage  protecti on  against  short-ci rcu i t  fau l ts  i s  expensive;  

•  n o  reactive  power support  comparable  wi th  conven tional  shun t  f i l ters;  

•  i f  h i gh -pass  resi stors  are  provided ,  the  resistor  l osses  are  re lati vely  h i gh ;  

•  componen ts  need  to  be  designed  wi th  a  h i gh  short  ci rcu i t  capabi l i ty;  

•  protective  devices  shou ld  be  rated  for  fu l l  AC  bus  vo l tage;  

•  may i n troduce  fundamental  frequency or  sub-harmon ic  resonance  and  stabi l i ty  problems;  

•  re lati vely  compl i cated  protection  schemes.  
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Figure 9  – Mixed  series  and  shunt  AC fi l ters  at  Uruguaiana HVDC station  

There  are  several  appl i cati ons  wi th  parti cu lar  harmon ic  performance  requ i rements  and/or 
converter  stati on  design  requ i rements  that  cou ld  j usti fy  considerati on  of  a  m ixed  fi l ter  
con fi gu rati on .  Some  of  the  appl i cati on  characteri sti cs  for  wh ich  the  m ixed  so lu tion  shou ld  be  
examined  are  d i scussed  below.  

a)  The  m ixed  fi l ter  con fi gu rati ons  wi th  the  shun t  f i l ters  are  hard  to  sati sfy  i f  l ow m in imum  AC  
system  impedance  i s  combined  wi th  requ i rements  for  l im i ted  em ission  of  harmon ic  
cu rren ts  i n to  the  AC  system.  

b)  For areas  of  h i gher so i l  res isti vi ty  (g reater than  1  000  W-m)  the  coupl i ng  between  power 
and  te lecommun icati on  l i nes  i s  h i gh  and  poten tial  i n terference  problems  may d ictate  very 
l ow l im i ts  on  harmon ic  cu rren ts  i n  the  AC  system,  thus  favouring  the  use  of  m ixed  series  
and  shun t  f i l ters.  

c)  I n  appl i cations  i n  wh ich  the  connected  AC  system  i ncludes  importan t  shun t  capaci tor  bank 
and/or underg round  cables,  these  capaci tors  produce  l ow impedance  nodes  for  h i gh  order 
harmon ics,  d rain ing  the  major  part  o f  the  harmon ic  cu rren ts  i n to  the  AC  l i nes.  Series  
fi l ters  cou ld  be  the  most  economic  means  to  l im i t  these  cu rren ts  and  the  resu l ti ng  
i n terference  l evel .  

d )  The  abi l i ty  o f  series  fi l ters  to  l im i t  the  harmon ic  cu rren t  en teri ng  the  AC  system  to  desi red  
values,  i ndependen tl y  of  the  equ ivalen t  harmon ic  impedance  of  the  AC  system  viewed  
from  the  converter stati on ,  may represent  an  importan t  consideration .  Th is  i s  parti cu larl y  
so  i n  vi ew of  the  usual  d i ff i cu l ty  i n  obtain i ng  real i sti c  equ ivalen ts,  parti cu larl y  for  the  fu tu re  
expansion  of  the  AC  system.  

e)  I n  those  appl i cati ons  i n  wh ich  the  steady state  vol tage  con tro l  du ring  l i gh t  l oad  and/or  the  
con tro l  of  the  overvol tage  du ri ng  converter b locking  impose  l im i tati on  on  the  shunt  f i l ter  
s i ze  and/or requ i re  the  use  of  shun t  reactor,  the  m ixed  fi l ter  con fi gu rati on  represen ts  an  
attracti ve  and  economical  so lu ti on ,  because  for  the  same fi l teri ng  performance  th i s  
con fi gu ration  reduces  considerably the  s i ze  of  the  shun t  bank to  be  i nstal l ed .  

f)  I n  cases  requ i ri ng  essential l y  on ly  the  con trol  o f  the  harmon ic  cu rren ts  fed  i n to  the  AC  
system,  the  m ixed  so lu tion  shou ld  be  examined  because  the  shun t  part  of  the  scheme  
cou ld  be  l im i ted  to  a  s imple  capaci tor,  determ ined  by the  station  reacti ve  requ i rements,  
and  the  series  part  wou ld  be  a  s i ng le  reactor.  

IEC  

1 32 kV/50 Hz  230 kV/60 Hz  

1 3 , 8  kV/230  kV  1 32  kV/1 3 , 8  kV  

1 1 th  

1 3th  

1 1 th  

1 3th  

1 3,8 kV/7,7 kV/7,7 kV  

33  MVA 

50  Hz  

1 3 MVA/1 2th  
1 3 , 8  kV/480  V  

Auxi l i ary servi ces  

7,7 kV/7,7 kV/1 3,8 kV  

1 0 MVA  
1 0 MVA  

1 2 MVA 

1 2 MVA 

7 MVA/23rd  
2 MVA/2nd  
1  MVA/3rd  
1  MVA/4th  

1 4 MVA/1 2th  
8 MVA/23rd  
3 MVA/3rd  



 – 40  – I EC  TR  62001 -4:201 6  © I EC  201 6  

I n  the  i nvesti gati ons  made  for  the  I taipu  scheme,  stud ies  of  the  use  of  a  m ixed  fi l ter  were  
done  as  one  possible  so lu tion  to  improve  the  i n terference  performance  i n  the  AC  system  
connected  to  the  i nverter stati on  of  the  I taipu  HVDC system,  wi th  very good  resu l ts  as  
compared  wi th  other  so lu tions  i nvesti gated .  I n  th i s  case  the  major problem  to  be  m i t i gated  
was  the  effect  o f  the  very h i gh  soi l  res i sti vi ty  (3  600  W-m)  and  the  very h i gh  capaci tance  i n  
the  AC  system  (cables  and  l arge  345  kV shun t  capaci tor  banks) .  

The  m ixed  fi l ter  i n  the  U ruguaiana back- to-back was  i nstal l ed  i n  vi ew of  the  requ i rement  for  
vo l tage  and  overvol tage  con trol  and  the  harmon ic  performance  speci fi ed .  Wi th  a  shun t  f i l ter  
scheme  the  reacti ve  power to  be  i nstal led  wou ld  be  72  % (Base  PdN =  50  MW)  to  comply wi th  
the  harmon ic  performance  requ i rements,  bu t  wou ld  make  the  steady state  vo l tage  and  
overvol tage  con tro l  impossible.  Wi th  the  m ixed  fi l ter,  the  shun t  f i l ter  i n  the  50  Hz  s i de  cou ld  
have  been  on ly  24  % i n  order to  have  the  same harmon ic  performance,  bu t  had  to  be  
i ncreased  to  48  % due  to  the  stati on  reacti ve  requ i rements.  

I n  s tud ies  to  be  carri ed  ou t  to  decide  on  the  use  of  the  m ixed  fi l ter  con fi gu rati on ,  the  fo l l owing  
effects  of  th i s  f i l teri ng  on  the  converter stati on  design  and  performance  shou ld  be  examined .  

1 )  There  wi l l  be  a  reduction  i n  the  short-ci rcu i t  rati o  (SCR) ,  that  cou ld  be  compensated  by a  
decrease  i n  the  converter transformer reactance,  al though  th i s  so lu ti on  produces  a  
certain  i ncrease  i n  the  harmon ic  cu rren t  generated  by the  converters.  

2 )  I n  case  of  error i n  the  ad justment  of  the  impedance  ang les  of  the  series  and  shun t  parts  
of  the  m ixed  scheme,  there  i s  the  possibi l i ty  o f  an  i ncrease  i n  the  harmon ic  vo l tage  at  the  
po in t  o f  connection  to  the  AC  system.  

3 )  The  m ixed  scheme  may affect  the  operational  f l exibi l i ty  o f  the  converter station ,  requ i ri ng  
some  add i t i onal  on - load  swi tch ing  equ ipment.  

The  procedure  to  defi ne  the  m ixed  f i l ter  scheme,  i nclud ing  i ts  rati ngs,  i s  not  much  d i fferen t  
from  the  conven tional  methodology used  for  a  shun t  scheme.   

5 .4.4  Re-tunable  AC fi l ters  

I n  special  ci rcumstances,  the  temporary re- tun ing  of  AC  fi l ters  to  act  at  d i fferen t  frequencies  
may be  an  option ,  as  i l l u strated  by the  fo l l owing  example.  

For  the  Quebec/New Eng land  Mu l t i term inal  HVDC system,  re- tunable  AC  fi l ters  have  been  
used  at  Rad isson  and  N icolet  substati ons.  For  both  stati ons,  th i s  has  been  done  as  a  retrofi t  
acti on  to  so lve  problems  that  arose  after the  i nstal lati on  of  the  ori g i nal  f i l ters  had  been  
completed .  

At  Rad isson ,  th i s  so lu ti on  has  been  used  to  avoid  i n teraction  between  AC  s ide  f i fth  harmon ic  
and  DC  s i de  s i xth  harmon ic  for  certain  system  cond i ti ons  and  i n  the  presence  of  
geomagnetical l y- i nduced  cu rren ts  (G IC) .  When  the  AC  s i de  f i fth  harmon ic  becomes  g reater 
than  a  predetermined  value,  the  36/48 th  harmon ic  AC  fi l ter  i s  re- tuned  to  the  5 th  harmon ic  
(Figu re  1 0)  by open ing  the  swi tch  S1 .  The  swi tch  i s  cl osed  by the  operator  when  the  
cond i ti ons  have  retu rned  to  normal .  

At  N ico let,  the  problem  was  due  to  a  system  resonance  around  the  3 rd  and  the  5 th  harmon ic.  
The  24 th  and  36 th  s i ng le- tuned  fi l ters  were  mod i fi ed  to  perm i t  retun ing  to  the  5 th  and  the  3 rd  

harmon ic,  respectively.  
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Figure  1 0  – Re-tunable  AC fi l ter  branch  

5.5  Impact  of  new HVDC station  in  vicin i ty of  an  existing  station  

An  i ncreasing  number of  new HVDC l i nks  are  being  planned  wi th  thei r  term inal  s tations  
l ocated  i n  the  e lectri cal  vi ci n i ty  of  exi sti ng  HVDC converter stati ons.  Th i s  en tai l s  due  
consideration  of  the  impact  on  performance  and  rati ng  of  the  existi ng  converter stati on  AC  
fi l ters  as  wel l  as  add i ti onal  design  requ i rements  on  the  new converter stati ons.  The  objective  
shou ld  be,  as  far  as  possible,  to  design  the  fi l ters  of  the  new converter  stati ons  wi thou t  
mod i fyi ng  the  f i l ters  of  the  existi ng  stations.  

The  performance  aspects  to  be  considered  i n  the  design  of  f i l ters  for  the  new converter  
stations  are  as  fo l l ows.  

a)  The  performance  parameter l im i ts  shou ld  be  speci fi ed  wi th  due  considerati on  to  the  effect  
o f  the  existi ng  converter  stati ons.  I n  do ing  so,  C IGRE  WG1 4.03/CC.02  (JTF 02)  and  
CIGRE  WG1 4. 03/cc.02  (JTF 01 )  can  be  used .  

b)  Generator harmon ic  cu rren t  l im i ts ,  i f  appl i cable,  shou ld  be  such  that  the  total  effecti ve  
i n jecti on  does  not  exceed  the  perm i tted  l im i ts .  

c)  The  effect  o f  resonance  between  the  f i l ters  of  the  exi sti ng  and  the  new stati ons  shou ld  be  
taken  i n to  account.  

d )  The  AC  system  harmon ic  impedance  to  be  used  i n  the  design  calcu lati ons  shou ld  be  
defined  wi th  due  consideration  of  the  existi ng  stati on  and  i ts  f i l ters.  

The  rati ng  aspects  to  be  considered  are  as  fo l l ows.  

•  Add i t i onal  harmon ics  com ing  from  the  existi ng  stations  shou ld  be  taken  i n to  accoun t.  
Normal l y,  these  together wi th  AC  system  harmon ics  are  considered  i n  terms  of  a  certain  
percen tage  i ncrease  of  the  harmon ics  of  the  stati on  under design .  

•  I ncrease  i n  rati ng  due  to  ou tage  of  s im i lar  frequency f i l ters  at  the  exi sti ng  stations.  

•  I ncrease  i n  rati ng  due  to  possible  resonance  between  the  fi l ters  of  the  existi ng  and  the  
new stations.  

The  techn ical  speci fi cation  shou ld  i nclude,  or  o therwise  make  avai lable,  fu l l  detai l s  o f  the  
design  of  the  AC  fi l ters  i n  the  exi sti ng  converter  station ,  i nclud ing  su ffi ci en t  i n formation  for  al l  
the  above- l i sted  aspects  to  be  considered  i n  the  design  of  the  new fi l ters.  I n  con tractual  
terms,  the  techn ical  speci fi cation  shou ld  be  very clear  on  the  boundaries  of  responsibi l i ty  o f  
the  customer and  the  con tractor  i n  re lati on  to  the  AC  fi l ters  at  the  two  stati ons.  
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5.6  Redundancy issues  and  spares  

5.6.1  Redundancy of  fi l ters  – savings  in  ratings  and  losses 

Field  experience  wi th  AC  fi l ters  i n  HVDC stations  has  i n  general  shown  a very h i gh  l evel  o f  
re l iabi l i ty,  and  constan t  improvements  i n  f i l ter  component  design  are  tend ing  to  i ncrease  th i s  
re l i abi l i ty  s t i l l  fu rther.  There  i s  therefore  a  tendency to  reduce  costs  by e l im inati ng  the  
requ i rement  for  redundant  f i l ters,  parti cu larly  i n  re lati vely  l ow-power HVDC schemes.  

However,  redundancies  i n  f i l ter  ci rcu i ts  can  provide  a  number of  advan tages,  even  when  the  
i nvestment  costs  for  such  a  redundan t  system  are  a  l i tt l e  h i gher compared  to  an  otherwise  
optim ized  f i l ter  arrangement.  Apart  from  improving  the  re l i abi l i ty/avai labi l i ty  o f  the  converter 
stati on ,  the  use  of  redundancy can  reduce  the  fi l ter  l osses  and  componen t  rati ngs  i n  the  
i nd ivi dual  f i l ter  branches.  

I f  a  shun t  capaci tor  i s  i n  any case  needed  for  reacti ve  power pu rposes,  i t  may be  worthwh i le  
to  convert  th i s  i n to  an  add i ti onal  f i l ter  branch ,  to  provide  added  redundancy.  

These  concepts  can  be  i l l u strated  by an  example  based  on  recen t  experience.  Supposing  
that  un i ty  power factor  i s  requ i red  at  rated  l oad ,  two  very economical  so lu tions  a)  and  b)  
wh ich  use  double- tuned  h i gh -pass  fi l ters,  are  possible.  Below,  the  re lati ve  meri ts  of  these  two  
so lu tions  are  compared .  

a)  So lu ti on  wi th  two  double- tuned  fi l ters  and  an  add i t i onal  shun t  capaci tor  

I n  th i s  case  two  almost  i den ti cal  redundan t  f i l ters  are  assumed  to  provide  adequate  
characteri sti cs  for  harmon ic  performance  and  reacti ve  power con tro l .  A common  practi ce  
i s  to  s tart  at  l i gh t  l oad  cond i ti ons  of  the  converters  wi th  one  f i l ter,  then  the  second  ci rcu i t  
wi l l  be  energ i zed  i n  the  range  between  40  % and  50  % of  rated  l oad .  Typical  harmon ic  
performance  requ i rements  can  be  fu l fi l l ed  up  to  rated  l oad .  To  fu l fi l  u n i ty  power factor 
requ i rements  up  to  rated  l oad  on ly  a  s imple  shun t  capaci tor  bank i s  requ i red  add i ti onal l y.  

The  advantages  of  th i s  so lu ti on  compared  to  so lu tion  b)  are  as  fo l l ows:  

•  s imple  fi l ter  arrangement  and  redundancy (1  ou t  of  2 ) ;  

•  reduced  number of  l ow-vol tage  (LV)  f i l ter  componen ts  and  space  requ i rements.  

The  d i sadvan tages  are  as  fo l l ows.  

•  The  rati ngs  of  f i l ter  components  are  h i gher i f  the  fi l ter  has  to  be  designed  for  al l  
l oad ings  du ring  ou tage  of  any fi l ter  branch  (one  ou t  o f  two  i n  the  whole  operating  
range) .  Th is  has  a  g reat  impact  on  the  harmon ic  cu rren t  rati ngs  and  rated  power of  
h i gh -pass  damping  resi stors.  

•  The  f i l ter  performance  i n  the  upper l oad ing  range  of  the  converters  i s  worse  compared  
to  so lu ti on  b) .  Al so  the  operational  l osses  can  be  expected  to  be  h i gher.  

b)  So lu ti on  wi th  th ree  i den ti cal  double- tuned  f i l ters  

Th i s  so lu tion  uses  th ree  i den ti cal  double- tuned  f i l ters  wi th  no  shun t  capaci tor.  

The  advantages  of  th i s  so lu ti on  are  as  fo l l ows.  

•  H i gher avai labi l i ty  and  better harmon ic  performance  (2  ou t  o f  3 )  i n  case  of  forced  
ou tage  of  a  f i l ter  branch .  I n  th i s  case  both  harmon ic  performance  and  componen t  
stresses  i n  the  remain ing  ci rcu i ts  are  l ower compared  to  so lu tion  a) .  

•  Componen t  rati ngs  of  f i l ter  reactors,  capaci tors  and  resistors  are  s i gn i fi can tly  l ower 
compared  to  the  componen ts  for  so lu tion  a) .  Therefore  most  of  the  fi l ter  componen ts  
are  l ess  expensive.  Th is  appl ies  especial l y  for  f i l ter  damping  resi stors.  

Operati onal  l osses  are  s i gn i fi can tl y  l ower,  s i nce  mostl y  the  harmon ic  l osses  are  the  
determ in ing  factor  of  the  fi l ter  l osses.  

The  d i sadvan tage  i s  as  fo l l ows.  

•  The  i ncreased  number of  LV fi l ter  componen ts  i n  the  ci rcu i t  l eads  to  a  more  complex 
ci rcu i t  arrangement  and  to  en larged  space  requ i rements.  
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I t  i s  always  recommended  to  check whether solu ti on  a)  or  b)  i s  the  more  re l iable  and  cheaper 
so lu tion .  Th i s  evaluati on  has  to  consider  the  componen t  costs,  the  l oss  evaluation  of  the  
operati onal  f i l ter  l osses  and  the  overal l  re l i abi l i ty  and  avai labi l i ty  o f  the  AC  fi l ter  arrangement.  

5.6.2  In ternal  fi l ter  redundancy 

Component  redundancy wi th i n  a  f i l ter  i s  not  normal ly  used ,  except  wi th i n  capaci tors.  
Depend ing  on  the  kind  of  capaci tor  fus ing  – whether i n ternal  or  external  – some  add i t i onal  
capaci tor  e lements  and/or  capaci tor  un i ts  can  be  bu i l t  i n  as  vo l tage  redundancy.  However,  
true  redundancy i ns ide  the  fi l ter  i s  not  possible,  because  every fai l u re  i n  a  capaci tor  un i t  
i ncreases  the  vo l tage  stress  on  al l  o ther capaci tor  e lements  and  wi l l  detune  the  f i l ter  ci rcu i t.  

The  vol tage  stress  du ring  normal  operati on  cond i ti ons  and  after fuse  blowing  can  be  reduced  
and  optim ized  wi th  two  measures:  

a)  smal l  subd ivi s ion  of  i n ternal  fused  capaci tor  e lements;  and  

b)  h i gher rated  vo l tage  for  the  complete  capaci tor  bank,  wh ich  wi l l  reduce  the  probabi l i ty  of  
capaci tor  e lement/un i t  break down .  

I n  add i ti on ,  the  smal ler  the  capaci tor  subd ivi s ion ,  the  l ess  i s  the  detun ing  of  the  f i l ter  i n  case  
of  a  b lown  fuse.  On  the  other hand ,  the  smal ler  the  capaci tor  subd ivis ion ,  the  more  fuses  
there  are  to  b low;  thus  the  total  de- tun ing  al l owance  for  b lown  fuses  may be  no  smal ler.  

The  l ayou t  of  a  capaci tor  bank i n  the  form  of  a  bridge  does  not  i ncrease  the  vo l tage  wi thstand  
or  redundancy.  The  bri dge  connection  i s  on ly  for  capaci tor  unbalance  protection  based  on  a  
sensi ti ve  detecti on  of  b lown  fuses.  

An  importan t  design  i ssue  i s  how many fuses  can  blow ( i t  makes  no  d i fference  whether they 
are  i n  series  or  i n  paral l e l  connection )  before  main tenance  and  capaci tor  un i t  change  i s  
requ i red ,  considering  

•  capaci tor  vo l tage  stress,  or  

•  f i l ter  detun ing  beyond  speci fi ed  to lerance.  

Normal l y,  the  number of  fai l ed  capaci tor  e lements  for  perm i tted  f i l ter  detun ing  i s  much  l ower 
than  the  al l owed  number for  vo l tage  stress.  

5.6.3  Spare  parts  

The  optimum  number of  f i l ter  componen t  spare  parts  i s  main ly  dependen t  on  redundancy 
requ i rements.  I n  the  case  of  no  fi l ter  redundancy being  provided ,  as  for  example  i n  some  
Scand inavian  schemes,  al l  types  of  f i l ter  componen ts  shou ld  be  stored  at  the  converter  
stati on ,  or  ad jacen t  to  i t .  To  reduce  down  time  fo l l owing  fai l u res,  some  fi l ter  components,  
such  as  fi l ter  res istors ,  shou ld  be  stored  moun ted  i n  complete  sets.  

I n  cases  where  f i l ter  redundancy i s  requ i red  (1  ou t  of  2  or  2  ou t  of  3 ) ,  the  spare  part  so lu tion  
may d i ffer  depend ing  on  the  type  of  redundancy requ i red  wi th  respect  to  f i l ter  performance  or  
rati ng .  I f  redundancy i s  re lated  on ly  to  rati ng  pu rposes,  i t  i s  recommended  to  fo l l ow the  
recommendation  for  the  non-redundan t  cases  as  described  above.  However,  i f  the  
redundancy requ i rement  al so  covers  fi l ter  performance,  complete  sets  of  spares  may not  be  
requ i red .  For  i nstance  on ly  one  spare  of  each  type  (one  i nsu lator,  one  resi stor e lement  per 
type,  etc. )  needs  to  be  stored  i nstead  of  a  complete  resi stor,  i nclud ing  structu res  and  
i nsu lators.  

One  spare  of  each  type  of  f i l ter  reactor needs  to  be  stored .  For  f i l ter  capaci tors  a  m in imum  
number of  capaci tor  cans  of  each  type  shou ld  be  provided .  For  th i s  reason ,  i t  i s  desi rable  
where  possible  that  the  f i l ter  design  uses  i den ti cal  capaci tor  un i ts  for  each  i nd ivi dual  type  of  
AC  fi l ter.  
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6 Protection  

6.1  Overview 

The  type  of  f i l ter  protecti on  to  be  i nstal l ed  depends  to  a  s i gn i fi can t  exten t  on  the  con fi gu rati on  
of  the  d i fferen t  AC  fi l ter  branches  and  on  the  con tractor’s  normal  practi ce  and  preferred  
protecti on  techn iques.  I t  may al so  be  affected  by requ i rements  on  guaran tees  and  on  fi l ter  
performance.  The  detai l ed  defi n i t i on  of  AC  fi l ter  protection  equ ipment  i s  normal l y  l eft  for  the  
con tractor to  determ ine.  

The  techn ical  speci fi cation  therefore  i s  u sual l y  restri cted  to  general  requ i rements  regard ing  
protecti on ,  redundancy requ i rements,  i n terface  defin i t i ons  and  any customer speci fi c  
requests.  I n  th i s  way the  i n terests  of  the  customer are  safeguarded  wh i le  st i l l  l eaving  
maximum  scope  for  the  con tractor’s  preferred  solu ti ons.  

The  customer shou ld ,  however,  be  wel l  aware  of  the  d i fferen t  techn iques  of  AC  fi l ter  
protecti on ,  and  i n  the  bi d  evaluati on  stage  be  prepared  to  ensure  that  the  bidder’s  proposed  
so lu ti ons  meet  the  customer’s  overal l  techn ical  requ i rements.  The  i n formation  g iven  i n  
C lause  6  i s  main ly  concerned  wi th  g i vi ng  the  customer the  background  i n formation  needed  
for  th i s  s tage  of  techn ical  d i scussions  wi th  the  bidder.  

The  I EC  Standards  wi th  re levance  to  the  protection  of  AC  fi l ters  are  the  fo l l owing :  I EC  61 869-
2,  I EC  61 869-3,  I EC  61 869-5,  I EC  60549,  I EC  60871 -1 ,  I EC  TS  60871 -3 ,  I EC  60931 -3 ,  
I EC  60871 -4.  

6.2  General  

I n  general ,  the  exten t  and  type  of  protecti on  equ ipment  depends  on  techn ical  requ i rements,  
the  s i ze  of  the  fi l ter  or  shun t  capaci tor  bank and  on  the  cost  o f  the  protected  componen ts.  
Speci fi c  decis ions  are  made  between  

•  protection  functions  wh ich  preven t  damage  to  components  (overload  protecti on ,  
unbalance  protecti on ) ,  and  

•  protection  functions  wh ich  l im i t  damage  to  components  (short  ci rcu i t,  earth  fau l t  
protection ) .  

I n  each  case  the  cost  o f  protecti on  shou ld  be  carefu l l y  weighed  against  the  cost  o f  the  h i gh  
vol tage  or  power componen ts  that  are  being  protected .  On  average,  the  value  of  the  
protection  equ ipment  shou ld  not  be  h i gher than  approximately  1 0  % of  the  value  of  the  
protected  components.  

I t  i s  therefore  not  possible  to  speci fy  the  d i fferen t  types  of  protecti on  un i ts  every f i l ter  or  
shun t  capaci tor  bank has.  The  selection  shou ld  be  made  i n  each  case  depend ing  on  vo l tage,  
power,  secu ri ty  standard  and  fau l t  probabi l i ty.  

Parti cu larly  i n  the  case  of  smal l  and  re lati vely  l ow cost  componen ts,  i t  i s  considered  whether 
us ing  a  componen t  wi th  h i gher vo l tage  (or  power)  design  marg in  i s  l ess  expensive  than  a  
special  protecti on  un i t  wi th  cu rren t  or  poten tial  transformers.  A good  example  of  th i s  wou ld  be  
the  l ow vol tage  f i l ter  capaci tors  i n  C- type  f i l ter  arrangements.  

I n  certain  speci fi c  cases  of  resonances  i n  the  power g ri d  i t  may be  possible  to  generate  an  
earl y  warn ing  s i gnal ,  so  that  a  pre-defi ned  change  can  be  made  e i ther au tomati cal l y  or  by 
operator acti on  i n  the  fi l ter  and/or the  AC  system  con fi gu rati on .  

The  questi on  of  redundancy shou ld  al so  be  decided  i n  each  case  between  the  customer and  
the  con tractor.  A h i gher re l i abi l i ty  normal ly  has  a  h i gher cost.  On  the  other  hand ,  wi th  no  
redundancy,  the  consequences  of  fai l u re  of  the  complete  system  are  taken  i n to  considerati on .  
The  fo l l owing  are  questions  to  consider.  
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•  What  i s  the  normal  s tandard  e l sewhere  i n  the  AC  system?  

•  I s  redundant  protection  equ ipment  j u sti f i ed  for  the  rated  power of  the  fi l ter  or  capaci tor  
bank?  

A good  compromise  can  be  partial  redundancy for  on ly a  few main  functions.  I f  the  decis ion  i s  
for  fu l l  redundancy,  the  main  and  redundan t  systems  shou ld  not  use  i den ti cal  sou rces  of  
actuati ng  s i gnals.  

As  an  al ternati ve  to  redundant  protection  functions,  some  functi ons  can  be  covered  wi th  
back-up  protection  functi ons.  For  example,  d i fferen tial  protecti on  i s  a  partial  back-up  for  short  
ci rcu i t  protecti on  wh i le  earth  fau l t  protecti on  i s  a  l ess  sensi ti ve  back-up  for  capaci tor  
unbalance  protection .  

The  work of  the  con tractor shou ld  be  to  del i ver  a  scheme  wi th  an  overview of  main  and  back-
up  protection  for  every f i l ter  componen t,  i nclud ing  what  protecti on  i s  overlapping .  I t  i s  
desi rable  that  main  and  back-up  protecti on  are  not  sourced  from  the  same CT.  

I n  each  case,  the  customer shou ld  speci fy  the  m in imum  standard  wh ich  the  con tractor shou ld  
provide  i n  terms  of:  

a)  protection  ph i losophy,  

b)  s tandard  of  PTs  and  CTs,  

c)  s tandard  of  protecti on ,  

d )  protecti on  functi ons,  

e)  types  of  i n terfaces,  i nclud ing  type  and  number of  auxi l i ary  swi tches  for  HVDC contro l ,  
swi tchyard  con tro l ,  alarm  system,  even t  record ing  system,  etc. ,  

f)  customer speci fi c  requests  (e . g .  design  of  tri p  s i gnal  ci rcu i ts) ,  

g )  mechan ical  s tandards,  

h )  type  and  number of  auxi l i ary  vo l tages.  

The  number of  PTs  and  CTs  i n  the  banks  and  sub-banks  shou ld  be  optim ized  together wi th  
the  PTs  i n  the  busbar,  accord ing  to  the  protecti on  ph i losophy.  Importan t  aspects  for  the  
plann ing  and  arrangement  of  i nductive  PTs  are  

•  maximum  t ime  for  f i l ter  d i scharge,  

•  requ i rements  for  au to-reclosing ,  

•  c i rcu i t  breaker l ayou t.  

Fi l ters  are  normal ly  arranged  i n  a  s tar connection  wi th  the  star-poin t  so l i d l y  earthed .  I n  
networks  wi th  reacti ve  earth  fau l t  compensation  or  i so lated  star-poin t,  the  protecti on  shou ld  
be  reconsidered .  

I n  pri nciple,  the  protecti ons  shou ld  be  designed  so  that  external  transien t  d i stu rbances  do  not  
resu l t  i n  f i l ter  protecti on  trip  s i gnals.  Such  d i stu rbances  i nclude  

1 )  AC  system  fau l ts ,  

2)  transformer swi tch ing ,  

3)  swi tch ing  of  paral l e l  capaci tor  banks,  

4)  commutation  fai l u res  i n  the  HVDC converters,  

5)  DC  l i ne  fau l ts .  

The  AC  fi l ter  protecti on  shou ld  be  co-ord inated  wi th  the  AC  swi tchyard  protecti on .  
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6.3  Bank and  sub-bank overal l  protection  

6.3.1  General  

Such  protecti ons  cover more  than  one  fi l ter  componen t  and  can  also  protect  components  
ou ts ide  the  f i l ter,  such  as  the  conductors  between  the  cu rren t  transformer and  the  fi l ter  and  
the  earth  connection .  They are  also  usefu l  to  detect  earth  fau l ts  and  breakages  i n  the  f i l ter  
connections.  

6.3.2  Short  ci rcu i t  protection  

Short  ci rcu i t  protection  i s  on ly  effecti ve  between  the  i ncoming  l i ne  cu rren t  transformer and  
the  l i ne  s i de  of  the  fi rst  componen ts,  depend ing  on  the  total  fau l t  impedance  of  the  ci rcu i t.  
The  short  ci rcu i t  re lay i s  normal ly  a  s tandard  requ i rement  for  the  protection  of  the  conductors  
between  the  cu rren t  transformer and  f i l ter.  Depend ing  on  the  capaci tor  i n rush  cu rren t,  i t  i s  
sometimes  necessary to  delay the  trip  s i gnal  by  5  ms  to  1 0  ms.  The  rati o  of  CTs  i n  f i l ter  
branches  can  be  l ow i n  compari son  wi th  the  ratio  of  l i ne  CTs.  For short-ci rcu i t  cu rren t  
protecti on  i t  i s  importan t  that  CTs  are  accurate  enough  to  reproduce  the  short-ci rcu i t  cu rren t  
wi th  fu l l  DC  sh i ft  i n  the  secondary ci rcu i t.  

6.3.3  Overcurrent  protection  

Th is  i s  al so  general l y  a  s tandard  protection  requ i rement,  sometimes  i n  combination  wi th  the  
short  ci rcu i t  re lay function .  Th i s  protecti on  i s  not  very effecti ve  for  f i l ter  and  shun t  capaci tor  
banks,  s i nce  on ly the  reactor i s  real l y  protected .  For capaci tors,  the  appl ied  vo l tage,  not  the  
cu rren t,  i s  the  cri t i cal  factor and  on ly  heavy fau l ts  i n  the  capaci tor  bank can  be  detected  wi th  
overcu rren t.  Th is  function  can  be  implemented  e i ther wi th  an  i nverse  t ime  characteri sti c  or  i n  
the  form  of  cu rren t-defin i te- time  steps.  Normal l y  no  separate  evaluation  of  fundamental  and  
harmon ics  i s  requ i red ,  bu t  a  techn ical l y  good  so lu ti on  wou ld  be  to  check the  importan t  
harmon ics  separately for  overcu rren t.  Th i s  method  resu l ts  i n  a  very comprehensive  
protecti on .  

6.3.4  Thermal  overload  protection  

Th is  kind  of  protection  i s  one  of  the  most  importan t  functi ons,  al though  an  overal l  overload  
protecti on  can  on ly  protect  the  weakest  f i l ter  componen t  wi th  the  shortest  heati ng  t ime  
constan t  that  i s  carrying  the  main  fi l ter  cu rren t.  Therefore  i t  shou ld  be  determ ined ,  i n  each  
case,  whether an  overal l  overload  protection  wi l l  be  i nstal l ed  and/or i f  i nd ivi dual  protection  for  
reactors  and  resi stors  wi l l  be  i nstal l ed  separately.  Normal l y  the  overal l  overload  protection  
cannot  protect  a  damping  resi stor because  the  cu rren t  th rough  the  damping  resi stor  i s  not  
proporti onal  to  the  main  f i l ter  cu rren t.  A damping  resistor  can  on ly be  protected  by measuri ng  
i nd ivi dual  harmon ics.  I n  s i ng le- tuned  f i l ters  the  overal l  overload  protecti on  can  be  used  for  
both  reactor  and  capaci tor.  The  fo l l owing  remarks  shou ld  be  borne  i n  m ind .  

•  The  construction  and  function  of  an  overload  re lay can  vary from  the  s imple  up  to  the  
h i ghest  complexi ty.  

•  A  fundamental  prerequ is i te  when  decid i ng  on  the  l evel  o f  complexi ty  i s  the  l evel  of  
knowledge  of  the  reactor thermal  t ime  constan ts  over the  frequency range  of  i n terest.  

•  The  ambien t  temperatu re  assumed  by the  overload  protection  can  be  a  design  i npu t  wi th  
a  f i xed  setti ng  of  the  maximum  calcu lated  ambien t  temperatu re  or  an  actual  temperatu re  
measurement.  A temperatu re  measurement  i s  checked  con ti nuously  for  correct  
functi on ing  and  plausibi l i ty.  

•  I f  su ffi cien t  knowledge  of  the  reactor’s  thermal  characteri sti c  i s  not  avai lable,  a  s impler 
vers ion  of  overload  protecti on  can  be  se lected .  Th is  cou ld  be  a  true  effecti ve  cu rren t  
measurement  or  wi th  an  add i ti onal  f i l ter  functi on  to  i ncrease  the  sensi ti vi ty.  

•  For  the  i deal  function ,  a  true  cu rren t  RMS measurement  i s  not  enough .  The  overload  
protection  shou ld  al so  take  i n to  accoun t  the  frequency dependen t  thermal  l oss  
characteri sti c  of  the  reactor.  The  ohm ic  resi stance  of  a  reactor  depends  on  the  frequency 
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and  so  the  evaluati on  of  each  harmon ic  cu rren t  i s  d i fferen t.  I n  order  to  implement  an  
exact  overload  function ,  the  more  expensive  d ig i tal  type  of  equ ipment  i s  requ i red .  

6.3.5  Di fferential  protection  

Th is  ki nd  of  protecti on  i s  normal ly  used  on ly as  an  overal l  protection .  A d i fferen tial  protecti on  
i s  on ly  effi ci en t  when  i t  operates  separately  i n  each  phase  and  i s  s tabi l i zed  against  ou ts ide  
fai l u res  to  avoid  i n fl uences  from  h i gher frequencies.  I t  i s  recommended  that  the  i npu t  
cu rren ts  be  f i l tered  wi th  a  fundamental  frequency bandpass  to  e l im inate  or  avoid  these  
i n fl uences.  The  d i fferen tial  protection  cou ld  otherwise  operate  i n  case  of  transformer 
swi tch ing ,  due  to  the  i n rush  resonance  between  fi l ter  and  transformer zero  sequence  
impedance.  The  d i fferen tial  cu rren t  setti ng  shou ld  be  very l ow (20  % to  30  % of  the  main  
cu rren t) .  

The  d i fferen tial  protecti on  detects  phase  to  earth  and  phase  to  phase  fau l ts  bu t  cannot  detect  
i so lated  fai l u res,  such  as  an  arc-over of  componen ts  i n  the  fi l ter  branch .  

Another kind  of  d i fferen tial  protection  i s  a  s i ng le  phase  protection  re lay between  h i gh  vo l tage  
and  l ow vol tage  zero  sequence  systems.  Bu t  here  again ,  the  cu rren ts  shou ld  be  fi l tered  
against  h i gher harmon ic  i n fl uence.  Wi th  th i s  ki nd  of  d i fferen tial  protection  i t  i s  not  possible  to  
provide  a  phase  seg regated  protecti on  scheme.  

6.3.6  Earth  fau l t  protection  

Th is  functi on  can  be  appl ied  on ly i n  a  s tar-poin t  earthed  network i n  the  earthed  f i l ter  s tar-
poin t.  Earth  fau l t  protection  works  wi th  an  overcu rren t  or  i nverse  t ime  characteri sti c  and  uses  
the  cu rren t  from  the  star connection  of  the  th ree  phases  to  earth .  I t  i s  a  re l i able  bu t  s l ow 
back-up  functi on  for  d i fferen tial  protection  (and  also  a  rough  back-up  for  unbalance  
protecti on ) .  I t  detects  every asymmetry between  the  phases  much  l i ke  a  d i fferen tial  
protection  between  phases.  I t  al so  detects  every asymmetry coming  from  ou ts ide  the  fi l ter.  

For  the  h i gh  trip  th reshold  that  i s  requ i red  to  avoid  spu rious  tripping  on  external  even ts,  
e i ther  the  t ime  delay for  the  trip  s i gnal  shou ld  be  very h i gh ,  or  the  sum  of  the  phase  cu rren ts  
shou ld  be  f i l tered  by a  fundamental  bandpass  characteri sti c,  general l y  by a  second  order 
fi l ter.  Wi th  both  types,  the  trip  s i gnal  i s  delayed  by a  few seconds  (depend ing  on  the  cu rren t  
setti ng ) .  

6.3.7  Overvol tage and  undervol tage protection  

Equ ivalen t  to  the  overcurren t  protecti on  for  reactors,  the  overvol tage  protection  i s  one  of  the  
most  importan t  types  of  capaci tor  protection .  Usual l y  the  busbar vo l tage  i s  the  source  for  
overvol tage  protecti on ,  bu t  the  vo l tage  from  PTs  i n  the  feeder can  also  be  used .  

I n  the  case  of  HVDC system  operation ,  the  valve  con trol  can  usual l y  reduce  steady state  
fundamental  AC  system  overvol tages  (not  the  harmon ics) .  An  immed iate  overvol tage  trip  of  
the  HVDC converters  and  f i l ters  du ri ng  transien t  overvol tages,  l i ke  l oad  re jection  or  swi tch -off  
due  to  overhead  DC  l i ne  fai l u res,  can  i ncrease  the  ampl i tude  of  the  overvol tage.  Any fast  
overvol tage  protecti on  shou ld  general l y  have  a  t ime  delay of  5  ms  to  20  ms  and  then  i n i t i ate  a  
sequential  f i l ter  tri pping  sequence.  

The  need  for  overvol tage  protecti on  shou ld  be  decided  separately from  case  to  case.  

Su rge  arrester protecti on  i s  covered  i n  9 . 5.  

The  undervol tage  protection  i s  mostly  a  system  con tro l  function  and  not  a  protecti on  function .  
Th is  function  can  be  al so  used  as  an  i n terlock to  avoid  energ i z i ng  a  f i l ter  or  shun t  capaci tor  
that  has  not  been  completely  d i scharged .  Wi th  poten tial  transformer-aided  capaci tor  
d i scharge,  re-energ ization  i s  possible  wi th in  0 , 3  s  up  to  1  s ,  fast  enough  for  au to-reclosing  i n  
the  power g rid .  I n  al l  o ther  cases,  where  fast  d i scharge  cannot  be  guaran teed,  the  fi l ter  or  
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shun t  capaci tor  swi tch -on -s i gnal  to  the  breaker shou ld  be  i n terlocked  to  ensu re  complete  
capaci tor  d i scharge.  

6.3.8  Special  protection  functions  and  harmonic  measurements  

Depend ing  on  d i fferen t  parameters,  l i ke  the  type  of  f i l ter  design ,  AC  system  cond i ti ons  and  
other special  requ i rements,  add i t i onal  protecti on  functions  can  be  requ i red .  These  can  
i nclude  protection  against  excessive  harmon ic  cu rren ts  or  vo l tages.  

The  i nstal lati on  of  a  fast  Fou rier  transform  (FFT)  analyzer (refer to  C lause  9)  can  be  added  to  
enhance  such  protecti on .  

6.3.9  Busbar and  breaker fai lure  protection  

Busbar and  breaker fai l u re  protection  are  not  speci fi c  f i l ter  and  shun t  capaci tor  protecti ons  
bu t  general  substati on  protecti on  requ i rements.  

Fi l ter  protecti on  (ad justable  rated  values,  i n terfaces,  s i gnals,  etc. )  shou ld ,  however,  be  co-
ord inated  wi th  any substati on  protecti on .  

6.4  Protection  of  i nd ividual  fi l ter  components  

6.4.1  Unbalance protection  for  fi l ter  and  shunt  capaci tors  

The  capaci tor  un i ts  represen t  i n  f i nancial  terms  the  main  cost  i n  a  f i l ter  and  so  the  protecti on  
of  capaci tor  un i ts  i s  one  of  the  most  importan t  functi ons.  

Usual l y  the  capaci tor  bank arrangement  i s  i n  the  form  of  a  bridge  wi th  two  pai rs  of  i den ti cal  
branches,  each  wi th  series  and  paral l e l  connected  capaci tor  un i ts .  Th i s  construction  al l ows  
the  i nstal lati on  of  a  very sensi t i ve  unbalance  protecti on ,  u s i ng  the  cu rren t  (or  vo l tage)  i n  the  
transverse  connection .  I n  most  cases  capaci tor  un i ts  wi th  i n ternal  fuses  are  used ,  bu t  the  
unbalance  protecti on  system  can  al so  be  used  wi th  m inor  mod i fi cati ons  (h i gher cu rren t  s teps  
i n  case  of  fuse  operati ons)  for  capaci tor  un i ts  wi th  external  fuses.  Unbalance  protecti on  i s  not  
a  substi tu te  for  short  ci rcu i t  protecti on ,  bu t  i t  can  help  protect  an  un fused  capaci tor  
arrangement.  

The  design  of  a  cu rren t  transformer to  be  used  i n  an  unbalance  protecti on  shou ld  be  done  
very carefu l l y.  On  the  one  hand  the  CT shou ld  be  su i table  for  the  short  ci rcu i t  cu rren t,  bu t  on  
the  other  hand  i t  needs  a  very l ow transformation  rati o .  The  CT satu ration  and  secondary 
bu rden  al so  i s  taken  i n to  consideration .  The  rati ng  of  a  cu rren t  transformer for  unbalance  
protecti on  shou ld  be  speci fi ed  very carefu l l y  because  i n  the  case  of  a  partial  short-ci rcu i t  i n  a  
capaci tor  branch ,  h i gh  frequency transien ts  resu l t i ng  i n  h i gh  cu rren t  s tresses  on  the  cu rren t  
transformer can  appear.  The  po in t  of  CT satu rati on  shou ld  be  se lected  such  that  i n  case  of  a  
h i gh  short  ci rcu i t  cu rren t  i n  the  primary,  the  secondary connected  equ ipment  of  the  unbalance  
protecti on  wi l l  not  be  overstressed  by excessive  cu rren t  or  vo l tage.  The  primary wind ing  of  
the  cu rren t  transformer may be  protected  by means  of  su rge  arresters.  

Normal l y  the  unbalance  cu rren t  protection  i s  i n  pri nciple  an  overcurren t  re lay wi th  d i fferen t  
setti ngs  for  alarm  and  trip.  The  function  detects  not  on ly  the  operati on  of  capaci tor  e lement  or  
capaci tor  un i t  fuses  bu t  al so  al l  o ther asymmetries  i n  the  bridge,  i nclud ing  earth  fau l ts  and  
open  ci rcu i ts .  Cri teria  for  alarm  and  tri p  s i gnals  shou ld  be  decided  by the  con tractor after  
d i scussion  wi th  the  customer.  

I nstead  of  an  overcu rren t  re lay i n  the  transverse  capaci tor  connection  other methods  can  be  
used  such  as  

•  detecti on  of  neu tral  vo l tage,  

•  d i fferen t  vol tages  over capaci tor  phases,  
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•  d i fferen t  cu rren ts  th rough  capaci tor  phases.  

The  d i sadvan tages  of  the  above  methods  compared  wi th  the  bri dge  cu rren t  measurement  are  
not  on ly  a  l ower sensi t i vi ty,  bu t  most  importan tl y  a  l ong  t ime  delay for  the  trip  s i gnal  due  to  a  
h i gh  dependency on  a  symmetri cal  g ri d  vo l tage  such  that  d i stu rbances  i n  the  power g ri d  wi l l  
i n fl uence  these  measurements  and  so  a  compromise  i s  unavoidable.  

I n  unearthed  shun t  capaci tor  arrangements  an  unbalance  cu rren t  measurement  i n  the  neu tral  
i s  sometimes  used .  Refer to  Fi gu re  1 1 .  

Normal l y  the  i nheren t  unbalance  cu rren t  of  a  bridge  can  be  calcu lated  i n  the  factory i n  
accordance  wi th  the  measured  to lerance  i n  capaci tance.  Th i s  i nheren t  unbalance  cu rren t  can  
i ncrease  or  decrease  du ring  the  l i fetime  of  a  f i l ter  due  to  vo l tage  variation  and  primari l y  due  
to  the  d i fferen t  heati ng  of  bri dge  arms  caused  by so lar rad iation .  Every change  i n  symmetry 
of  the  bri dge  arms  such  as  the  open ing  of  an  e lement  fuse  resu l ts  i n  a  change  ( i ncrease  or  
decrease)  i n  the  unbalance  cu rren t.  

I n  recen t  years,  especial l y  wi th  the  i n troducti on  of  d i g i tal  protection  systems,  a  h i gh  standard  
of  resolu ti on  can  be  ach ieved  so  that  the  balancing  of  the  capaci tor  bridge  to  a  very l ow 
unbalance  cu rren t  i s  no  l onger needed .  

Depend ing  on  the  cost  and  importance  of  the  protected  componen t,  the  unbalance  protecti on  
shou ld  be  provided  wi th  the  fo l l owing .  

a)  Fundamental  frequency band  pass  for  f i l teri ng  the  unbalance  cu rren t.  Transien t  i n rush  
osci l l ati ons  wi th in  the  transverse  bri dge  arm  can  thus  be  e l im inated  i n  the  protection  
ci rcu i t.  

b)  Compensation  of  unbalance  cu rren t  i n  proporti on  wi th  the  main  fi l ter  cu rren t  to  e l im inate  
the  vol tage  variati on  i n fl uence  on  unbalance  cu rren t.  

c)  Compensation  of  very s l ow changes  i n  unbalance  cu rren t,  caused  by so lar rad iation .  

d )  Poten tial  to  re-ad just  the  effect  of  res idual  unbalance  cu rren t  to  zero  after  chang ing  
bri dge  componen ts.  

e)  Storage  of  the  l ast  fu l l y  compensated  unbalance  cu rren t  value  after f i l ter  swi tch  off  and  i ts  
comparison  wi th  the  cu rren t  after  swi tch  on .  Wi th  th i s  approach ,  fuse  fai l u res  at  the  
moment  of  f i l ter  swi tch -on  can  be  detected  ( the  unbalance  protecti on  needs  some 
m i l l i seconds  after  f i l ter  swi tch -on ,  however,  for  fu l l  operati on ) .  

f)  Comparison  of  compensated  unbalance  cu rren t  against  l im i ts  for  alarm  and  tri p  s i gnals.  

g )  Calcu lation  of  the  value  of  unbalance  cu rren t  deviation  caused  by the  operation  of  one  
capaci tor  e lement  fuse,  as  wel l  as  the  maximum  permissible  number of  fuse  operati ons.  
Thus  i t  wi l l  be  possible  to  detect  and  coun t  the  number of  fai l ed  capaci tor  e lements.  

h )  Storage  of  the  total  number of  b lown  fuses  (also  over f i l ter  swi tch -off  periods) .  I f  the  
number of  coun ted  blown  fuses  i s  h i gher than  a  pre-set  value,  an  alarm  and/or  a  tri p  
s i gnal  shou ld  be  g i ven .  

i )  The  possibi l i ty  to  detect  the  branch  of  the  capaci tor  bridge  where  fau l ty  capaci tor  un i ts  
are  l ocated .  For th i s  pu rpose,  an  add i ti onal  vo l tage  i npu t  i s  requ i red  for  a  power d i recti on  
measurement  i n  the  transverse  connection  of  the  bri dge.  

j )  The  possibi l i ty  to  se lect  d i fferen t  setti ngs  for  the  numbers  of  fai l ed  capaci tor  un i ts  for  
alarm  and  tri p  s i gnal l i ng .  

k)  Check of  the  uncompensated  unbalance  cu rren t  wi th  respect  to  l im i ts .  

l )  Record ing  of  the  value  of  unbalance  cu rren ts  at  regu lar  t ime  i n tervals  on  a  l i ne  pri n ter or  
i n  a  d i g i tal  mon i tori ng  system.  

I n  f i l ters  wi th  i so lated  or  impedance  earthed  star-poin ts,  there  i s  a  possibi l i ty  to  construct  
shun t  capaci tor  banks  i n  an  arrangement  wi th  paral l e l  capaci tors  i n  s tar  connection .  Between  
the  two  star poin ts  a  cu rren t  transformer can  be  used  to  compare  the  unbalance  between  the  
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two  capaci tor  banks.  For th i s  arrangement  a  cu rren t  d i rection  measurement  i s  al so  possible  
to  detect  the  fau l ty  phase  and  bridge  arm .  

6.4.2  Protection  of  low vol tage tun ing  capaci tors  

I n  some  fi l ter  con fi gu rations  smal l  add i t i onal  l ow vo l tage  capaci tor  arrangements  are  
requ i red .  For  these  capaci tors  an  i ndependent  bri dge  construction  wi th  a  cu rren t  transformer 
i s  general l y  too  expensive  because  the  cost  o f  the  capaci tor  bank i s  l ess  than  the  cost  of  the  
CT and  associated  protection .  I n  such  cases,  i t  i s  recommended  to  design  the  bank for  a  
h i gher vo l tage- level  – as  a  m in imum,  wi th  one  more  capaci tor  un i t  i n  series  than  requ i red  – 
for  the  designed  vol tage  wi thstand .  I n  certain  types  of  f i l ter  i t  i s  often  possible  to  protect  the  
l ow vo l tage  capaci tor  by means  of  mon i toring  cu rren t  i n  some  other “ l eg ”  of  the  f i l ter  (e . g .  
th rough  a  res i stor) .  

6.4.3  Overload  protection  and  detection  of  fi l ter  detun ing  

A curren t  dependent  overload  protection  i s  on ly  necessary for  reactor  co i l s  or  res istors,  bu t  
not  for  capaci tors.  

Depend ing  on  the  fi l ter  design ,  the  reactors  and  resi stors  are  general l y  s i tuated  on  the  earth  
s i de  of  the  fi l ter,  wh i le  capaci tors  are  s i tuated  on  the  h i gh  vo l tage  s i de.  Th is  can  al so  be  
reversed .  I n  the  f i rst  case,  re lati vely  i nexpensive  cu rren t  transformers  can  be  used  for  
measuring  the  reactor and  resistor cu rren t  for  overload  protection .  

For  the  calcu lati on  of  an  overload  cond i ti on  of  a  reactor,  harmon ic  cu rren ts  shou ld  be  
evaluated  i n  add i ti on  to  the  fundamental  frequency.  

I n  compari son  to  reactors,  the  overload  protecti on  for  res i stors  i s  much  easier  because  the  
ohmic  resistance  i s  l ess  dependen t  on  frequency,  and  also  the  t ime  constan ts  for  the  
d i fferen t  harmon ic  frequencies  do  not  vary g reatl y.  A true  RMS measurement  of  cu rren t  i s  
su ffi ci en t  as  the  basis  for  a  d i g i tal  or  analogue  thermal  model  o f  the  resistor.  Al though  i t  i s  
dependent  on  the  design  of  the  fi l ter,  i n  general  h i gher order harmon ic  cu rren ts  tend  to  
overload  the  resistor  wh i le  l ower order harmon ic  cu rren ts  tend  to  overload  the  reactor.  

I n  the  event  that  there  i s  a  CT i n  a  res istor branch ,  the  l evel  o f  fundamental  frequency cu rren t  
can  be  used  to  determ ine  the  exten t  of  f i l ter  detun ing .  A f i l ter  wi th  a  fundamental  frequency 
tuned  bypass  ci rcu i t  shou ld  have  neg l i g ible  fundamental  cu rren t  i n  the  resi stor branch  
provided  the  fundamental  frequency i s  near nom inal .  

6.4.4  Temperature  measurement  for  protection  

The  method  of  d i rect  temperatu re  measurement  at  hot  spots  i n  componen ts,  such  as  i s  used  
i n  transformers,  has,  up  to  now,  not  been  appl i ed  to  conven tional  f i l ter  componen ts  s i nce  the  
costs  are  too  h i gh .  

6.4.5  Measurement  of  fundamental  frequency components  

Low vol tage  capaci tors  wi th  series  connected  reactor  (such  as  i n  a  C-type  fi l ter)  are  often  
used  to  m in im ize  the  fundamental  frequency l osses  i n  paral le l  res i stors .  By fi l teri ng  to  obtain  
the  fundamental  cu rren t  i n  the  resistor,  a  sensi t i ve  add i ti onal  protection  for  the  capaci tor  and  
reactor can  be  ach ieved  ( refer to  the  attached  h igh -pass  fi l ter  protecti on  scheme,  Fi gu re  1 2) .  
The  fundamental  cu rren t  i n  the  damping  resistor  branch  shou ld  d i sappear to  zero  at  rated  
cond i ti ons  (rated  fundamental  frequency) .  I f  the  tun ing  capaci tor  i n  series  wi th  the  fi l ter  
reactor changes  reactance,  caused  by a  d i stu rbance  i n  a  capaci tor  e lement,  the  fundamental  
cu rren t  th rough  the  resi stor can  i ncrease,  i n  most  cases  by a  h i gher amoun t  than  by normal  
frequency deviations.  

I n  add i t i on ,  a  breakage  i n  the  capaci tor/reactor wi ri ng  can  al so  be  detected  wi th  th i s  method.  
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6.4.6  Capaci tor fuses  

A capaci tor  un i t  consi sts  of  a  number of  paral l e l  and  series  connected  capaci tor  e lements.  
Capaci tor  e lement  fuses  are  a  type  of  protection  wh ich  l im i ts  the  damage  to  the  un i t,  bu t  they 
cannot  preven t  damage  to  other  un i ts  from  i ncorrect  vo l tage  d i stri bu ti on ,  un l i ke  overload  or  
unbalance  protection  equ ipment.  The  capaci tor  fuses  are  on ly  i n tended  to  d i sconnect  fau l ty  
e lements.  

The  number of  external  paral le l  connected  capaci tors  and  the  avai lable  short  ci rcu i t  cu rren t  
of  the  supply  system  shou ld  not  affect  the  cu rren t  l im i t i ng  capabi l i ty  of  e lement  fuses.  

External  capaci tor  fuses  can  clear fau l ts  i ns ide  the  capaci tor  un i t  and  external  capaci tor  
bush ing  fl ashovers.  The  advan tage  of  external  fus i ng  i s  that  b lown  fuses  can  be  vi sual l y  
detected  very easi l y  and  qu i ckly.  The  d i sadvan tage  i s  that  i n  the  case  of  a  fau l t  i n  one  
capaci tor  e lement,  the  complete  capaci tor  un i t  wi l l  be  swi tched  off.  Fu rther,  the  fuse  i s  
exposed  to  the  ambien t  cond i ti ons.  The  main  appl i cati on  of  external  fuses  i s  i n  l ow and  
med ium  vol tage  capaci tor  banks  wi th  many paral le l  capaci tor  un i ts  and  re lati vely  few un i ts  i n  
series.  

I n ternal  capaci tor  fuses  can  clear  capaci tor  e lement  fai l u res  and  therefore  are  much  more  
sensi ti ve,  g i ven  that  every capaci tor  e lement  i n  a  capaci tor  un i t  has  i ts  own  fuse.  

E lement  fuses  are,  i n  general ,  not  designed  for  overload  protection  of  capaci tor  e lements.  
They have  to  res i st  very h i gh  i n rush  and  d i scharge  cu rren ts,  wh ich  are  l im i ted  on ly  by the  
ci rcu i t  impedances.  Therefore  the  sensi ti vi ty  of  e lement  fuses  shou ld  be  much  h i gher than  the  
maximum  perm issible  e lement  cu rren t.  

The  effect  o f  one  blown  i n ternal  fuse  i s  l ess  than  wi th  external  fuses,  the  vol tage  stress  on  
the  remain ing  capaci tor  e lements  being  re lati vely  smal l  for  the  l oss  of  a  s i ng le  e lement.  
Moreover,  i n ternal  fuses  are  protected  from  ambien t  i n fl uences.  The  main  appl i cation  of  
i n ternal  fuses  i s  i n  h i gh  vo l tage  capaci tor  banks  wi th  several  series  connected  capaci tor  
un i ts .  I t  shou ld  be  noted  that  i n ternal  fuses  do  not  provide  protecti on  against  a  short  ci rcu i t  
between  i n ternal  connections  or  a  short  ci rcu i t  between  acti ve  parts  and  casing ,  both  of  
wh ich  may l ead  to  case  ruptu re.  

Fuseless  capaci tors  are  d i scussed  i n  I EC  TR  62001 -1 :201 6,  subclause  1 0. 2. 4.  

6.4.7  Protection  and  rating  of  instrument  transformers  

I n  rad ial  power systems  wi th  au to-reclosing  operations,  the  d i scharge  of  capaci tors  can  be  
ensu red  us ing  i nductive  PTs  before  re-energ i zation .  The  arrangement  of  PTs  can  be  e i ther 
d i rectl y  on  the  fi l ter  feeder or  on  another feeder of  the  substati on  provided  that  the  
connection  between  the  capaci tor  and  PT i s  secure.  The  rati ng  of  such  d i scharge  PTs  shou ld  
be  done  carefu l l y.  On  the  one  hand ,  the  h i gh  d i scharge  DC  cu rren t  th rough  the  primary 
wind ings  of  the  PT (approximately  1 0  A to  1 5  A)  i s  considered  i n  re lati on  to  i ts  dynamic  
consequences;  bu t,  on  the  other hand ,  the  thermal  l oad  of  the  d i scharge  i s  calcu lated .  
Normal l y  every i nductive  PT,  however,  has  to  d i scharge  overhead  l i nes  and  cables  and  so  
the  thermal  and  dynamic  stress  du ri ng  d i scharge  of  a  capaci tor,  whose  capaci tance  i s  
comparable  wi th  that  of  an  overhead  l i ne,  i s  general l y  not  a  problem.  The  main  cond i ti on  for  
PT rati ng  i s  the  total  thermal  l oad  from  the  permissible  number of  d i scharges  per  t ime  un i t  ( 1  
h ) .  I t  i s  necessary to  speci fy  and  l im i t  the  number of  d i scharges  (capaci tor  swi tch  on /off  
cycles)  perm i tted  per  hou r.  Common  values  for  the  number of  d i scharges  al l owed  are  
approximately  f i ve  i n  the  fi rst  hou r and  one  i n  every subsequen t  hou r.  

D i scharge  PTs  can  be  connected  from  l i ne  to  earth ,  bu t  they can  al so  be  connected  i solated  
from  earth  across  the  capaci tor  l i ne-s ide  term inals.  I n  such  a  case  the  secondary wind ing  
cannot  be  used  for  measurement  or  protection  pu rposes.  
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I n  al l  cases  where  no  d i scharge  PTs  are  used,  the  possibi l i ty  o f  reclosu re  wi th  capaci tor  
trapped  charge  i s  an  importan t  cond i t i on  to  consider i n  determ in ing  ci rcu i t  breaker rati ngs.  

The  possibi l i ty  o f  ferroresonances  wi th  i nducti ve  PTs  exi sts  when  no  bu rden  i s  connected  
wi th  the  PT i n  paral le l .  Normal ly,  the  f i l ter  impedance  i s  i n  paral l e l  wi th  the  PT and  
suppresses  any osci l lation .  Ferroresonance  effects  can  be  reduced  or  avoided  wi th  a  reduced  
magneti c  i nduction  ( l ess  than  approximately  0 , 6  T)  i n  the  PT.  

A h i gher overvol tage  factor  of  the  PT ( the  factor  i n  p. u .  up  to  wh ich  vo l tage  the  transformation  
rati o  of  PT i s  l i near,  normal l y  approximately  1 , 9  p. u . )  i ncreases  the  l i neari ty  of  the  
transformation  to  the  secondary vo l tage  du ri ng  d i stu rbances  such  as  l oad  re jecti on .  The  
i n ternal  resonance  frequencies  of  the  PT can  be  sh i fted  up  or  down  by chang ing  the  
overvol tage  factor,  wh ich  can  be  an  advan tage  i f  one  i n ternal  resonance  frequency of  the  PT 
wou ld  otherwise  co incide  wi th  a  harmon ic  frequency.  

CTs  i n  f i l ter  branches  mostl y  have  a  l ow cu rren t  ratio .  I t  shou ld  be  con fi rmed  that  the  
secondary wind ings  g i ve  a  true  reproduction  of  primary fau l t  cu rren ts  for  al l  protecti on  
pu rposes,  especial l y  short  ci rcu i t  cu rren t  protecti on .  

The  secondary wind ings  of  unbalance  CTs,  when  shorted ,  shou ld  wi thstand  the  effect  o f  the  
primary short  ci rcu i t  cu rren t.  

6.4.8  Examples  of  protection  arrangements  

An  example  of  a  typical  protecti on  scheme  for  a  s imple  shun t  capaci tor  bank i s  shown  i n  
Fi gu re  1 1  and  for  a  C- type  f i l ter  i n  Figu re  1 2 .  I t  shou ld  be  noted  that  protecti on  schemes  may 
vary considerably  depend ing  on  the  parti cu lar  featu res  of  a  g i ven  fi l ter  design  and  on  the  
protection  ph i l osophy adopted .  

6.5  Personnel  protection  

Each  capaci tor  un i t  shou ld  be  d i scharged  before  energ izati on .  Complete  d i scharge  and  
earth i ng  i s  an  uncond i ti onal  requ i rement  before  any work or  main tenance  i s  performed  on  
fi l ter  and  shun t  capaci tor  ci rcu i ts .  

Al l  capaci tor  un i ts  are  now usual l y  equ ipped  wi th  i n ternal  (or  external )  d i scharge  resistors  i n  
paral l e l  wi th  the  capaci tor.  To  reduce  the  l osses  ( to  m in im ize  tan  δ ) ,  the  value  of  d i scharge  
resistors  i s  very h i gh .  Depend ing  on  the  resu l t i ng  t ime  constan t,  the  d i scharge  t ime  can  vary 
between  a  few m inu tes  and  a  quarter  of  a  hou r.  

Normal l y  the  operati on  and  possible  fai l u re  of  i n ternal  (or  external )  d i scharge  resistors  
cannot  be  checked  du ri ng  operati on  and  main tenance.  There  i s  no  guaran tee,  therefore,  o f  a  
complete  capaci tor  d i scharge  after  de-energ iz i ng .  External  d i scharge  resi stors  can  be  
checked  more  easi l y  du ri ng  main tenance  bu t  they are  exposed  to  the  ambien t  cond i ti ons  wi th  
the  possibi l i ty  o f  corrosion .  

An  al ternati ve  wi th  m in imal  or  neg l i g ible  l osses  i s  one  us ing  i nducti ve  PTs  (capaci ti ve  PTs  
are  not  su i table  for  th i s  pu rpose) .  I n  the  case  of  de-energ i z ing ,  the  complete  capaci tor  i s  
d i scharged  wi th i n  approximately  0 , 3  s  to  1  s .  These  PTs  need  not  be  d i rectl y  i n  the  fi l ter  
feeder bu t  i t  shou ld  be  guaran teed  that  the  connection  between  fi l ter  capaci tors  and  PTs  i s  
main tained  l ong  enough  that  the  capaci tors  can  be  d i scharged  completely.  I n  f l oating  fi l ter  
ci rcu i ts  wi th  an  unearthed  PT arrangement  the  d i scharge  to  earth  shou ld  be  done  separately  
as  an  add i ti onal  i tem .  

Before  any work i s  performed  on  h i gh  vo l tage  componen ts,  the  re levant  safe  work standards  
of  the  coun try  and  u ti l i ty  shou ld  be  fo l l owed .  Special  sets  for  earth i ng  the  capaci tor  un i ts  
before  touch ing  are  recommended .  
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Key 

1  al arm  s i g nal  5   u nder/overvo l tage ,  1  s tep  

2  tr i p  s i g nal  6  overvo l tage ,  2  s tep  

3  overcu rren t  protect i on  7   u nbalance  cu rren t  

4  overcu rren t  protect i on  8  u nbalance  cu rren t.  Maximum  number o f  capaci tor  fa i l u res  

Figure  1 1  – Example  of  a  protection  scheme  
for  an  unearthed  shunt  capaci tor 
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Figure 1 2  – Example of  a  protection  scheme for a  C-type fi l ter  
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7 Audible  noise   

7.1  General  

An  importan t  considerati on  of  converter stati on  design  i s  to  preven t  poten tial  annoyance  of  
people  l i vi ng  nearby due  to  i n trusive  aud ible  no ise.  The  i n ten ti on  of  C lause  7  i s  to  i n form  
customers  of  the  background  to  aud ible  no ise  l im i tations  and  the  re levance  to  AC  fi l ter  
design .  The  treatment  of  aud ible  no i se  l im i tati on  i n  the  techn ical  speci fi cation  can  be  
s i gn i fi can t,  and  the  i ssue  may al so  be  prom inen t  du ring  bi d  evaluation  d i scussions  and  the  
subsequent  pro ject  design  (see  IEC  TS  61 973) .  

I t  i s  recommended  to  re late  the  speci fi cation  requ i rements  to  regu lati ons  on  envi ronmental  
no i se  for  homes,  res idences  and  commun i ties  near to  the  converter  station .  

Requ i rements  for  attai n ing  an  acceptable  no ise  envi ronment  may become a  key parameter  
for  the  l ayou t  of  the  converter swi tchyard ,  affecting  both  techn ical  and  economical  aspects,  
and  may have  an  impact  on  the  AC  fi l ter  system  design  (e . g .  ci rcu lati ng  cu rren t  i n  a  double-
tuned  fi l ter  may g ive  ri se  to  unacceptable  no ise) ,  as  wel l  as  the  design  of  i nd i vi dual  
components.  The  i nclus ion  of  special  sound- l im i t i ng  measures  i n  equ ipment  design  wi l l  add  
to  the  cost  o f  that  equ ipment.  

S i nce  corrective  measures  for  no i se  reducti on  du ring  and  after  commission ing  are  usual l y  
expensive  and  t ime  consuming ,  the  customer shou ld  pay due  atten tion  to  aud ible  no i se  
requ i rements  al ready du ri ng  the  prel im inary plann ing  stage  when  selecti ng  the  s i te  of  the  
converter station .  Aud ible  no ise  l im i tati on  i s  o ften  an  importan t  consideration  i n  l i censing  of  
the  converter  station  s i te .  

Aud ible  no i se  may be  defi ned  as  an  assembly of  acousti c  waves  i n  ai r  at  frequencies  
perceived  by the  human  ear.  Noise  may consi st  o f  a  monofrequency acousti c  s i gnal  ( tone)  or  
o f  sounds  con tain ing  a  d i stri bu tion  of  frequencies.  For defi n i t i ons  of  acousti c  parameters,  see  
IEC  TS  61 973.  

Sound  acti ve  componen ts  such  as  AC  fi l ter  reactors  and  capaci tors  shou ld  be  designed  and  
arranged  wi th in  the  yard  so  as  to  m in im ize  sound  rad iati on  to  no ise-sensi t i ve  areas  around  
the  converter stati on .  

7.2  Sound  active  components  of  AC fi l ters  

The  most  prom inen t  e lectri cal  componen ts  wh ich  are  sou rces  for  aud ible  no ise  emanating  
from  an  HVDC stati on  are  the  converter transformers,  the  DC  smooth ing  reactors,  shun t  
reactors  i f  u sed ,  PLC  reactors  and  the  capaci tors  and  reactors  of  AC  fi l ters.  Thus  the  AC  
fi l ters  are  on ly  one  of  several  sources  for  the  acousti c  noi se  of  an  HVDC station .  I n  add i ti on ,  
the  acousti c  no i se  caused  by e lectri cal  d i scharges  (corona no ise)  wi l l  con tribu te  to  the  overal l  
acousti c  no i se.  

The  generati on  of  sound  by capaci tors  depends  on  the  vo l tage  appl ied  across  the  capaci tor.  
The  e lectri c  forces  wi th in  the  capaci tor  e lements  (ro l l s)  causes  them  to  vibrate  resu l ti ng  i n  
case  vibrations  of  the  capaci tor  un i ts .  

The  sound  generated  by ai r  core  reactors  resu l ts  main ly  from  vibrati onal  wind ing  forces  
caused  by the  i n teracti on  of  the  cu rren t  f l owing  th rough  the  wind ing  and  i ts  magnetic  f i e ld .  I n  
case  of  i ron  core  reactors,  fu rther vibrations  of  the  apparatus  are  i nduced  by forces  acti ng  i n  
the  magneti c  ci rcu i t.  

I n  both  cases,  capaci tors  and  reactors,  the  vibrati ons  of  the  su rface  of  the  apparatus  
generate  acousti c  noi se  wh ich  i s  rad iated  as  ai rborne  sound  i n to  the  vi ci n i ty  of  the  
equ ipment.  
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Since  these  no i se-generati ng  forces  are  proporti onal  to  the  square  of  the  e lectri cal  l oad ,  
vol tage  or  cu rren t,  the  frequency spectrum  of  force  and  thus  of  sound  d i ffers  from  the  
e lectri cal  frequency spectrum.  

As  an  example,  Figu re  1 3  shows  the  cu rren t  spectrum  of  a  f i l ter  reactor.  I t  i s  assumed  that  
the  cu rren t  consi sts  of  a  component  wi th  fundamental  frequency f and  one  harmon ic  
componen t  wi th  harmon ic  number n.  

F i gu re  1 4  depicts  the  vibrati on  force  componen ts  acti ng  on  the  wind ing  of  the  reactor.  The  
force  consists  of  componen ts  wi th  frequencies  2f,  f(n -1 ) ,  f(n+1 )  and  2fn.  

 

Figure  1 3  – Electrical  spectrum  

 

Figure  1 4  – Force  spectrum  

I n  common  wi th  any mechan ical  s tructu re,  a  capaci tor  or  reactor wi th  d i stri bu ted  mass  and  
structu ral  properti es  has  several  major structu ral  resonances.  Ampl i fi cation  of  the  equ ipment  
vibrations  and  thus  i ncreased  sound  generati on  may occur i f  one  or  several  frequencies  of  
the  force  spectrum  co incide  wi th  these  structu ral  frequencies.  

For proper consideration  of  the  acousti c  behavior  of  the  f i l ter  componen ts,  i t  i s  therefore  
i nevi table  to  i nclude  both  the  fundamental  and  the  harmon ic  con ten t  of  vo l tage  and  cu rren t.  

Depend ing  on  the  physical  s i ze  and  on  the  power rati ng  of  the  f i l ter  capaci tors  and  reactors,  
the  sound  power of  these  componen ts  ranges  from  60  dB(A)  to  80  dB(A) .  

7.3  Sound  requ irements  

The  objective  of  sound  requ i rements  i s  to  l im i t  the  l evel  o f  no i se  around  the  converter stati on  
i n  general  and  i n  parti cu lar  to  obey regu lati ons  on  envi ronmental  no i se  for  homes,  res idences  
and  commun i ties  near the  stati on .  Th is  goal  i s  accompl i shed  by the  no ise  management  
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provided  by the  con tractor for  the  complete  converter stati on .  S ince  the  AC  fi l ters  represen t  
on ly  one  of  several  no i se-active  componen ts,  i t  shou ld  be  up  to  the  con tractor to  apply  
adequate  sound  cri teria  on  the  i nd ividual  swi tchyard  componen ts  (usual l y  i n  terms  of  
maximum  al l owable  sound  power l evel )  so  as  to  meet  the  overal l  sound  requ i rements.  

When  speci fying  sound  requ i rements  i t  i s  necessary that  the  customer clearl y  speci fi es  val i d  
operating  cond i ti ons  for  the  station .  For  economical  reasons  i t  i s  advisable  to  consider on ly  
normal  operating  cond i t i ons  and  to  exclude  short- time,  or  any extreme,  cond i ti ons  from  sound  
requ i rements.  Here  normal  operati ng  cond i ti ons  means  steady-state  cond i ti ons  that  l ast  
l onger than  a  speci fi c  t ime,  normal ly  more  than  one  day,  bu t  possibly  as  short  as  a  few hours,  
depend ing  on  any appl i cable  regu lati on  or  code  of  practi ce.  

The  sound  requ i rements  for  a  converter stati on  at  s tated  operati ng  cond i t i ons  are  usual l y  
speci fi ed  by the  customer i n  terms  of  a  maximum  al lowed  sound  pressure  l evel  at  parti cu lar  
po in ts  i n  the  vi ci n i ty  of  the  station ,  or  at  a  speci fi c  con tou r su rround ing  the  station .  

Sometimes  th i s  con tou r i s  chosen  to  be  the  fence  l i ne  around  the  converter  stati on .  Typical  
values  for  ach ievable  sound  l im i ts  at  the  fence  range  from  50  dB(A)  to  60  dB(A) .  However,  
such  a  requ i rement  may resu l t  i n  a  sound  reduction  strategy wh ich  i s  not  necessari l y  
adequate.  The  sound  requ i rement  at  the  fence  m igh t  be  met  by avoid ing  the  i nstal lati on  of  
sound- in tensive  componen ts  close  to  the  fence.  However,  th i s  may not  l ower the  sound  l evel  
of  no ise-sensi ti ve  areas  fu rther  away from  the  stati on ,  wh ich  was  the  pu rpose  of  the  
requ i rement.  

Therefore  i t  i s  advisable  to  speci fy parti cu lar  sound-cri t i cal  po in ts  or  a  con tou r con tain i ng  
these  cri t i cal  po in ts  fu rther  from  the  stati on ,  where  the  impact  of  no i se  may be  crucial  and  
statu tory sound  requ i rements  have  to  be  met.  

I n  vi rtual l y  al l  coun tri es  there  exist  publ i c  regu lati ons  for  envi ronmental  sound .  Such  
requ i rements  are  establ i shed  by national ,  federal  or  provincial  agencies  speci fyi ng  maximum  
al lowable  noi se  l evels  for  various  l and-use  categories.  Usual l y  the  maximum  al l owable  noi se  
l evel  for  l i vi ng  areas  ranges  from  40  dBA to  50  dBA,  wh ich  i s  reduced  by another 5  dB  i f  the  
no ise  i s  made  up  of  one  or  several  d i sti nct  tones.  Detai l s  on  requ i rements,  measuri ng  
procedures  and  evaluati on  of  resu l ts  are  described  i n  ord inances  of  these  regu lati ons.  I t  i s  
advi sable  that  the  customer refers  to  the  re levant  envi ronmental  sound  regu lati on  rather  than  
establ i sh ing  h i s  own  ru le.  

7.4  Noise  reduction  

The  procedure  for  meeti ng  the  sound  cri teria  for  converter  stations  can  be  categori zed  i n  two  
steps.  Fi rstl y  the  stati on  shou ld  be  planned  for  an  acousti cal l y  optim ized  station  l ayou t  and  
second ly  the  sound-acti ve  componen ts  shou ld  be  designed  and  constructed  for  l ow-noise  
generation .  

The  fi rst  measure  against  no ise  i s  the  maximum  possible  separati on  between  the  area 
designated  for  the  erecti on  of  the  sound-active  componen ts  and  the  sound-sensi ti ve  area.  I t  
i s  made  by g rouping  sound-active  componen ts  so  as  to  h i nder the  propagation  of  sound  
waves  i n to  sound-cri t i cal  d i recti ons  by making  use  of  the  natu ral  topography of  the  area,  or  
us i ng  the  sound  screen ing  effects  of  the  converter house  or  o ther bu i l d ings.  Care  shou ld  be  
taken  i n  design ing  and  l ocati ng  these  bu i l d i ngs  adequately  for  acousti c  requ i rements.  For 
example,  i t  may be  necessary to  avoid  the  use  of  th i n  panels  wh ich  cou ld  be  exci ted  by the  
sound  waves  of  nearby acti ve  sound  componen ts  and  cou ld  thus  red i rect  and  even  ampl i fy  
the  no i se.  

Componen ts  or  g roups  thereof  sometimes  have  a  strong ly  non -un i form  pattern  of  sound  
rad iation .  Capaci tor  s tacks  for  example  may show a  d i sti nct  d i recti vi ty  of  sound  rad iated  from  
the  stacked  capaci tor  un i ts .  A poten tial  i nciden t  by stati on  sound  at  a  cri t i cal  nearby l ocation  
may be  avoided  by ori en ti ng  the  componen ts  so  as  to  have  no  predominan t  sound  rad iati on  
i n  th i s  cri t i cal  d i recti on .  
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Low-noise  design  of  the  swi tchyard  equ ipment  requ i res  m in im iz i ng  the  vibrati onal  ampl i tudes  
of  the  sound  rad iati ng  su rface  of  the  components.  For th i s  pu rpose  i t  i s  essen tial  to  properly  
design  the  equ ipment  so  that  the  natu ral  frequencies  of  the  componen t  do  not  co incide  wi th  
the  frequencies  of  the  major  exci tati on  forces.  I f  the  no ise  l evel  however can  sti l l  not  be  met,  
then  fu rther  sound  reducti on  by provid i ng  sound  reducing  screens  m igh t  be  appl i ed .  
However,  i t  shou ld  be  borne  i n  m ind  that  such  measures  may be  costl y,  depend ing  on  the  
necessary exten t  for  sound  reducti on .  

Consideration  shou ld  al so  be  g i ven  to  the  moun ti ng  structu re  and  to  the  e lectri cal  
connections  of  the  sound-acti ve  componen ts  so  as  to  avoid  transmission  of  componen t  
vibrations  to  other equ ipment.  

Another measure  to  reduce  the  no i se,  not  common ly  used  today,  i s  to  apply  an  acti ve  sound-
cancel lation  techn ique  compri s i ng ,  for  example,  

•  m icrophones  i nstal l ed  at  the  sound  rad iati ng  su rface,  

•  an  ampl i fi er  and  con trol  ci rcu i try,  

•  l oudspeakers  i nstal l ed  close  to  the  sound  rad iati ng  componen t.  

8 Seismic  requ i rements   

8.1  General  

The  i n ten ti on  of  C lause  8  i s  to  g i ve  the  customer’s  eng ineers  deal i ng  wi th  AC  fi l ters  su ffi cien t  
background  i n formation  i n  order  to  understand  the  impl i cati ons  of  se i sm ic  requ i rements  for  
AC  fi l ter  design ,  and  to  have  a  basis  on  wh ich  to  d i scuss  aspects  of  sei sm ic  design  wi th  
b idders.  Any se ism ic  requ i rements  for  the  fi l ters  wi l l  be  defined  i n  the  techn ical  speci fi cati on  
i n  the  same way as  the  requ i rements  for  the  rest  o f  the  converter stati on .  

AC  fi l ters  consi sti ng  of  capaci tors,  reactors,  res i stors,  etc.  consti tu te  structu res  wh ich  m igh t  
be  subjected  to  mechan ical  l oad ing  imposed  by the  shaking  of  the  g round  du ri ng  
earthquakes.  Compared  to  other mechan ical  l oad ing ,  such  as  wind  l oad ing  or  
e lectromagnetic  forces,  se i sm ic  requ i rements  usual l y  represent  the  most  severe  mechan ical  
l oad ing  to  these  structu res.  

The  t ime  variable  g round  motion  du ring  an  earthquake  resu l ts  i n  a  vi brati on  response  of  the  
fi l ter  s tructu re  i nducing  mechan ical  s tresses  i n  the  foundation  system  and  i n  the  i nd ividual  
componen ts  of  the  fi l ter  s tructu re.  Fu rther i t  causes  d i splacements  of  the  structu re  re lati ve  to  
other  equ ipment  i n  the  swi tchyard .  

The  aim  of  the  se ism ic  design  of  the  equ ipment  i s  to  ach ieve  adequate  performance  of  the  
structu re  du ring  earthquakes  at  acceptable  expense.  I n  the  case  of  severe  se ism ic  l oads  the  
whole  fi l ter  des ign  may be  affected ,  for  example  the  choice  of  mechan ical l y  robust  
con fi gu rati ons  may be  preferred .  

Adequate  se i sm ic  performance  means  that  at  l east  the  functional i ty  of  the  equ ipment  i s  
main tained  du ri ng  and  after the  se i sm ic  even t.  Th is  requ i res  that  

•  the  structu re  i s  safe ly anchored  to  g round,  consideri ng  the  qual i ty  of  so i l  at  s i te ,  

•  the  structu re  wi thstands  the  mechan ical  s tresses  i nduced  i n  i ts  i nd i vidual  componen ts,  i n  
parti cu lar i n  the  support  i nsu lators,  

•  adequate  e lectri cal  connections  and  spacing  to  ne ighbouring  structu res  wi th  respect  to  
re lati ve  d i splacements  are  provided .  

Wi th  respect  to  the  special  natu re  of  e lectri cal  equ ipment  wh ich  con tains  a  l arge  amoun t  of  
bri tt l e  material  (porcelain ) ,  i t  i s  importan t  that  real i sti c  l oads  and  reasonable  evaluati on  
cri teria  are  defined  by the  customer.  However,  the  se i sm ic  design  qual i f i cation  d i scussed  i n  
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C lause  8  i s  the  responsibi l i ty  o f  the  con tractor.  I n formation  on  the  speci fi cation  of  sei sm ic  
requ i rements  can  be  found  i n  I EEE  Std  693.  

8.2  Load  speci fication  

8.2.1  Seismic  loads  

Proper sei sm ic  eng ineeri ng  for  a  speci fi c  pro ject  requ i res  speci fi cation  of  the  sei sm ic  acti vi ty  
of  the  reg ion  of  i nstal lati on  by quan ti tati ve  eng ineeri ng  parameters.  Usual l y  th i s  i s  done  by 
defin i ng  a  "design  earthquake" ,  that  i s  a  speci fi cati on  of  the  se ism ic  g round  motion  at  s i te  i n  
terms  of  the  maximum  g round  accelerati on  and  the  so-cal l ed  " response  spectrum".  

The  maximum  g round  accelerati on  i s  expressed  i n  fractions  of  g ravi ty  (g) .  The  selecti on  of  
the  design  value  of  g round  accelerati on  i s  a  balance  of  s i te  speci fi c  geophysics,  desi red  
re l iabi l i ty  o f  the  equ ipment  and  costs .  I n  earthquake-prone  areas  the  hori zon tal  component  of  
the  maximum  g round  accelerati on  typical l y  ranges  from  0 , 1 g  to  0 , 5g ,  wh i le  the  verti cal  
componen t  i s  typical l y  50  % to  80  % of  these  values.  Certain  s i tes  can  have  even  more  
extreme  values.  Levels  of  g round  accelerati on  up  to  around  0 , 1 5g  and  moderate  safety  
factors  against  fai l i ng  of  the  members  of  the  fi l ter  s tructu re  usual l y  do  not  requ i re  extra  efforts  
for  sei sm ic  eng ineering  and  thus  no  extra  costs  to  ach ieve  sei sm ic  performance  are  i nvolved .  

A response  spectrum  i n  general  i s  u sed  to  pred ict  the  maximum  effect  to  be  expected  from  a  
g i ven  type  of  impu ls ive  l oad ing  acti ng  on  a  s imple  structu re.  I n  the  con text  of  se ism ic  
eng ineeri ng ,  the  response  spectrum  i s  a  fam i ly  of  cu rves  of  the  estimated  maximum  
accelerati on  evaluated  for  a  s tructu re  consi sti ng  of  a  s i ng le  spri ng  and  mass  (s i ng le-degree-
of- freedom  structu re)  o f  varying  natu ral  frequency,  p lotted  over frequency,  for  d i fferen t  
amoun t  of  damping  i n  fractions  of  cri t i cal  damping .  

The  response  spectra describe  the  dynamic  properties  of  a  sei sm ic  even t  i n  that  the  cu rves  
show the  an ti cipated  ampl i f i cati on  of  the  movement  of  the  structu res  as  a  function  of  
frequency.  Usual l y  the  earthquake  motions  do  not  con tain  frequencies  over abou t  33  Hz  so  
that  the  vibrati ons  i nduced  i n  s tructu res  wi th  natu ral  frequencies  above  33  Hz  wi l l  not  be  
ampl i fi ed .  

I f  no  response  spectrum  for  a  speci fi c  s i te  i s  avai lable  to  the  customer then  the  " requ i red  
response  spectrum"  (RRS)  of  I EEE  Std  693  may be  used.  As  an  example  the  RRS  for  
moderate  se ism ic  requ i rements  i s  shown  i n  Figu re  B. 1 .  The  maximum  g round  accelerati on  i n  
th i s  spectrum  i s  0 , 25g .  

I f  the  f i l ter  s tructu re  i s  mounted  on  a  primary structu re  (bu i l d i ng ,  p latform ,  etc. )  wh ich  affects  
the  structu ral  response,  then  i t  m igh t  be  necessary to  deri ve  a  secondary response  spectrum  
( fl oor response  spectrum)  based  on  the  g round  response  spectrum  and  the  modal  properti es  
of  the  primary structu re.  

8.2.2  Add i tional  loads  

Addi ti onal  l oads  wh ich  have  to  be  considered  acti ng  s imu l taneously  wi th  the  se i sm ic  l oads  
are  

•  dead  weigh t,  

•  normal  operati ng  l oads  (e lectromagnetic  forces  at  normal  service) .  

I n  some  rare  cases  fu rther  add i ti onal  l oads  such  as  wind  l oad  and  short  ci rcu i t  l oad  may be  
speci fi ed  to  act  s imu l taneously  wi th  se i sm ic  l oads.  I f  such  l oad  combinations  are  requested ,  
then  the  re levan t  data for  the  add i t i onal  l oads  (e . g .  wind  speed  or  short-ci rcu i t  cu rren ts)  
shou ld  be  g iven .  
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8.2.3  Soi l  qual i ty 

I n  add i t i on  to  the  l oads  described  above,  the  qual i ty  of  the  so i l  has  to  be  considered .  The  
impact  on  the  g round  anchoring  depends  on  the  type  of  so i l  ( rock,  clay,  sand ,  etc. ) .  I n  areas  
wi th  porous  material  the  whole  fi l ter  area,  or  parts  of  i t ,  may be  anchored  to  one  common  
foundation .  The  so i l  properti es  shou ld  therefore  be  speci fi ed  by the  customer.  

8.3  Method  of  qual i fication  

8.3.1  General  

The  qual i f i cation  may be  done  by analyti cal  methods  or  by  testi ng .  The  customer shou ld  
speci fy  wh ich  ki nd  of  qual i f i cation  the  con tractor  shal l  apply.  I f  testi ng  i s  preferred ,  then  the  
customer may accept  a  veri fi cati on  of  the  se i sm ic  performance  based  on  resu l ts  of  tests  
previously  performed  on  structu res  of  s im i lar  design  and  s im i lar  se ism ic  requ i rements.  For  
detai l s  on  se ism ic  qual i fi cation  by testi ng ,  reference  i s  made  to  I EEE  Std  693.  

The  usual  practi ce  for  qual i f i cati on  however i s  by  analyti cal  methods.  

8.3.2  Qual i fication  by analytical  methods  

8.3.2. 1  General  

Seism ic  qual i fi cation  by analyti cal  methods  requ i res  the  represen tation  of  the  f i l ter  s tructu re  
by an  equ ivalen t  model  wh ich  i s  su ffi ci en tly  detai l ed  to  establ i sh  accurately  the  stati c  and  
dynamic  behaviou r of  the  equ ipment.  For th i s  pu rpose  i t  i s  assumed  that  the  mass  of  the  
structu re  i s  concentrated  i n to  a  number of  d i screte  parts  of  l umped  masses  wh ich  are  
connected  by e lements  represen ti ng  the  mechan ical  properti es  of  the  structu re.  

The  ki nd  of  the  analyti cal  method,  s tati c  or  dynamic,  main ly  depends  on  the  type  of  
equ ipment.  Complex structu res  wi th  natu ral  mechan ical  frequencies  wi th i n  i n  the  sei sm ic  
frequency range  (0 , 1  Hz  to  33  Hz)  usual l y  requ i re  a  dynamic  analysi s  wh ich  i s  mostl y  done  by 
the  response  spectrum  method  as  described  fu rther below i n  8 . 3 . 2 . 2.  For s imple  structu res  
wi th  fewer componen ts,  a  s tati c  analysis  may be  su ffi cien t.  I n  any case,  the  numeric  
calcu lati on  i s  carri ed  ou t  u s i ng  a  general l y  accepted  compu ter prog ram.   

8.3.2.2  Response spectrum  analysis  

A structu re  consi sti ng  of  several  spri ng /masses  wi l l  have  a  number of  d i fferen t  natu ral  
vibrations,  denoted  vibrati on  modes.  Each  mode  vibrates  i n  a  speci fi c  form  (mode  shape)  at  a  
d i sti nct  natu ral  (modal )  frequency.  The  determ ination  of  the  mode  shapes  and  the  modal  
frequencies  i s  cal l ed  modal  analysi s .  The  response  of  the  structu re  may be  found  by the  
superposi ti on  of  the  maximum  responses  of  each  i nd ivi dual  mode  wh ich  are  obtained  from  
the  response  spectrum,  scaled  to  the  prescribed  maximum  g round  accelerati on  value.  I n  
practi cal  cases  on ly  a  few modes  need  to  be  considered  i n  the  analysi s  to  obtain  adequate  
accuracy.  

The  resu l tan t  maximum  response  determ ined  from  the  i nd ividual  modal  responses  i s  u sual l y  
done  by the  SRSS (square  root  of  the  sum  of  squares)  method .  I f  not  otherwise  stated ,  2  % 
modal  damping  i s  assumed  for  each  mode  shape.  I f  i ncreased  structu ral  damping  i s  
employed ,  measurements  are  usual l y  requ i red  to  veri fy  modal  frequencies  and  modal  
damping  rati os.  

The  response  spectrum  assumes  fu l l y  l i near behaviou r of  the  structu re.  When  the  structu ral  
system  i s  considered  to  be  non - l i near,  a  so-cal l ed  t ime  h i story analysi s  may be  appl i ed .  By 
th i s  method  a  record  of  g round  motion ,  u sual l y  i n  terms  of  acceleration  versus  t ime,  i s  used  
to  calcu late  the  stresses,  accelerati ons  and  d i splacements  of  the  structu re  at  d i screte  t ime  
steps  du ri ng  an  earthquake.  Th is  method  however i s  rather  calcu lati on  extensive  and  t ime  
consuming  and  therefore  on ly  used  i n  rare  cases.  
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8.3.2.3  Static  coefficient  method  

Th is  method  may be  appl ied  on  structu res  having  one  s i gn i fi can t  mode  ou t  o f  several  other  
modes.  Then  the  sei sm ic  l oad  on  the  structu re  may be  supposed  to  be  an  equ ivalen t  s tati c  
l oad  and  the  se i sm ic  forces  on  each  componen t  of  the  equ ipment  are  obtained  by mu l t ipl yi ng  
the  value  of  the  mass  of  each  component  by the  maximum  acceleration  (at  a  damping  value  
of  2  %)  g i ven  i n  the  response  spectrum.  Usual l y  a  safety  factor (stati c  coeffi cien t)  o f  1 , 5  i s  
fu rther appl i ed  to  accoun t  for  the  effects  of  the  other  modes.  

An  example  of  th i s  type  of  s tructu re  may be  a  head  type  cu rren t  transformer consi sti ng  of  a  
concen trated  mass  moun ted  on  an  i nsu lator.  The  s i gn i fi can t  mode  wi l l  be  a  rocking  mode  
exci ted  by the  shaking  of  the  g round  i n  hori zon tal  d i recti on .  

8.3.2.4  Static  analysis  

Th is  method  i s  appl i cable  when  the  equ ipment  may be  assumed  to  be  ri g i d ,  i . e .  the  natu ral  
mechan ical  frequencies  exceed  33  Hz.  Then ,  the  sei sm ic  forces  on  each  componen t  of  the  
equ ipment  are  obtained  by mu l ti plyi ng  the  value  of  the  mass  of  each  componen t  by the  
maximum  g round  acceleration .  

8.3.3  Design  cri teria  

8.3.3.1  General  

The  design  cri teria  define  the  requ i red  m in imum  safety  factors  as  wel l  as  the  buckl i ng  
requ i rements.  

8.3.3.2  Min imum  safety factors  

For each  member of  the  structu re  the  stresses  caused  by the  combined  l oads  from  sei sm ic  
and  add i t i onal  l oads  shou ld  be  calcu lated  and  depend ing  on  the  type  of  material  m in imum  
safety  factors  wi th  respect  to  breaking  and  yie ld ing  shou ld  be  main tained .  

a)  Bri tt l e  materials  

For components  con tain i ng  bri tt l e  material s ,  such  as  ceramic  i nsu lators,  a  requ i red  safety  
factor wi th  respect  to  the  breaking  streng th  shou ld  be  speci fi ed  by the  customer.  The  
breaking  streng th  of  the  bri tt l e  componen t  ( i nsu lator)  i s  defi ned  as  the  m in imum  streng th  
value  guaran teed  by the  manu factu rer  of  the  concerned  componen t.  I f  no  value  i s  
speci fi ed  for  the  requ i red  safety  factor,  then  a  m in imum  safety  factor  of  2  shou ld  be  used  
for  i nsu lators  and  other  componen ts  made  of  bri tt l e  material s .  

b)  Ducti l e  materials  

For  components  made  of  ducti l e  material s  such  as  steel  and  al um in ium  members,  the  
requ i red  safety factor  i s  defi ned  wi th  respect  to  the  yie ld  po in t  or  wi th  respect  to  the  
u l t imate  streng th .  The  appl i cable  safety  factors  shou ld  be  i n  l i ne  wi th  usual  eng ineering  
practi ce  as  g i ven  for  example  i n  national  bu i l d ing  codes.  

I f  no  i n formation  on  safety  factors  i s  avai lable,  then  the  fo l l owing  m in imum  safety  factors  
shou ld  be  appl i ed  to  the  material  under considerati on :  

•  1 , 2  on  the  yie ld ing  streng th ,  

•  2 , 0  on  the  u l t imate  streng th .  

8.3.3.3  Buckl ing  requ irements  

The  seism ic  qual i f i cation  shou ld  ascertain  that  the  structu re  safely  res i sts  buckl i ng  due  to  the  
member l oads  i nduced  by the  se ism ic  event.  Buckl i ng  requ i rements  are  usual l y  s tated  i n  the  
appl i cable  bu i l d i ng  codes.  
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8.3.4  Documentation  for  qual i fication  by analytical  methods  

The  speci fi cation  may requ i re  one  of  the  fo l l owing  l evels  of  documentati on :  

a)  Sei sm ic  statement  

Th i s  compri ses  a  short  summary of  the  se i sm ic  veri f i cati on ,  describing  equ ipment,  
methods,  l oad ing  and  most  importan t  resu l ts .  

b)  Sei sm ic  qual i fi cati on  report  

The  exten t  of  th i s  report  shou ld  be  su ffi cien t  to  understand  the  analysis  procedures  and  
models  and  to  al l ow the  veri fi cati on  of  the  major resu l ts .  I t  shou ld  con tain  

•  a  short  summary,  

•  a  d rawing  of  the  equ ipment  and  i ts  support  showing  the  major components,  

•  a  description  of  s tructu re  and  the  correspond ing  analyti cal  model ,  

•  l oads  and  l oad  combinations,  

•  a  description  of  the  analyti cal  method  and  of  the  adequacy for  appl i cation ,  

•  resu l ts  from  dynamic  or  s tati c  analysi s  (d i splacements,  forces  and  moments,  s tresses  
on  e lements,  foundation  l oads) .  

8.4  Examples  of  improvements  in  the  mechanical  design  

I n  case  where  the  se ism ic  l oad  requ i rements  are  deci s i ve  for  the  mechan ical  design  of  the  
d i fferen t  f i l ter  s tructu res  some  typical  measures  can  be  taken :  

•  u se  of  mechan ical l y  s tronger material  i n  s tructu res  (e . g .  s teel  and  porcelain )  and  i n  the  
fi l ter  componen t  i tse l f;  

•  u se  of  other  geometri cal  design  of  support  s tructu re  and  i nsu lators  than  common  practi ce  
(e . g .  support  i nsu lators  moun ted  i n  an  ang led  posi t i on  i nstead  of  verti cal ) ;  

•  u se  of  common  foundation  for  several  f i l ter  componen ts;  

•  u se  of  s tays,  e i ther i ns i de  the  support  s tructu re  to  g round  or  ou ts ide  to  g round  or  a  
combination  of  both ;  

•  vi bration  i so lati on  of  the  structu re  from  g round  by the  use  of  spri ngs;  

•  i ncrease  of  s tructu ral  damping  by the  use  of  dampers.  

Sometimes  two  or  more  of  the  measures  l i s ted  above  are  combined .  

9  Equ ipment  design  and  test  parameters   

9.1  General  

9. 1 . 1  Technical  in formation  and  requ i rements  

Depend ing  on  the  chosen  f i l ter  arrangement  (see  IEC  TR  62001 -1 :201 6,  C lause  6)  the  fi l ter  
wi l l  be  made  up  of  a  combination  of  capaci tors,  reactors  and  resi stors,  connected  to  the  AC  
bus  by su i table  swi tch ing  equ ipment.  Add i ti onal  equ ipment  shou ld  be  i ncluded  such  as  su rge  
arresters  for  overvol tage  protecti on  and  i nstrument  transformers  as  part  o f  the  fi l ter  
protecti on  system.  

There  are  a  number of  factors  wh ich  al l  have  s i gn i fi can t  i n fl uence  on  the  design  and  the  
rati ngs  of  the  f i l ter  componen ts.  Basic  i n formation  wh ich  the  customer has  to  provide  i n  h i s  
bi d  request  i s  described  i n  some  detai l  i n  C lauses  7,  8  and  i n  I EC  TR  62001 -1 :201 6,  C lause  
9 .  

Clause  9  aims  to  g i ve  the  customer some gu idance  for  
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•  parti cu lar  techn ical  i n formation  on  the  f i l ter  componen ts  the  customer shou ld  provide  i n  
h i s  speci fi cati on ,  

•  requ i rements  on  design ,  producti on ,  testi ng ,  i nstal lati on  and  main tenance  of  f i l ter  
componen ts,  wh ich  shou ld  be  speci fi ed  by the  customer,  

•  speci fi c  techn ical  i n formation  on  the  equ ipment,  wh ich  the  customer shou ld  requ i re  to  be  
presen ted  i n  the  bi dder's  tender.  

9.1 .2  Technical  i n formation  to  be  provided  by the  customer 

The  AC  fi l ters  are  common ly  i nstal l ed  ou tdoors,  al though  i ndoor i nstal lati on  i s  possible.  
Unusual  envi ronmental  s i te  cond i ti ons  shou ld  be  brough t  to  the  con tractor's  atten ti on ,  such  
as  severe  po l l u ti on  ( i ndustrial  or  mari ne) ,  severe  se ism ic  requ i rements,  unusual l y  h i gh  wind  
veloci ty,  s tri ngen t  acousti c  no i se  requ i rements,  etc.  Such  requ i rements  may be  deci s i ve  for  
the  equ ipment  design .  

The  customer shou ld  i nd icate  parti cu lar i n formation  on  operati onal  aspects  of  the  AC  fi l ters.  I f  
appl i cable,  the  customer shou ld  i nd icate  that  the  devices  used  for  f i l ter  swi tch ing  shou ld  be  
designed  for  frequent  swi tch ing  operati ons,  as  th i s  may be  requ i red  for  reacti ve  power 
con tro l ,  and  the  customer shou ld  speci fy the  expected  number of  operati ons  per year.  Any 
temporary overvol tage  cond i ti ons  under wh ich  the  f i l ter  shou ld  be  d i sconnected  shou ld  al so  
be  speci fi ed .  

9.1 .3  Customer requ irements   

9. 1 .3.1  Design,  production ,  i nstal lation  and  maintenance requ irements  

Since  the  fi l ter  componen ts  are  " l i ve"  parts,  fencing  of  the  f i l ter  equ ipment  for  ach ieving  
personnel  clearance  may be  used .  Al ternati vely,  i nstead  of  fencing ,  the  equ ipment  may be  
moun ted  on  special  support  s tructu res  wh ich  e levates  l i ve  parts  to  a  he igh t  commensurate  
wi th  personnel  safety  standards.  The  customer may speci fy  what  method  shou ld  be  adopted  
and  he  shou ld  speci fy  the  m in imum  safety clearance.  

I t  i s  recommended  that  the  customer requ i res  the  con tractor  to  speci fy  the  type  of  support  
i nsu lators  used  for  the  moun ting  of  the  f i l ter  components  and  the  capaci tor  bush ings.  Usual l y  
the  i nsu lators  and  bush ings  are  of  porcelain  type.  Su ffi cien t  creepage  and  clearance  shou ld  
be  provided  for  re l i able  operation  of  the  equ ipment.  Based  on  i n formation  avai lable  to  the  
customer regard ing  the  po l l u tion  cond i ti ons  encountered  at  the  s i te ,  the  customer shou ld  
prescribe  the  m in imum  creepage  d i stance  of  the  i nsu lators.  Typical  values  for  speci fi c  
creepage  are  from  25  mm/kV to  45  mm/kV depend ing  on  the  s i te  po l l u tion  l evel  (see  
IEC  TS  6081 5-1 ,  I EC  TS  6081 5-2  as  wel l  as  I EC  TR  62001 -1 :201 6,  9 . 4. 2) .  Creepage  
requ i rements  shou ld  be  based  on  the  maximum  vol tage  ( i nclud ing  harmon ics)  appearing  
across  the  i nsu lators  or  bush ings,  evaluated  i n  accordance  wi th  2 . 2. 4  and  2 . 2 . 5.  

The  customer may requ i re  the  f i l ter  to  be  made  up  as  far  as  possible  by i den ti cal  
i n terchangeable  componen ts  so  as  to  s impl i fy  main tenance  and  stocking  of  spares.  

For  ease  of  transportation  and  i nstal lati on ,  the  customer may requ i re  that  each  equ ipment  
component  be  equ ipped  wi th  l i ft i ng  eyes  or  s im i lar  provi s ion  for  l i ft i ng  the  un i t.  

The  customer may impose  a  maximum  heigh t  requ i rement  for  any equ ipment.  He  may fu rther  
requ i re  a  maximum  l im i t  on  weigh t  of  components  (capaci tor  un i ts  for  example)  depend ing  on  
thei r  l ocati on  re lati ve  to  other f i l ter  equ ipment.  I f  the  con tractor exceeds  those  l im i ts  he  
shou ld  provide  appropriate  too ls  for  hand l i ng  du ring  i nstal lati on  and  main tenance.  

The  ou tl i ne  of  the  fi l ter  componen ts  shou ld  be  designed  so  as  to  e l im inate  as  far  as  possible  
any vi s ible  corona at  vol tage  l evels  typical l y  up  to  20  % above  rated  vo l tage.  

The  customer may advi se  the  bi dder that  the  fi l ter  componen ts  shal l  be  designed  to  wi thstand  
the  operational  mechan ical  forces  wi thou t  damage  or  reducti on  of  l i fe .  These  are  vibrational  
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forces  du ri ng  normal  operati on ,  e lectromagnetic  forces  du ri ng  external  fau l ts ,  wind  forces,  i ce  
l oad ing  and  se i sm ic  forces,  i f  appl i cable.  I n  case  of  breakage  of  one  support  i nsu lator,  the  
construction  shou ld  remain  stable.  The  customer may requ i re  a  stati c  calcu lati on  of  the  fi l ter  
s tructu res.  

The  customer may requ i re  the  con tractor  to  guarantee  a  maximum  annual  fai l u re  rate  for  
certain  f i l ter  componen ts  such  as  capaci tors,  cu rren t  transformers,  etc.  on  cond i t i on  that  the  
speci fi ed  main tenance  i s  provided .  

9.1 .3.2  Qual i ty system  and  documentation  requ irements  

I t  i s  recommended  that  the  customer speci fi es  h i s  m in imum  requ i rements  on  the  con tractor's  
qual i ty  system  to  be  appl i ed  by the  con tractor  to  the  design ,  producti on ,  testi ng ,  i nstal lation  
and  main tenance  of  the  AC  fi l ter  equ ipment.  

Usual l y,  the  qual i ty  programme i s  documented  by the  con tractor's  qual i ty  manual .  The  
customer shou ld  review the  con tractor's  manual  and  he  shou ld  reserve  the  ri gh t  to  aud i t  the  
qual i ty  system  as  described  by the  manual .  

Fu rther  to  the  standard  qual i ty  programme,  the  customer may state  speci fi c  requ i rements  on  
the  ki nd  and  qual i ty  of  material s  and  workmansh ip.  These  shou ld  i nclude  for  example  
requ i rements  on  material s  used  for  term inals  and  e lectri cal  wi ri ng ,  su rface  protection  by 
galvan iz i ng  or  pain ti ng ,  speci fi c  requ i rements  on  weld i ng .  

The  customer may speci fy  requ i rements  on  the  con tractor's  documentati on .  Usual l y  the  
acti vi t i es  for  design  and  producti on  i nspection ,  testi ng ,  i nstal lati on  and  commission ing  are  
based  on  i nspection  and  test  plans.  The  i nspection  and  test  p lan  shou ld  defi ne  hold  po in ts  for  
wi tnessing  i nspection  or  testi ng  by the  customer or  by an  organ izati on  represen ti ng  the  
customer.  

I t  i s  recommended  that  customer requests  the  con tractor to  submi t  th i s  documentati on  for  
approval  du ri ng  the  detai led  design  stage  of  the  equ ipment.  

9.1 .3.3  Test  requ irements  

For general  requ i rements  the  customer shou ld  refer  as  far  as  possible  to  the  appl i cable  IEC  
standards  and  recommendations,  bu t  ANSI  or  I EEE  standards  cou ld  be  used  for  compari son .  
I t  shou ld  be  made  clear  on  wh ich  standard  body,  I EC  or  ANSI /IEEE,  the  design ,  rati ng  and  
testi ng  of  the  fi l ter  equ ipment  i s  based.  

The  test  program  for  componen t  speci fi c  tests  wi l l  depend  on  a  number of  parameters  such  
as  the  general  techn ical  concept  of  the  fi l ter,  overvol tage  protecti on ,  servi ce  experience  wi th  
speci fi c  componen ts  gained  from  other  HVDC pro jects.  The  test  prog ram  shou ld  ascertain  
that  the  speci fi c  componen t  wi l l  provide  the  requ i red  performance  and  wi l l  wi thstand  al l  
defi ned  e lectri cal  and  envi ronmental  cond i t i ons  encoun tered  i n  the  fi e ld .  However,  i t  shou ld  
be  borne  i n  m ind  that  requ i rements  for  tests  coveri ng  un real i sti c  cond i ti ons  may considerably  
i ncrease  the  cost  for  the  equ ipment.  

The  test  program  shou ld  be  establ i shed  i n  co-operati on  between  the  customer,  the  con tractor  
and  h i s  sub-suppl ier.  Usual l y  i t  i s  spl i t  i n to  rou tine  tests,  type  tests  and  i f  necessary special  
or  "other"  tests.  I t  may be  advi sable  that  the  customer or  h i s  representati ve  plans  to  wi tness  
type  and  special  tests.  Th is  i s  o f  parti cu lar  importance  i n  case  of  d i ff i cu l ti es  i n  perform ing  a  
test,  or  i f  there  are  any doubts  abou t  the  test  resu l t.  I n  th i s  case  the  customer's  
representati ve  may assi st  i n  making  an  immediate  deci s ion  on  how to  proceed  wi th  testi ng .  

Certi fi ed  test  reports  on  previously  performed  type  tests  on  s im i lar  un i ts  may be  accepted  i n  
l i eu  of  perform ing  a  type  test.  Relevan t  test  reports  shou ld  be  submi tted  to  the  customer for  
approval ,  i nclud ing  a  report  on  deviations  i n  design  or  techn ical  data.  I f  accepted  i n  l i eu  of  
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perform ing  a  type  test,  these  reports  shou ld  be  i ncluded  i n  the  i nspection  and  test  report  as  
part  of  the  documentati on .  

I f  appl i cable,  the  con tractor  shou ld  perform  a  sei sm ic  qual i fi cati on  for  each  equ ipment  
component  moun ted  on  i ts  support  s tructu re.  Sei sm ic  qual i fi cati on  may be  performed  e i ther 
by analyti cal  methods  or  by testi ng  (see  Clause  8) .  

9.1 .4  Technical  in formation  to  be  presented  by the  bidder 

The  customer shou ld  requ i re  the  bi dder to  provide  a  general  descripti on  of  the  fi l ter  l ayou t  
i nclud ing  a  schemati c  d iag ram  clearl y  i den ti fying  the  i nd ivi dual  f i l ter  componen ts.  The  
number of  un i ts  of  f i l ter  componen ts  i nclud ing  spare  un i ts  shou ld  be  i nd i cated  by the  bidder.  

The  l i s ts  of  e lectri cal  data presen ted  i n  9 . 2  to  9 . 7  are  i n tended  to  be  a  gu idel i ne  for  the  
customer on  how to  speci fy  a  parti cu lar  f i l ter  componen t.  Fu rther  parameters  and  fu rther  
i n formation  may be  requested  by the  customer i f  deemed  to  be  usefu l .  Such  requ i red  
i n formation  for  example  may refer to  the  thermal  t ime  constan t  of  reactors,  res istors  and  of  
arresters.  

The  numerical  values  of  the  i nd ivi dual  parameters  for  each  componen t  are  chosen  by the  
bi dder depend ing  on  h i s  f i l ter  des ign .  S i nce  some of  the  values,  i n  parti cu lar  for  to lerance,  
may be  cri t i cal  and  sometimes  d i ff i cu l t  to  ach ieve,  such  values  are  usual l y  defi ned  i n  
consu l tati on  wi th  the  componen t  sub-suppl i ers.  

The  customer may requ i re  the  bi dder to  i nd i cate  the  amoun t  of  manpower for  main tenance  ( i n  
days  per  annum)  necessary for  re l i able  operation  of  the  equ ipment  under defi ned  operati ng  
cond i ti ons.  

9.1 .5  Ratings  

The  fo l l owing  rati ngs  are  requ i red  to  be  speci fi ed  for  the  various  fi l ter  componen ts .  

•  Rated  harmon ic  frequency 

The  rated  harmon ic  frequency i s  that  frequency to  wh ich  the  re levan t  parameters  for  
harmon ic  f i l ter  performance  are  referred .  For  s i ng le- tuned  f i l ters  th i s  frequency i s  equal  to  
the  tun ing  frequency,  for  double- tuned  fi l ters  th i s  may be  the  geometri c  mean  frequency 
of  the  two  tun ing  frequencies  or  may refer to  both  tuned  frequencies.  

•  Vo l tage  rati ng  

The  rated  vol tage  UN  (RMS)  assigned  to  an  AC  fi l ter  capaci tor  bank i s  d i scussed  i n  
2 . 2 . 4. 2.  The  rated  vo l tage  of  the  capaci tor  un i ts  Ur  (RMS)  shou ld  be  h i gher than  or  equal  
to  the  rated  vo l tage  UN  of  the  capaci tor  bank d i vided  by the  number of  series  connected  
un i ts .  

I t  shou ld  be  noted  that  there  are  considerable  d i fferences  between  IEC  60871 -1 :201 4  and  
IEEE  Std  1 8-1 992  i n  terms  of  perm issible  l ong  du ration  overvol tage  capabi l i t i es  of  
capaci tors  (see  I EC  60871 -1 :201 4,  C lause  1 9,  and  IEEE  Std  1 8-1 992,  subclause  5 . 2 . 3) .  

I t  i s  recommended  that  the  con tractor presen ts  osci l l og rams  of  the  transien t  osci l latory 
vo l tage  appearing  across  the  capaci tor  banks,  together wi th  the  an ti cipated  number of  
even ts  per  year,  i n  h i s  speci fi cation  to  the  capaci tor  sub-suppl i er.  

The  rated  vo l tage  of  a  reactor or  res i stor i s  the  ari thmeti c  sum  of  the  vo l tages  at  
fundamental  and  harmon ic  frequencies.  The  rated  vo l tage  across  a  reactor  or  res istor i s  
d i scussed  i n  2 . 2. 4. 3  and  2 . 2 . 4. 4.  The  vo l tage  rati ng  to  g round  depends  on  the  posi ti on  of  
the  reactor  or  res istor relati ve  to  other f i l ter  components  and  may d i ffer  from  the  vo l tage  
rati ng  between  the  term inals.  

•  Cu rren t  rati ng  

The  rated  cu rren t  i s  the  square  root  of  the  sum  of  the  squares  of  the  cu rren t  at  
fundamental  and  harmon ic  frequencies  (see  2. 2 . 4) .  
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9.2  Capaci tors  

9.2. 1  General  

There  are  two  i n ternational ly  accepted  standards  appl i cable  for  the  capaci tors  for  AC  fi l ters:  
preferably  IEC  60871 -1 :201 4,  and  I EEE  Std  1 8-1 992  for  comparison .  I t  i s  recommended  to  
refer  to  one  of  these  two  standards  for  general  requ i rements  on  capaci tors.  

For clari f i cati on  of  term inology,  the  fo l l owing  defi n i t i ons  are  used .  

•  Capaci tor  e lement:  I n  practi ce,  normal l y  an  i nd ividual  package  (co i l ,  ro l l )  consi sti ng  of  
al um in ium  fo i l  and  i nsu lati ng  paper and/or  p lasti c  f i lm .  

•  Capaci tor  can  or  un i t:  The  metal l i c  case  i nclud ing  bush ing (s) ,  i n ternal  d i scharge  and  
g rad ing  resi stors,  capaci tor  e lements  connected  i n  series  and  paral le l ,  and ,  i f  u sed ,  
e lement  fuses.  

•  Series  g roup:  A set  of  capaci tor  un i ts  connected  i n  paral l e l .  Several  g roups  are  connected  
i n  series  to  meet  the  vol tage  requ i rements.  

•  Capaci tor  rack:  A metal l i c  framework con tain i ng  one  or  several  series  g roups  i nclud ing  
i n terconnection  buswork and  i nsu lators  as  requ i red .  

•  Capaci tor  s tack:  One  or  several  capaci tor  racks  mounted  on  a  set  o f  base  i nsu lators  for  
rack-to-rack i nsu lation ,  i nclud ing  i n ter-rack and  rack- to-rack connections.  

•  Capaci tor  bank:  One  or  several  capaci tor  s tacks  i nclud ing  i n ter-stack connections  and  
i nclud ing  the  associated  mon i toring  and  protective  equ ipment.  Often ,  a  capaci tor  bank 
consi sts  of  sets  of  two  i den ti cal  s tacks  connected  i n  paral l e l  so  as  to  provide  a  bridge  arm  
for  measuri ng  unbalance  between  the  two  stacks.  

I n  s i ng le  l i ne  d iag rams  the  capaci tor  bank i s  represen ted  by a  l umped  s i ng le  phase  capaci tor.  

9.2.2  Design  aspects  

The  con tractor  shou ld  i l l ustrate  the  ci rcu i try of  the  i nd ivi dual  capaci tor  banks  and  capaci tor  
un i ts  to  show how the  speci fi ed  capaci tance  values  are  arri ved  at.  

The  fo l l owing  considerati ons  are  taken  i n to  accoun t:  

•  Capaci tor  un i ts  

Depend ing  on  the  envi ronmental  s i te  cond i t i ons  i t  may be  advisable  to  make  the  cases  of  
the  capaci tor  un i ts  from  stain less  steel .  The  cases  shou ld  be  designed  so  as  to  al l ow for  
expansion  and  con traction  due  to  al l  ambien t  and  l oad ing  cond i ti ons  expected  du ring  the  
l i fe  of  the  un i t  i nclud ing  short  term  and  transien t  cond i ti ons.  The  capaci tor  manu factu rer 
shou ld  provide  the  cri teria  for  determ in ing  when  expansion  of  the  case  i s  normal  and  
when  i t  i s  due  to  capaci tor  fai l u re.  

Usual l y  the  capaci tor  un i ts  are  bo l ted  to  the  rack.  Each  capaci tor  un i t  shou ld  be  moun ted  
so  that  i t  can  be  easi l y  removed  from  the  rack and  replaced  wi thou t  removing  other  un i ts  
or  d i sassembl i ng  any porti on  of  the  rack.  Depend ing  on  the  weigh t,  i f  necessary each  
capaci tor  un i t  shou ld  be  fu rn ished  wi th  l i ft i ng  eyes.  

The  d ie lectri c  f l u i d  used  wi th i n  the  capaci tor  un i t  shou ld  be  envi ronmental l y  safe  and  
biodegradable.  The  capaci tor  un i t  shou ld  not  con tain  PCB type  fl u id .  The  capaci tor  
e lements  shou ld  be  vacuum  dried  i ns ide  the  case  prior  to  impregnation  wi th  the  d ie lectri c  
f l u id .  After impregnation  the  capaci tor  un i t  shou ld  be  sealed  immed iately  upon  removal  o f  
the  impregnan t  reservoi r.  

The  cu rren t,  vo l tage  and  kVar rati ng  of  the  capaci tor  un i ts  as  wel l  as  the  measured  
capaci tance  or  the  to lerance  class  shou ld  be  g iven  on  the  capaci tor  un i t  nameplate,  i n  
accordance  wi th  I EC/IEEE  standards.  

•  D i scharge  resistors  
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Each  capaci tor  un i t  shou ld  be  provided  wi th  i n ternal  d i scharge  resi stors  i n  accordance  
wi th  I EC  60871 -1  or  I EEE  Std  1 8.  Longer d i scharge  t imes  (wh ich  wi l l  reduce  l osses)  may 
be  possible  i f  ag reed  by the  customer.  

•  Fuses  

Fuses  are  i n tended  to  protect  the  case  of  the  capaci tor  un i t  from  ruptu re  due  to  capaci tor  
e lement  fai l u res.  I n ternal  fuses  are  i n tended  to  safe ly  i so late  fai l ed  e lements  du ring  any 
operational  cond i ti on .  

The  customer shou ld  i nd i cate  wh ich  type  of  fus i ng  – i n ternal ,  external  or  non- fusing  – i s  
considered  acceptable  and  he  shou ld  defi ne  the  cri teria  for  alarm  and  tri p  l evel  setti ngs  of  
the  unbalance  protecti on .  The  con tractor shou ld  show how h i s  proposed  fus ing /un i t  
arrangement  wi l l  meet  the  customer's  requ i rement.  

•  Racks  

Usual l y  the  capaci tor  racks  are  suppl ied  fu l l y  equ ipped  wi th  al l  capaci tor  un i ts ,  i nsu lators,  
and  connections.  Li ft i ng  eyes  shou ld  be  provided  to  faci l i tate  assembly of  the  racks  i n to  
the  stacks.  Depend ing  on  the  envi ronmental  s i te  cond i ti ons  i t  may be  advisable  to  make  
the  racks  of  hot  d i p  galvan ized  structu ral  s teel  or  corrosion  resistan t  s tructu ral  al um in ium .  
No  d ri l l i ng  shou ld  be  perm i tted  after galvan iz ing .  

The  structu ral  members  of  the  racks  shou ld  not  be  used  as  e lectri cal  buses.  There  shou ld  
be  on ly  one  s i ng le  e lectri cal  bond  between  a  g roup of  capaci tor  un i ts  and  the  capaci tor  
rack.  Al l  s tructu ral  members  of  the  rack shou ld  be  e lectri cal l y  connected  together i n  order 
to  ensu re  adequate  earth i ng  of  the  rack du ring  main tenance.  The  rack shou ld  be  provided  
wi th  adequate  connections  for  earth i ng .  

Each  rack shou ld  be  clearl y  l abel led  wi th  the  weigh t  o f  the  fu l l y  equ ipped  un i t,  the  phase  
and  bank of  wh ich  i t  forms  a  part,  and  the  maximum  and  m in imum  capaci tor  un i t  
capaci tances  wh ich  may be  substi tu ted  i n to  the  rack as  spares.  Su i table  warn ing  l abels  
shou ld  be  affi xed .  

•  Capaci tor  bank 

Special  atten tion  shou ld  be  d rawn  to  the  capaci tor  bank design  so  as  to  meet  acousti c  
sound  power l evels  as  speci fi ed  i n  the  techn ical  speci fi cati on  (see  C lause  7) .  A sound  
power calcu lati on  shou ld  be  provided  for  each  bank.  

9.2.3  Electrical  data  

Table  2  i s  a  checkl i st  o f  data wh ich  cou ld  be  used  by the  con tractor for  pu rchasing  the  
equ ipment  or  to  i n form  the  customer of  the  design  parameters.  

Table  2  – Electrical  data  for  capaci tors  

Capaci tor  design  parameter  Un i t  

Rated  harmon i c  frequency Hz  

Rated  capaci tance  per  phase  (at  +20  °C)  µF 

To l erance  on  rated  capaci tance  ±  %  

Maximum  vari at i on  o f  capaci tance  versus  temperatu re   %/°C  

Maximum  to tal  l osses  at  rated  vo l tage  and  rated  temperatu re  W/kvar  

Maximum  d i e l ectri c  l osses  at  rated  vo l tage  and  rated  temperatu re  W/kvar 

Vari at i on  o f  tan  (δ )  versus  frequency 
a  

Rated  vo l tage  (U
N
)  across  capaci tor  bank i ncl ud i ng  harmon i cs  kV(RMS)  

Harmon i c  vo l tage  spectrum  b ,  s teady s tate  n /kV(RMS)  

M i n imum  vo l tage  across  capaci tor  bank excl ud i ng  harmon i cs  kV(RMS)  

Total  cu rren t  ( i n cl u d i ng  harmon i cs)  A(RMS)  

Harmon i c  cu rren t  spectrum  b ,  s teady s tate  n /A(RMS)  
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Capaci tor  design  parameter  Un i t  

Con ti nuous  vo l tage  across  capaci tor  bank for  eval uati on  o f  sound  power l eve l  i n cl ud i ng  
harmon i cs  

kV(RMS)  

Harmon i c  vo l tage  spectrum  for  eval uati on  o f  sound  power l eve l  n /kV(RMS)  

Maximum  sound  power l eve l  dB(A)  

Li gh tn i ng  impu l se  wi thstand  l eve l  (LIWL)   

 H i gh  vo l tage  term inal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

 H i gh  vo l tage  term inal  to  l ow vo l tage  term i nal  kV  

Swi tch i ng  impu l se  wi thstand  l eve l  (S IWL)   

 H i gh  vo l tage  term inal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

 H i gh  vo l tage  term inal  to  l ow vo l tage  term i nal  kV  

Appl i ed  AC  test  vo l tage  to  g round  (50  H z  or  60  H z,  1  m i n )  kV(RMS)  

a  The  vari at i on  o f  tan  (δ )  wi th  frequency from  fu ndamen tal  to  the  h i g hest  harmon i c  shou l d  be  g i ven  as  a  g raph  
or  tabl e .  

b  The  harmon i c  vo l tage  o r  cu rren t  spectrum  i s  speci f i ed  i n  terms  o f  the  order  number  and  the  RMS  val ue  o f  
the  i nd i vi dual  harmon i c  vo l tages  or  cu rren ts .  

 

9.2.4  Tests  

Un less  otherwise  stated ,  rou ti ne  tests  and  type  tests  shou ld  be  performed  i n  accordance  wi th  
the  re levan t  clauses  of  I EC  60871 -1  and/or I EEE  Std  1 8.  Tests  on  support  i nsu lators,  where  
appl i cable,  may be  performed  i n  accordance  wi th  I EC  601 68.  I f  the  customer has  add i t i onal  
speci fi c  requ i rements  for  special  or  "other"  tests  and  for  veri fi cati on  of  equ ipment  
performance,  then  these  shou ld  be  stated .  

Such  requ i rements  may i nclude,  for  example,  the  fo l l owing .  

•  D i scharge  test  

A d i scharge  test  o f  the  capaci tor  un i t  shou ld  be  performed  by charg ing  the  capaci tor  to  a  
DC  vo l tage  equal  to  1 , 7  to  2 , 5  t imes  the  rated  vo l tage  and  d i scharg ing  i t  by  a  short-ci rcu i t  
between  the  term inals.  The  DC  vo l tage  l evel  to  be  used  i n  the  test  shou ld  be  ag reed  
between  customer and  con tractor.  

•  Measurement  of  capaci tance  dependence  on  frequency and  temperatu re  

•  Impregnan t  test  

The  component  suppl i er  shou ld  propose  tests  to  prove  the  adequacy of  the  chemical  and  
e lectri cal  characteri sti cs  of  the  appl i ed  impregnan t.  

•  Veri fi cation  of  acousti c  noi se  

The  con tractor shou ld  demonstrate  by analyti cal  methods  the  expected  total  sound  power 
l evel  i n  dB(A)  for  each  capaci tor  bank at  fundamental  and  harmon ic  vo l tages  as  g i ven  i n  
the  e lectri cal  data l i s t.  

•  Se ism ic  qual i fi cati on  

To  be  performed  by the  con tractor or  h i s  sub-con tractor,  i f  appl i cable  (see  C lause  8) .  

9.3  Reactors  

9.3.1  General  

The  standard  usual l y  appl i ed  for  speci fying  AC  fi l ter  reactors  i s  I EC  60076-6  wh ich  con tains  a  
clause  deal i ng  wi th  f i l ter  reactors.  Fu rther,  s tandard  IEEE  Std  C57. 1 6  wi l l  be  an  appl i cable  
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s tandard  for  fu tu re  f i l ter  reactor speci fi cati ons.  Th i s  standard  con tains  a  normative  append ix  
speci fi cal l y  deal i ng  wi th  f i l ter  reactors.  

S i nce  the  type  of  reactor appl i ed  i n  AC  fi l ters  i s  u sual l y  ai r-core  d ry- type,  the  fo l l owing  
i n formation  refers  to  th i s  type  of  reactor on ly.  

9.3.2  Design  aspects  

Usual l y  the  reactors  are  s i ng le  phase  wi th  a  wind ing  designed  for  ou tdoor i nstal lation ,  for  ai r  
cool i ng  by natu ral  convection .  Therefore  al l  material s  are  chosen  so  as  to  provide  
sati sfactory wi thstand  to  the  cl imati c  and  envi ronmental  cond i ti ons  encoun tered  at  s i te .  For  
reactors  i nstal l ed  i n  areas  of  h i gh  u rban  based  pol l u tion  or  ocean ic  based  sal t  po l l u ti on ,  care  
shou ld  be  paid  to  the  protecti on  of  the  reactor  wind ing  against  the  adverse  effects  of  
e lectro lyti c  deposi t i on .  Under such  operating  envi ronments,  tracking  can  occu r on  the  su rface  
of  AC  stressed  d ry- type  ai r  core  reactors.  I t  i s  therefore  recommended  that  i f  sal t  type  
po l l u ti on  can  occur,  the  reactors  shou ld  be  coated  wi th  special  coati ng  such  as  RTV s ing le-
componen t,  l ow temperatu re  cu ring  s i l i cone  e lastomer,  having  special  hydrophobic  properti es  
to  preven t  water  f i lm ing  on  the  wind ing  su rfaces  d i rectly  exposed  to  the  envi ronment.  

The  temperatu re  class  of  the  i nsu lati on  material  u sual l y  i s  e i ther  class  B  (1 30  °C)  or  class  F  
(1 55  °C) .  

Dry- type  ai r-core  reactors  do  not  have  an  i ron  core.  Therefore  the  magneti c  f i e l d  i s  not  
constrained  and  wi l l  occupy the  space  around  the  reactor wind ing .  Al though  the  magneti c  
f i e l d  reduces  i n  s treng th  wi th  i ncrease  i n  d i stance  from  the  reactor,  the  presence  of  th i s  f i e ld  
shou ld  be  taken  i n to  considerati on  for  the  i nstal lation  of  d ry- type  ai r-core  un i ts .  The  exten t  to  
wh ich  care  has  to  be  taken  i s  l argely a  functi on  of  kVA and  i s  l ower for  l ow kVA un i ts .  

Usual l y  the  reactors  are  moun ted  on  support  i nsu lators  and  support  s tructu res.  The  reason  
for  provid i ng  support  s tructu res  may be  twofo ld ,  f i rstl y  to  supply  safety clearance  for  
substation  personnel  to  the  equ ipment  on  h i gh  poten tial  and  second ly  to  provide  su ffi ci en t  
magneti c  clearances  to  the  foundations  on  wh ich  the  reactors  are  i nstal l ed .  

The  d imensions  of  the  e lectri cal  term inals  of  the  reactor and  the  associated  connectors  
shou ld  be  kept  as  smal l  as  possible  so  as  to  avoid  substan tial  eddy cu rren t  l oss  due  to  the  
magneti c  f i e l d  of  the  reactor.  

The  support  s tructu re  shou ld  be  designed  so  as  not  to  have  shorted  l oops  otherwise  cu rren ts  
cou ld  be  i nduced  by the  magnetic  stray fi e ld  of  the  reactor.  Ground ing  of  the  support  
s tructu re  shou ld  be  accompl i shed  wi thou t  creating  closed  l oops  i n  the  g round ing  system.  

I f  necessary,  the  wind ing  may be  designed  wi th  i n termed iate  tap  posi ti ons  for  i nductance  
variation  i n  s teps.  Tap  posi ti on  setti ng  i s  done  off-ci rcu i t,  by  hand ,  wi thou t  affecting  the  
reactor's  main  term inal  connections.  

Usual l y  the  f i l ter  ci rcu i ts  wou ld  requ i re  the  use  of  reactors  wi th  Q  val ues  at  harmon ic  
frequencies  much  l ower than  the  "natu ral "  reactor Q  factor.  Th is  may be  ach ieved  by 
connecti ng  a  res i stor  i n  the  ci rcu i t  wi th  the  reactor to  damp the  fi l ter  response.  Usual l y  the  
resistors  are  connected  i n  paral l e l  wi th  the  reactors.  An  al ternati ve  to  the  use  of  a  res i stor  i s  
the  add i t i on  of  a  de-Q ' i ng  structu re  on  the  reactor,  wh ich  can  reduce  i ts  Q  factor.  The  de-
Q ' i ng  structu re  typical l y  consists  of  several  coaxial l y  arranged  short-ci rcu i ted  metal l i c  ri ngs  
wh ich  couple  wi th  the  main  fi e l d  of  the  reactor.  The  i nduced  cu rren ts  i n  the  closed  ri ngs  
d i ss ipate  energy and  thus  l ower the  Q  factor  of  the  reactor.  

I f  the  reactors  are  equ ipped  wi th  l i gh tn i ng  arresters,  they shou ld  be  moun ted  so  that  the  
pressure  re l i ef  valve  does  not  impinge  on  the  reactor.  
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Special  atten ti on  shou ld  be  d rawn  to  the  wind ing  design  so  as  to  meet  acousti c  sound  power 
l evels  as  speci fi ed  i n  the  techn ical  speci fi cation .  A sound  power calcu lati on  may be  
requested  for  each  un i t  (see  C lause  7) .  

9.3.3  Electrical  data  

Table  3  i s  a  checkl i st  o f  data wh ich  cou ld  be  used  by the  con tractor  for  pu rchasing  the  
equ ipment  or  to  i n form  the  customer of  the  design  parameters.  
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Table  3  – Electrical  data  for  reactors  

Reactor  design  parameter  Un i t  

Rated  harmon i c  frequency Hz  

Rated  i nductance  mH  

To l erance  on  rated  i nductance  (appl i cable  fo r  reactors  wi thou t  tappi ng  range)  ±  %  

Tappi ng  range  ±  %  

S tep  s i ze   %  

Q-val ue  o f  reactor  at  fu ndamen tal  frequency  

Q-val ue  o f  reactor  at  rated  harmon i c  frequenci es   

To l erance  on  Q-val ue  at  fu ndamen tal  frequency ±  %  

To l erance  on  Q-val ue  at  rated  harmon i c  frequency a  ±  %  

Cu rren t  rat i n gs :   

 Maximum  con t i nuous  cu rren t,  i n cl ud i ng  harmon i cs  A(RMS)  

  H armon i c  cu rren t  spectrum  b ,  s teady s tate  n /A(RMS)  

 Maximum  temporary cu rren t,  i n cl u d i ng  harmon i cs  A(RMS)  

  Temporary harmon i c  cu rren t  spectrum  n /A(RMS)  

  Du rati on  h  

 Cu rren ts  for  eval uati on  o f  sound  power l eve l  n /A(RMS)  

  Maximum  sound  power l eve l  dB(A)  

 Trans i en t  cu rren t   

  Ampl i tude  kA(peak)  

  T ime  to  crest  µs  

 Short  c i rcu i t  cu rren t,  thermal  c  kA(RMS)  

  Short  c i rcu i t  cu rren t,  mechan i cal  c  kA(peak)  

  Du rati on  c  s  

Rated  AC  vo l tage  ( i ncl ud i ng  harmon i cs)  kV(RMS)  

Li gh tn i ng  impu l se  wi thstand  l eve l  (LIWL)   

 H i gh  vo l tage  term inal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

 H i gh  vo l tage  term inal  to  l ow vo l tage  term i nal  kV  

Swi tch i ng  impu l se  wi thstand  l eve l  (S IWL)   

 H i gh  vo l tage  term inal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

 H i gh  vo l tage  term inal  to  l ow vo l tage  term i nal  kV  

Appl i ed  AC  test  vo l tage  to  g round  (50  H z  or  60  H z,  1  m i n )  kV(RMS)  

a  To l erance  on  Q  val ue  at  rated  harmon i c  frequency may be  o f  s i gn i f i can t  importance  (C lause  6) .  

b  The  harmon i c  cu rren t  spectrum  i s  speci f i ed  i n  terms  o f  the  order  number and  the  RMS  val ue  o f  the  
i n d i vi dual  harmon i c  cu rren ts .  

c  I f  appl i cabl e .  

 

9.3.4  Tests  

Un less  otherwise  stated ,  rou ti ne  tests  and  type  tests  shou ld  be  performed  i n  accordance  wi th  
the  re levan t  clauses  of  I EC  60076-6  or  I EEE  Std  C57. 1 6.  Tests  on  support  i nsu lators,  where  
appl i cable,  may be  performed  i n  accordance  wi th  I EC  601 68.  I f  the  customer has  add i t i onal  
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speci fi c  requ i rements  for  special  or  "other"  tests  and  for  veri fi cati on  of  equ ipment  
performance,  then  these  shou ld  be  stated .  

Such  requ i rements  may i nclude,  for  example,  the  fo l l owing .  

•  Acousti c  no i se  

The  con tractor  shou ld  demonstrate  by analyti cal  methods  the  expected  total  sound  power 
l evel  i n  dB(A)  for  each  reactor at  fundamental  and  harmon ic  cu rren ts  as  g i ven  i n  the  
e lectri cal  data l i s t  above.  As  shown  i n  C lause  7,  aud ible  no i se  measurements  based  on  
fundamental  frequency are  of  l i tt l e  s i gn i fi cance.  

•  Se i sm ic  qual i f i cati on  

To  be  performed  by the  con tractor or  h i s  sub-contractor,  i f  appl i cable  (see  Clause  8) .  

9.4  Resistors  

9.4.1  General  

To  date  there  are  no  standards  avai lable  wh ich  are  speci fi cal l y  appl i cable  for  the  resistors  of  
HVDC AC  fi l ter  ci rcu i ts .  

S i nce  the  type  of  res i stors  appl i ed  i n  AC  fi l ters  i s  u sual l y  d ry- type,  the  fo l l owing  i n formation  
refers  to  d ry- type  resistors  wi th  ai r  cool i ng  by natu ral  convection .  

9.4.2  Design  aspects  

The  resi stors  shou ld  be  designed  wi th  neg l i g ible  i nductance  and  wi th  l ow dependency of  
res i stance  versus  harmon ic  frequencies.  

The  resistors  are  made  of  wi res  (g ri d  type  resi stors) ,  deployed  metal  sheets  or  cast  metal  
e lements.  I t  i s  preferable  to  u ti l i ze  acti ve  material  wi th  l ow variation  of  res i stance  vs.  
temperatu re  so  as  to  m in im ize  the  variati on  of  the  fi l ter  characteri sti c  wi th  working  
temperatu re  at  various  l oad ing  cond i ti ons  and  ambien t  temperatu re.  

Usual l y  the  resi stor e lements  are  mounted  i n  an  enclosu re  for  protection  against  rain  to  avoid  
even tual  harmfu l  effects  of  rai n  water  du ri ng  any mode  of  operation .  The  enclosu res  shou ld  
be  designed  so  as  to  preven t  the  i ng ress  of  b i rds  or  o ther  an imals .  Fu rther  they shou ld  be  
designed  so  as  to  al l ow s imple  open ing  for  main tenance.  Depend ing  on  the  envi ronmental  
s i te  cond i ti ons  i t  may be  advisable  to  make  the  enclosures  of  s tain less  steel ,  or  hot  d ip  
galvan ized  structu ral  s teel  or  corrosion  resi stan t  s tructu ral  al um in ium.  

The  enclosu re  shou ld  be  e lectri cal l y  connected  to  one  po in t  o f  the  resi stor e lements,  typical l y  
the  resi stor  m id -poin t.  

For the  e lectri cal  i nsu lati on  of  res i stor banks  consi sti ng  of  several  series  connected  modu les,  
considerati on  shou ld  be  g i ven  to  the  effects  of  non - l i near transien t  vol tage  d i stri bu tion .  See  
the  recommendation  for  l i gh tn i ng  testi ng  (see  9 . 4. 4) .  

Beari ng  i n  m ind  that  the  temperatu re  ri se  of  the  resistor e lements  may be  considerably h i gh  
(up  to  600  °C) ,  the  choice  of  the  i nsu lation  wi th i n  a  res istor  modu le  requ i res  g reat  care,  s i nce  
the  h i gh  temperatu re  of  ai r  wi l l  impact  the  i nsu lati on  performance.  The  breakdown  vol tage  of  
ai r  at  these  h igh  temperatu re  l evels  may be  reduced  to  typical l y  50  % of  the  value  at  ambien t  
temperatu re.  'Ch imney effects '  o f  verti cal l y  s tacked  resistors  al so  need  to  be  accoun ted  for.  

Care  shou ld  be  taken  for  the  design  and  the  material  se lection  of  the  e lectri cal  term inals  to  
ach ieve  adequate  performance  at  h i gh  temperatu re.  Fu rther,  the  h i gh  temperatu re  ri se  of  the  
resistors  requ i res  the  i n ternal  and  external  e lectri cal  connections  of  the  resistors  to  be  made  
wi th  su ffi ci en t  sag  so  as  to  avoid  undue  mechan ical  s tress  by thermal  expansion .  
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The  recommended  i n tervals  between  i n ternal  i nspections  du ri ng  main tenance  shou ld  be  
stated .  

Usual l y  the  resi stor enclosu res  are  moun ted  on  support  i nsu lators  to  provide  the  necessary 
e lectri cal  i nsu lati on  to  earth .  The  i nsu lators  may be  moun ted  on  a  support  s tructu re  for  
provid i ng  safety  clearance  for  substati on  personnel  to  the  equ ipment  on  HV poten tial .  

Depend ing  on  the  e lectri c  scheme  and  the  power rati ng  of  the  resi stors,  they may sometimes  
be  i ncorporated  i n  the  reactor.  I n  th i s  case  a  protecti ve  cover on  top  of  the  reactor wind ing  
may provide  the  necessary protecti on  again  rai n  water.  

9.4.3  Electrical  data  

Table  4  i s  a  checkl i st  o f  data wh ich  cou ld  be  used  by the  con tractor  for  pu rchasing  the  
equ ipment  or  to  i n form  the  customer of  the  design  parameters.  

Table  4  – Electrical  data  for  resistors  

Resistor  design  parameter  Un i t  

Rated  harmon i c  frequency Hz  

Rated  res i s tance  at  rated  cu rren t  and  frequency (at  20  °C ambien t  temperatu re)  Ω  

To l erance  on  rated  res i stance  a  ±  %  

Maximum  i nductance  at  rated  harmon i c  frequency  µH  

Cu rren t  rat i n gs   

 Maximum  con t i nuous  cu rren t,  i n cl ud i ng  harmon i cs  A(RMS)  

  H armon i c  cu rren t  spectrum  b ,  s teady s tate  n /A(RMS)  

  Operat i ng  temperatu re  at  maximum  con ti nuous  cu rren t,  i n cl ud i ng  harmon i cs  °C  

 Maximum  temporary cu rren t,  i n cl u d i ng  harmon i cs  A(RMS)  

  Temporary harmon i c  cu rren t  spectrum  n /A(RMS)  

  Du rati on  m i n  

  Operat i ng  temperatu re  at  maximum  temporary cu rren t,  i n cl ud i ng  harmon i cs  °C  

 Trans i en t  cu rren t  c   

  Ampl i tude  kA(peak)  

  T ime  to  crest  µs  

  Energy kJ  

Rated  AC  vo l tage  ( i ncl ud i ng  harmon i cs)  kV(RMS)  

Li gh tn i ng  impu l se  wi thstand  l eve l  (LIWL)   

 H i gh  vo l tage  term i nal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

 H i gh  vo l tage  term i nal  to  l ow vo l tage  term i nal  kV  

Swi tch i ng  impu l se  wi thstand  l eve l  (S IWL)   

 H i gh  vo l tage  term i nal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

 H i gh  vo l tage  term i nal  to  l ow vo l tage  term i nal  kV  

Appl i ed  AC  test  vo l tage  to  g round  (50  H z  or  60  H z,  1  m i n . )  kV(RMS)  

a  The  speci f i ed  to l erance  shou l d  i ncl ude  manu factu ri ng  to l erance  and  res i s tance  vari at i on  wi th  ambien t  and  
worki ng  temperatu re.  

b  The  harmon i c  cu rren t  spectrum  i s  speci f i ed  i n  terms  o f  the  order  number and  the  RMS  val ue  o f  the  
i n d i vi dual  harmon i c  cu rren ts .  

c  The  res i s tor  shou l d  endu re  the  trans i en t  cu rren t  after  be i ng  permanen t l y  l oaded  wi th  maximum  con ti nuous  
cu rren t.  
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9.4.4  Tests  

I n  the  absence  of  any standards  for  f i l ter  res istors,  the  fo l l owing  tests  are  suggested .  

a)  Rou ti ne  tests  

•  Measurement  of  res i stance  

The  resi stance  shou ld  be  measured  at  power frequency and  at  rated  harmon ic  
frequency.  The  measured  resistance  corrected  to  m in imum  and  maximum  working  
temperatu re  shou ld  be  wi th i n  the  speci fi ed  to lerance  l im i ts .  

•  Power frequency vo l tage  wi thstand  test  

Th i s  test  i s  performed  to  check the  i nsu lati on  of  the  resistor e lements  to  the  enclosu re.  
For the  pu rpose  of  th i s  test  the  e lectri cal  connections  between  enclosu re  and  resistor 
e lements  i f  exi sti ng  are  removed  and  the  test  vol tage  i s  appl i ed  for  1  m in  between  
resistor e lements  and  enclosu re.  S i nce  the  h i gh  operati ng  temperatu re  i ns ide  the  
enclosu re  wi l l  impact  the  i nsu lation  performance,  the  test  vo l tage  shou ld  be  chosen  to  
consider the  effect  o f  temperatu re,  subject  to  ag reement  between  customer and  
con tractor.  

I n  case  of  res istors  consi sti ng  of  several  series  connected  resi stor modu les,  the  test  
vo l tage  per  modu le  i s  reduced  accord ing  to  the  number of  series  connected  modu les  
by taking  i n to  account  manu factu ri ng  to lerances.  

The  i nsu lati on  shou ld  not  su ffer f l ashover du ri ng  the  test.  

b)  Type  tests  

•  Measurement  of  i nductance  

The  i nductance  shou ld  be  measured  at  power frequency and  at  rated  harmon ic  
frequency,  wi th  the  resistor bank assembled  as  for  service.  

•  Temperatu re  ri se  test  

The  test  shou ld  be  made  wi th  thermal l y  equ ivalen t  50  Hz  or  60  Hz  cu rren t.  I f  the  
resi stance  i s  i ndependen t  from  frequency wi th in  the  range  of  speci fi ed  harmon ics  then  
the  test  cu rren t  i s  the  square  root  of  the  sum  of  the  squares  of  the  cu rren t  at  
fundamental  and  harmon ic  frequencies.  

I f  the  resi stance  varies  wi th  frequency then  the  calcu lati on  of  the  test  cu rren t  shou ld  
be  made  accord ing  to  the  formu la:  
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where  

It  
 i s  the  equ ivalen t  test  cu rren t  (50  Hz  or  60  Hz) ;  

IF   i s  the  maximum  con tinuous  fundamental  cu rren t;  

IHn   i s  the  maximum  con ti nuous  n- th  harmon ic  cu rren t;  

Rt   i s  the  AC  resi stance  at  test  cu rren t  frequency,  corrected  to  maximum  working  
temperatu re;  

RF   i s  the  AC  resistance  at  fundamental  frequency,  corrected  to  maximum  working  
temperatu re;  

RHn   i s  the  AC  resi stance  at  n- th  harmon ic  frequency,  corrected  to  maximum  working  
temperatu re;  

N  i s  the  h i ghest  speci fi ed  harmon ic.  

I f  the  test  faci l i t i es  avai lable  cannot  perm i t  the  resistor to  be  subjected  to  rated  
cu rren t,  then  the  i n ternal  connections  of  the  resi stor may be  recon fi gu red  so  that  a  
power equal  to  the  rated  power can  be  ach ieved .  
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The  test  may be  performed  at  any conven ien t  ambien t  temperatu re.  Load ing  of  the  
resistor wi th  the  test  cu rren t  shou ld  be  main tained  for  at  l east  30  m in  after  s teady 
state  cond i ti ons  are  ach ieved .  The  temperatu re  measured  at  the  end  of  the  test  shou ld  
be  corrected  to  maximum  ambien t  temperatu re  and  shou ld  not  exceed  the  expected  
design  temperatu re.  The  temperatu re  of  al l  res istor  i nsu lation  ( i n ternal  and ,  where  
re levant,  external )  shou ld  al so  be  measured  to  assess  i ts  wi thstand  capabi l i ty.  

•  L i gh tn ing  impu lse  test  

The  test  shou ld  be  made  wi th  both  negati ve  and  posi ti ve  po lari ty  appl i ed  to  the  h i gh  
vol tage  term inal  wi th  the  l ow vol tage  term inal  earthed .  The  wave  form  shou ld  be  
standard  l i gh tn i ng  impu lse  wave  1 , 2/50  µs.  Due  to  l ow resi stance,  shorter wave  tai l s  
may be  acceptable.  S ince  the  h i gh  temperatu re  of  ai r  i ns i de  the  enclosure  wi l l  impact  
the  i nsu lation  performance,  the  con tractor  or  h i s  sub-contractor  shou ld  veri fy  the  
impu lse  vo l tage  performance  at  h i gh  temperatu re  by su i table  methods  (e i ther  by test  
or  by  calcu lati on )  approved  by the  customer.  

I n  case  of  res i stors  consisti ng  of  several  series  connected  resistor  modu les,  the  
impu lse  vo l tage  test  shou ld  preferably  be  performed  on  the  complete  resi stor bank 
wi th  al l  modu les  connected  i n  series.  I f  th i s  i s  not  practi cable  due  to  l aboratory 
l im i tati ons,  the  impu lse  vo l tage  test  may be  performed  on  a  per  modu le  base.  The  
con tractor shou ld  demonstrate  that  the  test  vol tage  per modu le  i ncludes  a  su ffi ci en t  
marg in  to  accoun t  for  the  non - l i neari ty  of  the  transien t  vo l tage  d i stribu ti on  of  the  
resistor  bank.  

The  i nsu lati on  shou ld  not  f l ash  over du ring  the  test.  

•  Veri fi cati on  of  short-ci rcu i t  performance  

The  con tractor or  h i s  sub-contractor  shou ld  veri fy  by calcu lati on  and/or by test  that  the  
resi stor may wi thstand  the  mechan ical  and  thermal  s tresses  imposed  by the  speci fi ed  
transien t  cu rren t.  

•  Sei sm ic  qual i fi cati on  

To  be  performed  by the  con tractor or  h i s  sub-con tractor,  i f  appl i cable  (see  Clause  8) .  

9.5  Arresters  

9.5.1  General  

I t  i s  assumed  that  on ly gapless  metal -oxide  su rge  arresters  wi l l  be  used  for  overvol tage  
protection  of  the  AC  fi l ters.  

I t  i s  recommended  that  the  arresters  comply wi th  the  documents  IEC  60099-4,  I EC  60099-5  
and  IEC  60099-9.  

The  customer shou ld  requ i re  the  con tractor to  provide  al l  su rge  arresters  necessary for  the  
AC  fi l ter  overvol tage  protection ,  based  on  the  m in imum  protecti ve  marg ins  for  the  d i fferen t  
transien t  overvol tages.  

Arresters  are  usual l y  connected  to  the  AC  fi l ter  bus  and  across  speci fi c  f i l ter  componen ts.  
These  f i l ter  componen ts  may be  s imply a  reactor or  a  combination  of  capaci tors,  reactors  and  
resistors  al l  connected  between  the  f i l ter's  h i gh  vo l tage  capaci tor  and  earth .  The  customer 
shou ld  requ i re  the  con tractor to  present  the  posi t i on  of  the  arresters  i n  the  fi l ter  ci rcu i t  and  
thei r  respective  techn ical  data i n  the  arrester  overvol tage  protecti ve  scheme.  

The  su rge  arresters  shou ld  g i ve  consisten t  protection  of  thei r  associated  equ ipment  against  
overvol tages  resu l t i ng  from  l i gh tn i ng  or  swi tch ing  su rges,  any fau l ts  external  to  the  AC  fi l ter  
and  other system  d i stu rbances.  

The  e lectri cal  data of  the  i nd ividual  arresters  such  as  rated  vo l tage,  con ti nuous  operating  
vol tage,  protecti ve  characteri sti cs  and  energy absorpti on  capabi l i ty  shou ld  be  i nd icated  by 
the  con tractor and  con fi rmed  by the  con tractor's  system  stud ies.  
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9.5.2  Design  aspects  

The  customer may or  may not  i nd i cate  a  preference  for  arresters  designed  wi th  housings  
made  of  po lymeric  material .  

The  arrester may be  of  s i ng le-column  or  mu l t i -co lumn  design .  

The  customer may requ i re  arrester accessories  such  as:  

•  arrester d i scharge  coun ter and/or  te le  spark gap  to  record  the  number of  arrester impu lse  
d i scharges.  Fi l ter  energ izati on  shou ld  usual l y  not  acti vate  the  d i scharge  coun ters.  

•  l eakage  cu rren t  device  to  mon i tor  the  arrester l eakage  cu rren t.  

I t  i s  not  recommended  to  provide  l eakage  cu rren t  mon i toring  devices  for  arresters  used  i n  AC  
fi l ters  for  the  fo l l owing  reasons.  

a)  Modern  arresters  made  wi th  state-of- the-art  technology do  not  u sual l y  requ i re  l eakage  
cu rrent  mon i toring .  

b)  Leakage  cu rren t  i s  o f  l ow s i gn i fi cance  for  arresters  connected  across  f i l ter  componen ts  
when  the  arrester's  actual  con ti nuous  operati ng  vol tage  i s  l ow compared  to  i ts  maximum  
operating  vo l tage.  

c)  H igh  level  o f  harmon ics  i n  the  arrester's  operati ng  vo l tage  may l ead  the  errati c  resu l ts  for  
l eakage  cu rren t  mon i tori ng .  

9.5.3  Electrical  data  

Table  5  i s  a  checkl i st  o f  data wh ich  cou ld  be  used  by the  con tractor for  pu rchasing  the  
equ ipment  or  to  i n form  the  customer of  the  design  parameters.  
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Table  5  – Electrical  data  for  arresters  

Arrester  design  parameter  Un i t  

Con ti nuous  operati ng  vo l tage  a  kV(RMS)  

 Harmon i c  vo l tage  spectrum  b ,  s teady s tate  n /kV(RMS)  

Rated  vo l tage  U
r
 kV(RMS)  

Nom inal  d i scharge  cu rren t  (8/20  µs)  kA 

H i gh  cu rren t  impu l se  (4/1 0  µs)  kA 

Long  du rati on  cu rren t  impu l se  (2  ms)  A  

Li ne  d i scharge  c l ass   

Maximum  energy absorpt i on  capabi l i ty  ( thermal )  c  kJ  

Reference  vo l tage  kV(peak/√2)
 
 

Reference  cu rren t  mA(peak)   

To l erance  on  shari ng  o f  reference  cu rren t  between  co l umns  o f  mu l t i -co l umn  arresters  or  between  
arresters  i n tended  for  paral l e l  operat i on  

 

Res i dual  vo l tage  at  nom i nal  d i scharge  cu rren t  kV  

Res i dual  vo l tage  at  0 , 5  kA (30/60  µs)  kV  

Li g h tn i ng  impu l se  wi thstand  l eve l  o f  arrester  hous i ng  kV  

Pressu re  re l i e f  capabi l i ty  kA(RMS)  

Li g h tn i ng  impu l se  wi thstand  l eve l  (LIWL)   

 H i gh  vo l tage  term i nal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

Swi tch i ng  impu l se  wi th stand  l eve l  (S IWL)   

 H i gh  vo l tage  term i nal  to  g round  kV  

 Low vo l tage  term i nal  to  g round  kV  

Appl i ed  AC  test  vo l tage  to  g round  (50  Hz  o r  60  H z ,  1  m i n )  kV(RMS)  

a  The  con ti nuous  operati ng  vo l tage  U
c
 i s  the  maximum  perm i ss i b l e  RMS  val ue  o f  power frequency vo l tage,  

i n cl ud i ng  harmon i cs ,  that  may be  appl i ed  con ti nuous l y  between  the  arrester  term i nal s .  

b  The  harmon i c  vo l tage  spectrum  i s  speci f i ed  i n  terms  o f  the  o rder n umber  and  the  RMS  val ue  o f  the  
i nd i vi dual  harmon i c  vo l tages.  

c  The  val ue  to  be  speci f i ed  refers  to  the  to tal  energy absorbed  by  the  arrester  at  two  l ong  du rati on  cu rren t  
impu l ses  accord i ng  to  I EC  60099-4.  

 

9.5.4  Arresters:  Tests  

Un less  otherwise  stated ,  rou ti ne  tests  and  type  tests  shou ld  be  performed  i n  accordance  wi th  
the  re levan t  C lauses  of  I EC  60099-4.  Tests  on  support  i nsu lators,  where  appl i cable,  may be  
performed  i n  accordance  wi th  I EC  601 68.  I f  the  customer has  add i ti onal  speci fi c  
requ i rements  for  special  or  "other"  tests  and  for  veri fi cati on  of  equ ipment  performance  then  
these  shou ld  be  stated .  

9.6  Instrument  transformers  

9.6.1  Vol tage transformers  

The  customer may requ i re  the  con tractor to  provide  i nducti ve  vo l tage  transformers  connected  
i n  paral le l  to  the  AC  fi l ter  capaci tors.  The  main  pu rpose  of  such  vo l tage  transformers  i s  to  
rapid l y  d i scharge  the  capaci tors  (usual l y  i n  l ess  than  0 , 5  s  rather  than  around  5  m in  ach ieved  
wi th  the  capaci tor  d i scharge  resi stors)  after  the  fi l ter  has  been  swi tched  off.  Th is  i s  
accompl i shed  by the  vo l tage  transformers  becoming  satu rated  du ri ng  d i scharge  resu l ti ng  i n  
considerable  d i scharge  cu rren t  (up  to  abou t  1 5  A peak) ,  whereas  du ri ng  normal  operation  the  
cu rren t  of  the  primary wind ing  i s  typical l y  l ess  than  2  mA and  the  impact  on  the  d i ss ipation  
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factor  of  the  capaci tor  bank by the  vo l tage  transformers  i s  neg l i g ible.  The  advan tage  of  fast  
capaci tor  d i scharge  i s  to  al l eviate  the  vo l tage  stress  across  the  open  f i l ter  bank breaker,  and  
to  perm i t  rapid  re-energ i zati on  of  the  fi l ter  wi thou t  overstressing  i ts  componen ts.  

The  vo l tage  transformers  for  th i s  parti cu lar  appl i cati on  are  designed  to  comply wi th  the  
thermal  and  mechan ical  s tresses  imposed  by the  d i scharge  of  the  fi l ter  capaci tors  th rough  
the  vo l tage  transformer.  However,  the  standard  appl i cable  for  i nducti ve  vo l tage  transformers,  
I EC  61 869-3,  does  not  fu l l y  cover th i s  appl i cati on .  I t  i s  therefore  advi sable  that  the  con tractor 
and  customer ag ree  on  an  equ ipment  speci fi cati on  i nclud ing  d i scharge  requ i rements  
described  by the  d i scharge  energy and  du ty  cycle  and  speci fying  detai l s  how to  prove  the  
d i scharge  wi thstand  capabi l i ty  of  the  vol tage  transformer.  

Vol tage  transformers  connected  to  the  converter  bus,  u sed  for  overvol tage  and  unbalance  
protecti on  of  the  converter stati on  as  wel l  as  for  provid ing  the  vo l tage  s i gnal  for  the  converter 
con tro l ,  are  considered  to  be  external  to  the  AC  fi l ter  equ ipment  and  are  therefore  not  
d i scussed  i n  th i s  document.  

9.6.2  Current  transformers  

9.6.2.1  General  

The  cu rren t  transformers  of  the  AC  fi l ters  are  part  o f  the  fi l ter  protecti on  system  as  described  
i n  C lause  6 .  

Cu rren t  transformers  for  short-ci rcu i t  cu rren t  and  overcu rren t  protecti on  of  a  complete  fi l ter  
ci rcu i t  are  usual l y  arranged  at  the  f i l ter  bank feeder or  at  the  earth  s i de  of  the  concerned  fi l ter  
ci rcu i t.  For unbalance  protection  they are  arranged  i n  the  bri dge  arm  of  paral l e l  branches.  For 
protection  of  i nd i vi dual  components  cu rren t  transformers  may be  connected  i n  series  wi th  
speci fi c  f i l ter  componen ts.  

IEC  61 869-2  i s  appl i cable  for  speci fyi ng  cu rren t  transformers  for  AC  fi l ters.  

9.6.2.2  Design  aspects  

Curren t  transformers  at  the  feeder s i de  are  usual l y  of  o i l  i nsu lated  design .  The  type  of  
constructi on  may be  e i ther  l i ve- tank (head)  type,  or  dead-tank (hai rpin  or  eyebol t)  type.  The  
CIGRE  Report  57  of  Working  Group  23-07  provides  i n formation  on  the  design ,  constructi on ,  
mon i toring  and  qual i ty  assu rance  of  o i l  i nsu lated  i nstrument  transformers.  

The  customer may speci fy  requ i rements  on  the  trans ien t  performance  of  cu rren t  
transformers.  For example  i t  may be  requ i red  that  a  cu rren t  transformer i s  o f  l ow reactance  
( l ow leakage  fl ux)  design .  I n  th i s  case  the  assessment  of  the  transien t  performance  of  a  
cu rren t  transformer can  be  s imply  made  by measurement  of  the  vo l tage/cu rren t  characteri sti c  
at  secondary wind ing ,  wi th  the  primary wind ing  open .  I f  the  transformer i s  not  a  l ow reactance  
design ,  then  a  d i rect  measurement  of  accuracy shou ld  be  made  at  the  accuracy l im i t  cu rren t  
(special  test) .  Th is  i s  a  major  problem  s ince  the  test  cu rren t  can  be  very h i gh  and  such  test  
sets  are  very uncommon .  For  fu rther detai l s  reference  i s  made  to  I EC  61 869-2.  

The  customer may speci fy  m in imum  requ i rements  for  the  creepage  d i stance  of  the  i nsu lators  
and  for  can ti l ever l oad .  

Earth  s ide  transformers  are  common ly  designed  wi th  so l i d  i nsu lati on .  

The  cu rren t  transformers  may be  moun ted  on  a  support  s tructu re  for  provid ing  safety  
clearance  for  substati on  personnel  to  the  equ ipment  on  HV poten tial .  
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9.6.2.3  Current  transformers:  Electrical  data  

Table  6  i s  a  checkl i st  o f  data wh ich  cou ld  be  used  by the  con tractor  for  pu rchasing  the  
equ ipment  or  to  i n form  the  customer of  the  design  parameters.  

Table  6  – Electrical  data  for  current  transformers  

Current  transformer  design  parameter  Un i t  

Rated  frequency Hz  

H i ghest  vo l tage  for  equ i pmen t  kV(RMS)  

Cu rren t  rat i ng s   

 P rimary wi nd i ng   

  Maximum  con ti nuous  thermal  cu rren t  A(RMS)  

   H armon i c  cu rren t  spectrum  a  n /A(RMS)  

  Short  t ime  cu rren t  rat i ng  A(RMS)  

   Harmon i c  cu rren t  spectrum  a  n /A(RMS)  

   Du rati on  ms  

  Trans i en t  cu rren t  rat i ng  kA(peak)  

   T ime  to  crest  µs  

 Secondary wi nd i ng  A(RMS)  

  Maximum  con ti nuous  thermal  cu rren t  A(RMS)  

Core  detai l s   

 Measu ri ng  cores   

  N umber o f  cores   

  Tu rns  rat i o   

  Rated  bu rden  VA 

  Accu racy c l ass   

  I n s trumen t  secu ri ty  factor  (FS)   

 P rotect i on  cores   

  N umber o f  cores   

  Tu rns  rat i o   

  Rated  bu rden  VA 

  P rotecti on  c l ass  b   

  Accu racy l im i t  factor   

I n su l at i on  requ i remen ts  to  earth   

 Power  wi thstand  vo l tage  ( 1  m i n )   

  P rimary wi nd i ng  (wet,  i f  appl i cabl e)  kV(RMS)  

  Secondary wi nd i ng  kV(RMS)  

 L i g h tn i ng  impu l se  wi thstand  l eve l  o f  primary wi nd i ng  kV  

 Swi tch i ng  impu l se  wi thstand  l eve l  o f  primary wi nd i ng  ( i f  appl i cabl e  to  the  vo l tage  c l ass)  kV  

a  The  harmon i c  cu rren t  spectrum  i s  speci f i ed  i n  terms  o f  the  order  n umber and  the  RMS  val ue  o f  the  
i nd i vi dual  harmon i c  cu rren ts ;  u sual l y  no t  appl i cabl e  to  u nbalance  transformers .  

b  See  I EC  1 869-2 .  Fu rther data  may be  requ i red  depend i ng  on  the  speci f i ed  protect i on  cl ass .  

 

9.6.2.4  Tests  

Un less  otherwise  stated ,  rou ti ne  tests  and  type  tests  shou ld  be  performed  i n  accordance  wi th  
the  re levan t  C lauses  of  I EC  61 869-2.  Tests  on  support  i nsu lators,  where  appl i cable,  may be  
performed  i n  accordance  wi th  I EC  601 68.  I f  the  customer has  add i ti onal  speci fi c  
requ i rements  for  special  or  "other"  tests  and  for  veri fi cation  of  equ ipment  performance  then  
these  shou ld  be  stated .  

Such  requ i rements  may i nclude,  for  example,  the  fo l l owing .  
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•  Veri f i cati on  of  transien t  cu rren t  capabi l i ty  

The  con tractor or  h i s  sub-contractor shou ld  veri fy  by calcu lation  that  the  transformer wi l l  
wi thstand  the  mechan ical  and  thermal  s tresses  imposed  by the  speci fi ed  transien t  
cu rren t.  

•  Se i sm ic  qual i f i cation  

To  be  performed  by the  con tractor  or  h i s  sub-con tractor,  i f  appl i cable  (see  Clause  8) .  

9.7  Fi l ter  swi tch ing  equ ipment  

9.7.1  Fi l ter  swi tch ing  equ ipment:  In troduction  

The  swi tch ing  of  f i l ter  banks  i n  general  and  those  for  HVDC systems  i n  parti cu lar  have  not  
speci fi cal l y  been  covered  by any standard  to  date.  The  number of  d i fferen t  s i tuati ons,  
cu rren ts,  superimposed  frequencies  and  possible  recovery vo l tages  i s  d i ffi cu l t  to  bri ng  under 
general  ru les  for  worst  cond i t i ons.  I n  general ,  the  system  stresses  i n  normal  operation  and  
fau l t  ci rcumstances  have  to  be  determ ined  du ring  ded icated  system  stud ies,  wh ich  normal l y  
form  an  importan t  part  o f  an  HVDC pro ject.  The  resu l ts  of  those  stud ies  wi l l  reveal  i f  the  
stresses  on  the  fi l ter  breakers  wi l l  be  covered  by existi ng  standards  or  i f  add i ti onal  
requ i rements  are  necessary.  

As  explained  earl i er  AC  fi l ters  are  bi - functi onal :  f i l teri ng  harmon ics  and  provid ing  reacti ve  
power.  Therefore  the  du ties  and  stresses  of  f i l ter  and  capaci tor  bank swi tch ing  equ ipment  
show many s im i lari t i es .  Due  to  the  re lati vely h i gh  value  of  the  i nductance  present  i n  f i l ter  
banks,  the  ampl i tude  of  i n rush  cu rren ts  wi l l  be  m i ti gated  and  frequencies  of  transien ts  wi l l  be  
lower.  On  the  other  hand  i t  shou ld  be  real i zed  that  these  re lati vely  h i gh  i nductances  cou ld  
cause  overvol tages  under ( fau l t)  cond i ti ons  wi th  a  h i gh  rate  of  r i se  of  the  cu rren t.  These  
overvol tages  form  part  o f  the  i nsu lation  co-ord inati on  of  the  HVDC station .  

For  the  above-mentioned  reasons,  the  l i s ted  design  aspects  i n  9 . 7. 2  wi l l  be  approached  
qual i tati vely.  They shou ld  be  considered  as  the  main  re levan t  i tems  and  as  a  gu ide  i n  
speci fyi ng  fi l ter  swi tch ing  equ ipment.  

I f  appl i cable,  two  types  of  swi tch ing  equ ipment  cou ld  be  d i sti ngu ished :  ci rcu i t  breakers  and  
HV ( l oad)  swi tches.  The  l atter  wi l l  be  referred  to  as  "swi tch "  hereafter.  For economical  
reasons  the  appl i cation  of  l oad  swi tches  cou ld  be  considered  i n  f i l ter  branches  and  sub-
banks.  The  most  s i gn i fi can t  d i fference  wi th  ci rcu i t  breakers  i s  the  capabi l i ty  of  the  l atter  to  
break short-ci rcu i t  cu rren ts,  whereas  a  ( l oad)  swi tch  can  on ly  break l oad  cu rren ts  and ,  
occasional l y,  a  l im i ted  value  of  short-ci rcu i t  cu rren t,  i f  speci fi ed .  I n  general ,  the  above  impl i es  
the  need  for  a  ci rcu i t  breaker i n  order  to  protect  the  bank as  a  whole  against  short  ci rcu i t-
fau l ts .  The  considerati on  whether to  apply breakers  or  swi tches  depends,  amongst  o thers,  on  
economics,  the  parti cu lar HVDC scheme and  operational  requ i rements.  

Other swi tch ing  equ ipment  i nstal l ed  i n  f i l ter  banks,  not  primari l y  i n tended  to  swi tch  cu rren ts,  
such  as  i so lators  and  earth i ng  swi tches,  i n  general ,  do  not  need  special  requ i rements  other 
than  those  related  to  conven tional  AC  substations.  For th i s  reason  they are  not  d i scussed  i n  
th i s  document.  

9.7.2  Design  aspects  

9.7.2.1  General  

Subclauses  9 . 7. 2. 2  to  9 . 7. 2 . 4  are  general  aspects,  subclauses  9 . 7. 2. 5  to  9 . 7. 2 . 1 0  are  more  
speci fi c  for  breakers  and  swi tches  i n  f i l ters.  

9.7.2.2  Existing  in ternational  standards  

There  are  two  main  i n ternational  s tandards  deal i ng  wi th  ci rcu i t  breakers,  i nclud ing  test  
requ i rements  for  capaci ti ve  swi tch ing :  I EC  62271 -1 00  and  the  ANSI /IEEE  C37  series.  For  HV 
swi tches,  I EC  62271 -1 04  cou ld  be  appl i ed .  However,  the  standards  do  not  cover the  
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requ i rements  of  AC  fi l ter  bank swi tch ing .  Therefore,  i nstal l i ng  an  I EC/ANSI  tested  breaker 
does  not  necessari l y  ensu re  a  good  working ,  trouble- free  i nstal lation .  

9.7.2.3  Environmental  condi tions 

Reference  can  be  made  to  I EC  62271 -1  and  IEC  TR  62001 -1 :201 6,  C lause  9 .  For  ci rcu i t  
breakers  special  considerati ons  are  recommended  i n  re lation  wi th  ou tdoor ambien t  
temperatu re  (see  IEC  TR  62001 -1 :201 6,  9 . 4. 1 ) ,  po l l u ti on  (see  IEC  TR  62001 -1 :201 6,  9 . 4. 2)  
and  se ism ic  requ i rements  (Clause  8  above) .  

9.7.2.4  System  parameters  

Importan t  AC  system  parameters,  i n  re lation  wi th  the  presen t  case,  are:  

•  nom inal  system  vol tage,  vo l tage  range  and  special  vo l tage  requ i rements  beyond  the  l im i ts  
of  the  steady state  range,  as  men tioned  i n  I EC  TR  62001 -1 :201 6,  9 . 2 . 1 .  Any temporary 
overvol tage  cond i ti ons  under wh ich  the  f i l ter  shou ld  be  d i sconnected  shou ld  al so  be  
speci fi ed ;  

•  nom inal  power frequency;  

•  short  ci rcu i t  power l evel ;  

•  du ration  of  short  ci rcu i t;  

•  system  earth i ng ;  

•  exi stence  of  other  paral l e l  connected  capaci tor  and  fi l ter  banks;  

•  the  ratio  of  X/R;  

•  i n su lati on  l evels.  

HVDC system  parameters  are  importan t  as  wel l  s i nce  the  Théven in  equ ivalen t  to  wh ich  the  
breaker or  swi tch  i s  connected  together wi th  the  f i l ter  bank i s  al so  dependen t  on  the  HVDC 
converter,  wi th  con tro l  characteri sti cs  playing  a  ro le  i n  the  l oad  re jection  behaviour,  etc.  

9.7.2.5  Continuous current  

The  con ti nuous  cu rren t  consists  of  a  superposi ti on  of  the  reactive  cu rren t  at  power frequency 
and  the  harmon ic  cu rren ts.  The  fi l ter  i n  question  i s  d rawn  from  the  AC  system  under al l  
speci fi ed  cond i t i ons.  I n  general  th i s  l oad  cu rren t  wi l l  have  a  re lati vely l ow rated  value  as  
compared  to  breakers/swi tches  i n  the  main  power ci rcu i t.  However,  i t  shou ld  be  real i zed  that,  
due  to  the  men tioned  super- imposed  cu rren t  harmon ics,  more  zero-crossings  than  those  due  
to  the  fundamental  frequency alone  cou ld  occu r.  Thei r  occurrence  i s  re levan t  to  the  cu rren t  
breaking  capaci ty  i n  normal  operati ng  cond i ti ons.  I t  i s  recommendable  to  speci fy the  speci fi c  
pu rpose  of  the  breaker/swi tch  expl i ci t l y.  

9.7.2.6  Short  ci rcu i t  current  of  the  ci rcu i t  breaker 

The  rated  short  ci rcu i t  capabi l i ty  shou ld  be  at  l east  equal  to  the  system  short  ci rcu i t  l evel  as  
defi ned  i n  9 . 7. 2 . 4  and  shou ld  take  i n to  accoun t  fu tu re  development.  

I f  a  short  ci rcu i t  occu rs  at  the  connections  between  the  breaker and  f i l ter,  fu l l  short  ci rcu i t  
cu rren t  has  to  be  i n terrupted  by the  ci rcu i t  breaker.  I n  case  of  fau l ts ,  such  as  fl ashovers,  
i ns ide  the  fi l ter  branch ,  the  fau l t  cu rren t  th rough  the  breaker wi l l  be  more  or  l ess  reduced  by 
the  remain ing  fi l ter  impedance,  depend ing  on  the  l ocati on  of  the  fau l t.  

A swi tch  wi l l  be  able  to  carry  the  short  ci rcu i t  cu rren t  for  on ly  a  l im i ted  t ime;  however,  as  
noted  i n  9 . 7. 1 ,  a  l im i ted  short-ci rcu i t  breaking  capabi l i ty  m igh t  be  avai lable.  
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9.7.2.7  Swi tch ing  duties  and  sequences 

Depend ing  on  the  parti cu lar stati on  scheme,  and  due  to  operati ng  cond i t i ons,  such  as  fau l t  
recovery strateg ies,  swi tch ing  du ti es  and  sequences  of  a  ci rcu i t  breaker d i fferen t  from  those  
speci fi ed  i n  s tandards  are  possible.  I t  i s  recommended  to  speci fy  such  du ti es.  

I n  some  exceptional  cases,  a  fau l t  i ns i de  the  fi l ter  bank can  occur du ring  swi tch ing  of  normal  
l oad  cu rren t.  Th i s  case,  though  rare,  causes  an  extra  stress  and  therefore  cou ld  be  speci fi ed  
as  a  special  du ty of  the  breaker.  

The  rated  swi tch ing  du ty  of  a  l oad  swi tch ,  i n  general ,  i s  l im i ted  to  an  open ing  and  clos ing -
open ing  operati ng  sequence.  

9.7.2.8  Dielectric  wi thstand  of  the  arcing  medium  

Due  to  the  re lati vely  h i gh  number of  swi tch ing  operati ons,  wh ich  are,  i n  general ,  normal  
practi ce  i n  HVDC-stations,  i t  i s  recommended  to  requ i re  the  breakers  to  have  the  l owest  
possible  restri ke-probabi l i ty.  Restri kes,  occu rri ng  du ring  swi tch ing  operations  of  f i l ter  (and  
capaci tor)  banks,  can  cause  h i gh  overvol tages  wi th  re lati vely  h i gh  frequencies.  The  
occurrence  of  restrikes  i s  s trong ly  dependen t  on  the  moment  of  con tact  separati on  re lated  to  
the  next  cu rren t-zero  and  the  design  of  the  breaker.  I n  I EC  60056  breakers  were  assumed  to  
be  restrike  free  after  (on ly)  a  l im i ted  number of  tests  wi thou t  restri ke.  However,  i n  
I EC  62271 -1 00  ( revis ion  of  I EC  60056) ,  d i sti ncti on  has  been  made  between  breakers  wi th  l ow 
and  very l ow expected  restri ke  probabi l i ty,  even  after a  h i gher number of  tests  compared  wi th  
I EC  60056.  

9.7.2.9  Number of  swi tch ing  operations  

Th is  cri teri on  i s  importan t  for  the  fo l l owing  two  reasons:  

•  Depend ing  on  the  scheme,  operati ng  strateg ies,  number of  capaci tor  and  fi l ter  banks,  
(very)  frequen t  swi tch ing  may be  normal  practi ce.  Th i s  imposes  h igh  mechan ical  s tresses  
on  the  breaker/swi tch  and  therefore  i t  i s  recommended  to  g i ve  due  considerati on  to  th i s  
aspect.  I n  such  cases  special -pu rpose  swi tchgear cou ld  be  considered .  

•  I n  case  of  a  h i gh  number of  swi tch ing  operations  the  probabi l i ty  of  un favourable  arcing  
t imes  wi l l  i ncrease  and  wi th  th i s ,  the  probabi l i ty  of  restrikes.  I n  general  short  arcing  t imes  
tend  to  be  more  un favourable  than  l onger ones.  

9.7.2. 1 0  (Transient)  recovery vol tage (TRV)  

The  cu rren t  i n terrupti on  capabi l i ty  of  swi tch ing  equ ipment  i s  h i gh ly  dependent  on  the  
( transien t)  recovery vo l tage  across  the  con tacts  after  arc  exti ncti on .  Fi rst  o f  al l  th i s  vo l tage  i s  
dependen t  on  the  earth i ng  of  the  neu tral s  of  the  AC  system  and  the  f i l ter  bank.  The  l atter  i s  
general l y  earthed .  

The  re levance  of  the  TRV-cri teri on  i n  re lation  wi th  HVDC i s ,  i n  parti cu lar,  determ ined  by:  

•  the  value  of  the  TOV at  l oad  re jecti on  (blocking  of  the  converter) ,  

•  the  streng th /weakness  of  the  AC  system  after recovery from  a short  ci rcu i t  or  
commutation  fai l u re,  

•  possible  satu ration  of  the  converter transformers  du ri ng  fau l t  recovery,  

•  resonances  wi th  the  AC  system  impedance  du ri ng  fau l t  recovery,  

•  rate  of  d i scharge  of  the  capaci tor  bank,  

•  swi tch ing  strateg ies  of  other  f i l ter  breakers  i n  paral l e l ,  

•  harmon ics  due  to  f i l ter  bank cu rren ts,  

•  AC  f i l ter  arresters,  
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•  AC  bus  arresters.  

A sustained  DC  vol tage  across  an  opened  breaker can  i n fl uence  the  vo l tage  wi thstand  
capabi l i ty  of  some  breaker types.  Therefore  i t  i s  recommended  to  speci fy the  d i scharge  t ime  
constan t  of  the  fi l ter  banks.  The  d i scharge  i s  dependen t  on  the  value  of  d i scharge  resistors  
and  the  presence  of  ( i nducti ve)  PTs.  

System  stud ies  shou ld  prove  i f  the  TRV-stresses  wi l l  exceed  those  speci fi ed  i n  I EC  and  or  
ANSI /IEEE.  I n  that  case,  add i ti onal  tests  are  recommended .  

As  an  al ternati ve,  a  breaker wi th  a  h i gher rati ng  than  the  system  vol tage  cou ld  be  considered .  

9.7.2. 1 1  Making  current  

After clos ing  on  a  f i l ter  bank an  i n rush  cu rren t  wi l l  f l ow.  The  cu rren t  i s  l im i ted  by the  f i l ter  
reactor.  The  i n rush  cu rren t  from  capaci tor  banks  depends  on  the  damping  effects  of  the  
effective  sou rce  impedance.  The  paral l e l  operati on  of  two  or  more  shun t  capaci tor  banks  
and/or  f i l ters,  wh ich  are  swi tched  separately,  may cause  problems  wi th  very h i gh  unbalance  
cu rren ts  du ri ng  swi tch ing .  When  one  bank i s  swi tched  on ,  al l  the  others  al ready on - l i ne  
d i scharge  i n to  the  newly energ i zed  bank.  The  possibly  very h i gh  transien t  cu rren t  i s  damped  
on ly  by the  impedances  i n  the  d i scharg ing  ci rcu i t.  

Wi th  regard  to  the  making  cu rren t  the  fo l l owing  shou ld  be  borne  i n  m ind .  

•  When  clos ing  on  a  f i l ter  bank,  prestri kes  are  probable.  The  ampl i tude  and  frequency of  
the  subsequen t  i n rush  cu rren t  wi l l  be  determ ined  by the  parameters  of  the  fi l ter  i tsel f,  the  
station  con figu ration ,  the  other banks  actual l y  connected  to  the  bus  and  the  AC  system.  
Du ri ng  a  prestri ke,  the  i n rush  cu rren t  wi l l  f l ow th rough  the  not  yet  closed  con tacts  and  the  
arcing  med ium  for  a  certain  t ime.  Some  types  of  breakers/swi tches  cou ld  be  sensi t i ve  to  
th i s  phenomenon .  

•  I n rush  cu rren ts  can  cause  overvol tages,  the  ampl i tude  and  frequency of  wh ich  are  
determ ined  by the  above-mentioned  parameters  and  the  moment  of  prestri ke.  

•  Atten tion  shou ld  al so  be  paid  to  the  transien ts  i n  the  AC  system  occurring  when  clos ing  
on  a  bank wi th  (partl y)  charged  capaci tors .  

•  I n  order to  meet  the  requ i rements  the  con tractor  cou ld  choose,  i f  necessary,  d i fferen t  
means  to  l im i t  i n rush  cu rren ts  and  overvol tages  at  clos ing  of  the  breaker.  These  consist  o f  
the  appl i cation  of  res i stors  or  i nductors  or  synchronous  clos ing  schemes.  Wi th  
synchron ized  swi tch ing  the  ci rcu i t  breaker closes  at  a  optimal  i nstan t  and  thus  i n rush  
cu rren t  and  componen t  stresses  wi l l  be  m in im ized .  The  performance  of  synchronous  
clos ing  schemes  i s  affected  by the  properties  of  the  ci rcu i t  breaker i tsel f  and  the  con tro l  
i n terface.  S ince  the  breaker has  to  cl ose  around  zero  vo l tage,  su ffi cien t  marg in  has  to  be  
al l owed  for  variati ons  i n  vo l tage  ampl i tude,  system  frequency,  and  the  presence  of  
harmon ic  d i storti on .  Fu rther  the  clos ing  accuracy wi l l  be  affected  by the  stabi l i ty  of  the  
clos ing  t ime  of  the  breaker and  clos ing  order  of  the  con trol  i n terface  and  measuri ng  
errors.  

•  Breakers/swi tches  shou ld  be  capable  of  making  a  speci fi ed  short  ci rcu i t  cu rren t  when  
clos ing  on  a  short  ci rcu i t.  

9.7.3  Electrical  data  

Table  7  i s  a  checkl i st  o f  data wh ich  cou ld  be  used  by the  con tractor for  pu rchasing  the  
equ ipment  or  to  i n form  the  customer of  the  design  parameters.  
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Table  7  – Electrical  data  for  fi l ter  swi tch ing  equ ipment  

Fi l ter  swi tch ing  equ ipment  parameter  Un i t  

Rated  vo l tage  kV(RMS)  

Rated  frequency Hz  

Rated  normal  cu rren t  A(RMS)  

I n su l at i on  l eve l  to  earth  and  across  open  swi tch i ng  devi ce   

 Rated  AC  vo l tage  kV(RMS)  

 L i gh tn i ng  impu l se  wi th stand  l eve l  kV  

 Swi tch i ng  impu l se  wi thstand  l eve l  ( for  rated  vo l tage  >  300  kV)  kV  

Rated  short- t ime  wi thstand  cu rren t  kA(RMS)  

Rated  peak wi th stand  cu rren t  kA 

Rated  du rat i on  o f  short-ci rcu i t  s  

Rated  short-ci rcu i t  breaki ng  cu rren t  kA(RMS)  

Rated  trans i en t  recovery vo l tage  for  term inal  fau l ts  
a  

Rated  short-ci rcu i t  maki ng  cu rren t  kA(peak)  

Rated  operat i ng  sequence   

Rated  s i n g l e  capaci tor  bank breaki ng  cu rren t  A(RMS)  

Rated  back- to-back capaci tor  bank breaki ng  cu rren t  A(RMS)  

Maximum  perm i ss i b l e  swi tch i ng  overvo l tage  when  swi tch i ng  capaci tor  banks  kV  

Rated  suppl y  vo l tage  o f  c l os i ng  and  open i ng  devi ces  and  o f  auxi l i ary  c i rcu i ts  V
dc
 o r  V

rms
 

Rated  suppl y  frequency o f  c l os i ng  and  open i ng  devi ces  and  o f  auxi l i ary c i rcu i ts  H z  

Rated  pressu res  o f  compressed  gas  suppl y  fo r  operat i on  and  for  i n terrupti on  MPa 

Maximum  devi at i on  from  cl os i ng  t ime  ( i f  synch ronous  swi tch i ng  i s  u sed )  ms  

a  Determ ined  by  several  parameters  – see  I EC  62271 -1 00 .  

 

9.7.4  Test  requ irements  

Type  tests  performed  i n  accordance  wi th  I EC  and/or  ANSI /IEEE  may not  always  cover the  
real  s tresses  of  the  presen t  case.  C IGRE  WG  1 3 . 04  prepared  a  document  (CIGRE  WG  1 3. 04)  
on  shun t  capaci tor  swi tch ing .  As  stated  earl i er,  some  of  the  stresses  on  breakers,  i n  th i s  case  
i n  HVDC stati ons,  can  exceed  those  speci fi ed  i n  s tandards.  I t  i s  therefore  recommended  to  
evaluate  carefu l l y  the  re levant  cri teria  and  compare  the  resu l ts  of  system  stud ies  wi th  those  
i n  the  standards.  Add i t i onal  requ i rements  may be  necessary.  

These  i n  parti cu lar  refer  to  

•  the  requ i red  number of  swi tch ing  operati ons  i n  f i e ld  cond i t i ons  wi th  regard  to  mechan ical  
l oad  and  probabi l i ty  of  restri ke,  

•  swi tch ing  du ti es  and  sequences,  

•  TRV-components,  especial l y  i n  re lati on  wi th  TOV-cond i t i ons  i n  fau l t  or  special  cond i t i ons.  

The  defined  requ i rements  i n  I EC  and  ANSI /IEEE  regard ing  capaci t i ve  swi tch ing  offer  various  
possibi l i t i es  for  test  ci rcu i ts ,  test  du ti es  and  test  vol tages  to  be  chosen .  

Because  of  the  station  scheme,  operati ng  strateg ies,  speci fi ed  fau l t  cond i ti ons  and  AC  
system  parameters,  the  test  requ i rements  of  the  breaker/swi tch  shou ld  reflect  as  closely  as  
possible  the  actual  s i tuation .  

I f  appl i cable,  the  accuracy of  synchronous  swi tch ing  i n  re lati on  to  the  affecti ng  factors,  
men tioned  i n  9 . 7. 2 . 1 1 ,  shou ld  be  veri f i ed  by l aboratory tests  or  o therwise  by speci fi c  



I EC  TR  62001 -4:201 6  © IEC  201 6  – 85  –  

commission ing  tests  under real  operati ng  cond i ti ons.  The  test  cond i t i ons  shou ld  take  accoun t  
of  i n fl uencing  factors  such  as  ageing ,  envi ronmental  cond i t i ons  and  the  number of  previous  
swi tch ing  operations.  
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Annex A 
( i n formative)  

 
Background  to  loss evaluation  

The  need  to  evaluate  l osses  i n  HVDC transmission  schemes  i s  importan t  because  of  the  h i gh  
cost  o f  l osses  on  the  supply  system.  Wi th  i ncreasing  energy costs  i n  the  fu tu re,  the  
importance  of  l osses  wi l l  become  more  cri t i cal .  Each  supply  au thori ty  determ ines  the  cost  of  
l osses  for  i ts  own  parti cu lar operating  cond i ti ons.  Because  these  d i ffer  from  au thori ty  to  
au thori ty  the  cost  o f  capi tal i zed  l osses  wi l l  al so  vary substan tial l y  between  them  and  i t  i s  
general l y  therefore  i nappropriate  to  d i scuss  general i zed  l oss  fi gu res.  

The  cost  o f  l osses  i s  general l y  based  on  several  common  factors:  

a)  a  cost  to  reflect  the  generati ng  capaci ty requ i red  to  supply  the  peak l osses  i n  the  supply  
system  so  that  i n  tu rn  i t  can  supply  the  power l osses  i n  the  HVDC converter  equ ipment.  
The  cost  o f  capaci ty  i s  general l y  assumed  to  be  the  l owest  cost  means  of  provid i ng  the  
peaking  capaci ty,  for  example  gas  tu rbine  peaking  un i ts ,  or  al ternatively  i t  may be  based  
on  the  i ncremental  cost  or  average  costs  of  new generating  capaci ty;  

b)  an  energy cost  to  reflect  the  actual  cost  o f  supplyi ng  the  energy consumed.  Because  
energy i s  consumed  th rough  the  en ti re  l i fe  of  the  converter stati on ,  fu rther  factors  need  to  
be  considered  to  determ ine  a  presen t  value  worth  of  the  fu tu re  l osses.  These  i nclude:  

1 )  the  an ti cipated  operati ng  l i fe  of  the  converter  station ,  

2 )  the  l oad  factor,  

3 )  the  d i scoun t  rate  for  presen t  evaluati on  of  fu tu re  costs.  

I n  determ in ing  a  capi tal i zed  l oss  factor,  the  d i scoun t  rate  [ i tem  3)  above]  can  be  a  very 
sensi ti ve  factor.  For example,  an  annual  l oss  cost  o f  say $350/kW ( i . e .  1  kW valued  at  
$40/MWh)  together wi th  1 00  % avai labi l i ty  and  no  du ty  cycle,  capi tal i zes  as  shown  i n  Table  
A. 1  for  cu rren t  typical  d i scount  rates.  

Table  A.1  – Capi tal ized  costs  of  the  fu ture  losses  

Discount  rate  Capi tal i zed  over  20  years  Capi tal i zed  over  30  years  

5, 0  % $4  367  $5  387  

7 , 5  % $3  573  $4  1 37  

9 , 5  % $3  088  $3  446  

 

Table  A. 1  shows  that  plan t  l i fe,  however,  i s  not  a  very sensi ti ve  factor,  because  even  wi th  a  
5  % d i scoun t  rate,  the  con tribu tion  to  the  presen t  value  decreases  rapid ly  i n  l ater  years.  

Al though  the  capi tal  cost  o f  e lectri cal  equ ipment  has  i ncreased  over recent  years,  the  cost  o f  
energy has  general l y  i ncreased  at  h i gher rates,  wi th  the  resu l t  that  for  early  HVDC schemes  
the  capi tal i zed  cost  o f  the  converter stati on  l osses  (exclud ing  the  transmission  l i nes)  typical l y  
represented  1 0  % of  the  converter  station  costs,  whereas  they can  now typical l y  be  i n  the  
order  of  30  % to  50  %.  Th i s  i ncreasing  importance  i n  l osses  has  l ed  to  a  change  i n  converter 
stati on  equ ipment  design  ph i l osophy whereby equ ipment  wi th  h i gher capi tal  costs  bu t  l ower 
th rough  l i fe  l osses  i s  o ften  speci fi ed .  

I t  i s  therefore  apparent  that  the  treatment  of  l osses  shou ld  be  g iven  a  h i gh  profi l e  and  form  
an  importan t  part  i n  the  preparati on  of  the  HVDC converter  stati on  tender and  bi d  
ad jud icati on .  I t  i s  equal l y  importan t  that  the  cri teria  speci fi ed  for  determ in ing  l osses  are  
consi sten t  and  do  not  un fai rl y  benefi t  or  d i sadvan tage  a  parti cu lar manu factu rer.  These  
cri teria  are  d i scussed  i n  4. 4  i n  respect  of  AC  harmon ic  f i l ters  associated  wi th  HVDC converter  
schemes.  
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I n  an  HVDC converter station  there  are  many i tems  of  equ ipment  wh ich  make  a  s i gn i fi can t  
con tri bu ti on  to  the  total  l osses.  Fu rthermore,  many plan t  i tems  have  thei r  own  l oss  versus  
l oad  re lati onsh ips  and  some  equ ipment,  i n  parti cu lar  certain  harmon ic  f i l ters,  may on ly  be  
requ i red  under h i gh  DC  l oad  cond i ti ons.  An  accurate  assessment  of  l osses  shou ld  therefore  
i nclude  operation  at  several  operating  po in ts  between  standby (no  l oad)  and  fu l l  l oad .  
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Annex B  
( i n formative)  

 
Example of  response spectra (from  IEEE Std  693-2005)  

 

g  acce l erat i on  o f  g ravi ty   

Figure B.1  – Response spectra  

The  above  response  spectra are  deri ved  by the  empi ri cal  formu la:  

61 1 5,2

))ln(68,021.3( D⋅−
=β  

where  

D  i s  the  percen tage  of  cri t i cal  damping  expressed  as  2 ,  5 ,  1 0 ,  etc.  

The  factor β  i n  th i s  formu la has  no  physical  mean ing .  I t  i s  u sed  to  calcu late  the  value  of  the  
accelerati on  ( i n  un i ts  of  g)  by  the  fo l l owing :  
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CIGRE  WG  36. 05,  “Equipment Producing Harmonics and Conditions Governing their 
Connection to the Mains Power Supply”,  E lectra  No.  1 23,  March  1 989  

CIGRE  WG  1 4. 05,  “Interaction between Converter and Nearby Synchronous Machines.  Final 
Report.”,  Techn ical  Brochure  1 1 9 ,  1 997  

CIGRE  WG1 4. 03/cc.02  (JTF 02) ,  “Connection of Harmonic Producing Installations in AC 
High-Voltage Networks with Particular Reference to HVDC.  Guide for Limiting Interference 
Caused by Harmonic Currents with Special Attention for Telecommunication Systems”,  
E lectra  No.  1 59,  Apri l  1 995  

CIGRE  WG1 4. 03/cc.02  (JTF 01 ) ,  “Connection of Harmonic Producing Installations in AC 
High-Voltage Networks with Particular Reference to HVDC – Guide for Limiting Voltage 
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IEEE  Std  1 8-1 992:  IEEE Standard for Shunt Power Capacitors  

I EEE  Std  51 9-1 992,  IEEE Recommended Practice and Requirements for Harmonic Control in 
Electrical Power Systems  

I EEE  Std  693-2005,  IEEE Recommended Practices for Seismic Design of Substations  

I EEE  Std  1 1 58-1 991 ,  IEEE Recommended Practice for Determination of Power Losses in 
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