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H IGH  VOLTAGE DIRECT CURRENT (HVDC)  POWER TRANSMISSION  – 

SYSTEM REQUIREMENTS FOR DC-SIDE EQUIPMENT 
 

Part 1 :  Using  l ine-commutated  converters  
 

FOREWORD 

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

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati ona l  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  comm i ttee  has  representati on  from  a l l  
i n terested  I EC National  Comm ittees.   

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

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

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

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

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

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

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

The  main  task of I EC  techn ical  committees  i s  to  prepare  I n ternational  Standards.  I n  
exceptional  ci rcumstances,  a  techn ical  committee  may propose  the  publ ication  of a  techn ical  
speci fication  when  

•  the  requ ired  support cannot be  obta ined  for the  publ ication  of an  I n ternational  Standard ,  
despi te  repeated  efforts,  or 

•  the  subj ect i s  sti l l  u nder techn ical  development or where,  for any other reason ,  there  is  the  
fu ture  bu t  no  immed iate  poss ib i l i ty of an  agreement on  an  I n ternational  Standard .  

Techn ical  speci fications  are  subj ect to  review wi th in  th ree  years  of publ ication  to  decide  
whether they can  be  transformed  in to  I n ternational  Standards.   

I EC  TS  6301 4,  wh ich  i s  a  Techn ical  Speci fication ,  has  been  prepared  by I EC  techn ica l  
committee  1 1 5:  H igh  Vol tage  D irect Curren t (HVDC)  transm ission  for DC  vol tages  above  
1 00  kV.  
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The  text of th is  Techn ical  Speci fication  i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

1 1 5/1 67/DTS  1 1 5/1 78/RVDTS  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  techn ica l  speci fication  can  be  found  in  
the  report  on  voti ng  i nd icated  i n  the  above  table.  

Th is  document has  been  drafted  i n  accordance  wi th  the  I SO/IEC  D irecti ves,  Part 2 .  

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

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l ingual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

IMPORTANT – The 'colour inside'  logo  on  the  cover page  of th is  publ ication  ind icates  
that  i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore print th is  document using  a  
colour printer.  
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HIGH  VOLTAGE DIRECT CURRENT (HVDC)  POWER TRANSMISSION  – 
SYSTEM REQUIREMENTS FOR DC-SIDE EQUIPMENT 

 
Part 1 :  Using  l ine-commutated  converters  

 
 
 

1  Scope 

This  Techn ical  Speci fication  is  in tended  to  provide  an  overal l  and  consistent set  of gu idel ines  
to  faci l i tate  the  speci fication  of equ ipment for the  DC-side  of a  h igh-vol tage  d i rect  curren t  
(HVDC)  system  us ing  l i ne-commutated  converters.  For poin t-to-poin t HVDC transm ission  
systems,  th is  document covers  a l l  DC-side  equ ipment located  between  the  converter valves  
and  the  DC overhead  l i ne  or cable  term ination ,  exclud ing  the  converter valves  themselves .  
For back-to-back HVDC systems,  th is  document covers  a l l  DC-side  equ ipment exclud ing  the  
converter valves  themselves.  Throughout  th is  publ ication ,  the  terms  'd i rect vol tage'  and  'DC  
vol tage'  are  used  i n terchangeabl y,  as  are  ' d i rect curren t'  and  'DC  cu rrent' .  

Trad i ti onal l y,  the  l argest i tems  of such  equ ipment,  such  as  the  DC  smooth ing  reactor and  DC  
harmon ic  fi l ters ,  have  general l y been  l ocated  ou tdoors  bu t  increas ing l y the  trend  is  to  l ocate  
such  equ ipment i ndoors  (a l though  not i n  the  va lve  hal l  i tsel f)  to  provide  protection  from  
pol l u tion .  Al though  product  standards  exist for some DC-s ide  equ ipment types,  many such  
i tems  of equ ipment have  on l y s tandards  wri tten  for AC appl ications  and ,  i n  such  cases,  the  
purpose  of th is  document i s  to  provide  gu idance  as  to  how to  speci fy the  add i tional  
requ irements  (particu larly wi th  regard  to  testi ng)  for such  equ ipment to  cover thei r use  in  DC  
cond i ti ons.  

The  converter i tse l f i s  excluded  from  th is  scope,  being  covered  by I EC  60700-1  [1 ] 1  and  
I EC 60700-2  [2 ] .  

Al though  th is  document i ncludes  requ i rements  for DC  d isconnectors  and  certain  types  of 
specia l ised  DC  swi tch ing  devices  (such  as  the  Metal l ic  Return  Transfer Swi tch  (MRTS)) ,  i t  
excludes  any type  of DC ci rcu i t-breaker des igned  to  i n terrupt fau l t  curren ts.  

DC-s ide  equ ipment for HVDC systems  based  on  vol tage-sourced  converter (VSC)  technology 
i s  excluded  from  th is  document and  wi l l  be  covered  i n  a  fu ture  Part  2  of I EC 6301 4.  

2  Normative references  

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

I EC 60060-1 ,  High-voltage test techniques – Part 1 :  General definitions and test requirements  

I EC 60071 -1 ,  Insulation co-ordination – Part 1 :  Definitions,  principles and rules 

IEC 60071 -5,  Insulation co-ordination  – Part 5: Procedures for high-voltage direct current 
(HVDC)  converter stations  

___________ 

1  Numbers  i n  square  brackets  refer to  the  B i b l i ography.  
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I EC 60076-6: 2007,  Power transformers – Part 6:  Reactors  

I EC  60099-9: 201 4,  Surge arresters – Part 9:  Metal-oxide surge arresters without gaps for 
HVDC converter stations  

I EC  601 68,  Tests on indoor and outdoor post insulators of ceramic material or glass for 
systems with nominal voltages greater than 1000 V 

I EC 60353,  Line traps for a. c.  power systems  

I EC 60358-1 ,  Coupling capacitors and capacitor dividers – Part 1 :  General rules  

I EC  60383  (a l l  parts) ,  Insulators for overhead lines with  a  nominal voltage above 1  000 V 

IEC 60437,  Radio interference test on  high-voltage insulators  

I EC 60633,  Terminology for high-voltage direct current (HVDC)  transmission  

I EC  TS  6081 5-4,  Selection and dimensioning of high-voltage insulators intended for use in  
polluted conditions – Part 4: Insulators for d. c.  systems  

I EC  60871 -1 : 201 4,  Shunt capacitors for a. c.  power systems having a  rated voltage above 
1   000 V – Part 1 :  General  

I EC  60871 -4: 201 4,  Shunt capacitors for AC power systems having a  rated voltage above 
1   000 V – Part 4: Internal fuses  

I EC TS  61 245,  Artificial pollution tests on high-voltage ceramic and glass insulators to be 
used on d. c.  systems  

I EC  61 462,  Composite hollow insulators – Pressurized and unpressurized insulators for use in  
electrical equipment with rated voltage greater than 1   000 V – Definitions,  test methods,  
acceptance criteria and design recommendations  

I EC  61 466  (a l l  parts) ,  Composite  string insulator units for overhead lines with  a  nominal 
voltage greater than 1  000 V 

IEC 61 850-9-2 ,  Communication networks and systems for power utility automation – Part 9-2:  
Specific communication service  mapping (SCSM)  – Sampled values over ISO/IEC 8802-3  

I EC  61 869-9,  Instrument transformers – Part 9:  Digital interface for instrument transformers  

I EC  61 869-1 4,  Instrument transformers – Part 14: Specific requirements for DC current 
transformers  2 

I EC 61 869-1 5,  Instrument transformers – Part 15: Specific requirements for DC voltage 
transformers3 

I EC TS  61 936-2 ,  Power installations exceeding 1  kV AC and 1 , 5 kV DC – Part 2: DC 

___________ 

2  Under preparati on .  S tage  at  the  time  of publ i cati on :  I EC/FDIS  61 869-1 4: 201 7.  

3  Under preparati on .  S tage  at  the  time  of publ i cati on :  I EC/FDIS  61 869-1 5: 201 7.  
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IEC 6221 7,  Polymeric HV insulators for indoor and outdoor use – General definitions,  test 
methods and acceptance criteria  

I EC  62231 ,  Composite station post insulators for substations with a. c.  voltages greater than  
1   000 V up to 245 kV – Definitions,  test methods and acceptance criteria  

I EC 62271 -1 ,  High-voltage switchgear and controlgear – Part 1 :  Common specifications for 
alternating current switchgear and controlgear 

I EC 62271 -1 00: 2008,  High-voltage switchgear and controlgear – Part 100: Alternating current 
circuit-breakers  

I EC 62271 -1 02: 2001 ,  High-voltage switchgear and controlgear – Part 102:  Alternating current 
disconnectors and earthing switches  

I EC  62271 -1 09: 2008,  High-voltage switchgear and controlgear – Part 109: Alternating-current 
series capacitor by-pass switches  

I EC  62772,  Composite hollow core station post insulators for substations with a. c.  voltage 
greater than 1   000 V and d. c.  voltage greater than 1   500 V – Definitions,  test methods and 
acceptance criteria  

I EC  TS  62896,  Hybrid insulators for AC and DC for high-voltage applications – Definitions,  
test methods and acceptance criteria  

I EC  Gu ide  No.  1 1 1 ,  Electrical high-voltage equipment in  high-voltage substations – Common 
recommendations for product standards 

IEC/IEEE  65700-1 9-03: 201 4 ,  Bushings for DC application 

3 Terms and  Defin i tions  

For the  purposes  of th i s  document,  the  terms  and  defin i ti ons  g iven  i n  I EC  60633  and  the  
fol lowing  appl y.  

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

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

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

3. 1  DC  swi tch ing  devices  

3. 1 . 1  Types  of DC  switch ing  device  

3. 1 . 1 . 1   
h igh-speed  DC  switch  
type  of swi tch ing  device  used  on  an  HVDC scheme,  requ ired  to  open  or close  rapid l y 
(<1  second),  i nclud ing  i n  some cases  the  need  to  commutate  l oad  curren t i n to  a  paral l e l  
conducting  path ,  bu t  wi th  no  requ i rement to  i n terrupt fau l t  or l oad  curren t  

Note  1  to  en try:  DC swi tch i ng  devices  are  usual l y based  on  a  s i ng le-phase  un i t  of an  AC ci rcu i t-breaker,  
appropri atel y mod i fi ed  for the i r DC appl i cati ons.  Thei r capabi l i ti es  to  perform  faster open ing  and  cl os ing  than  
d i sconnect swi tches  are  used  bu t  the  functi on  of breaking  short-ci rcu i t  cu rren ts  i s  not  requ i red .  
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3. 1 . 1 .2   
DC  commutation  switch  
type  of h igh-speed  DC swi tch  speci fical l y des igned  to  commutate  l oad  curren t in to  an  
a l ternative  para l l e l  current path  

Note  1  to  en try:  The  metal l i c  retu rn  transfer swi tch  (MRTS)  and  the  earth  retu rn  transfer swi tch  (ERTS)  defi ned  i n  
I EC 60633  are  wel l -known  examples  of DC commutation  swi tch .  

3. 1 . 1 .3   
mechan ical  switch  
mechan ical  swi tch ing  device  form ing  part of a  h igh-speed  DC swi tch  

3. 1 .2  Appl ications  of DC  swi tch ing  devices  

3. 1 . 2 .1   
neutral  bus  swi tch  
NBS  
DC commutation  swi tch  connected  in  series  wi th  the  neu tral  bus  on  a  b ipolar HVDC scheme,  
designed  to  commutate  curren t ou t of the  pole  conductor or neutral  bus  and  i n to  the  e lectrode  
l ine  or ded icated  metal l i c  return  conductor or earth  i n  response to  a  fau l t i n  a  converter or 
neu tral  bus  

3. 1 .2 .2   
neutral  bus  earth ing  swi tch   
NBES  
neutral  bus  ground  switch   
NBGS 
DC commutation  swi tch  connected  from  the  neutra l  bus  to  the  station  earth  mat on  a  b ipolar 
HVDC scheme,  des igned  to  provide  a  temporary earth  connection  i n  the  event of an  open-
circu i t fau l t  on  the  e lectrode  l ine  unti l  the  imbalance  of current between  the  two poles  can  be  
reduced  to  a  safe  m in imum  level  or the  e lectrode  l i ne  connection  can  be  restored  

3. 1 .2 .3   
bypass  switch  
BPS  
h igh-speed  DC swi tch  connected  across  each  converter valve  group  i n  HVDC schemes  us ing  
more  than  one  i ndependent converter per pole,  des igned  to  close  rapid l y to  bypass  a  
converter g roup  that i s  being  taken  out of service  and  commutate  the  current  back in to  a  va lve  
group that i s  be ing  taken  back in to  service  

3. 1 .2 .4   
l ine  paral lel ing  switch   
LPS  
DC commutation  swi tch  p laced  i n  series  wi th  one  or more  h i gh-vol tage  pole  conductors ,  
a l l owing  two  or more  l i nes  to  be  connected  i n  paral le l  or to  revert  to  s i ng le- l ine  operation  
wh i l e  conducting  l oad  curren t  

3. 1 .2 .5   
converter paral lel ing  swi tch  
CPS  
h igh-speed  DC swi tch  connected  in  series  wi th  each  converter at  the  h i gh -vol tage  DC term inal  
i n  HVDC schemes  where  two  or more  converters  are  connected  in  para l l el  on to  a  common  
pole  conductor,  designed  to  a l low add i ti onal  converter(s)  to  be  connected  i n  para l le l  or 
d isconnected  wi thout affecti ng  the  l oad  current  i n  the  other converter 
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3.2  Fi l ter components  

3.2. 1  Fi l ter capaci tors  

3.2. 1 . 1   
main  DC  fi l ter capaci tor 

h igh-vol tage  DC fi l ter capaci tor wh ich  i s  exposed  to  a  substantial  d i rect vol tage  

3.2. 1 .2   
auxi l iary capacitor 
LV fi l ter capacitor 
capaci tor i n  a  DC  fi l ter not  exposed  to  d i rect vol tage  across  i ts  term inals  (such  as  C2  in  
F igu re  5)  

3.2. 1 .3   
DC  neutral  bus  capacitor 

capaci tor connected  between  the  DC  neutra l  bus  and  the  substation  earth  

3.2. 1 .4   
DC  surge  capacitor 
capaci tor connected  between  the  DC l ine  and  the  substation  earth  (d i rectl y or i nd i rectl y)  to  
serve  the  primary function  of reducing  the  ampl i tude  and  steepness  of l i ghtn ing  surges  
appl ied  to  the  substation  equ ipment  

3.2.2  Fi l ter resistors  

3.2.2 .1   
resistor 
power res istor form ing  part  of some types  of harmon ic fi l ter bank and  connected  i n  paral le l  
and /or series  wi th  the  LV fi l ter capaci tors  and /or fi l ter reactors,  usual l y at  the  neu tral  s ide  of 
the  fi l ter 

3.2.2 .2   
resistor element  
sing le  part  of res istor,  wh ich  i s  not poss ib le  to  be  d i vi ded  i n to  smal ler parts  (such  as  a  gri d ,  a  
mat,  a  spring  coi l ,  etc.  depend ing  on  the  technology)  

3.2.2 .3   
bank of resistor elements  
mechan ical  assembly of several  s i ng le  e lements  e lectrica l l y connected  together,  p l us  a  
mechan ical  s tructure,  i nsu lating  parts ,  term inals ,  etc.  

3.2.2 .4   
resistor modu le  

part of the  res istor i n  one  enclosure  ( i f appl icable)  

3.2.3   
fi l ter reactors  
power reactor form ing  part of a  harmon ic fi l ter bank,  responsible  (sometimes  together wi th  the  
LV fi l ter capaci tors ,  where  used)  for defi n ing  the  tuned  frequency( ies)  of the  fi l ter bank and  
usual l y connected  at  the  neu tral  s i de  of the  fi l ter  

3.3  Surge arresters  

3.3. 1   
continuous  operating  vol tage  
COV 
maximum  con tinuous  vol tage  characterized  by the  vol tages  CCOV,  PCOV,  DCOV and  ECOV 
where  appl icable  and  that may be  appl ied  continuous l y between  the  arrester term inals  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



I EC TS  6301 4-1 : 201 8  © I EC  201 8  – 1 3  –  

Note  1  to  en try:  Operation  vol tages  of several  arrester types  can  vary s i gn i fi cantl y  du ri ng  d i fferen t  operation  
cond i ti ons  of the  HVDC converters  (e. g .  depend i ng  on  fi ri ng  ang les,  tap  posi ti on )  as  wel l  as  i n  d i fferen t  
confi gu rati on  of the  DC system  (e. g .  metal l i c  retu rn  confi gu ration).  The  speci fi ed  requ i rements  shal l  consider the  
appl i cabl e  operati ng  cond i ti ons  accord i ng l y.  

3.3.2   
crest value  of continuous  operating  vol tage  
CCOV 
h ighest conti nuousl y occurring  crest va lue  of the  vol tage  across  the  arrester exclud ing  
commutation  overshoots  and  commutation  notches  and  calcu lated  wi th  a  system  model  va l i d  
for up  to  approximatel y 5  kHz 

3.3.3   
peak value  of continuous  operating  vol tage  
PCOV 
h ighest con ti nuousl y occurring  crest va lue  of the  vol tage  at the  equ ipment on  the  DC  s ide  of 
the  converter station  i nclud ing  commutation  overshoots ,  commutation  notches  and  ripple  
calcu lated  wi th  a  model  wh ich  takes  i n to  account  stray capaci tances/inductances  of converter 
transformers,  va lves,  buswork,  etc.  and  val i d  for at  l east  50  kHz 

3.3.4   
DC  component of continuous  operating  vol tage  
DCOV 
h ighest mean  or average  of the  continuous  operati ng  vol tage  across  the  arrester exclud ing  
harmon ics  and  commutation  overshoots  

3.3.5   
equ ivalent continuous  operating  vol tage  
ECOV 
RMS value  of the  s inusoidal  power-frequency vol tage  or d i rect vol tage  at  a  meta l -oxide  su rge  
arrester s tressed  by operating  vol tage  of any wave  shape  that generates  the  same power 
l osses  in  the  meta l -oxide  materia l  as  the  actual  operating  vol tage  

3.3.6   
switch ing  impu lse  protective  l evel  
SIPL  
res idual  vo l tage  of a  su rge  arrester subj ected  to  a  d ischarge  current correspond ing  to  the  
coord ination  swi tch ing  impu lse  current  

3.3.7   
l igh tn ing-impu lse  protective  level  
LIPL  
res idual  vo l tage  of a  su rge  arrester subj ected  to  a  d ischarge  current correspond ing  to  the  
coord ination  l i ghtn ing- impu lse  current  

3.3.8   
steep-front impulse protective  l evel  
SFIPL  
STIPL  
res idual  vol tage  of a  su rge  arrester subj ected  to  a  d ischarge  current  correspond ing  to  the  
coord ination  steep-fron t impu lse  curren t  

4 General  

4.1  Overview 

"DC-s ide  equ ipment"  i s  the  overal l  name g iven  to  a  col l ection  of h igh -vol tage  equ ipment 
l ocated  on  the  DC s i de  of the  HVDC converter i n  a  converter station ,  exclud ing  the  converter 
i tsel f.  
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I n  a  back-to-back HVDC converter station ,  the  DC-s ide  equ ipment (F igure  1 )  i s  re lati vel y 
l im i ted  i n  extent,  general l y on l y compris ing  DC  instrument transformers,  va lve  and  bri dge  
surge  arresters  ( ins ide),  DC  smooth ing  reactor (ou ts ide)  and  DC  wal l  bush ings  
i n terconnecting  the  DC smooth ing  reactor to  the  valve  hal l .  S i nce  there  i s  no  DC l ine  that  can  
be  subject to  frequent  fl ashovers,  the  main  function  of the  DC  smooth ing  reactor i n  a  back-to-
back HVDC converter station  i s  to  preven t or l im i t  the  cross-modu lation  of harmon ics  from  one  
AC  system  to  the  other.  Some back-to-back HVDC converter stations  have  been  bu i l t  wi thou t 
DC smooth ing  reactors;  i n  such  cases,  the  on l y DC-s ide  equ ipment are  the  DC i nstrument 
transformers  and  va lve  and  bri dge  surge  arresters .  

AC system 1 AC system 2

Ldc

DC-side equipment

 
IEC 

Figure  1  – Scope  of DC-side  equ ipment for a  back-to-back HVDC   
converter station  wi th  one 1 2-pu lse  bridge  per end  

I n  a  converter station  for a  transm ission  HVDC scheme (F igure  2) ,  the  DC-side  equ ipment i s  
more  extensive  i n  scope.  DC harmon ic fi l ters  are  usual l y requ i red  in  order to  prevent 
i n terference  wi th  nearby te lephone  systems,  especial l y on  DC overhead  l i ne  schemes.  Where  
fi tted ,  DC  harmon ic  fi l ters  general l y occupy the  l argest amount of space  of a l l  DC-s ide  
equ ipment.  DC smooth ing  reactors  are  a lways  needed ,  the ir main  function  being  to  l im i t  the  
ampl i tude  and  rate  of change  of curren t  i n  the  even t  of e i ther a  DC  l ine  fau l t  or commutation  
fai l u re.  DC  smooth ing  reactors  for transm ission  schemes  can  be  very l arge,  wi th  i nductances  
of several  hundred  m i l l i henries  being  common.  
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Figure 2  – Scope  of DC-side  equ ipment for a  transmission  HVDC  
converter station  wi th  one 1 2-pu lse  bridge  per pole  

The DC-side  equ ipment for a  transm ission  HVDC scheme usual l y a lso  includes  several  types  
of DC  swi tch ing  devices,  i nclud ing  DC d isconnectors  and  several  types  of specia l ised  "h igh-
speed  DC swi tch ".  The  h igh-speed  DC swi tches  are  normal l y derived  from  conventional  AC  
ci rcu i t-breakers,  bu t they are  not ci rcu i t-breakers  i n  the  conventional  sense  of the  word  s ince  
they are  not designed  to  break DC fau l t curren ts.  Their function ,  i nstead ,  i s  typica l l y to  d i vert  
normal  load  curren t from  one  curren t path  in to  another.  There  are  many d i fferen t appl ications  
of DC  swi tch ing  devices  i n  a  transm ission  HVDC scheme and  these  are  described  i n  greater 
detai l  i n  Annex B .  

F i nal l y,  i n  transm ission  HVDC schemes  that  are  equ ipped  wi th  earth  e lectrodes  to  perm i t  
operation  wi th  an  earth  return  curren t,  the  e lectrode  l i ne  l i nking  the  converter station  to  the  
earth  e lectrode  may requ ire  add i tional  DC  fi l ter equ ipment,  surge  capaci tors ,  surge  arresters  
and  equ ipment to  perm i t mon i toring  of the  e lectrode  l i ne  and  detection  of fau l ts.  Several  
common  types  of h igh-speed  DC swi tch  (for example  the  meta l l ic return  transfer swi tch)  are  
associated  wi th  such  appl ications.  

Annex A provides  more  detai l ed  descriptions  of the  purpose  and  typical  characteristics  of the  
various  types  of DC-side  equ ipment.  

I nsu lation  coord ination  of the  DC-s ide  equ ipment i s  an  importan t and  complex topic.  Basic  
princip les  are  addressed  i n  I EC 60071 -5,  bu t I EC TS  61 936-2  a lso  i ncludes  some common  
requ irements  re lated  to  safety and  i nsu lation  coord ination ,  for example  clearance  and  
creepage d istances.  I n  se lecting  i nsu lation  for DC systems,  environmental  cond i ti ons  and  
pol l u tion  are  very important aspects  because  of the  tendency of DC  equ ipment to  attract  
a i rborne  contam ination .  Pol l u tion  considerations  for ou tdoor equ ipment are  covered  by 
I EC 6081 5-4.  The  creepage  requ i rements  for DC  i nsu lation  vary greatl y accord ing  to  the  l evel  
of a tmospheric  pol lu tion .  As  a  consequence,  there  can  be  major d i fferences  i n  creepage 
d istance  requ irements  depend ing  on  whether an  i nsu lator i s  l ocated  i n  a  clean  environment 
(the  valve  hal l ) ,  a  sem i -clean  environment ( i ndoor DC yard ,  bu t  separate  from  the  va lve  hal l )  
or a  pol l u ted  outdoor envi ronment.  
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4.2  Environmental  cond itions  

I n formation  abou t  environmenta l  cond i tions  for the  actual  i nsta l l ation  s i te  of the  converter 
station  i s  re levan t and  can  be  vi ta l  to  the  design  of the  i nd ividual  equ ipment.  Equ ipment may 
be  i nsta l l ed  ou tdoors  or i ndoors  depend ing  on  the  operation  and  proj ect requ irements.  I f both  
i ndoor and  outdoor i nsta l l ations  are  appl icable  for the  same project,  the  envi ronmenta l  
cond i ti ons  shal l  be  cl early ass igned  to  the  i nd ividual  appl ication .  I EC Gu ide  No.  1 1 1  provides  
usefu l  background  i n formation  to  a i d  i n  speci fying  environmenta l  cond i tions.  

The  fo l l owing  data  shal l  be  speci fi ed  as  appl icable:  

•  maximum  dry bu lb  ambient temperature  ( °C) ;  

•  m in imum  dry bu lb  ambient  temperature  ( °C);  

•  maximum  wet bu lb  ambient  temperature  (°C) ;  

•  maximum  24-hour average  dry bu lb  ambien t temperature  ( °C);  

•  annual  average  ambien t temperature  (°C);  

•  m in imum/maximum  relati ve  hum id i ty;  

•  maximum  wind  speed  (m /s);  

•  annual  precip i tation  (mm);  

•  maximum  precipi tation  i n  24  hours  (mm);  

•  maximum  snow depth  (cm);  

•  i ce  l oad  (mm);  

•  so lar rad iation  in tensi ty (W/m 2) ;  

•  so i l  resisti vi ty(Ωm) ;  

•  pol l u tion  level  /  requ i red  creepage  d istances;  

•  type  of pol l u tant (conducting /non-conducting ;  sol id /l i qu id /gaseous) ;  

•  se ism ic requ i rements:  

– horizon tal  /  vertical  acceleration  (m /s2) ;   

– se ism ic frequency spectra  ( i f appl icable) ;  

– re levant des ign  standard  and /or local  bu i l d i ng  code.  

•  a l ti tude  above sea  level  

•  keraun ic l evel .  

4.3  Choice of indoor versus  outdoor DC  yard  

On  most o l der HVDC schemes,  up  to  abou t the  year 2000,  the  DC-side  equ ipment was  
l ocated  ou ts ide  and  the  converter valves  and  the ir closel y-associated  valve  and  bri dge  surge  
arresters  were  located  i ndoors,  i n  the  valve  hal l .  

However,  there  has  been  a  recent  trend  towards  putting  most or a l l  of the  DC-s ide  equ ipment 
i ndoors,  i n to  an  " i ndoor DC  yard " .  I n  such  cases,  the  DC-s ide  equ ipment i s  usual l y not 
mounted  i n  the  valve  hal l  i tsel f (s ince  th is  wou ld  be  unnecessari l y expensive)  bu t i n  a  
separate  annex to  the  converter bu i l d ing ,  usual l y speci fied  wi th  l ess-demand ing  requ irements  
i n  terms  of a i r qua l i ty and  temperature/hum id i ty control  than  th e  valve  ha l l .  

The  main  motivation  for pu tti ng  DC-side  equ ipment i ndoors  i s  to  reduce  the  exposure  of 
DC-side  equ ipment to  pol l u tion  and  l i ghtn ing  s trikes.  Th is  i s  much  more  important  than  wi th  
AC  equ ipment because  of the  tendency of h igh -vol tage  DC  equ ipment to  attract pol l u tion .  By 
pu tti ng  the  DC-side  equ ipment indoors  (even  in  a  room  wi th  re lati ve l y s imple  a i r-fi l tration  
systems  compared  wi th  the  valve  hal l ) ,  the  l evel  of pol l u tion  deposi ted  on  equ ipment can  be  
d ramatical l y reduced  and  s i nce  the  i nsu lation  wi l l  not  get wet,  much  shorter creepage  
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d istances  can  sometimes  be  used .  However,  main tenance i n tervals  shou ld  be  cons idered  
si nce  no  wash ing  by ra in  occurs  i ndoors.  

I ndoor DC yards  may therefore  be  preferable  where  there  are:  

•  h igh  levels  of a i rborne  pol l u tion  (coal  dust i s  particu larl y troublesome,  being  h i gh l y 
conductive),  or 

•  h igh  l evels  of sa l t pol l u tion ,  for example  i n  coastal  s i tes ,  

•  h igh  l evels  of sand  pol l u tion  in  desert  s i tes ,  

•  h igh  risk of flashovers  due  to  i ngress  of wi l d l i fe,  

•  h igh  aud ib le  noise  that may l ead  to  compla in ts  i n  publ ic areas .  

On  the  other hand ,  ci vi l  costs  wi l l  be  i ncreased  by speci fying  i ndoor DC  yard  equ ipment,  so  i n  
s i tes  wi th  l ow levels  of pol l u tion  bu t h igh  ci vi l  costs,  ou tdoor DC  yard  equ ipment wi l l  general l y 
be  more  cost-effecti ve.  However,  there  i s  a  poss ib i l i ty that the  cost of an  i ndoor i nsta l l ation  is  
l ower than  that of an  ou tdoor i nsta l l ation  in  the  case  of des ign  cond i tions  that  requ i re  
protection  against both  severe  pol lu tion  and  severe  seism ic cond i tions.  

A secondary benefi t  of u sing  i ndoor DC-side  equ ipment i s  that aud ib le  noise  em iss ions  from  
the  DC  smooth ing  reactor and  DC  harmon ic fi l ters  wi l l  be  substan tial l y reduced .  However,  i f 
aud ible  noise  i s  the  on l y consideration ,  provid ing  a  noise  enclosure  around  the  DC  smooth ing  
reactor wi l l  normal l y be  a  more  cost-effecti ve  solu tion .  

5 DC smoothing  reactors  

Requ irements  for DC  smooth ing  reactors  are  defined  i n  C lause  1 2  of I EC 60076-6: 2007.  

I n  add i tion ,  subj ect to  agreement between  the  manufacturer and  the  pu rchaser,  for d ry-type  
a i r-cored  reactors,  the  polari ty reversal  test can  be  a  type  test i nstead  of a  rou ti ne  test and ,  
as  a  consequence,  the  DC wi thstand  rou tine  test shal l  be  performed  twice,  once  wi th  pos i ti ve  
polari ty and  once  wi th  negative  polari ty.  

6 DC switching  devices  

6.1  H igh -speed  DC  switches  

6. 1 . 1  General  

HVDC transm ission  schemes  typica l l y i ncl ude  two  types  of fast-acting  DC  swi tches  (wi th  
operati ng  times  general l y of the  order of 1 00  ms)  on  the  DC  s ide.  These  swi tches  are  
commonl y derived  from  conventional  AC ci rcu i t-breakers  bu t have  add i tional  requ irements  
imposed  by the  DC  curren t or vol tage  to  wh ich  they are  subjected .  These  DC  swi tches  are  
most commonl y constructed  from  Ai r-I nsu lated  Swi tchgear (AIS)  bu t,  for some appl ications,  
Gas-I nsu lated  Swi tchgear (G IS)  may be  used .  The  fi rst  type  of DC  swi tch  is  not  des igned  to  
break DC  curren t bu t  the ir fast  swi tch ing  action  i s  requ i red  for protection ,  i solation  and  
restoration  of the  i n terconnection .  The  other type  of DC  swi tch  i s  capable  of transferring  DC  
load  current  in to  an  a l ternative  curren t path  (for example,  the  metal l ic  retu rn  transfer swi tch ,  
MRTS,  described  i n  B . 2 . 1 ).  

Annex B  describes  the  various  d i fferen t types  of h igh-speed  DC swi tch  that  may be  used  on  
an  LCC HVDC scheme.  

General  requ i rements  for AC ci rcu i t-breakers  are  defined  i n  I EC  62271 -1 00.  However,  no  
requ i rements  related  to  DC  appl ications  are  g iven  i n  that s tandard .  
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The  h igh-speed  DC swi tches  shal l  comply wi th  the  appl icable  techn ical  standards  for AC  
ci rcu i t-breakers  and  add i ti onal  requ i rements  speci fic to  the  DC  appl ication .  

The  bas ic  swi tch ing  requ i rements  are:  

•  subsequent to  the  fi rst arc exti nction ,  no  fu rther arc shal l  occur across  the  main  con tacts  
of the  h igh-speed  swi tch ;  

•  the  open ing  of series  main  contacts  on  the  complete  swi tch  assembly shal l  be  
synchron ized  su fficien tl y wel l  to  meet the  requ i rements  of the  operati ng  cond i ti ons ;  

•  where  the  safe  cond i tion  of the  h i gh -speed  swi tch  is  i n  the  closed  pos i tion ,  the  swi tch  shal l  
fai l  to  the  closed  pos i tion .  Under these  cond i ti ons ,  the  tri pping  of the  swi tch  shal l  be  
i nh ib i ted  when  subsequentl y there  wi l l  be  i nsufficien t energy for a  successfu l  open-close  
operation .  

The  safe  pos i tion  of a  swi tch  is  the  pos i tion  that  shou ld  be  reached  i n  the  even t of a  fa i l u re  i n  
order to  prevent  fu rther consequentia l  damage  to  the  breaker or ri sk of i n j ury to  personnel .  
Taking  the  MRTS as  an  example,  the  safe  posi ti on  i s  the  closed  posi ti on  s ince  no  arcing  can  
take  p lace  and  there  is  no  risk of explos ion .  So  i n  the  even t that  an  attempt to  transfer the  DC  
neu tral  curren t from  the  electrode  l i ne  to  the  pole  conductor does  not  succeed ,  the  MRTS  
shou ld  be  re-closed  to  avoid  the  risk of explos ion .  

NOTE  I n  some appl i cati ons,  the  auxi l i ary components  associated  wi th  h i gh -speed  DC  swi tches  can  i ncl ude  
capaci tors  and  reactors  to  create  a  resonant tu rn -off cond i ti on .  The  capaci tor can ,  i n  add i ti on ,  be  pre-charged  i n  
order to  speed  up  the  swi tch ing  process.  

6.1 .2  Comparison  of operating  duties  

The main  cri tica l  parameters  for various  types  of DC swi tch  appl ication  are  summarised  in  
Table  1 .  Explanations  of the  various  types  of DC swi tch ,  a long  wi th  more  detai l ed  
commentaries  on  the  cri ti cal  parameters  for each ,  are  g i ven  i n  Annex B.  
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Table  1  – Summary of main  parameters  affecting  
specification  of h igh-speed  DC  switches  

Parameter MRTSa  ERTS  NBS  NBES  BPS  LPS  CPS  

Current  rati ng  i n  cl osed  pos i ti on ,  
permanent  

        
b       

Cu rren t rati ng  i n  cl osed  posi ti on ,  short  
duration  

              

Cu rren t commutati ng  abi l i ty                

Vol tage  between  term inal s  i n  open  
pos i ti on  

  
c            

Vol tage  i solati on  to  earth                

C l os ing  speed                

Open ing  speed                

Key:  

  =  Cri ti ca l  

  =  Importan t  

  =  S l i gh t  impact  

  =  Un importan t  

a  The  MRTS  and  ERTS  are  a l so  referred  to  as  MRTB  (metal l i c  return  transfer breaker)  and  ERTB  (earth  retu rn  
transfer breaker)  a l though  these  terms  can  be  confusing  s i nce  these  swi tches  have  no  abi l i ty to  i n terrupt  
fau l t  cu rren t.  

b  The  s teady-state  cu rrent  rati ng  of the  bypass  swi tch  can  be  a l l eviated  by cl os ing  the  para l l e l -connected  
d i sconnector,  i f i nsta l l ed .  

c  Where  a  ded icated  metal l i c  return  i s  used  i n  the  system :    .  

 

6.1 .3  Ratings  

6. 1 . 3. 1  General  

There  are  no  appl icable  i n ternational  s tandards  for h i gh-speed  swi tches  used  in  HVDC 
appl ications  and  therefore  no  complete  set  of standard  rating  defin i ti ons.  However,  such  
swi tches  are  usual l y based  on  AC ci rcu i t-breakers,  for wh ich  I EC  62271 -1 00  i s  appl icable,  
and  I EC  62271 -1 00  can  provide  general  gu idance for some aspects  of HVDC appl ications.  
There  are,  i n  add i ti on ,  some rati ngs  defined  un iquel y for DC swi tches.  Table  2  summarises  
wh ich  ratings  are  covered  by existi ng  standards  and  wh ich  requ i re  speci fic defin i tions  for 
HVDC.  
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Table  2  – Table  of standard  ratings  in  accordance wi th  IEC  62271 -1 00   
and  thei r appl icabi l i ty to  h igh-speed  DC  switches  

Name  Clause  i n  
IEC  62271 -
1 00: 2008  

Appl icabi l i ty to  h igh -speed  DC swi tches  

Appl icable  
wi thout 

modi fication  

Appl icable  wi th  
modi fication  

Not appl i cable  

Rated  vol tage  (Ur)  4 . 1      

Rated  i nsu l ation  l evel  4 . 2      

Rated  frequency (fr)  4 . 3      

Rated  normal  curren t (Ir)  and  temperatu re  
ri se  

4 . 4      

Rated  short-time  wi thstand  current  (Ik)  4 . 5      

Rated  peak wi thstand  cu rren t (Ip)  4 . 6      

Rated  du rati on  of short  ci rcu i t  ( tk)  4 . 7      

Rated  suppl y vol tage  of cl os ing  and  open i ng  
devices  and  of auxi l i ary and  con trol  ci rcu i ts  
(Ua )  

4 . 8      

Rated  suppl y frequency of cl os ing  and  
open ing  devices  and  auxi l i ary ci rcu i ts  

4 . 9      

Rated  pressures  of compressed  gas  supply 
for i nsu l ation ,  operati on  and /or i n terruption  

4 . 1 0      

Rated  short-ci rcu i t  breaking  cu rrent  (Isc)  4 . 1 01      

Transi en t  recovery vol tage  re l ated  to  the  
rated  short-ci rcu i t  breaking  cu rren t  

4 . 1 02      

Rated  short-ci rcu i t  making  cu rrent  4 . 1 03      

Rated  operati ng  sequence  4 . 1 04      

Characteri sti cs  for short- l i ne  fau l ts  4 . 1 05      

Rated  ou t-of-phase  making  and  breaking  
cu rren t  

4 . 1 06      

Rated  capaci ti ve  swi tch i ng  cu rrents  4 . 1 07      

I nducti ve  l oad  swi tch i ng  4 . 1 08      

Open ing  time  4 . 1 09      

C l os ing  time  4 . 1 09      

N umber of mechan ical  operations  4 . 1 1 0      

C l assi fi cation  of ci rcu i t-breakers  as  a  
function  of e l ectri ca l  endu rance  

4 . 1 1 1      

 

6.1 .3.2  Modified  ratings  

6. 1 . 3.2 .1  General  

The fo l l owing  rati ngs  are  mod i fied  for HVDC appl ications  of h igh -speed  DC swi tches  and  
therefore  d i ffer from  the  equ ivalent  standard  rati ngs  defined  i n  I EC  62271 -1 00.  

6. 1 .3.2 .2  Equ ivalent (AC)  rated  vol tage  (Urequ iv)  

Al though  not recommended ,  where  necessary i n  order to  define  other ratings  of the  DC swi tch ,  
the  equ ivalent AC rated  vol tage  may be  taken  to  be  the  next  appl icable  standard  AC rated  
vol tage  h i gher than  the  maximum  operati ng  d i rect vol tage  at the  speci fic  l ocation  of operation .  
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6.1 .3 .2 .3  Rated  insu lation  level  

I nsu lation  l evels  for HVDC equ ipment are  general l y not standard  levels  as  for AC equ ipment 
bu t i nstead  are  defined  by the  i nsu lation  coord ination  study for the  project.  

I nsu lation  l evels  shal l  be  defined  for both  l i gh tn ing  and  swi tch ing  impu lse  wave shapes  and  
may be  defined  separately for the  fol lowing  two  cases:  

•  between  open  term inals ;  

•  between  term inals  and  earth .  For testi ng  purposes,  i t  may be  necessary to  define  
i nsu lation  levels  separatel y for the  cases  wi th  open  and  closed  con tacts .  

6.1 .3.2 .4  Rated  normal  current  (Ir)  and  temperature rise  

I n  the  con text of h igh-speed  DC swi tches,  rated  normal  cu rrent i s  defined  as  the  maximum  
con tinuous  DC current  experienced  by the  equ ipment i n  the  closed  posi tion .  

6.1 .3.2 .5  Rated  short-time  wi thstand  current  

The  rated  short-time wi thstand  curren t i s  the  RMS  value  to  wh ich  the  swi tch ing  device  is  
subj ected  in  i ts  closed  pos i ti on  under short-ci rcu i t cond i tions.  I t  depends  on  system  speci fic  
parameters  and  shou ld  be  determ ined  by system  stud ies .  

6. 1 .3.2 .6  Rated  peak withstand  current  

The rated  peak wi thstand  curren t  i s  the  i n i tia l  curren t crest va lue  to  wh ich  the  swi tch ing  
device  i s  subj ected  in  i ts  closed  posi tion  under short ci rcu i t cond i tions.  I t  depends  on  system -
speci fic parameters  and  shou ld  be  determ ined  by system  stud ies .  

6. 1 .3 .2 .7  Rated  duration  of short  circu i t  

The  rated  duration  of short ci rcu i t i s  the  i n terval  of time  to  wh ich  the  swi tch ing  device  is  
subj ected  i n  i ts  closed  pos i tion .  I t  depends  on  system -speci fic parameters  and  shou ld  be  
determ ined  by system  stud ies.  

6. 1 .3 .2 .8  Rated  overload  current (Ir_overload )  

The rated  overload  current  i s  the  maximum  short-duration  overload  current  to  wh ich  the  DC  
swi tch  can  be  subjected  in  operation  i n  the  closed  pos i tion .  Between  two  appl ications  of 
overload  currents ,  a  cool ing  time i s  needed  for the  DC swi tch  to  reach  the  standard  l oad  
cond i ti ons.  Th is  cool i ng  time shal l  be  speci fi ed  by the  manufacturer 

6.1 .3.2 .9  Rated  short-ci rcu i t  making  current  

I n  the  context  of h i gh-speed  DC swi tches,  the  standard  va lues  of short-ci rcu i t making  curren t 
defined  i n  I EC  62271 -1 00  do  not appl y.  The  rated  short-ci rcu i t making  curren t for each  type  of 
DC  swi tch  shal l  be  determ ined  by stud ies  for the  HVDC proj ect in  question .  

6. 1 .3.2 .1 0  Rated  operating  sequence  

As opposed  to  the  AC ci rcu i t-breaker whose function  i s  to  break and  i n terrupt fau l t curren t,  
the  function  of a  DC swi tch  is  to  i solate  the  system  or commutate  cu rrent.  I n  th is  appl ication ,  
the  ab i l i ty of the  DC  swi tch  to  close  or reclose  i s  importan t for the  protection  of the  device.  

Swi tches  that are  requ ired  to  carry or commutate  DC  current can  have  protection  schemes  
that  wi l l  i n i tiate  an  au to-reclose  i f the  DC current i s  not  below a  predeterm ined  l evel .  The  
reclos ing  cycle  (dead  time)  shal l  be  as  short  as  poss ib le  to  avoid  the  excessive  arc  energy 
that can  appear when  fa i l i ng  to  commutate  DC  curren t.  
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However,  DC  swi tches  general l y do  not requ i re  the  mu l ti ple  open-close-open  cycles  that are  
typica l  of conventional  AC ci rcu i t-breakers.  The  rated  operating  sequence  shou ld  therefore  be  
determ ined  on  a  case  by case  bas is  taking  in to  accoun t how the  DC swi tch  i s  to  be  used .  The  
tota l  number of operations  under l oad  cond i tions  and  the  dead  time between  two  open ing  
operations  shou ld  be  g i ven  by the  manufacturer of mechan ica l  swi tch  and  surge  arresters .  

6.1 .3 .2 . 1 1  Rated  capacitive  switch ing  current  

The  rated  capaci tive  swi tch ing  curren t for a  DC swi tch  i s  re lated  to  the  capaci tance  that can  
be  d ischarged  as  a  resu l t  of swi tch  operation ,  and  shou ld  be  determ ined  by system  stud ies.  

6.1 .3 .2 . 1 2  Open ing  time  

I n  the  context of h i gh-speed  DC swi tches,  the  rated  open ing  time is  the  i n terval  of time 
between  the  i nstant of energ is ing  the  open ing  re lease,  the  swi tch  being  i n  the  closed  posi ti on ,  
and  the  i nstan t when  the  con tacts  have  separated .  

NOTE  Th is  rati ng  i s  equ i val en t  to  the  open i ng  t ime  defi ned  i n  3 . 7 . 1 33  (a)  of I EC 62271 -1 00: 2008  except  that  the  
DC swi tch  i s  effecti vel y a  s i ng le-pol e  device  and  i t  i s  therefore  not  appropriate  to  defi ne  the  time  based  on  the  
open ing  of a l l  pol es.  

6.1 .3.2 .1 3  Closing  time  

I n  the  context  of h i gh -speed  DC  swi tches,  the  rated  clos ing  time  is  the  i n terval  of t ime 
between  energ ising  the  closing  ci rcu i t,  the  swi tch  being  i n  the  open  pos i tion ,  and  the  instan t 
when  the  contacts  touch .  

NOTE  Th is  rati ng  i s  equ i va len t  to  the  cl os i ng  t ime  defi ned  i n  3 . 7. 1 36  of I EC 62271 -1 00: 2008  except that  the  DC  
swi tch  i s  effecti ve ly a  s i ng le-pole  device  and  i t  i s  therefore  not  appropri ate  to  defi ne  the  t ime  based  on  the  cl os ing  
of a l l  poles.  

6.1 .3.2 .1 4  Number of mechan ical  operations  

DC swi tches  do  not operate  more  frequentl y than  AC ci rcu i t-breakers  (no  normal  operation  
under l oad  or no- load  cond i ti ons).  Therefore  two  classes  of mechan ical  endurance  are  
defined  for mechan ical  swi tches :  

•  M0  wi th  1  000  operation  sequences,  for mechan ical  swi tches  des igned  for du ties  requ iring  
a  normal  number of operations;  

•  M1  wi th  2  000  operation  sequences,  for mechan ical  swi tches  des igned  for specia l  service  
du ties  requ iring  enhanced  numbers  of operations.  

The  number of operations  to  be  expected  a lso  depends  on  the  swi tch  function  ( i . e .  whether i t  
i s  an  MRTS,  BPS  or other appl ication)  and  shou ld  therefore  be  speci fi ed  by the  purchaser 
separate l y for each  swi tch  type.  

6.1 .3.3  Addi tional  ratings  specific to  HVDC  

6. 1 .3.3.1  General  

The fo l lowing  rati ngs  are  speci fic  to  HVDC appl ications  of h igh-speed  DC swi tches  and  
therefore  have  no  equ ivalen t i n  I EC  62271 -1 00.  

6. 1 .3.3.2  Rated  d i rect vol tage  (Urdc)  

The rated  d i rect  vol tage  is  defined  as  the  maximum  continuous  d i rect operating  vol tage.  For 
DC swi tch ing  devices,  a  rated  vol tage  to  earth  as  wel l  as  a  rated  vol tage  between  term inals  
need  to  be  speci fi ed .  Rated  d i rect vol tages  for HVDC equ ipment are  general l y not s tandard  
l evels  as  for AC equ ipment,  bu t  i nstead  are  defined  by the  design  stud ies  for the  project.  
Rated  d i rect vol tages  are  typ ical l y a  few percen t h igher than  the  nom inal  d i rect vol tage  i n  
order to  a l low for measurement errors  and  control  imbalances.  
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6.1 .3 .3.3  Rated  d i rect vol tage  between  open  terminals  (Urdcp)  

Maximum  d i rect vol tage  appearing  between  the  term inals  of an  open  DC  swi tch  i n  operation .  

6.1 .3 .3.4  Rated  d i rect vol tage  from  terminals  to  earth  (Urdce)  

Maximum  d i rect vol tage  appearing  between  one  or both  term inals  of a  DC  swi tch  and  earth  i n  
operation .  I n  some appl ications  (for example  bypass  swi tches),  th is  rating  can  d i ffer between  
the  cases  where  the  con tacts  are  open  or cl osed .  

6. 1 .3 .3.5  Maximum commutating  current  

The maximum  d i rect curren t that the  complete  DC swi tch  i s  requ i red  to  commutate  safe l y to  a  
paral l el  conducting  path .  

NOTE  The  commutati ng  current  rati ng  appl i es  to  the  complete  DC swi tch  assembly i ncl ud ing  the  paral l e l  resonant  
LC  ci rcu i ts  and  su rge  arresters  as  appropriate.  

6.1 .4  Tests  

6. 1 .4. 1  General  

Presentl y,  there  are  no  i n ternational  testing  standards  speci fical l y developed  for h i gh-speed  
DC swi tches.  Where  they are  composed  of AC  ci rcu i t-breakers,  the  fo l l owing  testi ng  
requ i rements  are  appl icable.  

The  testing  requ irements  and  common  speci fication  for AC  ci rcu i t-breakers  are  included  in  
parts  1 ,  1 00 ,  1 02  and  1 09  of the  I EC  62271  series.  

I n  general ,  a l l  cl auses  of the  above-referenced  standards  are  appl icab le  to  DC  swi tches  
except where  s tated  in  the  6. 1 . 4 . 2  to  6 . 1 . 5. 5.  

6. 1 .4.2  Type test  

6. 1 .4.2 . 1  General  

Al l  of the  appl icable  testi ng  requ i rements  ou tl i ned  i n  I EC  62271 -1 00  shal l  be  fol l owed .  I n  
add i tion  to  perform ing  the  test at  power frequency,  the  test shal l  a lso  be  performed  by 
appl ying  the  appropriate  d i rect vol tage  as  described  be low.  

Tables  3  to  6  summarise  the  d ie lectric type  tests  to  be  performed  on  four types  of h i gh-speed  
DC  swi tch :  commutation  swi tches  (such  as  MRTS),  bypass  swi tch ,  converter paral le l i ng  
swi tch  and  l i ne  paral le l i ng  swi tch .  

The  d ie lectric  type  tests  shal l  be  performed  on  a  complete l y assembled  swi tch  mounted  on  a  
supporting  structure,  i nclud ing  grad ing  e lements  i f the  swi tch  i s  normal l y equ ipped  wi th  these.  
Where  term inals  are  speci fied  to  be  fl oating ,  the  potentia l  of the  fl oating  term inal  shal l  be  
ad j usted  accord ing  to  the  theoretical  vol tage  d istribu tion  across  the  open  swi tch  by su i table  
measures.  

6.1 .4.2 .2  Calcu lation  of test vol tages  

For tests  that  are  performed  wi th  d i rect  vol tages,  test  vo l tages  shal l  be  calcu lated  by 
mu l tip l ying  the  appl icable  rated  d i rect vol tage  (Urdcp  or Urdce)  g iven  i n  6 . 1 . 3 . 3  by the  test 
safety factors  stated  i n  Tables  3  to  6 .  

NOTE  Un l i ke  AC systems,  the  term  " rated  vol tage"  i n  an  HVDC system  i s  project-speci fi c  and  i s  rel ated  to  the  
maximum  d i rect  operati ng  vol tage  to  earth  of the  HVDC system .  

For power-frequency vol tage  tests ,  the  provis ions  in  the  existing  I EC standards  shal l  be  
fol lowed .  For impu lse  tests,  the  test  l evels  are  defined  from  i nsu lation  coord ination  s tud ies.  
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Figure  3  explains  the  notation  used  in  the  tables  i n  respect of where  the  test vol tages  are  
appl ied .  

 

 

Figure  3  – Key for appl ication  of test  vol tages  

6. 1 .4.2 .3  Cond itions  of switch ing  device during  d ielectric tests  

Dielectric  tests  shal l  be  made  on  the  mechan ical  swi tch  completel y assembled ,  as  i n  service;  
the  ou ts ide  surfaces  of i nsu lati ng  parts  shal l  be  i n  a  cl ean  cond i ti on .  The  mechan ical  swi tch  
shal l  be  mounted  for test wi th  m in imum  clearances  and  height as  speci fied  by the  
manufacturer.  

Tests  are  va l i d  i f the  he igh t  above  ground  during  the  tests  i s  l ess  than  or equal  to  the  heigh t  
used  i n  service.  

When  the  manufacturer states  that  supplementary i nsu lation  such  as  tape  or barriers  i s  
requ ired  to  be  used  in  service,  such  supplementary i nsu lation  shal l  a lso  be  used  during  the  
tests.  

I f arcing  horns  or ri ngs  are  requ i red  for the  purpose  of system  protection ,  they may be  
removed  or thei r spacing  i ncreased  for the  purpose  of the  test.  I f they are  requ ired  for vol tage  
grad ing ,  they shal l  remain  i n  posi tion  for the  test.  

For mechan ica l  swi tches  us ing  compressed  gas  for i nsu lation ,  d ielectric  tests  shal l  be  
performed  at  m in imum  functional  pressure  (densi ty)  for i nsu lation  as  speci fi ed  by the  
manufacturer.  The  temperature  and  pressure  of the  gas  during  the  tests  shal l  be  noted  and  
recorded  i n  the  test report.  

WARNING  – I n  the  d ie lectric  testing  of mechan ical  swi tches  incorporati ng  vacuum  swi tch ing  
devices,  precau tions  shou ld  be  taken  to  ensure  that the  l evel  of poss ib le  em i tted  X-rad iation  
during  h igh-vol tage  testi ng  i s  wi th in  safe  l im i ts.  National  safety codes  can  i n fl uence the  safety 
measures  establ ished .  

6.1 .4.2 .4  Di rect  vol tage withstand  test  (dry and  wet)  

a)  Test procedure:  

1  hour,  each  polari ty.  Wet tests  are  appl icable  on ly for ou tdoor des igns.  

b)  Pass  cri teria:  

No  d isruptive  d ischarge.  

c)  Test cond i ti ons:  

As  defined  i n  Table  3 .  

IEC  

A  A  

F  F  
a  a  
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Table  3  – Test conditions  for d irect vol tage  test 

Swi tch  
condi tion  

Vol tage 
appl ied  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
swi tch  

By-pass  
swi tch  

Converter 
paral l el ing  
swi tch  
(CPS)  

Line  
paral l el ing  
swi tch  
(LPS)  

Closed  Aa  F   1 , 5  ×  Urd ce          

Open  

A aF   1 , 5  ×  Urd cp          

A F  a  1 , 5  ×  Urd ce          

a  AF   1 , 5  ×  Urd cp          

a  F  A 1 , 5  ×  Urd ce          

 

6.1 .4.2 .5  Partial  d ischarge  test  

a)  Test procedure:  

1  hour,  each  polari ty.  No  separate  partia l  d ischarge  test i s  necessary i f PD  measurement 
i s  performed  during  DC wi thstand  vol tage  test under d ry cond i ti on .  

b)  Pass  cri teria:  

No  more  than  1 0  pu lses  of partia l  d ischarge  wi th  magn i tude  equal  to  or greater than  
2   000  pC  are  recorded  during  the  l ast  1 0  m in  of the  test.  Pu lses  that  are  proven  to  be  
external  to  the  test  obj ect  sha l l  be  d isregarded .  

c)  Test cond i ti ons:  

As  defined  i n  Table  4.  

I f swi tches  are  part  of a  DC  G IS,  the  requ i rements  shou ld  be  agreed  between  the  
manufacturer and  the  purchaser.  

Table  4 – Test conditions  for partial  d ischarge  test  

Swi tch  
condi tion  

Vol tage 
appl i ed  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
swi tch  

By-pass  
swi tch  

Converter 
paral lel i ng  
swi tch  
(CPS)  

Line  
paral lel i ng  
swi tch  
(LPS)  

Closed  Aa  F   1 , 3  ×  Urd ce          

Open  

A aF   1 , 3  ×  Urd cp          

A F  a  1 , 3  ×  Urd ce          

a  AF   1 , 3  ×  Urd cp          

a  F  A 1 , 3  ×  Urd ce          

 

6.1 .4.2 .6  Polari ty reversal  test  

a)  General  

I n  some designs  of swi tch ,  the  polari ty reversal  test i s  not cri tica l ,  for example  l i ve- tank 
designs  i n  wh ich  there  i s  no  h i gh l y stressed  sol i d  d ie lectric materia l  i n  the  i nsu lating  gap  
of the  swi tch .  I n  such  cases,  the  polari ty reversal  test  may be  om i tted  wi th  the  agreement 
of the  purchaser and  the  manufacturer.  
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b)  Test procedure:  

90  m in ;  change  polari ty;  90  m in ;  change  polari ty;  45  m in .  Time for polari ty reversal  sha l l  
be  agreed  between  the  manufacturer and  the  purchaser.  

c)  Pass  cri teria:  

No  more  than  1 0  pu lses  of partia l  d ischarge  wi th  magn i tude  equal  to  or greater than  
2  000  pC are  recorded  during  any 1 0-m in  period  of the  test.  Pu lses  that are  proven  to  be  
external  to  the  test  object shal l  be  d isregarded .  The  time  du ring  wh ich  polari ty i s  being  
reversed  i s  not considered  to  be  part  of the  test and  data  col lected  during  th is  period  is  
not considered  to  be  re levant.  

d )  Test cond i ti ons:  

As  defined  i n  Table  5.  

I f swi tches  are  part  of a  DC  G IS,  the  requ i rements  shou ld  be  agreed  between  the  
manufacturer and  the  purchaser.  

Table  5  – Test conditions  for polari ty reversal  test  

Swi tch  
condi tion  

Vol tage 
appl i ed  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
swi tch  

By-pass  
swi tch  

Converter 
paral lel i ng  
swi tch  
(CPS)  

Line  
paral lel i ng  
swi tch  
(LPS)  

Closed  Aa  F   1 , 25  ×  Urdce          

Open  

A aF   1 , 25  ×  Urdcp          

A  F  a  1 , 25  ×  Urdce          

a  AF   1 , 25  ×  Urdcp          

a  F  A 1 , 25  ×  Urdce          

 

6.1 .4.2 .7  Rad io  In terference Voltage (RIV)  test  

a)  Test procedure:  

The  test i s  performed  general l y as  described  in  I EC 62271 -1 .  A vol tage  of 1 , 1  ×  the  
appl icable  rated  d i rect vol tage  (Urdce  or Urdcp  as  appropriate)  shal l  be  appl ied  to  the  
swi tch  and  main tained  for at  least 5  m in .  The  vol tage  shal l  then  be  decreased  by s teps  
down  to  0 , 3  ×  the  appl icable  rated  d i rect  vol tage,  ra ised  again  by s teps  to  the  i n i ti a l  val ue  
and  fi nal l y decreased  by steps  to  0 , 3  ×  the  appl icable  rated  d i rect vol tage.  At  each  step,  a  
rad io  i n terference  measurement shal l  be  taken  and  the  rad io  i n terference  level ,  as  
recorded  during  the  l ast  series  of vol tage  reductions,  sha l l  be  p lotted  versus  the  appl ied  
vol tage;  the  curve  so  obtained  i s  the  rad io  i n terference  characteristic of the  swi tch .  The  
ampl i tude  of vol tage  steps  shal l  be  approximatel y 0 , 1  ×  the  appl icable  rated  d i rect vol tage.  

b)  Pass  cri teria:  

The  swi tch  shal l  be  considered  to  have  passed  the  test  i f the  rad io  in terference  l evel  at  
1 , 1  ×  the  appl icable  rated  d i rect vol tage  does  not exceed  2  500  μV.  

c)  Test cond i ti ons:  

As  defined  i n  Table  6.  
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Table  6  – Test condi tions  for RIV test  

Swi tch  
condi tion  

Vol tage  
appl ied  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
sSwi tch  

By-pass  
swi tch  

Converter 
paral lel i ng  
swi tch  
(CPS)  

Line  
paral lel i ng  
swi tch  
(LPS)  

Closed  Aa  F   1 , 1  ×  Urd ce          

Open  

A aF   1 , 1  ×  Urd cp          

A  F  a  1 , 1  ×  Urd ce          

a  AF   1 , 1  ×  Urd cp          

a  F  A 1 , 1  ×  Urd ce          

 

RIV tests  are  not  appl icable  to  swi tches  where  both  term inals  operate  at  <1 00  kV wi th  respect  
to  the  earth .  

Subj ect  to  agreement between  the  purchaser and  the  manufacturer,  RIV tests  may be  
performed  us ing  an  a l ternating  vol tage  source  as  described  in  I EC  62271 -1 ,  i nstead  of d i rect  
vol tage.  I n  th is  case,  the  RMS  value  of the  a l ternating  test vo l tage  shal l  be  the  d i rect  test 
vol tage  d i vided  by √2 .  

6.1 .4.2 .8  Lightn ing-impulse wi thstand  test  

a)  Test level :  

The  rated  l i gh tn ing- impu lse  wi thstand  vol tage  to  earth  (Upe)  or across  the  open  swi tch  
(Upp) ,  as  appropriate.  

b)  Test procedure:  

The  test i s  performed  general l y as  described  i n  I EC 62271 -1 .  1 5  impu lses,  each  polari ty.  

c)  Pass  cri teria:  

No i n ternal  d isruptive  d ischarges;  number of external  d isruptive  d ischarges  ≤  2 .  The  
fol l owing  test  procedure  B  of I EC  60060-1 ,  adapted  for swi tch ing  devices  that have 
sel f-restoring  and  non-sel f-restoring  i nsu lation ,  i s  the  preferred  test procedure.  The  
swi tch ing  device  has  passed  the  impu lse  tests  i f the  fol lowing  cond i tions  are  fu l fi l l ed :  

•  each  series  has  at  least 1 5  impu lses;  

•  the  number of d isruptive  d ischarges  shal l  not  exceed  two  for each  complete  series;  

•  no  d isruptive  d ischarge  on  non-sel f-restoring  insu lation  shal l  occur.  Th is  i s  confi rmed  
by 5  consecu tive  impu lse  wi thstands  fol l owing  the  l ast  d isruptive  d ischarge.  

Th is  procedure  l eads  to  a  maximum  possib le  number of 25  impu lses  per series.  

I n  some DC swi tch  appl ications  when  the  swi tch  i s  i n  the  open  posi tion ,  one  term inal  can  
experience  a  d i rect vol tage  wi th  respect to  earth  wh i l e  the  other term inal  can  experience  a  
l igh tn ing  strike.  Th is  can  occur,  for example,  on  an  MRTS  i n  the  open  posi ti on  where  one  
term inal  wi l l  experience  a  d i rect vol tage  (the  res istive  vol tage  drop  of the  pole  conductor)  and  
the  other term inal  cou ld  be  subj ected  to  l i gh tn ing  strikes  taking  p lace  on  the  e lectrode  l i ne.  I n  
such  cases,  consideration  shou ld  be  g i ven  to  perform ing  the  impu lse  tests  wi th  a  d i rect  
vol tage,  equal  to  the  maximum  experienced  in  service,  appl i ed  to  the  fl oati ng  term inal .  

Some i nsu lating  materia l s  retain  a  charge  after an  impu lse  test,  and ,  for these  cases,  care  
shou ld  be  taken  when  reversing  the  polari ty.  To  a l l ow the  d ischarge  of i nsu lati ng  materials ,  
the  use  of appropriate  methods,  such  as  the  appl ication  of three  impu lses  at about  80  %  of 
the  test vol tage  i n  the  reverse  polari ty before  the  test,  i s  recommended .  
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d )  Test cond i tions:  

As  defined  i n  Table  7.  

Table  7  – Test conditions  for l igh tn ing-impu lse  wi thstand  test  

Swi tch  
condi tion  

Vol tage  
appl ied  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
swi tch  

By-Pass  
swi tch  

Converter 
paral lel i ng  
swi tch  
(CPS)  

Line  
paral lel i ng  
swi tch  
(LPS)  

Closed  Aa  F   Upe          

Open  

A aF   Upp          

A  F  a  Upe          

a  AF   Upp          

a  F  A Upe          

 

6.1 .4.2 .9  Switch ing  impu lse  wi thstand  test  

a)  Test level :  

The  rated  swi tch ing  impu lse  wi thstand  vol tage  to  earth  (Use)  or across  the  open  swi tch  
(Usp) ,  as  appropriate.  

b)  Test procedure:  

The  test i s  performed  general l y as  described  i n  I EC 62271 -1 .  1 5  impu lses,  each  polari ty.  

c)  Pass  cri teria:  

No i n ternal  d isruptive  d ischarges;  number of external  d isruptive  d ischarges  ≤  2 .  The  
fol l owing  test procedure  B  of I EC  60060-1 ,  adapted  for swi tch ing  devices  that have  sel f-
restoring  and  non-sel f-restoring  i nsu lation ,  i s  the  preferred  test procedure.  The  swi tch ing  
device  has  passed  the  impu lse  tests  i f the  fo l lowing  cond i ti ons  are  fu l fi l l ed :  

•  each  series  has  at  l east 1 5  impu lses;  

•  the  number of d isruptive  d ischarges  shal l  not  exceed  two  for each  complete  series;  

•  no  d isruptive  d ischarge  on  non-sel f-restoring  i nsu lation  shal l  occur.  Th is  i s  confi rmed  
by 5  consecu tive  impu lse  wi thstands  fo l l owing  the  l ast  d isruptive  d ischarge.  

Th is  procedure  l eads  to  a  maximum  possib le  number of 25  impu lses  per series.  

S im i larl y to  the  l i ghtn ing- impu lse  wi thstand  test described  i n  6. 1 . 4 . 2 . 8 ,  some DC swi tch  
appl ications  may experience  a  d i rect vol tage  wi th  respect to  earth  on  one  term inal  wh i le  the  
other term inal  may experience  a  l i gh tn ing  s trike.  I n  such  cases,  cons ideration  shou ld  be  g i ven  
to  perform ing  the  impu lse  tests  wi th  a  d i rect vol tage,  equal  to  the  maximum  experienced  i n  
service,  appl ied  to  the  fl oati ng  term inal .  

Some i nsu lati ng  materia ls  retain  a  charge  after an  impu lse  test,  and  for these  cases  care  
shou ld  be  taken  when  revers ing  the  polari ty.  To  a l l ow the  d ischarge  of i nsu lati ng  materials ,  
the  use  of appropriate  methods,  such  as  the  appl ication  of three  impu lses  at about 80  %  of 
the  test vol tage  i n  the  reverse  polari ty before  the  test,  i s  recommended .  

d )  Test cond i tions:  

As  defined  i n  Table  8.  
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Table  8  – Test conditions  for switch ing  impu lse wi thstand  test  

Swi tch  
condi tion  

Vol tage 
appl i ed  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
swi tch  

By-pass  
swi tch  

Converter 
paral lel i ng  
swi tch  
(CPS)  

Line  
paral lel i ng  
swi tch  
(LPS)  

Closed  Aa  F   Use          

Open  

A aF   Usp          

A F  a  Use          

a  AF   Usp          

a  F  A Use          

 

6.1 .4.2 .1 0  Power frequency wi thstand  test  

a)  Test level :  

The  test l evel  Utacp  (between  term inals  of the  swi tch)  or Utace  ( from  term inals  to  earth)  i s  
derived  from  the  l i gh tn ing- impu lse  wi thstand  l evel  Upp  or Upe ,  respectivel y.  The  power 
frequency test  vol tage  shou ld  be  chosen  from  Table  1  or Table  2  of I EC 62271 -1 : 201 7  
us ing  the  l i ne  wi th  the  same or next l ower l i gh tn ing- impu lse  wi thstand  vol tage  and  the  
column  wi th  comparable  test cond i ti ons.  The  same test l evels  Utacp  and  Utace  are  a lso  
used  for the  rou tine  tests  defined  in  6 . 1 . 4. 3. 1 .  

b)  Test procedure:  

1  m in .  The  mechan ica l  swi tch  shal l  be  subjected  to  short-duration  power-frequency 
vol tage  wi thstand  tests  i n  accordance  wi th  I EC  60060-1 .  For each  test  cond i tion ,  the  test 
vol tage  shal l  be  raised  to  the  test va lue  and  main ta ined  for 1  m in .  The  tests  shal l  be  
performed  i n  d ry cond i ti ons  and  a lso  i n  wet  cond i ti ons  for ou tdoor mechan ical  swi tches.  

c)  Pass  cri teria:  

No  d isruptive  d ischarges  

d )  Test cond i ti ons:  

As  defined  i n  Table  9.  

Table  9  – Test conditions  for power frequency wi thstand  test  

Swi tch  
condi tion  

Vol tage 
appl i ed  to  

Earthed  
terminals  

F loating  
terminal  

Test 
vol tage  

Appl icabi l i ty to  various  swi tch  types  

=Mandatory;  =Appl i cabl e  i f speci fi ed ;   
=Not appl i cable  

Commutation  
swi tch  

By-pass  
swi tch  

Converter 
paral lel i ng  
swi tch  
(CPS)  

Line  
paral lel i ng  
swi tch  
(LPS)  

Closed  (for 
metal -
enclosed  
swi tch  gear 
on l y)  

Aa  F   Utace          

Open  A aF   Utacp          

A  F  a  Utace          

a  AF   Utacp          

a  F  A Utace          
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6.1 .4.3  Routine  test  

6. 1 .4.3.1  Dielectric  test on  the  main  ci rcu i t  

The rou tine  d ie lectric test sha l l  be  performed  using  the  test vol tage  defined  i n  6. 1 . 4 . 2 . 1 0 ,  
general l y i n  accordance wi th  I EC 62271 -1 00  or 7 . 1 01  of I EC  62271 -1 09: 2008,  depend ing  on  
whether the  safe  pos i ti on  of the  swi tch  is  open  or closed .  Tests  shal l  be  performed  both  on  a  
swi tch  i n  the  open  posi ti on  wi th  one  term inal  earthed ,  and  on  a  swi tch  in  the  closed  posi ti on .  
However,  the  test on  a  swi tch  i n  the  closed  pos i ti on  may be  om i tted  subject to  agreement 
between  the  purchaser and  the  manufacturer i f i t  can  be  shown  that  such  a  test has  no  va lue.  

When  us ing  an  a l ternating  vol tage  source  during  the  rou tine  test,  i nstead  of a  d i rect vol tage,  
the  RMS value  of the  al ternating  test vol tage  shal l  be  the  speci fi ed  d i rect test vol tage  d i vided  
by √2.  

6.1 .4.3.2  Mechan ical  operating  test  

The  mechan ical  operating  test sha l l  be  performed  i n  accordance wi th  7. 1 01  of I EC 62271 -
1 00:2008.  

Auto-reclosing  is ,  i n  general ,  not re levant  for h i gh -speed  DC swi tches  bu t for those  swi tches  
where  fast  clos ing  is  requ i red  (for example,  the  bypass  swi tch),  the  fol lowing  add i ti onal  test  
sha l l  be  performed :  

•  five  open-close  operati ng  cycles  O  – t –  C where  t =  0 , 1  s .  

6. 1 .5  Special  test  on  current  commutation  capabi l i ty  

6. 1 .5. 1  General  

This  specia l  test i s  appl i cable  to  a l l  DC  swi tches  wi th  commutation  du ties ,  i . e.  MRTS,  ERTS 
and  NBS and  shal l  be  conducted  upon  agreement between  the  purchaser and  the  
manufacturer.  I f the  arc  vol tage  characteristics  of the  commutation  swi tch  are  known  and  
previous l y veri fi ed  by phys ical  tests  on  a  real  swi tch  of equal  or greater rati ng ,  i t  i s  sufficient 
to  perform  calcu lations  i n  relation  to  the  osci l l ation  characteristics  of the  i n terrupter and  
resonant ci rcu i t.  

A DC  commutation  swi tch  typica l l y cons ists  of the  fol l owing  arrangement:  

•  gas-fi l l ed  ci rcu i t-breaker;  

•  para l l el  L/C-  osci l l ation  ci rcu i t,  optional l y wi th  active  charg ing  ci rcu i t;  

•  para l l el  surge  arrester arrangement.  

6.1 .5.2  Test objective  

For DC  commutation  swi tches,  a  rated  commutating  current has  to  be  speci fi ed .  Th is  current  
i s  the  maximum  d i rect cu rrent the  DC  swi tch  i s  ab le  to  commutate.  The  commutation  type  test 
shal l  be  performed  to  prove  the  commutation  capabi l i ty of the  DC  swi tch  at  the  speci fi ed  rated  
commutating  curren t.  

6.1 .5.3  Test condi tions  

An  example  of one  type  of test  ci rcu i t  i s  shown  i n  F igure  4 .  Other test ci rcu i ts  and  procedures  
can  be  used  as  l ong  as  they stress  the  test obj ect  i n  the  same way.  
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Figure 4  – Test  ci rcu i t  for commutation  test  

For conven ience  of testi ng ,  the  test may be  performed  at  reduced  d i rect  vol tage,  however,  
care  shou ld  be  taken  that the  decay of the  DC test current  caused  by the  arc vol tage  during  
the  arcing  i n terval  of the  DC swi tch  does  not s i gn i ficantl y change  the  equ iva lency of the  test.  
The  i nductance and  the  time constan t of the  test ci rcu i t  shou ld  be  chosen  adequatel y.  

The  commutating  current  i s  defi ned  as  the  instan taneous  va lue  of the  DC curren t through  the  
DC swi tch  assembly at  the  i nstan t of arc  exti nction  wi th in  the  swi tch ing  un i ts  of the  
mechan ica l  swi tch .  

The  commutation  type  test shal l  be  performed  at fo l l owing  cond i tions:  

•  l ock ou t pressure  of the  swi tch ing  un i t's  gas  fi l l i ng  for m in imum  ambient temperature ,  
correspond ing  to  the  rated  fi l l i ng  level  for operation  as  defined  i n  I EC 62271 -1 ;  

•  rated  suppl y vol tage  of operati ng  device;  

•  nom inal  h ydrau l ic  pressure,  i f appl icable.  

6.1 .5.4  Test duties  

The fol lowing  test du ties  and  numbers  of commutating  operations  shal l  be  performed  during  
commutation  type  test:  

•  commutati ng  curren t during  test:  ≥1 00  %  of requ i red  commutation  curren t i n  service ;  

•  number of commutating  operations:  1 5 .  

6.1 .5.5  Acceptance  cri teria  

The DC  swi tch  has  passed  the  type  test i f:  

•  the  DC test curren t has  successfu l l y been  commutated  from  the  DC swi tch  to  the  paral le l  
surge  arrester wi thou t any restrike  across  the  main  contacts  i n  a  sequence of at l east 
1 5  operations  performed.  One  unsuccessfu l  commutating  operation  is  permi tted  i f the  test 
sequence  i s  extended  by another successfu l  operation ;  

•  visua l  inspection  of the  active  parts  of the  i n terrupter un i ts  after the  test  do  not  show any 
damage,  undue  wear or impai rmen t of the  functional i ty of the  DC  swi tch .  
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6.2  DC  d isconnectors  and  earth ing  swi tches  

6.2. 1  General  

Disconnectors  and  earth ing  swi tches  used  on  the  DC  s ide  of HVDC converter stations  serve  a  
s im i l ar purpose  to  those  used  i n  AC  substations .  Thei r primary purpose  is  to  connect  and  
d isconnect DC fi l ters,  to  i solate  sections  of the  DC-side  equ ipment or to  provide  connections  
to  earth .  The  requ ired  i solation  cou ld  be  for normal  operating  cond i ti ons  or for main tenance 
purposes.  I n  fu l fi l l i ng  thei r main tenance-related  roles,  i t  i s  importan t i n  some appl ications  that,  
i n  order to  provide  safe  cond i ti ons,  the  swi tch  be  ab le  to  wi thstand  h i gher than  normal  system  
vol tages  across  the  open  swi tch .  

6.2.2  Ratings  

6.2.2 .1  General  

There  are  no  appl icable  i n ternational  standards  for d isconnectors  and  earth ing  swi tches  used  
i n  HVDC appl ications  and  therefore  no  complete  set of standard  rating  defin i ti ons.  However,  
such  d isconnectors  and  earth ing  swi tches  are  usual l y based  on  s tandard  AC equ ipment,  for 
wh ich  I EC 62271 -1 02  i s  appl icable.  I EC  62271 -1 02  can  therefore  provide  general  gu idance  
for some aspects  of HVDC appl ications.  There  are,  in  add i ti on ,  some rati ngs  defined  un iquel y 
for DC  appl ications  i n  6 . 2. 2. 2  to  6. 2. 2. 3 . 6 .  Table  1 0  summarises  wh ich  rati ngs  are  covered  by 
existing  standards  and  wh ich  requ i re  speci fic  defi n i tions  for HVDC.  

Table  1 0  – Table  of standard  ratings  in  accordance with  IEC  62271 -1 02  and  thei r 
appl icabi l i ty to  HVDC d isconnectors  and  earth ing  switches  

Name  Clause  i n  
IEC  62271 -
1 02: 2001  

Appl icabi l i ty to  HVDC d isconnectors   
and  earth ing  swi tches  

Appl icable  
wi thout 

modi fication  

Appl icable  wi th  
modi fication  

Not appl i cable  

Rated  vol tage  (Ur)  4 . 1      

Rated  i nsu l ation  l evel  4 . 2      

Rated  frequency (fr)  4 . 3      

Rated  normal  curren t (Ir)  and  temperatu re  
ri se  

4 . 4      

Rated  short-time  wi thstand  current  (Ik)  4 . 5      

Rated  peak wi thstand  cu rrent  (Ip)  4 . 6      

Rated  du rati on  of short  ci rcu i t  ( tk)  4 . 7      

Rated  suppl y vol tage  of cl os ing  and  
open ing  devices  and  of auxi l i ary and  
con trol  ci rcu i ts  (Ua )  

4 . 8      

Rated  suppl y frequency of cl os ing  and  
open ing  devices  and  auxi l i ary ci rcu i ts  

4 . 9      

Rated  pressures  of compressed  gas  
suppl y for i nsu lati on ,  operati on  and/or 
i n terruption  

4 . 1 0      

Rated  short-ci rcu i t  making  cu rrent  4 . 1 01      

Rated  con tact  zone  4 . 1 02      

Rated  mechan ical  term inal  l oad  4 . 1 03      

Rated  val ues  of the  bus-transfer current  
swi tch i ng  capabi l i ty of d i sconnectors  

4 . 1 04      

Rated  val ues  of the  i n duced  current  
swi tch i ng  capabi l i ty of earth i ng  swi tches  

4 . 1 05      

Rated  val ues  of mechan ical  endurance  for 
d i sconnectors  

4 . 1 06      

Rated  val ues  of e l ectri ca l  endu rance  for 
earth ing  swi tches  

4 . 1 07      
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6.2.2 .2  Modified  ratings  

6.2.2 .2 . 1  General  

The  fo l l owing  rati ngs  are  mod i fied  for HVDC appl ications  and  therefore  d i ffer from  the  
equ ivalent  standard  rati ngs  defined  i n  I EC  62271 -1 02.  

6.2.2 .2 .2  Equ ivalent (AC)  rated  vol tage  (Urequ iv)  

Where necessary i n  order to  defi ne  other rati ngs  of the  equ ipment,  the  equ ivalent AC rated  
vol tage  shal l  be  taken  to  be  the  next s tandard  AC  rated  vol tage  h i gher than  the  maximum  
operati ng  d i rect vol tage  of the  HVDC system .  

EXAMPLE  For an  HVDC scheme wi th  a  nom inal  d i rect  vol tage  of 500  kV,  the  equ i val en t  AC rated  vol tage  (where  
necessary for the  purpose  of d efi n i ng  other rati ngs)  wou l d  be  550  kV.  

6.2.2 .2 .3  Rated  insu lation  level  

I nsu lation  l evels  for HVDC equ ipment are  general l y not standard  levels  as  for AC equ ipment 
bu t i nstead  are  defined  by the  i nsu lation  coord ination  study for the  project.  

I nsu lation  l evels  shal l  be  defined  for both  l i ghtn ing  and  swi tch ing  impu lse  wave shapes  and  
may be  defined  separate ly for the  fol lowing  two  cases:  

•  between  open  term inals ;  

•  between  term inals  and  earth .  For testing  purposes  i t  may be  necessary to  defi ne  
i nsu lation  levels  separatel y for the  cases  wi th  open  and  closed  con tacts .  

6.2.2 .2 .4  Rated  normal  current  (Ir)  and  temperature rise  

I n  the  con text  of HVDC d isconnectors ,  rated  normal  current i s  defi ned  as  the  maximum  
con tinuous  DC current experienced  by the  equ ipment i n  the  closed  pos i tion .  

6.2.2 .2 .5  Rated  overload  current (Ir_overload )  

The rated  overload  current  i s  the  maximum  short-duration  overload  current  to  wh ich  the  DC  
d isconnector can  be  subj ected  i n  operation .  

6.2.2 .2 .6  Rated  overload  duration  (toverload )  

The rated  overload  duration  i s  the  maximum  duration  of the  rated  overload  curren t.  

6.2.2 .2 .7  Rated  short-time  wi thstand  current  

The  rated  short-time wi thstand  curren t i s  the  RMS  value  to  wh ich  the  swi tch ing  device  is  
subj ected  i n  i ts  closed  posi ti on  under short-ci rcu i t cond i ti ons.  I t  depends  on  system-speci fic  
parameters  and  shou ld  be  determ ined  by system  stud ies .  

6.2.2 .2 .8  Rated  peak wi thstand  current  

The  rated  peak wi thstand  curren t i s  the  i n i tia l  curren t crest va lue  to  wh ich  the  swi tch ing  
device  is  subj ected  i n  i ts  cl osed  posi ti on  under short-ci rcu i t  cond i tions.  I t  depends  on  system-
speci fic parameters  and  shou ld  be  determ ined  by system  stud ies .  

6.2.2 .2 .9  Rated  duration  of short  ci rcu i t  

The rated  duration  of short ci rcu i t i s  the  i n terval  of time to  wh ich  the  swi tch ing  device  i s  
subjected  i n  i ts  cl osed  posi tion .  I t  depends  on  system -speci fic parameters  and  shou ld  be  
determ ined  by system  stud ies.  
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6.2.2 .2 . 1 0  Rated  values  of the  bus-transfer current swi tch ing  capabi l i ty of 
d isconnectors  

The rated  bus-transfer curren t requ i rement depends  on  system-speci fic parameters  and  
shou ld  be  determ ined  by system  stud ies ,  i f and  when  appl icable .  

6.2.2 .2 .1 1  Rated  values  of mechan ical  endurance for d isconnectors  

The endurance requ irements  shou ld  be  based  on  the  cri teria  p laced  on  the  device  by the  
system-operating  parameters  and  main tenance  programme (see  I EC 62271 -1 02: 2001 ,  4 . 1 06) .  

6.2.2 .2 . 1 2  Rated  values  of electrical  endurance for d isconnectors  and  earth ing  
switches  

I t  i s  un l ike l y that an  earth ing  swi tch  wi l l  be  requ i red  to  make during  a  short ci rcu i t,  however 
i nadvertentl y cl os ing  i n to  an  energ ized  l i ne  may occur.  For th is  reason  the  DC earth ing  swi tch  
shou ld  be  speci fi ed  class  E1  at a  m in imum  (see  I EC 62271 -1 02: 2001 ,  4 . 1 07).  

6.2.2 .3  Addi tional  ratings  specific to  HVDC 

6.2.2 .3.1  Time duration  of overload  current  

The maximum  time duration  of the  overload  curren t defined  i n  6. 2 . 2 . 2 . 5.  

6.2.2 .3.2  Fau l t  current  

The maximum  short-duration  (<1  s  duration)  cu rrent flowing  through  the  equ ipment i n  the  
closed  pos i tion .  The  waveshape  shal l  a lso  be  defined .  

6.2.2 .3.3  Making  current  

The maximum  current,  e i ther con ti nuous  or fau l t  curren t,  that the  equ ipment i s  requ i red  to  be  
ab le  to  make  safel y.  

6.2.2 .3.4  Rated  d i rect vol tage  (Urdc)  

The rated  d i rect  vol tage  is  defined  as  the  maximum  continuous  d i rect operating  vol tage.  For 
DC swi tch ing  devices,  a  rated  vol tage  to  earth  as  wel l  as  a  rated  vol tage  across  term inals  
need  to  be  speci fi ed .  Rated  d i rect vol tages  for HVDC equ ipment are  general l y not s tandard  
l evels  as  for AC equ ipment,  bu t  i nstead  are  defined  by the  des ign  stud ies  for the  proj ect.  
Rated  d i rect vol tages  are  typ ical l y a  few percen t h i gher than  the  nom inal  d i rect vol tage  i n  
order to  a l low for measurement errors  and  control  imbalances.  

6.2.2 .3.5  Rated  d i rect vol tage  between  open  terminals  (Urdcp)  

Maximum  con tinuous  d i rect  vol tage  appearing  between  the  term inals  of an  open  DC  
d isconnector or earth ing  swi tch  i n  operation .  

6.2.2 .3.6  Rated  d i rect vol tage  from  terminals  to  earth  (Urdce)  

Maximum  con tinuous  d i rect vol tage  appearing  between  one  or both  term inals  of a  DC  
d isconnector or earth ing  swi tch  and  earth  in  operation .  
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7 DC GIS  

7. 1  General  

Where the  HVDC converter s tation  is  l ocated  i n  an  area  of h i gh  pol l u tion ,  for example  close  to  
the  sea,  the  DC-side  equ ipment i s  sometimes  l ocated  ins ide  a  bu i ld i ng  – as  d iscussed  a l ready 
i n  4 . 3.  However,  the  resu l ti ng  bu i ld i ng  i s  l arge.  An  al ternative  can  be  to  house  as  much  as  
possib le  of the  DC equ ipment i ns ide  a  gas- insu lated  meta l l ic  enclosure  (DC G IS).  Wh i l e  the  
DC smooth ing  reactor and  DC  fi l ters  cannot practicabl y be  housed  i ns ide  G IS,  most of the  
remain ing  componen ts  can  (as  described  i n  7 . 2) .  The  use  of DC G IS  offers  the  poten tia l  for 
cons iderable  reduction  of space.  

At the  time of wri ting ,  there  is  l im i ted  i ndustry experience  of the  use  of G IS  on  the  DC  s ide  of 
HVDC converter stations,  bu t  one  such  i nsta l lation  has  been  i n  service  s i nce  2000  [3] .  

Test requ irements  for DC  GIS  are  currentl y under development i n  CIGRÉ and  i t  i s  not  
poss ib le  to  define  requ i rements  i n  th is  document.  

7.2  DC  GIS  configuration  (components  of DC  G IS)  

DC GIS  may cons ist  of DC swi tches,  DC  d isconnectors ,  external  or i n ternal  fi tting  DC  curren t 
transformers,  DC  vol tage  transformers,  earth ing  swi tches,  surge  arresters,  DC buses,  DC  
bush ings  and  i nsu lation  cable  term inations.  DC G IS  may be  d i vi ded  i n to  several  gas  sections  
in  order to  manage  gas  qual i ty and  maintenance  procedures.  

For the  complete  assembled  G IS,  the  fol lowing  rati ngs/requ i rements  shal l  be  speci fi ed  for 
each  swi tch ing  device:  

•  rated  vol tage/insu lation  l evel ;  

•  rated  normal  current;  

•  perm i tted  temperature  rise;  

•  requ i red  short-time  wi thstand  current  and  duration ;  

•  po lari ty reversal  operation  (during  b locking  state/deblocking  state) ;  

•  type  of i nsu lation  gas  and  rated  pressure;  

•  type  of d ri vi ng  mechan ism  and  rated  con trol  vol tage ;  

•  rated  pressure  for operation ;  

•  l ocation  ( i ndoor/outdoor).  

8 DC fi l ter components  

8. 1  General  

The main  purpose  of DC fi l ters  i s  to  l im i t  harmon ic currents  on  the  DC  l i ne ,  thus  m i tigating  
te lephone  in terference on  nearby open-wi re  te lephone l i nes.  The  converter can  be  seen  as  a  
vol tage  source  for the  harmon ics  generated  on  the  DC  s i de  and  the  fi l teri ng  system  cons ists  
of the  smooth ing  reactor,  provid ing  a  series  impedance,  and  the  DC fi l ter provid ing  a  l ow 
shun t impedance for the  harmon ics  generated  by the  converter.  

DC fi l ters  for HVDC systems normal l y comprise  a  h igh-vol tage  main  DC fi l ter capaci tor bank 
together wi th  tun ing  reactor(s)  and ,  i n  some cases,  damping  res istors  and  auxi l i ary capaci tors .  
DC fi l ters  are  commonl y arranged  as  double  tuned  or trip le  tuned  banks  accord ing  to  the  
speci fic harmon ic  l im i ts  of d i fferent HVDC Proj ects.  
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Figure  5  shows a  double-tuned  DC fi l ter where  C1  i s  the  main  DC fi l ter capaci tor bank.  The  
tota l  d i rect  vol tage,  pole  to  neu tral ,  i s  taken  up  by the  main  DC  fi l ter capaci tor bank,  C1 .  The  
other fi l ter components,  L1 ,  L2,  R1 ,  R2  and  C2  wi l l  on l y be  subjected  to  a l ternating  curren ts  
and  vol tages,  main l y the  characteristic  converter harmon ics  1 2 th ,  24 th ,  36 th  e tc.  There  may 
a lso  be  a  substan tia l  2nd  and  6 th  harmon ic caused  by harmon ics  and  asymmetry i n  the  AC 
system  vol tage.  The  main  DC fi l ter capaci tor bank,  C1 ,  has  to  be  des igned  and  tested  for the  
combined  vol tage  s tress  from  the  pole  to  neutral  d i rect  vol tage  and  the  vol tage  caused  by the  
harmon ic cu rrents  in  the  fi l ter.  The  other fi l ter components  on l y have  to  be  des igned  and  
tested  for AC curren t and  vol tages  and  the  requ irements  on  those  are  very s im i l ar to  
correspond ing  AC fi l ter components  except the ir term inal  to  earth  i nsu lation ,  wh ich  may be  
exposed  to  d i rect  vol tage  as  a  resu l t of the  d i rect vol tage  on  the  neutral  bus.  

Also,  for other commonl y-used  DC fi l ter configurations,  for example  s i ng le-,  double-  and  
trip le-tuned  fi l ters ,  the  complete  d i rect  vol tage  stress  i s  on  the  main  DC  fi l ter capaci tor bank 
and  the  other fi l ter components  on l y see  AC  current and  vol tage  across  thei r term inals,  except 
thei r term inal  to  earth  i nsu lation ,  wh ich  can  be  exposed  to  d i rect vol tage.  

 
IEC 

Figure 5  – Typical  arrangement of shunt  DC  fi l ter 

8. 2  Main  DC  fi l ter capacitor 

8. 2. 1  General  

General  requ i rements  for power capaci tors  are  defined  in  I EC 60871 -1 .  However,  no  
requ i rements  related  to  DC  appl ications  are  g iven  i n  that s tandard .  

The  purpose  of th is  document i s  to  g ive  complementary requ i rements  and  gu idel ines  to  
I EC 60871 -1  in  order to  speci fy capaci tors  for h igh-vol tage  DC  appl ications.  The  DC 
capaci tors  are  assumed  to  be  of the  same general  type  as  i n  I EC 60871 -1 ,  i . e .  capaci tor un i ts  
that  are  mounted  in  capaci tor banks  to  meet the  requ ired  vol tage  rati ng  and  capaci tance.  Th is  
document does  not  apply,  for example,  to  capaci tors  of the  sel f-heal i ng  metal l i zed  d ie lectric  
type,  or coupl i ng  capaci tors.  

8.2.2  Design  requ irements  for DC  capaci tors  

The capaci tors  shou ld  be  equ ipped  wi th  grad ing  resistors  to  obtain  a  proper d i rect-vol tage  
d istribu tion .  For i n ternal l y fused  and  fuseless  DC  capaci tors,  these  grad ing  res istors  
( i n ternal l y)  are  moun ted  across  each  series  group  of e lements  i ns ide  the  capaci tor un i t.  

Grad ing  res istors  are  des igned  to  ensure  the  l im i ts  of the  cons idered  uneven  vol tage  
d istribu tion  factor (k-factor)  i n  combination  wi th  the  estimated  grad ing  cu rren t.  
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The  capaci tor un i ts  shou ld  be  equ ipped  wi th  e i ther in ternal  fuses  or wi thou t fuses.  External  
fuses  are  not su i table  for DC  capaci tor appl ications  because ,  un l ike  AC  fi l ter capaci tors,  there  
are  not usual l y a  large  number of paral l e l  u n i ts  and  because  the  load  curren t i s  l ow.  

8.2.3  Rated  vol tage  

The rated  vol tage  for a  DC capaci tor bank wi th  combined  d i rect and  a l ternating  vol tage  s tress  
shal l  be  defined  as :  

 2
Nb rdc max2 2m n

n m

U k U U U −
≠

= × + × + × ∑   (1 )  

where  

UNb   i s  the  rated  vol tage  of the  capaci tor bank;  

Urdc   i s  the  rated  d i rect vol tage  across  the  capaci tor bank;  

Un -max   i s  the  RMS AC vol tage  of harmon ic order n  across  the  capaci tor bank;  

m   i s  the  harmon ic order for the  maximum  AC  vol tage  component across  the  capaci tor 
bank;  

k  i s  the  DC uneven  vol tage  d istribu tion  factor.  Typical l y 1 , 0  <  k <  1 , 3  and  i s  to  be  
defined  by the  manufactu rer.  

The  rated  vol tage  of the  capaci tor un i t  i s  defi ned  as:  

 Nb
N

U
U

S
=  (2)  

where  

S  i s  the  number of series  connected  capaci tor un i ts  i n  the  capaci tor bank.  

8.2.4  Base vol tage  for creepage calcu lation  

Creepage d istance  requ i rements  for the  main  DC  capaci tor sha l l  consider d i fferent  i nsu lation  
d istances  between  d i fferen t  term inals:  HV term inal  to  earth ,  HV term inal  to  LV term inal  and  
LV term inal  to  earth .  The  respective  base  vol tages  shal l  be  determ ined  accord ing  to  the  
operation  characteristics ,  i . e .  d i rect vol tage,  a l ternating  vol tage  or combinations  of both .  The  
uneven  vol tage  d istribution  factor k sha l l  be  considered  as  described  above  for the  HV 
term inal  to  LV term inal  creepage  requ irement.  The  creepage  d istance  i n  each  case  shal l  be  
calcu lated  based  on  the  maximum  steady-state  RMS vol tage  across  the  re levant  part of the  
DC  fi l ter capaci tor:  

 ( )2 2
rms rdc maxn

n

U k U U −= × +∑  (3)  

where  

Urms   i s  the  rms  vol tage  to  be  used  as  base  for creepage  calcu lation ;  

Urdc   i s  the  rated  d i rect vol tage  across  the  capaci tor bank;  

Un -max   i s  the  RMS AC vol tage  of harmon ic order n  across  the  capaci tor bank.  

The  creepage requ i rement for the  HV term ina l  to  earth  i s  defined  wi thout  the  k-factor and  
wi thout AC  harmon ic  components,  i . e. :  

 Urms  =  Udc  ( for HV to  earth )  (4)  
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For hang ing  designs,  the  suspended  s tring  i nsu lator i s  designed  based  on  the  creepage  
requ irement of the  HV term inal  or LV term inal  to  earth  as  appl icable .  

The  requ i red  creepage  d istance  is  determ ined  from  Urms  mu l tip l ied  by the  un i fied  speci fic 
creepage  d istance  (USCD)  as  defined  i n  I EC  60071 -5.  

Other requ i rements  for i nsu lators  are  g i ven  i n  C lause  1 2 .  

NOTE  Capaci tor speci fi cation  i n  th i s  document  speci fi es  a  rated  vol tage  for the  bank (UNb )  and  a  base  vol tage  for 
creepage  calcu l ation .  The  rated  vol tage  for the  bank (UNb)  i s  used  for the  d ie l ectri c  des i gn  of the  capaci tor un i t;  the  
base  vol tage  for creepage  ca lcu lation  i s  used  for the  i nsu l ation  and  creepage  d i s tances  of the  i nsu l ators  and  
bush ings.  

8.2.5  Tests  for DC  capaci tors  

8.2.5.1  General  

Tests  are  performed  on  the  capaci tor un i ts.  The  tests  i n  I EC  60871 -1  are  i n  general  a lso  
fol l owed  for DC capaci tors  where  appl icab le.  The  test l evels  are  however adapted  to  the  rated  
vol tage  of the  DC capaci tors .  I n  general ,  the  pri ncip le  i s  that the  ratio  between  test vol tage  
and  rated  vol tage  for the  AC  capaci tor shou ld  be  the  same as  the  ratio  between  the  peak 
value  of the  test vo l tage  and  rated  vol tage  for the  DC capaci tor.  Th is  means  that,  i n  general ,  
the  test factor (re lation  between  test vol tage  and  rated  vol tage)  i s  d ivided  by √2  for DC  
capaci tors .  

8.2.5.2  Routine  tests  

8.2.5.2 . 1  Capaci tance measurement  

Capaci tance  measurement shal l  be  performed  as  per I EC 60871 -1 : 201 4,  C lause  7,  bu t the  
capaci tance  shou ld  be  measured  at  a  vol tage  of:  

 N 1 0%
2

U
±  (5)  

Capaci tance  to lerance for capaci tor un i ts  shal l  be  i n  accordance wi th  I EC 60871 -1 : 201 4,  
Annex B .  Capaci tance  to lerance for banks  shou ld  be  agreed  upon  between  the  purchaser and  
the  manufacturer.  

8.2.5.2 .2  Measurement of the  tangent  of the  loss  angle  (tan  δ)  of the  capaci tor 

Measurement of tan  δ  shal l  be  performed  i n  accordance wi th  I EC  60871 -1 : 201 4,  Clause  8.  
The  tangent  of l oss  ang le  shou ld  be  measured  at  a  vol tage  of:  

 N 1 0%
2

U
±  (6)  

I t  shou ld  be  noted  that the  l osses  i n  the  g rad ing  resistors  wi l l  normal l y dom inate  over the  
d ie lectric l osses.  Th is  test wi l l  therefore  serve  as  a  qual i ty check of the  capaci tor and  not  
primari l y as  a  measurement of d ie lectric  losses.  

8.2.5.2 .3  Vol tage  test  between  terminals  

The  test  shou ld  be  performed  general l y as  per I EC 60871 -1 : 201 4,  Clause  9;  however,  the  test 
shou ld  be  performed  as  a  DC  test  wi th  a  test vo l tage  of 2 , 6  ×  UN .  
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8.2.5.2 .4  AC  vol tage test between  terminals  and  container 

The test shou ld  be  performed  as  per I EC  60871 -1 : 201 4,  C lause  1 0.  The  test vol tage  shou ld  
be  in  accordance  wi th  the  fol lowing  equation :  

 N
t 2, 5    

2

U
U n= × ×  (7)  

Where  

Ut  i s  the  power-frequency test vol tage  (RMS);  

UN  i s  the  rated  vol tage  of the  capaci tor un i t;  

n  i s  the  number of un i ts  i n  series  relati ve  to  the  e lectrica l  potential  to  wh ich  the  con tainers  
are  connected .  

8.2.5.2 .5  Measurement of resistance of grading  resistor 

The choice  of the  method  is  l eft  to  the  manufactu rer.  The  test shal l  be  made  after the  vol tage  
test between  term inals .  

The  manufacturer shal l  define  the  acceptance  cri teria  that  ensure  a  proper d i rect vol tage  
d istribu tion  both  i n ternal l y i n  the  capaci tor un i t  and  between  capaci tor un i ts  i n  the  capaci tor 
bank.  

The  grad ing  res istors  shal l  a lso  serve  the  purpose  of i n ternal  d ischarge  device  as  per 
I EC 60871 -1 : 201 4,  Clause  1 1 .  

8.2.5.2 .6  Seal ing  test  

The test shal l  be  performed  as  per I EC 60871 -1 : 201 4,  Clause  1 2 .  

8.2.5.2 .7  Discharge test ( in ternal ly fused  capaci tors  on ly)  

The test  shou ld  be  performed  general l y as  per I EC  60871 -4: 201 4 ,  5 . 1 . 2 ;  however,  the  
d ischarge  shal l  be  made  from  a  d i rect  vol tage  of:  

 N1, 5   U×  (8)  

8.2.5.3  Type tests  

8.2.5.3. 1  Thermal  stabi l i ty test  

The  test  shou ld  be  performed  general l y i n  accordance  wi th  C lause  1 3  of I EC  60871 -1 : 201 4 ;  
however,  the  appl i ed  vol tage  can  be  e i ther AC or DC.  

a)  AC  test:  

An  AC  vol tage  (50  or 60  Hz)  ad justed  to  generate  losses  equ ivalent to  1 , 44  times  the  
h ighest  steady-state  conti nuous  l osses  experienced  at  operati ng  cond i ti ons  wi th  combined  
AC  and  DC vol tage.  

b)  DC  test:  

A d i rect  vol tage  not  l ess  than  1 , 2  ×  UN .  The  generated  l osses  shal l  be  equ iva len t to  
1 , 44  times  the  maximum  steady-state  con ti nuous  l osses  experienced  during  operati ng  
cond i ti ons  wi th  combined  AC and  DC vol tage.  

NOTE  When  perform ing  the  tests  us ing  a  d i rect  vo l tage,  d i e l ectri c  l osses  wi l l  n ot  be  reproduced .  Therefore,  the  
d i rect  test  vol tage  wi l l  need  to  be  h i gher than  the  RMS  test  vol tage  wou l d  be  i n  the  case  of AC testi ng ,  i n  order to  
compensate  for the  l ack of d i e l ectri c  l osses.  
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8.2.5.3.2  AC  vol tage test between  terminals  and  container.  

The test shal l  be  performed  as  per I EC 60871 -1 : 201 4,  1 5 . 1 .  

The  60-s  power-frequency test vo l tage  shal l  be  at l east:  

 N
t 2, 5    

2

U
U n= × ×  (9)  

where  

Ut   i s  the  power-frequency test vol tage;  

UN   i s  the  rated  vol tage  of the  capaci tor;  

n   i s  the  number of un i ts  i n  series  relati ve  to  the  e lectrical  potential  to  wh ich  the  con tainers  
are  connected .  

Ut  shou ld  be  rounded  to  the  nearest h i gher standard  short-duration  power-frequency test 
vol tage  from  Table  3  of I EC  60871 -1 : 201 4.  

8.2.5.3.3  Lightn ing-impulse vol tage test between  terminals  and  container 

The test shal l  be  performed  in  accordance  wi th  I EC 60871 -1 : 201 4,  1 5. 2.  

The  test vol tage  shal l  be  selected  from  the  s tandard  rated  l i gh tn ing -impu lse  wi thstand  
vol tages  i n  Table  3  of I EC 60871 -1 : 201 4 .  The  l i ghtn ing- impu lse  vol tage  correspond ing  to  the  
power frequency test  vo l tage  chosen  for 8 . 2 . 5. 3. 2  shal l  be  used .  

8.2.5.3.4  Overvol tage  test  

The overvol tage  test  i s  not appl icable  for DC capaci tors.  The  main  purpose  of th is  test  i s  to  
veri fy the  capabi l i ty of the  capaci tor to  wi thstand  the  overvol tages  that occur at  swi tch ing  the  
capaci tor by an  AC  ci rcu i t-breaker.  Such  overvol tages  occur on l y i n frequen tl y on  a  DC  
capaci tor and  are  not sufficient to  have  an  effect on  the  ageing  of the  capaci tor,  wh ich  is  the  
purpose  of the  overvol tage  test.  

8.2.5.3.5  Long-duration  DC test (special  test)  

a)  Test procedure:  

The  long-duration  DC wi thstand  test shal l  be  performed  wi th  the  capaci tor container 
temperature  equal  or h i gher to  the  maximum  container temperature  as  defined  i n  8 . 2. 5. 3. 1 .  
The  test  shal l  have  a  duration  of not l ess  than  1   000  h  and  shal l  be  performed  wi th  a  d i rect 
vol tage  not l ess  than  1 , 4  times  the  rated  d i rect  vol tage  (Udc) .  I n  order to  reduce  DC 
curren t requ i rements  for th is  test,  the  test  may be  performed  on  s im i l ar d ie lectric  systems 
and  on  e lements  (groups  of e lements)  wi thou t series  connection  and  wi th  no  g rad ing  
res istors  i n  paral l e l .  

b)  Acceptance cri teria :  

To  veri fy no  breakdown ,  the  capaci tance  measurements  performed  before  and  after the  
vol tage  test shal l  d i ffer by less  than  an  amount correspond ing  to  the  breakdown  of an  
e lemen t.  

c)  Val id i ty of test  

The  l ong-duration  test i s  a  test  on  the  e lements  ( thei r d ie lectric des ign  and  composi tion) ,  
and  on  the ir processing  (e lement wind ing ,  d rying  and  impregnation)  when  assembled  i n  a  
capaci tor un i t.  Each  ageing  test  wi l l  a lso  cover other capaci tor designs,  wh ich  are  a l lowed  
to  d i ffer from  the  tested  des ign  wi th in  the  appl icable  l im i ts  stated  i n  Annex A of 
I EC 60871 -2: 201 4.  
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8.2.5.3.6  Short-circu i t  d ischarge test  

The  test shal l  be  performed  in  accordance  wi th  I EC 60871 -1 : 201 4,  C lause  1 7.  

The  test vol tage  shal l  be:  

 N 2, 5
2

U
×  (1 0)  

8.2.5.3.7  Disconnecting  test on  in ternal  fuses  

This  test i s  appl icable  for capaci tors  equ ipped  wi th  in ternal  fuses.  The  test shal l  be  performed  
i n  accordance  wi th  5. 3  and  Annex A of I EC 60871 -4: 201 4.  A d i rect  test  vol tage  shal l  be  used .  
The  d isconnection  test  shal l  be  performed  at  the  lower vol tage  l im i t  of 0 , 7  ×  UN  and  at  the  
upper vol tage  l im i t of 2 , 2  ×  UN .  

The  vol tage  test after open ing  the  container shal l  be  at  a  DC vol tage  of 2 , 3  ×  UN .  

8.2.5.3.8  Vol tage  polari ty reversal  test  

A d i rect vol tage  of 1 , 25  ×  UN  shal l  be  appl ied  for 90  m in .  The  vol tage  shal l  then  be  reversed  
wi th in  20  ms  to  the  same value  of opposi te  polari ty;  after 90  m in  a  new reversal ,  wi th in  20  ms,  
sha l l  be  performed  and  the  vol tage  i s  kept for 45  m in .  The  capaci tance  shou ld  be  measured  
before  and  after the  test;  the  capaci tance  change  shou ld  be  less  than  what corresponds  to  
one  fa i l ed  i n ternal  e l ement.  

NOTE  The  short  t ime,  20  ms,  for polari ty reversal  i s  requ i red  to  s imu late  polari ty reversal  under service  
cond i ti ons.  

8.3  Fi l ter resistors  

8.3. 1  General  

To date,  there  i s  no  standard  avai lable  that  i s  speci fical l y appl icable  for the  res istors  of HVDC 
fi l ter ci rcu i ts.  I EC  TR 62001 -4  [4]  describes  the  construction  of res istors  used  in  AC  harmon ic 
fi l ters .  As  the  construction  of a  DC harmon ic fi l ter bank i s ,  i n  many respects,  qu i te  s im i l ar to  
that of an  AC  harmon ic  fi l ter bank,  the  res istors  wi l l  be  s im i l ar as  wel l .  However,  du ring  some  
configurations,  such  as  metal l ic  return  operation ,  the  fi l ter res istors  can  be  add i tional l y 
subj ected  to  d i rect vol tage  stresses  to  earth .  Th is  needs  to  be  considered  for the  rating  of the  
support insu lators.  

S ince  res istors  appl ied  i n  DC fi l ters  are  usual l y of d ry-type  construction ,  the  fo l l owing  
i n formation  refers  to  d ry type  resistors  wi th  a i r cool i ng  by natural  convection .  I f  the  res istors  
are  not  a i r- i nsu lated  but  use  water,  o i l  or any other i nsu lation  type,  the  i nsu lation  ru les  shal l  
be  adapted  accord ing l y.  

Envi ronmenta l  cond i ti ons  speci fied  i n  4 . 2  sha l l  be  taken  i n to  account i n  the  des ign  of the  
res istors  (mechan ica l  and  e lectrical ) .  

8.3.2  Techn ical  data  

Table  1 1  i s  a  checkl ist  of data  that cou ld  be  used  by the  contractor for purchasing  the  
equ ipment or to  i n form  the  purchaser of the  design  parameters.  
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Table  1 1  – Ratings  for resistors  

Resi stor design  parameters  Un i ts  

Rated  harmon ic frequency (frequency where  the  h i ghest  cu rrent  val ue  i s  expected )  Hz  

Nom inal  res i stance  at  nom inal  cu rren t and  frequency (at  20  °C  ambient  temperature)  Ohm  

Rated  res i stance  at  maximum  con ti nuous  curren t and  rated  frequency (at  maximum  ambient  
temperatu re)  

Ohm  

No- load  res i stance  (at  20  °C  ambient temperatu re)  Ohm  

Tolerance  on  nom inal  res i stance  %  

Tolerance  on  rated  res i stancea  %  

Tolerance  on  no- l oad  res i stance  %  

Maximum  tolerance  on  res i stanceb  %  

Maximum  i nductance  at  rated  harmon ic frequency mH  

Current ratings   

Nom inal  conti nuous  current,  i n cl ud ing  harmon ics  A RMSc  

Maximum  con ti nuous  cu rrent,  i ncl ud i ng  harmon ics  A RMSc  

Harmon ic cu rren t spectrum d ,  s teady state  n  /  A RMS  

Maximum  temporary cu rren t(s ) ,  i ncl ud ing  harmon ics  A RMSc  

Temporary harmon ic cu rrent(s)  spectrum  n  /  A RMS  

Duration  of temporary cu rren t(s)  sec 

Transient cu rren te   

Ampl i tude,  peak val ue  kA 

Time  to  crest  ms  

Energy for maximum  transient  s i ng le-shot event  kJ  

Lightn ing-impu lse  wi thstand  vol tage  (LIWV)   

H i gh -vol tage  term inal  to  earth  kV 

Low-vol tage  term inal  to  earth  kV 

H igh -vol tage  term inal  to  l ow vo l tage  term inal  kV 

Swi tch ing-impu lse wi thstand  vol tage  (SIWV)   

H i gh -vol tage  term inal  to  earth  kV 

Low-vol tage  term inal  to  earth  kV 

H igh -vol tage  term inal  to  l ow vo l tage  term inal  kV 

Appl i ed  AC test  vo l tage  to  earth  (50  H z or 60  Hz,  1  m in )  kV RMS  

Creepage d istances   

HV Term inal  to  LV term inal  mm  

HV Term inal  to  earth  mm  

LV term inal  to  earth  – external  to  housi ng  mm  

LV term inal  to  earth  – i n ternal  to  housing  mm  

a  The  speci fi ed  to lerance  shou l d  i ncl ude  manufacturi ng  tol erance  and  res i stance  vari ati on  wi th  ambient  an d  
worki ng  temperatu re  at  rated  current.  

b  The  speci fi ed  tolerance  shou l d  i ncl ude  the  above  one  pl u s  the  vari ati on  d ue  to  working  temperature  a t  
maximum  con ti nuous  current.  

c  RMS  i n  th i s  case  refers  to  the  root-sum-of-squares  of the  i n d ivi dua l  harmon ics.  

d  The  harmon ic cu rrent  spectrum  i s  speci fi ed  i n  terms  of the  order number and  the  RMS  val ue  of the  i n d ivi dua l  
harmon ic curren ts .  

e  The  res i stor shou ld  endure  the  trans i ent  current  after bei ng  permanentl y l oaded  wi th  maximum  con ti nuous  
cu rrent.  
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8.3.3  Design  aspects  

8.3.3.1  General  

A resistor can  be  d ivided  i n to  modu les  when  i ts  power i s  too  h igh  (several  hundreds  of kW)  or 
when  the  vol tage  across  the  res istor i s  too  h igh .  F i gure  6  shows  a  typical  arrangement of a  
res istor composed  of one  modu le.  

 

Figure 6  – Typical  scheme of a  resistor composed  of one  module  

8.3.3.2  Resistance  and  inductance values  

The nom inal  res istance  i s  defined  at  nom inal  curren t and  ambien t temperature  of 20  °C.  The  
manufacturer shal l  defi ne  the  nom inal  res istance  at no  l oad  depend ing  on  the  temperature  
rise  and  a l l oy of the  resistor.  The  rated  res istance  is  defi ned  at rated  curren t and  maximum  
ambien t temperature.  

The  res istors  shou ld  be  des igned  wi th  l ow i nductance  and  wi th  l ow frequency-dependency of 
res istance.  Maximum  inductance at  a  defined  frequency (most common l y rated  harmon ic  
frequency)  or R/Lω ratio  shou ld  be  speci fied  i n  the  resistor's  speci fication .  The  maximum  
variation  of res istance  versus  frequency shou ld  be  speci fi ed  i n  the  res istor's  speci fication ,  i f 
appl icable.  

S ince  the  variation  of the  ohm ic value  wi th  temperature  (ambient  and  working  temperatu res)  
has  an  impact on  the  fi l ter's  performance,  to lerance  on  ohm ic value  has  to  be  defined  and  
speci fied .  The  variation  of ohm ic value  over the  working  temperature  range  is  to  be  speci fi ed .  

S ince  the  power d issipated  by each  res istor e lement depends  on  the  vol tage  across  th is  
e lement and  the  vol tage  i n  turn  depends  on  the  ohm ic value  of every e lement,  i t  i s  importan t 
to  l im i t  res istance  d i fference  between  resistor e lements,  banks  and  modu les.  A common  va lue  
of 2  %  i s  recommended .  Th is  va lue  shal l  be  taken  in to  account i n  the  i nsu lation  design  of the  
res istor s i nce  the  vol tage  d istribu tion  across  the  res istor i s  l i nked  to  the  ohm ic va lue  of each  
res istor part.  

The  res istor modu les  shal l  be  equ ipped  wi th  nameplates  that incl ude  the  main  techn ical  
characteristics,  description ,  manufacturer and  year of manufacturing ,  type  and  seria l  numbers.  
Nameplates  shou ld  be  mounted ,  i f poss ib le,  such  that  a  person  at  ground  l evel  can  
conven ientl y read  them .  
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8.3.3.3  Active  parts  

Depend ing  on  the  res istance  stabi l i ty requ ired  over the  working  temperature  range,  the  a l l oy 
for the  manufacturing  of e l ements  shou ld  be  chosen  for the  stabi l i ty of i ts  e l ectrical  
characteristics  as  a  function  of temperature.  

The  resistor elemen ts  shou ld  be  bu i l t  and  assembled  in  a  way that provides  a  good  heat 
exchange  between  the  a l l oy and  the  cool i ng  envi ronment (usual l y a i r,  bu t i t  can  be  oi l  or 
water).  

I n  order to  obtain  a  good  l i fetime of the  res istor,  acti ve  materia l  shou ld  be  corrosion  res istant 
taking  i n to  account  envi ronmenta l  constrain ts ,  success ive  heating-cool ing  cycles  and  working  
temperature.  The  working  temperature  shou ld  be  l im i ted  to  the  l evel  acceptable  by i ts  active  
part  materia l  wi th  regards  to  creep  streng th  at  e levated  temperatures.  Corrosion  res istance  is  
quanti fi ed  by the  p i tti ng  res istance  equ iva lent  (PRE);  refer to  ASTM  G48  [5]  for the  defin i tion .  
A PRE  of 20  m in imum  usual l y g i ves  good  resu l ts ;  a  m in imum  of 32  is  recommended  for 
corrosion  res istance  to  seawater.  PRE  shou ld  be  defined  accord ing  to  the  envi ronmental  
cond i tions  appl icable  to  the  proj ect  and  agreed  between  the  purchaser and  the  manufacturer.  

The  system  stud ies  for the  proj ect sha l l  provide  trans ien t  current  and  trans ient  energy 
i n formation  to  the  resistor manufacturer.  Th is  data  shal l  be  used  by the  manufacturer to  check 
that:  

•  the  temperature  rise  due  to  trans ien t energy (ad iabatic mode) ,  on  top  of heati ng  due  to  
maximum  con tinuous  curren t and  respective  overload  current,  i s  acceptable;  

•  the  e lements  and  connections  wi l l  wi thstand  the  peak current  wi thout  any deformation  or 
vibration  that cou ld  lead  to  flashovers ;  

•  the  i nsu lation  of the  res istor i s  sufficien t to  wi thstand  the  peak vol tage.  

8.3.3.4  Mechan ical  design  

8.3.3.4.1  Degree of protection  

Depend ing  on  environmental  and  i nstal l ation  cond i tions,  res istors  can  be  wi thou t enclosure  
( i ndoor envi ronment)  or mounted  in  an  enclosure  for protection  against ra in  and  sol i d  objects,  
i nclud ing  b i rds  and  other an imals  (outdoor envi ronment) .  Enclosures  shou ld  be  des igned  i n  
accordance  wi th  I EC  60529  [6 ] .  Enclosures  shou ld  perm i t su fficien t a i r flow to  provide  the  
requ i red  cool i ng  to  the  resistor.  

I f the  res istor i s  composed  of several  modu les,  the  modu les  shal l  be  i n terchangeable  as  far as  
poss ib le.  Further,  provis ion  shal l  be  made  to  faci l i tate  fast  and  easy i nspection  and  
maintenance.  

8.3.3.4.2  Material  

Depend ing  on  the  envi ronmental  s i te  cond i ti ons  and  the  working  temperature,  i t  may be  
advisable  to  make the  enclosures  of s ta in less  s teel ,  or hot d ip  galvan ized  s tructural  s teel  ( i f 
th is  fin ish  is  compatib le  wi th  the  working  temperature),  or corros ion-resistan t structural  
a lum in ium .  The  grade  of materia l  chosen  for the  manufacturing  of the  res istor shal l  depend  on  
the  expected  l i fetime and  environmenta l  cond i ti ons.  

Enclosures  can  a lso  be  made of composi te  materia l  i f perm i tted  by working  temperatures.  
Composi te  materia l  can  reduce  the  s i ze  of the  enclosure,  especial l y when  the  vol tage  l evels  
are  h i gh .  

I nsu lating  cyl i ndrica l  housing  tubes  can  a lso  be  used .  
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8.3.3.4.3  Seismic,  wind  and  other environmental  forces  

Sui tabi l i ty of mechan ical  parts  ( i nsu lators ,  enclosure,  framework,  etc)  sha l l  be  veri fi ed  for 
wi thstand ing  appl icable  mechan ica l  forces  provided  by:  

•  dead  weight  of the  res istor;  

•  snow and /or ice  l oads ;  

•  wind  l oad ;  

•  se ism ic acceleration ;  

•  forces  on  term inals ;  

•  short ci rcu i t  curren t forces.  

8.3.3.5  Insu lation  

Typical l y,  the  res istor i nsu lation  design  shal l  be  based  on  3  parameters:  

•  i nsu lation  across  the  resistor,  between  the  h igh-vol tage  term inal  and  the  low-vol tage  
term inal ;  

•  i nsu lation  between  the  h igh-vol tage  term inal  and  earth ;  

•  i nsu lation  between  the  l ow-vol tage  term inal  and  earth .  

Several  vol tage  l evels  shal l  be  taken  i n to  account  for each  parameter.  The  most  s tringen t  
l evel  sha l l  be  retained :  

•  maximum  continuous  vol tage  across  the  res istor,  ca lcu lated  from  the  resistor ohm ic value  
and  the  maximum  con tinuous  current  (Ohm 's  l aw),  rms  va lue.  Power frequency vol tage,  
RMS  va lue;  

•  swi tch ing- impu lse  vol tage,  peak va lue;  

•  l i gh tn ing -impu lse  vol tage,  peak va lue;  

The  vol tage  rati ng  of the  fi l ter res istor sha l l  be  coord inated  wi th  the  rated  power and  rated  
curren t of the  res istor.  Rated  power is  based  on  the  RSS value  (root sum  square  va lue)  of 
i nd ividual  harmon ic currents .  

Calcu lation  of the  vol tage  l evel  on  every component of the  res istor (e lemen t,  bank of e lements,  
i n ternal  and  external  i n su lators ,  etc. )  shal l  be  made i n  order to  determ ine  the  proper 
i nsu lators  and  a i r gaps  for each  component and  between  components .  Consideration  shal l  be  
g i ven  to  the  effects  of non- l i near trans ien t vol tage  d istribution .  

No  conductive  part of the  resistor and  i ts  surround ing  shou ld  be  l eft at  an  undefined  poten tia l  
(floati ng ).  I n  th is  regard ,  e lectrical  connections  shou ld  be  made  between  active  parts  and  
supporti ng  conductive  parts .  Some of these  connections  may need  to  be  d ismantled  for 
testing  purposes.  I f,  once  modu les  are  erected  at s i te,  i t  i s  impossib le  to  remove the  
connections,  i nsu lation  tests  shou ld  be  made before  the  connections  are  i nstal led .  

I f the  enclosure  i s  made  of conductive  materia l ,  i t  shou ld  be  e i ther connected  to  one  poin t  of 
the  res istor acti ve  part (for i nstance  m id -poin t)  or earthed .  The  choice  of i nsu lators  ( i n ternal  
and  external )  and  calcu lation  of cl earance d istances  for a i r i nsu lation  are  dependent on  the  
e lectrica l  potentia l  of the  enclosure.  I f the  enclosure  is  not earthed ,  i t  sha l l  be  mounted  on  
support i nsu lators  to  provide  the  necessary e lectrical  i nsu lation  to  earth .  The  i nsu lators  may 
be  mounted  on  a  support s tructure  for provid ing  safety clearance for substation  personnel  to  
the  equ ipment on  HV poten tia l .  Al ternative l y,  a  fence  may be  provided  around  the  res istor,  for 
e lectrical  safety of personnel .  

Bearing  i n  m ind  that the  temperature  rise  of the  res istor e lemen ts  can  be  considerable,  the  
choice  of the  i nsu lation  wi th in  a  resistor modu le  requ ires  great  care,  s ince  the  h i gh  
temperature  of a i r wi l l  impact the  i nsu lation  performance.  The  breakdown  vol tage  of a i r at  
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these  h i gh  temperature  l evels  reduces  s i gn i fican tl y compared  to  the  va lue  at ambient  
temperature.  'Ch imney effects'  of vertica l l y stacked  res istors  a lso  need  to  be  accounted  for.  
I nsu lating  materia l  shal l  be  able  to  wi thstand  the  h igh  temperature  and  thermal  shocks.  

Shou ld  the  a l ti tude  be  above 1  000  m ,  a  correction  factor as  per I EC  60071 -5  and  
IEC 60060-1  shal l  be  appl ied  on  the  i nsu lation .  

8.3.3.6  Creepage  d istances  

Creepage d istance  for every component shou ld  be  calcu lated  accord ing  to  the  envi ronmenta l  
parameters  on  s i te.  The  base  vol tage  for creepage  ca lcu lation  shal l  be  the  maximum  
con tinuous  RMS  vol tage  on  the  said  components .  

The  requ ired  creepage  d istance  i s  determ ined  from  the  maximum  continuous  RMS vol tage  
mu l tip l i ed  by the  un i fi ed  speci fic creepage  d istance  (USCD)  as  defined  in  I EC  60071 -5.  

NOTE  Under some  ci rcumstances,  i n ternal  creepage  d i stances  may need  to  be  l arger than  external  creepage  
d i stances  because  pol l u ti on  i s  s ti l l  present  bu t  the  i nsu l ation  does  not  benefi t  from  the  wash ing  action  of rai n .  

I nsu lators  shal l  be  chosen  accord ing  to  the  requ i rements  g i ven  i n  C lause  1 2 .  

8.3.3.7  Terminals  

Care  shou ld  be  taken  for the  des ign  and  the  materia l  se lection  of the  e lectrical  term inals  to  
ach ieve  adequate  performance  at h igh  temperature.  Further,  the  h igh  temperature  rise  of the  
res istors  requ ires  the  in ternal  and  external  e lectri ca l  connections  of the  resistors  to  be  made  
wi th  sufficien t sag  so  as  to  avoid  undue  mechan ica l  stress  by thermal  expansion .  I f not  
welded ,  connection  shal l  be  made  wi th  bol ts  and  screws  wi th  provis ion  to  avoid  l oose  
connections  due  to  frequen t temperature  cycles.  Recommended  l im i ts  for temperature  and  
temperature  rise  of bol ted  and  welded  connections  are  g iven  i n  Table  1 2 .  The  temperature  
rise  l im i ts  shal l  be  ca lcu lated  depend ing  on  the  ambient a i r temperature.  

Table  1 2  – Recommended  temperature and  temperature   
ri se  l imi ts  for bol ted  and  welded  connections  

Contact material  Maximum  temperature  
bol ted  connection  

(°C)  

Maximum  temperature  
welded  connection  

(°C)  

Bare  copper 90  80  

S i l ver,  n ickel  or ti n -coated  copper 1 05  1 50  

S tain less  steel  1 50  500  

Other materi a l s  Materi a l  properti es  shou l d  be  cons idered ,  notabl y i n  order to  determ ine  
the  maximum  temperature  ri ses.  

 

The res istor term inals  can  be  l ocated  ins ide  or ou tside  the  enclosure.  I f l ocated  i ns ide,  
provis ion  shal l  be  made  on  the  enclosure  for cable  en try,  preferabl y from  below to  avoid  
i nsu lated  cable  be ing  exposed  to  a  hot environment.  I f l ocated  ou ts ide,  bush ing  can  be  
covered  wi th  a  cable  box for cable  connection  protection .  

I n  every case,  d imensions  and  materia l  of a l l  connections  shal l  be  speci fi ed  i n  order to  avoid  
bad  connections  wi th  the  cable  or busbar to  wh ich  the  res istor wi l l  be  connected  on  s i te .  
Canti l ever strength  on  the  term inals  shal l  a lso  be  speci fied .  
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8.3.3.8  Corona design  

Depend ing  on  the  operati ng  vol tage  of the  resistor,  provis ion  shal l  be  made at  the  resistor 
enclosure  to  make i t  free  of external  corona.  Test  method  i s  described  i n  I EC  62271 -1 : 201 7,  
6. 9.  

NOTE  I n  case  of h i gh  temperatures  decreasing  the  corona  onset vol tage,  i t  m igh t  be  advantageous  to  speci fy a  
test  at  operati ng  temperature.  

8.3.3.9  Monitoring  

Al though  such  devices  are  not i n  service  at  the  time  of preparation  of th is  document,  i t  i s  
expected  i n  the  fu ture  that the  resistors  can  be  equ ipped  wi th  sensors  in  order to  mon i tor the  
ag ing  of the ir componen ts  (acti ve  e lements  and  i nsu lation  parts  main l y),  pred ict  fa i lu res  and  
start main tenance  operations  accord ing l y.  For eas ier i n tegration  i n  the  substation  
communication  network,  those  sensors  can  be  connected  in  accordance  wi th  the  I EC 61 850  
series .  Requ irements  shou ld  be  agreed  between  the  purchaser and  the  manufacturer.  

8.3.3.1 0  Accessories  

I n  certain  appl ications  where  space  i s  a t a  prem ium ,  res istor enclosures  can  i nclude  other 
components  such  as  curren t  transformers  (CTs)  and  surge  arresters.  I f such  an  arrangement 
is  speci fi ed ,  the  manufacturer wi l l  have  to  design  the  system  (res istor +  accessories)  wi th  
respect to  e lectrical ,  thermal  and  mechan ica l  des ign  ru les .  

8.3.4  Maintenance  

The  recommended  in tervals  between  in ternal  i nspections  during  main tenance  shou ld  be  
stated  by the  manufacturer.  

8.3.5  Tests  

8.3.5.1  Routine  tests  

8.3.5.1 . 1  General  

The fol l owing  tests  are  recommended  to  be  performed  on  every res istor manufactured .  

8.3.5.1 .2  Measurement of resistance  

a)  Test Procedure:  

The  res istance  ( i . e.  the  rea l  part  of the  impedance  of the  resistor)  i s  measured  under 
no- load  cond i ti ons  and  then  the  value  is  corrected  to  the  operati ng  temperature  
correspond ing  to  nom inal  current and  temperature.  Res istance  shou ld  be  measured  at  
rated  harmon ic frequency.  The  measurement shal l  be  made  at  neg l i g ible  curren t i n  order 
to  avoid  heating  of the  resistor during  measurement.  The  measurement shou ld  be  done  in  
an  ambient temperature  range  between  1 0  °C  and  30  °C.  Ambien t temperature  during  
measurement shal l  be  recorded ,  and  used  to  correct the  measured  res istance  value  to  the  
des ign  temperature  i n  accordance wi th  the  fol l owing  formu la:  

 ( )d m d m(1 )R R T Tα= + −  (1 1 )  

where  

Rd  i s  the  res istance  at  design  temperature ;  

Rm  i s  the  res istance  at  measured  temperature;  

α  i s  the  a l l oy temperature  coefficien t at des ign  temperature ;  

Td  i s  the  des ign  temperature;  

Tm   i s  the  ambient temperature  during  measurement.  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



 – 48  – I EC TS  6301 4-1 : 201 8  © I EC  201 8  

b)  Acceptance  cri terion :  

Rd  shal l  be  wi th in  the  speci fi ed  to lerance on  res istance  value.  

8.3.5.1 .3  Power frequency vol tage wi thstand  test  

a)  Purpose  of test:  

Th is  test i s  performed  to  prove  the  su i tabi l i ty for the  expected  operati ng  du ties  of the  
i nsu lation  of the  res istor e lements  to  the  enclosure  ( i f any).  For the  purpose  of th is  test,  
the  e lectrical  connections  between  enclosure  and  res istor e lements  ( i f existing)  are  
removed  and  the  test vo l tage  is  appl i ed  for 1  m in  between  the  resistor e lements  and  the  
enclosure.  S ince  the  h igh  operati ng  temperature  i ns ide  the  enclosure  wi l l  impact the  
i nsu lation  performance,  the  test vol tage  shou ld  be  chosen  to  cons ider the  effect of 
temperature,  i n  accordance  wi th  the  design  ca lcu lation  i n  8. 3. 3. 5.  

I n  the  case  of res istors  cons isting  of several  series-connected  resistor modu les,  the  test 
vol tage  per modu le  Utacm  i s  reduced  accord ing  to  the  number of series-connected  
modu les,  taking  i n to  account manufacturing  to lerances.  

b)  Calcu lation  of test vol tage:  

For res istors  wi th  m idpoin t  connected  enclosure:  

 tac
tacm 12·

U
U k

n
= ×  (1 2)  

For res istors  wi thout m idpoin t  connected  enclosure:  

 tac
tacm 1

U
U k

n
= ×  (1 3)  

where  

Utac  i s  the  power frequency wi thstand  vol tage  for the  complete  res istor;  

n  i s  the  number of modu les  i n  series;  

k1  i s  the  test safety factor for consideration  of possib le  non- l i near vol tage  d istribution  
between  modu les,  defined  as  the  ratio  of maximum  modu le  vol tage  to  average  
modu le  vol tage.  

c)  Acceptance cri terion :  

The  i nsu lation  shal l  not  suffer fl ashover during  the  test.  

8.3.5.2  Type tests  

8.3.5.2 .1  General  

Un less  the  manufacturer i s  able  to  prove,  ei ther by a  test on  a  s im i l ar res istor or by 
calcu lation ,  that the  res istor i s  correctl y designed  to  ach ieve  the  performance requ i red  by the  
customer,  the  fo l l owing  tests  are  recommended  to  be  performed  on  one  i tem  of each  type  of 
res istor.  

The  type  tests  shal l  be  done  on  the  complete  res istor where  feas ib le;  otherwise  they shal l  be  
made  on  each  type  of modu les.  

8.3.5.2 .2  Measurement of inductance  

a)  Test procedure:  

The  i nductance shou ld  be  measured  at  rated  harmon ic frequency on  one  modu le.  

Calcu lation  can  be  done  to  determ ine  the  tota l  i nductance  of the  modu les.  

b)  Acceptance cri terion :  

The  i nductance of the  resistor sha l l  be  wi th in  the  speci fied  l im i ts  
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8.3.5.2 .3  Temperature  ri se  test  

8.3.5.2 .3. 1  Test settings  

The  test shal l  be  done  at  a l l  speci fi ed  conti nuous  l oad ing  cond i ti ons.  

I n  general ,  the  res istance  is  i ndependent of frequency ( the  e lements  are  th i n  and  long ,  wi th  
a lmost no  skin  effect) .  I n  that case,  the  test curren ts  are  nom inal  conti nuous  currents  and  
maximum  con tinuous  curren ts  speci fied  i n  8. 3. 2.  

I f the  res istance  i s  dependent on  frequency (more  than  1  %  of res istance  variation  between  
fundamental  and  rated  harmon ic frequency),  the  test shou ld  be  made wi th  thermal l y 
equ ivalent 50  Hz or 60  Hz currents .  The  test cu rrents  are  the  square  root  of the  sum  of the  
squares  of the  current at fundamental  and  harmon ic frequencies :  

 2 2
t F F Hn Hn

2

1
n N

t n

I I R I R
R

=

=

 
 = × × + ×
  

∑  ( 1 4)  

where  

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

IF  i s  the  maximum  con tinuous  fundamental  curren t;  

IHn  i s  the  maximum  con tinuous  n th  harmon ic current;  

R t  i s  the  AC resistance  at  test current frequency,  corrected  to  maximum  working  
temperature;  

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

RHn  i s  the  AC res istance  at n th  harmon ic  frequency,  corrected  to  maximum  working  
temperature;  

N i s  the  h i ghest speci fied  harmon ic order.  

I f i t  i s  not practica l l y possible  to  perform  the  test on  a  complete  res istor,  for example  owing  to  
l im i tations  of test  faci l i ties  and  equ ipment,  the  test may be  performed  on  one  s ing le  res istor 
modu le  wi th  equ iva lent test  current.  

The  test  may be  performed  at  any conven ient  ambien t  temperature.  Load ing  of the  res istor 
wi th  the  test curren t shou ld  be  main tained  for at l east 30  m in  after s teady-state  cond i tions  are  
ach ieved  (steady state  to  be  defined  between  purchaser and  manufacturer i n  advance  of the  
test).  Depend ing  on  the  res isti vi ty variation  of the  a l l oy versus  the  temperature,  i t  wi l l  be  
necessary to  ad just the  vol tage  across  the  res istor to  main ta in  the  test curren t at the  speci fi ed  
value.  The  temperature  measured  at  the  end  of the  test shou ld  be  corrected  to  maximum  
ambien t temperature  and  shou ld  not exceed  the  expected  des ign  temperature.  The  
temperature  of a l l  res istor i nsu lation  ( i n ternal  and ,  where  re levant,  external )  shou ld  a lso  be  
measured  to  assess  i ts  vol tage  wi thstand  capabi l i ty and  su i tabi l i ty for the  l ong- term  l i fetime of 
the  res istor.  

8.3.5.2 .3.2  Measurements  

Vol tage  and  curren t shal l  be  recorded  during  the  tests .  I t  i s  preferable  to  have  a  rea l - time  
read ing  of these  values  during  the  test in  order to  detect thermal  s tabi l i ty eas i l y.  

Temperature  measurements  shal l  be  made on  major res istor components ,  such  as  acti ve  
parts,  i nsu lators,  bush ings,  etc.  Temperature  can  e i ther be  recorded  versus  time,  or a  thermal  
strip  can  be  used  to  record  the  maximum  temperature  ach ieved .  The  manufacturer shal l  
define  the  maximum  perm itted  temperature  on  the  d i fferent  components  i n  advance  of the  test.  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



 – 50  – I EC TS  6301 4-1 : 201 8  © I EC  201 8  

The  res istance  values  under various  l oad  cond i ti ons  (when  thermal  s tabi l i ty has  been  reached)  
shal l  be  calcu lated  from  vol tage  and  curren t  measurements .  Hot  ohm ic values  shal l  be  wi th in  
the  speci fi ed  to lerances.  Variation  between  ohm ic values  at  co ld  and  hot cond i tions  shal l  be  
lower than  the  speci fi ed  maximum  tolerance.  Measurement of resistance  accord ing  to  
8. 3. 5 . 1 . 2  shal l  be  done  before  and  after temperature  rise  test.  The  change  of cold  ohm ic value  
of the  resistor before/after test shou ld  remain  neg l i g ible  (a  few percent)  to  reflect  the  stabi l i ty 
of the  res istor material .  

Acceptance cri teria :  

•  hot ohm ic va lues  shal l  be  wi th in  the  speci fied  to lerances ;  

•  variation  between  ohm ic va lues  at cold  and  hot  cond i ti ons  shal l  be  lower than  the  
speci fied  maximum  tolerance;  

•  the  change of cold  ohm ic va lue  of the  resistor i s  neg l i g ib le ;  

•  temperatures  on  major components  shal l  be  l ess  than  the ir respective  perm i tted  values .  

8.3.5.2 .4  Lightn ing-impulse test  

a)  Test procedure:  

The  test shal l  be  performed  in  accordance  wi th  I EC 60060-1 .  

Th is  test i s  done  preferabl y on  a  res istor that has  been  subjected  to  a  temperature  rise  
test i n  order to  veri fy that  the  i nsu lation  has  not  been  damaged  by temperature.  

The  test shou ld  be  made wi th  both  negative  and  pos i 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  waveform  shou ld  be  standard  
l igh tn ing-impu lse  wave  1 ,2/50  μs.  However,  i f i s  not poss ib le  to  obtain  the  waveform  due  
to  l ow res istance,  the  best waveform  possib le  wi th  the  test equ ipment wi l l  be  acceptable.  
I n  th is  case,  preference shal l  be  g i ven  to  retain ing  the  fron t t ime.  The  time to  hal f-value  
shou ld  not be  l ess  than  5  µs.  

A specia l  res istor may be  manufactured  wi th  a  h i gher res istance  value  than  the  speci fied  
one  to  enable  the  correct l i ghtn ing- impu lse  wave  shape in  accordance wi th  I EC 60060  to  
be  appl ied .  However,  th is  approach  has  l im i tations.  For example,  to  i ncrease  the  
res istance  impl ies  e i ther:  

•  reducing  the  conductor section ,  wh ich  reduces  the  exchange surface  and  therefore  the  
capaci ty of the  resistor to  d iss ipate  heat;  

•  i ncreas ing  conductor l ength ,  wh ich  improves  the  capaci ty of the  resistor to  d iss ipate  
heat,  or i ncreas ing  the  number of modu les ,  wh ich  improves  peak-vol tage  wi thstand ;  

•  mod i fying  the  a l l oy,  wh ich  mod i fies  res istance  variation  wi th  temperature.  

Where  th is  approach  is  used ,  the  impl ication  on  the  other aspects  of the  des ign  shal l  be  
agreed  to  by a l l  parties .  

S ince  the  h igh  temperature  of a i r i ns ide  the  enclosure  wi l l  impact the  i nsu lation 's  
performance,  the  impu lse  vol tage  performance at h i gh  temperature  shou ld  be  veri fied  by 
su i table  methods  (e i ther by test or by calcu lation) ,  i n  accordance  wi th  the  design  
calcu lation  as  per 8. 3. 3 .5.  

I n  the  case  of resistors  consisti ng  of several  series-connected  res istor modu les,  the  
impu lse  vol tage  test shou ld  preferabl y be  performed  on  the  complete  res istor wi th  a l l  
modu les  connected  i n  series.  I f th is  i s  not practicable  due  to  l aboratory l im i tations,  the  
impu lse  vol tage  test  may be  performed  on  a  per-modu le  base.  I n  that  case,  the  test 
vol tage  Utlm  i s  ca lcu lated  as  fo l lows:  

 tl
tlm 2

U
U k

n
= ×  (1 5)  

where  

Utl  i s  the  l i gh tn ing- impu lse  vol tage  HV-LV for the  complete  resistor;  

n  i s  the  number of modu les  i n  series;  
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k2  i s  the  test safety factor for consideration  of possible  non- l i near vol tage  d istribu tion  
between  modu les,  defi ned  as  the  ratio  of maximum  modu le  vol tage  to  average  
modu le  vol tage.  k2  wi l l ,  i n  general ,  not  be  the  same as  k1  because  of stray 
capaci tance  effects.  

b)  Acceptance cri terion :  

The  i nsu lation  shal l  not  suffer fl ashover during  the  test.  

8.3.5.2 .5  Veri fication  of transient  current performance  

The veri fication  shal l  be  done  by test un less  a  reference test on  the  same type  of res istor 
exists  so  that  veri fication  by ca lcu lation  can  be  done.  I t  shou ld  be  veri fied  by ca lcu lation  
and /or by test that the  resistor can  wi thstand  the  mechan ical  and  thermal  stresses  imposed  by 
the  speci fi ed  trans ient  cu rrent.  

The  peak value  and  the  duration  of trans ien t  curren t determ ine  the  maximum  mechan ical  
stress  on  the  res istor.  

The  energy of trans ien t curren t (I2  ×  t)  determ ines  the  thermal  stress  on  the  res istor.  

I f the  speci fied  transien t curren t i s  not constant,  i t  wi l l  be  d i fficu l t  to  reproduce i t  during  a  test.  
Then ,  i ts  maximum  value  shal l  be  used  as  the  basis  for testing  (F igure  7).  Testi ng  duration  
can  be  ad justed  so  that  trans ien t  energy i s  reached  wi th  the  test current.  A test  at  nom inal  
trans ien t  energy bu t reduced  current  shou ld  not  be  adm itted  s ince  the  mechan ical  s tress  due  
to  h i gh  curren t wi l l  not be  appl ied  to  the  res istor.  

 
IEC 

 

 Speci fi ed  trans i ent  current  

 Test  current  g i vi ng  the  same  mechan ical  (even  h i gher s i nce  d u rati on  at  max l evel  i s  l onger)  and  thermal  
s tresses  than  the  speci fi ed  trans ien t  cu rren t (same  peak,  same energy)  

 Test  current  g i vi ng  the  same  thermal  s tress  than  the  speci fi ed  transien t  current  on l y (same  energy bu t  
l ower peak)  

Figure 7  – Transient current performance of resistor 

8.4  Fi l ter reactors  

Requ irements  for fi l ter reactors  for DC  fi l ters  are  defined  i n  C lause  9  of I EC  60076-6: 2007.  
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8.5  Auxi l iary capacitors  

8.5. 1  General  

General  requ i rements  for auxi l i ary capaci tors  for DC  fi l ters  are  defined  i n  I EC  60871 -1 .  

8.5.2  Rated  vol tage of the  auxi l iary capacitor banks  

The m in imum  rati ng  for the  auxi l i ary capaci tor bank shal l  be  based  on  methods  a)  and  b)  
below,  wh ichever g i ves  the  h i ghest value  for Urated .  

a)  the  ari thmetic sum  of the  RMS  vol tages:  

 
50

rated hn
1

n

n

U U

=

=

= ∑  (1 6)  

where  

Uhn  i s  the  n th  harmon ic vol tage.  

b)  ca lcu lation  in  l i ne  wi th  I EC 60871 -1 : 201 4 ,  1 9. 2:  

 trans max
rated

2  2, 0

U
U −=

×
 (1 7)  

where  

Utrans-max   i s  the  maximum  transient vol tage.  

The  capaci tors  shal l  wi thstand  the  trans ient and  short-time  s tresses.  

8.5.3  Base vol tage  for creepage calcu lation  for auxi l i ary DC  fi l ter capacitors  

Design  in  accordance  wi th  8. 2 . 4  of th is  document.  Urms  i s  derived  wi thou t any k-factor.  

The  requ ired  creepage  d istance  i s  determ ined  from  Urms  mu l tip l ied  by the  un i fied  speci fic 
creepage  d istance  (USCD)  as  defined  i n  I EC  60071 -5.  

8.6  Series  blocking  fi l ters  

Some transm iss ion  HVDC schemes  i nclude  a  series  b locking  fi l ter i n  add i ti on  to  the  more  
conventional  shunt DC  fi l ters .  Th is  requ irement typica l l y occurs  where  the  DC transm ission  
l ine  runs  i n  cl ose  proxim i ty to  AC l ines  and  there  i s  a  ri sk of i nduced  fundamenta l -frequency 
vol tage  i n  the  HVDC connection .  The  fundamental -frequency current reach ing  the  converter 
due  to  the  i nduced  vol tage  needs  to  be  l im i ted  to  an  acceptable  l evel ,  otherwise  i t  wou ld  l ead  
to  DC and  second  harmon ic components  of curren t appearing  on  the  AC s i de  of the  converter.  

The  b locking  fi l ter consists  of a  reactor i n  series  wi th  the  DC ci rcu i t  (wh ich  cou ld  ei ther be  
part of the  DC  smooth ing  reactor or a  separate  reactor)  and  a  tun ing  capaci tor connected  i n  
paral l el  wi th  i t.  A damping  resistor may a lso  be  i ncluded  in  some des igns.  Test requ i rements  
are  general l y as  defined  above for DC smooth ing  reactors  and  fi l ter capaci tors.  

DC series  b locking  fi l ters  operate  primari l y under AC harmon ics.  Hence,  i n  princip le,  a  DC 
series  b locking  fi l ter capaci tor bank by design  is  s im i lar to  an  auxi l i ary DC fi l ter capaci tor 
bank (C2  i n  F igure  5)  and  therefore,  des igned  and  tested  i n  accordance wi th  the  gu idel ines  of 
I EC 60871 -1 .  

For ca lcu lating  the  base  vol tage  for creepage  ca lcu lation  for DC  series  b locking  fi l ter 
capaci tors ,  the  des ign  i s  s im i lar to  auxi l i ary DC fi l ter capaci tors  (C2  i n  F igure  5)  and  i n  
accordance  wi th  8 . 2. 4  of th is  document.  Urms  i s  derived  wi thout  any k-factor.  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



I EC TS  6301 4-1 : 201 8  © I EC  201 8  – 53  –  

The  requ i red  creepage  d istance  is  determ ined  from  Urms  mu l tip l ied  by the  un i fied  speci fic 
creepage  d istance  (USCD)  as  defined  i n  I EC  60071 -5.  

8.7  DC  neutral  bus  capaci tor 

Large  neutra l  bus  capaci tors  are  normal l y i nsta l l ed  to  provide  an  i n -station  path  for tri plen  
harmon ics  fl owing  to  g round  through  the  s tray capaci tances  of the  converter transformer.  

I n  add i tion ,  i n  HVDC schemes  us ing  meta l l ic  return  and  systems wi th  earth  e lectrode  and  
e lectrode  l i nes,  DC  neutra l  bus  capaci tors  are  often  used  i n  combination  wi th  surge  arresters  
to  protect equ ipment connected  to  the  neutral  ci rcu i t  from  overvol tage.  

Such  capaci tors  are  re lativel y l arge  i n  capaci tance  (m icrofarads) .  General  requ i rements  for 
power capaci tors  are  defined  i n  I EC  60871 -1 .  However,  no  requ irements  re lated  to  DC  
appl ications  are  g i ven  in  that standard .  Requ i rements  for rati ngs  and  tests  are  general l y as  
defined  i n  8. 2  for the  main  DC  fi l ter capaci tor.  

9  Coupl ing  capaci tors  and  l ine traps  for power l ine  carrier (PLC)  

Telecommunication  systems in  power grids  general l y use  optica l  commun ications  for the  
primary communication  system ,  bu t may use  power l i ne  carrier (PLC)  systems  as  a  backup.  
The  main  i tem  of primary equ ipment associated  wi th  PLC  systems  are  the  h igh-vol tage  
coupl ing  capaci tors  used  for i n j ecting  the  PLC s ignal  i n to  the  l ine  and  the  l i ne  trap  (series  
b locking  fi l ter) ,  wh ich  preven ts  propagation  of the  PLC  s ignal  in to  undes ired  zones  of the  grid .  

H igh-vol tage  DC  coupl i ng  capaci tors  may a lso  be  fi tted  to  the  neu tra l  bus  and  used  for the  
i n jection  of carrier s ignals  for e lectrode  l i ne  supervis ion  (see  Clause  1 3).  

Coupl i ng  capaci tors  are  smal l  i n  terms  of capaci tance  (nanofarads)  i n  comparison  wi th  other 
fi l ter capaci tors.  Coupl ing  capaci tors  are  general l y column  type.  Requ i rements  for ratings  and  
testing  of coupl ing  capaci tors,  for both  AC  and  DC  appl ications,  are  defined  i n  I EC 60358-1 .  

I EC 60353  covers  the  requ i rements  for l ine  traps  for AC power systems.  I n  most cases,  
requ irements  for l i ne  traps  on  the  DC s i de  of HVDC converter s tations  are  a lso  covered  by 
I EC 60353.  Add i tional l y,  some HVDC projects  can  include  h i gh  frequency fi l ters  (e. g .  RI  fi l ters)  
on  the  AC or DC s ide  of the  converter station .  Such  fi l ters  are  s im i lar i n  concept to  PLC l i ne  
traps  but may cover d i fferen t frequency ranges.  

1 0  DC surge arresters  

1 0. 1  General  

Requ irements  for gapless  metal -oxide  surge  arresters  for HVDC appl ications  are  described  i n  
detai l  i n  I EC  60099-9.  Add i tional  i n formation  on  the  procedure  of i nsu lation  coord ination  for 
HVDC converter stations,  wh ich  i s  re levant for the  arrester des ign ,  i s  described  in  
I EC 60071 -5.  

1 0.2  Surge arrester specification  

1 0.2. 1  General  

Besides  the  envi ronmenta l  cond i ti ons  described  i n  4 . 2 ,  the  fo l l owing  i n formation  i s  re levant to  
describe  surge  arresters  correctl y and  shal l  be  speci fied  –  i f appl icable  – to  the  arrester 
manufacturer.  
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1 0.2.2  Continuous  operating  vol tage  (COV)  

Depend ing  on  the  speci fic l ocation  of the  i nstal lation  of the  i nd ividual  surge  arresters  wi th in  a  
converter station  each  type  is  exposed  to  operati ng  vol tages ,  wh ich  can  consist  of:  

•  AC  power frequency vol tage,  

•  AC  harmon ic  frequency vol tages ,  

•  d i rect vol tage,  

•  commutation  overshoots ,  or 

combinations  of the  above.  F igure  8  i l l ustrates  the  typ ical  vol tage  across  the  DC converter 
bus  arrester (CB)  i n  recti fier mode.  

 

Figure 8  – Operating  vol tage  of a  converter bus  arrester (CB) ,  recti fier operation  

Differen t  defin i tions  for operati ng  vol tages  exist  (see  3. 3)  and  shal l  be  used  as  appl icable  to  
describe  the  i nd ividual l y appropriate  operati ng  vol tage:  

•  crest va lue  of con ti nuous  operating  vol tage  (CCOV),  

•  peak va lue  of conti nuous  operating  vol tage  (PCOV),  

•  d i rect component of con ti nuous  operating  vol tage  (DCOV) ,  

•  equ ivalent  con tinuous  operating  vol tage  (ECOV).  

NOTE  I n  some  app l i cations,  temporary operati ng  vol tages  exceed ing  the  conti nuous  operati ng  vol tages  may a l so  
be  appl i cabl e.  I n  such  cases,  possib l e  impacts  on  the  des i gn  need  to  be  d i scussed  between  the  HVDC system  
i n teg rator and  arrester manufacturer.  

1 0.2.3  Protective  characteristics  

The protecti ve  characteristics  of surge  arresters  are  characterised  by the  res idual  vol tage  
(peak vol tage  that appears  between  the  term inals  of an  arrester)  during  the  passage of a  
d ischarge  curren t and  by the  energy absorbed  by the  su rge  arrester du ring  trans ien ts.  The  
arrester curren ts  for wh i ch  the  res idual  vol tages  are  speci fi ed  are  ca l l ed  the  coord ination  
curren ts.  The  maximum  res idual  vol tages  correspond  to  the  protective  l evels  of an  arrester for 
each  vol tage  shape.  
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The  fol l owing  protecti ve  characteristics  of the  surge  arresters  shal l  be  speci fi ed  as  appl icable  
for the  speci fic arrester type  (see  3 . 3):  

•  swi tch ing- impu lse  protecti ve  l evel  (SI PL),  

•  l i gh tn ing -impu lse  protective  l evel  (LIPL),  

•  s teep-front  impu lse  protecti ve  l evel  (SFIPL,  STIPL).  

1 0.2.4  Insu lation  wi thstand  l evels  of arrester housing  

An  appropriate  i nsu lation  wi thstand  l evel  shal l  be  speci fi ed  to  avoid  fl ashovers  across  the  
arrester housing .  I f the  arrester i s  not connected  to  earth  potential  at  one  term inal ,  the  
i nsu lation  wi thstand  l evels  of both  term inals  to  earth  shal l  be  speci fied .  

NOTE  Some arrester housings  can  consist  of several  parts  provi d i ng  mechan ical  s trength  and  protection  against  
the  envi ronment.  

1 0.2.5  Energy d issipation  capabi l i ty 

The maximum  energy d issipated  i n  the  arrester during  system  fau l ts  or operation  shal l  be  
g i ven  as  des ign  cri teria  to  the  arrester manufacturer.  A frequency of d ischarges  may be  
speci fied  to  the  manufacturer.  

NOTE  The  energy d i ss ipation  requ i rement  i s  not  necessari l y decis i ve  for the  arrester design  as  there  may be  
other factors  l ead i ng  to  i nheren tl y h i gher energy capabi l i ti es  of the  arresters.  

1 0.3  Test requ irements  

For a  detai led  description  of test  requ irements ,  refer to  I EC 60099-9.  Besides  type  tests  
(Clause  9)  and  routi ne  tests  (1 0. 1 ) ,  I EC 60099-9:201 4  defines  also  "acceptance  tests"  wi th  a  
defin i tion  that d i ffers  from  the  defin i ti on  g i ven  i n  I EC  60050-1 51 : 2001 ,  1 51 -1 6-23  [7 ] .  
"Acceptance tests"  i n  I EC 60099-9  have  the  character of sample  tests  and  are  subj ect to  
agreement between  the  manufacturer and  the  purchaser.  

1 1  Instrument transformers  

1 1 . 1  DC  current transformer 

Requ irements  for DC  curren t  transformers  for HVDC appl ications  are  defined  i n  I EC 61 869-1 4.  

1 1 .2  DC  vol tage transformer 

Requ irements  for DC vol tage  transformers  for HVDC appl ications  are  defined  i n  I EC 61 869-1 5.  

1 1 .3  Current  transformers  in  DC  fi l ter ci rcu i ts  

DC fi l ter ci rcu i ts  normal ly i ncl ude  current transformers  for protection  purposes  (for example ,  
to  detect  harmon ic overload) .  Wh i l e  such  appl ications  do  not requ i re  the  measurement of a  
DC  component of current,  they nevertheless  have  specia l  requ irements  re lated  to  the  h igh  
l evels  of harmon ic  curren t flowing  i n  such  curren t transformers.  Requ i rements  for such  curren t 
transformers  are  defined  i n  I EC 61 869-1 4.  

1 2  DC insulators  and  bushings  

1 2. 1  Bushings  

Requ irements  for bush ings  for HVDC appl ications  are  defined  in  I EC/IEEE  65700-1 9-03.  

Add i ti onal  cons iderations  are:  
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•  subj ect  to  agreement between  the  manufacturer and  the  purchaser,  for gas- insu lated  
bush ings,  the  polari ty reversal  test  can  be  a  type  test i nstead  of a  routi ne  test and ,  as  a  
consequence,  the  DC wi thstand  rou tine  test shal l  be  performed  twice,  once  wi th  posi ti ve  
polari ty and  once  wi th  negative  polari ty;  

•  un less  agreed  between  the  manufacturer and  the  purchaser,  the  bush ing  under test 
shou ld  preferabl y be  mounted  at i ts  i n tended  service  ang le  and  the  test arrangement 
shou ld  i nclude  s imu lated  earth  p lanes  representing  the  fl oor and  other wal l s ;  

•  for d ielectric tests,  the  d ry power frequency vol tage  test wi th  partia l  d ischarge  
measurement shou ld  be  preferabl y performed  l ast  or repeated  at  the  end  of the  test 
programme.  

1 2.2  Post insu lators  

1 2 .2. 1  General  

Test requ i rements  for ceram ic or g l ass  post i nsu lators  are  defined  i n  I EC 601 68.  For 
composi te  post i nsu lators,  test  methods  and  acceptance  cri teria  are  defined  i n  I EC  62231  and  
IEC 6221 7.  However,  no  requ i rements  re lated  to  DC appl ications  are  g iven  in  the  above-
mentioned  standards.  

Arti ficia l  pol l u tion  tests  on  ceram ic or g lass  i nsu lators  exposed  to  DC  cond i ti ons  are  defi ned  i n  
IEC  TS  61 245.  Where  insu lators  are  des igned  in  accordance  wi th  I EC 6081 5-4,  no  arti ficia l  
pol l u tion  test  i s  requ i red .  Add i tional  gu idance i n  respect of se lection  of i nsu lators  for pol l u ted  
cond i ti ons  is  g iven  in  I EC  6081 5-4.  

For hol l ow-core  composi te  insu lators,  I EC  62772  defines  requ irements,  i ncl ud ing  for DC  
cond i ti ons.  For hybrid  post or hol low-core  insu lators,  I EC TS  62896  defines  requ i rements ,  
i ncl ud ing  for DC cond i ti ons.  Ag ing  or arti ficia l  pol l u tion  test requ i rements  for composi te  
i nsu lators  are  s ti l l  under development i n  CIGRÉ.  

For DC  appl ications,  at l east the  tests  defined  i n  1 2 . 2 . 2  and  1 2 . 2. 3  appl y.  Where  agreed  
between  manufacturer and  purchaser,  the  tests  defined  in  1 2 . 2 . 4  are  a lso  requ ired .  

1 2 .2.2  Type tests  

1 2 .2.2. 1  Power-frequency vol tage withstand  test  

The  test shal l  be  performed  under d ry cond i ti ons  for i ndoor use  or wet cond i ti ons  for ou tdoor 
use.  

The  test  l evel  shou ld  be  derived  from  the  LIWL and  SIWL as  defined  by the  insu lation  
coord ination  s tudy for the  proj ect.  The  power-frequency wi thstand  l evel  i s  defined  accord ing  
to  I EC 60071 -1  and  shou ld  be  cons istent wi th  the  insu lation  level  defi ned  by the  i nsu lation  
coord ination  study.  Where  the  l evel  defi ned  from  the  insu lation  coord ination  study i s  not  one  
of the  s tandard  LIWL or SIWL levels  defined  by I EC  60071 -1 ,  i t  shou ld  be  rounded  up  to  the  
next h i gher l evel .  For ou tdoor appl ications,  the  partia l  d ischarge  tests  may be  om i tted  wi th  the  
agreement of the  purchaser and  the  manufacturer.  For i ndoor appl ications,  creepage  
d istances  are  shorter and  thus  partia l  d ischarge  i s  a  more  cri tica l  performance  aspect.  

1 2.2.2.2  Di rect  vol tage withstand  test  

The test shal l  be  performed  under d ry cond i tions  for i ndoor use  or wet  cond i tions  for ou tdoor 
use.  

The  test  l evel ,  test  method  and  acceptance  cri teria  are  as  defined  for DC  wal l  bush ings  i n  9 . 4  
of I EC/I EEE  65700-1 9-03: 201 4.  For ou tdoor appl ications  the  partia l  d ischarge  tests  may be  
om i tted  wi th  the  agreement of the  purchaser and  the  manufacturer.  For i ndoor appl ications,  
creepage  d istances  are  shorter and  thus  partia l  d ischarge  i s  a  more  cri tica l  performance  
aspect.  
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1 2.2.2.3  Dry l i ghtn ing-impu lse  wi thstand  vol tage  test  (LIWV)  

The test l evel  shou ld  be  derived  from  the  system  i nsu lation  coord ination  s tudy for the  proj ect.  
For ceram ic post  i nsu lators,  the  tests  shal l  be  performed  i n  accordance wi th  I EC 601 68.  For 
composi te  post i nsu lators,  the  tests  shal l  be  performed  in  accordance wi th  I EC  62231  and  
IEC 6221 7.  

1 2.2.2.4  Switch ing-impu lse wi thstand  vol tage test (SIWV)  

The  test shal l  be  performed  under d ry cond i ti ons  for i ndoor use  or wet cond i ti ons  for ou tdoor 
use.  

The  test l evel  shou ld  be  derived  from  the  system  i nsu lation  coord ination  study for the  proj ect.  

1 2 .2.2.5  RIV test  

a)  Test procedure:  

The  test i s  performed  general l y as  described  i n  I EC  60437.  A vol tage  of 1 , 1  ×  the  
appl icable  rated  d i rect  vol tage  shal l  be  appl ied  to  the  i nsu lator and  maintained  for at l east 
5  m in .  The  vol tage  shal l  then  be  decreased  by steps  down  to  0, 3  ×  the  appl icable  rated  
d i rect vol tage,  ra ised  again  by steps  to  the  i n i tia l  va lue  and  fi nal l y decreased  by s teps  to  
0, 3  ×  the  appl icable  rated  d i rect vol tage.  At each  step,  a  rad io  i n terference measurement 
shal l  be  taken  and  the  rad io  in terference  level ,  as  recorded  during  the  last  series  of 
vol tage  reductions,  shal l  be  p lotted  versus  the  appl i ed  vol tage;  the  cu rve  so  obta ined  is  
the  rad io  i n terference  characteristic of the  i nsu lator.  The  ampl i tude  of vo l tage  steps  shal l  
be  approximatel y 0 , 1  ×  the  app l icable  rated  d i rect vol tage.  

b)  Acceptance cri teria:  

The  i nsu lator sha l l  be  cons idered  to  have  passed  the  test i f the  rad io  i n terference  level  a t 
1 , 1  ×  the  appl icable  rated  d i rect vol tage  does  not  exceed  2  500  μV .  

RIV tests  are  not appl icable  to  i nsu lators  where  both  term inals  operate  at  <1 00  kV wi th  
respect to  earth .  

Subj ect to  agreement between  the  purchaser and  the  manufacturer,  RIV tests  may be  
performed  us ing  an  AC  vol tage  source  as  described  i n  I EC  60437,  i nstead  of d i rect 
vol tage.  I n  th is  case,  the  RMS  value  of the  AC  test vol tage  shal l  be  the  d i rect  test  vol tage 
d ivided  by √2.  

1 2.2.2.6  Mechan ical  fai l ing  load  tests  

The  mechan ica l  l oad  tests  shal l  i nclude  canti lever l oad ,  tors ional  l oad ,  compressive  l oad  and  
tensi le  l oad .  Al l  the  l oad  tests  wi l l  be  carried  ou t wi th  the  i nsu lator i nsta l led  in  the  vertical  
orien tation .  The  mechan ical  l oad  requ i rement for non-vertica l  i nsta l l ation  pos i ti ons  shal l  be  
agreed  by the  manufacturer and  the  purchaser.  

The  mechan ica l  fa l l ing  l oad  tests  shal l  be  performed  for ceram ic post  i nsu lators  accord ing  to  
IEC 601 68  and  for composi te  post i nsu lators  accord ing  to  I EC  6221 7.  

1 2.2.2.7  Thermal  tests  

For toughened  g lass  insu lators ,  thermal  shock tests  shal l  be  performed  i n  accordance wi th  
IEC 601 68.  

1 2.2.2.8  Dimension  check and  creepage d istance  measurement  

Dimension  check and  creepage  d istance  measurement shal l  be  performed  as  speci fi ed  i n  the  
re levant  i nsu lator product  standard ,  where  appropriate.  
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1 2.2.3  Routine  tests  

•  D imension  check.  

•  Bend ing  (can ti l ever)  mechan ical  test:  as  described  i n  I EC  601 68  (for g l ass  or ceram ic 
i nsu lators)  or I EC 61 462  (for composi te  i nsu lators).  The  load  shal l  be  appl ied  at  the  
i nsu lator term inal  i n  the  two  mutual l y perpend icu lar d i rections,  i n  both  polari ti es,  i . e.  for a  
horizon tal l y mounted  insu lator,  l eft,  right,  up  and  down .  The  test  load  va lue  i s  the  60  %  
rated  fa i l i ng  can ti l ever l oad  and  the  appl i ed  time i s  a t l east 3  s  i n  each  d i rection .  

1 2.2.4  Special  tests  (subject  to  agreement between  the manufacturer and  the  
purchaser)  

•  Arti ficia l  pol l u tion  tests  are  main l y re levant to  g lass  and  ceram ic i nsu lators,  tests  are  
defined  i n  I EC  TS  61 245;  for composi te  i nsu lators  there  is  currentl y no  s tandard .  

•  Ag ing  tests  are  main l y re levant to  composi te  or hybrid  i nsu lators .  There  is  curren tl y no  
appl icable  standard ,  bu t CIGRÉ Techn ical  Brochure  No.  442  [8]  provides  general  gu idance.  
I n  add i ti on  CIGRÉ  SC  A3.29  is  conducting  fu rther research  i n to  th is  area.  

•  Polari ty reversal  test;  the  test l evel ,  test  method  and  acceptance cri teria  are  as  defined  for 
DC  wal l  bush ings  i n  9 . 5  of I EC/I EEE  65700-1 9-03.  The  polari ty reversal  test  may be  
om i tted  i f the  d i rect vol tage  wi thstand  test i s  done  twice,  once  for each  polari ty,  wi th  
partia l  d ischarge  measurement.  

1 2.3  Suspension  insu lators  

For suspension  i nsu lators  on  DC-s ide  equ ipment,  I EC  60383  for ceram ic or g l ass  i nsu lators  
and  I EC 61 466  for composi te  i nsu lators  for overhead  l i nes  are  general l y appl icable.  However,  
no  requ i rements  re lated  to  DC  appl ications  are  g i ven  in  these  standards.  

The  e lectrica l  test  requ i rements  speci fic  for DC  appl ications,  as  defined  i n  1 2 . 2 ,  are  a lso  
appl icable  for suspension  i nsu lators .  

1 3  Moni toring  equipment for electrode l ine  or dedicated  metal l ic  return  

Where an  HVDC scheme  i ncludes  the  faci l i ty for operation  i n  earth  return  mode,  an  e lectrode  
l i ne  is  requ ired  to  connect the  land  or sea  e lectrodes  (wh ich  are  normal ly l ocated  at some 
d istance  away from  the  converter station)  to  the  converter station .  

Various  techn iques  may be  used  for the  protection  and  mon i toring  of the  e lectrode  l ine  in  
order that  earth  fau l ts  may be  detected .  Some of the  more  common  types  are  described  i n  
Clause  A. 7.  

The  add i ti onal  equ ipment needed  for e lectrode  l i ne  mon i toring  and  protection  is  general l y 
covered  by the  other types  of equ ipment mentioned  i n  C lauses  8,  9  and  1 1 .  Typica l  equ ipment 
needed  can  i nclude  the  fol lowing :  

•  DC  current  and  vol tage  transformers  to  measure  the  neu tral  bus  vol tage  and  curren t i n  the  
converter station  and ,  in  some cases,  the  e lectrode  l i ne  curren t at  the  electrode  station .  
These  are  covered  by 1 1 . 1  and  1 1 . 2.  

•  DC  neu tral  capaci tors  used  as  coupl ing  capaci tors  for h i gh -frequency or pu lse  i n j ection  
systems,  together wi th  l i ne  traps  to  conta in  such  s ignals  to  the  e lectrode  l i ne.  These  are  
covered  i n  8. 7 .  

•  AC  curren t and  vol tage  transformers  used  to  i n ject and /or measure  a l ternating  curren t i n  
the  e lectrode  l i ne  for fau l t  detection  purposes.  These  are  general l y qu i te  conventional  i n  
des ign  and  are  s im i lar to  i nstrument transformers  used  for fi l ter protection  ( 1 1 . 3).  They are  
covered  by the  I EC 61 869  series.  
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Annex A 
(informative)  

 
Overview of DC-side equipment 

A.1  General  

As  stated  in  the  scope,  the  term  DC-s ide  equ ipment covers  a l l  equ ipment between  the  
converter DC-s ide  term inals  ( includ ing  DC bush ing)  and  the  DC l i ne  or cable  term ination  (for 
transm ission  schemes)  or the  DC-side  term inals  ( i nclud ing  DC bush ing )  of the  other converter 
(for back-to-back schemes).  DC-s ide  equ ipment may be  mounted  e i ther ou tdoors  or,  where  
pol l u tion  concerns  are  h i gh ,  i n  a  separate  i ndoor DC  yard .  F i gure  A. 1  i l l ustrates  the  typical  
arrangement of the  main  i tems  of DC-s ide  equ ipment on  a  b ipolar scheme,  al though  surge  
arresters  and  DC swi tch ing  devices  are  om i tted  for cl ari ty.  
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Surge  arresters  and  swi tch ing  devices  are  not  shown.  

Key 

Ldc   =  DC smooth ing  reactor 

TB   =  transformer bush ing  

WB  =  wal l  bush i ng  

DCCT  =  DC cu rrent  transformer 

DCVT  =  DC vol tage  transformer 

Figure A. 1  – Main  i tems  of DC  yard  equ ipment for a  typical  HVDC transmission  scheme  
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Most DC-side  equ ipment d i ffers  to  an  appreciable  extent from  conventional  AC  substation  
equ ipment and  many i tems  are  found  on l y i n  HVDC converter stations,  having  no  d i rect 
equ ivalent i n  AC  substations.  For th is  reason ,  DC-s ide  equ ipment i s  general l y more  
specia l ised  than  AC equ ipment and  there  is  l ess  i ndustry experience  to  be  d rawn  upon  i n  
speci fying  i t.  

For th is  reason ,  th is  annex and  Annex B  are  i n tended  to  provide  an  i n formative  overview of 
the  main  i tems  of specia l ised  DC-side  equ ipment,  to  expla in  thei r ro les  and  main  
characteristics.  

On  transm ission  HVDC schemes,  many d i fferent  types  of specia l ised  DC  swi tch ing  devices  
may be  included .  These  are  addressed  i n  Annex B.  

A.2  DC smoothing  reactor 

The DC smooth ing  reactor i s  one  of the  largest and  most important i tems  of DC-s ide  
equ ipment.  I t  i s  connected  in  series  wi th  the  converter and  the  DC l i ne  or cable  and  therefore  
experiences  the  same curren t as  those  components.  The  DC smooth ing  reactor plays  many 
ro les  in  an  HVDC scheme,  incl ud ing :  

•  together wi th  the  l eakage  reactance of the  converter transformer and  the  i nductance of the  
DC  l i ne  or cable ,  i t  he lps  to  m in im ise  the  ripp le  component of d i rect curren t;  

•  l i nked  to  the  above,  i t  assists  i n  preventing  the  converter from  entering  the  " i n term i ttent  
curren t"  operati ng  mode,  wh ich  can  be  harmfu l  to  some components  of the  thyristor valves ;  

•  i t  reduces  the  peak current and  d i /d t that  fl ow i n  response  to  e i ther a  DC l i ne  to  earth  fau l t 
or a  commutation  fa i lu re;  

•  i n  con j unction  wi th  the  DC  harmon ic  fi l ters  (A. 3. 1 ),  i t  reduces  the  adverse  effects  of 
converter-generated  harmon ics  on  the  DC l i ne  (to  avoid  te lephone i n terference) ;  

•  when  connected  on  the  h i gh -vol tage  s ide  of the  converter,  i t  he lps  to  protect the  converter 
from  the  effects  of a  l i gh tn ing  s trike  on  the  DC  l i ne.  

DC  smooth ing  reactors  have  three  main  a l ternative  construction  methods:  

•  o i l - immersed  i ron-cored ;  

•  o i l - immersed ,  a i r-cored ;  

•  d ry-type,  a i r-cored .  

Oi l - immersed ,  i ron-cored  reactors  have  a  magnetic  core,  are  i nsta l l ed  i n  a  steel  tank and  
immersed  i n  o i l ,  wh ich  provides  both  cool ing  and  i nsu lation ,  i n  much  the  same way as  for an  
o i l - type  transformer.  Bush ings  are  used  to  bring  the  power connections  ou t to  the  DC l ine  and  
the  reactor wind ing  needs  to  be  i nsu lated  for the  fu l l  DC l i ne  vol tage  wi th  respect  to  earth .  
Th is  method  was  once  popu lar bu t i s  now rarely used ,  partl y because  of the  d i fficu l ty i n  
i nsu lati ng  the  wind ing  from  the  i ncreas ing l y h i gh  d i rect  vol tages  now being  used .  A further 
d isadvantage  i s  that the  i nductance  fa l ls  a t h igh  va lues  of curren t (owing  to  saturation  of the  
core),  reducing  the  effectiveness  of the  reactor against l im i ti ng  fau l t  currents.  

Oi l - immersed  a i r-cored  reactors  do  not have  a  magnetic core  and  hence do  not suffer from  
the  problem  of saturation  at  h igh  va lues  of current,  bu t  are  otherwise  s im i lar to  o i l - immersed  
i ron-cored  reactors.  Such  reactors  are  sti l l  used  on  some projects.  

The  most common  techn ique  today i s  to  use  dry-type  a i r-cored  reactors.  Such  reactors  have  
no  i ron  core  and  consist of a  copper or a l um in ium  conductor wound  hel ica l l y to  form  a  
cyl i ndrical  coi l  wh ich  i s  then  p laced  on  top  of support  i nsu lators,  re l ying  on  natural  a i r cool ing .  
Dry-type  reactors  are  much  l i ghter than  o i l - immersed  reactors  (a l though  they are  sti l l  heavy 
components ,  usual l y weigh ing  over 1 0  tonnes).  Wi th  th is  des ign ,  the  on l y i nsu lation  
requ i rements  for the  reactor i tse l f are  for the  trans ient term inal  to  term inal  vol tages ,  wh ich  
occur during  DC l i ne  fau l ts,  commutation  fa i l u res  or l i gh tn ing  strikes.  The  j ob  of i nsu lati ng  the  
reactor from  earth  is  ach ieved  by the  support i nsu lators,  wh ich  can  be  of re lativel y 
conventional  design .  
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There  i s  a  l im i t  to  the  maximum  inductance  that can  be  provided  in  a  s ing le  coi l ,  so  i n  some 
cases  the  DC smooth ing  reactor comprises  two  or three  identical  coi l s  i n  series.  A fu rther 
advantage  of th is  approach  is  that the  reactor coi l s  can  be  spl i t  between  the  h igh -vol tage  and  
neu tra l  busses.  I t  i s  necessary to  have  at l east part of the  reactance on  the  h i gh-vol tage  s i de  
i n  order to  protect the  converter from  l i gh tn ing  strikes,  bu t  i f the  majori ty of the  reactance  can  
be  connected  on  the  DC neu tral  s i de,  the  reactor requ i res  l ess  i nsu lation  and  is  therefore  l ess  
costl y.  

The  most  onerous  requ i rements  for DC  smooth ing  reactors  are  general l y on  overhead  l ine  
transm ission  schemes,  where  the  need  for protection  from  l i gh tn ing  strikes,  DC l i ne  fau l ts  and  
the  m in im isation  of converter harmon ics  are  most importan t.  Requ i rements  on  cable  
transm ission  schemes  and  back-to-back i nstal lation  are  l ess  onerous,  being  concerned  main l y 
wi th  the  need  to  l im i t  the  peak curren t owing  to  a  commutation  fa i l u re,  to  preven t operation  i n  
i n term i ttent  curren t  mode  and  to  m in im ise  cross-modu lation  of harmon ics  between  the  two  
connected  AC systems.  

Some back-to-back HVDC schemes  have  been  bu i l t  wi thou t DC  smooth ing  reactors,  thereby 
e l im inating  a  l arge  and  costl y component from  the  DC system  and  a l lowing  the  enti re  DC  
ci rcu i t to  be  con tained  wi th in  the  va lve  hal l .  However,  i n  such  cases ,  i t  i s  importan t to  ensure  
that the  above  constrain ts  on  commutation  fa i lu res,  in term i tten t curren t and  cross-modu lation  
of harmon ics  are  adequatel y satisfied  by the  proposed  solu tion .  

A.3  Fi l ter equipment 

A.3. 1  DC  harmon ic  fi l ters  

A.3. 1 . 1  General  

Line-commutated  converters  for HVDC generate  harmon ic  vol tages  on  the  DC  s ide  of the  
converter,  main l y at mu l tiples  of 1 2n  of the  fundamental  frequency (the  "characteristic 
harmon ics" ,  where  n  =  1 ,  2 ,  3… ).  The  fi rst two  of these  harmon ics ,  1 2 th  and  24 th ,  are  usual l y 
the  most importan t,  a l though  non -characteristic  harmon ics  and  h igher-order characteristic  
harmon ics  can  sometimes  a lso  be  s ign i ficant.  

The  harmon ic vol tages  at the  DC term inals  of the  converter wi l l  resu l t i n  harmon ic cu rrents  i n  
the  DC  conductor,  and  i f the  DC  conductor runs  close  to  open -wi re  te lephone  systems  
(especia l l y wi th  overhead  l i ne  transm iss ion  schemes),  te lephone  i n terference  can  be  a  
serious  problem .  Hence,  for overhead  l i ne  transm ission  schemes,  DC harmon ic fi l ters  are  
nearl y a lways  requ i red  i n  order to  reduce  the  l evel  of te lephone  i n terference  to  acceptable  
l im i ts.  A comprehensive  treatmen t of DC harmon ic  fi l ters  i s  g i ven  i n  CIGRÉ  Techn ical  
Brochure  No.  92  [9]  wh ich  i s  currentl y being  revised  by CIGRÉ Working  Group  B4-68.  

Back-to-back HVDC schemes  do  not  requ i re  DC harmon ic fi l ters  and  cable  transm ission  
schemes  usual l y do  not  (un less  a  telephone  l i ne  i s  located  wi th in  a  few metres  of the  DC 
cable  for a  s i gn i ficant d is tance),  because  the  cable  capaci tance  acts  as  an  effecti ve  h igh -pass  
fi l ter and  the  cable  screen  provides  effective  cancel l ation  of harmon ic  currents .  

A.3. 1 .2  Passive DC  fi l ters  

The construction  of a  DC  harmon ic  fi l ter bank is ,  i n  many respects,  qu i te  s im i lar to  that of an  
AC  harmon ic fi l ter bank as  described  i n  the  I EC  TR 62001  series  [4 ] .  I n  both  cases ,  the  fi l ter 
bank is  normal l y connected  between  the  h igh -vol tage  AC or DC  l i ne  and  the  neu tral  or earth .  
I t  cons ists  of a  h igh-vol tage  capaci tor bank (wh ich  makes  up  most of the  cost  and  space of 
the  fi l ter)  in  series  wi th  one  or more  tun ing  components  on  the  l ower vol tage  s i de.  As  wi th  AC  
harmon ic  fi l ters ,  DC  fi l ter banks  may be  s ing le-tuned ,  double-tuned  or tri ple-tuned ,  wi th  or 
wi thout damping .  A considerable  number of d i fferent configurations  and  variations  are  
poss ib le ;  [4 ]  describes  i n  some  deta i l  the  most important configurations  wh i le  F igure  A. 2  
shows three  of the  configurations  most commonl y used  for DC  fi l ters.  
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Figure A.2  – Some commonly used  DC  fi l ter configurations  

The  characteristic  harmon ic spectra  to  be  fi l tered  d i ffer between  AC  and  DC fi l ters  
(characteristic  harmon ics  occur at  orders  1 2n  for DC  fi l ters  bu t  1 2n  ±  1  for AC  fi l ters) .  The  
other main  d i fferences  between  a  DC  fi l ter bank and  i ts  AC  equ iva len t are  as  fol l ows:  

•  The  DC fi l ter bank i s  provided  pure l y for fi l teri ng .  I t  has  no  requ irement to  provide  reactive  
power.  Hence,  the  on l y curren ts  flowing  through  the  bank are  at  harmon ic frequencies  – 
there  is  not  the  l arge  fundamental  component of curren t  that characterises  AC harmon ic 
fi l ter banks.  

•  As  a  resu l t  of the  above,  the  main  h igh-vol tage  DC  capaci tor tends  to  be  very ta l l  and  
narrow i n  shape.  I n  some proj ects ,  the  main  DC capaci tor i s  suspended  from  an  overhead  
gan try i n  order to  faci l i tate  the  mechan ical  des ign  of such  a  ta l l  capaci tor bank.  I n  principle,  
a  DC  fi l ter capaci tor bank can  be  of stacked-type  or hang ing-type  from  the  gan try.  When  
needed  to  d i vi de  a  DC fi l ter C1  capaci tor bank in to  a  two-tower arrangement,  
unsymmetrical  spl i tti ng  of the  bank wi l l  l ead  to  grad ing  curren t imbalance,  wh ich  shal l  be  
taken  i n to  account in  the  des ign  of the  bank.  

•  Because  reactive  power balance  is  not  a  consideration  for DC  fi l ters,  there  is  no  
advantage  to  be  gained  from  arrang ing  the  DC fi l ter i n  swi tched  banks.  As  a  resu l t,  un l ike  
the  case  for AC fi l ters,  DC  fi l ters  are  often  arranged  in  a  s i ng le  bank,  or sometimes  
separate l y swi tchable  banks  in  order to  a l l ow for con tinued ,  bu t degraded ,  performance  in  
the  even t of ou tage  of one  bank.  

•  The  h igh-vol tage  main  capaci tor needs  to  be  designed  to  wi thstand  d i rect vol tage.  The  
main  consequence  of th i s  i s  that  the  i nd ividual  capaci tor un i ts  need  to  be  provided  wi th  
DC grad ing  res istors  (e i ther in ternal l y or external l y) .  As  the  main  source  of uneven  vol tage  
d istribu tion  is  the  l eakage curren t due  to  pol lu tion  i n  the  un i t  bush ings  and  i n  the  i nsu lators  
between  "floors"  i n  the  stack.  The  pol l u tion  is  never even  i n  these  parts ,  and  the  vol tage  
drop  in  these  parts  wi l l  not  be  even .  Further,  the  capaci tance  does  not  help  i n  even ing  ou t 
the  DC vol tages.  The  resistors  take  a  current h i gh  enough  above the  l eakage  curren t to  
ensure  an  even  vol tage  d istribu tion .  The  proper des ign  wi l l  ensure  that the  curren t has  to  
be  far l arger than  the  l eakage  current in  the  pol l u ted  parts.   

•  Because  the  main  DC  fi l ter capaci tor bank does  not experience  any fundamental -
frequency component of current,  conventional  techn iques  used  for detecting  i nd ividual  
capaci tor e lement fa i l u res  on  AC capaci tor banks  (such  as  unbalance  protection)  are  not 
effecti ve  on  DC fi l ter capaci tors .  However,  i t  i s  poss ible  that fu ture  i nnovations  i n  
protection  m ight change th is .  I nd ividual  e l ement fa i l u res  can  be  detected  by capaci tance  
measurements  i n  the  capaci tor bank when  the  fi l ter i s  de-energ ized ,  for example  at  
main tenance ou tages.  Su i table  i nstruments  and  measuring  procedures  shou ld  be  g i ven  i n  
the  manufactu rer's  main tenance  manual .  
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DC  harmon ic  fi l ters  are  usual l y connected  from  the  h i gh-vol tage  DC  connection  to  the  DC 
neu tra l .  However,  some converter stations  a lso  i nclude  fi l ters  connected  between  the  h igh -
vol tage  DC  connection  and  earth  because  some harmon ics  (main l y the  characteristic  
harmon ics  1 2 th ,  24 th ,  36 th  e tc. )  are  fi l tered  more  effecti ve l y by pole-to-neu tral  fi l ters  wh i l e  
others  (main l y non-characteristic trip len  harmon ics)  are  fi l tered  more  effecti vel y by pole-to-
earth  fi l ters.  

I n  add i ti on  to  the  main  DC  capaci tor,  a  DC  fi l ter bank i ncludes,  as  a  m in imum,  one  tun ing  
i nductor (for a  s ing le-tuned  fi l ter type).  For double-  or tri p le-tuned  fi l ters,  several  tun ing  
i nductors  and  auxi l i ary capaci tors  are  needed ,  and  where  a  damped  fi l ter i s  requ i red ,  damping  
res istors  are  added .  The  tun ing  i nductors  and  capaci tors  and  damping  res istors  are  
considerabl y smal l er than  the  main  DC capaci tor;  a lso,  the  auxi l iary capaci tors ,  un l ike  the  
main  DC capaci tor,  experience  on l y harmon ic vol tages  across  the ir term inals  – not a  d i rect 
vol tage  – so  the  constrain ts  about d i rect vol tage  sharing  do  not apply for the  auxi l iary 
capaci tors .  The  tun ing  i nductors  are  a lmost a lways  dry-type,  a i r-cored  in  construction ,  s im i lar 
to  a  d ry-type  DC  smooth ing  reactor bu t much  smal l er.  

A.3. 1 .3  Active  DC  fi l ters  

Although  a lmost a l l  HVDC schemes  bu i l t  to  date  have  used  pass ive  DC fi l ters ,  i t  i s  possib le  to  
use  acti ve  DC fi l ters.  An  active  DC fi l ter re l ies  on  measuring  the  current  d i stortion  on  the  DC  
l i ne,  feed ing  th is  s i gnal  i n to  a  control  system  and  then  control l i ng  a  smal l  vo l tage-sourced  
power e lectron ic  converter (wi th  a  power rati ng  of the  order of a  few kW)  to  produce  a  
harmon ic cu rrent  at the  re levant frequency wi th  a  phase  sh i ft  such  as  to  cancel  ou t the  
vol tage  d istortion .  The  output vol tage  of the  converter i s  coupled  onto  the  h igh-vol tage  DC  
l i ne  by the  main  DC capaci tor.  

Un l ike  passive  DC  fi l ters,  active  DC fi l ters  can  be  sel f-adapting  and  are  therefore  i deal  for 
deal ing  wi th  non-characteristic harmon ics  whose frequencies  and  ampl i tudes  may vary in  an  
unpred ictable  way.  However,  the  very smal l  number of acti ve  DC  fi l ters  cu rrentl y i n  service  
suggests  that  conven tional  passive  fi l ters  may be  more  cost-effective  in  most ci rcumstances.  

A description  of various  d i fferen t types  of active  fi l ters,  both  DC and  AC,  i s  g i ven  in  
I EC TR 62544  [1 0 ] .  

A.3.2  Series  DC  blocking  fi l ters  

Although  not common,  a  few transm ission  HVDC schemes  have  been  bu i l t  wi th  a  series  
b locking  fi l ter i n  add i ti on  to  the  more  conventional  shun t DC fi l ters.  Th is  requ irement typica l l y 
occurs  where  the  DC transm ission  l i ne  runs  i n  cl ose  proxim i ty to  AC l i nes  and  there  i s  a  risk  
of i nduced  fundamental -frequency vol tage  i n  the  HVDC connection .  The  fundamenta l -
frequency current reach ing  the  converter,  d ue  to  the  i nduced  vol tage,  needs  to  be  l im i ted  to  
an  acceptable  l evel  i n  order to  prevent  DC and  second  harmon ic componen ts  of cu rren t 
appearing  on  the  AC s i de  of the  converter.  

I n  con trast to  conventional  DC  harmon ic  fi l ters  (wh ich  are  shunt-connected  and  designed  to  
present  a  l ow impedance  at particu lar frequencies),  b locking  fi l ters  are  series-connected  and  
designed  to  present a  h i gh  impedance  at  a  particu lar frequency –  usual l y the  fundamental  
frequency.  

The  b locking  fi l ter consists  of a  reactor in  series  wi th  the  DC  ci rcu i t  (wh ich  cou ld  ei ther be  
part of the  DC  smooth ing  reactor or a  separate  reactor)  and  a  tun ing  capaci tor connected  i n  
para l l el  wi th  i t  (F igure  A. 3).  Where  the  b locking  fi l ter i s  designed  wi th  the  smooth ing  reactor,  
typical l y on l y a  part  of the  smooth ing  reactor's  i nductance  i s  equ ipped  wi th  a  tun ing  capaci tor.  
Th is  part  i s  normal l y l ocated  i n  the  neu tral  bus  of each  pole .  

Because  b locking  fi l ters  are  usual l y tuned  to  50  Hz or 60  Hz,  both  the  capaci tor and  the  
i nductor tend  to  be  very l arge.  As  a  resu l t,  a  b l ocking  fi l ter i s  a  costl y i tem  of equ ipment wh ich  
shou ld  on l y be  speci fi ed  when  absolu tel y necessary.  
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Figure  A.3  – Series  b locking  fi l ter 

Blocking  fi l ters  are  equal l y effecti ve  whether i nsta l led  i n  the  h i gh-vol tage  or neutral  
connections,  so  to  m in im ise  i nsu lation  requ irements  they are  usual l y p l aced  i n  the  neu tra l ,  
between  the  shun t DC  fi l ters  and  the  e lectrode  l i ne  or meta l l ic return  conductor.  

A.4  DC bushings  

Bush ings  are  used  anytime i t  i s  necessary to  bri ng  a  h i gh-vol tage  busbar connection  through  
a  so l i d  barrier.  On  the  DC s ide  of the  converter,  th is  occurs  i n  two main  l ocations:  wal l  
bush ings  to  bri ng  the  DC  connections  out  of the  va lve  hal l  or DC ha l l ,  and  on  oi l - i nsu lated  DC  
smooth ing  reactors .  The  l atter are  now re lati vel y uncommon  i n  new HVDC schemes,  so  the  
main  appl ication  of DC  bush ings  i s  for wal l  bush ings.  On  HVDC schemes  wi th  two  more  
i ndependentl y operable  converters  per pole,  the  separate  converters  are  usual l y i nstal l ed  i n  
ad j acent valve  ha l l s  – wh ich  wi l l  requ i re  wal l  bush ings  between  ad j acent valve  ha l l s  as  wel l  as  
to  the  DC  yard .  

DC bush ings  are  classi fi ed  main l y accord ing  to  the  type  of i nsu lation  used .  I nsu lation  of 
bush ings  may be  d i vided  i n to  the  i nsu lation  of the  active  part  (capaci ti ve  grad ing)  and  the  
i nsu lation  of the  pass ive  part (gap  between  acti ve  part and  ou ter i nsu lation) .  

The  acti ve  part i s  usual l y o i l - impregnated  paper or res in- impregnated  paper.  The  rest may be  
sol i d ,  l i q u id  (e. g .  o i l )  or gas  (e . g .  SF6) .  Hous ings  may be  of porcela in  (more  common  wi th  
o lder,  oi l -fi l l ed  bush ings)  or composi te.  

Oi l -fi l l ed  porcela in  bush ings  were  widel y used  on  HVDC schemes  up  un ti l  the  1 980s  bu t are  
not  commonl y used  today.  The  main  reason  for th is  i s  that such  bush ings  have  proved  
vu lnerable  to  fl ashover as  a  resu l t  of pol lu tion  or uneven  wetti ng  – particu larl y at  h i gher d i rect  
vol tages.  Various  techn iques  have  been  proposed  to  m i tigate  such  problems,  incl ud ing  water 
spray wash ing  and  coating  the  external  surfaces  wi th  various  types  of water-repel lan t g rease  
or s i l i cone  elastomer,  bu t wi th  on l y l im i ted  success.  A further d isadvantage  of such  bush ings  
i s  that the  l arge  quan ti ty of oi l  they con tain  can  create  a  serious  fi re  ri sk i n  the  event of a  
rupture  of the  bush ing .  
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Composi te-housed  bush ings  usual l y comprise  a  g l ass-fibre  reinforced  pol ymer structura l  tube  
wi th  s i l i cone  e lastomer sheds  appl ied  to  the  ou ts ide.  The  s i l i cone  sheds  have  proved  much  
more  res istant to  fl ashovers  under DC cond i ti ons  than  porcela in  housings,  even  under h igh l y 
pol l u ted  cond i ti ons.  

The  in ternal  i nsu lation  of such  bush ings  can  be  e i ther sol i d  (epoxy-res in- impregnated  paper)  
or gaseous.  The  i nsu lating  gas  is  normal l y su lphur hexafl uoride  (SF6) .  Sol i d  bush ings  are  
used  main l y up  to  around  500  kV DC and  gas- insu lated  bush ings  above  that vol tage.  

A.5  Instrument transformers  

A.5. 1  General  

Conventional ,  i ron-cored  curren t transformers  and  vol tage  transformers  cannot be  used  to  
measure  curren ts  or vol tages  that  contain  a  DC component because  the  core  saturates.  For 
the  DC-side  equ ipment of an  HVDC converter station ,  the  on l y place  where  conventional  
i nstrument transformers  cou ld  be  used  i s  for the  protection  of the  DC fi l ters,  where  the  on l y 
curren ts  fl owing  are  AC  curren ts  at  harmon ic  frequencies.  However,  conven tional  CTs  have  
l im i ted  performance  at harmon ic frequencies.  

For a l l  other cases,  where  measurement of a  d i rect  vol tage  or current  i s  requ i red ,  specia l  
i nstrument transformers  are  needed .  

A.5.2  Di rect  vol tage measurement  

Measurement of d i rect vol tages  i s  normal l y ach ieved  by a  capaci tive-resistive  vol tage  d i vider 
(F igure  A. 4).  
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Figure A.4  – Resistive  vol tage  d ivider for measurement of d i rect  vol tage  

A resisti ve  vol tage  d i vider typical l y comprises  a  l arge  number of i den tical  res istance  e lements  
i n  series  at the  " top  end ",  coupled  to  a  s ing le  s tage  i n  the  "bottom  end " ,  across  wh ich  the  
ou tpu t s ignal  i s  tapped .  For vol tage  measurement of the  h i gh-vol tage  DC  bus,  vo l tage  ratios  
are  extremely h i gh  ( typica l l y 50  000: 1  or 1 00  000: 1 ).  
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DC vol tage  d i viders  are  very rarel y purel y res isti ve  because  the  bandwid th  of such  a  d i vider 
wou ld  be  very poor.  Each  res istance  stage  a lmost a lways  has  a  grad ing  capaci tor i n  paral le l  
to  i t,  i n  order to  improve  the  accuracy of the  d ivider at  harmon ic  frequencies  and  during  step  
responses.  

The  h i gh-vol tage  part of the  vol tage  d i vi der i s  enclosed  in  a  porcela in  or composi te  i nsu lating  
hous ing  (not un l ike  that  of a  bush ing)  and  the  i n ternal  space i s  usual l y fi l l ed  wi th  o i l ,  epoxy 
res in  or an  insu lating  gas  such  as  SF6  or d ry n i trogen .  

I n  princip le,  such  a  res isti ve  vol tage  d i vider can  step  down  the  fu l l  DC  bus  vol tage  ( typica l l y 
500  kV)  to  an  appropriatel y l ow vol tage  to  be  fed  i n to  the  con trol  and  protection  equ ipment 
(<1 0  V).  However,  th is  i nvolves  transm i tting  the  l ow-vol tage  outpu t s i gnal  for considerable  
d istances  i n  the  swi tchyard ,  making  i nduced  vol tage  p ick-up  a  potentia l l y serious  problem .  To  
coun teract th is  effect,  DC vol tage  d i vi ders  wi th  trad i tional  analogue  outputs  can  use  a  two-
stage  vol tage  d i vision ,  us ing  an  in termed iate  vol tage  for transm ission  to  the  control  and  
protection  equ ipment,  wh ich  is  s tepped  down  a  second  time  wi th in  the  con trol  room .  

An  a l ternative  approach  that i s  becom ing  more  popu lar i s  to  d i g i tise  the  l ow-vol tage  DC  s ignal  
d i rectl y at the  base  of the  vol tage  d i vi der.  The  d ig i ta l  s i gnal  can  then  be  transm itted  e i ther 
optical l y or e l ectrica l l y wi th  far greater immun i ty to  i n terference.  S ince  modern  control  and  
protection  systems are  i nvariabl y d ig i tal ,  any analogue  s ignals  wou ld ,  i n  any case,  need  to  be  
converted  to  d i g i ta l  at  some stage.  I EC  61 850-9-2  defines  a  sampled -value  transm ission  
protocol  su i table  for substation  appl ications  and  I EC 61 869-9  speci fi es  the  d ig i ta l  i n terface  for 
i nstrument transformers  us ing  I EC  61 850-9-2.  

A.5.3  DC  current measurement 

A conventional ,  i ron -cored  curren t transformer uses  a  primary wind ing  (normal l y j ust  a  l eng th  
of busbar)  passing  through  a  toroidal  magnetic core  on to  wh ich  a  secondary wind ing  i s  wound .  
The  secondary wind ing  is  connected  to  a  bu rden  res istor whose  va lue  is  known  very 
accuratel y.  The  vol tage  across  the  burden  res istor i s  proportional  to  the  curren t i nduced  i n  the  
secondary wind ing  and ,  therefore,  provided  cond i ti ons  l ead ing  to  saturation  of the  core  are  
avoided ,  a lso  the  primary current.  

However,  th is  approach  i s  not su i table  when  the  measured  curren t con ta ins  a  DC  component,  
so  an  a l ternative  approach  i s  needed .  

Several  poss ib i l i ti es  exist  bu t  three  of the  most  common  methods  are  l i s ted  be low:  

•  zero-fl ux CT;  

•  res istive  shun t;  

•  optical  measurement.  

A zero-fl ux CT (F igure  A. 5)  i s ,  i n  effect,  an  active  vers ion  of a  conventional  CT.  The  d i fference 
is  that i nstead  of pass ivel y re l ying  on  the  curren t i nduced  i n  a  secondary wind ing ,  the  curren t 
i n  the  secondary wind ing  becomes  the  control l ed  parameter and  i s  con tinuous l y ad justed  by a  
su i table  power ampl i fi er such  that,  a t a l l  t imes,  the  secondary fl ux (generated  by the  ampl i fier)  
cancels  the  primary flux and  as  a  resu l t  the  total  magnetic  fl ux  i n  the  core  is  zero.  The  primary 
flux a lways  being  compensated ,  the  fl ux created  by the  secondary wind ing  is  proportional  to  
the  primary current.  Wi thou t fl ux i n  the  core,  the  core  cannot saturate  and ,  as  a  resu l t,  curren t 
transformers  of th is  type  are  capable  of measuring  s ignals  rang ing  from  pure  DC  to  
moderatel y h igh  frequencies  i n  the  range  of 30  kHz.  
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Figure A.5  – Operating  principle  of zero-flux CT (simpl i fi ed)  

I n  zero-flux CTs,  the  core  and  secondary wind ing  are  at earth  poten tia l .  The  i nsu lation  
between  the  primary busbar and  the  secondary i s  provided  as  for conventional  CTs:  

•  ri ng-type  CTs  can  be  used ,  e i ther creating  an  adequate  a i r cl earance (for l ower vol tage),  
or by us ing  insu lation  g iven  by other equ ipments  (cables  or bush ings) ;  

•  a  su i table  HV i nsu lation  i s  provided  by d i fferen t techn iques,  res in ,  o i l - impregnated  paper 
or gas  such  as  SF6 ,  general l y together wi th  an  i nsu lator for a i r i nsu lation .  

Another techn ique  is  to  i nsert a  l ow-value  res istance  (a  "shun t")  d i rectl y i n to  the  primary 
curren t path  and  to  use  the  vol tage  developed  across  the  res istor as  a  curren t  measurement.  
However,  th is  method  i s  not as  s imple  as  i t  seems,  because  the  shunt i s  a lways  at HV 
poten tia l  that i s  d i fferen t to  that of the  control  and  protection  equ ipment i n to  wh ich  the  s ignal  
i s  to  be  fed .  So  the  output s i gnal  needs  to  be  transm itted  from  very h i gh  poten tia l  (up  to  the  
fu l l  pole  d i rect  vol tage)  to  the  con trol  and  protection  e lectron ics  at  earth  potential .  Th is  l eads,  
i n  tu rn ,  to  the  problem  of how to  provide  power to  the  e lectron ics  at the  busbar potentia l .  W i th  
developments  i n  opto-electron ics ,  i t  i s  now possible  to  use  a  laser power source  at  earth  
poten tia l ,  coupled  i n to  an  optical  fi bre,  wh ich  i s  coupled  at  the  h igh-vol tage  end  to  a  
photovol ta ic cel l .  Wi th  th is  arrangement ( i l l ustrated  i n  F igure  A.6)  the  i n terface  between  the  
h igh-vol tage  e lectron ics  and  earth  cons ists  of on ly two  optica l  fi bres,  wi th  the  resu l t that th is  
techn ique  is  very easy to  extend  to  very h igh  vol tages.  
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Figure  A.6  – Current measurement by resistive shunt  using  optical  powering  

The  th i rd  common  techn ique  is  to  use  optical  cu rrent measurement.  Th is  makes  use  of the  
"Faraday effect",  whereby the  p lane  of polarisation  of l i gh t i s  rotated  under the  i n fl uence of a  
magnetic fie l d .  W i th  th is  techn ique  (F igure  A. 7) ,  a  s i ng le  optical  fibre  i s  passed  from  earth  
poten tia l  up  to  the  busbar whose  current i s  to  be  measured ,  i s  wound  around  the  busbar a  
number of times  and  then  returned  to  earth  potentia l .  Comparison  between  the  polarisation  
p lane  of the  ou tgoing  and  i ncom ing  s ignals  provides  a  d i rect  measurement of primary current.  
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Figure A.7  – Optical  current measurement  

Like  the  optical l y powered  shunt,  th is  techn ique  i s  very s imple  to  extend  to  very h i gh  vol tages  
because  of the  m in imal  i nsu lation  requ irements  between  primary and  secondary,  and  has  the  
further advantage  that no  e lectron ic  equ ipment i s  requ ired  at the  h igh -vol tage  s i de.  Al l  the  
e lectron ic equ ipment can  be  kept  wi th in  the  safe  envi ronment of the  con trol  room .  
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A.6  Surge arresters  

Surge  arresters  are  used  for overvol tage  protection  of key equ ipment wi th in  the  HVDC 
converter s tation ,  i n  much  the  same way as  they are  used  for protecting  AC equ ipment.  
I EC 60071 -5  provides  a  detai led  description  of the  insu lation  coord ination  process  for an  
HVDC converter s tation  and  I EC  60099-9  i ncludes  general  requ i rements  for DC surge  
arresters.  

One  of the  defin ing  characteristics  of DC arresters  is  that the  vol tage  existing  between  the  
term inals  of the  arrester i n  s teady s tate  has  a  d i fferent character when  compared  wi th  AC 
arresters.  AC  arresters  normal l y experience  on l y s i nusoidal  AC  vol tage  between  thei r 
term inals  bu t DC  arresters  experience  a  combination  of a  DC  component of vol tage,  an  AC  
component (on  the  va lve  arresters)  and  notches  and  h i gh-frequency trans ien ts  caused  by the  
fi ri ng  and  recovery of the  va lves  i n  the  bridge.  

S ince  surge  arresters  are  h igh l y non- l inear,  a  smal l  i ncrease  in  vol tage  resu l ts  i n  a  
d isproportionate  i ncrease  in  current,  and  therefore  heating .  The  safe  working  vol tage  of a  
surge  arrester therefore  depends  a lmost en ti rely on  the  peak of the  appl i ed  vol tage  rather 
than  i ts  RMS value  alone.  However,  i n  DC appl ications,  the  presence  of h igh -frequency 
trans ien ts  cause  by va lves  turn ing  on  and  off means  that  i t  i s  necessary to  d isti ngu ish  
between  two  types  of peak vol tage:  

•  The  peak va lues  of those  parts  of the  operati ng  vol tage  that are  fed  by a  l ow-impedance 
source  ( the  AC power system).  Because  the  source  impedance  i s  very l ow,  the  surge  
arrester wi l l  have  no  m i tigating  effect on  such  vol tages  and  the  appl i ed  vol tage  source  
(wh ich  i s  essentia l l y the  AC  vol tage  of one  or more  phases  of the  converter transformer 
valve  wind ing)  can  be  cons idered  as  an  i deal  vol tage  source.  The  peak vol tage  aris ing  
from  such  l ow- impedance sources  is  referred  to  as  the  crest con tinuous  operati ng  vol tage  
(CCOV).  

•  The  peak values  of those  parts  of the  operati ng  vol tage  that are  fed  by a  h igh- impedance  
source.  Th is  primari l y refers  to  the  commutation  trans ients  resu l ti ng  from  tu rn-off (and  to  a  
l esser extent,  tu rn-on)  of the  valves.  The  h igh  source  impedance  of these  transients  
means  that the  arrester exerts  an  appreciable  "cl i pp ing "  action  on  these  trans ients ,  wh ich  
means  that the  peak vol tage  experienced  by the  arrester i s  l ower than  i t  wou ld  have  been  
had  the  arrester not been  there.  The  energy fed  i n to  the  arrester as  a  resu l t of such  
trans ien ts  i s  therefore  l ess  than  from  a  vol tage  of the  fi rst type  wi th  the  same ampl i tude  
and  duration .  The  peak vol tage  aris i ng  from  such  h igh - impedance sources  i s  referred  to  as  
the  peak conti nuous  operati ng  vol tage  (PCOV).  I n  add i tion  to  continuous  vol tage  stresses,  
temporary/transient overvol tages  a lso  need  to  be  cons idered  for the  arrester design .  

Typica l  l ocations  of surge  arresters  i n  an  HVDC converter station  are  i l l ustrated  in  F igure  A. 8.  
Not every arrester shown  i n  F igure  A. 8  wi l l  necessari l y be  requ ired  on  every project and  not 
a l l  of the  arresters  shown  in  F igure  A. 8  are  in  the  scope  of th is  document,  bu t  the  fol l owing  
DC-side  arresters  are  a lways  needed  on  transm ission  schemes:  

•  Across  each  va lve  (type  V) .  Th is  i s  one  of the  most cri tical  types  of arrester,  as  wel l  as  
being  the  most numerous  (s ince  each  converter s tation  commonl y conta ins  24,  and  
sometimes  48,  valves) .  The  protecti ve  l evel  of the  valve  arrester i s  a  very important 
parameter and  shou ld  preferabl y be  as  l ow as  possible  wi thou t ri sking  thermal  overload  of 
the  arrester,  s ince  i t  has  a  d i rect i n fl uence on  the  number of thyristor l evels  i n  the  valve,  
and  hence on  the  cost of the  val ve.  The  valve  arresters  are  normal l y mounted  i nside  the  
va lve  ha l l ,  cl ose  to  the  valves,  and  therefore  benefi t from  the  clean ,  d ry envi ronmental  
cond i ti ons  of the  valve  ha l l .  
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•  Across  each  6-pu lse  bri dge  (types  B  and  M).  I n  schemes  wi th  a  s ing le  1 2-pu lse  bridge  per 
pole,  an  arrester i s  usual l y connected  d i rectl y across  the  upper bridge  ( type  B)  bu t  the  
l ower bridge  is  protected  by an  arrester from  the  DC m idpoin t to  earth  ( type  M).  The  bridge  
and  m id -poin t arresters  are  normal l y set wi th  protecti ve  l evels  s l i gh tl y above that of the  
valve  arresters ,  and  are  normal l y moun ted  i ns ide  the  valve  ha l l ,  cl ose  to  the  valve  
arresters.  

•  From  the  h igh -vol tage  DC bus  to  earth  (types  CB,  DL,  DB,  DC).  The  DC bus  may be  
protected  i n  several  d i fferen t locations,  i ncl ud ing  at  the  converter term inals  (CB) ,  the  l i ne  
s i de  of the  DC smooth ing  reactor (DB)  and  at the  cable  or l i ne  term ination  (DL  or DC).  Not 
a l l  are  necessari l y requ i red  on  a  g i ven  project bu t there  i s  a lways  at  l east one  such  
arrester and  frequentl y two.  These  arresters  are  l ocated  ou tside  the  va lve  hal l .  

•  From  the  DC neutral  bus  to  earth  ( types  E ,  EL,  EM).  Depend ing  on  the  neu tral  bus  
arrangement,  the  DC neutral  bus  i s  normal l y protected  by arresters  to  earth  d i rectl y at the  
converter neutral  potentia l ,  ou ts ide  the  valve  hal l  ( type  E) ,  on  the  e lectrode  l ine  s i de  of the  
MRTS  ( type  EL)  and  on  the  meta l l ic  return  s i de  of the  ERTS (type  EM).  These  arresters  
are  located  outs ide  the  valve  ha l l .  

I n  add i tion ,  the  DC smooth ing  reactor i s  often  (but not a lways)  protected  by a  paral le l -
connected  surge  arrester (DR).  The  auxi l i ary ( tun ing)  components  of the  DC fi l ters  are  a lso  
protected  by several  surge  arresters  (FD)  bu t  the  arrangement of those  surge  arrester varies  
greatl y accord ing  to  the  arrangement of the  fi l ters  themselves.  

On  back-to-back HVDC schemes,  the  arrangement of DC arresters  is  greatl y s impl i fi ed  and  
normal l y on l y the  va lve,  bridge  and  m idpoin t arresters  (V,  B ,  M)  are  needed .  As  a  resu l t,  a l l  
arresters  are  l ocated  wi th in  the  valve  hal l .  
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Key 

A:  AC bus  arrester  

M :   m id -poin t  bri dge  arrester EM:  metal l i c  retu rn  arrester 

E :   DC  neu tral  bus  arrester EL:   e l ectrode  l i ne  arrester 

V:   val ve  arrester B :   bri dge  arrester (6 -pu l se)  

T:   transformer va lve  wi nd i ng  arrester C:   converter u n i t  arrester 

DR:  smooth ing  reactor arrester DB:   DC bus  arrester 

DL:   DC  l i ne  arrester DC:   DC cabl e  arrester 

FA1 ,  FA2:   AC  fi l ter arresters  FD1 ,  FD2:   DC fi l ter arresters  

 

T  i s  unnecessary i f the  combination  of M  and  V protects  the  secondary ci rcu i t  of converter transformers.  

DR i s  requ i red  depend i ng  on  smooth ing  reactor i nsu l ation  desi gn  

CB:  converter bus  arrester 

Figure A.8  – Typical  arrangement of surge  arresters  in  a  converter station  
wi th  one  1 2-pu lse  bridge per pole  (on ly one pole  shown)  

Requ irements  for energy ratings  for DC-s ide  su rge  arresters  shou ld  be  defined  by system  
stud ies/ i nsu lation  coord ination .  
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A.7  Electrode l ine monitoring  and  protection  equipment 

On  HVDC transm ission  schemes  us ing  earth  retu rn ,  the  earth  e lectrode  is  a lways  l ocated  at  
some d istance  from  the  converter station  and  connected  to  i t  vi a  a  med ium -vol tage  e lectrode  
l i ne.  Common ly,  two separated  l i nes  are  provided  i n  paral le l ,  for redundancy.  Mon i toring  and  
protection  of the  e lectrode  l i ne  can  be  qu i te  complex,  especia l l y s ince  the  e lectrode  s i te  i s  
usual l y chosen  to  be  i n  a  remote  area  where  avai labi l i ty of auxi l i ary power suppl ies  may be  
l im i ted .  Furthermore,  the  current  at  the  electrode  l i ne  can  vary i n  a  range  from  0  p. u .  (b ipolar 
ba lanced  operation )  to  fu l l  l oad  current  (monopol ar operation)  and  s i nce  the  HVDC converters  
act as  cu rrent sources,  the  fau l t curren t i s  of comparable  magn i tude  to  the  e lectrode  l i ne  
curren t.  

I n  order to  prevent  ri sk of i n j ury to  humans  and  l i vestock,  i t  i s  important  to  be  able  to  detect 
fau l ts  on  the  e lectrode  l i ne.  Such  fau l ts  can  i nclude  an  open  ci rcu i t  conductor,  a  short-ci rcu i t  
from  a  conductor to  earth  and  a  h igh -impedance  earth  fau l t.  [1 1 ]  presents  an  overview of the  
main  detection  techn iques,  the  main  fi nd ings  of wh ich  are  summarised  below.  

Some types  of fau l t can  be  detected  us ing  measurements  on l y at the  converter s tation  end .  A 
commonl y used  solu tion  measures  the  curren t i n  each  of the  separated  e lectrode  l i ne  
conductors  and  detects  asymmetrica l  curren t sharing  between  the  two  conductors  as  a  fau l t  
cond i ti on .  Al ternativel y,  by measuring  the  d i rect  vol tage  and  curren t at  the  converter station  
neu tral  bus,  ca lcu lating  from  th is  the  resistance  of the  e lectrode  l i ne  and  comparing  the  
calcu lated  resistance  wi th  the  expected  l ine  res istance  (wh ich  may need  to  be  compensated  
for temperature) ,  i t  i s  s tra ightforward  to  detect open-ci rcu i t fau l ts  anywhere  on  the  l ine,  and  
short-ci rcu i t  earth  fau l ts  at  some d istance  from  the  e lectrode.  Open-ci rcu i t  fau l ts  resu l t  i n  an  
impedance  that i s  h i gher than  expected  ( i . e. ,  the  neu tra l  bus  vol tage  becomes  unexpected l y 
h igh  for the  curren t that i s  fl owing);  short-ci rcu i t  fau l ts  wel l  away from  the  e lectrode,  by 
comparison ,  resu l t i n  l ower than  expected  impedance.  

By comparing  the  current  in  the  two  e lectrode  l i ne  conductors,  i t  may a lso  be  poss ible  to  
detect an  i ncrease  of l eakage curren t from  the  insu lators  of one  of the  conductors;  however,  
short-ci rcu i t  fau l ts  close  to  the  e lectrode  and  h i gh - impedance  fau l ts  are  d i fficu l t  to  detect 
accuratel y by th is  method .  

I f auxi l i ary power suppl ies  are  avai lable  at the  e lectrode  station ,  together wi th  a  re l iab le  
communication  med ium  between  the  e lectrode  station  and  converter station ,  then  d i fferen tia l  
curren t protection  can  detect a  wider range  of types  of fau l t  than  the  s imple  impedance-based  
method  described  above.  The  pri ncip les  are  s im i l ar to  those  used  for d i fferen tia l  protection  of 
AC  l i nes  except that the  curren t transformers  need  to  be  su i table  for measuring  DC  (see  
A. 5.3) .  Nevertheless,  on  b ipolar schemes  the  accuracy of such  schemes  is  severel y l im i ted  by 
the  fact that the  typica l  e l ectrode  l i ne  curren t i n  b ipolar mode  i s  comparable  wi th  the  
measurement accuracy of the  transducers  (of the  order of 1  %).  The  use  of dua l -range  DC  
curren t transformers  cou ld  be  considered  as  a  method  of improving  the  detection  accuracy i n  
such  ci rcumstances.  

I t  may a lso  be  necessary to  i ncl ude  systems for determ in ing  the  l ocation  of the  fau l t.  One  
techn ique  that has  been  proposed  for th is  i s  to  i nclude  coupl i ng  capaci tors  to  earth  at  both  
ends  of the  e lectrode  l i ne  wi th  curren t transformers  to  measure  pu lse  cu rrents  fl owing  in  the  
capaci tors .  When  a  short-ci rcu i t fau l t occurs,  i t  resu l ts  i n  a  vo l tage  step  that travels  a long  the 
e lectrode  l i ne  i n  both  d i rections  at a  pred ictable  veloci ty.  When  the  vol tage  step  reaches  one  
of the  coupl i ng  capaci tors,  i t  resu l ts  i n  a  short curren t pu lse.  Wi th  accurate  GPS clocks  at  
both  ends  to  record  the  tim ing  of such  curren t pu lses,  the  l ocation  of the  fau l t  can  be  
determ ined  to  wi th in  a  few hundred  metres.  However,  th is  too  requ i res  auxi l iary power 
suppl ies  at the  e lectrode  station  and  communications  between  there  and  the  converter s tation .  
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I f power suppl ies  are  not avai lab le  at the  e lectrode  s tation ,  rel i able  detection  of a l l  types  of 
fau l t  i s  very d i fficu l t.  One  method  that has  been  used  i s  to  i n j ect a  med ium -frequency AC  
vol tage  onto  the  electrode  l ine  at the  converter station ,  fi t  l i ne  traps  tuned  to  that frequency at  
both  ends  of the  l i ne  to  be  protected  (F igure  A. 9)  and  measure  the  AC curren t fl owing  i n  the  
e lectrode  l i ne.  Under normal  operating  cond i tions,  the  l i ne  traps  present  a  h igh  impedance  at  
the  i n jected  frequency and ,  as  a  resu l t,  very l i ttl e  curren t fl ows.  I n  the  presence of an  earth  
fau l t however,  a  return  curren t path  is  opened  up  back to  the  converter station ,  resu l ti ng  i n  an  
i ncrease  of curren t.  However,  the  choice  of i n j ection  frequency needs  to  be  made  wi th  care  i n  
order to  avoid  unwanted  in terference due  to  converter-generated  harmon ics,  and  the  
techn ique  i s  impractical  for very l ong  electrode  l i nes.  
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Figure A.9  – E lectrode  l ine  monitoring  by AC  current in j ection  

A varian t of the  i n jected  curren t method  i nvolves  fi tti ng  add i ti onal  AC curren t transformers  at 
the  remote  end  and  applyi ng  d i fferentia l  protection  pri nciples  as  for a  conventional  AC system .  
Th is  techn ique  has  been  used  successfu l l y on  at l east one  HVDC scheme bu t,  l i ke  some other 
methods,  requ i res  power suppl ies  at  the  remote  end  and  commun ications  between  ends.  

A further al ternative  i s  to  use  a  pu lse  echo  techn ique  wi th  time-domain  reflectometry.  Th is  
i nvolves  i n jecting  a  s i ng le  h igh -frequency pu lse  i n to  the  converter-station  end  of the  l i ne  and  
anal ys ing  the  s trength  and  tim ing  of the  reflected  s i gnal .  However,  wh i l e  qu i te  effective  on  
short e l ectrode  l i nes,  th i s  techn ique  becomes  i neffecti ve  on  very l ong  l i nes  because  of the  
h igh  attenuation  of the  s i gnal .  

The  vol tage  and  current measurements  used  for detection  of e l ectrode  l ine  fau l ts  need  to  be  
d ig i tised  and  fed  i n to  a  con trol l er of some type.  Depend ing  on  the  appl ication ,  th is  control ler 
cou ld  e i ther be  part of the  main  protection  and  control  system  of the  HVDC l i nk,  or cou ld  be  a  
separate  programmable  l og ic  con trol l er (PLC).  
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Annex B  
(informative)  

 
DC  switching  devices  for HVDC converter stations  

B.1  General  

Transm ission  HVDC schemes  common ly i nclude  several  qu i te  specia l ised  types  of DC  
swi tch ing  device  on  the  DC s ide  of the  converter.  DC swi tch ing  device  types  that fa l l  wi th in  
the  scope  of th is  document  l i e  i n  three  categories:  DC  d isconnectors,  earth ing  swi tches  and  
various  types  of DC  commutation  swi tch .  CIGRÉ JWG A3/B4. 34  [1 2]  presents  a  
comprehensive  overview of a l l  types  of DC swi tch ing  devices  for HVDC systems.  

NOTE  DC ci rcu i t-breakers  designed  to  i n terrupt fau l t  curren ts  are  excl uded  from  the  scope  of th i s  speci fi cation .  
Al though  they are  l i kel y to  form  an  important  part  of fu tu re  DC mu l ti -term inal  systems,  at  the  time  of wri ti ng ,  the  
technol ogy i s  not  su ffi cien tl y mature  to  warrant  standard isati on .  

DC d isconnectors  perform  the  same  function  as  thei r coun terparts  i n  AC  substations  and  are  
used  i n  much  the  same way – to  i so late  other i tems  of equ ipment so  that main tenance  or 
repair activi ti es  may be  carried  ou t.  The  main  respect  in  wh ich  such  d isconnectors  d i ffer from  
thei r AC coun terparts  i s  that the  i nsu lati ng  gap  and  the  i nsu lation  to  earth  need  to  wi thstand  
d i rect vol tages,  often  for l ong  periods  of time.  The  same comments  apply a l so  to  earth ing  
swi tches.  [1 3]  d iscusses  the  requ i rements  of DC  d isconnectors  and  earth ing  swi tches  in  some 
detai l .  

DC commutation  swi tches,  however,  are  more  complex.  A number of d i fferen t functions  may 
be  requ ired ,  depend ing  on  the  type  of HVDC scheme,  and  the  arrangements  of converters  
and  DC  conductors.  [1 4]  d iscusses  the  requ irements  and  du ties  of the  most common  types  of 
commutation  swi tch  in  some detai l  and  on l y an  overview is  g i ven  here.  Each  d i fferent function  
has  i ts  own  set of specia l  characteristics .  The  clauses  that fo l l ow provide  an  overview of the  
main  characteristics  for the  more  commonl y-used  types  of DC  commutation  swi tch .  

Commutation  swi tches  are  so-cal led  because  thei r main  ro le  i s  to  commutate  curren t ou t of 
one  conducting  path  and  in to  another i n  paral l e l  wi th  i t  (wh ich  m igh t have  h igher impedance).  
Hence,  a l though  they do  have  a  requ irement to  open  wh i l e  curren t i s  fl owing ,  they do  not 
actual l y i n terrupt  the  curren t.  

A second  important requ i rement of commutation  swi tches  is  that,  having  commutated  curren t  
i n to  the  a l ternate  path ,  they then  have  to  wi thstand  a  transient  vol tage  fol lowed  by a  d i rect  
vol tage  afterwards.  The  severi ty of curren t commutation  du ty and  subsequen t d i rect wi thstand  
vol tage  vary accord ing  to  the  appl ication ;  the  cases  requ i ring  the  h ighest  commutati ng  du ty 
general l y need  on l y a  modest  d i rect  vol tage  requ i rement ( tens  of ki l ovol ts)  bu t  there  are  some 
appl ications  requ i ri ng  more  modest  commutating  du ty fol l owed  by fu l l -rated  d i rect  l i ne  vol tage.  
Likewise,  the  operating  speed  requ i rements  vary accord ing  to  the  appl ication .  

Back-to-back HVDC schemes  and  monopolar transm ission  schemes  wi th  on l y a  s ing le  
converter bridge  per pole  general l y do  not requ i re  any DC commutation  swi tches.  DC  
commutation  swi tches  are  normal l y used  on  the  fo l lowing  types  of HVDC scheme:  

•  b ipolar schemes,  where  four d i fferent types  of swi tch  (metal l ic  return  transfer swi tch ,  earth  
return  transfer swi tch ,  neu tral  bus  swi tch  and  neutral  bus  earth ing  swi tch )  are  commonl y 
used  (F igure  B . 1 ) ;  

•  schemes  where  two  or more,  i ndependentl y operabl e,  6-pu lse  or 1 2-pu lse  va lve  groups  
are  connected  i n  each  pole.  i n  such  cases  a  "bypass  swi tch "  i s  used  in  paral l e l  wi th  each  
valve  group (F igure  B. 2) ;  
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•  schemes  where  add i tional  HV conductors  are  provided  and  there  i s  a  requ i rement to  
connect or d isconnect them  in  paral l el  wi th  (or i nstead  of)  the  main  pole  HV conductors  
wh i l e  the  scheme is  runn ing .  I n  such  cases,  one  or more  "para l l e l i ng/de-paral l e l i ng  
swi tches"  may be  needed  (F igure  B. 3) .  
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Figure B. 1  – Typical  arrangement of DC  swi tch ing  devices  for a   
bipolar transmission  scheme with  one  1 2-pu lse  bridge  per pole  
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Figure B.2  – Typical  arrangement of bypass  switches  and  d isconnectors  
for a  bipolar transmission  scheme with  two 1 2-pu lse  bridges  per pole  
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Figure B.3  – Example arrangement  of l i ne  paral lel ing  switches   
for a  bipolar HVDC transmission  scheme 

B.2  Typical  DC switching  device appl ications  

B.2. 1  Metal l ic  return  transfer switch  (MRTS)  and  earth  return  transfer switch  (ERTS)  

On  b ipolar transm ission  HVDC schemes  equ ipped  wi th  earth  return ,  i t  i s  common  to  al l ow one  
of the  pole  conductors  to  be  used  instead  of earth  return  i n  cases  where  a  converter i n  one  
pole  is  ou t of service.  Operating  the  scheme in  th i s  "metal l ic  return "  mode  avoids  us ing  up  the  
operati ng  l i fe  of the  earth  e lectrodes  and  avoids  the  associated  environmental  ri sks,  such  as  
d rying  out of the  soi l  and  corros ion  of underground  metal l ic  structures .  However,  i t  requ ires  
changeover swi tch ing  devices  to  force  the  return  current ou t  of the  earth  path  and  in to  the  
metal l ic  return  path .  The  metal l ic return  transfer swi tch  (MRTS)  i s  a  commutation  swi tch  
p laced  i n  series  wi th  the  e lectrode  l i ne.  I ts  function  is  to  provide  a  commutating  EMF  h igh  
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enough  to  force  the  DC  return  current ou t  of earth  and  in to  the  avai lable  pole  conductor.  The  
earth  return  transfer swi tch  (ERTS),  a lso  known  as  the  g round  return  transfer swi tch  (GRTS)  
is  connected  i n  series  wi th  one  of the  pole  conductors  via  a  d isconnector.  The  ERTS  p lays  the  
opposi te  role  to  the  MRTS,  transferring  curren t ou t of the  metal l ic  return  path  and  i n to  the  
earth  path ,  and  the  two  swi tches  are  normal l y con trol led  as  a  compl ementary pa ir.  I t  i s  
unnecessary to  provide  an  MRTS  and  ERTS at  both  ends  of the  scheme,  so  usual l y on l y one  
end  is  so  equ ipped ,  bu t  the  MRTS  and  ERTS shou ld  be  l ocated  at  the  same converter s tation .  

NOTE  The  MRTS  and  ERTS  are  a l so  referred  to  as  MRTB  (metal l i c  return  transfer breaker)  and  ERTB  (earth  
retu rn  transfer breaker)  a l though  these  terms  can  be  confus ing  s i nce  these  swi tches  have  no  abi l i ty to  i n terrupt  
fau l t  cu rrent.  

The sequence  of even ts  for a  transfer from  earth  return  to  metal l ic  return  i s  as  fo l lows:  

•  ensure  that  the  converter(s)  at  both  ends  of the  pole  whose  conductor i s  to  be  used  as  the  
metal l ic  return ,  are  isolated  from  the  DC  l i ne  and  neu tral  bus;  

•  cl ose  the  h i gh-vol tage  l i ne-neutral  d isconnector (reference LND  i n  F igure  B. 1 )  i n  the  ou t-of 
service  pole  at  each  end  of the  scheme;  

•  cl ose  the  ERTS:  earth  return  and  meta l l ic  return  are  now connected  i n  para l l e l  a l though  
the  h i gher resistance  of the  metal l ic  return  means  that  most curren t i s  sti l l  flowing  in  the  
earth  path ;  

•  open  the  MRTS:  th is  creates  a  commutating  EMF  of some tens  of ki l ovol ts  wh ich  forces  
the  current  ou t  of the  earth  path  and  i n to  the  metal l ic  return  path ;  

•  open  the  d isconnector i n  series  wi th  the  MRTS.  

The  sequence  of even ts  for a  transfer from  metal l i c  retu rn  to  earth  return  i s  as  fo l lows:  

•  ensure  that the  e lectrodes  and  e lectrode  l i nes  at  each  end  of the  scheme are  heal thy;  

•  cl ose  the  d isconnector i n  series  wi th  the  MRTS;  

•  cl ose  the  MRTS:  earth  return  and  meta l l ic  return  are  now connected  in  paral l e l ,  most  of 
the  cu rrent  wi l l  flow i n  the  earth  bu t some  curren t wi l l  con tinue  to  fl ow i n  the  metal l ic  return ;  

•  open  the  ERTS:  th is  creates  a  commutating  emf of some tens  of ki l ovol ts  wh ich  forces  the  
curren t ou t  of the  metal l i c  retu rn  path  and  i n to  the  earth  path ;  

•  open  the  h i gh-vol tage  l ine-neutra l  d isconnector (reference LND  i n  F igure  B. 1 )  i n  the  ou t-of 
service  pole  at  each  end  of the  scheme;  

•  reconnect the  h i gh-vol tage  l i ne  to  the  converter;  

•  i f requ i red ,  the  previousl y-de-energ ised  converters  can  now be  re-energ ised ,  a l lowing  
b ipolar operation  to  resume.  

The  MRTS  and  ERTS  are  usual l y constructed  from  mod ified  AC ci rcu i t-breakers.  The  main  
d i fferences  wi th  respect to  conventional  AC ci rcu i t-breakers  are  that the  breaker con tacts  
usual l y have  to  wi thstand  a  d i rect vol tage  of some tens  of ki lovol ts  in  the  open  pos i ti on  (wh ich  
may requ ire  some changes  of materia ls  or geometry i n  the  swi tch ing  un i t)  and  add i ti onal  
components  are  needed  to  help  create  a  curren t zero  in  the  i n terrupti ng  chambers  so  that the  
curren t may be  transferred  to  a  paral l e l -connected  surge  arrester.  The  auxi l iary components  
used  to  create  the  curren t zero  are  typical l y an  i nductor and  a  capaci tor,  wh ich  form  a  
resonant ci rcu i t,  as  d iscussed  further i n  B . 3  below.  

Of the  two  appl ications,  the  MRTS  is  usual l y the  more  demand ing  because  i t  has  to  
commutate  current  from  a  l ow impedance  to  a  h i gher impedance  and  the  d i rect vol tage  to  be  
wi thstood  i n  the  open  posi tion  is  h i gher ( in  s teady s tate,  i t  i s  equal  to  the  res isti ve  vol t d rop  
a long  the  metal l ic  return  conductor.  Trans ientl y a  h igher vol tage  i s  needed  to  ensure  a  rapid  
commutation  or to  wi thstand  the  h i gher res istive  vol t  d rop  due  to  overcurren ts,  such  as  those  
aris i ng  from  commutation  fa i l u res).  
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Al though  the  MRTS  and  ERTS are  most  common ly used  wi th  b ipolar schemes  provided  wi th  
earth  return ,  they may a lso  be  used  on  b ipolar schemes  even  where  a  ded icated  metal l ic  
return  conductor i s  provided .  There  are  several  ways  of us ing  an  MRTS for chang ing  the  
return  curren t path  between  the  ded icated  metal l ic return  and  the  pole  conductor.  Such  an  
arrangement cou ld  be  used  i n  monopolar mode (when  the  converter(s)  of one  pole  are  
unavai l able) ,  to:  

•  connect the  ded icated  metal l ic  return  conductor i n  paral l e l  wi th  an  un -used  pole  conductor 
(to  reduce the  power l osses),  or 

•  use  the  pole  conductor i nstead  of the  ded icated  metal l ic  return  i n  the  event of damage  to  
the  l atter.  

S im i l arl y,  i f a  monopolar scheme is  equ ipped  wi th  both  ded icated  meta l l i c return  and  earth  
return  (for example,  so  that earth  return  can  be  used  i n  emergencies),  an  MRTS and  ERTS  
may be  needed  for the  same purposes  as  on  b ipolar schemes.  

The  main  importan t des ign  parameters  for the  MRTS  and  ERTS are  described  i n  Table  B . 1 .  

Table  B . 1  – Summary of main  parameters  affecting  specification  of MRTS and  ERTS  

Parameter Description  of main  factors  to  be  considered  

Current  carryi ng  
capabi l i ty i n  cl osed  
posi ti on  

Permanent  Fu l l  l oad  cu rren t of the  HVDC scheme 

Short  d u ration  Temporary overl oad  cu rrent  

Current  commutati ng  abi l i ty  Fu l l  l oad  cu rren t p l us  temporary overload  

Maximum  operati ng  
vol tage  

Between  open  
term inal s  

Equal  to  vol tage  d rop  i n  cu rren t path  to  wh ich  cu rren t has  been  commutated  
– typica l l y some tens  of kV (h i gher for MRTS  than  ERTS)  con ti nuously  

To  earth  Vol tage  d rop  to  earth  of curren t path  where  the  respecti ve  swi tch  i s  l ocated  
( l ow – typical l y <50  kV conti nuously)  

Operati ng  speed  Not  cri ti cal .  Times  of 50  ms  to  1 00  ms  are  usual  bu t  l onger t imes  cou ld  be  
acceptabl e.  

 

B.2.2  Neutral  bus  switch  (NBS)  

The neu tra l  bus  swi tch  (NBS)  i s  provided  on  b ipolar schemes,  between  the  neu tral  end  of the  
converters  for each  pole,  and  the  neu tral  bus.  I ts  function  i s  to  a l l ow monopolar operation  to  
con tinue  (us ing  e i ther earth  return  or ded icated  metal l ic  return) ,  i n  the  event of a  l i ne  to  earth  
fau l t  on  one  pole  or the  neu tral  bus  during  bipolar operation .  

Usual l y,  four NBSs  are  provided ,  one  per pole  per end .  I n  normal  b ipolar operation  a l l  four 
NBSs  are  closed  and  the  MRTS is  cl osed  in  order to  al l ow the  "sp i l l "  current  ( the  d i fference  i n  
curren t between  the  two  poles,  normal l y smal l )  to  fl ow i n to  the  earth .  I n  the  even t of an  earth  
fau l t  on  one  pole ,  a  transfer from  b ipolar mode  to  monopolar mode  wi th  earth  return  needs  to  
be  made  qu ickly.  To  ach ieve  th is ,  the  fau l ted  converter and  the  correspond ing  heal thy 
converter at the  opposi te  end  of the  same pole  are  b locked  and  de-energ ised .  However,  
under some cond i ti ons,  a  conducting  path  i n  the  de-energ ised  pole  can  remain ,  caus ing  the  
l oad  current to  con tinue  to  be  fed  i n to  the  earth  fau l t by the  heal thy pole .  To  coun teract  th is  
effect,  the  NBS  opens  to  transfer the  l oad  current  i n to  the  return  path  (e lectrode  l i ne,  pole  
conductor or ded icated  metal l ic  return) .  L ike  the  MRTS  and  ERTS,  the  NBS  is  a  commutation  
swi tch  whose  function  i s  to  transfer current from  i ts  own  path  i n to  another path  i n  para l l el  wi th  
i t.  I ts  characteristics  and  construction  are  normal l y s im i lar to  those  of the  MRTS  and  ERTS.  

The  main  importan t design  parameters  for the  NBS  are  described  i n  Table  B . 2 .  
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Table  B .2  – Summary of main  parameters  affecting  specification  of NBS  

Parameter Description  of main  factors  to  be  considered  

Current  carryi ng  
capabi l i ty i n  cl osed  
posi ti on  

Permanent  Fu l l  l oad  cu rren t of the  HVDC scheme 

Short  d u ration  Temporary overl oad  cu rrent  

Current  commutati ng  abi l i ty  Fu l l  l oad  cu rren t p l us  temporary overl oad  

Maximum  operati ng  
vol tage  

Between  open  
term inal s  

Low – typ ical l y <50  kV conti nuously  

To  earth  

Operati ng  speed  Not  cri ti cal .  Times  of 50  ms  to  1 00  ms  are  usual  bu t  l onger t imes  cou ld  be  
acceptabl e.  

 

B.2.3  Neutral  bus  earth ing  swi tch  (NBES)  

I n  bipolar schemes  wi th  earth  or ded icated  metal l ic  retu rn ,  a  possib i l i ty exists  for an  open -
ci rcu i t fai l u re  on  the  retu rn  l i ne.  Th is  cou ld  g i ve  ri se  to  damag ing  overvol tages  on  the  neutral  
bus.  To  m in im ise  damage from  such  even ts,  a  neu tral  bus  earth ing  swi tch  may be  provided .  
The  NBES is  normal l y open  bu t i s  ordered  to  close  upon  detection  of such  an  open-ci rcu i t  
fau l t,  creating  a  connection  between  the  neu tral  bus  and  the  station  earth  mat.  The  primary 
function  of the  NBES  is  therefore  to  close  rapid l y when  commanded  to  do  so.  

The  station  earth  mat i s  usual l y not designed  to  wi thstand  fu l l  DC l oad  curren t for prolonged  
periods  of time,  so  the  NBES  is  used  on l y as  an  emergency measure  for re lati ve l y short  
periods.  I n  order to  prevent damage  to  the  station  earth  mat,  the  earth  current shou ld  be  
reduced  to  the  m in imum  poss ib le  ( i f operati ng  i n  b ipolar mode)  or the  scheme shou ld  be  
tri pped  ( i f operating  i n  monopolar mode).  I f operation  con ti nues  i n  b ipolar mode wi th  the  earth  
curren t reduced  to  the  m in imum ,  the  neu tra l  l i ne  can  be  isolated  by d i sconnectors .  Repair 
carried  ou t  wi th  the  HVDC scheme con tinu ing  to  run .  After repai r,  normal  earth  retu rn  mode  
can  be  re- instated  by open ing  the  NBES  to  transfer the  current back i n to  the  neutral  l i ne.  For 
th is  reason ,  the  NBES,  l i ke  the  MRTS,  ERTS  and  NBS,  needs  to  be  a  commutation  swi tch  
a l though  the  curren t to  be  commutated  i s  normal l y on l y a  smal l  fraction  of normal  l oad  current.  

On  monopolar schemes  wi th  earth  return ,  the  NBES is  not usual l y needed  because  wi th  such  
schemes  there  is  no  a l ternative  bu t  to  trip  the  complete  scheme i n  the  even t of an  open -ci rcu i t  
e lectrode  l i ne.  

The  main  importan t des ign  parameters  for the  NBES  are  described  i n  Table  B . 3.  
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Table  B.3  – Summary of main  parameters  affecting  specification  of NBES  

Parameter Description  of main  factors  to  be  considered  

Current  carryi ng  
capabi l i ty i n  cl osed  
posi ti on  

Permanent  Low – a  few %  of l oad  cu rrent  (equal  to  the  unbal ance  curren t i n  b i polar 
mode)  

Short  d u ration  Fu l l  l oad  curren t p l us  temporary overload  

Current  commutati ng  abi l i ty  Low – typ ical l y <  1 0  %  of fu l l  l oad  current  

Current  making  capabi l i ty  Fu l l  l oad  cu rren t p l us  temporary overload ,  i n  the  case  where  a  b ipolar 
scheme was  operati ng  i n  monopolar mode  (the  scheme wi l l  normal l y be  
tri pped  soon  afterwards).  The  rate  of change  of cu rren t can  be  very h i gh  
s i nce  i t  i s  l im i ted  on ly by stray i nductances  around  the  l oop  from  the  NBGS  
to  the  neutral  bus  surge  arrester 

Maximum  operati ng  
vol tage  

Between  open  
term inal s  

Normal l y equal  to  vo l tage  d rop  a long  retu rn  path ,  typica l l y a  few tens  of kV,  
conti nuous l y.  Du ri ng  fau l ts ,  wi l l  be  equal  to  neu tra l  bus  arrester protecti ve  
l evel  un ti l  NBES  closes.  

To  earth  Low – typ ical l y <  50  kV conti nuous ly 

Operati ng  Speed  Clos ing  Cri ti cal  – cl osure  wi th i n  a  few tens  of m i l l i seconds  i s  needed  to  avoid  
excessive  energy d i ss ipati on  i n  neu tral  bus  arrester.  

Open ing  Not  cri ti cal .  Times  of 50  ms  to  1 00  ms  are  usual  bu t  l onger t imes  cou ld  be  
acceptabl e.  

 

B.2.4  Bypass  switch  (BPS)  

Al though  the  majori ty of modern  HVDC schemes  on l y use  a  s ing le  1 2-pu lse  converter bridge  
per pole,  some HVDC transm ission  schemes  have  two  or more  separate  1 2-pu lse  converter 
bridges  per pole.  Th is  measure  l im i ts  the  s i ze  of the  converter transformers  (wh ich  may be  an  
important  consideration  because  of transport restrictions)  and  reduces  the  amount of 
transm i tted  power that can  be  lost as  a  resu l t  of a  s ing le  equ ipment ou tage.  Wi th  th is  
arrangement,  a  fau l t i n  one  converter bridge  a l lows  the  affected  pole  to  con tinue  operation  at  
50  %  of normal  d i rect  vol tage  (assum ing  two  1 2-pu lse  bridges  i n  series  per pole),  hence  on  a  
b ipolar transm ission  scheme on l y 25  %  of the  nom inal  power i s  l ost.  

S im i larl y,  o l der mercury-arc HVDC schemes  were  usual l y bu i l t  wi th  two,  th ree  or even  four 
separate  6-pu lse  converter bridges  per pole  and  were  designed  to  operate  wi th  some of these  
bridges  unavai l able.  Th is  was  necessary because  of the  h i gh  main tenance requ i rements  of 
mercury arc va lves.  

On  such  schemes,  a  bypass  swi tch  (BPS)  i s  provided  i n  paral l e l  wi th  each  i ndependen tl y 
operable  converter bri dge.  The  bypass  swi tch  is  normal l y open  bu t i s  commanded  to  close  i n  
response to  a  fau l t  (or p lanned  shu tdown)  of one  converter bri dge.  The  primary function  of the  
bypass  swi tch ,  l i ke  the  NBES,  i s  therefore  to  close  rapid l y when  commanded  to  do  so.  

Clos ing  of the  BPS  may take  p lace  at  a lmost zero  vol tage  ( i f a  bypass  pair of conducting  
valves  has  been  formed  i n  the  bri dge  that i s  to  be  taken  out of service)  or at  a  h igh  vol tage  
approach ing  the  peak valve-wind ing  l i ne  to  l i ne  vol tage  ( i f the  converter bridge  i s  operati ng  at  
α  =  90°) .  The  rate  of change  of curren t i n  the  BPS  may therefore  vary over a  wide  range.  

Once the  BPS  has  closed ,  a  d isconnector connected  in  paral l el  wi th  i t  i s  a lso  closed  to  avoid  
the  need  for the  BPS  to  carry the  DC  current  for an  extended  period  of time.  Two other 
d isconnectors,  one  each  s ide  of the  converter,  a l l ow the  fau l ted  converter to  be  i so lated  for 
repair – see  F igure  B . 2 .  

Compared  wi th  the  commutation  swi tches  described  in  the  four sub-clauses  above,  the  BPS  
has  on l y a  modest open ing  (commutating)  du ty.  The  main  requ i rement i s  fast  clos ing  – wh ich  
may be  requ i red  after a  very prolonged  period  of t ime (years)  i n  the  open  pos i tion  wi th  the  
en ti re  bridge  d i rect  vol tage  between  i ts  open  con tacts .  One  of the  most importan t des ign  
cri teria  for the  BPS  is  therefore  that i t  i s  safel y capable  of wi thstand ing  such  d i rect  vol tage  
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stresses  for l ong  periods  of time.  Th is  may affect the  geometry and  the  choice  of some 
insu lati ng  materia ls  i n  the  swi tch .  

Nevertheless,  the  BPS  has  a  modest  commutating  du ty as  wel l ,  wh ich  is  experienced  when  a  
previous l y ou t-of-service  converter group is  be ing  brought  back i n to  operation .  The  converter 
group  is  i n i tia l l y wi th  zero  vol tage  order and  wi th  a  current order such  that the  l oad  current i s  
transferred  from  the  BPS  to  the  converter.  The  BPS is  then  requ i red  to  commutate  the  
res idual  DC  curren t (main l y due  to  measurement errors)  ou t  of the  BPS  and  i n to  the  converter.  
Th is  du ty is  made eas ier by the  fact that the  BPS  wi l l  experience  a  s ign i fican t AC component 
of current,  a t 6 th  or 1 2 th  harmon ic.  

The  main  design  parameters  for the  BPS  are  described  i n  Table  B. 4 .  

Table  B .4 –Summary of main  parameters  affecting  specification  of BPS  

Parameter Description  of main  factors  to  be  considered  

Current  carryi ng  
capabi l i ty i n  cl osed  
posi ti on  

Permanent  Fu l l  l oad  cu rren t of the  HVDC scheme 

Short  d u ration  Fu l l  l oad  curren t p l us  temporary overload  

Current  commutati ng  abi l i ty  Low – typ ical l y <  1 0  %  of fu l l  l oad  current  

Current  making  capabi l i ty  Fu l l  l oad  cu rren t p l us  temporary overl oad .  The  rate  of change  of curren t may 
vary from  very l ow to  very h i gh  depend i ng  on  whether the  converter bri dge  
being  taken  ou t  of service  was  operati ng  i n  bypass  mode  or at  α=90° .  

Maximum  operati ng  
vol tage  

Between  open  
term inal s  

H igh  – equal  to  d i rect  vol tage  of the  converter un i t  across  wh ich  i t  i s  
connected  (typical l y 250  kV to  400  kV con ti nuous ly)  

To  earth  H igh  – equal  to  the  d i rect  vol tage  across  the  converter g roups  connected  
between  the  BPS  and  earth  (for example,  wi th  two  converter g roups  per 
pole,  th i s  i s  hal f the  tota l  pol e  vol tage),  con ti nuous ly.  

Operati ng  Speed  Closing  Cri ti cal  – cl osure  wi th i n  a  few tens  of m i l l i seconds. i s  needed  to  avoid  
damage  to  fau l ted  va lve  g roup  

Open ing  Not  cri ti cal .  Times  of 50  ms  to  1 00  ms  are  usual  bu t  l onger t imes  cou ld  be  
acceptabl e.  

 

B.2.5  Converter paral lel ing  switch  

On  some  HVDC transm ission  schemes,  typica l l y where  two  b ipoles  run  i n  cl ose  proxim i ty,  i t  i s  
advantageous  to  be  able  to  connect converters  i n  paral l e l  on to  a  common  DC  transm ission  
l i ne.  Sometimes  the  scheme is  des igned  to  operate  in  th is  way from  the  beg inn ing  (wi th  the  
DC  l i ne  rated  to  carry the  enti re  power of both  b ipoles) ,  as  i l l ustrated  i n  F igure  B. 4 ,  or i n  other 
s i tuations  i t  cou ld  be  that the  transm ission  l i nes  for the  two  b ipoles  are  normal l y separate  bu t  
i n  the  event of a  l i ne  ou tage  on  one  b ipole ,  the  converters  of that b ipole  are  connected  to  the  
remain ing ,  heal thy b ipole.  

I n  such  cases,  DC  swi tches  need  to  be  connected  i n  series  wi th  each  converter un i t  to  i solate  
the  converter from  the  common  DC  l i ne.  The  requ i rements  of such  swi tches  depend  on  how 
the  purchaser of the  HVDC scheme  in tends  to  operate  the  converters ,  bu t  i n  the  majori ty of 
cases  the  swi tch ing  du ty is  qu i te  modest and ,  where  operating  speed  is  not a  priori ty,  can  
usual l y be  hand led  by conventional  d isconnectors.  I n  some des igns,  operating  speed  
requ irements  may d ictate  that mod i fied  AC ci rcu i t-breakers  are  used  as  fast d isconnectors.  

There  i s  normal l y no  s i gn i ficant  commutating  du ty because  fi ri ng  ang le  control  of the  
converter to  be  swi tched  on  or off ensu res  that the  swi tch ing  takes  place  at  a lmost no  curren t 
– s im i larl y to  the  case  for the  bypass  swi tch .  
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Figure B.4 – Example arrangement of converter paral lel ing  swi tches   
for a  bipolar HVDC transmission  scheme 

The  main  important  design  parameters  for the  converter para l le l i ng  swi tch  are  described  i n  
Table  B. 5.  

Table  B .5  – Summary of main  parameters  affecting  specification  of CPS  

Parameter Description  of main  factors  to  be  considered  

Curren t carryi ng  
capabi l i ty i n  cl osed  
posi ti on  

Permanent  Fu l l  l oad  curren t of the  HVDC scheme 

Short  d uration  Fu l l  l oad  curren t p l us  temporary overload  

Curren t commutati ng  abi l i ty  Not  requ i red  

Maximum  operati ng  
vol tage  

Between  open  
term inal s  

H igh  – equal  to  pol e  d i rect  vol tage;  normal l y con ti nuous ly,  a l though  
may be  on l y for l im i ted  du rati on  i f separate  d i sconnector i s  provi ded  i n  
series  wi th  the  swi tch .  

To  earth  Fu l l  po le  d i rect  vol tage,  con ti nuousl y 

Operati ng  speed  Not  cri ti cal .  Times  of 50  ms  to  1 00  ms  are  usual  bu t  l onger times  cou ld  
be  acceptable.  I n  some  ci rcumstances  a  conventi onal  d i sconnector 
may be  acceptable.  

 

B.2.6  Line paral lel ing  swi tch  

Some HVDC transm ission  schemes  may include  more  than  two  h igh-vol tage  conductors ,  
typ ical l y i n  order to  increase  the  avai l abi l i ty of the  scheme or sometimes  to  a l low for h i gher 
overload  capabi l i ty.  Many such  configurations  are  possible  and  F igure  B .3  i l l ustrates  one  way 
of ach ieving  th is .  I n  the  arrangement shown  i n  F igure  B. 3,  the  scheme is  provided  wi th  th ree  
h igh-vol tage  conductors  – one  that  i s  normal l y used  for pole  1 ,  one  that i s  normal l y used  for 
pole  2 ,  and  a  spare.  By the  add i tion  of appropriate  DC swi tch ing  devices,  i t  i s  poss ib le  to  
arrange  the  spare  conductor to  be  connected  i n  paral le l  wi th  or i nstead  of one  of the  two main  
conductors.  I f both  of the  main  h i gh-vol tage  conductors  are  avai l ab le,  then  the  spare  
conductor can  be  connected  i n  para l l e l  wi th  one  of them  to  decrease  the  overal l  transm iss ion  
l osses.  Noting  that the  thermal  time-constan t of the  conductor can  be  qu i te  l ong  (especia l l y 
wi th  cables) ,  i t  m ight a lso  be  advantageous  to  be  able  to  swi tch  the  spare  conductor 
a l ternatel y between  pole  1  and  pole  2 .  I n  th is  way,  i t  i s  possib le  to  obta in  up  to  50  %  overload  
capabi l i ty as  long  as  the  spare  conductor i s  swi tched  frequentl y enough  for the  other 
conductors  not to  reach  thermal  equ i l ibri um .  
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Th is  type  of DC  swi tch ,  referred  to  here  as  a  l i ne  paral le l ing  swi tch ,  i s  a  commutation  swi tch  
wi th  a  function  s im i lar to  that  of the  MRTS  and  ERTS.  The  main  d i fference l i es  i n  the  fact that  
a l l  of the  acti ve  componen ts  of the  swi tch ,  i nclud ing  any auxi l i ary components  (such  as  
i nductors  and  capaci tors)  have  to  be  at DC  pole  potential .  

The  main  design  parameters  for the  l i ne  para l le l i ng  swi tch  are  described  i n  Table  B .6 .  

Table  B.6  – Summary of main  parameters  affecting  specification  of LPS  

Parameter Description  of main  factors  to  be  considered  

Current  carryi ng  
capabi l i ty i n  cl osed  
posi ti on  

Permanent  Fu l l  l oad  cu rren t of the  HVDC scheme 

Short  d u ration  Temporary overl oad  curren t  

Current  commutati ng  abi l i ty  Fu l l  l oad  cu rrent  p l us  temporary overload  

Maximum  operati ng  
vol tage  

Between  open  
term inal s  

Equal  to  vol tage  d rop  i n  cu rren t  path  from  wh ich  cu rren t has  been  
commutated  – typica l l y some tens  of kV,  conti nuous ly 

To  earth  Fu l l  po le  d i rect  vol tage,  con ti nuous l y 

Operati ng  speed  Not cri ti cal .  Times  of 50  ms  to  1 00  ms  are  usual  bu t  l onger times  cou ld  
be  acceptable.  

 

B.3  Design  

Most DC commutation  swi tches  used  in  LCC HVDC are  mod i fied  standard  AC  ci rcu i t-breakers.  
Mod i fications  may be  requ i red  as  a  resu l t  of the  need  to  wi thstand  d i rect  vol tage  between  the  
open  contacts  for prolonged  periods  of t ime (th is  being  the  case  especia l l y for the  BPS).  

For appl ications  where  fu l l  l oad  curren t has  to  be  commutated  (particu larl y the  MRTS and  
ERTS),  the  most importan t mod i fications  are  concerned  wi th  the  mechan ism  for creating  a  
curren t zero  so  that the  swi tch  can  commutate  cu rrent i n to  an  a l ternative  path .  Usual l y th is  i s  
done  by creating  a  current osci l lation  superimposed  upon  the  DC load  cu rrent such  that the  
tota l  current in  the  breaker passes  through  zero.  

The  current osci l lation  may be  created  i n  several  ways.  One  method  (Figu re  B . 5)  i nvolves  
p lacing  a  resonant i nductor-capaci tor (LC)  ci rcu i t  i n  paral l e l  wi th  the  con tacts  of the  breaker.  
The  LC  componen ts  m ight  be  purpose-bu i l t  d iscrete  componen ts  [1 5]  bu t i n  some cases  [1 6] ,  
swi tches  of th is  type  have  been  successfu l l y bu i l t  by us ing  on l y the  g rad ing  capaci tors  of the  
breaker chambers  and  the  natural  stray i nductance.  
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Figure B.5 – Commutation  switch  based  on  the  d ivergent current   
osci l l ation  method ,  wi thout ( l eft)  and  with  (right)  making  switch  

As  i l l ustrated  i n  more  detai l  i n  F igure  B . 6,  when  the  contacts  of the  swi tch  fi rst separate,  an  
arc  i s  d rawn  between  them .  As  wi th  al l  e l ectrical  arcs,  the  vol tage-versus-current  
characteristics  are  non- l i near,  vo l tage  tend ing  to  fa l l  as  current i ncreases.  I n  other words,  the  
s l ope  res istance  dU /d I  i s  negative,  an  effect  wh ich  i s  mathematical l y equ iva lent to  a  negative  
res istance.  A negative  res istance  p laced  in  paral le l  wi th  an  LC  ci rcu i t  wi l l  resu l t  i n  negative  
damping ,  wh ich  means  that a  curren t osci l l ation  wi l l  s lowl y develop  and  grow,  eventual l y 
becom ing  l arge  enough  ( i f the  LC components  are  chosen  wi th  l ow stray res istance)  to  
exceed  the  va lue  of curren t being  commutated ,  at  wh ich  poin t  the  arc i n  the  swi tch  i s  able  to  
exti ngu ish .  
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Figure B.6  – Osci l logram  of a  commutation  event 

The d ivergent current osci l lation  method  described  above  requ ires  fewer components  than  
other a l ternatives  bu t has  the  d isadvan tage  that the  time  requ i red  for the  osci l l ation  to  bu i ld  
up  i s  both  l ong  (several  m i l l i seconds)  and  non-determ in istic.  

A m inor varian t of the  above i s  to  i ncl ude  a  second ,  normal l y-open ,  ci rcu i t-breaker i n  series  
wi th  the  LC  ci rcu i t  (outs ide  the  main  current path) .  The  second  breaker (or "making  swi tch")  i s  
cl osed  shortl y after the  main  breaker con tacts  open  so  as  to  create  a  sudden  step  change  of 
vol tage  i n  the  resonan t ci rcu i t,  wh ich  he lps  to  establ ish  the  curren t osci l l ation .  

Much  faster and  more  pred ictable  clearing  of the  arc can  be  ach ieved  i f the  capaci tor i n  the  
LC  ci rcu i t  i s  pre-charged ,  s ince  th is  can  resu l t  i n  a  current  zero  being  reached  i n  the  fi rst 
quarter-cycle  of current  osci l lation  (F igure  B. 7).  The  shorter arc duration  keeps  the  eros ion  of 
the  arcing  zone  wi th in  the  swi tch  l ower than  the  case  wi thout a  making  swi tch .  However,  th is  
approach  is  more  complex and  requ i res  a  pre-charg ing  ci rcu i t.  
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I n  some projects  wi th  very h igh  DC  current ratings,  a  para l l e l  arrangement of swi tches  has  
been  used  (F igure  B . 8).  
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Figure B.7  – Commutation  switch  with  pre-charged  capaci tor 
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Figure B.8  – Paral lel  arrangement of switches  used  at very h igh  current 
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