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FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commission  ( I EC)  i s  a  worl dwide  organ ization  for s tandard ization  compris i ng  
a l l  nati onal  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  ob ject  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  S tandards,  Techn ical  Speci fi cations,  
Techn ical  Reports,  Publ i cl y  Avai l abl e  Speci fi cati ons  (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  commi ttees;  any I EC National  Comm i ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-
governmental  organ i zations  l i a i s i ng  wi th  the  I EC al so  parti ci pate  i n  th i s  preparati on .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ ization  for Standard 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  possi ble,  an  i n ternational  
consensus  of opin ion  on  the  re l evant sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  al l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cati ons  have  the  form  of recommendations  for i n ternati onal  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  content  of I EC  
Publ i cations  i s  accurate,  I EC  cannot be  he l d  responsibl e  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 ternati onal  u n i form i ty,  I EC National  Commi ttees  undertake  to  app ly I EC Publ i cati ons  
transparen tl y to  the  maximum  exten t poss ibl e  i n  thei r national  and  reg i ona l  publ i cati ons.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  sha l l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provide  any attestati on  of conform i ty.  I ndependent  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  respons i ble  for any 
services  carri ed  ou t  by i ndependent  certi fi cation  bod i es.  

6)  Al l  users  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 agents  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC Nati onal  Commi ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or rel i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Attention  i s  d rawn  to  the  Normati ve  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)  Attention  i s  d rawn  to  the  possib 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 
patent  ri gh ts.  I EC shal l  not  be  hel d  responsibl e  for i den ti fyi ng  any or a l l  such  patent  ri gh ts.  

DISCLAIMER 
This  Consol idated  version  i s  not  an  official  IEC  Standard  and  has  been  prepared  for 
user conven ience.  On ly the  current versions  of the  standard  and  i ts  amendment(s)  
are  to  be  considered  the official  documents.  

Th is  Consol idated  version  of IEC  TR 6091 9-1   bears  the  ed i tion  number 3.2.  I t  consists  
of the  th ird  ed i tion  (201 0-05)  [documents  22F/21 3/DTR and  22F/21 8/RVC] ,  i ts  
amendment 1  (201 3-04)  [documents  22F/277/DTR and  22F/286A/RVC]  and  i ts   
amendment 2  (201 7-05)  [documents  22F/447/DTR and  22F/452/RVDTR] .  The  techn ical  
content  i s  identical  to  the  base ed i tion  and  i ts  amendments.  

In  th is  Red l ine  version ,  a  vertical  l i ne  in  the  margin  shows  where  the  technical  content 
is  modified  by amendments  1  and  2 .  Add itions  are  in  green  text,  deletions  are  in  
strikethrough  red  text.  A separate  Final  version  with  al l  changes  accepted  i s  avai lable  
in  th is  publ ication .  
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The  main  task of I EC techn ica l  comm ittees  is  to  prepare  I n ternational  Standards.  However,  a  
techn ical  committee  may propose  the  publ ication  of a  techn ical  report  when  i t  has  col l ected  
data  of a  d i fferent kind  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC 6091 9-1 ,  wh ich  i s  a  techn ical  report,  has  been  prepared  by subcommittee  22F:  Power 
e lectron ics  for e lectrical  transm ission  and  d istribu tion  systems,  of I EC  techn ical  committee  22:  
Power e lectron ic  systems  and  equ ipment.  

Th is  ed i ti on  i ncludes  the  fol l owing  s ign i fican t techn ical  changes  wi th  respect to  the  previous  
ed i tion :  

a)  the  changes  have  been  made to  the  description  of mu l ti  1 2-pu lse  groups  per pole,  
especial l y for a  l arge  scale  u l tra  h i gh -vol tage  d i rect current  (UHVDC)  converter 
arrangement;  

b)  the  d i fferent  arrangements  of d . c.  smooth ing  reactors  have  been  i ncluded ;  

c)  the  figures  depicting  two  1 2-pu lse  groups  per pole  arrangement have  been  added .  

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

A l i st  of a l l  parts  of the  I EC 6091 9  series ,  publ ished  under the  general  ti tl e  Performance of 
high-voltage direct current (HVDC)  systems with  line-commutated converters,  can  be  found  on  
the  I EC  websi te  

The  committee  has  decided  that the  contents  of the  base  publ ication  and  i ts  amendments  wi l l  
remain  unchanged  unti l  the  stabi l i ty date  i nd icated  on  the  I EC  web  s i te  under 
"http : //webstore. iec.ch"  i n  the  data  re lated  to  the  speci fic  publ ication .  At th is  date,  the  
publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

 

IMPORTANT – The 'colour inside'  l ogo on  the  cover page  of th is  publ ication  ind icates  
that  i t  contains  colours  wh ich  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore print th is  document using  a  
colour prin ter.  
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PERFORMANCE OF  H IGH-VOLTAGE DIRECT CURRENT  
(HVDC)  SYSTEMS WITH  LINE-COMMUTATED CONVERTERS –  

 
Part 1 :  Steady-state  condi tions  

 

1  Scope  

This  part  of the  I EC 6091 9  provides  general  gu idance  on  the  s teady-state  performance 
requ irements  of h igh-vol tage  d i rect curren t (HVDC)  systems.  I t  concerns  the  steady-state  
performance of two-term inal  HVDC systems  u ti l i zi ng  1 2-pu lse  converter un i ts  comprised  of 
three-phase  bridge  (double-  way)  connections  (see  F igure  1 ) ,  bu t  i t  does  not  cover mu l ti -
term inal  HVDC transm ission  systems.  Both  term inals  are  assumed  to  use  thyristor valves  as  
the  main  sem iconductor va lves  and  to  have  power flow capabi l i ty i n  both  d i rections.  D iode  
va lves  are  not cons idered  i n  th is  report.  

 

1  

IEC   385/05  

Key 

1  Transformer val ve  wi nd i ngs  

Figure  1  – Twelve-pu lse  converter un i t  

Only l i ne-commutated  converters  are  covered  in  th is  report,  wh ich  i ncludes  capaci tor 
commutated  converter ci rcu i t  configurations.  General  requ i rements  for sem iconductor l i ne-
commutated  converters  are  g i ven  i n  I EC  601 46-1 -1 ,  I EC/TR 601 46-1 -2  and  I EC  601 46-1 -3.  
Vol tage-sourced  converters  are  not cons idered .   

Th is  techn ical  report,  wh ich  covers  s teady-state  performance,  i s  fo l l owed  by add i tional  
documents  on  d ynam ic performance and  trans ient performance.  Al l  three  aspects  shou ld  be  
cons idered  when  preparing  two-term inal  HVDC system  speci fications.  

The  d i fference  between  system  performance  speci fications  and  equ ipment des ign  
speci fications  for i nd ividual  components  of a  system  shou ld  be  real i zed .  Equ ipment 
speci fications  and  testing  requ i rements  are  not  defined  in  th is  report.  Also  excluded  from  th is  
report are  detai led  se ism ic performance  requ i rements.  I n  add i ti on ,  because  there  are  many 
variations  between  d i fferent possib le  HVDC systems,  th is  report  does  not cons ider these  in  
detai l ;  consequentl y,  i t  shou ld  not be  used  d i rectly as  a  speci fication  for a  particu lar proj ect,  
bu t rather to  provide  the  bas is  for an  appropriate  speci fication  tai l ored  to  fi t  actual  system  
requ i rements.  
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Frequentl y,  performance  speci fications  are  prepared  as  a  s i ng le  package  for the  two  HVDC 
substations  in  a  particu lar system .  Al ternativel y,  some parts  of the  HVDC system  can  be  
separate l y speci fi ed  and  purchased .  I n  such  cases,  due  cons ideration  shou ld  be  g i ven  to  co-
ord ination  of each  part  wi th  the  overal l  HVDC system  performance  obj ecti ves  and  the  
i n terface  of each  wi th  the  system  shou ld  be  clearly defi ned .  Typica l  of such  parts ,  l i s ted  i n  the  
appropriate  order of re lati ve  ease  for separate  treatmen t and  in terface  defin i ti on ,  are:  

a)  d . c.  l i ne,  e lectrode  l i ne  and  earth  electrode;  

b)  te lecommunication  system ;  

c)  converter bu i l d ing ,  foundations  and  other civi l  eng ineering  work;  

d )  reactive  power suppl y i nclud ing  a . c.  shun t capaci tor banks,  shunt reactors,  synchronous  
and  static  reactive  power (VAR)  compensators;  

e)  a. c.  swi tchgear;  

f)  d . c.  swi tchgear;  

g )  auxi l i ary systems;  

h )  a. c.  fi l ters;  

i )  d . c.  fi l ters;  

j )  d . c.  reactors;  

k)  converter transformers;  

l )  surge  arresters ;  

m )  series  commutation  capaci tors ;  

n )  va lves  and  the ir anci l l aries;  

o)  con trol  and  protection  systems.  

NOTE  The  l ast  four i tems  are  the  most d i ffi cu l t  to  separate,  and ,  i n  fact,  separati on  of these  fou r may be  
i nadvisable.  

A complete  s teady-state  performance  speci fication  for a  HVDC system  shou ld  cons ider 
Clauses  3  to  21  of th is  report.  

Terms  and  defin i tions  for h i gh-vol tage  d i rect current  (HVDC)  transm ission  used  in  th is  report  
are  g i ven  i n  I EC  60633.  

S ince  the  equ ipment i tems  are  usual l y separatel y speci fied  and  purchased ,  the  HVDC 
transm ission  l i ne,  earth  e lectrode  l ine  and  earth  e lectrode  (see  Clause  1 0)  are  included  on l y 
because  of thei r in fluence on  the  HVDC system  performance.  

For the  purpose  of th is  report,  an  HVDC substation  i s  assumed  to  cons ist  of one  or more  
converter un i ts  insta l led  i n  a  s ing le  location  together wi th  bu i ld i ngs,  reactors,  fi l ters,  reactive  
power suppl y,  control ,  mon i toring ,  protecti ve,  measuring  and  auxi l i ary equ ipment.  Wh i le  there  
is  no  d iscuss ion  of a . c.  swi tch ing  substations  i n  th is  report,  a . c.  fi l ters  and  reactive  power 
sources  are  i ncluded ,  a l though  they may be  connected  to  an  a . c.  bus  separate  from  the  HVDC 
substation ,  as  d iscussed  i n  Clause  1 6.  

2  Normative references   

The  fo l l owing  referenced  documents  are  i nd ispensable  for the  appl ication  of th is  document.  
For dated  references,  on ly 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 ies.  

I EC 601 46-1 -1 ,  Semiconductor converters – General requirements and line  commutated 
converters – Part 1 -1 : Specifications of basic requirements  
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IEC/TR 601 46-1 -2,  Semiconductor convertors – General requirements and line commutated 
convertors – Part 1 -2: Application guide 

I EC 601 46-1 -3 ,  Semiconductor convertors – General requirements and line  commutated 
convertors – Part 1 -3: Transformers and reactors 

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

3 Types  of HVDC systems 

3. 1  General  

This  part  of the  speci fication  shou ld  i nclude  the  fol l owing  bas ic data:  

a)  general  i n formation  on  the  location  of the  HVDC substations  and  the  purpose  of the  
proj ect;  

b)  type  of system  needed ,  i nclud ing  a  s imple  one- l i ne  d iagram ;  

c)  number of 1 2-pu lse  converter un i ts ;  

d )  pertinent i n formation  derived  from  the  d iscussion  i n  th is  section .   

General l y,  i n  s tud ies  of projects  of the  types  d iscussed  i n  th is  report,  econom ic cons iderations  
shou ld  take  i n to  account the  capi ta l  costs ,  the  cost  of l osses,  cost  of ou tages  and  other 
expected  annual  expenses.   

I n  terms  of the  type  of system ,  the  re lati vel y new development of “capaci tor-commutated  
converter (CCC)”  and  “con trol led  series  capaci tor converter (CSCC)”  technology may be  
su i table  a l ternatives  to  a  conventional  HVDC scheme.  These  are  described  i n  3 . 1 0 .   

3.2  HVDC  back-to-back system   

I n  th is  arrangement there  i s  no  d . c.  transm ission  l i ne  and  both  converters  are  l ocated  at one  
s i te .  The  va lves  for both  converters  may be  located  i n  one  valve  hal l ,  or even  in  one  
i n tegrated  s tructu re  or separate l y as  ou tdoor va lves.  S im i larl y,  many other i tems  for the  two  
converters,  such  as  the  con trol  system ,  cool ing  equ ipment,  auxi l iary system ,  etc. ,  may be  
l ocated  i n  one  area  or even  i n tegrated  i n  l ayout  i n to  configurations  common  to  the  two  
converters.  Ci rcu i t  configurations  may vary.  Examples  are  g i ven  i n  F igure  2 .  The  performance  
and  econom ics  of these  configu rations  d i ffer and  must be  evaluated .  D .C.  fi l ters  are  not  
needed .   
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Figure 2  – Examples  of back-to-back HVDC  systems  

The vol tage  and  current rati ngs  for a  g i ven  power rating  shou ld  be  optim ized  to  ach ieve  the  
l owest system  cost,  i ncl ud ing  the  evaluated  cost of l osses.  Ord inari l y,  the  user does  not need  
to  speci fy the  d i rect vol tage  and  current ratings,  un less  there  are  speci fic  reasons  to  do  so,  
for example,  for compatib i l i ty wi th  an  a l ready existing  s tation ,  to  provide  for a  fu ture  extens ion  
of for some other reason.  Econom ics  d i ctate  that each  converter wi l l  usual l y be  a  1 2-pu lse  
converter un i t,  however i t  i s  not  mandatory.  Where  operating  cri teria  requ i re  that the  loss  of 
one  converter un i t  wi l l  not  cause  l oss  of fu l l  power capabi l i ty,  l arge  HVDC substations  cou ld  
be  comprised  of two  or more  back-to-back systems.  For th is ,  some of the  equ ipment of the  
back-to-back systems can ,  for econom ic reasons,  be  located  i n  the  same area  or even  
phys ica l l y in tegrated ,  bu t events  wh ich  cou ld  cause  a  fa i l u re  of equ ipment requ i red  by a l l  
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back-to-back systems need  to  be  carefu l l y considered  and  preventive  measures  taken  where  
appropriate.   

3.3  Monopolar HVDC system  with  earth  return  HVDC  system   

Cost cons iderations  often  l ead  to  the  adoption  of a  monopolar HVDC system  wi th  earth  return  
system  (F igure  3),  particu larl y for cable  transm ission  wh ich  may be  expensive.   
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2  DC fi l ters  

Figure 3  – Monopolar HVDC system  with  earth  return  system   

The monopolar earth  return  configuration  m ight a lso  be  the  fi rst  stage  i n  the  development of a  
b ipolar scheme.  Monopolar arrangements  may i nclude  one  or more  1 2-pu lse  un i ts  i n  series  or 
i n  para l l e l  at  the  ends  of the  HVDC transm iss ion  (F igures  4  and  5).  More  than  one  1 2-pu lse  
un i t m igh t be  used  for the  fol l owing  purposes:  

a)  to  ensure  partia l  transm ission  capaci ty during  converter un i t  ou tages;  

b)  to  complete  the  project i n  stages;  

c)  because  of the  physica l  l im i tations  of transformer transport.   

Th is  arrangement requ i res  one  or more  d . c.  reactors  at  each  end  of the  HVDC overhead  l i ne  
or cable;  these  are  usual l y l ocated  on  the  h i gh -vol tage  s ide.  However,  the  d . c.  reactors  may 
be  d ivided  in to  two  parts  and  located  on  the  h igh-vol tage  s i de  and  the  earth  s i de  respectivel y 
i f the  resu l ting  performance  i s  acceptable,  especia l l y for a  l arge  scale  u l tra  h igh  vol tage  d i rect 
curren t (UHVDC)  converter arrangement.   

I f the  l i ne  i s  overhead ,  d . c.  fi l ters  are  l ikel y to  be  needed  at  each  end  (see  Clause  1 7) .  I t  a lso  
requ ires  an  earth  e lectrode  l i ne  and  a  con tinuous l y operable  earth  e lectrode  at the  two  ends  
of the  transm ission  wh ich  involves  cons ideration  of i ssues  such  as  corros ion ,  magnetic fi e l d  
effects,  e tc.   
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Figure 4 – Two 1 2-pu lse  un i ts  in  series  
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Figure 5  – Two 1 2-pu lse  un i ts  in  paral lel  

3.4  Monopolar HVDC system  wi th  metal l ic  return  HVDC system   

The configuration  as  i l l ustrated  i n  F igure  6  wi l l  general l y be  used  for the  fol lowing  purposes:  

a)  as  the  fi rst s tage  in  the  construction  of a  b ipolar system  and  i f l ong-term  flow of earth  
curren t i s  not des irable  during  the  in terim  period ,  or  

b)  i f the  transm ission  l i ne  l eng th  i s  short enough  to  make i t  uneconom ic and  undes irable  to  
bu i l d  earth  e lectrode  l i nes  and  earth  e lectrodes,  or 

c)  i f the  earth  res istivi ty is  h i gh  enough  to  impose an  unacceptable  econom ic penal ty,  or  

d )  i f l ong-term  flow of earth  curren t i s  unacceptable  because  of envi ronmenta l  and  safety 
requ irements .  

Th is  configuration  u ti l i zes  one  h igh-vol tage  and  one  l ow-vol tage  conductor.  The  neu tral  i s  
connected  at  one  of the  two  HVDC substations  to  i ts  s tation  earth  or,  a l ternativel y,  to  the  
associated  earth  e lectrode.  The  other HVDC substation  neutra l  i s  connected  to  i ts  s tation  
earth  through  a  capaci tor or an  arrester or both .   
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DC reactors  are  needed  at  both  ends  of the  h i gh -vol tage  conductor.  However,  the  d . c.  reactor 
may be  l ocated  on  the  earth  s i de  i f the  resu l ti ng  performance i s  acceptable.  DC fi l ters  may be  
needed  i f the  HVDC transmission  l i ne  is  overhead .   

I f th is  configuration  is  the  fi rst s tage  of a  b ipolar system ,  i ts  neutra l  conductor cou ld  be  
i nsu lated  for the  h igh  vol tage  at th is  stage  of development.   

For metal l ic  return  scheme,  DC  fau l t  curren t wi l l  flow in to  AC  system  and  come back through  
neu tral  poin t of transformers  instal l ed  i n  the  converter station .  Th is  curren t may l ead  to  the  
mal function  of protecti ve  re lays  i nsta l led  i n  nearby stations,  caused  by the  saturation  of cores  
due  to  DC current.  To  prevent such  mal functions,  insertion  of neu tral  g round ing  res istor (smal l  
res istance)  to  transformers  i n  converter station  wi l l  be  effecti ve.  
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Figure 6  – Monopolar HVDC system  wi th  metal l ic  return  system  

3.5  Bipolar earth  return  HVDC  system   

This  i s  the  most common l y used  arrangement when  a  d . c.  transm ission  l i ne  connects  two  
HVDC substations  and  e lectrodes  for earth  return  operation  are  provided  (Figure  7  (a)) .  I t  i s  
effecti ve l y equ ivalent to  a  double-ci rcu i t  a . c.  transm ission .  I t  reduces  harmon ic  i n terference  
from  the  d . c.  l i ne  as  compared  wi th  monopolar operation  and  i t  keeps  earth  current  fl ow down  
to  a  l ow va lue.  When  combined ,  two  monopolar earth  return  schemes  can  g i ve  a  b ipolar 
scheme.   

For power flow i n  one  d i rection ,  one  pole  has  pos i ti ve  polari ty to  earth  and  the  other pole  has  
negative  polari ty to  earth .  For power fl ow i n  the  other d i rection ,  the  two  poles  reverse  the ir 
polari ties.  When  both  poles  are  i n  operation ,  the  unbalance  current  fl owing  i n  the  earth  path  
can  be  kept at  a  very l ow value.   
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Figure  7  (a)  – Bipolar HVDC system  wi th  earth  return  

 

Figure  7  (b)  – Rig id  bipolar HVDC system  
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Figure  7  – Bipolar system  

This  configuration  offers  a  number of emergency operating  modes.  Consequentl y,  the  
fol l owing  requ i rements  shou ld  be  considered  i n  the  speci fications.  

a)  During  an  ou tage  of one  HVDC transm ission  l i ne  pole,  the  converter equ ipment of the  
other pole  shou ld  be  capable  of con tinuous  operation  wi th  earth  return .   

b)  I f long-term  fl ow of earth  cu rrent i s  undesi rable  and  i f the  defective  l i ne  pole  sti l l  reta ins  
some low-vol tage  insu lati ng  capabi l i ty,  the  b ipolar system  shou ld  be  capable  of operation  
i n  the  monopolar meta l l ic  return  mode (F igure  8) .  To  swi tch  i n to  th is  emergency operating  
mode the  conductor of the  ou t-of-service  pole  i s  fi rst connected  i n  paral le l  wi th  the  earth  
path  and  then  the  earth  path  is  i n terrupted  to  transfer the  current  to  the  meta l l ic  path  
(through  the  conductor of the  ou t-of-service  pole).  Load  transfer wi thout i n terruption  
requ i res  a  meta l l ic  retu rn  transfer breaker (MRTB)  at one  term inal  of the  d . c.  transm iss ion .  
I f a  short in terruption  of power fl ow i s  perm i tted ,  MRTB wou ld  not be  necessary.  The  
neu tral  equ ipment at  the  MRTB  end  of the  HVDC transm iss ion  system  shou ld  be  i nsu lated  
from  earth  for a  somewhat h i gher vol tage  than  at the  other end  of the  system .  

c)  During  maintenance  of the  earth  e lectrode(s)  or the  earth  e lectrode  l i ne(s),  operation  of 
the  b ipolar system  shou ld  be  poss ib le  wi th  the  s tation  neutra l (s)  connected  to  the  s tation  
earth  at one  or both  HVDC substations  as  long  as  the  unbalance  current between  the  two 
poles  en tering  the  s tation  earth(s)  i s  kept  at  a  very l ow va lue.  The  unbalance  curren t 
shou ld  be  kept l ow to  avoid  saturation  effects  i n  the  converter transformers  from  the  fl ow 
of part of the  unbalance  current th rough  the  transformer neu trals .  l n  th is  arrangement 
when  one  transm iss ion  l ine  of substation  pole  i s  l ost,  both  poles  shou ld  be  b locked  
au tomatical l y.  

d )  I n  b ipolar operation  wi th  both  earth  electrodes  connected ,  the  two poles  of the  HVDC 
system  shou ld  be  capable  of operation  wi th  substan tia l l y d i fferen t curren ts  i n  each  pole.  
Th is  may be  necessary i f l oss  of cool ing  or some other unusual  cond i tion  prevents  the  
operation  of one  pole  wi th  fu l l  current.   

e)  I f conti nuation  of operation  is  requ ired  i n  the  case  where  the  l i ne  i nsu lation  has  been  
partia l l y damaged ,  the  converters  shou ld  be  des igned  for conti nuous  operation  at  reduced  
vol tage,  so  that e i ther pole  can  be  operated  at  reduced  vol tage  (see  7. 3).  

f)  l n  the  event of the  l oss  of one  transm iss ion  l i ne  pole,  the  two substation  poles  can  a lso  be  
connected  i n  paral le l  by using  appropriate  swi tches  for polari ty reversal  i n  at  l east  one  
station  pole  enabl i ng  both  poles  to  operate  i n  the  monopolar earth  retu rn  mode.  Th is ,  
however,  requ i res  that the  d . c.  term inals  of each  1 2-pu lse  group be  insu lated  for the  fu l l  
po le  vol tage  and  the  l i ne  and  the  earth  e lectrode  shal l  be  thermal l y capable  of carrying  a  
curren t h igher than  the  normal  current.   

One  or more  d . c.  reactors  is  needed  at  each  end  of the  system  in  each  pole,  these  are  usual l y 
l ocated  on  the  h i gh-vol tage  s ide.  However,  the  d . c.  reactors  may be  d i vided  i n to  two  parts  and  
l ocated  on  the  h i gh-vol tage  s ide  and  the  earth  s i de  respectivel y i f the  resu l ti ng  performance  i s  
acceptable ,  especia l l y for a  l arge scale  u l tra  h i gh  vol tage  d i rect curren t (UHVDC)  converter 
arrangement.  I f the  HVDC system  includes  an  overhead  l ine,  d . c.  fi l ters  wou ld  most  l ikel y be  
needed .  One  1 2-pu lse  un i t  per pole  i s  most commonl y used ;  however,  l arge  capaci ty systems 
or staged  expansion  may requ i re  1 2-pu lse  un i ts  in  series  or i n  paral le l  (F igures  4  and  5) .  

Most of the  HVDC system  u ti l i ses  e lectrode  l i ne  or meta l l ic  return  conductor (cable)  for d . c.  
curren t return  path .  However,  as  far as  the  balanced  b ipol ar operation  is  a lways  assured ,  
these  faci l i ti es  can  be  el im inated .  Th is  scheme is  ca l l ed  "rig id  b ipole  HVDC system" 
configuration ,  as  shown  i n  F igure  7  (b).  Wi th  th is  scheme,  operation  modes  are  l im i ted  bu t 
i nsta l l ation  cost  can  be  reduced .  
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Figure 8  – Metal l ic  return  operation  of the  unfau l ted  pole  in  a  bipolar system  

3.6  Bipolar HVDC  system  with  metal l ic  return  HVDC system   

I f earth  curren ts  are  not to lerable  (as  mentioned  i n  3. 4,  i tem  d ))  or i f the  d i stance  be tween  the  
HVDC system  term inals  i s  short,  or i f an  earth  e lectrode  i s  not feas ib le  because  of h i gh  earth  
res isti vi ty,  then  the  transm ission  l i ne  may be  constructed  wi th  a  th i rd  conductor to  g i ve  a  
b ipolar HVDC system  wi th  metal l ic  return  HVDC system  (F igure  9) .  The  th i rd  conductor 
carries  unbalance  currents  during  b ipolar operation .  I t  a lso  serves  as  the  return  path  when  
one  transm ission  l i ne  pole  i s  ou t  of service.  Th is  th i rd  conductor requ i res  on l y reduced  
vol tage  insu lation  and ,  i n  th is  case,  may a l so  serve  as  a  sh ie ld  wi re  i f the  l i ne  is  overhead .  
However,  i f i t  i s  fu l l y i nsu lated ,  i t  can  serve  as  a  spare  conductor.  I n  th i s  case,  a  separate  
sh ie l d  wi re  i s  requ ired .   
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Figure 9  – Bipolar HVDC system  with  metal l ic  return  HVDC system  

The neutral  of one  of the  two  HVDC substations  shou ld  be  earthed ,  wh i le  the  neutral  at  the  
other end  of the  transm ission  wou ld  fl oat  or be  ti ed  to  i ts  station  earth  through  an  arrester,  a  
capaci tor or both .   

With  th is  des ign ,  the  system  can  sti l l  be  operated  i n  the  b ipolar mode,  i f one  conductor 
becomes unavai l able  and  the  th i rd  conductor i s  fu l l y i nsu lated .  Then ,  the  neu trals  at  both  
term inals  shou ld  be  connected  to  thei r l ocal  station  earths ,  and  care  shou ld  be  taken  to  hold  
the  unbalanced  curren t fl ow to  very l ow values.  Loss  of one  pole  wi l l  requ ire  b locking  of the  
other pole  un ti l  the  necessary swi tch ing  has  taken  p lace  for operation  of the  remain ing  sound  
portions  of the  HVDC transm ission  system .   

I f one  substation  pole  becomes unavai l able,  the  system  can  be  operated  i n  monopolar 
metal l ic  return  mode  by u ti l i zi ng  the  other substation  pole.  Th is  configuration  is  a lso  cal led  a  
"ded icated  meta l l ic return "  (DMR).  

For metal l ic  return  scheme,  d . c.  fau l t current wi l l  flow i n to  a. c.  system  and  come back through  
neu tral  poin t of transformers  instal l ed  i n  the  converter station .  Th is  curren t may l ead  to  the  
mal function  of protecti ve  re lays  instal l ed  i n  nearby stations,  because  of saturation  due  to  d . c.  
curren t.  To  prevent  such  mal functions,  i nsertion  of neu tral  g round ing  res istor (smal l  
res istance)  to  transformers  i n  converter s tation  wi l l  be  effective.  
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3.7  Two 1 2-pu lse  groups  per pole  

For a  h igh  power u l tra  h i gh-vol tage  d i rect curren t (UHVDC)  converter arrangement,  two  1 2-
pu lse  un i ts  per pole  may be  a  better so lu tion  to  ach ieve  requ i red  rati ng ,  because  the  
d imension  and  weight of converter equ ipment (especia l l y converter transformer)  wou ld  
become too  l arge  i f on l y one  1 2-pu lse  un i t  per pole  were  used .  

Two  1 2-pu lse  converters  can  be  connected  in  series  (F igure  1 0)  or i n  para l l el  (F igure  1 1 ) ,  and  
the  selection  of converter arrangement depends  on  the  speci fic  requ i rements  of the  project.  
On  the  other hand ,  i f a  project requ i res  reduced  vol tage  operation ,  for i nstance,  due  to  
occasional  sa l t con tam ination ,  then  series  option  shou ld  be  selected  may be  preferred .  

Basica l l y series/paral le l  option  has  no  d i fference  regard ing  l oss  of power when  a  forced  or 
schedu led  outage  of a  1 2-pu lse  converter occurs,  on l y 25  %  of the  capaci ty wi l l  be  lost,  
assum ing  the  same power rating  converters  are  employed .  I f su fficient overload  capabi l i ty i s  
avai l ab le,  fu l l  power or a lmost fu l l  power can  be  restored .  For series  option ,  the  two poles  can  
sti l l  operate  wi th  ba lanced  current (wi thout earth  curren t)  after a  forced  or schedu led  outage  
of a  1 2-pu lse  converter occurs .  However,  note  that by-pass  swi tch  i s  requ ired  for each  1 2-
pu lse  converter i n  series  connected  option .  For para l l e l  option ,  the  two poles  can  sti l l  operate  
wi th  unbalanced  curren t when  a  forced  or schedu led  ou tage  of a  1 2-pu lse  converter occurs ,  
wh i l e  there  is  l arge  current  fl owing  through  earth .   

The  cost of two  1 2-pu lse  group  per pole  arrangement,  compared  to  one  1 2-pu lse  group  per 
pole  for the  same total  rating ,  wou ld  be  expected  to  be  greater,  and  con trol  system  wi l l  
become more  compl icated .  

For a  l arge  b ipole  capaci ty,  two  1 2-pu lse  groups  i n  series  per pole  may be  cons idered .  Th is  
means  that when  a  forced  or schedu led  ou tage  of a  1 2-pu lse  converter occurs,  on l y 25  %  of 
the  capaci ty wi l l  be  l ost  and  the  two  poles  can  s ti l l  operate  wi th  a  balanced  curren t (wi thou t 
earth  curren t)  for two  1 2-pu lse  groups  i n  series  connection ,  or operate  wi th  an  unbalanced  
curren t (wi th  earth  /metal l ic return  curren t)  for two 1 2-pu lse  groups  in  para l l e l  connection .  I f 
sufficien t overload  capabi l i ty i s  avai l ab le ,  fu l l  power or a lmost fu l l  power can  be  restored .  The  
other advantages  of th is  configuration  are  that two  1 2-pu lse  scheme can  provide  soft  start  and  
stop  sequence  and  flexible  u ti l i zation  of the  HVDC system  wi th  various  combinations  of 
converter groups.  

DC  swi tches  wi l l  be  necessary to  bypass  and  remove  any 1 2-pu lse  group  from  operation .  The  
cost of such  an  arrangement,  compared  to  one  1 2-pu lse  group  per pole  for the  same tota l  
rati ng ,  wou ld  be  expected  to  be  h i gher.  

3.8  Converter transformer arrangements  

Each  1 2-pu lse  converter requ i res  two  three-phase  transformer valve  wind ings,  one  star-
connected  and  the  other de l ta-connected .  These  are  provided  by e i ther:  

a)  one  three-phase  transformer wi th  two valve  wind ings,  or  

b)  two three-phase transformers,  one  connected  s tar-star and  the  other star-del ta,  or 

c)  three  s ing le-phase  transformers  each  wi th  two va lve  wind ings,  one  for star connection  and  
the  other for del ta  connection ,  or 

d )  s ix s ing le-phase  transformers,  connected  in  two three-phase banks,  one  connected  star-
star and  the  other star-del ta.   

Depend ing  on  the  HVDC system  avai labi l i ty requ i rements,  spare  transformers  may be  needed  
at one  or both  ends.  I f one  three-phase transformer wi th  two valve  wind ings  i s  used ,  on l y one  
spare  un i t  wou ld  be  requ ired .  S ince  the  s tar-  and  de l ta-connected  three-phase  transformers  
wou ld  be  of d i fferen t des igns,  spares  cons iderations  wou ld  ind icate  one  spare  of each  des ign .  
On l y one  spare  wou ld  be  requ i red  for the  s i ng le-phase,  double-valve  wind ing  transformers  
s i nce  a l l  three  wou ld  be  i den tical .  The  l ast of the  above  options  wou ld  suggest  two  spare  
transformers,  one  each  for the  star-  and  the  del ta-valve  wind ing  s i ng le-phase  transformers.   
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I f spare  transformers  are  not employed ,  a l ternatives  b)  and  d )  above  a l l ow for s ix-pu lse  
operation  at  ha l f-power i n  case  of a  transformer ou tage,  i f the  HVDC system  is  designed  for 
th is  mode  of operation  and  the  a. c.  and  d . c.  harmon ic cond i tions  wou ld  be  acceptable.  S ix-
pu lse  operation  is  not possible  wi th  a l ternatives  a)  and  c) .  
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Figure 1 0  – Bipolar system  wi th  two 1 2-pu lse un i ts  i n  series  per pole  

Figure  1 0 ,  wi th  d . c.  swi tch  3  (named  as:  MRTB  and  GRTS),  i s  usual l y val i d  for recti fier s tation .  
The  d . c.  swi tch  3  i s  not necessary for the  inverter station .  
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Figure  1 1  – Bipolar system  with  two 1 2-pu lse  un i ts  i n  paral lel  per pole  

I t  i s  not a lways  needed  to  spl i t  the  d . c.  reactors,  especia l l y for paral l e l  connection .  The  
number and  arrangement of d . c.  reactors  depend  on  the  resu l ts  of system  stud ies  and  des ign .  

Converter transformers  wi th  a  terti ary wind ing  for reactive  power and  a. c.  harmon ic fi l ter 
equ ipment may a lso  be  used .  
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3.9  DC  switch ing  considerations  

There  are  a  number of poss ib le  d . c.  swi tch ing  arrangements  i n tended  to  i ncrease  HVDC 
system  avai l abi l i ty.  

Monopolar metal l ic  return  operation  of a  b ipolar system  is  d iscussed  in  3. 5 .   

For b ipolar systems,  d . c.  swi tch ing  may be  provided  (F igure  1 2)  so  as  to  a l low the  use  of any 
conductor for connection  to  any substation  pole  or to  neu tral .  Th is  arrangement i s  usefu l  for a  
scheme  i nvolving  cables  and  where  a  fu l l y i nsu lated  spare  cable  i s  avai lable  or cables  are  
connected  in  para l le l .  I f one  substation  pole  is  ou t of service,  then  the  cables  can  be  
para l l eled  to  reduce l i ne  l osses.  General l y,  d . c.  buses  are  fixed  i n  re lation  to  converters,  wi th  
two  pole  buses  and  a  neutral  bus .  Th is  wou ld  preclude  connection  of the  two substation  poles  
i n  para l lel .  
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1  DC reactor 

2  DC fi l ter 

3  Two-converter pol es  

4  DC swi tches  

5  DC bus  

6  Pole  

7  Neutral  

8  DC l i ne/cab le  

Figure 1 2  – DC  switch ing  of l ine  conductors  
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However,  i f fl exib i l i ty of connecting  the  two  substation  poles  in  paral le l  i s  needed ,  then  
provis ion  for polari ty reversal  of at  l east one  substation  pole  cou ld  be  made  and  the  neutral  
end  of that substation  pole  wi l l  a lso  have  to  be  i nsu lated  for fu l l  l i ne  vol tage.  A possib le  
swi tch ing  arrangement is  shown  i n  F igure  1 3.   
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1  DC reactor 

2  DC fi l ter 

3  Two-converter pol es  

4  DC swi tches  

5  DC bus  

6  Pole  

7  Neutral  

8  DC l i ne/cab le  

 

Figure 1 3  – DC  switch ing  of converter poles  

I f a  HVDC transm ission  system  i ncludes  both  overhead  l i ne  and  cable  sections,  a  d . c.  
swi tch ing  arrangement such  as  i n  F igure  1 4  may be  used  at the  j unction  of the  overhead  and  
cable  sections.   
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1  Bipolar overhead  l i ne  

2  DC bus  

3  DC swi tches  

4  DC cables  (two po les,  one  spare)  

Figure  1 4 – DC  swi tch ing  – Overhead  l ine  to  cable  

For more  than  one  bipolar l i ne,  paral l e l i ng  of converter poles  may be  considered ,  i n  order to  
a l l ow restoration  of transm ission  capabi l i ty (F igure  1 5)  for transm ission  l ine  ou tages.   

For l ong  b ipolar l ines  i n  paral l el ,  i n termed iate  swi tch ing  such  as  i n  F i gure  1 6  may be  provided .   

3. 1 0  Series  capaci tor compensated  HVDC systems  

Although  the  conventional  l i ne-commutated  converter technology has  reached  maturi ty,  such  
converters  sti l l  have  two  weaknesses:  

a)  a  l arge  amount of reactive  power consumption ,  rough l y 50  %  of i ts  active  power;  

b)  susceptib i l i ty to  a. c.  s i de  d isturbance,  commonl y observed  as  commutation  fai l u res.  

To  overcome these  weaknesses,  further developments  have  been  made  us ing  series-  
capaci tor compensation .  

Practical l y,  there  are  two  types  of series-capaci tor compensated  HVDC schemes.   

•  Capaci tor-commutated  converter (CCC),  i n  wh ich  series  capaci tors  are  i ncluded  between  
the  converter transformer and  the  va lves.   

•  Control led  series  capaci tor converter (CSCC)  i s  a lso  suggested .  I n  th is  scheme,  the  bas ic 
topology of the  converter i s  the  same as  the  conventional  topology;  however,  series  
capaci tors  are  i nserted  between  the  a. c.  fi l ter bus  and  the  a . c.  network.  Occurrence of 
ferro-resonance wi th  the  CSCC option  i s  e l im inated  by con trol l i ng  the  amount of series  
compensation .   
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1  DC reactor 

2  DC fi l ter 

3  Two-converter pol es  

4  DC swi tches  

5  DC bus  

6  Pole  

7  Neu tra l  

8  DC l i ne  

Figure  1 5  – DC  swi tch ing  – Two-bipolar converters  and  l ines  
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1  Two-bipolar l i nes  

2  DC bus  

3  DC swi tches  

4  Two-bipolar l i nes  

Figure 1 6  – DC  switch ing  – I n termediate  

The  CCC ci rcu i t  shown  schematical l y i n  F igure  1 7a)  i s  based  on  a  topology i n  wh ich  series  
capaci tors  are  i ncluded  between  the  converter transformer and  the  valves.  The  CSCC 
ci rcu i t has  the  series  capaci tors  inserted  at  the  connection  of the  fi l ter bus  to  the  a. c.  system  
as  shown  in  F igure  1 7b) .  Th is  provides  s im i lar performance  to  the  CCC,  wi th  the  add i ti onal  
advantage  of control lab i l i ty of the  reactive  power exchange  wi th  the  a. c.  network.  

Both  a l ternatives  offer improved  immun i ty from  commutation  fai l u re,  l ower l oad  rejection  
overvol tages  and  increased  stabi l i ty marg ins  i n  power con trol  mode,  over the  conventional  
HVDC scheme.  They are,  therefore,  su i table  cand idates  for use  at the  i nverter end  in  l ong  
cable  systems  or in  back-to-back ti es  connected  to  weak a. c.  systems.  The  performance of 
the  two  a l ternatives  is  very s im i lar for steady state  as  wel l  as  trans ien t operation .  

The  maximum  valve  vol tages  and  a lso  the  a . c.  curren t harmon ics  for the  CSCC configuration  
are  l ower than  for the  CCC configuration .  On  the  other hand ,  the  CCC in  recti fi er operation  
exh ib i ts  a  smal ler valve  short-ci rcu i t  curren t.  The  previous l y i denti fi ed  problem  wi th  ferro-
resonance  in  the  CSCC i s  e l im inated  through  the  appl ication  of control led  series  capaci tors.  
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a) Capacitor commutated converter (CCC) 

b) Control led  series capacitor converter (CSCC) 

 

Key 

1  AC system  e.m . f.  

2  AC system  impedance  

3  AC system  bus  

4  AC fi l ters  

5  Converter transformer 

6  Overvol tage  l im i ter 

7  Capaci tor 

8  Thyri stors  

9  Converters  

1 0  DC reactor 

 

Figure 1 7  – Capaci tor commutated  converter configurations  

The advantages  of us ing  CCC i n  comparison  wi th  conven tional  converter may be  summarized  
as  fol l ows:  

•  s i gn i ficantl y l ess  reactive  power consumption ,  wh ich ,  i n  combination  wi th  sharpl y tuned  
fi l ter branches,  e l im inates  the  need  for swi tch ing  fi l ter and  shunt capaci tor banks  during  
power ramps;  

•  immun i ty to  commutation  fa i l u re  during  a . c.  s i de  d isturbance,  wh ich  i s  beneficial  wi th  l ong  
l i nes  or cables  feed ing  weak a. c.  networks;  

•  s table  operation  i n  lower short-ci rcu i t  capaci ty systems;  
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•  l ower overal l  i nsta l lation  cost i n  some cases,  due  to  e l im ination  of swi tchable  fi l ter and  
shun t capaci tor banks  or synchronous  compensators,  i n  appl ications  associated  wi th  weak 
a. c.  network connections;  

•  robustness  i n  s i tuations  of converter-arm  short-ci rcu i t  fau l t due  to  l ower fau l t  curren t;  

•  l ess  variation  of reactive  power during  d isturbances,  wh ich  resu l ts  i n  improved  power 
qual i ty and  reduced  l oad  rejection .  

The  d isadvantages  are :  

•  i ncreased  harmon ic cu rrent;  

•  s l igh tl y i ncreased  converter l osses;  

•  requ i rement for detai l ed  study of transien t s tresses  on  equ ipment;   

•  reduced  i nherent  overload  capabi l i ty,  due  to  the  capaci tor connected  in  series  wi th  the  
converter;  

•  requ i rement for sh ie ld ing  against l i gh tn ing  and  rad io  i n terference between  the  valve  
wind ing ,  the  capaci tor and  the  va lve;  

•  s l i gh tl y i ncreased  va lve  vol tage  stress.  

When  CCC or CSCC is  being  cons idered  as  an  HVDC topology for a  particu lar project,  
i t  shou ld  be  emphasized  that the  selection  of optimal  system  rating  is  d i fferen t from  
conventional  HVDC.  Therefore,  i n  order to  make a  se lection  between  conventional  HVDC 
schemes  and  these  al ternatives,  a  detai l ed  anal ysis  i s  requ i red  wi th  respect to  econom ics  and  
techn ical  performance,  taking  in to  account  l osses,  i nsta l lation  costs,  etc.  

3. 1 1  LCC/VSC  hybrid  b ipolar system  

I n  case  one  pole  of LCC is  combined  wi th  VSC pole,  a  h ybrid  b ipolar system  of LCC and  VSC 
wi l l  be  formed.  For LCC/VSC hybrid  b ipolar system ,  specia l  cons ideration  shal l  be  taken  
because  power reversal  of VSC system  requ i res  curren t reversal ,  whereas  LCC changes  
vol tage  polari ty.  The  combined  operation  of both  systems wi l l  l ead  to  excess ive  current on  
e lectrode  l i ne  or return  l i ne  for one  of the  power d i rections.  I n  order to  prevent th is  problem ,  
swi tches  for polari ty reversal  shou ld  be  i nsta l l ed  on  the  VSC converter,  as  depicted  i n  
F igure  26.  

Adopted  VSC for h ybrid  system  shal l  be  asymmetrica l  monopole  configuration .  
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1  vol tage-sourced  converter (VSC)   

2  l i ne-commutated  converter (LCC)   

3  polari ty reversal  swi tches  

4  d . c.  reactor 

5  d . c  fi l ter 

6  earth  e l ectrode  

Figure 26  – LCC/VSC  hybrid  b ipolar system  

4 Environment information   

The  location  and  the  i n formation  l i s ted  i n  Table  1  shou ld  be  suppl ied  for each  HVDC 
substation .  
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Table  1  – Information  suppl ied  for HVDC  substation  

Parameter Un i t  Examples  of u se  and  comments  

Height  above  sea-leve l  m  For the  design  of a i r-cool i ng  systems  
and  for a i r cl earances  

Outdoor a i r temperatu re   °C  The  maximum  temperatu res  are  g i ven  
for rati ng  pu rposes  and  the  l ow 
temperatu res  for overl oad  capabi l i ty 
requ i rements.  I f the  user i n tends  to  
overl oad  the  equ i pment and  accept  a  
correspond ing  l oss-of-l i fe  expectancy,  
th i s  shou ld  be  s tated  and  the  
necessary i n formation  suppl i ed  

 For l ow 
temperatu re  
capabi l i ty  

For rated  
power 

capabi l i ty  

I f preferred ,  cu rves  showi ng  how 
these  parameters  vary over the  year,  
on  a  month l y basi s ,  may be  provi ded  
i nstead  

Maximum  d ry-bu l b  temperature  °C  °C  Valve  cool i ng ,  transformer and  reactor 
des ign ,  a . c.  and  d . c.  fi l ter desi gn  

Maximum  wet-bu l b  temperature  °C  °C  Evaporati ve  cool i ng  system  des ign  
and  of va l ve  hal l  re l ati ve  hum id i ty  

Maximum  average  d ry-bu l b  
temperatu re  for a  peri od  of 24  h  

°C  °C  Transformer and  o i l  i nsu lated  reactor 
des ign  

M in imum  average  d ry-bu lb  
temperatu re  for a  peri od  of 24  h  

°C  -  Transformer,  reactor and  d i sconnector 
swi tch  des ign  and  bu i l d i ng  heati ng  
needs  

M in imum  d ry-bu lb  temperatu re  °C  -  Transformer,  reactor and  d i sconnector 
swi tch  des ign  and  bu i l d i ng  heati ng  
needs,  a . c.  and  d . c.  fi l ter design  

Maximum  and  m in imum  i ndoor a i r 
temperatu res  and  relati ve  hum id i ty  

°C  

 %  

°C  

 %  

Usual l y d eterm ined  by the  val ve  
designer for the  valve  ha l l  and  by the  
control  designer for the  con trol  room  

I ndoor a i r temperatu res  and  re l ati ve  
hum id i ty d u ri ng  main tenance  and  
maximum  trans i ti on  time  after 
shu tdown  

°C  

 %  

°C  

 %  

Speci fi ed  i f i ndoor temperatu re  
extremes  are  too  great  for 
main tenance  personnel  

Maximum  i nciden t solar rad iati on    Bu i l d i ng  cool i ng ,  rati ngs  of 
transformers,  reactors,  buses,  etc.  

Hori zontal  su rface  W/m2   

Verti cal  su rface  W/m2   

Wind  cond i ti ons    

Maximum  conti nuous  veloci ty  m /s  Equ ipment support  and  bu i l d i ng  
des ign  

Maximum  gust  veloci ty  m /s  Equ ipment support  and  bu i l d i ng  
des ign  

Maximum  veloci ty at  a  m in imum  
temperatu re  … . .  °C  

m /s  Conductor,  s tra in  i nsu lator and  tower 
des ign  

I ce  and  snow covering  l oad    

Maximum  i ce  th i ckness  wi th  no  wi nd  mm  Equ ipment and  structu re  design ,  for 
example,  d i sconnector/swi tch ,  
conductor,  etc.  

Maximum  i ce  th i ckness  wi th  a  
maximum  wind  speed  of … . .m /s  

mm  Equ ipment and  structu re  design ,  for 
example,  d i sconnector/swi tch ,  
conductor,  etc.  

Maximum  snow l oad   N /m 2  Bu i l d i ng  des ign  

Maximum  depth  of snow mm  Equ ipment he ight  above  snow for 
safety purposes  

Rainfal l   Bu i l d i ng  and  s i te  d rai nage  

Annua l  average   mm   
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Parameter Un i t  Examples  of u se  and  comments  

Maximum  i n  a  peri od  of 1  h  mm   

Maximum  i n  a  peri od  of 5  m in  mm   

Fog  and  con tam ination  

U ti l i ty practi ce  for i nsu lator wash ing  
and  greas ing  

 To  determ ine  requ i rements  for 
i nsu lati on  and  a i r-cool i ng  system  fi l ter 
des ign .  An  estimated  equ ivalent  sa l t  
deposi t  densi ty l evel  shou l d  be  
speci fi ed  for i nsu l ator desi gn  

Keraun ic l evel  at  the  station  and  the  
fi rst  5-1 0  km  of the  l i ne  

Strokes/km 2 /year (substation )  

S trokes/1 00  km/year 

S tation  l i g h tn i ng  protection  design  

Seism ic cond i ti ons   Equ ipment,  s tructure  and  foundation  
des ign  

Maximum  hori zonta l  accelerati on  
frequency range  of hori zon tal  
osci l l ati ons  

m /s2  

Hz 
 

Maximum  verti cal  accel erati on  
frequency range  of verti cal  osci l l ati ons  

m /s2  
Hz  

 

Du ration  of sei sm ic even t  

 

Hz  

Cycles  

 

Cool i ng  water avai l ab le  at  the  s i te  ( i f 
u sed  for secondary cool i ng )  

 Secondary cool i ng  water may be  used  
e i ther for make-up  and  b low-down  of 
evaporati ve  coolers  or for once-
through  cool i ng .  Evaporati ve  cool i ng  
towers  can  be  a  sou rce  of h i gh  
hum id i ty for the  i nsu lators  and  shou ld  
be  carefu l l y l ocated  

Source  of water  Reservoi r,  wel l ,  etc.  

I f preferred ,  curves  showi ng  how 
these  parameters  vary over the  year 
on  a  month l y basi s  may be  provided  
i nstead .  

 For l ow 
temperatu re  
capabi l i ty  

For rated  
power 

capabi l i ty  

 

Maximum  conti nuous  fl ow rate  m 3/s  m 3 /s  Requ i red  for cool i ng  system  design  

Maximum  fl ow rate  for a  peri od  of 24  h  m 3/s  m 3 /s  Requ i red  for cool i ng  system  des ign  

M in imum  con ti nuous  fl ow rate  m 3/s  m 3 /s  Requ i red  for cool i ng  system  design  

M in imum  fl ow rate  for a  period  of 24  h  m 3/s  m 3 /s  Requ i red  for cool i ng  system  design  

Maximum  water temperature  -  °C  Requ i red  for cool i ng  system  design  

M in imum  water temperatu re  °C  -  Requ i red  for cool i ng  system  design  

Maximum  al l owable  d ump temperatu re  °C  °C  Requ i red  for cool i ng  system  design  

pH  l eve l    Design  of water treatment p l an t  

Conducti vi ty of water µ  S i emens/m  Design  of water treatment  p l an t  

Type  of d i ssol ved  so l i ds   Design  of water treatment  p l an t  

Quanti ty of d i ssol ved  sol i ds  g /m 3  Design  of water treatment p l an t  

Type  of und i ssolved  sol i ds   Design  of water treatment p l an t  

Quanti ty of u nd i ssol ved  sol i ds  g /m 3  Design  of water treatment p l an t  

Maximum  earth  res i sti vi ty at  the  HVDC 
substation  

Ωm Station  earth  design  

-   Depth  of water table  m  Foundati on  des ign  

-   S i te  soi l  cond i ti ons   Bore  hole  i n formation  (for example,  
rocks)  and  any speci a l  cond i ti ons,  
such  as  maximum  frost  depths,  
foundation  des i gn  

-   S i te  access ibi l i ty   To  determ ine  i nstal l ati on  and  del i very 
costs  
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Parameter Un i t  Examples  of u se  and  comments  

-   Weight  and  s i ze  l im i tations  for 
transportation  

kg ,  m  

 

Equ ipment desi gn  – especia l l y 
transformers  and  d . c.  reactors  

-   Local  profi l e  l im i tations  on  
equ i pment and  bu i l d i ngs  

 I n fl uence  on  equ ipment,  bus  and  
bu i l d i ng  des ign  

-  Envi ronmental  considerati ons   Aud ib l e  noi se  l im i ts ,  aestheti c  
requ i rements  – arch i tectural  
treatment,  l andscaping ,  etc.  

Any specia l  cond i ti ons  not  l i s ted  above,  for i nstance,  related  regu l ations,  wh ich  i n fl uence  system  performance  
shou ld  be  g i ven .  

 

5 Rated  power,  current and  vol tage  

5. 1  Rated  power 

5. 1 . 1  General  

Rated  power is  the  acti ve  power wh ich  the  HVDC system  shal l  be  able  to  transm i t 
con tinuous l y,  over the  range  of ambien t cond i ti ons  speci fi ed ,  wi th  a l l  equ ipment i n  service,  
bu t wi thout the  need  to  u ti l i ze  redundant components;  the  HVDC system  vol tage  and  
frequency as  wel l  as  the  converter fi ring  ang le  and  the  extinction  ang le  be ing  i n  thei r s teady-
state  range.  

Because  an  HVDC transm ission  system  i n  general  consists  of three  sections,  that i s  the  two 
HVDC substations  and  the  transm ission  l i ne,  each  of wh ich  produces  losses,  the  poin t of 
measurement of rated  power shou ld  be  speci fied .  

5. 1 .2  Rated  power of an  HVDC system  wi th  transmission  l ine  

The  rated  power of an  HVDC transm ission  system  on  a  per pole  bas is  i s  defined  as  the  
product of rated  d i rect vol tage  times  rated  d i rect curren t.  

For a  g i ven  d i rect current,  transm iss ion  l i ne  l osses  vary wi th  ambient cond i ti ons,  wh ich  can  be  
non-un i form  a long  the  l eng th  of the  l i ne.  Therefore,  i t  i s  customary to  speci fy rated  power at  
the  recti fier d . c.  bus.  I f the  requ ired  transm ission  capabi l i ty i s  defi ned  at some other location ,  
that i s  send ing-end  a. c.  bus,  receiving-end  a . c.  bus,  or somewhere  a long  the  HVDC 
transm ission  l i ne,  then  the  rated  d . c.  vol tage  shou ld  be  defined  and  the  rated  d i rect current  
shou ld  be  chosen  through  design  optim ization  of the  HVDC system .  

Rated  power and  vol tage  at  the  i nverter d . c.  bus  are  derived  values  from  recti fi er quanti ties ,  
and  l i ne  l osses  are  usual l y based  on  defined  conductor parameters  and  un i form  conductor 
temperature  assumptions  a long  the  l ine.  

Long  d istance  HVDC systems  may be  monopolar or b ipolar.  Rated  power shou ld  be  speci fi ed  
on  a  per pole  basis  s tating  the  number of poles .  

5. 1 .3  Rated  power of an  HVDC back-to-back system  

With  system  ties  i n  a  back-to-back configuration ,  there  i s  no  transm ission  l i ne.  Therefore,  the  
rated  d . c.  vo l tage  and  curren t are  chosen  through  des ign  optim ization  of the  HVDC system .  
Moreover,  recti fier and  i nverter are  sol i d l y connected  at  the  d . c.  s i de,  operating  as  one  un i t.  
Rated  power of such  a  system  can ,  therefore,  be  defined  as  the  product of rated  d i rect  
vol tage  times  the  rated  d i rect cu rrent.  
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5.1 .4  Di rection  of power flow 

I f the  same power rating  i s  requ ired  i n  each  d i rection ,  such  as  wi th  system  ti es  for power 
exchange,  th is  shou ld  be  stated .  

Where  power fl ow is  primari l y i n  one  d i rection ,  such  as  wi th  systems fed  from  remote  
generation ,  rated  power may be  speci fied  on l y for that d i rection  to  m in im ize  the  i nverter cost.  
Then  a  lower i nherent transm ission  capabi l i ty shou ld  be  accepted  for reversal  of power fl ow.  

5.2  Rated  current  

Rated  d i rect  curren t i s  the  mean  value  of the  d i rect curren t that the  system  shou ld  be  ab le  to  
transm i t  conti nuousl y for a l l  ambient cond i tions  speci fied  and  wi thout time l im i tations.  The  
rated  current  shou ld  not be  speci fi ed  for back-to-back systems  as  detai l ed  i n  5. 1 . 3  above,  
un less  there  are  speci fic reasons  for doing  so.  

5.3  Rated  vol tage  

The  rated  vol tage  i s  the  mean  value  of the  requ i red  d i rect vol tage  to  transm it  rated  power at 
rated  d i rect current.  I t  i s  measured  between  the  h igh-vol tage  bus  at the  l i ne  s ide  of the  d . c.  
reactor and  the  l ow-vol tage  bus  at the  HVDC substation ,  exclud ing  the  earth  e lectrode  l i ne.  
The  rated  vol tage  is  defi ned  at nom inal  a . c.  system  vol tage  and  nom inal  converter fi ri ng  ang le  
wh i l e  operati ng  at  rated  d i rect  current.  

For l ong  d istance  HVDC transm iss ion  systems,  the  rated  vol tage  shou ld  be  speci fi ed  at  the  
send ing  end .  I f the  vol tage  capabi l i ty of the  transm ission  l i ne  i s  h i gher than  the  rated  vol tage,  
then  th is  shal l  be  s tated .  The  rated  vol tage  need  not  be  speci fied  for back-to-back systems  as  
detai l ed  i n  5. 1 . 3  above,  un less  there  are  speci fic  reasons  for doing  so.  

6 Overload  and  equipment capabi l i ty  

6. 1  Overload  

Overload  i n  an  HVDC substation  usual l y refers  to  d i rect current  fl ow above i ts  rated  va lue.  For 
th is ,  consideration  may be  g i ven  to  acceptable  reduction  i n  l i fe  expectancy of equ ipment (for 
example,  d ue  to  thermal  ageing) ,  use  of redundancy,  and  l ow ambien t temperatures.  

Overload  may be  speci fi ed  i n  terms  of power.  Vol tage  regu lation  i n  the  converter i nclud ing  the  
transformer normal l y causes  an  i ncrease  i n  curren t somewhat more  than  an  amount 
proportional  to  the  i ncrease  i n  power.  I f rated  vol tage  is  to  be  main tained  under overload  
cond i ti ons,  then  the  fo l lowing  measures  may be  adopted ,  at  add i tional  cost.  

a)  The  converter shou ld  be  des igned  for a  h igher no- load  vol tage.  Th is  resu l ts  i n  a  h i gher 
MVA rating ,  i f overload  is  requ i red  over the  fu l l  range  of a . c.  bus  vol tage.  

NOTE  Th is  may not  be  necessary,  i f overl oad  i s  requ i red  on l y for the  upper range  of the  steady-state  a . c.  
system  vol tage.  

b)  The  vol tage  rati ng  of the  converter va lves,  wh ich  i s  based  on  transformer no- load  vol tage,  
shou ld  be  increased .  

c)  The  on- load  tap  changer range  shou ld  be  i ncreased ,  i f the  converter fi ri ng  ang le  i s  to  be  
maintained  at  i ts  nom inal  value.  Al ternative l y,  the  converter may be  designed  for a  h igher 
nom inal  fi ri ng  ang le  at  rated  power.  Th is  wi l l  i ncrease  reactive  power consumption ,  
harmon ics  and  l osses,  as  wel l  as  the  i n ternal  stresses  on  va lve  components .  

As  a  consequence,  i f rated  d i rect vol tage  is  to  be  maintained  under overload  cond i ti ons,  
overs izing  of equ ipment wi l l  be  necessary.  

For a  more  econom ical  des ign ,  an  overcurrent rating  may be  speci fi ed ,  wi thout regard  for 
d i rect vol tage  regu lation .  Bas ic converter equations  then  perm it  determ ination  of the  
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maximum  current,  beyond  wh ich  further i ncrease  wou ld  be  offset by excess ive  vol tage  
regu lations.  

When  the  converter i s  operated  in  overload  i t  wi l l  absorb  more  reactive  power.  Un less  th is  
i ncreased  reactive  power absorption  can  be  compensated  by fi l ters/shun t capaci tors,  for 
example,  from  another pole,  then  the  a . c.  busbar vol tage  wi l l  reduce.  When  the  a. c.  system  
short-ci rcu i t l evel  i s  l ow,  th is  effect may l im i t  the  ach ievable  overload .  

The  requ ired  duration  of HVDC substation  overload ing  is  most often  determ ined  by a. c.  
system  needs,  especia l l y fo l l owing  conti ngencies  i n  e i ther the  a . c.  or HVDC system .  

However,  some constra in ts  shou ld  be  observed  for the  HVDC substation  equ ipment.  Thermal  
time  constants  range  from  1  s  to  some  hours,  as  deta i l ed  i n  6 . 2 .  Longer duration  overload  
requ irements  of h i gh  magn i tude  may,  therefore,  resu l t i n  an  effecti vel y i ncreased  rating  of 
equ ipment and  thus  impose a  greater cost or a  reduction  of l i fe  expectancy.  These  factors  
shou ld  be  weighed  against system  benefi ts  when  speci fying  overload .  

EXAMPLE  A practi cal  va l ue  may be  a  1 , 2  per un i t  overl oad  for 1  h  wh ich  does  not  resu l t  i n  l oss  of l i fe  
expectancy of oi l -cool ed  transformers  and  reactors  bu t  may have  to  be  desi gned  i n to  thyri stor val ves.  Al so  
depend ing  on  the  parti cu lar d esi gn ,  the  1  h  overload  may be  converted  to  con ti nuous  i f cool i ng  redundancy i s  
u ti l i zed .  Other examples  i ncl ude  osci l l atory overloads  at  a  frequency of up  to  1  H z for du rati ons  of several  seconds,  
and  5  s  overloads  to  coun teract temporary overvol tage  or frequency changes.  

The  frequency and  the  time in tervals  between  such  overload  cycles  shou ld  be  speci fi ed .  

6.2  Equ ipment capabi l i ty  

6. 2. 1  General  

This  is  defi ned  as  the  abi l i ty of the  HVDC substation  equ ipment to  perm i t  transm ission  of 
greater than  rated  power,  wi thou t  l oss  of equ ipment l i fe  expectancy.  I t  depends  on  operati ng  
cond i ti ons  as  wel l  as  on  the  des ign  cri teria  for i nd ividual  components.  Impl ications  resu l ti ng  
from  the  latter are  d iscussed  i n  subsequen t subclauses  wi th  respect to  thei r bearing  on  
overload  speci fications.  

Ambient temperature  i s  an  important factor.  Power equ ipment i s  designed  to  perform  at rated  
l oad ing  under the  most  adverse  ambien t cond i ti ons  speci fi ed .  However,  these  cond i tions  
normal l y prevai l  for on l y l im i ted  time  periods.  At  l ow ambien t temperatures,  some marg in  i s  
avai lable  for i ncreased  capabi l i ty,  i f the  constrain ts  l i s ted  i n  6 . 2 . 4  can  be  overcome.  Th is  
marg in  depends  on  the  des ign  chosen  for the  particu lar equ ipment and  wou ld  d i ffer for 
various  HVDC substation  componen ts.  An  enveloping  curve  of transm ission  capabi l i ty versus  
ambien t  temperature  can  be  speci fied  a long  wi th  the  a . c.  system  cond i ti ons  to  be  met.  Th is  
shou ld  be  speci fi ed  i n  terms  of wet-bu lb  and  dry-bu lb  ambien t temperatures.  

6.2.2  Converter valve  capabi l i ty 

The thermal  time constant of the  thyristor heat s i nk combination  i n  a  th yri stor valve  i s  rather 
smal l  (several  seconds  up  to  a  few m inu tes) .  Overloads  fol l owing  conti nuous  operation  at  
rated  cu rren t and  at maximum  ambient  temperatures  i ncrease  the  thyristor j unction  
temperature.  Th is  shou ld  be  cons idered  wi th  respect to  the  speci fied  fau l t  suppression  
capabi l i ty of the  valve.  Consequentl y,  thyristor valve  cool ing  shou ld  be  des igned  so  that safe  
operati ng  temperatures  are  not exceeded  even  du ring  speci fi ed  overload  operation .  

Redundancy i s  provided  as  a  general  practice  i n  the  valve  cool ing  ci rcu i t.  Valves  are  designed  
such  that the  speci fied  rati ng  wi l l  be  met under the  most adverse  ambien t cond i tions  and  l oss  
of thyristor cool ing  equ ipment redundancy.  I f add i tional  capabi l i ty i s  needed  when  redundant 
cool i ng  is  not avai lable,  th is  shou ld  be  expl ici tl y speci fied .  

On  the  other hand ,  wi th  a l l  redundant  cool ing  equ ipment in  service,  extra  thermal  capabi l i ty i s  
avai l able.  The  resu l ting  g reater-than-normal  current capabi l i ti es  depend  on  the  thermal  design  
of the  va lve  and  on  the  cool i ng  system .  
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I n  view of the  above,  converter overload  speci fications  shou ld  s tate  the  magn i tude  and  
duration  of overload ,  frequency of osci l latory overloads  for modu lation  purposes,  as  wel l  as  
the  cool ing  equ ipment status  to  be  assumed  at maximum  ambient  temperatures.  

6.2.3  Capabi l i ty of o i l -cooled  transformers  and  reactors  

The thermal  time constant of the  transformer or reactor wind ings  i s  approximatel y 1 5  m in  and  
ranges  from  one  to  several  hours  for the ir o i l  ci rcu i ts,  depend ing  on  the  design .  

Consequentl y,  for short  t ime overloads  in  the  5  s  range,  o i l -cooled  equ ipment i s  not  the  
l im i ting  factor on  HVDC substation  overloads.  For overloads  l asti ng  l onger than  1  h ,  i t  shou ld  
be  speci fi ed  whether l oss-of- l i fe  expectancy i s  perm i tted .  The  expected  frequency of 
occurrence of such  overloads  shou ld  be  speci fied .  

6.2.4  AC  harmon ic  fi l ter and  reactive  power compensation  equ ipment capabi l i ty 

HVDC substation  overloads  wi l l  usual l y generate  i ncreased  harmon ic  curren ts.  These  i n  turn  
i ncrease  harmon ic  load ing ,  l osses  i n  fi l ters  and  harmon ic  i n terference  levels.  The  
speci fications  shou ld  s tate  whether the  i n terference  performance  under rated  cond i tions  
shou ld  be  met under overload  cond i ti ons  or to  what exten t degradation  of performance  is  
perm i tted .  

Also,  s ince  overload  i ncreases  the  converter reactive  power consumption ,  the  speci fications  
shou ld  state  how th is  i s  to  be  taken  i n to  account when  design ing  reactive  power 
compensation  equ ipment.  I f add i tional  reactive  power is  d rawn  from  the  system  under HVDC 
substation  overload  cond i tions,  excess ive  a. c.  bus  vol tage  regu lation  and  a  consequent 
reduction  i n  power fl ow may take  p lace.  For th is  reason ,  the  expected  a. c.  bus  vol tage  under 
overload  cond i tions  shou ld  be  speci fied .  

6.2.5  Switchgear and  buswork capabi l i ty  

Swi tchgear and  buswork normal l y do  not  impose  l im i ts  on  HVDC substation  overloads  un less  
paral le l i ng  of converters  i s  p lanned .  However,  special  atten tion  shou ld  be  paid  to  the  overload  
capabi l i ties  of current transformers  and  bush ings.  

7 Minimum power transfer and  no-load  stand-by state  

7. 1  General  

With  HVDC substations  there  exists  a  m in imum  steady-state  d i rect current  l im i t.  Th is  i s  d ue  to  
the  fact that at some low l evel  the  curren t becomes  d iscontinuous  and  is  the  principa l  cri terion  
for a  m in imum  power l im i t.  

7.2  M in imum  current  

Since  the  d i rect vol tage  ou tpu t of an  HVDC converter i s  made of sections  of the  s i nusoida l  
bus  vol tage,  d i rect  current wou ld  not be  a  smooth  or constan t quanti ty by i tsel f.  Rather,  i t  i s  
made  continuous  by the  d . c.  reactor connected  in  series  wi th  the  converter.  Assum ing  a  
constan t average  d i rect  vol tage,  the  d i rect curren t wou ld  become d iscon tinuous,  at  l ow power,  
depend ing  on  the  commutating  reactance of the  converters,  the  i nductance  of the  d . c.  reactor,  
the  number of va lve  groups  i n  service,  where  series  connection  of groups  i s  used ,  and  
converter fi ring  ang le,  as  wel l  as  the  negative  sequence componen t of the  a. c.  system  
vol tages.  D iscon tinuous  curren t shou ld  be  avoided  in  s teady-state  operation ,  u n less  the  
converter equ ipment i s  des igned  for th is  mode of operation .  

S ince  the  d . c.  reactor inductance  is  usual l y determ ined  by other cri teria  and  the  fi ri ng  ang le  
can  be  of any value,  a  m in imum  curren t l im i ted  shal l  be  speci fied .  A value  of 5  %  to  1 0  %  of 
rated  curren t i s  common l y used .  Th is  m in imum  d i rect  cu rren t can  further be  reduced  by 
choosing  a  l arger value  of d . c.  reactor i nductance.  
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7.3  Reduced  d irect vol tage  operation  

Under contam ination  cond i tions,  often  i n  combination  wi th  unfavourable  weather cond i ti ons,  
operation  of an  overhead  d . c.  transm ission  l ine  may not be  poss ib le  at i ts  rated  vol tage.  
However,  the  con trol  system  of the  HVDC substation  offers  various  means  to  ach ieve  
con tinuation  of power fl ow at  reduced  transm ission  vol tages.  

One  poss ib i l i ty i s  to  move the  transformer tap  changer to  the  posi ti on  resu l ti ng  i n  the  lowest 
a. c.  vol tage  for the  va lves.  I n  add i ti on ,  a  fu rther decrease  of transm ission  vol tage  can  be 
ach ieved  through  operation  at  an  i ncreased  fi ri ng  ang le.  

Th is  requ i rement cou ld  mean  a  specia l  valve  design  and  thus  i ncrease  valve  costs.  
Furthermore,  s ince  operation  at large  fi ri ng  ang les  causes  an  i ncreased  harmon ic  generation  
and  reactive  power consumption ,  operation  at  reduced  d i rect vol tage  then  requ ires  a  
reduction  of the  d i rect curren t,  i f the  fi l tering  and  compensation  equ ipment i s  not rated  for 
these  cond i ti ons.  

Other possib i l i ti es  are  to  i ncrease  the  tap  changer range,  or where  the  HVDC system  is  fed  
from  an  i so lated  power station ,  a  reduction  of a . c.  bus  vol tage  can  a lso  be  cons idered .  

Practica l  va lues  for reduced  d i rect vol tage  operation  are  at  70  %  to  80  %  of rated  vol tage,  
perhaps,  at  reduced  curren t.  I t  i s  reasonable  to  expect  con tinuous  operati ng  capabi l i ty at 
approximatel y rated  curren t at  75  %  vol tage  wi th  use  of redundant cool ing ,  provided  that  
somewhat h i gher harmon ic i n terference l evel  i s  acceptable;  th is  i n  turn  depends  on  expected  
frequency and  duration  of such  operations.  

Where  two  series-connected  1 2-pu lse  converter un i ts  are  used ,  one  un i t  m ight  be  swi tched  
ou t,  resu l ti ng  for example  in  a  50  %  vol tage  reduction  when  both  have  the  same rati ng ,  thus  
e l im inating  the  necess i ty to  operate  at  i ncreased  converter fi ri ng  ang le  or red uced  d i rect 
curren t.  

To  arri ve  at an  econom ic design  of the  equ ipment,  the  a . c.  vo l tage  levels  shou ld  be  speci fi ed  
for expected  d i rect vol tage  operations.  

7.4  No-load  stand-by state  

7.4. 1  General  

I n  th is  mode,  the  HVDC substation  i s  ready for immed iate  p ick-up  of l oad  wi thout the  need  for 
a  lengthy start-up  procedure.  A defin i tion  of the  s tatus  of various  equ ipment shal l  be  speci fied  
to  determ ine  the  no- load  losses  of the  HVDC substation ,  i f operation  i n  the  no- load  s tand-by 
state  i s  p lanned .  

7.4.2  Converter transformers  – No-load  stand-by 

The converter transformers  may remain  energ ized  or de-energ ized ,  depend ing  on  the  user’s  
pol icies  wi th  respect  to  l osses.  I n  the  l atter case,  account shou ld  be  taken  of the  time  requ i red  
for i n rush  cu rren ts  to  decay.  O i l  pumps  and  coolers  shou ld  be  i n  operation  on  a  m in imum  
l evel ,  as  appropriate  to  the  des ign  of the  transformers.  

7.4.3  Converter valves  – No-load  stand-by 

The  converter valves  shou ld  be  b locked  cond i tion .  There  wi l l  be  smal l  l osses  in  the  vol tage  
grad ing  ci rcu i ts ,  i f the  converter transformers  are  energ ized .  Primary,  secondary and  valve  
hal l  cool ing  shou ld  be  i n  operation  at  a  sufficient l evel  to  perm i t  immed iate  p ick-up  of l oad .  
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7.4.4  AC  fi l ters  and  reactive compensation  – No-load  stand-by 

The a . c.  fi l ters  and  reactive  compensation  may be  connected  or d isconnected  depend ing  on  
reactive  power control  strategy wi th in  the  a. c.  system .  However,  for the  sake  of no- load  l oss  
determ inations,  they shou ld  be  considered  d isconnected .  

7.4.5  DC  reactors  and  d .c.  fi l ters  – No-load  stand-by 

The  d . c.  reactors  and  d . c.  fi l ters  shou ld  be  connected .  DC  reactors ,  pumps  and  coolers  
shou ld  be  i n  operation  on  a  m in imum  level ,  as  appropriate  to  the  des ign  of the  reactors.  

7.4.6  Auxi l iary power system  – No-load  stand-by 

The auxi l i ary power system  shou ld  be  fu l l y operati ve  and  ready to  p ick-up  rated  load ,  for 
example,  a l l  s tation  service  transformers  energ ized ,  battery chargers  i n  operation ,  etc.  

7.4.7  Control  and  protection  – No-load  stand-by 

Al l  con trol  and  protection  ci rcu i ts  shou ld  be  operati ve.  

8 AC system  

8. 1  General  

The fo l lowing  shou ld  be  speci fied  for a . c.  systems at both  ends  for each  s tage  of development 
as  wel l  as  for expected  fu ture  changes.  D i fferen t  values  may be  speci fi ed  for performance  
and  rating  purposes.  

The  arrangement of the  a . c.  swi tchgear to  wh ich  the  converter un i ts  and  fi l ters  are  to  be  
connected ,  i nclud ing  a . c.  l i nes,  shou ld  be  described .  Th is  shou ld  a lso  be  done  for the  p lanned  
operating  schemes  of the  swi tchyard .  

Speci fic  data  shou ld  be  made  avai lab le  for generators  i n  the  close  vicin i ty,  particu larl y i f the  
major l oad  for the  generators  i s  served  through  the  recti fier.  Often  a l l  data  pertinent to  l oad  
flow and  short-ci rcu i t  s tud ies  are  a lso  needed .  

8.2  AC  vol tage  

8.2. 1  Rated  a.c.  vol tage  

Rated  a. c.  vol tage  is  the  r.m .s.  phase-to-phase  fundamental  frequency vol tage  for wh ich  the  
system  is  designed  and  to  wh ich  certain  characteristics  of the  a. c.  equ ipment are  re lated ,  
such  as  a. c.  swi tchgear,  a . c.  fi l ters,  reactive  power compensation  equ ipment,  primary 
wind ings  of converter transformers,  etc.  

Rated  vol tage  may be  used  to  defi ne  the  rated  power of such  a. c.  equ ipment.  

8.2.2  Steady-state  vol tage  range  

8.2.2 . 1  General  

The steady-state  vol tage  range  is  the  range  over wh ich  the  HVDC system  shou ld  be  able  to  
transm i t  rated  power and  over wh ich  a l l  performance requ i rements  are  to  be  met,  u n less  
stated  otherwise.   

Any specia l  performance  requ i rements  beyond  the  l im i ts  of the  s teady-state  range  shou ld  be  
speci fied .  These  may affect the  des ign  of main  equ ipment,  converter transformers,  fi l ters ,  
auxi l i ary equ ipment,  e tc.  
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8.2.2 .2  Short-term  vol tage range  

There  may be  s i tuations  under wh ich  the  vol tage  exceeds  the  normal  steady-state  operating  
range  bu t the  HVDC system  may be  requ i red  to  remain  i n  operation .  Under these  cond i ti ons  
the  HVDC system  may be  designed  to  operate  i n  a  manner whereby no  equ ipment shou ld  be  
at ri sk of damage,  bu t the  performance  l im i ts  of the  system  may be  acceptably degraded  (for 
harmon ics,  l osses,  etc. ) .  

The  acceptable  degraded  performance  l im i ts  shou ld  be  speci fi ed  s ince  these  wi l l  have  an  
effect upon  the  ratings  of equ ipment.  

The  HVDC control  system  may even  be  speci fi ed  to  ass ist i n  the  restoration  of the  vol tage  to  
wi th in  the  normal  operati ng  range  (through  e i ther HVDC control  action  or add i ti on /removal  of 
fi l ters  and  reactors)  i f th i s  i s  appropriate.  

8.2.2 .3  Vol tage  variation  during  emergency 

Dynam ic overvol tages  cou ld  determ ine  rati ngs  and  protection  strateg ies.  

Under extreme  ci rcumstances,  the  a. c.  vol tage  may exceed  even  the  short  term  range,  in  
wh ich  case  i t  may be  des irable  to  remove the  HVDC system  from  operation  i n  order to  protect  
the  equ ipment.  Al ternativel y,  i t  may be  poss ib le  to  rate  the  HVDC converter equ ipment to  
operate  wi th in  these  l im i ts ,  a l though  th is  wi l l  probabl y requ ire  h igher cost equ ipment and  
degraded  performance.  

The  HVDC control  system  may even  be  speci fied  to  ass ist i n  the  restoration  of the  vol tage  to  
wi th in  the  normal  operati ng  range  (through  e i ther HVDC control  action  or add i ti on /removal  of 
fi l ters  and  reactors) ,  i f th i s  i s  appropriate.  

8.2.3  Negative  sequence vol tage  

The negative  sequence  component of a. c.  vol tage  ca lcu lated  accord ing  to  the  method  of 
symmetrica l  components  is  that balanced  set of th ree-phase vol tages  whose maxima occur i n  
the  opposi te  order to  that of the  pos i ti ve  sequence  vol tages.  I t  i s  general l y expressed  as  a  
percentage  of the  rated  vol tage.  

Al though  i t  i s  d i fficu l t  to  obtain  an  actual  va lue  for th is  parameter,  the  maximum  to  be  used  i n  
determ ination  on  non-characteristic harmon ics  of the  curren t on  the  a. c.  s i de  and  the  non-
characteristic harmon ic vol tages  on  the  d . c.  s i de  shou ld  be  speci fi ed .  These  harmon ic  
curren ts  and  vol tages  are  respectivel y used  for the  design  of the  a . c.  fi l ter,  d . c.  fi l ter and  d . c.  
reactor (see  Clauses  1 6 ,  1 7 ,  and  20) .  

8.3  Frequency 

8.3. 1  Rated  frequency 

The  frequency of an  a . c.  system  shou ld  be  speci fied  to  g i ve  the  basis  of rati ng  of the  a. c.  
equ ipment,  converter transformer,  etc,  as  wel l  as  converter bri dges  and  control .  

The  des ign  of the  d . c.  fi l ters  i s  a lso  i n fl uenced  by the  a . c.  system  frequency.  

8.3.2  Steady-state  frequency range  

Steady-state  frequency range  is  the  range,  i n  con junction  wi th  the  a . c.  vol tage  s teady-state  
range,  over wh ich  the  rated  power may be  transm itted  and  a l l  performance requ irements  are  
to  be  met.  
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8.3.3  Short-term  frequency variation  

Lim i ts  and  duration  of short-term  frequency excurs ions  for wh ich  system  performance  i s  
requ ired  shou ld  be  speci fied .  Th is  can  be  a  sensi ti ve  parameter for a . c.  and  d . c.  fi l ter design .  
F i l teri ng  performance  during  such  variations  may be  speci fi ed .  

8.3.4  Frequency variation  during  emergency 

During  an  emergency the  a . c.  system  frequency may reach  extreme values  for l im i ted  periods.  
These  va lues  and  the ir expected  durations  shou ld  be  speci fied .  I n  th is  cond i tion ,  the  
equ ipment shou ld  remain  i n  service  wi thou t damage,  bu t shou ld  not be  requ i red  to  meet the  
performance speci fied .  For excurs ions  beyond  the  speci fied  operating  frequency l im i ts ,  i t  may 
be  perm iss ib le  to  au tomatical l y d isconnect the  equ ipment.  

8.4  System  impedance  at  fundamental  frequency 

For the  purpose  of anal ysis  of commutation  cond i tions  i n  the  converter,  the  system  
impedance at  fundamenta l  frequency shou ld  be  s tated .  Maximum  and  m in imum  va lues  of the  
subtrans ient  impedance at  the  a . c.  bus,  wi thout any fi l ter or compensating  equ ipment,  are  
needed  for such  anal ys is .  

Subtrans ien t impedance  i s  the  pos i ti ve  sequence impedance of the  a . c.  system  as  determ ined  
by the  subtrans ient reactance of synchronous  mach ines,  l eakage  reactance of i nduction  
mach ines  and  pos i ti ve  sequence  impedance  of connecting  l i nes.  

Add i ti onal l y,  a  deta i l ed  a. c.  system  impedance or a  su i table  equ ivalen t shou ld  be  speci fi ed ,  i n  
order to  optim ize  the  d . c.  control .  

8.5  System  impedance  at harmon ic frequencies  

System  impedance  at  a l l  harmon ic frequencies  from  the  2nd  up  to  the  50th  is  needed  for a. c.  
fi l ter design  and  performance  calcu lations.  

Th is  impedance may be  calcu lated  us ing  the  parameters  of the  l i nes,  transformers  and  
generators  up  to  fi ve  to  e ight HVDC substation  buses.  However,  th is  impedance  may change 
cons iderabl y under d i fferen t l oad  cond i tions  and  extension  s tages  of the  system .  Therefore,  
i t  i s  usual l y more  conven ien t to  use  an  R-X d iagram  and  to  p lot the  envelope  of the  l ocus  of 
the  system  harmon ic  impedance  under expected  system  cond i ti ons.  The  va lues  of Rmin  and  
Xmin  shou ld  be  i ncluded  i n  the  d iagram .  

I n  practice,  th is  d iagram  may take  various  forms  such  as  a  ci rcu lar p lot,  l im i ted  by constant 
R/X ratio  or the  combination  of both .  

8.6  Posi tive  and  zero-sequence  surge  impedance  

The pos i ti ve  and  zero-sequence  surge  impedance i s  needed  for al l  a . c.  l i nes  going  i n to  the  
station  for evaluation  of i n terference  from  converters  i n  the  carrier frequency band  and  for 
des ign  of appropriate  fi l ters.  

8.7  Other sources  of harmonics  

Other sources  of harmon ics  e lectrica l l y cl ose  to  the  HVDC substation  shou ld  be  identi fied .  
Thei r i n fl uence  shou ld  be  taken  in to  account  i n  a . c.  fi l ter and  capaci tor bank rati ngs.  
Generated  harmon ic curren ts  shou ld  be  stated  for the  static reactive  power compensators  
connected  to  the  converter substation  bus  or to  nearby a . c.  substations.  
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8.8  Subsynchronous  torsional  i n teraction  (SSTI )  

I f subsynchronous  torsional  i n teraction  (SSTI )  problems are  expected ,  a l l  re lated  i n formation  
from  the  pertinent stud ies  shou ld  be  provided  (see  a lso  Clause  9).  

9  Reactive power 

9. 1  General  

This  cl ause  i denti fi es  the  cons iderations  re levant to  reactive  power.  

9.2  Conventional  HVDC systems  

Line  commutation  of converter bridges,  as  used  i n  conven tional  HVDC systems,  requ i res  a  
consumption  of reactive  power i n  both  recti fi er and  i nverter operation .  At fu l l  l oad ,  th is  
consumption  represents  50  %  to  60  %  of rated  power for commonly used  va lues  of 
transformer impedance and  fi ri ng  ang le  or exti nction  ang le.  

At  partia l  l oad  reactive  power consumption  can  be  varied  accord ing  to  a . c.  system  
requ irements  by us ing  an  appropriate  con trol  strategy.  A con trol  strategy wh ich  is  often  
adopted ,  i s  to  main tain  the  delay ang le  α  i n  the  recti fier,  or the  extinction  ang le  γ  i n  the  
i nverter,  wi th in  narrow l im i ts  by means  of the  tap  changer of the  converter transformer.  Under 
th is  strategy,  the  variation  of reactive  power versus  rea l  power i s  shown  i n  F igure  1 8,  curve  1 ,  
for constant d i rect vol tage  and  constant exti nction  ang le  γ.  As  an  a l ternative,  a  l i near variation  
may be  obtained ,  as  shown  on  F igure  1 8,  curve  2 ,  wh ich  involves  main tain ing  constant  no-
load  d i rect vol tage  Ud0  by means  of an  increase  of the  de lay ang le  α  i n  the  recti fi er and  
exti nction  ang le  γ  i n  the  i nverter,  when  the  l oad  is  reduced .   

I f the  d i rect current  i s  kept  constan t  and  partia l  l oad  is  ach ieved  by i ncreasing  the  delay ang le  
and  thus  reducing  the  d i rect vol tage,  reactive  power consumption  is  i ncreased  at partia l  l oad  
accord ing  to  curve  3  in  F i gure  1 8 .  Any characteristic  between  curves  1 )  and  3)  can  be  
implemented  to  meet speci fic  a . c.  system  requ irements.   
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3  Constant  d . c.  curren t  

Figure  1 8  – Variations  of reactive  power Q with  active  power P of an  HVDC  converter 

Combined  changes  of the  va lve  fi ri ng  ang le  and  the  load  tap  changer of the  converter 
transformer may be  used  to  control  the  reactive  power demand  of a  HVDC substation .  
However,  s ince  th is  requ ires  an  i ncrease  of the  fi ri ng  ang le,  i t  l eads  to  an  i ncreased  
generation  of harmon ic curren ts  and  vol tages  and  i ncreased  losses  i n  the  damping  ci rcu i ts  of 
the  va lves.   

Looked  at another way,  fi l teri ng  of a. c.  current  i s  obtained  through  harmon ic fi l ters,  wh ich  a lso  
generate  reactive  power.  However,  the  fundamental  frequency reactive  power generated  by 
the  fi l ters  as  determ ined  by the  a. c.  fi l tering  requ i rements  at  fu l l  l oad  is  general l y l ess  than  the  
reactive  power consumption  of the  converter bri dges.  Therefore,  add i tional  capaci tor banks 
are  usual l y provided  to  meet the  tota l  reactive  power demand  of the  converter.   

The  net  reactive  power of the  converters  and  fi l ters,  taking  i n to  account fi l tering  consideration ,  
may be  control led  wi th in  certain  l im i ts,  by swi tch ing  of capaci tor banks  and  a lso  part  of the  
fi l ter banks,  i f needed .   
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To define  a  su i table  s trategy of reactive  power con trol ,  the  aspects  described  i n  9 . 4  to  9 . 7  
shou ld  be  speci fi ed .   

9.3  Series  capacitor compensated  HVDC schemes  

Reactive  power requ irements  of conventional  HVDC schemes  are  addressed  by add ing  shun t 
devices  such  as  shun t capaci tors  and  fi l ters.   

Conversel y,  both  CCC and  CSCC treat th is  d i fferen tl y,  as  i nstead  of connecting  capaci tor 
banks  i n  paral le l  to  the  converter bus,  they are  i nserted  between  the  transformers  and  va lves  
(CCC)  or between  the  transformers  and  the  a . c.  network (CSCC).  By these  configu rations,  the  
vol tage  across  the  series  capaci tor adds  to  the  commutation  vol tage  resu l ti ng  i n  a  wide  range  

of tri gger delay ang le  (α)  and  extinction  ang le  (γ) .  Th is  brings  abou t l ess  overlap  ang le  (µ)  
and  thus  less  reactive  power consumption .  AC  fi l ters  are  requ i red  on l y for harmon ic 
e l im ination  and  not  for reactive  power support.  Th is  reduces  the  MVAr rati ng  of the  fi l ter to  
smal l  va lues.  Un l ike  the  conventional  case,  ne i ther the  CCC or CSCC configuration  requ i res  
fi l ter-bank swi tch ing  for variations  i n  the  load  over the  fu l l  range  of operation .  

9.4  Converter reactive power consumption  

The reactive  power consumption  shou ld  be  determ ined  for the  d i fferen t operati ng  cond i tions  
for the  recti fi er and  inverter under partia l  l oad ,  fu l l  l oad  and  overload  cond i ti ons.  The  method  
of ca lcu lation  and  the  parameters  used  i n  the  calcu lations  shou ld  a lso  be  speci fied .   

The  operati ng  cond i ti ons  to  be  cons idered  i nclude:  d i rection  of power fl ow,  monopolar earth  
return ,  monopolar meta l l ic return ,  b ipolar and  reduced  d i rect vol tage  operation  over the  
speci fied  range  of s teady-state  a. c.  bus  vol tage.   

Also  at  m in imum  power transfer wi th  a  m in imum  number of a . c.  fi l ters  connected ,  the  abi l i ty of 
the  converter va lves  to  operate  wi th  i ncreased  fi ri ng  ang le/extinction  ang le  can  be  u ti l i zed  to  
m in im ize  the  reactive  power fl ow to  the  a . c.  systems.  

9.5  Reactive power balance  with  the  a.c.  system  

To determ ine  the  reactive  power sources  to  be  i nsta l l ed ,  an  overal l  balance  of reactive  power 
has  to  be  known.  To  determ ine  the  appropriate  reactive  power ba lance  load  fl ow stud ies  may 
need  to  be  performed .  Apart  from  the  reactive  power needs  of the  converters,  cons ideration  
shou ld  be  g i ven  to  the  fol l owing :  

– the  power factor range  to  be  main ta ined  in  the  a. c.  l i nes  for a l l  operating  cond i tions;  

– the  operati ng  vol tage  ranges  under l i gh t and  peak l oad  cond i tions  of the  a . c.  system ;  

– reactive  power avai lable  from  nearby generators;  

– redundancy requ i rements .  

I n  case  the  recti fier i s  d i rectl y connected  to  a  power s tation ,  the  fol l owing  poin ts  shou ld  a lso 
be  cons idered :  

– generator capabi l i ty over the  maximum  and  m in imum  perm iss ible  operating  vol tage  range;  

– tap  changer range  avai lable  i n  the  s tep-up  transformer,  and  the  tap  to  be  used  for each  
development stage;  

– reactive  power requ i rement of other l oads;  

– m in imum  perm issib le  acti ve  power for the  generators;  

– se l f-exci tation  l im i t  of the  generators ;  

– m in imum  number of generators  to  be  connected .   
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9.6  Reactive power supply 

The sources  of reactive  power suppl y to  meet the  set of requ i rements  shou ld  i nclude  the  most 
econom ical  combination  of fi l ters ,  shunt  capaci tors,  shunt  reactors ,  series  capaci tors,  
synchronous  and  static reactive  power compensators  that  meets  the  performance  cri teria.  
Much  of the  reactive  power shou ld  be  suppl ied  i n  the  form  of fi l ters  to  meet the  harmon ic 
performance.  Under l igh t l oad  cond i ti ons,  m in imum  size  of avai l ab le  fi l ter bank connected  
may l ead  to  surplus  reactive  power and  consequen tl y excess ive  s teady-state  vol tage.  Th is  
may requ ire  provis ion  of shunt reactors  or use  of converter capabi l i ty to  consume greater 
reactive  power.   

Shunt  capaci tor banks  are  the  most econom ical  source  for the  requ ired  remain ing  reactive  
power.  Synchronous  and  static reactive  power compensators  shou ld  be  cons idered  on l y i f 
there  i s  a  d ynam ic vol tage  and /or s tabi l i ty problem  (see  Clause  8) .  There  may be  add i tional  
requ i rements  associated  wi th  the  ad jacent a . c.  systems.   

9.7  Maximum size  of swi tchable  VAR banks  

Fi l ters  and  capaci tor banks  may be  d ivided  i n to  smal l  swi tchable  banks.  The  s i ze  of 
swi tchable  banks  depends  on  

a)  vol tage  con trol  requ i rements  over the  whole  operati ng  range  from  no  load  to  fu l l  l oad  and  
overload ;  

b)  acceptable  regu lation  step  per swi tch ing  operation .  I t  shou ld  be  noted  that  the  regu lating  
effect from  swi tch ing  reactive  power banks  can  be  modu lated  wi th  the  he lp  of converter 
con trol ;  

c)  frequency of swi tch ing .   

When  considering  combinations  of fi l ters  and  shun t capaci tors  wi th  synchronous  
compensators ,  the  fi l ters  and  shunt  capaci tors  shou ld  be  l im i ted  i n  s ize  to  avoid  sel f-exci tation  
of the  synchronous  mach ines.   

1 0  HVDC transmission  l i ne,  earth  electrode l i ne and  earth  electrode 

1 0. 1  General  

This  section  identi fies  those  characteristics  of the  HVDC transm ission  l i ne,  the  earth  electrode  
and  the  earth  e lectrode  l i ne  that are  re levant to  the  speci fication  of the  steady-state  
performance of the  converter,  i nclud ing  power l i ne  carrier performance  and  des ign  
requ irements .  I t  does  not  provide  the  i n formation  that shou ld  be  speci fied  for the  des ign  of the  
HVDC transm ission  l i ne,  earth  e lectrode  l i nes  or earth  e lectrodes  themselves.   

Key performance  speci fi cation  data  for the  HVDC transm ission  l i ne,  the  earth  electrode  l i ne  
and  the  earth  e lectrode  shou ld  be  determ ined  in  advance.   

1 0.2  Overhead  l ine(s)  

1 0 .2. 1  General  

The tota l  l eng th  of the  l i ne  shou ld  be  g i ven ,  i ncl ud ing  deta i l s  concern ing  any overhead  and  
cable  sections.  Detai ls  shou ld  be  provided  of any ri gh t-of-way j o i n t uses.  Particu lars  of a l l  
cross ings  and  paral le l i sms  need  to  be  g i ven  to  enable  assessment of poss ib le  e lectrical  
i n teractions  and  i n terference.  I n  case  the  exact l eng th  is  not known ,  the  expected  range  for 
th is  l eng th  shou ld  be  stated .   

For b ipole  and  mu l ti -pole  l i nes,  i n formation  on  the  spacings  between  poles  and  b ipoles  a long  
the  complete  rou te  wi l l  be  needed .   
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1 0.2.2  Electrical  parameters  

The e lectrica l  parameters  are  the  fol lowing :  

1 )  res istance  – maximum  posi ti ve  and  zero-sequence  d . c.  va lues  at m in imum  curren t,  rated  
curren t,  maximum  overload  current  wi th  due  consideration  of the  ambient cond i ti ons  
(temperature,  rad iation ,  wind  ve loci ty,  etc. )  prevai l ing  during  the  l oad  cond i ti on  cons idered .  
Curve  of frequency dependence  up  to  1 00  Hz the  49 th  harmon ic of the  fundamental  
frequency for rated  current;  

2)  capaci tance  – pos i ti ve  and  zero-sequence capaci tance  (C1  and  C0) ;  

3)  i nductance  – pos i ti ve  and  zero-sequence  i nductance (L1  and  L0) ,  curve  of frequency 
dependence  up  to  1 00  kHz the  49 th  harmon ic of the  fundamenta l  frequency for these.   

I f the  above  i n formation  i s  not avai l able ,  as  an  a l ternative,  the  necessary data  to  enable  i ts  
ca lcu lation  cou ld  be  g i ven .  To  calcu late  these  parameters ,  the  fo l lowing  data  wi l l  be  requ i red :   

a)  conductor s i ze,  type,  geometry ( i nclud ing  the  sh iel d  wi re) ;  

b)  tower ou tl i nes,  spacing  and  sag  profi l es ;  

c)  soi l  resistivi ty a long  the  rou te;  

d )  tower footi ng  res istance;  

e)  the  worst-case  maximum  conductor su rface  grad ients  to  perm i t  ca lcu lation  of corona  
effects,  for example,  i f a  carrier i s  to  be  used ;  

f)  cri tica l  impu lse  flashover l evel  of i nsu lation .   

I t  i s  strong l y recommended  that the  HVDC transm ission  l i ne  be  adequate l y sh ie l ded  from  
d i rect l i gh tn ing  strokes  for the  fi rst  1 0  km  from  the  HVDC substation  and  for the  HVDC 
transm ission  l i ne  tower footing  res istance  to  be  sufficientl y l ow,  for example,  l ess  than  1 0  Ω  
up  to  25  Ω .  

As  a  th i rd  a l ternative,  in  p lace  of sequence  components,  the  i n formation  cou ld  be  provided  in  
the  form  of se l f-  and  mutual  impedance  between  conductors  and  earth .   

1 0.3  Cable  l ine(s)  

1 0 .3. 1  General  

Length  of sections  or tota l  length  shou ld  be  speci fi ed  as  appropriate.  Any restrictions  on  
service  cond i ti ons  imposed  by the  cable  suppl ier shou ld  be  stated .   

Examples  of such  restrictions  m ight  i ncl ude:  

a)  l im i tations  on  polari ty reversal ;  

b)  l im i tations  on  d ischarge  rate;  

c)  l im i ting  vol tage  and  current ripple  l evel ;  

d )  l im i tations  on  overvol tages  and  overcurren ts.  

1 0.3.2  Electrical  parameters  

The e lectrical  parameters  are  the  fol lowing :  

1 )  d . c.  res istance  of conductor,  maximum  value  at rated  current and  at maximum  overload  
curren t,  m in imum  value  at m in imum  current;  

2)  conductor res istance  frequency dependence up  to  5  kHz;  

3)  cable  sheath  res istance  and  frequency dependence up  to  5  kHz;  

4)  i nductance  and  frequency dependence up  to  20  kHz;  
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5)  capaci tance  of conductor to  sheath ;  

6)  capaci tance  of sheath  to  earth  (armour) ;  

7)  surge  impedance  of cable  conductor to  sheath ;  

8)  attenuation  characteristics  up  to  50  kHz.  

1 0.4  Earth  electrode l ine   

To evaluate  poss ible  transformer saturation  effects  due  to  d i rect curren t flowing  via  the  station  
earth ing  system  and  earthed  neu tra ls,  the  earth  e lectrode  l ine  length ,  as  wel l  as  the  l ength  of 
any part of i t  wh ich  is  on  the  HVDC transm iss ion  l i ne  towers  shou ld  be  speci fied .   

The  earth  e lectrode  l ine  res istance  – maximum  value  and  ambient temperature  assumptions  – 
shou ld  be  stated .  

1 0.5  Earth  electrode  

The  maximum  resistance  of the  earth  e lectrode  re lative  to  the  remote  earth  shou ld  be  
i nd icated .  I t  shou ld  be  noted  that  th is  res istance  may i ncrease  wi th  time  and  environmental  
and /or load  cond i tions.   

1 1  Rel iabi l i ty 

1 1 . 1  General  

The re l iabi l i ty of a  HVDC system  is  the  ab i l i ty to  transm it  a  defi ned  energy wi th in  a  defi ned  
time under speci fi ed  system  and  environmenta l  cond i tions.  

The  purpose  and  scope  of th is  clause  is  for wri ti ng  speci fications  and  evaluati ng  re l i ab i l i ty.  
Th is  clause  defines  re l i abi l i ty ca lcu lations  during  the  acceptance  period  of an  HVDC system .  
P lease  refer to  Annex A for more  i n formation  on  factors  affecting  re l i ab i l i ty and  avai l abi l i ty of 
converter stations .  Reference  is  made  to  the  CIGRE Brochure  346  wh ich  deals  wi th  a  
reporting  procedure  of speci fic fa i l u res  and  overal l  avai labi l i ty of HVDC systems i n  operation .  
Al though  the  scope  of the  CIGRE Brochure  346  i s  d i fferent  from  th is  report,  the  bas ic terms  
used  and  thei r defi n i ti ons  are  common  to  both  documents .  

Terms and  defin i ti ons  appl icable  to  the  rel i abi l i ty of HVDC systems are  g i ven  below.   

1 1 .2  Outage  

1 1 . 2. 1  General  

An  ou tage  of the  HVDC system  is  an  event  when  the  transm ission  capabi l i ty fa l l s  to  a  l evel  
below the  maximum  rated  power.  Th is  may be  caused  by defects  of componen ts  of parts  of 
the  equ ipment,  human  errors ,  swi tch ing-out of equ ipment for main tenance  and  repai r,  
swi tch ing-ou t caused  by an  operation  of protection  equ ipment,  external  fau l t,  e tc.  (see  1 1 . 3. 3) .  
Cons ideration  shou ld  be  g i ven  to  defin ing  wh ich  of these  or other causes  shou ld  be  i ncluded  
i n  the  avai labi l i ty and  annual  number of forced  ou tages.  An  ou tage  wi l l  be  i ncluded  i n  the  
ca lcu lations  e i ther as  a  schedu led  outage  or a  forced  ou tage  (1 1 . 2. 2  and  1 1 . 2. 3 ,  respectivel y).  

1 1 .2.2  Scheduled  outage  

A schedu led  ou tage  i s  an  ou tage  where  the  transm ission  capabi l i ty fa l l s  below the  rated  
power l evel ,  and  i s  p lanned  in  advance  to  a l l ow part  or a l l  of the  HVDC system  to  be  taken  out 
of service  for a  schedu led  main tenance  period  or for equ ipment repair.  
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1 1 .2.3  Forced  outage  

A forced  ou tage  i s  an  unschedu led  ou tage,  wh ich  i s  in i tiated  e i ther by au tomated  protection  
equ ipment action  or through  operator in terven tion  ( i . e .  taking  a  decis ion  to  shut  down  a l l  or 
part of the  HVDC system  in  a  s i tuation  where  con tinued  operation  may cause  damage  to  
personnel  or equ ipment and  the  shutdown  cannot be  deferred  un ti l  the  next schedu led  
ou tage).   

1 1 .3  Capacity 

1 1 .3. 1  General  

The  capaci ty terms  defined  below are  normal l y defined  at  one  poin t  i n  the  HVDC system  
(such  as  the  send ing-end  a. c.  term inals,  the  receiving-end  a . c.  term inals ,  or the  send ing-end  
d . c.  term inals) .  I n  cases  where  each  of the  HVDC converter term inals  are  under separate  
ownersh ip,  i t  may be  appropriate  to  defi ne  the  rati ng  of each  s tation  i nd ividual l y.  

1 1 .3.2  Maximum continuous  capacity Pm  

This  is  defi ned  as  the  maximum  power value  ( i n  MW)  for wh ich  the  HVDC system  is  rated  for 
con tinuous  operation ,  exclud ing  any add i tional  capaci ty avai lable  through  the  presence  of 
redundant  equ ipment.  

1 1 .3.3  Outage  capacity Po  

For the  duration  of the  ou tage  the  power avai l ab le  is  reduced  from  the  maximum  rati ng  by an  
amoun t ( i n  MW)  cal l ed  the  outage  capaci ty Po .  

1 1 .3.4  Outage  derating  factor (ODF)  

The outage  derating  factor i s  defined  as  the  ratio  of the  ou tage  capaci ty Po  to  the  maximum  
capaci ty Pm :  

Error!  Bookmark not  defined .  
m

o

P

P
ODF =  (1 )  

1 1 .4  Outage  duration  terms  

1 1 .4. 1  Actual  outage  duration  (AOD)  

The  actual  ou tage  duration  i s  defined  as  the  time  e lapsed  i n  decimal  hours  between  the  s tart  
and  the  end  of the  ou tage.  The  ou tage  i s  typical l y started  when  a  swi tch ing  event takes  p lace  
to  i n terrupt the  main  ci rcu i t  power fl ow,  or to  in i ti ate  the  reduction  to  the  ou tage  power level .  
The  ou tage  i s  typica l l y completed  when  a  swi tch ing  event takes  p lace  to  restore  the  
equ ipment to  a  s tate  where  i t  i s  ready for operation ,  a l though  not necessari l y pu t  i n to  
operation ,  i . e.  the  equ ipment i s  made  avai l able  for service  operation .  

The  actual  ou tage  durations  may be  segregated  i n to  forced  and  schedu led ,  such  that the  
figure  of AOD for each  ou tage  becomes  e i ther Actual  Forced  Outage  Duration  (AFOD)  or 
Actual  Schedu led  Ou tage  Duration  (ASOD).  

1 1 .4.2  Equ ivalent outage  duration  (EOD)  

To take  i n to  account  the  partia l  l oss  of capaci ty,  the  equ iva len t ou tage  duration  is  defi ned  as  
the  actual  ou tage  duration  mu l tip l i ed  by the  outage  derating  factor  

 ODFAODEOD ×=  (2)  
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S im i l arl y to  the  creation  of forced  and  schedu led  actual  ou tage  durations,  i t  i s  poss ible  to  
segregate  the  equ ivalen t ou tage  durations  i n to  forced  and  schedu led  to  g i ve  Equ ivalent 
Forced  Outage  Duration  (EFOD)  and  Equ ivalen t Schedu led  Ou tage  Duration  (ESOD).  

1 1 .4.3  Period  hours  (PH)  

The  period  hours  is  the  tota l  number of hours  in  the  period  covered  by the  anal ys is  and  is  
typica l l y one  year or 8  760  h .  

1 1 .4.4  Actual  outage  hours  (AOH)  

The actual  ou tage  hours  are  the  sum  of the  ind ividual  actual  ou tage  durations  for the  period  of 
the  anal ys is .  

 ∑= AODAOH  (3)  

I t  i s  poss ib le  to  subd ivide  the  AOH  fi gure  i n to  forced  and  schedu led  outage  hours ,  by 
summ ing  the  AFOD  and  ASOD values  rather than  the  summation  of the  AOD va lues.  

1 1 .4.5  Equ ivalent outage  hours  (EOH)  

This  is  defined  as  the  sum  of the  i nd ividual  equ ivalent  ou tage  durations  wi th in  the  period  of 
the  anal ys is .  

 ∑= EODEOH  (4)  

I t  i s  poss ible  to  subd ivide  the  EOH  figure  i n to  forced  and  schedu led  outage  hours  by summing  
the  EFOD  and  ESOD values,  rather than  the  summation  of the  EOD  va lues.  

1 1 .5  Energy unavai labi l i ty (EU)  

1 1 .5. 1  General  

This  is  a  measure  of energy wh ich  cou ld  not have  been  transm i tted  due  to  ou tages.   

Energy unavai l abi l i ty i s  determ ined  from  the  equ ivalent  ou tage  hours  fi gure,  as  fo l l ows:  

 100% ×






=
PH

EOH
EU  (5)  

I t  i s  usual l y expressed  i n  percentage  values.  

For re l iabi l i ty s tud ies,  i t  i s  essential  to  d istingu ish  between  the  effects  of l i ne  fau l ts  on  
monopolar and  on  mu l tipolar (bipolar)  transm ission  systems.  

I n  a  monopolar system ,  a  l i ne  fau l t  causes  a  complete  col l apse  of the  transm ission .  I n  a  
b ipolar system  for most  cases,  a  l i ne  fau l t  on l y affects  one  pole  of the  transm ission  system ,  
so  that l i ne  fau l ts  wou ld ,  i n  general ,  reduce  energy transm ission  by 50  %.  However,  i f the  
remain ing  transm ission  l i ne  pole  i s  des igned  for some degree  of overcurrent  capabi l i ty and  i f 
the  converter g roups  on  the  HVDC substation  can  be  connected  i n  paral l e l ,  then  more  than  
50  %  of the  energy may be  transm i tted  after necessary swi tch ing  for paral l e l i ng  the  converters  
has  been  performed.  

I n  the  case  of a  fau l t i n  a  converter un i t,  the  affected  un i t  may have  to  be  swi tched  out.  The  
percentage  l oss  of transm ission  capaci ty i s  g iven  by the  number of converter groups  taken  
ou t of service  related  to  the  tota l  number of converter un i ts.  
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There  may be  other con ti ngencies,  such  as  partia l  loss  of fi l ters ,  fau l ted  earth  e lectrode  l i ne,  
etc.  Their impact on  avai labi l i ty shou ld  be  defined .  

1 1 .5.2  Forced  energy unavai labi l i ty (FEU)  

There  i s  a  measure  of the  energy wh ich  cou ld  not have  been  transm i tted  due  to  forced  
ou tages:  

 100% ×






=
PH

EFOH
FEU  (6)  

1 1 .5.3  Scheduled  energy unavai labi l i ty (SEU)  

This  i s  a  measure  of the  energy wh ich  cou ld  not have  been  transm i tted  due  to  schedu led  
ou tages:  

 100% ×






=
PH

ESOH
SEU  (7)  

1 1 .6  Energy avai labi l i ty (EA)  

This  i s  a  measure  of the  energy wh ich  cou ld  have  been  transm itted  by an  HVDC system :  

 EA  %  =  1 00  – EU %  (8)  

1 1 .7  Maximum permitted  number of forced  outages  

Not a l l  the  forced  outages  are  to  be  coun ted .  The  maximum  perm i tted  number of such  forced  
ou tages  for the  period  hours  PH  shou ld  be  defined .  

1 1 .8  Statistical  probabi l i ty of outages  

1 1 .8. 1  Component fau l ts  

I n  add i tion  to  the  avai l ab i l i ty of the  overal l  system ,  the  rel iabi l i ty of some ind ividual  
components  may a lso  be  considered .  

Every componen t i n  the  system  can  be  characterized  by i ts  fa i l u re  rate  λ .  I t  i s  wel l  to  
d isti ngu ish  between  statis tical  fa i lu res  (random  ou tages)  and  fai l u res  at  the  end  of the  
component l i fetime (for example,  ou tages  of l um inescen t d iodes  because  of ageing) .  To  stock 
spare  parts,  good  practice  d i fferentiates  between  these two  kinds  of fa i l u res,  s ince  at  the  end  
of thei r l i fetime  a l l  of the  concerned  components  shou ld  be  replaced .  

1 1 .8.2  External  fau l ts  

The expected  number of a. c.  system  fau l ts  and  thei r duration ,  wh ich  may detrimen tal l y 
i n fl uence the  behaviou r of an  HVDC system ,  shou ld  be  s tated .  The  probabi l i ty of the  
occurrence of such  fau l ts  shou ld  be  considered  when  stati ng  the  perm i tted  number of HVDC 
system  forced  outages.  

1 2  HVDC control   

1 2. 1  Control  objectives  

The advantages  of an  HVDC system  very much  depend  on  the  u ti l i zation  of i ts  control labi l i ty 
i n  ensuring  maximum  flexibi l i ty,  re l i abi l i ty and  adaptabi l i ty for d i fferen t system  requ i rements .  

The  obj ecti ve  of an  HVDC con trol  system  shou ld  be  to  provide  effi cien t operation  and  
maximum  flexib i l i ty of power con trol  i n  magn i tude,  rate  of change and  d i recti on  wi thou t 
comprom ising  the  safety of the  equ ipment,  wh i le  main tain ing  the  maximum  independence of 
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each  pole.  The  control  system  shou ld  be  su i table  for h i gh -speed  con trol  i n  such  a  way that  
i t  can  effectivel y respond  to  d is turbances  i n  the  a . c.  and  HVDC systems.  I t  i s  recogn ized  that 
l ong-d istance  transm ission  requ ires  a  h i gh -speed  telecommunication  system  for the  most 
effecti ve  operation .  However,  the  HVDC system  shou ld  be  operable  wi thout 
te lecommunication ,  and ,  for th is  case,  the  performance shou ld  be  maxim ized  to  the  exten t 
poss ib le.  

The  con trol  system  shou ld  be  adaptable  for:   

1 )  con trol  of the  reactive  power exchange wi th  the  a. c.  system  includ ing  reduced  or 
i ncreased  reactive  power consumption ;  

2)  a. c.  vol tage  con trol ;  

3)  frequency control ;  

4)  acti ve  power modu lation ;  

5)  combined  active  and  reactive  power modu lation ;  

6)  subsynchronous  tors ional  i n teraction  damping ;  

7)  remote  operation .  

1 2.2  Control  structure  

1 2 .2. 1  General  

The various  control  ci rcu i ts  of an  HVDC substation  are  general l y s tructured  i n  a  h ierarch ical  
manner.  They normal l y operate  fu l l y au tomatical l y.  For l ong-d istance  HVDC transm ission  
systems,  a  te lecommun ication  l i nk is  needed  to  coord inate  between  the  recti fi er and  the  
i nverter.  The  various  l evels  are  described  subsequentl y,  starti ng  wi th  the  l owest  l evel  (F igure  
1 9) .  

1 2 .2.2  Converter un i t  fi ring  control  

The converter un i t  fi ri ng  con trol  i s  essentia l l y an  open  l oop  control .  I ts  ou tputs  are  the  fi ri ng  
pu lses  to  the  i nd ividual  va lves  in  a  1 2-pu lse  converter un i t.  These  are  synchron ized  to  the  a . c.  
system  vol tage.  The  i npu t i s  the  delay ang le  α  or the  tri gger advance  ang le  β ,  as  provided  by 
the  next h i gher level .  

There  are  main l y two  types  of converter un i t  fi ring  con trol  pri nciples  wh ich  have  been  used  for 
HVDC:  

– equal  delay ang le  control ;  

– equ id istan t fi ring  control .  

Equal  delay ang le  control  i s  a  method  of t im ing  the  va lve  control  pu lses  so  that the  delay 
ang les  of the  valves  i n  the  converter un i t  are  essentia l l y equal ,  regard less  of unbalances  i n  
the  a . c.  system  vol tage.  

Equ id istant fi ri ng  con trol  i s  a  method  of t im ing  the  va lve  control  pu lses  in  such  a  way that they 
are  essentia l l y equ id istant in  time,  regard less  of unbalances  or d istortion  i n  the  a. c.  system  
vol tage.  

The  function  requ i rements  of the  converter un i t  fi ri ng  con trol  are:  

a)  operation  down  to  l ow va lues  ( i . e.  l ess  than  3)  of the  ratio  between  the  short-
ci rcu i t  capaci ty of the  a. c.  network and  the  transm i tted  d . c.  power;  

b)  that  the  perm i tted  deviation  from  equ id istant fi ri ng  shou ld  be  ±∆o ,  i . e .  each  fi ri ng  during  
cond i ti ons  speci fied  shal l  occur 30  ±  ∆o  after the  preced ing  fi ring  (for a  1 2-pu lse  converter 
un i t) .  I t  shou ld  be  noted  that the  cond i tions  are  d i fferent wi th  regard  to  a  reasonable  value  
for ∆o  for d i fferen t converter modes  of operation ,  i . e .  operation  wi th  m in imum  α,  current  
con trol  or m in imum  exti nction  ang le  control .  
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Deviation  from  equ id istant  fi ri ng  g i ves  rise  to  non-characteristic  harmon ics  transferred  to  the  
a. c.  network as  wel l  as  to  the  HVDC transm ission  l ine.  A typ ica l  perm i tted  maximum  va lue  of 
∆o i s  0 , 2° ,  assum ing  that the  a . c.  system  vol tage  and  impedances  are  balanced .  
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1  I n tegrated  a. c. /d . c.  system  con trol  

2  AC/d . c.  system  l evel  

3  HVDC system/master control  

4  Area  l evel  (or l ocal  substation  l eve l )  

5  B ipole/substation  con trol  (substation  
sequencing ,  substation  power control ,  
substation  power capabi l i ty cal cu lator,  reacti ve  
power con tro l ,  a . c.  vol tage  con trol )  

6  HVDC substation  (bi pol e  l evel )  

7  Pole  1  (d . c.  protection ,  pole  sequencing ,  pole  
power con tro l ,  tap  changer con trol ,  po le  power 
capabi l i ty cal cu lator)  

8  Pole  2  (d . c.  protection ,  pole  sequencing ,  pole  
power con tro l ,  tap  changer con trol ,  po le  power 
capabi l i ty cal cu lator)  

9  HVDC substation  (pole  l evel )  

1 0  Valve  base  e l ectron ics  (thyri stor fi ri ng  con tro l ,  
thyri stor status  reporti ng ,  thyri stor protection )  

1 1  Converter un i t  l evel  

1 2  Converters  

Figure 1 9  – Control  h ierarchy 
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1 2.2.3  Pole  control  

The  pole  control  provides  the  reference  values  per pole  for a l l  series-connected  converter 
un i ts,  i f any.  

Pole  con trol  i s  a  closed  l oop  con trol  and  i ncludes  the  basic  con trol  functions  that are  requ i red  
for stable  operation  of the  HVDC system ,  such  as  current control ,  vo l tage  control ,  extinction  
ang le  con trol ,  power con trol ,  tap  changer con trol .  Al l  these  control  functions  have  a  reference 
value  and  an  actual  va lue.  Some of these  reference  va lues  may be  provided  by the  pole  
con trol  (for example,  the  curren t reference va lue,  wh ich  is  ca lcu lated  out of the  requested  
transm ission  power) ,  others  can  be  provided  by the  operator (for example,  d . c.  vol tage,  d . c.  
power).  

General l y,  each  substation  pole  i s  provided  wi th  a  pole  con trol  (F igure  1 9)  that controls  the  
d . c.  vol tage  output of the  converter by determ in ing  the  fi ri ng  i nstant of the  valves.  The  pole  
con trol  senses  the  d i fference  between  the  order and  the  response  and  ad justs  the  converter 
d . c.  ou tpu t vol tage  accord ing l y.  I f the  curren t order i n  the  recti fier i s  l arger than  the  current 
response,  the  fi ri ng  control  i ncreases  the  d i rect vol tage  by decreasing  the  delay ang le,  thus  
i ncreasing  the  d i rect curren t.  The  d i rect vol tage  is  i ncreased  un ti l  the  current response  eq uals  
the  current  order or the  maximum  vol tage  i s  reached  when  fi ri ng  at m in imum  delay ang le,  
(m in imum  vol tage  across  the  va lve  capable  to  fi re  i t) .  On  the  other hand ,  i f the  current 
response i s  l arger than  the  curren t order,  the  d i rect vol tage  i s  correspond ing l y decreased .  
The  decreasing  action  i s  l im i ted  when  the  converter operation  has  been  transferred  from  
recti fication  to  i nvers ion  and  fi ring  g iven  the  least perm i tted  extinction  ang le  ( to  assure  safe  
valve  recovery) .  

The  vol tage  current  characteristics  of a  recti fi er and  an  inverter are  shown  i n  F igures  20a  and  
20b.  

Normal l y,  the  maximum  vol tage  l im i t  i n  the  i nverter i s  l ower than  that of the  recti fi er,  and  the  
curren t  wi l l  be  con trol l ed  by the  recti fier.  That  i s ,  the  i nverter wi l l  main tain  the  vol tage,  and  the  
recti fi er wi l l  ad just i ts  vol tage  unti l  the  curren t becomes equal  to  the  order i npu t,  and  a  stable  
working  poin t  A is  establ i shed  (F igure  20a).  

I f the  i nverter vol tage  l im i t  i s  l arger than  the  recti fier vol tage  l im i t,  the  i nverter con trols  the  
curren t and  the  recti fi er main tains  a  maximum  vol tage.  As  F igures  20a  and  20b  show the  
con trol  characteristic i n  a  s impl i fied  form ,  typical  examples  of more  deta i led  characteristics  
are  shown  i n  F igure  20c.  

As  noted ,  the  recti fi er usual l y con trols  the  current and  the  i nverter determ ines  the  vol tage.  
The  i nverter curren t  order equals  the  recti fier curren t order less  the  “curren t  marg in”  (∆I =  IR  – 
II )  (F igure  20a).  The  i nverter i s  forced  to  fi re  at the  l owest  a l l owed  trigger advance  ang le  β  
keeping  the  exti nction  ang le  constant  at  γmin ,  and ,  accord ing l y,  the  i nverter establ ishes  the  
vol tage  on  the  HVDC transm ission  l ine.   

For long-d istance  transm ission ,  the  d . c.  vol tage  at  the  i nverter i s  usual l y kept constan t  by 
appropriate  con trol  of the  i nverter transformer tap  changers.  

I n  other systems,  the  i nverter i s  control led  i n  such  a  way as  to  keep the  HVDC transm ission  
l ine  vol tage  constant.  I n  th is  case,  the  transformer tap  changer is  used  to  keep  the  exti nction  
ang le  γ  wi th in  a  certa in  range.  

The  de lay ang le  in  the  recti fier i s  kept wi th in  a  narrow band  (nom inal  α  ±  ∆α)  by means  of 
ad j ustment of the  tap  changers  of the  converter transformers.  DC  vol tage  variation  by 
chang ing  the  delay ang le  by ∆α  n ormal l y corresponds  to  one  tap-changer step.  Al ternativel y,  
the  converter no- load  d i rect vol tage  may be  kept constan t by means  of ad justment of the  tap  
changers.  
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Figure 20  – Converter vol tage-current characteristic  
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Reduced  d . c.  vol tage  may be  needed ,  for example,  at  times  of reduced  vol tage  wi thstand  
capabi l i ty of the  HVDC transm ission  l i ne.  Th is  can  be  accompl ished  i n  the  recti fi er as  wel l  as  
i n  the  inverter by tap  change  in  the  converter transformer,  by ad justmen t of the  delay ang le  or 
by swi tch ing  off one series  connected  converter groups ,  i f any.  

1 2 .2.4  HVDC  substation  control  

The HVDC substation  control  i s  normal l y implemented  as  a  cl osed  loop  con trol  system .  One 
major des ign  cri teria  for HVDC systems  is  normal l y to  m in im ize  the  equ ipment at  the  station  
l evel  as  much  as  possib le,  i n  order to  m in im ize  the  impact on  the  b ipole  i n  case  of a  fau l t  at  
that l evel .  Referring  to  s tation  level  functions,  these  cou ld  a lso  be  rea l i zed  wi th in  pole  l evel  
hardware,  and  may i nclude:  

a)  coord ination  of curren t orders  between  the  two  ends  via  the  te lecommun ication  l i nk,  most 
l i kel y on  a  per pole  basis ;  

b)  power control ;  

c)  coord ination  between  the  poles  of a  HVDC substation  ( i f there  i s  more  than  one  pole);  

d )  more  soph isticated  con trol  s trateg ies.  

Examples  of the  more  soph isticated  control  strateg ies  are  described  below.  

The  reactive  power consumption  of a  HVDC substation  is  dependent upon  the  fi ring  ang le  and  
the  d i rect curren t flowing .  Thus  the  d . c.  l i nk can  be  used  for control  of reactive  power or for 
vol tage  control  i n  the  a. c.  network.  

The  HVDC substation  control  can  be  coord inated  wi th  control  external  to  the  HVDC substation ,  
for example,  the  turbine  governor of a  generator station .  The  HVDC substation  can  a lso  be  
provided  wi th  con trols  to  avoid  subsynchronous  tors ional  i n teraction  (SSTI )  of a  turbine-
generator.  

Pole  current balance  con trol  can  be  speci fi ed  to  m in im ize  earth  e lectrode  l i ne  curren t  (equal  
to  the  unbalance  current  between  two poles  of a  b ipolar earth  return  HVDC system),  to  avoid  
corrosion  problems from  earth  cu rrent  flow through  underground  structures.  A typica l  
unbalance  curren t  l im i t  between  the  two  poles  of a  b ipolar system  wi thou t balance  control  
m ight  be  3  %  of rated  curren t.  

I t  shou ld  be  speci fi ed  wh ich  con trol  s trateg ies  are  i n tended  to  be  used  and  at  wh ich  priori ty 
they shou ld  be  operable  under d i fferent  operati ng  and  a . c.  system  cond i ti ons.  

The  power control  to lerance  i s  dependent upon  the  accuracy of the  vol tage  d i vider,  the  
curren t sensor and  the  resolu tion  of the  power order.  A typica l  tolerance  va lue  is  about  1 , 5  %  
at  rated  power.  

1 2.2.5  Master control  

Master con trol  i s  usual l y i n tegrated  i n to  the  HVDC station  con trol .  However,  i f two or more  
HVDC substations  are  connected  to  the  same a. c.  bus,  the  master con trol  wou ld  be  a  
separate  l evel  above the  station  con trol  and  include  more  soph isticated  con trol  strateg ies.  
I t  wou ld  i n terface  wi th  the  a. c.  system  and  coord inate  the  various  substations.  Master con trol  
can  a lso  be  provided  remotel y,  for example,  at  a  d ispatch  centre.  I n  th is  case,  
te lecommun ication  must be  provided  from  the  d ispatch  cen tre  to  the  HVDC substation .  

1 2.3  Control  order settings  

General l y,  both  converters  of an  HVDC system  are  equ ipped  wi th  i den tical  con trol  equ ipment 
s i nce  most HVDC systems are  des igned  to  transm i t  power i n  both  d i rections.  
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On l y the  s tation  control  i n  one  l ocation  can  be  i n  the  l ead  at one  time.  General l y,  the  setti ng  
of the  s tation  con trol  order and  rate  of change are  provided  manual l y at  the  lead  s tation .  The  
changes  i n  order are  then  executed  in  the  other substation(s)  via  the  te lecommun ication .  
Capabi l i ty of the  l ead  s tation  for setti ng  can  also  be  transferred  to  a  remote  l ocation ,  for 
example,  a  d ispatch  cen tre.  

I n  the  curren t  control  mode  the  curren t  order can  be  set manual l y i n  both  substations,  i f voice  
communication  i s  avai lable  for coord ination  purposes.  Current con trol  can  a lso  be  provided  
remotel y,  for example,  at  a  d ispatch  centre.  

Swi tch ing  from  power to  curren t control  mode  may be  ordered  au tomatical l y after fa i l u re  of the  
te lecommunication  channel  or by command  from  the  station  control .  

The  resolu tion  i n  the  power order setti ng  may be  speci fied  ( typical l y 1 0  MW at a  rated  power 
of 1  000  MW).  I ts  rate  of change  may be  speci fied  as  wel l  (for example,  between  1  MW/m in  
and  99  MW/m in  i n  s teps  of 1  MW/m in).  

Change  in  power d i rection  i s  normal l y i n i ti ated  from  the  l ead  substation ,  bu t  cou ld  a lso  be  
ordered  automatical l y,  i f emergency reversal  i s  ca l led  for,  for example,  after a  d is turbance i n  
one  of the  a . c.  systems.  

1 2 .4  Current  l im its  

Various  l im i ts  can  be  appl i ed  to  the  current order.  The  main  obj ecti ve  of these  is  to  optim ize  
the  perm iss ib le  current wi th  respect  to  main  ci rcu i t  components  and  cool i ng  cond i ti ons.  
Examples  of such  l im i ts  are:  

a)  overload  of l im i ted  duration  – perm i ts  overload  for a  fixed  duration  per 24  h  period ,  for 
example,  to  take  accoun t of transformer temperature-rise  l im i ts ;  

b)  win ter overload  – perm i ts  overload  when  valve  cool i ng  cond i ti ons  are  favourable  during  
l ow ambient temperature  periods;  

c)  d ynam ic overload  – permi ts  overload  for short  t imes  based  on  transien t thermal  properties  
of thyristors  and  the ir coolers ;  

d )  other cu rrent l im i tation  – because  of l oad ing  l im i ts  for generators  connected  to  the  recti fier 
substation  or for operation  wi th  reduced  d . c.  vol tage  or other system  d ynam ic 
performance  requ i rements;  

e)  m in imum  current l im i tation  – normal l y 0 , 05  to  0 , 1  per un i t.  

The  l im i ted  curren t order can  be  transm i tted  between  the  two substations  and  synchron izing  
equ ipment ensures  that  the  two  substations  at  any particu lar time wi l l  be  g i ven  i dentical  
curren t orders.  

1 2.5  Control  ci rcu i t  redundancy 

The  user requ i rements  for avai lab i l i ty of the  HVDC scheme may form  the  basis  for speci fying  
the  re l iab i l i ty of the  control  system .  Typical l y,  to  ach ieve  a  m in imum  poss ible  b ipolar ou tage  
rate,  the  control  system  i ncorporates  redundancy or main  and  backup subsystems.  

1 2.6  Measurements  

I tems  of i n terest wh ich  are  normal l y measured  i n  an  HVDC system  are  as  fol lows:  

– d . c.  curren t;  

– d . c.  vo l tage  and  polari ty;  

– reactive  power consumed  by the  converters;  

– net reactive  power i nclud ing  VAR banks  and  fi l ters;  

– a . c.  curren t;  
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– a. c.  vol tage;  

– a. c.  power;  

– energy;  

– earth  curren t;  

– delay ang le;  

– extinction  ang le;  

– tap-changer posi tions.  

A decis ion  shou ld  be  made on  wh ich  of these  measurements  is  requ ired ,  and  whether they 
shou ld  be  made on  a  per pole  basis ,  and  at what accuracy.  

The  accuracy or to lerance requ irements  wi l l  be  d i fferent  accord ing  to  the  function  for wh ich  
the  measurement i s  being  made  (control ,  protection ,  metering ,  ind ication ,  record ing ,  etc. ) .  As  
an  example,  the  deviation  between  the  set curren t order and  the  actual  cu rrent  i s  dependen t 
upon  the  to lerance of the  current  con trol  system  and  the  current sensor.  I n  th is  case,  a  typica l  
to lerance  requ i rement i s  l ess  than  1  %  at  rated  curren t.  

1 3  Telecommunication  

1 3. 1  Types  of telecommunication  l inks  

When  the  two  term inals  of a  HVDC system  are  located  a  considerable  d istance  apart,  i t  i s  
necessary to  have  a  te lecommunication  system  to  exchange in formation  between  the  two  
term inals .  The  most bas ic i n formation  to  be  exchanged  re lates  to  coord ination  of the  two  
term inals  during  start  and  stop  sequences.  Fast  commun ication  between  the  two  term inals  
can  be  used  to  enhance the  performance  of the  HVDC system .  

Al ternative  types  of te lecommunication  can  be  used  for con trol  and  operation  of an  HVDC 
transm ission :  

a)  te lephone;   

b)  power l i ne  carrier (PLC);   

c)  m icrowave;   

d )  rad io  l i nk;   

e)  optical  fi bre  communication .  

More  than  one  system  may be  used .  

1 3.2  Telephone  

A publ ic  te lephone  network is  one  a l ternative  communication  l i nk for HVDC transm iss ion  
con trol .  The  bas ic need  for voice  commun ication  between  the  stations  for the  correct  t im ing  of 
measures  to  be  taken  i n  the  s tations  at  operational  changes  can  be  satisfied  by a  d ia l -up  
connection .  For the  operation  of the  HVDC transm ission  from  a  d ispatch  cen tre  wi th  
unmanned  HVDC substations  and  to  make use  of the  i nheren t HVDC system  speed  of 
response for con trol  of transm itted  power,  a  permanent te lephone l i ne  i s  needed .  

1 3.3  Power l ine  carrier (PLC)  

PLC is  one  means  of communication  for an  HVDC transm ission  wi th  overhead  l i nes;  however,  
i ts  capabi l i ti es  may be  i nsufficient  to  meet the  requ irements  of h igh-speed  modu lation  control .   

For an  HVDC cable  system ,  the  transm ission  capaci ty of a  PLC  wi l l  be  reduced  for longer 
cable  d istances.  A cable  d istance  of about  1 50  km  is  the  approximate  l im i t  for one  duplex PLC  
channel .  
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When  a l l ocating  frequencies  for a  PLC system  wh ich  u ti l i zes  the  HVDC transm iss ion  l i ne  for 
i ts  carrier s ignal  transm ission ,  cons ideration  shou ld  be  g i ven  to  the  frequency coord ination  
wi th  other PLC  systems  of i n terconnected  a . c.  networks  to  avoid  in terference.  

PLC over the  HVDC transm ission  l i ne  m igh t wel l  use  a  h igher carrier frequency close  to  the  
HVDC substations  to  ach ieve  a  satisfactory s i gnal -to-noise  ratio  wi th  respect to  poss ib le  
converter i n terference.  Lower carrier frequencies  may be  used  at  some d is tance  from  the  
HVDC substations  because  the  lower frequencies  have  l ower attenuation .  Due  consideration  
shou ld  a lso  be  g i ven  to  poss ible  i n terference  at  cross ings  between  the  HVDC and  a . c.  
transm ission  l i nes.  

1 3.4  M icrowave  

Whi le  not  necessari l y essen tia l  for control  of HVDC transm ission ,  a  m icrowave  l i nk may be  
the  correct a l ternative  for fast  transm iss ion  of the  l arge  amounts  of i n formation  needed  to  
complement a  more  soph isticated  control  and  protection  of HVDC systems.  

However,  the  s ignal  levels  of m icrowave  te lecommunication  can  be  affected  by weather 
cond i ti ons,  such  as  heavy ra in  and  fog  s i nce  they absorb  or scatter the  m icrowave s ignal .  

Proper selection  of the  m icrowave  channel  rou te  is  necessary for re l iab le  and  econom ical  
i nsta l l ation .  Because  of i ts  l i ne-of-sigh t characteri stic,  the  system  requ i res  several  reflection  
towers  depend ing  on  geograph ica l  s i tuation  and  repeater s tation(s)  for i n termed iate  s ignal  
boost to  compensate  for th is  attenuation .  

Sate l l i te  te lecommunication  may be  another choice  for very l ong  d istance  HVDC transm ission  
schemes  a l though  i t  i nevi tabl y has  commun ication  delay time.  

1 3.5  Rad io  l ink 

A rad io  l i nk may be  considered  at l ong  sea  crossings  wi th  HVDC cable  transm issions,  when  
PLC does  not provide  sufficien t speed .  

1 3.6  Optical  fibre  telecommunication  

A fibre-optic commun ication  l i nk may be  used  for con trol  and  protection  of HVDC systems and  
may be  an  econom ic a l ternative  for fast transm ission  of l arge  amoun ts  of i n formation  wi th  
h igh  immun i ty from  i n terference.  

Th is  commun ication  system  is  very fast (comparable  to  m icrowave  systems)  and  re l iab le.  
Therefore,  i n  add i tion  to  the  basic requ i rements  for operation  of the  HVDC system ,  sufficient 
add i ti onal  bandwid th  may exist to  a l low enhanced  performance of the  control  and  protection  
systems.  Also,  in formation  capaci ty i s  sufficien tl y h igh  that a  variety of detai l ed  operational  
data  can  be  transm itted  a lmost i nstan taneously.  The  data  channels  usual l y i ncorporate  
mu l tip lexer technology for efficien t u ti l i zation  of the  system .  

Optica l  fi bre  can  be  la i d  for sea  cross ings;  however,  carefu l  route  se lection  is  importan t s ince  
they are  eas i l y damaged  by mechan ica l  s tress.  Using  composi te  d . c.  power cables ,  i n  wh ich  
optical  fibres  are  enclosed ,  i s  another choice.  I f these  cables  are  used ,  the  re l iabi l i ty of the  
fibre  optic communication  i n  terms  of mechan ical  stress  can  be  compatib le  wi th  conven tional  
power cable  and  the  tota l  laying  cost can  be  reduced .  Use  of OPGW (optical  ground  wi re)  as  
one  of sh ie l d ing  wire  i s  another typical  arrangement used  i n  many overhead  l i nes  schemes.  
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1 3.7  Classification  of data  to  be  transmitted  

A l ist of classes  of the  d i fferent types  of i n formation  to  be  transm itted  between  the  HVDC 
substations  i s  g i ven  be low.  For each  of these  classes,  the  d i fferent requ i rements  shou ld  be  
i denti fied  such  as  speed ,  resolu tion  and  re l iabi l i ty:  

a)   order s ignals  for con tinuous  control :  

–  power order;   

– curren t order;  

– frequency control ;   

– damping  control ;  

b)   operation  orders :  

– change  of control  mode  of operation ;   

–  i n terlocking  of protection ;   

–  operation  of swi tches;   

– b lock/deblock;  

– power system  securi ty control ;  

c)   state  i nd ications:  

– pos i tion  of swi tches;   

– number of converters  i n  operation ;  

d )   measured  value;  

e)   a larm  signals ;  

f)   vo ice  commun ication ;  

g )   d . c.  l i ne  fau l t l ocation .  

Usual l y,  these  s ignals  are  transm itted  in  accordance  wi th  certa in  data  format,  such  as  cycl ic 
d ig i ta l  te lemeter data  format.  Each  data  i tem  is  assigned  to  a  group  of b i ts  s ized  accord ing  to  
the  data  format.  I n  some cases,  i t  may be  undes irable  to  resend  o ld  data  i f an  error i s  
detected ,  for example,  when  send ing  power orders  during  swing  damping .  

1 3.8  Fast response  telecommunication  

Several  types  of control  may requ ire  a  fast te lecommunication  such  as  m icrowave or optical  
fibre  channel  (greater than  1  200  bi t  per second  (bps), (for example,  64  kbps)),  for example:  

a)  damping  control  of a. c.  systems;   

b)  frequency control  of a. c.  systems;   

c)  fast power control  of a . c.  and  HVDC systems;   

d )  HVDC transm ission  l i ne  fau l t  l ocation ;  

e)  HVDC transm ission  l i ne  protection ;  

f)  power system  securi ty control .   

The  performance  requ i rements  of the  te lecommunications  system(s)  wi l l  depend  on  the  
speci fic demands  p laced  on  i t  by the  HVDC control  system ,  remote  control  faci l i ti es ,  etc.  
S ince  these  vary widel y between  HVDC schemes,  the  te lecommun ications  system  
speci fication  shal l  be  determ ined  through  deta i led  anal ys is  of the  particu lar HVDC system .  

1 3.9  Rel iabi l i ty 

General l y,  a  te lecommun ication  system  can  be  provided  wi th  an  au tomatic  se l f-checking  
system .  
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I f a  redundan t (s tand-by)  te lecommun ication  system  is  avai lable,  au tomatic  swi tch -over 
shou ld  be  provided ,  thus  maintain ing  the  fu l l  degree  of con trol  of the  HVDC system .  I f a  
redundant system  is  not avai lable,  then ,  after l oss  of commun ication ,  the  operation  of the  
HVDC system  shou ld  conti nue  un in terrupted  under the  defined  con trol  s trategy not requ i ring  
te lecommun ication .  

For m icrowave  channels ,  s i gnal  fad ing  i s  i nevi table ;  however,  the  i n terruption  period  of a  
typ ica l  commun ication  channel  i s  around  1 0  ms.  I t  i s  normal l y poss ible  for the  HVDC system  
to  main tain  the  control  s i gnal  data  during  the  i n terruption ,  so  i t  shou ld  be  able  to  recover 
wi thout  i n terruption  of the  power flow.  

Further h igh  re l iabi l i ty can  be  ach ieved  i f several  of the  above mentioned  communication  
channels  are  combined .  For example,  combination  of m icrowave  and  fi bre-optic 
communication  channel  enables  un in terruptib le,  more  re l i able  commun ication  and  flexib le  
main tenance  of these  faci l i ti es.  Also,  d is located  i nsta l lation  of two sets  of m icrowave  system  
(space  d i vers i ty scheme)  can  m i ti gate  a  s i gnal -fad ing  problem  across  the  sea.   

1 4 Auxi l iary power suppl ies  

1 4. 1  General  

Auxi l i ary power suppl ies,  wh ich  usual l y have  a  tota l  rating  equ ivalent  from  0, 2  %  to  1  %  of the  
HVDC substation ,  are  needed  for cool ing  pumps  and  fans,  con trol ,  protection  and  motorized  
dri ves  of d isconnectors,  etc.  and  for general  substation  service  needs.  To  ensure  adequate  
securi ty of suppl y and  freedom  from  in terruption ,  these  suppl ies  are  usual l y derived  d i rectl y 
from  the  h i gh-vol tage  a . c.  network at the  substation .  

Where  a  separatel y and  i ndependen tl y energ ized  d istribu tion  network suppl y i s  avai l able,  th is  
shou ld  be  u ti l i zed  as  a  back-up  source  to  g i ve  added  protection  against fa i l u re  of med ium - 
and  l ow-vol tage  swi tchgear and  suppl y transformers.  

1 4.2  Rel iabi l i ty and  load  classification  

Short (for example,  l ess  than  5  s)  i n terruptions  i n  the  auxi l i ary supply to  the  converter station  
shou ld  not d isturb  the  HVDC power flow.  Safe  con trol l ed  shu tdown  of the  HVDC substation  
shou ld  take  p lace  in  the  even t that the  a . c.  bus  has  been  tri pped  by the  protection .  (S ince  
HVDC converters  are  l i ne-commutated  there  can  be  no  sustained  transm ission  i f the  a. c.  
system  generation  i s  l ost,  a l though  protection  may be  needed  to  prevent pseudo-commutation  
by fi l ters  or reactive  power compensators).  

Control ,  protection  and  data  record ing  systems  are  not usual l y able  to  accommodate  even  a  
very short  in terruption  i n  their power suppl ies.  Accord ing l y,  they are  suppl ied  from  station  
batteries  or,  when  a . c.  suppl ies  are  needed ,  from  an  un in terruptib le  power s ystem  (UPS).  
Dupl ication  of batteries  i s  not a lways  necessary,  bu t fu l l  redundancy of the  battery chargers  
and  the  UPS may be  requ i red  to  meet the  des i red  re l iabi l i ty cri teria .  Al l  breakers  and  
d isconnectors  essentia l  to  the  safe  shu tdown  fo l l owing  a  fau l t  shou ld  be  operated  by stored  
energy,  for example,  compressed  a i r or battery suppl ies.  

D i fferen t considerations  appl y to  the  operation  of d isconnect swi tches  and  the  clos ing  of 
breakers  to  reinstate  the  transm ission  capabi l i ty fo l lowing  a  fau l t-caused  shutdown  perhaps  at  
a  lower capaci ty.  I f the  requ irement for a  restart from  a  tota l l y dead  bus  can  be  expected ,  a  
d iesel  generator may be  necessary when  adequate  battery capaci ty i s  unreal is tic.  

On l y brief i n terruptions  i n  power for va lve  cool ing  fans  and  pumps  can  be  a l l owed  because  of 
the  short thermal  time  constan t of th yristor va lves.  Automatic changeover between  two  
i ndependentl y derived  suppl ies  i s  preferable;  bu t i f one  i s  dependen t upon  the  d istribu tion  
network,  i t  shal l  be  recogn ized  that the  securi ty of such  a  suppl y wi l l  be  rather l ow and  the  
changeover shou ld  be  such  that reconnection  to  the  primary system  source  is  au tomatical l y 
accompl ished  as  qu ickl y as  possib le.  
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S ince  HVDC power transm ission  is  possib le  on l y when  the  a. c.  system  bus  i s  energ ized ,  the  
l oss  of auxi l i ary suppl ies  during  an  a . c.  system  d isturbance  or converter d isconnection  does  
not cause  a  further l oss  of avai l ab i l i ty,  u n less  the  subsequent restart of auxi l iary loads  is  
delayed .  

A l ower securi ty of suppl y can  be  accepted  for those  general  s tation  services  the  l oss  of 
wh ich  does  not d i rectl y j eopard ize  the  power flow.  Even  so,  changeover capabi l i ty between  
a l ternative  and  i ndependent suppl ies  shou ld  be  regarded  as  the  norm ,  bu t may not 
necessari l y be  au tomatic.  

An  emergency supply that wi l l  be  main tained  even  when  the  HVDC substation  i s  i so lated  from  
the  a . c.  network may be  needed .  Typica l l y,  th is  emergency suppl y wi l l  be  from  d iesel  
generators  and  apart from  suppl ying  general  services  may be  arranged  to  power the  battery 
chargers,  particu larl y i f the  poss ib i l i ty of prolonged  outages  can  be  anticipated .  

1 4.3  AC  auxi l iary suppl ies  

The tota l  auxi l i ary load  of the  HVDC substation  and  the  number and  rating  of motors  l arger 
than  30  kW  shou ld  be  establ ished ,  at  fi rst  to  defi ne  approximatel y the  overal l  auxi l iary bus  
requ i rements .  Second l y,  detai l s  of poss ib le  sources  of suppl y and  the  capaci ty,  fau l t  l evel  and  
re lationsh ip  to  the  poin t  of coupl ing  of the  converter to  the  a. c.  network need  to  be  defined .  
Th is  shou ld  be  augmented  wi th  the  a i d  of a  s ing le  l i ne  d iagram .  From  these  data,  i t  wi l l  be  
poss ib le  to  speci fy securi ty of suppl ies ,  duration  of i n terruptions  due  to  fau l t cl earance,  
d istortion ,  vol tage  and  frequency l im i ts .  A vol tage  stabi l i ty anal ys is  shou ld  be  carried  ou t on  
any des ign  proposal  to  ensure  that  changeover times  and  phase  d i fferences  between  
a l ternative  suppl ies,  vol tage  reductions  on  motor starti ng  and  fau l t  cl earance are  wi th in  
acceptable  l im i ts.  

I nduction  motors  particu larl y may be  sens i ti ve  to  the  ampl i tude  of negative  sequence vo l tage,  
l ow vol tage  or extreme frequency excurs ions.  F inal l y,  an  accurate  figure  wi l l  be  needed  for 
l oss  guarantee  purposes.  

1 4.4  Batteries  and  un interruptible  power suppl ies  (UPS)  

I t  i s  usual  to  have  separatel y ass igned  batteries  to  l im i t  mutual  i n terference  for at l east:  

– HVDC system  control  for each  pole;  

– other substation  con trol  and  protection ;  

– te lecommunication  equ ipment.  

These  batteries  wi l l  usual l y be  of d i fferent  rated  vol tages.  The  time for wh ich  each  battery can  
suppl y i ts  rated  l oad ,  wi th in  the  rated  vol tage  range  i n  the  even t of fai l u re  of the  charger or i ts  
suppl y,  shou ld  be  speci fi ed .  A typ ical  t ime  is  6  h .  The  charg ing  time,  wh i l e  the  charger i s  
suppl ying  the  rated  l oad  and  the  recharge  curren t  for the  battery,  shou ld  a lso  be  speci fied .  A 
typical  recharge  time is  1 0  h  to  ach ieve  a  m in imum  state  of charge  of the  battery of not l ess  
than  90  %.  I n  add i tion ,  the  acceptable  ripple  vol tage  and  the  superimposed  ri pple  curren t  
shal l  be  considered .  A room  shou ld  be  set as ide  for batteries  and  chargers,  bu t wi th  modern  
equ ipment there  is  no  j usti fication  for separati ng  the  two  i tems.  

For batteries ,  i t  i s  necessary to  consider and  speci fy the  fol l owing :  

– nom inal  vol tage;  

– l oad  profi l e  and /or rated  capaci ty;  

– vol tage  range  from  charge  (when  boost i s  necessary)  to  d ischarge;  

– kind  of battery and /or type;  

– temperature  cond i tions;  

– ven ti lation  requ i rements.  
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The  charg ing  system  shou ld  meet the  requ irements  of the  battery and  the  l oad .  

The  UPS  for a . c.  l oads  can  be  based  upon  ded icated  un i ts  or a  common  system  for the  HVDC 
substation .  The  l atter i s  usual l y preferred  because  i t  makes  the  provis ion  of adequate  
redundancy more  rea l is ti c.  Usual l y,  the  UPS  wi l l  i nclude  i ts  own  assigned  battery.  

The  fol l owing  shou ld  be  speci fied  for the  UPS:  

– rated  vol tage,  number of phases  and  perm issib le  d istortion ;  

– vol tage  frequency and  to lerance;  

– rated  and  maximum  load ;  

– type  of l oad ;  

– maximum  a l l owable  i n terruption  for wh ich  the  UPS shou ld  function .  

Specia l  cons ideration  shou ld  be  g i ven  to  the  l ast three  i tems.  UPS are  often  very sens i ti ve  to  
overload  and  surge  s tarting  cond i ti ons  of induction  motors,  l arge  storage  capaci tors  or any 
other type  of l oad  having  a  substantia l  non- l i near type  characteristic.  With  many UPS the  
con tinu i ty of supply is  on l y wi th in  the  speci fied  l im i ts  for the  equ ipment and  i s  not  general l y 
un in terruptible  i n  an  absolu te  sense.  Care  shou ld  therefore  be  taken  that the  UPS is  correctl y 
speci fied  for the  system  requ i rements .  

Rel i ab i l i ty of the  UPS  shal l  a lso  be  carefu l l y assessed .  Many commercia l  qua l i ty systems 
su i table  for enhancing  the  qual i ty of d istribution  system  suppl ies  may actual l y degrade  the  
securi ty of the  auxi l i ary supply i n  a  converter where  th is  i s  derived  d i rect from  the  h igh-
vol tage  system  and  i s  therefore  inheren tl y very secure,  bu t n on-in terruptib le.  

1 4.5  Emergency supply 

I f a  d iesel  generator i s  necessary,  then  cons ideration  shou ld  be  g iven  to  the  fo l l owing  when  
preparing  i ts  speci fication :  

– how much  of the  tota l  auxi l iary l oad  shou ld  be  suppl ied?  

– shou ld  start-up,  changeover and /or shu tdown  be  automatic?  

– i f au tomatic,  care  shou ld  be  taken  to  ensure  that cond i tions  caus ing  frequent restarti ng  
cannot occur,  otherwise  the  starti ng  battery m ight  become fu l l y d ischarged ,  

– how much  fue l  shou ld  be  stored  on -s i te?  

To  ensure  re l iable  operation  when  requ ired  by emergency cond i ti ons,  i t  i s  desi rable  that the  
generator i s  started  and  l oaded  so  that  i t  reaches  correct operati ng  cond i ti ons  period ica l l y on  
a  systematic  basis .  The  auxi l i ary system  shou ld  be  designed  to  ach ieve  th is  wi thout  i n  any 
way pu tting  the  transm ission  at risk by the  fa i l u re  of auxi l i ary suppl y equ ipment to  make a  
correct  changeover.  

1 5  Audible  noise  

1 5. 1  General  

Noise  from  the  HVDC substation  cou ld  be  troublesome and  m ight i ncur prescriptive  
mandatory sanctions  wh ich  may be  d i fficu l t to  resolve  once  the  station  i s  bu i l t.  Therefore,  
l im i ting  speci fications  shou ld  be  prepared  at the  start  of the  project taking  i n to  accoun t 
requ irements  of any appl icable  regu lations  or codes  of practice.  The  effects  of noise  are  
general l y treated  as  those  concern ing  nu isance  to  the  publ ic  ou ts ide  the  boundary of the  
HVDC substation  and  noise  effects  i n  the  working  envi ronment.  Wh i l e  the  l atter are  important,  
publ ic nu isance  l im i ts  are  often  more  d i fficu l t  to  speci fy.  
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1 5.2  Publ ic  nu isance  

1 5.2. 1  General  

The impact of HVDC substation  noise  on  the  publ ic ou ts ide  the  confines  of the  substation ,  
and  whether or not i t  i s  seen  as  a  nu isance,  depends  upon  the  noise  l evel ,  the  pre-existing  
l evel ,  the  nature  of the  surround ing  area  and  the  nearness  of res iden tia l  property.  

As  a  fi rst step  the  acceptable  noise  l evel  at  the  boundary shal l  be  speci fied  having  regard  to  
the  re levant factors.  I SO  1 996-1  g i ves  a  method  for determ ination  of an  acceptable  l evel .  Next,  
the  l evel  and  spectrum  of noise  expected  from  each  major source  shou ld  be  defined .  These  
can  then  be  summed  to  decide  whether or not the  tota l  noise  wi l l  be  acceptable.  The  location  
of equ ipment,  that i s  the  d istance  from  the  property l ine,  i s  of particu lar importance.  Specia l  
noise  abatement measures  may need  to  be  used  to  keep  the  tota l  to  an  acceptable  figure.  

Other noise-producing  equ ipment may be  i nstal l ed  at the  same l ocation  and ,  i f so,  shou ld  a lso  
be  cons idered ,  for example,  a . c.  system  transformers  and  reactive  power compensators.  
Typical  HVDC substation  p lan t i tems  most l ikel y to  produce s ign i ficant noise  are  d iscussed  
below.  When  very low aud ib le  noise  levels  are  speci fi ed  at the  boundary,  the  noise  from  other 
equ ipment,  such  as  a. c.  fi l ter capaci tors,  d iesel  generators,  e tc,  may a lso  be  s i gn i ficant.  

1 5.2.2  Valves  and  valve  coolers  

The noise  associated  wi th  indoor valves  can  usual l y be  d isregarded  so  far as  the  publ ic  i s  
concerned ,  s ince  in  most cases  the  attenuation  i n troduced  by the  va lve  hal l  wi l l  adequatel y 
suppress  i t.  A main  source  of noise  wi l l  probabl y be  from  the  fans  of ou tdoor coolers.  These  
wi l l  usual l y be  closed-cycle  evaporative  coolers  or forced  a i r coolers  d rawn  from  a  standard  
product  range  and ,  as  such ,  the  cool ing  equ ipment manufactu rer shou ld  be  able  to  supply 
noise  spectrum  and  l evel  data.  Evaporative  coolers  are  general l y l ess  noisy.  I n  both  types,  
the  noise  l evel  can  be  reduced  by us ing  l arger,  l ower-speed  fans.  Substan tia l  noise  reduction  
can  also  be  ach ieved  by us ing  screen  wal ls  to  deflect  the  noise  upwards.  

1 5.2.3  Converter transformers  

Converter transformer noise  l evel  i s  l ikel y to  be  comparable  to  s im i l arl y s i zed  a. c.  system  
transformers;  bu t,  because  of the  effects  of the  harmon ic curren ts,  pri ncipa l l y of orders  5 ,  7 ,  
1 1  and  1 3  and  the  smal l  res idual  d i rect  cu rrent i n  the  converter transformer valve  wind i ngs,  i ts  
noise  spectrum  wi l l  be  d i fferent i n  actual  operation  and  may be  about 1 0  dB  h igher than  wou ld  
be  measured  i n  factory a. c.  tests.  The  tank and  cooler noise  l evels  can  be  reduced  by 
conventional  means,  i f necessary,  for example,  enclosure,  mufflers  and  lower speed  fans.  

1 5.2.4  DC  reactors  

I n  the  case  of o i l - immersed  d . c.  reactors,  noise  wi l l  come from  the  core,  s tructure  and  coolers  
of the  d . c.  reactors.  Core  and  s tructure  noise  can  be  expected  to  have  peaks  at  ripp le  
frequencies  correspond ing  to  the  harmon ic  orders  of 6  and  1 2 .  I t  i s  probably not  practicable  to  
carry ou t va l i d  factory tests  of d . c.  reactor noise.  The  noise  l evel  can  be  reduced ,  i f necessary,  
by some of the  same measures  as  are  appl icable  to  transformers,  for example,  enclosures.  

For a i r-cored  d . c.  reactors,  and  where  l ow noise  l evels  are  requ ired ,  specia l  designs  i nclud ing  
the  use  of add i tional  sound  absorbent sh ie l ds  shou ld  be  cons idered .  

1 5.2.5  AC  fi l ter reactors  

Fi l ter reactors  are  usual l y a i r-cored ,  and  modern  manufacturing  methods  are  avai lable  wh ich  
may be  used  to  reduce  the  amount of noise  produced .  Other measures  may be  taken  to  
reduce the  amount of noise  propagated ,  such  as  carefu l  cons ideration  of the  location  wi th in  
the  converter station ,  sound  absorbent barrier wal ls ,  or even  locati ng  the  equ ipment i ns ide  
bu i l d ings.  
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1 5.3  Noise in  working  areas  

The noise  l evel  to  wh ich  persons  wi th in  the  boundary of the  HVDC substation  may be  
subj ected  shou ld  be  considered  wi th  regard  to  safety,  hearing  impairment,  and  the  effects  
noise  can  have  on  working  efficiency.  

Many countries  have  establ ished  codes  or mandatory regu lations  wh ich  seek to  safeguard  the  
hearing  of those  exposed  to  h igh  noise  l evels  and  these  shou ld  be  exam ined  and  incorporated  
wi th in  the  speci fication  as  appropriate.  Problems  of th is  kind  are  un l ikel y i n  HVDC substations  
other than  during  maintenance procedures  and  i n  the  immed iate  vicin i ty of certa in  types  of 
cool i ng  fans  or d iesel  generators .  I n  most cases,  i t  wi l l  be  poss ible  to  meet the  requ irements  
of the  regu lations  i f main tenance  personnel  wears  hearing  protectors  as  necessary.  

The  general  no ise  l evel  wi th in  the  bu i l d ing  wi l l  be  determ ined  primari l y by the  valves  and  the  
i ndoor part  of thei r cool i ng  systems,  any rotating  mach inery and  by the  d . c.  reactors  (and  
transformers)  where  these  are  partia l l y or fu l l y enclosed  wi th in  the  bu i l d ing .  Low noise  l evels  
shou ld  be  speci fi ed  where  menta l  concentration  i s  routi nel y expected ,  as  i n  control  rooms.  

1 6  Harmonic interference – AC  

1 6. 1  AC  s ide harmonic generation  

Converter systems  of a l l  types  are  sources  of vol tage  and  current harmon ics.  To  an  a. c.  
network,  the  HVDC substation  acts  as  a  source  of harmon ic curren ts.  These  harmon ic 
curren ts  flowing  i n to  the  a . c.  system  impedance g ive  rise  to  harmon ic vol tage  d istortion .  I n  
add i tion ,  they can  propagate  th roughout the  a . c.  system  g iving  rise  to  l ocal  resonances  or 
te lephone  i n terference.  

I f a  converter i s  fed  from  a  balanced  three-phase  source  of vo l tage,  i f the  impedances  of the  
three  phases  are  equal ,  and  i f the  converter con trol  ang les  are  equal ,  characteristic a . c.  s i de  
harmon ics  are  generated  of an  order,  determ ined  by the  pu lse  number,  p ,  of the  converter,  
kp ±  1 ,  where  k i s  an  i n teger.  For the  i deal  case,  the  ampl i tude  and  phase  of the  generated  
characteristic harmon ics  i n  re lation  to  the  fundamenta l  component depend  sole l y on  the  
con trol  ang le  (α  or β )  and  the  overlap  ang le  µ.  

However,  i n  practice,  a . c.  systems  that are  coupled  wi th  HVDC converters  are  not perfectl y 
balanced  i n  vol tage  or phase.  Th is  l eads  to  negative  sequence vol tage  system  typica l l y i n  the  
range  0, 25  %  to  1  %  of the  posi ti ve  sequence system .  Other sources  of unbalance  i nclude  
converter transformer commutation  i nductance d i fferences  (typical l y ±2  %  to  ±5 %),  and  
con trol  ang le  unbalances  (typical l y 0 , 1 °  to  0 , 25°  i n  s teady state  for modern  HVDC control  
systems).  These  unbalances  resu l t  i n  the  generation  of non-characteristic harmon ics,  thus  
added  to  the  harmon ic  i n terference from  the  converter.  

1 6.2  F i l ters  

AC harmon ic fi l ters  are  general l y provided  at  HVDC substations  for absorbing  the  harmon ics  
generated  by the  converters,  and  i n  add i tion  for reactive  power compensation  (see  Clause  9) .  
An  example  of a . c.  harmon ic fi l ters  connected  to  the  a . c.  feeders  for a  b ipolar HVDC system  
is  shown  i n  F igure  21 .  

I n  order that the  l oss  of any fi l ter wi l l  not  prevent system  operation  at  fu l l  power,  two  fi l ter 
arms  of each  type  may be  speci fied .  The  fi l ter arms  may be  made swi tchable  on  the  bas is  of 
i nd ividual  arms  on  each  pole.  S i zing  the  i nd ividual  fi l ter to  be  swi tchable  shou ld  take  in to  
cons ideration :  

– reactive  power and  vol tage  regu lation  requ irements;  

– reduced  and  l i ght  l oad  cond i tions;  
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– poss ib le  resonances  between  the  fi l ters  and  the  a. c.  network impedance  wi th  each  
swi tched ;  

– re l i ab i l i ty cri teria;  

– econom ic constrain ts .  

F i l ters  of e i ther the  series-resonant  RLC  or the  damped  h igh-pass  type  are  general l y used  on  
HVDC systems.  Examples  of the  most frequentl y used  fi l ter types  are  shown  i n  F igure  22 .  
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Figure 21  – Examples  of a.c.  fi l ter connections  for a  bipole  HVDC  system  
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Figure  22  – Ci rcu i t  d iagrams for d i fferent fi l ter types  

For optimum  harmon ic fi l ter des ign ,  the  system  impedance at harmon ic frequencies  shou ld  be  
known  over the  frequency range  of i n terest.  The  a. c.  system  impedance of the  HVDC 
substation  may be  speci fi ed  by an  impedance (R/X)  ci rcle  d iagram  over the  frequency range  
from  fundamenta l  to  the  50th  harmon ic.  

Al ternative l y,  the  system  may be  speci fied  in  detai l  by harmon ic impedances  of l i nes  and  
generators,  etc. ,  normal l y extend ing  to  fi ve  to  e igh t buses  from  the  HVDC substation ,  as  
d iscussed  i n  Clause  8.  The  design  of a . c.  harmon ic fi l ters  shou ld  also  take  i n to  account  any 
harmon ics  that may fl ow i n to  the  fi l ters  from  other harmon ic sources.  
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Where  stri ngent a. c.  harmon ic performance  requ i rements  are  speci fied ,  or i n  combination  wi th  
CCC/CSCC HVDC ci rcu i t  topolog ies,  acti ve  a. c.  fi l ters  are  a  su i table  measure.  Each  acti ve  a . c.  
fi l ter cons ists  of a  conventional  pass ive  fi l ter connected  in  series  wi th  an  active  vol tage  
source.  The  active  parts  are  typica l l y des igned  to  m i ti gate  harmon ic vol tages  at  several  
frequencies  i n  order to  improve  the  harmon ic  performance  of the  pass ive  part.  Al ternativel y,  
active  parts  can  be  designed  to  m i ti gate  the  harmonic curren ts  fl owing  i n  the  a. c.  l i nes  wh ich  
connect to  the  converter station .  

AC  fi l teri ng  aspects  i nclud ing  a. c.  s ide  harmon ic generation ,  a . c.  fi l ter design ,  i n terference  
cri teria  and  levels,  fi l ter performance  and  techn ica l  speci fication  as  wel l  as  mon i toring  i ssues 
are  described  and  d iscussed  in  more  detai l  i n  I EC/TR 62001  (a l l  parts) .  

1 6.3  In terference  d isturbance cri teria  

I n terference  performance  i s  defi ned  i n  terms  of i nd ividual  harmon ic d istortion  Dn ,  tota l  
effecti ve  harmon ic d istortion  Deff,  te lephone i n terference factor TI F,  telephone harmon ic form  
factor THFF  and  weighted  I T  product.  For te lephone  i n terference,  two  systems  of weigh ti ng  
are  used .  These  take  i n to  account the  response  of te lephone  equ ipment and  the  sens i ti vi ty of 
the  human  ear,  namely,  psophometric weigh ting  as  recommended  by the  I n ternational  
Telegraph  and  Telephone  Consu l tative  Commi ttee  (CCITT)  and  “C”  – message  weighti ng  
developed  by Bel l  Telephone Systems (BTS)  and  the  Ed ison  E lectric I nsti tu te  (EEI ) .  Each  of 
the  above  terms  is  defi ned  as  fol lows.  

I nd ividual  harmon ic  d is tortion  accord ing  to  CCITT or BTS:  
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The  te lephone  harmon ic form  factor (THFF  i n  the  CCITT system)  and  the  te lephone  
i n terference  factor (TIF  i n  the  BTS  system)  are  both  used  to  describe  the  i n terference  
i n fl uence of a  power transm iss ion  l i ne  on  a  te lephone l i ne,  and  serve  as  gu idel ines  for 
speci fying  i n terference  performance.  THFF  and  TI F  are  defined  i n  the  same way wi th  the  on l y 
d i fference  be ing  the  weighting  factor:  
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where  

Fn  i s  the  weighting  factor for each  harmon ic  n  accord ing  to  I EC/TR 62001  (a l l  parts) .  
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where  

kf   i s  equal  to  800

f
;  

f  i s  the  harmon ic frequency;  

Pf   i s  the  psophometric weight d i vi ded  by 1  000.  

For practical  reasons  the  upper l im i t  of n  =  50  i s  recommended .  

The  approximate  relationsh ip  between  TIF  and  THFF  is :  

 0004=
THFF

TIF
  (1 3)  

 

that  i s ,  for example,  a  TI F  equal  to  40  is  rough ly equ ivalen t to  a  THFF  equal  to  1  %.  

The  harmon ic curren ts  of power transm ission  l i nes  are  represen ted  by a  s ing le  current 
obtained  by weighti ng  each  harmon ic curren t wi th  the  correspond ing  factor of the  system  
used .   

The  weighted  curren t product ( I T)  i s  computed  as  fol lows:  
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where  

In   i s  the  n th  harmon ic r.m .s.  current;  

Fn  i s  the  same as  defined  before  for TIF.  

Calcu lation  of the  weigh ted  curren t product’s  ( I T)  i nd ividual  l i nes  requ i res  a  knowledge of the  
harmon ic  impedances  of i nd ividual  l i nes  connected  to  the  converter a . c.  bus  i n  order to  be  
mean ingfu l  i n  speci fying  i n terference performance for HVDC instal l ations.  The  I T  product  
shou ld  be  speci fied  for i nd ividual  l i nes,  bu t on l y i f the  harmon ic impedances  of a l l  l i nes  from  
HVDC substation  a . c.  bus  are  speci fi ed .  

Speci fying  performance  l im i ts  s imu l taneousl y for a l l  harmon ic  i n terference  factors  (Dn ,  TI F  
and  I T)  may not be  practical  i f the  values  have  to  reflect the  rea l  impact of the  i n jected  
harmon ics  on  inductive  coupl ing .  Th is  i s  particu larl y true  i f I T  i s  speci fi ed  for meshed  systems.  
These  va lues  vary from  station  bus  to  station  bus  and  a long  the  l ine;  thus,  acceptable  
performance can  on l y be  assured  i n  the  des ign  i f l i ne  parameters ,  so i l  res isti vi ty a long  the  
transm ission  l i ne,  geometric  coupl ing  factors,  etc,  are  accurate l y known .  

1 6.4  Levels  for in terference  

Examples  of typical  maximum  levels  of harmon ic  i n terference  factors  that  have  been  speci fied  
for a  HVDC substation  are  as  fol l ows  ( these  are  not recommended  speci fication  values  and  
shou ld  not be  taken  as  l im i ts  wi thou t speci fic  stud ies  of a  g iven  system):  

a)   i nd ividual  d is tortion  Dn ,  1  %  at  any harmon ic;  

b)   effective  harmon ic d istortion  Deff,  2  %  to  5  % ;   
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c)   te lephone i n fl uence factor TI F  25  to  50;  THFF  i n  the  range  of 0 , 6  %  to  1 , 25  %;  

d )   I T  product 25  000  to  50  000  per l i ne.  

I f generators  are  connected  near the  HVDC substation ,  the  sum  of the  negative  sequence 5th  
and  pos i ti ve  sequence 7th  non-characteristic harmon ic curren ts  fl owing  i n to  any generator 
shou ld  be  considered  i n  the  des ign  speci fication  for the  HVDC substations.  

1 6.5  Fi l ter performance  

HVDC system  operating  cond i ti ons  that shou ld  be  considered  when  speci fying  performance 
requ irements  of a . c.  harmon ic fi l ters  i nclude  the  fol l owing :  

– range  of d . c.  curren t values  from  m in imum  to  the  speci fied  overload ;  

– reduced  d . c.  vol tage  operation  over the  range  of requ ired  d . c.  curren t values  for the  
reduced  vol tage  operation ;  

– operation  at  larger-than-normal  ang les  for reactive  power absorption  as  speci fi ed ;  

– operation  wi th  any fi l ter bank or reactive  power source  ou t of service.  A fi l ter bank is  
understood  as  one  fi l ter e lement that can  be  removed  from  service  by swi tch ing  equ ipment.  
Th is  cond i ti on  shou ld  appl y on l y for the  normal  operating  modes  of the  HVDC 
transm ission  system ;  

– steady-state  range  of a . c.  power system  frequency and  vol tage;  

– l oss  of capaci tor un i ts  to  the  extent  that  resu l ts  in  a  fi rst- l evel  a larm ;  

– extremes  of ambient  temperature  cond i tions  coupled  wi th  maximum  fi l ter l oad ing ;  

– i n i tia l  fi l ter detun ing ;  

– any change  in  system  configuration .  

F i l ters  shou ld  not be  requ i red  to  meet performance  l im i ts  under the  fol l owing  cond i tions,  bu t 
shou ld  be  capable  of operation  wi thout damage:  

– emergency frequency variations  as  speci fi ed ;  

– d ynam ic overvol tage  cond i ti ons  i nclud ing  ferroresonance  fol lowing  l oad  re jection  or fau l t 
recovery;  

– short-term  overload .  

When  speci fying  harmon ic i n terference  l im i ts  for an  HVDC substation ,  certa in  data  (as  
d iscussed  i n  Clause  8)  shou ld  be  i ncluded  i n  the  speci fication  to  enable  appropriate 
optim ization  of a. c.  fi l ter designs.  

1 7  Harmonic interference – DC  

1 7. 1  DC  s ide in terference  

1 7. 1 . 1  Harmonic  currents  in  HVDC transmission  l ine  

The operation  of the  converter equ ipment i n  an  HVDC substation  generates  harmon ic  
vol tages  i n  the  d . c.  s i de  of the  substation  wh ich  cause  harmon ic currents  to  fl ow i n  the  HVDC 
transm ission  l i ne.  Where  the  transm ission  l i ne  consists  of overhead  l i ne  and  cable,  the  cable  
general l y acts  as  a  fi l ter to  the  harmon ic current,  so  that on l y harmon ic curren ts  of smal l  
magn i tudes  flow i n to  the  l i ne  beyond  the  cable.  Such  systems  sti l l  requ i re  evaluation  for 
i n terference  along  the  overhead  l i ne  section .  Underground  or submarine  d . c.  cables  are  so  
wel l  sh iel ded  that  general l y no  noise  problem  exists  on  the  d . c.  s ide.  

1 7. 1 .2  Characteristic and  non-characteristic harmonics  

I n  modern  converter un i t  des ign ,  1 2-pu lse  converter un i ts  are  general l y used ,  resu l ti ng  i n  
characteristic harmon ics  of the  order of 1 2  k  (k  being  an  i n teger) .  I n  add i tion  to  these  
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“characteristic”  harmon ics,  wh ich  appear under ideal i zed  cond i ti ons,  there  are  a lso  harmon ics  
of other orders,  the  “non-characteristic”  harmon ics.  The  characteristic  harmon ic vol tages  
generated  by the  converter operation  depend  on  the  fol lowing  factors :  d i rect vol tage,  d i rect  
curren t,  the  commutating  reactances  and  the  fi ri ng  ang le.  Non -characteristic  harmon ic  
vol tages  are  caused  by such  factors  as  d i fferences  between  the  fi ri ng  ang le ,  unbalances  in  
the  commutating  reactance and  asymmetry i n  the  network a . c.  vol tage  (negative  sequence  
vol tage  component)  feed ing  the  converter.  

The  leakage  capaci tances  to  g round  i n  the  converter transformers  shal l  a lso  be  taken  i n to  
account when  calcu lati ng  the  harmon ic  currents.  I n  particu lar,  wi th  respect to  the  calcu lation  
of the  non-characteristic  harmon ic  currents ,  the  three-pu lse  harmon ic vol tage  model  shou ld  
be  used .  

1 7. 1 .3   Groups  of harmonics  

Two groups  of harmon ics  shou ld  be  cons idered :  the  h igher order harmon ic g roup  (7th  to  48th) ,  
responsible  for the  voice  te lephone  i n terference  and  the  l ow order harmon ic group  ( 1 st  to  6 th)  
that may i n troduce other i n terference  problems,  such  as  the  fol l owing :  

a)   personnel  and  equ ipment safety from  i nduced  vol tage;  

b)   effects  on  data  transm ission  and  ra i lway s ignal l i ng  ci rcu i ts ;  

c)   effects  other than  voice  i n terference  in  voice  communication  ci rcu i ts;  

d )   secondary i nduction  effects;  

e)   poss ib le  exci tation  of resonance  cond i tions  between  the  HVDC transm ission  l i ne  and  the  
earth  e lectrode  l i ne;  

f)  unacceptable  d . c.  current i n  the  converter transformers.  

1 7. 1 .4  Calcu lation  of harmonic currents  

The harmon ic currents  ci rcu lati ng  i n  the  HVDC transm iss ion  l i ne  poles  and  in  the  overhead  
sh ie l d  wi re  can  be  ca lcu lated  by the  usual  formu lae  for l ong- l i ne  calcu lations  and  model  
anal ys is,  i n  case  there  are  unbalances  i n  the  ci rcu i t.  I f the  d is tance  between  the  HVDC  
transm ission  l i ne  and  an  open-wire  te lephone  ci rcu i t  i s  short  ( less  than  200  m ),  the  ca lcu lation  
shou ld  be  carried  ou t considering  the  currents  i n  the  poles  and  i n  the  sh ie l d  wire(s)  separatel y,  
wi th  thei r respective  coupl i ng  factors.   

I n  compu ting  the  long i tud inal  noise  vol tage  imposed  on  a  voice  communication  ci rcu i t,  the  
harmon ic curren ts  are  weighted  by a  factor (psophometric  or C-message)  to  take  in to  account  
the  response  of the  human  ear to  each  frequency.  

1 7. 1 .5  Calcu lation  of induced  vol tages  

The long i tud inal  C-message  or psophometric vol tage  Vg(x)  i nduced  per km  of exposure  of a  
te lephone  ci rcu i t  can  be  ca lcu lated  cons idering  the  curren ts  com ing  from  both  ends  of the  
HVDC transm iss ion  l i ne,  at  any l ocation  x  km  from  one  end  of a  HVDC transm iss ion  l i ne,  the 
weigh ting  factor,  the  sh iel d ing  factor of commutation  ci rcu i ts  and  the  mutual  impedance  
between  the  HVDC transm ission  l i ne  and  the  communication  ci rcu i t.  The  transverse  vol tage  i s  
g i ven  by kb  Vg  where  kb  i s  the  balance  factor of the  commun ication  faci l i ty being  cons idered .  

1 7. 1 .6  Personnel  safety 

When  cons idering  personnel  safety,  the  vol tage  value  i s  ca lcu lated  as  the  square  root of the  
sum  of the  squares  (r. s . s. )  of the  i nduced  harmon ic vol tages  to  earth ,  fl at weighted .  For the  
other i n terference  problems in  non-voice  commun ication  ci rcu i ts,  there  i s  no  s tandard ized  
procedure  and  therefore  the  procedure  to  be  used  shou ld  be  agreed  upon  between  the  parties  
i nvolved .  
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1 7. 1 .7  DC  fi l ters  

DC fi l ters  are  used  to  reduce  the  magn i tude  of the  harmon ic currents  ci rcu lating  i n  th e  HVDC 
transm ission  l i ne  to  avoid  unacceptable  i n terferences.  The  need  for the  d . c.  fi l ters  depends  
upon  the  fol l owing :  

a)   the  characteristics  of the  HVDC transm ission  system ,  overhead  l i ne  or overhead  l i ne  and  
cables;  

b)   the  earth  res isti vi ty;  

c)   the  densi ty,  proxim i ty and  type  of te lephone and  ra i lway s ignal  ci rcu i ts  near the  HVDC 
transm ission  l i ne  rou te.  

When  establ ish ing  the need  for a  fi l ter scheme,  other cost-effective means avai lable  to  satisfy 
the noise cri teria should  be taken  into consideration.  The evaluation  should  consider any changes  
in  the  communication  circu its,  as  wel l  as  modifications to  the  HVDC substation ,  such  as,  

– use  of a  d . c.  reactor,  a l ready requ i red  for other reasons,  e i ther wi th  or wi thout  a  reduced  
l evel  of fi l tering ;  

– capaci tors  connected  between  the  earth  e lectrode  l i ne  connection  and  earth ,  to  form  a  
resonant ci rcu i t  wi th  the  e lectrode  l i ne  inductance;   

– swi tches  to  perm i t paral l e l i ng  of the  two  (pole)  fi l ters  when  i n  monopolar operation .  

The  i n fl uence of these  on  the  operation  and  on  the  overal l  performance of the  converter 
substation  shou ld  be  exam ined  before  decid ing  on  the  exten t of needed  l im i tation  of the  
harmon ics  on  the  d . c.  s i de.  

Wh i le  routing  the  d . c.  l i ne,  i t  shal l  be  evaluated  i f paral le l i sm  of other l i nes  can  be  avoided  or 
reduced ,  as  th is  wou ld  be  the  most effecti ve  way to  avoid /l im i t  i n terference.  Where  poss ib le,  
cross ing  to  l i nes  shou ld  be  made  at  90  degrees  and  transposi tion  of phases/pole  l ines  shal l  
a lso  be  cons idered .  

1 7.2  DC  fi l ter performance  

1 7.2. 1  Requi rements  for voice  communication  ci rcu i ts  

Understand ing  of the  communication  and  ra i lway compan ies ’  requ irements  i s  necessary to  
arri ve  at the  best overal l  solu tion  for i n terference problems.  Table  2  i nd icates  the  
requ irements  for voice  communication  ci rcu i ts,  prescribed  by CCITT,  the  American  te lephone  
and  Telegraph  Company (AT&T)  and  the  US  Rural  E lectri fication  Adm in istration  (REA).  
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Table  2  – Performance  parameters  for voice commun ication  ci rcu i ts:   
Subscribers  and  trunk ci rcu i ts   

 CCITT AT&Ta  
REA 

1 .  Balance  cable  ci rcu i ts  

 Open  l i ne  

50-60  dB  

46-56  dB  

60  dB f  

50  dB f  

50-60  dB c  

50  dBb  

2 .  Transversal  (metal l i c)  

 Noi se  l im i t  

 26  dBrnC  

26  dBrnC  

26  dBrnC  

(20  dBrnC)d  

 

20  dBrnCd  

 

31  dBrnCe  

a  I t  i s  North  American  practi ce  (AT&T)  to  use  a  characteri sti c  impedance  of 600  Ω  for a  trunk  ci rcu i t  and  
900  Ω  for a  subscriber ci rcu i t.  CCITT and  REA use  600  Ω .  

b  I n formation  from  BTS  i nd icates  that  m in imum  balance  shou ld  be  60  dB .  

c  The  US  Ru ral  E lectri fi cation  Adm in i stration  prescri bes  other val ues  for balance.  Th i s  val ue  corresponds  
to  a  good  bal ance.  

d  Th i s  val ue  i s  the  tota l  noi se.  From  a  s i ng le  sou rce  (HVDC l i ne,  for example),  the  maximum  value  shou l d  
be  1 7  dBrnC.  0  dBrnC corresponds  to  1 0 -1 2  W (1  pW)  at  1  000  Hz.  

e  Th i s  val ue  refers  to  trunk ci rcu i t.  

f  The  val ue  i n  brackets  refers  to  design  obj ecti ve  and  the  other to  the  maximum  acceptab le  va l ue.  I n  
practi ce,  for b ipolar systems,  the  performance  requ i rements  of a  d . c.  fi l teri ng  scheme are  primari l y  
based  on  the  b ipolar operati ng  mode.  A h i gher i n terference  l eve l  on  voice  commun ications  i s  accepted  
duri ng  monopolar operation ,  for example,  two  or three  times  the  l evel  perm i tted  du ri ng  b i pol ar bal anced  
operati on .  

 

1 7.2.2  Levels  of in terference  

When  defin ing  the  fi l ter performance,  the  l evels  of i n terference shou ld  be  speci fied  for the  
operati ng  modes  of the  HVDC system .  From  the  in terference  poin t  of view,  bipolar operation  
wi th  equal  posi ti ve  and  negative  vol tages  i s  the  mode requ i ri ng  l ess  fi l tering .  Monopolar 
operation ,  wi th  e i ther earth  or metal l ic  return ,  g i ves  h i gher values  of noise  vol tage  than  
b ipolar operation  for the  same d . c.  fi l ter configuration ;  however,  operation  i n  th is  configuration  
usual l y occurs  for a  l ow percentage  of time.  Monopolar operation  wi th  metal l ic return  g ives  
l ess  i n terference  than  monopolar operation  wi th  earth  return .  

I n  add i ti on  to  the  bas ic  HVDC operati ng  modes  d iscussed  above,  the  speci fication  shou ld  
i nd icate  any other modes  or cond i ti ons  under wh ich  the  transm ission  system  cou ld  even tual l y 
operate.  The  fi l ter shou ld  be  rated  for a l l  these  cond i ti ons;  however,  the  in terference  l evel  
under the  several  modes  or cond i ti ons  shou ld  l i e  between  the  normal  b ipolar balanced  
operati ng  mode  and  the  worst monopolar mode.  Provis ion  may be  made i n  the  speci fication  
for the  system  capabi l i ty for emergency operation .  

1 7.2.3  Safety 

As to  personnel  safety,  there  is  not yet  a  speci fic l im i t  for hazardous  i nduction  caused  by 
harmon ics.  For the  fundamental  frequency (50  Hz and  60  Hz) ,  the  CCITT and  the  AT&T 
prescribe  60  V a . c.  r.m . s.  and  50  V a . c.  r.m .s. ,  respective l y.  These  l im i ts  shou ld  be  
cons idered  as  the  maximum  r. s . s.  value  of the  i nduced  l ong i tud ina l  harmon ic vol tage  for the  
l ow order harmon ics  (1 st  to  6th) ,  for personnel  and  equ ipment safety.  I n  add i tion ,  any h i gher 
order harmon ics  wi th  unusual l y h igh  curren t values  shou ld  a lso  be  included  i n  the  r. s. s .  
ca lcu lation .  

1 7.3  Specification  requ i rements  

1 7.3. 1  Economic l evel  of fi l tering  

The  preferred  way to  determ ine  the  econom ic l evel  of fi l tering  that  satisfies  i n terference  
performance requ i rements  wou ld  be  to  perform  an  inductive  coord ination  study and  optim ize  
the  cost of fi l ters  wi th  the  cost of changes  in  the  communication  ci rcu i ts,  considering  the  
poin ts  d iscussed  earl ier.  From  such  a  study,  the  i deal  speci fication  for the  fi l ters  cou ld  
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i nd icate  the  profi le  of the  maximum  d isturb ing  curren t a long  the  l i ne,  as  defined  in  1 7 . 3. 4,  
requ ired  to  main ta in  the  i n terference  level  below the  speci fi ed  values.  

Usual l y,  the  above s tud ies  are  not feasib le  during  the  speci fication  stage;  therefore,  one  of 
the  fol l owing  three  a l ternative  approaches  cou ld  be  adopted .  

a)  Speci fy one  maximum  l ong i tud ina l  i nduced  noise  l evel  i n  paral le l  test  l i ne,  1  km  away from  
the  HVDC transm ission  l i ne  for b ipolar operation  and  a  h igher va lue  for monopolar 
operation ,  i n  mV/km  of exposure.  Th is  approach  shou ld  be  used  wi th  caution  as  
i t  accounts  on l y for the  i n terference  i n  the  te lephone  voice  ci rcu i t  and  i t  u ti l i zes  maximum  
values  for the  harmon ic  curren t a long  the  l i ne.  Th is  method  cou ld  be  improved  by add ing  
the  requ i rements  for the  r. s . s .  of induced  l ow-order harmon ic  l ong i tud inal  vo l tage  and  
d i fferent values  of the  i nduced  vol tages  a long  the  HVDC transm iss ion  l ine  rou te,  
depend ing  on  the  variation  of the  soi l  resisti vi ty,  qual i ty,  type  and  dens i ty of the  te lephone  
ci rcu i ts  and  the  d isturbing  curren t variation  along  the  l i ne,  etc.  

b)  Establ ish  the  fi l ter cost based  on  the  non-s imu l taneous  maximum  values  for each  
harmon ic current (on  a  pole  bas is) ,  at the  HVDC transm ission  l i ne  term inals ,  and  
subsequentl y select the  optimum  design  after a  complete  i nductive  coord ination  stud y.  
Th is  procedure  has  some of the  d rawbacks  of the  previous  one,  and  the  method  to  
establ ish  the  set of harmon ic vol tages  i s  compl icated  due  to  other considerations  
d iscussed  i n  1 7 . 3. 3.  

c)  For the  th i rd  a l ternative,  the  fol lowing  steps  shou ld  be  taken .  

1 )  Obtain  i n formation  on  the  characteristics  (sh ie ld ing  and  ba lance  factors,  l eng th ,  rou tes,  
etc. )  of the  commun ication  l i nes  and  ra i lways,  i nsta l l ed  or p lanned ,  wi th in  the  area  of 
i n fl uence of the  HVDC transm ission  l i ne  (1 0  km  from  the  centre  l i ne  of the  ri gh t of way,  
for example) .  

2)  Perform  tests  on  represen tative  soi l  samples  taken  wi th in  the  l im i ts  of the  area  of 
i n fl uence of the  HVDC transm iss ion  l i ne,  to  determ ine  the  d i fferent va lues  of earth  
res isti vi ty to  be  cons idered  in  the  i nductive  coord ination  s tud ies.  

 With  the  in formation  obtained  and  considering  the  normal  mode of system  operation  
(b ipolar),  i t  shou ld  be  possible  to  establ ish  two  profi l es  of d isturbing  currents  and  two  
l im i ts  of the  maximum  al l owable  l ow-order harmon ic current magn i tudes:  

  one  not requ iring  any change i n  the  commun ication  ci rcu i ts,  and  

  the  second  requ i ri ng ,  for example,  changes  in  perhaps  25  %  of the  
communication  ci rcu i ts  located  i n  the  area  of in fluence.  

F inal l y,  wi th  the  i n formation  on  fi l ter cost and  the  cost for changes  in  the  commun ication  
ci rcu i ts,  i t  shou ld  be  possible  to  determ ine  the  optimum  trade-offs  between  the  fi l tering  
system  and  communication  ci rcu i t  changes.  

1 7.3.2  General  cri teria  

I n  add i tion ,  for speci fying  the  level  of fi l teri ng ,  i n  accordance wi th  one  of the  a l ternatives  
ind icated  above,  the  fo l l owing  general  cri teria  shou ld  be  fol l owed .  

1 )  The  l evel  of harmon ic curren t fi l teri ng  shou ld  be  determ ined  under b ipolar balanced  
operation  and  under the  nom inal  cond i ti on  defined  for the  HVDC system.  For any other 
operati ng  mode  or cond i ti on  speci fied ,  the  level  of no ise  shou ld  not be  h i gher than  the  one  
resu l ting  from  the  worst  monopolar operation ,  except for the  unusual  con tingency of 
operation  wi thout  fi l ters.  

2)  The  speci fication  shou ld  a lso  define  the  maximum  value  of the  d isturbing  curren t  profi l es  
to  be  accepted  under monopolar operation .  

3)  I n  add i ti on  to  the  above  requ irements,  the  maximum  low-order harmon ic current values  
(1 st  to  6th )  shou ld  be  speci fi ed .  

4)  The  u ti l i ty shou ld  a lso  speci fy the  l im i ts  of system  operati ng  cond i ti ons  under wh ich  the 
fi l ter performance  requ i rements  shou ld  be  met for each  mode  of operation  and  for each  
stage  of development of the  HVDC system .  For example  the  fol lowing :  
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a)  range  of d i rect vol tage  and  d i rect curren t;  

b)  range  of normal  operating  a. c.  bus  vol tage;  

c)  negative  sequence  component of fundamental  frequency a. c.  vol tages;  

d )  maximum  a. c.  frequency deviation  wi th in  a  normal  cycle  range  or wh ich  may be  
mainta ined  for more  than  1  m in ;  

e)  maximum  temperature  variations  expected ;  

f)  maximum  number of capaci tor un i t  or e l ement fa i l u res  perm issib le  before  mandatory 
fi l ter removal ,  and  

g )  i n i tia l  m istun ing  to  the  l im i t  poss ib le  i n  the  des ign .  

1 7.3.3  Factors  to  be  taken  in to  account for calcu lations  

The performance ca lcu lations  shou ld  take  i n to  account the  fol l owing :  

1 )  Calcu lation  of the  harmon ic current profi l es  to  determ ine  the  compl iance  wi th  the  
performance speci fied  shou ld  cons ider the  phase-ang le  re lationsh ip  between  the  a. c.  
systems;  the  most onerous  combination  of fi ri ng  ang les;  d i rect  current  magn i tudes;  
l eakage  capaci tances  to  g round  i n  the  converter transformers;  commutation  reactance 
d i fferences  among  the  phases  of a  s ix-pu lse  bri dge,  between  the  transformers  of the  s ix-
pu lse  i n  a  1 2-pu lse  un i t,  between  1 2-pu lse  un i ts  of a  pole  and  between  poles  of a  b ipole,  
that wi l l  resu l t i n  the  worst consistent set of harmon ic d ri ving  vol tages.  The  consistent set 
of harmon ic vol tages  consists  of vol tages  occurring  s imu l taneousl y and  g iving  the  h ighest 
va lue  of C-message or psophometric profi l e  of d i sturb ing  curren t a long  the  l i ne  and  a lso  
complying  wi th  the  l evels  of l ow order harmon ic cu rrents  speci fi ed .  

 For the  a l ternative  i nd icated  i n  1 7. 3. 1 ,  the  set of harmon ic d riving  vol tages  to  be  
cons idered  shou ld  be  the  h i ghest non-s imu l taneously occurring  harmon ic vol tages .  

2)  The  frequency dependent parameters  of the  HVDC transm ission  and  earth  e lectrode  l i nes,  
as  wel l  as  thei r term ination  and  the  characteristics  of the  earth  e lectrode  as  g iven  i n  the  
speci fication ,  shou ld  be  taken  i n to  account.  

3)  The  variation  of the  inductance  and  res istance  of the  d . c.  reactor wi th  load  and  frequency 
shou ld  be  considered  i n  determ in ing  the  harmon ic  cu rrents  flowing  to  the  HVDC 
transm ission  l i ne.  

1 7.3.4  Calcu lation  of currents  

For the  purpose  of meeting  the  performance  cri teria  speci fied ,  the  magn i tu de  of the  curren t at  
each  frequency and  at  any poin t  a l ong  the  HVDC transm iss ion  l i ne  shou ld  be  cons idered  as  
the  r.m .s.  va lue  of the  con tribu tion  at that poin t from  the  send ing  end  and  from  the  receiving  
end  of the  HVDC transm ission  l i ne,  for the  frequency be ing  cons idered ,  us ing  the  fol l owing  
formu la:  

 ( )∑ ×=
f

IC
C

I 2
1

, fxf
800

xe,       ( 1 5)  

where  

Ie, x
 i s  the  equ ivalen t d isturb ing  curren t at  800  Hz,  at poin t  x  a l ong  the  d . c.  l i ne ;  

f i s  the  frequency of the  harmon ic curren t to  be  considered  from  the  fundamental  to  the  
48th  harmon ic;  

Cf  i s  the  psophometric C-message weighti ng  factor at  frequency f;  

C800  i s  the  value  of Cf at  800  Hz;  

Ix, f  i s  the  harmon ic current  of frequency f.  
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I n  cases  where  the  separation  between  the  HVDC transm iss ion  l ine  and  the  te lephone  l i ne  is  
l ess  than  300  m  or l ess  than  abou t 1 00  m  for earth  res isti vi ty equal  to,  or h igher than ,  1 0  000  

Ohm  ×  m  the  equ ivalen t d is turbing  current,  Ip  at  800  Hz shou ld  be  calcu lated  us ing  the  
fol lowing  formu la:  

 ( )∑ ××=
f

IAh
P

I 2
1

fx,ff
800

xp,   (1 6)  

where  

P800  i s  the  psophometric weight at 800  Hz d i vi ded  by 1 00 ;  

h f  i s  the  factor depend ing  on  the  type  of coupl i ng  at  frequency f;  

A f  i s  the  C-message weighti ng  value  at  frequency f.  

The  characteristic  and  non-characteristic  harmon ic currents  shou ld  be  ca lcu lated  g i ving  both  
magn i tude  and  ang le.  Al ternativel y,  for the  non-characteristic harmon ic curren ts,  an  average  
ang le  of 90°  shou ld  be  assumed  as  the  angu lar d isplacement of the  non -characteristic 
harmon ics  of two  poles  i n  a  b ipole.  

An  in ternal  source  reactance not h igher than  
n

n

2

12 −
 t imes  the  tota l  commutating  reactance of 

the  pole  (4xt  per 1 2-pu lse  converter un i t)  shou ld  be  used ,  where  n  i s  the  number of s ix-pu lse  
bridges  i n  operation  for the  mode of operation  be ing  anal ysed .  
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n
2
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I =
N

n n nH C I
=

=

× ×Σ
 (1 5)  

where  

In  i s  the  effecti ve  d isturbing  curren t at  harmon ic n  (general l y correspond ing  to  res idual  
mode current) ;  

N i s  the  maximum  harmon ic number to  be  cons idered ;  

Cn  i s  the  C-message  weighti ng  factor;  

Hn  i s  the  weigh ting  factor normal i zed  to  reference frequency (1  000  Hz)  that  accounts  for 
the  frequency dependence  of mutual  coupl i ng ,  sh ie l d ing  and  communication  ci rcu i t  
ba lance  at harmon ic n .  

Where  the  ba lanced  mode  harmon ic  currents  are  expected  to  con tribu te  s i gn i fican tl y to  the  
i nduced  noise,  they shal l  be  i ncluded  in  the  ca lcu lation  of Ieq .  The  effective  d isturbing  curren t 
i s  then  speci fi ed  as :  

 
( ) ( )2 2

n
I = rn b bnI K I+ ×

 (1 6)  

where  

Irn  i s  the  tota l  res idual  mode  current at harmon ic n ;  

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

Kb  i s  the  ratio  of balanced  mode coupl ing  to  the  res idual  mode  coupl ing  at  reference  
frequency.  

The  typica l  va lues  of equ ivalent d is turbing  curren t are  in  the  range  of 1 00  mA to  6  000  mA for 
normal  operation .   
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1 8  Power l ine carrier interference (PLC)  

1 8. 1  General  

Power l i ne  carrier i n terference  from  an  HVDC substation  i s  produced  by the  tu rn -on  and  tu rn-
off sequences  i n  the  valves.  The  dom inan t componen t i s  produced  during  the  vol tage  col lapse  
i n  the  tu rn-on  sequence.  These  trans ients  exci te  l ocal i zed  resonant ci rcu i ts  formed  by the  
stray capaci tance  and  i nductive  e lements  i n  the  HVDC substation :  transformers,  reactors,  
bush ings,  etc.  I n terference  energy is  dependent on  the  magn i tude  of the  vol tage  j umps  
produced  by turn-on  and  turn-off of the  valves  as  wel l  as  ci rcu i t  parameters.  Converter noise  
i s  somewhat i ndependent of the  curren t  rati ng .  However,  i t  depends  strong l y upon  the  fi ri ng  
ang le.  

Noise  that may affect the  carrier i ncl udes:  conducted  converter-generated  noise,  and  a. c.  or 
d . c.  l i ne  corona  noise.  Conducted  noise  is  s trong l y frequency-dependent wi th  the  h i ghest  
noise  l evels  present at the  l ow end  of the  carrier frequency spectrum .  

F ie ld  experience  shows  that thyristor valves  generate  abou t 1 0  dB-  to  1 5  dB  less  conducted  
noise  i n terference  than  mercury arc valves.  

Measurements  have  shown  that corona  on  HVDC transm ission  l i nes  is  1 0  dB-20  dB  l ess  than  
that on  a. c.  l i nes  for the  same conductor surface  maximum  vol tage  grad ien t.  Typica l  corona  
noise  l evel  ranges  from  –40  dBm  to  –30  dBm  and  i s  essen tia l l y constan t i n  the  carrier 
spectrum  (20  kHz-500  kHz)  over the  en ti re  length  of the  HVDC transm ission  l i ne.  

RF  fi l ters  can  be  speci fi ed  to  reduce  conducted  carrier noise  i n terference  on  both  the  a . c.  and  
d . c.  s i de  of the  HVDC substations.  

The  fi l ter series  inductor e lements  and  shun t capaci tor e lements  shou ld  be  rated  for fu l l  
curren t and  rated  vol tage  respectivel y.  Therefore,  econom ic cons ideration  shou ld  be  g i ven  to  
fi l ter des ign  noise  a l ternatives  based  on  existi ng  carrier channel  requ i rements,  i n terference 
wi th  other carriers,  u l timate  channel  requ i rements,  and  the  feas ib i l i ty of channel  movement 
from  the  lower end  of the  carrier frequency spectrum .  

1 8.2  Performance  speci fication  

When  speci fying  performance of HVDC systems,  the  fol lowing  carrier i n terference 
cons iderations  are  importan t.  

I f the  u ti l i ty wants  complete  freedom  to  use  the  en ti re  a l located  communications  spectrum ,  
then  the  HVDC i n terference speci fication  shou ld  cover frequencies  down  to  20  kHz.  

NOTE  The  carri er spectrum  i s  becom ing  i ncreasing l y crowded  on  many e l ectri c  power systems.  

An  example  of typ ical  carrier noise  frequencies  generated  on  the  HVDC transm ission  l i ne  
from  sol i d -state  converters  i s  present in  F igure  23.  

For des ign  of the  carrier fi l ters ,  the  speci fication  shou ld  consider that harmfu l  i n terference  to  
power l i ne  carrier systems  on  HV transm ission  l i nes  connected  to  the  HVDC substations  may 
be  preven ted  by l im i ti ng  the  in terference level  from  the  HVDC substation  over the  power l ine  
carrier spectrum  to  –20  dBm  or l ess,  measured  in  a  nom inal  3  kHz band ,  fl at  weigh ti ng .  

Where  dBm  is  defi ned  as  a  means  of i n terference  measurement i n  wh ich  0  dB  is  speci fied  at  
0 , 775  V,  th is  wou ld  be  the  vol tage  that wou ld  cause  1  mW to  be  d iss ipated  i n  a  600  Ohm  
res istor to  1 , 0  mW,  wh ich  corresponds  to  0, 775  V pole- to-pole  i n terference vol tage  assum ing  
a  l i ne  to- l i ne  surge  impedance of 600  Ω .  I n  a  50  Ω  cable  on  the  l ow vol tage  s i de,  0  dBm  and  1  
mW corresponds  to  0 , 224  V.  
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Figure 23  – RY COM  noise  meter resu l ts  averaged  – Typical  plot of converter noise  
levels  on  the  d .c.  l ine  corrected  and  normal ized  to  3  kHz bandwidth  –0  dBm  =   0 , 775  V  

1  mW corresponding  to  0 ,775 V at  a  pole-to-pole  surge impedance of 600  Ω  

I f the  carrier i s  presen t  or pl anned  i n  the  frequency range  20  kHz to  1 00  kHz,  fi l ters  wi l l  
probabl y be  requ i red .  The  econom ics  of fi l ters  for attenuation  of noise,  of course,  shou ld  be  
evaluated .  I t  shou ld  be  cons idered  that the  cost for a  broad  band  PLC fi l ter i s  s ign i fican tl y 
h igher than  the  cost for a  narrow band  PLC fi l ter.  Especia l l y,  fi l ters  for the  lower frequencies  
20  kHz to  50  kHz cost s ign i ficantl y more  than  PLC fi l ters  for h i gher frequencies.  

I nstrumentation  to  be  used  for carrier i n terference  measurement shou ld  be  properl y speci fied  
as  to  bandwid th  (BW)  and  type.  

By knowing  the  noise  l evels  produced  by converters,  reasonable  pred ictions  can  be  made for 
the  expected  performance of a  g i ven  carrier system .  

The  pri ncipal  measure  of performance  for any g i ven  carrier system  is  primari l y governed  by 
the  s ignal - to-noise  ratio  (SNR)  at the  receiving  poin t  of the  carrier system .  

1 9  Radio frequency interference 

1 9. 1  Rad io  in terference (RI )  from  HVDC  systems  

1 9. 1 . 1  RI  sources  

RI  energy at the  HVDC substation  i s  produced  by the  turn -on  and  turn-off sequences  i n  the  
va lves  and  from  corona  on  the  h i gh  vol tage  l i nes  and  swi tchgear.  

The  noise  from  va lve  operation  is  predom inantl y produced  by the  vol tage  col lapse  during  the  
turn-on  sequence.  These  trans ien ts  exci te  l ocal i zed  resonant ci rcu i ts  formed  by s tray 
capaci tance  and  i nductive  e lemen ts  i n  the  converter station  transformers,  reactors  bush ings,  
etc.  

Corona-generated  RI  i s  h ighest near the  pos i ti ve  conductor and  decreases  wi th  the  rad ia l  
d istance  from  the  conductor.  
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1 9. 1 . 2  RI  characteristics  

RI  generated  at the  HVDC substation  and  propagated  a long  the  HVDC transm ission  l ines  
appears  to  have  the  fo l l owing  characteristics :  

a)  I n terference energy i s  d i rectl y proportional  to  the  magn i tude  of the  vol tage  j umps  
produced  during  turn-on  and  tu rn-off sequences  of the  valves  and  a l so  depends  on  
ci rcu i t  parameters.  

b)  I t  has  a  h igh  l evel  of l i ne-to-earth  mode rad iation  i n terference  near the  HVDC substation ,  
bu t th is  mode attenuates  rapid l y and  becomes  neg l ig ib le  wi th in  1 5  km .  

c)  I t  has  a  l i ne-to- l ine  mode  wh ich  can  propagate  hundreds  of ki lometres.  

d )  The  noise  is  essentia l l y i ndependen t of the  operati ng  current  l evel .  

e)  The  noise  that comes  ou t from  the  va lve  hal l  i s  predom inantl y the  noise  conducted  through  
the  wal l  or transformer bush ings  provided  the  valve  hal l  i s  des igned  wi th  good  r. f.  
sh ie ld ing .  

f)  The  RI  l evel  does  not  i ncrease  appreciabl y as  the  number of converter un i ts  i s  i ncreased  
from  one  to  th ree.  

1 9.2  RI  performance specification  

The  RI  performance  speci fication  for an  HVDC substation  shou ld  cons ider the  d i fferent 
consequences  of RI ,  such  as,  i n terference wi th  AM  rad io  reception  and  i n terference wi th  the  
operation  of non-d i rectional  beacons  (NDB).  The  speci fication  shou ld  a lso  requ i re  veri fication  
that the  HVDC substation  RI  in terference on  other communication  faci l i ti es  such  as  VHF,  
m icrowave  and  UHF  is  wi th in  the  speci fi ed  l im i ts .  The  l im i ts  to  be  establ ished  shou ld  include  
the  RI  d ue  to  d ipole-rad iation  generated  by converter operation  and  the  RI  generated  by 
corona.  

The  speci fication  shou ld  define  a l l  s teady-state  operati ng  modes  and  cond i tions  and  weather 
cond i ti ons  du ring  wh ich  the  bas ic  cri teria  shou ld  be  met.  

Speci fication  of a  s ing le  basic  cri terion  to  be  appl ied  to  a l l  operating  modes,  at  any l oad  up  to  
and  i nclud ing  the  fu l l  l oad  rated  value,  and  wi th in  the  design  range  of fi ring  ang le,  i s  
recommended .  Th is  performance  cri terion  shou ld  appl y over the  normal  a. c.  and  d . c.  
operati ng  vol tage  ranges  and  under fa i r weather cond i tions.  

The  RI  performance cri teria  shou ld  appl y at a l l  frequencies  wi th in  the  range  of 0 , 5  MHz to  
30  MHz.  

Measurements  shou ld  be  quas i -peak and  shou ld  i nclude  at l east three  complete  frequency 
scans  at each  measurement l ocation .  The  RI  l evel  at  a  particu lar frequency shou ld  be  
cons idered  the  mean  value  of a l l  measurements  at that frequency and  location .  

I nstrumentation  for measurements  shou ld  comply wi th  CISPR 1 6  series .  

The  speci fication  shou ld  i nd icate  the  rated  range,  band ,  and  immun i ty l evel  characteristics  of 
NDBs  to  be  protected  against harmfu l  i n terference from  the  HVDC substation .  The  protected  
bandwid th  shou ld  be  g i ven  in  ±  kHz from  the  NDB frequency.  As  an  example,  th is  bandwid th  
has  been  speci fi ed  as  ±1 0  kHz.  I n  add i tion ,  the  speci fication  shou ld  g ive  main  data  and  
l ocation  of the  NDB  insta l l ations  to  be  protected .  General l y,  on l y the  insta l lati ons  wi th in  a  
rad ius  of 30  km  from  the  HVDC substation  need  to  be  s tud ied .  

The  most importan t i tem  to  be  defined  i n  the  RI  performance  speci fication  is  the  maximum  RI  
l evel  ou ts ide  a  defi ned  perimeter around  the  HVDC substation .  

I n  setting  an  acceptable  l evel  of RI  (µV/m),  the  noise  contribu tion  from  corona  and  valve  
operation  shou ld  be  considered .  The  value  to  be  speci fi ed  depends  on  local  cond i ti ons,  such  
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as,  M  rad io  station  s i gnal  strength ;  the  characteri stics  of the  NDBS;  any existi ng  regu lations  
as  to  the  acceptable  s i gnal -to-noise  ratio ,  etc.  

An  RI  value  of 1 00  µV/m  is  a  typical  speci fication  l im i t.  For conven tional  HVDC substation  
des igns,  the  speci fi ed  RI  va lue  shou ld  not be  exceeded  at  poin ts  a long  a  perimeter l i ne  500  m  
from  any energ ized  HVDC substation  component.  The  contour l ine  for measurement shou ld  
a lso  i nclude  the  a . c.  and  HVDC transm ission  overhead  l ines  l eaving  the  HVDC substation  at a  
d istance  of 1 50  m  from  the  nearest conductor crossing  the  500  m  perimeter.  As  a  ru le  of 
thumb,  the  con tour l i ne  d istance  from  the  overhead  a. c.  and  HVDC transm ission  l i nes  wi l l  
decrease  l i nearl y wi th  d i stance  a long  the  transm iss ion  l ines  to  hal f of the  wid th  of the  l i ne  
ri gh t-of-way at approximatel y 5  km  from  the  HVDC substation .  

The  valve-hal l  bu i l d ing  des ign  shou ld  i ncorporate  necessary sh ie ld ing  to  meet the  RI  
requ irements  wi thou t any external  swi tchyard  screen ing .  Specia l  atten tion  shou ld  be  g i ven  to  
m in im izing  the  length  of the  connection  extend ing  from  the  valve-hal l  bu i ld ing .  

The  speci fication  shou ld  requ ire  a  statement on  the  proposed  method  of l im i ti ng  RI  wi th in  the  
speci fied  des ign  l im i t  and  shou ld  a lso  i nclude  the  data  and  curves  re lati ng  to  the  expected  
rad io  i n terference wi th in  the  en ti re  frequency range  (0, 1 5  MHz to  30  MHz).  

The  RI  l evels  shou ld  be  ca lcu lated  assum ing  earth  res isti vi ty as  i ncluded  i n  the  speci fication  
for the  substation  s i tes  and  for 5  km  from  the  substation ,  a l ong  the  HVDC transm ission  l i ne  
ri gh t-of-way.  

1 9. 1  General  

Historical l y Rad io  Frequency I n terference (RFI )  from  h igh  vol tage  electric  power instal l ations  
has  been  re lated  to  in terference wi th  AM  broadcast d istribution  due  to  h igh  vol tage  a . c.  l i ne  
corona.  Consequentl y,  th is  aspect i s  covered  wel l  i n  the  l i terature  and  in  re levant s tandards,  
i . e .  the  CISPR 1 8  series .  RFI  from  substations  has  been  of m inor practical  concern .  Therefore  
very l i ttl e  has  been  documented  regard ing  RFI  from  HV and  MV substations.  However,  CIGRÉ  
Techn ical  Brochure  No.  391 ,  provides  a  thorough  anal ys is  of the  aspect re lated  to  RFI  from  
substations,  i nclud ing  HVDC substations.  The  anal ysis  i s  based  on  both  theory and  
measurement resu l ts .  

One  important aspect that i s  treated  i n  the  Techn ical  Brochure  (TB)  is  the  attenuation  of the  
RFI  versus  d istance,  incl ud ing  how the  attenuation  depends  on  the  frequency.   

RFI  re lates  to  a  qu i te  wide  frequency range.  Accord ing  to  CISPR 1 1  frequencies  between  
9  kHz and  400  GHz may be  used  for wi re less  communication  and  are  therefore  covered  by 
the  I n ternational  Te lecommun ication  Un ion  ( I TU)  curren t i n ternational  table  of frequency 
a l l ocations.  Consequently,  e l ectromagnetic  in terference  in  th is  frequency range  is  defi ned  as  
Rad io  Frequency I n terference  (RFI ) .  However,  the  frequencies  be low 1 50  kHz are  nowadays  
sparsel y used  and  the  standards  for frequencies  above 1  GHz are  under deve lopment.  

1 9.2  RFI  from  HVDC systems  

1 9.2. 1  RFI  sources  

RFI  energy at  the  HVDC substation  is  produced  by the  turn-on  and  turn-off sequences  i n  the  
va lves,  from  corona  on  the  h igh  vol tage  swi tchgear and  l i nes,  and  from  sparking  and  gap  
d ischarge  acti vi ti es  wi th in  the  swi tchyard .  

The  RFI  noise  from  the  valve  operation  i s  predom inantl y produced  by the  fast vol tage  
col l apse  during  the  turn -on  sequence.  These  trans ients  exci te  l ocal i zed  resonance  ci rcu i ts  
formed  by stray capaci tance  and  i nductive  e lements  i n  the  bus  s tructures,  bush ings,  reactors ,  
converter transformers,  etc.  
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RFI  generated  by the  a. c.  corona  i n  the  h i gh  vol tage  a . c.  swi tchyard  of the  HVDC substation  
varies  s ign i fican tl y wi th  the  weather cond i tions  and  is  h ighest at bad  weather.  RFI  generated  
by d . c.  corona  is  h ighest near the  posi ti ve  conductor and  decreases  wi th  the  rad ia l  d istance  
from  the  conductor.  DC  corona  does  not vary very much  wi th  the  weather cond i ti ons  and  i s  
somewhat h igher at  fa i r weather.  

Recent measurements  have  i nd icated  that there  may be  a  s i gn i fican t h i gh  frequency RFI  from  
the  a. c.  part of a  substation ,  especia l l y at d ry weather cond i ti ons  i f the  substation  i s  old .  Th is  
h igh  frequency RFI  noise  is  considered  to  be  generated  by gap  d ischarge  and /or sparking  
acti vi ti es.  For more  i n formation  reference is  made  to  CIGRÉ TB  No.  391 .   

1 9.2.2  RFI  propagation  

RFI  generated  i n  the  HVDC substations  may propagate  as :  

a)  a  gu ided  wave transm iss ion  propagating  a long  the  HVDC transm iss ion  l i ne;  

b)  a  gu ided  wave transm iss ion  propagating  a long  the  a . c.  transm ission  l i nes;  

c)  d i rect wave  rad iation  from  the  HVDC substation .  

The  attenuation  of the  RFI  versus  d istance  varies  wi th  the  frequency as  fo l lows.  

a)  The  attenuation  for the  l i ne-to-earth  mode  of RFI  propagating  a long  the  l i nes  is  i n  the  
order of 3f0, 8  dB/km  wi th  f i n  MHz.  The  attenuation  varies  wi th  l i ne  des ign  parameters  and  
the  soi l  res istivi ty.  

b)  The  attenuation  for the  l i ne-to- l i ne  mode  of RFI  propagating  a long  the  l i nes  is  i n  the  order 
of 0 , 3f0, 8  dB/km  wi th  f i n  MHz.  The  attenuation  varies  wi th  l i ne  design  parameters  and  the  
soi l  resisti vi ty.  

c)  The  physics  for attenuation  of the  d i rect wave  RFI  wi th  d is tance  is  qu i te  complex.  As  an  
approximation ,  at  a  d istance  from  a  substation  shorter than  λ /2π  or l onger at a  certa in  
d istance  d (SA)  the  attenuation  of the  fie ld  s treng th  decreases  as  1 /r2  (where  λ  i s  the 
wavelength  of the  EM  rad iation  and  r i s  the  d istance  to  the  i nstal l ation) .  For i n termed iate 
d istances,  the  attenuation  i s  proportional  to  1 /r.  The  d istance  d (SA)  depends  on  the 
frequency,  the  height of the  an tennas  and  the  soi l  properties.  For more  in formation  
reference  i s  made  to  CIGRÉ TB  No 391 .  For a  rea l is tic  example  i n  the  TB,  the  d is tance  
d (SA)  i s  i n  the  order of 25  m  at 50  MHz and  i ncreases  l i nearl y wi th  the  frequency for 
h igher frequencies.  For l ower frequencies  than  50  MHz,  the  d istance  d (SA)  varies  as  1 /f.  

The  impl ication  of the  above  is  that  for RFI  propagating  a long  the  l i nes,  the  h igh  frequency 
RFI  van ishes  after a  few ki lometres,  especia l l y the  l i ne-to-earth  component that i s  dom inating .  
However,  l ow frequency RFI  wi l l  propagate  qu i te  a  l ong  d istance,  especial l y the  l i ne-to- l i ne  
component.  

With in  a  few hundred  meters  from  the  substation ,  the  d i rect  wave RFI  can  have  a  qu i te  broad  
frequency range.  However,  when  normal  design  i s  appl i ed ,  the  RFI  has  d im in ished  to  the  
background  RFI  l evel  after 0 , 5  km  to  1  km .  

1 9.2.3  RFI  characteristics  

The general  characteristi c of the  RFI  noise  from  an  HVDC substation  i s  repeated  transients  
regard less  that  the  noise  is  produced  by the  commutation  process,  corona,  sparking  or gap  
d ischarge.  Due  to  the  d i fferen t sources  the  frequency characteristics  of the  broad  band  RFI  
from  a  converter s tation  can  be  qu i te  complex and  very i rregu lar.  To  some exten t th is  i s  va l i d  
for any h i gh  vol tage  substation .  

RFI  noise  generated  by the  commutation  process  of the  HVDC converter has  the  fol l owing  
characteristics.  

a)  I n terference energy is  d i rectl y proportional  to  the  magn i tude  of the  vol tage  j umps 
produced  during  the  tu rn-on  sequences  of the  valves  and  a lso  depends  on  ci rcu i t  
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parameters.  The  vol tage  j umps  at  turn-off has  l ess  impact as  the  rise  time at  turn-on  i s  
much  shorter than  the  rise  time at turn-off.  

b)  As  the  RFI  due  to  the  converter commutation  process  depends  on  the  ci rcu i t resonances,  
the  frequency spectrum  i s  qu i te  i rregu lar.   

c)  Due  to  the  defined  rise  time for the  vol tage  j umps  at tu rn-on ,  the  RFI  due  to  the  
commutation  process  decays  for frequencies  above 1  MHz and  is  neg l ig ib le  for 
frequencies  above 1 0  MHz.  

d )  The  noise  that comes  out from  the  va lve  hal l  i s  predom inantl y the  noise  conducted  through  
the  wal l  or transformer bush ings  i f the  valve  hal l  i s  des igned  wi th  good  RF  sh ie l d ing .  

e)  The  noise  l evel  i s  essen tia l l y i ndependent of the  operati ng  current.  

f)  The  number of converters  has  m inor impact on  the  noise  l evel .  

The  dom inan t mode for a l l  RFI  generated  in  a  substation  is  the  l ine-to-earth  mode.  

1 9.3  RFI  performance  speci fication  

1 9 .3. 1  RFI  risk assessment  

The  process  for the  speci fication  shou ld  start  wi th  an  RFI  risk assessment regard ing  any l ocal  
cond i ti ons  requ i ring  speci fic precau tions  regard ing  RFI .  I t  shou ld  be  noted  that the  risk for 
i n terference i s  re lated  to  nearby rad io  receivers ,  not to  nearby rad io  transm i tter.  A nearby 
a i rport may impl y an  extra  risk for RFI  wi th  the  a i rplanes  approach ing  the  a i rport for l and ing .  

Of specia l  concern  i s  i n terference  re lated  to  the  non-d i rectional  beacons  (N  DB)  as  thei r 
operati ng  frequency i s  coinciden t wi th  the  frequency range  for the  converter RFI  em ission .   

Also  l ocal  communication  cen tres  wi th  dual  communication  such  as  fi re  bri gade  stations  
shou ld  be  cons idered  i n  the  risk assessment.  

The  importan t factors  are:  Frequencies  used ,  the  bandwid th ,  the  s i gnal  l evel ,  the  noise  to  
s ignal  requ i rement and  the  d is tance  to  and  the  location  of the  an tenna  of the  rad io  receivers.  

1 9.3.2  Specification  RFI  l imi t  and  i ts  veri fication  

The speci fied  RFI  requ i rement shou ld  i nclude  a l l  sources  re lated  to  the  re levan t de l i very.  The  
speci fication  shal l  define  a l l  s teady s tate  operation  modes  and  cond i ti ons  and  weather 
cond i ti ons  du ring  wh ich  the  cri teria  sha l l  be  met.  

Basical l y a  s ing le  basic cri terion  shal l  be  speci fied  to  be  appl i ed  to  a l l  s teady state  operation  
modes,  at  any l oad  up  to  and  includ ing  the  fu l l  l oad  rated  value,  and  wi th in  the  des ign  range  
of fi ring  ang le  and  a l l  weather cond i tions  i s  recommended .  The  performance  cri terion  shou ld  
cover the  normal  a. c.  and  d . c.  operati ng  vol tage  ranges.  For practica l  reasons,  then  overal l  
veri fication  of the  RFI  performance  by measurements  shal l  be  performed  under fa i r weather 
cond i ti ons  wh i l e  the  RFI  em iss ion  due  to  a . c.  corona  under bad  weather cond i ti ons  shal l  be  
veri fi ed  by calcu lation .  

The  requ i rement shou ld  be  speci fied  as  a  graph  of the  maximum  E-fie ld  i n  dB  [μV/m ]  versus  
frequency for the  frequency band  1 50  kHz to  1  GHz.  There  shou ld  be  one  graph  for the  
substation  l im i t and  one  graph  for l i ne  l im i ts.  Su i table  l im i ts  for the  normal  cases  are  g i ven  i n  
CIGRÉ Techn ica l  Brochure  391 ,  wi th  j usti fications.  S ince  the  frequencies  i n  the  frequency 
range  9  kHz to  1 50  kHz are  sparsel y used ,  a  requ i rement shou ld  on l y be  speci fi ed  in  case  any 
communication  is  i n  u se  in  the  vicin i ty of the  HVDC substation  or connecting  l i nes.  
Requ irements  appl ied  unnecessari l y i n  th is  l ow frequency range  wi l l  i n troduce extra  cost i n  
form  of l arge  fi l ters .  

The  recommended  procedure  for veri fication  by measurements  is  shown  i n  F igure  25.  The  
recommendations  are  detai l ed  i n  CIGRÉ TB  No.  391 .  
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Figure 25 – Recommended  measurement  procedure with  defin i tion  of measuring  point  

The l im i ts  for substations  in  accordance wi th  Table  D. 2  i n  CIGRÉ  TB  No.391 : 2009  i s  
appl icable  both  for the  con tour around  the  active  parts  of substations  and  the  closest part of 
the  con tour a long  the  l ine.  After a  d is tance  of 4  km ,  the  l im i ts  for the  l i ne  i n  accordance wi th  
Table  D .3  in  CIGRÉ  TB  No.391 : 2009  appl y.  

The  measurement shal l  be  performed  as  a  frequency scan  over the  en ti re  RFI  frequency 
range  as  the  frequency characteristic may be  very i rregu lar.  I t  i s  not sufficien t to  measure  the  
RFI  level  at  0 , 5  MHz on l y,  as  often  done  for RFI  due  to  a . c.  l i ne  corona.   

1 9.3.3  Design  aspects  

The valve-hal l  bu i l d ing  des ign  shou ld  i ncorporate  necessary sh ie l d ing  to  meet the  RFI  
requ irement wi thou t  any external  swi tchyard  screen ing .  Specia l  attention  shou ld  be  g i ven  to  
m in im izing  the  antenna  area  for loops  wi th  h i gh  frequency trans ients  conducted  through  the 
valve  and  the  transformer bush ings.  

The  speci fication  shou ld  requ ire  a  s tatement on  the  proposed  method  of l im i ting  RFI  wi th in  
the  speci fied  l im i ts .  There  shou ld  a lso  be  a  s tatement regard ing  estimation  of the  expected  
RFI  l evel  by calcu lation  during  the  des ign  s tage,  wi th in  the  enti re  frequency range.  Th is  
estimation  shal l  cover both  the  RFI  from  the  substation  and  the  RFI  from  the  l ine,  as  defined  
i n  F igure  25.  I n  th is  estimation  a lso  bad  weather a. c.  corona  wi th in  the  substation  shou ld  be  
considered .  

20  Power losses  

20. 1  General  

I t  i s  normal  practice  to  establ ish  l oss  fi gures  for HVDC substations  under rated  power 
(Clause  5)  and  no- load  operating  cond i tions  (7 . 4)  so  as  to  perm i t  an  econom ic evaluation  of 
the  l osses.  I n  add i tion ,  l osses  at m in imum  l oad  (7 . 2)  or other i n termed iate  l evels  may a l so  be  
evaluated  using  the  appropriate  weigh ting  factors.   

HVDC system  l osses  can  be  determ ined  by the  summation  of l osses  of the  main  contribu ting  
sources.  Loss  figures  are  usual l y based  on  a  combination  of calcu lations,  factory tests  and  

IEC   810/13 
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fie l d  tests,  s i nce  determ ination  of tota l  l osses  by fie l d  tests  alone  i s  not practical  because  of 
i nadequate  measuring  accuracy.  

The  re levant envi ronmenta l  cond i tions,  as  wel l  as  methods  of ca lcu lation  shou ld  be  speci fied .  
The  to lerances  for a l l  l oss  measurements  shou ld  be  establ ished .  

I f the  HVDC system  is  erected  i n  s tages,  then  the  l oss  fi gures  per stage  shou ld  be  determ ined .  
Tota l  efficiency fi gures  for monopolar and  b ipolar operation  under the  speci fied  cond i tions  
shou ld  be  veri fied .  

Determ ination  of power l osses  in  HVDC converter stations  i s  described  i n  detai l  i n  I EC 61 803.  

20.2  Main  contributing  sources  

20.2. 1  General  

For much  HVDC equ ipment,  harmon ic curren ts  contribu te  appreciabl y to  tota l  equ ipment 
l osses.  The  bas is  for calcu lation  of these  harmon ic l osses  shou ld  be  speci fied .  Temperatures  
at  wh ich  losses  are  to  be  determ ined  shou ld  be  g i ven .  

20.2.2  AC  fi l ters  and  reactive power compensation  

Loss  fi gures  are  calcu lated  for the  a . c.  fi l ters  and  reactive  power compensation .  The  harmon ic  
l osses  i n  these  are  strong ly l oad-dependent.  The  l oss  fi gu res  shou ld  i nclude  a l l  harmon ic 
effects  produced  by the  converters .  Un less  otherwise  speci fi ed ,  harmon ics  en tering  from  the  
a. c.  system  shou ld  not  be  taken  i n to  account  i n  these  ca lcu lations.  For no- load  loss  
calcu lation ,  none  of the  fi l ters  and  reactive  power sources  i s  assumed  to  be  connected .  For 
rated  l oad ,  i t  i s  assumed  that a l l  fi l ters  and  reactive  power sources  wh ich  are  needed  to  
provide  the  speci fied  power factor are  connected  and  a l l  harmon ics  en ter the  fi l ter on l y.  For 
i n termed iate  l oads,  the  operating  cond i tions  shou ld  be  speci fied .  For static  and  synchronous  
reactive  power compensators,  the  operati ng  cond i ti ons  shou ld  a lso  be  speci fi ed .  

20.2.3  Converter bridges  

Converter bridge  l osses  can  be  calcu lated  based  on  measurements  made  i n  the  factory on  the  
i nd ividual  bri dge  e lements.  Loss  fi gures  i nclude  l osses  i n  a l l  the  components  used  i n  the  
bridges,  for example,  va lves,  snubber ci rcu i ts ,  reactors,  e tc.  assum ing  fi ring  and  overlap  
ang les  as  requ i red  for the  speci fied  l oad  cond i tion .  Under no- load ,  va lves  are  assumed  to  be  
energ ized  bu t blocked .  Al l  va lve-cool i ng  equ ipment losses  requ i red  for the  speci fi ed  load  
cond i ti ons  shou ld  be  i ncluded .  

20.2.4  Converter transformer 

The fundamental  frequency l osses  in  converter transformers  can  be  establ ished  by no- load  
and  short-ci rcu i t  measurements  i n  the  factory wi th  harmon ic losses  taken  i n to  account by 
appropriate  computation .  Al l  cool ing  equ ipment l osses  shou ld  be  i ncluded  as  far as  thei r 
operation  i s  requ i red  for the  speci fic  l oad  cond i tion .  

20.2.5  DC  reactor 

Direct curren t l osses  can  be  measured  in  the  d . c.  reactor at the  factory and  ad j usted  for the  
speci fied  ambient  temperature.  I ts  harmon ic l osses  shou ld  be  ca lcu lated .  Al l  cool i ng  
equ ipment l osses  shou ld  be  i ncluded  as  far as  thei r operation  is  requ ired  for the  speci fi ed  
l oad  cond i tion .  

20.2.6  DC  fi l ter 

DC fi l ter l osses  are  calcu lated  taking  i n to  account  the  harmon ics  actual l y entering  the  fi l ter at 
the  speci fi ed  load  cond i ti ons  wi th  the  control  and  overlap  ang les  as  needed  at  those  
cond i ti ons.  Al l  converter harmon ics  are  assumed  to  enter the  d . c.  fi l ter.  
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20.2.7  Auxi l i ary equ ipment 

This  equ ipment i ncludes  cool ing  (except converter transformer,  d . c.  reactor and  valve  cool i ng),  
con trol ,  heating ,  l i gh ti ng  of the  HVDC substation  and  auxi l iary transformers.  Losses  can  be  
determ ined  as  the  summation  of the  measured  or calcu lated  l osses  of a l l  i nd ividual  i tems.  
On l y that  equ ipment wh ich  is  needed  for the  speci fic operating  poin t  i n  meeting  a l l  
requ irements  of the  speci fications  shou ld  be  i ncluded  in  the  l oss  calcu lation .  

20.2.8  Other components  

Losses  i n  other componen ts  such  as  vol tage  and  curren t transformers,  RI  fi l ters,  etc,  shou ld  
be  determ ined  under speci fied  cond i ti ons  ( l oad  l evel ,  ambient temperature,  etc) .  

21  Provision  for extensions  to  the  HVDC systems 

21 . 1  General  

I f extensions  to  HVDC systems are  schedu led  or p l anned  in  the  fu ture  through  separate  
speci fications,  the  various  appl icable  cond i ti ons  after the  extensions  shou ld  be  cons idered  i n  
advance.  Otherwise,  econom ical l y and  techn ical l y d isadvantageous  s i tuations  m igh t arise.  
Therefore,  i t  i s  necessary to  speci fy,  as  far as  poss ib le,  the  cond i tions  for each  step  of the  
extensions  appl ying  to  C lauses  3  to  1 9.  For the  scope  of the  equ ipment i nsta l l ations  i n  each  
stage  of the  extens ions  and  the  performance  speci fications,  carefu l  cons ideration  shou ld  be  
g iven  to  the  complexi ty of the  fie ld  work,  to  m in im ize  the  in fluence of the  fi e ld  work and  fi e ld  
tests  on  the  operation  of the  existi ng  system ,  to  economy of advance  i nvestmen t and  to  the  
system  performance  requ i rements  at each  stage.  The  fol lowing  matters  shou ld  be  speci fi ed  i n  
as  much  detai l  as  possib le  to  the  exten t they can  be  an ticipated  and  i ncluded  in  the  statement 
of the  scope  of extens ions.  

21 .2  Specification  for extensions  

The speci fications  for extens ions  cons ist of the  fo l l owing :  

a)   Rated  capaci ty,  vol tage  and  curren t i n  each  stage  of extens ions.  

b)   Form  of converter bridge  extensions  (Figure  24) :  

1 )  series ;  

2)  paral l el ;  

3)  monopolar to  bipolar;  

4)  mu l ti -term inal ,  series  or para l l el .  

 Any specia l  operati ng  modes  p lanned  for the  fu ture,  such  as  swi tch ing  of poles  from  series  
operation  to  paral le l  operation  during  the  outage  of a  HVDC transm iss ion  l ine  pole  as  
d iscussed  i n  Clause  3  shou ld  be  described .  

c)   AC  system  parameters  after each  s tage  of the  extensions  

1 )  add i ti onal  a . c.  l i nes;  

2)  changes  in  nom inal  and  range  of steady-state  a. c.  vo l tage;  

3)  add i ti onal  generators;  

4)  i ncreased  short-ci rcu i t  capaci ty.  

d )   Reactive  power ba lance  after each  s tage  of the  extens ions  

1 )  reactive  power source  to  be  i nstal l ed  at  the  HVDC substation ;  

2)  reactive  power suppl ied  from  the  a . c.  system .  

e)  Ci rcu i t  configuration  and  l i ne  characteristics  of the  HVDC transm iss ion  l i ne(s)  after 
extensions.  

f)  Change of the  control  mode  after extens ions,  i f p lanned .  
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NOTE  1  The  extension  work on  control  and  protecti on  may restri ct  the  operation  of exi sti ng  equ ipment  for a  
l ong  period .  I n  th i s  connection ,  therefore,  the  scope  of control  and  protection  equ ipment to  be  i nstal l ed  i n  each  
stage  of extension  shou ld  be  exam ined .  

g)   The  a l l owable  l evels  of aud ible  noise,  carrier i n terference and  harmon ic  i n terference  i n  
each  stage  of extens ion  shou ld  a lso  be  speci fied ,  i ncl ud ing  the  l evels  i n  the  fi na l  stage  
after completion  of extensions.  

h )  Order of extens ion  of a . c.  and  d . c.  fi l ters.  

NOTE  2  When  the  HVDC transm ission  l i ne  vol tage  changes  as  a  resu l t  of extension ,  the  des ign  of fi l ters  wi l l  
be  d i fferent  depend ing  on  whether fi l ters  for the  fi nal  HVDC transm ission  l i ne  vo l tage  are  used  from  the  
beg i nn i ng  or series  extension  of capaci tor u n i ts  i s  made.  Accord i ng l y,  i t  i s  necessary to  cl earl y i n d icate  th i s  
poin t.  
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 a) Monopolar to bipolar extension 

b) Multiterminal  bridge extension  
IEC   408/05  

Figure 24 – Extension  methods  for HVDC  systems  
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Annex A  
(informative)  

 
Factors  affecting  rel iabi l i ty and  avai labi l i ty of converter stations  

 

This  annex explains  various  factors  affecting  re l i abi l i ty and  avai labi l i ty of an  HVDC substation  
i tse l f and  not  the  evaluation  of re l i abi l i ty and  avai l ab i l i ty.  I t  may be  noted  that a l l  may not  be  
appl icable  to  every HVDC substation  and/or HVDC user.  

NOTE  The  owner/user shou ld  speci fy speci fi cal l y such  re l i abi l i ty &  avai l abi l i ty requ i rements ,  as  deemed  
appl i cabl e  for the  HVDC proj ect.  Wi thou t a  mutual  speci fi c  agreement  between  the  supp l i er/manufacturer and  the  
user/owner;  th i s  annex i s  on l y for i n formation  and  gu i dance.  

A.1  Design  and  documentation  

A.1 . 1  General  

The  fol l owing  subclauses  are  a  compi lation  of suggested  RAM-driven  design  princip les  that 
have  been  speci fi ed  for previous  HVDC substation  proj ects .  The  user may cons ider these  in  
fu ture  converter s tation  designs/speci fications,  as  appropriate,  i n  l i gh t  of the  operational  
m ission ,  the  surround ing  e lectrica l  system ,  and  the  econom ics  of the  proj ect.  

A.1 .2  General  design  principles  

a)  For b ipolar converters ,  the  des igner shou ld  pay specia l  atten tion  to  avoid  b ipol ar forced  
ou tages  and  keep  such  duration  to  a  m in imum.  Th is  effort  requ ires  emphasis  on  such  
areas  as  subsystem  and  system  testing ,  protection  coord ination ,  proper setti ng  of 
protections,  spare  parts,  and  redundancy and  separation  of the  subsystems of the  two  
poles.  

b)  Except where  the  user desi res  even  more  stri ngent design  requ irements ,  no  s i ng le  fai l u re  
of equ ipment under rated  operati ng  cond i tions  shal l  l ead  to  more  than  a  pole  forced  
ou tage,  and  no  combination  of equ ipment fai l u res  wi th in  an  HVDC converter pole  shou ld  
ever cause  a  forced  ou tage  extend ing  beyond  that pole.  I t  may be  noted  that under some 
operating  configuration  (e. g .  b ipolar ba lanced  operation  wi th  s tation  earth),  th is  may not 
be  avoidable.  

c)  Subj ect to  the  user’s  operating  pol icy,  no  more  than  one  pole  at a  time shou ld  need  
de-energ isation  as  a  precond i tion  to  any schedu led  main tenance task.  Furthermore,  the  
HVDC substation  des ign  shou ld  requ i re  no  more  than  one  annual  p l anned  ou tage  for 
rou tine  maintenance of any i nd ividual  p iece  of equ ipment.  

d )  The  converters  shou ld  be  des igned  to  prevent,  wherever poss ib le,  fa lse  power reversals  
due  to  equ ipment fa i lu re,  mal function ,  or operator error.  

e)  Al l  con trol  and  protection  systems  shou ld  be  designed  so  that no  s ing le  fai l u re  i n  any of 
these  systems causes  a  reduction  i n  rated  HVDC power transfer capaci ty.  

f)  The  control  and  protection  equ ipment shou ld  be  des igned  to  cause  no  more  than  a  defined  
number of d iscrete  transien t d is turbances  (wi th  a  m in imum  duration  defined  by the  user)  
per pole  per year;  bu t exclud ing  transient d isturbances  occurring  wh i le  the  HVDC controls  
and  protections  are  respond ing ,  as  des igned ,  to  problems orig inating  i n  the  ad j acent a. c.  
system(s).  

g )  Throughou t the  des ign  of the  HVDC substation ,  and  particu larl y i n  the  valve  hal ls ,  care  
shou ld  be  taken  to  i denti fy and  to  prevent possib le  causes  of fi re  for example  by use  of 
fi re  retardant  materia l .  Where  the  possib i l i ty of fi res  may not be  e l im inated  en ti re l y,  
provis ion  shou ld  be  made for the  fol l owing  cond i ti ons .  

•  F i re  detection  and  a larm ing .  

•  Human  veri fication  to  avoid  fa lse  tripping  and  unnecessary i n i ti ation  of suppression  
measures,  i f appl icable.  
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h )  The  user may speci fy that the  design  and  p lacement of auxi l i ary equ ipment ( i nclud ing  thei r 
associated  con trols  and  protection)  be  such  that a  s i ng le  equ ipment fa i l u re  does  not 
reduce  rated  HVDC power transfer capaci ty.  Redundant cool i ng  pumps,  cool i ng  fans,  and  
heat exchangers  wou ld  be  one  approach  to  meeting  th is  requ i rement.  

A.1 .3  More detai led  design  principles  

The  fol lowing  features  wou ld  improve  performance  when  designed  in to  the  controls,  
protections,  and  s im i l arl y organ ized  equ ipment.  

a)  The  l east complex des ign  capable  of perform ing  a  requ ired  function .  

b)  Componen ts  that are  appl i ed  wi th in  thei r i nd ividual  ratings  and  that have  been  proven  i n  
service  or have  undergone appl icable  accelerated  l i fe  stress  tests  before  commission ing .  

c)  Pre-aged  components  (a  burn - i n  period  shou ld  be  appl ied  to  a l l  e lectron ic components  
wi th in  the  va lve  groups,  and  wi th in  the  control  and  protection  equ ipment,  before  thei r 
i ncorporation  i n to  larger assembl ies) .  

d )  Ci rcu i ts  using  common  components  (to  reduce  the  number of speci fic  spares  to  stock).  

e)  Des ign  practices  (such  as  surge  protection ,  fi l tering ,  and  i n terface  buffers)  to  render 
sens i ti ve  components  and  ci rcu i ts  immune to  damage and  i n terference by i nduced  
vol tages  and  curren ts  i n  external  cabl ing  and  cubicle  wiring .  

f)  Fa i l -safe  and  se l f-d iagnostic  des igns.  

g )  Redundant equ ipment and  control  cables ,  wi th  au tomatic  transfer faci l i ties  as  appropriate.  

h )  Physical  separation  of redundant cables  and  ci rcu i ts  to  m in im ize  the  effect  of fi re,  fl oods,  
and  other such  hazards.  

i )  Des igns  that,  i n  the  event of component fa i l u res,  transfer to  a  less  complex operati ng  
mode.  

j )  Equ ipment that  may be  main tained ,  repaired ,  and  operated  at  the  converter s tat ions  
wi thout the  need  for specia l  operati ng  and  maintenance envi ronments,  test equ ipment,  
specia l  tools,  or complex operati ng  sequences.  

k)  Modu lar construction  to  perm i t rapid  replacement of modu les  wi th  fa i led  components  or 
subassembl ies.  

l )  I denti fication  and  separation  of control  swi tches  for each  converter and  associated  
equ ipment to  m in im ize  operator errors .  

m )  Des igns  that do  not  re l y upon  immed iate  operator actions  to  avoid  equ ipment damage.  

A.1 .4  Software design  principles  

Typical l y,  a l l  control  and  protection  functions  i n  HVDC substations  are  implemented  as  
software.  The  overal l  re l i abi l i ty of a  HVDC substation  is  d i rectl y impacted  by the  qual i ty of th is  
software.  

a)  As  wi th  hardware,  general  qua l i ty assurance methods,  pri ncip les,  and  organ izations  
shou ld  be  employed  for software  des ign  and  appl ication .  Organ izational  methods,  aud i ts,  
and  certi fications,  as  defined ,  for example,  i n  the  I SO  9000  fam i l y (see  4 . 5 ,  4 . 9 ,  4 . 1 0,  4 . 1 1 ,  
and  4 . 1 2  of I SO  9001 : 1 994  [B1 2 ] ,  and  I SO  9000-3: 1 997  [B1 3]  i n  particu lar)  and  the  
I SO  1 0000  fam i l y,  appl y here.  

b)  Most of the  general  design  princip les  mentioned  i n  A. 1 . 2 ,  and  most of the  speci fic 
princip les  l i sted  under A. 1 . 3,  are  appl icable  to  software  as  wel l .  For example,  the  princip le  
of m in imum  complexi ty shou ld  be  observed  to  m in im ize  the  possib i l i ty of errors  and  to  
ease  main tenance  and  repair.  Use  of proven  s tandard  function  b locks  (for control ,  log ic,  
and  commun ication)  i s  recommended .  These  proven  standard  function  b locks  are  
configured  ( i . e .  parameterized  and  combined)  to  provide  the  HVDC control  and  protection  
structu re  as  needed .  I n  order not to  ach ieve  robustness  at the  expense  of j eopard izing  
performance,  th is  “function  b lock”  approach  shou ld  be  used  on l y by wel l -tra ined ,  
experienced  personnel  employing  adequate  hardware  and  software  of fam i l iar des ign .  
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c)  Software  offers  fundamental  re l i abi l i ty-re lated  advantages  over hardware.  These  
advantages  shou ld  be  used  in  a l l  HVDC converter appl ications.  For example,  se l f-
mon i toring ,  se l f-d iagnostics  and  fa i l -safe  software  shou ld  be  appl i ed  prudentl y.  Automatic 
documentation  features  shou ld  be  used  for d iagrams,  test reports ,  and  manuals.  Al l  major 
con trol  and  protection  functions  shou ld  be  i ncluded  i n  the  s imu lation  tool s  used  for the  
overal l  con trol  and  protection  system  des ign .  The  identical  software  combination  shou ld  
then  be  implemented  and  tested  as  part  of the  actual  con trol  and  protection  equ ipment.   

d )  Awareness  of the  speci fic software-related  problems and  risks  is  necessary as  wel l .  
poten tia l  computer fa i l u res,  auxi l i ary power ou tages,  risk of unauthorized  access,  
vu lnerabi l i ty to  vi ruses,  as  wel l  as  the  i nevi table  existence  of (h idden)  software  fau l ts  
shou ld  a l l  be  taken  i n to  cons ideration .  Some of the  remed ies  to  be  appl ied  are  use  of 
proven  and  re l iab le  computer,  processor,  and  i n terface  hardware;  un in terruptible  power 
suppl y;  l im i ted  access;  safel y s tored  back-up  software  etc.  

A.1 .5  RAM  records  

Prior to  commission ing ,  the  user shou ld  establ ish  a  procedure  to  document a l l  RAM-related  
even ts.  Each  event,  whether schedu led  or unpred icted ,  shou ld  be  recorded  wi th  reference to  
a l l  data  re levant  to  i ts  cause  and  to  i ts  effect on  RAM  performance.  

A.2  Operation  

A.2. 1  Train ing  

A.2. 1 . 1  The role  of train ing  i n  HVDC substation  RAM  

Trained  staff does  make a  d i fference to  the  tota l  re l i abi l i ty/avai labi l i ty of an  HVDC substati on .  
At  the  earl i est  stage  (tender and  contract  preparation),  the  staffi ng  requ irements  of a  station  
shou ld  be  ou tl i ned .  

A.2. 1 .2  Train ing  courses  

I n  general ,  tra in ing  shou ld  be  g i ven  to  operation  and  main tenance  personnel  and  shou ld  start,  
i f poss ib le,  before  the  factory acceptance  tests  beg in  for the  con trol  and  protection  system .  

A tra in ing  program  may start wi th  a  classroom  orientation ,  wh ich  i s  then  completed  i n  t ime for 
the  start  of equ ipment pre-commission ing .  A tra in ing  course  may be  d i vi ded  in  four parts.  
They are  as  fo l lows.  

a)  General  l ectu res  on  the  system  and  the  equ ipment  – thei r purposes,  functions,  methods  of 
use,  and  con trol  and  protection  pri ncip les  – wi th  appropriate  texts.  

b)  Speci fic  l ectures  on  operation  and  main tenance,  g i ven  separatel y,  even  i f attended  by the 
same personnel .  Al l  i tems  of equ ipment,  whether special  or conventional ,  shou ld  be  
covered  by both  courses.  

c)  Experience  gained  from  participation  i n  i nsta l lation ,  testing ,  pre-commission ing ,  and  
commission ing ,  after these  l ectures  have  been  ass im i lated .  I f poss ib le,  the  testing  of 
converter valves  and  of con trols  shou ld  be  wi tnessed  by some tra inees.  

NOTE  Here,  too,  vi deo  record ing  i s  h i gh l y advisabl e  – parti cu larl y for re l ati vel y uncommon  events  such  as  the  
rep lacement  of a  converter transformer,  smooth ing  reactor,  or thyri stor.  

d)  Practical  exercises  to  ensure  that tra inees  are  ab le  to  operate  the  station  i n  a  safe  and  
efficient  manner.  

A.2.2  Maintenance  programs affecting  rel iabi l i ty 

A.2.2. 1  Basics  

The  goal  of main tenance  p lann ing  i s  to  reach  an  optimum  balance  between  the  tota l  expense  
of schedu led  ou tages  and  the  frequency of forced  ou tages.  Main tenance  may be  as  fol l ows:  
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a)  preventive:  to  main tain  or improve  the  equ ipment abi l i ty to  operate;  

b)  pred ictive:  to  ward  off a  perceived  imm inent danger of forced  ou tage ;  

c)  correcti ve:  to  cl ear a  forced  ou tage.  

Main tenance tasks,  having  i n tervals  l ess  than  one  year,  may be  on- l ine  tasks,  specia l l y when  
the  system  des ign  includes  redundancy.  These  tasks  may be  p lanned  and  execu ted  as  on - l i ne  
maintenance throughout  the  year.  

Most,  bu t  not a l l ,  main tenance  tasks  having  i n tervals  equal  to  or l onger than  one  year are  
(subsystem  or component)  off- l i ne  tasks.  Depend ing  on  whether a  redundant subsystem  or 
component exists  and  on  whether i t  i s  access ib le  when  the  system  is  on - l i ne,  i ts  main tenance  
is  e i ther made part of the  (system)  on l ine  main tenance  or declared  a  (system)  off- l ine  task.  
These  off- l i ne  tasks  are  grouped  on  an  annual  basis  and  performed  during  an  annual  
schedu led  outage.  

A.2.2.2  Design ing  systems  and  specifying  equ ipment for optimum  maintainabi l i ty  

A pred ictive  RAM  calcu lation  shou ld ,  among  other goals,  i ncl ude  design  targets  re lated  to  
main tenance.  As  the  des ign  and  main tenance  p lann ing  progresses,  the  RAM  calcu lation  m ight 
have  to  be  repeated .  

A.2.2.3  Plann ing  maintenance  programs  

Maintenance p lann ing  may be  based  on  the  methodology of re l iabi l i ty-centered  main tenance 
(RCM).  

RCM  focuses  on  the  priori ti zation  of the  tasks  accord ing  to  thei r perceived  necessi ty,  i nstead  
of j ust perform ing  the  work accord ing  to,  for i nstance,  the  manufactu rer’s  main tenance 
manuals .  As  a  typica l  resu l t,  i den tica l  components  i n  d i fferen t l ocations  m igh t have  d i fferent  
main tenance schedu les,  after cons idering  cri teria  such  as  the  fol l owing :  

– function  wi th in  the  system  as  a  whole;  

– probabi l i ty of fa i lu re,  a l so  cons idering  the  s tress  cond i ti ons ;  

– avai l ab i l i ty of earl y fai l u re  warn ing ;  

– impact of fa i l u re  on  system  performance [fa i lu re  mode  and  effect anal ys is  (FMEA)  i s  often  
used  to  anal yze  th is  impact] ;  

– redundancy;  

– measurable  ag ing  and  wear on  equ ipment;  

– i denti fying  wh ich  main tenance  tasks  are  i nd ispensable;  

– determ in ing  wh ich  further main tenance  acti vi ties  wou ld  improve  rel i ab i l i ty by reducing  the 
exposure  to  fa i lu res,  delaying  thei r occurrence,  faci l i tating  the ir detection ,  etc;  

– tu toria ls,  reports,  and  other types  of l i terature  on  RCM  that are  avai l ab le.  

After the  RCM  anal ys is,  the  HVDC user shou ld  cons ider further factors  i n  order to  refi ne  the  
overal l  main tenance  p lan .  These  factors  are  as  fol lows:  

– vendor warran ty requ i rements;  

– appl icable  s tandards  requ irements;  

– other con tractual  requ irements;  

– l i ab i l i ty and  i nsurance  requ i rements;  

– econom ics.  

A specia l  feature  of HVDC b ipole  systems  that are  ab le  to  transm i t 50  %  (or more)  energy on  
e i ther pole  and  1 00  %  energy on  both  poles  i s  that one  pole  may undergo  a  schedu led  ou tage  
wh i le  the  other pole  i s  i n  operation  (provided  the  equ ipment l ayou t and  the  power network 
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a l l ow th is  option).  I n  such  cases,  the  user m ight  d ivide  the  annual  schedu led  outage  i n to  three  
parts:  one  pole  ou tage  for each  pole ,  and  a  schedu led  b ipole  ou tage  (for any equ ipment 
common  to  both  poles,  i rrespective  of the  des ign  goals  of A. 1 . 2) .  

F i nal l y,  p lann ing  off- l i ne  main tenance  on  an  annual  bas is  does  not mean  that  a l l  annual  
schedu led  outage  plans  are  identical ,  even  i f the  equ ipment l i st  remains  unchanged ,  for the  
fol l owing  two  main  reasons.  

a)  Tasks  wi th  prescribed  i n tervals  equal  to  or l onger than  two years  are  not carried  ou t year 
by year.  

b)  Al though  constant component fa i l u re  rates  are  assumed,  fa i l u re  rates  tend  to  change wi th  
time  accord ing  to  the  “bathtub  curve, ”  and  as  a  function  of the  mechan ical  and/or 
e lectrical  stresses  to  wh ich  the  components  are  subj ected .  

A.2.3  Spare  parts  

A.2.3. 1  Types  of spare parts  

A.2.3. 1 . 1  Consumables  

Consumables  are  used  con tinuous l y,  so  smal l  numbers  are  kept  on  hand  or ordered  j ust  
before  schedu led  main tenance periods.  They are  eas i l y replaced ,  sources  are  p lenti fu l ,  and  
they are  not usual l y i ncl uded  i n  the  orig ina l  con tractual  i nven tory.  

A.2.3. 1 .2  Long-term  spares  

Long-term  spares  are  needed  for the  en ti re  l i fe  of the  converter s tation .  They may be  
classi fied  i n to  two  groups,  as  fo l l ows .  

a)  Parts  needed  on l y at l ong  i n tervals  (e. g . ,  once  i n  fi ve  years) .  The  user shou ld  check the  
avai l abi l i ty of these  i tems  frequentl y,  and  they may have  to  be  i ncluded  i n  the  station ’s  
i nventory i f they become d i fficu l t  to  procure.   

b)  Emergency i tems  needed  to  recover from  a  forced  ou tage.  There  i s  no  way to  guaran tee  
the  fai l u re  rate  or the  avai labi l i ty of the  replacement part at  the  time  of the  fa i l u re.  

Earl y i n  the  l i fe  of the  project,  the  user shou ld  i den ti fy l ong  l ead -time i tems  avai l able  from  
relativel y few sources.  

A.2.3.2  Evaluation  

Consumables  and  main tenance i tems are  not  much  of a  problem ,  i n  that the  replacement rate  
is  known .  The  rea l  i ssue  in  spare  parts  i nven tory i s  the  emergency i tem .  To  have  every 
poss ib le  needed  emergency part wou ld  requ ire  having  a lmost a  complete  spare  converter 
station  in  the  i nven tory.  I n  general ,  the  amount of spare  parts  kept i n  the  station ’s  i nven tory i s  
proportional  to  the  cost of the  station ’s  downtime and  is  based  upon  fie ld  experience  wi th  
s im i l ar equ ipment or apparatus.  The  user shou ld ,  therefore,  decide  what i tems  need  to  be  
kept on  hand  and  what may be  suppl ied  by the  manufacturer by considering  the  fol lowing :  

a)  i tems  wi th  an  expected  h i gh  fa i lu re  rate,  

b)  i tems  wi th  a  l ong  lead  time for replacement,  

c)  i tems  cri tical  to  the  operation  of the  s tation ,  

d )  i tems  not  read i l y avai l ab le  from  the  manufacturer or no  l onger i n  production ,  

e)  procurement and  warehousing  costs.  

Redundancy i s,  i n  effect,  an  “ in -service”  spare  part  and  a lso  affects  the  spare  part  strategy.  
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A.2.3.3  A typical  spare parts  l i st  

This  l i s t  i s  i n tended  to  g ive  the  user some  general  examples  of what other HVDC proj ects  
have  kept i n  s tock.  The  l i st  shal l  be  speci fical l y agreed  between  suppl ier and  purchaser for 
each  contract separatel y.  

Spare  parts  may i nclude  the  fol l owing :  

a)  converter transformers  – especial l y when  s ing le-phase  transformers  are  used ;  

– converter transformer componen ts;  

– bush ings;  

– pumps  wi th  motor;  

– fans  wi th  motor;  

b)  reactors;  

– smooth ing  reactor ( i f the  smooth ing  reactor i s  oi l -fi l l ed ,  then  there  may be  a  need  for 
components  s im i l ar to  those  for the  transformer) ;  

– shun t (power factor)  reactor ( i f the  shun t  reactor i s  o i l -fi l l ed ,  then  there  may be  a  need  
for components  s im i l ar to  those  for the  transformer) ;  

– a i r-cored  smooth ing  reactor and   fi l ter reactor (when  a  reactor consists  of more  than  
one  coi l s ,  one  coi l  may suffice) ;  

– e lectrode  l i ne  reactor;  

c)  converter valves;  

– thyristors ;  

– components  of the  snubber ci rcu i t,  damper ci rcu i t,  and  vol tage  d i vider (e. g . ,  capaci tors,  
res istors);  

– va lve  reactor ;  

– e lectron ic ci rcu i t  boards  for va lve  electron ics  and  valve-based  e lectron ics  or va lve  
con trol  un i ts;  

– fiber-optic cables;  

d )  d . c  wal l  bush ings  

– a. c  and  d . c.  arresters  (some mu l ti -column  arresters  m igh t have  energ ized  spare  
columns  i nstead  of complete  spare  arresters) ;  

e)  a. c.  ci rcu i t  breaker and  l oad-break swi tch  accessories;  

– cl osing  and  tri pping  coi ls ;  

– cl osing  and  tri pping  mechan isms;  

– con trol  rods;  

– arcing  contacts  (for tri pping  and  clos ing) ;  

f)  vol tage  and  curren t measurement devices;  

– capaci tive  vol tage  transformers;  

– dc vol tage  d i viders;  

– poten tia l  transformers;  

– curren t transformers;  

– d . c.  curren t transducers;  

g )  power factor bank and  harmon ic  fi l ter equ ipment (bes ides  reactors);  

– shun t capaci tors  (capaci tor cans  and  support i nsu lators,  not complete  banks) ;  

– res istors  (when  a  res istor cons ists  of more  than  one  modu le,  one  modu le  may su ffice) ;  

h )  other d . c.  s i de  equ ipment;  



 – 98  – I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  
  +AMD2: 201 7  CSV   I EC  201 7  

– d . c.  swi tchgear;  

– neu tral  bus  capaci tors   (capaci tor cans  and  support i nsu lators,  not complete  banks) ;  

– e lectrode  l i ne  capaci tors   (capaci tor cans  and  support i nsu lators,  not  complete  banks);  

i )  con trol ,  protection ,  and  metering  equ ipment;  

– va lve  con trol  (e lectron ic boards) ;  

– dc control  (e lectron ic  boards) ;  

– fau l t  mon i toring ;  

j )  station  service  and  auxi l i ary power equ ipment;  

– l ow-vol tage  ci rcu i t breakers  and  transfer swi tches ;  

– fuses;  

– l ow-vol tage  arresters ;  

– batteries  chargers  accessories ;  

– un in terruptible  power suppl y accessories ;  

k)  va lve  cool ing  equ ipment;  

– fan  wi th  motor;  

– pump wi th  motor;  

– mechan ical  va lves;  

– fi l ters  for cool ing  med ium .  
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PERFORMANCE OF  H IGH-VOLTAGE DIRECT CURRENT  
(HVDC)  SYSTEMS WITH  LINE-COMMUTATED CONVERTERS –  

 
Part 1 :  Steady-state  condi tions  

 
FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commission  ( I EC)  i s  a  worl dwide  organ ization  for s tandard ization  compris i ng  
a l l  nati onal  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  ob ject  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  S tandards,  Techn ical  Speci fi cations,  
Techn ical  Reports,  Publ i cl y  Avai l abl e  Speci fi cati ons  (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  commi ttees;  any I EC National  Comm i ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-
governmental  organ i zations  l i a i s i ng  wi th  the  I EC al so  parti ci pate  i n  th i s  preparati on .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ ization  for Standard 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  possi ble,  an  i n ternational  
consensus  of opin ion  on  the  re l evant sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  al l  
i n terested  I EC National  Committees.   

3 )  I EC Publ i cati ons  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by I EC National  
Comm i ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accurate,  I EC  cannot be  he l d  respons ibl e  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 ternati onal  u n i form i ty,  I EC National  Commi ttees  undertake  to  app ly I EC Publ i cations  
transparen tl y to  the  maximum  extent  possib l e  i n  thei r national  and  reg i ona l  publ i cati ons.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  sha l l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f does  not  provide  any attestati on  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  users  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 agents  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC Nati onal  Comm i ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or rel i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Attention  i s  d rawn  to  the  Normati ve  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)  Attention  i s  d rawn  to  the  possib 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 
patent  ri gh ts.  I EC shal l  not  be  hel d  responsibl e  for i den ti fyi ng  any or a l l  such  patent  ri gh ts.  

DISCLAIMER 
This  Consol idated  version  i s  not  an  official  IEC  Standard  and  has  been  prepared  for 
user conven ience.  On ly the  current versions  of the  standard  and  i ts  amendment(s)  
are  to  be  considered  the official  documents.  

Th is  Consol idated  version  of IEC  TR 6091 9-1   bears  the  ed i tion  number 3.2.  I t  consists  
of the  th ird  ed i tion  (201 0-05)  [documents  22F/21 3/DTR and  22F/21 8/RVC] ,  i ts  
amendment 1  (201 3-04)  [documents  22F/277/DTR and  22F/286A/RVC]  and  i ts   
amendment 2  (201 7-05)  [documents  22F/447/DTR and  22F/452/RVDTR] .  The  technical  
content  i s  identical  to  the  base ed i tion  and  i ts  amendments.  

Th is  Final  version  does  not show where  the technical  content i s  mod ified  by 
amendments  1  and  2 .  A separate  Redl ine version  wi th  al l  changes  h igh l ighted  is  
avai lable  in  th is  publ ication .  
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The  main  task of I EC techn ica l  comm ittees  is  to  prepare  I n ternational  Standards.  However,  a  
techn ical  comm ittee  may propose  the  publ ication  of a  techn ical  report  when  i t  has  col lected  
data  of a  d i fferent kind  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC 6091 9-1 ,  wh ich  i s  a  techn ical  report,  has  been  prepared  by subcommittee  22F:  Power 
e lectron ics  for e lectrical  transm ission  and  d istribu tion  systems,  of I EC  techn ica l  committee  22:  
Power e lectron ic  systems  and  equ ipment.  

Th is  ed i ti on  i ncludes  the  fol l owing  s ign i fican t techn ical  changes  wi th  respect to  the  previous  
ed i tion :  

a)  the  changes  have  been  made to  the  description  of mu l ti  1 2-pu lse  groups  per pole,  
especial l y for a  l arge  scale  u l tra  h i gh -vol tage  d i rect current  (UHVDC)  converter 
arrangement;  

b)  the  d i fferent  arrangements  of d . c.  smooth ing  reactors  have  been  i ncluded ;  

c)  the  figures  depicting  two  1 2-pu lse  groups  per pole  arrangement have  been  added .  

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

A l i st  of a l l  parts  of the  I EC 6091 9  series ,  publ ished  under the  general  ti tl e  Performance of 
high-voltage direct current (HVDC)  systems with  line-commutated converters,  can  be  found  on  
the  I EC  websi te  

The  committee  has  decided  that the  contents  of the  base  publ ication  and  i ts  amendments  wi l l  
remain  unchanged  unti l  the  stabi l i ty date  i nd icated  on  the  I EC  web s i te  under 
"http: //webstore. iec.ch"  i n  the  data  re lated  to  the  speci fic  publ ication .  At th is  date,  the  
publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

 

IMPORTANT – The 'colour inside'  logo on  the  cover page  of th is  publ ication  ind icates  
that  i t  contains  colours  wh ich  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore print th is  document using  a  
colour prin ter.  
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PERFORMANCE OF  H IGH-VOLTAGE DIRECT CURRENT  
(HVDC)  SYSTEMS WITH  LINE-COMMUTATED CONVERTERS –  

 
Part 1 :  Steady-state  condi tions  

 

1  Scope  

This  part  of the  I EC 6091 9  provides  general  gu idance  on  the  s teady-state  performance 
requ irements  of h igh-vol tage  d i rect curren t (HVDC)  systems.  I t  concerns  the  steady-state  
performance of two-term inal  HVDC systems u ti l i zi ng  1 2-pu lse  converter un i ts  comprised  of 
th ree-phase  bri dge  (double-  way)  connections  (see  F igure  1 ) ,  bu t  i t  does  not cover mu l ti -
term inal  HVDC transm ission  systems.  Both  term inals  are  assumed  to  use  thyristor va lves  as  
the  main  sem iconductor va lves  and  to  have  power flow capabi l i ty i n  both  d i rections.  D iode  
valves  are  not  cons idered  i n  th is  report.  

 

1  

IEC   385/05  

Key 

1  Transformer val ve  wi nd i ngs  

Figure  1  – Twelve-pu lse  converter un i t  

Only l i ne-commutated  converters  are  covered  in  th is  report,  wh ich  i ncludes  capaci tor 
commutated  converter ci rcu i t  configurations.  General  requ i rements  for sem iconductor l i ne-
commutated  converters  are  g i ven  i n  I EC  601 46-1 -1 ,  I EC/TR 601 46-1 -2  and  I EC  601 46-1 -3.  
Vol tage-sourced  converters  are  not  cons idered .   

Th is  techn ica l  report,  wh ich  covers  steady-state  performance,  i s  fo l l owed  by add i tional  
documents  on  d ynam ic performance and  trans ient  performance.  Al l  three  aspects  shou ld  be  
considered  when  preparing  two-term inal  HVDC system  speci fications.  

The  d i fference  between  system  performance  speci fications  and  equ ipment des ign  
speci fications  for i nd ividual  components  of a  system  shou ld  be  real i zed .  Equ ipment 
speci fications  and  testing  requ irements  are  not  defi ned  in  th is  report.  Also  excluded  from  th is  
report are  deta i led  seism ic performance  requ i rements.  I n  add i ti on ,  because  there  are  many 
variations  between  d i fferent possib le  HVDC systems,  th is  report  does  not cons ider these  in  
detai l ;  consequentl y,  i t  shou ld  not be  used  d i rectly as  a  speci fication  for a  particu lar proj ect,  
bu t rather to  provide  the  bas is  for an  appropriate  speci fication  ta i l ored  to  fi t  actual  system  
requ i rements .  
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Frequentl y,  performance  speci fications  are  prepared  as  a  s ing le  package  for the  two  HVDC 
substations  in  a  particu lar system .  Al ternativel y,  some parts  of the  HVDC system  can  be  
separate l y speci fi ed  and  purchased .  I n  such  cases,  due  cons ideration  shou ld  be  g i ven  to  co-
ord ination  of each  part  wi th  the  overal l  HVDC system  performance  obj ecti ves  and  the  
i n terface  of each  wi th  the  system  shou ld  be  clearly defi ned .  Typica l  of such  parts ,  l i s ted  i n  the  
appropriate  order of re lati ve  ease  for separate  treatmen t and  in terface  defin i t ion ,  are:  

a)  d . c.  l i ne,  e lectrode  l i ne  and  earth  electrode;  

b)  te lecommunication  system ;  

c)  converter bu i l d ing ,  foundations  and  other civi l  eng ineering  work;  

d )  reactive  power suppl y i nclud ing  a . c.  shun t capaci tor banks,  shunt reactors,  synchronous  
and  static  reactive  power (VAR)  compensators;  

e)  a. c.  swi tchgear;  

f)  d . c.  swi tchgear;  

g )  auxi l i ary systems;  

h )  a. c.  fi l ters;  

i )  d . c.  fi l ters;  

j )  d . c.  reactors;  

k)  converter transformers;  

l )  surge  arresters ;  

m )  series  commutation  capaci tors ;  

n )  va lves  and  thei r anci l l aries;  

o)  con trol  and  protection  systems.  

NOTE  The  l ast  four i tems  are  the  most d i ffi cu l t  to  separate,  and ,  i n  fact,  separati on  of these  fou r may be  
i nadvisable.  

A complete  s teady-state  performance  speci fication  for a  HVDC system  shou ld  cons ider 
Clauses  3  to  21  of th is  report.  

Terms  and  defin i tions  for h i gh-vol tage  d i rect  current (HVDC)  transm ission  used  in  th is  report  
are  g iven  i n  I EC  60633.  

S ince  the  equ ipment i tems  are  usual l y separatel y speci fi ed  and  purchased ,  the  HVDC 
transm ission  l i ne,  earth  e lectrode  l ine  and  earth  e lectrode  (see  Clause  1 0)  are  included  on l y 
because  of thei r in fluence  on  the  HVDC system  performance.  

For the  purpose  of th is  report,  an  HVDC substation  is  assumed  to  cons ist  of one  or more  
converter un i ts  insta l led  i n  a  s ing le  location  together wi th  bu i ld ings,  reactors,  fi l ters ,  reactive  
power suppl y,  control ,  mon i toring ,  protecti ve,  measuring  and  auxi l i ary equ ipment.  Wh i le  there  
i s  no  d iscussion  of a . c.  swi tch ing  substations  i n  th is  report,  a . c.  fi l ters  and  reactive  power 
sources  are  i ncluded ,  a l though  they may be  connected  to  an  a . c.  bus  separate  from  the  HVDC 
substation ,  as  d iscussed  i n  Clause  1 6.  

2  Normative references   

The  fo l l owing  referenced  documents  are  i nd ispensable  for the  appl ication  of th is  document.  
For dated  references,  on ly 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 ies.  

I EC 601 46-1 -1 ,  Semiconductor converters – General requirements and line commutated 
converters – Part 1 -1 : Specifications of basic requirements  
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IEC/TR 601 46-1 -2,  Semiconductor convertors – General requirements and line commutated 
convertors – Part 1 -2: Application guide 

I EC 601 46-1 -3 ,  Semiconductor convertors – General requirements and line  commutated 
convertors – Part 1 -3: Transformers and reactors 

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

3 Types  of HVDC systems 

3. 1  General  

This  part  of the  speci fication  shou ld  i nclude  the  fol l owing  basic data:  

a)  general  i n formation  on  the  location  of the  HVDC substations  and  the  purpose  of the  
proj ect;  

b)  type  of system  needed ,  i nclud ing  a  s imple  one- l i ne  d iagram ;  

c)  number of 1 2-pu lse  converter un i ts ;  

d )  pertinent in formation  derived  from  the  d iscuss ion  i n  th is  section .   

General l y,  i n  s tud ies  of projects  of the  types  d iscussed  i n  th is  report,  econom ic considerations  
shou ld  take  i n to  accoun t the  capi ta l  costs ,  the  cost  of l osses,  cost  of ou tages  and  other 
expected  annual  expenses.   

I n  terms  of the  type  of system ,  the  re lati vel y new development of “capaci tor-commutated  
converter (CCC)”  and  “con trol l ed  series  capaci tor converter (CSCC)”  technology may be  
su i table  a l ternatives  to  a  conventional  HVDC scheme.  These  are  described  i n  3 . 1 0 .   

3.2  HVDC  back-to-back system   

I n  th is  arrangement there  i s  no  d . c.  transm ission  l i ne  and  both  converters  are  l ocated  at one  
s i te .  The  va lves  for both  converters  may be  located  i n  one  valve  hal l ,  or even  in  one  
i n tegrated  s tructu re  or separatel y as  ou tdoor valves.  S im i l arl y,  many other i tems  for the  two  
converters,  such  as  the  con trol  system ,  cool i ng  equ ipment,  auxi l iary system ,  etc. ,  may be  
l ocated  i n  one  area  or even  i n tegrated  i n  l ayout  i n to  configurations  common  to  the  two  
converters.  C i rcu i t  configurations  may vary.  Examples  are  g i ven  i n  F igure  2 .  The  performance 
and  econom ics  of these  configu rations  d i ffer and  must be  evaluated .  D .C.  fi l ters  are  not  
needed .   
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Figure 2  – Examples  of back-to-back HVDC  systems  

The vol tage  and  current rati ngs  for a  g i ven  power rating  shou ld  be  optim ized  to  ach ieve  the  
l owest system  cost,  i ncl ud ing  the  evaluated  cost of losses.  Ord inari l y,  the  user does  not need  
to  speci fy the  d i rect vol tage  and  current ratings,  un less  there  are  speci fic  reasons  to  do  so,  
for example,  for compatib i l i ty wi th  an  a l ready existi ng  station ,  to  provide  for a  fu ture  extens ion  
of for some other reason.  Econom ics  d i ctate  that each  converter wi l l  usual l y be  a  1 2-pu lse  
converter un i t,  however i t  i s  not  mandatory.  Where  operating  cri teria  requ i re  that the  loss  of 
one  converter un i t  wi l l  not  cause  l oss  of fu l l  power capabi l i ty,  l arge  HVDC substations  cou ld  
be  comprised  of two  or more  back-to-back systems.  For th is ,  some of the  equ ipment of the  
back-to-back systems  can ,  for econom ic reasons,  be  located  i n  the  same area  or even  
phys ica l l y in tegrated ,  bu t events  wh ich  cou ld  cause  a  fa i l u re  of equ ipment requ ired  by a l l  
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back-to-back systems need  to  be  carefu l l y considered  and  preventive  measures  taken  where  
appropriate.   

3.3  Monopolar HVDC system  wi th  earth  return   

Cost cons iderations  often  l ead  to  the  adoption  of a  monopolar HVDC system  wi th  earth  return   
(F igure  3),  particu larl y for cable  transm ission  wh ich  may be  expensive.   
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Figure 3  – Monopolar HVDC system  with  earth  return   

The monopolar earth  return  configuration  m ight  a lso  be  the  fi rst  stage  i n  the  d evelopment of a  
b ipolar scheme.  Monopolar arrangements  may i nclude  one  or more  1 2-pu lse  un i ts  i n  series  or 
i n  paral le l  at  the  ends  of the  HVDC transm iss ion  (F igures  4  and  5).  More  than  one  1 2-pu lse  
un i t  m igh t be  used  for the  fol lowing  purposes:  

a)  to  ensure  partia l  transm ission  capaci ty during  converter un i t  ou tages;  

b)  to  complete  the  project i n  stages;  

c)  because  of the  phys ical  l im i tations  of transformer transport.   

Th is  arrangement requ ires  one  or more  d . c.  reactors  at  each  end  of the  HVDC overhead  l i ne  
or cable;  these  are  usual l y l ocated  on  the  h igh -vol tage  s ide.  However,  the  d . c.  reactors  may 
be  d i vided  in to  two  parts  and  located  on  the  h igh-vol tage  s i de  and  the  earth  s i de  respective l y 
i f the  resu l ting  performance  is  acceptable,  especia l l y for a  l arge  scale  u l tra  h igh  vol tage  d i rect 
curren t (UHVDC)  converter arrangement.   

I f the  l i ne  is  overhead ,  d . c.  fi l ters  are  l ikel y to  be  needed  at  each  end  (see  Clause  1 7) .  I t  a lso  
requ i res  an  earth  e lectrode  l i ne  and  a  con tinuousl y operable  earth  e lectrode  at the  two  ends  
of the  transm iss ion  wh ich  involves  cons ideration  of i ssues  such  as  corrosion ,  magnetic fi e l d  
effects,  etc.   
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Figure 4 – Two 1 2-pu lse  un i ts  in  series  
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Figure 5  – Two 1 2-pu lse  un i ts  in  paral lel  

3.4  Monopolar HVDC system  wi th  metal l ic  return   

The configuration  as  i l l ustrated  i n  F igure  6  wi l l  general l y be  used  for the  fol lowing  purposes:  

a)  as  the  fi rst s tage  in  the  construction  of a  b ipolar system  and  i f l ong-term  flow of earth  
curren t i s  not des irable  during  the  in terim  period ,  or  

b)  i f the  transm ission  l i ne  l eng th  i s  short enough  to  make i t  uneconom ic and  undes irable  to  
bu i l d  earth  e lectrode  l i nes  and  earth  e lectrodes,  or 

c)  i f the  earth  res isti vi ty is  h igh  enough  to  impose an  unacceptable  econom ic penal ty,  or  

d )  i f l ong-term  flow of earth  curren t i s  unacceptable  because  of environmenta l  and  safety 
requ irements .  

Th is  configuration  u ti l i zes  one  h igh-vol tage  and  one  l ow-vol tage  conductor.  The  neu tral  i s  
connected  at  one  of the  two  HVDC substations  to  i ts  s tation  earth  or,  a l ternative l y,  to  the  
associated  earth  e lectrode.  The  other HVDC substation  neutral  i s  connected  to  i ts  s tation  
earth  through  a  capaci tor or an  arrester or both .   
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DC reactors  are  needed  at  both  ends  of the  h i gh -vol tage  conductor.  However,  the  d . c.  reactor 
may be  l ocated  on  the  earth  s i de  i f the  resu l ti ng  performance i s  acceptable.  DC fi l ters  may be  
needed  i f the  HVDC transmission  l i ne  is  overhead .   

I f th is  configuration  is  the  fi rst s tage  of a  b ipolar system ,  i ts  neutral  conductor cou ld  be  
i nsu lated  for the  h igh  vol tage  at th is  stage  of development.   

For metal l ic  return  scheme,  DC  fau l t  curren t wi l l  flow in to  AC  system  and  come back through  
neu tra l  poin t of transformers  instal led  i n  the  converter stati on .  Th is  curren t may l ead  to  the  
mal function  of protective  re lays  i nstal led  in  nearby stations,  caused  by the  saturation  of cores  
due  to  DC current.  To  preven t such  mal functions,  i nsertion  of neu tral  g round ing  res istor (smal l  
res istance)  to  transformers  i n  converter station  wi l l  be  effecti ve.  
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Figure 6  – Monopolar HVDC system  with  metal l ic  return  

3.5  Bipolar earth  return  HVDC system   

This  is  the  most common l y used  arrangement when  a  d . c.  transm ission  l i ne  connects  two  
HVDC substations  and  e lectrodes  for earth  return  operation  are  provided  (Figure  7  (a)) .  I t  i s  
effecti ve l y equ ivalent to  a  double-ci rcu i t  a. c.  transm ission .  I t  reduces  harmon ic i n terference  
from  the  d . c.  l i ne  as  compared  wi th  monopolar operation  and  i t  keeps  earth  current fl ow down  
to  a  l ow value.  When  combined ,  two  monopolar earth  return  schemes  can  g ive  a  b ipolar 
scheme.   

For power flow i n  one  d i rection ,  one  pole  has  pos i ti ve  polari ty to  earth  and  the  other pole  has  
negative  polari ty to  earth .  For power flow i n  the  other d i rection ,  the  two  poles  reverse  thei r 
polari ties.  When  both  poles  are  i n  operation ,  the  unbalance  current  fl owing  i n  the  earth  path  
can  be  kept at  a  very l ow va lue.   
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Figure  7  (a)  – Bipolar HVDC system  wi th  earth  return  

 

Figure  7  (b)  – Rig id  bipolar HVDC system  
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Figure  7  – Bipolar system  

This  configuration  offers  a  number of emergency operating  modes.  Consequentl y,  the  
fol l owing  requ i rements  shou ld  be  considered  i n  the  speci fications.  

a)  During  an  ou tage  of one  HVDC transm ission  l i ne  pole,  the  converter equ ipment of the  
other pole  shou ld  be  capable  of con tinuous  operation  wi th  earth  return .   

b)  I f long-term  fl ow of earth  cu rrent i s  undesi rable  and  i f the  defective  l i ne  pole  sti l l  reta ins  
some low-vol tage  insu lati ng  capabi l i ty,  the  b ipolar system  shou ld  be  capable  of operation  
i n  the  monopolar meta l l ic  return  mode (F igure  8) .  To  swi tch  i n to  th is  emergency operating  
mode the  conductor of the  ou t-of-service  pole  i s  fi rst connected  i n  paral le l  wi th  the  earth  
path  and  then  the  earth  path  is  i n terrupted  to  transfer the  current to  the  metal l ic  path  
(through  the  conductor of the  ou t-of-service  pole).  Load  transfer wi thout i n terruption  
requ i res  a  meta l l ic  retu rn  transfer breaker (MRTB)  at one  term inal  of the  d . c.  transm iss ion .  
I f a  short in terruption  of power fl ow i s  perm i tted ,  MRTB wou ld  not be  necessary.  The  
neu tral  equ ipment at  the  MRTB  end  of the  HVDC transm iss ion  system  shou ld  be  i nsu lated  
from  earth  for a  somewhat h i gher vol tage  than  at the  other end  of the  system .  

c)  During  main tenance  of the  earth  e lectrode(s)  or the  earth  e lectrode  l i ne(s),  operation  of 
the  b ipolar system  shou ld  be  poss ib le  wi th  the  s tation  neutral (s)  connected  to  the  s tation  
earth  at one  or both  HVDC substations  as  long  as  the  unbalance  current  between  the  two  
poles  en tering  the  station  earth (s)  i s  kept at  a  very l ow value.  The  unbalance  curren t  
shou ld  be  kept l ow to  avoid  saturation  effects  i n  the  converter transformers  from  the  flow 
of part of the  unbalance  current  through  the  transformer neu trals .  l n  th is  arrangemen t 
when  one  transm iss ion  l i ne  of substation  pole  i s  l ost,  both  poles  shou ld  be  b locked  
au tomatical l y.  

d )  I n  b ipolar operation  wi th  both  earth  electrodes  connected ,  the  two poles  of the  HVDC 
system  shou ld  be  capable  of operation  wi th  substan tia l l y d i fferen t curren ts  i n  each  pole .  
Th is  may be  necessary i f l oss  of cool ing  or some other unusual  cond i tion  prevents  the  
operation  of one  pole  wi th  fu l l  current.   

e)  I f conti nuation  of operation  i s  requ ired  i n  the  case  where  the  l i ne  i nsu lation  has  been  
partia l l y damaged ,  the  converters  shou ld  be  des igned  for continuous  operation  at  reduced  
vol tage,  so  that e i ther pole  can  be  operated  at  reduced  vol tage  (see  7. 3).  

f)  l n  the  event of the  l oss  of one transm iss ion  l i ne  pole,  the  two substation  poles  can  a lso  be  
connected  i n  paral le l  by using  appropriate  swi tches  for polari ty reversal  in  at  l east  one  
station  pole  enabl i ng  both  poles  to  operate  i n  the  monopolar earth  retu rn  mode.  Th is ,  
however,  requ i res  that the  d . c.  term inals  of each  1 2-pu lse  group be  insu lated  for the  fu l l  
po le  vol tage  and  the  l i ne  and  the  earth  e lectrode  shal l  be  thermal l y capable  of carrying  a  
curren t h igher than  the  normal  current.   

One  or more  d . c.  reactors  i s  needed  at  each  end  of the  system  in  each  pole,  these  are  usual l y 
l ocated  on  the  h i gh-vol tage  s ide.  However,  the  d . c.  reactors  may be  d i vided  i n to  two  parts  and  
l ocated  on  the  h i gh-vol tage  s ide  and  the  earth  s ide  respectivel y i f the  resu l ti ng  performance is  
acceptable ,  especia l l y for a  l arge scale  u l tra  h i gh  vol tage  d i rect curren t (UHVDC)  converter 
arrangement.  I f the  HVDC system  includes  an  overhead  l ine,  d . c.  fi l ters  wou ld  most  l ikel y be  
needed .  One  1 2-pu lse  un i t  per pole  is  most commonl y used ;  however,  l arge  capaci ty systems 
or s taged  expansion  may requ i re  1 2-pu lse  un i ts  in  series  or i n  para l l e l  (F igures  4  and  5) .  

Most of the  HVDC system  u ti l i ses  e lectrode  l i ne  or meta l l ic  return  conductor (cable)  for d . c.  
curren t return  path .  However,  as  far as  the  balanced  b ipol ar operation  is  a lways  assured ,  
these  faci l i ti es  can  be  el im inated .  Th is  scheme is  ca l l ed  "rig i d  b ipole  HVDC system" 
configuration ,  as  shown  i n  F igure  7  (b).  Wi th  th is  scheme,  operation  modes  are  l im i ted  bu t 
i nsta l l ation  cost  can  be  reduced .  
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Figure 8  – Metal l ic  return  operation  of the  unfau l ted  pole  in  a  bipolar system  

3.6  Bipolar HVDC system  with  metal l ic  return   

I f earth  curren ts  are  not to lerable  (as  mentioned  i n  3. 4,  i tem  d ))  or i f the  d i stance  between  the  
HVDC system  term inals  i s  short,  or i f an  earth  e lectrode  i s  not feas ib le  because  of h i gh  earth  
res isti vi ty,  then  the  transm ission  l i ne  may be  constructed  wi th  a  th i rd  conductor to  g i ve  a  
b ipolar HVDC system  wi th  metal l ic  return  (F igure  9) .  The  th i rd  conductor carries  unbalance  
currents  during  b ipolar operation .  I t  a lso  serves  as  the  return  path  when  one  transm iss ion  l i ne  
pole  i s  ou t  of service.  Th is  th i rd  conductor requ i res  on l y reduced  vol tage  i nsu lation  and ,  i n  
th is  case,  may a lso  serve  as  a  sh ie ld  wi re  i f the  l i ne  i s  overhead .  However,  i f i t  i s  fu l l y 
i nsu lated ,  i t  can  serve  as  a  spare  conductor.  I n  th i s  case,  a  separate  sh ie ld  wi re  is  requ i red .   
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Figure 9  – Bipolar HVDC system  with  metal l ic  return  

The  neutra l  of one  of the  two  HVDC substations  shou ld  be  earthed ,  wh i l e  the  neutral  at  the  
other end  of the  transm ission  wou ld  fl oat or be  tied  to  i ts  station  earth  through  an  arrester,  a  
capaci tor or both .   

Wi th  th is  des ign ,  the  system  can  s ti l l  be  operated  i n  the  bipolar mode,  i f one  conductor 
becomes unavai l able  and  the  th i rd  conductor i s  fu l l y i nsu lated .  Then ,  the  neu trals  at  both  
term inals  shou ld  be  connected  to  the ir l ocal  station  earths,  and  care  shou ld  be  taken  to  hold  
the  unbalanced  curren t fl ow to  very l ow values.  Loss  of one  pole  wi l l  requ i re  b locking  of the  
other pole  un ti l  the  necessary swi tch ing  has  taken  p lace  for operation  of the  remain in g  sound  
portions  of the  HVDC transm ission  system .   

I f one  substation  pole  becomes  unavai l ab le ,  the  system  can  be  operated  i n  monopolar 
metal l ic  return  mode  by u ti l i zi ng  the  other substation  pole.  Th is  configuration  i s  a lso  cal led  a  
"ded icated  meta l l ic return "  (DMR).  

For meta l l ic  return  scheme,  d . c.  fau l t  current wi l l  flow i n to  a. c.  system  and  come back through  
neu tra l  poin t of transformers  instal led  i n  the  converter station .  Th is  curren t may l ead  to  the  
mal function  of protecti ve  re lays  instal led  i n  nearby s tations,  because  of saturation  due  to  d . c.  
curren t.  To  prevent such  mal functions,  i nsertion  of neu tra l  g round ing  res istor (smal l  
res istance)  to  transformers  i n  converter s tation  wi l l  be  effecti ve.  
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3.7  Two 1 2-pu lse groups  per pole  

For a  h i gh  power u l tra  h i gh-vol tage  d i rect  curren t (UHVDC)  converter arrangement,  two  1 2-
pu lse  un i ts  per pole  may be  a  better solu tion  to  ach ieve  requ ired  rating ,  because  the  
d imension  and  weight of converter equ ipment (especia l l y converter transformer)  wou ld  
become too  l arge  i f on l y one  1 2-pu lse  un i t  per pole  were  used .  

Two  1 2-pu lse  converters  can  be  connected  in  series  (F igure  1 0)  or i n  paral le l  (F igure  1 1 ) ,  and  
the  selection  of converter arrangement depends  on  the  speci fic  requ i rements  of the  proj ect.  
On  the  other hand ,  i f a  project requ i res  reduced  vol tage  operation ,  for i nstance,  due  to  
occas ional  sa l t con tam ination ,  then  series  option  may be  preferred .  

Basica l l y series/paral le l  option  has  no  d i fference  regard ing  l oss  of power when  a  forced  or 
schedu led  outage  of a  1 2-pu lse  converter occurs,  on l y 25  %  of the  capaci ty wi l l  be  lost,  
assum ing  the  same power rating  converters  are  employed .  I f sufficient overload  capabi l i ty i s  
avai l able,  fu l l  power or a lmost fu l l  power can  be  restored .  For series  option ,  the  two poles  can  
sti l l  operate  wi th  balanced  current (wi thout  earth  curren t)  after a  forced  or schedu led  outage  
of a  1 2-pu lse  converter occurs .  However,  note  that by-pass  swi tch  i s  requ ired  for each  1 2-
pu lse  converter i n  series  connected  option .  For para l le l  option ,  the  two poles  can  sti l l  operate  
wi th  unbalanced  curren t when  a  forced  or schedu led  ou tage  of a  1 2-pu lse  converter occurs ,  
wh i l e  there  i s  l arge  current  fl owing  through  earth .   

The  cost of two  1 2-pu lse  group  per pole  arrangement,  compared  to  one  1 2-pu lse  group  per 
pole  for the  same total  rating ,  wou ld  be  expected  to  be  greater,  and  con trol  system  wi l l  
become more  compl icated .  

For a  l arge  b ipole  capaci ty,  two  1 2-pu lse  groups  i n  series  per pole  may be  cons idered .  Th is  
means  that when  a  forced  or schedu led  ou tage  of a  1 2-pu lse  converter occurs,  on l y 25  %  of 
the  capaci ty wi l l  be  l ost  and  the  two  poles  can  s ti l l  operate  wi th  a  balanced  curren t (wi thou t 
earth  curren t)  for two  1 2 -pu lse  groups  i n  series  connection ,  or operate  wi th  an  unbalanced  
curren t (wi th  earth  /metal l ic  return  curren t)  for two 1 2-pu lse  groups  in  paral l e l  connection .  I f 
sufficient overload  capabi l i ty i s  avai lable,  fu l l  power or a lmost  fu l l  power can  be  restored .  The  
other advantages  of th is  configuration  are  that  two  1 2-pu lse  scheme can  provide  soft  start  and  
stop  sequence  and  flexible  u ti l i zation  of the  HVDC system  wi th  various  combinations  of 
converter groups.  

DC  swi tches  wi l l  be  necessary to  bypass  and  remove  any 1 2-pu lse  group  from  operation .  The  
cost of such  an  arrangement,  compared  to  one  1 2-pu lse  group  per pole  for the  same tota l  
rating ,  wou ld  be  expected  to  be  h igher.  

3.8  Converter transformer arrangements  

Each  1 2-pu lse  converter requ ires  two  three-phase  transformer va lve  wind ings,  one  s tar-
connected  and  the  other del ta-connected .  These  are  provided  by e i ther:  

a)  one  three-phase transformer wi th  two  valve  wind ings,  or 

b)  two three-phase  transformers,  one  connected  s tar-star and  the  other star-del ta,  or 

c)  three  s ing le-phase  transformers  each  wi th  two valve  wind ings,  one  for star connection  and  
the  other for del ta  connection ,  or  

d )  s ix s ing le-phase  transformers,  connected  in  two three-phase banks,  one  connected  star-
star and  the  other star-del ta.   

Depend ing  on  the  HVDC system  avai l ab i l i ty requ irements ,  spare  transformers  may be  needed  
at one  or both  ends.  I f one  three-phase transformer wi th  two valve  wind ings  is  used ,  on l y one  
spare  un i t  wou ld  be  requ i red .  Since  the  s tar-  and  del ta-connected  three-phase transformers  
wou ld  be  of d i fferen t  des igns,  spares  considerations  wou ld  i nd icate  one  spare  of each  des ign .  
On l y one  spare  wou ld  be  requ ired  for the  s i ng le-phase,  double-valve  wind ing  transformers  
s ince  a l l  three  wou ld  be  i den tical .  The  l ast of the  above  options  wou ld  suggest  two  spare  
transformers,  one  each  for the  star-  and  the  del ta-valve  wind ing  s i ng le-phase  transformers.   
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I f spare  transformers  are  not employed ,  a l ternatives  b)  and  d )  above  a l l ow for s ix-pu lse  
operation  at  ha l f-power i n  case  of a  transformer ou tage,  i f the  HVDC system  is  designed  for 
th is  mode  of operation  and  the  a. c.  and  d . c.  harmon ic cond i tions  wou ld  be  acceptable.  S ix-
pu lse  operation  is  not possible  wi th  a l ternatives  a)  and  c) .  
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Key 

1  DC reactor 

2  By-pass  swi tch  

3  DC swi tch  

Figure 1 0  – Bipolar system  wi th  two 1 2-pu lse un i ts  i n  series  per pole  

Figure  1 0 ,  wi th  d . c.  swi tch  3  (named  as:  MRTB  and  GRTS),  i s  usual l y val i d  for recti fier s tation .  
The  d . c.  swi tch  3  i s  not necessary for the  inverter station .  
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1  DC reactor 

Figure  1 1  – Bipolar system  with  two 1 2-pu lse  un i ts  i n  paral lel  per pole  

I t  i s  not a lways  needed  to  spl i t  the  d . c.  reactors,  especia l l y for paral l e l  connection .  The  
number and  arrangement of d . c.  reactors  depend  on  the  resu l ts  of system  stud ies  and  des ign .  

Converter transformers  wi th  a  terti ary wind ing  for reactive  power and  a. c.  harmon ic fi l ter 
equ ipment may a lso  be  used .  
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3.9  DC  switch ing  considerations  

There  are  a  number of poss ib le  d . c.  swi tch ing  arrangements  i n tended  to  i ncrease  HVDC 
system  avai labi l i ty.  

Monopolar metal l ic  return  operation  of a  b ipolar system  is  d iscussed  in  3. 5 .   

For b ipolar systems,  d . c.  swi tch ing  may be  provided  (F igure  1 2)  so  as  to  a l low the  use  of any 
conductor for connection  to  any substation  pole  or to  neu tral .  Th is  arrangement i s  usefu l  for a  
scheme i nvolving  cables  and  where  a  fu l l y i n su lated  spare  cable  i s  avai l able  or cables  are  
connected  in  paral le l .  I f one  substation  pole  i s  ou t of service,  then  the  cables  can  be  
para l l eled  to  reduce l i ne  l osses.  General l y,  d . c.  buses  are  fixed  i n  re lation  to  converters,  wi th  
two pole  buses  and  a  neutral  bus .  Th is  wou ld  preclude  connection  of the  two substation  poles  
i n  paral le l .  
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1  DC reactor 

2  DC fi l ter 

3  Two-converter pol es  

4  DC swi tches  

5  DC bus  

6  Pole  

7  Neutral  

8  DC l i ne/cab le  

Figure 1 2  – DC  switch ing  of l ine  conductors  
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However,  i f fl exib i l i ty of connecting  the  two  substation  poles  in  paral le l  i s  needed ,  then  
provis ion  for polari ty reversal  of at  l east one  substation  pole  cou ld  be  made  and  the  neutral  
end  of that substation  pole  wi l l  a lso  have  to  be  i nsu lated  for fu l l  l i ne  vol tage.  A possib le  
swi tch ing  arrangement is  shown  i n  F igure  1 3.   
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1  DC reactor 

2  DC fi l ter 

3  Two-converter pol es  

4  DC swi tches  

5  DC bus  

6  Pole  

7  Neutral  

8  DC l i ne/cab le  

 

Figure 1 3  – DC  switch ing  of converter poles  

I f a  HVDC transm ission  system  i ncludes  both  overhead  l i ne  and  cable  sections,  a  d . c.  
swi tch ing  arrangement such  as  i n  F igure  1 4  may be  used  at the  j unction  of the  overhead  and  
cable  sections.   
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1  Bipolar overhead  l i ne  

2  DC bus  

3  DC swi tches  

4  DC cables  (two po les,  one  spare)  

Figure  1 4 – DC  swi tch ing  – Overhead  l ine  to  cable  

For more  than  one  bipolar l i ne,  paral l e l i ng  of converter poles  may be  considered ,  i n  order to  
a l l ow restoration  of transm ission  capabi l i ty (F igure  1 5)  for transm ission  l ine  ou tages.   

For l ong  b ipolar l ines  i n  paral l el ,  i n termed iate  swi tch ing  such  as  i n  F i gure  1 6  may be  provided .   

3. 1 0  Series  capaci tor compensated  HVDC systems  

Although  the  conventional  l i ne-commutated  converter technology has  reached  maturi ty,  such  
converters  sti l l  have  two  weaknesses:  

a)  a  l arge  amoun t of reactive  power consumption ,  rough l y 50  %  of i ts  acti ve  power;  

b)  susceptib i l i ty to  a. c.  s i de  d isturbance,  commonl y observed  as  commutation  fai l u res.  

To  overcome these  weaknesses,  further developments  have  been  made  us ing  series-  
capaci tor compensation .  

Practica l l y,  there  are  two  types  of series-capaci tor compensated  HVDC schemes.   

•  Capaci tor-commutated  converter (CCC),  i n  wh ich  series  capaci tors  are  i ncluded  between  
the  converter transformer and  the  valves.   

•  Control l ed  series  capaci tor converter (CSCC)  is  a lso  suggested .  I n  th is  scheme,  the  bas ic 
topology of the  converter i s  the  same as  the  conventional  topology;  however,  series  
capaci tors  are  i nserted  between  the  a. c.  fi l ter bus  and  the  a . c.  network.  Occurrence of 
ferro-resonance wi th  the  CSCC option  is  e l im inated  by con trol l i ng  the  amount of series  
compensation .   
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1  DC reactor 

2  DC fi l ter 

3  Two-converter pol es  

4  DC swi tches  

5  DC bus  

6  Pole  

7  Neu tra l  

8  DC l i ne  

Figure  1 5  – DC  swi tch ing  – Two-bipolar converters  and  l ines  
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1  Two-bipolar l i nes  

2  DC bus  

3  DC swi tches  

4  Two-bipolar l i nes  

Figure 1 6  – DC  switch ing  – I n termediate  

The  CCC ci rcu i t  shown  schematical l y i n  F igure  1 7a)  i s  based  on  a  topology i n  wh ich  series  
capaci tors  are  i ncluded  between  the  converter transformer and  the  valves.  The  CSCC 
ci rcu i t has  the  series  capaci tors  inserted  at  the  connection  of the  fi l ter bus  to  the  a. c.  system  
as  shown  in  F igure  1 7b) .  Th is  provides  s im i lar performance  to  the  CCC,  wi th  the  add i ti onal  
advantage  of control labi l i ty of the  reactive  power exchange  wi th  the  a. c.  network.  

Both  a l ternatives  offer improved  immun i ty from  commutation  fai l u re,  l ower l oad  rejection  
overvol tages  and  increased  stabi l i ty marg ins  i n  power con trol  mode,  over the  conventional  
HVDC scheme.  They are,  therefore,  su i table  cand idates  for use  at the  i nverter end  i n  l ong  
cable  systems  or i n  back-to-back ti es  connected  to  weak a. c.  systems.  The  performance of 
the  two  a l ternatives  is  very s im i lar for steady state  as  wel l  as  trans ien t operation .  

The  maximum  va lve  vol tages  and  a lso  the  a . c.  curren t harmon ics  for the  CSCC configuration  
are  l ower than  for the  CCC configuration .  On  the  other hand ,  the  CCC i n  recti fier operation  
exh ib i ts  a  smal ler valve  short-ci rcu i t  curren t.  The  previous l y i denti fi ed  problem  wi th  ferro-
resonance  in  the  CSCC i s  e l im inated  through  the  appl ication  of control led  series  capaci tors.  
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a) Capacitor commutated converter (CCC) 

b) Control led  series capacitor converter (CSCC) 
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1  AC system  e.m . f.  

2  AC system  impedance  

3  AC system  bus  

4  AC fi l ters  

5  Converter transformer 

6  Overvol tage  l im i ter 

7  Capaci tor 

8  Thyri stors  

9  Converters  

1 0  DC reactor 

 

Figure 1 7  – Capaci tor commutated  converter configurations  

The advantages  of us ing  CCC i n  comparison  wi th  conven tional  converter may be  summarized  
as  fol l ows:  

•  s i gn i ficantl y l ess  reactive  power consumption ,  wh ich ,  i n  combination  wi th  sharpl y tuned  
fi l ter branches,  e l im inates  the  need  for swi tch ing  fi l ter and  shunt capaci tor banks  during  
power ramps;  

•  immun i ty to  commutation  fa i l u re  during  a . c.  s i de  d isturbance,  wh ich  i s  beneficial  wi th  l ong  
l i nes  or cables  feed ing  weak a. c.  networks;  

•  s table  operation  i n  lower short-ci rcu i t  capaci ty systems;  
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•  l ower overal l  i nsta l lation  cost i n  some cases,  due  to  e l im ination  of swi tchable  fi l ter and  
shun t capaci tor banks  or synchronous  compensators,  i n  appl ications  associated  wi th  weak 
a. c.  network connections;  

•  robustness  i n  s i tuations  of converter-arm  short-ci rcu i t  fau l t due  to  l ower fau l t  curren t;  

•  l ess  variation  of reactive  power during  d isturbances,  wh ich  resu l ts  i n  improved  power 
qual i ty and  reduced  l oad  rejection .  

The  d isadvantages  are :  

•  i ncreased  harmon ic cu rrent;  

•  s l igh tl y i ncreased  converter l osses;  

•  requ i rement for detai l ed  study of transien t s tresses  on  equ ipment;   

•  reduced  i nherent  overload  capabi l i ty,  due  to  the  capaci tor connected  in  series  wi th  the  
converter;  

•  requ i rement for sh ie ld ing  against l i gh tn ing  and  rad io  i n terference between  the  valve  
wind ing ,  the  capaci tor and  the  va lve;  

•  s l i gh tl y i ncreased  va lve  vol tage  stress.  

When  CCC or CSCC is  being  cons idered  as  an  HVDC topology for a  particu lar project,  
i t  shou ld  be  emphasized  that the  selection  of optimal  system  rating  is  d i fferen t from  
conventional  HVDC.  Therefore,  i n  order to  make a  se lection  between  conventional  HVDC 
schemes  and  these  al ternatives,  a  detai l ed  anal ysis  i s  requ i red  wi th  respect to  econom ics  and  
techn ical  performance,  taking  in to  account  l osses,  i nsta l lation  costs,  etc.  

3. 1 1  LCC/VSC  hybrid  b ipolar system  

I n  case  one  pole  of LCC is  combined  wi th  VSC pole,  a  h ybrid  b ipolar system  of LCC and  VSC 
wi l l  be  formed.  For LCC/VSC hybrid  b ipolar system ,  specia l  cons ideration  shal l  be  taken  
because  power reversal  of VSC system  requ i res  curren t reversal ,  whereas  LCC changes  
vol tage  polari ty.  The  combined  operation  of both  systems  wi l l  l ead  to  excess ive  current on  
e lectrode  l i ne  or return  l i ne  for one  of the  power d i rections.  I n  order to  prevent th is  problem ,  
swi tches  for polari ty reversal  shou ld  be  i nstal l ed  on  the  VSC converter,  as  depicted  i n  
F igu re  26 .  

Adopted  VSC for hybrid  system  shal l  be  asymmetrical  monopole  configuration .  
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1  vol tage-sourced  converter (VSC)   

2  l i ne-commutated  converter (LCC)   

3  polari ty reversal  swi tches  

4  d . c.  reactor 

5  d . c  fi l ter 

6  earth  e l ectrode  

Figure 26  – LCC/VSC  hybrid  b ipolar system  

4 Environment information   

The  location  and  the  i n formation  l i s ted  i n  Table  1  shou ld  be  suppl ied  for each  HVDC 
substation .  
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Table  1  – Information  suppl ied  for HVDC  substation  

Parameter Un i t  Examples  of u se  and  comments  

Height  above  sea-leve l  m  For the  design  of a i r-cool i ng  systems  
and  for a i r cl earances  

Outdoor a i r temperatu re   °C  The  maximum  temperatu res  are  g i ven  
for rati ng  pu rposes  and  the  l ow 
temperatu res  for overl oad  capabi l i ty 
requ i rements.  I f the  user i n tends  to  
overl oad  the  equ i pment and  accept  a  
correspond ing  l oss-of-l i fe  expectancy,  
th i s  shou ld  be  s tated  and  the  
necessary i n formation  suppl i ed  

 For l ow 
temperatu re  
capabi l i ty  

For rated  
power 

capabi l i ty  

I f preferred ,  cu rves  showi ng  how 
these  parameters  vary over the  year,  
on  a  month l y basi s ,  may be  provi ded  
i nstead  

Maximum  d ry-bu l b  temperature  °C  °C  Valve  cool i ng ,  transformer and  reactor 
des ign ,  a . c.  and  d . c.  fi l ter desi gn  

Maximum  wet-bu l b  temperature  °C  °C  Evaporati ve  cool i ng  system  des ign  
and  of va l ve  hal l  re l ati ve  hum id i ty  

Maximum  average  d ry-bu l b  
temperatu re  for a  peri od  of 24  h  

°C  °C  Transformer and  o i l  i nsu lated  reactor 
des ign  

M in imum  average  d ry-bu lb  
temperatu re  for a  peri od  of 24  h  

°C  -  Transformer,  reactor and  d i sconnector 
swi tch  des ign  and  bu i l d i ng  heati ng  
needs  

M in imum  d ry-bu lb  temperatu re  °C  -  Transformer,  reactor and  d i sconnector 
swi tch  des ign  and  bu i l d i ng  heati ng  
needs,  a . c.  and  d . c.  fi l ter design  

Maximum  and  m in imum  i ndoor a i r 
temperatu res  and  relati ve  hum id i ty  

°C  

 %  

°C  

 %  

Usual l y d eterm ined  by the  val ve  
designer for the  valve  ha l l  and  by the  
control  designer for the  con trol  room  

I ndoor a i r temperatu res  and  re l ati ve  
hum id i ty d u ri ng  main tenance  and  
maximum  trans i ti on  time  after 
shu tdown  

°C  

 %  

°C  

 %  

Speci fi ed  i f i ndoor temperatu re  
extremes  are  too  great  for 
main tenance  personnel  

Maximum  i nciden t solar rad iati on    Bu i l d i ng  cool i ng ,  rati ngs  of 
transformers,  reactors,  buses,  etc.  

Hori zontal  su rface  W/m2   

Verti cal  su rface  W/m2   

Wind  cond i ti ons    

Maximum  conti nuous  veloci ty  m /s  Equ ipment support  and  bu i l d i ng  
des ign  

Maximum  gust  veloci ty  m /s  Equ ipment support  and  bu i l d i ng  
des ign  

Maximum  veloci ty at  a  m in imum  
temperatu re  … . .  °C  

m /s  Conductor,  s tra in  i nsu lator and  tower 
des ign  

I ce  and  snow covering  l oad    

Maximum  i ce  th i ckness  wi th  no  wi nd  mm  Equ ipment and  structu re  design ,  for 
example,  d i sconnector/swi tch ,  
conductor,  etc.  

Maximum  i ce  th i ckness  wi th  a  
maximum  wind  speed  of … . .m /s  

mm  Equ ipment and  structu re  design ,  for 
example,  d i sconnector/swi tch ,  
conductor,  etc.  

Maximum  snow l oad   N /m 2  Bu i l d i ng  des ign  

Maximum  depth  of snow mm  Equ ipment he ight  above  snow for 
safety purposes  

Rainfal l   Bu i l d i ng  and  s i te  d rai nage  

Annua l  average   mm   
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Parameter Un i t  Examples  of u se  and  comments  

Maximum  i n  a  peri od  of 1  h  mm   

Maximum  i n  a  peri od  of 5  m in  mm   

Fog  and  con tam ination  

U ti l i ty practi ce  for i nsu lator wash ing  
and  greas ing  

 To  determ ine  requ i rements  for 
i nsu lati on  and  a i r-cool i ng  system  fi l ter 
des ign .  An  estimated  equ ivalent  sa l t  
deposi t  densi ty l evel  shou l d  be  
speci fi ed  for i nsu l ator desi gn  

Keraun ic l evel  at  the  station  and  the  
fi rst  5-1 0  km  of the  l i ne  

Strokes/km 2 /year (substation )  

S trokes/1 00  km/year 

S tation  l i g h tn i ng  protection  design  

Seism ic cond i ti ons   Equ ipment,  s tructure  and  foundation  
des ign  

Maximum  hori zonta l  accelerati on  
frequency range  of hori zon tal  
osci l l ati ons  

m /s2  

Hz 
 

Maximum  verti cal  accel erati on  
frequency range  of verti cal  osci l l ati ons  

m /s2  
Hz  

 

Du ration  of sei sm ic even t  

 

Hz  

Cycles  

 

Cool i ng  water avai l ab le  at  the  s i te  ( i f 
u sed  for secondary cool i ng )  

 Secondary cool i ng  water may be  used  
e i ther for make-up  and  b low-down  of 
evaporati ve  coolers  or for once-
through  cool i ng .  Evaporati ve  cool i ng  
towers  can  be  a  sou rce  of h i gh  
hum id i ty for the  i nsu lators  and  shou ld  
be  carefu l l y l ocated  

Source  of water  Reservoi r,  wel l ,  etc.  

I f preferred ,  curves  showi ng  how 
these  parameters  vary over the  year 
on  a  month l y basi s  may be  provided  
i nstead .  

 For l ow 
temperatu re  
capabi l i ty  

For rated  
power 

capabi l i ty  

 

Maximum  conti nuous  fl ow rate  m 3/s  m 3 /s  Requ i red  for cool i ng  system  design  

Maximum  fl ow rate  for a  peri od  of 24  h  m 3/s  m 3 /s  Requ i red  for cool i ng  system  des ign  

M in imum  con ti nuous  fl ow rate  m 3/s  m 3 /s  Requ i red  for cool i ng  system  design  

M in imum  fl ow rate  for a  period  of 24  h  m 3/s  m 3 /s  Requ i red  for cool i ng  system  design  

Maximum  water temperature  -  °C  Requ i red  for cool i ng  system  design  

M in imum  water temperatu re  °C  -  Requ i red  for cool i ng  system  design  

Maximum  al l owable  d ump temperatu re  °C  °C  Requ i red  for cool i ng  system  design  

pH  l eve l    Design  of water treatment p l an t  

Conducti vi ty of water µ  S i emens/m  Design  of water treatment  p l an t  

Type  of d i ssol ved  so l i ds   Design  of water treatment  p l an t  

Quanti ty of d i ssol ved  sol i ds  g /m 3  Design  of water treatment p l an t  

Type  of und i ssolved  sol i ds   Design  of water treatment p l an t  

Quanti ty of u nd i ssol ved  sol i ds  g /m 3  Design  of water treatment p l an t  

Maximum  earth  res i sti vi ty at  the  HVDC 
substation  

Ωm Station  earth  design  

-   Depth  of water table  m  Foundati on  des ign  

-   S i te  soi l  cond i ti ons   Bore  hole  i n formation  (for example,  
rocks)  and  any speci a l  cond i ti ons,  
such  as  maximum  frost  depths,  
foundation  des i gn  
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Parameter Un i t  Examples  of u se  and  comments  

-   S i te  accessibi l i ty   To  determ ine  i nstal l ati on  and  del i very 
costs  

-   Weight  and  s i ze  l im i tations  for 
transportation  

kg ,  m  

 

Equ ipment desi gn  – especia l l y 
transformers  and  d . c.  reactors  

-   Local  profi l e  l im i tations  on  
equ i pment and  bu i l d i ngs  

 I n fl uence  on  equ ipment,  bus  and  
bu i l d i ng  des ign  

-  Envi ronmental  considerati ons   Aud ib l e  noi se  l im i ts ,  aestheti c  
requ i rements  – arch i tectural  
treatment,  l andscaping ,  etc.  

Any specia l  cond i ti ons  not  l i s ted  above,  for i nstance,  related  regu l ations,  wh ich  i n fl uence  system  performance  
shou ld  be  g i ven .  

 

5 Rated  power,  current and  vol tage  

5. 1  Rated  power 

5. 1 . 1  General  

Rated  power is  the  acti ve  power wh ich  the  HVDC system  shal l  be  able  to  transm i t 
con tinuous l y,  over the  range  of ambien t cond i ti ons  speci fi ed ,  wi th  a l l  equ ipment i n  service,  
bu t wi thout the  need  to  u ti l i ze  redundant components;  the  HVDC system  vol tage  and  
frequency as  wel l  as  the  converter fi ring  ang le  and  the  extinction  ang le  be ing  i n  thei r s teady-
state  range.  

Because  an  HVDC transm ission  system  i n  general  consists  of three  sections,  that i s  the  two 
HVDC substations  and  the  transm ission  l i ne,  each  of wh ich  produces  losses,  the  poin t of 
measurement of rated  power shou ld  be  speci fied .  

5. 1 .2  Rated  power of an  HVDC system  wi th  transmission  l ine  

The  rated  power of an  HVDC transm ission  system  on  a  per pole  bas is  i s  defined  as  the  
product of rated  d i rect vol tage  times  rated  d i rect curren t.  

For a  g i ven  d i rect current,  transm iss ion  l i ne  l osses  vary wi th  ambient cond i ti ons,  wh ich  can  be  
non-un i form  a long  the  l eng th  of the  l i ne.  Therefore,  i t  i s  customary to  speci fy rated  power at  
the  recti fier d . c.  bus.  I f the  requ ired  transm ission  capabi l i ty i s  defi ned  at some other location ,  
that i s  send ing-end  a. c.  bus,  receiving-end  a . c.  bus,  or somewhere  a long  the  HVDC 
transm ission  l i ne,  then  the  rated  d . c.  vol tage  shou ld  be  defined  and  the  rated  d i rect current  
shou ld  be  chosen  through  design  optim ization  of the  HVDC system .  

Rated  power and  vol tage  at  the  i nverter d . c.  bus  are  derived  values  from  recti fi er quanti ties ,  
and  l i ne  l osses  are  usual l y based  on  defined  conductor parameters  and  un i form  conductor 
temperature  assumptions  a long  the  l ine.  

Long  d istance  HVDC systems  may be  monopolar or b ipolar.  Rated  power shou ld  be  speci fi ed  
on  a  per pole  basis  s tating  the  number of poles .  

5. 1 .3  Rated  power of an  HVDC back-to-back system  

With  system  ties  i n  a  back-to-back configuration ,  there  i s  no  transm ission  l i ne.  Therefore,  the  
rated  d . c.  vo l tage  and  curren t are  chosen  through  des ign  optim ization  of the  HVDC system .  
Moreover,  recti fier and  i nverter are  sol i d l y connected  at  the  d . c.  s i de,  operating  as  one  un i t.  
Rated  power of such  a  system  can ,  therefore,  be  defined  as  the  product of rated  d i rect  
vol tage  times  the  rated  d i rect cu rrent.  
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5.1 .4  Di rection  of power flow 

I f the  same power rating  i s  requ ired  i n  each  d i rection ,  such  as  wi th  system  ti es  for power 
exchange,  th is  shou ld  be  stated .  

Where  power fl ow is  primari l y i n  one  d i rection ,  such  as  wi th  systems fed  from  remote  
generation ,  rated  power may be  speci fied  on l y for that d i rection  to  m in im ize  the  i nverter cost.  
Then  a  lower i nherent transm ission  capabi l i ty shou ld  be  accepted  for reversal  of power fl ow.  

5.2  Rated  current  

Rated  d i rect  curren t i s  the  mean  value  of the  d i rect curren t that the  system  shou ld  be  ab le  to  
transm i t  conti nuousl y for a l l  ambient cond i tions  speci fied  and  wi thout time l im i tations.  The  
rated  current  shou ld  not be  speci fi ed  for back-to-back systems  as  detai l ed  i n  5. 1 . 3  above,  
un less  there  are  speci fic reasons  for doing  so.  

5.3  Rated  vol tage  

The  rated  vol tage  i s  the  mean  value  of the  requ i red  d i rect vol tage  to  transm it  rated  power at 
rated  d i rect current.  I t  i s  measured  between  the  h igh-vol tage  bus  at the  l i ne  s ide  of the  d . c.  
reactor and  the  l ow-vol tage  bus  at the  HVDC substation ,  exclud ing  the  earth  e lectrode  l i ne.  
The  rated  vol tage  is  defi ned  at nom inal  a . c.  system  vol tage  and  nom inal  converter fi ri ng  ang le  
wh i l e  operati ng  at  rated  d i rect  current.  

For l ong  d istance  HVDC transm iss ion  systems,  the  rated  vol tage  shou ld  be  speci fi ed  at  the  
send ing  end .  I f the  vol tage  capabi l i ty of the  transm ission  l i ne  i s  h i gher than  the  rated  vol tage,  
then  th is  shal l  be  s tated .  The  rated  vol tage  need  not  be  speci fied  for back-to-back systems  as  
detai l ed  i n  5. 1 . 3  above,  un less  there  are  speci fic  reasons  for doing  so.  

6 Overload  and  equipment capabi l i ty  

6. 1  Overload  

Overload  i n  an  HVDC substation  usual l y refers  to  d i rect current  fl ow above i ts  rated  va lue.  For 
th is ,  consideration  may be  g i ven  to  acceptable  reduction  i n  l i fe  expectancy of equ ipment (for 
example,  d ue  to  thermal  ageing) ,  use  of redundancy,  and  l ow ambien t temperatures.  

Overload  may be  speci fi ed  i n  terms  of power.  Vol tage  regu lation  i n  the  converter i nclud ing  the  
transformer normal l y causes  an  i ncrease  i n  curren t somewhat more  than  an  amount 
proportional  to  the  i ncrease  i n  power.  I f rated  vol tage  is  to  be  main tained  under overload  
cond i ti ons,  then  the  fo l lowing  measures  may be  adopted ,  at  add i tional  cost.  

a)  The  converter shou ld  be  des igned  for a  h igher no- load  vol tage.  Th is  resu l ts  i n  a  h i gher 
MVA rating ,  i f overload  is  requ i red  over the  fu l l  range  of a . c.  bus  vol tage.  

NOTE  Th is  may not  be  necessary,  i f overl oad  i s  requ i red  on l y for the  upper range  of the  steady-state  a . c.  
system  vol tage.  

b)  The  vol tage  rati ng  of the  converter va lves,  wh ich  i s  based  on  transformer no- load  vol tage,  
shou ld  be  increased .  

c)  The  on- load  tap  changer range  shou ld  be  i ncreased ,  i f the  converter fi ri ng  ang le  i s  to  be  
maintained  at  i ts  nom inal  value.  Al ternative l y,  the  converter may be  designed  for a  h igher 
nom inal  fi ri ng  ang le  at  rated  power.  Th is  wi l l  i ncrease  reactive  power consumption ,  
harmon ics  and  l osses,  as  wel l  as  the  i n ternal  stresses  on  va lve  components .  

As  a  consequence,  i f rated  d i rect vol tage  is  to  be  maintained  under overload  cond i ti ons,  
overs izing  of equ ipment wi l l  be  necessary.  

For a  more  econom ical  des ign ,  an  overcurrent rating  may be  speci fi ed ,  wi thout regard  for 
d i rect vol tage  regu lation .  Bas ic converter equations  then  perm it  determ ination  of the  
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maximum  current,  beyond  wh ich  further i ncrease  wou ld  be  offset by excess ive  vol tage  
regu lations.  

When  the  converter i s  operated  in  overload  i t  wi l l  absorb  more  reactive  power.  Un less  th is  
i ncreased  reactive  power absorption  can  be  compensated  by fi l ters/shun t capaci tors,  for 
example,  from  another pole,  then  the  a . c.  busbar vol tage  wi l l  reduce.  When  the  a. c.  system  
short-ci rcu i t l evel  i s  l ow,  th is  effect may l im i t  the  ach ievable  overload .  

The  requ ired  duration  of HVDC substation  overload ing  is  most often  determ ined  by a. c.  
system  needs,  especia l l y fo l l owing  conti ngencies  i n  e i ther the  a . c.  or HVDC system .  

However,  some constra in ts  shou ld  be  observed  for the  HVDC substation  equ ipment.  Thermal  
time  constants  range  from  1  s  to  some  hours,  as  deta i l ed  i n  6 . 2 .  Longer duration  overload  
requ irements  of h i gh  magn i tude  may,  therefore,  resu l t i n  an  effecti vel y i ncreased  rating  of 
equ ipment and  thus  impose a  greater cost or a  reduction  of l i fe  expectancy.  These  factors  
shou ld  be  weighed  against system  benefi ts  when  speci fying  overload .  

EXAMPLE  A practi cal  va l ue  may be  a  1 , 2  per un i t  overl oad  for 1  h  wh ich  does  not  resu l t  i n  l oss  of l i fe  
expectancy of oi l -cool ed  transformers  and  reactors  bu t  may have  to  be  desi gned  i n to  thyri stor val ves.  Al so  
depend ing  on  the  parti cu lar d esi gn ,  the  1  h  overload  may be  converted  to  con ti nuous  i f cool i ng  redundancy i s  
u ti l i zed .  Other examples  i ncl ude  osci l l atory overloads  at  a  frequency of up  to  1  H z for du rati ons  of several  seconds,  
and  5  s  overloads  to  coun teract temporary overvol tage  or frequency changes.  

The  frequency and  the  time in tervals  between  such  overload  cycles  shou ld  be  speci fi ed .  

6.2  Equ ipment capabi l i ty  

6. 2. 1  General  

This  is  defi ned  as  the  abi l i ty of the  HVDC substation  equ ipment to  perm i t  transm ission  of 
greater than  rated  power,  wi thou t  l oss  of equ ipment l i fe  expectancy.  I t  depends  on  operati ng  
cond i ti ons  as  wel l  as  on  the  des ign  cri teria  for i nd ividual  components.  Impl ications  resu l ti ng  
from  the  latter are  d iscussed  i n  subsequen t subclauses  wi th  respect to  thei r bearing  on  
overload  speci fications.  

Ambient temperature  i s  an  important factor.  Power equ ipment i s  designed  to  perform  at rated  
l oad ing  under the  most  adverse  ambien t cond i ti ons  speci fi ed .  However,  these  cond i tions  
normal l y prevai l  for on l y l im i ted  time  periods.  At  l ow ambien t temperatures,  some marg in  i s  
avai lable  for i ncreased  capabi l i ty,  i f the  constrain ts  l i s ted  i n  6 . 2 . 4  can  be  overcome.  Th is  
marg in  depends  on  the  des ign  chosen  for the  particu lar equ ipment and  wou ld  d i ffer for 
various  HVDC substation  componen ts.  An  enveloping  curve  of transm ission  capabi l i ty versus  
ambien t  temperature  can  be  speci fied  a long  wi th  the  a . c.  system  cond i ti ons  to  be  met.  Th is  
shou ld  be  speci fi ed  i n  terms  of wet-bu lb  and  dry-bu lb  ambien t temperatures.  

6.2.2  Converter valve  capabi l i ty 

The thermal  time constant of the  thyristor heat s i nk combination  i n  a  th yri stor valve  i s  rather 
smal l  (several  seconds  up  to  a  few m inu tes) .  Overloads  fol l owing  conti nuous  operation  at  
rated  cu rren t and  at maximum  ambient  temperatures  i ncrease  the  thyristor j unction  
temperature.  Th is  shou ld  be  cons idered  wi th  respect to  the  speci fied  fau l t  suppression  
capabi l i ty of the  valve.  Consequentl y,  thyristor valve  cool ing  shou ld  be  des igned  so  that safe  
operati ng  temperatures  are  not exceeded  even  du ring  speci fi ed  overload  operation .  

Redundancy i s  provided  as  a  general  practice  i n  the  valve  cool ing  ci rcu i t.  Valves  are  designed  
such  that the  speci fied  rati ng  wi l l  be  met under the  most adverse  ambien t cond i tions  and  l oss  
of thyristor cool ing  equ ipment redundancy.  I f add i tional  capabi l i ty i s  needed  when  redundant 
cool i ng  is  not avai lable,  th is  shou ld  be  expl ici tl y speci fied .  

On  the  other hand ,  wi th  a l l  redundant  cool ing  equ ipment in  service,  extra  thermal  capabi l i ty i s  
avai l able.  The  resu l ting  g reater-than-normal  current capabi l i ti es  depend  on  the  thermal  design  
of the  va lve  and  on  the  cool i ng  system .  
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I n  view of the  above,  converter overload  speci fications  shou ld  s tate  the  magn i tude  and  
duration  of overload ,  frequency of osci l latory overloads  for modu lation  purposes,  as  wel l  as  
the  cool ing  equ ipment status  to  be  assumed  at maximum  ambient  temperatures.  

6.2.3  Capabi l i ty of o i l -cooled  transformers  and  reactors  

The thermal  time constant of the  transformer or reactor wind ings  i s  approximatel y 1 5  m in  and  
ranges  from  one  to  several  hours  for the ir o i l  ci rcu i ts,  depend ing  on  the  design .  

Consequentl y,  for short  t ime overloads  in  the  5  s  range,  o i l -cooled  equ ipment i s  not  the  
l im i ting  factor on  HVDC substation  overloads.  For overloads  l asti ng  l onger than  1  h ,  i t  shou ld  
be  speci fi ed  whether l oss-of- l i fe  expectancy i s  perm i tted .  The  expected  frequency of 
occurrence of such  overloads  shou ld  be  speci fied .  

6.2.4  AC  harmon ic  fi l ter and  reactive  power compensation  equ ipment capabi l i ty 

HVDC substation  overloads  wi l l  usual l y generate  i ncreased  harmon ic  curren ts.  These  i n  turn  
i ncrease  harmon ic  load ing ,  l osses  i n  fi l ters  and  harmon ic  i n terference  levels.  The  
speci fications  shou ld  s tate  whether the  i n terference  performance  under rated  cond i tions  
shou ld  be  met under overload  cond i ti ons  or to  what exten t degradation  of performance  is  
perm i tted .  

Also,  s ince  overload  i ncreases  the  converter reactive  power consumption ,  the  speci fications  
shou ld  state  how th is  i s  to  be  taken  i n to  account when  design ing  reactive  power 
compensation  equ ipment.  I f add i tional  reactive  power is  d rawn  from  the  system  under HVDC 
substation  overload  cond i tions,  excess ive  a. c.  bus  vol tage  regu lation  and  a  consequent 
reduction  i n  power fl ow may take  p lace.  For th is  reason ,  the  expected  a. c.  bus  vol tage  under 
overload  cond i tions  shou ld  be  speci fied .  

6.2.5  Switchgear and  buswork capabi l i ty  

Swi tchgear and  buswork normal l y do  not  impose  l im i ts  on  HVDC substation  overloads  un less  
paral le l i ng  of converters  i s  p lanned .  However,  special  atten tion  shou ld  be  paid  to  the  overload  
capabi l i ties  of current transformers  and  bush ings.  

7 Minimum power transfer and  no-load  stand-by state  

7. 1  General  

With  HVDC substations  there  exists  a  m in imum  steady-state  d i rect current  l im i t.  Th is  i s  d ue  to  
the  fact that at some low l evel  the  curren t becomes  d iscontinuous  and  is  the  principa l  cri terion  
for a  m in imum  power l im i t.  

7.2  M in imum  current  

Since  the  d i rect vol tage  ou tpu t of an  HVDC converter i s  made of sections  of the  s i nusoida l  
bus  vol tage,  d i rect  current wou ld  not be  a  smooth  or constan t quanti ty by i tsel f.  Rather,  i t  i s  
made  continuous  by the  d . c.  reactor connected  in  series  wi th  the  converter.  Assum ing  a  
constan t average  d i rect  vol tage,  the  d i rect curren t wou ld  become d iscon tinuous,  at  l ow power,  
depend ing  on  the  commutating  reactance of the  converters,  the  i nductance  of the  d . c.  reactor,  
the  number of va lve  groups  i n  service,  where  series  connection  of groups  i s  used ,  and  
converter fi ring  ang le,  as  wel l  as  the  negative  sequence componen t of the  a. c.  system  
vol tages.  D iscon tinuous  curren t shou ld  be  avoided  in  s teady-state  operation ,  u n less  the  
converter equ ipment i s  des igned  for th is  mode of operation .  

S ince  the  d . c.  reactor inductance  is  usual l y determ ined  by other cri teria  and  the  fi ri ng  ang le  
can  be  of any value,  a  m in imum  curren t l im i ted  shal l  be  speci fied .  A value  of 5  %  to  1 0  %  of 
rated  curren t i s  common l y used .  Th is  m in imum  d i rect  cu rren t can  further be  reduced  by 
choosing  a  l arger value  of d . c.  reactor i nductance.  
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7.3  Reduced  d irect vol tage  operation  

Under contam ination  cond i tions,  often  i n  combination  wi th  unfavourable  weather cond i ti ons,  
operation  of an  overhead  d . c.  transm ission  l ine  may not be  poss ib le  at i ts  rated  vol tage.  
However,  the  con trol  system  of the  HVDC substation  offers  various  means  to  ach ieve  
con tinuation  of power fl ow at  reduced  transm ission  vol tages.  

One  poss ib i l i ty i s  to  move the  transformer tap  changer to  the  posi ti on  resu l ti ng  i n  the  lowest 
a. c.  vol tage  for the  va lves.  I n  add i ti on ,  a  fu rther decrease  of transm ission  vol tage  can  be 
ach ieved  through  operation  at  an  i ncreased  fi ri ng  ang le.  

Th is  requ i rement cou ld  mean  a  specia l  valve  design  and  thus  i ncrease  valve  costs.  
Furthermore,  s ince  operation  at large  fi ri ng  ang les  causes  an  i ncreased  harmon ic  generation  
and  reactive  power consumption ,  operation  at  reduced  d i rect vol tage  then  requ ires  a  
reduction  of the  d i rect curren t,  i f the  fi l tering  and  compensation  equ ipment i s  not rated  for 
these  cond i ti ons.  

Other possib i l i ti es  are  to  i ncrease  the  tap  changer range,  or where  the  HVDC system  is  fed  
from  an  i so lated  power station ,  a  reduction  of a . c.  bus  vol tage  can  a lso  be  cons idered .  

Practica l  va lues  for reduced  d i rect vol tage  operation  are  at  70  %  to  80  %  of rated  vol tage,  
perhaps,  at  reduced  curren t.  I t  i s  reasonable  to  expect  con tinuous  operati ng  capabi l i ty at 
approximatel y rated  curren t at  75  %  vol tage  wi th  use  of redundant cool ing ,  provided  that  
somewhat h i gher harmon ic i n terference l evel  i s  acceptable;  th is  i n  turn  depends  on  expected  
frequency and  duration  of such  operations.  

Where  two  series-connected  1 2-pu lse  converter un i ts  are  used ,  one  un i t  m ight  be  swi tched  
ou t,  resu l ti ng  for example  in  a  50  %  vol tage  reduction  when  both  have  the  same rati ng ,  thus  
e l im inating  the  necess i ty to  operate  at  i ncreased  converter fi ri ng  ang le  or red uced  d i rect 
curren t.  

To  arri ve  at an  econom ic design  of the  equ ipment,  the  a . c.  vo l tage  levels  shou ld  be  speci fi ed  
for expected  d i rect vol tage  operations.  

7.4  No-load  stand-by state  

7.4. 1  General  

I n  th is  mode,  the  HVDC substation  i s  ready for immed iate  p ick-up  of l oad  wi thout the  need  for 
a  lengthy start-up  procedure.  A defin i tion  of the  s tatus  of various  equ ipment shal l  be  speci fied  
to  determ ine  the  no- load  losses  of the  HVDC substation ,  i f operation  i n  the  no- load  s tand-by 
state  i s  p lanned .  

7.4.2  Converter transformers  – No-load  stand-by 

The converter transformers  may remain  energ ized  or de-energ ized ,  depend ing  on  the  user’s  
pol icies  wi th  respect  to  l osses.  I n  the  l atter case,  account shou ld  be  taken  of the  time  requ i red  
for i n rush  cu rren ts  to  decay.  O i l  pumps  and  coolers  shou ld  be  i n  operation  on  a  m in imum  
l evel ,  as  appropriate  to  the  des ign  of the  transformers.  

7.4.3  Converter valves  – No-load  stand-by 

The  converter valves  shou ld  be  b locked  cond i tion .  There  wi l l  be  smal l  l osses  in  the  vol tage  
grad ing  ci rcu i ts ,  i f the  converter transformers  are  energ ized .  Primary,  secondary and  valve  
hal l  cool ing  shou ld  be  i n  operation  at  a  sufficient l evel  to  perm i t  immed iate  p ick-up  of l oad .  
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7.4.4  AC  fi l ters  and  reactive compensation  – No-load  stand-by 

The a . c.  fi l ters  and  reactive  compensation  may be  connected  or d isconnected  depend ing  on  
reactive  power control  strategy wi th in  the  a. c.  system .  However,  for the  sake  of no- load  l oss  
determ inations,  they shou ld  be  considered  d isconnected .  

7.4.5  DC  reactors  and  d .c.  fi l ters  – No-load  stand-by 

The  d . c.  reactors  and  d . c.  fi l ters  shou ld  be  connected .  DC  reactors ,  pumps  and  coolers  
shou ld  be  i n  operation  on  a  m in imum  level ,  as  appropriate  to  the  des ign  of the  reactors.  

7.4.6  Auxi l iary power system  – No-load  stand-by 

The auxi l i ary power system  shou ld  be  fu l l y operati ve  and  ready to  p ick-up  rated  load ,  for 
example,  a l l  s tation  service  transformers  energ ized ,  battery chargers  i n  operation ,  etc.  

7.4.7  Control  and  protection  – No-load  stand-by 

Al l  con trol  and  protection  ci rcu i ts  shou ld  be  operati ve.  

8 AC system  

8. 1  General  

The fo l lowing  shou ld  be  speci fied  for a . c.  systems at both  ends  for each  s tage  of development 
as  wel l  as  for expected  fu ture  changes.  D i fferen t  values  may be  speci fi ed  for performance  
and  rating  purposes.  

The  arrangement of the  a . c.  swi tchgear to  wh ich  the  converter un i ts  and  fi l ters  are  to  be  
connected ,  i nclud ing  a . c.  l i nes,  shou ld  be  described .  Th is  shou ld  a lso  be  done  for the  p lanned  
operating  schemes  of the  swi tchyard .  

Speci fic  data  shou ld  be  made  avai lab le  for generators  i n  the  close  vicin i ty,  particu larl y i f the  
major l oad  for the  generators  i s  served  through  the  recti fier.  Often  a l l  data  pertinent to  l oad  
flow and  short-ci rcu i t  s tud ies  are  a lso  needed .  

8.2  AC  vol tage  

8.2. 1  Rated  a.c.  vol tage  

Rated  a. c.  vol tage  is  the  r.m .s.  phase-to-phase  fundamental  frequency vol tage  for wh ich  the  
system  is  designed  and  to  wh ich  certain  characteristics  of the  a. c.  equ ipment are  re lated ,  
such  as  a. c.  swi tchgear,  a . c.  fi l ters,  reactive  power compensation  equ ipment,  primary 
wind ings  of converter transformers,  etc.  

Rated  vol tage  may be  used  to  defi ne  the  rated  power of such  a. c.  equ ipment.  

8.2.2  Steady-state  vol tage  range  

8.2.2 . 1  General  

The steady-state  vol tage  range  is  the  range  over wh ich  the  HVDC system  shou ld  be  able  to  
transm i t  rated  power and  over wh ich  a l l  performance requ i rements  are  to  be  met,  u n less  
stated  otherwise.   

Any specia l  performance  requ i rements  beyond  the  l im i ts  of the  s teady-state  range  shou ld  be  
speci fied .  These  may affect the  des ign  of main  equ ipment,  converter transformers,  fi l ters ,  
auxi l i ary equ ipment,  e tc.  
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8.2.2 .2  Short-term  vol tage range  

There  may be  s i tuations  under wh ich  the  vol tage  exceeds  the  normal  steady-state  operating  
range  bu t the  HVDC system  may be  requ i red  to  remain  i n  operation .  Under these  cond i ti ons  
the  HVDC system  may be  designed  to  operate  i n  a  manner whereby no  equ ipment shou ld  be  
at ri sk of damage,  bu t the  performance  l im i ts  of the  system  may be  acceptably degraded  (for 
harmon ics,  l osses,  etc. ) .  

The  acceptable  degraded  performance  l im i ts  shou ld  be  speci fi ed  s ince  these  wi l l  have  an  
effect upon  the  ratings  of equ ipment.  

The  HVDC control  system  may even  be  speci fi ed  to  ass ist i n  the  restoration  of the  vol tage  to  
wi th in  the  normal  operati ng  range  (through  e i ther HVDC control  action  or add i ti on /removal  of 
fi l ters  and  reactors)  i f th i s  i s  appropriate.  

8.2.2 .3  Vol tage  variation  during  emergency 

Dynam ic overvol tages  cou ld  determ ine  rati ngs  and  protection  strateg ies.  

Under extreme  ci rcumstances,  the  a. c.  vol tage  may exceed  even  the  short  term  range,  in  
wh ich  case  i t  may be  des irable  to  remove the  HVDC system  from  operation  i n  order to  protect  
the  equ ipment.  Al ternativel y,  i t  may be  poss ib le  to  rate  the  HVDC converter equ ipment to  
operate  wi th in  these  l im i ts ,  a l though  th is  wi l l  probabl y requ ire  h igher cost equ ipment and  
degraded  performance.  

The  HVDC control  system  may even  be  speci fied  to  ass ist i n  the  restoration  of the  vol tage  to  
wi th in  the  normal  operati ng  range  (through  e i ther HVDC control  action  or add i ti on /removal  of 
fi l ters  and  reactors) ,  i f th i s  i s  appropriate.  

8.2.3  Negative  sequence vol tage  

The negative  sequence  component of a. c.  vol tage  ca lcu lated  accord ing  to  the  method  of 
symmetrica l  components  is  that balanced  set of th ree-phase vol tages  whose maxima occur i n  
the  opposi te  order to  that of the  pos i ti ve  sequence  vol tages.  I t  i s  general l y expressed  as  a  
percentage  of the  rated  vol tage.  

Al though  i t  i s  d i fficu l t  to  obtain  an  actual  va lue  for th is  parameter,  the  maximum  to  be  used  i n  
determ ination  on  non-characteristic harmon ics  of the  curren t on  the  a. c.  s i de  and  the  non-
characteristic harmon ic vol tages  on  the  d . c.  s i de  shou ld  be  speci fi ed .  These  harmon ic  
curren ts  and  vol tages  are  respectivel y used  for the  design  of the  a . c.  fi l ter,  d . c.  fi l ter and  d . c.  
reactor (see  Clauses  1 6 ,  1 7 ,  and  20) .  

8.3  Frequency 

8.3. 1  Rated  frequency 

The  frequency of an  a . c.  system  shou ld  be  speci fied  to  g i ve  the  basis  of rati ng  of the  a. c.  
equ ipment,  converter transformer,  etc,  as  wel l  as  converter bri dges  and  control .  

The  des ign  of the  d . c.  fi l ters  i s  a lso  i n fl uenced  by the  a . c.  system  frequency.  

8.3.2  Steady-state  frequency range  

Steady-state  frequency range  is  the  range,  i n  con junction  wi th  the  a . c.  vol tage  s teady-state  
range,  over wh ich  the  rated  power may be  transm itted  and  a l l  performance requ irements  are  
to  be  met.  
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8.3.3  Short-term  frequency variation  

Lim i ts  and  duration  of short-term  frequency excurs ions  for wh ich  system  performance  i s  
requ ired  shou ld  be  speci fied .  Th is  can  be  a  sensi ti ve  parameter for a . c.  and  d . c.  fi l ter design .  
F i l teri ng  performance  during  such  variations  may be  speci fi ed .  

8.3.4  Frequency variation  during  emergency 

During  an  emergency the  a . c.  system  frequency may reach  extreme values  for l im i ted  periods.  
These  va lues  and  the ir expected  durations  shou ld  be  speci fied .  I n  th is  cond i tion ,  the  
equ ipment shou ld  remain  i n  service  wi thou t damage,  bu t shou ld  not be  requ i red  to  meet the  
performance speci fied .  For excurs ions  beyond  the  speci fied  operating  frequency l im i ts ,  i t  may 
be  perm iss ib le  to  au tomatical l y d isconnect the  equ ipment.  

8.4  System  impedance  at  fundamental  frequency 

For the  purpose  of anal ysis  of commutation  cond i tions  i n  the  converter,  the  system  
impedance at  fundamenta l  frequency shou ld  be  s tated .  Maximum  and  m in imum  va lues  of the  
subtrans ient  impedance at  the  a . c.  bus,  wi thout any fi l ter or compensating  equ ipment,  are  
needed  for such  anal ys is .  

Subtrans ien t impedance  i s  the  pos i ti ve  sequence impedance of the  a . c.  system  as  determ ined  
by the  subtrans ient reactance of synchronous  mach ines,  l eakage  reactance of i nduction  
mach ines  and  pos i ti ve  sequence  impedance  of connecting  l i nes.  

Add i ti onal l y,  a  deta i l ed  a. c.  system  impedance or a  su i table  equ ivalen t shou ld  be  speci fi ed ,  i n  
order to  optim ize  the  d . c.  control .  

8.5  System  impedance  at harmon ic frequencies  

System  impedance  at  a l l  harmon ic frequencies  from  the  2nd  up  to  the  50th  is  needed  for a. c.  
fi l ter design  and  performance  calcu lations.  

Th is  impedance may be  calcu lated  us ing  the  parameters  of the  l i nes,  transformers  and  
generators  up  to  fi ve  to  e ight HVDC substation  buses.  However,  th is  impedance  may change 
cons iderabl y under d i fferen t l oad  cond i tions  and  extension  s tages  of the  system .  Therefore,  
i t  i s  usual l y more  conven ien t to  use  an  R-X d iagram  and  to  p lot the  envelope  of the  l ocus  of 
the  system  harmon ic  impedance  under expected  system  cond i ti ons.  The  va lues  of Rmin  and  
Xmin  shou ld  be  i ncluded  i n  the  d iagram .  

I n  practice,  th is  d iagram  may take  various  forms  such  as  a  ci rcu lar p lot,  l im i ted  by constant 
R/X ratio  or the  combination  of both .  

8.6  Posi tive  and  zero-sequence  surge  impedance  

The pos i ti ve  and  zero-sequence  surge  impedance i s  needed  for al l  a . c.  l i nes  going  i n to  the  
station  for evaluation  of i n terference  from  converters  i n  the  carrier frequency band  and  for 
des ign  of appropriate  fi l ters.  

8.7  Other sources  of harmonics  

Other sources  of harmon ics  e lectrica l l y cl ose  to  the  HVDC substation  shou ld  be  identi fied .  
Thei r i n fl uence  shou ld  be  taken  in to  account  i n  a . c.  fi l ter and  capaci tor bank rati ngs.  
Generated  harmon ic curren ts  shou ld  be  stated  for the  static reactive  power compensators  
connected  to  the  converter substation  bus  or to  nearby a . c.  substations.  
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8.8  Subsynchronous  torsional  i n teraction  (SSTI )  

I f subsynchronous  torsional  i n teraction  (SSTI )  problems are  expected ,  a l l  re lated  i n formation  
from  the  pertinent stud ies  shou ld  be  provided  (see  a lso  Clause  9).  

9  Reactive power 

9. 1  General  

This  cl ause  i denti fi es  the  cons iderations  re levant to  reactive  power.  

9.2  Conventional  HVDC systems  

Line  commutation  of converter bridges,  as  used  i n  conven tional  HVDC systems,  requ i res  a  
consumption  of reactive  power i n  both  recti fi er and  i nverter operation .  At fu l l  l oad ,  th is  
consumption  represents  50  %  to  60  %  of rated  power for commonly used  va lues  of 
transformer impedance and  fi ri ng  ang le  or exti nction  ang le.  

At  partia l  l oad  reactive  power consumption  can  be  varied  accord ing  to  a . c.  system  
requ irements  by us ing  an  appropriate  con trol  strategy.  A con trol  strategy wh ich  is  often  
adopted ,  i s  to  main tain  the  delay ang le  α  i n  the  recti fier,  or the  extinction  ang le  γ  i n  the  
i nverter,  wi th in  narrow l im i ts  by means  of the  tap  changer of the  converter transformer.  Under 
th is  strategy,  the  variation  of reactive  power versus  rea l  power i s  shown  i n  F igure  1 8,  curve  1 ,  
for constant d i rect vol tage  and  constant exti nction  ang le  γ.  As  an  a l ternative,  a  l i near variation  
may be  obtained ,  as  shown  on  F igure  1 8,  curve  2 ,  wh ich  involves  main tain ing  constant  no-
load  d i rect vol tage  Ud0  by means  of an  increase  of the  de lay ang le  α  i n  the  recti fi er and  
exti nction  ang le  γ  i n  the  i nverter,  when  the  l oad  is  reduced .   

I f the  d i rect current  i s  kept  constan t  and  partia l  l oad  is  ach ieved  by i ncreasing  the  delay ang le  
and  thus  reducing  the  d i rect vol tage,  reactive  power consumption  is  i ncreased  at partia l  l oad  
accord ing  to  curve  3  in  F i gure  1 8 .  Any characteristic  between  curves  1 )  and  3)  can  be  
implemented  to  meet speci fic  a . c.  system  requ irements.   
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Figure  1 8  – Variations  of reactive  power Q with  active  power P of an  HVDC  converter 

Combined  changes  of the  va lve  fi ri ng  ang le  and  the  load  tap  changer of the  converter 
transformer may be  used  to  control  the  reactive  power demand  of a  HVDC substation .  
However,  s ince  th is  requ ires  an  i ncrease  of the  fi ri ng  ang le,  i t  l eads  to  an  i ncreased  
generation  of harmon ic curren ts  and  vol tages  and  i ncreased  losses  i n  the  damping  ci rcu i ts  of 
the  va lves.   

Looked  at another way,  fi l teri ng  of a. c.  current  i s  obtained  through  harmon ic fi l ters,  wh ich  a lso  
generate  reactive  power.  However,  the  fundamental  frequency reactive  power generated  by 
the  fi l ters  as  determ ined  by the  a. c.  fi l tering  requ i rements  at  fu l l  l oad  is  general l y l ess  than  the  
reactive  power consumption  of the  converter bri dges.  Therefore,  add i tional  capaci tor banks 
are  usual l y provided  to  meet the  tota l  reactive  power demand  of the  converter.   

The  net  reactive  power of the  converters  and  fi l ters,  taking  i n to  account fi l tering  consideration ,  
may be  control led  wi th in  certain  l im i ts,  by swi tch ing  of capaci tor banks  and  a lso  part  of the  
fi l ter banks,  i f needed .   



I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  – 45  – 
+AMD2: 201 7  CSV   I EC  201 7  

To define  a  su i table  s trategy of reactive  power con trol ,  the  aspects  described  i n  9 . 4  to  9 . 7  
shou ld  be  speci fi ed .   

9.3  Series  capacitor compensated  HVDC schemes  

Reactive  power requ irements  of conventional  HVDC schemes  are  addressed  by add ing  shun t 
devices  such  as  shun t capaci tors  and  fi l ters.   

Conversel y,  both  CCC and  CSCC treat th is  d i fferen tl y,  as  i nstead  of connecting  capaci tor 
banks  i n  paral le l  to  the  converter bus,  they are  i nserted  between  the  transformers  and  va lves  
(CCC)  or between  the  transformers  and  the  a . c.  network (CSCC).  By these  configu rations,  the  
vol tage  across  the  series  capaci tor adds  to  the  commutation  vol tage  resu l ti ng  i n  a  wide  range  

of tri gger delay ang le  (α)  and  extinction  ang le  (γ) .  Th is  brings  abou t l ess  overlap  ang le  (µ)  
and  thus  less  reactive  power consumption .  AC  fi l ters  are  requ i red  on l y for harmon ic 
e l im ination  and  not  for reactive  power support.  Th is  reduces  the  MVAr rati ng  of the  fi l ter to  
smal l  va lues.  Un l ike  the  conventional  case,  ne i ther the  CCC or CSCC configuration  requ i res  
fi l ter-bank swi tch ing  for variations  i n  the  load  over the  fu l l  range  of operation .  

9.4  Converter reactive power consumption  

The reactive  power consumption  shou ld  be  determ ined  for the  d i fferen t operati ng  cond i tions  
for the  recti fi er and  inverter under partia l  l oad ,  fu l l  l oad  and  overload  cond i ti ons.  The  method  
of ca lcu lation  and  the  parameters  used  i n  the  calcu lations  shou ld  a lso  be  speci fied .   

The  operati ng  cond i ti ons  to  be  cons idered  i nclude:  d i rection  of power fl ow,  monopolar earth  
return ,  monopolar meta l l ic return ,  b ipolar and  reduced  d i rect vol tage  operation  over the  
speci fied  range  of s teady-state  a. c.  bus  vol tage.   

Also  at  m in imum  power transfer wi th  a  m in imum  number of a . c.  fi l ters  connected ,  the  abi l i ty of 
the  converter va lves  to  operate  wi th  i ncreased  fi ri ng  ang le/extinction  ang le  can  be  u ti l i zed  to  
m in im ize  the  reactive  power fl ow to  the  a . c.  systems.  

9.5  Reactive power balance  with  the  a.c.  system  

To determ ine  the  reactive  power sources  to  be  i nsta l l ed ,  an  overal l  balance  of reactive  power 
has  to  be  known.  To  determ ine  the  appropriate  reactive  power ba lance  load  fl ow stud ies  may 
need  to  be  performed .  Apart  from  the  reactive  power needs  of the  converters,  cons ideration  
shou ld  be  g i ven  to  the  fol l owing :  

– the  power factor range  to  be  main ta ined  in  the  a. c.  l i nes  for a l l  operating  cond i tions;  

– the  operati ng  vol tage  ranges  under l i gh t and  peak l oad  cond i tions  of the  a . c.  system ;  

– reactive  power avai lable  from  nearby generators;  

– redundancy requ i rements .  

I n  case  the  recti fier i s  d i rectl y connected  to  a  power s tation ,  the  fol l owing  poin ts  shou ld  a lso 
be  cons idered :  

– generator capabi l i ty over the  maximum  and  m in imum  perm iss ible  operating  vol tage  range;  

– tap  changer range  avai lable  i n  the  s tep-up  transformer,  and  the  tap  to  be  used  for each  
development stage;  

– reactive  power requ i rement of other l oads;  

– m in imum  perm issib le  acti ve  power for the  generators;  

– se l f-exci tation  l im i t  of the  generators ;  

– m in imum  number of generators  to  be  connected .   
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9.6  Reactive power supply 

The sources  of reactive  power suppl y to  meet the  set of requ i rements  shou ld  i nclude  the  most 
econom ical  combination  of fi l ters ,  shunt  capaci tors,  shunt  reactors ,  series  capaci tors,  
synchronous  and  static reactive  power compensators  that  meets  the  performance  cri teria.  
Much  of the  reactive  power shou ld  be  suppl ied  i n  the  form  of fi l ters  to  meet the  harmon ic 
performance.  Under l igh t l oad  cond i ti ons,  m in imum  size  of avai l ab le  fi l ter bank connected  
may l ead  to  surplus  reactive  power and  consequen tl y excess ive  s teady-state  vol tage.  Th is  
may requ ire  provis ion  of shunt reactors  or use  of converter capabi l i ty to  consume greater 
reactive  power.   

Shunt  capaci tor banks  are  the  most econom ical  source  for the  requ ired  remain ing  reactive  
power.  Synchronous  and  static reactive  power compensators  shou ld  be  cons idered  on l y i f 
there  i s  a  d ynam ic vol tage  and /or s tabi l i ty problem  (see  Clause  8) .  There  may be  add i tional  
requ i rements  associated  wi th  the  ad jacent a . c.  systems.   

9.7  Maximum size  of swi tchable  VAR banks  

Fi l ters  and  capaci tor banks  may be  d ivided  i n to  smal l  swi tchable  banks.  The  s i ze  of 
swi tchable  banks  depends  on  

a)  vol tage  con trol  requ i rements  over the  whole  operati ng  range  from  no  load  to  fu l l  l oad  and  
overload ;  

b)  acceptable  regu lation  step  per swi tch ing  operation .  I t  shou ld  be  noted  that  the  regu lating  
effect from  swi tch ing  reactive  power banks  can  be  modu lated  wi th  the  he lp  of converter 
con trol ;  

c)  frequency of swi tch ing .   

When  considering  combinations  of fi l ters  and  shun t capaci tors  wi th  synchronous  
compensators ,  the  fi l ters  and  shunt  capaci tors  shou ld  be  l im i ted  i n  s ize  to  avoid  sel f-exci tation  
of the  synchronous  mach ines.   

1 0  HVDC transmission  l i ne,  earth  electrode l i ne and  earth  electrode 

1 0. 1  General  

This  section  identi fies  those  characteristics  of the  HVDC transm ission  l i ne,  the  earth  electrode  
and  the  earth  e lectrode  l i ne  that are  re levant to  the  speci fication  of the  steady-state  
performance of the  converter,  i nclud ing  power l i ne  carrier performance  and  des ign  
requ irements .  I t  does  not  provide  the  i n formation  that shou ld  be  speci fied  for the  des ign  of the  
HVDC transm ission  l i ne,  earth  e lectrode  l i nes  or earth  e lectrodes  themselves.   

Key performance  speci fi cation  data  for the  HVDC transm ission  l i ne,  the  earth  electrode  l i ne  
and  the  earth  e lectrode  shou ld  be  determ ined  in  advance.   

1 0.2  Overhead  l ine(s)  

1 0 .2. 1  General  

The tota l  l eng th  of the  l i ne  shou ld  be  g i ven ,  i ncl ud ing  deta i l s  concern ing  any overhead  and  
cable  sections.  Detai ls  shou ld  be  provided  of any ri gh t-of-way j o i n t uses.  Particu lars  of a l l  
cross ings  and  paral le l i sms  need  to  be  g i ven  to  enable  assessment of poss ib le  e lectrical  
i n teractions  and  i n terference.  I n  case  the  exact l eng th  is  not known ,  the  expected  range  for 
th is  l eng th  shou ld  be  stated .   

For b ipole  and  mu l ti -pole  l i nes,  i n formation  on  the  spacings  between  poles  and  b ipoles  a long  
the  complete  rou te  wi l l  be  needed .   



I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  – 47  – 
+AMD2: 201 7  CSV   I EC  201 7  

1 0.2.2  Electrical  parameters  

The e lectrica l  parameters  are  the  fol lowing :  

1 )  res istance  – maximum  pos i ti ve  and  zero-sequence d . c.  va l ues  at m in imum  curren t,  rated  
curren t,  maximum  overload  current wi th  due  cons ideration  of the  ambient cond i ti ons  
( temperature,  rad iation ,  wind  veloci ty,  etc. )  prevai l ing  during  the  l oad  cond i tion  considered .  
Curve  of frequency dependence  up  to  the  49 th  harmon ic of the  fundamental  frequency for 
rated  curren t;  

2)  capaci tance  – posi ti ve  and  zero-sequence capaci tance  (C1  and  C0) ;  

3)  i nductance  – pos i ti ve  and  zero-sequence i nductance (L1  and  L0) ,  curve  of frequency 
dependence  up  to  the  49 th  harmon ic  of the  fundamental  frequency for these.   

I f the  above  i n formation  i s  not avai l ab le ,  as  an  a l ternative,  the  necessary data  to  enable  i ts  
ca lcu lation  cou ld  be  g i ven .  To ca lcu late  these  parameters ,  the  fo l lowing  data  wi l l  be  requ ired :   

a)  conductor s i ze,  type,  geometry ( i nclud ing  the  sh iel d  wi re) ;  

b)  tower ou tl i nes,  spacing  and  sag  profi l es ;  

c)  soi l  resisti vi ty a long  the  rou te;  

d )  tower footi ng  res istance;  

e)  the  worst-case  maximum  conductor su rface  grad ients  to  perm i t  ca lcu lation  of corona  
effects,  for example,  i f a  carrier i s  to  be  used ;  

f)  cri tical  impu lse  flashover l evel  of i nsu lation .   

I t  i s  strong l y recommended  that the  HVDC transm ission  l i ne  be  adequatel y sh ie l ded  from  
d i rect l i ghtn ing  strokes  for the  fi rst  1 0  km  from  the  HVDC substation  and  for the  HVDC 
transm ission  l i ne  tower footing  res istance  to  be  sufficientl y l ow,  for example,  l ess  than  1 0  Ω  
up  to  25  Ω .  

As  a  th i rd  a l ternative,  in  p lace of sequence  components,  the  i n formation  cou ld  be  provided  in  
the  form  of se l f-  and  mutual  impedance  between  conductors  and  earth .   

1 0.3  Cable  l ine(s)  

1 0 .3. 1  General  

Length  of sections  or tota l  length  shou ld  be  speci fi ed  as  appropriate.  Any restrictions  on  
service  cond i tions  imposed  by the  cable  suppl ier shou ld  be  stated .   

Examples  of such  restrictions  m ight  i nclude:  

a)  l im i tations  on  polari ty reversal ;  

b)  l im i tations  on  d ischarge  rate;  

c)  l im i ting  vol tage  and  current  ripp le  l evel ;  

d )  l im i tations  on  overvol tages  and  overcurren ts.  

1 0.3.2  Electrical  parameters  

The e lectrica l  parameters  are  the  fol lowing :  

1 )  d . c.  res istance  of conductor,  maximum  va lue  at rated  current and  at maximum  overload  
curren t,  m in imum  va lue  at m in imum  current;  

2)  conductor res istance  frequency dependence  up  to  5  kHz;  

3)  cable  sheath  res istance  and  frequency dependence up  to  5  kHz;  

4)  i nductance  and  frequency dependence  up  to  20  kHz;  
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5)  capaci tance  of conductor to  sheath ;  

6)  capaci tance  of sheath  to  earth  (armour) ;  

7)  surge  impedance  of cable  conductor to  sheath ;  

8)  attenuation  characteristics  up  to  50  kHz.  

1 0.4  Earth  electrode l ine   

To evaluate  poss ible  transformer saturation  effects  due  to  d i rect curren t flowing  via  the  station  
earth ing  system  and  earthed  neutrals,  the  earth  e lectrode  l ine  length ,  as  wel l  as  the  l ength  of 
any part of i t  wh ich  i s  on  the  HVDC transm iss ion  l i ne  towers  shou ld  be  speci fi ed .   

The  earth  e lectrode  l i ne  res istance  – maximum  value  and  ambient temperature  assumptions  – 
shou ld  be  stated .  

1 0.5  Earth  electrode  

The maximum  resistance  of the  earth  e lectrode  re lati ve  to  the  remote  earth  shou ld  be  
i nd icated .  I t  shou ld  be  noted  that  th is  res istance  may i ncrease  wi th  time  and  envi ronmenta l  
and /or load  cond i ti ons.   

1 1  Rel iabi l i ty 

1 1 . 1  General  

The re l iabi l i ty of a  HVDC system  is  the  ab i l i ty to  transm it  a  defi ned  energy wi th in  a  defi ned  
time under speci fi ed  system  and  environmenta l  cond i tions.  

The  purpose  and  scope  of th is  clause  is  for wri ti ng  speci fications  and  evaluati ng  re l i abi l i ty.  
Th is  clause  defines  re l iabi l i ty ca lcu lations  during  the  acceptance  period  of an  HVDC system .  
P lease  refer to  Annex A for more  i n formation  on  factors  affecti ng  re l i ab i l i ty and  avai labi l i ty of 
converter stations.  Reference is  made  to  the  CIGRE Brochure  346  wh ich  deals  wi th  a  
reporting  procedure  of speci fic fa i l u res  and  overal l  avai labi l i ty of HVDC systems i n  operation .  
Al though  the  scope  of the  CIGRE Brochure  346  i s  d i fferent  from  th is  report,  the  bas ic terms  
used  and  thei r defi n i ti ons  are  common  to  both  documents .  

Terms and  defin i ti ons  appl icable  to  the  rel i abi l i ty of HVDC systems are  g i ven  below.   

1 1 .2  Outage  

1 1 . 2. 1  General  

An  ou tage  of the  HVDC system  is  an  event when  the  transm ission  capabi l i ty fa l ls  to  a  l evel  
below the  maximum  rated  power.  Th is  may be  caused  by defects  of components  of parts  of 
the  equ ipment,  human  errors ,  swi tch ing-out of equ ipment for main tenance  and  repair,  
swi tch ing-ou t caused  by an  operation  of protection  equ ipment,  external  fau l t,  e tc.  (see  1 1 . 3. 3) .  
Consideration  shou ld  be  g i ven  to  defin ing  wh ich  of these  or other causes  shou ld  be  included  
i n  the  avai l abi l i ty and  annual  number of forced  ou tages.  An  ou tage  wi l l  be  i ncluded  i n  the  
calcu lations  e i ther as  a  schedu led  ou tage  or a  forced  ou tage  (1 1 . 2. 2  and  1 1 . 2. 3 ,  respective l y).  

1 1 .2.2  Scheduled  outage  

A schedu led  ou tage  i s  an  ou tage  where  the  transm iss ion  capabi l i ty fa l l s  be low the  rated  
power l evel ,  and  i s  p lanned  in  advance  to  a l l ow part  or a l l  of the  HVDC system  to  be  taken  ou t 
of service  for a  schedu led  main tenance  period  or for equ ipment repair.  



I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  – 49  – 
+AMD2: 201 7  CSV   I EC  201 7  

1 1 .2.3  Forced  outage  

A forced  ou tage  i s  an  unschedu led  ou tage,  wh ich  i s  in i tiated  e i ther by au tomated  protection  
equ ipment action  or through  operator in terven tion  ( i . e .  taking  a  decis ion  to  shut  down  a l l  or 
part of the  HVDC system  in  a  s i tuation  where  con tinued  operation  may cause  damage  to  
personnel  or equ ipment and  the  shutdown  cannot be  deferred  un ti l  the  next schedu led  
ou tage).   

1 1 .3  Capacity 

1 1 .3. 1  General  

The  capaci ty terms  defined  below are  normal l y defined  at  one  poin t  i n  the  HVDC system  
(such  as  the  send ing-end  a. c.  term inals,  the  receiving-end  a . c.  term inals ,  or the  send ing-end  
d . c.  term inals) .  I n  cases  where  each  of the  HVDC converter term inals  are  under separate  
ownersh ip,  i t  may be  appropriate  to  defi ne  the  rati ng  of each  s tation  i nd ividual l y.  

1 1 .3.2  Maximum continuous  capacity Pm  

This  is  defi ned  as  the  maximum  power value  ( i n  MW)  for wh ich  the  HVDC system  is  rated  for 
con tinuous  operation ,  exclud ing  any add i tional  capaci ty avai lable  through  the  presence  of 
redundant  equ ipment.  

1 1 .3.3  Outage  capacity Po  

For the  duration  of the  ou tage  the  power avai l ab le  is  reduced  from  the  maximum  rati ng  by an  
amoun t ( i n  MW)  cal l ed  the  outage  capaci ty Po .  

1 1 .3.4  Outage  derating  factor (ODF)  

The outage  derating  factor i s  defined  as  the  ratio  of the  ou tage  capaci ty Po  to  the  maximum  
capaci ty Pm :  

Error!  Bookmark not  defined .  
m

o

P

P
ODF =  (1 )  

1 1 .4  Outage  duration  terms  

1 1 .4. 1  Actual  outage  duration  (AOD)  

The  actual  ou tage  duration  i s  defined  as  the  time  e lapsed  i n  decimal  hours  between  the  s tart  
and  the  end  of the  ou tage.  The  ou tage  i s  typical l y started  when  a  swi tch ing  event takes  p lace  
to  i n terrupt the  main  ci rcu i t  power fl ow,  or to  in i ti ate  the  reduction  to  the  ou tage  power level .  
The  ou tage  i s  typica l l y completed  when  a  swi tch ing  event takes  p lace  to  restore  the  
equ ipment to  a  s tate  where  i t  i s  ready for operation ,  a l though  not necessari l y pu t  i n to  
operation ,  i . e.  the  equ ipment i s  made  avai l able  for service  operation .  

The  actual  ou tage  durations  may be  segregated  i n to  forced  and  schedu led ,  such  that the  
figure  of AOD for each  ou tage  becomes  e i ther Actual  Forced  Outage  Duration  (AFOD)  or 
Actual  Schedu led  Ou tage  Duration  (ASOD).  

1 1 .4.2  Equ ivalent outage  duration  (EOD)  

To take  i n to  account  the  partia l  l oss  of capaci ty,  the  equ iva len t ou tage  duration  is  defi ned  as  
the  actual  ou tage  duration  mu l tip l i ed  by the  outage  derating  factor  

 ODFAODEOD ×=  (2)  
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S im i l arl y to  the  creation  of forced  and  schedu led  actual  ou tage  durations,  i t  i s  poss ible  to  
segregate  the  equ ivalen t ou tage  durations  i n to  forced  and  schedu led  to  g i ve  Equ ivalent 
Forced  Outage  Duration  (EFOD)  and  Equ ivalen t Schedu led  Ou tage  Duration  (ESOD).  

1 1 .4.3  Period  hours  (PH)  

The  period  hours  is  the  tota l  number of hours  in  the  period  covered  by the  anal ys is  and  is  
typica l l y one  year or 8  760  h .  

1 1 .4.4  Actual  outage  hours  (AOH)  

The actual  ou tage  hours  are  the  sum  of the  ind ividual  actual  ou tage  durations  for the  period  of 
the  anal ys is .  

 ∑= AODAOH  (3)  

I t  i s  poss ib le  to  subd ivide  the  AOH  fi gure  i n to  forced  and  schedu led  outage  hours ,  by 
summ ing  the  AFOD  and  ASOD values  rather than  the  summation  of the  AOD va lues.  

1 1 .4.5  Equ ivalent outage  hours  (EOH)  

This  is  defined  as  the  sum  of the  i nd ividual  equ ivalent  ou tage  durations  wi th in  the  period  of 
the  anal ys is .  

 ∑= EODEOH  (4)  

I t  i s  poss ible  to  subd ivide  the  EOH  figure  i n to  forced  and  schedu led  outage  hours  by summing  
the  EFOD  and  ESOD values,  rather than  the  summation  of the  EOD  va lues.  

1 1 .5  Energy unavai labi l i ty (EU)  

1 1 .5. 1  General  

This  is  a  measure  of energy wh ich  cou ld  not have  been  transm i tted  due  to  ou tages.   

Energy unavai l abi l i ty i s  determ ined  from  the  equ ivalent  ou tage  hours  fi gure,  as  fo l l ows:  

 100% ×






=
PH

EOH
EU  (5)  

I t  i s  usual l y expressed  i n  percentage  values.  

For re l iabi l i ty s tud ies,  i t  i s  essential  to  d istingu ish  between  the  effects  of l i ne  fau l ts  on  
monopolar and  on  mu l tipolar (bipolar)  transm ission  systems.  

I n  a  monopolar system ,  a  l i ne  fau l t  causes  a  complete  col l apse  of the  transm ission .  I n  a  
b ipolar system  for most  cases,  a  l i ne  fau l t  on l y affects  one  pole  of the  transm ission  system ,  
so  that l i ne  fau l ts  wou ld ,  i n  general ,  reduce  energy transm ission  by 50  %.  However,  i f the  
remain ing  transm ission  l i ne  pole  i s  des igned  for some degree  of overcurrent  capabi l i ty and  i f 
the  converter g roups  on  the  HVDC substation  can  be  connected  i n  paral l e l ,  then  more  than  
50  %  of the  energy may be  transm i tted  after necessary swi tch ing  for paral l e l i ng  the  converters  
has  been  performed.  

I n  the  case  of a  fau l t i n  a  converter un i t,  the  affected  un i t  may have  to  be  swi tched  out.  The  
percentage  l oss  of transm ission  capaci ty i s  g iven  by the  number of converter groups  taken  
ou t of service  related  to  the  tota l  number of converter un i ts.  
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There  may be  other con ti ngencies,  such  as  partia l  loss  of fi l ters ,  fau l ted  earth  e lectrode  l i ne,  
etc.  Their impact on  avai labi l i ty shou ld  be  defined .  

1 1 .5.2  Forced  energy unavai labi l i ty (FEU)  

There  i s  a  measure  of the  energy wh ich  cou ld  not have  been  transm i tted  due  to  forced  
ou tages:  

 100% ×






=
PH

EFOH
FEU  (6)  

1 1 .5.3  Scheduled  energy unavai labi l i ty (SEU)  

This  i s  a  measure  of the  energy wh ich  cou ld  not have  been  transm i tted  due  to  schedu led  
ou tages:  

 100% ×






=
PH

ESOH
SEU  (7)  

1 1 .6  Energy avai labi l i ty (EA)  

This  i s  a  measure  of the  energy wh ich  cou ld  have  been  transm itted  by an  HVDC system :  

 EA  %  =  1 00  – EU %  (8)  

1 1 .7  Maximum permitted  number of forced  outages  

Not a l l  the  forced  outages  are  to  be  coun ted .  The  maximum  perm i tted  number of such  forced  
ou tages  for the  period  hours  PH  shou ld  be  defined .  

1 1 .8  Statistical  probabi l i ty of outages  

1 1 .8. 1  Component fau l ts  

I n  add i tion  to  the  avai l ab i l i ty of the  overal l  system ,  the  rel iabi l i ty of some ind ividual  
components  may a lso  be  considered .  

Every componen t i n  the  system  can  be  characterized  by i ts  fa i l u re  rate  λ .  I t  i s  wel l  to  
d isti ngu ish  between  statis tical  fa i lu res  (random  ou tages)  and  fai l u res  at  the  end  of the  
component l i fetime (for example,  ou tages  of l um inescen t d iodes  because  of ageing) .  To  stock 
spare  parts,  good  practice  d i fferentiates  between  these two  kinds  of fa i l u res,  s ince  at  the  end  
of thei r l i fetime  a l l  of the  concerned  components  shou ld  be  replaced .  

1 1 .8.2  External  fau l ts  

The expected  number of a. c.  system  fau l ts  and  thei r duration ,  wh ich  may detrimen tal l y 
i n fl uence the  behaviou r of an  HVDC system ,  shou ld  be  s tated .  The  probabi l i ty of the  
occurrence of such  fau l ts  shou ld  be  considered  when  stati ng  the  perm i tted  number of HVDC 
system  forced  outages.  

1 2  HVDC control   

1 2. 1  Control  objectives  

The advantages  of an  HVDC system  very much  depend  on  the  u ti l i zation  of i ts  control labi l i ty 
i n  ensuring  maximum  flexibi l i ty,  re l i abi l i ty and  adaptabi l i ty for d i fferen t system  requ i rements .  

The  obj ecti ve  of an  HVDC con trol  system  shou ld  be  to  provide  effi cien t operation  and  
maximum  flexib i l i ty of power con trol  i n  magn i tude,  rate  of change and  d i recti on  wi thou t 
comprom ising  the  safety of the  equ ipment,  wh i le  main tain ing  the  maximum  independence of 
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each  pole.  The  control  system  shou ld  be  su i table  for h i gh -speed  con trol  i n  such  a  way that  
i t  can  effectivel y respond  to  d is turbances  i n  the  a . c.  and  HVDC systems.  I t  i s  recogn ized  that 
l ong-d istance  transm ission  requ ires  a  h i gh -speed  telecommunication  system  for the  most 
effecti ve  operation .  However,  the  HVDC system  shou ld  be  operable  wi thout 
te lecommunication ,  and ,  for th is  case,  the  performance shou ld  be  maxim ized  to  the  exten t 
poss ib le.  

The  con trol  system  shou ld  be  adaptable  for:   

1 )  con trol  of the  reactive  power exchange wi th  the  a. c.  system  includ ing  reduced  or 
i ncreased  reactive  power consumption ;  

2)  a. c.  vol tage  con trol ;  

3)  frequency control ;  

4)  acti ve  power modu lation ;  

5)  combined  active  and  reactive  power modu lation ;  

6)  subsynchronous  tors ional  i n teraction  damping ;  

7)  remote  operation .  

1 2.2  Control  structure  

1 2 .2. 1  General  

The various  control  ci rcu i ts  of an  HVDC substation  are  general l y s tructured  i n  a  h ierarch ical  
manner.  They normal l y operate  fu l l y au tomatical l y.  For l ong-d istance  HVDC transm ission  
systems,  a  te lecommun ication  l i nk is  needed  to  coord inate  between  the  recti fi er and  the  
i nverter.  The  various  l evels  are  described  subsequentl y,  starti ng  wi th  the  l owest  l evel  (F igure  
1 9) .  

1 2 .2.2  Converter un i t  fi ring  control  

The converter un i t  fi ri ng  con trol  i s  essentia l l y an  open  l oop  control .  I ts  ou tputs  are  the  fi ri ng  
pu lses  to  the  i nd ividual  va lves  in  a  1 2-pu lse  converter un i t.  These  are  synchron ized  to  the  a . c.  
system  vol tage.  The  i npu t i s  the  delay ang le  α  or the  tri gger advance  ang le  β ,  as  provided  by 
the  next h i gher level .  

There  are  main l y two  types  of converter un i t  fi ring  con trol  pri nciples  wh ich  have  been  used  for 
HVDC:  

– equal  delay ang le  control ;  

– equ id istan t fi ring  control .  

Equal  delay ang le  control  i s  a  method  of t im ing  the  va lve  control  pu lses  so  that the  delay 
ang les  of the  valves  i n  the  converter un i t  are  essentia l l y equal ,  regard less  of unbalances  i n  
the  a . c.  system  vol tage.  

Equ id istant fi ri ng  con trol  i s  a  method  of t im ing  the  va lve  control  pu lses  in  such  a  way that they 
are  essentia l l y equ id istant in  time,  regard less  of unbalances  or d istortion  i n  the  a. c.  system  
vol tage.  

The  function  requ i rements  of the  converter un i t  fi ri ng  con trol  are:  

a)  operation  down  to  l ow va lues  ( i . e.  l ess  than  3)  of the  ratio  between  the  short-
ci rcu i t  capaci ty of the  a. c.  network and  the  transm i tted  d . c.  power;  

b)  that  the  perm i tted  deviation  from  equ id istant fi ri ng  shou ld  be  ±∆o ,  i . e .  each  fi ri ng  during  
cond i ti ons  speci fied  shal l  occur 30  ±  ∆o  after the  preced ing  fi ring  (for a  1 2-pu lse  converter 
un i t) .  I t  shou ld  be  noted  that the  cond i tions  are  d i fferent wi th  regard  to  a  reasonable  value  
for ∆o  for d i fferen t converter modes  of operation ,  i . e .  operation  wi th  m in imum  α,  current  
con trol  or m in imum  exti nction  ang le  control .  
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Deviation  from  equ id istant  fi ri ng  g i ves  rise  to  non-characteristic  harmon ics  transferred  to  the  
a. c.  network as  wel l  as  to  the  HVDC transm ission  l ine.  A typ ica l  perm i tted  maximum  va lue  of 
∆o i s  0 , 2° ,  assum ing  that the  a . c.  system  vol tage  and  impedances  are  balanced .  
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2  AC/d . c.  system  l evel  

3  HVDC system/master control  

4  Area  l evel  (or l ocal  substation  l eve l )  

5  B ipole/substation  con trol  (substation  
sequencing ,  substation  power control ,  
substation  power capabi l i ty cal cu lator,  reacti ve  
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capabi l i ty cal cu lator)  

8  Pole  2  (d . c.  protection ,  pole  sequencing ,  pole  
power con tro l ,  tap  changer con trol ,  po le  power 
capabi l i ty cal cu lator)  

9  HVDC substation  (pole  l evel )  
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thyri stor status  reporti ng ,  thyri stor protection )  

1 1  Converter un i t  l evel  

1 2  Converters  

Figure 1 9  – Control  h ierarchy 
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1 2.2.3  Pole  control  

The  pole  control  provides  the  reference  values  per pole  for a l l  series-connected  converter 
un i ts,  i f any.  

Pole  con trol  i s  a  closed  l oop  con trol  and  i ncludes  the  basic  con trol  functions  that are  requ i red  
for stable  operation  of the  HVDC system ,  such  as  current control ,  vol tage  control ,  extinction  
ang le  con trol ,  power con trol ,  tap  changer con trol .  Al l  these  control  functions  have  a  reference 
value  and  an  actual  va lue.  Some of these  reference  va lues  may be  provided  by the  pole  
con trol  (for example,  the  curren t reference va lue,  wh ich  is  ca lcu lated  out of the  requested  
transm ission  power) ,  others  can  be  provided  by the  operator (for example,  d . c.  vol tage,  d . c.  
power).  

General l y,  each  substation  pole  i s  provided  wi th  a  pole  con trol  (F igure  1 9)  that controls  the  
d . c.  vol tage  ou tpu t of the  converter by determ in ing  the  fi ri ng  i nstant of the  valves.  The  pole  
con trol  senses  the  d i fference  between  the  order and  the  response and  ad justs  the  converter 
d . c.  ou tpu t vol tage  accord ing l y.  I f the  curren t order i n  the  recti fier i s  l arger than  the  current 
response,  the  fi ri ng  control  i ncreases  the  d i rect vol tage  by decreasing  the  de lay ang le,  thus  
i ncreas ing  the  d i rect curren t.  The  d i rect vol tage  is  i ncreased  un ti l  the  current response equals  
the  current order or the  maximum  vol tage  i s  reached  when  fi ri ng  at m in imum  delay ang le,  
(m in imum  vol tage  across  the  valve  capable  to  fi re  i t) .  On  the  other hand ,  i f the  current 
response i s  l arger than  the  curren t order,  the  d i rect vol tage  i s  correspond ing l y decreased .  
The  decreasing  action  i s  l im i ted  when  the  converter operation  has  been  transferred  from  
recti fication  to  i nvers ion  and  fi ring  g i ven  the  least perm i tted  extinction  ang le  (to  assu re  safe  
valve  recovery) .  

The  vol tage  current  characteristics  of a  recti fier and  an  i nverter are  shown  i n  F igures  20a  and  
20b.  

Normal l y,  the  maximum  vol tage l im i t  i n  the  i nverter i s  l ower than  that of the  recti fier,  and  the  
curren t  wi l l  be  con trol l ed  by the  recti fier.  That i s ,  the  i nverter wi l l  main ta in  the  vol tage,  and  the  
recti fier wi l l  ad just i ts  vo l tage  unti l  the  curren t becomes  equal  to  the  order i npu t,  and  a  stable  
working  poin t  A i s  establ i shed  (F igure  20a) .  

I f the  i nverter vol tage  l im i t  i s  larger than  the  recti fier vol tage  l im i t,  the  i nverter con trols  the  
curren t and  the  recti fi er main tains  a  maximum  vol tage.  As  F igures  20a  and  20b  show the  
con trol  characteristic i n  a  s impl i fied  form ,  typical  examples  of more  detai l ed  characteristics  
are  shown  i n  F igu re  20c.  

As  noted ,  the  recti fi er u sual l y con trols  the  current  and  the  i nverter determ ines  the  vol tage.  
The  i nverter curren t order equals  the  recti fier curren t order less  the  “curren t  marg in”  (∆I =  IR  – 
II )  (F igure  20a).  The  i nverter i s  forced  to  fi re  at the  l owest  a l l owed  trigger advance  ang le  β  
keeping  the  exti nction  ang le  constant  at  γmin ,  and ,  accord ing l y,  the  i nverter establ ishes  the  
vol tage  on  the  HVDC transm ission  l ine.   

For long-d istance  transm ission ,  the  d . c.  vol tage  at  the  i nverter i s  usual l y kept constan t  by 
appropriate  con trol  of the  i nverter transformer tap  changers.  

I n  other systems,  the  i nverter i s  control led  i n  such  a  way as  to  keep the  HVDC transm ission  
l ine  vol tage  constant.  I n  th is  case,  the  transformer tap  changer is  used  to  keep  the  exti nction  
ang le  γ  wi th in  a  certa in  range.  

The  de lay ang le  in  the  recti fier i s  kept wi th in  a  narrow band  (nom inal  α  ±  ∆α)  by means  of 
ad j ustment of the  tap  changers  of the  converter transformers.  DC  vol tage  variation  by 
chang ing  the  delay ang le  by ∆α  n ormal l y corresponds  to  one  tap-changer step.  Al ternativel y,  
the  converter no- load  d i rect vol tage  may be  kept constan t by means  of ad justment of the  tap  
changers.  
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1  Recti fi er Ud  con tro l  

2  I nverter Ud  con trol  (vol tage  order)  

3  I nverter γ  control  

4  DC l i ne  d rop  

5  I nverter Id  con trol  

6   I nverter VDCL (vol tage  dependent curren t l im i t)  

7   Normal  operati ng  po in t  
8   Recti fi er Id  con trol   

9   Recti fi er VDCL (vol tage  dependent  cu rrent  l im i t)  

1 0   Current  order 

Figure 20  – Converter vol tage-current characteristic  
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Reduced  d . c.  vol tage  may be  needed ,  for example,  at  times  of reduced  vol tage  wi thstand  
capabi l i ty of the  HVDC transm ission  l i ne.  Th is  can  be  accompl ished  i n  the  recti fi er as  wel l  as  
i n  the  inverter by tap  change  in  the  converter transformer,  by ad justmen t of the  delay ang le  or 
by swi tch ing  off one series  connected  converter groups ,  i f any.  

1 2 .2.4  HVDC  substation  control  

The HVDC substation  control  i s  normal l y implemented  as  a  cl osed  loop  con trol  system .  One 
major des ign  cri teria  for HVDC systems  is  normal l y to  m in im ize  the  equ ipment at  the  station  
l evel  as  much  as  possib le,  i n  order to  m in im ize  the  impact on  the  b ipole  i n  case  of a  fau l t  at  
that l evel .  Referring  to  s tation  level  functions,  these  cou ld  a lso  be  rea l i zed  wi th in  pole  l evel  
hardware,  and  may i nclude:  

a)  coord ination  of curren t orders  between  the  two  ends  via  the  te lecommun ication  l i nk,  most 
l i kel y on  a  per pole  basis ;  

b)  power control ;  

c)  coord ination  between  the  poles  of a  HVDC substation  ( i f there  i s  more  than  one  pole);  

d )  more  soph isticated  con trol  s trateg ies.  

Examples  of the  more  soph isticated  control  strateg ies  are  described  below.  

The  reactive  power consumption  of a  HVDC substation  is  dependent upon  the  fi ring  ang le  and  
the  d i rect curren t flowing .  Thus  the  d . c.  l i nk can  be  used  for control  of reactive  power or for 
vol tage  control  i n  the  a. c.  network.  

The  HVDC substation  control  can  be  coord inated  wi th  control  external  to  the  HVDC substation ,  
for example,  the  turbine  governor of a  generator station .  The  HVDC substation  can  a lso  be  
provided  wi th  con trols  to  avoid  subsynchronous  tors ional  i n teraction  (SSTI )  of a  turbine-
generator.  

Pole  current balance  con trol  can  be  speci fi ed  to  m in im ize  earth  e lectrode  l i ne  curren t  (equal  
to  the  unbalance  current  between  two poles  of a  b ipolar earth  return  HVDC system),  to  avoid  
corrosion  problems from  earth  cu rrent  flow through  underground  structures.  A typica l  
unbalance  curren t  l im i t  between  the  two  poles  of a  b ipolar system  wi thou t balance  control  
m ight  be  3  %  of rated  curren t.  

I t  shou ld  be  speci fi ed  wh ich  con trol  s trateg ies  are  i n tended  to  be  used  and  at  wh ich  priori ty 
they shou ld  be  operable  under d i fferent  operati ng  and  a . c.  system  cond i ti ons.  

The  power control  to lerance  i s  dependent upon  the  accuracy of the  vol tage  d i vider,  the  
curren t sensor and  the  resolu tion  of the  power order.  A typica l  tolerance  va lue  is  about  1 , 5  %  
at  rated  power.  

1 2.2.5  Master control  

Master con trol  i s  usual l y i n tegrated  i n to  the  HVDC station  con trol .  However,  i f two or more  
HVDC substations  are  connected  to  the  same a. c.  bus,  the  master con trol  wou ld  be  a  
separate  l evel  above the  station  con trol  and  include  more  soph isticated  con trol  strateg ies.  
I t  wou ld  i n terface  wi th  the  a. c.  system  and  coord inate  the  various  substations.  Master con trol  
can  a lso  be  provided  remotel y,  for example,  at  a  d ispatch  centre.  I n  th is  case,  
te lecommun ication  must be  provided  from  the  d ispatch  cen tre  to  the  HVDC substation .  

1 2.3  Control  order settings  

General l y,  both  converters  of an  HVDC system  are  equ ipped  wi th  i den tical  con trol  equ ipment 
s i nce  most HVDC systems are  des igned  to  transm i t  power i n  both  d i rections.  
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On l y the  s tation  control  i n  one  l ocation  can  be  i n  the  l ead  at one  time.  General l y,  the  setti ng  
of the  s tation  con trol  order and  rate  of change are  provided  manual l y at  the  lead  s tation .  The  
changes  i n  order are  then  executed  in  the  other substation(s)  via  the  te lecommun ication .  
Capabi l i ty of the  l ead  s tation  for setti ng  can  also  be  transferred  to  a  remote  l ocation ,  for 
example,  a  d ispatch  cen tre.  

I n  the  curren t  control  mode  the  curren t  order can  be  set manual l y i n  both  substations,  i f voice  
communication  i s  avai lable  for coord ination  purposes.  Current con trol  can  a lso  be  provided  
remotel y,  for example,  at  a  d ispatch  centre.  

Swi tch ing  from  power to  curren t control  mode  may be  ordered  au tomatical l y after fa i l u re  of the  
te lecommunication  channel  or by command  from  the  station  control .  

The  resolu tion  i n  the  power order setti ng  may be  speci fied  ( typical l y 1 0  MW at a  rated  power 
of 1  000  MW).  I ts  rate  of change  may be  speci fied  as  wel l  (for example,  between  1  MW/m in  
and  99  MW/m in  i n  s teps  of 1  MW/m in).  

Change  in  power d i rection  i s  normal l y i n i ti ated  from  the  l ead  substation ,  bu t  cou ld  a lso  be  
ordered  automatical l y,  i f emergency reversal  i s  ca l led  for,  for example,  after a  d is turbance i n  
one  of the  a . c.  systems.  

1 2 .4  Current  l im its  

Various  l im i ts  can  be  appl i ed  to  the  current order.  The  main  obj ecti ve  of these  is  to  optim ize  
the  perm iss ib le  current wi th  respect  to  main  ci rcu i t  components  and  cool i ng  cond i ti ons.  
Examples  of such  l im i ts  are:  

a)  overload  of l im i ted  duration  – perm i ts  overload  for a  fixed  duration  per 24  h  period ,  for 
example,  to  take  accoun t of transformer temperature-rise  l im i ts ;  

b)  win ter overload  – perm i ts  overload  when  valve  cool i ng  cond i ti ons  are  favourable  during  
l ow ambient temperature  periods;  

c)  d ynam ic overload  – permi ts  overload  for short  t imes  based  on  transien t thermal  properties  
of thyristors  and  the ir coolers ;  

d )  other cu rrent l im i tation  – because  of l oad ing  l im i ts  for generators  connected  to  the  recti fier 
substation  or for operation  wi th  reduced  d . c.  vol tage  or other system  d ynam ic 
performance  requ i rements;  

e)  m in imum  current l im i tation  – normal l y 0 , 05  to  0 , 1  per un i t.  

The  l im i ted  curren t order can  be  transm i tted  between  the  two substations  and  synchron izing  
equ ipment ensures  that  the  two  substations  at  any particu lar time wi l l  be  g i ven  i dentical  
curren t orders.  

1 2.5  Control  ci rcu i t  redundancy 

The  user requ i rements  for avai lab i l i ty of the  HVDC scheme may form  the  basis  for speci fying  
the  re l iab i l i ty of the  control  system .  Typical l y,  to  ach ieve  a  m in imum  poss ible  b ipolar ou tage  
rate,  the  control  system  i ncorporates  redundancy or main  and  backup subsystems.  

1 2.6  Measurements  

I tems  of i n terest wh ich  are  normal l y measured  i n  an  HVDC system  are  as  fol lows:  

– d . c.  curren t;  

– d . c.  vo l tage  and  polari ty;  

– reactive  power consumed  by the  converters;  

– net reactive  power i nclud ing  VAR banks  and  fi l ters;  

– a . c.  curren t;  
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– a. c.  vol tage;  

– a. c.  power;  

– energy;  

– earth  curren t;  

– delay ang le;  

– extinction  ang le;  

– tap-changer posi tions.  

A decis ion  shou ld  be  made on  wh ich  of these  measurements  is  requ ired ,  and  whether they 
shou ld  be  made on  a  per pole  basis ,  and  at what accuracy.  

The  accuracy or to lerance requ irements  wi l l  be  d i fferent  accord ing  to  the  function  for wh ich  
the  measurement i s  being  made  (control ,  protection ,  metering ,  ind ication ,  record ing ,  etc. ) .  As  
an  example,  the  deviation  between  the  set curren t order and  the  actual  cu rrent  i s  dependen t 
upon  the  to lerance of the  current  con trol  system  and  the  current sensor.  I n  th is  case,  a  typica l  
to lerance  requ i rement i s  l ess  than  1  %  at  rated  curren t.  

1 3  Telecommunication  

1 3. 1  Types  of telecommunication  l inks  

When  the  two  term inals  of a  HVDC system  are  located  a  considerable  d istance  apart,  i t  i s  
necessary to  have  a  te lecommunication  system  to  exchange in formation  between  the  two  
term inals .  The  most bas ic i n formation  to  be  exchanged  re lates  to  coord ination  of the  two  
term inals  during  start  and  stop  sequences.  Fast  commun ication  between  the  two  term inals  
can  be  used  to  enhance the  performance  of the  HVDC system .  

Al ternative  types  of te lecommunication  can  be  used  for con trol  and  operation  of an  HVDC 
transm ission :  

a)  te lephone;   

b)  power l i ne  carrier (PLC);   

c)  m icrowave;   

d )  rad io  l i nk;   

e)  optical  fi bre  communication .  

More  than  one  system  may be  used .  

1 3.2  Telephone  

A publ ic  te lephone  network is  one  a l ternative  communication  l i nk for HVDC transm iss ion  
con trol .  The  bas ic need  for voice  commun ication  between  the  stations  for the  correct  t im ing  of 
measures  to  be  taken  i n  the  s tations  at  operational  changes  can  be  satisfied  by a  d ia l -up  
connection .  For the  operation  of the  HVDC transm ission  from  a  d ispatch  cen tre  wi th  
unmanned  HVDC substations  and  to  make use  of the  i nheren t HVDC system  speed  of 
response for con trol  of transm itted  power,  a  permanent te lephone l i ne  i s  needed .  

1 3.3  Power l ine  carrier (PLC)  

PLC is  one  means  of communication  for an  HVDC transm ission  wi th  overhead  l i nes;  however,  
i ts  capabi l i ti es  may be  i nsufficient  to  meet the  requ irements  of h igh-speed  modu lation  control .   

For an  HVDC cable  system ,  the  transm ission  capaci ty of a  PLC  wi l l  be  reduced  for longer 
cable  d istances.  A cable  d istance  of about  1 50  km  is  the  approximate  l im i t  for one  duplex PLC  
channel .  



 – 60  – I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  
  +AMD2: 201 7  CSV   I EC  201 7  

When  a l l ocating  frequencies  for a  PLC system  wh ich  u ti l i zes  the  HVDC transm iss ion  l i ne  for 
i ts  carrier s ignal  transm ission ,  cons ideration  shou ld  be  g i ven  to  the  frequency coord ination  
wi th  other PLC  systems  of i n terconnected  a . c.  networks  to  avoid  in terference.  

PLC over the  HVDC transm ission  l i ne  m igh t wel l  use  a  h igher carrier frequency close  to  the  
HVDC substations  to  ach ieve  a  satisfactory s i gnal -to-noise  ratio  wi th  respect to  poss ib le  
converter i n terference.  Lower carrier frequencies  may be  used  at  some d is tance  from  the  
HVDC substations  because  the  lower frequencies  have  l ower attenuation .  Due  consideration  
shou ld  a lso  be  g i ven  to  poss ible  i n terference  at  cross ings  between  the  HVDC and  a . c.  
transm ission  l i nes.  

1 3.4  M icrowave  

Whi le  not  necessari l y essen tia l  for control  of HVDC transm ission ,  a  m icrowave  l i nk may be  
the  correct a l ternative  for fast  transm iss ion  of the  l arge  amounts  of i n formation  needed  to  
complement a  more  soph isticated  control  and  protection  of HVDC systems.  

However,  the  s ignal  levels  of m icrowave  te lecommunication  can  be  affected  by weather 
cond i ti ons,  such  as  heavy ra in  and  fog  s i nce  they absorb  or scatter the  m icrowave s ignal .  

Proper selection  of the  m icrowave  channel  rou te  is  necessary for re l iab le  and  econom ical  
i nsta l l ation .  Because  of i ts  l i ne-of-sigh t characteri stic,  the  system  requ i res  several  reflection  
towers  depend ing  on  geograph ica l  s i tuation  and  repeater s tation(s)  for i n termed iate  s ignal  
boost to  compensate  for th is  attenuation .  

Sate l l i te  te lecommunication  may be  another choice  for very l ong  d istance  HVDC transm ission  
schemes  a l though  i t  i nevi tabl y has  commun ication  delay time.  

1 3.5  Rad io  l ink 

A rad io  l i nk may be  considered  at l ong  sea  crossings  wi th  HVDC cable  transm issions,  when  
PLC does  not provide  sufficien t speed .  

1 3.6  Optical  fibre  telecommunication  

A fibre-optic commun ication  l i nk may be  used  for con trol  and  protection  of HVDC systems and  
may be  an  econom ic a l ternative  for fast transm ission  of l arge  amoun ts  of i n formation  wi th  
h igh  immun i ty from  i n terference.  

Th is  commun ication  system  is  very fast (comparable  to  m icrowave  systems)  and  re l iab le.  
Therefore,  i n  add i tion  to  the  basic requ i rements  for operation  of the  HVDC system ,  sufficient 
add i ti onal  bandwid th  may exist to  a l low enhanced  performance of the  control  and  protection  
systems.  Also,  in formation  capaci ty i s  sufficien tl y h igh  that a  variety of detai l ed  operational  
data  can  be  transm itted  a lmost i nstan taneously.  The  data  channels  usual l y i ncorporate  
mu l tip lexer technology for efficien t u ti l i zation  of the  system .  

Optical  fi bre  can  be  la i d  for sea  crossings;  however,  carefu l  route  selection  is  importan t s i nce  
they are  eas i l y damaged  by mechan ical  s tress.  U sing  composi te  d . c.  power cables ,  i n  wh ich  
optical  fibres  are  enclosed ,  i s  another choice.  I f these  cables  are  used ,  the  re l i ab i l i ty of the  
fibre  optic communication  in  terms  of mechan ica l  stress  can  be  compatib le  wi th  conventional  
power cable  and  the  tota l  l aying  cost can  be  reduced .  Use  of OPGW (optica l  ground  wire)  as  
one  of sh ie ld ing  wi re  is  another typica l  arrangement used  i n  many overhead  l i nes  schemes.  
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1 3.7  Classification  of data  to  be  transmitted  

A l ist of classes  of the  d i fferent types  of i n formation  to  be  transm itted  between  the  HVDC 
substations  i s  g i ven  be low.  For each  of these  classes,  the  d i fferent requ i rements  shou ld  be  
i denti fied  such  as  speed ,  resolu tion  and  re l iabi l i ty:  

a)   order s ignals  for con tinuous  control :  

–  power order;   

– curren t order;  

– frequency control ;   

– damping  control ;  

b)   operation  orders :  

– change  of control  mode  of operation ;   

–  i n terlocking  of protection ;   

–  operation  of swi tches;   

– b lock/deblock;  

– power system  securi ty control ;  

c)   state  i nd ications:  

– pos i tion  of swi tches;   

– number of converters  i n  operation ;  

d )   measured  value;  

e)   a larm  signals ;  

f)   vo ice  commun ication ;  

g )   d . c.  l i ne  fau l t l ocation .  

Usual l y,  these  s ignals  are  transm itted  in  accordance  wi th  certa in  data  format,  such  as  cycl ic 
d ig i ta l  te lemeter data  format.  Each  data  i tem  is  assigned  to  a  group  of b i ts  s ized  accord ing  to  
the  data  format.  I n  some cases,  i t  may be  undes irable  to  resend  o ld  data  i f an  error i s  
detected ,  for example,  when  send ing  power orders  during  swing  damping .  

1 3.8  Fast response  telecommunication  

Several  types  of control  may requ ire  a  fast te lecommunication  such  as  m icrowave or optical  
fibre  channel  (greater than  1  200  bi t  per second  (bps), (for example,  64  kbps)),  for example:  

a)  damping  control  of a. c.  systems;   

b)  frequency control  of a. c.  systems;   

c)  fast power control  of a . c.  and  HVDC systems;   

d )  HVDC transm ission  l i ne  fau l t  l ocation ;  

e)  HVDC transm ission  l i ne  protection ;  

f)  power system  securi ty control .   

The  performance  requ i rements  of the  te lecommunications  system(s)  wi l l  depend  on  the  
speci fic demands  p laced  on  i t  by the  HVDC control  system ,  remote  control  faci l i ti es ,  etc.  
S ince  these  vary widel y between  HVDC schemes,  the  te lecommun ications  system  
speci fication  shal l  be  determ ined  through  deta i led  anal ys is  of the  particu lar HVDC system .  

1 3.9  Rel iabi l i ty 

General l y,  a  te lecommun ication  system  can  be  provided  wi th  an  au tomatic  se l f-checking  
system .  
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I f a  redundan t (s tand-by)  te lecommun ication  system  is  avai lable,  au tomatic  swi tch -over 
shou ld  be  provided ,  thus  maintain ing  the  fu l l  degree  of con trol  of the  HVDC system .  I f a  
redundant system  is  not avai lable,  then ,  after l oss  of commun ication ,  the  operation  of the  
HVDC system  shou ld  conti nue  un in terrupted  under the  defined  con trol  s trategy not requ i ring  
te lecommun ication .  

For m icrowave  channels ,  s i gnal  fad ing  i s  i nevi table ;  however,  the  i n terruption  period  of a  
typ ica l  commun ication  channel  i s  around  1 0  ms.  I t  i s  normal l y poss ible  for the  HVDC system  
to  main tain  the  control  s i gnal  data  during  the  i n terruption ,  so  i t  shou ld  be  able  to  recover 
wi thout  i n terruption  of the  power flow.  

Further h igh  re l iabi l i ty can  be  ach ieved  i f several  of the  above mentioned  communication  
channels  are  combined .  For example,  combination  of m icrowave  and  fi bre-optic 
communication  channel  enables  un in terruptib le,  more  re l i able  commun ication  and  flexib le  
main tenance  of these  faci l i ti es.  Also,  d is located  i nsta l lation  of two sets  of m icrowave  system  
(space  d i vers i ty scheme)  can  m i ti gate  a  s i gnal -fad ing  problem  across  the  sea.   

1 4 Auxi l iary power suppl ies  

1 4. 1  General  

Auxi l i ary power suppl ies,  wh ich  usual l y have  a  tota l  rating  equ ivalent  from  0, 2  %  to  1  %  of the  
HVDC substation ,  are  needed  for cool ing  pumps  and  fans,  con trol ,  protection  and  motorized  
dri ves  of d isconnectors,  etc.  and  for general  substation  service  needs.  To  ensure  adequate  
securi ty of suppl y and  freedom  from  in terruption ,  these  suppl ies  are  usual l y derived  d i rectl y 
from  the  h i gh-vol tage  a . c.  network at the  substation .  

Where  a  separatel y and  i ndependen tl y energ ized  d istribu tion  network suppl y i s  avai l able,  th is  
shou ld  be  u ti l i zed  as  a  back-up  source  to  g i ve  added  protection  against fa i l u re  of med ium - 
and  l ow-vol tage  swi tchgear and  suppl y transformers.  

1 4.2  Rel iabi l i ty and  load  classification  

Short (for example,  l ess  than  5  s)  i n terruptions  i n  the  auxi l i ary supply to  the  converter station  
shou ld  not d isturb  the  HVDC power flow.  Safe  con trol l ed  shu tdown  of the  HVDC substation  
shou ld  take  p lace  in  the  even t that the  a . c.  bus  has  been  tri pped  by the  protection .  (S ince  
HVDC converters  are  l i ne-commutated  there  can  be  no  sustained  transm ission  i f the  a. c.  
system  generation  i s  l ost,  a l though  protection  may be  needed  to  prevent pseudo-commutation  
by fi l ters  or reactive  power compensators).  

Control ,  protection  and  data  record ing  systems  are  not usual l y able  to  accommodate  even  a  
very short  in terruption  i n  their power suppl ies.  Accord ing l y,  they are  suppl ied  from  station  
batteries  or,  when  a . c.  suppl ies  are  needed ,  from  an  un in terruptib le  power s ystem  (UPS).  
Dupl ication  of batteries  i s  not a lways  necessary,  bu t fu l l  redundancy of the  battery chargers  
and  the  UPS may be  requ i red  to  meet the  des i red  re l iabi l i ty cri teria .  Al l  breakers  and  
d isconnectors  essentia l  to  the  safe  shu tdown  fo l l owing  a  fau l t  shou ld  be  operated  by stored  
energy,  for example,  compressed  a i r or battery suppl ies.  

D i fferen t considerations  appl y to  the  operation  of d isconnect swi tches  and  the  clos ing  of 
breakers  to  reinstate  the  transm ission  capabi l i ty fo l lowing  a  fau l t-caused  shutdown  perhaps  at  
a  lower capaci ty.  I f the  requ irement for a  restart from  a  tota l l y dead  bus  can  be  expected ,  a  
d iesel  generator may be  necessary when  adequate  battery capaci ty i s  unreal is tic.  

On l y brief i n terruptions  i n  power for va lve  cool ing  fans  and  pumps  can  be  a l l owed  because  of 
the  short thermal  time  constan t of th yristor va lves.  Automatic changeover between  two  
i ndependentl y derived  suppl ies  i s  preferable;  bu t i f one  i s  dependen t upon  the  d istribu tion  
network,  i t  shal l  be  recogn ized  that the  securi ty of such  a  suppl y wi l l  be  rather l ow and  the  
changeover shou ld  be  such  that reconnection  to  the  primary system  source  is  au tomatical l y 
accompl ished  as  qu ickl y as  possib le.  
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S ince  HVDC power transm ission  is  possib le  on l y when  the  a. c.  system  bus  i s  energ ized ,  the  
l oss  of auxi l i ary suppl ies  during  an  a . c.  system  d isturbance  or converter d isconnection  does  
not cause  a  further l oss  of avai l ab i l i ty,  u n less  the  subsequent restart of auxi l iary loads  is  
delayed .  

A l ower securi ty of suppl y can  be  accepted  for those  general  s tation  services  the  l oss  of 
wh ich  does  not d i rectl y j eopard ize  the  power flow.  Even  so,  changeover capabi l i ty between  
a l ternative  and  i ndependent suppl ies  shou ld  be  regarded  as  the  norm ,  bu t may not 
necessari l y be  au tomatic.  

An  emergency supply that wi l l  be  main tained  even  when  the  HVDC substation  i s  i so lated  from  
the  a . c.  network may be  needed .  Typica l l y,  th is  emergency suppl y wi l l  be  from  d iesel  
generators  and  apart from  suppl ying  general  services  may be  arranged  to  power the  battery 
chargers,  particu larl y i f the  poss ib i l i ty of prolonged  outages  can  be  anticipated .  

1 4.3  AC  auxi l iary suppl ies  

The tota l  auxi l i ary load  of the  HVDC substation  and  the  number and  rating  of motors  l arger 
than  30  kW  shou ld  be  establ ished ,  at  fi rst  to  defi ne  approximatel y the  overal l  auxi l iary bus  
requ i rements .  Second l y,  detai l s  of poss ib le  sources  of suppl y and  the  capaci ty,  fau l t  l evel  and  
re lationsh ip  to  the  poin t  of coupl ing  of the  converter to  the  a. c.  network need  to  be  defined .  
Th is  shou ld  be  augmented  wi th  the  a i d  of a  s ing le  l i ne  d iagram .  From  these  data,  i t  wi l l  be  
poss ib le  to  speci fy securi ty of suppl ies ,  duration  of i n terruptions  due  to  fau l t cl earance,  
d istortion ,  vol tage  and  frequency l im i ts .  A vol tage  stabi l i ty anal ys is  shou ld  be  carried  ou t on  
any des ign  proposal  to  ensure  that  changeover times  and  phase  d i fferences  between  
a l ternative  suppl ies,  vol tage  reductions  on  motor starti ng  and  fau l t  cl earance are  wi th in  
acceptable  l im i ts.  

I nduction  motors  particu larl y may be  sens i ti ve  to  the  ampl i tude  of negative  sequence vo l tage,  
l ow vol tage  or extreme frequency excurs ions.  F inal l y,  an  accurate  figure  wi l l  be  needed  for 
l oss  guarantee  purposes.  

1 4.4  Batteries  and  un interruptible  power suppl ies  (UPS)  

I t  i s  usual  to  have  separatel y ass igned  batteries  to  l im i t  mutual  i n terference  for at l east:  

– HVDC system  control  for each  pole;  

– other substation  con trol  and  protection ;  

– te lecommunication  equ ipment.  

These  batteries  wi l l  usual l y be  of d i fferent  rated  vol tages.  The  time for wh ich  each  battery can  
suppl y i ts  rated  l oad ,  wi th in  the  rated  vol tage  range  i n  the  even t of fai l u re  of the  charger or i ts  
suppl y,  shou ld  be  speci fi ed .  A typ ical  t ime  is  6  h .  The  charg ing  time,  wh i l e  the  charger i s  
suppl ying  the  rated  l oad  and  the  recharge  curren t  for the  battery,  shou ld  a lso  be  speci fied .  A 
typical  recharge  time is  1 0  h  to  ach ieve  a  m in imum  state  of charge  of the  battery of not l ess  
than  90  %.  I n  add i tion ,  the  acceptable  ripple  vol tage  and  the  superimposed  ri pple  curren t  
shal l  be  considered .  A room  shou ld  be  set as ide  for batteries  and  chargers,  bu t wi th  modern  
equ ipment there  is  no  j usti fication  for separati ng  the  two  i tems.  

For batteries ,  i t  i s  necessary to  consider and  speci fy the  fol l owing :  

– nom inal  vol tage;  

– l oad  profi l e  and /or rated  capaci ty;  

– vol tage  range  from  charge  (when  boost i s  necessary)  to  d ischarge;  

– kind  of battery and /or type;  

– temperature  cond i tions;  

– ven ti lation  requ i rements.  
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The  charg ing  system  shou ld  meet the  requ irements  of the  battery and  the  l oad .  

The  UPS  for a . c.  l oads  can  be  based  upon  ded icated  un i ts  or a  common  system  for the  HVDC 
substation .  The  l atter i s  usual l y preferred  because  i t  makes  the  provis ion  of adequate  
redundancy more  rea l is ti c.  Usual l y,  the  UPS  wi l l  i nclude  i ts  own  assigned  battery.  

The  fol l owing  shou ld  be  speci fied  for the  UPS:  

– rated  vol tage,  number of phases  and  perm issib le  d istortion ;  

– vol tage  frequency and  to lerance;  

– rated  and  maximum  load ;  

– type  of l oad ;  

– maximum  a l l owable  i n terruption  for wh ich  the  UPS shou ld  function .  

Specia l  cons ideration  shou ld  be  g i ven  to  the  l ast three  i tems.  UPS are  often  very sens i ti ve  to  
overload  and  surge  s tarting  cond i ti ons  of induction  motors,  l arge  storage  capaci tors  or any 
other type  of l oad  having  a  substantia l  non- l i near type  characteristic.  With  many UPS the  
con tinu i ty of supply is  on l y wi th in  the  speci fied  l im i ts  for the  equ ipment and  i s  not  general l y 
un in terruptible  i n  an  absolu te  sense.  Care  shou ld  therefore  be  taken  that the  UPS is  correctl y 
speci fied  for the  system  requ i rements .  

Rel i ab i l i ty of the  UPS  shal l  a lso  be  carefu l l y assessed .  Many commercia l  qua l i ty systems 
su i table  for enhancing  the  qual i ty of d istribution  system  suppl ies  may actual l y degrade  the  
securi ty of the  auxi l i ary supply i n  a  converter where  th is  i s  derived  d i rect from  the  h igh-
vol tage  system  and  i s  therefore  inheren tl y very secure,  bu t n on-in terruptib le.  

1 4.5  Emergency supply 

I f a  d iesel  generator i s  necessary,  then  cons ideration  shou ld  be  g iven  to  the  fo l l owing  when  
preparing  i ts  speci fication :  

– how much  of the  tota l  auxi l iary l oad  shou ld  be  suppl ied?  

– shou ld  start-up,  changeover and /or shu tdown  be  automatic?  

– i f au tomatic,  care  shou ld  be  taken  to  ensure  that cond i tions  caus ing  frequent restarti ng  
cannot occur,  otherwise  the  starti ng  battery m ight  become fu l l y d ischarged ,  

– how much  fue l  shou ld  be  stored  on -s i te?  

To  ensure  re l iable  operation  when  requ ired  by emergency cond i ti ons,  i t  i s  desi rable  that the  
generator i s  started  and  l oaded  so  that  i t  reaches  correct operati ng  cond i ti ons  period ica l l y on  
a  systematic  basis .  The  auxi l i ary system  shou ld  be  designed  to  ach ieve  th is  wi thout  i n  any 
way pu tting  the  transm ission  at risk by the  fa i l u re  of auxi l i ary suppl y equ ipment to  make a  
correct  changeover.  

1 5  Audible  noise  

1 5. 1  General  

Noise  from  the  HVDC substation  cou ld  be  troublesome and  m ight i ncur prescriptive  
mandatory sanctions  wh ich  may be  d i fficu l t to  resolve  once  the  station  i s  bu i l t.  Therefore,  
l im i ting  speci fications  shou ld  be  prepared  at the  start  of the  project taking  i n to  accoun t 
requ irements  of any appl icable  regu lations  or codes  of practice.  The  effects  of noise  are  
general l y treated  as  those  concern ing  nu isance  to  the  publ ic  ou ts ide  the  boundary of the  
HVDC substation  and  noise  effects  i n  the  working  envi ronment.  Wh i l e  the  l atter are  important,  
publ ic nu isance  l im i ts  are  often  more  d i fficu l t  to  speci fy.  
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1 5.2  Publ ic  nu isance  

1 5.2. 1  General  

The impact of HVDC substation  noise  on  the  publ ic ou ts ide  the  confines  of the  substation ,  
and  whether or not i t  i s  seen  as  a  nu isance,  depends  upon  the  noise  l evel ,  the  pre-existing  
l evel ,  the  nature  of the  surround ing  area  and  the  nearness  of res iden tia l  property.  

As  a  fi rst step  the  acceptable  noise  l evel  at  the  boundary shal l  be  speci fied  having  regard  to  
the  re levant factors.  I SO  1 996-1  g i ves  a  method  for determ ination  of an  acceptable  l evel .  Next,  
the  l evel  and  spectrum  of noise  expected  from  each  major source  shou ld  be  defined .  These  
can  then  be  summed  to  decide  whether or not the  tota l  noise  wi l l  be  acceptable.  The  location  
of equ ipment,  that i s  the  d istance  from  the  property l ine,  i s  of particu lar importance.  Specia l  
noise  abatement measures  may need  to  be  used  to  keep  the  tota l  to  an  acceptable  figure.  

Other noise-producing  equ ipment may be  i nstal l ed  at the  same l ocation  and ,  i f so,  shou ld  a lso  
be  cons idered ,  for example,  a . c.  system  transformers  and  reactive  power compensators.  
Typical  HVDC substation  p lan t i tems  most l ikel y to  produce s ign i ficant noise  are  d iscussed  
below.  When  very low aud ib le  noise  levels  are  speci fi ed  at the  boundary,  the  noise  from  other 
equ ipment,  such  as  a. c.  fi l ter capaci tors,  d iesel  generators,  e tc,  may a lso  be  s i gn i ficant.  

1 5.2.2  Valves  and  valve  coolers  

The noise  associated  wi th  indoor valves  can  usual l y be  d isregarded  so  far as  the  publ ic  i s  
concerned ,  s ince  in  most cases  the  attenuation  i n troduced  by the  va lve  hal l  wi l l  adequatel y 
suppress  i t.  A main  source  of noise  wi l l  probabl y be  from  the  fans  of ou tdoor coolers.  These  
wi l l  usual l y be  closed-cycle  evaporative  coolers  or forced  a i r coolers  d rawn  from  a  standard  
product  range  and ,  as  such ,  the  cool ing  equ ipment manufactu rer shou ld  be  able  to  supply 
noise  spectrum  and  l evel  data.  Evaporative  coolers  are  general l y l ess  noisy.  I n  both  types,  
the  noise  l evel  can  be  reduced  by us ing  l arger,  l ower-speed  fans.  Substan tia l  noise  reduction  
can  also  be  ach ieved  by us ing  screen  wal ls  to  deflect  the  noise  upwards.  

1 5.2.3  Converter transformers  

Converter transformer noise  l evel  i s  l ikel y to  be  comparable  to  s im i l arl y s i zed  a. c.  system  
transformers;  bu t,  because  of the  effects  of the  harmon ic curren ts,  pri ncipa l l y of orders  5 ,  7 ,  
1 1  and  1 3  and  the  smal l  res idual  d i rect  cu rrent i n  the  converter transformer valve  wind i ngs,  i ts  
noise  spectrum  wi l l  be  d i fferent i n  actual  operation  and  may be  about 1 0  dB  h igher than  wou ld  
be  measured  i n  factory a. c.  tests.  The  tank and  cooler noise  l evels  can  be  reduced  by 
conventional  means,  i f necessary,  for example,  enclosure,  mufflers  and  lower speed  fans.  

1 5.2.4  DC  reactors  

I n  the  case  of o i l - immersed  d . c.  reactors,  noise  wi l l  come from  the  core,  s tructure  and  coolers  
of the  d . c.  reactors.  Core  and  s tructure  noise  can  be  expected  to  have  peaks  at  ripp le  
frequencies  correspond ing  to  the  harmon ic  orders  of 6  and  1 2 .  I t  i s  probably not  practicable  to  
carry ou t va l i d  factory tests  of d . c.  reactor noise.  The  noise  l evel  can  be  reduced ,  i f necessary,  
by some of the  same measures  as  are  appl icable  to  transformers,  for example,  enclosures.  

For a i r-cored  d . c.  reactors,  and  where  l ow noise  l evels  are  requ ired ,  specia l  designs  i nclud ing  
the  use  of add i tional  sound  absorbent sh ie l ds  shou ld  be  cons idered .  

1 5.2.5  AC  fi l ter reactors  

Fi l ter reactors  are  usual l y a i r-cored ,  and  modern  manufacturing  methods  are  avai lable  wh ich  
may be  used  to  reduce  the  amount of noise  produced .  Other measures  may be  taken  to  
reduce the  amount of noise  propagated ,  such  as  carefu l  cons ideration  of the  location  wi th in  
the  converter station ,  sound  absorbent barrier wal ls ,  or even  locati ng  the  equ ipment i ns ide  
bu i l d ings.  
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1 5.3  Noise in  working  areas  

The noise  l evel  to  wh ich  persons  wi th in  the  boundary of the  HVDC substation  may be  
subj ected  shou ld  be  considered  wi th  regard  to  safety,  hearing  impairment,  and  the  effects  
noise  can  have  on  working  efficiency.  

Many countries  have  establ ished  codes  or mandatory regu lations  wh ich  seek to  safeguard  the  
hearing  of those  exposed  to  h igh  noise  l evels  and  these  shou ld  be  exam ined  and  incorporated  
wi th in  the  speci fication  as  appropriate.  Problems  of th is  kind  are  un l ikel y i n  HVDC substations  
other than  during  maintenance procedures  and  i n  the  immed iate  vicin i ty of certa in  types  of 
cool i ng  fans  or d iesel  generators .  I n  most cases,  i t  wi l l  be  poss ible  to  meet the  requ irements  
of the  regu lations  i f main tenance  personnel  wears  hearing  protectors  as  necessary.  

The  general  no ise  l evel  wi th in  the  bu i l d ing  wi l l  be  determ ined  primari l y by the  valves  and  the  
i ndoor part  of thei r cool i ng  systems,  any rotating  mach inery and  by the  d . c.  reactors  (and  
transformers)  where  these  are  partia l l y or fu l l y enclosed  wi th in  the  bu i l d ing .  Low noise  l evels  
shou ld  be  speci fi ed  where  menta l  concentration  i s  routi nel y expected ,  as  i n  control  rooms.  

1 6  Harmonic interference – AC  

1 6. 1  AC  s ide harmonic generation  

Converter systems  of a l l  types  are  sources  of vol tage  and  current harmon ics.  To  an  a. c.  
network,  the  HVDC substation  acts  as  a  source  of harmon ic curren ts.  These  harmon ic 
curren ts  flowing  i n to  the  a . c.  system  impedance g ive  rise  to  harmon ic vol tage  d istortion .  I n  
add i tion ,  they can  propagate  th roughout the  a . c.  system  g iving  rise  to  l ocal  resonances  or 
te lephone  i n terference.  

I f a  converter i s  fed  from  a  balanced  three-phase  source  of vo l tage,  i f the  impedances  of the  
three  phases  are  equal ,  and  i f the  converter con trol  ang les  are  equal ,  characteristic a . c.  s i de  
harmon ics  are  generated  of an  order,  determ ined  by the  pu lse  number,  p ,  of the  converter,  
kp ±  1 ,  where  k i s  an  i n teger.  For the  i deal  case,  the  ampl i tude  and  phase  of the  generated  
characteristic harmon ics  i n  re lation  to  the  fundamenta l  component depend  sole l y on  the  
con trol  ang le  (α  or β )  and  the  overlap  ang le  µ.  

However,  i n  practice,  a . c.  systems  that are  coupled  wi th  HVDC converters  are  not perfectl y 
balanced  i n  vol tage  or phase.  Th is  l eads  to  negative  sequence vol tage  system  typica l l y i n  the  
range  0, 25  %  to  1  %  of the  posi ti ve  sequence system .  Other sources  of unbalance  i nclude  
converter transformer commutation  i nductance d i fferences  (typical l y ±2  %  to  ±5 %),  and  
con trol  ang le  unbalances  (typical l y 0 , 1 °  to  0 , 25°  i n  s teady state  for modern  HVDC control  
systems).  These  unbalances  resu l t  i n  the  generation  of non-characteristic harmon ics,  thus  
added  to  the  harmon ic  i n terference from  the  converter.  

1 6.2  F i l ters  

AC harmon ic fi l ters  are  general l y provided  at  HVDC substations  for absorbing  the  harmon ics  
generated  by the  converters,  and  i n  add i tion  for reactive  power compensation  (see  Clause  9) .  
An  example  of a . c.  harmon ic fi l ters  connected  to  the  a . c.  feeders  for a  b ipolar HVDC system  
is  shown  i n  F igure  21 .  

I n  order that the  l oss  of any fi l ter wi l l  not  prevent system  operation  at  fu l l  power,  two  fi l ter 
arms  of each  type  may be  speci fied .  The  fi l ter arms  may be  made swi tchable  on  the  bas is  of 
i nd ividual  arms  on  each  pole.  S i zing  the  i nd ividual  fi l ter to  be  swi tchable  shou ld  take  in to  
cons ideration :  

– reactive  power and  vol tage  regu lation  requ irements;  

– reduced  and  l i ght  l oad  cond i tions;  
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– poss ib le  resonances  between  the  fi l ters  and  the  a. c.  network impedance  wi th  each  
swi tched ;  

– re l i ab i l i ty cri teria;  

– econom ic constrain ts .  

F i l ters  of e i ther the  series-resonant  RLC  or the  damped  h igh-pass  type  are  general l y used  on  
HVDC systems.  Examples  of the  most frequentl y used  fi l ter types  are  shown  i n  F igure  22 .  



 – 68  – I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  
  +AMD2: 201 7  CSV   I EC  201 7  

 

F F 

F F 

F F 

F F 1  2 

1  2 

1  2 

1  2 

3 

4 

5 

5 

4 

3 

3 

4 

5 

5 

4 

3 

a) 

b) 
IEC   405/05 

 
Key 

1  1 1 th  and  1 3th  harmon ic fi l ter 
2  H igh  pass  fi l ter 
3  Converter transformer 

4  DC reactor 
5  Converters  

Figure 21  – Examples  of a.c.  fi l ter connections  for a  bipole  HVDC  system  
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Figure  22  – Ci rcu i t  d iagrams for d i fferent fi l ter types  

For optimum  harmon ic fi l ter des ign ,  the  system  impedance at harmon ic frequencies  shou ld  be  
known  over the  frequency range  of i n terest.  The  a. c.  system  impedance of the  HVDC 
substation  may be  speci fi ed  by an  impedance (R/X)  ci rcle  d iagram  over the  frequency range  
from  fundamenta l  to  the  50th  harmon ic.  

Al ternative l y,  the  system  may be  speci fied  in  detai l  by harmon ic impedances  of l i nes  and  
generators,  etc. ,  normal l y extend ing  to  fi ve  to  e igh t buses  from  the  HVDC substation ,  as  
d iscussed  i n  Clause  8.  The  design  of a . c.  harmon ic fi l ters  shou ld  also  take  i n to  account  any 
harmon ics  that may fl ow i n to  the  fi l ters  from  other harmon ic sources.  
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Where  stri ngent a. c.  harmon ic performance  requ i rements  are  speci fied ,  or i n  combination  wi th  
CCC/CSCC HVDC ci rcu i t  topolog ies,  acti ve  a. c.  fi l ters  are  a  su i table  measure.  Each  acti ve  a . c.  
fi l ter cons ists  of a  conventional  pass ive  fi l ter connected  in  series  wi th  an  active  vol tage  
source.  The  active  parts  are  typica l l y des igned  to  m i ti gate  harmon ic vol tages  at  several  
frequencies  i n  order to  improve  the  harmon ic  performance  of the  pass ive  part.  Al ternativel y,  
active  parts  can  be  designed  to  m i ti gate  the  harmonic curren ts  fl owing  i n  the  a. c.  l i nes  wh ich  
connect to  the  converter station .  

AC  fi l tering  aspects  i nclud ing  a. c.  s ide  harmon ic generation ,  a . c.  fi l ter des ign ,  i n terference  
cri teria  and  levels,  fi l ter performance and  techn ical  speci fication  as  wel l  as  mon i toring  issues  
are  described  and  d iscussed  in  more  detai l  i n  I EC  62001  (al l  parts) .  

1 6.3  In terference  d isturbance cri teria  

I n terference  performance  i s  defi ned  i n  terms  of i nd ividual  harmon ic d istortion  Dn ,  tota l  
effecti ve  harmon ic d istortion  Deff,  te lephone i n terference factor TI F,  telephone harmon ic form  
factor THFF  and  weighted  I T  product.  For te lephone  i n terference,  two  systems  of weigh ting  
are  used .  These  take  i n to  account the  response  of te lephone equ ipment and  the  sens i ti vi ty of 
the  human  ear,  namely,  psophometric weigh ting  as  recommended  by the  I n ternational  
Telegraph  and  Telephone  Consu l tati ve  Committee  (CCITT)  and  “C”  –  message  weighti ng  
developed  by Bel l  Telephone Systems  (BTS)  and  the  Ed ison  E lectric I nsti tu te  (EEI ) .  Each  of 
the  above  terms  is  defined  as  fol lows.  

I nd ividual  harmon ic  d is tortion  accord ing  to  CCITT or BTS:  
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The  te lephone  harmon ic form  factor (THFF  i n  the  CCITT system)  and  the  te lephone  
i n terference  factor (TIF  i n  the  BTS  system)  are  both  used  to  describe  the  i n terference  
i n fl uence of a  power transm iss ion  l i ne  on  a  te lephone l i ne,  and  serve  as  gu idel ines  for 
speci fying  i n terference  performance.  THFF  and  TI F  are  defined  i n  the  same way wi th  the  on l y 
d i fference  be ing  the  weighting  factor:  
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where  

Fn  i s  the  weighti ng  factor for each  harmon ic  n  accord ing  to  I EC 62001  (a l l  parts) .  



I EC TR 6091 9-1 : 201 0+AMD1 : 201 3  – 71  – 
+AMD2:201 7  CSV   I EC  201 7  

 ∑
∞=

=








××=

n

1n

2

1

n
ff

U

U
PkTHFF   (1 2 )  

where  

kf   i s  equal  to  800

f
;  

f  i s  the  harmon ic  frequency;  

Pf   i s  the  psophometric weight d i vi ded  by 1  000.  

For practical  reasons  the  upper l im i t  of n  =  50  i s  recommended .  

The  approximate  relationsh ip  between  TIF  and  THFF  is :  

 0004=
THFF

TIF
  (1 3)  

 

that  i s ,  for example,  a  TI F  equal  to  40  i s  rough l y equ ivalen t to  a  THFF  equal  to  1  %.  

The  harmon ic curren ts  of power transm ission  l i nes  are  represen ted  by a  s ing le  current 
obtained  by weighti ng  each  harmon ic curren t wi th  the  correspond ing  factor of the  system  
used .   

The  weighted  curren t product ( I T)  i s  computed  as  fol l ows:  
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where  

In   i s  the  n th  harmon ic r.m .s.  current;  

Fn  i s  the  same as  defined  before  for TIF.  

Calcu lation  of the  weigh ted  curren t product’s  ( I T)  i nd ividual  l i nes  requ i res  a  knowledge of the  
harmon ic  impedances  of i nd ividual  l i nes  connected  to  the  converter a . c.  bus  i n  order to  be  
mean ingfu l  i n  speci fying  i n terference performance for HVDC instal l ations.  The  I T  product  
shou ld  be  speci fied  for i nd ividual  l i nes,  bu t on l y i f the  harmon ic impedances  of a l l  l i nes  from  
HVDC substation  a . c.  bus  are  speci fi ed .  

Speci fying  performance  l im i ts  s imu l taneousl y for a l l  harmon ic  i n terference  factors  (Dn ,  TI F  
and  I T)  may not be  practical  i f the  values  have  to  reflect the  rea l  impact of the  i n jected  
harmon ics  on  inductive  coupl ing .  Th is  i s  particu larl y true  i f I T  i s  speci fi ed  for meshed  systems.  
These  values  vary from  station  bus  to  station  bus  and  a long  the  l ine;  thus,  acceptable  
performance  can  on l y be  assured  i n  the  design  i f l i ne  parameters ,  soi l  res isti vi ty a long  the  
transm ission  l i ne,  geometric  coupl ing  factors,  etc,  are  accuratel y known .  

1 6.4  Levels  for in terference  

Examples  of typical  maximum  levels  of harmon ic i n terference  factors  that  have  been  speci fied  
for a  HVDC substation  are  as  fol l ows  ( these  are  not  recommended  speci fi cation  values  and  
shou ld  not be  taken  as  l im i ts  wi thou t speci fic  stud ies  of a  g i ven  system):  

a)   i n d ividual  d istortion  Dn ,  1  %  at  any harmon ic;  

b)   effective  harmon ic d istortion  Deff,  2  %  to  5  % ;   
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c)   te lephone i n fl uence factor TI F  25  to  50;  THFF  i n  the  range  of 0 , 6  %  to  1 , 25  %;  

d )   I T  product 25  000  to  50  000  per l i ne.  

I f generators  are  connected  near the  HVDC substation ,  the  sum  of the  negative  sequence 5th  
and  pos i ti ve  sequence 7th  non-characteristic harmon ic curren ts  fl owing  i n to  any generator 
shou ld  be  considered  i n  the  design  speci fication  for the  HVDC substations.  

1 6.5  Fi l ter performance  

HVDC system  operating  cond i ti ons  that shou ld  be  cons idered  when  speci fying  performance  
requ irements  of a . c.  harmon ic fi l ters  i nclude  the  fol l owing :  

– range  of d . c.  curren t values  from  m in imum  to  the  speci fied  overload ;  

– reduced  d . c.  vol tage  operation  over the  range  of requ ired  d . c.  curren t  va lues  for the  
reduced  vol tage  operation ;  

– operation  at  l arger-than-normal  ang les  for reactive  power absorption  as  speci fi ed ;  

– operation  wi th  any fi l ter bank or reactive  power source  ou t of service.  A fi l ter bank is  
understood  as  one  fi l ter e lement that  can  be  removed  from  service  by swi tch ing  equ ipment.  
Th is  cond i ti on  shou ld  appl y on l y for the  normal  operating  modes  of the  HVDC 
transm ission  system ;  

– steady-state  range  of a . c.  power system  frequency and  vol tage;  

– l oss  of capaci tor un i ts  to  the  extent  that  resu l ts  in  a  fi rst- l evel  a larm ;  

– extremes  of ambient  temperature  cond i tions  coupled  wi th  maximum  fi l ter l oad ing ;  

– i n i tia l  fi l ter detun ing ;  

– any change  in  system  configuration .  

F i l ters  shou ld  not be  requ ired  to  meet performance l im i ts  under the  fol l owing  cond i ti ons,  bu t 
shou ld  be  capable  of operation  wi thout  damage:  

– emergency frequency variations  as  speci fi ed ;  

– d ynam ic overvol tage  cond i ti ons  i nclud ing  ferroresonance  fol lowing  l oad  re jection  or fau l t 
recovery;  

– short-term  overload .  

When  speci fying  harmon ic i n terference  l im i ts  for an  HVDC substation ,  certa in  data  (as  
d iscussed  i n  Clause  8)  shou ld  be  i ncluded  i n  the  speci fication  to  enable  appropriate 
optim ization  of a. c.  fi l ter des igns.  

1 7  Harmonic interference – DC  

1 7. 1  DC  s ide in terference  

1 7. 1 . 1  Harmonic  currents  in  HVDC transmission  l ine  

The operation  of the  converter equ ipment i n  an  HVDC substation  generates  harmon ic  
vol tages  i n  the  d . c.  s i de  of the  substation  wh ich  cause  harmon ic currents  to  fl ow i n  the  HVDC 
transm ission  l i ne.  Where  the  transm ission  l i ne  consists  of overhead  l i ne  and  cable,  the  cable  
general l y acts  as  a  fi l ter to  the  harmon ic current,  so  that on l y harmon ic curren ts  of smal l  
magn i tudes  flow i n to  the  l ine  beyond  the  cable .  Such  systems sti l l  requ i re  evaluation  for 
i n terference  along  the  overhead  l i ne  section .  Underground  or submarine  d . c.  cables  are  so  
wel l  sh iel ded  that  general l y no  noise  problem  exists  on  the  d . c.  s ide.  

1 7. 1 .2  Characteristic and  non-characteristic  harmonics  

I n  modern  converter un i t  des ign ,  1 2-pu lse  converter un i ts  are  general l y used ,  resu l ti ng  i n  
characteristic harmon ics  of the  order of 1 2  k  (k  being  an  i n teger) .  I n  add i tion  to  these  
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“characteristic”  harmon ics,  wh ich  appear under i deal i zed  cond i ti ons,  there  are  a lso  harmon ics  
of other orders,  the  “non-characteristic”  harmon ics.  The  characteristic  harmon ic vol tages  
generated  by the  converter operation  depend  on  the  fol lowing  factors :  d i rect vol tage,  d i rect  
curren t,  the  commutating  reactances  and  the  fi ri ng  ang le.  Non-characteristic  harmon ic  
vol tages  are  caused  by such  factors  as  d i fferences  between  the  fi ri ng  ang le ,  unbalances  in  
the  commutating  reactance and  asymmetry i n  the  network a . c.  vol tage  (negative  sequence  
vol tage  componen t)  feed ing  the  converter.  

The  leakage  capaci tances  to  ground  i n  the  converter transformers  shal l  a lso  be  taken  i n to  
account when  calcu lati ng  the  harmon ic  currents .  I n  particu lar,  wi th  respect to  the  calcu lation  
of the  non-characteristic  harmon ic currents ,  the  three-pu lse  harmon ic vol tage  model  shou ld  
be  used .  

1 7. 1 .3   Groups  of harmonics  

Two groups  of harmon ics  shou ld  be  considered :  the  h igher order harmon ic group (7th  to  48th) ,  
responsible  for the  voice  te lephone  i n terference  and  the  l ow order harmon ic group  (1 st  to  6th )  
that  may i n troduce other i n terference  problems,  such  as  the  fol l owing :  

a)   personnel  and  equ ipment safety from  i nduced  vol tage;  

b)   effects  on  data  transm ission  and  ra i lway s i gnal l i ng  ci rcu i ts ;  

c)   effects  other than  voice  i n terference  in  voice  communication  ci rcu i ts;  

d )   secondary i nduction  effects;  

e)   poss ib le  exci tation  of resonance cond i tions  between  the  HVDC transm ission  l i ne  and  the  
earth  e lectrode  l i ne;  

f)  unacceptable  d . c.  current i n  the  converter transformers.  

1 7. 1 .4  Calcu lation  of harmonic currents  

The harmon ic currents  ci rcu lati ng  i n  the  HVDC transm iss ion  l i ne  poles  and  in  the  overhead  
sh ie l d  wi re  can  be  calcu lated  by the  usual  formu lae  for l ong- l i ne  calcu lations  and  model  
anal ys is,  i n  case  there  are  unbalances  i n  the  ci rcu i t.  I f the  d istance  between  the  HVDC 
transm ission  l i ne  and  an  open-wire  te lephone  ci rcu i t  i s  short  ( less  than  200  m ),  the  calcu lation  
shou ld  be  carried  ou t considering  the  currents  i n  the  poles  and  i n  the  sh ie l d  wi re(s)  separate l y,  
wi th  their respective  coupl i ng  factors.   

I n  compu ting  the  long i tud inal  noise  vol tage  imposed  on  a  voice  communication  ci rcu i t,  the  
harmon ic curren ts  are  weighted  by a  factor (psophometric  or C-message)  to  take  in to  account  
the  response of the  human  ear to  each  frequency.  

1 7. 1 .5  Calcu lation  of induced  vol tages  

The long i tud ina l  C-message or psophometric vol tage  Vg(x)  i nduced  per km  of exposure  of a  
te lephone ci rcu i t  can  be  calcu lated  cons idering  the  curren ts  com ing  from  both  ends  of the  
HVDC transm iss ion  l i ne,  at  any l ocation  x  km  from  one  end  of a  HVDC transm ission  l i ne,  the 
weigh ting  factor,  the  sh iel d ing  factor of commutation  ci rcu i ts  and  the  mutual  impedance  
between  the  HVDC transm ission  l i ne  and  the  communication  ci rcu i t.  The  transverse  vol tage  i s  
g iven  by kb  Vg  where  kb  i s  the  balance  factor of the  commun ication  faci l i ty be ing  cons idered .  

1 7. 1 .6  Personnel  safety 

When  cons idering  personnel  safety,  the  vol tage  value  is  ca lcu lated  as  the  square  root of the  
sum  of the  squares  (r. s . s. )  of the  i nduced  harmon ic vol tages  to  earth ,  fl at weighted .  For the  
other i n terference  problems  in  non-voice  commun ication  ci rcu i ts,  there  i s  no  s tandard ized  
procedure  and  therefore  the  procedure  to  be  used  shou ld  be  agreed  upon  between  the  parties  
i nvolved .  
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1 7. 1 .7  DC  fi l ters  

DC fi l ters  are  used  to  reduce  the  magn i tude  of the  harmon ic currents  ci rcu lating  i n  the  HVDC  
transm ission  l i ne  to  avoid  unacceptable  i n terferences.  The  need  for the  d . c.  fi l ters  depends  
upon  the  fol l owing :  

a)   the  characteristics  of the  HVDC transm ission  system ,  overhead  l i ne  or overhead  l i ne  and  
cables;  

b)   the  earth  res isti vi ty;  

c)   the  densi ty,  proxim i ty and  type  of te lephone and  ra i lway s ignal  ci rcu i ts  near the  HVDC 
transm ission  l i ne  rou te.  

When  establ ish ing  the need  for a  fi l ter scheme,  other cost-effective means avai lable  to  satisfy 
the noise cri teria should  be taken  into consideration.  The evaluation  should  consider any changes  
in  the  communication  circu its,  as  wel l  as  modifications to  the  HVDC substation ,  such  as,  

– use  of a  d . c.  reactor,  a l ready requ i red  for other reasons,  e i ther wi th  or wi thout  a  reduced  
l evel  of fi l tering ;  

– capaci tors  connected  between  the  earth  e lectrode  l i ne  connection  and  earth ,  to  form  a  
resonant ci rcu i t  wi th  the  e lectrode  l i ne  inductance;   

– swi tches  to  perm i t paral l e l i ng  of the  two  (pole)  fi l ters  when  i n  monopolar operation .  

The  i n fl uence of these  on  the  operation  and  on  the  overal l  performance of the  converter 
substation  shou ld  be  exam ined  before  decid ing  on  the  exten t of needed  l im i tation  of the  
harmon ics  on  the  d . c.  s i de.  

Wh i le  routing  the  d . c.  l i ne,  i t  shal l  be  evaluated  i f paral le l i sm  of other l i nes  can  be  avoided  or 
reduced ,  as  th is  wou ld  be  the  most effecti ve  way to  avoid /l im i t  i n terference.  Where  poss ib le,  
cross ing  to  l i nes  shou ld  be  made  at  90  degrees  and  transposi tion  of phases/pole  l ines  shal l  
a lso  be  cons idered .  

1 7.2  DC  fi l ter performance  

1 7.2. 1  Requi rements  for voice  communication  ci rcu i ts  

Understand ing  of the  communication  and  ra i lway compan ies ’  requ irements  i s  necessary to  
arri ve  at the  best overal l  solu tion  for i n terference problems.  Table  2  i nd icates  the  
requ irements  for voice  communication  ci rcu i ts,  prescribed  by CCITT,  the  American  te lephone  
and  Telegraph  Company (AT&T)  and  the  US  Rural  E lectri fication  Adm in istration  (REA).  
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Table  2  – Performance  parameters  for voice commun ication  ci rcu i ts:   
Subscribers  and  trunk ci rcu i ts   

 CCITT AT&Ta  
REA 

1 .  Balance  cable  ci rcu i ts  

 Open  l i ne  

50-60  dB  

46-56  dB  

60  dB f  

50  dB f  

50-60  dB c  

50  dBb  

2 .  Transversal  (metal l i c)  

 Noi se  l im i t  

 26  dBrnC  

26  dBrnC  

26  dBrnC  

(20  dBrnC)d  

 

20  dBrnCd  

 

31  dBrnCe  

a  I t  i s  North  American  practi ce  (AT&T)  to  use  a  characteri sti c  impedance  of 600  Ω  for a  trunk  ci rcu i t  and  
900  Ω  for a  subscriber ci rcu i t.  CCITT and  REA use  600  Ω .  

b  I n formation  from  BTS  i nd icates  that  m in imum  balance  shou ld  be  60  dB .  

c  The  US  Ru ral  E lectri fi cation  Adm in i stration  prescri bes  other val ues  for balance.  Th i s  val ue  corresponds  
to  a  good  bal ance.  

d  Th i s  val ue  i s  the  tota l  noi se.  From  a  s i ng le  sou rce  (HVDC l i ne,  for example),  the  maximum  value  shou l d  
be  1 7  dBrnC.  0  dBrnC corresponds  to  1 0 -1 2  W (1  pW)  at  1  000  Hz.  

e  Th i s  val ue  refers  to  trunk ci rcu i t.  

f  The  val ue  i n  brackets  refers  to  design  obj ecti ve  and  the  other to  the  maximum  acceptab le  va l ue.  I n  
practi ce,  for b ipolar systems,  the  performance  requ i rements  of a  d . c.  fi l teri ng  scheme are  primari l y  
based  on  the  b ipolar operati ng  mode.  A h i gher i n terference  l eve l  on  voice  commun ications  i s  accepted  
duri ng  monopolar operation ,  for example,  two  or three  times  the  l evel  perm i tted  du ri ng  b i pol ar bal anced  
operati on .  

 

1 7.2.2  Levels  of in terference  

When  defin ing  the  fi l ter performance,  the  l evels  of i n terference shou ld  be  speci fied  for the  
operati ng  modes  of the  HVDC system .  From  the  in terference  poin t  of view,  bipolar operation  
wi th  equal  posi ti ve  and  negative  vol tages  i s  the  mode requ i ri ng  l ess  fi l tering .  Monopolar 
operation ,  wi th  e i ther earth  or metal l ic  return ,  g i ves  h i gher values  of noise  vol tage  than  
b ipolar operation  for the  same d . c.  fi l ter configuration ;  however,  operation  i n  th is  configuration  
usual l y occurs  for a  l ow percentage  of time.  Monopolar operation  wi th  metal l ic return  g ives  
l ess  i n terference  than  monopolar operation  wi th  earth  return .  

I n  add i ti on  to  the  bas ic  HVDC operati ng  modes  d iscussed  above,  the  speci fication  shou ld  
i nd icate  any other modes  or cond i ti ons  under wh ich  the  transm ission  system  cou ld  even tual l y 
operate.  The  fi l ter shou ld  be  rated  for a l l  these  cond i ti ons;  however,  the  in terference  l evel  
under the  several  modes  or cond i ti ons  shou ld  l i e  between  the  normal  b ipolar balanced  
operati ng  mode  and  the  worst monopolar mode.  Provis ion  may be  made i n  the  speci fication  
for the  system  capabi l i ty for emergency operation .  

1 7.2.3  Safety 

As to  personnel  safety,  there  is  not yet  a  speci fic l im i t  for hazardous  i nduction  caused  by 
harmon ics.  For the  fundamental  frequency (50  Hz and  60  Hz) ,  the  CCITT and  the  AT&T 
prescribe  60  V a . c.  r.m . s.  and  50  V a . c.  r.m .s. ,  respective l y.  These  l im i ts  shou ld  be  
cons idered  as  the  maximum  r. s . s.  value  of the  i nduced  l ong i tud ina l  harmon ic vol tage  for the  
l ow order harmon ics  (1 st  to  6th) ,  for personnel  and  equ ipment safety.  I n  add i tion ,  any h i gher 
order harmon ics  wi th  unusual l y h igh  curren t values  shou ld  a lso  be  included  i n  the  r. s. s .  
ca lcu lation .  

1 7.3  Specification  requ i rements  

1 7.3. 1  Economic l evel  of fi l tering  

The  preferred  way to  determ ine  the  econom ic l evel  of fi l tering  that  satisfies  i n terference  
performance requ i rements  wou ld  be  to  perform  an  inductive  coord ination  study and  optim ize  
the  cost of fi l ters  wi th  the  cost of changes  in  the  communication  ci rcu i ts,  considering  the  
poin ts  d iscussed  earl ier.  From  such  a  study,  the  i deal  speci fication  for the  fi l ters  cou ld  
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i nd icate  the  profi le  of the  maximum  d isturb ing  curren t a long  the  l i ne,  as  defined  in  1 7 . 3. 4,  
requ ired  to  main ta in  the  i n terference  level  below the  speci fi ed  values.  

Usual l y,  the  above s tud ies  are  not feasib le  during  the  speci fication  stage;  therefore,  one  of 
the  fol l owing  three  a l ternative  approaches  cou ld  be  adopted .  

a)  Speci fy one  maximum  l ong i tud ina l  i nduced  noise  l evel  i n  paral le l  test  l i ne,  1  km  away from  
the  HVDC transm ission  l i ne  for b ipolar operation  and  a  h igher va lue  for monopolar 
operation ,  i n  mV/km  of exposure.  Th is  approach  shou ld  be  used  wi th  caution  as  
i t  accounts  on l y for the  i n terference  i n  the  te lephone  voice  ci rcu i t  and  i t  u ti l i zes  maximum  
values  for the  harmon ic  curren t a long  the  l i ne.  Th is  method  cou ld  be  improved  by add ing  
the  requ i rements  for the  r. s . s .  of induced  l ow-order harmon ic  l ong i tud inal  vo l tage  and  
d i fferent values  of the  i nduced  vol tages  a long  the  HVDC transm iss ion  l ine  rou te,  
depend ing  on  the  variation  of the  soi l  resisti vi ty,  qual i ty,  type  and  dens i ty of the  te lephone  
ci rcu i ts  and  the  d isturbing  curren t variation  along  the  l i ne,  etc.  

b)  Establ ish  the  fi l ter cost based  on  the  non-s imu l taneous  maximum  values  for each  
harmon ic current (on  a  pole  bas is) ,  at the  HVDC transm ission  l i ne  term inals ,  and  
subsequentl y select the  optimum  design  after a  complete  i nductive  coord ination  stud y.  
Th is  procedure  has  some of the  d rawbacks  of the  previous  one,  and  the  method  to  
establ ish  the  set of harmon ic vol tages  i s  compl icated  due  to  other considerations  
d iscussed  i n  1 7 . 3. 3.  

c)  For the  th i rd  a l ternative,  the  fol lowing  steps  shou ld  be  taken .  

1 )  Obtain  i n formation  on  the  characteristics  (sh ie ld ing  and  ba lance  factors,  l eng th ,  rou tes,  
etc. )  of the  commun ication  l i nes  and  ra i lways,  i nsta l l ed  or p lanned ,  wi th in  the  area  of 
i n fl uence of the  HVDC transm ission  l i ne  (1 0  km  from  the  centre  l i ne  of the  ri gh t of way,  
for example) .  

2)  Perform  tests  on  represen tative  soi l  samples  taken  wi th in  the  l im i ts  of the  area  of 
i n fl uence of the  HVDC transm iss ion  l i ne,  to  determ ine  the  d i fferent va lues  of earth  
res isti vi ty to  be  cons idered  in  the  i nductive  coord ination  s tud ies.  

 With  the  in formation  obtained  and  considering  the  normal  mode of system  operation  
(b ipolar),  i t  shou ld  be  possible  to  establ ish  two  profi l es  of d isturbing  currents  and  two  
l im i ts  of the  maximum  al l owable  l ow-order harmon ic current magn i tudes:  

  one  not requ iring  any change i n  the  commun ication  ci rcu i ts,  and  

  the  second  requ i ri ng ,  for example,  changes  in  perhaps  25  %  of the  
communication  ci rcu i ts  located  i n  the  area  of in fluence.  

F inal l y,  wi th  the  i n formation  on  fi l ter cost and  the  cost for changes  in  the  commun ication  
ci rcu i ts,  i t  shou ld  be  possible  to  determ ine  the  optimum  trade-offs  between  the  fi l tering  
system  and  communication  ci rcu i t  changes.  

1 7.3.2  General  cri teria  

I n  add i tion ,  for speci fying  the  level  of fi l teri ng ,  i n  accordance wi th  one  of the  a l ternatives  
ind icated  above,  the  fo l l owing  general  cri teria  shou ld  be  fol l owed .  

1 )  The  l evel  of harmon ic curren t fi l teri ng  shou ld  be  determ ined  under b ipolar balanced  
operation  and  under the  nom inal  cond i ti on  defined  for the  HVDC system.  For any other 
operati ng  mode  or cond i ti on  speci fied ,  the  level  of no ise  shou ld  not be  h i gher than  the  one  
resu l ting  from  the  worst  monopolar operation ,  except for the  unusual  con tingency of 
operation  wi thout  fi l ters.  

2)  The  speci fication  shou ld  a lso  define  the  maximum  value  of the  d isturbing  curren t  profi l es  
to  be  accepted  under monopolar operation .  

3)  I n  add i ti on  to  the  above  requ irements,  the  maximum  low-order harmon ic current values  
(1 st  to  6th )  shou ld  be  speci fi ed .  

4)  The  u ti l i ty shou ld  a lso  speci fy the  l im i ts  of system  operati ng  cond i ti ons  under wh ich  the 
fi l ter performance  requ i rements  shou ld  be  met for each  mode  of operation  and  for each  
stage  of development of the  HVDC system .  For example  the  fol lowing :  
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a)  range  of d i rect vol tage  and  d i rect curren t;  

b)  range  of normal  operating  a. c.  bus  vol tage;  

c)  negative  sequence  component of fundamental  frequency a. c.  vol tages;  

d )  maximum  a. c.  frequency deviation  wi th in  a  normal  cycle  range  or wh ich  may be  
mainta ined  for more  than  1  m in ;  

e)  maximum  temperature  variations  expected ;  

f)  maximum  number of capaci tor un i t  or e l ement fa i l u res  perm issib le  before  mandatory 
fi l ter removal ,  and  

g )  i n i tia l  m istun ing  to  the  l im i t  poss ib le  i n  the  des ign .  

1 7.3.3  Factors  to  be  taken  in to  account for calcu lations  

The performance ca lcu lations  shou ld  take  i n to  account the  fol l owing :  

1 )  Calcu lation  of the  harmon ic current profi l es  to  determ ine  the  compl iance  wi th  the  
performance speci fied  shou ld  cons ider the  phase-ang le  re lationsh ip  between  the  a. c.  
systems;  the  most onerous  combination  of fi ri ng  ang les;  d i rect  current  magn i tudes;  
l eakage  capaci tances  to  g round  i n  the  converter transformers;  commutation  reactance 
d i fferences  among  the  phases  of a  s ix-pu lse  bri dge,  between  the  transformers  of the  s ix-
pu lse  i n  a  1 2-pu lse  un i t,  between  1 2-pu lse  un i ts  of a  pole  and  between  poles  of a  b ipole,  
that wi l l  resu l t i n  the  worst consistent set of harmon ic d ri ving  vol tages.  The  consistent set 
of harmon ic vol tages  consists  of vol tages  occurring  s imu l taneousl y and  g iving  the  h ighest 
va lue  of C-message or psophometric profi l e  of d i sturb ing  curren t a long  the  l i ne  and  a lso  
complying  wi th  the  l evels  of l ow order harmon ic cu rrents  speci fi ed .  

 For the  a l ternative  i nd icated  i n  1 7. 3. 1 ,  the  set of harmon ic d riving  vol tages  to  be  
cons idered  shou ld  be  the  h i ghest non-s imu l taneously occurring  harmon ic vol tages .  

2)  The  frequency dependent parameters  of the  HVDC transm ission  and  earth  e lectrode  l i nes,  
as  wel l  as  thei r term ination  and  the  characteristics  of the  earth  e lectrode  as  g iven  i n  the  
speci fication ,  shou ld  be  taken  i n to  account.  

3)  The  variation  of the  inductance  and  res istance  of the  d . c.  reactor wi th  load  and  frequency 
shou ld  be  considered  i n  determ in ing  the  harmon ic  cu rrents  flowing  to  the  HVDC 
transm ission  l i ne.  

1 7.3.4  Calcu lation  of currents  

For the  purpose  of meeting  the  performance  cri teria  speci fied ,  the  magn i tu de  of the  curren t at  
each  frequency and  at  any poin t  a l ong  the  HVDC transm iss ion  l i ne  shou ld  be  cons idered  as  
the  r.m .s.  va lue  of the  con tribu tion  at that poin t from  the  send ing  end  and  from  the  receiving  
end  of the  HVDC transm ission  l i ne,  for the  frequency be ing  cons idered ,  us ing  the  fol l owing  
formu la:  

 
( )

n
2

eq

n 1

I =
N

n n nH C I
=

=

× ×Σ
 (1 5)  

where  

In  i s  the  effecti ve  d isturbing  curren t at  harmon ic n  (general l y correspond ing  to  res idual  
mode current) ;  

N i s  the  maximum  harmon ic number to  be  cons idered ;  

Cn  i s  the  C-message  weighti ng  factor;  

Hn  i s  the  weigh ting  factor normal i zed  to  reference frequency (1  000  Hz)  that  accounts  for 
the  frequency dependence  of mutual  coupl i ng ,  sh ie l d ing  and  commun ication  ci rcu i t  
ba lance  at harmon ic n .  
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Where  the  balanced  mode  harmon ic  currents  are  expected  to  con tribu te  s ign i fican tl y to  the  
i nduced  noise,  they shal l  be  i ncluded  in  the  calcu lation  of Ieq .  The  effective  d isturbing  curren t 
i s  then  speci fied  as:  

 
( ) ( )2 2

n
I = rn b bnI K I+ ×

 (1 6)  

where  

Irn  i s  the  tota l  res idual  mode  current at  harmon ic n ;  

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

Kb  i s  the  ratio  of balanced  mode coupl ing  to  the  res idual  mode  coupl ing  at  reference  
frequency.  

The  typica l  va lues  of equ ivalent d is turb ing  curren t are  in  the  range  of 1 00  mA to  6  000  mA for 
normal  operation .   

1 8  Power l ine carrier interference (PLC)  

1 8. 1  General  

Power l i ne  carrier i n terference  from  an  HVDC substation  i s  produced  by the  tu rn -on  and  tu rn-
off sequences  i n  the  va lves.  The  dom inan t component i s  produced  during  the  vol tage  col lapse  
i n  the  tu rn-on  sequence.  These  trans ients  exci te  l ocal i zed  resonant ci rcu i ts  formed  by the  
stray capaci tance  and  i nductive  e lements  i n  the  HVDC substation :  transformers,  reactors,  
bush ings,  etc.  I n terference  energy is  dependent on  the  magn i tude  of the  vol tage  j umps  
produced  by turn-on  and  turn-off of the  valves  as  wel l  as  ci rcu i t  parameters.  Converter noise  
is  somewhat i ndependent of the  curren t  rati ng .  However,  i t  depends  strong ly upon  the  fi ri ng  
ang le.  

Noise  that may affect the  carrier i ncludes:  conducted  converter-generated  noise,  and  a. c.  or 
d . c.  l i ne  corona  noise.  Conducted  noise  i s  s trong l y frequency-dependent wi th  the  h ighest 
noise  l evels  present  at the  l ow end  of the  carrier frequency spectrum .  

F ie ld  experience  shows that  thyristor valves  generate  abou t 1 0  dB  to  1 5  dB  less  conducted  
noise  i n terference  than  mercury arc valves.  

Measurements  have  shown  that corona  on  HVDC transm ission  l i nes  i s  1 0  dB-20  dB  l ess  than  
that on  a. c.  l i nes  for the  same conductor surface  maximum  vol tage  grad ien t.  Typica l  corona  
noise  l evel  ranges  from  –40  dBm  to  –30  dBm  and  i s  essen tia l l y constan t i n  the  carrier 
spectrum  (20  kHz-500  kHz)  over the  en ti re  length  of the  HVDC transm ission  l i ne.  

RF  fi l ters  can  be  speci fi ed  to  reduce  conducted  carrier noise  i n terference on  both  the  a . c.  and  
d . c.  s i de  of the  HVDC substations.  

The  fi l ter series  inductor e lements  and  shun t capaci tor e lements  shou ld  be  rated  for fu l l  
curren t and  rated  vol tage  respectivel y.  Therefore,  econom ic cons ideration  shou ld  be  g i ven  to  
fi l ter des ign  noise  a l ternatives  based  on  existi ng  carrier channel  requ irements,  i n terference 
wi th  other carriers,  u l timate  channel  requ irements,  and  the  feas ib i l i ty of channel  movement 
from  the  lower end  of the  carrier frequency spectrum .  

1 8.2  Performance  speci fication  

When  speci fying  performance of HVDC systems,  the  fol lowing  carrier i n terference 
cons iderations  are  importan t.  
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I f the  u ti l i ty wants  complete  freedom  to  use  the  en ti re  a l located  communications  spectrum ,  
then  the  HVDC i n terference speci fication  shou ld  cover frequencies  down  to  20  kHz.  

NOTE  The  carri er spectrum  i s  becom ing  i ncreasing l y crowded  on  many e l ectri c  power systems.  

An  example  of typ ical  carrier noise  frequencies  generated  on  the  HVDC transm ission  l i ne  
from  sol i d -state  converters  i s  present in  F igure  23.  

For des ign  of the  carrier fi l ters ,  the  speci fication  shou ld  consider that harmfu l  i n terference  to  
power l i ne  carrier systems  on  HV transm ission  l i nes  connected  to  the  HVDC substations  may 
be  preven ted  by l im i ti ng  the  in terference level  from  the  HVDC substation  over the  power l ine  
carrier spectrum  to  –20  dBm  or l ess,  measured  in  a  nom inal  3  kHz band ,  fl at  weigh ti ng .  

Where  dBm  is  defined  as  a  means  of i n terference  measurement in  wh ich  0  dB  i s  speci fied  to  
1 , 0  mW,  wh ich  corresponds  to  0, 775  V pole-to-pole  in terference  vol tage  assum ing  a  l i ne  to-
l ine  surge  impedance  of 600  Ω .  I n  a  50  Ω  cab le  on  the  l ow vol tage  s ide,  0  dBm  and  1  mW 
corresponds  to  0 , 224  V.  
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Figure 23  – RY COM  noise  meter resu l ts  averaged  – Typical  plot of converter noise  
levels  on  the  d .c.  l ine  corrected  and  normal ized  to  3  kHz bandwidth  –0  dBm  =   
1  mW corresponding  to  0 ,775 V at  a  pole-to-pole  surge impedance of 600  Ω  

I f the  carrier i s  present or pl anned  i n  the  frequency range  20  kHz to  1 00  kHz,  fi l ters  wi l l  
probabl y be  requ i red .  The  econom ics  of fi l ters  for attenuation  of noise,  of course,  shou ld  be  
evaluated .  I t  shou ld  be  cons idered  that  the  cost  for a  broad  band  PLC fi l ter i s  s i gn i ficantl y 
h igher than  the  cost for a  narrow band  PLC fi l ter.  Especia l l y,  fi l ters  for the  lower frequencies  
20  kHz to  50  kHz cost s i gn i ficantl y more  than  PLC fi l ters  for h i gher frequencies.  

I nstrumentation  to  be  used  for carrier i n terference  measurement shou ld  be  properl y speci fied  
as  to  bandwid th  (BW)  and  type.  

By knowing  the  noise  l evels  produced  by converters,  reasonabl e  pred ictions  can  be  made for 
the  expected  performance of a  g i ven  carrier system .  

The  pri ncipal  measure  of performance  for any g i ven  carrier system  is  primari l y governed  by 
the  s ignal - to-noise  ratio  (SNR)  at the  receiving  poin t  of the  carrier system .  
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1 9  Radio frequency interference 

1 9. 1  General  

Historical l y Rad io  Frequency I n terference (RFI )  from  h igh  vol tage  electric  power instal l ations  
has  been  re lated  to  i n terference  wi th  AM  broadcast d istribu tion  due  to  h i gh  vol tage  a . c.  l i ne  
corona.  Consequentl y,  th is  aspect  i s  covered  wel l  i n  the  l i terature  and  in  re levant  s tandards,  
i . e .  the  CISPR 1 8  series .  RFI  from  substations  has  been  of m inor practica l  concern .  Therefore  
very l i ttl e  has  been  documented  regard ing  RFI  from  HV and  MV substations.  However,  CIGRÉ  
Techn ical  Brochure  No.  391 ,  provides  a  thorough  anal ys is  of the  aspect re lated  to  RFI  from  
substations,  i nclud ing  HVDC substations.  The  anal ysis  i s  based  on  both  theory and  
measurement resu l ts .  

One  important aspect that i s  treated  i n  the  Techn ica l  Brochure  (TB)  i s  the  attenuation  of the  
RFI  versus  d istance,  incl ud ing  how the  attenuation  depends  on  the  frequency.   

RFI  re lates  to  a  qu i te  wide  frequency range.  Accord ing  to  CISPR 1 1  frequencies  between  
9  kHz and  400  GHz may be  used  for wi re less  communication  and  are  therefore  covered  by 
the  I n ternational  Telecommunication  Un ion  ( I TU)  curren t i n ternational  table  of frequency 
a l l ocations.  Consequentl y,  e l ectromagnetic  in terference  in  th is  frequency range  i s  defined  as  
Rad io  Frequency I n terference  (RFI ) .  However,  the  frequencies  below 1 50  kHz are  nowadays  
sparsel y used  and  the  standards  for frequencies  above 1  GHz are  under development.  

1 9.2  RFI  from  HVDC  systems  

1 9.2. 1  RFI  sources  

RFI  energy at  the  HVDC substation  i s  produced  by the  turn-on  and  turn-off sequences  i n  the  
valves,  from  corona  on  the  h igh  vol tage  swi tchgear and  l i nes,  and  from  sparking  and  gap  
d ischarge  activi ti es  wi th in  the  swi tchyard .  

The  RFI  noise  from  the  va lve  operation  i s  predom inantl y produced  by the  fast vo l tage  
col l apse  during  the  turn -on  sequence.  These  trans ients  exci te  l ocal i zed  resonance  ci rcu i ts  
formed  by stray capaci tance  and  i nductive  e lements  in  the  bus  s tructures,  bush ings,  reactors ,  
converter transformers,  etc.  

RFI  generated  by the  a. c.  corona  i n  the  h igh  vol tage  a . c.  swi tchyard  of the  HVDC substation  
varies  s i gn i fican tl y wi th  the  weather cond i tions  and  i s  h i ghest at bad  weather.  RFI  generated  
by d . c.  corona  is  h ighest  near the  posi ti ve  conductor and  decreases  wi th  the  rad ia l  d istance  
from  the  conductor.  DC  corona  does  not  vary very much  wi th  the  weather cond i ti ons  and  i s  
somewhat h igher at  fa i r weather.  

Recent measurements  have  i nd icated  that there  may be  a  s i gn i fican t h i gh  frequency RFI  from  
the  a. c.  part of a  substation ,  especia l l y at d ry weather cond i tions  i f the  substation  is  ol d .  Th is  
h igh  frequency RFI  noise  i s  considered  to  be  generated  by gap  d ischarge  and /or sparking  
activi ti es.  For more  i n formation  reference is  made  to  CIGRÉ TB  No.  391 .   

1 9.2.2  RFI  propagation  

RFI  generated  i n  the  HVDC substations  may propagate  as:  

a)  a  gu ided  wave transm iss ion  propagating  a long  the  HVDC transm iss ion  l i ne;  

b)  a  gu ided  wave transm iss ion  propagating  a long  the  a . c.  transm ission  l i nes ;  

c)  d i rect wave  rad iation  from  the  HVDC substation .  

The  attenuation  of the  RFI  versus  d istance  varies  wi th  the  frequency as  fol l ows.  
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a)  The  attenuation  for the  l i ne-to-earth  mode  of RFI  propagating  a long  the  l i nes  i s  i n  the  
order of 3f0, 8  dB/km  wi th  f i n  MHz.  The  attenuation  varies  wi th  l i ne  des ign  parameters  and  
the  soi l  res istivi ty.  

b)  The  attenuation  for the  l i ne-to- l i ne  mode  of RFI  propagating  a long  the  l i nes  i s  i n  the  order 
of 0 , 3f0, 8  dB/km  wi th  f i n  MHz.  The  attenuation  varies  wi th  l i ne  design  parameters  and  the  
soi l  resisti vi ty.  

c)  The  physics  for attenuation  of the  d i rect wave  RFI  wi th  d is tance  is  qu i te  complex.  As  an  
approximation ,  at  a  d istance  from  a  substation  shorter than  λ /2π  or l onger at a  certa in  
d istance  d (SA)  the  attenuation  of the  fi e ld  s treng th  decreases  as  1 /r2  (where  λ  i s  the 
wavelength  of the  EM  rad iation  and  r i s  the  d is tance  to  the  i nstal lation) .  For i n termed iate 
d istances,  the  attenuation  is  proportional  to  1 /r.  The  d istance  d (SA)  depends  on  the 
frequency,  the  height of the  an tennas  and  the  soi l  properties.  For more  in formation  
reference  is  made  to  CIGRÉ TB  No 391 .  For a  rea l istic  example  i n  the  TB,  the  d is tance  
d (SA)  i s  i n  the  order of 25  m  at 50  MHz and  i ncreases  l i nearl y wi th  the  frequency for 
h igher frequencies.  For l ower frequencies  than  50  MHz,  the  d istance  d (SA)  varies  as  1 /f.  

The  impl ication  of the  above  i s  that for RFI  propagating  a long  the  l i nes,  the  h igh  frequency 
RFI  van ishes  after a  few ki lometres ,  especia l l y the  l i ne-to-earth  componen t that i s  dom inating .  
However,  l ow frequency RFI  wi l l  propagate  qu i te  a  l ong  d istance,  especial l y the  l i ne-to- l i ne  
component.  

With in  a  few hundred  meters  from  the  substation ,  the  d i rect wave  RFI  can  have  a  qu i te  broad  
frequency range.  However,  when  normal  design  i s  appl i ed ,  the  RFI  has  d im in ished  to  the  
background  RFI  l evel  after 0 , 5  km  to  1  km .  

1 9.2.3  RFI  characteristics  

The general  characteristi c of the  RFI  noise  from  an  HVDC substation  is  repeated  transients  
regard less  that  the  noise  is  produced  by the  commutation  process,  corona,  sparking  or gap  
d ischarge.  Due  to  the  d i fferen t sources  the  frequency characteristics  of the  broad  band  RFI  
from  a  converter s tation  can  be  qu i te  complex and  very i rregu lar.  To  some exten t th is  i s  va l i d  
for any h i gh  vol tage  substation .  

RFI  noise  generated  by the  commutation  process  of the  HVDC converter has  the  fol l owing  
characteristics.  

a)  I n terference energy i s  d i rectl y proportional  to  the  magn i tude  of the  vol tage  j umps 
produced  during  the  tu rn-on  sequences  of the  valves  and  a lso  depends  on  ci rcu i t  
parameters.  The  vol tage  j umps  at  turn-off has  l ess  impact as  the  rise  time at  turn-on  i s  
much  shorter than  the  rise  time at turn-off.  

b)  As  the  RFI  due  to  the  converter commutation  process  depends  on  the  ci rcu i t  resonances,  
the  frequency spectrum  i s  qu i te  i rregu lar.   

c)  Due  to  the  defined  rise  time for the  vol tage  j umps  at tu rn-on ,  the  RFI  due  to  the  
commutation  process  decays  for frequencies  above 1  MHz and  is  neg l ig ib le  for 
frequencies  above 1 0  MHz.  

d )  The  noise  that  comes  out  from  the  valve  ha l l  i s  predom inan tl y the  noise  conducted  through  
the  wal l  or transformer bush ings  i f the  valve  hal l  i s  des igned  wi th  good  RF  sh ie l d ing .  

e)  The  noise  l evel  i s  essen tia l l y i ndependent of the  operati ng  current.  

f)  The  number of converters  has  m inor impact on  the  noise  l evel .  

The  dom inan t mode for a l l  RFI  generated  in  a  substation  i s  the  l i ne-to-earth  mode.  

1 9.3  RFI  performance  speci fication  

1 9 .3. 1  RFI  risk assessment  

The  process  for the  speci fication  shou ld  start  wi th  an  RFI  risk assessment regard ing  any l ocal  
cond i tions  requ iring  speci fic precau tions  regard ing  RFI .  I t  shou ld  be  noted  that the  risk for 
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i n terference  is  re lated  to  nearby rad io  receivers ,  not to  nearby rad io  transm itter.  A nearby 
a i rport may imply an  extra  risk for RFI  wi th  the  a i rp lanes  approach ing  the  a i rport for l and ing .  

Of specia l  concern  i s  i n terference  re lated  to  the  non -d irectional  beacons  (N  DB)  as  their 
operati ng  frequency is  coinciden t wi th  the  frequency range  for the  converter RFI  em ission .   

Also  l ocal  communication  cen tres  wi th  dual  communication  such  as  fi re  bri gade  s tations  
shou ld  be  cons idered  i n  the  risk assessment.  

The  importan t  factors  are:  Frequencies  used ,  the  bandwid th ,  the  s i gnal  l evel ,  the  noise  to  
s i gnal  requ irement and  the  d is tance  to  and  the  location  of the  an tenna  of the  rad io  receivers .  

1 9.3.2  Specification  RFI  l imit  and  i ts  veri fication  

The speci fied  RFI  requ irement shou ld  i nclude  a l l  sources  re lated  to  the  re levant del i very.  The  
speci fication  shal l  define  a l l  steady s tate  operation  modes  and  cond i tions  and  weather 
cond i ti ons  du ring  wh ich  the  cri teria  shal l  be  met.  

Basica l l y a  s i ng le  bas ic cri terion  shal l  be  speci fied  to  be  appl i ed  to  a l l  steady state  operation  
modes,  at  any l oad  up  to  and  includ ing  the  fu l l  l oad  rated  va lue,  and  wi th in  the  des ign  range  
of fi ring  ang le  and  a l l  weather cond i ti ons  is  recommended .  The  performance  cri terion  shou ld  
cover the  normal  a . c.  and  d . c.  operati ng  vol tage  ranges.  For practical  reasons,  then  overal l  
veri fication  of the  RFI  performance  by measurements  shal l  be  performed  under fa i r weather 
cond i ti ons  wh i le  the  RFI  em iss ion  due  to  a . c.  corona  under bad  weather cond i ti ons  shal l  be  
veri fied  by ca lcu lation .  

The  requ irement shou ld  be  speci fied  as  a  graph  of the  maximum  E-fie l d  i n  dB  [μV/m ]  versus  
frequency for the  frequency band  1 50  kHz to  1  GHz.  There  shou ld  be  one  graph  for the  
substation  l im i t and  one  graph  for l i ne  l im i ts.  Su i table  l im i ts  for the  normal  cases  are  g iven  i n  
CIGRÉ Techn ical  Brochure  391 ,  wi th  j usti fications.  S ince  the  frequencies  i n  the  frequency 
range  9  kHz to  1 50  kHz are  sparsel y used ,  a  requ i rement shou ld  on l y be  speci fi ed  i n  case  any 
communication  i s  i n  use  in  the  vicin i ty of the  HVDC substation  or connecting  l ines.  
Requ i rements  appl ied  unnecessari l y i n  th is  l ow frequency range  wi l l  i n troduce extra  cost i n  
form  of l arge  fi l ters.  

The  recommended  procedure  for veri fication  by measurements  i s  shown  i n  F igure  25.  The  
recommendations  are  detai l ed  i n  CIGRÉ TB  No.  391 .  
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d3  measuring  d i s tance  for l i nes  that  i s  30  m  up  to  600  kV a. c.  and  50  m  for h i gher vol tages  
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T  most  rel evant  pos i ti ons  for measurement  

Figure 25 – Recommended  measurement  procedure with  defin i tion  of measuring  point  

The l im i ts  for substations  in  accordance  wi th  Table  D. 2  i n  CIGRÉ  TB  No.391 : 2009  i s  
appl icable  both  for the  con tour around  the  active  parts  of substations  and  the  closest part of 
the  con tour a long  the  l ine.  After a  d is tance  of 4  km ,  the  l im i ts  for the  l i ne  i n  accordance wi th  
Table  D .3  in  CIGRÉ  TB  No.391 : 2009  appl y.  

The  measurement shal l  be  performed  as  a  frequency scan  over the  en ti re  RFI  frequency 
range  as  the  frequency characteristic may be  very i rregu lar.  I t  i s  not sufficien t to  measure  the  
RFI  l evel  at  0 , 5  MHz on l y,  as  often  done  for RFI  due  to  a . c.  l i ne  corona.   

1 9.3.3  Design  aspects  

The va lve-hal l  bu i l d ing  des ign  shou ld  i ncorporate  necessary sh ie l d ing  to  meet the  RFI  
requ irement wi thou t  any external  swi tchyard  screen ing .  Specia l  attention  shou ld  be  g i ven  to  
m in im izing  the  antenna  area  for l oops  wi th  h i gh  frequency trans ients  conducted  through  the 
valve  and  the  transformer bush ings.  

The  speci fication  shou ld  requ i re  a  statement on  the  proposed  method  of l im i ting  RFI  wi th in  
the  speci fied  l im i ts .  There  shou ld  also  be  a  s tatement regard ing  estimation  of the  expected  
RFI  l evel  by calcu lation  during  the  des ign  stage,  wi th in  the  enti re  frequency range.  Th is  
estimation  shal l  cover both  the  RFI  from  the  substation  and  the  RFI  from  the  l ine,  as  defi ned  
i n  F igure  25.  I n  th is  estimation  a lso  bad  weather a. c.  corona  wi th in  the  substation  shou ld  be  
cons idered .  

20  Power losses  

20. 1  General  

I t  i s  normal  practice  to  establ ish  l oss  fi gures  for HVDC substations  under rated  power 
(Clause  5)  and  no- load  operating  cond i ti ons  (7 . 4)  so  as  to  perm i t an  econom ic evaluation  of 
the  l osses.  I n  add i tion ,  l osses  at m in imum  l oad  (7 . 2)  or other i n termed iate  l evels  may a l so  be  
evaluated  using  the  appropriate  weigh ting  factors.   

HVDC system  l osses  can  be  determ ined  by the  summation  of l osses  of the  main  contribu ting  
sources.  Loss  figures  are  usual l y based  on  a  combination  of calcu lations,  factory tests  and  

IEC   810/13 
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fie l d  tests,  s i nce  determ ination  of tota l  l osses  by fie l d  tests  alone  i s  not practical  because  of 
i nadequate  measuring  accuracy.  

The  re levant envi ronmenta l  cond i tions,  as  wel l  as  methods  of ca lcu lation  shou ld  be  speci fied .  
The  to lerances  for a l l  l oss  measurements  shou ld  be  establ ished .  

I f the  HVDC system  is  erected  i n  s tages,  then  the  l oss  fi gures  per stage  shou ld  be  determ ined .  
Tota l  efficiency fi gures  for monopolar and  b ipolar operation  under the  speci fied  cond i tions  
shou ld  be  veri fied .  

Determ ination  of power l osses  in  HVDC converter stations  i s  described  i n  detai l  i n  I EC 61 803.  

20.2  Main  contributing  sources  

20.2. 1  General  

For much  HVDC equ ipment,  harmon ic curren ts  contribu te  appreciabl y to  tota l  equ ipment 
l osses.  The  bas is  for calcu lation  of these  harmon ic l osses  shou ld  be  speci fied .  Temperatures  
at  wh ich  losses  are  to  be  determ ined  shou ld  be  g i ven .  

20.2.2  AC  fi l ters  and  reactive power compensation  

Loss  fi gures  are  calcu lated  for the  a . c.  fi l ters  and  reactive  power compensation .  The  harmon ic  
l osses  i n  these  are  strong ly l oad-dependent.  The  l oss  fi gu res  shou ld  i nclude  a l l  harmon ic 
effects  produced  by the  converters .  Un less  otherwise  speci fi ed ,  harmon ics  en tering  from  the  
a. c.  system  shou ld  not  be  taken  i n to  account  i n  these  ca lcu lations.  For no- load  loss  
calcu lation ,  none  of the  fi l ters  and  reactive  power sources  i s  assumed  to  be  connected .  For 
rated  l oad ,  i t  i s  assumed  that a l l  fi l ters  and  reactive  power sources  wh ich  are  needed  to  
provide  the  speci fied  power factor are  connected  and  a l l  harmon ics  en ter the  fi l ter on l y.  For 
i n termed iate  l oads,  the  operating  cond i tions  shou ld  be  speci fied .  For static  and  synchronous  
reactive  power compensators,  the  operati ng  cond i ti ons  shou ld  a lso  be  speci fied .  

20.2.3  Converter bridges  

Converter bridge  l osses  can  be  calcu lated  based  on  measurements  made  i n  the  factory on  the  
i nd ividual  bri dge  e lements.  Loss  fi gures  i nclude  l osses  i n  a l l  the  components  used  i n  the  
bridges,  for example,  va lves,  snubber ci rcu i ts ,  reactors,  e tc.  assum ing  fi ring  and  overlap  
ang les  as  requ ired  for the  speci fied  l oad  cond i tion .  Under no- load ,  va lves  are  assumed  to  be  
energ ized  bu t b locked .  Al l  va lve-cool ing  equ ipment losses  requ i red  for the  speci fi ed  load  
cond i tions  shou ld  be  i ncluded .  

20.2.4  Converter transformer 

The fundamental  frequency l osses  in  converter transformers  can  be  establ ished  by no- load  
and  short-ci rcu i t  measurements  i n  the  factory wi th  harmon ic  losses  taken  i n to  accoun t by 
appropriate  computation .  Al l  cool i ng  equ ipment l osses  shou ld  be  i ncluded  as  far as  their 
operation  i s  requ ired  for the  speci fic  l oad  cond i tion .  

20.2.5  DC  reactor 

Direct curren t l osses  can  be  measured  in  the  d . c.  reactor at the  factory and  ad j usted  for the  
speci fied  ambient temperature.  I ts  harmon ic  l osses  shou ld  be  ca lcu lated .  Al l  cool ing  
equ ipment l osses  shou ld  be  i ncluded  as  far as  their operation  i s  requ i red  for the  speci fi ed  
l oad  cond i tion .  

20.2.6  DC  fi l ter 

DC fi l ter l osses  are  calcu lated  taking  i n to  account  the  harmon ics  actual l y entering  the  fi l ter at 
the  speci fied  load  cond i ti ons  wi th  the  control  and  overlap  ang les  as  needed  at  those  
cond i tions.  Al l  converter harmon ics  are  assumed  to  enter the  d . c.  fi l ter.  
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20.2.7  Auxi l i ary equ ipment 

This  equ ipment i ncludes  cool ing  (except converter transformer,  d . c.  reactor and  va lve  cool ing),  
con trol ,  heating ,  l i gh ti ng  of the  HVDC substation  and  auxi l iary transformers.  Losses  can  be  
determ ined  as  the  summation  of the  measured  or calcu lated  l osses  of a l l  i nd ividual  i tems.  
On l y that  equ ipment wh ich  is  needed  for the  speci fi c operating  poin t  i n  meeting  a l l  
requ irements  of the  speci fications  shou ld  be  i ncluded  in  the  l oss  calcu lation .  

20.2.8  Other components  

Losses  i n  other componen ts  such  as  vol tage  and  curren t transformers,  RI  fi l ters,  etc,  shou ld  
be  determ ined  under speci fi ed  cond i ti ons  ( l oad  l evel ,  ambient  temperature,  etc) .  

21  Provision  for extensions  to  the  HVDC systems 

21 . 1  General  

I f extensions  to  HVDC systems are  schedu led  or p l anned  in  the  fu ture  through  separate  
speci fications,  the  various  appl icable  cond i ti ons  after the  extens ions  shou ld  be  cons idered  i n  
advance.  Otherwise,  econom ical l y and  techn ical l y d isadvan tageous  s i tuations  m igh t arise.  
Therefore,  i t  i s  necessary to  speci fy,  as  far as  poss ib le,  the  cond i ti ons  for each  step  of the  
extensions  appl ying  to  C lauses  3  to  1 9.  For the  scope  of the  equ ipment insta l lations  i n  each  
stage  of the  extens ions  and  the  performance  speci fications,  carefu l  cons ideration  shou ld  be  
g i ven  to  the  complexi ty of the  fi e ld  work,  to  m in im ize  the  in fluence of the  fi e ld  work and  fi e l d  
tests  on  the  operation  of the  existing  system ,  to  economy of advance  i nvestment and  to  the  
system  performance  requ i rements  at each  stage.  The  fol lowing  matters  shou ld  be  speci fi ed  i n  
as  much  detai l  as  poss ib le  to  the  exten t they can  be  an ticipated  and  i ncluded  i n  the  statement 
of the  scope  of extensions.  

21 .2  Specification  for extensions  

The speci fications  for extensions  consist of the  fo l l owing :  

a)   Rated  capaci ty,  vol tage  and  curren t i n  each  stage  of extens ions.  

b)   Form  of converter bri dge  extensions  (Figure  24) :  

1 )  series ;  

2)  paral l el ;  

3)  monopolar to  bipolar;  

4)  mu l ti -term inal ,  series  or paral le l .  

 Any specia l  operating  modes  p lanned  for the  fu ture,  such  as  swi tch ing  of poles  from  series  
operation  to  para l le l  operation  during  the  outage  of a  HVDC transm iss ion  l i ne  pole  as  
d iscussed  i n  Clause  3  shou ld  be  described .  

c)   AC  system  parameters  after each  s tage  of the  extens ions  

1 )  add i ti onal  a . c.  l i nes;  

2)  changes  in  nom inal  and  range  of steady-state  a. c.  vo l tage;  

3)  add i tional  generators;  

4)  i ncreased  short-ci rcu i t  capaci ty.  

d )   Reactive  power balance  after each  stage  of the  extens ions  

1 )  reactive  power sou rce  to  be  i nstal l ed  at  the  HVDC substation ;  

2)  reactive  power suppl ied  from  the  a . c.  system .  

e)  Ci rcu i t  configuration  and  l i ne  characteristics  of the  HVDC transm iss ion  l i ne(s)  after 
extensions.  

f)  Change of the  control  mode  after extensions,  i f p l anned .  
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NOTE  1  The  extension  work on  control  and  protecti on  may restri ct  the  operation  of exi sti ng  equ ipment  for a  
l ong  period .  I n  th i s  connection ,  therefore,  the  scope  of control  and  protection  equ ipment to  be  i nstal l ed  i n  each  
stage  of extension  shou ld  be  exam ined .  

g)   The  a l l owable  l evels  of aud ible  noise,  carrier i n terference and  harmon ic  i n terference  i n  
each  stage  of extens ion  shou ld  a lso  be  speci fied ,  i ncl ud ing  the  l evels  i n  the  fi na l  stage  
after completion  of extensions.  

h )  Order of extens ion  of a . c.  and  d . c.  fi l ters.  

NOTE  2  When  the  HVDC transm ission  l i ne  vol tage  changes  as  a  resu l t  of extension ,  the  des ign  of fi l ters  wi l l  
be  d i fferent  depend ing  on  whether fi l ters  for the  fi nal  HVDC transm ission  l i ne  vo l tage  are  used  from  the  
beg i nn i ng  or series  extension  of capaci tor u n i ts  i s  made.  Accord i ng l y,  i t  i s  necessary to  cl earl y i n d icate  th i s  
poin t.  
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 a) Monopolar to bipolar extension 

b) Multiterminal  bridge extension  
IEC   408/05  

Figure 24 – Extension  methods  for HVDC  systems  
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Annex A  
(informative)  

 
Factors  affecting  rel iabi l i ty and  avai labi l i ty of converter stations  

 

This  annex explains  various  factors  affecting  re l i abi l i ty and  avai labi l i ty of an  HVDC substation  
i tse l f and  not  the  evaluation  of re l iabi l i ty and  avai l abi l i ty.  I t  may be  noted  that a l l  may not  be  
appl icable  to  every HVDC substation  and/or HVDC user.  

NOTE  The  owner/user shou ld  speci fy speci fi cal l y such  re l i abi l i ty &  avai l abi l i ty requ i rements ,  as  deemed  
appl i cabl e  for the  HVDC proj ect.  Wi thou t a  mutual  speci fi c  agreement  between  the  supp l i er/manufacturer and  the  
user/owner;  th i s  annex i s  on l y for i n formation  and  gu i dance.  

A.1  Design  and  documentation  

A.1 . 1  General  

The fol l owing  subclauses  are  a  compi lation  of suggested  RAM-driven  design  princip les  that  
have  been  speci fied  for previous  HVDC substation  proj ects .  The  user may cons ider these  in  
fu ture  converter s tation  designs/speci fications,  as  appropriate,  i n  l i gh t  of the  operational  
m ission ,  the  surround ing  e lectrical  system ,  and  the  econom ics  of the  proj ect.  

A.1 .2  General  design  principles  

a)  For b ipolar converters ,  the  des igner shou ld  pay specia l  atten tion  to  avoid  b ipol ar forced  
ou tages  and  keep  such  duration  to  a  m in imum .  Th is  effort  requ ires  emphasis  on  such  
areas  as  subsystem  and  system  testi ng ,  protection  coord ination ,  proper setting  of 
protections,  spare  parts,  and  redundancy and  separation  of the  subsystems of the  two  
poles.  

b)  Except where  the  user des i res  even  more  stri ngent design  requ irements ,  no  s ing le  fai l u re  
of equ ipment under rated  operati ng  cond i tions  shal l  l ead  to  more  than  a  pole  forced  
ou tage,  and  no  combination  of equ ipment fai l u res  wi th in  an  HVDC converter pole  shou ld  
ever cause  a  forced  ou tage  extend ing  beyond  that pole.  I t  may be  noted  that under some 
operating  configuration  (e. g .  b ipolar ba lanced  operation  wi th  s tation  earth),  th is  may not 
be  avoidable.  

c)  Subj ect to  the  user’s  operating  pol icy,  no  more  than  one  pole  at a  t ime shou ld  need  
de-energ isation  as  a  precond i tion  to  any schedu led  main tenance task.  Furthermore,  the  
HVDC substation  des ign  shou ld  requ i re  no  more  than  one  annual  p l anned  ou tage  for 
rou tine  maintenance  of any i nd ividual  p iece  of equ ipment.  

d )  The  converters  shou ld  be  des igned  to  prevent,  wherever poss ib le,  fa lse  power reversals  
due  to  equ ipment fa i lu re,  mal function ,  or operator error.  

e)  Al l  con trol  and  protection  systems shou ld  be  designed  so  that no  s ing le  fai l u re  i n  any of 
these  systems  causes  a  reduction  i n  rated  HVDC power transfer capaci ty.  

f)  The  control  and  protection  equ ipment shou ld  be  des igned  to  cause  no  more  than  a  defined  
number of d iscrete  trans ien t d is turbances  (wi th  a  m in imum  duration  defined  by the  user)  
per pole  per year;  bu t exclud ing  transient d isturbances  occurring  wh i l e  the  HVDC controls  
and  protections  are  respond ing ,  as  designed ,  to  problems  orig inating  i n  the  ad jacent a. c.  
system(s).  

g )  Throughou t the  design  of the  HVDC substation ,  and  particu larl y i n  the  valve  hal ls ,  care  
shou ld  be  taken  to  i denti fy and  to  prevent possib le  causes  of fi re  for example  by use  of 
fi re  retardant materia l .  Where  the  possib i l i ty of fi res  may not be  e l im inated  en ti re l y,  
provis ion  shou ld  be  made for the  fol l owing  cond i ti ons .  

•  F i re  detection  and  a larm ing .  

•  Human  veri fication  to  avoid  fa lse  tri pping  and  unnecessary i n i tiation  of suppress ion  
measures,  i f appl icable .  
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h )  The  user may speci fy that the  des ign  and  p lacement of auxi l i ary equ ipment ( i nclud ing  the ir 
associated  con trols  and  protection)  be  such  that a  s i ng le  equ ipment fa i l u re  does  not 
reduce  rated  HVDC power transfer capaci ty.  Redundan t cool i ng  pumps,  cool i ng  fans,  and  
heat exchangers  wou ld  be  one  approach  to  meeting  th is  requ i rement.  

A.1 .3  More detai led  design  principles  

The  fo l l owing  features  wou ld  improve  performance  when  designed  in to  the  controls,  
protections,  and  s im i l arl y organ ized  equ ipment.  

a)  The  l east complex design  capable  of perform ing  a  requ ired  function .  

b)  Components  that are  appl ied  wi th in  the ir i nd ividual  ratings  and  that have  been  proven  i n  
service  or have  undergone appl icable  accelerated  l i fe  s tress  tests  before  commission ing .  

c)  Pre-aged  components  (a  burn- in  period  shou ld  be  appl ied  to  a l l  e lectron ic components  
wi th in  the  valve  groups,  and  wi th in  the  control  and  protection  equ ipment,  before  their 
i ncorporation  i n to  larger assembl ies) .  

d )  Ci rcu i ts  using  common  components  ( to  reduce  the  number of speci fic  spares  to  stock).  

e)  Design  practices  (such  as  surge  protection ,  fi l tering ,  and  i n terface  buffers)  to  render 
sens i ti ve  components  and  ci rcu i ts  immune  to  damage and  i n terference by i nduced  
vol tages  and  curren ts  i n  external  cabl ing  and  cubicle  wiring .  

f)  Fai l -safe  and  sel f-d iagnostic  des igns.  

g )  Redundan t equ ipment and  control  cables,  wi th  au tomatic  transfer faci l i ties  as  appropriate.  

h )  Physica l  separation  of redundan t cables  and  ci rcu i ts  to  m in im ize  the  effect of fi re,  fl oods,  
and  other such  hazards.  

i )  Designs  that,  i n  the  event of component fa i l u res,  transfer to  a  l ess  complex operating  
mode.  

j )  Equ ipment that  may be  maintained ,  repaired ,  and  operated  at  the  converter stat ions  
wi thout the  need  for specia l  operati ng  and  maintenance  envi ronments,  test equ ipment,  
specia l  tools,  or complex operati ng  sequences.  

k)  Modu lar construction  to  perm i t rapid  replacement of modu les  wi th  fa i led  components  or 
subassembl ies.  

l )  I denti fication  and  separation  of control  swi tches  for each  converter and  associated  
equ ipment to  m in im ize  operator errors .  

m )  Des igns  that  do  not re l y upon  immed iate  operator actions  to  avoid  equ ipment damage.  

A.1 .4  Software design  principles  

Typical l y,  a l l  control  and  protection  functions  i n  HVDC substations  are  implemented  as  
software.  The  overal l  re l iab i l i ty of a  HVDC substation  i s  d i rectl y impacted  by the  qual i ty of th is  
software.  

a)  As  wi th  hardware,  general  q ual i ty assurance methods,  pri ncip les,  and  organ izations  
shou ld  be  employed  for software  des ign  and  appl ication .  Organ izational  methods,  aud i ts,  
and  certi fications,  as  defined ,  for example,  i n  the  I SO  9000  fam i l y (see  4 . 5,  4 . 9 ,  4 . 1 0,  4 . 1 1 ,  
and  4 . 1 2  of I SO  9001 : 1 994  [B1 2] ,  and  I SO  9000-3: 1 997  [B1 3]  i n  particu lar)  and  the  
I SO 1 0000  fam i l y,  appl y here.  

b)  Most of the  general  design  princip les  mentioned  i n  A. 1 . 2 ,  and  most of the  speci fic 
princip les  l i sted  under A. 1 . 3,  are  appl icable  to  software  as  wel l .  For example,  the  pri ncip le  
of m in imum  complexi ty shou ld  be  observed  to  m in im ize  the  poss ib i l i ty of errors  and  to  
ease  main tenance  and  repair.  Use  of proven  s tandard  function  b locks  (for control ,  log ic,  
and  commun ication)  i s  recommended .  These  proven  standard  function  b locks  are  
configured  ( i . e .  parameterized  and  combined)  to  provide  the  HVDC control  and  protection  
structu re  as  needed .  I n  order not to  ach ieve  robustness  at the  expense  of j eopard izing  
performance,  th is  “function  b lock”  approach  shou ld  be  used  on l y by wel l -tra ined ,  
experienced  personnel  employing  adequate  hardware  and  software  of fam i l iar design .  
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c)  Software  offers  fundamenta l  re l iabi l i ty-related  advantages  over hardware.  These  
advantages  shou ld  be  used  in  a l l  HVDC converter appl ications.  For example,  se l f-
mon i toring ,  se l f-d iagnostics  and  fa i l -safe  software  shou ld  be  appl i ed  prudentl y.  Automatic 
documentation  features  shou ld  be  used  for d iagrams,  test reports,  and  manuals.  Al l  major 
con trol  and  protection  functions  shou ld  be  i ncluded  i n  the  s imu lation  tool s  used  for the  
overal l  con trol  and  protection  system  des ign .  The  identical  software  combination  shou ld  
then  be  implemented  and  tested  as  part  of the  actual  con trol  and  protection  equ ipment.   

d )  Awareness  of the  speci fic software-related  problems and  risks  is  necessary as  wel l .  
poten tia l  computer fa i l u res,  auxi l i ary power ou tages,  risk of unauthorized  access,  
vu lnerabi l i ty to  vi ruses,  as  wel l  as  the  i nevi table  existence  of (h idden)  software  fau l ts  
shou ld  a l l  be  taken  i n to  cons ideration .  Some of the  remed ies  to  be  appl ied  are  use  of 
proven  and  re l iab le  computer,  processor,  and  i n terface  hardware;  un in terruptible  power 
supply;  l im i ted  access;  safel y s tored  back-up  software  etc.  

A.1 .5  RAM  records  

Prior to  comm ission ing ,  the  user shou ld  establ ish  a  procedure  to  document a l l  RAM-related  
even ts.  Each  event,  whether schedu led  or unpred icted ,  shou ld  be  recorded  wi th  reference to  
a l l  data  re levant  to  i ts  cause  and  to  i ts  effect on  RAM  performance.  

A.2  Operation  

A.2. 1  Train ing  

A.2. 1 . 1  The role  of train ing  i n  HVDC substation  RAM  

Trained  staff does  make a  d i fference to  the  tota l  re l i abi l i ty/avai labi l i ty of an  HVDC substati on .  
At  the  earl i est  stage  (tender and  contract  preparation),  the  staffi ng  requ i rements  of a  station  
shou ld  be  ou tl i ned .  

A.2. 1 .2  Train ing  courses  

I n  general ,  tra in ing  shou ld  be  g i ven  to  operation  and  main tenance  personnel  and  shou ld  start,  
i f poss ib le,  before  the  factory acceptance  tests  beg in  for the  con trol  and  protection  system .  

A tra in ing  program  may start wi th  a  cl assroom  orientation ,  wh ich  is  then  completed  i n  time  for 
the  start  of equ ipment pre-commission ing .  A tra in ing  course  may be  d ivi ded  in  four parts.  
They are  as  fo l l ows.  

a)  General  lectu res  on  the  system  and  the  equ ipment  – the ir purposes,  functions,  methods  of 
use,  and  con trol  and  protection  pri ncip les  – wi th  appropriate  texts.  

b)  Speci fic  l ectures  on  operation  and  main tenance,  g i ven  separatel y,  even  i f atten ded  by the 
same personnel .  Al l  i tems  of equ ipment,  whether special  or conventional ,  shou ld  be  
covered  by both  courses.  

c)  Experience  ga ined  from  participation  i n  i nsta l l ation ,  testi ng ,  pre-commission ing ,  and  
commission ing ,  after these  l ectures  have  been  assim i l ated .  I f possib le,  the  testing  of 
converter valves  and  of con trols  shou ld  be  wi tnessed  by some tra inees.  

NOTE  Here,  too,  vi deo  record ing  i s  h i gh l y advisabl e  – parti cu larl y for re l ati vel y uncommon  events  such  as  the  
rep lacement  of a  converter transformer,  smooth ing  reactor,  or thyri stor.  

d)  Practical  exercises  to  ensure  that tra inees  are  ab le  to  operate  the  station  i n  a  safe  and  
efficient  manner.  

A.2.2  Maintenance  programs affecting  rel iabi l i ty 

A.2.2. 1  Basics  

The  goal  of main tenance  p lann ing  i s  to  reach  an  optimum  balance  between  the  tota l  expense  
of schedu led  ou tages  and  the  frequency of forced  ou tages.  Main tenance  may be  as  fol l ows:  
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a)  preventive:  to  main tain  or improve  the  equ ipment abi l i ty to  operate;  

b)  pred icti ve:  to  ward  off a  perceived  imm inent danger of forced  outage ;  

c)  correcti ve:  to  cl ear a  forced  ou tage.  

Main tenance tasks,  having  in tervals  l ess  than  one  year,  may be  on- l ine  tasks,  specia l l y when  
the  system  design  i ncludes  redundancy.  These  tasks  may be  p lanned  and  execu ted  as  on - l i ne  
maintenance throughout the  year.  

Most,  bu t  not a l l ,  main tenance  tasks  having  in tervals  equal  to  or l onger than  one  year are  
(subsystem  or component)  off- l i ne  tasks.  Depend ing  on  whether a  redundant  subsystem  or 
component exists  and  on  whether i t  i s  accessib le  when  the  system  is  on - l i ne,  i ts  main tenance  
is  e i ther made part of the  (system)  on l ine  main tenance or declared  a  (system)  off- l ine  task.  
These  off- l i ne  tasks  are  grouped  on  an  annual  basis  and  performed  during  an  annual  
schedu led  outage.  

A.2.2.2  Design ing  systems  and  specifying  equ ipment for optimum  maintainabi l i ty 

A pred icti ve  RAM  calcu lation  shou ld ,  among  other goals,  i ncl ude  des ign  targets  re lated  to  
main tenance.  As  the  design  and  main tenance  p lann ing  progresses,  the  RAM  calcu lation  m ight 
have  to  be  repeated .  

A.2.2.3  Planning  maintenance  programs  

Maintenance p lann ing  may be  based  on  the  methodology of re l i ab i l i ty-centered  main tenance 
(RCM).  

RCM  focuses  on  the  priori ti zation  of the  tasks  accord ing  to  thei r perceived  necess i ty,  i nstead  
of j ust perform ing  the  work accord ing  to,  for i nstance,  the  manufacturer’s  main tenance 
manuals .  As  a  typical  resu l t,  i den tical  componen ts  i n  d i fferen t locations  m igh t have  d i fferent  
main tenance schedu les,  after considering  cri teria  such  as  the  fol lowing :  

– function  wi th in  the  system  as  a  whole;  

– probabi l i ty of fa i lu re,  a l so  cons idering  the  s tress  cond i ti ons ;  

– avai lab i l i ty of earl y fa i l u re  warn ing ;  

– impact of fa i l u re  on  system  performance [fa i lu re  mode  and  effect anal ys is  (FMEA)  i s  often  
used  to  anal yze  th is  impact] ;  

– redundancy;  

– measurable  ag ing  and  wear on  equ ipment;  

– i denti fying  wh ich  maintenance  tasks  are  i nd ispensable;  

– determ in ing  wh ich  further main tenance  acti vi ties  wou ld  improve  rel i ab i l i ty by reducing  the 
exposure  to  fa i lu res,  delaying  thei r occurrence,  faci l i tating  the ir detection ,  e tc;  

– tu toria ls,  reports,  and  other types  of l i terature  on  RCM  that are  avai l ab le.  

After the  RCM  analys is,  the  HVDC user shou ld  cons ider fu rther factors  i n  order to  refi ne  the  
overal l  main tenance  p lan .  These  factors  are  as  fo l l ows:  

– vendor warran ty requ i rements;  

– appl icable  s tandards  requ i rements ;  

– other con tractual  requ i rements;  

– l iabi l i ty and  i nsurance  requ irements ;  

– econom ics.  

A specia l  feature  of HVDC b ipole  systems  that are  able  to  transm i t 50  %  (or more)  energy on  
e i ther pole  and  1 00  %  energy on  both  poles  is  that one  pole  may undergo a  schedu led  ou tage  
wh i l e  the  other pole  i s  i n  operation  (provided  the  equ ipment l ayou t and  the  power network 
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a l l ow th is  option).  I n  such  cases,  the  user m ight  d i vide  the  annual  schedu led  outage  i n to  three  
parts:  one  pole  ou tage  for each  pole ,  and  a  schedu led  bipole  ou tage  (for any equ ipment 
common  to  both  poles,  i rrespective  of the  des ign  goals  of A. 1 . 2) .  

F inal l y,  p lann ing  off- l i ne  maintenance  on  an  annual  basis  does  not mean  that a l l  annual  
schedu led  ou tage  plans  are  i dentica l ,  even  i f the  equ ipment l i st  remains  unchanged ,  for the  
fol l owing  two  main  reasons.  

a)  Tasks  wi th  prescribed  i n tervals  equal  to  or l onger than  two years  are  not carried  ou t year 
by year.  

b)  Al though  constant component fa i l u re  rates  are  assumed,  fa i l u re  rates  tend  to  change  wi th  
time accord ing  to  the  “bathtub  curve, ”  and  as  a  function  of the  mechan ical  and /or 
e lectrica l  stresses  to  wh ich  the  componen ts  are  subjected .  

A.2.3  Spare  parts  

A.2 .3. 1  Types  of spare  parts  

A.2 .3. 1 . 1  Consumables  

Consumables  are  used  con tinuous l y,  so  smal l  numbers  are  kept  on  hand  or ordered  j ust  
before  schedu led  main tenance  periods.  They are  eas i l y replaced ,  sources  are  p len ti fu l ,  and  
they are  not usual l y i ncl uded  i n  the  orig inal  con tractual  i nven tory.  

A.2.3. 1 .2  Long-term  spares  

Long-term  spares  are  needed  for the  en ti re  l i fe  of the  converter s tation .  They may be  
classi fied  i n to  two  groups,  as  fo l l ows.  

a)  Parts  needed  on l y at l ong  i n tervals  (e. g . ,  once  i n  fi ve  years) .  The  user shou ld  check the  
avai l abi l i ty of these  i tems  frequentl y,  and  they may have  to  be  i ncluded  i n  the  station ’s  
i nventory i f they become d i fficu l t  to  procure.   

b)  Emergency i tems  needed  to  recover from  a  forced  ou tage.  There  i s  no  way to  guaran tee  
the  fai l u re  rate  or the  avai labi l i ty of the  replacement part at  the  time of the  fa i l u re.  

Earl y i n  the  l i fe  of the  project,  the  user shou ld  i den ti fy l ong  l ead -time i tems  avai l able  from  
relativel y few sources.  

A.2.3.2  Evaluation  

Consumables  and  main tenance i tems are  not  much  of a  problem ,  i n  that the  replacement rate  
is  known .  The  rea l  i ssue  in  spare  parts  i nven tory i s  the  emergency i tem .  To  have  every 
poss ib le  needed  emergency part wou ld  requ ire  having  a lmost a  complete  spare  converter 
station  in  the  i nven tory.  I n  general ,  the  amount of spare  parts  kept i n  the  station ’s  i nven tory i s  
proportional  to  the  cost of the  station ’s  downtime and  is  based  upon  fie ld  experience  wi th  
s im i l ar equ ipment or apparatus.  The  user shou ld ,  therefore,  decide  what i tems  need  to  be  
kept on  hand  and  what may be  suppl ied  by the  manufacturer by considering  the  fol lowing :  

a)  i tems  wi th  an  expected  h i gh  fa i lu re  rate,  

b)  i tems  wi th  a  l ong  lead  time for replacement,  

c)  i tems  cri tica l  to  the  operation  of the  s tation ,  

d )  i tems  not  read i l y avai l able  from  the  manufacturer or no  l onger i n  production ,  

e)  procurement and  warehousing  costs.  

Redundancy i s ,  i n  effect,  an  “ in -service”  spare  part  and  a lso  affects  the  spare  part  strategy.  
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A.2.3.3  A typical  spare parts  l i st  

This  l i s t i s  i n tended  to  g i ve  the  user some  general  examples  of what other HVDC proj ects  
have  kept i n  s tock.  The  l i st  shal l  be  speci fical l y agreed  between  suppl ier and  purchaser for 
each  contract separatel y.  

Spare  parts  may i nclude  the  fol l owing :  

a)  converter transformers  – especial l y when  s ing le-phase  transformers  are  used ;  

– converter transformer components;  

– bush ings;  

– pumps  wi th  motor;  

– fans  wi th  motor;  

b)  reactors;  

– smooth ing  reactor ( i f the  smooth ing  reactor i s  oi l -fi l l ed ,  then  there  may be  a  need  for 
components  s im i l ar to  those  for the  transformer) ;  

– shun t (power factor)  reactor ( i f the  shun t  reactor i s  o i l -fi l l ed ,  then  there  may be  a  need  
for components  s im i l ar to  those  for the  transformer) ;  

– a i r-cored  smooth ing  reactor and   fi l ter reactor (when  a  reactor consists  of more  than  
one  coi l s,  one  coi l  may suffice) ;  

– e lectrode  l i ne  reactor;  

c)  converter valves;  

– thyristors ;  

– components  of the  snubber ci rcu i t,  damper ci rcu i t,  and  vol tage  d ivider (e . g . ,  capaci tors,  
res istors);  

– va lve  reactor ;  

–  e lectron ic ci rcu i t  boards  for valve  electron ics  and  valve-based  e lectron ics  or va lve  
con trol  un i ts;  

– fiber-optic cables;  

d )  d . c  wal l  bush ings  

– a. c  and  d . c.  arresters  (some mu l ti -column  arresters  m igh t have  energ ized  spare  
columns  i nstead  of complete  spare  arresters) ;  

e)  a . c.  ci rcu i t  breaker and  l oad-break swi tch  accessories;  

– cl osing  and  tri pping  coi ls ;  

– cl osing  and  tri pping  mechan isms;  

– con trol  rods;  

– arcing  contacts  (for tripping  and  clos ing) ;  

f)  vol tage  and  curren t measurement devices;  

– capaci tive  vol tage  transformers;  

– dc vol tage  d i viders;  

– poten tia l  transformers;  

– curren t transformers;  

– d . c.  curren t transducers ;  

g )  power factor bank and  harmon ic  fi l ter equ ipment (bes ides  reactors);  

– shun t capaci tors  (capaci tor cans  and  support i nsu lators,  not complete  banks) ;  

– res istors  (when  a  res istor cons ists  of more  than  one  modu le,  one  modu le  may suffice) ;  

h )  other d . c.  s i de  equ ipment;  
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– d . c.  swi tchgear;  

– neu tra l  bus  capaci tors   (capaci tor cans  and  support i nsu lators,  not complete  banks) ;  

– e lectrode  l i ne  capaci tors   (capaci tor cans  and  support i nsu lators ,  not  complete  banks);  

i )  con trol ,  protection ,  and  metering  equ ipment;  

– va lve  con trol  (e lectron ic boards) ;  

– dc control  (e lectron ic boards);  

– fau l t  mon i toring ;  

j )  station  service  and  auxi l i ary power equ ipment;  

– l ow-vol tage  ci rcu i t  breakers  and  transfer swi tches ;  

– fuses;  

– l ow-vol tage  arresters ;  

– batteries  chargers  accessories ;  

– un in terruptible  power suppl y accessories ;  

k)  va lve  cool ing  equ ipment;  

– fan  wi th  motor;  

– pump wi th  motor;  

– mechan ical  va lves;  

– fi l ters  for cool ing  med ium .  
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