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FO REW ORD  

1 )  Th e  I n te rn a ti o n a l  E l e ctro te ch n i ca l  C om m i s s i o n  ( I E C )  i s  a  wo rl d wi d e  org a n i z a ti o n  for s ta n d a rd i z a ti on  co m p ri s i n g  
a l l  n a ti on a l  e l e ctro te ch n i ca l  com m i tte e s  ( I E C  N a ti o n a l  C o m m i tte e s ) .  Th e  o b j e ct  of I E C  i s  to  p ro m o te  
i n te rn a ti o n a l  co -op e ra ti o n  o n  a l l  q u e s ti o n s  c on ce rn i n g  s ta n d a rd i za ti on  i n  th e  e l e ctri ca l  a n d  e l e ctro n i c  fi e l d s .  To  
th i s  e n d  a n d  i n  a d d i ti on  to  o th e r a cti vi ti e s ,  I E C  p u b l i s h e s  I n te rn a ti o n a l  S ta n d a rd s ,  T e ch n i ca l  S p e ci fi ca ti o n s ,  
Te ch n i ca l  Re p o rts ,  P u b l i cl y Ava i l a b l e  S p e ci fi ca ti on s  (P AS )  a n d  G u i d e s  (h e re a fte r re fe rre d  to  a s  “ I E C  
P u b l i ca ti o n ( s )” ) .  Th e i r p re p a ra ti on  i s  e n tru s te d  to  te ch n i ca l  co m m i tte e s ;  a n y I E C  N a ti o n a l  Co m m i tte e  i n te re s te d  
i n  th e  s u b j e ct  d e a l t  wi th  m a y p a rti ci p a te  i n  th i s  p re p a ra tory wo rk.  I n te rn a ti o n a l ,  g o ve rn m e n ta l  a n d  n on -
g o ve rn m e n ta l  org a n i z a ti on s  l i a i s i n g  wi th  th e  I E C a l s o  p a rti ci p a te  i n  th i s  p re p a ra ti on .  I E C  col l a b o ra te s  cl os e l y 
wi th  th e  I n te rn a ti o n a l  O rg a n i z a ti on  fo r S ta n d a rd i za ti o n  ( I S O )  i n  a cco rd a n c e  wi th  con d i t i o n s  d e te rm i n e d  b y 
a g re e m e n t  b e twe e n  th e  two o rg a n i za ti o n s .  

2 )  Th e  fo rm a l  d e ci s i o n s  or a g re e m e n ts  o f I E C  o n  te ch n i ca l  m a tte rs  e xp re s s ,  a s  n e a rl y a s  p os s i b l e ,  a n  i n te rn a ti o n a l  
co n s e n s u s  of op i n i on  o n  th e  re l e va n t s u b j e cts  s i n ce  e a c h  te ch n i ca l  co m m i tte e  h a s  re p re s e n ta ti o n  fro m  a l l  
i n te re s te d  I E C  N a ti o n a l  Co m m i tte e s .   

3 )  I E C P u b l i ca ti o n s  h a ve  th e  fo rm  o f re co m m e n d a ti o n s  fo r i n te rn a ti o n a l  u s e  a n d  a re  a cce p te d  b y I E C  N a ti o n a l  
Co m m i tte e s  i n  th a t  s e n s e .  W h i l e  a l l  re a s o n a b l e  e ffo rts  a re  m a d e  to  e n s u re  th a t  th e  te c h n i ca l  con te n t o f I E C  
P u b l i ca ti o n s  i s  a ccu ra te ,  I E C  ca n n o t b e  h e l d  re s p o n s i b l e  fo r th e  wa y i n  wh i ch  th e y a re  u s e d  o r fo r a n y 
m i s i n te rp re ta ti o n  b y a n y e n d  u s e r.  

4 )  I n  o rd e r to  p rom ote  i n te rn a ti o n a l  u n i fo rm i ty,  I E C N a ti o n a l  C o m m i tte e s  u n d e rta ke  to  a p p l y I E C  P u b l i ca ti on s  
tra n s p a re n tl y to  th e  m a xi m u m  e xte n t p os s i b l e  i n  th e i r n a ti on a l  a n d  re g i o n a l  p u b l i ca ti o n s .  An y d i ve rg e n ce  
b e twe e n  a n y I E C P u b l i ca ti o n  a n d  th e  co rre s p o n d i n g  n a ti o n a l  o r re g i on a l  p u b l i ca ti o n  s h a l l  b e  cl e a rl y i n d i ca te d  i n  
th e  l a tte r.  

5 )  I E C i ts e l f d o e s  n ot  p ro vi d e  a n y a tte s ta ti on  o f co n form i ty.  I n d e p e n d e n t  c e rti fi ca ti on  b od i e s  p ro vi d e  con fo rm i ty 
a s s e s sm e n t s e rvi ce s  a n d ,  i n  s o m e  a re a s ,  a cce s s  to  I E C  m a rks  o f co n form i ty.  I E C i s  n o t  re s p o n s i b l e  fo r a n y 
s e rvi c e s  ca rri e d  o u t  b y i n d e p e n d e n t  ce rti fi ca ti o n  b od i e s .  

6 )  Al l  u s e rs  s h o u l d  e n s u re  th a t  th e y h a ve  th e  l a te s t  e d i ti o n  of th i s  p u b l i ca ti o n .  

7 )  N o  l i a b i l i ty s h a l l  a tta ch  to  I E C  o r i ts  d i re cto rs ,  e m p l o ye e s ,  s e rva n ts  o r a g e n ts  i n cl u d i n g  i n d i vi d u a l  e xp e rts  a n d  
m em b e rs  o f i ts  te ch n i ca l  co m m i tte e s  a n d  I E C  N a ti o n a l  C om m i tte e s  for a n y p e rs on a l  i n j u ry,  p ro p e rty  d a m a g e  o r 
o th e r d a m a g e  of a n y n a tu re  wh a ts o e ve r,  wh e th e r d i re ct  o r i n d i re ct,  o r for co s ts  ( i n cl u d i n g  l e g a l  fe e s )  a n d  
e xp e n s e s  a ri s i n g  o u t  o f th e  p u b l i ca ti on ,  u s e  of,  or re l i a n ce  u p o n ,  th i s  I E C  P u b l i ca ti o n  o r a n y o th e r I E C  
P u b l i ca ti o n s .   

8 )  Atte n ti o n  i s  d ra wn  to  th e  N o rm a ti ve  re fe re n ce s  ci te d  i n  th i s  p u b l i ca ti o n .  U s e  of th e  re fe re n ce d  p u b l i ca ti on s  i s  
i n d i s p e n s a b l e  fo r th e  co rre ct a p p l i ca ti o n  of th i s  p u b l i c a ti o n .  

9 )  Atte n ti o n  i s  d ra wn  to  th e  p o s s i b i l i ty th a t  s om e  of th e  e l e m e n ts  of th i s  I E C  P u b l i ca ti o n  m a y b e  th e  s u b j e ct  o f 
p a te n t  ri g h ts .  I E C  s h a l l  n ot  b e  h e l d  re s p on s i b l e  fo r i d e n ti fyi n g  a n y or a l l  s u ch  p a te n t ri g h 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 62543 bears  the  ed i tion  number 1 .2.  I t  consists  of 
the  fi rst ed i tion  (201 1 -03)  [documents  22F/230/DTR and  22F/239A/RVC] ,  i ts  amendment 1  
(201 3-07)  [documents  22F/300A/DTR and  22F/307/RVC]  and  i ts  amendment 2  (201 7-05)  
[documents  22F/440/DTR and  22F/450/RVDTR] .  The  technical  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 i tions  are  in  green  text,  deletions  are  in  
strikethrough  red  text.  A separate  F inal  version  wi th  al l  changes  accepted  i s  avai lable  
in  th is  publ ication .  
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Th e  m ai n  ta s k of I E C  te ch n i ca l  com m i tte e s  i s  to  p rep are  I n te rn ati on a l  S ta n d ard s .  H o we ver,  a  
tech n i ca l  com m i ttee  m a y p ro p os e th e  pu b l i cati on  of a  tech n i ca l  re p ort wh en  i t  h a s  col l ecte d  
d a ta  of a  d i ffere n t ki n d  from  th a t wh i ch  i s  n orm a l l y p u b l i s h e d  as  a n  I n tern a ti o n a l  S ta n d ard ,  for 
exam p l e  "s tate  of th e  art" .  

I E C/TR 6 2 5 4 3 ,  wh i ch  i s  a  tech n i cal  re port,  h as  b e e n  pre p are d  b y s u bcom m i tte e  2 2 F :  P o we r 
e l ectro n i cs  for e l ectri ca l  tran s m i s s i on  a n d  d i s tri bu ti on  s ys tem s ,  of I E C te ch n i ca l  com m i tte e  2 2 :  
P o wer e l ectro n i c  s ys tem s  a n d  eq u i pm en t.  

Th i s  p u b l i ca ti on  h as  b e e n  d rafte d  i n  accord a n ce wi th  th e  I S O /I E C  D i re cti ves ,  P art 2 .  

Th e  com m i tte e  h as  d e ci d ed  th a t th e  co n te n ts  of th e  b as e  pu b l i ca ti o n  a n d  i ts  am en d m en ts  wi l l  
re m ai n  u n ch an g ed  u n ti l  th e  s ta b i l i ty d a te  i n d i ca te d  on  th e  I E C  we b  s i te  u n d er 
" h ttp : //we bs tore. i ec. ch "  i n  th e  d ata  re l a te d  to  th e  s peci fi c pu b l i ca ti o n .  At th i s  d a te ,  th e  
pu b l i ca ti o n  wi l l  be   

•  reco n fi rm ed ,  

•  wi th d ra wn ,  

•  rep l aced  b y a  re vi s e d  e d i ti o n ,  or 

•  a m en d e d .  

A b i l i n g u a l  vers i o n  of th i s  p u bl i cati o n  m a y b e  i s s u e d  a t  a  l ater d ate.  

 

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 prin t th is  document using  a  
colour prin ter.  
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1  Scope  

Th i s  te ch n i cal  re p ort g i ves  g en era l  g u i d a n ce on  th e  s u b j e ct of vo l ta g e- s ou rce d  co n verters  
u s e d  for tra n s m i s s i o n  of po we r b y h i g h  vo l ta g e  d i re ct cu rre n t (H VD C ).  I t  d e s cri bes  con verters  
th at a re  n o t o n l y vo l ta g e -s ou rce d  (co n ta i n i n g  a  cap a ci ti ve  e n erg y s torag e  m ed i u m  an d  wh ere  
th e  p o l a ri ty of d . c.  vo l tag e  rem ai n s  fi xe d )  b u t a l s o  s el f- com m u ta te d ,  u s i n g  s em i co n d u ctor 
d e vi ces  wh i ch  ca n  bo th  be  tu rn e d  o n  an d  tu rn e d  off b y co n tro l  a cti o n .  T h e  s co pe  i n cl u d e s  
2 - l e ve l  a n d  3 - l e vel  con verters  wi th  p u l s e - wi d th  m od u l a ti on  ( PW M ),  a l o n g  wi th  m u l ti - l e ve l  
con verters ,  m od u l ar m u l ti - l e ve l  co n verte rs  a n d  cas cad e d  two -l e ve l  co n verte rs ,  b u t e xcl u d es  2 -
l e ve l  a n d  3 - l e ve l  co n ve rters  o pera te d  wi th ou t PW M ,  i n  s q u are - wa ve  ou tpu t m od e .  

H VD C  p o we r tra n s m i s s i o n  u s i n g  vo l ta g e  s ou rce d  con ve rte rs  i s  kn o wn  as  “ VS C  tra n s m i s s i o n”.  

Th e  va ri o u s  typ es  of ci rcu i t th at ca n  b e  u s e d  for VS C  tra n s m i s s i o n  a re  d es cri be d  i n  th e  re port,  
a l o n g  wi th  th e i r p ri n ci p a l  o p era ti o n a l  ch ara cteri s ti cs  a n d  typ i ca l  a p p l i cati o n s .  Th e  o vera l l  a i m  
i s  to  pro vi d e  a  g u i d e  fo r pu rch as ers  to  as s i s t wi th  th e  tas k of s peci fyi n g  a  VS C  tra n s m i s s i o n  
s ch em e .  

L i n e-com m u ta te d  a n d  cu rren t-s ou rce d  co n verte rs  are  s p eci fi ca l l y excl u d e d  from  th i s  rep ort.   

2  Normative references  

Th e  fol l o wi n g  refere n ce d  d ocu m e n ts  are  i n d i s p e n s a b l e  for th e  a p pl i ca ti o n  of th i s  d ocu m en t.  
F or d ate d  refe re n ces ,  o n l y th e  ed i ti o n  ci te d  a p p l i e s .  F or u n d a ted  refere n ce s ,  th e  l ates t e d i ti o n  
of th e  refe ren ce d  d ocu m en t ( i n cl u d i n g  an y am e n d m en ts )  a pp l i es .  

I E C  6 0 6 3 3 ,  Terminology for high-voltage direct-current (HVDC)  transmission  

I E C  6 1 9 7 5,  High-voltage direct current (HVDC)  installations – System tests 

I E C  6 2 5 0 1 ,  Voltage sourced converter (VSC)  valves for high-voltage direct current (HVDC)  
power transmission – Electrical testing  

I E C  6 2 7 4 7 ,  Terminology for voltage-sourced converters (VSC)  for high-voltage direct current 
(HVDC)  systems 

I E C  6 2 7 5 1  ( al l  p a rts ) ,  Power losses in  voltage sourced converter (VSC)  valves for high 
voltage direct current (HVDC)  systems  

3 Terms and  defin i tions   

F or th e  p u rp os e s  of th i s  d ocu m en t,  th e  term s  an d  d e fi n i ti o n s  g i ve n  i n  I E C 6 2 7 4 7 ,  I E C  6 2 5 0 1  
an d  th e  fo l l o wi n g  a p p l y.  

3. 1  General  

B as i c term s  an d  d efi n i ti o n s  for vo l ta g e  s o u rce d  con verters  u s e d  fo r H VD C tran s m i s s i on  are  
g i ve n  i n  I E C  6 2 7 4 7 .  Term i n o l o g y o n  e l e ctri ca l  te s ti n g  of VS C  va l ves  for H VD C  tran s m i s s i on  i s  
g i ve n  i n  I E C  6 2 5 0 1 .  
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N O TE  Th i s  re p ort  u s e s  th e  te rm i n ol o g y e s ta b l i s h e d  b y  I E C  6 0 6 3 3  a n d  I E C  6 1 8 0 3  fo r l i n e -co m m u ta te d  H VD C.  
O n l y te rm s  wh i ch  a re  s p e ci fi c  to  H VD C  tra n s m i s s i on  u s i n g  vo l ta g e  s ou rce d  co n ve rte rs  a re  d e fi n e d  i n  th i s  cl a u s e .  
Th os e  te rm s  th a t  a re  e i th e r i d e n ti ca l  to  o r o b vi o u s  e xte n s i o n s  o f I E C  6 0 6 3 3  o r I E C  6 1 8 0 3  te rm i n ol o g y h a ve  n o t  
b e e n  d e fi n e d .  

To s u p p ort th e  e xp l a n ati on s ,  F i g u re  1  pres e n ts  th e  b a s i c d i a g ram  of a  VS C  s ys tem .  
D e p en d en t o n  th e  co n ve rter to p o l o g y an d  th e  re q u i rem en ts  i n  th e  p roj ect,  s om e com pon e n ts  
ca n  b e  om i tted  or ca n  d i ffer.  

 

a b c d  e f g  h  i  

j  

k 

l  m  n  o 

DC l ine of 
the second pole 

=  

~  

 

a  ci rcu i t b re ake r i  VS C d . c.  cap aci to r b 

b  l i n e  s i d e  h a rm on i c fi l ter j  d . c.  h arm on i c fi l te r 

c l i n e  s i d e  h i g h  freq u e n cy fi l te r k n e u tral  p oi n t g ro u n d i n g  b ra n ch  c  

d  i n te rface tran s form e r l  d . c.  reactor d  

e  co n ve rter s i d e  h a rm on i c fi l te r m  com m on  m od e bl ocki n g  re acto r d  

f +  g  con ve rter s i d e  h i g h  fre q u en cy fi l te r a  n  d . c.  s i d e  h i g h  fre q u e n cy fi l te r d  

g  p h as e re actor a  o  d . c.  cab l e  o r o verh ea d  tra n s m i ss i on  l i n e  b  

h  VS C u n i t 
 

 

a   I n  s om e  d e s i g n s  of VS C ,  th e  p h a s e  re a cto r m a y fu l fi l  p a rt  o f th e  fu n cti o n  of th e  con ve rte r- s i d e  h i g h  fre q u e n c y 
fi l te r.  I n  a d d i ti o n ,  i n  s o m e  d e s i g n s  o f VS C,  p a rt  o f o r a l l  o f th e  p h a s e  re a ctor m a y b e  b u i l t  i n to  th e  th re e  “ P h a s e  
u n i ts ”  o f th e  VS C  u n i t,  a s  “ Va l ve  re a ctors ” .   

b   I n  s o m e  d e s i g n s  of VS C ,  th e  VS C  d . c.  ca p a ci to r m a y b e  p a rtl y o r e n ti re l y d i s tri b u te d  a m o n g s t th e  th re e  p h a s e  
u n i ts  o f th e  VS C  u n i t,  wh e re  i t  i s  re fe rre d  to  a s  th e  d . c.  s u b m o d u l e  ca p a ci to rs .   

c  Th e  l oca ti on  o f th e  n e u tra l  p oi n t  g ro u n d i n g  b ra n ch  m a y b e  d i ffe re n t d e p e n d i n g  o n  th e  d e s i g n  o f th e  VS C u n i t.  

d   N ot  n o rm a l l y re q u i re d  fo r b a ck- to-b a ck s ys te m s .  

IEC   567/11 
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1  ci rcu i t  b re a ke r 9  VS C  u n i t  3 )  

2  p re -I n s e rti o n  Re s i s to r 1 0  VS C  d . c.  cap a ci to r 4 )  

3  l i n e  s i d e  h a rm on i c fi l te r1 )  1 1  d . c.  h a rm o n i c  fi l te r1 )  

4  l i n e  s i d e  h i g h  fre q u e n cy fi l te r6 )  1 2  d yn a m i c b ra ki n g  s ys te m 7 )  

5  i n te rfa ce  tra n s fo rm e r 1 3  n e u tra l  p oi n t  g ro u n d i n g  b ra n ch  5 )  

6  co n ve rte r s i d e  h a rm on i c fi l te r1 )  1 4  d . c.  re a cto r8 )  

7  +  8  co n ve rte r s i d e  h i g h  fre q u e n cy fi l te r2 )  1 5  d . c.  ca b l e  o r ove rh e a d  tra n s m i s s i o n  l i n e  

8  p h a s e  re a cto r 2 )    

1 )   I n  s om e  d e s i g n s  o f VS C  b a s e d  o n  " co n tro l l a b l e  vo l ta g e  s o u rce "  va l ve s ,  th e  h a rm o n i c fi l te rs  m a y n ot  b e  
re q u i re d .  

2 )   I n  s om e  d e s i g n s  of VS C ,  th e  p h a s e  re a cto r m a y fu l fi l l  p a rt  of th e  fu n cti o n  of th e  con ve rte r- s i d e  h i g h  fre q u e n c y 
fi l te r.   

3 )   I n  s o m e  VS C  to p o l og i e s ,  e a ch  va l ve  o f th e  VS C u n i t  m a y i n cl u d e  a  " va l ve  re a cto r" ,  wh i ch  m a y b e  b u i l t  i n to  th e  
va l ve  or p ro vi d e d  a s  a  s e p a ra te  com p on e n t.  

4 )   I n  s om e  d e s i g n s  of VS C ,  th e  VS C d . c.  ca p a ci tor m a y b e  p a rtl y o r e n ti re l y d i s tri b u te d  a m on g s t th e  th re e  p h a s e  
u n i ts  of th e  VS C  U n i t,  wh e re  i t  i s  re fe rre d  to  a s  th e  d . c.  s u b m od u l e  ca p a ci to rs .  

5 )   Th e  p h i l os o p h y a n d  l o ca ti o n  o f th e  n e u tra l  p oi n t  g ro u n d i n g  b ra n ch  m a y b e  d i ffe re n t d e p e n d i n g  o n  th e  d e s i g n  of 
th e  VS C  u n i t.   

6 )  I n  s om e  d e s i g n s  of VS C ,  th e  i n te rfa ce  tra n s fo rm e r m a y fu l fi l l  p a rt  o f th e  fu n cti o n  of th e  l i n e -s i d e  h i g h  fre q u e n c y 
fi l te r.  

7 )  O p ti on a l .  

8 )   O p ti on a l ,  i f p h a s e  re a cto rs  a re  l oca te d  on  th e  d . c.  s i d e  of th e  co n ve rte r.  

Figure 1  – Major components  that may be  found  in  a  VSC  substation  

IEC  
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3.2  Letter symbols   

Uco n v  
l i n e- to- l i n e  a . c.  vo l ta g e  of th e  con verter u n i t(s ) ,  r. m . s .  va l u e,  i n cl u d i n g  
h arm o n i cs ;  

Ico n v  
a l tern a ti n g  cu rren t of th e  co n verte r u n i t(s ) ,  r. m . s .  va l u e,  i n cl u d i n g  
h arm o n i cs ;  

UL  
l i n e- to- l i n e  a . c.  vo l ta g e  of th e  a . c.  s ys tem ,  r. m . s .  val u e ,  i n cl u d i n g  
h arm o n i cs ;  

IL  a l tern a ti n g  cu rre n t  of th e  a. c.  s ys tem ,  r. m . s .  va l u e,  i n cl u d i n g  h arm o n i cs ;  

Ud  d . c.  l i n e- to -l i n e  vo l ta g e  of th e  d . c.  bu s  of th e  VS C  tra n s m i s s i on  s ys tem ;  

Id  d . c.  cu rren t of th e  d . c.  b u s  of th e  VS C  tran s m i s s i o n  s ys tem .  

3.3  Power semiconductor terms  

N O TE  Th e re  a re  s e ve ra l  typ e s  o f s wi tch e d  va l ve  d e vi ce s  wh i ch  ca n  b e  u s e d  i n  vol ta g e  s ou rce d  co n ve rte rs  ( VS C )  
fo r H VD C a n d  cu rre n tl y th e  I G B T i s  th e  m a j o r d e vi ce  u s e d  i n  s u ch  con ve rte rs .  Th e  te rm  I G B T i s  u s e d  th ro u g h o u t  
th i s  te ch n i c a l  re p ort  to  re fe r to  th e  s wi tch e d  va l ve  d e vi ce .  H o we ve r,  th e  te ch n i ca l  re p o rt  i s  e q u a l l y a p p l i ca b l e  to  
oth e r typ e s  o f d e vi ce s  wi th  tu rn -o ff ca p a b i l i ty i n  m os t  o f th e  p a rts .  

3.3. 1   
switched  valve  devices  
a co n tro l l ab l e  val ve  d e vi ce  wh i ch  m a y be  tu rn e d  on  a n d  off b y a  co n tro l  s i g n a l ,  fo r exam pl e  
I G B T 

3.3.2   
insu lated  gate  bipolar transistor  
IGBT 
a co n tro l l a b l e  s wi tch  wi th  th e  ca p a b i l i ty to  tu rn - o n  a n d  tu rn - off a  l o a d  cu rre n t.  An  I G B T h as  
th re e  te rm i n a l s :  a  g ate  te rm i n a l  ( G )  a n d  two  l o a d  term i n a l s  em i tter ( E )  a n d  co l l ector ( C) .   

3.3.3   
free-wheel ing  d iode  
FWD 
po we r s em i co n d u ctor d e vi ce  wi th  d i o d e  ch a racte ri s ti c  

3.3.4   
IGBT-diode  pai r 

arran g em e n t of I G B T a n d  FW D  con n ected  i n  i n ve rs e  p ara l l e l  

3.4  VSC  topologies   

3.4. 1   
symmetrical  monopole  
a s i n g l e  VS C co n verter wi th  s ym m etri ca l  d . c.  vo l ta g e  ou tp u t on  th e  two term i n a l s  

3.4.2   
asymmetrical  monopole  
a s i n g l e  VS C co n ve rter wi th  as ym m etri ca l  d . c.  vo l tag e  o u tp u t on  th e  two  term i n a l s ,  n orm al l y 
wi th  on e  term i n a l  e a rth e d  

3.4.3   
bipole   

two or m ore  VS C  as ym m etri ca l  m on o po l es  fo rm i n g  a  b i po l a r d . c.  ci rcu i t  
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3.4.4   
two-level  converter 
a co n ve rter i n  wh i ch  th e  vo l tag e  at th e  a . c.  term i n a l s  of th e  VS C  u n i t  i s  s wi tch e d  b e twe e n  two  
d i s cre te  d . c.  vo l ta g e  l e ve l s  

3.4.5   
three-level  converter 
a con verter i n  wh i ch  th e  vo l ta g e  a t th e  a. c.  term i n a l s  of th e  VS C  u n i t  i s  s wi tch e d  b etwe e n  
th re e  d i s cre te  d . c.  vo l ta g e  l e ve l s  

3.4.6   
mu l ti -l evel  converter 
a con verter i n  wh i ch  th e  vo l ta g e  a t th e  a. c.  term i n a l s  of th e  VS C  u n i t  i s  s wi tch e d  b etwe e n  
m ore  th an  th ree  d i s cre te  d . c.  vo l ta g e  l e ve l s  

3.4.7   
modu lar mu lti -l evel  converter 
MMC 
m u l ti - l e ve l  co n verter i n  wh i ch  e ach  VS C  va l ve  con s i s ts  of a  n u m b er of s e l f- con tai n e d ,  s i n g l e-
ph a s e  vo l ta g e  s o u rce d  con verters  con n e cted  i n  s eri es  

3.4.8   
VSC  un i t   
th re e  VS C  p h a s e  u n i ts ,  to g eth er wi th  VS C  u n i t con trol  e q u i p m e n t,  e s s e n ti a l  p ro tecti ve  an d  
s wi tch i n g  d e vi ce s ,  d . c.  s tora g e  ca paci to rs ,  va l ve  reactor a n d  a u xi l i a ri e s ,  i f an y,  u s e d  for 
con vers i on  

3.4.9   
VSC  phase  un i t  

th e  e q u i pm en t u s e d  to  co n n ect th e  two  d . c.  b u s ba rs  to  o n e  a . c.  term i n a l  

N O TE   I n  th e  s i m p l e s t  i m p l e m e n ta ti o n ,  th e  VS C  p h a s e  u n i t  con s i s ts  of two  VS C  va l ve s .  I n  s o m e  ca s e ,  i t  co n s i s ts  
of two  VS C va l ve s  a n d  va l ve  re a ctors .  Th e  VS C  p h a s e  u n i t  m a y a l s o  i n cl u d e  con tro l  a n d  p rote cti o n  e q u i p m e n t,  a n d  
oth e r com p o n e n ts .  

3.4. 1 0   
VSC  valve  
com pl ete  co n tro l l ab l e  d e vi ce  as s e m bl y,  wh i ch  re pres e n ts  a  fu n cti on a l  u n i t  as  part of a  VS C  
ph a s e  u n i t  a n d  ch aracteri ze d  b y s wi tch i n g  acti on s  of th e  p o wer e l ectron i c d e vi ce s  u po n  
con trol  s i g n a l s  of th e  co n ve rter b a s e  e l ectron i cs  

N O TE  D e p e n d e n t  o n  th e  co n ve rte r top o l o g y,  a  va l ve  ca n  e i th e r h a ve  th e  fu n cti o n  to  a ct  l i ke  a  con tro l l a b l e  s wi tch  
or to  a ct  l i ke  a  co n trol l a b l e  vo l ta g e  s o u rce .  

3.4. 1 1   
d iode valve  
a s e m i co n d u ctor va l ve  con tai n i n g  d i od es  b u t n o  s wi tch e d  s em i co n d u ctor d e vi ces ,  wh i ch  m i g h t  
be  u s e d  i n  s om e VS C  to p o l o g i e s  

3.4. 1 2   
valve  
refers  to  VS C va l ve  or d i od e  va l ve  accord i n g  to  th e  co n text  

3.4. 1 3   
VSC  valve  l evel  
part of a  VS C  va l ve  com pri s i n g  a  co n tro l l a b l e  s wi tch  a n d  a n  as s oci ate d  d i od e ,  or co n tro l l a b l e  
s wi tch es  an d  d i o d es  co n n ected  i n  p ara l l e l ,  or con tro l l ab l e  s wi tch es  an d  d i o d es  co n n ecte d  to  a  
h a l f bri d g e  or fu l l  bri d g e  arra n g em en t,  to g e th e r wi th  th e i r i m m e d i a te  a u xi l i ari es ,  s torag e  
ca p aci tor,  i f an y 
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N O TE  I n  th e  con te xt  o f m o d u l a r m u l ti - l e ve l  con ve rte rs ,  th e  te rm  “ s u b m od u l e ”  i s  a l s o  u s e d  to  re fe r to  a  VS C  va l ve  
l e ve l .  

3.4. 1 4   
d iode valve level  

part of a  d i o d e  va l ve  com pos e d  of a  d i o d e  an d  a s s oci a te d  ci rcu i ts  a n d  com po n en ts ,  i f a n y 

3.4. 1 5   
redundant  l evels  
th e  m axi m u m  n u m ber of VS C  val ve  l e ve l s  or d i o d e  va l ve  l e ve l s  i n  a  va l ve  th a t m a y b e  s h ort-
ci rcu i ted  extern a l l y or i n te rn a l l y d u ri n g  s ervi ce  wi th o u t affecti n g  th e  s afe  op e rati on  of th e  
va l ve  as  d em on s tra te d  b y typ e  tes ts ,  a n d  wh i ch  i f a n d  wh e n  exce e d ed ,  wo u l d  re q u i re  
s h u td o wn  of th e  val ve  to  rep l a ce  th e  fa i l e d  l e ve l s  or accep ta n ce of i n cre as ed  ri s k of fa i l u res  

3.4. 1 6   
valve  protective  blocking  
m e an s  of protecti n g  th e  va l ve  or co n ve rter from  exces s i ve  el ectri ca l  s tre s s  b y th e  em erg e n c y 
tu rn - off of a l l  I G B Ts  i n  on e  or m ore  va l ves  

3.4. 1 7   
submodu le  d .c.  capacitor 
a cap aci tor ( i f a n y)  u s ed  as  p a rt  of a  certa i n  VS C  va l ve  l e ve l ,  wh i ch  i s  u s e d  as  e n erg y s tora g e  
d . c.  s o u rce  

3.4. 1 8   
valve  reactor 
a re actor ( i f an y)  wh i ch  i s  con n ected  i n  s eri es  to  th e  VS C  va l ve.  O n e  or m ore  val ve  reacto rs  
ca n  b e  a s s oci a ted  to  on e  VS C  va l ve  an d  m i g h t b e  co n n ecte d  at d i ffere n t pos i ti o n s  wi th i n  th e  
va l ve .  Accord i n g  to  th e  d e fi n i ti on ,  va l ve  reacto rs  a re  n o t p art of th e  VS C  va l ve.  H o we ve r,  i t  i s  
a l s o  pos s i b l e  to  i n te g rate  th e  va l ve  reactors  i n  th e  s tru ctu ra l  d es i g n  of th e  VS C  va l ve ,  e . g .  i n to  
each  va l ve  l e ve l .  

N O TE  At  p re s e n t va l ve  re a cto rs  a re  u s e d  i n  co n ve rte r to p ol og i e s  wi th  va l ve s  a cti n g  l i ke  a  con tro l l a b l e  vo l ta g e  
s o u rce  o n l y.  

3.4. 1 9   
valve  structure  
ph ys i ca l  s tru ctu re  h o l d i n g  th e  l e ve l s  of a  va l ve  wh i ch  i s  i n s u l ate d  to  th e  a p prop ri a te  vo l tag e  
ab o ve  e a rth  p ote n ti al  

3.4.20   
valve  support  
th at p art of th e  va l ve  wh i ch  m ech a n i ca l l y s u pp orts  a n d  e l ectri ca l l y i n s u l a te s  th e  acti ve  p art  of 
th e  va l ve  from  e arth  

N O TE  A p a rt  o f a  va l ve  wh i c h  i s  cl e a rl y i d e n ti fi a b l e  i n  a  d i s cre te  form  to  b e  a  va l ve  s u p p o rt  m a y n o t  e xi s t  i n  a l l  
d e s i g n s  o f va l ve s .  

3.4.21   
mu l tiple  valve un i t  
MVU  
m e ch a n i ca l  arra n g em e n t of 2  o r m ore  va l ves  or 1  or m ore  VS C  p h as e  u n i ts  s h ari n g  a  com m on  
va l ve  s u p po rt  

N O TE  A M VU  m i g h t  n ot  e xi s t  i n  a l l  to p ol og i e s  a n d  p h ys i ca l  a rra n g e m e n t  o f co n ve rte rs .  

3.4.22   
valve  section  
e l ectri ca l  as s em b l y,  com pos i n g  a  n u m ber of VS C  or d i o d e  val ve  l e vel s  a n d  oth e r com p o n e n ts ,  
wh i ch  exh i b i ts  pro- ra te d  e l ectri ca l  pro pe rti es  of a  com pl ete  va l ve  
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3.4.23   
valve  base electron ics  
VBE   
e l ectro n i c u n i t,  a t e a rth  p ote n ti a l ,  wh i ch  i s  th e  i n te rface  be twe en  th e  co n ve rter co n tro l  s ys tem  
an d  th e  VS C  va l ves  

3.5  VSC  transmission   

3. 5. 1   
VSC  substation  
part of a  VS C  tran s m i s s i on  s ch em e,  con s i s ti n g  of on e  or m ore  VS C  u n i t(s )  i n s ta l l e d  i n  a  s i n g l e  
l oca ti o n  to g eth er wi th  b u i l d i n g s ,  VS C  d . c.  ca paci tors ,  re actors ,  tra n s form ers ,  fi l ters ,  co n tro l ,  
m on i tori n g ,  p rotecti ve ,  m eas u ri n g  an d  a u xi l i ary e q u i pm en t,  a s  ap p l i ca b l e  

3.5.2   
in terface  transformer 
tra n s form er ( i f a n y)  th ro u g h  wh i ch  p o wer i s  tran s m i tte d  b etwe e n  th e  a. c.  s ys tem  co n n ecti o n  
po i n t  a n d  o n e  or m ore  VS C  u n i ts  

3.5.3   
phase reactor 
reactor con n ecte d  d i rectl y to  th e  a . c.  term i n a l  o f th e  VS C  p h as e  u n i t,  a n d  com b i n e d  wi th  
i n terface  tra n s form er l e a kag e re acta n ce ( i f a n y) ,  i n  ord e r to  pro vi d e  th e  com m u tati n g  
reactan ce  

3.5.4   
VSC  d .c.  capaci tor 
ca p aci tor b a n k ( s )  ( i f a n y)  con n ected  b e twe e n  two  d . c.  te rm i n a l s  of th e  VS C ,  u s e d  a s  e n erg y 
s tora g e  a n d  /  or fi l teri n g  p u rp os e s   

3.5.5   
a.c.  system  side harmonic  fi l ter 
fi l ter ( i f a n y)  u s e d  to  pre ven t h arm on i cs  g e n era te d  b y th e  VS C  from  pe n e tra ti n g  i n to  th e  a. c.  
s ys tem .  Th e  fi l te r can  b e  l oca ted  at th e  p o i n t of com m on  cou p l i n g  (o u ts i d e  th e  i n terface  
tra n s form er)  or/ an d  o n  th e  val ve  s i d e  ( i n s i d e  th e  i n te rface  tra n s form er)   

3.5.6   
a. c.  s ide  rad io  frequency in terference  fi l ter (RFI  fi l ter)   
fi l ters  ( i f a n y)  u s ed  to  re d u ce  p e n e tra ti o n  of rad i o  fre q u e n c y i n terfere n ce  (RF I )  i n to  th e  a . c.  
s ys tem  to  a n  acce pta b l e  l e ve l  

3.5.7   
HF-blocking  fi l ter 
fi l ters  ( i f an y)  u s e d  to  re d u ce pe n etrati o n  of h i g h  fre q u e n c y (H F )  h arm on i cs  i n to  th e  a. c.  
s ys tem  to  a n  acce pta b l e  l e ve l  

3.5.8   
valve  s ide harmonic  fi l ter 

fi l ters  ( i f an y)  u s e d  to  m i ti g a te  th e  H F  s tres s es  of th e  i n terface  tra n s form er 

3.5.9   
common  mode  blocking  reactor 
a re actor ( i f an y)  u s e d  to  red u ce com m on  m od e h a rm on i c cu rre n ts  fl o wi n g  i n to  a  d . c.  
o verh e a d  l i n e  or ca b l e  of a  b i p o l a r l on g  d i s ta n ce  tran s m i s s i on  s ch em e  

3.5. 1 0   
d .c.  harmonic  fi l ter 
d . c.  fi l ters  ( i f a n y)  u s ed  to  pre ve n t  h arm on i cs  g e n e ra ted  b y VS C va l ve  fro m  p en etra ti n g  i n to  
th e  d . c.  s ys tem .   
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N O TE  Th e  fi l te r ca n  co n s i s t  o f a  tu n e d  s h u n t  b ra n ch ,  s m oo th i n g  re a ctor o r com m on  m o d e  b l o cki n g  re a cto r or 
co m b i n a ti o n s  th e re o f.  

3.5. 1 1   
d .c.  reactor 

a re actor ( i f a n y)  co n n ecte d  i n  s e ri es  to  a  d . c.  o ve rh e a d  tra n s m i s s i o n  l i n e  or ca b l e  bu s b ar 

N O TE  D C  re a ctor i s  u s e d  to  re d u ce  h a rm on i c cu rre n ts  fl o wi n g  i n  th e  d . c.  l i n e  or ca b l e  a n d  to  d e tu n e  cri ti ca l  
re s o n a n ce s  wi th i n  th e  d . c.  ci rcu i t.  A d . c.  re a cto r m i g h t  a l s o  b e  u s e d  fo r p ro te cti o n  p u rp o s e s .  

3.5. 1 2   
d .c.  s ide  radio  frequency interference  fi l ter 
fi l ters  ( i f an y)  u s e d  to  red u ce  p en e tra ti o n  of ra d i o  fre q u e n c y ( RF )  i n to  th e  d . c.  s ys tem  to  
acce p ta b l e  l i m i ts  

3.6  Operating  states  

N O TE  Th i s  re p o rt  o n l y d e fi n e s  s om e  o p e ra ti n g  s ta te s  o f th e  co m p o n e n ts  of th e  VS C s ys te m ,  wh i l e  th e  s ys te m  
op e ra ti n g  s ta te s  a re  n o t  i n cl u d e d .  

3.6. 1   
recti fi er operation  
op e rati o n  m od e of a  VS C  u n i t or a  VS C  s u bs ta ti on  wh e n  e n erg y i s  tra n s ferred  from  th e  a . c.  
s i d e  to  th e  d . c.  s i d e  

3.6.2   
inverter operation  
op e rati o n  m od e of a  VS C  u n i t or a  VS C  s u bs ta ti on  wh e n  e n erg y i s  tra n s ferred  from  th e  d . c.  
s i d e  to  th e  a . c.  s i d e  

3.6.3   
STATCOM  operation  
m od e of o p erati on  wi th  re acti ve  po wer exch a n g e to  th e  a . c.  term i n a l s  an d  wi th ou t e n e rg y 
tra n s fer o n  th e  d . c.  l i n e   

3.6.4   
forward  valve d i rection  
d i recti o n  of cu rre n t th rou g h  a  VS C  va l ve ,  wh e n  cu rren t fl o ws  from  th e  p os i ti ve  term i n a l  to  th e  
n e g ati ve  te rm i n a l  

3.6.5   
reverse valve d i rection  
d i recti o n  of cu rren t th ro u g h  a  VS C  va l ve,  wh en  cu rre n t fl o ws  from  th e  n eg a ti ve  term i n a l  to  th e  
pos i ti ve  term i n a l  

3.6.6   
forward  valve current  

cu rren t wh i ch  fl o ws  th ro u g h  a  VS C  va l ve  i n  forward  va l ve  d i recti o n  

3.6.7   
reverse valve current  

cu rren t wh i ch  fl o ws  th ro u g h  a  VS C  val ve  i n  re vers e  va l ve  d i recti o n  

3.6.8   
VSC  blocking  
op e rati o n  pre ven ti n g  fu rth er co n ve rs i o n  b y a  VS C u n i t b y i n h i bi ti n g  va l ve  co n tro l  s i g n a l  or 
ap p l yi n g  a  s i g n a l  to  tu rn  off I G B Ts  
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3.6.9   
VSC  deblocking  
op e rati o n  perm i tti n g  th e  s tart of con vers i on  b y a  con ve rter b y rem ovi n g  bl o cki n g  acti o n  

3.6. 1 0   
conducting  state  
th e  con d i ti o n  i n  wh i ch  l o ad  cu rre n t  fl o ws  th ro u g h  an  I G B T -d i od e  p a i r.  I n  I G B T- d i o d e  pa i r,  bo th  
pos i ti ve  a n d  n e g ati ve  co n d u cti n g  s ta tes  m a y exi s t.  

3.6. 1 1   
posi tive  conducting  state  
th e  co n d i ti o n  of a n  I G B T -d i o d e  p a i r i n  wh i ch  l o ad  cu rren t fl o ws  th ro u g h  th e  I G B T from  
co l l ector to  em i tter 

3.6. 1 2   
negative conducting  state  
th e  co n d i ti o n  of a n  I G B T -d i od e  p a i r i n  wh i ch  l o ad  cu rre n t fl o ws  th ro u g h  th e  fre e - wh ee l i n g  
d i o d e  from  a n od e to  cath od e  

3.6. 1 3   
blocked  state  
th e  co n d i ti o n  of a n  I G B T-d i od e  p ai r i n  wh i ch  l o ad  cu rre n t  d o es  n o t fl o w a n d  a  vo l ta g e  i s  
ap p l i e d  to  th e  I G B T-d i o d e  p ai r s u ch  th at a  p os i ti ve  vo l ta g e  exi s ts  o n  th e  co l l e ctor of th e  I G B T 
wi th  res p ect to  th e  em i tte r 

3.6. 1 4   
reverse recovery state  
th e  co n d i ti on  i n  wh i ch  th e  FW D  carri e s  re ve rs e  cu rre n t d u ri n g  com m u ta ti on  at th e  s peci fi e d  
con d i ti o n s ,  s ta rti n g  a t th e  ze ro-cros s i n g  of th e  cu rre n t an d  e n d i n g  wh e n  th e  re vers e  cu rre n t 
h as  d eca ye d  to  th e  re vers e  off-s ta te  cu rre n t  after th e  tai l -cu rre n t p h as e  

3.6. 1 5   
modu lation  index of PWM  converters  
M 

m od u l a ti o n  i n d e x M i s  th e  rati o  of th e  m o d u l ati n g  wa ve am pl i tu d e  to  th e  ca rri e r am pl i tu d e  
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wh e re  

(VA0 ) 1   i s  th e  fu n d am en ta l  freq u en c y com pon e n t of VA0 ,   

VA0   i s  th e  o u tp u t  vol ta g e  of o n e  VS C  p h as e  u n i t at  i ts  a. c.  te rm i n a l .  

N O TE  I n  a d d i ti o n ,  th e re  a re  va ri o u s  d e fi n i ti on s  of m o d u l a ti o n  i n d e x fo r VS C  co n ve rte rs  a va i l a b l e .  Al l  o f th e s e  
m o d u l a ti on  i n d i ce s  re p re s e n t  s e con d a ry q u a n ti ti e s  wh i ch  a re  d e ri ve d  from  p h ys i ca l  p rop e rti e s  a n d  o p e ra ti n g  
p ri n ci p l e s  of VS C  co n ve rte rs .  I t  i s  to  b e  n ote d  th a t  fo r a  s p e ci fi c  a p p l i ca ti o n  a n y m od u l a ti on  i n d e x a n d  i ts  u s a g e  
s h ou l d  b e  d e fi n e d  cl e a rl y.  

3.7  Type tests  

Th os e  tes ts  wh i ch  are  carri e d  o u t to  veri fy th at th e  com po n en ts  of VS C  tra n s m i s s i on  s ys tem  
d e s i g n  wi l l  m eet th e  req u i rem en ts  s p eci fi e d .  I n  th i s  re p ort,  typ e  tes ts  are  cl as s i fi ed  u n d er two  
m aj or ca te g ori e s :  d i el ectri c tes ts  a n d  op erati o n a l  te s ts .  

3.7. 1   
d ielectric  tests  
th os e  te s ts  wh i ch  are  carri e d  o u t to  veri fy th e  h i g h  vo l tag e  wi th s ta n d i n g  cap a bi l i ty of th e  
com pon e n ts  of VS C  tran s m i s s i o n  s ys tem  
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3.7.2   
operational  tests  
th os e  te s ts  wh i ch  are  ca rri ed  ou t to  veri fy th e  tu rn - o n  ( i f ap p l i ca b l e) ,  tu rn - off ( i f app l i ca b l e) ,  
an d  cu rre n t re l a te d  ca pa b i l i ti es  of th e  com p on e n ts  of VS C tra n s m i s s i o n  s ys te m  

3.8  Production  tests  

Th os e  tes ts  wh i ch  are  carri e d  o u t to  ve ri fy prop e r m an u factu re ,  s o  th a t th e  pro p erti es  of th e  
ce rta i n  com pon e n t of VS C  tra n s m i s s i o n  s ys tem  corre s p o n d  to  th os e  s p e ci fi ed  

3.9  Sample  tests  

Th os e pro d u cti o n  tes ts  wh i ch  are  carri e d  ou t on  a  s m a l l  n u m ber of ce rta i n  VS C  tran s m i s s i o n  
com pon e n ts ,  e. g .  va l ve  s e cti on s  or s p e ci a l  com po n e n ts  take n  at  ra n d om  from  a  ba tch   

3. 1 0  Insu lation  co-ordination  terms  

3. 1 0. 1   
test wi thstand  vol tage  
va l u e  of a  tes t vo l tag e  of s ta n d ard  wa ve  s h a pe  a t wh i ch  a  n e w val ve,  wi th  u n i m pa i re d  
i n teg ri ty,  d o e s  n o t s h o w an y d i s ru pti ve  d i s ch a rg e  a n d  m ee ts  a l l  o th er a cce p ta n ce cri te ri a  
s p eci fi e d  for th e  p arti cu l ar te s t,  wh e n  s u b j e cte d  to  a  s p eci fi ed  n u m ber o f ap p l i ca ti o n s  or a  
s p eci fi e d  d u rati on  of th e  tes t  vo l ta g e,  u n d e r s p eci fi e d  con d i ti on s  

3. 1 0.2   
in ternal  and  external  insu lation  
a i r e xtern a l  to  th e  com po n e n ts  a n d  i n s u l a ti n g  m ateri a l s  of th e  va l ve ,  b u t con ta i n ed  wi th i n  th e  
profi l e  of th e  va l ve  or m u l ti p l e  va l ve  u n i t i s  co n s i d ere d  as  p art of th e  i n te rn a l  i n s u l a ti o n  s ys tem  
of th e  va l ve.  Th e  extern a l  i n s u l a ti o n  i s  th e  ai r b e twe e n  th e  extern a l  s u rface  of th e  va l ve  o r 
m u l ti p l e  va l ve  u n i t a n d  i ts  s u rro u n d i n g s .  

3. 1 1  Power losses   

3. 1 1 . 1   
auxi l i ary losses  

e l ectri c po we r re q u i re d  to  fee d  th e  VS C  s u bs ta ti o n  a u xi l i ary l o a d s   

N O TE  Th e  a u xi l i a ry l o s s e s  d e p e n d  on  wh e th e r th e  s u b s ta ti on  i s  i n  n o -l oa d  o r ca rryi n g  l o a d ,  i n  wh i ch  ca s e  th e  
a u xi l i a ry l os s e s  d e p e n d  on  th e  l o a d  l e ve l .  

3. 1 1 .2   
standby no-load  operating  losses  
th e  l os s es  prod u ce d  i n  a n  i tem  of eq u i pm e n t wi th  th e  VS C  s u b s tati o n  e n e rg i ze d  b u t wi th  th e  
VS C s  b l ocked  a n d  a l l  s u bs ta ti o n  s e rvi ce  l oa d s  a n d  au xi l i a ry e q u i p m en t co n n ecte d  as  re q u i red  
for i m m e d i a te  p i ck-u p  of l oa d  

3. 1 1 .3   
no-load  id l ing  operating  losses  
l os s es  pro d u ce d  i n  an  i tem  of eq u i pm en t wi th  th e  VS C  s u bs tati on  en erg i ze d  a n d  wi th  th e  
VS Cs  d e- b l ocked  b u t wi th  n o  re a l  o r re acti ve  po wer o u tpu t  

3. 1 1 .4   
operating  losses  
th e  l os s e s  pro d u ce d  i n  an  i tem  of e q u i pm en t a t  a  g i ve n  l o a d  l e ve l  wi th  th e  VS C  s u b s ta ti o n  
en erg i ze d  a n d  th e  co n ve rters  o p erati n g  

3. 1 1 .5   
total  system  losses  
th e  to tal  s ys tem  l os s  i s  th e  s u m  of a l l  o p era ti n g  l os s es ,  i n cl u d i n g  th e  corre s p o n d i n g  au xi l i a ry 
l os s es  
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3. 1 1 .6   
station  essential  auxi l iary load  
th e  l oa d s  wh os e fa i l u re  wi l l  affect th e  co n vers i o n  cap a b i l i ty of th e  H VD C  co n verter s tati on  
(e. g .  va l ve  coo l i n g ) ,  as  we l l  as  th e  l o a d s  th a t s h a l l  re m ai n  worki n g  i n  cas e  of com p l e te  l os s  o f 
a. c.  p o wer s u pp l y (e . g .  b a tte ry ch arg ers ,  o p erati n g  m ech a n i s m s )  

N O TE  Tota l  “ o p e ra ti n g  l os s e s ”  m i n u s  “ n o  l oa d  op e ra ti n g  l o s s e s ”  m a y b e  con s i d e re d  a s  b e i n g  q u a n ti ta ti ve l y 
e q u i va l e n t  to  “ l o a d  l os s e s ”  a s  i n  con ve n ti o n a l  a . c.  s u b s ta ti o n  p ra cti ce .  

4 VSC transmission  overview 

4. 1  Basic  operating  principles  of VSC  transmission  

4. 1 . 1  The vol tage sourced  converter as  a  black box 

Th e o p erati on  of a  vo l ta g e  s ou rce d  con ve rte r i s  d es cri b e d  i n  g re ate r d eta i l  i n  C l a u s e  5 .  I n  th i s  
cl a u s e  th e  co n ve rter i s  tre a te d  as  a  b l ack box th a t ca n  con ve rt from  a. c.  to  d . c.  a n d  vi ce  
vers a ,  a n d  on l y s te ad y-s tate  o p e ra ti o n  i s  co n s i d e red .  

F i g u re  2  d e p i cts  a  s ch e m ati c d i a g ram  of a  g en e ri c vo l ta g e  s ou rce d  co n verter co n n ecte d  to  a  
d . c.  ci rcu i t  o n  o n e  s i d e  a n d  to  a n  a . c.  ci rcu i t  on  th e  oth er.  
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Figure 2  – Diagram  of a  generic  vol tage source  converter (a.c.  fi l ters  not shown)  

Th e VS C  ca n  b e  op era te d  as  e i th er an  i n verte r,  i n j ecti n g  re a l  p o we r i n to  th e  a . c.  n etwo rk (Id  ×  
Ud  >  0 ) ,  or as  a  recti fi er a bs orb i n g  p o wer from  th e  a . c.  n e two rk (Id  ×  Ud  <  0 ) .  S i m i l arl y,  th e  
VS C  ca n  b e  op erate d  e i th er ca p a ci ti ve l y,  i n j ecti n g  rea cti ve  p o wer i n to  th e  a . c.  n etwork  
( I m (UL· IL)  > 0 )  ,  o r i n d u cti vel y,  a bs orbi n g  re acti ve  po we r from  th e  a. c.  n etwork ( I m (UL· IL)  < 0 ).  
Th e  VS C  ca n  b e  o p erated  ca p aci ti ve l y or i n d u cti ve l y i n  bo th  th e  i n verter a n d  th e  recti fi e r 
m od e.  

Th e  d es i g n a ti o n  vo l ta g e  s o u rce d  co n ve rter i s  u s ed  b eca u s e  th e  fu n cti on  of th e  VS C i s  
pre d i cate d  on  th e  co n n ecti o n  of a  vo l tag e  s o u rce  o n  th e  d . c.  s i d e.  

To  th e  l eft  i n  F i g u re  2 ,  a  d . c.  vol tag e  s ou rce  US  i s  s h o wn  wi th  a  d . c.  res i s tor Rd  re pre s e n ti n g  
th e  d . c.  ci rcu i t res i s tan ce ,  a n d  a  d . c.  cap aci tor co n n ecte d .  Th e  d . c.  s h u n t cap a ci tor s e rve s  th e  
pu rp os e  of s ta b i l i s i n g  th e  d . c.  vol ta g e  Ud .  D e pe n d i n g  o n  th e  VS C  co n ve rte r to p o l o g y,  th e  d . c.  
s tora g e  ca p a ci tor i s  rea l i s ed  e i th e r a s  a  cen tra l  d . c.  s tora g e  ca p aci tor be twe e n  b o th  p o l es  or 
a s  m u l ti pl e  s torag e  ca p aci tors  d i s tri b u te d  wi th i n  th e  con verter p h as e  u n i ts .  Th e  co n vers i o n  
from  d . c.  to  a. c.  take s  p l a ce  i n  th e  VS C  as  e xp l a i n ed  i n  C l a u s e  5 .   

O n  th e  a. c.  s i d e,  a n  i n terface  i n d u cta n ce i s  p ro vi d e d  wh i ch  s erves  two  pu rp os es :  fi rs t,  i t  
s ta b i l i s e s  th e  a . c.  cu rre n t,  a n d  s eco n d l y,  i t  e n ab l es  th e  con tro l  of acti ve  an d  re acti ve  ou tpu t 
po we r from  th e  VS C ,  a s  e xp l a i n e d  i n  S u bcl a u s e  4 . 1 . 2 .  Th e  i n terfa ce  i n d u cta n ce ca n  b e  
i m pl em en te d  as  re actors ,  as  l e aka g e  i n d u ctan ce s  i n  tra n s form ers ,  or as  a  com bi n ati on  
th ereof.  Th e  d . c.  cap aci tor on  th e  i n pu t s i d e  a n d  th e  a. c.  i n terface  i n d u cta n ce o n  th e  o u tp u t  
s i d e  are  i m p orta n t com po n e n ts  for th e  p rop e r fu n cti on i n g  of a  VS C .  

IEC   568/11 



I E C  TR 6 2 5 4 3 : 2 0 1 1 + AM D 1 : 2 0 1 3  – 1 9  –  
+ AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

A p as s i ve  or acti ve  a . c.  n e twork can  b e  co n n ecte d  o n  th e  a . c.  s i d e  of th e  VS C .  I f th e  VS C  i s  
con n ecte d  to  a  p as s i ve  n etwork on  i ts  a . c.  s i d e,  th e  po we r fl o w can  b e  o n l y from  th e  d . c.  i n p u t 
s i d e  to ward s  th e  p as s i ve  l o a d  o n  th e  a . c.  s i d e .  H o we ve r,  i f th e  a . c.  s i d e  i s  con n ected  to  a n  
acti ve  a. c.  n e two rk,  th e  po we r fl o w ca n  b e  i n  b o th  d i re cti o n s  b y co n tro l l i n g  th e  a . c.  vo l ta g e  
ou tpu t Ucon v  of th e  VS C .  

B y co n tro l l i n g  th e  p h as e  an g l e  of Ucon v,  th e  acti ve  p o wer th rou g h  th e  VS C ca n  b e  co n tro l l e d  
as  exp l a i n e d  i n  S u b cl a u s e  4 . 1 . 2 . 2 .  B y co n tro l l i n g  th e  vo l ta g e  am p l i tu d e  of Uco n v,  th e  re acti ve  
po we r th ro u g h  th e  VS C  can  be  co n tro l l ed ,  a s  exp l a i n e d  i n  S u bcl a u s e  4 . 1 . 2 . 3 .  

4.1 .2  The principles  of active  and  reactive power control  

4. 1 . 2 . 1  General  

Th e VS C  ca n  b e  con s i d ere d  as  a n  e q u i val e n t o f a  s yn ch ron o u s  g en erator wi th ou t i n erti a ,  
wh i ch  h as  th e  ca pa b i l i ty of i n d i vi d u al l y co n tro l l i n g  a cti ve  a n d  re a cti ve  p o we r.  

Th e  e xch an g e of acti ve  an d  re a cti ve  p o wer b etwee n  a  VS C a n d  th e  a. c.  g ri d  i s  co n tro l l e d  b y 
th e  p h as e  a n g l e  a n d  am p l i tu d e  of th e  VS C  o u tp u t  vol ta g e  i n  re l a ti o n  to  th e  vol tag e  of th e  a . c.  
g ri d .  

Th e  acti ve  a n d  re acti ve  po we r ca n  b e  co n tro l l e d  s i m u l tan e ou s l y a n d  i n d e p e n d e n tl y of each  
oth er.  Th e  acti ve  a n d  re acti ve  po we r are  rel a te d  to  th e  AC  vo l ta g es  UL  a n d  Uco n v  of th e  AC  
s ys tem  an d  con ve rte r re s p ecti ve l y,  th e  re acta n ce  X be twe en  th es e  vo l ta g es  a n d  th e  ph a s e  
an g l e  δ  be twe en  th em ,  a ccord i n g  to  th e  fo l l o wi n g :  

X

UU
P L δsinconv ××
=  

X

UUU
Q LL δcos( conv ×−×
=   

I f Ucon v  i s  i n  p h a s e  wi th  th e  l i n e  vo l ta g e  UL  a n d  i ts  am pl i tu d e  i s  e q u a l  to  UL ,  th ere  i s  n o  a . c.  
cu rren t Ic o n v  from  th e  VS C .  U n d er th es e  con d i ti o n s ,  th e  d . c.  cu rre n t  Id  b ecom es  zero  an d  th e  
d . c.  ca p aci tor vo l ta g e  Ud  becom es  eq u a l  to  th e  d . c.  s ou rce  vo l ta g e  Us .  

4. 1 .2 .2  The principle  of active power control  

Th e pri n ci p l e  of acti ve  p o wer co n tro l  i s  d ep i cte d  i n  F i g u re  3 ,  wh ere  th e  a cti ve  p o wer th ro u g h  
th e  i n te rface  i n d u ctan ce i s  co n tro l l e d  b y reg u l a ti n g  th e  VS C  vo l ta g e  a n g l e.  
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Figure 3  – The principle  of active power control  

I f th e  an g l e  of th e  VS C ou tpu t vo l ta g e  l e a d s  th e  a. c.  g ri d  vo l ta g e,  th e  VS C wi l l  i n j ect acti ve  
po we r to  th e  a. c.  g ri d ,  i . e. ,  i t  op e rates  as  a n  i n ve rter.  O n  th e  d . c.  s i d e ,  a n  e q u i va l e n t cu rren t  
wi l l  b e  d ra wn  from  th e  d . c.  s o u rce  a n d  th e  vo l ta g e  Ud  wi l l  d ecrea s e  i n  accord a n ce wi th  O h m ' s  
l a w (Ud  =  Us  – Rd · Id ) .  

I f,  o n  th e  oth e r h an d ,  th e  VS C  o u tp u t vo l ta g e  l a g s  th e  vo l ta g e  of th e  a . c.  g ri d ,  th e  VS C wi l l  
abs orb  acti ve  po we r fro m  th e  a. c.  g ri d ,  i . e. ,  i t  o pera tes  as  a  recti fi e r.  O n  th e  d . c.  s i d e ,  a n  
eq u i val e n t cu rre n t  wi l l  b e  i n j ecte d  i n to  th e  d . c.  s ou rce  a n d  th e  vo l ta g e  Ud  wi l l  i n cre as e  i n  
accord a n ce  wi th  O h m ' s  l a w (Ud  =  US  +  Rd · Id ) .  

I f th e  VS C i s  co n n ecte d  to  a  pas s i ve  l o a d ,  a n  a . c.  ou tpu t cu rre n t wi l l  b e  d ra wn  from  th e  VS C  
d e te rm i n ed  b y O h m ' s  l a w Ico n v  =  Uco n v/Z.  Ag a i n ,  a n  e q u i va l e n t d . c.  cu rre n t wi l l  b e  d ra wn  from  
th e  s o u rce  a n d  th e  vo l ta g e  Ud  o n  th e  d . c.  ca p a ci tor wi l l  d rop  to  a  va l u e  d e te rm i n e d  b y O h m ' s  
l a w.  N o  acti ve  po we r can  b e  d ra wn  from  th e  a. c.  s i d e ,  b e ca u s e  i t  i s  a  p a s s i ve  a. c.  ci rcu i t.  

4.1 .2 .3  The principle  of reactive power control  

Th e pri n ci p l e  of re a cti ve  p o wer co n tro l  i s  d e p i cte d  i n  F i g u re  4 ,  wh ere  th e  rea cti ve  p o wer 
th ro u g h  th e  i n terface  i n d u cta n ce i s  con trol l e d  b y reg u l ati n g  th e  am p l i tu d e  of th e  VS C o u tpu t  
a. c.  vo l ta g e .  

I f th e  am pl i tu d e  of th e  VS C  o u tp u t vo l ta g e  Uco n v  i s  h i g h er th an  th e  a . c.  g ri d  vo l ta g e  UL ,  th e  
VS C wi l l  i n j ect rea cti ve  po we r i n  th e  a. c.  g ri d ,  i . e. ,  wi l l  op erate  i n  th e  ca paci ti ve  m od e.  I f th e  
am p l i tu d e  of th e  VS C  o u tp u t vo l ta g e  i s  l o wer th an  th e  a . c.  g ri d  vo l ta g e,  th e  VS C  a bs orbs  
reacti ve  p o we r from  th e  a. c.  g ri d ,  i . e . ,  th e  i n d u cti ve  o pera ti n g  m od e.  

IEC   569/11 
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Figure 4 – The  principle  of reactive  power control  

4. 1 . 3  Operating  principles  of a  VSC transmission  scheme 

=
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Figure  5  – A point-to-point VSC  transmission  scheme 

Th e  p o i n t- to-p o i n t VS C  tran s m i s s i o n  s ch em e s h o wn  i n  F i g u re  5  con s i s ts  of two VS Cs  
i n terco n n ected  o n  th e  d . c.  s i d e  vi a  a  d . c.  tra n s m i s s i on  l i n e  an d  co n n ecte d  to  two  d i ffere n t a. c.  
g ri d s  o n  th e  a. c.  s i d e .  Th e  b as i c  ch aracteri s ti cs  of a  VS C h a ve  be e n  d es cri be d  i n  th e  p re vi ou s  
cl au s es .  O n e  of th es e  ch aracteri s ti cs  i s  th a t th e  d . c.  vo l ta g e  p o l a ri ty i s  a l wa ys  th e  s am e  ( i n  
con tras t wi th  L C C H VD C ,  wh e re  th e  p ol ari ty of d . c.  vo l tag e  d e pe n d s  o n  th e  d i recti o n  of po we r 
tra n s fer) .  Th e refore ,  th e  d i recti on  of th e  po we r fl o w o n  th e  d . c.  l i n e  i s  d e term i n ed  b y th e  
d i recti o n  of th e  d . c.  cu rren t.  I n  F i g u re  5  th e  cu rre n t fl o w a n d  th e  po we r fl o w are  from  VS C 1  
(th e  s e n d i n g  or re cti fi er e n d )  to  VS C 2  ( th e  rece i vi n g  or i n verter e n d )  of th e  d . c.  l i n e .  

Th e  d i recti o n  of a  d . c.  cu rre n t i s  a l wa ys  from  a  h i g h er d . c.  vol ta g e  l e vel  to  a  l o wer d . c.  vo l ta g e  
l e ve l .  Th e  d . c.  vo l ta g e  a t th e  s en d i n g  en d  of th e  d . c.  l i n e  s h al l  th erefore  be  h i g h er th an  th e  
d . c.  vol ta g e  at th e  rece i vi n g  e n d .  Th e  va l u e  of th e  cu rren t i s  d e te rm i n ed  b y O h m ' s  l a w,  as  th e  
vo l tag e  d i ffe ren ce b etwe en  s en d i n g  a n d  re ce i vi n g  e n d s  d i vi d ed  b y th e  re s i s ta n ce  i n  th e  d . c.  
l i n e  Id  =  (Ud 1 -Ud 2 ) /Rd .  

IEC   570/11 
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F or e xa m pl e,  th e  d . c.  l i n e  po we r fl o w ca n  b e  con trol l e d  b y h o l d i n g  th e  d . c.  vol tag e  a t th e  
rece i vi n g  en d  co n ve rter (th e  i n verter)  a t a  con s ta n t va l u e ,  an d  b y l e tti n g  th e  s e n d i n g  en d  
con verte r (th e  recti fi e r)  con trol  th e  d . c.  cu rre n t.   

4. 1 .4  Appl ications  of VSC transmission  

I n  g e n e ra l  th e  m ai n  fi e l d s  of a pp l i ca ti on  of H VD C  tra n s m i s s i o n  are  i n terco n n ecti o n  of 
as yn ch ro n o u s  a. c.  s ys te m s  an d  l on g  d i s ta n ce  tran s m i s s i on  vi a  o verh e a d  l i n es  a n d  ca b l es .  
Th e  fo l l o wi n g  ch aracte ri s ti c  fe atu res  of VS C  tran s m i s s i on  are  d eci s i ve  for d i ffe ren t  
ap p l i ca ti o n s .   

•  Th e  s m al l e r am ou n t of extern a l  e q u i pm en t s u ch  a s  a. c.  h arm o n i c fi l ters  res u l ts  i n  a  
com pact d es i g n  of VS C  con ve rter s tati o n s .  S m al l  foo tp ri n ts  a re  b e n efi ci a l  for a p pl i cati o n s  
wi th  s pa ti a l  l i m i ta ti o n s  s u ch  as  i n s ta l l a ti o n s  i n  ci ty cen tres  or o n  rem ote  offs h ore  p l atfo rm s .  

•  S i n ce  VS C tra n s m i s s i o n  i s  b as ed  on  s e l f-com m u ta ti n g  o pe ra ti o n ,  ap p l i ca ti o n s  wi th  i s o l a ted  
a n d  we ak a. c.  s ys tem s  are  fe as i b l e .  D u ri n g  n o rm a l  op e rati on  th e  VS C  pro vi d es  vo l ta g e  
a n d  fre q u e n c y co n tro l  of th e  a . c.  s ys tem .  O p erati on  d u ri n g  a. c.  fa u l ts  i s  a  m aj or cri te ri o n  
for VS C .  Th e  ab i l i ty of th e  VS C to  i n j ect fa u l t cu rren ts  faci l i ta te s  a. c.  s ys te m  pro tecti o n  
an d  fau l t  cl e ari n g .  E xam p l e s  a re  co n n ecti o n  of rem ote  wi n d  fa rm s ,  o i l  a n d  g as  p l atform s 
an d  rem ote  m i n e s .  

•  I n  m os t ca s e s ,  VS C  tra n s m i s s i o n  o p era tes  wi th  a  fi xed  d . c.  vo l ta g e  p ol ari ty.  A re vers a l  of 
d i recti o n  of p o wer fl o w re q u i res  th e  re ve rs a l  of d . c.  cu rre n t.  I n  ca s e  of para l l e l  
i n terco n n ecti on  of a. c.  s ys tem s  vi a  a. c.  a n d  d . c.  l i n es ,  fas t po we r re vers al s  vi a  d . c.  cu rre n t  
con trol  pro vi d e  an  accu rate  m eas u re  fo r l o a d  fl o w s ta b i l i s a ti o n  b etwe e n  th e  a . c.  s ys tem s .  
S i n ce  th e  p o l ari ty of d . c.  vol tag e  d oe s  n o t re ve rs e,  m u l ti - te rm i n a l  s ys te m s  are  eas i er to  
re a l i s e  wi th  VS C  th a n  wi th  LC C H VD C .  

4.2  Design  l i fe  

Th e s e l ecti o n  of VS C tra n s m i s s i o n  as  a n  al te rn ati ve  to  LC C H VD C ,  a . c.  tran s m i s s i on ,  o r l oca l  
g e n era ti on  i s  n orm al l y m oti vate d  b y fi n a n ci a l ,  tech n i ca l  or e n vi ro n m en ta l  ad va n ta g es .  W h e n  
e va l u ati n g  d i fferen t te ch n o l o g i es ,  i t  i s  i m p orta n t to  com pa re  th e i r l i fe  c ycl e  cos ts .   

Th e  tech n i ca l  d es i g n  l i fe  of tran s m i s s i o n  s ys te m s  i s  n o rm a l l y ve ry l o n g —3 0  ye a rs  or m ore.  An  
i n ves tm en t,  h o we ve r,  s h ou l d  o n l y l as t as  l o n g  as  i t  ca n  p ro vi d e  th e  h i g h es t ca p i ta l  va l u e ,  an d  
th i s  i s  d es i g n ate d  th e  “ o pti m al  l i fe ” .  Th e  op ti m a l  l i fe  wi l l  a l wa ys  b e  e q u a l  to  or l es s  th a n  th e  
tech n i ca l  d es i g n  l i fe .   

4.3  VSC  transmission  configurations  

4.3. 1  General  

W i th  VS C  tran s m i s s i o n  th ere  are  s e vera l  pos s i b i l i ti es  for th e  d . c.  ci rcu i t  a n d  co n verte r u n i ts .  

E a ch  VS C  s u bs ta ti on  m a y b e  co n s tru cte d  fro m  a  s i n g l e  co n ve rter u n i t of a  p h as e  u n i t  
to p ol o g y re s u l ti n g  i n  a  m on o po l ar tran s m i s s i on  s ch em e.   

I n  s om e ap p l i ca ti o n s  i t  m a y b e  n eces s ary or a d va n ta g e o u s  to  com bi n e  s e vera l  con verter u n i ts  
each  co n s tru cte d  u s i n g  th e  s a m e co n verter p h as e  u n i t  to p o l o g y.  F or exa m p l e,  i t  m a y n ot  b e  
tech n i ca l l y fe as i b l e  or e con om i ca l l y op ti m al  to  a ch i e ve  th e  p o wer,  vo l ta g e  or cu rren t rati n g  
wi th  a  s i n g l e  co n verter u n i t.  S e vera l  co n verter u n i ts  m a y b e  com b i n e d  to  ach i e ve  i n cre a s e d  
a va i l ab i l i ty a n d  l i m i te d  po we r o u ta g e  u po n  fau l ts .  

Th e  com bi n a ti o n  of two or m ore  con ve rte r u n i ts  can  be  accom pl i s h ed  i n  a  n u m be r of wa ys .  
Th e  d . c.  term i n a l s  of th e  con verter u n i ts  can  be  con n ecte d  i n  p ara l l e l  to  ach i e ve  h i g h  o u tp u t 
cu rren ts  or i n  s eri es  to  a ch i e ve  h i g h  o u tp u t vol ta g es .  
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4.3.2  D.C.  ci rcu i t  configurations  

B oth  ca b l es  an d  o verh e a d  tra n s m i s s i o n  l i n e s  ca n  b e  u s ed  for VS C  tra n s m i s s i o n .  H o we ver,  
th ere  are  s e vera l  as p ects  as s oci a te d  wi th  th e  b a s i c p ri n ci p l e  of VS C tra n s m i s s i o n  th at  m a y 
i n fl u e n ce th e  ch o i ce .   

•  S i n ce  a  VS C g e n e ra l l y a l l o ws  o n l y o n e  d . c.  vo l ta g e  p o l ari ty,  th e  ca b l e  d o es  n o t n e e d  to  be  
d es i g n e d  for vo l ta g e  p o l ari ty re vers a l .  Th i s  a l l o ws  th e  u s e  of extru d e d  cros s - l i n ke d  
p o l ye th yl e n e  ( XL PE )  d . c.  ca b l e s .  F au l ts  o n  d . c.  cab l es  a re  co n s i d ere d  as  exce pti on a l  
s cen ari os  wh i ch  res u l t i n  a  p erm an en t fa u l t of th e  a ffecte d  s ecti o n  a n d  a n  i n terru p ti o n  of 
po we r tra n s fer.  

•  S i n ce  o verh ea d  tran s m i s s i on  l i n es  are  a l wa ys  expos e d  to  l i g h tn i n g  s tri ke s  a n d  p ol l u ti o n ,  
fa u l ts  a l o n g  th em  are  l i ke l y.  M os t l i n e  o u tag es  a re  tem porary a n d  tra n s m i s s i o n  
recom m en ces  o n ce  th e  fau l t  i s  cl e a red  a n d  th e  a i r i n s u l a ti o n  i s  res tore d .   

A b ack- to- b ack con fi g u rati on  i s  a  s pe ci a l  ca s e  of VS C  tra n s m i s s i o n  wh ere  th e  d . c .  
tra n s m i s s i o n  d i s ta n ce  i s  ze ro .   

4.3.3  Monopole  configuration  

4.3.3.1  General  

Th e VS C  con verter can  b e  o perate d  i n  d i ffere n t m on o po l a r co n fi g u ra ti o n s .  

•  S ym m etri ca l  m on o p o l e  

•  As ym m etri c m on o p o l e  wi th  m e ta l l i c  re tu rn  

•  As ym m etri c m on o p o l e  wi th  e arth  re tu rn  

4.3.3.2  Symmetrical  monopole  

I n  a  s ym m etri ca l  m on o po l e ,  th e  d . c.  o u tp u t vo l ta g es  a re  of e q u a l  b u t  o p po s i te  m a g n i tu d e .  Th e  
m i d p oi n t of th e  d . c.  ci rcu i t i s  e arth ed ,  e i th er b y cap aci tors  as  s h o wn  i n  F i g u re  6  or b y o th er 
m ean s .  

=
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Figure 6  – VSC  transmission  wi th  a  symmetrical  monopole  

4.3.3.3  Asymmetrical  monopole  

I n  a n  as ym m etri ca l  m on op o l e  a s  s h o wn  o n  F i g u re s  7  a n d  8 ,  th e  d . c.  s i d e  o u tp u t from  th e  
con verter i s  as ym m etri ca l  wi th  o n e  s i d e  typ i ca l l y con n e cte d  to  ea rth .  I t  i s  pos s i b l e  to  op e rate  
th e  tran s m i s s i o n  s ys tem  i n  m eta l l i c  retu rn  or i n  e arth  re tu rn .  
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Figure 7  – VSC transmission  with  an  asymmetrical  monopole  wi th  metal l i c  return  
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Figure 8  – VSC transmission  wi th  an  asymmetrical  monopole  wi th  earth  return  

4.3.4  Bipolar configuration  

Two  a s ym m etri ca l  co n ve rte rs  ca n  b e  con n ected  tog e th er i n  a  b i p o l ar co n fi g u ra ti o n  e i th e r wi th  
ea rth  or m e ta l l i c  retu rn .  

Th e  n e u tra l  re tu rn  b u s  ca n  b e  d es i g n e d  b y a  s i m i l ar proces s  to  th a t wh i ch  i s  n orm a l l y u s ed  for 
b i p o l a r LC C  H VD C  s ch e m e s .  

W h en  th ere  i s  a n  ou ta g e  of a  con ve rter o r d . c.  l i n e/ca b l e  th e re  i s  n orm al l y d es i g n e d  a  
pos s i b i l i ty to  op erate  th e  rem ai n i n g  s ys tem  i n  as ym m e tri ca l  m on o p o l e  op erati on .   
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Figure 9  – VSC transmission  in  b ipolar configuration  

4.3.5  Paral lel  connection  of two converters  

Th e d . c.  term i n a l s  of two VS C  co n ve rters  ca n  b e  con n ecte d  i n  para l l e l  res u l ti n g  i n  h i g h  d . c.  
cu rren ts .  

To  pre ven t u n d e s i ra bl e  i n teracti on  be twe en  th e  two  p ara l l e l -co n n ecte d  co n verters ,  s om e l e ve l  
of i m p ed a n ce  s h a l l  b e  pro vi d e d  b e twe e n  th e  two con ve rte rs .  
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Figure 1 0  – Paral lel  connection  of two converter un i ts  

W h e re p ara l l e l  con n ecti on  of con verte r u n i ts  i s  ch os e n ,  a  h i g h  l e ve l  con trol  i s  re q u i re d  i n  
ord er to  co ord i n ate  cu rre n t ord ers  b etwe e n  th e  co n ve rte r u n i ts .  

I n  ord e r to  ach i e ve  h i g h  re l i a b i l i ty u p o n  i n tern a l  con verter u n i t fau l ts ,  a d d i ti on a l  s wi tch i n g  an d  
or brea ki n g  d e vi ces  a re  req u i re d  to  i s o l ate  a  fa u l ty co n verter u n i t.  O b vi ou s l y th e  com m on  d . c.  
tra n s m i s s i o n  ci rcu i t  h as  n o  re d u n d a n c y u p on  d . c.  l i n e  fa u l ts .  

4.3.6  Series  connection  of two converters  

Two  VS C  co n verters  ca n  b e  co n n ected  i n  s e ri es  o n  th e i r d . c.  s i d e.  Th i s  a p pro ach  can  b e  u s e d  
to  exten d  th e  d . c.  vo l ta g e  ca pa b i l i ti es  of a  VS C tran s m i s s i on  re l a ti ve  to  th e  cap a b i l i ty of th e  
i n d i vi d u a l  co n verter u n i ts .   

Th e  tech n i ca l l y m os t re l e va n t s cen ari o  of s eri es  co n n e cti o n  i s  th e  b i po l ar arra n g e m en t 
ou tl i n e d  i n  S u bcl a u s e  4 . 3 . 4 .   

4.3.7  Paral lel  and  series  connection  of more  than  two converters  

I n  p ri n ci p l e ,  i t  i s  a l s o  p os s i b l e  to  co n n ect m ore  th a n  two con verter u n i ts  i n  p ara l l e l  or i n  s eri es .  
C o n n ecti o n s  of e a ch  co n verter u n i ts  a re  e i th er to  s ep arate  wi n d i n g s  of a  com m on  tran s fo rm er 
or to  s ep arate  tran s fo rm ers .  

I n  g e n era l  th e  i n creas e d  com pl exi ty of m u l ti  co n ve rter u n i ts  h as  to  b e  e va l u ate d  wi th  re g ard  to  
proj ect  s peci fi c req u i rem e n ts .  

IEC  
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4.4  Semiconductors  for VSC  transmission  

I n  n orm al  o pera ti o n  of vo l tag e- s o u rce d  co n verte rs  th e  p o wer s em i co n d u ctors  a re  exp os e d  to  
a  u n i po l ar vol tag e  an d  h a ve  to  b e  ab l e  to  co n d u ct th e  cu rre n t i n  b o th  d i recti on s .  Th ere fo re  
po we r s em i co n d u ctor s wi tch es  wi th  tu rn - o n  a n d  tu rn - off capa b i l i ty a n d  wi th  a  h i g h  vo l ta g e  
b l ocki n g  cap a bi l i ty ( typ i ca l l y s e vera l  kV)  i n  th e  forward  d i recti on  are  n e e d e d .  

Tod a y th es e  re q u i rem en ts  are  ach i e ve d  b y a  p ara l l e l  con n e cti on  of a  co n tro l l a b l e  s wi tch  tu rn -
off s em i co n d u ctor d e vi ce  a n d  a  s o  ca l l e d  fre e - wh e e l i n g  d i o d e  as  s h o wn  i n  F i g u re  1 1 .  

 

Figure 1 1  – Symbol  of a  control lable  switch  tu rn-off semiconductor device  and  
associated  free-wheel ing  d iode  

Vari o u s  d i ffere n t tu rn - off s em i co n d u ctor s wi tch es  d e vi ce s  are  s u i ta b l e  for VS C tech n o l o g y,  b u t  
on l y I G B Ts  ( i n s u l a te d  g a te  b i p o l a r tra n s i s tor,  as  s h o wn  o n  F i g u re  1 2 )  are  u s e d  i n  com m e rci a l  
VS C - H VD C  p roj ects  th a t h a ve  b ee n  bu i l t  to  d a te .  Th erefore  th e  d es cri pti on  of tu rn - off 
s e m i co n d u ctor s wi tch es  d e vi ces  i n  th i s  d ocu m en t i s  co n cen trated  o n  I G B Ts  a l th ou g h  oth er 
s e m i co n d u ctors  s u ch  as  G TO s  an d  I G CTs  are  a l s o  u s ab l e .  

N O TE  S e m i co n d u cto r d e vi ce s  s u i ta b l e  fo r VS C tra n s m i s s i on  typ e  a re  d i vi d e d  i n to  two  ca te g o ri e s :   th e  “ tra n s i s tor”  
typ e ,  wh i ch  i n cl u d e s  I G B Ts ,  a n d  th e  “th yri s to r”  typ e  wh i ch  i n cl u d e s  G TO s  a n d  I G C Ts .   D e vi ce s  of th e  “ th yri s to r”  
typ e  ca n  h a n d l e  l a rg e r p o we rs  m o re  e ffi ci e n tl y th a n  d e vi ce s  of th e  “tra n s i s tor”  typ e ,  b u t   l a ck ce rta i n  con tro l  
fe a tu re s  s u ch  a s  th e  a b i l i ty to  co n tro l  th e  d e vi ce  s m o o th l y b e twe e n  th e  o ff a n d  on  s ta te s  u s i n g  a cti ve  g a te  co n trol .  
D e vi ce s  o f th e  “ th yri s to r”  typ e  a l s o  h a ve  h i g h e r g a te  p o we r c on s u m p ti on  th a n  d e vi ce s  o f th e  “ tra n s i s to r”  typ e ,  wh i ch  
m a ke s  th e i r u s e  i n  h i g h  vol ta g e  a p p l i ca ti on s  s u ch  a s  VS C  tra n s m i s s i o n  m o re  d i ffi cu l t.  

 

 

Figure 1 2  – Symbol  of an  IGBT and  associated  free-wheel ing  d iode  

L i ke  a l l  d i o d es ,  th e  fre e- wh e el i n g  d i o d e s ,  wh i ch  a re  co n n ecte d  i n  para l l e l  to  th e  co n tro l l a b l e  
s wi tch ,  h a ve  a  s i g n i fi ca n t  re vers e  reco very cu rre n t wh e n  th e y tu rn  off.  B oth  th e  I G B Ts  a s  we l l  
as  th e  fre e - wh e e l i n g  d i o d e s  h a ve  to  co p e  wi th  th es e  s wi tch i n g  tra n s i en ts ,  p arti cu l arl y cu rre n t  
g ra d i en ts  a n d  vol tag e  g rad i e n ts .  
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An  I G B T i s  a  vo l tag e  con tro l l ed  d e vi ce ;  o n l y ca pa ci ti ve  cu rre n ts  can  fl o w i n  th e  g a te  term i n al .  
Th e  d e vi ce  can  b e  co n tro l l e d  a t a n y i n s ta n t,  e ve n  d u ri n g  th e  s wi tch i n g  tra n s i e n ts ,  i . e.  th e  l o a d  
cu rren t ca n  be  i n fl u e n ced  b y th e  g a te  vo l tag e .  

I G B Ts  are  s h ort-ci rcu i t proof wi th i n  d e fi n ed  o p erati n g  co n d i ti on s .  Th i s  m ea n s  th a t i n  ca s e  of a  
s h ort ci rcu i t  th e  I G B T l i m i ts  th e  l oa d  cu rre n t to  s e ve ra l  ki l o am pe rs .  W i th i n  s om e  
m i cros econ d s ,  a n  a ppro p ri a te  g a te  tu rn - off s i g n a l  h as  to  b e  a pp l i ed  to  tu rn  off th e  fa u l t cu rren t 
an d  n ot to  th erm a l l y o ve rs tres s  th e  d e vi ce.  

S wi tch i n g  ti m es  of I G B Ts  are  i n  th e  ran g e  of m i cros eco n d s  or l es s .  F u rth erm ore,  th e  s wi tch i n g  
s l op es  ca n  b e  a d j u s ted  b y th e  g ate  d ri ve  ci rcu i t,  a ch i e vi n g  th e  o pti m a l  wa ve form s  con ce rn i n g  
o ve r- vo l ta g e  pe a ks  a n d  s wi tch i n g  l os s e s .  S n u b b ers  to  ke e p th e  ra tes  of ri s e  of cu rre n t a n d  
vo l tag es  to  accep tab l e  l i m i ts  are  n ot n eces s ary i n  m a n y ca s e s .  Th e  g a te  d ri vers  for I G B Ts  ca n  
be  q u i te  s i m pl e,  s i n ce  th e y h a ve  to  d e l i ver o n l y a  fe w wa tts  of co n tro l  p o we r to  th e  g ate .   

H i g h  p o wer I G B Ts  are  m ad e u p  b y a  p ara l l e l  con n e cti on  of ch i ps  to  ach i e ve  th e  req u i red  
cu rren t ca pa b i l i ty.  Th e  ch i ps  a re  m ou n ted  i n  pres s  packs  or m od u l e  h o u s i n g s .  I n  m os t cas e s  
th e  FW D  ch i ps  are  i n cl u d ed  i n  th e  s am e h o u s i n g .  

P res s  p ack h ou s i n g s  are  i n te n d e d  to  b e  cl am pe d  betwe e n  h e at s i n ks ;  th e  path s  for cu rre n t 
an d  h ea t a re  th e  co pp e r po l es  of co l l e ctor a n d  e m i tter of th e  d e vi ces  th at are  s e p ara ted  b y a  
ri n g  of i n s u l a ti n g  m ateri a l .  F or h i g h  vo l tag e  d e vi ces ,  th i s  m ateri a l  i s  h i g h  s tre n g th  p orcel a i n  i n  
m os t cas es ,  th ou g h  g l as s  fi be r rei n force d  res i n  i s  a l s o  u s e d .   

M o d u l e  I G B Ts  are  d es i g n e d  for s i n g l e  s i d e d  coo l i n g  a n d  are  m ou n te d  on  h e a t s i n ks  b y 
s cre ws ;  s pri n g  l oa d ed  cl am pi n g  i s  n ot n ece s s ary.  Th e  el ectri ca l  term i n a l s  are  o n  th e  to p  s i d e  
of th e  m od u l e;  th e  h e a t fl o ws  th rou g h  th e  bas e  p l a te  of th e  m od u l e  to  th e  h ea t s i n k.  S i n ce  th e  
e l ectri ca l  p art of th e  m o d u l e  i s  i n s u l a te d  to  th e  bas e  p l a te ,  i t  i s  p os s i b l e  to  m ou n t m od u l e s  
wi th  d i ffere n t vo l ta g e  p oten ti a l s  o n  a  s h are d  h e a t s i n k.  

5 VSC transmission  converter topologies  

5. 1  General  

F or a  h i g h  p o wer VS C  tra n s m i s s i o n  s ys tem ,  th e  ke y i s s u e  th at d e term i n e s  th e  cos t a n d  
op e rati n g  l os s es  of th e  o ve ra l l  s ys te m  i s  th e  p o wer ci rcu i t  s tru ctu re  to  con s tru ct th e  a . c.  
ou tpu t vo l ta g e  wa veform .  Th e  o u tp u t vo l ta g e  wa veform  s h o u l d  ap p roxi m ate  a  s i n e - wa ve i n  
ord er to  el i m i n a te  or m i n i m i ze  th e  n e ed  for h arm o n i c fi l teri n g .  Th e  s wi tch i n g  con verter 
con s i d ere d  for p racti ca l  i m p l em en ta ti o n  i s  a  vo l ta g e  s ou rce d  co n verter op era ted  wi th  a  fi xe d  
d . c.  vo l ta g e .  Th e  co n verter i s  a  com bi n ati on  of con tro l l e d  s o l i d - s ta te  s wi tch e s  tu rn - off 
s e m i co n d u ctor d e vi ces  th a t co n n ect th e  d . c.  i n p u t vo l tag e  p e ri od i ca l l y to  th e  ou tp u t for s om e 
i n terva l s  to  pro d u ce th e  a . c.  ou tp u t vo l ta g e .  Th e  co n ve rters  a t e a ch  e n d  of a  VS C  
tra n s m i s s i o n  s ys tem  ca n  b e  arran g ed  i n  a  n u m b e r of d i ffere n t  wa ys ,  wi th  th e  co n fi g u rati on  of 
th e  con verter n orm al l y b e i n g  re ferred  to  as  i ts  to p o l o g y.  A th e  ti m e of wri ti n g ,  two d i fferen t 
con verter typ es  ca n  b e  i d en ti fi e d  h a ve  b e e n  u s ed  for com m erci a l  proj e cts :   th os e  i n  wh i ch  th e  
con verte r va l ves  a ct a s  con trol l a b l e  s wi tch es  an d  th os e  i n  wh i ch  th e  con verte r va l ves  a ct as  
con trol l a b l e  vol tag e  s o u rces .  Th es e  two typ es  are  d es cri b ed  i n  s u b cl a u s es  5. 2  a n d  5. 3  
res p ecti ve l y.  

S om e oth er con verter top o l og i e s  wh i ch  s h a re  th e  ch aracteri s ti cs  of bo th  th e  “ co n tro l l a b l e  
s wi tch ”  an d  “ co n tro l l a b l e  vo l ta g e  s o u rce”  typ e s  h a ve  b e e n  d es cri b e d  i n  th e  l i te ra tu re .   Th e  
rea d er i s  re ferre d  to  C I G RÉ  Tech n i ca l  B roch u re  N o.  4 9 2  “ Vo l ta g e  S o u rce  C on verter ( VS C )  
H VD C  for P o we r Tra n s m i s s i o n  – E co n om i c As p e cts  an d  C om pari s o n  wi th  o th er AC  a n d  D C  
Tech n o l og i es ” ,  for d e ta i l s .     

I t  i s  a  fu n d am e n tal  cri teri on  for a n y vi a b l e  to p o l o g y th a t i t  e n a b l es  th e  fu n cti o n a l  re q u i rem e n ts  
to  be  m et.  D i ffere n t to po l og i es  h a ve  d i ffere n t te ch n i ca l  ch aracteri s ti cs ,  a n d  th ere fo re  a l l o w th e  
o vera l l  s ch e m e to  b e  o p ti m i ze d  i n  d i ffere n t wa ys .  M a n u factu rers  m a y h a ve  d i ffe ren t prefe rre d  
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to p ol o g i es  an d  b e  ab l e  to  b es t op ti m i ze  th ei r pro pos a l s  a ro u n d  th i s  prefe rre d  to p o l o g y.  I t  i s  
recom m en d e d  th a t cu s to m e rs  d o  n ot s ti p u l ate  th e  to p o l o g y to  b e  u s e d  for a  VS C tran s m i s s i on  
s ys tem ,  u n l e s s  th ere  are  com pe l l i n g  re as o n s  for d o i n g  s o .  

I t  i s  p os s i b l e  to  arra n g e  th e  co n verters  to  h a ve  a  s i n g l e - ,  th re e-  o r m u l ti - p h as e  a. c.  
ou tpu t/i n p u t.  F or th e  p u rp os e  of th i s  re p ort,  on l y th e  th re e- p h as e a rra n g em e n t wi l l  be  
d i s cu s s e d .  

5.2  Converter topologies  wi th  VSC  valves  of “switch”  type  

5.2. 1  General  

Th e co n ve rter s wi tch es  ( n orm a l l y ca l l ed  VS C va l ves )  p erform  th e  fu n cti o n  of co n n ecti n g  th e  
a. c.  bu s  to  th e  d . c.  term i n a l s .  I f th e  co n n ecti o n  i s  d i rect th ro u g h  two  a l tern a te l y o p e ra ti n g  
s wi tch es ,  th e  a. c.  b u s  vo l ta g e  wi l l  ch a n g e b etwe e n  th e  vo l ta g e  l e ve l s  at th e  two  d . c.  term i n a l s .  
S u ch  a  co n verter i s  kn o wn  a s  a  2 - l e ve l  co n ve rte r.  I n  th e  2 - l e ve l  co n ve rte r,  e ach  of th e  VS C 
va l ves  h a s  to  wi th s ta n d  th e  vol tag e  b etwe e n  th e  two  d . c.  term i n a l s .  

I f th e  d . c.  ca paci tor i s  s u b d i vi d e d ,  or ad d i ti o n a l  d . c.  ca p aci tors  are  ad d e d ,  i t  i s  p os s i b l e  to  
arran g e  for th e  a. c.  vo l ta g e  to  m ove n ot o n l y to  th e  vol tag e  a t th e  two d . c.  te rm i n a l s  b u t a l s o  
to  i n term ed i ate  l e ve l s .  Th e  n u m be r of vo l tag e  l e ve l s  to  wh i ch  th e  a . c.  b u s  vo l ta g e  ca n  b e  
s wi tch e d  wi l l  d e p en d  o n  th e  n u m ber of va l ve s  a n d  th e  n u m b er of d . c.  ca paci tor s u b d i vi s i o n s  or 
ad d i ti o n a l  d . c.  ca p aci tors .  Th es e  arra n g em en ts  are  kn o wn  as  3 - l e vel  or m u l ti - l e ve l  co n verters ,  
d e p en d i n g  o n  th e  n u m be r of vol tag e  l e vel s  th at ca n  b e  ach i e ve d .  Th e  term  m u l ti l e ve l  refers  to  
a  co n ve rter ph as e  u n i t to po l o g y wh ere  th e  a . c.  b u s  ca n  be  s wi tch ed  to  atta i n  m ore  th a n  th re e  
d i ffe re n t  vo l ta g e  l e ve l s .  

I n  3 - l e vel  o r m u l ti - l e ve l  top o l og i es ,  th e  VS C  va l ves  d o  n o t n orm a l l y h a ve  to  b e  d es i g n e d  for 
th e  fu l l  d . c.  term i n a l -to-term i n a l  vo l ta g e.  F or e xa m pl e,  i n  n orm a l  o p erati o n  e ach  va l ve  i n  a  
3 - l e ve l  co n verter to po l o g y e xp eri en ces  o n l y 50  %  of th e  term i n a l - to- te rm i n a l  d . c.  vo l ta g e .  
S i m i l arl y,  i n  n orm al  op erati on  e a ch  VS C va l ve  i n  a n  n- l e ve l  top o l og y e xp eri e n ces  on l y th e  
term i n a l - to- te rm i n al  d . c.  vo l tag e  of th e  p h as e  u n i t  d i vi d ed  b y (n- 1 ).  

I n  th e  fo l l o wi n g  p a ra g ra p h s ,  con verter to p o l o g i es  s u i tab l e  for VS C  tra n s m i s s i on  s ys te m s  wi l l  
b e  d es cri b e d  i n  m ore  d e ta i l .  I t  s h o u l d  b e  n oted  th at a  co n s i d era bl e  res e arch  an d  d e ve l o pm en t 
e ffort i s  be i n g  i n ves ted  i n  vo l tag e  s o u rce d  co n verter tech n ol o g y,  s o  ad d i ti o n a l  s u i ta b l e  
to p ol o g i es  wi l l  l i ke l y beco m e a va i l ab l e  s u bs e q u e n t to  th e  i s s u e  of th i s  re po rt.  

5.2.2  Operating  principle  

Th e  bas i c  o p erati n g  m ech a n i s m  of a n  i d ea l  VS C i s  co vered  i n  th i s  s ecti o n .  Th e  d es cri p ti o n  i s  
i n i ti a l l y l i m i te d  to  a  2 - l e ve l  VS C .  Th e  2 - l e vel  VS C  i s  th e  s i m p l es t s tru ctu re  n e e d e d  to  con vert a  
d . c.  vo l ta g e  i n to  a . c.  vo l ta g es .  Al th ou g h  oth er typ es  of m u l ti - l e ve l  VS Cs  are  m ore  com p l e x,  
th e i r b as i c  op era ti n g  pri n ci pl e  d o es  n o t d i ffer from  th a t of th e  2 - l e ve l  VS C .   

F or th e  p u rp os e  of i l l u s trati on ,  th e  VS C val ves  a re  d es cri b e d  a s  i d ea l  s wi tch e s  wi th o u t a n y 
s wi tch i n g  l os s es .  A VS C  va l ve  i n  a  re a l  ap p l i cati on  co n s i s ts  of a  l arg e  n u m ber of s e ri e s -
con n ecte d  s em i con d u cto r d e vi ces ,  an d  i s  d es cri b ed  i n  g re ater d e ta i l  i n  C l au s e  5.  Th e  s tra y 
i n d u cta n ce s  are  n e g l e cte d  h ere,  a n d  th e  d . c.  cap a ci tors  h a ve  be e n  as s u m ed  to  h a ve  i n fi n i te  
ca p aci ta n ce —i . e . ,  n o  d . c.  vo l ta g e  ri pp l e  i s  s h o wn .   

As  e xp l a i n e d  i n  S u bcl a u s e  4 . 1 ,  th e  o u tp u t of th e  VS C n ee d s  to  be  co n n ecte d  i n  s eri e s  wi th  a  
ph a s e  rea ctor.  Th e  p h a s e  reactor en a bl es  th e  VS C  to  con trol  p o we r fl o w i n  ad d i ti o n  to  
s m ooth i n g  th e  o u tp u t cu rren t.   
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5.2.3  Topologies  

5.2.3.1  Two-level  converters  

A 2 - l e ve l  con verter i s  th e  s i m pl es t s wi tch i n g  a rran g em en t ca pa b l e  of prod u ci n g  a . c.  ou tpu t  
from  a  d . c.  s ou rce  i n  th e  form  of a  s i m pl e  s q u are - wa ve.  A th re e- ph a s e  co n verter u s i n g  th ree  
2 - l e ve l  p h as e  u n i ts  i s  i l l u s tra te d  i n  F i g u re  1 3 .  
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Figure  1 3  – Diagram  of a  three-phase  2-level  converter and  associated  a.c.   
waveform  for one phase  

Th e  a . c.  wa veform  s h o wn  i n  th e  fi g u re  i s  th e  ph a s e - to- n e u tra l  vo l tag e .  Th e  n e u tra l  vo l ta g e  i s  
th e  vo l ta g e  at  th e  m i d p oi n t  of th e  d . c.  ca p aci tor.  

S i n ce  th e  s q u a re- wa ve ou tp u t vo l ta g e  s h o wn  i n  F i g u re  1 3  i s  n o t a ccep ta b l e  i n  a  practi ca l  
H VD C  s ch em e,  th i s  co n verter typ e  i s  n orm a l l y o pera te d  wi th  p u l s e  wi d th  m od u l a ti o n  ( PW M ) 
as  d es cri b e d  i n  S u bcl a u s e  9 . 3 .  

A typ i cal  PW M -s wi tch e d  wa veform ,  u s i n g  a  carri er b a s ed  co n tro l  m eth o d  wi th  a  s wi tch i n g  
freq u e n c y of 2 1  ti m es  th e  fu n d am en ta l ,  i s  g i ven  i n  F i g u re  1 4 .  F or th e  pu rp os e  of th i s  
i l l u s tra ti on ,  th e  d . c.  ca p a ci tor h as  be e n  as s u m ed  to  h a ve  a n  i n fi n i te  cap aci ta n ce  ( i . e . ,  n o  d . c.  
vo l tag e  ri p p l e) .  

IEC   577/11 
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Figure 1 4 – S ing le-phase a.c.  ou tput  for 2-level  converter wi th  PWM  switch ing   
at  21  times  fundamental  frequency 

O th er PW M  tech n i q u es  are  a l s o  a va i l ab l e,  s u ch  as  op ti m i s e d  PW M  (O PW M ) or s e l ecti ve  
h arm o n i c e l i m i n ati on  m eth o d  ( S H E M ) .  Th es e  a i m  to  i m pro ve th e  com prom i s e  b etwe e n  po we r 
tra n s fe r ca p ab i l i ty,  s wi tch i n g  fre q u e n cy a n d  h arm o n i c perform an ce .  

5.2.3.2  Three-level  neutral -point clamped  (NPC)  converters  

A th re e  p h as e  con verter con s i s ti n g  of th re e  3 - l e ve l  p h as e  u n i ts  i s  i l l u s tra te d  i n  F i g u re  1 5 .  Th e  
con ve rter h as  th re e  d . c.  term i n a l s  to  co n n ect to  a  s p l i t  or ce n tre- ta pp e d  d . c.  s o u rce .  As  se en ,  
th ere  are  m ore  va l ves  u s ed  th an  i n  th e  2 - l e vel  p h as e  u n i t,  a n d  a d d i ti o n a l  d i od es  or val ve s  a re  
req u i red  to  con n ect to  th e  d . c.  s u p p l y ce n tre - tap ,  wh i ch  i s  th e  re fere n ce ze ro  p oten ti a l .  
H o we ver,  wi th  i d e n ti ca l  va l ve  term i n a l - to- term i n al  vo l tag e  rati n g ,  th e  to tal  d . c.  s u pp l y vol tag e  
can  be  d o u b l e d  s o  th a t th e  o u tp u t vo l ta g e  pe r val ve  rem ai n s  th e  s am e.  

IEC   578/11 
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Figure 1 5 – Diagram  of a  three-phase  3-level  NPC  converter and  associated  a.c.  
waveform  for one phase  

N O TE  Th e  n e u tra l -p o i n t  cl a m p i n g  d i o d e s  s h o wn  i n  F i g u re  1 5  m a y b e  re p l a ce d  b y I G B Ts  i n  s om e  a p p l i ca ti o n s .  

Th e  a . c.  wa veform  s h o wn  i n  th e  fi g u re  i s  th e  ph a s e- to- n e u tra l  vo l tag e .  Th e  n e u tra l  vo l ta g e  i s  
th e  vo l ta g e  a t th e  m i d p o i n t  of th e  d . c.  ca p aci tor.  As  i l l u s trate d  i n  F i g u re  1 5 ,  th e  o u tp u t  vo l ta g e  
of th e  3 - l e ve l  ph a s e  u n i t  can  be  p os i ti ve ,  n e g a ti ve,  or zero.  P os i ti ve  o u tpu t i s  p rod u ced  b y 
g a ti n g  o n  b o th  u p p er va l ves  i n  th e  ph as e  u n i t,  wh i l e  n e g a ti ve  o u tp u t i s  pro d u ce d  b y g a ti n g  o n  
bo th  l o wer va l ves .  Zero  o u tp u t i s  prod u ce d  wh e n  th e  two m i d d l e  va l ve s ,  co n n ecti n g  th e  cen tre  
ta p  of th e  d . c.  s u p p l y vi a  th e  two d i o d es  to  th e  o u tp u t,  are  g a ted  o n .  At zero  ou tp u t,  p os i ti ve  
cu rren t i s  con d u cte d  b y th e  u p p er-m i d d l e  co n tro l l ab l e  d e vi ce  a n d  th e  u p p er ce n tre - ta p  d i o d e ,  
an d  n e g a ti ve  cu rre n t b y th e  l o we r-m i d d l e  co n tro l l a b l e  d e vi ce  an d  th e  l o we r cen tre - ta p  d i o d e.  

IEC   579/11 

IEC   1906/13 
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As  i n d i cate d  i n  F i g u re  1 5,  th e  re l ati ve  d u rati o n  o f th e  p os i ti ve  ( a n d  n e g a ti ve )  o u tp u t vo l tag e  
wi th  res p ect  to  th e  d u ra ti o n  of th e  zero  o u tp u t i s  a  fu n cti o n  of co n tro l  parameter α,  wh ich  
d efi n es  th e  co n d u cti o n  i n terva l  of th e  to p  u p p er,  a n d  th e  bo ttom  l o wer va l ve s .  Th e  m a g n i tu d e  
of th e  fu n d am en ta l  fre q u en cy com po n e n t of th e  o u tp u t vol tag e  pro d u ce d  b y th e  p h as e  u n i t i s  
a function  of parameter α.  When  α  equals  zero  degrees  i t  i s  maximum,  wh i l e  at α  equals  90  
d e g ree s  i t  i s  ze ro.  Th u s ,  on e  a d van ta g e  of th e  3 - l e ve l  p h as e  u n i t  i s  th a t i t  h as  a n  i n te rn a l  
cap a b i l i ty to  co n tro l  th e  m ag n i tu d e  of th e  ou tp u t vo l tag e  wi th o u t ch an g i n g  th e  n u m ber of va l ve  
s wi tch i n g  e ven ts  p er c ycl e .  

Th e  op era ti n g  ad va n ta g es  of th e  3 - l e ve l  p h as e  u n i t  ca n  o n l y be  fu l l y rea l i ze d  wi th  s om e  
i n cre as e  i n  ci rcu i t com pl exi ty,  as  we l l  a s  m ore  ri g oro u s  re q u i rem en ts  fo r m a n a g i n g  th e  pro per 
op erati o n  of th e  con ve rte r ci rcu i t.   

An  a d d i ti o n a l  req u i rem e n t i s  to  accom m od a te  th e  i n cre a s e d  a . c.  ri p p l e  cu rren t wi th  a  g e n e ra l l y 
h i g h  tri p l e n  h a rm on i c con ten t fl o wi n g  th ro u g h  th e  m i d - p oi n t of th e  d . c.  s u p pl y.  Th i s  m a y 
n e ces s i ta te  th e  u s e  of a  l a rg er d . c.  s torag e  ca p aci tor or th e  em p l o ym en t of o th er m e an s  to  
m i n i m i ze  th e  fl u ctu a ti o n  of th e  m i d - p o i n t vol tag e .  H o we ve r,  o n ce  th e s e  p rob l em s  a re  s o l ve d ,  
th e  3 - l e ve l  ph as e  u n i t p ro vi d e s  a  u s e fu l  bu i l d i n g  bl ock to  s tru ctu re  h i g h  po we r co n ve rters ,  
pa rti cu l arl y wh e n  ra p i d  a. c.  vo l ta g e  co n tro l  i s  n e e d ed .  

I n  com m on  wi th  th e  two -l e ve l  con ve rter,  th i s  co n verte r i s  n o rm al l y o pe rate d  wi th  PW M .  A 
typ i ca l  PW M  s wi tch e d  wa ve form ,  u s i n g  a  carri e r bas e d  co n tro l  m eth o d  wi th  a  fre q u e n c y of 2 1  
ti m es  fu n d am e n ta l  fre q u e n c y,  i s  g i ve n  i n  F i g u re  1 6 .  F or th e  pu rp os e  of th i s  i l l u s tra ti o n ,  th e  
d . c.  ca paci tor h as  b e en  a s s u m e d  to  h a ve  a n  i n fi n i te  ca p aci ta n ce  ( i . e . ,  n o  d . c.  vo l tag e  ri p p l e) .  
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Figure 1 6  – S ing le-phase a.c.  ou tput  for 3-level  NPC  converter wi th  PWM   
switch ing  at  21  times  fundamental  frequency 

5.2.3.3  Other mu lti -level  converter topolog ies  

Th e n eu tra l - p o i n t cl am p e d  ci rcu i t ca n  b e  exte n d e d  to  h i g h e r n u m b ers  of ou tpu t l e ve l s ,  for 
exa m p l e  5  l e ve l s ,  b u t at  th e  exp e n s e of d i s p rop orti o n ate l y g re ater com pl exi ty.  An oth e r 
con ve rter typ e  wh i ch  h a s  be e n  u s e d  i n  s om e p o wer e l e ctro n i c ap p l i ca ti on s  i s  th e  “ fl yi n g  
cap aci tor”  o r “ fl o ati n g  ca paci tor”  ci rcu i t,  wh i ch  ca n  a l s o  e xi s t i n  3 - l e vel  an d  5- l e ve l  form s  bu t  
s u ffe rs  th e  s am e d i s pro p orti o n ate l y g rea ter com p l exi ty as  th e  n u m ber of o u tp u t  l e ve l s  i s  
i n cre as ed .  Th es e  a n d  o th er p os s i b l e  m u l ti - l e ve l  con ve rte r to p o l o g i es  are  d es cri b e d  i n  C I G RÉ  
Tech n i ca l  B roch u re s  2 6 9  a n d  4 4 7  i n  th e  Re po rt of C I G RE  W G  B 4 - 4 8 .  

5.3  Converter topologies  wi th  VSC valves  of the  “control lable  vol tage  source”  type  

5.3. 1  General  

W i th  va l ve s  of th e  “ co n tro l l a b l e  vol ta g e  s o u rce”  typ e ,  e ach  VS C l e ve l  i s  e ffecti ve l y a  s i n g l e -
ph as e  VS C  i n  i ts  o wn  ri g h t,  a n d  co n ta i n s  p o we r s em i con d u ctors  a n d  a  ca p aci tor for e n e rg y 
s tora g e .  E a ch  l e ve l  h as  two m ai n  term i n a l s  u s e d  for th e  s e ri es  con n ecti on  of th e  VS C l e ve l s  

IEC   580/11 
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wi th i n  th e  va l ve.  B y a p prop ri ate  con trol  of th e  I G B Ts  wi th i n  th e  va l ve  l e ve l ,  e i th e r th e  vo l tag e  
of th e  cap a ci tor or ze ro  vo l ts  ca n  b e  a pp l i ed  to  th e  m ai n  term i n a l s  of th e  VS C  l e ve l .  

B y i n d i vi d u a l  a n d  a p pro pri a te  con trol  of th e  VS C  va l ve  l e ve l s ,  a  d es i red  vo l ta g e  ca n  be  
g e n era ted  at th e  va l ve  te rm i n a l s .  Th e  va l ve  vo l ta g e  i s  th e  s u m  of th os e  ca paci tor vo l ta g es ,  of 
wh i ch  th e  vol tag e  i s  a pp l i ed  to  th e  m ai n  term i n a l s  of th e  VS C l e ve l .  Th e  VS C  va l ve  
s u bm od u l es  o r ce l l s  are  con trol l e d  i n  th a t wa y s o  th at th e  s u m  of th e  u p p e r an d  l o we r a rm  of 
on e  p h as e  u n i t  e q u a l s  to  th e  d . c.  vo l ta g e  wh erea s  th e  i n s ta n ta n eo u s  vo l tag e  on  th e  a . c.  
term i n a l s  i s  d e term i n ed  b y th e  rati o  of th e  vo l ta g es  of th e  two co n verter p h as e  arm s  of on e  
ph a s e  u n i t.      

As s u m i n g  i n fi n i te  s tora g e  ca p aci tan ces  wi th  e q u a l  vo l ta g es  i n  th e  i n d i vi d u a l  va l ve  l e ve l s ,  n+ 1  
d i ffere n t vo l ta g e  s teps  ca n  b e  ap p l i e d  to  th e  te rm i n a l s  of a  val ve  co n s i s ti n g  of n  va l ve  l e ve l s .  
As s u m i n g  a  h i g h  n u m b e r of VS C l e ve l s  per va l ve  th e  top o l o g y ca n  b e  a pp roxi m ated  b y 
e l ectri ca l  eq u i va l e n t as  s h o wn  i n  F i g u re  1 7 .  E ach  va l ve  can  b e  co n s i d e re d  as  a  co n tro l l ab l e  
vo l tag e  s o u rce.  

Th e  va l ve  re acto rs  co n tri bu te  to  b oth  th e  ph as e  rea ctan ce an d  th e  d . c.  rea ctan ce,  a n d  are  
es s e n ti a l  for th e  cu rre n t con trol  wi th i n  th e  ph as e  u n i ts .  F u rth erm ore  th e y a l s o  l i m i t th e  p e ak 
cu rren t an d  cu rre n t g ra d i en ts  i n  cas e  of s e vere  fa u l ts ,  s u ch  as  s h ort ci rcu i t be twe en  th e  d . c.  
term i n a l s .  
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Figure 1 7  – E lectrical  equ ivalent for a  converter wi th  VSC  valves  acting  l ike  a  
control lable  vol tage source  

B e ca u s e  of i ts  m od u l ar d es i g n  an d  th e  m u l ti - l e ve l  tech n o l og y i t  i s  refe rred  to  a s  m od u l a r 
m u l ti - l e ve l  co n ve rter top o l o g y.  F or th e  d es i g n  of th e  i n d i vi d u a l  VS C l e ve l s  d i ffere n t po we r 
bu i l d i n g  b l ocks  ca n  be  u s ed .  At th e  ti m e of wri ti n g ,  two  d i fferen t to p o l o g i es  are  u s e d :  

•  M M C  wi th  VS C  l e vel s  i n  h a l f- b ri d g e  to po l o g y;  

•  M M C  wi th  VS C  l e vel s  i n  fu l l - bri d g e  top o l og y.   

S i n ce  th e  ci rcu i t i s  i n h ere n tl y m od u l a r,  i t  i s  re l a ti ve l y s tra i g h tforward  to  o b ta i n  h i g h  n u m bers  of 
ou tp u t l e ve l s ,  wi th ou t re q u i ri n g  e i th er PW M  or s eri es -co n n ecte d  I G B Ts .  Th u s ,  a. c.  fi l ters  ca n  
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be  om i tte d  i n  m a n y cas e s  an d  co n s i d e ra ti o n s  of vo l ta g e  d i s tri b u ti o n  a m on g s t s e ri es -
con n ecte d  I G B Ts  d o  n ot ari s e .  

Th i s  typ e  of con verter can  al s o  b e  rea l i s ed  wi th  m u l ti p l e  I G B Ts  con n ecte d  i n  s e ri es  i n  e ach  
con trol l a b l e  s wi tch ,  g i vi n g  a n  o u tp u t vo l ta g e  wa ve form  wi th  fe wer,  l arg e r,  s te ps  th a n  th e  M M C .   
Th i s  con fi g u ra ti o n  i s  referred  to  as  th e  C as cad e d  T wo  L e vel  (C TL )  co n verter bu t i s  
fu n cti o n a l l y i d e n ti ca l  to  th e  M M C i n  e ve ry as pect ap art from  th e  h arm on i c perform an ce wh i ch  
m a y be  s l i g h tl y p o ore r.  

5.3.2  MMC topology with  VSC  l evels  in  half-bridge topology 

E ach  of th e  6  va ri a b l e  vo l ta g e  s ou rces  s h o wn  i n  F i g u re  1 7  i s  re a l i s e d  wi th  a  s eri es  con n ecti on  
of i d e n ti ca l  VS C  va l ve  l e ve l s  wi th  an  e l ectri ca l  eq u i val e n t as  s h o wn  i n  F i g u re  1 8 .  Th e  VS C  
va l ve  l e ve l  i s  a  two -term i n a l  com pon e n t wi th  i ts  o wn  d . c.  s tora g e  ca paci tor u n i t a s  s h o wn  i n  
F i g u re  1 8 .  Th es e  VS C  va l ve  l e ve l s  are  i n d i vi d u al l y con trol l e d  a n d  ca n  be  s wi tch e d  be twe en  a  
s ta te  wi th  fu l l  s u b m od u l e  vo l ta g e  ( vo l ta g e  of th e  a s s oci a ted  s tora g e  ca paci tor)  a n d  a  s tate  
wi th  zero  s u bm od u l e  vo l ta g e  for b oth  cu rre n t d i recti o n s .  I f th e  s u bm o d u l e  vo l ta g e  i s  a p p l i ed  to  
th e  VS C  va l ve  l e ve l  te rm i n a l s ,  th e  ca p a ci tor ca n  b e  ch arg e d  an d  d i s ch arg e d  d e p e n d e n t o n  th e  
cu rren t d i recti on  of th e  con verter ph as e  a rm .  

 

  

Figure  1 8  – VSC valve  l evel  arrangement and  equ ivalent ci rcu i t   
in  MMC topology in  hal f-bridge topology 

Th e  e l ectri ca l  arra n g em en t of VS C va l ve  l e ve l s  an d  va l ve  re actors  i n  a  con verte r b l ock i s  
s h o wn  i n  F i g u re  1 9 .  

Th e  VS C  va l ve  l e ve l s  a re  co n tro l l e d  i n  th a t wa y th at th e  s u m  of th e  u pp e r an d  l o wer arm  of 
on e  p h as e  u n i t e q u a l s  to  th e  d . c.  vo l ta g e  wh ereas  th e  i n s ta n ta n eo u s  vo l tag e on  th e  a . c.  
term i n a l s  i s  d eterm i n ed  b y th e  rati o  of th e  vo l ta g es  of th e  two co n verter ph as e  arm s  of on e  
ph as e  u n i t.   
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 F igure  1 9  – Converter block arrangement wi th  MMC topology  
in  hal f-bridge  topology 

5.3.3  MMC topology with  VSC  l evels  in  fu l l -bridge  topology 

Th e M M C to p ol o g y wi th  “ fu l l - bri d g e”  VS C  l e ve l s  o p era tes  o n  very s i m i l a r p ri n ci p l e s  to  th a t 
bas e d  o n  h a l f-bri d g e  VS C  l e ve l s .  Th e  pri n ci pa l  d i ffere n ce i s  th at e ach  VS C l e ve l  con s i s ts  o f 
on e  s tora g e  ca paci tor an d  fo u r I G B Ts  i n  a  bri d g e  con fi g u ra ti o n  as  s h o wn  o n  F i g u re  2 0 .  
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Figure 20  – VSC  valve  l evel  arrangement and  equ ivalent ci rcu i t   
i n  MMC topology with  fu l l -bridge topology 

I n  com m on  wi th  th e  h a l f-b ri d g e  s u b -m od u l e  co n fi g u ra ti o n ,  e ach  VS C l e ve l  i n  th e  fu l l - b ri d g e  
con fi g u ra ti o n  i s  ca p ab l e  of pro d u ci n g  a n  o u tp u t vo l tag e  of zero  or a  p os i ti ve  o u tpu t vo l ta g e  
eq u a l  to  th e  ca p a ci tor vol ta g e .  H o we ver,  i t  can  a l tern a ti ve l y pro d u ce a  n eg ati ve  o u tp u t vo l ta g e  
eq u a l  to  th e  ca p a ci tor vo l ta g e.   

I n  co n tras t to  th e  co n verte r arra n g e m en ts  o u tl i n ed  i n  S u b cl a u s es  5. 2  an d  5 . 3 . 2 ,  th i s  co n ve rte r 
arran g em e n t i s  ca p ab l e  of pro d u ci n g  a  d . c.  o u tp u t vol tag e  of e i th er p o l ari ty,  a  fe atu re  wh i ch  
can  b e  b e n e fi ci a l  i n  ap p l i cati on s  wh e re  a  VS C tra n s m i s s i o n  s tati on  i s  co n n ecte d  as  a  ta p  on to  
an  e xi s ti n g  l i n e  com m u ta te d  H VD C l i n k.  

A s eco n d  a d va n ta g e  of th e  fu l l - bri d g e  ci rcu i t  i s  th a t i t  pe rm i ts  fa u l ts  o n  th e  d . c.  s i d e  of th e  
con verte r to  b e  cl e ared  b y u s i n g  o n l y th e  p o wer s em i co n d u ctors  i n  th e  va l ve ,  wi th o u t re q u i ri n g  
an y a d d i ti on a l  s wi tch g e ar.  

O n  th e  oth er h a n d  th e  fu l l - b ri d g e  ci rcu i t re q u i re s ,  i n  pri n ci p l e,  twi ce  th e  n u m be r of I G B Ts  
com pa red  wi th  th e  h a l f- b ri d g e  ci rcu i t.  

5.3.4 CTL topology with  VSC  cel l s  in  half-bridge topology 

E ach  of th e  6  va ri a b l e  vo l ta g e  s ou rces  s h o wn  i n  F i g u re  1 7  i s  re a l i ze d  wi th  a  s eri es  con n e cti on  
of i d en ti ca l  VS C  va l ve  ce l l s .  O n e  VS C  va l ve  ce l l  acts  as  a  s i n g l e - p h as e  two- l e ve l  con verter 
an d  fu n cti on s  e l e ctri ca l l y eq u i va l en t to  o n e  l e vel  of th e  M M C d e s cri b ed  i n  S u bcl a u s e  5. 3 . 2 ,  
exce p t th at th e  vo l ta g e  rati n g  i s  h i g h er.  I n s te a d  of a  s i n g l e  I G B T/d i o d e  l e ve l  i n  o n e  M M C  
l e ve l ,  m u l ti p l e  I G B T/d i od e  l e ve l s  are  co n n ecte d  i n  s eri e s  a n d  s yn ch ron o u s l y co n tro l l e d  as  on e  
s wi tch  i n  on e  CTL  ce l l .   

Th e  e l ectri ca l  arra n g em en t of VS C  va l ve  cel l s  an d  va l ve  re actors  i n  a  con ve rte r b l ock i s  
s i m i l ar to  F i g u re  1 9 .  Th e  I G B T/d i o d e  l e ve l s  d e p i cte d  i n  F i g u re  1 9  are  s u bs ti tu te d  b y va l ve  
ce l l s  i n  CTL  to po l o g y.   

Th e  ce l l  d . c.  cap a ci tor vo l ta g e  i n  th e  C TL to p o l o g y corres po n d s  to  on e  va l ve  vo l ta g e  s te p.  
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5.3.5 CTL topology wi th  VSC  cel ls  in  fu l l -bridge topology 

Th e  CTL top o l og y wi th  “ fu l l - b ri d g e”  VS C ce l l s  fu n cti o n s  s i m i l arl y,  i n  pri n ci p l e,  to  th e  M M C  
to p ol o g y wi th  VS C l e ve l s  i n  fu l l -b ri d g e  top o l og y,  i n  S u bcl a u s e  5 . 3 . 3 .  T h e  m a i n  d i fferen ce  
be twe en  CTL to p ol o g y wi th  VS C  ce l l s  i n  fu l l - bri d g e  to p o l o g y an d  M M C  to p ol o g y wi th  VS C  
l e ve l s  i n  fu l l - bri d g e  top o l og y i s  th e  n u m ber of I G B T/d i o d e  l e ve l s  p e r C TL  ce l l  or M M C  l e ve l .  
E ach  C TL ce l l  co n s i s ts  of m u l ti p l e  I G B T/d i o d e  l e ve l s  i n  s eri es  con n ecti on  a n d  e ach  M M C l e ve l  
i s  of on e  I G B T/d i o d e  l e ve l .   

5.4 VSC  valve  design  considerations  

5.4. 1  Rel iabi l i ty and  fai lu re  mode  

I n  a d d i ti o n  to  th e  n u m b er of s eri e s -co n n e cte d  va l ve  l e ve l s  th a t are  n e e d e d  to  s u s ta i n  th e  
con ve rter vo l ta g e  rati n g ,  e ach  s i n g l e  va l ve  i n  a  VS C  tra n s m i s s i o n  s ch em e  s h a l l  i n cl u d e  a  fe w 
red u n d a n t va l ve  l e ve l s .  I n  cas e  of fa i l u re  of a n  i n d i vi d u a l  va l ve  l e ve l  com pon e n t ,  u n i n terru p te d  
op erati o n  of th e  rem ai n i n g  h e a l th y va l ve  l e ve l s  i s  m an d a to ry.  Th erefore ,  a  fau l ty va l ve  l e vel  
s h a l l  s afel y an d  co n tro l l a b l y en ter i n to  a  s h ort-ci rcu i t  m od e an d  b e  ca p ab l e  of co n d u cti n g  
cu rren t u n ti l  i t  ca n  b e  ch a n g e d  o u t,  e. g . ,  d u ri n g  a  s ch e d u l e d  m a i n ten a n ce  p eri o d .   

Th i s  ca p ab i l i ty of s h ort- ci rcu i t fa i l u re  m od e ( S C F M )  o p era ti o n  i s  very cri ti ca l  for s eri e s -
con n e cte d  va l ve  l e ve l s ,  an d  s h al l  b e  veri fi ed  b y ap prop ri a te  tes ts  u n d er con d i ti o n s  th at are  
re l e va n t for a  parti cu l ar ap p l i ca ti o n .  S om e s p eci a l  d es i g n s  of P res s p ack I G B T a l l o w S CF M  to  
be  as s u re d .  M o d u l e  I G B Ts ,  h o we ver,  d o  n ot e xh i b i t th i s  b e h a vi o u r a n d  a  fa u l ty M o d u l e  I G B Ts  
m a y res u l t  i n  a n  o p e n  ci rcu i t.  Th u s ,  a d d i ti on a l  com pon en ts  i n  p ara l l e l  to  th e  val ve  l e ve l  
te rm i n a l s  are  re q u i re d  to  en s u re  S C F M .  

Th e  o p erati n g  vo l ta g e  of th e  I G B T s h a l l  b e  s e l e cte d  to  b e  l o w e n o u g h  to  ach i e ve  a n  
ad e q u a te l y l o w fa i l u re -i n - ti m e ( F I T)  rate.  

I n  s e l ecti n g  th e  o pera ti n g  vo l ta g e  a n d  cu rren t of th e  I G B T,  d u e  con s i d era ti on  s h o u l d  b e  g i ve n  
to  th e  l oa d  c ycl i n g  req u i rem e n ts  for th e  VS C  s ys te m .  

5.4.2  Current  rating  

O n e of th e  i m p orta n t d es i g n  ba s e s  of th e  s em i co n d u ctor i n  th e  VS C  va l ve  i s  rated  cu rren t.  I n  
ad d i ti o n ,  th e  va l ve  s h ou l d  a l s o  be  a b l e  to  h a n d l e  pe a k cu rren t,  i n cl u d i n g  ri pp l e  an d  tra n s i e n ts ,  
as  we l l  as  m arg i n s  for con trol  a n d  pro tecti on  a cti o n s .  Th e  ra te d  ph as e  cu rren t g i ves  th e  
n om i n a l  s tres s  o n  th e  com pon e n t a n d  s h a l l  b e  co n s i d ere d  re g ard i n g  p o we r l os s e s  a n d  
j u n cti o n  te m pera tu re  on  th e  I G B T.  

5.4.3  Transient  current  and  vol tage  requ irements  

An  i m p orta n t a s p ect of I G B Ts  i s  th e i r cap a b i l i ty to  tu rn  off cu rre n t an d  vo l ta g e.  Th i s  cap a bi l i ty 
i s  d efi n e d  i n  th e  s wi tch i n g  s afe  o p e ra ti n g  are a  ( S S O A)  s h o wn  i n  F i g u re  2 1 .  
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Figure 21  – Typical  SSOA for the  IGBT 

D u ri n g  s wi tch i n g ,  th e  I G B T s h a l l  be  a b l e  to  tu rn -off th e  p e a k cu rre n t,  i n cl u d i n g  ri p p l e .  
Ad d i ti o n al l y,  a  m arg i n  i s  a d d e d  to  h a n d l e  cu rre n t con trol  reg u l ati on  a n d  p ro tecti on  acti on s  
d u ri n g  tra n s i e n t co n d i ti o n s .  Th e  va l ve  s h al l  a l s o  b e  cap a bl e  of tu rn i n g  o ff th e  cu rre n t wh i ch  
res u l ts  from  a  s h o rt ci rcu i t occu rri n g  cl os e  to  th e  va l ve .  Th e  I G B T s h ort ci rcu i t  o p era ti o n  
cap a b i l i ty i s  d efi n e d  b y th e  S C S O A (s h ort ci rcu i t s afe  o p era ti n g  are a) ,  wh i ch  i s  s l i g h tl y 
d i ffere n t from  th e  S S O A u n d er n orm al  o p era ti o n .  

5.4.4  Diode  requ irements  

I n  m an y co n verter to po l o g i es  ( i n cl u d i n g  th e  2 - l e ve l  a n d  3 - l e ve l  co n verters  an d  th e  M M C  wi th  
h a l f-b ri d g e  top o l o g y) ,  th e  fre e- wh e el i n g  d i od e s  (F W D)  i n  a  VS C  bri d g e  act a s  a n  u n co n tro l l e d  
recti fi er bri d g e .  Th u s  th e y ca n  be  expos e d  to  s e ve re  tra n s i en t o vercu rre n ts ,  for exam pl e  
d u ri n g  d . c. -s i d e  s h ort ci rcu i ts  or a t  e n e rg i s ati on .   

Circuit 
breaker

Flashover 

With  fault on  d. c.  sideN ormal  situation

 

Figure 22  – A 2-level  VSC bridge with  the  IGBTs  turned  off 

I n  cas e  of a  d . c.  s i d e  fau l t,  as  s h o wn  i n  F i g u re  2 2 ,  a  s h ort ci rcu i t  b e twe e n  th e  two  d . c.  
term i n a l s  cre a tes  a  fau l t cu rren t p ath  th ro u g h  th e  d i o d es .  Th e  cu rre n t i n  th e  a. c.  p h as es  i n  th e  
VS C  bri d g e  i s  l i m i te d  on l y b y th e  s h ort- ci rcu i t i m pe d a n ce of th e  a . c.  n e twork a n d  th e  
reactan ce i n  th e  con verte r,  e . g . ,  th e  p h as e  or va l ve  re actors  a n d /or tra n s form ers .  Th e  fa u l t  
cu rren t i s  d e te cted  b y th e  protecti o n  s ys tem ,  wh i ch  wi l l  o p e n  th e  bre a ker on  th e  a . c.  s i d e  a n d  
th ere b y e l i m i n a te  th e  fa u l t cu rre n t.  A n orm al  p rotecti o n  a n d  bre aker s ch em e takes  a  ti m e  
eq u i val e n t of th re e  5 0 /6 0  H z fu n d am en ta l  fre q u e n cy cycl es  b efore  th e  fa u l t cu rre n t  i s  
exti n g u i s h e d .  I f th e  d . c.  s ys tem  on l y co n s i s ts  of cab l e s ,  a  fa u l t wi l l  be  very u n l i kel y.  H o we ve r,  
th e  con s e q u e n ce s  m a y n o t be  a cce pta b l e  i f th e  s ys tem  i s  n ot d es i g n ed  to  h a n d l e  th e  fau l t.  
Th e  va l ve  s h ou l d  b e  d e s i g n e d  to  h an d l e  th e  fa u l t cu rren t wi th  a n  a s ym m etri ca l  offs et as  a  
wors t ca s e .  H e re ,  n o  re ap p l i e d  vo l tag e  occu rs  s i n ce  th e  bre a ker h as  d i s con n ecte d  th e  a. c.  
s ys tem .  
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An o th er tran s i e n t th a t th e  d i o d e  m a y e xpe ri en ce  occu rs  i f th e  VS C  i s  e n e rg i ze d  th ro u g h  th e  
a. c.  bre aker wh e n  th ere  i s  e i th e r n o  vo l ta g e ,  or a  l o w vo l ta g e,  o n  th e  d . c.  s i d e .  I n  th i s  cas e,  
th e  con verter exp eri e n ce s  a  s u rg e  i n ru s h  cu rre n t an d  a n  o vervo l ta g e  wi l l  occu r o n  th e  d . c.  
bu s .  Th e  va l ve  s h al l  be  d es i g n e d  to  h a n d l e  th e  i n ru s h  cu rren t,  or th e  cu rren t wi l l  h a ve  to  b e  
l i m i te d .  Th e  n orm al  m eth od  for d o i n g  th i s  i s  to  i n cl u d e  pre - i n s erti o n  re s i s tors .   

5.4.5  Addi tional  design  detai l s  

B es i d es  co n tro l l i n g  th e  s wi tch i n g  tu rn - off s em i con d u ctor d e vi ce  i n  re g u l ar op erati o n ,  th e  g ate  
u n i t s h o u l d  ke ep  th e  s wi tch i n g  d e vi ce  wi th i n  th e  s afe  op erati n g  are a  i n  a l l  oth e r o p era ti o n a l  
an d  s h ort-ci rcu i t  co n d i ti o n s .  I G B Ts  h a ve  pro ve n  com parati vel y e as y to  h an d l e  i n  th i s  re s pe ct,  
th ereb y faci l i tati n g  preci s e  co n tro l  of s wi tch i n g  wa veform s .  Th i s ,  i n  tu rn ,  i s  n e ce s s ary for 
ach i e vi n g  pro pe r con trol  a n d  protecti o n  s trateg i es  for th e  con verter.  

Th e  s wi tch i n g  tra n s i e n ts  wh i ch  ap p ea r wh en  th e  I G B T tu rn s  o n  or off g i ve  s tres s  to  th e  I G B T 
a n d  oth e r com p on e n ts  i n  th e  va l ve  l e ve l s .  Th e  e n e rg y s tore d  i n  s tra y i n d u cta n ce s  a n d  
cap aci ta n ces  wi l l  g e n era te  tra n s i en t vo l ta g e s  an d  cu rren ts  res pecti ve l y.   

G ate  vo l ta g e  co n tro l  m akes  i t  p os s i b l e  to  co n tro l  th e  vo l tag e  be twe en  th e  m ai n  two term i n a l s  
of th e  I G B T a t i ts  tu rn  off proces s .  S u p pre s s i n g  th e  s pe e d  of tu rn  off m akes  th e  e n erg y s to re d  
i n  th e  l o o p  s tra y i n d u ctan ce d i s s i pa te  i n  th e  I G B T i ts e l f.  Ap pl yi n g  th e  g ate  vo l ta g e  co n tro l  
tech n o l og y,  th e  s n u b b e r ci rcu i t ca n  be  om i tte d  from  th e  ci rcu i t,  a l th o u g h  s wi tch i n g  l os s es  i n  
th e  I G B T b ecom e l arg er.  

F or con ve rter to p ol o g i es  wi th  VS C  va l ves  of “ s wi tch ”  typ e  i t  i s  p os s i b l e  to  d es i g n  th e  VS C  
va l ve  s u ch  th a t i t  d oes  n ot u s e  tra d i ti o n a l  s n u b b e r ci rcu i ts  for pro tecti n g  th e  i n d i vi d u a l  I G B Ts .  
I n  th i s  ca s e,  th e  I G B Ts  s h a l l  th e m s el ves  m a i n ta i n  s u ffi ci e n t vo l ta g e  s h ari n g ,  b oth  d u ri n g  
s wi tch i n g  a n d  b l ocke d  co n d i ti o n s ,  b y m e an s  of g a te  co n tro l  a n d  d . c.  g ra d i n g  res i s tors .  Th i s ,  i n  
tu rn ,  req u i re s  a  s m a l l  s p re a d  i n  d e vi ce  d ata  con ce rn i n g  ch aracteri s ti c s wi tch i n g  ti m es ,  
s wi tch i n g  tra n s i en t pro p e rti es ,  an d  l e akag e  cu rre n ts  i n  th e  b l ocked  s tate .  

Co n verter to p ol o g i es  wi th  VS C va l ve s  of th e  “ con tro l l ab l e  vo l ta g e  s o u rce”  typ e  d o  n ot re l y o n  
on l y re q u i re  s yn ch ro n i zed  s wi tch i n g  of i n d i vi d u a l  va l ve  l e ve l s  wh e n  m u l ti p l e  I G B Ts  a re  
con n e cte d  i n  s eri e s  i n  e ach  s wi tch  pos i ti o n  ( a s  i n  th e  cas ca d e d  two  l e ve l  co n verter) .  Th u s  
W h ere  n o  d i rect s eri es  co n n ecti o n  of I G B Ts  i s  u s e d ,  a  co ord i n a ti on  of I G B Ts  s wi tch i n g  
pro p erti es  of i n d i vi d u a l  va l ve  l e ve l s  i s  n ot req u i re d .  

5.5  Other converter topologies  

Th e  tech n i ca l  fi e l d  of VS C  tra n s m i s s i o n  i s  d e ve l o p i n g  ra p i d l y.  Accord i n g l y i t  i s  to  b e  exp ecte d  
th at oth e r co n verte r to p o l o g i es  i n  a d d i ti o n  to  th os e  d es cri be d  a b o ve wi l l  em e rg e .  S om e 
exi s ti n g  kn o wn  to po l o g i es  a re  a l re a d y d es cri b e d  i n  th e  work of C I G RÉ  B 4 - 4 8  Tech n i ca l  
B roch u re  4 4 7 .  

P u rch as ers  of VS C  tra n s m i s s i o n  s ch em es  s h ou l d  co n s i d e r s u ch  a l tern a ti ve  co n verter 
to p ol o g i es  on  th e i r m eri ts  an d  n o t l i m i t th e  p erm i tted  ci rcu i t to p ol o g i e s  to  th os e  th a t h a ve  b ee n  
d es cri b ed  i n  S u bcl au s es  5. 2  a n d  5. 3 .  

5.6  Other equ ipment for VSC transmission  schemes  

5.6. 1  General  

Accord i n g  to  i ts  p ri n ci p l e  of o p e rati on ,  o n l y a  fe w com po n e n ts  are  es s e n ti a l  i n  a  vo l ta g e  
s ou rce d  co n verter ( VS C ).  Th e s e  are  

•  a  m e a n s  to  con ve rt d . c.  i n to  a . c.  vo l ta g es  pro vi d e d  b y a  co n ve rte r co m pri s i n g  VS C  va l ves  
an d  co n tro l s ;  

•  an  a. c.  s i d e  reactan ce pro vi d ed  b y ph as e  re actors /va l ve  rea cto rs ,  tra n s form ers ,  or a  
com bi n a ti o n  th ere of;  
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•  a  d . c.  vo l ta g e  s o u rce  p ro vi d ed  b y a t l eas t o n e  VS C  d . c.  ca paci to r,  s u b m od u l e  d . c.  
ca p aci tor or cel l  d . c.  cap aci tor.  

I n  a d d i ti on  to  th es e  ke y com pon e n ts ,  a  com p l e te  VS C  s u bs ta ti o n  m a y a l s o  n e e d  

•  a . c.  a n d  d . c.  fi l ters ;  

•  s u rg e  arres ters ;  

•  ci rcu i t  bre a ke rs  an d  s wi tch es ;  

•  m eas u ri n g  e q u i pm en t.  

Th e  ab o ve eq u i pm en ts  a re  n o t a l wa ys  n e ces s ary i n  a l l  co n ve rte r top o l o g i e s ,  bu t d i ffer d u e  to  
th e  rea l  re q u i rem en ts  b e cau s e  d i ffe re n t  com po n e n ts  are  s tres s e d  d i ffe ren tl y i n  th e  d i ffe re n t  
to p ol o g i es .  

5.6.2  Power components  of a  VSC  transmission  scheme 

F i g u re  1  s h o ws  th e  bas i c s tru ctu re  of a  VS C s u b s ta ti o n  a n d  th e  l oca ti o n  of th e  m aj or p o wer 
com pon e n ts .  D e p en d i n g  o n  th e  d e s i g n  co n cep t a n d  th e  VS C s u bs tati o n  to po l o g y,  s e vera l  
com pon e n ts  m i g h t  occu r m ore  th a n  o n ce  i n  a  re a l  s tru ctu re ,  wh i l e  o th ers  m i g h t  n o t b e  
n e e d e d .  Th e  fu n cti o n s  a n d  i m p ortan t d es i g n  as p ects  of e ach  com p o n e n t a re  bri e fl y exp l a i n e d  
i n  th e  fol l o wi n g  p a ra g rap h s .  

5.6.3  VSC  substation  ci rcu i t  breaker 

Th e VS C  s u bs tati o n  ci rcu i t brea ke r i s  l oca te d  a t th e  fee d er from  th e  a . c.  tra n s m i s s i on  s ys tem  
to  th e  VS C  tra n s m i s s i on  s ch em e.  I ts  m a i n  fu n cti on  i s  to  co n n ect a n d  d i s con n e ct th e  VS C  
s u bs tati on  to  a n d  from  th e  a. c.  s ys tem .  Th ere  are  n o  s p eci a l  re q u i re m e n ts  com pa re d  to  wh at  
i s  com m on  pra cti ce  for ci rcu i t  bre ake rs  u s e d  for a . c.  s u b s tati on  a p p l i ca ti o n s .  

D e p en d i n g  o n  th e  s tart- u p  co n ce pt of th e  VS C  tra n s m i s s i o n  s ch em e,  a  ci rcu i t bre aker can  be  
eq u i pp e d  wi th  a  cl os i n g  res i s tor,  or a  s e p ara te  res i s tor,  wi th  e i th e r a  ci rcu i t bre aker or 
d i s co n n ecto r i n  p ara l l e l  wi th  i t,  m a y b e  p ro vi d e d  i n  s eri es  wi th  th e  m a i n  ci rcu i t breaker.  Th e  
res i s tor red u ces  th e  ch a rg i n g  cu rren ts  of th e  d . c.  ci rcu i t,  res u l ti n g  i n  s m a l l er tem p orary a . c.  
s ys tem  d i s tu rb an ces  a n d  l o wer s tres s e s  o n  th e  fre e - wh ee l i n g  d i o d es  d u ri n g  e n erg i za ti o n .   

5.6.4  A.C.  system  side  harmonic  fi l ters  

D e p e n d i n g  o n  th e  co n ve rter d es i g n  an d  a . c.  s ys tem  con d i ti o n s ,  fi l teri n g  m a y be  re q u i re d  to  
pre ve n t VS C - g e n era te d  h arm o n i cs  from  pe n e trati n g  i n to  th e  a. c.  s ys tem  or to  pre ve n t 
am pl i fi cati o n  of b ackg rou n d  h arm on i cs  o n  th e  a. c.  s ys tem .   

As  a  s i d e  effect,  h a rm on i c fi l ters  g en erate  fu n d am en tal  freq u en cy re acti ve  po we r wh i ch  n ee d s  
to  be  co n s i d ere d  i n  th e  o vera l l  P -Q op erati n g  ra n g e  of th e  VS C s ys te m .  Th e  d es i g n  pri n ci p l es  
of s ys tem  s i d e  h arm on i c fi l ters  a n d  an y as s oci ate d  ci rcu i t  bre akers  d o  n ot  d i ffer from  th e  
d es i g n  p racti ce  for H VDC s ys tem s  wi th  l i n e - com m u ta te d  co n ve rters  (LC C )  or fl e xi b l e  
a l tern a ti n g  cu rre n t tra n s m i s s i on  s ys te m s  (F ACTS ).  H i g h  p as s ,  s i n g l e,  d ou b l e  or tri p l e  tu n ed  
fi l te rs  m a y b e  u s e d  a s  d e s cri b e d  i n  I E C /TR 6 2 0 0 1 .  

5.6.5  Rad io  frequency interference  fi l ters  

Ra d i o  fre q u e n c y i n terferen ce (RF I )  fi l ters  re d u ce  to  a cce pta bl e  l i m i ts  th e  pe n etrati o n  of h i g h  
freq u e n c y (H F )  h arm on i cs  i n to  th e  a. c.  s ys tem .  

H F  h a rm on i cs  g e n era te d  re q u i re  s p eci a l  a tten ti on  d u ri n g  th e  d es i g n  of a  VS C  s u bs ta ti o n .  To  
ca l cu l a te  l i n e -ca rri e d  H F  h arm o n i cs ,  a  d e tai l e d  re p res e n tati o n  of th e  VS C  s u bs tati on  l a yo u t i s  
n eces s ary,  i n cl u d i n g  th e  s tru ctu re  a n d  g e om e try of p o wer com p on en ts ,  b u s b ars  an d  
g ro u n d i n g  s ys tem .  Ad d i ti on a l l y,  th e  cu rren t a n d  vo l ta g e  wa veform s  exp e ri en ce d  d u ri n g  th e  
con vers i on  proces s  s h a l l  b e  kn o wn .  
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Th e  d es i g n  p ri n ci p l es  for th e  RF I  fi l ter d o  n o t d i ffer from  th e  d es i g n  practi ce  for LC C H VD C  or 
F ACTS .  

5.6.6  In terface  transformers  and  phase  reactors  

I n  m an y cas es ,  th e  VS C s u bs tati on  d es i g n  wi l l  i n cl u d e  i n terface  tra n s form e rs .  I n  g e n era l ,  th e y 
ca n  fu l fi l l  th e  fo l l o wi n g  ta s ks :  

1 )  pro vi d e  a  re acta n ce  b e twee n  th e  a . c.  s ys tem  a n d  VS C  u n i t;  

2 )  ad a p t a  s ta n d ard  a . c.  s ys tem  vol tag e  to  a  va l u e  m atch i n g  th e  VS C  a. c.  o u tp u t vo l tag e  an d  
a l l o w op ti m a l  u ti l i s ati o n  o f VS C  va l ve  ra ti n g s ;  

3 )  con n ect s e vera l  VS C  u n i ts  tog e th e r o n  th e  a . c.  s i d e  th a t h a ve  d i ffe ren t d . c.  vo l ta g e  
po ten ti a l s ;  

4 )  pre ve n t  ze ro  s e q u e n ce cu rren ts  from  fl o wi n g  be twe e n  th e  a. c.  s ys tem  a n d  VS C  u n i t.  

D e p en d i n g  o n  th e  d e s i g n  con ce p t a p p l i e d  to  th e  VS C  s u b s tati on ,  th e  re a cta n ce  m e n ti on e d  
u n d e r p o i n t 1 )  can  be  pro vi d e d  b y a  p h as e  re actor,  a  tran s form er,  or a  com bi n a ti o n  th ere of.  
Th e  re acta n ce i s  n eces s a ry to  a l l o w co n tro l  of th e  a . c.  o u tp u t cu rren t of th e  VS C.  D es i g n  
cri teri a  to  d e term i n e  th e  s i ze  of th e  reacta n ce are  

•  th e  re q u i re d  d yn am i c b eh a vi o u r of th e  s ys tem ;  

•  th e  tol e rab l e  h a rm on i c co n te n t of th e  co n verter a . c.  cu rren t;  

•  con s trai n ts  re vea l e d  from  a n al ys i s  of tran s i e n t co n d i ti on s  a n d  fa u l t  s cen ari o s .  

I f p oi n ts  2 )  to  4 )  d o  n ot ap p l y u n d e r s p eci fi c ci rcu m s tan ces ,  th e  req u i red  reactan ce co u l d  b e  
pro vi d ed  b y p h as e  re acto rs ,  wh i ch  wo u l d  e l i m i n ate  th e  n e e d  for a  tra n s form e r.  

F or th e  d e s i g n  of re actors  or tra n s form ers ,  th e  fo l l o wi n g  po i n ts  h a ve  to  be  taken  i n to  acco u n t:  

•  D C  vol tag e  s tres s  on  con verte r wi n d i n g  i n s u l a ti o n  to  g ro u n d ,  for th e  cas es  of 
as ym m e tri ca l  m on o po l e  or b i p o l e;  

•  s tres s es  d u e  to  fu n d am en ta l  cu rre n t;  

•  s a tu rati on  ch a racte ri s ti cs  wi th  res p ect  to  p os s i b l e  a . c.  h arm on i c an d  d . c.  fl u x com po n en ts ;  

•  s tres s es  d u e  to  h arm on i cs  i n  th e  l o we r a n d  m i d d l e  freq u e n c y ran g e ;  

•  d i e l e ctri c s tres s es  d u e  to  h arm on i cs  i n  th e  m i d d l e  a n d  u p per freq u en c y ra n g e ,  p arti cu l arl y 
for VS C  va l ves  of th e  “ s wi tch ”  typ e ;  

•  d i e l ectri c s tre s s es  d u e  to  n o rm al  op erati n g  vo l ta g e  a n d  tra n s i e n t vo l ta g es  occu rri n g  d u ri n g  
fau l t  s ce n a ri os .  

P arti cu l arl y i n  th e  cas e  o f h i g h - vo l tag e  VS C  va l ve s  of th e  “ s wi tch ”  typ e ,  th e  m ag n i tu d e s  of th e  
h a rm o n i c vo l tag e s  g e n erate d  re q u i re  d eta i l ed  d e s i g n  s tu d i es  to  p ro vi d e  re l i a b l e  i n form ati o n  
ab o u t th e  vo l ta g e  a n d  cu rre n t profi l es  a l o n g  wi n d i n g s .  Th e  i n terface  tra n s form er d oe s  n o t  
req u i re  a  tap  ch a n g er.  H o we ver,  i f a  ta p  ch a n g er i s  u s e d ,  i t  i s  p os s i b l e  to  op ti m i s e  th e  VS C  
op erati o n ,  e. g . ,  to  ach i e ve  re d u ce d  po we r l os s e s  or to  i n cre as e  p o we r cap a b i l i ty u n d er l o w-
vo l tag e  co n d i ti o n s .  

5.6.7  Valve  reactor 

F or va l ves  of th e  “ co n tro l l ab l e  vo l tag e  s o u rce”  typ e ,  va l ve  re actors  are  con n ected  i n  s e ri es  to  
th e  VS C  va l ve  l e ve l s  as  s h o wn  i n  F i g u re  1 7 .  Th es e  re actors  h a ve  s e ve ra l  d i ffere n t fu n cti on s :  

•  th e  th re e  p h as e  u n i ts  re pres e n t  th ree  d . c.  vo l tag e  s o u rces ,  co n n ecte d  i n  para l l el .  D u ri n g  
op e rati o n ,  th es e  vo l ta g es  ca n n ot be  exactl y eq u a l ,  res u l ti n g  i n  ci rcu l a ti n g  cu rre n ts  
be twe en  th e  th re e  p h as e  u n i ts .  Th e  val ve  reactors  l i m i t  th es e  ci rcu l ati n g  cu rre n ts  an d  
en a b l e  to  co n tro l  th em ;   

•  th e  va l ve  re actors  l i m i t  th e  va l ve  s h ort ci rcu i t  cu rre n t;  
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•  th e  va l ve  reactors  are  a  con tri b u ti o n  to  th e  i n terface  i m ped a n ce b etwe e n  th e  co n ve rte r 
an d  th e  a. c.  n e twork;  

•  i n  s om e d es i g n s ,  th e  val ve  re a ctors  m a y b e  com b i n e d  wi th  tu n i n g  ca p aci tors  a n d  pl a y a  
ro l e  i n  l i m i ti n g  ci rcu l a ti n g  h arm on i c cu rre n ts  b etwe en  ph as es .  

N O TE  Th e  va l ve  re a cto rs  ca n  b e  p l a ce d  i n  s e ve ra l  l oca ti o n s ,  for e xa m p l e  a t  th e  D C  te rm i n a l s ,  a t  th e  AC  
te rm i n a l s ,  d i s tri b u te d  a m on g s t th e  va l ve  s u b m o d u l e s  or i n te g ra te d  i n to  th e  s a m e  ta n k a s  th e  i n te rfa ce  tra n s form e r.  

5.6.8  D.C.  capacitors  

5.6.8 .1  VSC  d .c.  capacitor 

5.6.8. 1 . 1  General  

Th e VS C  d . c.  ca p aci tor,  i n  co n j u n cti on  wi th  th e  d . c.  ca b l e  ( wh ere  u s e d )  pro vi d es  th e  d . c.  
vo l tag e  n eces s ary to  o p e rate  th e  VS C .  I t  i s  co n n e cte d  d i rectl y i n  p ara l l e l  to  th e  d . c.  term i n a l s  
of th e  VS C p h as e  u n i ts .  F or th e  d es i g n  of th e  VS C  d . c.  ca p a ci tor,  th e  fo l l o wi n g  as pects  n e ed  
to  b e  co n s i d ere d .  

5.6.8. 1 .2  Commutation  ci rcu i t  inductance  

S wi tch i n g  th e  s em i co n d u ctor d e vi ces  of th e  VS C cau s es  H F  com m u tati on  cu rre n t to  fl o w 
th ro u g h  th e  com m u tati on  ci rcu i t  form ed  b y th e  s wi tch i n g  va l ves ,  th e  VS C d . c.  ca p aci tor,  a n d  
th e  con n ecti n g  b u s  b ars .  D u e  to  th e  s tra y i n d u cta n ce wi th i n  th e  com m u ta ti o n  ci rcu i t,  th es e  H F  
cu rren ts  res u l t  i n  tran s i e n t vo l ta g e  s tres s es  o n  th e  s wi tch i n g  va l ves .  To  m i n i m i ze  th es e  
s tres s es ,  th e  i n d u cta n ce  of th e  co n n ecti o n  of th e  VS C  d . c.  ca p aci tor to  th e  va l ves  s h o u l d  b e  
as  l o w as  p os s i b l e .   

5.6.8. 1 .3  D.C.  vol tage ripple  

VS C  o pe ra ti o n  re s u l ts  i n  h arm on i c cu rre n ts  fl o wi n g  i n  th e  d . c.  ci rcu i t.  Th es e  h a rm on i c  
cu rren ts  ca u s e  h arm on i c  vol tag es  ( al s o  kn o wn  a s  d . c.  vo l ta g e  ri p p l e) .  Th e  fo l l o wi n g  factors  
wi l l  i n fl u en ce  th e  s i ze  of th e  d . c.  vo l ta g e  ri p p l e :  

•  i m ba l a n ces  i n  th e  a . c.  s ys te m  a n d /or co n ve rte r op era ti o n ;  

•  p re - exi s ti n g  h a rm on i cs  i n  th e  a. c.  n e twork;  

•  VS C  val ve  s wi tch i n g  s tra te g y.  

5.6.8. 1 .4  Capaci tance of the  VSC  d .c.  capacitor 

Th e VS C  d . c.  ca p aci ta n ce  s h a l l  b e  l arg e  e n o u g h  to  keep th e  d . c.  vo l tag e  ri p p l e  wi th i n  
to l era b l e  l i m i ts .   

5.6.8. 1 .5  Control  aspects  

Th e d . c.  vo l ta g e  i n fl u e n ces  a cti ve  a n d  reacti ve  po wer exch an g e wi th  th e  a. c.  s ys tem .  To  
ach i e ve  s tab l e  o p era ti o n  of th e  tran s m i s s i o n  s ys tem ,  i t  i s  i m portan t to  keep th e  d . c.  vo l ta g e  
wi th i n  ti g h t l i m i ts .  C h a n g i n g  po wer ord ers ,  a. c.  s ys tem  u n b al a n ces ,  or s ys te m  tra n s i e n ts  
ch a n g e  th e  o pera ti n g  con d i ti o n s  of th e  VS C  a n d  ca n  cau s e  d . c.  vo l tag e  fl u ctu a ti o n s  or 
os ci l l ati o n s .  D u e  to  i ts  e n e rg y s torag e  ca pa b i l i ty,  th e  VS C  d . c.  ca pa ci tor s tab i l i s es  th e  
op erati o n  of th e  VS C .  

I m porta n t  d e s i g n  p aram e ters  of th e  VS C  d . c.  ca p a ci tor are  as  fo l l o ws :  

•  m axi m u m  d . c.  vo l ta g e  for co n ti n u o u s  o pe ra ti o n ;  

•  m axi m u m  a ccep ta b l e  d . c.  vo l ta g e  va ri a ti o n s  u n d e r tra n s i e n t con d i ti o n s ,  s u ch  as  fa u l ts  o n  
th e  a . c.  s ys tem .  



I E C  TR 6 2 5 4 3 : 2 0 1 1 + AM D 1 : 2 0 1 3  – 4 5  –  
+ AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

5.6.8. 1 .6  Harmonic  coupl ing  of d i fferent  VSC  substations  connected  to  one  d .c.  
ci rcu i t  

H arm on i c cu rre n ts  g en erate d  b y a  VS C ca u s e  h a rm on i c vo l ta g e s  n ot o n l y on  th e i r o wn  VS C  
d . c.  ca p aci tor,  b u t a l s o  o n  th e  VS C d . c.  ca p aci tors  i n  o th er VS C  s u b s ta ti o n s  co n n ecte d  to  th e  
s am e d . c.  ci rcu i t.  As  a  re s u l t,  th e  d i ffere n t VS C  s u bs tati o n s  i n  a  tran s m i s s i on  s ch e m e becom e  
m u tu a l l y co u p l ed  vi a  th e  d . c.  ci rcu i t.  To  a vo i d  u n wan ted  i n tera cti o n s  be twe en  th e  VS C  
s u bs tati on s ,  th i s  cou p l i n g  s h o u l d  b e  red u ce d  to  th e  l arg es t exte n t po s s i b l e .  Th e  cap aci ta n ce  
of th e  VS C  d . c.  ca p aci tor i s  a n  i m porta n t  factor i n fl u en ci n g  th e  cou p l i n g  b etwe e n  th e  VS C  
s u bs tati on s .  

5.6.8 .2  Submodule/cel l  d .c.  capacitor 

5.6.8 .2 . 1  General  

I n  pri n ci p l e ,  th e  d es i g n  an d  fu n cti on  of th e  s u b m od u l e /cel l  cap aci tors  fo r th e  M M C  a n d  C TL  
tech n o l og y i s  tech n o l o g i e s  are  s i m i l ar to  th a t of th e  VS C  d . c.  ca paci tors .   

H o we ve r,  d u e  to  th e i r o p era ti o n  pri n ci p l e,  th e  cu rren t s tre s s es  a re  d i ffe ren t  for d . c.  s u b m od u l e  
or ce l l  ca p aci tors .  Th e  i n d i vi d u a l  s u bm od u l es  or ce l l s  ca n  b e  i n d i vi d u a l l y s wi tch e d  " off"  or " o n "  
d e p en d i n g  o n  o u tp u t  vol ta g e  g e n erati on .  W h en  th e  s u bm od u l e  i s  s wi tch e d  "off"  th e  va l ve  
cu rren t d o es  n ot p as s  th rou g h  th e  d . c.  s u bm o d u l e /ce l l  ca p a ci tor a n d  th e  cap aci tor cu rre n t i s  
ze ro .  Co n ve rs el y,  wh e n  th e  s u bm od u l e  or ce l l  i s  s wi tch ed  " o n " ,  th e  fu l l  va l ve  cu rre n t fl o ws  
th ro u g h  th e  ca p aci tor.  I n  th e  "o n "  s tate ,  com po n e n ts  of d . c.  cu rren t a n d  fu n d am e n ta l  a n d  l o w 
ord e r cu rren ts  h a ve  to  b e  con s i d ere d .  Th e  cu rre n t fl o w i n  th e  " on "  s ta te  re s u l ts  i n  a  s i g n i fi ca n t  
ri pp l e  vo l ta g e  of th e  s u bm od u l e /ce l l  ca p aci tors  p er p o we r c ycl e.  Th e  a vera g e  an d  RM S  
ca p aci tor cu rre n t s tres s e s  are  ca l cu l a te d  b as e d  o n  cu rren t co n tri b u ti on  i n  th e  " o n "  s ta te.   

5.6.8 .2 .2  Commutation  ci rcu i t  inductance  

S i m i l ar to  th e  VS C  d . c.  ca p aci tor,  s wi tch i n g  th e  s em i co n d u cto r d e vi ce s  of th e  s u b m od u l e  
ca u s es  H F  com m u tati on  cu rre n t to  fl o w th ro u g h  th e  com m u tati on  ci rcu i t  of th e  s u bm od u l e .  
D u e  to  th e  s tra y i n d u ctan ce wi th i n  th e  com m u ta ti o n  ci rcu i t,  th es e  H F  cu rre n ts  re s u l t  i n  
tra n s i e n t vo l ta g e  s tres s e s  on  th e  s u bm od u l e .  To  m i n i m i ze  th es e  s tre s s es ,  th e  i n d u ctan ce of 
th e  s u b m od u l e  s h o u l d  b e  as  l o w as  p os s i b l e.   

5.6.8.2 .3  D.C.  vol tage ripple  

a)  S u b m od u l e  cap a ci tor vo l ta g e  ri p p l e  

As  m en ti o n ed  b efore,  th e  ra ti o  of th e  vo l tag e  ri p p l e  to  d . c.  vo l tag e  of th e  s u bm od u l e  
ca p aci tor i s  l a rg er th a n  th a t of VS C  d . c.  cap aci tors .   

b)  D . C .  l i n k vo l ta g e  ri pp l e  

Th e  d . c.  l i n k vo l ta g e  ri p p l e  of th e  M M C  i s  m u ch  l o wer th a n  th a t of th e  VS C  d . c.  ca p a ci tors  
of 2 -l e ve l  or N P C  con ve rters ,  b eca u s e  th e  M M C  d . c.  l i n k vo l ta g e  i s  a l m o s t th e  s am e as  
th e  s u m  of th e  ou tp u t vo l ta g e  of s u bm od u l e s  i n  a  ph a s e  l eg .  B y s h i fti n g  th e  ou tpu t vo l ta g e  
p u l s e  of th e  e ach  s u bm o d u l e,  th e  d . c.  l i n k vo l ta g e  ri p p l e  of th e  M M C  i s  s m a l l .  

5.6.8.2 .4  Capacitance of the  MMC submodu le  capaci tor 

Th e M M C  s u bm od u l e  cap aci ta n ce  s h a l l  b e  l arg e  en o u g h  to  kee p th e  vo l ta g e  ri p p l e  of 
s u bm od u l e  ca paci tor wi th i n  to l era b l e  l i m i ts .   

5.6.8.2 .5  Control  aspects  

I n  a d d i ti on  to  th e  co n tro l  as p ects  of th e  VS C  d . c.  cap aci tors ,  th e  s u bm od u l e  cap aci tors  h a ve  
s om e  co n tro l  as p e cts  d e s cri be d  b e l o w.  
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•  M M C s  h a ve  m a n y s u b m od u l e  ca p aci tors ,  wh os e  vo l ta g e s  m a y te n d  to  b ecom e 
u n b a l a n ced .  S o  th e  vo l tag e  of s u bm od u l e  cap a ci tors  s h o u l d  b e  b al a n ced .  Th ere fore,  a  
ba l a n ci n g  co n tro l  i s  req u i re d  i n  ord er to  e n s u re  th at a n y u n ba l an ce  d o es  n ot b ecom e  
exces s i ve  a n d  re s u l t i n  e q u i pm en t ra ti n g s  b e i n g  e xcee d ed .  

•  D i s ch arg e  of th e  M M C  s u bm od u l e  ca p a ci tors  cau s ed  b y a  d . c.  fa u l t  can  b e  p re ve n ted  b y 
b l ocki n g  th e  co n verter.  

5.6.8 .2 .6  Harmonic  coupl ing  of d i fferent  MMC substations  connected  to  one d .c.  
ci rcu i t  

B etwe e n  th e  s u bm od u l e  ca paci to rs  of d i ffere n t s u bs tati on s ,  th ere  are  s om e s em i co n d u ctor 
d e vi ce s .  S o  h a rm on i c  co u p l i n g  i s  l es s  s e ri o u s  for th e  M M C VS C s ys tem s  th a n  th at  of 2 - l e ve l  
or N P C  VS C  s ys tem s .  

5.6.9  D.C.  reactor 

F or l o n g  d i s ta n ce  tran s m i s s i on ,  a  d . c.  re actor can  be  co n n ecte d  i n  s e ri e s  wi th  a  d . c.  o verh e a d  
tra n s m i s s i o n  l i n e  or cab l e.  I ts  m ai n  p u rpos e  i s  to  red u ce  h arm on i c cu rre n ts  fl o wi n g  i n  th e  d . c.  
l i n e  or ca b l e .  

Th e  d . c.  re a ctor a l s o  s erves  a  s econ d ary fu n cti o n  i n  l i m i ti n g  s h ort- ci rcu i t cu rren ts .  

I f a  d . c.  re actor i s  u s e d  i n  a  VS C  tra n s m i s s i on  s ys tem ,  i ts  s i ze  ca n  n orm a l l y be  co n s i d era b l y 
s m al l er th a n  o n e  u s e d  i n  an  LC C  H VD C  s ch em e .   

5.6. 1 0  Common  mode  blocking  reactor 

A com m on  m od e  bl ocki n g  reacto r co n s i s ts  of two  m a g n e ti ca l l y-co u p l ed  wi n d i n g s  h a vi n g  th e  
s am e s el f i m pe d a n ce.  D u e  to  th e  wi n d i n g  arra n g e m en t,  th e  re actor pro vi d es  l o w i m pe d an ce  
for d i ffere n ti a l  m od e cu rren ts  bu t h i g h  i m pe d an ce for com m on  m od e cu rren ts .  Th e  re actor,  
th ere fore,  s erves  to  b l o ck th e  com m on  m od e  cu rren ts  an d  l e a ve s  th e  d i ffere n ti a l  m od e  
cu rre n ts  l arg el y u n d i s tu rbe d  an d ,  i n  co n s e q u e n ce,  d o es  n o t affect th e  d yn am i c b e h a vi o u r o f 
th e  tran s m i s s i o n  s ys tem .  

Th e  d es i g n  of th e  re actor d ep e n d s  l arg e l y o n  th e  s ys te m  g ro u n d i n g  a rran g em en t,  
tra n s m i s s i o n  l i n e  typ e ,  en vi ro n m en ta l  co n d i ti o n s  a n d  e l e ctri ca l  s tres s es  as s oci a te d  to  th e  
proj e ct.   

5.6. 1 1  D.C.  fi l ter 

F i l teri n g  of h arm o n i cs  o n  th e  d . c.  s i d e  i s  a ch i e ve d  b y th e  VS C d . c.  ca p aci tor,  d . c.  re actor,  
com m on -m od e  b l ocki n g  reactor an d ,  i n  s om e  ca s e s ,  b y a  d e d i cate d  d . c.  fi l ter.   

Th e  d e s i g n  pri n ci p l e s  of th e  d . c.  fi l te rs  for VS C - b as e d  H VD C  s ys te m s  are  s i m i l ar to  th os e  for 
LC C  H VD C  s ys tem s ,  as  d e s cri b ed  i n  C I G RE  Te ch n i ca l  B roch u re  9 2 .  

5.6. 1 2  Dynamic braking  system  

I n  s om e VS C  H VD C  s ch em es ,  b u t pa rti cu l arl y wh e re  th e  H VD C  s ys tem  i s  exp orti n g  p o wer 
from  a  s m al l  i s l a n d e d  a. c.  s ys tem  wi th  l i ttl e  or n o  l oa d  (for exam p l e  a n  offs h ore  wi n d  farm )  th e  
H VD C  s ys te m  m a y b e  req u i red  to  i n cl u d e  a  d yn am i c b raki n g  s ys tem ,  for exam pl e  as  a  
ch o p p e r con n ecte d  to  th e  d . c.  term i n a l s  of th e  VS C  s ys tem .  Th e  fu n cti on  of th e  d yn am i c 
braki n g  s ys te m  i s  to  ab s orb  a n d  d i s s i p ate  th e  p o we r g e n era te d  i n  th e  i s l an d e d  AC s ys tem  
d u ri n g  fa u l ts  i n  th e  recei vi n g - e n d  AC  s ys tem ,  typ i ca l l y for d u rati on s  of 1  to  2  s .  

Th e re  are  s e vera l  p os s i b l e  wa ys  of i m pl em e n ti n g  s u ch  a  d yn am i c braki n g  s ys tem  b u t th e  
va l ves  i n  th i s  s ys tem  wi l l ,  i n  g e n eral ,  be  of s i m i l a r d e s i g n  to  th e  m ai n  VS C  va l ve s  u s e d  for 
po we r tra n s m i s s i o n .  
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6 Overview of VSC controls  

6. 1  General  

Al th ou g h  th ere  are  m an y con fi g u ra ti o n s  for vo l ta g e  s ou rce d  co n ve rters  (VS Cs ) ,  th e y a l l  can  
be  co n s i d ered  to  exh i b i t  a  com m on  o p e ra ti n g  con ce pt.  Al l  con fi g u rati on s  p os s es s  a  s e ri e s  
i n d u cti ve  i n terface  s e p arati n g  th e  s wi tch i n g  val ve s  from  th e  a . c.  s ys te m .  Th e  s wi tch i n g  va l ves  
g e n era te  a  fu n d a m en tal  freq u en c y a. c.  vol tag e  fro m  a  d . c.  vo l ta g e .  Th e  m a g n i tu d e  an d  p h a s e  
of th e  fu n d a m en ta l  fre q u en c y com p on e n t of th i s  a. c.  vo l tag e  a t th e  va l ve  s i d e  of th e  s eri es  
i n d u cti ve  i n terface  ca n  b e  co n tro l l ed .  Th e  co n tro l  of th i s  vo l ta g e  m ag n i tu d e  a n d  ph as e  i s  th e  
es s e n ti a l  co n tro l l i n g  fu n cti o n  com m on  to  a l l  VS C s .  
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Figure  23  – Representing  a  VSC  un i t  as  an  a.c.  vol tage  of magni tude U  
and  phase  ang le  δ beh ind  reactance  

F i g u re  2 3  s h o ws  th at a  VS C  ca n  b e  repres en te d  a s  a n  a. c.  vo l ta g e  s o u rce  of m ag n i tu d e  Ucon v  
an d  p h as e  an g l e  d el ta  b eh i n d  th e  re acta n ce.  I f th e  p er- u n i t vo l ta g e  m ag n i tu d e  Uco n v  i s  h i g h e r 
th a n  th e  p er- u n i t  l i n e  s i d e  vo l ta g e  UL ,  th e n  reacti ve  p o wer wi l l  b e  tra n s ferred  i n to  th e  l i n e  s i d e  
s i m i l arl y to  a n  o verexci ted  s yn ch ron ou s  m ach i n e .  C o n ve rs e l y,  i f th e  m ag n i tu d e  Uco n v  i s  l o w 
an d  l es s  th a n  th e  l i n e  s i d e  vo l ts ,  th e  VS C  wi l l  b e  abs orb i n g  re acti ve  p o we r s i m i l arl y to  an  
u n d er- exci ted  s yn ch ro n o u s  m ach i n e.  

Th e  con tro l  of th e  ph a s e  a n g l e  δ i s  ach i e ve d  b y s h i fti n g  th e  p h as e  of th e  fu n d am e n tal  
freq u e n c y a . c.  vo l tag e  wi th  re s p e ct to  th e  p h as e  l ocked  l o o p  n o rm al l y s yn ch ro n i ze d  to  th e  a . c.  
s i d e  vo l ta g e.  Re g u l ati n g  th e  p h a s e  a n g l e  δ ca u s e s  acti ve  p o wer to  be  tra n s ferre d  th ro u g h  th e  
VS C ,  b eca u s e  a  ph a s e  a n g l e  i n  fu n d am e n ta l  freq u en c y vol tag e  i s  d e ve l o p ed  a cros s  th e  
i n terface  re actor s o  th a t po we r fl o ws  i n to  or o u t  of th e  VS C .  

A VS C th erefore  h a s  th e  cap a b i l i ty of acti n g  as  a  recti fi er or as  a n  i n verter,  a n d /or a s  a  
g e n e ra tor or a n  a bs orb er of reac ti ve  p o wer.  I t  i s  th e  co n tro l  of th e  m ag n i tu d e  a n d  p h as e  of th e  
con verter vol tag e  Uco n v  th a t d i cta tes  th e  s tra te g i e s  for co n tro l l i n g  vo l ta g e  s ou rce d  co n verters .  

6.2  Operational  modes  and  operational  options  

Th e n orm al  wa y of a. c.  s i d e  vo l tag e  con tro l  i s  a ch i e ve d  b y co n tro l l i n g  th e  d . c.  s i d e  ca paci tor 
vo l tag e .  I n  tu rn ,  th e  d . c.  s i d e  ca p a ci tor vo l ta g e  i s  vari e d  b y p u m p i n g  po we r from  th e  a . c.  s i d e  
i n to  i t  or ou t of i t.  I f p o wer i s  p u m pe d  i n to  th e  ca p aci tor,  i ts  ch arg e  wi l l  i n cre a s e  a n d  

IEC   587/11 
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con s e q u e n tl y s o  wi l l  i ts  vo l tag e .  I f p o we r i s  taken  from  th e  cap aci tor,  i ts  vol tag e  wi l l  d ecre a s e .  
P o wer ca n  b e  ta ke n  from  or fed  i n to  th e  a . c.  s i d e  b y varyi n g  th e  ph as e  a n g l e  δ,  as  d es cri be d  
ab o ve.  I n  th i s  wa y,  d . c.  vo l tag e  co n tro l  i s  ach i e ve d  b y re g u l ati n g  a. c.  p h as e  a n g l e  δ.   

Co n tro l  of th e  m ag n i tu d e  an d  p h as e  of th e  co n verter vo l ta g e  Uco n v  for VS C tra n s m i s s i o n  
a p p l i ca ti o n s  i s  u s u al l y a ch i e ve d  b y m ea n s  of vector co n tro l  s tra te g y.  W i th  vector co n tro l ,  
th re e-p h as e cu rre n ts  are  tra n s form ed  to  d  a n d  q  axi s  q u a n ti ti es  b as e d  o n  th e  co n ve n ti o n a l  
a bc to  d q  tra n s form ati on ,  s yn ch ro n i ze d  to  th e  a. c.  s i d e  th re e - p h as e vol ta g e  th ro u g h  a  p h as e  
l ocked  l o op  ( P L L) .  Th e  d  an d  q  axi s  vo l ta g es  g e n e ra te d  b y th e  ve ctor con tro l s  are  tra n s form ed  
to  th ree- p h a s e  q u an ti ti es  a n d  con verte d  i n to  l i n e  vo l tag es  b y th e  VS C  as  s h o wn  i n  F i g u re  2 4 .  
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Figure 24 – Concept of vector control   

W i th  VS C  co n verte rs ,  th e  d e g re es  of fre e d om  a va i l ab l e  are  as  fol l o ws :  

•  freq u e n c y co n tro l  b y d i re ct con trol  of th e  m ai n  fi ri n g  os ci l l ator;  

•  th e  vari o u s  co n tro l  op ti o n s  p ro vi d e d  b y p h a s e  s h i fti n g  th e  a . c.  vo l ta g e  th a t i s  g en erate d  b y 
th e  VS C ;  

•  th e  vari ou s  con trol  op ti o n s  p ro vi d e d  b y co n tro l  of th e  m ag n i tu d e  of th e  a . c.  vo l tag e  th a t i s  
g e n e ra ted  b y th e  VS C .  

Th es e  d e g rees  of free d o m  tran s l ate  i n to  th e  va ri o u s  co n tro l  fu n cti o n s  d i s cu s s ed  be l o w.  

6.3  Power transfer   

6.3. 1  General  

To con tro l  p o wer i n to  or ou t of th e  a . c.  s ys tem ,  th e  VS C  s h a l l  h a ve  a  m ea n s  for tra n s fe rri n g  
po we r i n to  or ou t of th e  d . c.  s i d e  wi th o u t o ve r or u n d e r ch a rg i n g  th e  cap a ci tor.  I n  a  VS C  
tra n s m i s s i o n  s ch em e,  th i s  m ean s  th at th e  co n verte rs  at  th e  two e n d s  of th e  s ch em e  s h a l l  be  
con trol l e d  to  work to g e th e r.  G en era l l y,  on e  of th e  two con verters  wi l l  h a ve  a s  p art of i ts  
obj ecti ve  th e  co n tro l  of th e  d . c.  vo l ta g e .  
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Figure 25 – VSC  power control ler 

P o wer con trol  i s  ach i e ved  b y re g u l a ti n g  th e  p h as e  a n g l e  δ of th e  fu n d a m en ta l  fre q u e n cy 
com pon e n t of th e  a . c.  vo l ta g e  a t th e  con ve rte r s i d e  of th e  i n terface  re a cta n ce as  s h o wn  i n  
F i g u re  2 5 .  P o we r i s  d ra wn  from  or p u s h e d  i n to  th e  a. c.  s ys tem  d e pe n d i n g  o n  wh e th er δ  l a g s  
or l ea d s  th e  ph as e  a n g l e  of a . c.  b u s  vo l ta g e.   

P o wer i s  o n e  p aram e te r th a t can  b e  co n tro l l e d  wi th  fa s t res po n s e to  i m pro ve th e  p e rform an ce  
of th e  a. c.  tra n s m i s s i o n  s ys tem  u n d er tra n s i e n t con d i ti o n s .  Th i s  can  b e  u s e d  to  i n cre as e  a . c.  
s ys tem  d am p i n g  of e l e ctrom ech a n i ca l  os ci l l ati on s ,  as  we l l  as  to  i m pro ve  th e  tra n s i e n t s tab i l i ty 
of th e  po we r s ys tem  fo l l o wi n g  a  fau l t.  

6.3.2  Telecommunication  between  converter stations  

F or VS C  tran s m i s s i on  con trol ,  th e re  i s  n o  n e e d  for fas t te l ecom m u n i cati on  s i g n a l s  b e twe e n  
th e  en d s .  H o we ve r,  te l e com m u n i ca ti o n s  b e twe en  th e  co n verters  m a y b e  a p p l i e d  for con d i ti o n s  
s u ch  as  th e  fol l o wi n g :  

•  wh e n  p o wer co n tro l  i s  re q u i re d  b e twee n  co n verte rs  for a  m u l ti -term i n a l  co n fi g u ra ti o n ,  s u ch  
as  for coord i n a te d  d am pi n g  of e l ectrom ech a n i ca l  os ci l l ati o n s ;  

•  wh e n  d am pi n g  of e l e ctrom e ch a n i ca l  os ci l l ati on s  i s  re q u i re d  a t th e  co n verter th a t i s  n o t  
con trol l i n g  p o we r;  

•  i f i t  i s  d es i re d  to  reco n fi g u re  th e  co n tro l  m od es  b e twee n  co n verters .  

Th e  n orm al  u s e  of com m u n i cati on  i s  h o we ver b etwe e n  th e  co n ve rter s ta ti on s  a n d  d i s pa tch  
cen tre  wh i ch  re q u i res  i n d i cati on s ,  s ta tu s  s i g n a l s  a n d  al a rm s  for o perati o n  o f th e  s ys tem .  

6.4 Reactive power and  a.c.  vol tage control   

6.4. 1  A.C.  vol tage control  

A. C.  vo l ta g e  co n tro l  i s  a ch i e ve d  b y re g u l a ti n g  th e  m ag n i tu d e  of th e  fu n d am en ta l  fre q u e n c y 
com pon e n t of th e  a . c.  vo l ta g e  g e n era te d  at  th e  VS C  s i d e  of th e  i n te rface  reacto r a n d /or 
tra n s form er as  s h o wn  i n  F i g u re  2 6 .  
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Figure 26  – A.C.  vol tage control ler 

I f th e  VS C  i s  fe ed i n g  i n to  a n  i s o l a ted  a . c.  s ys tem  wi th  n o  o th er form  of acti ve  p o wer s o u rce  of 
an y s i g n i fi can ce ,  th e  a. c.  vo l ta g e  co n tro l l er wi l l  a u tom ati ca l l y co n tro l  p o wer to  th e  l o a d .  Th i s  
as s u m es  a n o th er con ve rter,  s u ch  as  th e  s e n d i n g  e n d  of a  VS C  tra n s m i s s i on  l i n k,  
i n d e pe n d e n tl y con tro l s  th e  d . c.  s i d e  vo l tag e .  

6.4.2  Reactive power control  

Th e n e e d  to  u s e  re acti ve  po we r con tro l  a ri s es  wh e n  oth e r n e arb y con tro l l ers  are  a cti n g  to  
m ai n ta i n  a. c.  vo l tag e .  To  a vo i d  i n terfere n ce be twe en  th e  va ri o u s  co n tro l l ers ,  i t  i s  prefera b l e  to  
reta i n  th os e  VS C s  n o t n e ed e d  for a. c.  vo l tag e  to  p ro vi d e  re acti ve  p o wer co n trol .  

I f a l l  VS C s  i n  cl os e  proxi m i ty to  e ach  oth er are  co n tro l l i n g  th e  s a m e q u an ti ti e s ,  th e n  i t  m a y b e  
pos s i b l e  for each  to  p a rti ci p a te  i n  a . c.  vo l ta g e  con trol  th rou g h  a  carefu l l y d es i g n e d  d roo p  
ch a racteri s ti c.  H o we ve r,  i f th e  co n tro l l i n g  fu n cti o n s  of th e  VS C  are  q u i te  d i fferen t,  s u ch  as  
s ep ara te  a n d  i n d e pe n d e n t p o we r con trol l ers ,  th e  d roo p ch a racte ri s ti c m a y be  d i ffi cu l t to  
d efi n e .  U n d e r th es e  ci rcu m s tan ce s ,  a  re a cti ve  p o we r con tro l  m a y b e  preferab l e ,  wi th  th e  
s etti n g s  e i th er a t zero  M VARs  or s l o wl y con tro l l e d  b y a  j o i n t VAR con trol l er or a n  ord er from  
th e  S C AD A s ys tem .  

6.5  Black start capabi l i ty   

To s u pp l y a n  a. c.  l oa d  th a t h as  n o  o th er s o u rce  of g e n era ti o n ,  th e  recti fi er con n ecte d  to  th e  
m ai n  g ri d  or g e n erati o n  m a y h a ve  th e  fo l l o wi n g  con trol s .  

•  D . C .  vo l ta g e  con tro l  

•  A. C.  vol ta g e  or re acti ve  p o we r co n tro l  a t th e  s e n d i n g  e n d  s ys tem .  

Th e  recei vi n g  en d  s h o u l d  h a ve  con trol s  as  fo l l o ws :  

•  freq u e n c y co n tro l  (d efi n i n g  th e  freq u en cy of th e  l o ad ) ;  

•  a . c.  vo l ta g e  co n tro l  of th e  rece i vi n g  e n d  s ys te m .  

W i th  th es e  con tro l  m o d e s  i n  p l ace,  th e  l o a d - s i d e  a . c.  vo l ta g e  an d  fre q u e n cy ca n  b e  co n tro l l e d  
wi th i n  accep ta b l e  l i m i ts .  As  th e  l o a d  ch a n g e s ,  th e  tra n s m i s s i o n  s e l f-re g u l a tes  th e  p o we r fl o w 
s i m pl y b y m a i n ta i n i n g  a. c.  vo l tag e  a n d  fre q u e n c y.  

I f a n  a . c.  s yn ch ro n ou s  g e n era tor o r a n  a . c.  tra n s m i s s i o n  l i n e  i s  a d d e d  or s wi tch e d  o n - l i n e  s o  
th at th e  VS C  tra n s m i s s i on  i s  re l i e ve d  of p ro vi d i n g  th e  fre q u e n c y con tro l  a n d  a l l  th e  a. c.  
vo l tag e  con trol  to  th e  l o a d ,  th e  fi ri n g  p u l s es  m ay b e  s wi tch e d  from  an  i n d e pe n d e n t cl ock to  
be i n g  ph as e  l ocked  o n to  th e  a. c.  vo l tag e .  Al tern a ti ve l y,  a  d ro o p ch a racteri s ti c  for th e  
freq u e n c y co n tro l  a n d  th e  a . c.  vo l ta g e  con trol  m ay b e  i n voked  s o  th a t th e  VS C tra n s m i s s i o n  
can  op erate  i n  co n cert wi th  th e  acti ve  s ys tem  th a t th e  rece i vi n g  e n d  h a s  ch an g e d  to .  
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6.6  Supply from  a  wind  farm  

W h en  d . c.  tran s m i s s i on  i s  re q u i re d  to  bri n g  p o wer from  a  wi n d  farm  to  a n  a . c.  g ri d ,  VS C  
tra n s m i s s i o n  ca n  b e  i n te g ra te d  i n to  th e  wi n d  tu rb i n e  d es i g n  for m axi m u m  perform an ce a n d  
eco n om y.  Th i s  tech n o l o g y m a y be  p a rti cu l arl y a p p l i ca b l e  for offs h ore  wi n d  farm s .  Th i s  i s  a n  
i m p orta n t a n d  fas t- g ro wi n g  u s e  of VS C  tra n s m i s s i on ,  wh i ch  i s  d es cri b ed  i n  d e ta i l  i n  C I G RE  
Tech n i ca l  B roch u re  3 7 0 .   

At th e  s en d i n g  e n d  th e  VS C  co n verte r co n tro l s  th e  a . c.  vo l tag e  an d  fre q u e n c y of th e  s ys tem .  
Th e  co n verte r at th e  a. c.  g ri d  s i d e  tra n s fe rs  th e  i n com i n g  d . c.  p o wer to  th e  a. c.  g ri d .  Th e  a . c.  
g ri d  s h a l l  b e  s tro n g  e n o u g h  to  acce pt fl u ctu a ti n g  wi n d  farm  i n fe e d .  

O n e  i m portan t as p ect i s  h o w to  h a n d l e  e n erg y s u rp l u s  i n  ca s e  th e re  i s  a  tem pora ry n etwo rk 
d i s tu rb a n ce wh e re  th e  a . c.  g ri d  i s  u n a b l e  to  a bs orb  th e  e n erg y from  th e  wi n d  fa rm .   

Al tern a ti ves  to  h an d l e  th i s  en e rg y s u rpl u s  i n cl u d e  to  s tore  th e  s u rp l u s  en erg y i n  th e  wi n d  
tu rb i n e  b y tem pora ri l y i n cre as i n g  ro tor s p e e d  o r to  d i s s i p ate  th e  en e rg y vi a  res i s tors ,  for 
exa m p l e  

•  i n  th e  wi n d  tu rbi n e  i ts e l f;  

•  on  th e  offs h ore  a . c.  g ri d ;  

•  on  th e  d . c.  s i d e  of th e  VS C tra n s m i s s i o n ,  vi a  a  ch o pp er ci rcu i t  d yn am i c braki n g  s ys te m .  

7 Steady state operation  

7. 1  Steady state  capabi l i ty 

Th e  VS C  ca n  b e  co n s i d ere d  as  a n  e q u i va l e n t of a  s yn ch ro n o u s  m ach i n e,  wh i ch  h as  th e  
cap a b i l i ty of i n d i vi d u a l l y co n tro l l i n g  acti ve  a n d  rea cti ve  p o wer,  a l b e i t n o rm a l l y wi th  l i m i ted  
i n e rti a .  

Th e  acti ve  an d  re acti ve  p o we r can  b e  co n tro l l e d  s i m u l tan e ou s l y a n d  i n d e p e n d e n tl y of each  
oth er as  d e s cri b e d  i n  S u bcl a u s es  6 . 3  a n d  6 . 4 .   

Th e  P Q cap a bi l i ty d i a g ra m  of a  VS C  s h o ws  i ts  pos s i b l e  o p era ti n g  re g i m e.  Th e  d i a g ram  
n orm a l l y g i ves  th e  ca p ab i l i ty at th e  a . c.  i n te rface  po i n t.  W h en  acti ve  ou tp u t p o wer P i s  
pos i ti ve ,  th e  VS C  i s  op era te d  as  a n  i n ve rte r,  e i th e r i n  ca p aci ti ve  m od e ,  wh en  Q  i s  p os i ti ve ,  or 
i n  i n d u cti ve  m od e wh e n  Q  i s  n e g a ti ve .  W h en  P  i s  n eg a ti ve ,  th e  VS C i s  o p era ted  a s  a  recti fi er,  
e i th er i n  ca p aci ti ve  or i n d u cti ve  m o d e .  A s i m pl i fi e d  PQ  d i a g ra m  at  m i n i m u m  (Um i n )  an d  
m axi m u m  (Um a x)  a . c.  g ri d  vo l ta g e ,  i n  wh i ch  fi l te rs  are  n o t co n s i d ered ,  i s  s h o wn  i n  F i g u re  2 7 .  
Th e  VS C  can  b e  o p e ra te d  wi th i n  a l l  fou r q u a d ra n ts  of th e  P Q p l a n e .  
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Figure 27  – A typical  simpl i fied  PQ d iagram  

Th e  P Q  d i a g ram  s h o ws  th a t th e  ca p a b i l i ty of th e  VS C d e p e n d s  on  th e  a . c.  g ri d  vol tag e.  At l o w 
a. c.  vo l ta g e,  a  h i g h er cu rre n t i s  n e ces s ary to  pro d u ce a  g i ve n  o u tpu t po wer,  a n d  th e  o u tp u t 
cap a b i l i ty i s  l i m i te d  b y th e  cu rre n t ca p ab i l i ty of th e  con ve rter.  Th erefo re,  i f a n  i n terface  
tra n s form er i s  pro vi d e d ,  th e  tra n s form er ra ti o  ca n  be  u s ed  to  o pti m i ze  th e  P Q ch a racteri s ti c.  
W i th  a n  o n - l oa d  ta p  ch an g er,  th e  tra n s form er rati o  ca n  b e  co n ti n u o u s l y o p ti m i ze d  to  m axi m i ze  
th e  s tea d y-s ta te  p o wer cap a b i l i ty of th e  con verter.  N ote  th a t th e  ce n tre  of th e  ci rcl e s  i s  
d e p e n d e n t o n  th e  d es i g n  of th e  con verte r,  a n d  m ay n o t  b e  a t th e  ori g i n  o f th e  d i a g ra m .   

Th e  d i a g ram  al s o  i n d i ca tes  a n  acti ve  a n d  a  re a cti ve  p o wer d es i g n  l i n e .  Th e  d es i g n  l i n e  i s  th e  
m axi m u m  po wer ra ti n g  o f th e  VS C  a n d  i t  i s  m ai n l y d e te rm i n e d  b y th e  m axi m u m  cu rre n t for 
wh i ch  th e  co n ve rte r i s  d es i g n e d .  I n  a d d i ti o n  to  th e  l i m i tati o n  b y th e  m axi m u m  con verter 
cu rren t th e re  m i g h t be  oth er d es i g n  l i m i tati o n s ,  for exam p l e  affe cti n g  re a cti ve  p o we r 
cap a b i l i ty.  I n  cap a ci ti ve  m od e,  th e  p e ak con ve rter a . c.  vol tag e  Uco n v  n e ed s  to  e xce e d  th e  
pe ak l i n e- s i d e  a . c.  vo l ta g e  UL ;  h o we ver Uco n v  g e n era l l y ca n n o t exce e d  0 , 5  Ud .  Th e refore  th e  
cap aci ti ve  o u tpu t rati n g  i s  l i m i ted ,  p arti cu l arl y a t h i g h  va l u es  of UL .  Th e  a cti ve  p o wer d es i g n  
l i n e  i n  th e  PQ  d i a g ra m  i n d i cates  th e  d es i re d  ra te d  p o wer of th e  VS C .  I n  th e  e xam pl e  s h o wn ,  
th e  re q u i re d  p o we r ca p a b i l i ty i n  i n ve rter op erati o n  i s  l e s s  th a n  th e  po ten ti al  ca p a b i l i ty of th e  
VS C .   

7.2  Converter power losses  

O n e of th e  m a i n  o bs tacl es  to  u s i n g  vo l ta g e  s ou rced  co n verters  i n  bu l k p o wer tran s m i s s i o n  i s  
th e  com p ara ti ve l y h i g h  p o wer l os s es ,  i n cl u d i n g  I G B T,  fi l te r a n d  i n terface  tra n s form er l os s es ,  
i n  com pari s o n  wi th  L C C  H VD C .  H o we ver,  VS C tech n o l o g y i s  d e ve l o p i n g  ra pi d l y an d  p o we r 
l os s es  are  d ecreas i n g .   
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Th e  2 - l e ve l  VS C to p ol o g y i s  a ttracti ve  b eca u s e  of i ts  s i m p l i ci ty.  H o we ver,  th e  s wi tch i n g  
freq u e n c y ch os e n  s h a l l  be  com pa rati ve l y h i g h  i n  ord er to  kee p th e  cu rre n t ri pp l e  re as o n a b l y 
l o w,  a n d  th i s  wi l l  res u l t  i n  h i g h  s wi tch i n g  l os s e s .  O n e  wa y of re d u ci n g  th e  l os s e s  i s  to  u s e  
m ore  a d va n ce d  co n verte r to p ol o g i es ,  b u t a t  th e  e xpe n s e of g re ater com p l exi ty.  Th e  on - g o i n g  
s em i co n d u ctor d e vi ce  d e ve l o pm en t a n d  co n verter to p ol o g y op ti m i za ti o n  wi l l  co n tri b u te  to  a  
fu rth er re d u cti o n  i n  o vera l l  l os s es  i n  th e  fu tu re .   

I n  com m on  wi th  L C C - H VD C ,  i t  i s  recom m en d e d  th a t po we r l os s es  i n  VS C  b e  d eterm i n e d  b y a  
com bi n a ti o n  of ca l cu l a ti o n  a n d  factory m e as u rem e n t,  rath er th a n  d i rect m ea s u re m e n t o n  s i te .   

F or m os t eq u i pm en t,  th e  overa l l  pri n ci p l es  a re  th e  s am e as  d e s cri b ed  i n  I E C  6 1 8 0 3  for L C C -
H VD C ,  a l th o u g h  ad j u s tm e n ts  n e ed  to  be  m a d e to  refl e ct,  for exam pl e,  d i fferen ces  of h a rm on i c  
s p ectra.  F or co n ve rte r va l ve  l os s es ,  th e  m eth o d s  d e s cri be d  i n  I E C  6 1 8 0 3  d o  n ot a p p l y th e  
I E C  6 2 7 5 1  s eri es  s h a l l  b e  u s e d  i n s te a d  of I E C  6 1 8 0 3  (s ee  a l s o  [3 1 ] ,  [3 2 ] ) .  Th ere  i s  n ot ye t a  
d e tai l e d  p roce d u re  for d ete rm i n i n g  l os s es  i n  th e  con verter;  h o we ver th e  g e n era l  p ri n ci p l e s  
ou tl i n e d  i n  An n ex B  m a y be  u s e d  for g u i d an ce .  

Th e  p o wer l os s es  i n  th e  VS C  s u b s ta ti o n  d e p en d  on  a  vari ety of o p era ti n g  co n d i ti o n s ,  b u t  
ch i e fl y th e  re a l  tra n s m i tte d  p o wer a n d  th e  re acti ve  po we r a bs orpti on  or g e n era ti o n .  I n  g e n era l ,  
l os s es  i n  th e  VS C  s u bs ta ti o n  wi l l  b e  l o we s t wh en  th e  re a l  a n d  re acti ve  p o wer are  b oth  cl os e  to  
ze ro  an d  wi l l  i n cre as e  prog re s s i ve l y as  e i th er th e  rea l  o r rea cti ve  po we r i s  i n cre as e d .  

8 Dynamic performance 

8. 1  A.C.  system  d isturbances  

F as t con trol  of acti ve  an d  re acti ve  p o we r of VS C  s ys tem s  can  i m pro ve  p o we r g ri d  d yn am i c 
perform an ce u n d er d i s tu rb a n ces .  F or exam p l e ,  i f a  s e ve re  d i s tu rb a n ce th re a te n s  s ys tem  
tra n s i e n t s tab i l i ty,  fas t p o wer ru n - b ack an d  e ve n  i n s tan t p o we r re vers a l  con trol  fu n cti o n s  ca n  
be  u s e d  to  h el p  m a i n ta i n  s yn ch ron i ze d  p o we r g ri d  o p era ti o n .  VS C  s ys tem s  can  a l s o  pro vi d e  
effecti ve  d am pi n g  to  m i ti g ate  e l ectrom e ch a n i ca l  os ci l l a ti o n s  b y a cti ve  a n d  re acti ve  p o wer 
m od u l a ti o n .   

A VS C  s ys tem  ca n  s u p po rt th e  n etwo rk d u ri n g  d i s tu rb a n ces  i n  th e  fol l o wi n g  wa ys :  

•  em erg e n c y p o wer con trol ;  

•  vo l tag e  s u p port;  

•  s h ort ci rcu i t  cu rre n t con tri bu ti o n .  

Th e  ab i l i ty of th e  VS C  co n verter to  rap i d l y co n tro l  a cti ve  p o we r m akes  i t  a  too l  for em erg e n c y 
po we r s u p p ort d u ri n g  n etwork d i s tu rb a n ces  wh ere  po we r can  b e  tra n s ferre d  to /from  th e  
d i s tu rb e d  a rea  i n  a  con tro l l e d  wa y.  Th i s  i s  a l s o  p os s i b l e  wi th  LC C - H VD C  b u t VS C h as  be tter 
pos s i b i l i ty to  ra pi d l y re ve rs e  p o wer.   

Th e  VS C con verter ca n  op era te  as  a  l ocal  S T ATC O M  wi th  pos s i b i l i ti e s  for fas t vol tag e  
s u p p ort.  Th i s  can  b e  u s e d  to  s u p p ort th e  con n ected  a . c.  n etwo rk d u ri n g  a  fa u l t or d i s tu rb an ce  
wh ere  th e  a . c.  vo l ta g e  d rop  can  b e  l i m i te d  b y th e  con verter.   

Th e  s h ort ci rcu i t p o wer con tri b u ti o n  from  a  VS C  co n ve rter can  b e  co n tro l l ed .  I n  s ys tem s  
wh ere  th e  s h ort ci rcu i t  cu rre n ts  are  a l re a d y h i g h  th e re  i s  a  l a rg e  b e n efi t  i n  a  l o w co n tri b u ti on .  
I n  s ys tem s  fed  s o l e l y b y th e  VS C con verter,  h i g h e r s h o rt ci rcu i t cu rren ts  a re  d es i ra b l e  i n  ord er 
to  h a ve  th e  s tan d ard  o vercu rre n t p rotecti o n s  i n  th e  a . c.  n e twork op era ti n g  as  n orm al .  Th e  
m axi m u m  s h ort ci rcu i t  cu rren t i s  n orm a l l y l i m i te d  b y th e  d yn am i c l i m i ta ti o n s  of th e  con verter 
wh i ch  are  e q u a l  to  or h i g h er th a n  rate d  cu rren t.  
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8.2  D.C.  system  d isturbances  

8.2. 1  D.C.  cable  fau l t  

M ech an i s m :  cab l e  or j u n cti o n  fa i l u re,  extern a l  m e ch a n i cal  s tre s s .  

T yp e:  p erm a n e n t fau l t,  fo r wh i ch  rep a i r i s  n e ed e d .  

D e tected  b y:  d . c.  ca b l e  fau l ts  are  d etecte d  b y m eas u ri n g  th e  d . c.  vo l ta g e  a n d  cu rre n t,  b oth  
am p l i tu d e  an d  ra te  of ch an g e.  

P rotecti ve  acti o n s :  s i n ce  a n y fa u l t i n  a  ca b l e  s h a l l  be  th oro u g h l y i n ves ti g a ted  an d  wi l l  m os t 
l i kel y re q u i re  a  l e n g th y rep a i r,  th e  d . c.  l i n k h as  to  be  tri pp e d  wh e n  s u ch  fa u l ts  are  d e tecte d .  I t  
i s  th erefore  ve ry i m p orta n t to  correctl y d e tect th es e  fa u l ts .  

8.2.2  D.C.  overhead  l ine  fau l t  

M ech an i s m :  i n s u l ati on  fa i l u re  b e twee n  o n e  d . c.  co n d u ctor a n d  g rou n d  or b etwe e n  th e  two  d . c.  
con d u ctors ,  d u e  to  l i g h tn i n g  s tri ke,  b ru s h fi res ,  trees ,  p ol l u ti o n ,  extern a l  m e ch a n i ca l  s tres s ,  
etc.  

T yp e:  ca n  b e  a  n o n - perm an e n t fa u l t,  bu t m a y b e  p erm an e n t i f th e  d . c.  i n s u l a tors  h a ve  b ee n  
d a m ag e d .  

D e tected  b y:  d . c.  o verh e ad  l i n e  fa u l ts  a re  d e tecte d  b y m eas u ri n g  th e  d . c.  vo l tag e  a n d  cu rren t,  
bo th  am pl i tu d e  an d  ra te  of ch a n g e .  

P rotecti ve  acti o n s :  i t  s h o u l d  b e  n ote d  th a t wh e n  i n s u l a ti on  bre aks  d o wn  o n  o verh e a d  
tra n s m i s s i o n  l i n es ,  th e  VS C ’ s  fre e - wh e e l i n g  d i o d e s  n orm a l l y co n ti n u e  to  fe e d  cu rren t i n to  th e  
fau l t e ven  i f th e  con verter i s  b l ocke d .  Th i s  m ea n s  th at  b es i d es  b l ocki n g  th e  co n verte rs ,  th e y 
n orm a l l y a l s o  n e e d  to  b e  i s ol a te d  from  th e  a. c.  s ys tem  b y op e n i n g  th e  a. c.  b reakers ,  to  e n a b l e  
th e  a i r i n s u l ati on  to  d e - i o n i ze .  After th i s ,  re -s tarti n g  th e  s ys tem  m a y take  a  ti m e of th e  ord e r of 
1 0  s .  An oth e r m eth o d  i s  to  i n tro d u ce d . c.  bre a ke rs  an d  o p en  th es e  wh e n  a  fau l t i s  d etecte d ,  or 
to  u s e  a  s p eci a l  VS C top o l o g y wh i ch  g i ve s  an  i n h ere n t ca p a b i l i ty to  cl e ar d . c.  l i n e  fa u l ts  (s ee  
S u bcl a u s e  5 . 3 . 3 ).  

8.3  In ternal  fau l ts  

VS C  s ys tem s  s h o u l d  b e  d es i g n e d ,  wh ere  practi ca l ,  to  p erm i t op erati o n  of th e  re s t of th e  
s ys te m  to  con ti n u e  i n  th e  pres en ce of i n tern a l  fau l ts  wi th i n  o n e  con verter s tati on .  

A typ i ca l  protecti on  d i a g ram  for a  VS C  s u bs ta ti on  i s  s h o wn  o n  F i g u re  2 8 ;  h o we ve r,  VS C  
s u bs tati on  pro tecti o n  a g a i n s t i n tern a l  fau l ts  wi l l  d i ffer d ep e n d i n g  on  th e  VS C  d es i g n  an d  
p ro tecti on  ph i l os o p h y.  Th e refore ,  th e  pro tecti on  s ys tem  s h o wn  i n  F i g u re  2 8  i s  o n l y 
rep res e n tati ve.  
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Figure 28  – Protection  concept of a  VSC substation  

T yp i ca l  p ro tecti ve  fu n cti o n s  i n cl u d e  th e  fol l o wi n g :  

1  o ve rcu rre n t pro tecti o n  of a . c.  ci rcu i t  b re akers ;   

2  ab n orm al  a . c.  vo l ta g e  protecti o n ;  

3  earth  fa u l t  p ro te cti o n ;   

4  a . c.  fi l ter protecti on s ;   

5  d i ffere n ti a l  pro tecti on ;   

6  o vercu rre n t  pro te cti o n  of th e  co n verter;   

7  ab n orm al  d . c.  vo l ta g e  prote cti o n ;   

8  o ve rcu rre n t pro tecti o n  of th e  VS C d . c.  ca p aci tors ;   

9  d . c.  d i s ch arg e  u n i t;   

1 0  va l ve  pro tecti o n ,  e. g . ,  i n  th e  val ve  g ate  e l ectro n i cs .  

D e p en d i n g  o n  th e  VS C  s u bs ta ti o n  d es i g n  a n d  th e  ap p l i ca ti o n ,  th e  fo l l o wi n g  a d d i ti o n al  
pro tecti on s  a re  u s u a l l y a pp l i cab l e:  

•  l os s  of co o l i n g  pro te cti o n ;  

•  d . c.  l i n e /ca b l e  e a rth  fa u l t  pro tecti on /s u p ervi s i o n ;  

•  freq u e n c y protecti o n ;  

•  i m pe d a n ce re l a y p ro tecti on ;  

•  fi re  pro tecti o n ;  

•  m ech an i ca l  p rotecti o n .  

9  HVDC performance requirements  

9. 1  Harmonic  performance   

M a n y as p ects  of th e  h a rm on i c p erform an ce of a  VS C tra n s m i s s i o n  s ch em e are  s i m i l a r to  
th os e  of an  L CC  H VD C  s ch em e,  as  d es cri b e d  i n  I E C /TR 6 2 0 0 1 .  Th e  m ai n  d i ffere n ce b etwe e n  
th e  two com es  from  th e  d i ffere n t s wi tch i n g  s tra te g i e s  u s e d  i n  th e  d i ffere n t typ e s  of con verter.  
D i fferen t VS C  to p o l o g i e s  a l s o  h a ve  wi d e l y d i ffe ri n g  h arm on i c p erform an ce.  

F or th e  pu rp os e  of th i s  cl au s e  th e  con verters  a re  tre ate d  as  i d e al  s o u rces .  F or re al  s ys tem s ,  
h o we ver,  th e  i m p e d a n ce s  an d  s u s cep tan ces  are  fi n i te .  C o n s e q u e n tl y,  th e  s i m pl e  ca l cu l a ti o n s  
pre s e n te d  h ere  m a y n o t g i ve  re s u l ts  wi th  acce p ta b l e  accu rac y.  

I n  com m on  wi th  LC C  co n verters ,  th e  i n te racti on  of VS C  co n verte rs  wi th  th e  n e twork i s  q u i te  
com pl ex a n d ,  for a n  accu ra te  ca l cu l a ti o n ,  th e  pre -exi s ti n g  ( b a ckg ro u n d )  h a rm on i cs  o n  th e  AC  
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n e twork n e e d  to  b e  taken  i n to  accou n t a n d  th e  n etwork i m pe d a n ce a t h arm on i c freq u en ci es  i s  
ve ry i m porta n t.   P re-e xi s ti n g  h a rm on i cs  m a y b e  d a m ped  or am pl i fi e d  d u e  to  o p era ti o n  of th e  
VS C .  I n  ord er to  p erform  th es e  ca l cu l a ti o n s ,  accu rate  i n fo rm ati o n  a b ou t b a ckg rou n d  h a rm on i c  
d i s torti on  a n d  n etwork i m ped a n ces  for th e  fre q u e n c y ra n g e  of i n te res t i s  n e ces s ary.  M ore  
g u i d a n ce o n  th es e  to p i cs  ca n  b e  fo u n d  i n  th e  I E C  6 2 0 0 1  s eri e s .  

VS Cs  g en e rate  h arm on i cs  on  b oth  th e  a. c.  a n d  d . c.  s i d es .  M eas u res  s h a l l  be  taken  to  l i m i t  th e  
am pl i tu d e  of th e  h arm on i cs  en teri n g  th e  a. c.  n e twork an d  th e  d . c.  l i n e.  Th e  m ai n  m eth o d s  of 
red u ci n g  th e  h arm on i cs  to  accep ta b l e  l e ve l s  are  a s  fo l l o ws :  

•  pu l s e  wi d th  m od u l a ti o n  ( PW M ) tech n i q u es ;  

•  m u l ti - l e ve l  tech n i q u es ;  

•  h arm o n i c fi l ters  ( s eri es  a n d /or s h u n t com bi n a ti o n s ) ;  

•  m u l ti -p u l s e  ( 1 2 -p u l s e ,  2 4 - pu l s e  e tc)  tech n i q u es ;  

•  com bi n a ti o n s  of th e  a b o ve .  

S i n ce  a  VS C  can  op erate  a t an y d es i re d  p o we r factor,  th e  d es i g n  of th e  fi l te rs  i s  n orm a l l y 
bas e d  o n l y o n  h a rm on i c perform an ce a n d  (u n l i ke  for LC C-H VD C)  i s  n ot a ffe cte d  b y re acti ve  
po we r co n s i d erati o n s .  S om e m u l ti - l e ve l  con verte r to p ol o g i e s  m a y g e n erate  s u ffi ci e n tl y l o w 
l e ve l s  of h arm on i cs  th at  h arm o n i c fi l ters  can  i n  s o m e cas es  b e  om i tted .  

9.2  Wave  d istortion  

Th e  i n d i vi d u a l  vo l ta g e  d i s torti on  factor (Dn ) ,  tota l  h arm on i c d i s torti o n  ( TH D ),  te l ep h on e  
h arm o n i c fo rm  factor (TH F F ) ,  tel e ph o n e i n fl u en ce factor (TI F )  an d  tota l  h arm on i c cu rren t 
fa ctor ( I T),  as  d efi n e d  i n  I E C /TR 6 2 0 0 1 ,  are  re l e va n t  a l s o  to  VS C  tra n s m i s s i on  s ch em es .  

I t  s h o u l d  b e  n ote d  th a t wi th  VS C  tech n o l og y i t  i s  re l a ti ve l y e a s y to  s h i ft th e  s p ectru m  of 
h arm o n i cs  to  h i g h er ord e rs  of th e  fu n d am e n ta l  fre q u e n c y.  W h en  s etti n g  th e  d i s torti on  l i m i ts  for 
a  VS C tra n s m i s s i on  s ch em e,  i t  m a y b e  a p p ropri a te  to  as s e s s  h arm on i cs  to  a  h i g h e r ord er 
th a n  h as  b e en  th e  cas e  for L C C  H VD C  s ch em es ,  e. g . ,  to  i n cre as e  th e  ord er to  b e  i n cl u d ed  
from  th e  5 0 th  h a rm on i c  to,  for exam pl e,  th e  1 0 0 th  h arm on i c.   

I t  a l s o  h as  to  be  n ote d  th a t th e  accu rac y of m od e l l i n g  of h a rm on i c i m pe d an ce d ecre as es  a t  
s u ch  h i g h  fre q u en ci es .  

9.3  Fundamental  and  harmonics  

9.3. 1  Three-phase  2-level  VSC  

A 2 - l e ve l  co n verter i s  s h o wn  i n  F i g u re  1 4 .  

Th e  a. c.  wa ve s h ap e a t a  VS C ph as e  u n i t o u tpu t m a y co n s i s t of a  s e q u e n ce of s q u are  wa ves ,  
as  s h o wn  i n  F i g u re  2 9 .  M a n y d i ffere n t m od u l a ti o n  m eth o d s  ca n  b e  u s ed  to  co n tro l  th e  
con ve rte rs  to  ach i e ve  a  s peci fi c wa ve s h a p e.  Th e  m os t com m on l y u s e d  m e th o d  i s  th e  carri er-
m od u l a te d  m e th o d  ( vo l ta g e  refe re n ce as  s i n e  wa ve or o th er wi th  a  tri a n g u l ar carri e r wa ve  
s h a p e).  S om e  typ i ca l  m o d u l ati o n  s tra teg i e s  u s ed  wi th  2 - l e ve l  VS C  a re  d i s cu s s e d  i n  An n e x B .  

F i g u re  2 9 a  s h o ws  th e  co n tro l  s i g n a l s  (th e  carri ers  an d  th e  vo l ta g e  refe re n ces  as  s i n e  wa ve)  
for a  PW M  VS C .  F i g u re  2 9 b  s h o ws  th e  res u l ti n g  vo l ta g e  Va m  a t  th e  a . c.  te rm i n a l  a ,  wi th  
res p ect to  a  h yp o th e ti ca l  m i d p oi n t m  of th e  d . c.  ca paci tor.  I n  th i s  exam pl e  th e  freq u en c y of th e  
carri er ( tri a n g u l ar wa ve  s i g n a l )  i s  n i n e  ti m es  th e  fu n d am en ta l  fre q u e n c y.  

Th e  g e n eral  h a rm on i c  form  of th e  s wi tch e d  wa vefo rm  of F i g u re  2 9 b  ca n  be  wri tte n  a s  fol l o ws :  
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wh ere   

M  i s  th e  m od u l ati o n  i n d ex,   

ω1  i s  th e  fu n d am en ta l  freq u en c y,   

ωc   i s  th e  carri er fre q u e n c y,   

m  i s  a  m u l ti p l e  of th e  carri e r fre q u e n c y,   

n   i s  a  m u l ti p l e  of th e  fu n d a m en ta l  fre q u e n cy,   

θ1   i s  a n  arbi trary p h as e  offs et  of th e  fu n d am en ta l  wa veform ,  a n d   

θc   i s  a n  a rbi trary p h as e  offs e t of th e  carri er wa veform .   

Th e  m os t effe cti ve  a pproa ch  to  d e term i n e  th e  h arm o n i c co effi ci e n ts  Cm n  i s  u s i n g  d ou b l e  
i n teg ra l  F o u ri er fo rm  a s  fo l l o ws :  
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wh ere   

F( x,y)    i s  th e  s wi tch e d  wa veform  for o n e  fu n d am e n ta l  c ycl e,   

X =  ωct  a n d   

Y =  ω1 t.   
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a) Control  signals for a PWM VSC 
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Figure 29  – Waveforms  for three-phase 2-level  VSC  

Th e g e n e ral  h a rm on i c  form  of th e  s wi tch e d  wa veform  d efi n es  carri er m u l ti p l e  h arm on i cs  
( wh e n  m  ≠  0  a n d  n  =  0 )  an d  s i d eb a n d  h a rm on i cs  a ro u n d  th e  carri er m u l ti p l es  ( wh e n  m  ≠  0  
an d  n  ≠  0 ) .  F i g u res  3 0 a  a n d  3 0 b  s h o w th e  typ i ca l  h arm o n i c  s p ectra  of th e  vo l ta g e  wa veform s  
for ph a s e -to-fl o ati n g  n eu tra l  an d  ph as e- to- ph as e,  res p e cti ve l y,  for a  2 - l e ve l  VS C  u s i n g  PW M  
s wi tch e d  wa veform s  wi th  a  carri er- ba s e d  con tro l  m eth od  u s i n g  2 1  ti m es  fu n d am e n ta l  
freq u e n c y an d  as s u m i n g  i n fi n i te  d . c.  cap a ci ta n ce  ( i . e . ,  n o  d . c.  vo l ta g e  ri p p l e ).  Th e s e h arm on i c 
s pectra  wo u l d  be  ch a n g e d  u n d er d i ffe re n t s peci fi c op e rati n g  con d i ti o n s .  
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F or a  th re e- p h as e  2 - l e ve l  VS C ,  a  b a l an ce d  s e t of th re e - p h a s e l i n e- l i n e  ou tp u t vo l ta g e s  i s  
ob tai n ed  i f th e  ph as e  l e g  refere n ces  are  d i s p l ace d  b y 1 2 0° .  I n  th i s  cas e,  th e  tri p l en  s i d eb a n d  
h arm o n i cs  arou n d  e ach  carri er m u l ti p l e  are  ca n ce l l e d  i n  th e  l i n e- l i n e  o u tpu t vo l ta g es .  I t  i s  
i m porta n t to  n ote  th a t th e  h arm on i c ca n ce l l ati o n  i s  a  co n s eq u en ce of th e  tri p l e n  s i d e b a n d  
h arm o n i cs .  Th e  carri e r/fu n d am e n ta l  ra ti o  h as  n o  i n fl u e n ce,  an d  i t  ca n  b e  o d d ,  e ven  or n o t 
i n teg er.   

 
Dv  pu  

2 

1 , 5 

1  

0, 5 

0 
0 1 0 20 30 40 50 60 70 80 90 1 00 

 

 
H arm onic order 

b) Phase-to-floating neutral  am plitude versus harm onic rank 

0 1 0 20 30 40 50 60 70 80 90 1 00 

H arm onic order 

 

a) Phase-to-phase voltage amplitude versus harm onic rank 

Dv  pu  
2  

1 , 5 

1  

0, 5 

0 

 

Figure  30  – Vol tage harmonics  spectra  of a  2-level   
VSC  wi th  carrier frequency at 21 st  harmonic  

9.3.2  Selective  harmon ic el imination  modulation  

S el ecti ve  h a rm on i c e l i m i n a ti o n  m od u l a ti on  ( S H E M )  i s  kn o wn  a s  a  m od u l ati on  m eth o d  to  
e l i m i n a te  th e  u n d es i rab l e  l o w ord er h a rm on i cs .  S H E M  a ppro ach  i s  a n  e ffecti ve  wa y to  
e l i m i n a te  th e  s e l ecte d  m os t s i g n i fi can t h arm o n i cs  u s i n g  l o wer s wi tch i n g  freq u en cy.  F i g u re  3 1  
s h o ws  th e  wa veform  s wi tch e d  at pred e term i n e d  a n g l es .  Th e  s wi tch e d  wa veform  h as  o d d  h a l f-
wa ve  s ym m e try an d  e ve n  q u arter- wa ve  s ym m e try.  T h e  K s wi tch i n g  a n g l e s  can  b e  u s e d  to  
e l i m i n a te  K- 1  s i g n i fi ca n t  h arm o n i c  com pon e n t a n d  co n tro l  th e  fu n d am en ta l  vo l tag e .   
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Figure 31  – Phase  output vol tage for selective  harmonic el im ination  modulation  (SHEM)  

Th e g e n eral  F o u ri er s e ri e s  of th e  s wi tch ed  wa veform s  s h o wn  i n  F i g u re  3 1  can  be  g i ve n  as  

  am n n
1

( ) ( cos sin )
n

v t a n t b n tω ω
∞

=

= +∑   (4 )  

F or a  wa veform  wi th  q u a rte r- wa ve s ym m etry,  o n l y th e  o d d  h arm on i cs  wi th  s i n e  com po n e n t wi l l  
be  pres e n t.  Th e refore ,  
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N o te  th at K n u m b er of s i m u l ta n e o u s  e q u ati o n s  are  re q u i re d  to  s o l ve  th e  K n u m ber of 
s wi tch i n g  a n g l es .  Th e  fu n d am en ta l  vo l ta g e  ca n  be  co n tro l l ed  u s i n g  o n e  e q u a ti o n  a n d  K- 1  
h arm o n i cs  ca n  be  e l i m i n a ted  u s i n g  th e  oth er K-1  eq u ati on s .  U s u a l l y th e  l o wes t s i g n i fi ca n t  
h arm o n i cs  a re  to  b e  e l i m i n ate d .  F or a  th re e- ph as e th ree - wi re  2 - l e ve l  VS C ,  th e  tri p l e n  
h arm o n i cs  can  b e  i g n ore d  i f th e  p h as e  refe re n ces  a re  d i s p l ace d  b y 1 2 0 ° .   

9.3.3  Mu l ti -pu lse  and  mu l ti -l evel  converters  

M u l ti -p u l s e  a n d  m u l ti - l e ve l  co n ve rter to po l og i es  can  a l s o  b e  u s e d  to  re d u ce th e  h arm on i c  
ou tp u t.  Th e  h arm on i cs  a re  ca l cu l ate d  b y F o u ri er a n a l ys i s  of th e  i n d i vi d u a l  wa ve form s .  

Th e  i n d i vi d u a l  l e ve l s  of s u ch  co n verters  are  s wi tch e d  to  o bta i n  d es i red  o u tp u t vo l ta g e  at  th e  
a. c.  an d  d . c.  term i n a l s  o f th e  co n verters .  Th e  m eth o d s  for s wi tch i n g  i n d i vi d u a l  l e vel s  can  b e  
d i s ti n g u i s h e d  i n  two m a i n  ca te g ori es :  

– m e th o d s  res u l ti n g  i n  a  ra n d om  typ e  p u l s e  pa ttern ;  

– m eth o d s  cre ati n g  a  fi xe d  p u l s e  p a tte rn  (for g i ven  o u tp u t vo l ta g es ) .  

Ra n d om  typ e  p u l s e  p attern s  d i s tri b u te  th e  h arm on i c d i s torti o n  o ve r th e  fu l l  freq u e n c y ra n g e,  
res u l ti n g  i n  a  " wh i te  n o i s e "  wi th  m od era te  a m pl i tu d es .  D u e  to  th e i r ra n d om  n a tu re ,  th es e  
h arm o n i cs  are  n ot e as y to  pre d i ct o n  a  p u re  a n a l yti c a l  b a s i s .  I n  con tras t,  fi xed  pu l s e  p a ttern s  
can  be  e a s i l y pred i cte d  a n d  an a l ys e d .   

9.4  Harmonic  vol tages  on  power systems  due to  VSC  operation  

O n e p os s i bl e  m eth o d  fo r ca l cu l ati n g  th e  h a rm on i c  pe rform an ce  of th e  VS C  i s  to  co n s i d er i t  to  
b e  a  h arm on i c g e n era tor of eq u i va l e n t vol tag e  En  at  e ach  i n d i vi d u al  h a rm on i c.  At th e  p o i n t of 
com m on  con n ecti on  ( P C C)  of th e  VS C  a n d  th e  p ower s ys te m ,  th e  e q u i va l e n t ci rcu i t  i s  s h o wn  
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i n  F i g u re  3 2 ,  wh e re  Zs ( n )  i s  th e  s ys tem  i m p ed a n ce  at th e  h arm on i c n  a n d  Z( n )  i s  th e  h a rm on i c  
i m pe d a n ce of th e  VS C ,  i n cl u d i n g  th e  i n te rface  tra n s form er,  p h as e  reactor an d  a . c.  fi l te rs  ( a s  
ap prop ri a te ) .  I f s h u n t  fi l ters  are  u s e d  e i th e r as  p art  of th e  n etwo rk or as  part of th e  co n ve rte r 
th e y s h ou l d  b e  i n cl u d ed  i n  res pecti ve  i m p ed a n ce .  

 En  

Z(n)  

PCC 

Zs(n)  

 

Figure 32  – Equ ivalent ci rcu i t  at  the  PCC of the  VSC  

S i n ce  b oth  Z( n )  a n d  Zs (n )  a re  a  com p l ex i m pe d a n ce,  a  res on a n ce  m a y occu r.  Th erefore ,  i t  i s  
e s s e n ti a l  to  h a ve  kn o wl e d g e  of th e  p u rch as er h arm on i c s ys tem  i m pe d a n ce  a t th e  P CC .   

9.5  Design  considerations  for harmon ic  fi l ters  (a.c.  s ide)  

I f th e  e va l u a ti o n  i n d i ca te s  th at th e  VS C  co n tri b u ti on  to  h arm o n i cs  a t th e  P C C wi l l  exce ed  th e  
perm i s s i bl e  l e vel ,  h arm on i c fi l te rs  s h a l l  b e  d es i g n e d  an d  i n s ta l l e d  to  ke e p th e  h a rm on i cs  
wi th i n  th e  re q u i re d  l i m i ts.  Th e  fi l ter con fi g u rati o n  for th e  VS C  i s  d eterm i n e d  i n  a  s i m i l ar 
m an n e r as  th os e  for L C C H VD C (s e e  I E C /TR 6 2 0 0 1 ) .  H o we ver,  o n e  i m portan t d i ffere n ce i s  
th a t th e  VS C  b eh a ves  a s  a  h a rm on i c vo l ta g e  s o u rce  o n  th e  a. c.  s i d e ,  a n d  h e n ce th e  s eri e s  
fi l teri n g  acti on  of th e  ph as e  re a ctor a n d  as s oci a te d  e q u i pm en t i s  m ore  i m porta n t th an  th e  
effects  of an y s h u n t  fi l ters .  

9.6  D.C.  s ide  fi l tering  

I f th e  VS C  i s  pa rt of a  d . c.  tra n s m i s s i o n  s ch e m e co n n ecte d  b y a  d . c.  o verh e a d  l i n e ,  or a  
com bi n a ti o n  of d . c.  ca b l e  a n d  d . c.  o ve rh ea d  l i n e ,  i ts  d . c. -s i d e  h arm on i cs  m a y i n te rfere  wi th  
oth er eq u i p m e n t a n d  s u b sta ti o n s  n e ar th e  tran s m i s s i on  l i n e .  VS C s ys tem s  fre q u e n tl y u s e  l an d  
cab l e s  wh i ch  m a y b e  i n s ta l l ed  i n  tren ch e s  a l on g s i d e  te l e com m u n i cati on  cab l es .  I f th ere  are  
cop p er te l e com m u n i ca ti on  ca b l es  cl os e  to  d . c.  ca bl es  o ve r a  l o n g  d i s ta n ce,  th e  p oten ti a l  
i n terfere n ce  b etwe e n  th e s e  ca bl es  s h a l l  be  co n s i d ere d .  Th e  fre q u e n ci es  u s e d  i n  com m erci a l  
vo i ce  tra n s m i s s i o n  ra n g e  from  2 0 0  H z to  3 50 0  H z.  Te l e ph o n e n oi s e  e va l u a ti o n  i s  p erform e d  
accord i n g  to  va ri ou s  we i g h ti n g  factors  (s u ch  a s  C CI TT an d  B TS E E I )  accord i n g  to  l oca l  
pra cti ces .  Th e  co u p l i n g  b etwe e n  po wer ci rcu i ts  a n d  te l e p h on e  ci rcu i ts  i s  th rou g h  bo th  e l ectri c  
an d  m a g n eti c  fi e l d s .  H o we ve r,  u n l es s  th e  s p aci n g  b e twee n  th e  two  ci rcu i ts  i s  s m a l l ,  th e  
m ag n e ti c co u pl i n g  pre d o m i n ates  an d  th e  e l e ctri c cou p l i n g  i s  n eg l i g i b l e.  F o r bi p o l ar d . c.  l i n es ,  
th i s  co u pl i n g  i s  u s u a l l y ca l cu l a te d  u s i n g  th e  “ E q u i va l e n t D i s tu rb i n g  C u rre n t”  [ 2 0 ] 1 .  

I f fi l teri n g  i s  re q u i re d  on  th e  d . c.  s i d e ,  a  com m on  m od e rea cto r,  d . c.  re a cto r,  or a  d . c.  fi l ter ca n  
a l s o  b e  u s e d  to  p erform  th e  rol e  of RF  fi l te ri n g .  

1 0  Environmental  impact  

1 0. 1  General  

Th i s  cl au s e  co vers  th e  m ai n  e n vi ro n m en ta l  i m p a ct res u l ti n g  from  th e  d e ve l o p m en t of a  VS C  
s u bs tati on .  Th e  en vi ro n m en ta l  as p ects  d i s cu s s e d  are  au d i b l e  n o i s e,  vi s u a l  i m p act,  E M F  an d  
E M C .  O th er facto rs  of a  m ore  g en eri c ch a racte r th a t re s u l t  from  VS C  s u b s ta ti o n  d e ve l opm en t 
are  n ot co vered ,  n or are  th e  i m p a cts  from  th e  d e ve l opm en t of a  ca b l e  or o verh e a d  l i n e  
s ys tem .  E n d - of-l i fe  i s s u e s  l i ke  rec ycl i n g  a n d  d i s p os a l ,  are  s i m i l ar to  th os e  for an  L C C  H VD C  
s ch e m e,  a s  are  po we r l o s s e s .  

————————— 
1  F i g u re s  i n  s q u a re  b ra cke ts  re fe r to  th e  b i b l i o g ra p h y 
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1 0.2  Audible  noise  

I E C 6 1 9 7 3  co ve rs  i n  a  com pre h e n s i ve  m an n e r th e  au d i b l e  n o i s e  re l a te d  to  l i n e  com m u ta te d  
H VD C  co n verter s tati on s ,  a n d  i s  a pp l i cab l e  a l s o  to  VS C  tra n s m i s s i on .  Au d i bl e  n o i s e  th e ory i s ,  
th erefore,  n ot co vere d  h e re.  

Th e  n o i s e  ch ara cteri s ti cs  of th e  coo l i n g  e q u i p m en t a n d  a u xi l i ari es  a re  s i m i l ar to  th os e  u s e d  i n  
a  co n ven ti o n a l  a. c.  s u bs tati o n .  D e pe n d e n t o n  th e  co n ve rter top o l og y u s e d ,  th e  n o i s e  
ch aracteri s ti cs  of th e  tra n s form er m a y b e  s i m i l ar to  th os e  of a  s u b s ta ti o n  tra n s form e r,  as  th e  
u s e  of fi l te rs  o n  th e  co n verte r s i d e  res u l ts  i n  a  ve ry l o w l e ve l  of h a rm on i cs  i n  th e  tra n s form e r.  
F or s om e con verter d es i g n s  th e  n o i s e  ch ara cteri s ti cs  m a y b e  d i fferen t.  F or co n verters  u s i n g  
va l ves  of th e  “ s wi tch ” -type ,  th e  fi l ters ,  VS C  val ves ,  p h a s e  re actor a n d  VS C  d . c.  ca p aci tors  
typ i ca l l y h a ve  n oi s e  co m pon e n ts  at  h i g h er fre q u e n c y th a n  fo r an  L CC  H VD C  s ch em e.  F o r 
con verters  u s i n g  va l ves  of th e  “ co n tro l l a b l e  vo l tag e  s ou rce”  typ e ,  th e  n o i s e  s p ectru m  m a y 
h a ve  a  s i g n i fi ca n t com pon e n t at  fu n d am en ta l  freq u en cy,  wi th  h i g h e r h a rm on i cs  b e i n g  m ore  
ch ara cteri s ti c of “ wh i te  n o i s e ” .  

N o i s e  atte n u a ti on  ca n  be  ach i e ve d  b y a  n u m ber of re d u cti on  m ea s u res  th at ca n  b e  
i n corp ora ted  i n to  th e  d e s i g n  of a  VS C s ta ti o n .  F or m an y com po n e n ts ,  s u ch  a s  tra n s form e rs ,  
coo l i n g  eq u i pm en t a n d  a u xi l i a ri es ,  th e  m eas u re s  taken  to  re d u ce n o i s e  are  s i m i l ar to  th os e  for 
a  co n ve n ti o n a l  a . c.  s u b s tati on .   

1 0.3  Electric  and  magnetic  fields  (EMF)  

Th e e l ectri c a n d  m a g n e ti c fi e l d s  ( E M F )  as s oci ate d  wi th  a  VS C  s ch e m e ca n  b e  s e p ara ted  i n to  
a. c.  a n d  d . c.  fi el d s .  Th e  a . c.  fi e l d s  are  prod u ced  b y th e  a . c.  com p on e n ts  of th e  s u b s tati on ,  a n d  
th e  co n n e cti o n  b etwe e n  th e  VS C  a n d  th e  a . c.  g ri d .  Th e  d . c.  fi e l d s  (a l s o  referre d  to  a s  s ta ti c  
fi e l d s )  are  pro d u ced  b y th e  ca b l e /O H  l i n e ,  b y co n n e cti o n s  to  th e  d . c.  e q u i pm en t,  a n d  b y th e  
d . c.  e q u i pm en t i ts e l f.  

I n  g e n era l ,  th e  el e ctri c  an d  m ag n eti c  fi e l d s  aro u n d  a  VS C  faci l i ty,  i n cl u d i n g  th e  s u bs tati o n ,  
con n e cti on s  an d  d . c.  o ve rh e a d  l i n e  or ca b l e,  are  s i m i l ar to  th os e  for an  LC C H VD C  s ch em e .  

1 0.4  Electromagnetic  compatibi l i ty (EMC)  

Th e  o p era ti o n  of h i g h - vo l ta g e  e l ectri ca l  e q u i pm e n t can  g en erate  e l e ctrom ag n e ti c fi e l d s  o ver a  
wi d e  ran g e  of freq u e n ci e s ,  from  po we r fre q u e n ci e s  to  te l e vi s i on  fre q u e n ci e s .  I t  i s  p os s i b l e  for 
e l e ctri ca l  or e l ectro n i c e q u i p m en t i n  th e  vi ci n i ty o f s u ch  el ectrom a g n eti c fi e l d s  to  b e  affe cte d ,  
or to  h a ve  th e i r pro p er op erati o n  i n terfere d  wi th .  I n terfere n ce  l i m i ts  i m pos e d  o n  faci l i ti es  
typ i ca l l y con s i d e r 

•  rad i o  i n terfe re n ce ( RI ) ,   

•  te l e vi s i o n  i n terfere n ce  (T VI ) ,   

•  te l ep h on e  i n te rfe re n ce (s e e  C l a u s e  9 ),  

•  p o we r l i n e  ca rri er i n terferen ce  (s e e  C l au s e  9 ) .   

VS C  va l ve  s wi tch i n g  ca n  g e n era te  h i g h  freq u en c y e m i s s i on s  u p  to  s e ve ra l  h u n d re d  M H z.  Th e  
VS C  d es i g n  s h a l l  e n s u re  th a t s u ch  n o i s e  d o es  n o t cau s e  u n a cce ptab l e  i n te rfe re n ce for o th ers .  
D i ffe ren t m i ti g ati on  m eth od s  ca n  b e  em pl o ye d ,  s u ch  a s  pro p er g ro u n d i n g ,  th e  u s e  of pa s s i ve  
ra d i o  i n terfe re n ce  fi l ters ,  a n d  s h i e l d i n g  of th e  s ou rces  b y E M C barri e rs .  

Ra d i o  i n terfere n ce i s  a s s oci a te d  wi th  n o i s e  i n  th e  fre q u e n c y ran g e  of 1 5 0  kH z to  s e ve ral  
h u n d re d  M H z.  Te l e vi s i o n  i n te rfere n ce ,  on  th e  o th er h a n d ,  res u l ts  from  n o i s e  i n  th e  freq u en c y 
ran g e  5 4  M H z to  1  G H z.  C o n s e q u en tl y,  th e  wh o l e  freq u e n c y ra n g e  u p  to  1  G H z s h al l  be  taken  
i n to  accou n t  wh e n  d es i g n i n g  th e  VS C  s u bs ta ti o n .  

E l ectri cal  i n terfere n ce a n d  n oi s e  a re  tra n s m i tte d  i n  th re e  form s :  ra d i a ted ,  co n d u cted  an d  
e l ectro -m ag n e ti ca l l y i n d u ce d . .  F or th e  VS C,  con d u cti on  on  p o wer l i n es  i s  a  m ore  s i g n i fi ca n t  
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s ou rce  th a n  ra d i a ti o n .  H ou s i n g  a  VS C i n  a  m eta l  en cl os u re  g e n e ra l l y re d u ces  th e  ra d i a te d  
com pon e n t of d i s tu rb a n ce s .  

Th e  con d u cte d  p h e n om en a co n s i s t of two ca te g ori es ,  com m on l y kn o wn  a s  th e  d i fferen ti a l  
m od e a n d  th e  com m on  m od e .  Th e  d i ffere n ti a l -m od e d i s tu rba n ce i s  a  cu rre n t or a  vo l ta g e  
m eas u red  b e twee n  th e  po we r l i n e s  of th e  VS C ,  wh i l e  th e  com m on - m od e i s  a  cu rre n t  or a  
vo l ta g e  m eas u red  b etwe en  th e  p o wer l i n es  a n d  g ro u n d .  An y fi l ter d es i g n  h a s  to  take  i n to  
acco u n t b o th  m od e s  of n o i s e .  

Th e  pa th  of th e  com m on - m o d e  d i s tu rb a n ce  i s  th ro u g h  s tra y ca p aci ta n ce .  Th es e  s tra y 
cap aci ta n ces  exi s t b etwee n  an y s ys tem  com pon en ts  a n d  g ro u n d .  I n  cl o s e  proxi m i ty to  th e  
s ou rce ,  o th er pred om i n a n t cou p l i n g  p ath s  s h o u l d  be  co n s i d ere d ,  s u ch  a s  e l ectri c fi e l d s  ( h i g h  
i m pe d a n ce fi e l d )  a n d /or m ag n e ti c fi e l d s  ( l o w i m pe d a n ce fi e l d ).  E xce p t i n  far fi e l d  co n d i ti o n s ,  
on e  of th es e  wi l l  b e  p re d om i n a n t.  

A p ro p er d es i g n  of a  VS C va l ve  a n d  co n ve rter l a yo u t ca n  re d u ce th e  d i s tu rba n ce  e m i s s i on s  a t  
th e i r s o u rce.  I n  a d d i ti o n  i t  m a y b e  n e ces s ary to  u s e  fi l ters .  E m i s s i o n  l e ve l  can  b e  as s es s e d  b y 
s i m u l ati o n  a n d  m ea s u re m en t i n - s i tu .  

Th e  I E C 6 1 0 0 0  s eri es  o n  e l ectrom a g n eti c  com p ati b i l i ty co ve rs  e m i s s i on  a n d  i m m u n i ty for 
ph e n om e n a i n  th e  0  to  4 0 0  G H z fre q u e n c y ra n g e .  Th i s  ra n g e  i s  s p l i t  i n to  s e ve ra l  fre q u e n c y 
ba n d s ,  accord i n g  to  m ea s u rem e n t tech n i q u es .  

1 1  Testing  and  commissioning  

1 1 . 1  General  

Th i s  cl au s e  pro vi d es  g e n era l  g u i d e l i n e s  for tes ti n g  a n d  com m i s s i o n i n g  o f VS C  tra n s m i s s i on  
s ys tem s .  E m ph as i s  h as  b ee n  p u t on  s u bs ys te m  an d  s ys tem  tes ts  rath er th an  th os e  for 
com pon e n ts .   

Tes ti n g  a n d  com m i s s i on i n g  are  p art of a  proces s  th at be g i n s  i n  th e  factory an d  e n d s  wi th  th e  
h a n d i n g  o ver of th e  eq u i pm en t for com m erci a l  op e rati on .  Th e re  are  two d i s ti n ct ph a s e s :  
factory or off-s i te  tes ti n g ,  an d  com m i s s i o n i n g  tes ti n g .  O ff-s i te  tes ti n g  i s  u s u a l l y p erform ed  to  
pro ve  th a t e q u i pm e n t,  i n cl u d i n g  th e  co n tro l  s ys te m ,  m ee ts  th e  d es i g n  cri teri a .  C om m i s s i o n i n g  
tes ts  a re  pe rform ed  after th e  e q u i pm en t h as  b e e n  d e l i ve red  to  th e  s i te  an d  i n s ta l l e d .  Th e  te s ts  
are  org a n i s e d  to  tes t s u b s ys tem s ,  s ys tem s  a n d  o vera l l  p erform an ce .   

As a general  rule,  al l  parti es  i n vol ve d  i n  th e  proj e ct s h ou l d  b e  i n cl u d e d  i n  th e  tes ts  an d  a l l  
res p o n s i b i l i ti es  cl e arl y d e fi n ed .  

G e n era l  re q u i rem en ts  fo r s ys tem  tes ti n g  are  s i m i l a r to  th os e  d es cri be d  for L CC - H VD C i n  
I E C  6 1 9 7 5.  

1 1 .2  Factory tests  

1 1 . 2. 1  Component tests  

Th e s e te s ts  co n ce rn  th e  veri fi cati on  of th e  s i n g l e  com pon e n ts ,  i n cl u d i n g  co n tro l  a n d  protecti o n  
eq u i p m en t,  b efore  th e y are  s e n t to  s i te .  Th e y m a y b e  s u b d i vi d e d  i n to  ro u ti n e  te s ts ,  a i m ed  
es s e n ti a l l y at q u a l i ty con tro l ,  a n d  typ e  tes ts  wh i ch  veri fy th a t a  com po n e n t h a s  b e en  pro perl y 
d es i g n e d  to  s u s ta i n  th e  s tres s es  from  p ote n ti al  tra n s i en ts  an d  s ervi ce  con d i ti o n s .  F actory 
tes ti n g  of VS C co n verte r va l ves  i s  co vered  b y I E C  6 2 5 0 1 .  Traditional  components s u ch  as  
s wi tch g e ar,  tra n s form ers ,  ca paci to rs ,  cap aci tor fu s es ,  rea ctors ,  res i s tors ,  i n s u l ators ,  vo l ta g e  
an d  cu rre n t tra n s form ers ,  s u rg e  arres ters ,  etc,  are  co ve re d  b y th e  C I G RÉ  B 4 . 4 8  rep ort 
Tech n i ca l  B roch u re  4 4 7 ,  i n  wh i ch  th e  a va i l a b l e  s ta n d a rd s  ( I E C ,  I E E E ,  AN S I )  are  p o i n te d  ou t  
an d  th e  s pe ci a l  tes ts  are  i n trod u ce d .  



I E C  TR 6 2 5 4 3 : 2 0 1 1 + AM D 1 : 2 0 1 3  – 6 3  –  
+ AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

1 1 .2.2  Control  system  tests  

As  wi th  th e  con trol s  for LC C H VD C s ys tem s ,  th e  con trol  s ys tem  for a  VS C  tra n s m i s s i on  
s ys tem ,  i n cl u d i n g  h ard ware ,  s oftware  a n d  d ocu m en ta ti o n ,  can  be  tes te d  a n d  ve ri fi e d  i n  a  
factory s ys tem  tes t (F S T).  A re a l  ti m e  s i m u l ato r wi l l  b e  req u i red  th a t can  re pres e n t po we r 
com pon e n ts  a n d  p arts  of th e  a . c.  s ys te m  i n  a  s u ffi ci e n tl y d e ta i l e d  wa y.  E very effort s h o u l d  b e  
m ad e  to  tes t as  com pl ete  a  s ys tem  a s  practi ca l ,  i n cl u d i n g  re d u n d a n c y,  s o  a s  to  m i n i m i s e  work 
on  s i te.  F actory s ys tem  tes ti n g  i s  a n  exte n s i ve  an d  th orou g h  ch eck of th e  co n tro l  a n d  
pro tecti on  s ys te m  u n d er n orm a l  an d  fa u l t co n d i ti o n s ,  wi th ou t th e  con s trai n ts  i m pos e d  b y th e  
rea l  s ys tem .  S e l ected  on -s i te  s ys tem  te s ts  wi l l  re p e a t s om e of th e  factory s ys tem  tes ts ,  b u t  
wi l l  i n cl u d e  th e  actu a l  tran s d u ce rs  a n d  m ai n  ci rcu i t e q u i pm e n t,  as  we l l  a s  actu a l  s ys tem  
con d i ti o n s  (as  p erm i tte d  wi th i n  s ys te m  con s trai n ts ) .  Al l  s oftwa re  a n d  h ard wa re  fu n cti o n s ,  
i n cl u d i n g  red u n d a n ci e s ,  s h o u l d  b e  tes te d  before  th e  e q u i pm e n t i s  s h i p p ed  to  s i te  for 
i n s ta l l a ti o n  a n d  com m i s s i on i n g .  

B e s i d es  s i m u l ator te s ts  i d e n ti ca l  to  th os e  fo r L C C -H VD C ,  o th er tes ts  s h ou l d  be  co n s i d e re d  
th at  acco u n t for th e  a d d i ti on a l  m od e s  of op erati o n  p os s i b l e  wi th  a  VS C.  E a ch  m od e  s h ou l d  b e  
tes te d  b oth  i n  th e  factory a n d  d u ri n g  com m i s s i o n i n g  ( e . g . ,  o p era ti on  of th e  co n ve rte r as  a  
S TATCO M ,  bl ack s tart cap a b i l i ti es ,  a n d  fe e d i n g  a  pa s s i ve  n e twork).  Th e  re s u l ts  o bta i n e d  from  
rea l  ti m e  s i m u l a tor tes ts  an d  s ys tem  s tu d i es  ( i n  p arti cu l ar th e  d yn am i c p erform an ces  s tu d i es )  
are  th e  m ai n  refere n ce s  u s e d  to  d efi n e  th e  com m i s s i on i n g  p l a n  an d  val i d ate  th e  tes t res u l ts  i n  
th e  fi e l d .  

1 1 .3  Commission ing  tests  /  System  tests  

1 1 .3. 1  General  

Com m i s s i o n i n g  tes ts  are  org a n i s e d  i n  a  s u cce s s i o n  of ph a s es .  

Th e  fi rs t p h a s e  i s  th e  s o- ca l l e d  “ p recom m i s s i on i n g  tes ts ”  execu te d  on  s i n g l e  s tati o n  
com pon e n ts  i n  ord er to  ch eck th e i r co n d i ti o n  a n d  fu n cti o n al i ty a fter tran s port a n d  a s s em bl y.  
Th i s  p h as e  i s  fo l l o we d  b y th e  “ s u b s ys tem  tes ts , ”  wh i ch  tes t s e vera l  co m p on e n ts  worki n g  
to g e th er to  p erform  a  s peci fi c fu n cti o n .  Th es e  a re  fo l l o we d  b y th e  “ s ys tem  tes ts , ”  wh i ch  
i n vo l ve  a l l  con verter s tati on s  a n d  fu l l  po we r tran s m i s s i o n .  Th e  s ys te m  te s ts  re q u i re  ca refu l  
coord i n a ti o n  b etwe e n  a l l  i n teres te d  pa rti es ,  i n  p a rti cu l a r th e  s ys tem  o p e rators ,  u ti l i t i es  an d  
i n d u s tri a l  cu s tom ers  th a t cou l d  b e  affected  b y th e  tes ts .  

D u ri n g  i n s p e cti on  a n d  te s ti n g ,  a l l  a p p l i ca b l e  h e al th ,  s a fety a n d  e n vi ro n m en tal  re q u i re m en ts  
an d  re g u l a ti o n s  s h a l l  b e  fol l o we d .  An y d e vi a ti o n s  s h o u l d  b e  d i s cu s s ed  a n d  res o l ve d  a t s i te  
m eeti n g s .  O fte n  th ere  i s  an  o verl a p  be twe en  com m i s s i o n i n g  an d  i n s ta l l a ti o n ,  e s p eci a l l y i n  th e  
are a  of ca b l e  term i n a ti o n .  Care  m u s t b e  take n  wh en  i n terco n n ecte d  s u bs ys tem s  are  e n erg i s e d  
an d  s ta rte d  u p  th at pe rs on n e l  a re  n oti fi e d  s o  th a t n o  p ote n ti a l l y h a zard ou s  con d i ti on s  exi s t.  
F or an  effi ci e n t proces s ,  i t  i s  i m porta n t to  com p l e te  as  m a n y as  p os s i b l e  of th e  e q u i pm en t pre-
com m i s s i on i n g  ch ecks  b e fore  en erg i s a ti o n  of th e  eq u i pm en t.  M os t u ti l i ti es  h a ve  exte n s i ve  
s afety ru l es  th a t protect workers  from  acci d e n ta l  e l ectri ca l  co n tact.  

1 1 .3.2  Precommissioning  tests  

Precom m i s s i o n i n g  con s i s ts  m a i n l y of i n s pe cti o n  a n d  eq u i pm e n t te s ts .  E q u i pm e n t tes ts  i n cl u d e  
e l ectri ca l  a n d  m ech an i ca l  tes ts  an d  s i m pl e  fu n cti o n a l  tes ts  co n fi n ed  to  a  s i n g l e  i n s ta l l ed  u n i t.  
Th e  pu rp os e  of th es e  tes ts  i s  to  ch eck th e  co n d i ti o n  of th e  eq u i pm en t an d  veri fy pro p er 
i n s ta l l a ti o n .  I f n orm a l  a u xi l i ary p o wer i s  n ot ye t a va i l ab l e,  e l e ctri ca l  tes ts  ca n  be  p erform ed  
wi th  p orta bl e  o r tem p ora ry p o wer s u pp l i es .  At th i s  s ta g e ,  s e tti n g s  are  veri fi e d  i n  prote cti o n  
an d  co n tro l  e q u i p m en t.  

I n  th os e  cas es  wh ere  d i s con n e cti on  a n d  reco n n ecti on  wo u l d  b e  req u i re d  for th e  e q u i p m en t 
tes ts ,  precom m i s s i o n i n g  te s ts  on  m a i n  ci rcu i t eq u i p m en t s h o u l d  b e  p erform ed  b efore  th e  m ai n  
con d u ctors  are  co n n ecte d .  E q u i pm en t tes ts  s h ou l d  b e  p erform ed  as  s oo n  as  pos s i b l e  after 
i n s ta l l a ti o n ,  a n d  accord i n g  to  th e  m an u fa ctu rer’ s  recom m en d ati on s .  
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1 1 .3.3  Subsystem  tests  

S u bs ys tem  tes ts  ve ri fy th e  pro per op era ti o n  of a  g ro u p of i n terco n n e cted  or re l ate d  
eq u i p m en t.  S u bs ys tem  tes ti n g  s h o u l d  b e  d on e  i n  s ta g e s  from  sm al l  to  pro g re s s i ve l y l a rg er 
s u b -s ys te m s ,  a n d  s h o u l d  ch e ck as  m an y fu n cti o n s  as  p os s i bl e .  

T yp i ca l  s u bs ys tem  tes ts  are  

•  s u b s ys tem  fu n cti on a l  tes ti n g ,  

•  s tart- u p  of a u xi l i a ry s ys te m s ,  

•  l o w- vo l ta g e  e n e rg i s a ti o n .  

1 1 .3.4  System  tests   

1 1 . 3.4. 1  General  

Th e s ys tem  te s ts  i n vol ve  op era ti n g  th e  con verter(s )  i n  con j u n cti on  wi th  th e  i n tercon n ecte d  a. c.  
tra n s m i s s i o n  s ys tem .  Th es e  tes ts  s h o u l d  n o t on l y ch eck for prop er perform an ce of th e  
au tom ati c con trol s  d u ri n g  n orm al  ch a n g es  i n  refere n ces ,  s et p o i n ts  or o pera ti n g  m od es ,  b u t  
a l s o  ta ke  p l a ce ,  i n  s o  far as  p os s i b l e ,  u n d er d i fferen t n e twork con d i ti o n s .  S ys tem  tes ts  s h o u l d  
a l s o  i n cl u d e  s e l ected  d i s tu rb a n ces  to  veri fy d yn am i c p erform an ce a n d  ro bu s tn es s .  
D i s tu rb a n ces  can  co n s i s t of n earb y ca p aci tor b a n k s wi tch i n g ,  tran s form er en erg i s a ti o n ,  l i n e  
s wi tch i n g ,  g e n era tor tri p p i n g ,  s te p  res p on s es ,  o r e ve n  s tag e d  fau l ts  wh ere  s p eci fi e d ,  a n d  
s h o u l d  co ver th e  m os t cri ti ca l  co n d i ti o n s  e vi d en ced  b y th e  s ys tem  s tu d i e s  an d  b y s i m u l a tor 
tes ts ,  i n  s o  far as  th e  n e tworks  al l o w.  S om e  tes ts  wi th  h i g h  po te n ti a l  i m pact m a y re q u i re  
s pe ci a l  pro vi s i on s  to  m i ti g ate  th e  p os s i bl e  ad ve rs e  s ys tem  i m pact of l a rg e  re acti ve/a cti ve  
po we r va ri a ti o n s .  Th es e  wi l l  re q u i re  ti g h t co ord i n a ti on  wi th  th e  tra n s m i s s i on  s ys tem  op era tor 
(TS O ) /u ti l i ti es  of a. c.  n e tworks  to  wh i ch  th e  VS C  tran s m i s s i on  s ys tem  i s  co n n e cte d .  

U s u a l l y,  tes ts  wi th  l o wer i m pa ct o n  a . c.  n e tworks  are  p erform ed  fi rs t,  fo l l o wed  b y th e  m ore  
on e rou s  on es .  

1 1 .3.4.2  H igh-voltage energisation  

W h en  al l  pre re q u i s i tes  for h i g h - vo l tag e  en erg i s a ti on  h a ve  be e n  com p l e te d ,  o pe ra ti o n a l  
au th ori ty i s  tra n s ferred  to  s ys tem  op erators  to  e n s u re  th a t a l l  s afe ty ru l e s  are  fo l l o we d  a n d  
th at a n y s ys tem  co n s tra i n ts  are  o bs erved .  O p e ra ti o n a l  proce d u re s  s h ou l d  b e  form al i s e d  
before h an d .  H i g h - vo l ta g e  en e rg i s a ti o n  i s  prece d e d  b y fi n al  tri p  tes ts  a n d  “ d ry ru n ”  tes ts  wh e re  
th e  o pera tors  execu te  th e  p roce d u re  wi th o u t  actu a l l y e n erg i s i n g  th e  e q u i p m en t.  

E n erg i s ati on  of a. c.  e q u i p m en t fo l l o ws  a  s te p- b y- s te p  s e q u e n ce  for th e  a . c.  b u s es ,  b a ys ,  
fi l ters  a n d  tra n s form ers .  Th i s  m a y re q u i re  tem p ora ry d i s con n ecti on  of s om e h i g h - vol tag e  
term i n a ti o n s  wh ere  d i s con n e ct s wi tch e s  a re  n o t pro vi d e d .  E q u i pm e n t s h o u l d  b e  i n i ti a l l y 
en erg i s e d  for s e vera l  h o u rs .  C h ecks  a re  m ad e  for coron a  a n d  a n y a b n o rm al  a u d i b l e  n oi s e .  
P h as i n g  a n d  p h a s e  ro tati on  are  rech ecked  wi th  fu l l  vo l ta g e .  D u ri n g  fi l ter e n e rg i s a ti o n ,  
u n b a l a n ce  p rotecti o n s  a re  ch e cked  an d  l o a d  ch ecks  are  m ad e .  Vi s u a l  i n s p ecti on s  of a l l  
eq u i pm en t a n d  s u rg e  arre s ter co u n te rs  are  m ad e b efore  a n d  after e n erg i s a ti o n .  

E n erg i s ati on  of th e  co n verter a n d  d . c.  e q u i pm e n t fol l o ws  th a t of th e  a . c.  eq u i pm en t.  I n  m os t 
cas es ,  va l ve  co o l i n g  s h o u l d  b e  ru n n i n g  b e fore  e n erg i s i n g  th e  co n verte r.  W i th  th e  VS C,  th e  
con n ecte d  d . c.  s i d e  e q u i p m en t ( i . e . ,  d . c.  b u s work,  d . c.  cap aci tors  a n d  d . c.  tra n s d u cers )  i s  
en erg i s e d  th rou g h  th e  va l ve  a n ti - para l l e l  d i o d es  wh e n  th e  m ai n  a . c.  breake r i s  cl os ed  th ereb y 
en erg i s i n g  th e  co n verter.   

As  a n  a d d i ti o n a l  ch e ck,  th e  co n verter m a y b e  e n erg i s e d  vi a  th e  d . c.  s i d e ,  wi th  th e  a . c.  
con n ecti on  o pe n .  A s pe ci al  d . c.  p o wer s u p p l y cou l d  b e  p ro vi d e d  for th i s  pu rp os e ,  or th e  
con verter at  th e  op p os i te  e n d  of th e  l i n k cou l d  b e  u s e d  a s  a  recti fi er to  pro vi d e  th i s  fu n cti o n .  
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D u ri n g  e n e rg i s ati on ,  d . c.  vol tag e  m eas u rem e n ts  an d  s ta tu s  s i g n a l s  from  i n d i vi d u a l  
s em i co n d u ctor p os i ti o n s  s h o u l d  b e  ch e cke d  vi a  th e  va l ve  m on i tori n g .  

I f oth er con verters  or d . c.  ca bl es  are  i n cl u d e d  i n  th e  parti cu l a r a p p l i ca ti on ,  th e y s h ou l d  b e  
i n i ti a l l y e n erg i s e d  s ep a rate l y wh i l e  i s ol a te d  from  th e  o th er co n verter(s )  an d  i n terco n n ecti n g  
cab l es  or b u s work.  

1 1 .3.4.3  Converter operational  operating  tests  

1 1 .3.4.3. 1  General  

O n ce th e  co n verte r an d  d . c.  eq u i pm en t h a ve  be e n  en erg i s e d  a n d  ch ecke d  ou t,  th e  con verter 
can  b e  d e b l ocked ,  s e n d i n g  s wi tch i n g  p u l s es  to  th e  va l ves .  I n i ti a l l y th i s  i s  p e rform ed  on e  
con verter a t a  t i m e,  wi th  th e  VS C o p era ted  i n  a. c.  vo l ta g e  con tro l  or re a cti ve  p o wer con trol .  
Th e  p u rp os e  of th e  co n ve rter o pera ti o n a l  tes ts  i s  to  ch eck th at th e  con verter op erate s  
pro p erl y wi th  th e  a . c.  n e twork.  

D u ri n g  co n ve rte r op era ti on a l  tes ti n g  a l l  s u bs ys te m s ,  e. g . ,  co n tro l s ,  tra n s d u cers ,  a u xi l i ari e s  
an d  m a i n  ci rcu i t e q u i pm en t,  are  te s te d  tog e th er fo r th e  fi rs t t i m e.  

T yp i ca l  te s ts  perform ed  d u ri n g  co n verter o pe ra ti o n  a re  th e  fo l l o wi n g :  

1 1 .3.4.3.2  Sequences  

Ch eck th at breakers ,  d i s con n ects  a n d  d eb l ock/b l ock an d  tri p  s e q u e n ce s  op erate  pro p erl y i n  
res p o n s e to  m an u a l ,  a u tom ati c or protecti ve  o rd e rs .  C h eck th a t th e  i n i ti a l  op e rati n g  co n d i ti o n  
i s  n e u tra l  m i n i m i s i n g  th e  d i s tu rb a n ce to  th e  n etwork,  e. g . ,  a u tom ati c co n n ecti o n  of fi l ters ,  i f 
an y,  wi th  n et  zero  re acti ve  p o wer exch a n g e  th ro u g h  co u n terb a l a n ci n g  VS C  abs orpti o n .  

1 1 .3.4.3.3  D.C.  vol tage control  

Ch eck th at th e  d . c.  vo l tag e  i s  con tro l l e d  to  i ts  refe ren ce vo l tag e ,  a n d  th at a l l  l e ve l s  of d . c.  
vo l tag e s  are  b a l a n ce d .  

1 1 .3.4.3.4  Measurements  

Ch eck th a t a l l  co n tro l s ,  i n d i ca ti o n s  a n d  m eas u re m en ts  h a ve  correct p o l ari ty,  p h as e  an d  
sca l i n g .  Take  s e l e cte d  m eas u rem en ts  of a . c.  a n d  d . c.  h arm on i cs  an d  d i s torti o n .   

N O TE  F i n a l  m e a s u re m e n ts  a re  u s u a l l y re s e rve d  fo r a cce p ta n ce  te s ts .  

1 1 .3.4.3.5  Reactive  power control  

Ch eck th a t th e  reacti ve  p o we r co n tro l ,  i f re l e va n t,  fol l o ws  th e  refe ren ce at  th e  s e l ecte d  ram p  
rate  for b o th  i n d u cti ve  a n d  ca p aci ti ve  ra n g es .  C h eck pro p er con verte r rea cti ve  p o we r 
l i m i ta ti o n s .  

N O TE  O p e ra ti n g  re s tri cti o n s  o n  a . c.  vo l ta g e  m a y l i m i t  th e  a m o u n t o f re a cti ve  p o we r th a t  ca n  b e  e xch a n g e d  wi th  
th e  a . c.  n e two rk.  

1 1 .3.4.3.6  A.C.  vol tage control  

Ch eck th a t th e  vo l ta g e  i s  con trol l e d  to  th e  refe re n ce ,  i f re l e va n t,  an d  th a t th e  re acti ve  p o we r i s  
s ta b l e .  Va ry s l o pe ,  refe ren ce ,  d e ad b an d  an d  vo l tag e  con tro l  m od es ,  a s  p ro vi d ed .  C h eck 
s ta b i l i ty wi th  th e  a. c.  n e twork b y refere n ce  s te p  res p on s e ,  ca paci tor ba n k s wi tch i n g  a n d /or 
a. c.  l i n e  s wi tch i n g .  
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1 1 .3.4.3.7  Load  test  

Ch e ck th e  cap a b i l i ty of th e  co o l i n g  e q u i pm e n t,  p ri m ari l y for th e  VS C va l ves .  O bs erve  th e  
tem pera tu res  a n d  s eq u e n ci n g  of th e  co o l i n g  e q u i pm e n t as  th e  l o a d  i s  i n creas e d .   

N O TE  O p e ra ti n g  re s tri cti o n s  o n  a . c.  vo l ta g e  m a y l i m i t  th e  a m o u n t o f re a cti ve  p o we r th a t  ca n  b e  e xch a n g e d  wi th  
th e  a . c.  n e two rk,  a n d  s p e ci a l  p ro vi s i o n s  s h a l l  th e n  b e  m a d e  to  re a ch  fu l l  o u tp u t.  

1 1 .3.4.3.8  Disturbance  tests  

I n  ad d i ti o n  to  th e  tes ti n g  of th e  s tep  res po n s e s  to  re g u l a tor refere n ces ,  th e  co n ve rter a n d  i ts  
con trol s  s h o u l d  be  tes te d  for vari ou s  i n tern a l  d i s tu rba n ces  (e . g . ,  a u xi l i ary s u p p l y ch an g e o ver,  
con trol  s ys tem  ch a n g e o ver,  a n d  extern a l  d i s tu rba n ce s  i n  th e  a. c.  tra n s m i s s i o n  s ys tem )  to  
veri fy p ro p er p erform an ce,  s ta b i l i ty a n d  rob u s tn e s s .  E xtern a l  d i s tu rb a n ces  ca n  co n s i s t of 
s wi tch i n g  n earb y ca p aci tor b a n ks ,  tran s form ers ,  tra n s m i s s i on  l i n es ,  or tri p p i n g  g e n e ra tors .  

1 1 .3.4.4  Transmission  tests  

1 1 .3.4.4. 1  General  

Tran s m i s s i o n  tes ts  i n vo l ve  o pera ti o n  of co n verte rs  th at work tog e th er to  con tro l  th e  p o wer 
fl o w.  S u ch  tes ti n g  re q u i res  a  very h i g h  d e g ree  of coord i n a ti o n  wi th  th e  s ys tem  o p era to r 
(d i s p a tch er) .  

T yp i ca l  tes ts  perform ed  d u ri n g  tran s m i s s i on  tes ti n g  are  as  fo l l o ws :  

1 1 .3.4.4.2  Sequences  

Ch e ck th at brea ke rs ,  d i s con n e cts  a n d  d eb l ock/b l ock an d  tri p  s e q u e n ces  op erate  p ro p erl y i n  
re s p o n s e to  m an u a l ,  a u tom ati c or prote cti ve  o rd e rs .  C h eck th at th e  i n i ti al  op era ti n g  co n d i ti o n  
i s  n eu tra l ,  m i n i m i s i n g  th e  d i s tu rba n ce to  th e  n etwork,  e. g . ,  zero  n e t re acti ve  or a cti ve  p o we r 
exch a n g e .  

1 1 .3.4.4.3  D.C.  vol tage control  

E n e rg i s a ti on  of h i g h - vo l tag e  d . c.  ca b l e s ,  b u s  wo rk or l i n e s  i n terco n n ecti n g  th e  co n verters .  
Re p e a t wi th  th e  o th er co n verter co n n ecte d .  D ep e n d i n g  o n  a p p l i ca ti o n  a n d  pro tecti ve  s trate g y,  
ch eck th at th e  d . c.  vo l tag e  i s  con tro l l e d  to  a  re feren ce d u ri n g  p o wer tran s fer a n d  
b l ocki n g /tri p p i n g  of on e  o f th e  oth er co n ve rters .  

1 1 .3.4.4.4  Power control  

Ch eck th a t th e  po we r fl o w a n d  p o we r ram p  rate  fo l l o w th e  refe ren ce  va l u e s .  C h e ck th e  p o wer 
con trol  s tab i l i ty b y s tep  res po n s e o r s ys tem  d i s tu rb a n ce ,  s u ch  as  l i n e  s wi tch i n g .  C h eck 
tra n s m i s s i o n  i n  b oth  d i re cti o n s .  C h eck prop er co n ve rter re a l  p o wer l i m i tati o n s .  

1 1 .3.4.4.5  Reactive power control  

Ch eck,  i f re l e van t,  th e  j oi n t  o p era ti o n  of th e  re acti ve  p o we r co n tro l  a n d  acti ve  p o wer co n tro l  at  
th e  d i ffere n t con verters  b y ch a n g i n g  th e i r res p ecti ve  refere n ces  d u ri n g  th e  d i ffe re n t o p era ti n g  
m od es .  C h eck p rop er co n verte r re acti ve  p o wer l i m i tati on s .  

1 1 .3.4.4.6  A.C.  vol tage control  

Ch eck,  i f re l e va n t,  th e  j o i n t o p era ti o n  of th e  a. c.  vo l tag e  co n tro l  a n d  a cti ve  p o wer co n tro l  a t  
th e  d i ffe re n t con verters .  C h e ck th e  s tab i l i ty b y s te p  res p o n s e i n  th e  po we r a n d  vo l tag e  
refere n ces ,  or d u ri n g  s ys tem  d i s tu rb an ces  s u ch  a s  ca p aci tor ba n k or l i n e  s wi tch i n g .  
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1 1 .3.4.4.7  Load  test  

Ram p u p  to  fu l l  po we r tra n s m i s s i o n  or M VA co n ve rter rati n g  for th e  d i ffere n t op era ti n g  m od es ,  
as  p erm i tte d  b y a. c.  s ys tem  an d  o th er co n d i ti o n s .  

1 1 .3.4.4.8  Measurements  

Ta ke s e l ecte d  m eas u re m en ts  of a. c.  a n d  d . c.  h arm on i cs  a n d  a. c.  vo l ta g e  d i s torti on .   

N O TE  F i n a l  m e a s u re m e n ts  a re  u s u a l l y re s e rve d  fo r a cce p ta n ce  te s ts .  

1 1 .3.4.4.9  Redundancy checks  

I f th e  s ys tem  i s  eq u i p p e d  wi th  red u n d a n t co n tro l  a n d  pro te cti o n  s ys tem s ,  p e rform  tra n s fers  
from  th e  a cti ve  to  s ta n d b y s ys tem .  Tran s fers  b e twee n  re d u n d an t a u xi l i ary s ys tem s  s h ou l d  
a l s o  b e  ch ecke d  d u ri n g  o pe ra ti o n ,  e . g . ,  au xi l i ary p o we r,  coo l i n g  p u m ps .  

1 1 .3.4.4. 1 0  Remote  control  

Tes t op erati on  from  rem o te  l oca ti o n s .  C h eck al l  re m ote  i n d i cati o n s  an d  co n tro l  fu n cti o n s .   

N O TE  M u ch  of th i s  wo rk i s  d o n e  b e fo re h a n d  d u ri n g  s u b s ys te m  te s ti n g ,  b u t  th i s  i s  th e  fi rs t  ti m e  th a t  re m ote  s ys te m  
op e ra to rs  h a ve  d i re ct  con tro l  of th e  s ys te m .  P re vi ou s l y,  o p e ra ti o n  wa s  fro m  th e  l o ca l  l e ve l  wi th  a u th o ri s a ti o n  o n l y  
fro m  th e  s ys te m  op e ra to r.  

1 1 .3.4.4. 1 1  Disturbance  tests  

I n  ad d i ti o n  to  te s ti n g  th e  s te p  re s p o n s es  to  re g u l a tor refere n ce s ,  th e  co n ve rter an d  i ts  co n tro l s  
s h o u l d  be  te s te d  a g a i n  for vari o u s  exte rn a l  d i s tu rba n ces  i n  th e  a . c.  tran s m i s s i o n  s ys tem  to  
ve ri fy p ro p er p erform an ce,  s ta b i l i ty a n d  rob u s tn es s .  E xtern a l  d i s tu rb an ces  ca n  co n s i s t of 
s wi tch i n g  n e arb y ca pa ci tor ba n ks ,  tran s fo rm ers ,  tra n s m i s s i o n  l i n es ,  tri p p i n g  g e n era tors ,  or 
e ve n  s tag e d  fa u l ts ,  e . g . ,  d . c.  or a . c.  o verh e a d  l i n e  fa u l ts ,  a s  rel e van t.  

1 1 .3.4.5  Trial  operation  

Tri a l  op era ti o n  a l l o ws  th e  o wn er to  o p e rate  th e  i n te g ra te d  s ys tem  accord i n g  to  i ts  i n ten d ed  
pu rp os e  from  th e  n orm a l  con trol  l ocati o n .  Tri a l  op era ti o n  d oes  n ot s tart u n ti l  a l m os t a l l  s ys tem  
tes ts  h a ve  b ee n  s u cces s fu l l y com pl ete d .  D u ri n g  tri al  o p era ti on ,  obs ervati o n  of th e  com pl ete  
s ys tem  a n d  s u bs ys tem s  take s  p l ace .  Al l  a l arm s  or a bn orm al  co n d i ti o n s  are  d e a l t wi th  a s  
req u i red .  

1 1 .3.4.6  Acceptance  tests  

1 1 .3.4.6. 1  General  

Accep ta n ce tes ts  veri fy th e  p erform an ce of th e  s ys tem  a ccord i n g  to  th e  s p eci fi cati on  o n  a  
s e l ecte d  b as i s .  Acce p ta n ce tes ts  m a y i n vo l ve  m eas u re m en ts  to  veri fy th at i n terferen ce  l e ve l s  
are  wi th i n  th e  d es i g n  l i m i ts  a n d  th a t o th er fu n d a m en tal  p erfo rm a n ce  cri teri a  are  m et.  

1 1 .3.4.6.2  Heat run  

O p era te  at rate d  a n d  o verl o a d  ca paci ty for s p eci fi e d  p eri o d s  of t i m e  i n  d i ffere n t o p erati n g  
m od es ,  i f a p p l i ca b l e .  M on i tor te m peratu res  a n d  coo l i n g  s ys tem s .  Th i s  tes t u s u a l l y takes  
s e ve ra l  h o u rs  d u e  to  th e  s l o w h e ati n g  of th e  tra n s form ers .  

1 1 .3.4.6.3  In terference  measurements  

Veri fy th a t h arm on i cs  o n  th e  a . c.  an d  d . c.  s i d es ,  a u d i b l e  n o i s e ,  ra d i o  i n terfere n ce ,  PL C  
i n terfe ren ce ,  etc. ,  m eet th e  perfo rm an ce  req u i rem en ts .  



 – 6 8  – I E C TR 6 2 54 3 : 2 0 1 1 + AM D 1 : 2 0 1 3   
  + AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

1 1 .3.4.6.4  Disturbance  response  

Tes t a u xi l i ary s u p p l y ch an g eo ver,  con trol  s ys te m  ch an g e o ver,  l i n e  s wi tch i n g ,  s h u n t b a n k 
s wi tch i n g ,  g e n e ra tor tri p p i n g  or s ta g e d  fa u l ts ,  as  n eces s a ry.  
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Annex A  
(i n form a ti ve )  

 
Functional  speci fication  requirements   

for VSC transmission  systems  
 

A.1  Introduction  

Th i s  an n ex p res e n ts  th e  m i n i m u m  re q u i rem en ts  of a  fu n cti o n a l  s p e ci fi cati on  for a  VS C  
tra n s m i s s i o n  s ys te m .  O n ce th e  tech n i ca l  re q u i re m en ts  of th e  VS C  tra n s m i s s i o n  s ys tem  h a ve  
be e n  d efi n e d  a n d  con fi rm e d  b y b as i c  s ys tem  s tu d i es ,  a  fu n cti on a l  s p eci fi ca ti on  ca n  be  
pre p ared .  S u pp l em en te d  b y th e  com m erci a l  co n d i ti on s ,  th e  s p eci fi cati on  al l o ws  th e  pu rch as er 
to  i n vi te  te n d ers  from  m an u factu rers  for th e  e q u i pm en t re q u i re d .  Th e  fu n cti o n a l  s p eci fi cati on  
s h a l l  pro vi d e  a d eq u ate  i n form ati o n  from  th e  p u rch as er to  th e  m a n u factu rer a n d  th e  req u i re d  
i n form a ti o n  exch a n g e be twe e n  th e  p u rch as er,  th e  m an u factu rers  a n d  re l e van t s u bco n tractors .  

Th e  s pe ci fi ca ti o n  s h ou l d  i n cl u d e  p arts  wh ere  a  m i n i m u m  req u i rem en t i s  s p e ci fi ed ,  as  we l l  a s  
th os e  p arts  wh ere  a  p erform an ce a bo ve th e  m i n i m u m  s tan d ard  i s  d es i re d  bu t n ot e s s e n ti a l .  
Th e  s p eci fi ca ti on  s h o u l d  i n cl u d e  a  m eth o d  for e va l u ati n g  th e  a b o ve- m i n i m u m  perform a n ce  
cri teri a.  

I n  th e  fol l o wi n g  s e cti o n s  th e  m i n i m u m  tech n i cal  i n form ati on  th a t n e e d s  to  b e  pro vi d ed  b y th e  
pu rch as er an d  m an u factu rer are  s u m m ari ze d .  Th e s e  s u m m ari e s  d es cri b e  

•  g e n era l  req u i rem e n ts  of th e  VS C  tra n s m i s s i on  s ys tem ;  

•  po we r s ys tem  con fi g u ra ti on  to  wh i ch  th e  VS C tra n s m i s s i o n  s ys tem  i s  co n n ecte d ,  i n cl u d i n g  
a l l  th e  p ara l l e l  tra n s m i s s i on  s ys tem s ,  i f a n y;  

•  req u i rem en ts  of th e  d . c.  l i n e ,  i . e. ,  typ e  of ca bl e  or o ve rh e ad  l i n e  or com bi n ati on  th ere of.  I f 
th e  d . c.  l i n e  i s  n o t wi th i n  th e  s cop e of s u p p l y,  th e  con verter m a n u factu re r s h o u l d  pro vi d e  
i n form ati o n  th a t wou l d  b e  n e e d ed  for a  p ro p er l i n e  s peci fi ca ti o n .  Th e  typ e  of l i n e  ch os en  
s h o u l d  be  ap p ro ve d  b y th e  co n ve rte r m an u fa ctu rer as  to  i ts  a pp l i cab i l i ty;  

•  s i te  a n d  en vi ro n m en t;  

•  op era ti n g  fu n cti o n  of th e  VS C ;  

•  m ai n te n an ce,  p erfo rm a n ce tes ts  a n d  s pare  p arts  req u i rem e n ts ;  

•  VS C  s i te,  tra n s m i s s i o n  ri g h t of wa y,  a n d  e n vi ron m e n tal  con s tra i n ts  an d  co n s i d era ti o n ;  

•  factory a n d  com m i s s i o n i n g  tes ts ;  

•  oth e r co n s i d erati on s  re l a ti n g  to  l os s  e va l u a ti o n ,  ten d er e va l u a ti o n ,  h e a l th  a n d  s a fety,  a n d  
oth e r a n ci l l ary re q u i rem en ts .  

Th e  p u rch as er s h a l l  p ro vi d e  a  d eta i l e d  d es cri p ti on  of th e  p o wer s ys tem s  con n ecte d  to  th e  
VS C  tra n s m i s s i o n  s ys te m  to  e n a bl e  th e  s u p p l i e rs  to  offer th e  m os t s u i tab l e  an d  eco n om i c 
eq u i pm en t d es i g n .  I n  ad d i ti o n ,  th e  p u rch as e r an d  th e  m an u factu re r s h a l l  m ai n ta i n  a  
con ti n u ou s  d i a l og u e  s ta rti n g  a t th e  te n d er s tag e  a n d  con ti n u i n g  u n ti l  th e  p roj ect i s  com p l e te d .  
I t  i s  re com m en d e d  th a t th e  m an u factu rer s h o u l d  re vi e w th e  b as i c s tu d i e s  u n d ertake n  b y th e  
pu rch as er,  a n d  vi ce  vers a.  

A.2  Purchaser and  manufacturer information  requirements  

A.2. 1  General  

I n  th e  fo l l o wi n g  ta b l e s ,  i n form ati o n  m arked  wi th  an  as teri s k (*)  m a y req u i re  d eta i l e d  s tu d i es  
th at m a y n o t be  a va i l a b l e  b efore  th e  co n tract s ta g e.  
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F or s om e p aram ete rs ,  t i m e varyi n g  d a ta  m a y b e  ap propri ate ,  e. g . ,  th e  ra n g e  of a . c.  s ys te m  
r. m . s .  vo l ta g e  m a y i n cl u d e  excu rs i o n s  o u ts i d e  a  n o rm al  ran g e  d u ri n g  bri e f p e ri o d s  ( h o u rs ,  
m i n u tes ,  s econ d s  or m i l l i s eco n d s )  wi th  d i ffere n t l i m i ts  for e ach  d u ra ti o n .  S u ch  ti m e varyi n g  
d a ta  s h a l l  b e  d es cri b e d  i n  a n  a p pro pri a te  m an n er.  

Th e  co n fi rm ati on  of perform an ce m a y b e  d em on s tra te d  b y a n y o n e  or a  com bi n a ti o n  of th e  
fol l o wi n g  m eth o d s :  

•  s tu d i es   

•  com pu ter s i m u l a ti o n  

•  tes ts   

A.2.2  General  requ irements  

Purchaser specification  requ i rement VSC  manufacturer suppl ied  information  

D efi n i ti o n  of s cop e of s u p p l y 

 

 

Loca ti o n  of th e  VS C  

 

  

 
Ro l e  of th e  VS C  

 

G e n e ra l  d es cri p ti o n  of s o l u ti on  

Co n ve rte r typ e  a n d  d . c.  s i d e  co n fi g u ra ti on s  
( i f fi xe d )  

•  C o n verter typ e  

•  Topo l o g y of d . c.  s ys tem   

•  T yp e  of d . c.  l i n e /C ab l e  

•  Tran s m i s s i o n  vo l tag e  ( i f fi xe d )  

 

C o n fi rm a ti on  of th e  VS C  typ e  a n d  con fi g u rati on  
a n d  d . c.  s i d e  co n fi g u ra ti o n s  

 

M a i n  ra ti n g s  of th e  VS C  

•  P o wer to  be  tra n s m i tte d  

•  Loca ti o n s  of rea l  a n d  re a cti ve  p o wer 
re feren ce  p o i n ts  

•  D . C .  vo l ta g e  a n d  cu rre n t,  i f 
a p p l i ca b l e   

•  A. C.  s en d i n g  a n d  recei vi n g  vol tag es  

•  F re q u e n c y of th e  s ys tem  

•  P o wer res o l u ti o n  

 

G u ara n te e d  rati n g  of th e  VS C  

 

I m p orta n t  a n ci l l ary co n tro l  re q u i rem en ts  
e. g . :  

•  Re acti ve  p o wer re g u l a ti o n  
re q u i re m en ts  

•  O verl o a d  re q u i rem en ts  

•  Tran s i e n t  pe rform an ce  

G u ara n te e d  perform an ce  of th e  VS C  
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Purchaser specification  requ i rement VSC  manufacturer suppl ied  information  

Re q u i rem en t o n  VS C  l os s es  

•  D efi n i ti o n  of op erati n g  po i n t(s )  for 
wh i ch  l os s es  are  to  b e  d e term i n e d  

•  C a p i ta l i s e d  L os s  e va l u ati on  rate  

Los s es  a t d es i g n a ted  o p e ra ti n g  co n d i ti on s  a n d  
th e  m eth od  of l os s  ca l cu l ati on  an d  l os s  
d i s tri b u ti o n  b e twe e n  th e  m a j or com po n en ts  

 

S ta n d ard s  a n d  cod es  

 

C o n fi rm a ti on  of th e  s ta n d ard s  an d  co d es  

I n  s ervi ce  d ate  •  C o n fi rm ati on  of th e  cri ti ca l  d a tes  

•  Ke y m i l es to n e  d ates  

Ten d er as s es s m en t cri teri a   

S peci a l  prem i u m s  a p p l i e d ,  e . g . ,  for 
perform an ce i n  exces s  of th e  m i n i m u m  
req u i rem e n t 

D e ta i l s  of th e  are as  wh e re  th e  m i n i m u m  
req u i red  perform an ce  i s  exce e d e d  

H e a l th  a n d  s afety re q u i re m en ts   

 

A.2.3  Detai l ed  descriptions  

A.2.3. 1  Power system  configurations  

A.2.3. 1 . 1  General  

Purchaser specification  requ irement VSC  manufacturer suppl ied  
in formation  

S ys tem  co n fi g u ra ti o n  

•  S i n g l e  l i n e  d i a g ram  of th e  s ys tem  
con n ecti on  po i n ts  

•  H arm on i c i m ped a n ce  en ve l o p es  s ee n  
from  th e  po i n ts  of co n n ecti o n  

•  D a ta  on  n e arb y g e n erati o n  

•  M o d e l l i n g  i n form ati o n  for n e a rb y 
con trol l a b l e  d e vi ces ,  s u ch  as  s tati c VAR 
(vo l t- am pere  re acti ve)  co m p en s a tors  
(S VC s ),  wi n d  tu rb i n es  e tc.  

 

 

A.2.3. 1 .2  D.C.  l i ne/cable  ( in  case  of tu rnkey,  suppl ied  by the  converter 
manufacturer)  

Purchaser specification  requ irement Converter manufacturer suppl ied  
 M a i n  fe a tu res  of d . c.  s i d e  

•  C o n fi g u ra ti o n  of th e  d . c.  s ys tem   

•  Topo l o g y of d . c.  s ys tem  

•  T yp e  of d . c.  tra n s m i s s i o n  l i n e  (cab l e  
or o ve rh e a d  l i n e  or a  co m bi n ati on  
th ereof)  

•  Le n g th  of th e  o verh e a d  l i n e  

•  Le n g th  of th e  ca b l e  

 

C o n fi rm a ti on  of th e  con fi g u ra ti o n  of th e  d . c.  
s ys te m  i n cl u d i n g  ca b l e/ o ver h ea d  l i n e  
p aram eters  e. g . :  

•  cu rren t ca pa b i l i ty,  s te ad y s tate  a n d  
o verl o a d  ( i f a n y)  

•  vo l tag e  wi th s ta n d  ca p a b i l i ty 

•  pro p os ed  typ e  te s ts  i n cl u d i n g  tes t  
l e ve l s  
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Purchaser specification  requ irement Converter manufacturer suppl ied  
 N a ti o n a l  s a fety co d es /s ta n d ard s  fo r d e s i g n  

of o verh e a d  l i n e s  an d  ca b l es   
C o n fi rm a ti on  of th e  N a ti o n a l  s afety 
cod es /s tan d ard s  

 
I n form ati o n  ab o u t  th e  o verh e ad  l i n e  

•  Ai r tem pera tu re  ran g e  

•  W i n d  con d i ti on s  

•  I ce  l o a d i n g  re q u i re m en ts  

•  Ai r p o l l u ti o n  l e ve l  

•  Ri s k of va n d a l i s m  

C o n fi rm  th a t d es i g n  m e ets  th e  cri teri a *  

 

I n form ati o n  ab o u t  th e  ca b l e  

•  Le n g th  of ca b l e  

•  M i n i m u m  req u i red  d e pth  of b u ri a l  

•  S u rve y d a ta  a b o u t th e  s u bs e a /l a n d  
terra i n  

•  Th erm al  res i s ti vi ty of s oi l /s i l t/s e a b e d  

•  Tem peratu re  co n d i ti o n s  

•  Re q u i rem en t fo r fi b e r o pti c ca b l e  
( wh eth er em be d d e d  or n ot)  

C o n fi rm  th a t d es i g n  m e ets  th e  cri teri a *  

 

Loca ti o n  of n e arb y com m u n i cati o n  cab l es  C o n fi rm  th e re  i s  n o  e ffect  o n  
com m u n i ca ti o n  ca bl es *  

 
 

A.2.3. 1 .3  D.C.  l i ne/cable  (not suppl ied  by the  converter manufacturer)  

S i n ce  th e  d es i g n  of th e  con verter an d  th e  cab l e  are  i n terd e p e n d e n t,  th e  d e s i g n  p roces s  wi l l  be  
i terati ve.  Th e refore  th e  d a ta  n e e d s  to  fl o w b etwe e n  th e  VS C  m an u factu rer a n d  th e  cab l e  
s u p p l i e r as  s h o wn  b e l o w.  

Purchaser specification  requ i rement Converter manufacturer suppl ied  
information  

P ro vi d e  d ata  from  th e  d . c.  l i n e /ca b l e  
s u p p l i e r to  th e  con verter m a n u fa ctu re r 

•  M axi m u m  s te a d y s ta te ,  d yn a m i c a n d  
tra n s i e n t cu rren t b y th e  VS C  

•  M axi m u m  s te a d y s ta te ,  d yn a m i c a n d  
tra n s i e n t vo l ta g e  b y th e  VS C  

•  H arm on i c  vo l ta g e  a n d  cu rre n t a t th e  
VS C  term i n a l s  ca u s e d  b y th e  VS C  

•  O ve rvol tag e  p rotecti o n  pro vi d e d  

•  Ap pro va l  of s e l ecte d  d . c.  l i n e /ca b l e  
s ys tem  

Re q u i rem en t fo r VS C  d a ta  for cab l e  
m a n u fa ctu rer 

D a ta  pro vi d ed  
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A.2.3.2  Si te  and  envi ronment 

Purchaser specification  requ irements  Manufacturer suppl ied  information  

S pace a n d  fo otpri n t  res tri cti o n s  

S i te  acces s es  an d  tran s p orts  l i m i ta ti o n s  

VS C  l a yo u t  a n d  l a yo u t op ti o n s   

Acces s  an d  tra n s p ort req u i rem e n ts  

E l ectrom ag n e ti c fi e l d  l i m i ta ti o n s   E l ectrom ag n e ti c fi e l d  g e n era ti o n  

E l ectrom ag n e ti c i m m u n i ty re q u i rem en ts  E l ectrom ag n e ti c i m m u n i ty l e ve l s *  

Re q u i re m en t fo r VS C  g ro u n d i n g  co n d i ti on s   Re q u i re m en t of ap prop ri ate  e l ectrod e  

Am b i e n t tem peratu re,  pre s s u re  a n d  h u m i d i ty 
ran g es  

C o n fi rm  o p era ti o n  u n d er req u i red  
con d i ti o n s *  

S ol ar,  s n o w a n d  i ce,  wi n d ,  a i r p o l l u ti on ,  
i s okera u n i c  l e ve l  a n d  s e i s m i c con d i ti o n s  

C o n fi rm  o p era ti o n  u n d er req u i red  
con d i ti o n s *  

N o i s e  res tri cti o n ,  a co u s ti c a n d  
e l ectrom a g n eti c  te l e p h on e  i n terfe re n ce  
res tri cti o n s  

C o n fi rm ati on  of th e  req u i rem e n t*  

 

Re q u i re m en ts  i n  re s p ect of e arth q u ake 
res i s tan ce  

C o n fi rm ati on  th at  th e  d es i g n  m eets  th e  
req u i rem en t wi th  res p ect  to  e arth q u ake 
res i s tan ce *  

 

A.2.3.3  Operating  function  of the  VSC  

Purchaser specification  requ irement  Manufacturer suppl ied  i nformation  

Re q u i rem e n t fo r th e  m a i n  o p era ti o n  

•  Re q u i rem en t for th e  tran s m i tted  
po we r 

•  M a i n  a n ci l l ary o p era ti o n  ( i f n e e d e d )  

•  Re q u i rem en t for th e  re acti ve  
po we r 

•  Re q u i rem en t for th e  a . c.  vo l ta g e  
reg u l ati on  

•  Re q u i rem en t for th e  d . c.  vo l ta g e  
reg u l ati on  

•  Re q u i rem en t for th e  co n tro l  
pri ori ti es   

 

C o n fi rm  o p era ti o n  a b i l i ty*  i n cl u d i n g  th e  
VS C  con tro l  m od es  an d  con trol  l a ws  

Re q u i rem en t fo r th e  d yn a m i c pe rform an ce  

•  Re q u i rem en t fo r th e  res p on s e  ti m e 
for th e  ou tpu t ch an g e  

•  Re q u i rem en t fo r th e  o ver l o ad  
perform an ce  

 

C o n fi rm  o p era ti o n  a b i l i ty*  i n cl u d i n g  s h ort 
term  o verl o a d  ra ti n g s  
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Purchaser specification  requ irement  Manufacturer suppl ied  i nformation  

O p era ti o n  ra n g e  

(Ra n g e  of co n d i ti o n s  o ve r wh i ch  ra ted  
pe rform an ce  or ri d e - th ro u g h  i s  req u i red )  

•  Ra n g e  of th e  a. c.  s ys te m  con d i ti o n s  
i n  wh i ch  th e  VS C h a s  to  op e rate  
(bo th  s te a d y-s tate  a n d  tran s i e n t)  

•  A. C .  s e n d i n g  a n d  re ce i vi n g  
vo l tag e  ra n g e  i n cl u d i n g  
tem porary o ve rvo l tag e  

•  A. C .  fre q u e n c y ra n g e   

•  Ra n g e  of a . c.  vo l ta g e  i m ba l a n ce  

•  Zero  s e q u e n ce  vo l ta g e  ran g e  

•  Ra n g e  of h arm on i cs  

•  S wi tch i n g  tra n s i en t  

•  F a u l t  l e vel  

•  S ys te m  co n fi g u ra ti o n  

•  D . C .  co n d i ti o n s  

 

C o n fi rm a ti on  th a t th e  s ys tem  re m ai n s  
op erati o n a l  a n d  d es cri p ti on  of th e  
p erform a n ce*  

 

Re q u i rem en t fo r p ro tecti on   

•  F a u l ts  wh i ch  s h a l l  b e  po s tu l a te d  for 
th e  VS C to  be  tu rn e d  off s afel y or 
to  ri d e - th ro u g h  

•  F a u l t  typ e s  

•  F a u l ts  l e ve l s  a n d  cl e a ra n ce  
ti m es  

•  W h eth er s i n g l e-  or th re e  ph as e  
au to  recl os u re  i s  u s e d  a n d  i f s o ,  
th e  ti m i n g  of d i fferen t p eri od s .  

•  P rotecti o n  for th e  a. c.  s ys tem  

•  P rotecti o n  for th e  d . c.  s i d e  

•  P rotecti o n  for th e  VS C  

C o n fi rm a ti on  of th e  req u i rem en t,  e . g . :  

•  perform an ce d u ri n g  fa u l ts ,  oth er 
l o w- vo l ta g e  co n d i ti on s  a n d  
s wi tch i n g  tra n s i e n ts  

•  con trol  l o g i c  a n d  s e tti n g s  for 
op era ti o n  d u ri n g  a bo ve con d i ti o n s  

•  d es cri pti o n  of pro tecti o n  s ys tem ,  
i n cl u d i n g  protecti o n  a g a i n s t  i n tern a l  
fai l u res  

•  wors t ca s e  i n tern a l  fau l ts  i n  term s  
of d u rati on  a n d  effect on  
Tran s m i s s i o n  

Accep ta b l e  a d ve rs e  effe ct to  th e  po we r 
s ys tem  b y th e  VS C  

•  H arm on i cs  

•  E l e ctrom ag n e ti c n o i s e  

•  P red i cte d  va l u e  of h arm on i cs  
(vo l tag e  a n d  cu rren t)  g e n era ted  
from  th e  VS C   

•  M e a s u red  va l u e*  of h arm on i cs  
(vo l tag e  a n d  cu rren t)  g e n era ted  
from  th e  VS C  

•  I n d i vi d u al  h arm o n i c  d i s to rti o n  Dn *  

•  Tota l  h arm on i c d i s torti o n  TH D *  

•  Tel e p h on e i n fl u en ce  factor TI F *  
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Purchaser specification  requ i rement Manufacturer suppl ied  information  

Re q u i rem e n t fo r th e  i n s u l a ti on  
coord i n a ti o n  

O vervol ta g e  wi th s ta n d  ca pa b i l i ty *  

 

O th ers  

•  Re q u i rem en t for ea rth q u ake  
re s i s tan ce  

•  Re q u i rem e n t fo r s a l t  d am a g e  

•  Re l i ab i l i ty 

•  Re q u i rem en t for th e  l i fe ti m e of 
th e  VS C  

•  Re q u i rem e n t fo r th e  a va i l ab i l i ty 

•  Re q u i rem e n t fo r th e  o u ta g e  ra te  

•  P rere q u i s i te  co n d i ti on  for th e  
re l i a b i l i ty d e s i g n  

•  Re q u i rem e n t fo r red u n d a n c y 

•  Re q u i rem e n t for th e  
m eas u re m en ts ,  a l a rm ,  an d  
m on i tori n g  

•  Re q u i rem e n t for th e  i n te rface  

be twe en  th e  p o wer s ys te m  an d  th e  
VS C   

•  M a i n  ci rcu i t  

•  C o n tro l  s i g n a l  

•  I n i ti a l  en erg i za ti o n  an d  s h u td o wn  
re q u i rem en t 

 

Co n fi rm ati on  of th e  req u i rem e n t* ,  e. g .  

•  P re d i cte d  l i fe ,  re l i ab i l i ty a n d  
a va i l ab i l i ty ch aracteri s ti cs ,  force d  
ou ta g e  ra tes ,  m a i n te n an ce 
freq u e n c y a n d  p eri o d s  

•  F a i l u re  ra te  of ke y com p on e n ts ,  
e . g . ,  s em i co n d u ctors ,  d . c.  
cap aci tors  

•  Tran s i e n t  e ffect of com pon e n t 
fai l u re  

 

 

A.2.3.4  Maintenance  and  spares  

Purchaser specification  requ irement  Manufacturer suppl ied  i nformation  

M a i n te n an ce re q u i re m en t M a i n te n an ce freq u en c y,  d u ra ti o n  a n d  
recom m en d e d  m ai n te n a n ce  

S peci a l  m ai n te n an ce  tes t  e q u i p m en t 
req u i rem en ts  

S peci a l  tes t e q u i p m en t p ro vi d e d  

S pares  re q u i rem e n ts  Recom m en d e d  s p ares  h o l d i n g s  

D ra wi n g s ,  m ai n te n a n ce m a n u a l s ,  tech n i ca l  
n o tes  

D es cri pti o n  of d ocu m en tati on  pro vi d ed  

As - b u i l t  d ra wi n g s ,  m ai n te n a n ce m an u a l s  
an d  te ch n i cal  n o te s  pro vi d e d *  
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A.2.3.5  Factory and  commissioning  tests  

Purchaser specification  requ i rements   Manufacturer suppl ied  i nformation  

Tes t req u i rem en ts  

•  E q u i pm en t req u i ri n g  typ e  te s t  
ap p ro val  

•  F actory te s ts  

•  F u n cti on a l  tes ti n g  of co n tro l  s u i tes  
 

C o n fi rm a ti on  of th e  req u i rem en t,  e . g . :  

•  typ e  tes t e vi d e n ce offere d  i n  l i eu  of 
n e w typ e  tes ts   

•  te s t s ch ed u l es  

Tes t s ta n d ard s  C o n fi rm a ti on  to  p erform  tes ts  as  pe r 
s peci fi e d  s tan d ard  

C om m i s s i o n i n g  tes ts  a n d  s ch e d u l e  P ro vi d e  l i s t  of pro p os e d  com m i s s i on i n g  
tes ts  a n d  tes ti n g  s ch e d u l e  

 

A.2.3.6  Auxi l iary systems  

Purchaser specification  requ i rements   Manufacturer suppl ied  i nformation  

Au xi l i ary p o wer a n d  coo l i n g  fa ci l i ty 
pre p ared  b y th e  p u rch as er s i d e  

Au xi l i ary p o wer fa ci l i ty re q u i re d  a n d  
s ys te m  d es cri p ti o n  

M e th o d  of i n i ti al  en erg i zi n g ,  res ta rt a n d  
s h u td o wn  

Re q u i rem e n t fo r th e  co n tro l  faci l i ti es  D es cri pti o n  of co n tro l  faci l i ti es  i n cl u d i n g  
rem ote  an d  l oca l  m an - m a ch i n e  i n terface s ,  
d e ta i l i n g  con trol ,  a l arm ,  com m u n i ca ti o n  
a n d  m on i tori n g  fa ci l i ti e s *  

 
Au xi l i ary s ys tem s  on  m a i n  e q u i pm e n t  

F i re  s afe ty re q u i rem en ts  •  D es cri pti o n  of m ate ri a l s  u s e d *  

•  D es cri pti o n  of m ea n s  of pro te cti n g  
ag a i n s t fi re*  

•  F i re  co n ta i n m e n t m eth od s *  

 

 
Al l  i n form ati o n  n ot m arked  wi th  a n  As te ri s k (* )  i s  n orm al l y pro vi d e d  at  th e  te n d er s tag e .  
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Annex B   
(informative)  

 
Determination  of VSC valve  power losses  

 

B.1  General  

P o wer l os s es  i n  m os t eq u i pm en t i n  a  VS C  s u bs tati on  can  b e  ca l cu l a te d  u s i n g  s i m i l ar 
proce d u res  to  th os e  p re s cri be d  for L C C - H VD C  i n  I E C  6 1 8 0 3 .  H o we ver,  l os s es  i n  VS C  an d  
d i o d e  va l ve s  re q u i re  s e p ara te  trea tm en t,  as  th e  d i ffere n ce s  from  th e  ap p l i ca b l e  practi ce  o n  
LC C- H VD C  a re  s i g n i fi can t.  

M os t of th e  p o wer l os s es  i n  VS C  va l ves  a p pe ar i n  I G B Ts  a n d  free - wh e e l i n g  d i od es  (FW D ).  I n  
each  cas e,  two  m ech a n i s m s  are  i n vo l ve d :  

•  con d u cti on  l os s es  

•  s wi tch i n g  l os s es  

Th e re  m a y,  i n  a d d i ti on ,  b e  s m al l  l os s es  i n  d . c.  ca paci to rs ,  vo l ta g e  d i vi d er a n d  s n u b b e r 
ci rcu i ts ,  g a te  d ri ve  u n i ts  etc.  

S i n ce  th e  te ch n o l og y of VS C  tra n s m i s s i o n  i s  d e ve l o p i n g  ra p i d l y wi th  s e vera l  q u i te  d i ffere n t 
VS C  to po l o g i e s  b e i n g  u s ed ,  a  d eta i l e d  p roced u re  for ca l cu l a ti n g  th e s e  p o we r l os s es  i s  n ot ye t 
a va i l a b l e.  As  a  res u l t,  th e  m an u factu rer of th e  VS C  e q u i pm en t s h ou l d  pres e n t a  d e ta i l e d  
rep ort of th e  VS C  va l ve  l os s  ca l cu l a ti o n ,  exp l a i n i n g  th e  m eth od  u s e d  a n d  j u s ti fyi n g  an y 
as s u m pti o n s  m ad e.  Th e  rem ai n d e r of th i s  a n n ex pres e n ts  g e n era l  g u i d a n ce  to  as s i s t wi th  th e  
pre p ara ti on  a n d  i n terpreta ti on  of s u ch  a  re p ort.  

To  a i d  u n d ers tan d i n g  b y re ad e rs  fam i l i ar wi th  I E C  6 1 8 0 3 ,  th e  vari ou s  co m pon e n ts  of va l ve  
l os s es  are  s u b d i vi d e d  i n  a  s i m i l ar wa y i n to  term s  referred  to  as  P V1  to  P Vn .  I n  th i s  a n n e x th e  
fol l o wi n g  term s  are  u s ed :  

•  PV1 :   I G B T con d u cti on  l o s s es  

•  P V2 :   FW D  con d u cti on  l o s s es  

•  P V3 :   o th er va l ve  co n d u cti on  l os s es  

•  P V4 :   d . c.  vo l ta g e- d e p en d en t l os s es  

•  P V5 :   d . c.  s u bm od u l e  cap aci tor l os s es  

•  P V6 :   I G B T s wi tch i n g  l os s es  

•  P V7 :   fre e- wh ee l i n g  d i o d e  tu rn -off l os s es  

•  P V8 :   s n u bb er l os s es  

•  P V9 :   va l ve  e l ectron i cs  l o s s es  

B.2  Conduction  losses  

B.2. 1  General  

W h en  an  I G B T or a  FW D  i s  i n  th e  co n d u cti n g  s ta te,  i t  exh i b i ts  a  s m al l  o n - s tate  vo l ta g e  of a  
fe w vo l ts .  Th i s  on -s tate  vo l tag e ,  m u l ti p l i e d  b y th e  cu rre n t fl o wi n g  th ro u g h  th e  d e vi ce ,  g i ves  
ri s e  to  “ co n d u cti on  l os s e s ” .  Th e  on -s tate  vol tag e  i s  re ferred  to  a s  VF  i n  free- wh e e l i n g  d i o d es  
an d  VCE ( s a t)  i n  I G B Ts .  

Th e  o n -s ta te  vo l ta g e  d e p en d s  o n  cu rre n t i n  a  n o n - l i n e ar m a n n er,  a n d  to  a  l e s s er exte n t a l s o  
on  th e  “ j u n cti on  tem p eratu re ”  of th e  d e vi ce,  as  s h o wn  i n  F i g u re  B . 1 .  
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Figure B. 1  – On  state  vol tage  of an  IGBT or free-wheel ing  d iode  

N O TE  Th e  o n -s ta te  vo l ta g e  VC E  of a n  I G B T a l s o  d e p e n d s  o n  th e  g a te - e m i tte r vo l ta g e  VG E .  F o r l o w va l u e s  of 
VG E ,  i n cre a s i n g  VG E  re d u c e s  th e  va l u e  o f VC E .  H o we ve r,  a b o ve  a  ce rta i n  va l u e  o f VG E ,  n o  fu rth e r re d u cti on  o f 
VC E  occu rs  a n d  th e  I G B T i s  s a i d  to  b e  “s a tu ra te d ” .  I t  i s  a s s u m e d  h e re  th a t  VG E  i s  h i g h  e n ou g h  to  e n s u re  th a t  th e  
I G B T re m a i n s  fu l l y  s a tu ra te d .  Co n s e q u e n tl y,  VC E ( s a t)  ( th e  s a tu ra te d  va l u e  of VCE )  ca n  b e  u s e d  for l o s s  
ca l cu l a ti o n .  

Ca l cu l a ti o n  of p o wer l os s es  re q u i res  th a t th e  o n -s tate  vol tag e  be  re pres e n ted  m ath em ati ca l l y,  
s o  th a t th e  a ve ra g e  co n d u cti on  l os s es  o ver a  com p l e te  c ycl e  m a y b e  e va l u ate d  as  fo l l o ws :  

F or a n  I G B T:  

  ∫ ⋅⋅⋅=
π

ωω
π

2

0

TCE(sat)Tcond_T )()()(
2

1
tdIVtIP   (B . 1 )  

F or a  fre e - wh e e l i n g  d i o d e :  

 ∫ ⋅⋅⋅=
π

ωω
π

2

0

DFDcond_D )()()(
2

1
tdIVtIP  ( B . 2 )  

To  s i m pl i fy th i s  p roces s ,  th e  o n - s ta te  vo l ta g e  s h o wn  on  F i g u re  B . 1  i s  u s u a l l y re p res e n te d  as  a  
p i ece wi s e - l i n e ar a pp roxi m ati o n  wi th  a  th res h o l d  vo l ta g e  V0  a n d  a  s l o p e  re s i s ta n ce  R0 ,  a s  
s h o wn  on  F i g u re  B . 2 .  
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Figure  B.2  – Piecewise-l inear representation  of IGBT or FWD on-state  vol tage  

H a vi n g  m ad e th i s  a p p ro xi m ati o n ,  th e  con d u cti on  l os s e s  i n  each  s em i co n d u ctor d e vi ce  a re  
th e n  d e te rm i n ed  b y u s i n g  th e  a ve ra g e  a n d  r. m . s .  cu rren ts  th ro u g h  th at d e vi ce:  

 2
rms0av0cond IRIVP ⋅+⋅=   (B . 3 )  

wh ere  

V0 ,  R0    are  th e  th res h ol d  vo l ta g e  a n d  s l op e  res i s ta n ce  of th e  d e vi ce ;   

Ia v   i s  th e  m e an  cu rren t i n  th e  d e vi ce ,  a ve ra g ed  o ve r on e  p o wer-freq u en c y c ycl e .  

 ∫ ⋅⋅=
π

ωω
π

2

0

av )()(
2

1
tdtII   (B . 4 )  

Irm s   i s  th e  r. m . s .  cu rre n t  i n  th e  d e vi ce ,  a vera g ed  o ve r on e  p o wer-freq u en cy c ycl e.  

 ∫ ⋅⋅=
π

ωω
π

2

0

2
rms )()(

2

1
tdtII  (B . 5 )  

Th e  co n d u cti o n  l os s es  i n  a  com pl ete  va l ve  a re  th e n  fo u n d  b y s u m m i n g  th e  co n d u cti o n  l os s es  
ca l cu l ate d  a s  a bo ve for e a ch  I G B T a n d  e ach  FW D  i n  th e  val ve .  

I n  g en era l ,  re cti fi e r m od e  g i ves  ri s e  to  th e  l a rg es t FW D  con d u cti o n  l os s es ,  wh i l e  i n verte r 
op erati o n  g i ves  ri s e  to  th e  l arg e s t I G B T co n d u cti o n  l os s es .  

B.2.2  IGBT conduction  losses   

I n  th e  2 - l e ve l  con verter,  a l l  I G B Ts  exp eri e n ce  th e  s am e cu rre n t.  C on s e q u en tl y th e  tota l  I G B T  
con d u cti on  l os s es  pe r va l ve  m a y b e  ca l cu l a ted  b y m u l ti p l yi n g  th e  co n d u cti o n  l os s  p er I G B T b y 
th e  n u m ber of VS C  l e ve l s  p er va l ve:  

 [ ]2
Trms0TTav0TtV1 IRIVNP ⋅+⋅⋅=  (B . 6 )  
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wh ere  

Nt   i s  th e  n u m b er of VS C va l ve  l e ve l s  p e r va l ve;  

V0 T  i s  th e  I G B T th res h o l d  vo l ta g e ;  

R0 T  i s  th e  I G B T s l op e  res i s ta n ce ;  

ITa v  i s  th e  m e an  cu rren t i n  th e  I G B T ;  

ITrm s  i s  th e  r. m . s .  cu rre n t i n  th e  I G B T.  

I G B T con d u cti o n  l os s es  i n  m u l ti - l e ve l  co n verte rs  m a y b e  e va l u a te d  u s i n g  s i m i l ar pri n ci p l es  
ou tl i n e d  a bo ve for 2 - l e ve l  co n ve rte rs .  H o we ver,  th e  proce d u re  i s  m ore  co m pl e x b e ca u s e  n ot  
a l l  I G B Ts  i n  a  g i ven  p h as e  u n i t e xp eri e n ce  th e  s a m e cu rre n t.  

I n  g e n era l ,  th e  a ve ra g e  a n d  r. m . s .  cu rre n ts  n ee d  to  b e  ca l cu l a te d  s e p ara te l y for e ach  d i ffere n t  
I G B T o pera ti n g  d u ty,  an d  th e  res u l ts  m u l ti p l i ed  b y th e  n u m ber of s u ch  d e vi ces  i n  e ach  va l ve .  

B.2.3  Free-wheel ing  d iode  conduction  losses  

I n  th e  2 - l e ve l  con verter,  a l l  fre e - wh e e l i n g  d i od es  exp eri en ce  th e  s am e cu rren t.  Co n s e q u e n tl y 
th e  tota l  d i o d e  co n d u cti o n  l os s es  per va l ve  m a y be  cal cu l ate d  b y m u l ti pl yi n g  th e  co n d u cti o n  
l os s  per FW D  b y th e  n u m b er of VS C l e ve l s  p er val ve:  

 [ ]2
Drms0DDav0DtV2 IRIVNP ⋅+⋅⋅=   (B . 7 )  

wh e re  

V0 D  i s  th e  fre e- wh ee l i n g  d i o d e  th res h o l d  vo l ta g e ;  

R0 D  i s  th e  free- wh e e l i n g  d i od e  s l op e  res i s ta n ce;  

ID a v  i s  th e  m ean  cu rren t i n  th e  fre e - wh e e l i n g  d i od e ;  

ID rm s  i s  th e  r. m . s .  cu rre n t i n  th e  fre e - wh e e l i n g  d i od e .  

F re e- wh e e l i n g  d i od e  l o s s es  i n  m u l ti - l e ve l  co n verte rs  m a y b e  ca l cu l ate d  u s i n g  s i m i l ar 
pri n ci p l e s  b u t,  as  d es cri be d  for I G B T l os s es  i n  th e  pre ce d i n g  s u bcl a u s e ,  a re  m ore  com p l e x 
an d  g e n era l l y n ee d  to  b e  ca l cu l a te d  s e p ara tel y for e ach  d i ffere n t d i o d e  o p e rati n g  d u ty.  

B.2.4 Other conduction  losses  

C o n d u cti o n  l os s es  i n  co m p on e n ts  oth er th a n  th e  s em i co n d u ctors  a n d  s u bm od u l e  ca paci to r 
(for exam p l e ,  b u s b ars )  are  n orm al l y s m a l l .  H o we ve r,  th e y m a y n o t b e  n e g l i g i b l e  a n d  s h ou l d  b e  
i n cl u d e d  i n  th e  cal cu l ati o n  of val ve  l os s e s .  

C a l cu l a ti o n  of s u ch  l os s e s  i s  re l a ti ve l y s tra i g h tforward  a n d  d e pe n d s  o n l y on  th e  res i s ta n ce  of 
each  co n d u cti n g  e l e m en t a n d  th e  r. m . s .  cu rren t th at  fl o ws  th rou g h  i t.  

W h ere  th e  s am e  cu rre n t fl o ws  th ro u g h  a l l  co n d u cti n g  e l em e n ts  i n  a  va l ve ,  th e  va l u e  of th e s e  
l os s es  p er va l ve  i s  g i ve n  b y 

 PV3  =  Ivrm s
2  ·  Rs    (B . 8 )          

wh ere  

Ivrm s   i s  th e  r. m . s .  cu rre n t  fl o wi n g  i n  th e  va l ve ;  

Rs  i s  th e  to tal  res i s ta n ce  of a l l  con d u cti n g  e l e m en ts  i n  th e  va l ve,  oth er th a n  I G B Ts  a n d  
FW D s .  

W h e re  n ot a l l  co n d u cti n g  e l em en ts  i n  th e  va l ve  ca rry th e  s am e  cu rre n ts ,  th e  a b o ve  pri n ci p l es  
s h o u l d  be  e va l u ated  s ep ara te l y for e ach  e l e m e n t.  
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B.3  D.C.  vol tage-dependent losses  

D . C .  vol tag e- d e p en d en t l os s es  are  l os s e s  ca u s e d  b y s h u n t res i s ti ve  com po n en ts  i n  pa ra l l el  
wi th  th e  I G B Ts  a n d  FW D s .  Th es e  co u l d  i n cl u d e  

•  res i s ti ve  vo l ta g e  g ra d i n g  ci rcu i ts  ( d . c.  g ra d i n g  ci rcu i ts ) ;  

•  res i s ti ve  vo l ta g e  d i vi d e rs  for vo l ta g e  m eas u rem en t;  

•  wa ter coo l i n g  pi p e work;  

•  s h u n t res i s ti ve  l os s e s  acros s  ca paci tor d i e l ectri c  m ateri a l ;  

•  b l e e d  res i s tors  acros s  d . c.  ca p aci tors ;  

Th e s e  l os s es  a re  ca l cu l a te d  as  fo l l o ws :  

 PV4  =  Vvrm s
2  /  RD C  (B . 9 )  

wh ere  

Vvrm s  i s  th e  r. m . s .  va l u e  of vo l tag e  b e twe e n  th e  term i n a l s  of th e  va l ve ;   

RD C  i s  th e  effecti ve  d . c.  re s i s tan ce  of a  com pl e te  va l ve .  

B.4 Losses  in  submodule  d .c.  capaci tors  

Th e  s u bm od u l e  ca pa ci to rs  i n  M M C - typ e  va l ves  carry a n  a ppre ci ab l e  com po n en t of cu rre n t a t  
fu n d am en tal  or l o w- ord er h a rm on i c fre q u e n ci e s .  As  a  res u l t,  th e  po wer l os s es  i n  th e  
ca p aci tors  of va l ves  of th i s  typ e  ca n n o t b e  n eg l ected .  

I n  g e n era l ,  cap a ci tor l os s e s  ca n  be  d i vi d ed  i n to  oh m i c l os s e s  a n d  d i el ectri c l os s e s .   

O h m i c l os s es  re pres e n t I2 ·R  l os s es  i n  th e  m eta l l i c  com p on e n ts  wi th i n  th e  ca p aci tor,  ch i efl y 
th e  fi l m  m etal l i s ati on  a n d  i n tern al  l ea d s .  

D i e l ectri c l os s es  i n  a  ca paci tor are  re l a ted  to  th e  e n e rg y l os t i n  th e  d i e l ectri c m ateri a l  o ve r 
each  vo l ta g e  cycl e .  D i e l e ctri c l os s es  are  ca u s e d  b y th e  p eri o d i c re - a l i g n m e n t of th e  m ol ecu l es  
wi th i n  th e  d i e l e ctri c as  th e  vo l tag e  s tres s  acros s  th e  d i e l e ctri c ch an g es  d u ri n g  th e  cycl e ,  an d  
are  an a l og o u s  to  h ys tere s i s  l os s es  i n  ferrom ag n eti c m a teri a l s .  

Th e  e ffects  of o h m i c a n d  d i e l e ctri c  l os s es  are  fre q u e n tl y com bi n e d  i n to  a  s i n g l e  term  referre d  
to  as  th e  e q u i va l en t s eri es  res i s ta n ce  RE S R  of th e  ca paci tor.  RE S R  i s  a  fu n cti on  of freq u e n cy 
an d  i s  re l a te d  to,  b u t n o t exa ctl y e q u a l  to ,  th e  actu a l  i n tern a l  s eri es  re s i s ta n ce.  

Th e  to ta l  d . c.  s u bm od u l e  ca p aci tor l os s es  p er va l ve  a re  th e n  ca l cu l ate d  as  fo l l o ws :  

 ESRRINP ⋅⋅= 2
crmstV5  ( B . 1 0 )  

wh e re  

Icrm s  i s  th e  rm s  cu rren t fl o wi n g  i n  e ach  d . c.  s u bm od u l e  cap aci tor;  

RE S R   i s  th e  e q u i va l en t s e ri es  res i s tan ce  of th e  ca p aci to r.  

N O TE  1  D i e l e ctri c  l o s s e s  a re  n o rm a l l y m os t  s i g n i fi ca n t  i n  a . c.  a p p l i ca ti on s  wh e re  th e  ca p a ci to r vol ta g e  p o l a ri ty  
re ve rs e s  twi ce  p e r cycl e .  F o r d . c.  ca p a ci to rs  th e  vo l ta g e  i s  u s u a l l y n on -re ve rs i n g  a n d  d i e l e ctri c  l os s e s  a re  th e re fo re  
s m a l l ,  b u t  d e p e n d i n g  o n  th e  ca p a ci tor te ch n o l o g y u s e d ,  m a y n o t  b e  n e g l i g i b l e .  

N O TE  2  Th e re  m a y a l s o  b e  a  th i rd  com p on e n t of l os s  ca u s e d  b y th e  fi n i te  i n s u l a ti on  re s i s ta n ce  of th e  d i e l e ctri c  
m a te ri a l ,  b u t  th i s  i s  n o rm a l l y  ve ry s m a l l .  I t  i s  co ve re d  b y d . c.  vol ta g e - d e p e n d e n t  l os s e s  a s  d e s cri b e d  i n  th e  
p re ce d i n g  s u b cl a u s e .  
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N O TE  3  E S R i s  a  n o n -l i n e a r,  fre q u e n cy-d e p e n d e n t q u a n ti ty.  F o r a ccu ra te  re s u l ts  i t  i s  i m p o rta n t  th a t  E S R b e  
d e te rm i n e d  b y re a l  m e a s u re m e n ts  on  a  ca p a ci to r o f th e  s a m e  typ e  a s  u s e d  i n  th e  va l ve ,  u n d e r re a l i s ti c  co n d i ti o n s  
of vo l ta g e ,  cu rre n t  a n d  fre q u e n cy.  

B.5  Swi tching  losses  

B.5. 1  General  

E ach  ti m e  a n  I G B T tu rn s  on  or off,  or a  FW D  tu rn s  off,  i t  i n cu rs  a  s m al l  s wi tch i n g  en erg y l os s  
of a  fe w J ou l e s .  I n  m os t VS C  to p o l o g i es ,  th es e  s wi tch i n g  e ve n ts  occu r s e ve ra l  t i m es  p er 
fu n d am en tal -fre q u en c y cycl e .  F or con ve rters  u s i n g  PW M  i n  p a rti cu l ar,  th e  re s u l ti n g  s wi tch i n g  
l os s  (s wi tch i n g  e n e rg y l o s s  m u l ti p l i e d  b y s wi tch i n g  fre q u e n c y)  ca n  b e  a  l arg e  pro porti o n  of th e  
to ta l  va l ve  l os s e s .  

H o we ve r,  b eca u s e  d i fferen t co n ve rte r to po l o g i e s  u s e  d i ffere n t s wi tch i n g  s tra te g i es  an d  th e  
s wi tch i n g  b e h a vi ou r d e p en d s  o n  th e  o ve ra l l  con tro l  m eth od s  u s e d ,  o n l y g e n era l  g u i d a n ce on  
ca l cu l ati n g  s wi tch i n g  l os s e s  ca n  b e  g i ve n  h e re .  

B.5.2  IGBT switch ing  losses  

D u ri n g  tu rn - o n  a n d  tu rn -off i n  a n  I G B T,  th e  d e vi ce  i s  s u b j ected  to  h i g h  cu rre n t a n d  h i g h  
vo l tag e  s i m u l tan e ou s l y d u ri n g  pa rt of th e  s wi tch i n g  proces s .  As  a  re s u l t  th e  I G B T i n cu rs  a  
h i g h  pe ak p o wer d i s s i p ati on ,  th e  ti m e i n te g ra l  of wh i ch  i s  kn o wn  as  th e  s wi tch i n g  l os s .  I G B T 
s wi tch i n g  l os s es  are  refe rre d  to  as  th e  tu rn - o n  l os s  Eo n  a n d  th e  tu rn -off l os s  Eoff.  

B oth  Eo n  a n d  Eo ff  d ep e n d  n e arl y l i n e arl y o n  th e  i n s ta n ta n e ou s  val u e  of co l l e ctor cu rren t IC  a t  
th e  i n s ta n t of s wi tch i n g ,  a s  s h o wn  o n  F i g u re  B . 3 .   
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Figure  B.3  – IGBT switch ing  losses  as  a  function  of col lector current  

Eo n  a n d  Eoff  are  n orm a l l y q u oted  b y th e  I G B T m an u factu rer a s  a  fu n cti o n  of cu rre n t,  u n d er 
certa i n  i d e a l i s e d  op era ti n g  con d i ti o n s  wi th  a  s i m p l e  d es i g n  of g ate  d ri ve  an d  a  fi xe d  va l u e  of 
g a te  res i s tor.  Th e  g ate  res i s tor va l u e  i n fl u e n ces  th e  s wi tch i n g  l os s es  b ecau s e  i t  a ffects  th e  
ch arg e  a n d  d i s ch arg e  ti m es  of th e  g a te  ca paci ta n ce,  a n d  h en ce th e  s wi tch i n g  s pe e d .   

M o re o ver,  s om e d es i g n s  of VS C ,  pa rti cu l arl y i n  va l ves  of th e  “ s wi tch ”  type ,  m a y u s e  m ore  
ad va n ce d  d es i g n s  of g ate  d ri ve  wh i ch  i n corp orate  acti ve  vol tag e  s h a ri n g  a l g ori th m s  or “ acti ve  
s n u b be r”  ci rcu i ts .  Th e  I G B T g ate  d ri ve  ci rcu i t  m a y a l s o  i n cl u d e  a n  a cti ve  o vervo l ta g e  cl am p  
a l g ori th m  to  s u ppre s s  th e  tran s i e n t o vervo l ta g e  wh i ch  occu rs  acros s  th e  I G B T afte r tu rn - off.  
Th es e  a l g o ri th m s  ad j u s t th e  s wi tch i n g  s pe e d  of e a ch  I G B T i n  ord er to  pre ven t a n y i n d i vi d u a l  
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I G B T i n  th e  va l ve  from  experi e n ci n g  a  po te n ti a l l y h arm fu l  o vervo l ta g e ,  b u t as  a  co n s e q u en ce  
th e y m a y res u l t  i n  th e  s wi tch i n g  l os s e s  b e i n g  h i g h e r th a n  s tate d  b y th e  I G B T m an u factu rer.   

Th e  VS C  m a n u factu re r s h o u l d  th ere fore  j u s ti fy i n  d e ta i l  th e  va l u es  of Eo n  a n d  Eoff  u s e d  i n  th e  
l os s  cal cu l ati on ,  b as e d  o n  th e  d es i g n  of g a te  d ri ve  ci rcu i t a n d  ch o i ce  of g ate  re s i s tor ( wh e re  
ap p l i ca b l e).  

S wi tch i n g  l os s es  a l s o  d e pe n d  o n  th e  d . c.  l i n k vo l ta g e  (p er I G B T)  a t th e  i n s ta n t of s wi tch i n g ,  
an d  to  a  l es s er exte n t a l s o  on  j u n cti o n  tem peratu re.  I n  2 - l e ve l  a n d  3 - l e ve l  con verters  th e  
m e an  d . c.  l i n k vol tag e  per I G B T vari es  l i ttl e  from  th e  n om i n a l  d es i g n  va l u e.  H o we ve r,  for 
m od u l ar m u l ti - l e ve l  co n ve rters  th e  d . c.  l i n k vo l ta g e  (h e re  pro vi d ed  b y th e  s u bm od u l e  d . c.  
ca p aci tor)  ca n  vary co n s i d era b l y from  on e  s wi tch i n g  i n s ta n t to  th e  n e xt.  C o n s e q u e n tl y th e  
I G B T s wi tch i n g  l os s es  s h ou l d  b e  e val u ate d  wi th  care  i n  s u ch  d es i g n s .  

Th e  tota l  I G B T s wi tch i n g  l os s es  per va l ve  a re  ca l cu l a te d  b y s u m m i n g  a l l  th e  tu rn - o n  l os s es  
Eo n  a n d  th e  tu rn - off l os s es  Eoff  o ver o n e  p o wer-freq u en c y c ycl e  a n d  m u l ti p l yi n g  th e  res u l t  b y 
th e  a . c.  s ys te m  freq u e n cy f a n d  th e  n u m ber of VS C va l ve  l e ve l s  i n  th e  va l ve:  

 )),(),((..
cycle

offontV6 ∑ += IVEIVEfNP  (B . 1 1 )  

B.5.3  Free-wheel ing  d iode  switch ing  losses  

F or FW D s ,  th e  tu rn -o n  l os s  i s  n orm a l l y n e g l i g i b l e  b eca u s e  th e  d i od e  co n d u cts  a s  s oo n  as  i t  
be com es  forward  b i as e d .  H o we ver,  th e  tu rn - off (reco very)  l os s  Ere c  i s  n o t n e g l i g i b l e .  Th e  
reco very l os s  ari s e s  fro m  th e  re vers e  reco ve re d  ch arg e  Qrr  wh i ch  p as s e s  th ro u g h  th e  FW D  
s h ortl y after th e  cu rre n t cros s e s  zero .  Th e  re co very l o s s  i n cre as es  wi th  th e  cu rren t wh i ch  h ad  
be e n  fl o wi n g  i n  th e  d i o d e  p ri or to  th e  tu rn - off e ven t,  a l th ou g h  th e  re l a ti o n s h i p  b e twe en  Ere c  
an d  cu rre n t,  as  s h o wn  o n  F i g u re  B . 4 ,  i s  n o n - l i n e ar.  Ere c  can  be  expres s ed  as  a  p i ece wi s e -
l i n e ar fu n cti o n  of cu rren t (a s  fo r on - s tate  vo l ta g e)  or a  p o wer l a w re l a ti o n s h i p.  

 

Erec  

0  

Id  

 

Figure B.4 – Free-wheel ing  d iode  recovery loss  as  a  function  of current 

Th e tota l  FW D  s wi tch i n g  l os s es  p e r va l ve  are  th e n  ca l cu l a te d  b y s u m m i n g  a l l  th e  tu rn - off 
l os s e s  Ere c  o ver on e  p o wer-freq u en cy c ycl e  an d  m u l ti p l yi n g  th e  re s u l t  b y th e  a. c.  s ys te m  
fre q u e n c y f a n d  th e  n u m b er of VS C va l ve  l e ve l s  i n  th e  va l ve :  

IEC   602/11 



 – 8 4  – I E C TR 6 2 54 3 : 2 0 1 1 + AM D 1 : 2 0 1 3   
  + AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

 )),(
cycle

rectV7 ∑⋅⋅= IVEfNP  (B . 1 2 )  

B.6  Other losses  

B.6. 1  Snubber ci rcu i t  losses  

S om e d es i g n s  of VS C  va l ve  m a y u s e  p as s i ve  s n u bb er ci rcu i ts  to  re d u ce  th e  tu rn - o n  or tu rn - off 
s tres s e s  o n  th e  I G B Ts  or,  for va l ves  of th e  “ s wi tch ”  typ e ,  to  a s s i s t  wi th  vo l tag e  s h ari n g .   

N O TE  1  Re s i s ti ve  vo l ta g e  s h a ri n g  ci rcu i ts  a re  n o t  co n s i d e re d  a s  “ s n u b b e r ci rcu i ts ” ,  a l th o u g h  th e y m a y co n tri b u te  
to  vo l ta g e  s h a ri n g .  

N O TE  2  “ Acti ve  s n u b b e r”  ci rcu i ts ,  wh e re  th e  I G B T g a te  d ri ve  a d j u s ts  th e  s p e e d  o f s wi tch i n g  of e a ch  I G B T i n  o rd e r 
to  m i n i m i s e  a n y vo l ta g e  d i s tri b u ti o n  e rro rs ,  a re  co n s i d e re d  u n d e r “ I G B T s wi tch i n g  l os s e s ”  i n  S u b cl a u s e  B . 5 . 2 .   

S n u b ber ci rcu i ts  m a y b e  d es i g n e d  to  as s i s t wi th  tu rn - o n ,  or tu rn - off,  or bo th .  E ach  ti m e  a  
s wi tch i n g  e ven t ta ke s  p l a ce,  th e  s n u b ber ci rcu i t wi l l  i n cu r an  e n erg y l os s  Es n _o n  ( for a  tu rn - o n  
s n u b be r)  or Es n _off  ( for a  tu rn - off s n u b b er) .  M a n y d i ffere n t d es i g n s  of s n u b ber ci rcu i ts  are  
p os s i b l e ,  bu t i n  pri n ci p l e  th e  s n u b be r l os s es  are  ca l cu l ate d  b y taki n g  th e  e n erg y d i s s i p ate d  i n  
th e  s n u b be r ci rcu i t m u l ti p l i e d  b y th e  fre q u e n c y of occu rren ce of d i s s i p a ti ve  e ve n ts  i n  th e  
va l ve :  

 )),(),(( sn_of
cycle

sn_ont8 IVEIVEfNP fV +⋅⋅= ∑  (B . 1 3 )  

wh ere  

Es n _on  i s  th e  en erg y l os t i n  th e  s n u b ber ci rcu i t(s )  of o n e  VS C  va l ve  l e ve l  e ach  ti m e th e  
as s oci ate d  I G B T tu rn s  on .  

Es n _off  i s  th e  en erg y l os t i n  th e  s n u b ber ci rcu i t(s )  of o n e  VS C  va l ve  l e ve l  each  ti m e th e  
as s oci ate d  I G B T tu rn s  off.  

B.6.2  Losses  in  valve  electronics  

E ach  I G B T re q u i re s  a  l o ca l  g ate  d ri ve  u n i t,  or g a te  u n i t,  to  pro vi d e  th e  re q u i re d  tu rn -o n  an d  
tu rn - off s i g n al s  to  th e  g a te  term i n a l  of th e  I G B T.  As s oci a te d  wi th  th e  g ate  u n i t  th e re  m a y be  
oth er l oca l  au xi l i ary ci rcu i ts  for p o wer s u pp l y,  m eas u rem e n t,  m on i tori n g  etc.  Th e  g ate  u n i t 
to g eth er wi th  i ts  as s oci ate d  a u xi l i a ry ci rcu i ts  i s  refe rred  to  as  “ va l ve  e l ectro n i cs ” .   

Th e  tota l  va l ve  e l ectro n i cs  l os s es  p er va l ve  i s  ca l cu l ate d  b y m u l ti pl yi n g  th e  po we r l os s  per 
va l ve  l e ve l  b y th e  n u m be r of va l ve  l e ve l s  p er va l ve:  

 PV9  =  PG U  ·  Nt  (B . 1 4 )  

wh ere  

PG U  i s  th e  tota l  p o wer co n s u m p ti o n  of g a te  u n i t(s ) ,  p o wer s u p p l y ci rcu i ts  an d  o th er au xi l i a ry 
ci rcu i ts  i n  o n e  VS C  val ve  l e ve l .  

N O TE  W h e re  th e  va l ve  e l e ctron i cs  d e ri ve s  i ts  p o we r fro m  a  p a s s i ve  s n u b b e r ci rcu i t,  th e  p o we r co n s u m p ti o n  o f th e  
va l ve  e l e ctron i cs  m a y a l re a d y b e  cou n te d  i n  th e  l o s s e s  of th e  s n u b b e r ci rcu i t  a s  d e s cri b e d  i n  th e  p re vi o u s  s u b -
cl a u s e .  

B.7  Total  valve losses  per station  

Th e  to ta l  l os s es  p e r va l ve  are  ca l cu l a te d  b y s u m m i n g  th e  co n tri b u ti o n s  PV1  to  PV9 :  
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=
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1
ViVT

i

PP  (B . 1 5)  

Th e  tota l  VS C va l ve  l os s es  p er s ta ti o n  a re  e q u a l  to  th e  l os s es  p e r va l ve ,  PVT  m u l ti p l i ed   b y 
th e  n u m be r of va l ve s  i n  th e  s ta ti o n .  

N O TE  S om e  m u l ti - l e ve l  con ve rte r to p ol o g i e s  co n ta i n  m ore  th a n  o n e  typ e  o f va l ve ,  o r va l ve s  wi th  d i ffe re n t  
op e ra ti n g  d u ti e s .  I n  s u ch  ca s e s ,  th e  a b o ve  p roce d u re  s h o u l d  b e  e va l u a te d  s e p a ra te l y fo r e a ch  typ e  of va l ve  o r 
op e ra ti n g  d u ty.  
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Annex B  
(i n form a ti ve )  

 
Modulation  strategies  for 2-level  converters  

B.1  Carrier wave PWM  

F i g u re  B . 1  a )  s h o ws  th e  con trol  s i g n a l s  (th e  carri e rs  a n d  th e  vo l ta g e  referen ces  as  s i n e  wa ve)  
for a  PW M  VS C .  F i g u re  B . 1  b)  s h o ws  th e  re s u l ti n g  vo l ta g e  Va m  at  th e  a . c.  term i n a l  a,  wi th  
res p ect to  a  h yp oth e ti ca l  m i d p o i n t  m  of th e  d . c.  cap aci tor.  I n  th i s  exam p l e ,  th e  freq u en c y of 
th e  carri er ( tri a n g u l ar wa ve s i g n a l )  i s  n i n e  ti m es  th e  fu n d am en ta l  fre q u e n cy.  

Th e  g e n eral  h arm on i c  form  of th e  s wi tch e d  wa vefo rm  of F i g u re  2 9  b)  ca n  b e  wri tten  as :  

d
am 1 1 c c 1 1

1

( ) cos( ) cos[ ( ) ( )]
2

mn

m n

U
v t M t C m t n tω θ ω θ ω θ

∞ ∞

= =−∞

= + + + + +∑ ∑  

wh ere  

M  i s  th e  m od u l ati o n  i n d e x;  

ω1   i s  th e  fu n d am e n ta l  freq u en c y;  

ωc   i s  th e  carri er fre q u e n c y;  

m   i s  a  m u l ti p l e  of th e  carri e r fre q u e n c y;  

n   i s  a  m u l ti p l e  of th e  fu n d a m en ta l  fre q u e n cy;  

θ1   i s  a n  arbi trary p h as e  offs et  of th e  fu n d am en ta l  wa veform ;  

θc   i s  a n  a rbi trary p h as e  offs e t of th e  carri er wa veform .   

Th e  m os t effe cti ve  a pproa ch  to  d e term i n e  th e  h arm o n i c co effi ci e n ts  Cm n  i s  u s i n g  d ou b l e  
i n teg ra l  F o u ri er fo rm  a s :  

∫ ∫
π π j(mx+ny)

mn 2 -π -π

1
C = F(x, y)e dxdy

2π  

wh ere   

F(x,y)  i s  th e  s wi tch e d  wa veform  for o n e  fu n d am en ta l  c ycl e ;   

x =  ωct;   

y =  ω1 t.   

Th e  g e n eral  h a rm on i c  form  of th e  s wi tch e d  wa veform  d efi n e s  carri er m u l ti p l e  h arm on i cs  
( wh e n  m ≠  0  a n d  n =  0 )  a n d  s i d e b an d  h arm on i cs  a rou n d  th e  ca rri er m u l ti p l e s  (wh en  m ≠  0  a n d  
n ≠  0 ) .  F i g u re  B . 1  s h o ws  th e  typ i ca l  h arm on i c s p e ctra  of th e  vo l ta g e  wa veform s  for ph as e -to-
fl o a ti n g  n e u tra l  a n d  ph a s e - to- ph as e ,  res p e cti ve l y,  for a  2 -l e ve l  VS C  u s i n g  PW M  s wi tch e d  
wa ve form s  wi th  a  ca rri e r-b as e d  co n tro l  m eth o d  u s i n g  2 1  ti m es  fu n d am e n ta l  freq u en c y an d  
as s u m i n g  i n fi n i te  d . c.  ca paci ta n ce  ( i . e .  n o  d . c.  vo l ta g e  ri p p l e ).  Th es e  h arm on i c s p ectra  wo u l d  
be  ch a n g e d  u n d er d i ffere n t s p e ci fi c  o p erati n g  co n d i ti on s .  

F or a  th re e- p h as e 2 - l e ve l  VS C ,  a  b a l an ce d  s e t of th re e - p h a s e l i n e- l i n e  ou tp u t vo l ta g es  i s  
ob tai n ed  i f th e  ph as e  l eg  refere n ce s  are  d i s p l ace d  b y 1 2 0 ° .  I n  th i s  ca s e ,  th e  tri p l e n  s i d eb a n d  
h arm o n i cs  arou n d  e ach  carri er m u l ti p l e  are  ca n ce l l e d  i n  th e  l i n e - l i n e  o u tpu t vo l ta g es .  I t  i s  
i m porta n t to  n ote  th a t th e  h a rm on i c ca n ce l l ati o n  i s  a  co n s eq u e n ce of th e  tri p l e n  s i d eb a n d  
h arm o n i cs .  Th e  carri e r/fu n d am e n ta l  ra ti o  h a s  n o  i n fl u e n ce,  an d  i t  ca n  b e  o d d ,  e ven  or n o t 
i n te g er.   
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B.1  a)  Phase-to-floating  neutral  vol tage  ampl i tude  versus  harmonic order 

 

B.1  b)  Phase-to-phase vol tage  ampl i tude  versus  harmonic  order 

Figure  B. 1  – Vol tage harmonics  spectra of a  2-l evel  VSC   
wi th  carrier frequency at 21 st  harmonic  

B.2  Selective harmonic el imination  modulation  

S el ecti ve  h arm on i c e l i m i n a ti o n  m od u l a ti on  ( S H E M )  i s  kn o wn  a s  a  m od u l ati o n  m eth o d  to  
e l i m i n a te  th e  u n d es i rab l e  l o w ord er h a rm on i cs .  S H E M  a ppro ach  i s  a n  effecti ve  wa y to  
e l i m i n a te  th e  s e l ecte d  m os t s i g n i fi ca n t  h a rm on i cs  u s i n g  l o wer s wi tch i n g  freq u en c y.  F i g u re  B . 2  
s h o ws  th e  wa veform  s wi tch e d  at pred e term i n e d  a n g l es .  Th e  s wi tch e d  wa veform  h as  o d d  h a l f-
wa ve  s ym m e try an d  e ve n  q u arter- wa ve  s ym m e try.  T h e  K s wi tch i n g  a n g l e s  can  b e  u s e d  to  
e l i m i n a te  K- 1  s i g n i fi ca n t  h arm o n i c  com pon e n t a n d  co n tro l  th e  fu n d am e n ta l  vo l tag e .   
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Figure B.2  – Phase output vol tage  for selective harmonic  
el im ination  modu lation  (SHEM)  

Th e  g e n eral  F o u ri er s eri e s  of th e  s wi tch ed  wa veform s  s h o wn  i n  F i g u re  B . 2  can  be  g i ve n  as  

)sincos()(am tntnatv
1n

n ωω nb+= ∑
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=

 

F or a  wa ve form  wi th  q u arter- wa ve s ym m etry,  o n l y th e  o d d  h arm on i cs  wi th  s i n e  com po n e n t wi l l  
be  pre s e n t.  Th e refore ,  

an  =  0  
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N o te  th a t K n u m ber of s i m u l ta n e o u s  e q u a ti o n s  a re  re q u i re d  to  s o l ve  th e  K n u m ber of 
s wi tch i n g  a n g l es .  Th e  fu n d am e n ta l  vo l ta g e  can  be  co n tro l l ed  u s i n g  o n e  e q u a ti o n ,  a n d  K- 1  
h arm o n i cs  ca n  b e  e l i m i n ate d  u s i n g  th e  oth er K- 1  e q u a ti o n s .  U s u a l l y,  th e  l o wes t s i g n i fi can t  
h arm o n i cs  are  to  b e  e l i m i n ate d .  F or a  th re e- ph as e th ree - wi re  2 - l e ve l  VS C ,  th e  tri p l e n  
h arm o n i cs  can  b e  i g n ore d  i f th e  p h a s e  refe re n ces  are  d i s pl ace d  b y 1 2 0 ° .  

IEC  
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Th e  m ai n  ta s k of I E C  te ch n i ca l  com m i tte e s  i s  to  p rep are  I n te rn ati on a l  S ta n d ard s .  H o we ver,  a  
tech n i ca l  com m i ttee  m a y p ro p os e th e  pu b l i cati on  of a  tech n i ca l  re p ort wh e n  i t  h as  col l ecte d  
d a ta  of a  d i ffere n t ki n d  from  th a t wh i ch  i s  n orm a l l y p u b l i s h e d  as  a n  I n tern a ti o n a l  S ta n d ard ,  for 
exam p l e  "s tate  of th e  art" .  

I E C/TR 6 2 5 4 3 ,  wh i ch  i s  a  tech n i cal  re port,  h as  b e e n  pre p are d  b y s u bcom m i tte e  2 2 F :  P o we r 
e l ectro n i cs  for e l e ctri ca l  tran s m i s s i on  a n d  d i s tri bu ti on  s ys tem s ,  of I E C te ch n i ca l  com m i tte e  2 2 :  
P o wer e l ectro n i c  s ys tem s  a n d  eq u i pm en t.  

Th i s  p u b l i ca ti on  h as  b e e n  d rafte d  i n  accord a n ce wi th  th e  I S O /I E C  D i re cti ves ,  P art 2 .  

Th e  com m i tte e  h as  d eci d ed  th at th e  co n te n ts  of th e  b as e  pu b l i ca ti o n  a n d  i ts  am en d m en ts  wi l l  
rem ai n  u n ch an g ed  u n ti l  th e  s ta b i l i ty d a te  i n d i ca te d  on  th e  I E C  we b s i te  u n d er 
" h ttp : //we bs tore . i ec. ch "  i n  th e  d a ta  re l ate d  to  th e  s peci fi c pu b l i ca ti o n .  At th i s  d a te ,  th e  
pu b l i ca ti o n  wi l l  be   

•  re co n fi rm e d ,  

•  wi th d ra wn ,  

•  rep l ace d  b y a  re vi s e d  e d i ti o n ,  or 

•  am en d e d .  

A b i l i n g u a l  vers i o n  of th i s  p u bl i cati o n  m a y be  i s s u e d  at  a  l ate r d ate .  

 

IMPORTANT – The 'colour inside'  logo on  the  cover page  of th is  publ ication  ind icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore prin t th is  document using  a  
colour prin ter.  
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HIGH-VOLTAGE DIRECT CURRENT (HVDC)  POWER TRANSMISSION   
USING  VOLTAGE SOURCED CONVERTERS (VSC)  

 
 
 

1  Scope  

Th i s  te ch n i cal  re p ort g i ves  g en era l  g u i d a n ce on  th e  s u bj ect of vo l ta g e- s ou rce d  co n verters  
u s e d  for tra n s m i s s i o n  of po we r b y h i g h  vo l ta g e  d i re ct cu rre n t (H VD C ).  I t  d e s cri bes  con verters  
th at a re  n o t o n l y vo l ta g e -s ou rce d  (co n ta i n i n g  a  cap a ci ti ve  e n erg y s torag e  m ed i u m  an d  wh ere  
th e  p o l a ri ty of d . c.  vo l tag e  rem ai n s  fi xe d )  b u t a l s o  s el f-com m u ta te d ,  u s i n g  s em i co n d u ctor 
d e vi ces  wh i ch  ca n  bo th  be  tu rn e d  o n  an d  tu rn e d  off b y co n tro l  acti o n .  T h e  s co pe i n cl u d es  
2 - l e ve l  a n d  3 - l e vel  con verters  wi th  p u l s e- wi d th  m od u l ati on  ( PW M ),  a l o n g  wi th  m u l ti - l e ve l  
con verters ,  m od u l ar m u l ti - l e ve l  co n verte rs  a n d  cas cad e d  two -l e ve l  co n verte rs ,  b u t e xcl u d es  2 -
l e ve l  a n d  3 - l e ve l  co n ve rte rs  o pe ra te d  wi th ou t PW M ,  i n  s q u are - wa ve ou tpu t  m od e .  

H VD C  po we r tra n s m i s s i o n  u s i n g  vo l ta g e  s ou rce d  con verters  i s  kn o wn  as  “ VS C  tra n s m i s s i o n”.  

Th e  vari o u s  typ e s  of ci rcu i t th at ca n  b e  u s e d  for VS C tra n s m i s s i o n  a re  d es cri be d  i n  th e  re port,  
a l o n g  wi th  th e i r pri n ci p a l  o pe rati o n a l  ch aracte ri s ti cs  a n d  typ i ca l  a pp l i cati o n s .  Th e  o vera l l  a i m  
i s  to  pro vi d e  a  g u i d e  fo r p u rch as ers  to  as s i s t wi th  th e  ta s k of s peci fyi n g  a  VS C  tra n s m i s s i o n  
s ch em e.  

L i n e-com m u ta te d  a n d  cu rre n t-s ou rce d  co n verters  a re  s pe ci fi ca l l y excl u d e d  from  th i s  rep ort.   

2  Normative references  

Th e  fol l o wi n g  refere n ce d  d ocu m e n ts  are  i n d i s p e n s a b l e  for th e  a p pl i cati o n  of th i s  d ocu m e n t.  
F or d ate d  refe re n ces ,  o n l y th e  ed i ti o n  ci te d  a p p l i e s .  F or u n d a ted  refere n ce s ,  th e  l ates t e d i ti o n  
of th e  refe ren ce d  d ocu m en t ( i n cl u d i n g  an y am e n d m en ts )  a pp l i es .  

I E C  6 1 9 7 5 ,  High-voltage direct current (HVDC)  installations – System tests 

I E C 6 2 5 0 1 ,  Voltage sourced converter (VSC)  valves for high-voltage direct current (HVDC)  
power transmission – Electrical testing  

I E C  6 2 7 4 7 ,  Terminology for voltage-sourced converters (VSC)  for high-voltage direct current 
(HVDC)  systems 

I E C  6 2 7 5 1  ( al l  p arts ) ,  Power losses in  voltage sourced converter (VSC)  valves for high 
voltage direct current (HVDC)  systems  

3 Terms and  defin i tions   

F or th e  p u rp os es  of th i s  d ocu m en t,  th e  term s  a n d  d efi n i ti o n s  g i ve n  i n  I E C 6 2 7 4 7 ,  I E C  6 2 5 0 1  
an d  th e  fo l l o wi n g  a p p l y.  

3. 1  General  

B a s i c term s  an d  d e fi n i ti o n s  for vo l ta g e  s o u rce d  con verters  u s ed  fo r H VD C  tran s m i s s i on  are  
g i ve n  i n  I E C  6 2 7 4 7 .  Term i n o l o g y o n  e l ectri ca l  te s ti n g  of VS C val ve s  for H VD C  tran s m i s s i on  i s  
g i ve n  i n  I E C  6 2 5 0 1 .  
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To  s u pp ort  th e  exp l an a ti on s ,  F i g u re  1  pres e n ts  th e  b as i c d i a g ram  of a  VS C s ys te m .  
D e p e n d e n t o n  th e  co n ve rter to p o l o g y an d  th e  re q u i re m en ts  i n  th e  proj ect,  s om e com pon e n ts  
can  be  om i tted  or ca n  d i ffer.  

 

1  ci rcu i t  b re a ke r 9  VS C  u n i t  3 )  

2  p re -I n s e rti o n  Re s i s to r 1 0  VS C  d . c.  cap a ci to r 4 )  

3  l i n e  s i d e  h a rm on i c fi l te r1 )  1 1  d . c.  h a rm o n i c  fi l te r1 )  

4  l i n e  s i d e  h i g h  fre q u e n cy fi l te r6 )  1 2  d yn a m i c b ra ki n g  s ys te m 7 )  

5  i n te rfa ce  tra n s fo rm e r 1 3  n e u tra l  p oi n t  g ro u n d i n g  b ra n ch  5 )  

6  co n ve rte r s i d e  h a rm on i c fi l te r1 )  1 4  d . c.  re a cto r8 )  

7  +  8  co n ve rte r s i d e  h i g h  fre q u e n cy fi l te r2 )  1 5  d . c.  ca b l e  o r ove rh e a d  tra n s m i s s i on  l i n e  

8  p h a s e  re a cto r 2 )    

1 )   I n  s om e  d e s i g n s  o f VS C  b a s e d  o n  " co n tro l l a b l e  vo l ta g e  s o u rce "  va l ve s ,  th e  h a rm o n i c fi l te rs  m a y n ot  b e  
re q u i re d .  

2 )   I n  s om e  d e s i g n s  of VS C ,  th e  p h a s e  re a cto r m a y fu l fi l l  p a rt  of th e  fu n cti o n  of th e  con ve rte r- s i d e  h i g h  fre q u e n c y 
fi l te r.   

3 )   I n  s o m e  VS C  to p o l og i e s ,  e a ch  va l ve  o f th e  VS C u n i t  m a y i n cl u d e  a  " va l ve  re a cto r" ,  wh i ch  m a y b e  b u i l t  i n to  th e  
va l ve  or p ro vi d e d  a s  a  s e p a ra te  com p on e n t.  

4 )   I n  s om e  d e s i g n s  of VS C ,  th e  VS C d . c.  ca p a ci tor m a y b e  p a rtl y o r e n ti re l y d i s tri b u te d  a m o n g s t  th e  th re e  p h a s e  
u n i ts  of th e  VS C  U n i t,  wh e re  i t  i s  re fe rre d  to  a s  th e  d . c.  s u b m od u l e  ca p a ci to rs .  

5 )   Th e  p h i l os o p h y a n d  l o ca ti o n  o f th e  n e u tra l  p oi n t  g ro u n d i n g  b ra n ch  m a y b e  d i ffe re n t d e p e n d i n g  o n  th e  d e s i g n  of 
th e  VS C  u n i t.   

6 )  I n  s om e  d e s i g n s  of VS C ,  th e  i n te rfa ce  tra n s fo rm e r m a y fu l fi l l  p a rt  o f th e  fu n cti o n  of th e  l i n e -s i d e  h i g h  fre q u e n c y 
fi l te r.  

7 )  O p ti on a l .  

8 )   O p ti on a l ,  i f p h a s e  re a cto rs  a re  l oca te d  on  th e  d . c.  s i d e  of th e  co n ve rte r.  

Figure 1  – Major components  that may be  found  in  a  VSC  substation  

IEC  
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3.2  Letter symbols   

Uco n v  
l i n e- to- l i n e  a . c.  vo l ta g e  of th e  con verter u n i t(s ) ,  r. m . s .  va l u e,  i n cl u d i n g  
h arm o n i cs ;  

Ico n v  
a l tern a ti n g  cu rren t of th e  co n verte r u n i t(s ) ,  r. m . s .  va l u e,  i n cl u d i n g  
h arm o n i cs ;  

UL  
l i n e- to- l i n e  a . c.  vo l ta g e  of th e  a . c.  s ys tem ,  r. m . s .  val u e ,  i n cl u d i n g  
h arm o n i cs ;  

IL  a l tern a ti n g  cu rre n t  of th e  a. c.  s ys tem ,  r. m . s .  va l u e,  i n cl u d i n g  h arm o n i cs ;  

Ud  d . c.  l i n e- to -l i n e  vo l ta g e  of th e  d . c.  bu s  of th e  VS C  tra n s m i s s i on  s ys tem ;  

Id  d . c.  cu rren t of th e  d . c.  b u s  of th e  VS C  tran s m i s s i o n  s ys tem .  

3.5  VSC  transmission   

3. 5.4   
VSC  d .c.  capacitor 
cap aci tor b a n k (s )  ( i f an y)  con n ected  be twe en  two  d . c.  term i n a l s  of th e  VS C ,  u s e d  as  e n e rg y 
s tora g e  a n d  / or fi l teri n g  pu rp os es   

3.5.6   
a. c.  s ide  rad io  frequency interference  fi l ter (RFI  fi l ter)   
fi l ters  ( i f a n y)  u s ed  to  re d u ce p en e tra ti o n  of ra d i o  fre q u e n cy i n terfere n ce  (RF I )  i n to  th e  a. c.  
s ys tem  to  an  acce pta b l e  l e ve l  

3.5.8   
valve  side harmonic  fi l ter 

fi l ters  ( i f an y)  u s e d  to  m i ti g a te  th e  H F  s tre s s es  of th e  i n terface  tra n s form e r 

3.5. 1 0   
d .c.  harmonic  fi l ter 
d . c.  fi l ters  ( i f a n y)  u s ed  to  pre ve n t  h arm on i cs  g e n era ted  b y VS C va l ve  fro m  pen e tra ti n g  i n to  
th e  d . c.  s ys te m .   

N O TE  Th e  fi l te r ca n  co n s i s t  o f a  tu n e d  s h u n t  b ra n ch ,  s m oo th i n g  re a ctor o r com m on  m o d e  b l o cki n g  re a cto r or 
co m b i n a ti o n s  th e re o f.  

3.5. 1 1   
d .c.  reactor 

a re actor ( i f a n y)  co n n ecte d  i n  s e ri es  to  a  d . c.  b u s bar 

N O TE  D C  re a ctor i s  u s e d  to  re d u ce  h a rm on i c cu rre n ts  fl o wi n g  i n  th e  d . c.  l i n e  or ca b l e  a n d  to  d e tu n e  cri ti ca l  
re s o n a n ce s  wi th i n  th e  d . c.  ci rcu i t.  A d . c.  re a cto r m i g h t  a l s o  b e  u s e d  fo r p ro te cti o n  p u rp o s e s .  

3.5. 1 2   
d .c.  s ide  radio  frequency interference  fi l ter 
fi l ters  ( i f an y)  u s e d  to  red u ce  p en e tra ti o n  of ra d i o  fre q u e n cy ( RF )  i n to  th e  d . c.  s ys tem  to  
acce p ta b l e  l i m i ts  

3.7  Type tests  

Th os e tes ts  wh i ch  are  carri e d  o u t to  veri fy th at th e  com po n en ts  of VS C  tran s m i s s i on  s ys tem  
d es i g n  wi l l  m eet th e  req u i rem en ts  s p eci fi e d .  I n  th i s  re p ort,  typ e  tes ts  are  cl as s i fi ed  u n d e r two  
m a j or ca te g ori es :  d i el e ctri c tes ts  a n d  op erati o n a l  tes ts .  
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3.7. 1   
d ielectric  tests  
th os e  tes ts  wh i ch  a re  carri e d  o u t to  veri fy th e  h i g h  vo l tag e  wi th s ta n d i n g  cap a bi l i ty of th e  
com pon e n ts  of VS C  tran s m i s s i o n  s ys tem  

3.7.2   
operational  tests  
th os e  te s ts  wh i ch  a re  ca rri ed  ou t to  veri fy th e  tu rn -o n  ( i f ap p l i ca b l e) ,  tu rn -off ( i f a pp l i cab l e ) ,  
an d  cu rre n t re l a te d  ca p a b i l i ti e s  of th e  com p on e n ts  of VS C tra n s m i s s i o n  s ys te m  

3.8  Production  tests  

Th os e  tes ts  wh i ch  are  carri e d  o u t to  ve ri fy prop e r m a n u fa ctu re ,  s o  th at th e  pro p erti e s  of th e  
certa i n  com pon e n t of VS C  tra n s m i s s i o n  s ys tem  corres p o n d  to  th os e  s p eci fi ed  

3.9  Sample  tests  

Th os e pro d u cti o n  tes ts  wh i ch  are  ca rri e d  ou t on  a  s m al l  n u m be r of certa i n  VS C  tran s m i s s i o n  
com pon e n ts ,  e. g .  va l ve  s ecti on s  or s pe ci a l  com po n e n ts  take n  at  ra n d om  from  a  b a tch   

3. 1 1  Power losses   

3. 1 1 . 1   
auxi l iary losses  
e l ectri c po we r re q u i re d  to  fee d  th e  VS C  s u bs ta ti o n  a u xi l i ary l o a d s   

N O TE  Th e  a u xi l i a ry l o s s e s  d e p e n d  on  wh e th e r th e  s u b s ta ti on  i s  i n  n o -l oa d  o r ca rryi n g  l o a d ,  i n  wh i ch  ca s e  th e  
a u xi l i a ry l o s s e s  d e p e n d  on  th e  l o a d  l e ve l .  

3. 1 1 .2   
 no-load  operating  losses  
th e  l os s e s  prod u ced  i n  a n  i te m  of eq u i pm e n t wi th  th e  VS C  s u bs tati o n  e n e rg i ze d  bu t wi th  th e  
VS C s  b l ocked  a n d  a l l  s u bs tati o n  s e rvi ce  l oa d s  a n d  au xi l i a ry e q u i pm en t co n n ecte d  as  req u i red  
for i m m ed i ate  p i ck-u p  of l oa d  

3. 1 1 .3   
 i d l ing  operating  losses  
l os s e s  pro d u ce d  i n  a n  i tem  of eq u i pm en t wi th  th e  VS C s u bs tati on  en erg i ze d  a n d  wi th  th e  
VS C s  d e- b l ocked  b u t  wi th  n o  rea l  o r re acti ve  po wer o u tpu t  

3. 1 1 .4   
operating  losses  
th e  l os s es  pro d u ce d  i n  an  i tem  of eq u i p m en t a t  a  g i ve n  l o a d  l e ve l  wi th  th e  VS C s u bs ta ti o n  
en erg i ze d  a n d  th e  co n ve rte rs  o p erati n g  

3. 1 1 .5   
total  system  losses  
th e  to tal  s ys tem  l os s  i s  th e  s u m  of a l l  o p era ti n g  l os s es ,  i n cl u d i n g  th e  corre s p o n d i n g  a u xi l i ary 
l os s es  

3. 1 1 .6   
station  essential  auxi l i ary load  
th e  l oa d s  wh os e  fa i l u re  wi l l  affe ct th e  co n ve rs i o n  cap a b i l i ty of th e  H VD C  co n verter s tati on  
(e. g .  va l ve  coo l i n g ) ,  as  we l l  a s  th e  l o a d s  th a t s h a l l  rem a i n  worki n g  i n  cas e  of com pl e te  l os s  o f 
a. c.  p o wer s u p p l y (e . g .  b attery ch a rg ers ,  o p era ti n g  m ech a n i s m s )  

N O TE  Tota l  “ o p e ra ti n g  l os s e s ”  m i n u s  “ n o  l oa d  op e ra ti n g  l o s s e s ”  m a y b e  con s i d e re d  a s  b e i n g  q u a n ti ta ti ve l y 
e q u i va l e n t  to  “ l o a d  l os s e s ”  a s  i n  con ve n ti o n a l  a . c.  s u b s ta ti o n  p ra cti ce .  
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4 VSC transmission  overview 

4. 1  Basic  operating  principles  of VSC  transmission  

4. 1 . 1  The vol tage sourced  converter as  a  black box 

Th e o p erati on  of a  vo l ta g e  s ou rce d  con ve rte r i s  d es cri b e d  i n  g re ate r d eta i l  i n  C l a u s e  5 .  I n  th i s  
cl a u s e  th e  co n ve rter i s  tre a te d  as  a  b l ack box th a t ca n  con ve rt from  a. c.  to  d . c.  a n d  vi ce  
vers a ,  a n d  on l y s te ad y-s tate  o p e ra ti o n  i s  co n s i d e red .  

F i g u re  2  d e p i cts  a  s ch e m ati c d i a g ram  of a  g en e ri c vo l ta g e  s ou rce d  co n verter co n n ecte d  to  a  
d . c.  ci rcu i t  o n  o n e  s i d e  a n d  to  a n  a . c.  ci rcu i t  on  th e  oth er.  

=

~
+

-
~

VSC

+

-
DC 

resistor
VSC d. c.
capacitor

Pconv

Iconv
Xconv

ULUconv

Rd

Ud

Id

Us

 

Figure 2  – Diagram  of a  generic  vol tage source  converter (a.c.  fi l ters  not shown)  

Th e VS C  ca n  b e  op era te d  as  e i th er an  i n verte r,  i n j ecti n g  re a l  p o we r i n to  th e  a . c.  n etwo rk (Id  ×  
Ud  >  0 ) ,  or as  a  recti fi er a bs orb i n g  p o wer from  th e  a . c.  n e two rk (Id  ×  Ud  <  0 ) .  S i m i l arl y,  th e  
VS C  ca n  b e  op erate d  e i th er ca p a ci ti ve l y,  i n j ecti n g  rea cti ve  p o wer i n to  th e  a . c.  n etwork  
( I m (UL· IL)  > 0 )  ,  o r i n d u cti vel y,  a bs orbi n g  re acti ve  po we r from  th e  a. c.  n etwork ( I m (UL· IL)  < 0 ).  
Th e  VS C  ca n  b e  o p erated  ca p aci ti ve l y or i n d u cti ve l y i n  bo th  th e  i n verter a n d  th e  recti fi e r 
m od e.  

Th e  d es i g n a ti o n  vo l ta g e  s o u rce d  co n ve rter i s  u s ed  b eca u s e  th e  fu n cti on  of th e  VS C i s  
pre d i cate d  on  th e  co n n ecti o n  of a  vo l tag e  s o u rce  o n  th e  d . c.  s i d e.  

To  th e  l eft  i n  F i g u re  2 ,  a  d . c.  vol tag e  s ou rce  US  i s  s h o wn  wi th  a  d . c.  res i s tor Rd  re pre s e n ti n g  
th e  d . c.  ci rcu i t res i s tan ce ,  a n d  a  d . c.  cap aci tor co n n ecte d .  Th e  d . c.  s h u n t cap a ci tor s e rve s  th e  
pu rp os e  of s ta b i l i s i n g  th e  d . c.  vol ta g e  Ud .  D e pe n d i n g  o n  th e  VS C  co n ve rte r to p o l o g y,  th e  d . c.  
s tora g e  ca p a ci tor i s  rea l i s ed  e i th e r a s  a  cen tra l  d . c.  s tora g e  ca p aci tor be twe e n  b o th  p o l es  or 
a s  m u l ti pl e  s torag e  ca p aci tors  d i s tri b u te d  wi th i n  th e  con verter p h as e  u n i ts .  Th e  co n vers i o n  
from  d . c.  to  a. c.  take s  p l a ce  i n  th e  VS C  as  e xp l a i n ed  i n  C l a u s e  5 .   

O n  th e  a. c.  s i d e,  a n  i n terface  i n d u cta n ce i s  p ro vi d e d  wh i ch  s erves  two  pu rp os es :  fi rs t,  i t  
s ta b i l i s e s  th e  a . c.  cu rre n t,  a n d  s eco n d l y,  i t  e n ab l es  th e  con tro l  of acti ve  an d  re acti ve  ou tpu t 
po we r from  th e  VS C ,  a s  e xp l a i n e d  i n  S u bcl a u s e  4 . 1 . 2 .  Th e  i n terfa ce  i n d u cta n ce ca n  b e  
i m pl em en te d  as  re actors ,  as  l e aka g e  i n d u ctan ce s  i n  tra n s form ers ,  or as  a  com bi n ati on  
th ereof.  Th e  d . c.  cap aci tor on  th e  i n pu t s i d e  a n d  th e  a. c.  i n terface  i n d u cta n ce o n  th e  o u tp u t  
s i d e  are  i m p orta n t com po n e n ts  for th e  p rop e r fu n cti on i n g  of a  VS C .  

A p as s i ve  or acti ve  a . c.  n e twork can  b e  co n n ecte d  o n  th e  a . c.  s i d e  of th e  VS C .  I f th e  VS C  i s  
con n ecte d  to  a  p as s i ve  n etwork on  i ts  a . c.  s i d e,  th e  po we r fl o w can  b e  o n l y from  th e  d . c.  i n p u t 
s i d e  to ward s  th e  p as s i ve  l o a d  o n  th e  a . c.  s i d e .  H o we ve r,  i f th e  a . c.  s i d e  i s  con n ected  to  a n  
acti ve  a. c.  n e two rk,  th e  po we r fl o w ca n  b e  i n  b o th  d i recti o n s  b y co n tro l l i n g  th e  a . c.  vo l ta g e  
ou tpu t Ucon v  of th e  VS C .  

IEC   568/11 
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B y co n tro l l i n g  th e  p h as e  an g l e  of Ucon v,  th e  acti ve  p o wer th rou g h  th e  VS C ca n  b e  co n tro l l e d  
as  exp l a i n e d  i n  S u b cl a u s e  4 . 1 . 2 . 2 .  B y co n tro l l i n g  th e  vo l ta g e  am p l i tu d e  of Uco n v,  th e  re acti ve  
po we r th ro u g h  th e  VS C  can  be  co n tro l l ed ,  a s  exp l a i n e d  i n  S u bcl a u s e  4 . 1 . 2 . 3 .  

4.1 .2  The principles  of active  and  reactive power control  

4. 1 . 2 . 1  General  

Th e VS C  ca n  b e  con s i d ere d  as  a n  e q u i val e n t o f a  s yn ch ron o u s  g en erator wi th ou t i n erti a ,  
wh i ch  h as  th e  ca pa b i l i ty of i n d i vi d u al l y co n tro l l i n g  a cti ve  a n d  re a cti ve  p o we r.  

Th e  e xch an g e of acti ve  an d  re a cti ve  p o wer b etwee n  a  VS C a n d  th e  a. c.  g ri d  i s  co n tro l l e d  b y 
th e  p h as e  a n g l e  a n d  am p l i tu d e  of th e  VS C  o u tp u t  vol ta g e  i n  re l a ti o n  to  th e  vol tag e  of th e  a . c.  
g ri d .  

Th e  a cti ve  a n d  re acti ve  po we r are  rel a te d  to  th e  AC  vo l ta g es  UL  a n d  Uco n v  of th e  AC  s ys tem  
an d  co n ve rter res pecti ve l y,  th e  re actan ce X b e twee n  th es e  vo l ta g es  a n d  th e  p h a s e  a n g l e  δ  
be twe en  th em ,  a ccord i n g  to  th e  fo l l o wi n g :  

X

UU
P L δsinconv ××
=  

X

UUU
Q LL δcos( conv ×−×
=   

I f Ucon v  i s  i n  p h a s e  wi th  th e  l i n e  vo l ta g e  UL  a n d  i ts  am pl i tu d e  i s  e q u a l  to  UL ,  th ere  i s  n o  a . c.  
cu rren t Ic o n v  from  th e  VS C .  U n d er th es e  con d i ti o n s ,  th e  d . c.  cu rre n t  Id  b ecom es  zero  an d  th e  
d . c.  ca paci tor vo l ta g e  Ud  becom es  eq u a l  to  th e  d . c.  s ou rce  vo l ta g e  Us .  

4. 1 .2 .2  The principle  of active power control  

Th e pri n ci p l e  of acti ve  p o wer co n tro l  i s  d ep i cte d  i n  F i g u re  3 ,  wh ere  th e  a cti ve  p o wer th ro u g h  
th e  i n te rface  i n d u ctan ce i s  co n tro l l e d  b y reg u l a ti n g  th e  VS C  vo l ta g e  a n g l e.  
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Figure 3  – The principle  of active power control  

I f th e  an g l e  of th e  VS C  ou tpu t vo l ta g e  l e a d s  th e  a. c.  g ri d  vo l ta g e,  th e  VS C wi l l  i n j ect acti ve  
po we r to  th e  a . c.  g ri d ,  i . e. ,  i t  op e rates  as  a n  i n ve rter.  O n  th e  d . c.  s i d e ,  a n  e q u i va l e n t cu rren t  
wi l l  b e  d ra wn  from  th e  d . c.  s o u rce  a n d  th e  vo l ta g e  Ud  wi l l  d ecrea s e  i n  accord a n ce wi th  O h m ' s  
l a w (Ud  =  Us  – Rd · Id ) .  

I f,  o n  th e  oth e r h an d ,  th e  VS C  o u tp u t vo l ta g e  l a g s  th e  vo l tag e  of th e  a . c.  g ri d ,  th e  VS C wi l l  
abs orb  acti ve  po we r fro m  th e  a. c.  g ri d ,  i . e. ,  i t  o pera tes  as  a  recti fi e r.  O n  th e  d . c.  s i d e ,  a n  
eq u i val e n t cu rre n t  wi l l  b e  i n j ecte d  i n to  th e  d . c.  s ou rce  a n d  th e  vo l ta g e  Ud  wi l l  i n cre as e  i n  
accord a n ce  wi th  O h m ' s  l a w (Ud  =  US  +  Rd · Id ) .  

I f th e  VS C i s  co n n ecte d  to  a  pas s i ve  l o a d ,  a n  a . c.  ou tpu t cu rre n t wi l l  b e  d ra wn  from  th e  VS C  
d e te rm i n ed  b y O h m ' s  l a w Ico n v  =  Uco n v/Z.  Ag a i n ,  a n  e q u i va l e n t d . c.  cu rre n t wi l l  b e  d ra wn  from  
th e  s o u rce  a n d  th e  vo l ta g e  Ud  o n  th e  d . c.  ca p a ci tor wi l l  d rop  to  a  va l u e  d e term i n e d  b y O h m ' s  
l a w.  N o  acti ve  po we r can  b e  d ra wn  from  th e  a. c.  s i d e ,  b e ca u s e  i t  i s  a  p a s s i ve  a. c.  ci rcu i t.  

4.1 .2 .3  The principle  of reactive power control  

Th e pri n ci p l e  of re acti ve  p o wer co n tro l  i s  d e p i cte d  i n  F i g u re  4 ,  wh ere  th e  reacti ve  p o wer 
th ro u g h  th e  i n terface  i n d u cta n ce  i s  con trol l e d  b y reg u l ati n g  th e  a m pl i tu d e  of th e  VS C  o u tpu t 
a. c.  vo l ta g e .  

I f th e  am pl i tu d e  of th e  VS C  o u tp u t vo l ta g e  Uco n v  i s  h i g h er th an  th e  a . c.  g ri d  vo l ta g e  UL ,  th e  
VS C wi l l  i n j ect rea cti ve  po we r i n  th e  a. c.  g ri d ,  i . e. ,  wi l l  op era te  i n  th e  ca pa ci ti ve  m od e.  I f th e  
am p l i tu d e  of th e  VS C  o u tp u t vo l ta g e  i s  l o wer th an  th e  a . c.  g ri d  vo l ta g e,  th e  VS C  a bs orbs  
reacti ve  p o we r from  th e  a. c.  g ri d ,  i . e . ,  th e  i n d u cti ve  o pera ti n g  m od e.  
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Figure 4 – The  principle  of reactive  power control  

4. 1 . 3  Operating  principles  of a  VSC transmission  scheme 
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Figure  5  – A point-to-point VSC  transmission  scheme 

Th e  p o i n t- to-p o i n t VS C  tran s m i s s i o n  s ch em e s h o wn  i n  F i g u re  5  con s i s ts  of two VS Cs  
i n terco n n ected  o n  th e  d . c.  s i d e  vi a  a  d . c.  tra n s m i s s i on  l i n e  a n d  co n n ecte d  to  two  d i fferen t a . c.  
g ri d s  o n  th e  a. c.  s i d e .  Th e  ba s i c  ch aracteri s ti cs  of a  VS C  h a ve  be e n  d es cri be d  i n  th e  p re vi ou s  
cl au s es .  O n e  of th es e  ch aracte ri s ti cs  i s  th a t th e  d . c.  vo l ta g e  p o l ari ty i s  a l wa ys  th e  s am e  ( i n  
con tras t wi th  L C C  H VD C ,  wh e re  th e  p ol a ri ty of d . c.  vo l tag e  d e pe n d s  o n  th e  d i recti o n  of po we r 
tra n s fe r) .  Th ere fore ,  th e  d i recti on  of th e  po we r fl o w o n  th e  d . c.  l i n e  i s  d e term i n ed  b y th e  
d i re cti o n  of th e  d . c.  cu rre n t.  I n  F i g u re  5  th e  cu rren t fl o w a n d  th e  po we r fl o w are  from  VS C 1  
(th e  s e n d i n g  or recti fi er e n d )  to  VS C 2  ( th e  re ce i vi n g  or i n verter e n d )  of th e  d . c.  l i n e .  

Th e  d i recti o n  of a  d . c.  cu rre n t i s  a l wa ys  from  a  h i g h er d . c.  vol tag e  l e vel  to  a  l o we r d . c.  vo l ta g e  
l e ve l .  Th e  d . c.  vo l ta g e  a t th e  s en d i n g  en d  of th e  d . c.  l i n e  s h a l l  th erefore  b e  h i g h er th an  th e  
d . c.  vol tag e  at th e  re ce i vi n g  e n d .  Th e  va l u e  of th e  cu rren t i s  d e te rm i n ed  b y O h m ' s  l a w,  as  th e  
vo l tag e  d i ffere n ce b etwe en  s en d i n g  a n d  rece i vi n g  e n d s  d i vi d ed  b y th e  re s i s ta n ce  i n  th e  d . c.  
l i n e  Id  =  (Ud 1 -Ud 2 ) /Rd .  
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F or exam pl e,  th e  d . c.  l i n e  po we r fl o w ca n  b e  con trol l e d  b y h o l d i n g  th e  d . c.  vol tag e  a t th e  
rece i vi n g  en d  co n ve rter ( th e  i n verte r)  a t a  con s tan t va l u e ,  a n d  b y l e tti n g  th e  s e n d i n g  en d  
con ve rter (th e  recti fi e r)  con trol  th e  d . c.  cu rre n t.   

4.1 .4  Appl ications  of VSC  transmission  

I n  g e n era l  th e  m ai n  fi e l d s  of a pp l i cati on  of H VD C  tra n s m i s s i o n  are  i n terco n n ecti o n  of 
as yn ch ro n o u s  a. c.  s ys te m s  an d  l on g  d i s ta n ce  tran s m i s s i on  vi a  o verh e a d  l i n es  a n d  ca b l es .  
Th e  fo l l o wi n g  ch ara cte ri s ti c  fe a tu res  of VS C  tra n s m i s s i on  are  d eci s i ve  for d i fferen t  
ap p l i ca ti o n s .   

•  Th e  s m al l e r am ou n t of e xtern a l  eq u i pm en t s u ch  as  a. c.  h a rm o n i c fi l ters  res u l ts  i n  a  
com pact d es i g n  of VS C con verter s tati o n s .  S m al l  foo tpri n ts  are  b e n efi ci a l  for a p pl i cati o n s  
wi th  s pa ti a l  l i m i ta ti o n s  s u ch  as  i n s ta l l a ti o n s  i n  ci ty cen tres  or o n  re m ote  offs h ore  p l atfo rm s .  

•  S i n ce  VS C tra n s m i s s i o n  i s  ba s e d  on  s e l f-com m u ta ti n g  o pera ti o n ,  ap p l i ca ti o n s  wi th  i s o l ated  
an d  we ak a. c.  s ys te m s  a re  fe a s i b l e.  D u ri n g  n o rm al  op erati on  th e  VS C  pro vi d es  vo l ta g e  
an d  fre q u e n c y co n tro l  of th e  a. c.  s ys tem .  O p erati on  d u ri n g  a. c.  fa u l ts  i s  a  m a j or cri teri o n  
for VS C .  Th e  ab i l i ty of th e  VS C to  i n j ect fau l t  cu rren ts  fa ci l i ta tes  a. c.  s ys te m  pro tecti o n  
a n d  fau l t cl e ari n g .  E xam p l e s  are  co n n e cti o n  of rem ote  wi n d  farm s ,  o i l  a n d  g a s  p l a tform s 
a n d  rem ote  m i n es .  

•  I n  m os t cas es ,  VS C  tra n s m i s s i o n  o p e ra te s  wi th  a  fi xe d  d . c.  vo l ta g e  p ol ari ty.  A re vers a l  of 
d i recti o n  of p o wer fl o w re q u i res  th e  re vers a l  of d . c.  cu rre n t.  I n  ca s e  of para l l e l  
i n terco n n ecti on  of a. c.  s ys tem s  vi a  a. c.  a n d  d . c.  l i n es ,  fas t po we r re vers al s  vi a  d . c.  cu rre n t  
con trol  pro vi d e  an  accu rate  m eas u re  fo r l o a d  fl o w s ta b i l i s a ti o n  b etwe e n  th e  a . c.  s ys tem s .  
S i n ce  th e  p o l a ri ty of d . c.  vol ta g e  d oe s  n o t re ve rs e ,  m u l ti - te rm i n a l  s ys te m s  a re  eas i e r to  
rea l i s e  wi th  VS C  th a n  wi th  LC C  H VD C .  

4.2  Design  l i fe  

Th e s e l ecti o n  of VS C  tra n s m i s s i o n  as  a n  a l tern a ti ve  to  LC C  H VD C ,  a. c.  tran s m i s s i on ,  o r l oca l  
g e n era ti on  i s  n orm al l y m oti vate d  b y fi n a n ci a l ,  tech n i ca l  or en vi ro n m en ta l  ad va n ta g es .  W h en  
e va l u ati n g  d i ffe ren t tech n o l o g i e s ,  i t  i s  i m p ortan t to  com pa re  th e i r l i fe  c ycl e  cos ts .   

Th e  tech n i ca l  d es i g n  l i fe  of tra n s m i s s i o n  s ys tem s  i s  n o rm al l y ve ry l o n g —3 0  ye a rs  or m ore.  An  
i n ve s tm en t,  h o we ver,  s h ou l d  o n l y l as t as  l o n g  as  i t  ca n  pro vi d e  th e  h i g h e s t ca p i ta l  va l u e ,  an d  
th i s  i s  d e s i g n a te d  th e  “ o pti m al  l i fe” .  Th e  op ti m al  l i fe  wi l l  a l wa ys  b e  e q u a l  to  or l e s s  th a n  th e  
te ch n i ca l  d es i g n  l i fe .   

4.3  VSC  transmission  configurations  

4.3. 1  General  

W i th  VS C tran s m i s s i o n  th ere  a re  s e ve ra l  pos s i b i l i ti es  for th e  d . c.  ci rcu i t a n d  co n verte r u n i ts .  

E ach  VS C  s u b s tati on  m a y b e  co n s tru cte d  fro m  a  s i n g l e  co n verter u n i t of a  ph as e  u n i t  
to p ol o g y res u l ti n g  i n  a  m on o p o l ar tra n s m i s s i on  s ch em e .   

I n  s om e  a p p l i ca ti o n s  i t  m a y b e  n eces s a ry or a d va n ta g e o u s  to  com bi n e  s e vera l  con ve rter u n i ts  
each  co n s tru cte d  u s i n g  th e  s am e co n ve rter ph a s e  u n i t to p o l o g y.  F or exa m pl e,  i t  m a y n ot  b e  
te ch n i ca l l y fe as i b l e  or e con om i ca l l y op ti m a l  to  a ch i e ve  th e  p o we r,  vo l ta g e  or cu rre n t ra ti n g  
wi th  a  s i n g l e  co n ve rter u n i t.  S e vera l  co n verte r u n i ts  m a y b e  com b i n e d  to  ach i e ve  i n cre as e d  
a va i l a b i l i ty a n d  l i m i te d  po wer o u ta g e  u p o n  fau l ts .  

Th e  com b i n a ti o n  of two or m ore  con verter u n i ts  can  be  accom p l i s h ed  i n  a  n u m ber of wa ys .  
Th e  d . c.  term i n a l s  of th e  con verter u n i ts  ca n  be  con n ecte d  i n  p ara l l e l  to  ach i e ve  h i g h  o u tp u t  
cu rre n ts  or i n  s eri e s  to  a ch i e ve  h i g h  o u tp u t vol tag e s .  
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4.3.2  D.C.  ci rcu i t  configurations  

B oth  ca b l es  an d  o verh e a d  tra n s m i s s i o n  l i n e s  ca n  b e  u s ed  for VS C  tra n s m i s s i o n .  H o we ver,  
th ere  are  s e vera l  as p ects  as s oci a te d  wi th  th e  b a s i c p ri n ci p l e  of VS C tra n s m i s s i o n  th at  m a y 
i n fl u e n ce th e  ch o i ce .   

•  S i n ce  a  VS C g e n e ra l l y a l l o ws  o n l y o n e  d . c.  vo l ta g e  p o l ari ty,  th e  ca b l e  d o es  n o t n e e d  to  be  
d es i g n e d  for vo l ta g e  p o l ari ty re vers a l .  Th i s  a l l o ws  th e  u s e  of extru d e d  cros s - l i n ke d  
p o l ye th yl e n e  ( XL PE )  d . c.  ca b l e s .  F au l ts  o n  d . c.  cab l es  a re  co n s i d ere d  as  exce pti on a l  
s cen ari os  wh i ch  res u l t i n  a  p erm an en t fa u l t of th e  a ffecte d  s ecti o n  a n d  a n  i n terru p ti o n  of 
po we r tra n s fer.  

•  S i n ce  o verh ea d  tran s m i s s i on  l i n es  are  a l wa ys  expos e d  to  l i g h tn i n g  s tri ke s  a n d  p ol l u ti o n ,  
fa u l ts  a l o n g  th em  are  l i ke l y.  M os t l i n e  o u tag es  a re  tem porary a n d  tra n s m i s s i o n  
recom m en ces  o n ce  th e  fau l t i s  cl e ared  a n d  th e  a i r i n s u l a ti o n  i s  res tore d .   

A b ack- to- b ack con fi g u rati on  i s  a  s pe ci a l  ca s e  of VS C  tra n s m i s s i o n  wh ere  th e  d . c .  
tra n s m i s s i o n  d i s ta n ce  i s  ze ro .   

4.3.3  Monopole  configuration  

4.3.3.1  General  

Th e VS C  con verter can  b e  o perate d  i n  d i ffere n t m on o po l a r co n fi g u ra ti o n s .  

•  S ym m etri ca l  m on o p o l e  

•  As ym m etri c m on o p o l e  wi th  m e ta l l i c  re tu rn  

•  As ym m etri c m on o p o l e  wi th  e arth  re tu rn  

4.3.3.2  Symmetrical  monopole  

I n  a  s ym m etri ca l  m on o po l e,  th e  d . c.  o u tp u t vo l ta g es  a re  of e q u a l  b u t  o p po s i te  m a g n i tu d e .  Th e  
m i d p oi n t of th e  d . c.  ci rcu i t i s  e arth ed ,  e i th er b y cap aci tors  as  s h o wn  i n  F i g u re  6  or b y o th er 
m ean s .  

=
~

=
~

 

Figure 6  – VSC  transmission  wi th  a  symmetrical  monopole  

4.3.3.3  Asymmetrical  monopole  

I n  a n  as ym m etri ca l  m on op o l e  a s  s h o wn  o n  F i g u re s  7  a n d  8 ,  th e  d . c.  s i d e  o u tp u t from  th e  
con verter i s  as ym m etri ca l  wi th  o n e  s i d e  typ i ca l l y con n e cte d  to  ea rth .  I t  i s  pos s i b l e  to  op e rate  
th e  tran s m i s s i o n  s ys tem  i n  m eta l l i c  retu rn  or i n  e arth  re tu rn .  
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Figure 7  – VSC  transmission  wi th  an  asymmetrical  monopole  wi th  metal l ic  return  

 

Figure 8  – VSC  transmission  with  an  asymmetrical  monopole  wi th  earth  return  

4.3.4  Bipolar configuration  

Two  as ym m etri ca l  co n ve rters  ca n  b e  con n ected  tog e th er i n  a  b i p o l ar co n fi g u ra ti o n  e i th e r wi th  
earth  or m eta l l i c  retu rn .  

Th e  n e u tra l  re tu rn  b u s  ca n  be  d es i g n e d  b y a  s i m i l a r p roces s  to  th a t wh i ch  i s  n orm al l y u s e d  for 
b i p o l a r LC C H VD C  s ch e m es .  

W h en  th ere  i s  a n  ou ta g e  of a  con verter o r d . c.  l i n e/ca b l e  th ere  i s  n orm al l y d es i g n e d  a  
pos s i b i l i ty to  op erate  th e  rem ai n i n g  s ys tem  i n  a s ym m etri ca l  m on o p o l e  op erati on .   

 

Figure 9  – VSC  transmission  in  b ipolar configuration  

4.3.5  Paral lel  connection  of two converters  

Th e d . c.  term i n a l s  of two VS C  co n verters  ca n  b e  con n ecte d  i n  para l l e l  res u l ti n g  i n  h i g h  d . c.  
cu rren ts .  

To  pre ve n t u n d es i ra bl e  i n teracti on  b e twe e n  th e  two para l l e l -co n n ecte d  co n ve rters ,  s om e l e ve l  
of i m ped a n ce  s h a l l  b e  pro vi d e d  be twe en  th e  two con verters .  
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Figure 1 0  – Paral lel  connection  of two converter un i ts  

W h ere  p a ra l l e l  con n e cti on  of con verter u n i ts  i s  ch os e n ,  a  h i g h  l e ve l  con trol  i s  re q u i re d  i n  
ord er to  co ord i n ate  cu rre n t  ord ers  b etwe e n  th e  co n verter u n i ts .  

I n  ord e r to  a ch i e ve  h i g h  re l i a b i l i ty u p o n  i n tern a l  con verter u n i t  fa u l ts ,  a d d i ti on a l  s wi tch i n g  an d  
or bre aki n g  d e vi ces  a re  req u i red  to  i s o l ate  a  fa u l ty co n verter u n i t.  O b vi ou s l y th e  com m on  d . c.  
tra n s m i s s i o n  ci rcu i t  h as  n o  re d u n d a n c y u p on  d . c.  l i n e  fa u l ts .  

4.3.6  Series  connection  of two converters  

Two  VS C  co n verte rs  ca n  b e  co n n ecte d  i n  s eri es  o n  th e i r d . c.  s i d e.  Th i s  a p pro a ch  can  b e  u s ed  
to  exte n d  th e  d . c.  vo l ta g e  ca pa b i l i ti e s  of a  VS C tran s m i s s i on  re l a ti ve  to  th e  cap a b i l i ty of th e  
i n d i vi d u a l  co n ve rte r u n i ts .   

Th e  tech n i ca l l y m os t re l e va n t s ce n ari o  of s eri es  co n n ecti o n  i s  th e  b i po l ar arra n g em e n t 
ou tl i n e d  i n  S u b cl a u s e  4 . 3 . 4 .   

4.3.7  Paral lel  and  series  connection  of more  than  two converters  

I n  pri n ci p l e ,  i t  i s  a l s o  p os s i bl e  to  co n n ect m ore  th a n  two  con verter u n i ts  i n  p ara l l e l  or i n  s eri es .  
C o n n ecti o n s  of e ach  co n ve rte r u n i ts  are  e i th er to  s ep ara te  wi n d i n g s  of a  com m on  tran s fo rm e r 
or to  s ep a rate  tran s fo rm ers .  

I n  g e n e ra l  th e  i n creas e d  com p l exi ty of m u l ti  co n ve rter u n i ts  h as  to  b e  e va l u ate d  wi th  re g ard  to  
proj ect  s peci fi c req u i rem en ts .  

4.4 Semiconductors  for VSC  transmission  

I n  n orm a l  o p era ti o n  of vo l tag e- s o u rce d  co n ve rte rs  th e  p o wer s em i co n d u ctors  are  exp os e d  to  
a  u n i po l ar vol tag e  an d  h a ve  to  b e  ab l e  to  co n d u ct th e  cu rre n t i n  b o th  d i recti on s .  Th e refo re  
po we r s e m i co n d u ctor s wi tch e s  wi th  tu rn - o n  a n d  tu rn - off capa b i l i ty a n d  wi th  a  h i g h  vo l ta g e  
b l ocki n g  cap a b i l i ty ( typ i ca l l y s e vera l  kV)  i n  th e  forward  d i recti on  are  n e e d e d .  

Tod a y th e s e  re q u i rem en ts  are  a ch i e ve d  b y a  p ara l l e l  co n n e cti o n  of a  tu rn -off s em i con d u ctor 
d e vi ce  a n d  a  s o  ca l l e d  free- wh e e l i n g  d i od e  as  s h o wn  i n  F i g u re  1 1 .  
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Figure  1 1  – Symbol  of a  tu rn-off semiconductor device  and  associated   
free-wheel ing  d iode  

Vari o u s  d i ffere n t tu rn - off s em i co n d u ctor d e vi ces  are  s u i ta b l e  for VS C  te ch n ol og y,  b u t o n l y 
I G B Ts  ( i n s u l a ted  g a te  b i p o l ar tra n s i s tor,  as  s h o wn  o n  F i g u re  1 2 )  a re  u s e d  i n  com m erci a l  VS C -
H VD C proj ects  th a t h a ve  be e n  b u i l t  to  d a te .  Th erefore  th e  d es cri pti on  of tu rn -off 
s e m i co n d u ctor d e vi ce s  i n  th i s  d ocu m e n t i s  con cen trate d  o n  I G B Ts  al th o u g h  oth er 
s e m i co n d u ctors  s u ch  as  G TO s  an d  I G CTs  are  a l s o  u s ab l e.  

N O TE  S e m i co n d u cto r d e vi ce s  s u i ta b l e  fo r VS C tra n s m i s s i on  typ e  a re  d i vi d e d  i n to  two  ca te g o ri e s :   th e  “ tra n s i s tor”  
typ e ,  wh i ch  i n cl u d e s  I G B Ts ,  a n d  th e  “th yri s to r”  typ e  wh i ch  i n cl u d e s  G TO s  a n d  I G C Ts .   D e vi ce s  of th e  “ th yri s to r”  
typ e  ca n  h a n d l e  l a rg e r p o we rs  m ore  e ffi ci e n tl y th a n  d e vi ce s  of th e  “tra n s i s tor”  typ e ,  b u t   l a ck ce rta i n  con tro l  
fe a tu re s  s u ch  a s  th e  a b i l i ty to  con tro l  th e  d e vi ce  s m o oth l y b e twe e n  th e  off a n d  on  s ta te s  u s i n g  a cti ve  g a te  co n trol .  
D e vi ce s  of th e  “ th yri s to r”  typ e  a l s o  h a ve  h i g h e r g a te  p o we r c on s u m p ti on  th a n  d e vi ce s  o f th e  “ tra n s i s to r”  typ e ,  wh i ch  
m a ke s  th e i r u s e  i n  h i g h  vo l ta g e  a p p l i ca ti on s  s u ch  a s  VS C  tra n s m i s s i o n  m o re  d i ffi cu l t.  

 

Figure 1 2  – Symbol  of an  IGBT and  associated  free-wheel ing  d iode  

L i ke  a l l  d i o d e s ,  th e  fre e- wh e e l i n g  d i o d es ,  wh i ch  are  co n n ecte d  i n  pa ra l l e l  to  th e  co n tro l l a b l e  
s wi tch ,  h a ve  a  s i g n i fi ca n t re ve rs e  reco ve ry cu rre n t  wh e n  th e y tu rn  off.  B oth  th e  I G B Ts  as  we l l  
a s  th e  fre e- wh e e l i n g  d i o d es  h a ve  to  co p e  wi th  th e s e  s wi tch i n g  tra n s i en ts ,  parti cu l arl y cu rre n t  
g ra d i en ts  a n d  vol ta g e  g ra d i e n ts .  

An  I G B T i s  a  vo l tag e  con tro l l ed  d e vi ce;  o n l y ca pa ci ti ve  cu rre n ts  can  fl o w i n  th e  g a te  term i n al .  
Th e  d e vi ce  can  b e  co n tro l l e d  a t a n y i n s ta n t,  e ve n  d u ri n g  th e  s wi tch i n g  tra n s i en ts ,  i . e.  th e  l o ad  
cu rren t ca n  be  i n fl u e n ce d  b y th e  g a te  vo l tag e .  

I G B Ts  a re  s h ort-ci rcu i t  proof wi th i n  d efi n ed  o p era ti n g  co n d i ti on s .  Th i s  m ea n s  th a t i n  cas e  of a  
s h ort ci rcu i t th e  I G B T l i m i ts  th e  l oa d  cu rre n t to  s e vera l  ki l o am pers .  W i th i n  s om e  
m i cros econ d s ,  a n  a ppro p ri ate  g a te  tu rn - off s i g n a l  h as  to  be  a p p l i ed  to  tu rn  off th e  fa u l t  cu rren t  
an d  n ot to  th erm a l l y o ve rs tres s  th e  d e vi ce .  

S wi tch i n g  ti m es  of I G B Ts  are  i n  th e  ran g e  of m i cros eco n d s  or l e s s .  F u rth erm ore,  th e  s wi tch i n g  
s l op es  ca n  b e  a d j u s ted  b y th e  g ate  d ri ve  ci rcu i t,  a ch i e vi n g  th e  o p ti m a l  wa veform s  con ce rn i n g  
o ver- vo l ta g e  pe aks  a n d  s wi tch i n g  l os s es .  S n u b b ers  to  kee p  th e  ra te s  of ri s e  of cu rren t a n d  
vo l tag es  to  accep tab l e  l i m i ts  a re  n ot n eces s ary i n  m an y cas es .  Th e  g a te  d ri vers  for I G B Ts  ca n  
be  q u i te  s i m pl e,  s i n ce  th e y h a ve  to  d e l i ver o n l y a  fe w wa tts  of co n tro l  p o we r to  th e  g ate .   

H i g h  p o wer I G B Ts  are  m ad e u p  b y a  p ara l l e l  con n ecti on  of ch i ps  to  ach i e ve  th e  req u i red  
cu rren t ca pa b i l i ty.  Th e  ch i ps  a re  m ou n te d  i n  pre s s  packs  or m od u l e  h o u s i n g s .  I n  m os t cas e s  
th e  FW D  ch i p s  are  i n cl u d ed  i n  th e  s am e  h o u s i n g .  
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Pres s  p ack h ou s i n g s  a re  i n te n d e d  to  b e  cl am pe d  betwe e n  h e a t s i n ks ;  th e  p ath s  for cu rre n t 
an d  h ea t a re  th e  co p p er po l es  of co l l ector a n d  e m i tte r of th e  d e vi ces  th a t are  s e p a ra ted  b y a  
ri n g  of i n s u l a ti n g  m a teri a l .  F or h i g h  vo l tag e  d e vi ces ,  th i s  m ateri a l  i s  h i g h  s tre n g th  p orcel a i n  i n  
m os t cas es ,  th ou g h  g l as s  fi ber re i n force d  res i n  i s  a l s o  u s e d .   

M o d u l e  I G B Ts  are  d es i g n e d  for s i n g l e  s i d e d  coo l i n g  a n d  are  m ou n te d  on  h e a t s i n ks  b y 
s cre ws ;  s pri n g  l oa d ed  cl am pi n g  i s  n ot n ece s s ary.  Th e  e l e ctri ca l  term i n a l s  are  o n  th e  to p  s i d e  
of th e  m od u l e ;  th e  h e a t fl o ws  th rou g h  th e  bas e  p l a te  of th e  m od u l e  to  th e  h ea t s i n k.  S i n ce  th e  
e l ectri ca l  pa rt of th e  m o d u l e  i s  i n s u l a te d  to  th e  b as e  p l a te ,  i t  i s  p os s i b l e  to  m ou n t m od u l es  
wi th  d i ffere n t  vo l ta g e  p oten ti a l s  o n  a  s h are d  h e a t s i n k.  

5 VSC transmission  converter topologies  

5. 1  General  

F or a  h i g h  p o we r VS C tra n s m i s s i o n  s ys tem ,  th e  ke y i s s u e  th at d e term i n es  th e  cos t a n d  
op erati n g  l os s es  of th e  o vera l l  s ys tem  i s  th e  p o we r ci rcu i t s tru ctu re  to  con s tru ct th e  a . c.  
ou tpu t vo l ta g e  wa ve form .  Th e  o u tp u t vo l ta g e  wa veform  s h o u l d  a p proxi m a te  a  s i n e - wa ve i n  
ord er to  el i m i n a te  or m i n i m i ze  th e  n e ed  for h a rm o n i c  fi l teri n g .  Th e  s wi tch i n g  con verter 
con s i d ere d  for practi ca l  i m pl em en ta ti o n  i s  a  vo l ta g e  s ou rce d  co n verter op era ted  wi th  a  fi xe d  
d . c.  vo l ta g e.  Th e  co n ve rter i s  a  com b i n ati on  of tu rn - off s em i co n d u ctor d e vi ces  th a t co n n ect 
th e  d . c.  i n p u t vo l tag e  p e ri od i ca l l y to  th e  o u tp u t  for s om e  i n terva l s  to  pro d u ce th e  a . c.  o u tp u t  
vo l tag e .  Th e  co n verte rs  at each  e n d  of a  VS C tra n s m i s s i on  s ys tem  can  be  a rra n g ed  i n  a  
n u m be r of d i ffere n t wa ys ,  wi th  th e  con fi g u rati on  o f th e  co n ve rter n orm al l y be i n g  re ferre d  to  as  
i ts  to p o l o g y.  A th e  ti m e of wri ti n g ,  two d i fferen t co n verter typ e s  h a ve  b e en  u s e d  for 
com m erci a l  proj ects :   th os e  i n  wh i ch  th e  co n verter va l ve s  act as  co n tro l l ab l e  s wi tch es  a n d  
th os e  i n  wh i ch  th e  co n ve rter va l ve s  act as  co n tro l l ab l e  vo l ta g e  s ou rce s .  Th e s e  two typ e s  a re  
d es cri b ed  i n  s u bcl au s es  5. 2  a n d  5. 3  re s pe cti ve l y.  

S om e  oth e r con ve rte r top o l og i es  wh i ch  s h are  th e  ch a racteri s ti cs  of bo th  th e  “ co n tro l l a b l e  
s wi tch ”  an d  “ co n tro l l a b l e  vo l ta g e  s o u rce”  typ e s  h a ve  b e en  d es cri b e d  i n  th e  l i te ra tu re .   Th e  
rea d er i s  referre d  to  C I G RÉ  Te ch n i ca l  B roch u re  N o.  4 9 2  “ Vo l ta g e  S o u rce  C on verter ( VS C )  
H VD C  for P o we r Tra n s m i s s i o n  – E co n om i c As p e cts  an d  C om pari s o n  wi th  o th er AC  a n d  D C  
Tech n o l og i es ” ,  for d e ta i l s .   

I t  i s  a  fu n d am en tal  cri teri on  for a n y vi a b l e  to po l o g y th a t i t  e n a b l es  th e  fu n cti o n a l  req u i rem e n ts  
to  be  m et.  D i ffere n t to po l og i es  h a ve  d i ffere n t tech n i ca l  ch a racteri s ti cs ,  a n d  th e refo re  a l l o w th e  
o vera l l  s ch em e to  b e  o p ti m i ze d  i n  d i fferen t wa ys .  M a n u factu rers  m a y h a ve  d i ffe ren t preferre d  
to p ol o g i es  an d  b e  ab l e  to  b e s t op ti m i ze  th e i r pro pos a l s  aro u n d  th i s  prefe rre d  to p o l o g y.  I t  i s  
recom m en d ed  th a t cu s to m ers  d o  n ot s ti p u l ate  th e  to p o l o g y to  b e  u s e d  for a  VS C  tra n s m i s s i on  
s ys tem ,  u n l es s  th ere  are  com pe l l i n g  re a s o n s  for d o i n g  s o .  

I t  i s  p os s i b l e  to  arra n g e  th e  co n verters  to  h a ve  a  s i n g l e - ,  th re e-  o r m u l ti - p h as e  a. c.  
ou tpu t/i n p u t.  F or th e  p u rp os e  of th i s  re p ort,  on l y th e  th re e- ph as e a rra n g em e n t wi l l  be  
d i s cu s s e d .  

5.2  Converter topologies  wi th  VSC  valves  of “switch”  type  

5.2. 1  General  

Th e  co n verte r s wi tch es  ( n orm a l l y ca l l ed  VS C va l ves )  p erform  th e  fu n cti o n  of co n n ecti n g  th e  
a. c.  bu s  to  th e  d . c.  te rm i n a l s .  I f th e  co n n ecti o n  i s  d i rect th ro u g h  two  a l tern a te l y o p era ti n g  
s wi tch es ,  th e  a. c.  b u s  vo l ta g e  wi l l  ch a n g e  b etwe e n  th e  vo l ta g e  l e ve l s  at th e  two d . c.  term i n a l s .  
S u ch  a  co n verter i s  kn o wn  a s  a  2 -l e ve l  co n ve rte r.  I n  th e  2 - l e ve l  co n ve rte r,  e ach  of th e  VS C 
va l ves  h as  to  wi th s ta n d  th e  vol tag e  b etwe e n  th e  two  d . c.  term i n a l s .  

I f th e  d . c.  ca paci tor i s  s u b d i vi d e d ,  or ad d i ti o n a l  d . c.  ca p aci tors  a re  ad d e d ,  i t  i s  p os s i b l e  to  
arran g e  for th e  a. c.  vo l ta g e  to  m ove n ot o n l y to  th e  vol tag e  a t th e  two  d . c.  term i n a l s  b u t a l s o  
to  i n te rm ed i a te  l e ve l s .  Th e  n u m ber of vo l ta g e  l e ve l s  to  wh i ch  th e  a. c.  b u s  vo l ta g e  ca n  b e  
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s wi tch e d  wi l l  d e p en d  o n  th e  n u m ber of va l ve s  a n d  th e  n u m ber of d . c.  ca pa ci tor s u b d i vi s i o n s  or 
ad d i ti o n a l  d . c.  ca p aci tors .  Th e s e  arra n g em e n ts  are  kn o wn  as  3 - l e vel  or m u l ti - l e ve l  co n verters ,  
d e p e n d i n g  o n  th e  n u m b e r of vol tag e  l e ve l s  th a t ca n  be  ach i e ve d .  Th e  term  m u l ti l e ve l  refers  to  
a  co n verter ph as e  u n i t to po l o g y wh e re  th e  a . c.  b u s  can  b e  s wi tch ed  to  a tta i n  m ore  th a n  th re e  
d i ffere n t vo l ta g e  l e ve l s .  

I n  3 - l e vel  o r m u l ti - l e ve l  top o l og i es ,  th e  VS C  va l ves  d o  n o t n orm a l l y h a ve  to  be  d es i g n e d  for 
th e  fu l l  d . c.  term i n a l -to-term i n a l  vo l ta g e.  F or exa m pl e,  i n  n orm a l  o p era ti o n  e ach  va l ve  i n  a  
3 - l e ve l  co n ve rte r to po l o g y exp eri e n ces  o n l y 50  %  of th e  term i n a l - to- term i n a l  d . c.  vo l ta g e .  
S i m i l arl y,  i n  n orm al  op e rati on  e ach  VS C  va l ve  i n  a n  n- l e ve l  top o l og y exp e ri e n ces  on l y th e  
term i n a l - to- term i n al  d . c.  vo l tag e  of th e  p h as e  u n i t  d i vi d ed  b y (n- 1 ).  

I n  th e  fo l l o wi n g  p ara g ra p h s ,  con verter to p o l o g i es  s u i ta b l e  for VS C tra n s m i s s i on  s ys tem s  wi l l  
be  d e s cri be d  i n  m ore  d e ta i l .  I t  s h o u l d  b e  n oted  th at  a  co n s i d era b l e  re s e arch  an d  d e v el o p m en t 
effort i s  be i n g  i n ves ted  i n  vo l ta g e  s o u rced  co n verter te ch n ol o g y,  s o  a d d i ti o n a l  s u i ta b l e  
to p ol o g i es  wi l l  l i ke l y b eco m e a va i l a b l e  s u bs e q u e n t to  th e  i s s u e  of th i s  re po rt.  

5.2.2  Operating  principle  

Th e bas i c o p erati n g  m ech a n i s m  of a n  i d ea l  VS C  i s  co vered  i n  th i s  s ecti o n .  Th e  d e s cri p ti o n  i s  
i n i ti a l l y l i m i te d  to  a  2 - l e ve l  VS C .  Th e  2 - l e vel  VS C  i s  th e  s i m p l es t s tru ctu re  n e e d e d  to  con vert a  
d . c.  vo l ta g e  i n to  a . c.  vo l ta g es .  Al th ou g h  oth er types  of m u l ti - l e vel  VS C s  are  m ore  com p l ex,  
th e i r b as i c  op erati n g  p ri n ci pl e  d o es  n o t d i ffe r from  th a t of th e  2 - l e ve l  VS C.   

F or th e  pu rp os e  of i l l u s trati on ,  th e  VS C  val ves  a re  d es cri b e d  as  i d ea l  s wi tch es  wi th o u t a n y 
s wi tch i n g  l os s e s .  A VS C  va l ve  i n  a  rea l  ap p l i cati on  co n s i s ts  of a  l arg e  n u m be r of s e ri es -
con n ecte d  s em i con d u cto r d e vi ces ,  an d  i s  d es cri b e d  i n  g re a ter d e tai l  i n  C l a u s e  5.  Th e  s tra y 
i n d u cta n ces  are  n e g l ecte d  h ere,  a n d  th e  d . c.  ca p aci tors  h a ve  be e n  as s u m e d  to  h a ve  i n fi n i te  
cap a ci ta n ce —i . e . ,  n o  d . c.  vo l ta g e  ri pp l e  i s  s h o wn .   

As  exp l a i n e d  i n  S u bcl a u s e  4 . 1 ,  th e  o u tp u t of th e  VS C  n ee d s  to  be  co n n ecte d  i n  s eri es  wi th  a  
p h as e  reactor.  Th e  p h a s e  re actor en a bl es  th e  VS C  to  con trol  p o wer fl o w i n  ad d i ti o n  to  
s m ooth i n g  th e  o u tp u t  cu rre n t.   

5.2.3  Topologies  

5.2.3.1  Two-level  converters  

A 2 - l e ve l  con verter i s  th e  s i m pl es t s wi tch i n g  a rran g em en t ca pa b l e  of p rod u ci n g  a . c.  ou tpu t  
from  a  d . c.  s ou rce  i n  th e  form  of a  s i m pl e  s q u are - wa ve.  A th re e- ph a s e  co n verter u s i n g  th ree  
2 - l e ve l  p h as e  u n i ts  i s  i l l u s tra te d  i n  F i g u re  1 3 .  
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Figure  1 3  – Diagram  of a  three-phase  2-level  converter and  associated  a.c.   
waveform  for one phase  

Th e  a . c.  wa veform  s h o wn  i n  th e  fi g u re  i s  th e  ph a s e - to- n e u tra l  vo l tag e .  Th e  n e u tra l  vo l ta g e  i s  
th e  vo l ta g e  at  th e  m i d p oi n t  of th e  d . c.  ca p aci tor.  

S i n ce  th e  s q u a re- wa ve ou tp u t vo l ta g e  s h o wn  i n  F i g u re  1 3  i s  n o t a ccep ta b l e  i n  a  practi ca l  
H VD C  s ch em e,  th i s  co n verter typ e  i s  n orm a l l y o pera te d  wi th  p u l s e  wi d th  m od u l a ti o n  ( PW M ) 
as  d es cri b e d  i n  S u bcl a u s e  9 . 3 .  

A typ i cal  PW M -s wi tch e d  wa veform ,  u s i n g  a  carri er b a s ed  co n tro l  m eth o d  wi th  a  s wi tch i n g  
freq u e n c y of 2 1  ti m es  th e  fu n d am en ta l ,  i s  g i ven  i n  F i g u re  1 4 .  F or th e  pu rp os e  of th i s  
i l l u s tra ti on ,  th e  d . c.  ca p a ci tor h as  be e n  as s u m ed  to  h a ve  a n  i n fi n i te  cap aci ta n ce  ( i . e . ,  n o  d . c.  
vo l tag e  ri p p l e) .  
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Figure 1 4 – S ing le-phase a.c.  ou tput  for 2-level  converter wi th  PWM  switch ing   
at  21  times  fundamental  frequency 

O th er PW M  tech n i q u es  are  a l s o  a va i l ab l e,  s u ch  as  op ti m i s e d  PW M  (O PW M ) or s e l ecti ve  
h arm o n i c e l i m i n ati on  m eth o d  ( S H E M ) .  Th es e  a i m  to  i m pro ve th e  com prom i s e  b etwe e n  po we r 
tra n s fe r ca p ab i l i ty,  s wi tch i n g  fre q u e n c y a n d  h arm o n i c perform an ce.  

5.2.3.2  Three-level  neutral -point clamped  (NPC)  converters  

A th ree  p h a s e  con verter con s i s ti n g  of th re e  3 - l e ve l  p h as e  u n i ts  i s  i l l u s tra te d  i n  F i g u re  1 5.  Th e  
con verte r h as  th re e  d . c.  term i n a l s  to  co n n e ct to  a  s p l i t  or ce n tre - ta pp e d  d . c.  s o u rce .  As  s e en ,  
th ere  a re  m ore  va l ves  u s ed  th an  i n  th e  2 - l e vel  ph as e  u n i t,  a n d  a d d i ti o n a l  d i od e s  or val ve s  are  
req u i red  to  con n ect to  th e  d . c.  s u p p l y ce n tre - ta p ,  wh i ch  i s  th e  refe re n ce ze ro  p oten ti a l .  
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H o we ver,  wi th  i d e n ti ca l  va l ve  term i n a l - to- term i n a l  vo l tag e  rati n g ,  th e  to tal  d . c.  s u pp l y vo l tag e  
can  be  d o u b l e d  s o  th a t th e  o u tpu t vo l ta g e  per val ve  rem ai n s  th e  s am e.  
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Figure 1 5 – Diagram  of a  three-phase  3-level  NPC  converter and  associated  a.c.  
waveform  for one phase  

N O TE  Th e  n e u tra l -p o i n t  cl a m p i n g  d i o d e s  s h o wn  i n  F i g u re  1 5  m a y b e  re p l a ce d  b y I G B Ts  i n  s om e  a p p l i ca ti o n s .  

Th e  a . c.  wa veform  s h o wn  i n  th e  fi g u re  i s  th e  ph a s e- to- n e u tra l  vo l tag e .  Th e  n e u tra l  vo l ta g e  i s  
th e  vo l ta g e  a t th e  m i d p o i n t  of th e  d . c.  ca p aci tor.  As  i l l u s trate d  i n  F i g u re  1 5 ,  th e  o u tp u t  vo l ta g e  
of th e  3 - l e vel  ph as e  u n i t  can  be  pos i ti ve ,  n e g a ti ve,  or zero.  P os i ti ve  o u tpu t i s  prod u ced  b y 
g a ti n g  o n  b o th  u p p er va l ve s  i n  th e  ph as e  u n i t,  wh i l e  n e g ati ve  o u tp u t i s  pro d u ce d  b y g a ti n g  o n  
bo th  l o we r va l ves .  Zero  o u tp u t i s  prod u ce d  wh e n  th e  two m i d d l e  va l ves ,  co n n ecti n g  th e  cen tre  
ta p  of th e  d . c.  s u p p l y vi a  th e  two d i o d es  to  th e  o u tp u t,  are  g a te d  o n .  At zero  ou tpu t,  p os i ti ve  
cu rren t i s  con d u cte d  b y th e  u pp er- m i d d l e  co n tro l l ab l e  d e vi ce  a n d  th e  u p p er ce n tre - ta p  d i o d e ,  
an d  n e g a ti ve  cu rre n t  b y th e  l o we r-m i d d l e  co n tro l l a b l e  d e vi ce  a n d  th e  l o we r ce n tre -ta p  d i o d e .  

As  i n d i cated  i n  F i g u re  1 5 ,  th e  re l a ti ve  d u rati o n  o f th e  pos i ti ve  ( a n d  n e g ati ve)  o u tp u t vo l ta g e  
wi th  res p ect to  th e  d u ra ti o n  of th e  zero  o u tpu t i s  a  fu n cti o n  of co n tro l  parameter α,  wh ich  
d efi n es  th e  co n d u cti o n  i n terva l  of th e  to p  u p p er,  a n d  th e  bo ttom  l o wer va l ves .  Th e  m a g n i tu d e  
of th e  fu n d a m en ta l  fre q u en c y com po n e n t of th e  o u tp u t vol tag e  pro d u ce d  b y th e  p h as e  u n i t i s  
a function  of parameter α.  When  α  equals  zero  degrees  i t  i s  maximum,  wh i l e  at α  equals  90  
d e g ree s  i t  i s  ze ro.  Th u s ,  on e  a d van ta g e  of th e  3 - l e ve l  p h as e  u n i t  i s  th a t i t  h as  a n  i n tern a l  
cap a b i l i ty to  co n tro l  th e  m ag n i tu d e  of th e  ou tp u t vo l tag e  wi th o u t ch a n g i n g  th e  n u m ber of va l ve  
s wi tch i n g  e ven ts  p er c ycl e.  

Th e  op erati n g  ad va n ta g e s  of th e  3 - l e ve l  p h a s e  u n i t  ca n  o n l y be  fu l l y rea l i ze d  wi th  s om e 
i n cre as e  i n  ci rcu i t  com pl exi ty,  as  we l l  as  m ore  ri g oro u s  re q u i rem en ts  fo r m an a g i n g  th e  pro per 
op erati o n  of th e  con verte r ci rcu i t.   

An  a d d i ti o n a l  req u i rem en t i s  to  accom m od a te  th e  i n cre as e d  a. c.  ri p p l e  cu rren t wi th  a  g e n era l l y 
h i g h  tri p l e n  h a rm on i c con ten t fl o wi n g  th ro u g h  th e  m i d - p oi n t of th e  d . c.  s u p p l y.  Th i s  m a y 
n eces s i ta te  th e  u s e  of a  l arg e r d . c.  s torag e  ca p aci tor or th e  e m p l o ym e n t of o th er m e an s  to  
m i n i m i ze  th e  fl u ctu a ti o n  of th e  m i d - p o i n t vol tag e.  H o we ver,  o n ce  th es e  prob l em s  are  s o l ve d ,  
th e  3 - l e ve l  ph as e  u n i t p ro vi d es  a  u s efu l  bu i l d i n g  bl ock to  s tru ctu re  h i g h  p o we r co n verters ,  
parti cu l arl y wh e n  ra p i d  a. c.  vo l tag e  co n tro l  i s  n e e d ed .  
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I n  com m on  wi th  th e  two - l e ve l  con verter,  th i s  co n verter i s  n o rm al l y o p e rate d  wi th  PW M .  A 
typ i ca l  PW M  s wi tch e d  wa veform ,  u s i n g  a  carri e r bas e d  co n tro l  m e th o d  wi th  a  fre q u e n c y of 2 1  
ti m es  fu n d a m e n ta l  fre q u en c y,  i s  g i ven  i n  F i g u re  1 6 .  F or th e  p u rp os e  of th i s  i l l u s tra ti o n ,  th e  
d . c.  ca paci tor h as  b e en  a s s u m ed  to  h a ve  a n  i n fi n i te  ca pa ci ta n ce  ( i . e . ,  n o  d . c.  vo l tag e  ri p p l e) .  
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Figure 1 6  – S ing le-phase a.c.  ou tput  for 3-level  NPC  converter wi th  PWM   
switch ing  at  21  times  fundamental  frequency 

5.2.3.3  Other mu lti -level  converter topolog ies  

Th e n eu tra l -p o i n t cl am p ed  ci rcu i t can  b e  exte n d e d  to  h i g h e r n u m bers  of ou tp u t l e ve l s ,  for 
exam p l e  5  l e ve l s ,  b u t at th e  exp e n s e of d i s p rop orti o n ate l y g re a ter com p l e xi ty.  An oth er 
con verter typ e  wh i ch  h a s  be e n  u s e d  i n  s om e p o wer el ectro n i c a p p l i ca ti on s  i s  th e  “ fl yi n g  
cap a ci tor”  o r “ fl o a ti n g  ca pa ci tor”  ci rcu i t,  wh i ch  ca n  a l s o  exi s t i n  3 - l e vel  an d  5- l e ve l  form s  bu t  
s u ffers  th e  s am e  d i s pro porti o n a te l y g rea te r com p l exi ty as  th e  n u m ber of o u tp u t l e ve l s  i s  
i n cre as ed .  Th es e  a n d  o th e r p os s i b l e  m u l ti - l e ve l  con verte r to p o l o g i es  are  d es cri b e d  i n  C I G RÉ  
Tech n i ca l  B roch u res  2 6 9  a n d  4 4 7 .  

5.3  Converter topolog ies  wi th  VSC valves  of the  “control lable  vol tage  source”  type  

5.3. 1  General  

W i th  va l ve s  of th e  “ co n tro l l a b l e  vol ta g e  s o u rce”  typ e ,  e ach  VS C l e ve l  i s  e ffecti ve l y a  s i n g l e-
ph as e  VS C  i n  i ts  o wn  ri g h t,  an d  co n ta i n s  p o wer s em i con d u ctors  a n d  a  cap a ci tor for e n erg y 
s tora g e .  E a ch  l e ve l  h as  two m ai n  term i n a l s  u s e d  for th e  s e ri es  con n ecti on  of th e  VS C l e ve l s  
wi th i n  th e  va l ve.  B y a p propri ate  con trol  of th e  I G B Ts  wi th i n  th e  va l ve  l e ve l ,  e i th e r th e  vo l tag e  
of th e  cap aci tor or ze ro  vo l ts  ca n  b e  a p p l i e d  to  th e  m ai n  te rm i n a l s  of th e  VS C l e ve l .  

B y i n d i vi d u a l  a n d  ap pro pri a te  con trol  of th e  VS C  val ve  l e ve l s ,  a  d es i red  vo l ta g e  ca n  be  
g e n era ted  at th e  va l ve  te rm i n a l s .  Th e  va l ve  vo l ta g e  i s  th e  s u m  of th os e  ca paci tor vo l ta g es ,  of 
wh i ch  th e  vol ta g e  i s  a p p l i e d  to  th e  m ai n  term i n a l s  of th e  VS C  l e ve l .  Th e  VS C va l ve  
s u bm od u l e s  o r ce l l s  are  con trol l e d  i n  th a t wa y s o  th a t th e  s u m  of th e  u p p er an d  l o we r a rm  of 
on e  p h a s e  u n i t e q u a l s  to  th e  d . c.  vo l ta g e  wh ereas  th e  i n s ta n ta n e o u s  vo l tag e  on  th e  a . c.  
term i n a l s  i s  d ete rm i n ed  b y th e  rati o  of th e  vo l ta g e s  of th e  two co n ve rter ph a s e  arm s  of on e  
ph as e  u n i t.   

As s u m i n g  i n fi n i te  s tora g e  ca p aci tan ces  wi th  e q u a l  vo l ta g es  i n  th e  i n d i vi d u a l  va l ve  l e ve l s ,  n+ 1  
d i ffere n t vo l ta g e  s teps  can  b e  ap p l i e d  to  th e  te rm i n a l s  of a  va l ve  co n s i s ti n g  of n  va l ve  l e ve l s .  
As s u m i n g  a  h i g h  n u m b er of VS C  l e ve l s  p er va l ve  th e  top o l o g y ca n  b e  a pproxi m ated  b y 
e l ectri ca l  eq u i va l e n t as  s h o wn  i n  F i g u re  1 7 .  E ach  val ve  can  b e  co n s i d ere d  as  a  co n tro l l ab l e  
vo l tag e  s o u rce .  

Th e  va l ve  reacto rs  co n tri b u te  to  b oth  th e  ph as e  reacta n ce  a n d  th e  d . c.  reactan ce,  a n d  are  
es s e n ti a l  for th e  cu rre n t con trol  wi th i n  th e  p h as e  u n i ts .  F u rth e rm ore  th e y a l s o  l i m i t th e  p e ak 
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cu rren t an d  cu rre n t g ra d i en ts  i n  cas e  of s e ve re  fa u l ts ,  s u ch  as  s h ort ci rcu i t  be twe en  th e  d . c.  
term i n a l s .  
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Figure 1 7  – E lectrical  equ ivalent for a  converter wi th  VSC  valves  acting  l ike  a  
control lable  vol tage source  

B eca u s e of i ts  m od u l ar d es i g n  an d  th e  m u l ti - l e ve l  te ch n o l og y i t  i s  refe rred  to  as  m od u l ar 
m u l ti - l e ve l  co n ve rte r top o l o g y.  F or th e  d es i g n  of th e  i n d i vi d u a l  VS C  l e ve l s  d i ffe re n t po we r 
bu i l d i n g  b l ocks  ca n  be  u s ed .  At th e  ti m e  of wri ti n g ,  two  d i fferen t to p o l o g i e s  are  u s e d :  

•  M M C  wi th  VS C l e vel s  i n  h a l f- b ri d g e  to p o l o g y;  

•  M M C  wi th  VS C l e ve l s  i n  fu l l - bri d g e  top o l og y.   

S i n ce  th e  ci rcu i t  i s  i n h e re n tl y m od u l a r,  i t  i s  re l ati ve l y s tra i g h tforwa rd  to  o bta i n  h i g h  n u m be rs  of 
ou tpu t l e ve l s ,  wi th ou t re q u i ri n g  e i th er PW M  or s eri es -co n n ecte d  I G B Ts .  Th u s ,  a. c.  fi l ters  ca n  
b e  om i tte d  i n  m an y cas e s  an d  co n s i d era ti o n s  of vo l ta g e  d i s tri b u ti o n  am on g s t s eri e s -
con n ecte d  I G B Ts  d o  n ot ari s e .  

Th i s  typ e  of con verter can  al s o  b e  rea l i s e d  wi th  m u l ti p l e  I G B Ts  con n ecte d  i n  s eri es  i n  e a ch  
con trol l a b l e  s wi tch ,  g i vi n g  a n  o u tp u t vo l ta g e  wa ve form  wi th  fe wer,  l arg er,  s te ps  th a n  th e  M M C .   
Th i s  con fi g u rati o n  i s  refe rred  to  as  th e  C a s cad e d  T wo  L e vel  ( CTL )  co n ve rter bu t i s  
fu n cti o n a l l y i d e n ti ca l  to  th e  M M C i n  e very as pect ap art from  th e  h arm on i c pe rform an ce wh i ch  
m a y be  s l i g h tl y p o ore r.  

5.3.2  MMC topology wi th  VSC levels  in  hal f-bridge topology 

E a ch  of th e  6  va ri a b l e  vo l ta g e  s ou rces  s h o wn  i n  F i g u re  1 7  i s  re a l i s e d  wi th  a  s eri es  con n e cti on  
of i d e n ti ca l  VS C va l ve  l e ve l s  wi th  an  e l ectri ca l  e q u i val e n t as  s h o wn  i n  F i g u re  1 8 .  Th e  VS C  
va l ve  l e ve l  i s  a  two -term i n a l  com pon e n t wi th  i ts  o wn  d . c.  s tora g e  ca paci tor u n i t as  s h o wn  i n  
F i g u re  1 8 .  Th es e  VS C va l ve  l e ve l s  are  i n d i vi d u al l y con trol l e d  a n d  ca n  be  s wi tch e d  be twe en  a  
s ta te  wi th  fu l l  s u b m od u l e  vo l ta g e  ( vo l ta g e  of th e  as s oci a te d  s tora g e  ca paci tor)  a n d  a  s ta te  
wi th  zero  s u bm od u l e  vo l tag e  for b oth  cu rre n t d i recti o n s .  I f th e  s u bm o d u l e  vo l tag e  i s  a pp l i ed  to  
th e  VS C  va l ve  l e vel  te rm i n a l s ,  th e  ca p a ci tor ca n  b e  ch arg e d  an d  d i s ch arg e d  d e p e n d e n t o n  th e  
cu rren t d i re cti on  of th e  con verter ph as e  arm .  
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Figure  1 8  – VSC valve  l evel  arrangement and  equ ivalent ci rcu i t   
in  MMC topology in  hal f-bridge topology 

Th e e l ectri ca l  arra n g em en t of VS C va l ve  l e ve l s  an d  va l ve  re actors  i n  a  con verter b l ock i s  
s h o wn  i n  F i g u re  1 9 .  

Th e  VS C  va l ve  l e ve l s  are  co n tro l l e d  i n  th a t wa y th at th e  s u m  of th e  u pp e r an d  l o wer a rm  of 
on e  p h as e  u n i t e q u a l s  to  th e  d . c.  vo l ta g e  wh ereas  th e  i n s ta n ta n eo u s  vo l tag e  on  th e  a . c.  
term i n a l s  i s  d eterm i n e d  b y th e  ra ti o  of th e  vo l ta g es  of th e  two  co n verte r ph as e  arm s  of on e  
ph as e  u n i t.   
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 F igure  1 9  – Converter block arrangement wi th  MMC topology  
in  hal f-bridge  topology 
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5.3.3  MMC topology with  VSC  l evels  in  fu l l -bridge  topology 

Th e  M M C  to p ol o g y wi th  “ fu l l - b ri d g e”  VS C l e ve l s  o pera tes  o n  very s i m i l a r pri n ci p l e s  to  th a t 
bas e d  o n  h a l f-bri d g e  VS C  l e ve l s .  Th e  pri n ci pa l  d i ffere n ce i s  th at each  VS C l e ve l  con s i s ts  o f 
on e  s tora g e  ca paci tor an d  fo u r I G B Ts  i n  a  bri d g e  con fi g u ra ti o n  as  s h o wn  o n  F i g u re  2 0 .  

 

 

Figure 20  – VSC  valve  l evel  arrangement and  equ ivalent ci rcu i t   
i n  MMC topology with  fu l l -bridge topology 

I n  com m on  wi th  th e  h a l f- bri d g e  s u b -m od u l e  co n fi g u ra ti o n ,  e ach  VS C  l e ve l  i n  th e  fu l l - bri d g e  
con fi g u rati o n  i s  ca p ab l e  of pro d u ci n g  a n  o u tp u t vo l tag e  of zero  or a  p os i ti ve  o u tp u t vo l ta g e  
eq u a l  to  th e  ca p aci tor vol ta g e .  H o we ver,  i t  can  a l te rn a ti ve l y pro d u ce a  n eg ati ve  o u tp u t vo l ta g e  
eq u a l  to  th e  ca p aci tor vo l ta g e .   

I n  co n tras t to  th e  co n verte r arra n g e m en ts  o u tl i n ed  i n  S u bcl a u s e s  5. 2  a n d  5 . 3 . 2 ,  th i s  co n verte r 
arra n g e m en t i s  ca p ab l e  of p ro d u ci n g  a  d . c.  o u tp u t vol tag e  of e i th e r po l ari ty,  a  fe atu re  wh i ch  
ca n  b e  b e n efi ci a l  i n  ap p l i cati on s  wh ere  a  VS C  tra n s m i s s i o n  s tati on  i s  co n n ecte d  as  a  ta p  on to  
an  exi s ti n g  l i n e  com m u ta te d  H VD C  l i n k.  

A s e co n d  a d va n ta g e  of th e  fu l l - b ri d g e  ci rcu i t i s  th a t i t  perm i ts  fa u l ts  o n  th e  d . c.  s i d e  of th e  
con verter to  b e  cl e are d  b y u s i n g  o n l y th e  p o wer s em i co n d u ctors  i n  th e  va l ve,  wi th o u t re q u i ri n g  
a n y a d d i ti on a l  s wi tch g e ar.  

O n  th e  oth er h a n d  th e  fu l l - bri d g e  ci rcu i t re q u i re s ,  i n  pri n ci p l e ,  twi ce  th e  n u m ber of I G B Ts  
com pared  wi th  th e  h a l f- b ri d g e  ci rcu i t.  

5.3.4 CTL topology with  VSC  cel l s  in  half-bridge topology 

E ach  of th e  6  va ri a b l e  vo l ta g e  s ou rces  s h o wn  i n  F i g u re  1 7  i s  re a l i ze d  wi th  a  s eri es  con n ecti on  
of i d e n ti ca l  VS C va l ve  ce l l s .  O n e  VS C  va l ve  ce l l  acts  as  a  s i n g l e - p h as e  two- l e ve l  con verter 
an d  fu n cti on s  e l ectri ca l l y eq u i va l en t to  o n e  l e vel  of th e  M M C  d es cri b e d  i n  S u bcl a u s e  5. 3 . 2 ,  
exce p t th at th e  vo l ta g e  ra ti n g  i s  h i g h er.  I n s te a d  of a  s i n g l e  I G B T/d i o d e  l e ve l  i n  o n e  M M C  
l e ve l ,  m u l ti p l e  I G B T/d i od e  l e ve l s  are  co n n ecte d  i n  s eri es  a n d  s yn ch ron o u s l y co n tro l l e d  a s  on e  
s wi tch  i n  on e  C TL  ce l l .   

Th e  e l ectri cal  arra n g em en t of VS C va l ve  cel l s  a n d  va l ve  re actors  i n  a  con verter b l ock i s  
s i m i l ar to  F i g u re  1 9 .  Th e  I G B T/d i o d e  l e ve l s  d e p i cte d  i n  F i g u re  1 9  are  s u bs ti tu te d  b y va l ve  
ce l l s  i n  C TL  to po l o g y.   

Th e  ce l l  d . c.  ca p aci tor vo l ta g e  i n  th e  C TL to p o l o g y corre s po n d s  to  on e  va l ve  vo l ta g e  s te p .  

5.3.5 CTL topology wi th  VSC  cel ls  in  fu l l -bridge topology 

Th e  CTL top o l og y wi th  “ fu l l - b ri d g e”  VS C ce l l s  fu n cti o n s  s i m i l a rl y,  i n  pri n ci p l e,  to  th e  M M C  
to p ol o g y wi th  VS C  l e ve l s  i n  fu l l -b ri d g e  top o l og y,  i n  S u bcl a u s e  5 . 3 . 3 .  T h e  m ai n  d i ffere n ce  
be twe en  C TL to p ol o g y wi th  VS C  ce l l s  i n  fu l l - bri d g e  to p o l o g y an d  M M C  to p ol o g y wi th  VS C  
l e ve l s  i n  fu l l - bri d g e  top o l og y i s  th e  n u m b er of I G B T/d i o d e  l e ve l s  p e r C TL  ce l l  or M M C  l e ve l .  
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E a ch  C TL ce l l  co n s i s ts  of m u l ti p l e  I G B T/d i o d e  l e ve l s  i n  s eri es  con n ecti on  a n d  each  M M C  l e ve l  
i s  of on e  I G B T/d i o d e  l e ve l .   

5.4  VSC  valve  design  considerations  

5.4. 1  Rel iabi l i ty and  fai lu re  mode  

I n  a d d i ti o n  to  th e  n u m b er of s eri es - co n n ecte d  va l ve  l e ve l s  th a t are  n e e d e d  to  s u s ta i n  th e  
con verter vo l ta g e  rati n g ,  ea ch  s i n g l e  va l ve  i n  a  VS C  tra n s m i s s i o n  s ch em e  s h a l l  i n cl u d e  a  fe w 
re d u n d a n t va l ve  l e ve l s .  I n  ca s e  of fa i l u re  of a n  i n d i vi d u a l  va l ve  l e ve l  com pon e n t,  u n i n terru p te d  
op erati o n  of th e  rem ai n i n g  h e a l th y va l ve  l e ve l s  i s  m an d a to ry.  Th erefore ,  a  fau l ty va l ve  l e vel  
s h a l l  s afel y an d  co n tro l l ab l y e n te r i n to  a  s h ort-ci rcu i t m od e a n d  b e  ca p ab l e  of co n d u cti n g  
cu rren t u n ti l  i t  can  be  ch a n g e d  o u t,  e. g . ,  d u ri n g  a  s ch e d u l e d  m a i n ten a n ce  p e ri o d .   

Th i s  ca p a b i l i ty of s h ort- ci rcu i t fa i l u re  m od e ( S C F M )  o p era ti o n  i s  very cri ti ca l  for s eri e s -
con n ecte d  va l ve  l e ve l s ,  an d  s h al l  b e  veri fi ed  b y ap prop ri a te  tes ts  u n d er con d i ti o n s  th a t are  
re l e va n t for a  parti cu l ar ap p l i ca ti o n .  S om e s p eci a l  d es i g n s  of P res s p ack I G B T a l l o w S C F M  to  
be  as s u re d .  M o d u l e  I G B Ts ,  h o we ve r,  d o  n ot e xh i b i t th i s  b e h a vi o u r a n d  a  fau l ty M o d u l e  I G B Ts  
m a y res u l t i n  a n  o p en  ci rcu i t.  Th u s ,  a d d i ti on a l  com pon e n ts  i n  p ara l l e l  to  th e  va l ve  l e ve l  
term i n a l s  are  re q u i re d  to  en s u re  S CF M .  

Th e  o p e rati n g  vo l ta g e  of th e  I G B T s h a l l  b e  s e l ecte d  to  b e  l o w e n o u g h  to  ach i e ve  a n  
ad e q u a te l y l o w fa i l u re -i n - ti m e ( F I T)  rate.  

I n  s e l ecti n g  th e  o p era ti n g  vo l ta g e  a n d  cu rren t of th e  I G B T,  d u e  con s i d era ti on  s h o u l d  b e  g i ve n  
to  th e  l oa d  c ycl i n g  re q u i rem en ts  for th e  VS C  s ys tem .  

5.4.2  Current  rating  

O n e  of th e  i m porta n t d es i g n  bas es  of th e  s em i co n d u ctor i n  th e  VS C  va l ve  i s  rated  cu rren t.  I n  
ad d i ti o n ,  th e  va l ve  s h ou l d  a l s o  be  a b l e  to  h a n d l e  p e ak cu rren t,  i n cl u d i n g  ri pp l e  an d  tra n s i en ts ,  
as  we l l  a s  m a rg i n s  for con trol  a n d  p ro tecti on  a cti o n s .  Th e  ra te d  ph as e  cu rren t g i ve s  th e  
n om i n a l  s tres s  o n  th e  com pon e n t a n d  s h a l l  b e  co n s i d ere d  re g ard i n g  po we r l os s es  a n d  
j u n cti o n  tem pera tu re  on  th e  I G B T.  

5.4.3  Transient  current  and  vol tage  requ i rements  

An  i m p orta n t as p ect of I G B Ts  i s  th e i r cap a b i l i ty to  tu rn  off cu rre n t an d  vo l ta g e.  Th i s  ca p a bi l i ty 
i s  d efi n e d  i n  th e  s wi tch i n g  s afe  o p era ti n g  are a  ( S S O A)  s h o wn  i n  F i g u re  2 1 .  

0

Voltage

Current1 , 0 pu

1 , 0 pu

 

Figure 21  – Typical  SSOA for the  IGBT 

D u ri n g  s wi tch i n g ,  th e  I G B T s h a l l  be  a b l e  to  tu rn -off th e  p e a k cu rre n t,  i n cl u d i n g  ri p p l e .  
Ad d i ti o n al l y,  a  m arg i n  i s  a d d e d  to  h a n d l e  cu rre n t con trol  re g u l ati on  a n d  pro te cti on  acti on s  
d u ri n g  tra n s i e n t co n d i ti o n s .  Th e  va l ve  s h al l  a l s o  b e  cap a bl e  of tu rn i n g  o ff th e  cu rre n t wh i ch  
res u l ts  from  a  s h o rt ci rcu i t occu rri n g  cl os e  to  th e  va l ve .  Th e  I G B T s h ort ci rcu i t  o p era ti o n  
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cap a b i l i ty i s  d efi n ed  b y th e  S C S O A (s h ort ci rcu i t  s afe  o p erati n g  are a) ,  wh i ch  i s  s l i g h tl y 
d i ffere n t  from  th e  S S O A u n d er n orm a l  o p era ti o n .  

5.4.4  Diode  requ i rements  

I n  m an y co n verter to po l o g i es  ( i n cl u d i n g  th e  2 - l e ve l  a n d  3 - l e ve l  co n verters  an d  th e  M M C  wi th  
h a l f-b ri d g e  top o l o g y) ,  th e  free - wh e el i n g  d i od e s  (F W D)  i n  a  VS C  bri d g e  act  as  a n  u n co n tro l l e d  
recti fi er bri d g e.  Th u s  th e y ca n  be  expos e d  to  s e vere  tra n s i en t o vercu rre n ts ,  for e xam pl e  
d u ri n g  d . c. -s i d e  s h ort ci rcu i ts  or a t  e n e rg i s ati on .   

Circuit 
breaker

Flashover 

With  fault on  d. c.  sideN ormal  situation

 

Figure 22  – A 2-level  VSC  bridge with  the  IGBTs  turned  off 

I n  cas e  of a  d . c.  s i d e  fa u l t,  as  s h o wn  i n  F i g u re  2 2 ,  a  s h ort ci rcu i t b e twe e n  th e  two  d . c.  
term i n a l s  cre a tes  a  fau l t cu rre n t p ath  th ro u g h  th e  d i o d es .  Th e  cu rre n t i n  th e  a. c.  p h as es  i n  th e  
VS C bri d g e  i s  l i m i te d  on l y b y th e  s h ort- ci rcu i t i m pe d a n ce of th e  a . c.  n e twork an d  th e  
rea ctan ce i n  th e  con ve rter,  e . g . ,  th e  p h a s e  or va l ve  re a ctors  a n d /or tra n s form ers .  Th e  fa u l t  
cu rre n t i s  d e tected  b y th e  prote cti o n  s ys tem ,  wh i ch  wi l l  o pe n  th e  b re a ke r on  th e  a . c.  s i d e  a n d  
th ereb y e l i m i n a te  th e  fa u l t  cu rre n t.  A n orm al  protecti o n  a n d  brea ke r s ch em e  ta ke s  a  ti m e  
eq u i va l e n t of th re e  5 0 /6 0  H z fu n d am e n ta l  fre q u e n c y c ycl es  b efore  th e  fa u l t cu rre n t i s  
exti n g u i s h e d .  I f th e  d . c.  s ys tem  on l y co n s i s ts  of ca b l es ,  a  fau l t wi l l  be  very u n l i ke l y.  H o we ve r,  
th e  con s e q u e n ces  m a y n o t be  acce p ta bl e  i f th e  s ys tem  i s  n ot d es i g n e d  to  h a n d l e  th e  fau l t.  
Th e  va l ve  s h ou l d  b e  d e s i g n e d  to  h a n d l e  th e  fa u l t  cu rren t wi th  a n  as ym m etri cal  offs e t as  a  
wors t cas e .  H ere ,  n o  re ap p l i e d  vo l tag e  occu rs  s i n ce  th e  bre ake r h as  d i s con n e cte d  th e  a. c.  
s ys te m .  

An o th er tran s i e n t th a t th e  d i o d e  m a y experi e n ce  occu rs  i f th e  VS C  i s  e n e rg i ze d  th ro u g h  th e  
a . c.  bre aker wh e n  th ere  i s  e i th er n o  vo l ta g e ,  or a  l o w vo l ta g e ,  o n  th e  d . c.  s i d e .  I n  th i s  cas e,  
th e  con verter exp eri e n ce s  a  s u rg e  i n ru s h  cu rre n t an d  a n  o vervo l ta g e  wi l l  occu r o n  th e  d . c.  
b u s .  Th e  va l ve  s h a l l  b e  d es i g n e d  to  h a n d l e  th e  i n ru s h  cu rren t,  or th e  cu rren t wi l l  h a ve  to  b e  
l i m i te d .  Th e  n orm al  m eth od  for d o i n g  th i s  i s  to  i n cl u d e  pre - i n s erti o n  re s i s tors .   

5.4.5  Addi tional  design  detai ls  

B es i d e s  con trol l i n g  th e  tu rn - off s em i con d u ctor d e vi ce  i n  re g u l ar o p era ti o n ,  th e  g ate  u n i t  
s h o u l d  kee p th e  s wi tch i n g  d e vi ce  wi th i n  th e  s afe  op e rati n g  are a  i n  a l l  o th e r o p erati on a l  a n d  
s h ort-ci rcu i t  con d i ti o n s .  I G B Ts  h a ve  pro ve n  co m para ti ve l y eas y to  h a n d l e  i n  th i s  re s pe ct,  
th ereb y faci l i tati n g  pre ci s e  co n tro l  of s wi tch i n g  wa veform s .  Th i s ,  i n  tu rn ,  i s  n eces s ary for 
ach i e vi n g  p ro p e r con trol  an d  protecti o n  s tra teg i e s  for th e  con ve rte r.  

Th e  s wi tch i n g  tra n s i e n ts  wh i ch  ap p ea r wh en  th e  I G B T tu rn s  o n  or off g i ve  s tre s s  to  th e  I G B T 
a n d  oth e r com p on e n ts  i n  th e  va l ve  l e ve l s .  Th e  e n erg y s tore d  i n  s tra y i n d u cta n ces  a n d  
cap aci ta n ces  wi l l  g e n erate  tra n s i en t vo l ta g es  a n d  cu rren ts  res pecti ve l y.   
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G ate  vo l ta g e  co n tro l  m akes  i t  p os s i b l e  to  co n tro l  th e  vo l ta g e  be twe en  th e  m ai n  two term i n a l s  
of th e  I G B T a t i ts  tu rn  off proces s .  S u p pres s i n g  th e  s pe e d  of tu rn  off m akes  th e  e n erg y s to re d  
i n  th e  l o o p  s tra y i n d u ctan ce d i s s i pa te  i n  th e  I G B T i ts e l f.  Ap pl yi n g  th e  g ate  vo l ta g e  co n tro l  
tech n o l og y,  th e  s n u b b er ci rcu i t ca n  be  om i tte d  from  th e  ci rcu i t,  a l th o u g h  s wi tch i n g  l os s es  i n  
th e  I G B T b ecom e l arg er.  

F or con ve rter to p ol o g i es  wi th  VS C  va l ves  of “ s wi tch ”  typ e  i t  i s  p os s i b l e  to  d es i g n  th e  VS C  
va l ve  s u ch  th a t i t  d oes  n ot u s e  tra d i ti o n a l  s n u b b e r ci rcu i ts  for pro tecti n g  th e  i n d i vi d u a l  I G B Ts .  
I n  th i s  ca s e ,  th e  I G B Ts  s h a l l  th e m s el ves  m ai n ta i n  s u ffi ci e n t vo l ta g e  s h ari n g ,  b oth  d u ri n g  
s wi tch i n g  a n d  b l ocke d  co n d i ti o n s ,  b y m e an s  of g a te  co n tro l  a n d  d . c.  g ra d i n g  re s i s tors .  Th i s ,  i n  
tu rn ,  req u i res  a  s m al l  s p re a d  i n  d e vi ce  d ata  con ce rn i n g  ch a racte ri s ti c s wi tch i n g  ti m es ,  
s wi tch i n g  tra n s i e n t pro pe rti e s ,  an d  l e akag e cu rre n ts  i n  th e  b l ocked  s tate.  

Co n verter to p o l o g i e s  wi th  VS C  va l ve s  of th e  “ co n tro l l a b l e  vo l ta g e  s ou rce ”  typ e  o n l y req u i re  
s yn ch ro n i ze d  s wi tch i n g  o f i n d i vi d u al  va l ve  l e ve l s  wh e n  m u l ti p l e  I G B Ts  are  con n ecte d  i n  s eri es  
i n  each  s wi tch  pos i ti o n  (a s  i n  th e  cas ca d ed  two l e ve l  con ve rte r) .  W h ere  n o  d i rect s eri es  
con n ecti on  of I G B Ts  i s  u s ed ,  a  co ord i n ati o n  of I G B Ts  s wi tch i n g  pro p erti es  of i n d i vi d u a l  va l ve  
l e ve l s  i s  n o t re q u i re d .  

5.5  Other converter topologies  

Th e te ch n i ca l  fi e l d  of VS C tra n s m i s s i o n  i s  d e ve l o p i n g  ra p i d l y.  Accord i n g l y i t  i s  to  b e  exp ecte d  
th at oth e r co n ve rte r to p o l o g i e s  i n  a d d i ti o n  to  th os e  d es cri be d  a b o ve wi l l  e m erg e .  S om e 
exi s ti n g  kn o wn  to po l o g i e s  are  a l rea d y d e s cri be d  i n  C I G RÉ  Tech n i ca l  B roch u re  4 4 7 .  

P u rch as ers  of VS C tra n s m i s s i o n  s ch em es  s h ou l d  co n s i d er s u ch  a l te rn a ti ve  co n ve rte r 
to p ol o g i es  on  th e i r m e ri ts  an d  n o t l i m i t th e  p erm i tted  ci rcu i t to p ol o g i es  to  th os e  th a t h a ve  b ee n  
d es cri b e d  i n  S u bcl a u s es  5 . 2  a n d  5. 3 .  

5.6  Other equ ipment for VSC  transmission  schemes  

5.6. 1  General  

Accord i n g  to  i ts  pri n ci p l e  of o p era ti on ,  o n l y a  fe w com p o n e n ts  are  es s en ti a l  i n  a  vo l ta g e  
s ou rce d  co n verter ( VS C ).  Th es e  are  

•  a  m ea n s  to  con vert d . c.  i n to  a . c.  vo l ta g es  pro vi d e d  b y a  co n verter com p ri s i n g  VS C  va l ves  
an d  co n tro l s ;  

•  an  a . c.  s i d e  reactan ce  pro vi d ed  b y ph as e  re actors /va l ve  reacto rs ,  tra n s form ers ,  or a  
com bi n a ti o n  th ere of;  

•  a  d . c.  vo l ta g e  s o u rce  pro vi d ed  b y a t l eas t o n e  VS C d . c.  ca paci to r,  s u bm od u l e  d . c.  
cap aci tor or ce l l  d . c.  cap aci tor.  

I n  a d d i ti on  to  th es e  ke y com pon e n ts ,  a  com pl e te  VS C  s u bs ta ti o n  m a y a l s o  n e e d  

•  a . c.  a n d  d . c.  fi l ters ;  

•  s u rg e  arres te rs ;  

•  ci rcu i t bre akers  an d  s wi tch es ;  

•  m eas u ri n g  e q u i pm en t.  

Th e  ab o ve eq u i pm e n ts  a re  n o t a l wa ys  n eces s ary i n  a l l  co n verter top o l o g i e s ,  bu t d i ffer d u e  to  
th e  rea l  re q u i re m en ts  be cau s e  d i ffere n t com po n e n ts  are  s tre s s e d  d i ffere n tl y i n  th e  d i ffere n t  
to p ol o g i es .  

5.6.2  Power components  of a  VSC transmission  scheme 

F i g u re  1  s h o ws  th e  ba s i c s tru ctu re  of a  VS C  s u b s ta ti o n  a n d  th e  l oca ti o n  of th e  m aj or p o we r 
com pon e n ts .  D e p en d i n g  o n  th e  d es i g n  co n ce p t a n d  th e  VS C  s u bs tati o n  to po l o g y,  s e vera l  
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com pon e n ts  m i g h t  occu r m ore  th a n  o n ce  i n  a  re a l  s tru ctu re ,  wh i l e  o th ers  m i g h t  n o t b e  
n e e d e d .  Th e  fu n cti o n s  a n d  i m p ortan t d es i g n  as p ects  of e ach  com p o n e n t a re  bri e fl y exp l a i n e d  
i n  th e  fol l o wi n g  p a ra g rap h s .  

5.6.3  VSC  substation  ci rcu i t  breaker 

Th e VS C  s u bs ta ti o n  ci rcu i t  bre aker i s  l oca ted  a t th e  fe e d er from  th e  a. c.  tran s m i s s i on  s ys te m  
to  th e  VS C  tra n s m i s s i on  s ch e m e.  I ts  m a i n  fu n cti on  i s  to  co n n ect a n d  d i s con n ect th e  VS C  
s u b s tati on  to  a n d  from  th e  a . c.  s ys tem .  Th ere  are  n o  s p eci a l  re q u i rem e n ts  com pare d  to  wh at  
i s  com m on  practi ce  for ci rcu i t  bre akers  u s e d  for a. c.  s u bs tati on  a p p l i ca ti o n s .  

D e p en d i n g  o n  th e  s tart-u p  co n ce pt of th e  VS C tra n s m i s s i o n  s ch e m e,  a  ci rcu i t bre aker can  be  
eq u i p p e d  wi th  a  cl os i n g  res i s tor,  or a  s ep arate  res i s tor,  wi th  e i th e r a  ci rcu i t bre aker or 
d i s co n n ecto r i n  p ara l l e l  wi th  i t,  m a y b e  p ro vi d e d  i n  s eri es  wi th  th e  m a i n  ci rcu i t breaker.  Th e  
res i s tor re d u ces  th e  ch a rg i n g  cu rren ts  of th e  d . c.  ci rcu i t,  re s u l ti n g  i n  s m a l l er tem p orary a . c.  
s ys tem  d i s tu rb an ces  a n d  l o we r s tres s es  o n  th e  fre e- wh ee l i n g  d i o d es  d u ri n g  e n erg i za ti o n .   

5.6.4  A.C.  system  side  harmonic  fi l ters  

D e p e n d i n g  o n  th e  co n ve rter d es i g n  a n d  a . c.  s ys tem  con d i ti o n s ,  fi l teri n g  m a y be  req u i red  to  
pre ve n t VS C -g e n e ra te d  h arm o n i cs  from  pe n e trati n g  i n to  th e  a . c.  s ys te m  or to  p re ve n t  
am p l i fi cati o n  of b ackg rou n d  h a rm on i cs  o n  th e  a. c.  s ys tem .   

As  a  s i d e  effe ct,  h arm on i c fi l ters  g en era te  fu n d a m en tal  freq u en c y re acti ve  po we r wh i ch  n ee d s  
to  be  co n s i d ered  i n  th e  o vera l l  P -Q  op erati n g  ra n g e  of th e  VS C  s ys tem .  Th e  d es i g n  pri n ci p l es  
of s ys te m  s i d e  h arm on i c fi l ters  a n d  an y as s oci ate d  ci rcu i t bre akers  d o  n ot d i ffe r from  th e  
d es i g n  practi ce  for H VDC s ys tem s  wi th  l i n e - com m u ta te d  co n ve rters  (LC C )  or fl e xi b l e  
a l tern a ti n g  cu rre n t tra n s m i s s i on  s ys tem s  (F AC TS ) .  H i g h  p a s s ,  s i n g l e,  d ou b l e  or tri p l e  tu n ed  
fi l ters  m a y b e  u s e d  as  d e s cri b e d  i n  I E C /TR 6 2 0 0 1 .  

5.6.5  Rad io  frequency in terference  fi l ters  

Ra d i o  fre q u e n c y i n terferen ce (RF I )  fi l ters  re d u ce  to  acce pta bl e  l i m i ts  th e  p e n e trati o n  of h i g h  
freq u e n cy (H F )  h a rm on i cs  i n to  th e  a. c.  s ys te m .  

H F  h a rm on i cs  g e n era te d  re q u i re  s p eci a l  a tten ti on  d u ri n g  th e  d es i g n  of a  VS C  s u b s ta ti o n .  To  
ca l cu l ate  l i n e -ca rri e d  H F  h arm o n i cs ,  a  d e tai l e d  re pres e n tati o n  of th e  VS C  s u bs ta ti on  l a yo u t i s  
n eces s ary,  i n cl u d i n g  th e  s tru ctu re  a n d  g e om e try of p o wer com p on en ts ,  b u s b ars  an d  
g ro u n d i n g  s ys tem .  Ad d i ti on a l l y,  th e  cu rre n t a n d  vo l tag e  wa veform s  expe ri en ce d  d u ri n g  th e  
con ve rs i on  proce s s  s h a l l  be  kn o wn .  

Th e  d es i g n  p ri n ci p l es  for th e  RF I  fi l te r d o  n o t d i ffer from  th e  d es i g n  practi ce  for LC C  H VD C  or 
F ACTS .  

5.6.6  In terface  transformers  and  phase  reactors  

I n  m an y cas es ,  th e  VS C  s u bs tati on  d es i g n  wi l l  i n cl u d e  i n terfa ce  tra n s form ers .  I n  g e n era l ,  th e y 
ca n  fu l fi l l  th e  fo l l o wi n g  ta s ks :  

1 )  pro vi d e  a  re acta n ce  b e twee n  th e  a . c.  s ys tem  a n d  VS C  u n i t;  

2 )  a d a p t a  s ta n d ard  a . c.  s ys tem  vol tag e  to  a  va l u e  m atch i n g  th e  VS C  a. c.  o u tp u t vo l tag e  an d  
a l l o w op ti m a l  u ti l i s ati o n  o f VS C  val ve  ra ti n g s ;  

3 )  con n ect s e vera l  VS C  u n i ts  tog e th e r o n  th e  a . c.  s i d e  th a t h a ve  d i ffe ren t d . c.  vo l ta g e  
p o ten ti a l s ;  

4 )  p re ve n t  ze ro  s e q u e n ce cu rren ts  from  fl o wi n g  be twee n  th e  a. c.  s ys tem  a n d  VS C  u n i t.  

D e p en d i n g  o n  th e  d e s i g n  con ce p t a p p l i e d  to  th e  VS C  s u b s tati on ,  th e  re a cta n ce  m en ti on e d  
u n d e r p o i n t 1 )  ca n  be  p ro vi d e d  b y a  p h as e  re actor,  a  tran s form er,  or a  com bi n a ti o n  th e re of.  
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Th e  re acta n ce  i s  n e ces s ary to  a l l o w co n tro l  of th e  a . c.  o u tp u t cu rren t of th e  VS C .  D es i g n  
cri te ri a  to  d e te rm i n e  th e  s i ze  of th e  reactan ce a re  

•  th e  re q u i re d  d yn a m i c b eh a vi o u r of th e  s ys tem ;  

•  th e  tol erab l e  h arm on i c co n te n t of th e  co n verter a . c.  cu rren t;  

•  con s trai n ts  re vea l ed  from  a n al ys i s  of tran s i e n t co n d i ti on s  a n d  fa u l t  s ce n ari o s .  

I f p oi n ts  2 )  to  4 )  d o  n ot ap p l y u n d e r s p eci fi c ci rcu m s tan ces ,  th e  req u i red  reactan ce co u l d  b e  
pro vi d ed  b y ph a s e  re acto rs ,  wh i ch  wo u l d  e l i m i n a te  th e  n e e d  for a  tra n s form er.  

F or th e  d e s i g n  of re actors  or tra n s form ers ,  th e  fo l l o wi n g  po i n ts  h a ve  to  be  take n  i n to  a cco u n t:  

•  D C vol tag e  s tres s  on  con verter wi n d i n g  i n s u l a ti o n  to  g ro u n d ,  for th e  cas es  of 
as ym m etri ca l  m on o po l e  or b i p o l e;  

•  s tres s e s  d u e  to  fu n d am e n ta l  cu rren t;  

•  s atu ra ti on  ch aracteri s ti cs  wi th  res p e ct  to  p os s i b l e  a. c.  h arm on i c an d  d . c.  fl u x com po n en ts ;  

•  s tres s es  d u e  to  h a rm on i cs  i n  th e  l o we r a n d  m i d d l e  freq u en cy ra n g e ;  

•  d i e l ectri c s tre s s es  d u e  to  h arm on i cs  i n  th e  m i d d l e  a n d  u p per freq u en c y ra n g e ,  p arti cu l arl y 
for VS C  va l ves  of th e  “ s wi tch ”  typ e ;  

•  d i e l ectri c s tres s es  d u e  to  n o rm al  op erati n g  vo l ta g e  a n d  tra n s i e n t vo l ta g es  occu rri n g  d u ri n g  
fau l t  s ce n ari os .  

P arti cu l arl y i n  th e  cas e  o f h i g h - vo l ta g e  VS C  va l ve s  of th e  “ s wi tch ”  typ e ,  th e  m ag n i tu d es  of th e  
h arm o n i c vo l ta g es  g e n erate d  re q u i re  d eta i l ed  d e s i g n  s tu d i es  to  p ro vi d e  re l i a b l e  i n form ati o n  
ab o u t th e  vo l ta g e  a n d  cu rren t p rofi l es  a l o n g  wi n d i n g s .  Th e  i n terface  tra n s form er d oes  n o t  
req u i re  a  tap  ch a n g er.  H o we ver,  i f a  ta p  ch an g er i s  u s e d ,  i t  i s  p os s i b l e  to  opti m i s e  th e  VS C  
op erati o n ,  e . g . ,  to  ach i e ve  re d u ce d  po we r l os s e s  or to  i n cre a s e  p o wer cap a b i l i ty u n d e r l o w-
vo l tag e  co n d i ti o n s .  

5.6.7  Valve  reactor 

F or va l ve s  of th e  “ co n tro l l ab l e  vo l ta g e  s o u rce”  typ e,  va l ve  re actors  are  con n e cted  i n  s eri e s  to  
th e  VS C  va l ve  l e ve l s  a s  s h o wn  i n  F i g u re  1 7 .  Th es e  re actors  h a ve  s e vera l  d i ffe re n t  fu n cti on s :  

•  th e  th re e  p h as e  u n i ts  re pres e n t th re e  d . c.  vo l tag e  s o u rce s ,  co n n e cte d  i n  pa ra l l el .  D u ri n g  
op erati o n ,  th e s e  vo l ta g es  ca n n ot be  exactl y eq u a l ,  res u l ti n g  i n  ci rcu l a ti n g  cu rren ts  
b e twe e n  th e  th re e  p h as e  u n i ts .  Th e  val ve  re actors  l i m i t th es e  ci rcu l ati n g  cu rre n ts  an d  
e n a b l e  to  co n tro l  th em ;   

•  th e  va l ve  reactors  l i m i t  th e  va l ve  s h ort ci rcu i t  cu rre n t;  

•  th e  va l ve  reactors  a re  a  con tri b u ti o n  to  th e  i n terface  i m pe d a n ce b etwe e n  th e  co n ve rter 
an d  th e  a. c.  n e twork;  

•  i n  s om e d es i g n s ,  th e  val ve  re actors  m a y b e  com b i n e d  wi th  tu n i n g  cap a ci tors  a n d  p l a y a  
ro l e  i n  l i m i ti n g  ci rcu l a ti n g  h arm on i c cu rre n ts  b etwe en  ph as es .  

N O TE  Th e  va l ve  re a cto rs  ca n  b e  p l a ce d  i n  s e ve ra l  l oca ti o n s ,  for e xa m p l e  a t  th e  D C  te rm i n a l s ,  a t  th e  AC  
te rm i n a l s ,  d i s tri b u te d  a m on g s t th e  va l ve  s u b m o d u l e s  or i n te g ra te d  i n to  th e  s a m e  ta n k a s  th e  i n te rfa ce  tra n s form e r.  

5.6.8  D.C.  capacitors  

5.6.8 .1  VSC  d .c.  capacitor 

5.6.8. 1 . 1  General  

Th e VS C  d . c.  ca p aci tor,  i n  co n j u n cti on  wi th  th e  d . c.  ca b l e  ( wh ere  u s e d )  pro vi d es  th e  d . c.  
vo l tag e  n eces s ary to  o p e rate  th e  VS C .  I t  i s  co n n e cte d  d i rectl y i n  p ara l l e l  to  th e  d . c.  term i n a l s  
of th e  VS C p h as e  u n i ts .  F or th e  d es i g n  of th e  VS C  d . c.  ca p a ci tor,  th e  fo l l o wi n g  as pects  n e ed  
to  b e  co n s i d ere d .  
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5.6.8. 1 .2  Commutation  ci rcu i t  inductance  

S wi tch i n g  th e  s em i co n d u ctor d e vi ces  of th e  VS C cau s es  H F  com m u tati on  cu rre n t to  fl o w 
th ro u g h  th e  com m u tati on  ci rcu i t  form ed  b y th e  s wi tch i n g  va l ves ,  th e  VS C d . c.  ca p aci tor,  a n d  
th e  con n ecti n g  b u s  b ars .  D u e  to  th e  s tra y i n d u cta n ce wi th i n  th e  com m u ta ti o n  ci rcu i t,  th es e  H F  
cu rren ts  res u l t  i n  tran s i e n t vo l ta g e  s tres s es  o n  th e  s wi tch i n g  va l ves .  To  m i n i m i ze  th es e  
s tres s es ,  th e  i n d u cta n ce  of th e  co n n ecti o n  of th e  VS C  d . c.  ca p aci tor to  th e  va l ves  s h o u l d  b e  
as  l o w as  p os s i b l e .   

5.6.8. 1 .3  D.C.  vol tage ripple  

VS C  o pe ra ti o n  re s u l ts  i n  h arm on i c cu rre n ts  fl o wi n g  i n  th e  d . c.  ci rcu i t.  Th es e  h a rm on i c  
cu rren ts  ca u s e  h arm on i c vol tag e s  ( al s o  kn o wn  a s  d . c.  vo l ta g e  ri p p l e) .  Th e  fo l l o wi n g  factors  
wi l l  i n fl u en ce  th e  s i ze  of th e  d . c.  vo l ta g e  ri p p l e :  

•  i m ba l a n ces  i n  th e  a . c.  s ys te m  a n d /or co n ve rte r op era ti o n ;  

•  p re - exi s ti n g  h a rm on i cs  i n  th e  a. c.  n e twork;  

•  VS C  val ve  s wi tch i n g  s tra te g y.  

5.6.8. 1 .4  Capaci tance of the  VSC  d .c.  capacitor 

Th e VS C  d . c.  ca p aci ta n ce  s h a l l  b e  l arg e  e n o u g h  to  keep th e  d . c.  vo l tag e  ri p p l e  wi th i n  
to l era b l e  l i m i ts .   

5.6.8. 1 .5  Control  aspects  

Th e d . c.  vo l ta g e  i n fl u e n ces  a cti ve  a n d  reacti ve  po wer exch an g e wi th  th e  a. c.  s ys tem .  To  
ach i e ve  s tab l e  o p era ti o n  of th e  tran s m i s s i o n  s ys tem ,  i t  i s  i m portan t to  keep th e  d . c.  vo l ta g e  
wi th i n  ti g h t l i m i ts .  C h a n g i n g  po wer ord ers ,  a. c.  s ys tem  u n b al a n ces ,  or s ys te m  tra n s i e n ts  
ch a n g e  th e  o pera ti n g  con d i ti o n s  of th e  VS C  a n d  ca n  cau s e  d . c.  vo l tag e  fl u ctu a ti o n s  or 
os ci l l ati o n s .  D u e  to  i ts  e n e rg y s torag e  ca pa b i l i ty,  th e  VS C  d . c.  ca pa ci tor s tab i l i s es  th e  
op erati o n  of th e  VS C .  

I m porta n t  d e s i g n  p aram eters  of th e  VS C  d . c.  ca p a ci tor are  as  fo l l o ws :  

•  m axi m u m  d . c.  vo l ta g e  for co n ti n u o u s  o pe ra ti o n ;  

•  m axi m u m  a ccep ta b l e  d . c.  vo l ta g e  va ri a ti o n s  u n d e r tra n s i e n t con d i ti o n s ,  s u ch  as  fa u l ts  o n  
th e  a . c.  s ys tem .  

5.6.8. 1 .6  Harmonic  coupl ing  of d i fferent  VSC  substations  connected  to  one  d .c.  
ci rcu i t  

H arm on i c cu rre n ts  g en erate d  b y a  VS C ca u s e  h a rm on i c vo l ta g e s  n ot o n l y on  th e i r o wn  VS C  
d . c.  ca p aci tor,  b u t a l s o  o n  th e  VS C d . c.  ca p aci tors  i n  o th er VS C  s u b s ta ti o n s  co n n ecte d  to  th e  
s am e d . c.  ci rcu i t.  As  a  re s u l t,  th e  d i ffere n t VS C  s u bs tati o n s  i n  a  tran s m i s s i on  s ch em e becom e  
m u tu a l l y co u p l ed  vi a  th e  d . c.  ci rcu i t.  To  a vo i d  u n wan ted  i n tera cti o n s  be twe en  th e  VS C  
s u bs tati on s ,  th i s  cou p l i n g  s h o u l d  b e  red u ce d  to  th e  l arg es t exte n t po s s i b l e .  Th e  cap aci ta n ce  
of th e  VS C  d . c.  ca p aci tor i s  a n  i m porta n t  factor i n fl u en ci n g  th e  cou p l i n g  b etwe e n  th e  VS C  
s u bs tati on s .  

5.6.8 .2  Submodule/cel l  d .c.  capacitor 

5.6.8.2 .1  General  

I n  pri n ci p l e ,  th e  d e s i g n  an d  fu n cti on  of th e  s u b m od u l e /cel l  cap aci tors  fo r th e  M M C a n d  CTL   
tech n o l og i es  are  s i m i l ar to  th a t of th e  VS C  d . c.  ca paci tors .   

H o we ve r,  d u e  to  th e i r o p era ti o n  pri n ci p l e,  th e  cu rren t s tre s s es  a re  d i ffe ren t  for d . c.  s u b m od u l e  
or ce l l  ca p aci tors .  Th e  i n d i vi d u a l  s u bm od u l es  or ce l l s  ca n  b e  i n d i vi d u a l l y s wi tch e d  " off"  or " o n "  
d e p e n d i n g  o n  o u tp u t  vol ta g e  g e n erati on .  W h en  th e  s u bm od u l e  i s  s wi tch ed  " off"  th e  va l ve  



I E C  TR 6 2 5 4 3 : 2 0 1 1 + AM D 1 : 2 0 1 3  – 3 5  –  
+ AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

cu rren t d o e s  n ot p as s  th rou g h  th e  d . c.  s u bm o d u l e/ce l l  ca p aci tor a n d  th e  cap aci tor cu rre n t i s  
ze ro .  Co n ve rs el y,  wh e n  th e  s u bm od u l e  or ce l l  i s  s wi tch ed  " o n " ,  th e  fu l l  va l ve  cu rre n t fl o ws  
th ro u g h  th e  ca p aci tor.  I n  th e  "o n "  s tate ,  com po n e n ts  of d . c.  cu rren t a n d  fu n d am e n ta l  a n d  l o w 
ord e r cu rren ts  h a ve  to  b e  con s i d ere d .  Th e  cu rre n t fl o w i n  th e  " on "  s ta te  re s u l ts  i n  a  s i g n i fi ca n t  
ri pp l e  vo l ta g e  of th e  s u bm od u l e /ce l l  ca p aci tors  p er p o wer c ycl e.  Th e  a ve ra g e  a n d  RM S  
cap aci tor cu rre n t  s tre s s e s  are  ca l cu l a te d  b as ed  o n  cu rren t co n tri b u ti on  i n  th e  "o n "  s tate.   

5.6.8.2 .2  Commutation  ci rcu i t  inductance  

S i m i l ar to  th e  VS C  d . c.  cap aci tor,  s wi tch i n g  th e  s em i co n d u cto r d e vi ce s  of th e  s u bm od u l e  
cau s e s  H F  com m u ta ti on  cu rre n t to  fl o w th ro u g h  th e  com m u tati on  ci rcu i t  of th e  s u bm od u l e .  
D u e  to  th e  s tra y i n d u ctan ce wi th i n  th e  com m u ta ti o n  ci rcu i t,  th es e  H F  cu rre n ts  res u l t i n  
tra n s i e n t vo l ta g e  s tre s s e s  on  th e  s u b m od u l e .  To  m i n i m i ze  th es e  s tres s es ,  th e  i n d u ctan ce of 
th e  s u bm od u l e  s h o u l d  b e  a s  l o w as  p os s i b l e.   

5.6.8.2 .3  D.C.  vol tage  ripple  

a)  S u bm od u l e  cap aci tor vo l tag e  ri p p l e  

As  m e n ti o n ed  b e fore,  th e  rati o  of th e  vo l tag e  ri pp l e  to  d . c.  vo l ta g e  of th e  s u bm od u l e  
cap aci tor i s  l arg er th a n  th a t of VS C  d . c.  cap aci tors .   

b)  D . C .  l i n k vo l ta g e  ri p p l e  

Th e  d . c.  l i n k vo l ta g e  ri p pl e  of th e  M M C i s  m u ch  l o we r th a n  th a t of th e  VS C  d . c.  ca p aci tors  
of 2 -l e ve l  or N P C  con ve rters ,  b eca u s e  th e  M M C  d . c.  l i n k vo l ta g e  i s  a l m o s t th e  s am e  as  
th e  s u m  of th e  ou tpu t vo l ta g e  of s u bm od u l es  i n  a  ph as e  l eg .  B y s h i fti n g  th e  ou tpu t vo l ta g e  
pu l s e  of th e  e ach  s u bm o d u l e ,  th e  d . c.  l i n k vo l ta g e  ri p p l e  of th e  M M C  i s  s m a l l .  

5.6.8 .2 .4  Capacitance of the  MMC submodu le  capaci tor 

Th e  M M C  s u b m od u l e  cap aci ta n ce  s h a l l  b e  l a rg e  en o u g h  to  keep  th e  vo l ta g e  ri p p l e  of 
s u bm od u l e  ca paci tor wi th i n  to l era b l e  l i m i ts .   

5.6.8 .2 .5  Control  aspects  

I n  ad d i ti on  to  th e  co n tro l  as p ects  of th e  VS C d . c.  cap aci tors ,  th e  s u bm od u l e  cap a ci tors  h a ve  
som e co n tro l  as p ects  d e s cri be d  b e l o w.  

•  M M C s  h a ve  m a n y s u bm od u l e  ca p aci tors ,  wh os e  vo l ta g e s  m a y te n d  to  b e com e 
u n b a l a n ced .  Th erefore,  a  b a l an ci n g  con trol  i s  re q u i re d  i n  ord er to  en s u re  th a t a n y 
u n b a l a n ce  d o es  n o t beco m e exces s i ve  a n d  res u l t i n  e q u i pm e n t rati n g s  b e i n g  e xcee d ed .  

•  D i s ch arg e  of th e  M M C  s u bm od u l e  ca p aci tors  cau s ed  b y a  d . c.  fa u l t can  b e  p re ve n ted  b y 
b l ocki n g  th e  co n verter.  

5.6.8 .2 .6  Harmonic  coupl ing  of d i fferent  MMC substations  connected  to  one d .c.  
ci rcu i t  

B etwe e n  th e  s u b m od u l e  ca paci to rs  of d i ffere n t s u b s tati on s ,  th ere  are  s om e s em i co n d u ctor 
d e vi ce s .  S o  h arm on i c  co u p l i n g  i s  l es s  s eri o u s  for th e  M M C  VS C  s ys tem s  th a n  th at of 2 - l e ve l  
or N PC  VS C  s ys tem s .  

5.6.9  D.C.  reactor 

F or l o n g  d i s ta n ce  tran s m i s s i on ,  a  d . c.  re actor can  be  co n n e cte d  i n  s eri e s  wi th  a  d . c.  o ve rh ea d  
tra n s m i s s i o n  l i n e  or cab l e .  I ts  m ai n  p u rpos e  i s  to  red u ce  h arm on i c cu rre n ts  fl o wi n g  i n  th e  d . c.  
l i n e  or ca b l e .  

Th e  d . c.  re actor a l s o  s erves  a  s econ d ary fu n cti o n  i n  l i m i ti n g  s h ort- ci rcu i t cu rren ts .  
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I f a  d . c.  re actor i s  u s e d  i n  a  VS C  tra n s m i s s i on  s ys te m ,  i ts  s i ze  ca n  n orm a l l y be  co n s i d era b l y 
s m al l er th a n  o n e  u s e d  i n  an  LC C H VD C  s ch em e .   

5.6. 1 0  Common  mode  blocking  reactor 

A com m on  m od e bl ocki n g  rea cto r co n s i s ts  of two m ag n e ti ca l l y-co u p l e d  wi n d i n g s  h a vi n g  th e  
s am e s el f i m p e d a n ce .  D u e  to  th e  wi n d i n g  arra n g e m en t,  th e  re actor pro vi d es  l o w i m p e d an ce  
for d i ffere n ti a l  m od e cu rren ts  bu t h i g h  i m pe d an ce for com m on  m od e  cu rren ts .  Th e  reactor,  
th e refore ,  s erves  to  b l o ck th e  com m on  m od e  cu rren ts  an d  l e a ves  th e  d i ffe re n ti a l  m od e  
cu rren ts  l a rg el y u n d i s tu rbe d  an d ,  i n  co n s eq u en ce ,  d o es  n o t affect th e  d yn am i c b e h a vi o u r o f 
th e  tran s m i s s i o n  s ys tem .  

Th e  d e s i g n  of th e  re actor d ep e n d s  l arg e l y o n  th e  s ys tem  g ro u n d i n g  arra n g e m en t,  
tra n s m i s s i o n  l i n e  typ e ,  en vi ro n m en ta l  co n d i ti o n s  a n d  el ectri ca l  s tres s e s  as s oci a ted  to  th e  
proj ect.   

5.6. 1 1  D.C.  fi l ter 

F i l te ri n g  of h arm o n i cs  o n  th e  d . c.  s i d e  i s  ach i e ved  b y th e  VS C  d . c.  ca p a ci tor,  d . c.  re a ctor,  
com m on - m od e  bl ocki n g  reactor an d ,  i n  s om e cas e s ,  b y a  d ed i cate d  d . c.  fi l ter.   

Th e  d es i g n  pri n ci p l es  of th e  d . c.  fi l ters  for VS C - b as e d  H VD C  s ys tem s  a re  s i m i l ar to  th os e  for 
LC C H VD C  s ys te m s ,  as  d es cri b ed  i n  C I G RE  Tech n i ca l  B roch u re  9 2 .  

5.6. 1 2  Dynamic braking  system  

I n  s om e VS C H VD C s ch e m es ,  b u t pa rti cu l arl y wh ere  th e  H VD C  s ys tem  i s  e xp orti n g  p o wer 
from  a  s m a l l  i s l a n d e d  a . c.  s ys tem  wi th  l i ttl e  or n o  l oa d  (for e xam p l e  a n  offs h ore  wi n d  farm )  th e  
H VD C  s ys tem  m a y b e  req u i red  to  i n cl u d e  a  d yn a m i c braki n g  s ys te m ,  for exam pl e  a s  a  
ch o p pe r con n ected  to  th e  d . c.  term i n a l s  of th e  VS C  s ys te m .  Th e  fu n cti on  of th e  d yn am i c 
bra ki n g  s ys tem  i s  to  a b s orb  a n d  d i s s i p ate  th e  p o wer g e n era te d  i n  th e  i s l an d ed  AC  s ys tem  
d u ri n g  fa u l ts  i n  th e  recei vi n g - e n d  AC  s ys tem ,  typ i ca l l y for d u rati on s  of 1  to  2  s .  

Th ere  are  s e vera l  p os s i b l e  wa ys  of i m pl em en ti n g  s u ch  a  d yn am i c b raki n g  s ys te m  bu t th e  
va l ves  i n  th i s  s ys tem  wi l l ,  i n  g e n e ral ,  be  of s i m i l ar d es i g n  to  th e  m ai n  VS C  va l ves  u s e d  for 
po we r tra n s m i s s i o n .  

6 Overview of VSC controls  

6. 1  General  

Al th ou g h  th ere  are  m an y con fi g u ra ti o n s  for vo l ta g e  s ou rce d  co n ve rters  (VS Cs ) ,  th e y a l l  can  
be  co n s i d ered  to  exh i b i t  a  com m on  o p e ra ti n g  con ce pt.  Al l  con fi g u rati on s  p os s es s  a  s e ri e s  
i n d u cti ve  i n terface  s e p arati n g  th e  s wi tch i n g  val ve s  from  th e  a . c.  s ys te m .  Th e  s wi tch i n g  va l ves  
g e n e ra te  a  fu n d am en tal  fre q u e n c y a. c.  vol tag e  fro m  a  d . c.  vo l ta g e .  Th e  m a g n i tu d e  an d  p h as e  
of th e  fu n d am en ta l  fre q u en c y com p on e n t of th i s  a. c.  vo l tag e  a t th e  va l ve  s i d e  of th e  s eri es  
i n d u cti ve  i n terface  ca n  b e  co n tro l l ed .  Th e  co n tro l  of th i s  vo l ta g e  m ag n i tu d e  a n d  ph as e  i s  th e  
es s e n ti a l  co n tro l l i n g  fu n cti o n  com m on  to  a l l  VS C s .  
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Figure  23  – Representing  a  VSC  un i t  as  an  a.c.  vol tage  of magni tude U  
and  phase  ang le  δ beh ind  reactance  

F i g u re  2 3  s h o ws  th at a  VS C  ca n  b e  repres en te d  a s  a n  a. c.  vo l ta g e  s o u rce  of m ag n i tu d e  Ucon v  
an d  p h as e  an g l e  d el ta  b eh i n d  th e  re acta n ce.  I f th e  p er- u n i t vo l ta g e  m ag n i tu d e  Uco n v  i s  h i g h e r 
th a n  th e  p er- u n i t  l i n e  s i d e  vo l ta g e  UL ,  th e n  reacti ve  p o wer wi l l  b e  tra n s ferred  i n to  th e  l i n e  s i d e  
s i m i l arl y to  a n  o verexci ted  s yn ch ron ou s  m ach i n e .  C o n ve rs e l y,  i f th e  m ag n i tu d e  Uco n v  i s  l o w 
an d  l es s  th a n  th e  l i n e  s i d e  vo l ts ,  th e  VS C  wi l l  b e  abs orb i n g  re acti ve  p o we r s i m i l arl y to  an  
u n d er- exci ted  s yn ch ro n o u s  m ach i n e.  

Th e  con tro l  of th e  ph a s e  a n g l e  δ i s  ach i e ve d  b y s h i fti n g  th e  p h as e  of th e  fu n d am e n tal  
freq u e n c y a . c.  vo l tag e  wi th  re s p e ct to  th e  p h as e  l ocked  l o o p  n o rm al l y s yn ch ro n i ze d  to  th e  a . c.  
s i d e  vo l ta g e.  Re g u l ati n g  th e  p h a s e  a n g l e  δ ca u s e s  acti ve  p o wer to  be  tra n s ferre d  th ro u g h  th e  
VS C ,  b eca u s e  a  ph a s e  a n g l e  i n  fu n d am e n ta l  freq u en c y vol tag e  i s  d e ve l o p ed  a cros s  th e  
i n terface  re actor s o  th a t po we r fl o ws  i n to  or o u t  of th e  VS C .  

A VS C th erefore  h a s  th e  cap a b i l i ty of acti n g  as  a  recti fi er or as  a n  i n verter,  a n d /or a s  a  
g e n e ra tor or a n  a bs orb er of reac ti ve  p o wer.  I t  i s  th e  co n tro l  of th e  m ag n i tu d e  a n d  p h as e  of th e  
con verter vol tag e  Uco n v  th a t d i cta tes  th e  s tra te g i e s  for co n tro l l i n g  vo l ta g e  s ou rce d  co n verters .  

6.2  Operational  modes  and  operational  options  

Th e n orm al  wa y of a. c.  s i d e  vo l tag e  con tro l  i s  a ch i e ve d  b y co n tro l l i n g  th e  d . c.  s i d e  ca paci tor 
vo l tag e .  I n  tu rn ,  th e  d . c.  s i d e  ca p a ci tor vo l ta g e  i s  vari e d  b y p u m p i n g  po we r from  th e  a . c.  s i d e  
i n to  i t  or ou t of i t.  I f p o wer i s  p u m pe d  i n to  th e  ca p aci tor,  i ts  ch arg e  wi l l  i n cre a s e  a n d  
con s e q u e n tl y s o  wi l l  i ts  vo l tag e .  I f p o wer i s  taken  from  th e  ca p aci tor,  i ts  vol tag e  wi l l  d ecre as e .  
P o wer ca n  b e  take n  from  or fed  i n to  th e  a. c.  s i d e  b y varyi n g  th e  ph as e  a n g l e  δ,  as  d es cri b e d  
ab o ve .  I n  th i s  wa y,  d . c.  vo l tag e  co n tro l  i s  ach i e ve d  b y re g u l ati n g  a . c.  p h as e  a n g l e  δ.   

Co n tro l  of th e  m ag n i tu d e  an d  p h as e  of th e  co n verte r vo l ta g e  Uco n v  for VS C tra n s m i s s i o n  
a p p l i ca ti o n s  i s  u s u al l y a ch i e ve d  b y m ea n s  of vector co n tro l  s tra te g y.  W i th  vector co n tro l ,  
th re e-p h as e cu rre n ts  are  tra n s form ed  to  d  a n d  q  axi s  q u a n ti ti es  b as e d  o n  th e  co n ve n ti o n a l  
a bc to  d q  tra n s form ati on ,  s yn ch ro n i ze d  to  th e  a. c.  s i d e  th re e - p h as e vol ta g e  th ro u g h  a  p h as e  
l ocked  l o op  ( P L L) .  Th e  d  an d  q  axi s  vo l ta g es  g e n e ra te d  b y th e  ve ctor con tro l s  are  tra n s form ed  
to  th ree- p h a s e  q u an ti ti es  a n d  con verte d  i n to  l i n e  vo l tag es  b y th e  VS C  as  s h o wn  i n  F i g u re  2 4 .  

IEC   587/11 
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Figure 24 – Concept of vector control   

W i th  VS C  co n verte rs ,  th e  d e g re es  of fre e d om  a va i l ab l e  are  as  fol l o ws :  

•  freq u e n c y co n tro l  b y d i re ct con trol  of th e  m ai n  fi ri n g  os ci l l ator;  

•  th e  vari o u s  co n tro l  op ti o n s  p ro vi d e d  b y p h a s e  s h i fti n g  th e  a . c.  vo l ta g e  th a t i s  g en erate d  b y 
th e  VS C ;  

•  th e  vari ou s  con trol  op ti o n s  p ro vi d e d  b y co n tro l  of th e  m ag n i tu d e  of th e  a . c.  vo l tag e  th a t i s  
g e n e ra ted  b y th e  VS C .  

Th es e  d e g rees  of free d o m  tran s l ate  i n to  th e  va ri o u s  co n tro l  fu n cti o n s  d i s cu s s ed  be l o w.  

6.3  Power transfer   

6.3. 1  General  

To con tro l  p o wer i n to  or ou t of th e  a . c.  s ys tem ,  th e  VS C  s h a l l  h a ve  a  m ea n s  for tra n s fe rri n g  
po we r i n to  or ou t of th e  d . c.  s i d e  wi th o u t o ve r or u n d e r ch a rg i n g  th e  cap a ci tor.  I n  a  VS C  
tra n s m i s s i o n  s ch em e,  th i s  m ean s  th at th e  co n verte rs  at  th e  two e n d s  of th e  s ch em e  s h a l l  be  
con trol l e d  to  work to g e th e r.  G en era l l y,  on e  of th e  two con verters  wi l l  h a ve  a s  p art of i ts  
obj ecti ve  th e  co n tro l  of th e  d . c.  vo l ta g e .  
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Figure 25 – VSC  power control ler 

P o wer con trol  i s  ach i e ved  b y re g u l a ti n g  th e  p h as e  a n g l e  δ of th e  fu n d a m en ta l  fre q u e n cy 
com pon e n t of th e  a . c.  vo l ta g e  a t th e  con ve rte r s i d e  of th e  i n terface  re a cta n ce as  s h o wn  i n  
F i g u re  2 5 .  P o we r i s  d ra wn  from  or p u s h e d  i n to  th e  a. c.  s ys tem  d e pe n d i n g  o n  wh e th er δ  l a g s  
or l ea d s  th e  ph as e  a n g l e  of a . c.  b u s  vo l ta g e.   

IEC   588/11 

IEC   589/11 
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P o we r i s  o n e  p ara m ete r th a t can  b e  co n tro l l e d  wi th  fas t res po n s e to  i m pro ve th e  p erform an ce  
of th e  a . c.  tra n s m i s s i o n  s ys te m  u n d e r tra n s i e n t con d i ti o n s .  Th i s  ca n  b e  u s ed  to  i n cre as e  a . c.  
s ys tem  d a m p i n g  of e l ectrom e ch a n i ca l  os ci l l ati on s ,  as  we l l  a s  to  i m pro ve  th e  tra n s i e n t s tab i l i ty 
of th e  po we r s ys te m  fo l l o wi n g  a  fa u l t.  

6.3.2  Telecommun ication  between  converter stations  

F or VS C tra n s m i s s i on  con trol ,  th ere  i s  n o  n e e d  for fas t te l ecom m u n i cati on  s i g n a l s  b etwe e n  
th e  en d s .  H o we ve r,  te l ecom m u n i ca ti o n s  b e twe en  th e  co n verters  m a y b e  a p p l i e d  for con d i ti o n s  
s u ch  as  th e  fol l o wi n g :  

•  wh e n  p o wer co n tro l  i s  re q u i re d  b e twee n  co n verte rs  for a  m u l ti -term i n a l  co n fi g u ra ti o n ,  s u ch  
as  for coord i n a te d  d am pi n g  of e l ectrom ech an i ca l  os ci l l ati o n s ;  

•  wh e n  d am pi n g  of e l ectrom e ch a n i ca l  os ci l l ati on s  i s  re q u i re d  at th e  co n verter th a t i s  n o t 
con trol l i n g  po we r;  

•  i f i t  i s  d es i re d  to  reco n fi g u re  th e  co n tro l  m od e s  b e twe e n  co n verte rs .  

Th e  n orm al  u s e  of com m u n i cati on  i s  h o we ver b e twe e n  th e  co n verter s ta ti on s  a n d  d i s pa tch  
ce n tre  wh i ch  re q u i res  i n d i ca ti on s ,  s ta tu s  s i g n a l s  a n d  a l arm s  for o perati o n  o f th e  s ys tem .  

6.4  Reactive power and  a.c.  vol tage control   

6.4. 1  A.C.  vol tage control  

A. C.  vo l ta g e  co n tro l  i s  a ch i e ve d  b y re g u l a ti n g  th e  m a g n i tu d e  of th e  fu n d am e n ta l  fre q u e n c y 
com pon e n t of th e  a . c.  vo l tag e  g e n era te d  a t  th e  VS C  s i d e  of th e  i n te rface  re acto r an d /or 
tra n s form e r as  s h o wn  i n  F i g u re  2 6 .  
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Figure 26  – A.C.  vol tage control ler 

I f th e  VS C  i s  fe ed i n g  i n to  a n  i s o l a ted  a . c.  s ys tem  wi th  n o  o th er form  of acti ve  p o wer s o u rce  of 
an y s i g n i fi can ce ,  th e  a. c.  vo l ta g e  co n tro l l er wi l l  a u tom ati ca l l y co n tro l  p o wer to  th e  l o a d .  Th i s  
as s u m es  a n o th er con ve rter,  s u ch  as  th e  s e n d i n g  e n d  of a  VS C  tra n s m i s s i on  l i n k,  
i n d e pe n d e n tl y con tro l s  th e  d . c.  s i d e  vo l tag e .  

6.4.2  Reactive power control  

Th e n e e d  to  u s e  re acti ve  po we r con tro l  a ri s es  wh e n  oth e r n e arb y con tro l l ers  are  a cti n g  to  
m ai n ta i n  a. c.  vo l tag e .  To  a vo i d  i n terfere n ce be twe en  th e  va ri o u s  co n tro l l ers ,  i t  i s  prefera b l e  to  
reta i n  th os e  VS C s  n o t n e ed e d  for a. c.  vo l tag e  to  p ro vi d e  re acti ve  p o wer co n trol .  

I f a l l  VS C s  i n  cl os e  proxi m i ty to  e ach  oth er are  co n tro l l i n g  th e  s a m e q u an ti ti e s ,  th e n  i t  m a y b e  
pos s i b l e  for each  to  p a rti ci p a te  i n  a . c.  vo l ta g e  con trol  th rou g h  a  carefu l l y d es i g n e d  d roo p  
ch a racteri s ti c.  H o we ve r,  i f th e  co n tro l l i n g  fu n cti o n s  of th e  VS C  are  q u i te  d i fferen t,  s u ch  as  
s ep ara te  a n d  i n d e pe n d e n t p o we r con trol l ers ,  th e  d roo p ch a racte ri s ti c m a y be  d i ffi cu l t to  
d efi n e .  U n d e r th es e  ci rcu m s tan ce s ,  a  re a cti ve  p o we r con tro l  m a y b e  preferab l e ,  wi th  th e  
s etti n g s  e i th er a t zero  M VARs  or s l o wl y con tro l l e d  b y a  j o i n t VAR con trol l er or a n  ord er from  
th e  S C AD A s ys tem .  

IEC   590/11 
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6.5  Black start capabi l i ty   

To s u pp l y a n  a. c.  l oa d  th a t h as  n o  o th er s o u rce  of g e n era ti o n ,  th e  recti fi er con n ecte d  to  th e  
m ai n  g ri d  or g e n era ti o n  m a y h a ve  th e  fo l l o wi n g  con trol s .  

•  D . C .  vo l ta g e  con tro l  

•  A. C.  vol ta g e  or re acti ve  p o wer co n tro l  a t th e  s e n d i n g  e n d  s ys tem .  

Th e  recei vi n g  en d  s h o u l d  h a ve  con trol s  as  fo l l o ws :  

•  freq u e n c y co n tro l  (d efi n i n g  th e  freq u en c y of th e  l o ad ) ;  

•  a . c.  vo l ta g e  co n tro l  of th e  rece i vi n g  e n d  s ys te m .  

W i th  th es e  con tro l  m o d e s  i n  p l ace,  th e  l o a d - s i d e  a . c.  vo l ta g e  an d  fre q u e n cy ca n  b e  co n tro l l e d  
wi th i n  accep ta b l e  l i m i ts .  As  th e  l o a d  ch a n g e s ,  th e  tra n s m i s s i o n  s e l f-re g u l a tes  th e  p o we r fl o w 
s i m pl y b y m a i n ta i n i n g  a. c.  vo l tag e  a n d  fre q u e n c y.  

I f a n  a . c.  s yn ch ro n ou s  g en era tor o r a n  a . c.  tra n s m i s s i o n  l i n e  i s  a d d ed  or s wi tch e d  o n - l i n e  s o  
th at th e  VS C  tra n s m i s s i on  i s  re l i e ve d  of p ro vi d i n g  th e  fre q u e n c y con tro l  a n d  al l  th e  a. c.  
vo l tag e  con trol  to  th e  l o ad ,  th e  fi ri n g  p u l s es  m ay b e  s wi tch e d  from  an  i n d e pe n d e n t cl ock to  
be i n g  ph a s e  l ocked  o n to  th e  a. c.  vo l tag e .  Al tern a ti ve l y,  a  d ro o p ch a racteri s ti c  for th e  
freq u e n c y co n tro l  a n d  th e  a . c.  vo l ta g e  con trol  m ay b e  i n voked  s o  th a t th e  VS C tra n s m i s s i o n  
can  op erate  i n  co n cert wi th  th e  acti ve  s ys tem  th a t th e  rece i vi n g  e n d  h a s  ch a n g e d  to .  

6.6  Supply from  a  wind  farm  

W h e n  d . c.  tran s m i s s i on  i s  re q u i re d  to  bri n g  po we r from  a  wi n d  farm  to  an  a . c.  g ri d ,  VS C  
tra n s m i s s i o n  ca n  b e  i n te g ra ted  i n to  th e  wi n d  tu rb i n e  d es i g n  for m axi m u m  pe rform an ce a n d  
eco n om y.  Th i s  tech n o l o g y m a y be  p arti cu l arl y a p p l i ca b l e  for offs h ore  wi n d  farm s .  Th i s  i s  a n  
i m porta n t a n d  fas t- g ro wi n g  u s e  of VS C  tra n s m i s s i on ,  wh i ch  i s  d es cri b ed  i n  d eta i l  i n  C I G RE  
Tech n i ca l  B roch u re  3 7 0 .   

At th e  s en d i n g  e n d  th e  VS C co n verter co n tro l s  th e  a . c.  vo l tag e  a n d  fre q u e n cy of th e  s ys tem .  
Th e  co n verte r at th e  a . c.  g ri d  s i d e  tra n s fers  th e  i n com i n g  d . c.  p o wer to  th e  a . c.  g ri d .  Th e  a. c.  
g ri d  s h a l l  b e  s tro n g  e n o u g h  to  a cce pt fl u ctu a ti n g  wi n d  farm  i n fe e d .  

O n e  i m portan t as p e ct i s  h o w to  h a n d l e  e n e rg y s u rp l u s  i n  cas e  th e re  i s  a  te m porary n e two rk 
d i s tu rb a n ce wh ere  th e  a . c.  g ri d  i s  u n a b l e  to  a bs orb  th e  e n erg y from  th e  wi n d  farm .   

Al tern a ti ves  to  h an d l e  th i s  en erg y s u rpl u s  i n cl u d e  to  s tore  th e  s u rp l u s  en e rg y i n  th e  wi n d  
tu rb i n e  b y tem p ora ri l y i n cre as i n g  ro tor s pe e d  o r to  d i s s i p ate  th e  en erg y vi a  res i s tors ,  for 
exam p l e  

•  i n  th e  wi n d  tu rb i n e  i ts e l f;  

•  on  th e  offs h ore  a . c.  g ri d ;  

•  on  th e  d . c.  s i d e  of th e  VS C  tra n s m i s s i o n ,  vi a  a  d yn am i c b raki n g  s ys tem .  

7 Steady state operation  

7. 1  Steady state  capabi l i ty 

Th e  VS C  ca n  b e  co n s i d ere d  as  a n  e q u i va l e n t of a  s yn ch ro n o u s  m ach i n e,  wh i ch  h as  th e  
cap a b i l i ty of i n d i vi d u a l l y co n tro l l i n g  acti ve  a n d  reacti ve  p o wer,  a l b e i t n o rm a l l y wi th  l i m i ted  
i n e rti a .  

Th e  acti ve  an d  re acti ve  p o we r can  b e  co n tro l l e d  s i m u l tan e ou s l y a n d  i n d e p e n d e n tl y of each  
oth er as  d e s cri b e d  i n  S u bcl a u s es  6 . 3  a n d  6 . 4 .   
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Th e  P Q cap a bi l i ty d i a g ra m  of a  VS C  s h o ws  i ts  pos s i b l e  o p era ti n g  re g i m e.  Th e  d i a g ram  
n orm a l l y g i ves  th e  ca p ab i l i ty at th e  a . c.  i n te rface  po i n t.  W h en  acti ve  ou tp u t p o wer P i s  
pos i ti ve ,  th e  VS C  i s  op era te d  as  a n  i n ve rte r,  e i th e r i n  ca p aci ti ve  m od e ,  wh en  Q  i s  p os i ti ve ,  or 
i n  i n d u cti ve  m od e wh e n  Q  i s  n e g a ti ve .  W h en  P  i s  n eg a ti ve ,  th e  VS C i s  o p era ted  a s  a  recti fi er,  
e i th er i n  ca p aci ti ve  or i n d u cti ve  m o d e .  A s i m pl i fi e d  PQ  d i a g ra m  at  m i n i m u m  (Um i n )  an d  
m axi m u m  (Um a x)  a . c.  g ri d  vo l ta g e ,  i n  wh i ch  fi l te rs  are  n o t co n s i d ered ,  i s  s h o wn  i n  F i g u re  2 7 .  
Th e  VS C  ca n  b e  o p era te d  wi th i n  a l l  fou r q u a d ran ts  of th e  P Q p l a n e .  

Q conv

(Capacitive M ode)

Q conv

(I nductive Mode)

P conv (I nverter Mode)

Umin

Constant 
MVA

Limitation  in  
capacitive 

mode

P conv (Rectifier M ode)

P design  l ine

Umax

 

Figure 27  – A typical  simpl i fied  PQ d iagram  

Th e  P Q  d i a g ram  s h o ws  th a t th e  ca p a b i l i ty of th e  VS C d e p e n d s  on  th e  a . c.  g ri d  vol tag e.  At l o w 
a. c.  vo l ta g e,  a  h i g h er cu rre n t i s  n eces s a ry to  p ro d u ce  a  g i ven  o u tpu t po wer,  a n d  th e  o u tp u t 
cap a b i l i ty i s  l i m i te d  b y th e  cu rre n t ca p ab i l i ty of th e  con ve rter.  Th erefo re,  i f a n  i n terface  
tra n s form er i s  pro vi d e d ,  th e  tra n s form er ra ti o  ca n  be  u s ed  to  o pti m i ze  th e  P Q ch a racteri s ti c.  
W i th  a n  o n - l oa d  ta p  ch a n g er,  th e  tra n s form er ra ti o  ca n  b e  co n ti n u o u s l y o p ti m i ze d  to  m a xi m i ze  
th e  s tea d y-s ta te  p o wer cap a b i l i ty of th e  con verter.  N ote  th a t th e  ce n tre  of th e  ci rcl es  i s  
d e p en d en t o n  th e  d es i g n  of th e  con verter,  a n d  m ay n o t be  a t th e  ori g i n  of th e  d i a g ram .   

Th e  d i a g ra m  al s o  i n d i cates  a n  acti ve  a n d  a  re acti ve  p o wer d es i g n  l i n e.  Th e  d es i g n  l i n e  i s  th e  
m axi m u m  po we r rati n g  o f th e  VS C a n d  i t  i s  m ai n l y d e term i n e d  b y th e  m axi m u m  cu rren t for 
wh i ch  th e  co n verte r i s  d e s i g n e d .  I n  a d d i ti o n  to  th e  l i m i tati o n  b y th e  m a xi m u m  con ve rter 
cu rren t th ere  m i g h t b e  oth er d e s i g n  l i m i ta ti o n s ,  for exam p l e  a ffecti n g  re acti ve  p o wer 
cap a b i l i ty.  I n  cap aci ti ve  m od e,  th e  p e ak con verter a . c.  vol tag e  Uco n v  n e ed s  to  e xce e d  th e  
pe ak l i n e- s i d e  a . c.  vo l ta g e  UL ;  h o we ver Uco n v  g e n era l l y ca n n o t exce e d  0 , 5  Ud .  Th e refore  th e  
cap aci ti ve  o u tpu t rati n g  i s  l i m i ted ,  p arti cu l arl y a t h i g h  va l u es  of UL .  Th e  a cti ve  p o wer d es i g n  
l i n e  i n  th e  PQ  d i a g ra m  i n d i cates  th e  d es i re d  ra te d  p o wer of th e  VS C .  I n  th e  e xam pl e  s h o wn ,  
th e  re q u i re d  p o we r ca p a b i l i ty i n  i n verter op erati o n  i s  l es s  th a n  th e  po ten ti a l  cap a b i l i ty of th e  
VS C .   
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7.2  Converter power losses  

O n e  of th e  m a i n  o bs tacl e s  to  u s i n g  vo l ta g e  s ou rced  co n verte rs  i n  b u l k  p o wer tran s m i s s i o n  i s  
th e  com p ara ti ve l y h i g h  p o wer l os s e s ,  i n cl u d i n g  I G B T,  fi l ter a n d  i n terface  tra n s form er l os s e s ,  
i n  com pari s o n  wi th  L C C  H VD C .  H o we ver,  VS C te ch n o l o g y i s  d e ve l o p i n g  ra pi d l y an d  po we r 
l os s es  are  d ecreas i n g .   

Th e  2 - l e ve l  VS C to p ol o g y i s  a ttracti ve  b eca u s e  of i ts  s i m p l i ci ty.  H o we ver,  th e  s wi tch i n g  
fre q u e n c y ch os e n  s h a l l  b e  com p arati ve l y h i g h  i n  ord e r to  kee p th e  cu rre n t ri pp l e  re as o n a b l y 
l o w,  a n d  th i s  wi l l  res u l t i n  h i g h  s wi tch i n g  l os s es .  O n e  wa y of re d u ci n g  th e  l os s es  i s  to  u s e  
m ore  a d va n ce d  co n verte r to p ol o g i es ,  b u t a t th e  e xpe n s e of g re ate r com p l exi ty.  Th e  on - g o i n g  
s em i co n d u ctor d e vi ce  d e ve l o pm en t a n d  co n verte r to p ol o g y op ti m i za ti o n  wi l l  co n tri b u te  to  a  
fu rth er re d u cti o n  i n  o vera l l  l os s es  i n  th e  fu tu re .   

I n  com m on  wi th  L C C - H VD C ,  i t  i s  recom m en d e d  th a t po we r l os s e s  i n  VS C  b e  d eterm i n e d  b y a  
com bi n a ti o n  of ca l cu l ati o n  a n d  factory m e a s u rem e n t,  rath er th a n  d i rect m ea s u rem e n t o n  s i te .   

F or m os t eq u i pm e n t,  th e  overa l l  pri n ci p l es  a re  th e  s am e as  d e s cri b ed  i n  I E C  6 1 8 0 3  for L CC -
H VD C ,  a l th o u g h  ad j u s tm en ts  n e ed  to  b e  m ad e to  refl ect,  for exam p l e,  d i ffe ren ces  of h arm on i c  
s pectra.  F or co n verte r va l ve  l os s es ,  th e  I E C  6 2 7 5 1  s eri es  s h al l  be  u s e d  i n s te a d  of I E C  6 1 8 0 3  
(s e e  al s o  [3 1 ] ,  [3 2 ] ) .  

Th e  p o wer l os s es  i n  th e  VS C  s u b s ta ti o n  d e p en d  on  a  vari e ty of o p era ti n g  co n d i ti o n s ,  b u t  
ch i efl y th e  re a l  tra n s m i tte d  p o wer a n d  th e  re acti ve  po we r a bs orpti on  or g e n era ti o n .  I n  g e n era l ,  
l os s es  i n  th e  VS C  s u bs ta ti o n  wi l l  be  l o we s t wh en  th e  rea l  a n d  re acti ve  p o we r are  b oth  cl os e  to  
ze ro  an d  wi l l  i n cre as e  prog re s s i ve l y as  e i th er th e  re a l  o r rea cti ve  po we r i s  i n cre as e d .  

8 Dynamic performance 

8. 1  A.C.  system  d isturbances  

F as t con trol  of acti ve  an d  re acti ve  p o we r of VS C  s ys te m s  can  i m pro ve p o wer g ri d  d yn am i c 
perform an ce u n d er d i s tu rb a n ces .  F or exam p l e ,  i f a  s e ve re  d i s tu rb a n ce th re a te n s  s ys tem  
tra n s i e n t s tab i l i ty,  fas t p o wer ru n - b ack an d  e ve n  i n s tan t p o we r re vers a l  con trol  fu n cti o n s  ca n  
be  u s e d  to  h el p  m ai n ta i n  s yn ch ron i ze d  p o wer g ri d  o pe ra ti o n .  VS C  s ys tem s  can  a l s o  pro vi d e  
effecti ve  d am pi n g  to  m i ti g ate  e l ectrom e ch a n i ca l  os ci l l a ti o n s  b y a cti ve  a n d  re acti ve  p o wer 
m od u l a ti o n .   

A VS C  s ys tem  ca n  s u p po rt th e  n e two rk d u ri n g  d i s tu rb a n ces  i n  th e  fol l o wi n g  wa ys :  

•  em erg e n c y p o wer con trol ;  

•  vo l tag e  s u p port;  

•  s h ort ci rcu i t  cu rre n t con tri bu ti o n .  

Th e  ab i l i ty of th e  VS C  co n verter to  rap i d l y co n tro l  a cti ve  p o we r m akes  i t  a  too l  for em erg e n c y 
po we r s u p p ort d u ri n g  n etwork d i s tu rb a n ces  wh e re  po we r can  b e  tran s ferre d  to /from  th e  
d i s tu rb e d  a rea  i n  a  con tro l l e d  wa y.  Th i s  i s  a l s o  p os s i b l e  wi th  LC C - H VD C  b u t VS C h as  be tter 
pos s i b i l i ty to  ra pi d l y re ve rs e  p o wer.   

Th e  VS C con verter ca n  op era te  as  a  l ocal  S T ATC O M  wi th  pos s i b i l i ti e s  for fas t vol tag e  
s u p p ort.  Th i s  can  b e  u s e d  to  s u pp ort th e  con n ected  a . c.  n etwo rk d u ri n g  a  fau l t  or d i s tu rb an ce  
wh ere  th e  a . c.  vo l ta g e  d rop  can  b e  l i m i te d  b y th e  con verter.   

Th e  s h ort ci rcu i t p o wer con tri b u ti o n  from  a  VS C  co n ve rter can  b e  co n tro l l ed .  I n  s ys tem s  
wh ere  th e  s h ort ci rcu i t  cu rre n ts  are  a l re a d y h i g h  th ere  i s  a  l a rg e  b e n efi t i n  a  l o w co n tri b u ti on .  
I n  s ys tem s  fed  s o l e l y b y th e  VS C con verter,  h i g h e r s h o rt ci rcu i t cu rren ts  a re  d es i ra b l e  i n  ord er 
to  h a ve  th e  s tan d ard  o vercu rre n t p rotecti o n s  i n  th e  a . c.  n e twork op era ti n g  as  n orm al .  Th e  
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m axi m u m  s h ort ci rcu i t cu rren t i s  n orm a l l y l i m i te d  b y th e  d yn a m i c l i m i ta ti o n s  of th e  con verter 
wh i ch  a re  e q u a l  to  or h i g h er th a n  rate d  cu rren t.  

8.2  D.C.  system  d isturbances  

8.2. 1  D.C.  cable  fau l t  

M ech an i s m :  cab l e  or j u n cti o n  fa i l u re,  extern a l  m e ch a n i cal  s tres s .  

T yp e:  p e rm an e n t fau l t,  fo r wh i ch  rep a i r i s  n e ed e d .  

D e tecte d  b y:  d . c.  ca b l e  fau l ts  a re  d etecte d  b y m e as u ri n g  th e  d . c.  vo l ta g e  a n d  cu rre n t,  b oth  
am pl i tu d e  an d  ra te  of ch an g e .  

P rotecti ve  acti o n s :  s i n ce  an y fa u l t  i n  a  ca b l e  s h a l l  be  th oro u g h l y i n ves ti g a ted  an d  wi l l  m os t  
l i kel y req u i re  a  l e n g th y rep a i r,  th e  d . c.  l i n k h as  to  be  tri p p e d  wh e n  s u ch  fa u l ts  a re  d e tecte d .  I t  
i s  th erefore  ve ry i m p orta n t to  correctl y d e tect th e s e  fa u l ts .  

8.2.2  D.C.  overhead  l ine  fau l t  

M ech a n i s m :  i n s u l ati on  fa i l u re  b e twee n  o n e  d . c.  co n d u ctor a n d  g rou n d  or b e twe e n  th e  two  d . c.  
con d u ctors ,  d u e  to  l i g h tn i n g  s tri ke ,  bru s h fi res ,  trees ,  p ol l u ti o n ,  e xtern a l  m ech an i ca l  s tre s s ,  
etc.  

T yp e:  ca n  b e  a  n o n - p erm an en t fa u l t,  bu t m a y b e  p erm a n e n t i f th e  d . c.  i n s u l ators  h a ve  b ee n  
d am ag e d .  

D e te cted  b y:  d . c.  o ve rh e ad  l i n e  fau l ts  are  d etecte d  b y m e as u ri n g  th e  d . c.  vo l ta g e  a n d  cu rren t,  
bo th  am p l i tu d e  an d  ra te  of ch a n g e .  

P rotecti ve  acti o n s :  i t  s h o u l d  b e  n ote d  th a t wh e n  i n s u l ati on  b re aks  d o wn  o n  o verh e a d  
tra n s m i s s i o n  l i n e s ,  th e  VS C ’ s  fre e - wh e e l i n g  d i o d e s  n orm a l l y co n ti n u e  to  fe e d  cu rre n t i n to  th e  
fau l t e ven  i f th e  con verter i s  b l ocked .  Th i s  m ea n s  th at b e s i d es  b l ocki n g  th e  co n verters ,  th e y 
n orm a l l y a l s o  n e e d  to  b e  i s ol a te d  from  th e  a. c.  s ys tem  b y op e n i n g  th e  a. c.  b reakers ,  to  e n a b l e  
th e  a i r i n s u l ati on  to  d e - i o n i ze .  After th i s ,  re -s tarti n g  th e  s ys tem  m a y take  a  ti m e of th e  ord er of 
1 0  s .  An oth er m eth o d  i s  to  i n tro d u ce d . c.  b re akers  an d  o p en  th e s e  wh en  a  fau l t i s  d ete cte d ,  or 
to  u s e  a  s p eci a l  VS C  top o l o g y wh i ch  g i ves  an  i n h e re n t ca p ab i l i ty to  cl e a r d . c.  l i n e  fa u l ts  (s ee  
S u b cl a u s e  5 . 3 . 3 ).  

8.3  In ternal  fau l ts  

VS C  s ys tem s  s h o u l d  b e  d e s i g n e d ,  wh ere  pra cti ca l ,  to  p erm i t op erati o n  of th e  res t of th e  
s ys tem  to  con ti n u e  i n  th e  pre s e n ce  of i n tern a l  fau l ts  wi th i n  o n e  con verter s tati on .  

A typ i ca l  protecti on  d i a g ram  for a  VS C  s u bs ta ti on  i s  s h o wn  o n  F i g u re  2 8 ;  h o we ver,  VS C  
s u bs tati on  pro tecti o n  a g a i n s t i n tern a l  fau l ts  wi l l  d i ffe r d e p e n d i n g  on  th e  VS C  d es i g n  an d  
pro tecti on  ph i l os o p h y.  Th ere fore ,  th e  pro te cti on  s ys tem  s h o wn  i n  F i g u re  2 8  i s  o n l y 
rep res e n tati ve .  
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Figure 28  – Protection  concept of a  VSC substation  

T yp i ca l  p ro te cti ve  fu n cti o n s  i n cl u d e  th e  fol l o wi n g :  

1  o vercu rre n t p ro tecti o n  of a. c.  ci rcu i t  bre akers ;   

2  ab n orm a l  a . c.  vo l ta g e  protecti o n ;  

3  e arth  fa u l t  p ro tecti o n ;   

4  a. c.  fi l ter protecti on s ;   

5  d i ffere n ti a l  p ro tecti on ;   

6  o vercu rre n t p ro tecti o n  of th e  co n verter;   

7  ab n orm al  d . c.  vo l ta g e  protecti o n ;   

8  o vercu rre n t p ro tecti o n  of th e  VS C  d . c.  ca pa ci tors ;   

9  d . c.  d i s ch arg e  u n i t;   

1 0  va l ve  pro tecti o n ,  e. g . ,  i n  th e  va l ve  g ate  e l e ctro n i cs .  

D e p en d i n g  o n  th e  VS C  s u bs ta ti o n  d e s i g n  a n d  th e  ap p l i ca ti o n ,  th e  fo l l o wi n g  a d d i ti o n al  
pro tecti on s  a re  u s u a l l y a pp l i ca b l e:  

•  l os s  of co o l i n g  pro tecti o n ;  

•  d . c.  l i n e /ca b l e  ea rth  fa u l t  pro tecti on /s u p ervi s i o n ;  

•  freq u e n c y p rotecti o n ;  

•  i m pe d a n ce re l a y p ro tecti on ;  

•  fi re  pro tecti o n ;  

•  m ech an i ca l  protecti o n .  

9  HVDC performance requirements  

9. 1  Harmonic  performance   

M a n y as p ects  of th e  h a rm on i c p erform a n ce of a  VS C  tra n s m i s s i o n  s ch em e a re  s i m i l ar to  
th os e  of an  L C C H VD C s ch e m e,  as  d es cri b e d  i n  I E C /TR 6 2 0 0 1 .  Th e  m ai n  d i ffere n ce  b etwe e n  
th e  two com es  from  th e  d i ffe re n t s wi tch i n g  s tra te g i es  u s e d  i n  th e  d i ffere n t  typ e s  of con verter.  
D i fferen t VS C  to p o l o g i e s  a l s o  h a ve  wi d e l y d i ffe ri n g  h arm on i c p erform an ce.  

I n  com m on  wi th  LC C  co n verters ,  th e  i n te racti on  of VS C  co n verte rs  wi th  th e  n e twork i s  q u i te  
com pl ex a n d ,  for a n  accu ra te  ca l cu l a ti o n ,  th e  pre -exi s ti n g  ( b ackg ro u n d )  h arm on i cs  o n  th e  AC  
n e twork n e ed  to  b e  taken  i n to  a ccou n t a n d  th e  n etwork i m pe d a n ce at h arm on i c freq u en ci es  i s  
very i m porta n t.   P re -exi s ti n g  h a rm on i cs  m a y b e  d am pe d  or am pl i fi e d  d u e  to  o p era ti o n  of th e  
VS C .  I n  ord e r to  p e rform  th e s e  ca l cu l a ti o n s ,  a ccu rate  i n fo rm ati o n  a b ou t b a ckg rou n d  h arm on i c  
d i s torti on  an d  n etwork i m ped a n ces  for th e  fre q u e n c y ra n g e  of i n teres t i s  n ece s s ary.  M ore  
g u i d an ce o n  th es e  to p i cs  ca n  b e  fo u n d  i n  th e  I E C  6 2 0 0 1  s e ri es .  

IEC   592/11 



I E C  TR 6 2 5 4 3 : 2 0 1 1 + AM D 1 : 2 0 1 3  – 4 5  –  
+ AM D 2 : 2 0 1 7  C S V   I E C  2 0 1 7  

VS C s  g en erate  h a rm on i cs  on  b oth  th e  a. c.  a n d  d . c.  s i d es .  M eas u res  s h a l l  be  taken  to  l i m i t th e  
am pl i tu d e  of th e  h arm on i cs  en teri n g  th e  a. c.  n e twork a n d  th e  d . c.  l i n e .  Th e  m ai n  m eth o d s  of 
red u ci n g  th e  h arm on i cs  to  a ccep ta b l e  l e ve l s  a re  a s  fo l l o ws :  

•  p u l s e  wi d th  m od u l a ti o n  ( PW M ) te ch n i q u es ;  

•  m u l ti - l e ve l  tech n i q u e s ;  

•  h arm o n i c fi l ters  (s eri es  a n d /or s h u n t com b i n a ti o n s ) ;  

•  m u l ti -p u l s e  ( 1 2 -p u l s e,  2 4 - pu l s e  e tc)  tech n i q u es ;  

•  com b i n a ti o n s  of th e  a b o ve .  

S i n ce  a  VS C can  op erate  at an y d e s i re d  p o wer fa ctor,  th e  d es i g n  of th e  fi l ters  i s  n orm a l l y 
bas e d  o n l y o n  h a rm on i c p erform an ce a n d  (u n l i ke  for LC C -H VD C )  i s  n ot a ffecte d  b y re acti ve  
po we r co n s i d e rati o n s .  S om e m u l ti - l e ve l  con verte r to p ol o g i es  m a y g e n e rate  s u ffi ci e n tl y l o w 
l e ve l s  of h a rm on i cs  th at h arm o n i c  fi l te rs  ca n  i n  s o m e ca s es  b e  om i tted .  

9.2  Wave  d istortion  

Th e i n d i vi d u al  vo l ta g e  d i s torti on  factor (Dn ) ,  tota l  h arm on i c d i s torti o n  ( TH D ),  te l ep h on e  
h arm o n i c fo rm  factor (TH F F ) ,  tel e ph o n e i n fl u en ce factor (TI F )  an d  tota l  h arm on i c cu rren t 
fa ctor ( I T),  as  d efi n e d  i n  I E C /TR 6 2 0 0 1 ,  are  re l e va n t  a l s o  to  VS C  tra n s m i s s i on  s ch em es .  

I t  s h o u l d  b e  n oted  th a t wi th  VS C  tech n o l og y i t  i s  re l a ti ve l y e as y to  s h i ft th e  s p ectru m  of 
h arm o n i cs  to  h i g h er ord e rs  of th e  fu n d am e n ta l  fre q u e n c y.  W h en  s etti n g  th e  d i s torti on  l i m i ts  for 
a  VS C tra n s m i s s i on  s ch em e,  i t  m a y b e  a p p ropri a te  to  as s e s s  h arm on i cs  to  a  h i g h er ord er 
th a n  h as  b e en  th e  cas e  for L C C  H VD C  s ch em e s ,  e. g . ,  to  i n cre as e  th e  ord er to  b e  i n cl u d e d  
from  th e  5 0 th  h a rm on i c  to,  for exam pl e,  th e  1 0 0 th  h arm on i c.   

I t  a l s o  h as  to  be  n ote d  th a t th e  accu rac y of m od e l l i n g  of h a rm on i c i m pe d an ce d ecre as es  a t  
s u ch  h i g h  fre q u en ci e s .  

9.3  Fundamental  and  harmonics  

9.3. 1  Three-phase  2-level  VSC  

A 2 - l e ve l  co n ve rter i s  s h o wn  i n  F i g u re  1 4 .  

Th e  a . c.  wa ve s h a p e a t a  VS C ph as e  u n i t o u tpu t m a y co n s i s t of a  s e q u e n ce of s q u are  wa ves ,  
as  s h o wn  i n  F i g u re  2 9 .  M a n y d i ffe re n t m od u l a ti o n  m eth o d s  ca n  b e  u s ed  to  co n tro l  th e  
con ve rte rs  to  ach i e ve  a  s peci fi c wa ve s h a p e.  Th e  m os t com m on l y u s e d  m e th o d  i s  th e  carri er-
m od u l a te d  m e th o d  ( vo l ta g e  refe re n ce a s  s i n e  wa ve or o th er wi th  a  tri a n g u l ar carri er wa ve  
s h a p e).  S om e  typ i ca l  m o d u l ati o n  s tra teg i e s  u s ed  wi th  2 - l e ve l  VS C  a re  d i s cu s s e d  i n  An n e x B .  
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Figure 29  – Waveforms  for three-phase 2-level  VSC  

9.3.3  Mu l ti -pu lse  and  mu lti -l evel  converters  

M u l ti -p u l s e  a n d  m u l ti - l e ve l  co n ve rter to po l og i e s  ca n  a l s o  b e  u s e d  to  re d u ce  th e  h arm on i c  
ou tpu t.  Th e  h arm on i cs  a re  ca l cu l ate d  b y F o u ri er a n a l ys i s  of th e  i n d i vi d u a l  wa veform s .  

Th e  i n d i vi d u a l  l e ve l s  of s u ch  co n verters  are  s wi tch e d  to  o bta i n  d es i red  o u tp u t vo l ta g e  a t  th e  
a. c.  an d  d . c.  term i n a l s  o f th e  co n verters .  Th e  m eth o d s  for s wi tch i n g  i n d i vi d u a l  l e vel s  can  b e  
d i s ti n g u i s h e d  i n  two m a i n  ca te g ori es :  

– m eth o d s  res u l ti n g  i n  a  ra n d om  typ e  p u l s e  pa ttern ;  

– m e th o d s  cre ati n g  a  fi xe d  p u l s e  p attern  (for g i ven  o u tp u t vo l ta g es ).  

Ra n d om  typ e  p u l s e  p attern s  d i s tri b u te  th e  h arm on i c d i s torti o n  o ver th e  fu l l  freq u en cy ra n g e,  
re s u l ti n g  i n  a  " wh i te  n o i s e "  wi th  m od e ra te  am pl i tu d e s .  D u e  to  th e i r ra n d om  n a tu re ,  th es e  
h a rm o n i cs  a re  n ot e a s y to  p re d i ct o n  a  pu re  a n a l yti ca l  b as i s .  I n  co n tras t,  fi xed  pu l s e  p attern s  
can  be  e a s i l y pred i cte d  a n d  an a l ys e d .   

9.4 Harmonic  vol tages  on  power systems  due to  VSC  operation  

O n e p os s i bl e  m e th o d  fo r ca l cu l ati n g  th e  h arm on i c  pe rform an ce of th e  VS C  i s  to  co n s i d er i t  to  
be  a  h a rm on i c g e n era tor of eq u i va l e n t vol tag e  En  at  e ach  i n d i vi d u a l  h arm on i c.  At th e  p o i n t of 
com m on  con n ecti on  ( PC C )  of th e  VS C a n d  th e  p ower s ys tem ,  th e  e q u i va l en t ci rcu i t  i s  s h o wn  
i n  F i g u re  3 2 ,  wh ere  Zs ( n )  i s  th e  s ys te m  i m pe d a n ce  at th e  h a rm on i c n  a n d  Z( n )  i s  th e  h arm on i c 
i m pe d a n ce of th e  VS C ,  i n cl u d i n g  th e  i n te rface  tra n s form e r,  p h a s e  reactor an d  a . c.  fi l ters  ( as  
ap prop ri a te) .  I f s h u n t  fi l ters  a re  u s e d  e i th er as  p a rt  of th e  n etwo rk or as  p art of th e  co n verter 
th e y s h ou l d  b e  i n cl u d ed  i n  res pecti ve  i m pe d a n ce.  

 En  

Z(n)

PCC

Zs(n)

 

Figure 32  – Equ ivalent ci rcu i t  at  the  PCC of the  VSC  
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S i n ce  b oth  Z( n )  a n d  Zs (n )  a re  a  com pl e x i m pe d a n ce,  a  res on a n ce  m a y occu r.  Th erefore ,  i t  i s  
e s s e n ti a l  to  h a ve  kn o wl e d g e  of th e  p u rch as er h arm on i c s ys tem  i m pe d a n ce  a t th e  P CC .   

9.5  Design  considerations  for harmon ic  fi l ters  (a.c.  s ide)  

I f th e  e va l u a ti o n  i n d i ca te s  th at th e  VS C  co n tri b u ti on  to  h arm o n i cs  at th e  P CC  wi l l  exce e d  th e  
perm i s s i bl e  l e vel ,  h arm on i c fi l te rs  s h a l l  b e  d es i g n e d  an d  i n s ta l l e d  to  ke e p th e  h a rm on i cs  
wi th i n  th e  re q u i re d  l i m i ts.  Th e  fi l ter con fi g u rati o n  for th e  VS C  i s  d eterm i n e d  i n  a  s i m i l ar 
m an n e r as  th os e  for L C C H VD C (s e e  I E C /TR 6 2 0 0 1 ).  H o we ve r,  o n e  i m portan t d i ffere n ce i s  
th at  th e  VS C  b e h a ves  a s  a  h a rm on i c vo l ta g e  s o u rce  o n  th e  a. c.  s i d e ,  an d  h e n ce th e  s eri es  
fi l teri n g  acti on  of th e  ph as e  re actor a n d  a s s oci a te d  eq u i pm en t i s  m ore  i m porta n t th an  th e  
e ffects  of an y s h u n t fi l ters .  

9.6  D.C.  s ide  fi l tering  

I f th e  VS C  i s  part of a  d . c.  tra n s m i s s i o n  s ch em e co n n ecte d  b y a  d . c.  o ve rh e a d  l i n e ,  or a  
com bi n a ti o n  of d . c.  ca b l e  an d  d . c.  o verh ea d  l i n e ,  i ts  d . c. -s i d e  h arm on i cs  m a y i n te rfere  wi th  
oth er eq u i p m e n t a n d  s u b sta ti o n s  n e a r th e  tran s m i s s i on  l i n e .  VS C  s ys tem s  freq u e n tl y u s e  l an d  
cab l es  wh i ch  m a y b e  i n s ta l l e d  i n  tren ch es  a l on g s i d e  te l ecom m u n i cati on  cab l es .  I f th e re  are  
cop p er te l ecom m u n i cati on  ca b l es  cl os e  to  d . c.  ca b l e s  o ver a  l o n g  d i s ta n ce ,  th e  p oten ti a l  
i n terferen ce  b etwe e n  th e se  ca bl e s  s h a l l  be  co n s i d e re d .  Th e  fre q u e n ci es  u s e d  i n  com m erci a l  
vo i ce  tra n s m i s s i o n  ran g e  from  2 0 0  H z to  3 50 0  H z.  Te l e ph o n e n oi s e  e va l u a ti o n  i s  p erform e d  
accord i n g  to  vari ou s  we i g h ti n g  factors  (s u ch  a s  CC I TT an d  B TS E E I )  accord i n g  to  l oca l  
practi ce s .  Th e  co u p l i n g  b etwe e n  po wer ci rcu i ts  a n d  te l e p h on e ci rcu i ts  i s  th rou g h  bo th  e l ectri c  
a n d  m a g n eti c  fi el d s .  H o we ver,  u n l es s  th e  s p aci n g  b e twee n  th e  two  ci rcu i ts  i s  s m al l ,  th e  
m ag n e ti c co u pl i n g  pre d o m i n a tes  a n d  th e  e l ectri c cou p l i n g  i s  n eg l i g i b l e.  F o r bi p o l a r d . c.  l i n es ,  
th i s  co u p l i n g  i s  u s u a l l y ca l cu l ate d  u s i n g  th e  “ E q u i va l e n t D i s tu rb i n g  C u rre n t”  [2 0 ] 1 .  

I f fi l teri n g  i s  re q u i re d  on  th e  d . c.  s i d e ,  a  com m on  m od e rea cto r,  d . c.  re a cto r,  or a  d . c.  fi l ter ca n  
a l s o  b e  u s e d  to  p erform  th e  rol e  of RF  fi l te ri n g .  

1 0  Environmental  impact  

1 0. 1  General  

Th i s  cl au s e  co vers  th e  m ai n  e n vi ro n m e n ta l  i m p act res u l ti n g  from  th e  d e ve l o p m en t of a  VS C  
s u b s tati on .  Th e  en vi ro n m en ta l  as p ects  d i s cu s s e d  are  au d i b l e  n o i s e ,  vi s u a l  i m pa ct,  E M F  a n d  
E M C .  O th er facto rs  of a  m ore  g en e ri c ch aracte r th a t res u l t from  VS C  s u bs ta ti o n  d e ve l opm en t 
are  n ot co vered ,  n or are  th e  i m p acts  from  th e  d e ve l op m en t of a  cab l e  or o verh e a d  l i n e  
s ys tem .  E n d - of-l i fe  i s s u e s  l i ke  re c ycl i n g  a n d  d i s p os a l ,  are  s i m i l ar to  th os e  for an  L C C  H VD C  
s ch em e,  as  are  po we r l o s s es .  

1 0.2  Audible  noise  

I E C  6 1 9 7 3  co ve rs  i n  a  com pre h e n s i ve  m a n n er th e  au d i bl e  n o i s e  re l ate d  to  l i n e  com m u ta te d  
H VD C  co n verter s tati on s ,  a n d  i s  a pp l i cab l e  a l s o  to  VS C  tra n s m i s s i on .  Au d i bl e  n o i s e  th e ory i s ,  
th erefore,  n ot co vere d  h e re.  

Th e  n o i s e  ch ara cteri s ti cs  of th e  coo l i n g  e q u i p m en t a n d  a u xi l i ari es  a re  s i m i l ar to  th os e  u s e d  i n  
a  co n ven ti o n a l  a. c.  s u bs tati o n .  D e pe n d e n t o n  th e  co n ve rter top o l og y u s e d ,  th e  n o i s e  
ch aracteri s ti cs  of th e  tra n s form er m a y b e  s i m i l ar to  th os e  of a  s u bs ta ti o n  tra n s form er,  as  th e  
u s e  of fi l te rs  o n  th e  co n verte r s i d e  res u l ts  i n  a  very l o w l e ve l  of h arm on i cs  i n  th e  tra n s form e r.  
F or s om e con verter d es i g n s  th e  n o i s e  ch ara cteri s ti cs  m a y b e  d i fferen t.  F or co n verters  u s i n g  
va l ves  of th e  “ s wi tch ” -type ,  th e  fi l ters ,  VS C  va l ves ,  p h as e  re actor a n d  VS C  d . c.  ca p aci tors  
typ i ca l l y h a ve  n oi s e  co m pon e n ts  at  h i g h er fre q u e n c y th a n  fo r an  L C C  H VD C  s ch em e.  F o r 
con verters  u s i n g  va l ves  of th e  “ co n tro l l a b l e  vo l tag e  s ou rce”  typ e ,  th e  n o i s e  s p e ctru m  m a y 

————————— 
1  F i g u re s  i n  s q u a re  b ra cke ts  re fe r to  th e  b i b l i o g ra p h y 
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h a ve  a  s i g n i fi ca n t com pon e n t at  fu n d am en ta l  freq u en c y,  wi th  h i g h er h a rm on i cs  b ei n g  m ore  
ch a racteri s ti c of “ wh i te  n o i s e” .  

N o i s e  atten u ati on  can  b e  ach i e ve d  b y a  n u m ber of re d u cti on  m ea s u res  th at  ca n  b e  
i n corp ora te d  i n to  th e  d e s i g n  of a  VS C  s ta ti o n .  F or m an y com po n e n ts ,  s u ch  as  tra n s form ers ,  
coo l i n g  eq u i pm en t a n d  a u xi l i ari e s ,  th e  m ea s u res  taken  to  re d u ce n o i s e  are  s i m i l ar to  th os e  for 
a  co n ve n ti o n a l  a . c.  s u bs ta ti on .   

1 0.3  Electric and  magnetic  fi elds  (EMF)  

Th e  e l ectri c a n d  m ag n e ti c fi e l d s  ( E M F )  as s oci ate d  wi th  a  VS C  s ch em e ca n  b e  s e p a ra ted  i n to  
a. c.  a n d  d . c.  fi el d s .  Th e  a . c.  fi e l d s  a re  prod u ced  b y th e  a. c.  com p on e n ts  of th e  s u bs tati on ,  a n d  
th e  co n n ecti o n  b etwe e n  th e  VS C  a n d  th e  a . c.  g ri d .  Th e  d . c.  fi e l d s  (a l s o  refe rred  to  as  s ta ti c  
fi e l d s )  are  p ro d u ce d  b y th e  ca b l e /O H  l i n e ,  b y co n n ecti o n s  to  th e  d . c.  e q u i pm e n t,  a n d  b y th e  
d . c.  e q u i pm e n t i ts e l f.  

I n  g e n era l ,  th e  e l ectri c  a n d  m a g n e ti c  fi el d s  a ro u n d  a  VS C  faci l i ty,  i n cl u d i n g  th e  s u bs ta ti o n ,  
con n ecti on s  an d  d . c.  o ve rh e a d  l i n e  or cab l e ,  are  s i m i l ar to  th os e  for a n  LC C  H VD C  s ch e m e.  

1 0.4  Electromagnetic  compatibi l i ty (EMC)  

Th e o p era ti o n  of h i g h - vo l ta g e  e l e ctri ca l  e q u i p m en t can  g en erate  e l ectrom ag n e ti c fi e l d s  o ver a  
wi d e  ran g e  of freq u e n ci e s ,  from  po we r fre q u e n ci e s  to  te l e vi s i on  fre q u e n ci e s .  I t  i s  p os s i b l e  for 
e l ectri ca l  or e l ectro n i c e q u i pm en t i n  th e  vi ci n i ty o f s u ch  el ectrom a g n eti c fi e l d s  to  b e  affe cte d ,  
or to  h a ve  th e i r pro p er op erati o n  i n terfere d  wi th .  I n terferen ce l i m i ts  i m pos e d  o n  faci l i ti es  
typ i ca l l y con s i d e r 

•  ra d i o  i n terfe re n ce  ( RI ) ,   

•  te l e vi s i o n  i n terfere n ce  (T VI ) ,   

•  te l ep h on e  i n terfere n ce (s ee  C l a u s e  9 ) ,  

•  po we r l i n e  carri er i n terferen ce  ( s e e  C l a u s e  9 ) .   

VS C  va l ve  s wi tch i n g  can  g e n e ra te  h i g h  freq u en c y em i s s i on s  u p  to  s e ve ra l  h u n d re d  M H z.  Th e  
VS C  d es i g n  s h a l l  e n s u re  th at s u ch  n o i s e  d o es  n o t cau s e  u n acce ptab l e  i n terfere n ce for o th ers .  
D i fferen t m i ti g ati on  m e th od s  ca n  b e  em pl o ye d ,  s u ch  as  pro pe r g ro u n d i n g ,  th e  u s e  of pas s i ve  
rad i o  i n terfe re n ce fi l ters ,  an d  s h i e l d i n g  of th e  s ou rce s  b y E M C  b arri ers .  

Ra d i o  i n terfere n ce i s  as s oci a te d  wi th  n o i s e  i n  th e  fre q u e n c y ran g e  of 1 5 0  kH z to  s e veral  
h u n d re d  M H z.  Te l e vi s i o n  i n te rfe re n ce,  on  th e  o th er h a n d ,  res u l ts  from  n o i s e  i n  th e  freq u en cy 
ran g e  5 4  M H z to  1  G H z.  C o n s eq u en tl y,  th e  wh o l e  fre q u e n c y ra n g e  u p  to  1  G H z s h a l l  be  ta ken  
i n to  accou n t  wh en  d e s i g n i n g  th e  VS C  s u bs ta ti o n .  

E l e ctri ca l  i n terfere n ce  a n d  n oi s e  a re  tra n s m i tte d  i n  th ree  form s :  ra d i a ted ,  co n d u cted  an d  
e l ectro -m a g n e ti ca l l y i n d u ced . .  F or th e  VS C ,  con d u cti on  on  p o wer l i n es  i s  a  m ore  s i g n i fi ca n t  
sou rce  th a n  ra d i a ti o n .  H ou s i n g  a  VS C i n  a  m e ta l  en cl os u re  g e n e ra l l y re d u ce s  th e  ra d i a ted  
com pon e n t of d i s tu rb an ce s .  

Th e  con d u cte d  p h e n om e n a co n s i s t of two ca te g ori es ,  com m on l y kn o wn  as  th e  d i fferen ti a l  
m od e a n d  th e  com m on  m od e .  Th e  d i ffere n ti a l -m od e d i s tu rba n ce i s  a  cu rre n t or a  vo l ta g e  
m ea s u red  b e twee n  th e  po we r l i n e s  of th e  VS C ,  wh i l e  th e  com m on - m od e i s  a  cu rre n t  or a  
vo l tag e  m ea s u red  b etwe en  th e  p o we r l i n es  a n d  g ro u n d .  An y fi l ter d es i g n  h as  to  take  i n to  
acco u n t b o th  m od es  of n o i s e .  

Th e  pa th  of th e  com m on - m o d e  d i s tu rb a n ce  i s  th ro u g h  s tra y ca p aci ta n ce .  Th e s e  s tra y 
cap aci ta n ces  exi s t b etwee n  an y s ys tem  com pon e n ts  a n d  g ro u n d .  I n  cl o s e  p roxi m i ty to  th e  
sou rce ,  o th er pre d om i n a n t cou p l i n g  p ath s  s h o u l d  be  co n s i d ered ,  s u ch  as  e l ectri c fi el d s  ( h i g h  
i m pe d a n ce fi e l d )  a n d /or m ag n e ti c fi e l d s  ( l o w i m p ed a n ce fi e l d ).  E xcep t i n  far fi e l d  co n d i ti o n s ,  
on e  of th es e  wi l l  b e  pre d om i n a n t.  
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A p ro p er d es i g n  of a  VS C va l ve  a n d  co n ve rter l a yo u t ca n  red u ce th e  d i s tu rba n ce em i s s i on s  at  
th e i r s o u rce.  I n  ad d i ti o n  i t  m a y b e  n eces s ary to  u s e  fi l ters .  E m i s s i o n  l e ve l  can  b e  as s es s e d  b y 
s i m u l ati o n  an d  m e as u re m en t i n - s i tu .  

Th e  I E C  6 1 0 0 0  s e ri e s  o n  e l ectrom a g n eti c  com p ati b i l i ty co ve rs  em i s s i on  a n d  i m m u n i ty for 
ph e n om e n a i n  th e  0  to  4 0 0  G H z fre q u e n cy ra n g e .  Th i s  ra n g e  i s  s p l i t  i n to  s e vera l  fre q u e n c y 
ba n d s ,  accord i n g  to  m ea s u rem e n t tech n i q u es .  

1 1  Testing  and  commissioning  

1 1 . 1  General  

Th i s  cl au s e  pro vi d es  g e n era l  g u i d e l i n e s  for tes ti n g  a n d  com m i s s i o n i n g  o f VS C  tra n s m i s s i on  
s ys tem s .  E m p h as i s  h as  b ee n  p u t on  s u bs ys te m  an d  s ys tem  tes ts  rath e r th a n  th os e  for 
com pon e n ts .   

Tes ti n g  a n d  com m i s s i on i n g  are  p art of a  proces s  th at be g i n s  i n  th e  factory an d  e n d s  wi th  th e  
h a n d i n g  o ver of th e  eq u i pm en t for com m erci a l  op e rati on .  Th e re  are  two d i s ti n ct ph a s e s :  
factory or off-s i te  tes ti n g ,  an d  com m i s s i o n i n g  tes ti n g .  O ff- s i te  tes ti n g  i s  u s u a l l y p erform ed  to  
pro ve  th at e q u i p m en t,  i n cl u d i n g  th e  co n tro l  s ys te m ,  m eets  th e  d es i g n  cri teri a .  C om m i s s i o n i n g  
tes ts  are  pe rform ed  after th e  e q u i pm en t h a s  b ee n  d e l i vered  to  th e  s i te  an d  i n s ta l l e d .  Th e  tes ts  
are  org a n i s e d  to  tes t s u b s ys tem s ,  s ys tem s  a n d  o vera l l  p erform a n ce .   

As a general  rule,  al l  parti e s  i n vol ve d  i n  th e  proj e ct s h ou l d  b e  i n cl u d e d  i n  th e  tes ts  an d  a l l  
res p o n s i b i l i ti es  cl e arl y d e fi n ed .  

G e n e ra l  re q u i rem en ts  fo r s ys tem  tes ti n g  are  s i m i l ar to  th os e  d es cri b e d  for L C C - H VD C i n  
I E C  6 1 9 7 5 .  

1 1 .2  Factory tests  

1 1 . 2. 1  Component tests  

Th es e tes ts  co n ce rn  th e  ve ri fi ca ti on  of th e  s i n g l e  com pon e n ts ,  i n cl u d i n g  co n tro l  a n d  protecti o n  
eq u i pm en t,  b e fore  th e y a re  s e n t to  s i te.  Th e y m a y b e  s u b d i vi d e d  i n to  ro u ti n e  tes ts ,  a i m ed  
es s e n ti a l l y at  q u a l i ty con tro l ,  a n d  typ e  tes ts  wh i ch  veri fy th a t a  com po n e n t h as  b e en  pro perl y 
d es i g n e d  to  s u s ta i n  th e  s tres s e s  from  p ote n ti a l  tra n s i e n ts  an d  s ervi ce  con d i ti o n s .  F a ctory 
tes ti n g  of VS C  co n verte r va l ves  i s  co vere d  b y I E C 6 2 5 0 1 .  Traditional  com ponents s u ch  as  
s wi tch g e ar,  tra n s form e rs ,  ca pa ci to rs ,  cap aci tor fu s es ,  reactors ,  re s i s tors ,  i n s u l ators ,  vo l ta g e  
an d  cu rre n t  tra n s form e rs ,  s u rg e  arres ters ,  etc,  are  co ve re d  b y th e  C I G RÉ  Tech n i ca l  B roch u re  
4 4 7 ,  i n  wh i ch  th e  a va i l ab l e  s ta n d ard s  ( I E C ,  I E E E ,  AN S I )  are  p o i n ted  ou t a n d  th e  s p eci a l  tes ts  
are  i n trod u ced .  

1 1 .2.2  Control  system  tests  

As  wi th  th e  con trol s  for LCC  H VD C  s ys tem s ,  th e  con trol  s ys tem  for a  VS C  tran s m i s s i on  
s ys tem ,  i n cl u d i n g  h a rd ware ,  s oftware  a n d  d ocu m en ta ti o n ,  can  be  tes te d  a n d  ve ri fi e d  i n  a  
factory s ys te m  tes t (F S T).  A re a l  ti m e  s i m u l ato r wi l l  b e  req u i red  th a t ca n  re pres e n t po we r 
com pon e n ts  a n d  p arts  of th e  a. c.  s ys tem  i n  a  s u ffi ci e n tl y d eta i l e d  wa y.  E very effort s h o u l d  b e  
m ad e to  tes t as  com p l e te  a  s ys tem  a s  practi ca l ,  i n cl u d i n g  re d u n d a n c y,  s o  a s  to  m i n i m i s e  work 
on  s i te .  F a ctory s ys tem  tes ti n g  i s  a n  exte n s i ve  an d  th orou g h  ch eck of th e  co n tro l  a n d  
pro tecti on  s ys tem  u n d er n orm a l  a n d  fa u l t co n d i ti o n s ,  wi th ou t th e  con s trai n ts  i m pos e d  b y th e  
re a l  s ys tem .  S e l ecte d  on -s i te  s ys te m  te s ts  wi l l  re pe a t s om e of th e  factory s ys tem  tes ts ,  b u t  
wi l l  i n cl u d e  th e  actu a l  tran s d u ce rs  a n d  m ai n  ci rcu i t e q u i pm e n t,  as  we l l  a s  actu a l  s ys tem  
con d i ti o n s  (as  p erm i tte d  wi th i n  s ys te m  con s trai n ts ) .  Al l  s oftwa re  a n d  h ard wa re  fu n cti o n s ,  
i n cl u d i n g  red u n d a n ci e s ,  s h o u l d  b e  tes te d  b efore  th e  e q u i pm e n t i s  s h i p p e d  to  s i te  for 
i n s ta l l a ti o n  a n d  com m i s s i on i n g .  
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B es i d e s  s i m u l ator tes ts  i d e n ti ca l  to  th os e  fo r L C C -H VD C ,  o th e r tes ts  s h ou l d  be  co n s i d e re d  
th a t acco u n t  for th e  a d d i ti on a l  m od es  of op erati o n  p os s i b l e  wi th  a  VS C.  E a ch  m od e s h ou l d  b e  
tes te d  b oth  i n  th e  factory a n d  d u ri n g  com m i s s i o n i n g  ( e . g . ,  o p era ti on  of th e  co n ve rte r as  a  
S TATCO M ,  bl ack s tart cap a b i l i ti es ,  a n d  fe e d i n g  a  pa s s i ve  n e twork).  Th e  re s u l ts  o bta i n e d  from  
rea l  ti m e  s i m u l a tor tes ts  an d  s ys tem  s tu d i es  ( i n  p arti cu l ar th e  d yn a m i c p erform an ces  s tu d i es )  
are  th e  m ai n  refere n ce s  u s e d  to  d efi n e  th e  com m i s s i on i n g  p l a n  an d  val i d ate  th e  tes t res u l ts  i n  
th e  fi e l d .  

1 1 .3  Commission ing  tests  /  System  tests  

1 1 .3. 1  General  

Com m i s s i o n i n g  tes ts  are  org a n i s e d  i n  a  s u cce s s i o n  of ph a s e s .  

Th e  fi rs t p h as e  i s  th e  s o- ca l l ed  “ precom m i s s i on i n g  te s ts ”  exe cu te d  on  s i n g l e  s ta ti o n  
com p on e n ts  i n  ord er to  ch eck th e i r co n d i ti o n  a n d  fu n cti o n al i ty a fter tran s port a n d  as s em bl y.  
Th i s  p h a s e  i s  fo l l o we d  b y th e  “ s u bs ys tem  te s ts , ”  wh i ch  tes t s e ve ra l  co m pon e n ts  worki n g  
to g eth er to  p erform  a  s peci fi c fu n cti o n .  Th es e  are  fo l l o we d  b y th e  “ s ys tem  tes ts , ”  wh i ch  
i n vo l ve  a l l  con ve rte r s tati on s  a n d  fu l l  po we r tran s m i s s i o n .  Th e  s ys tem  te s ts  re q u i re  carefu l  
coord i n a ti o n  b etwe e n  a l l  i n te res te d  pa rti es ,  i n  p a rti cu l a r th e  s ys tem  o pe rators ,  u ti l i ti es  an d  
i n d u s tri a l  cu s tom e rs  th a t cou l d  b e  a ffected  b y th e  tes ts .  

D u ri n g  i n s p ecti on  a n d  te s ti n g ,  a l l  a p p l i ca b l e  h e al th ,  s afety a n d  e n vi ro n m en tal  re q u i rem en ts  
an d  re g u l a ti o n s  s h a l l  b e  fol l o we d .  An y d e vi a ti o n s  s h o u l d  be  d i s cu s s ed  a n d  res o l ve d  a t s i te  
m eeti n g s .  O fte n  th e re  i s  a n  o verl a p  be twe en  com m i s s i o n i n g  a n d  i n s ta l l a ti o n ,  es pe ci a l l y i n  th e  
are a  of ca b l e  term i n a ti o n .  Care  m u s t b e  take n  wh en  i n terco n n ecte d  s u bs ys tem s  are  e n erg i s e d  
an d  s tarte d  u p  th at pe rs on n e l  are  n oti fi e d  s o  th a t n o  p ote n ti a l l y h a zard ou s  con d i ti on s  exi s t.  
F or an  effi ci e n t proces s ,  i t  i s  i m porta n t to  com p l e te  as  m a n y as  p os s i b l e  of th e  e q u i pm en t pre-
com m i s s i on i n g  ch ecks  b e fore  en erg i s a ti o n  of th e  eq u i pm en t.  M os t u ti l i ti es  h a ve  exte n s i ve  
s afety ru l es  th a t protect workers  from  acci d e n ta l  e l ectri ca l  co n tact.  

1 1 .3.2  Precommissioning  tests  

Precom m i s s i o n i n g  con s i s ts  m ai n l y of i n s p ecti o n  a n d  e q u i pm en t tes ts .  E q u i pm en t te s ts  i n cl u d e  
e l e ctri ca l  an d  m ech a n i ca l  tes ts  an d  s i m pl e  fu n cti o n a l  te s ts  co n fi n e d  to  a  s i n g l e  i n s ta l l ed  u n i t.  
Th e  pu rp os e  of th e s e  tes ts  i s  to  ch eck th e  co n d i ti o n  of th e  eq u i p m en t an d  veri fy pro p e r 
i n s ta l l a ti o n .  I f n orm a l  a u xi l i ary p o wer i s  n ot ye t a va i l ab l e ,  e l ectri cal  te s ts  can  be  p erform ed  
wi th  p orta bl e  o r te m p ora ry p o wer s u pp l i es .  At th i s  s ta g e ,  s e tti n g s  are  veri fi e d  i n  protecti o n  
an d  co n tro l  e q u i pm e n t.  

I n  th os e  cas es  wh ere  d i s con n ecti on  a n d  re co n n ecti on  wo u l d  b e  req u i re d  for th e  e q u i pm en t 
tes ts ,  pre com m i s s i o n i n g  tes ts  on  m a i n  ci rcu i t eq u i pm e n t s h o u l d  b e  p erform ed  b efore  th e  m a i n  
con d u ctors  are  co n n ecte d .  E q u i pm en t te s ts  s h ou l d  be  p erform ed  a s  s oo n  as  pos s i b l e  after 
i n s ta l l a ti o n ,  a n d  accord i n g  to  th e  m an u fa ctu rer’ s  recom m en d ati on s .  

1 1 .3.3  Subsystem  tests  

S u bs ys tem  tes ts  veri fy th e  p ro p er op erati o n  of a  g ro u p of i n te rco n n ected  or re l ate d  
eq u i pm en t.  S u b s ys tem  tes ti n g  s h o u l d  b e  d on e  i n  s ta g es  from  sm al l  to  pro g res s i ve l y l a rg e r 
s u b- s ys tem s ,  a n d  s h o u l d  ch eck as  m an y fu n cti o n s  as  p os s i b l e .  

T yp i ca l  s u bs ys te m  tes ts  a re  

•  s u bs ys tem  fu n cti on a l  tes ti n g ,  

•  s ta rt- u p  of a u xi l i ary s ys te m s ,  

•  l o w- vo l ta g e  e n erg i s a ti o n .  
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1 1 .3.4  System  tests   

1 1 . 3.4. 1  General  

Th e s ys tem  tes ts  i n vol ve  op erati n g  th e  con ve rter(s )  i n  con j u n cti on  wi th  th e  i n te rcon n e cte d  a. c.  
tra n s m i s s i o n  s ys tem .  Th es e  tes ts  s h o u l d  n o t on l y ch eck for prop er perform an ce of th e  
au tom ati c con trol s  d u ri n g  n orm al  ch a n g es  i n  refere n ces ,  s et p o i n ts  or o pera ti n g  m od es ,  b u t  
a l s o  ta ke  p l a ce ,  i n  s o  far as  p os s i b l e ,  u n d er d i fferen t n e twork con d i ti o n s .  S ys tem  tes ts  s h o u l d  
a l s o  i n cl u d e  s e l ected  d i s tu rb a n ces  to  veri fy d yn am i c p erform an ce a n d  ro bu s tn es s .  
D i s tu rb a n ces  can  co n s i s t of n earb y ca p aci tor b a n k s wi tch i n g ,  tran s form er en erg i s a ti o n ,  l i n e  
s wi tch i n g ,  g e n era tor tri p p i n g ,  s te p  res p on s es ,  o r e ve n  s tag e d  fau l ts  wh ere  s p eci fi e d ,  a n d  
s h o u l d  co ver th e  m os t cri ti ca l  co n d i ti o n s  e vi d en ced  b y th e  s ys tem  s tu d i e s  a n d  b y s i m u l a tor 
tes ts ,  i n  s o  far as  th e  n e tworks  al l o w.  S om e  tes ts  wi th  h i g h  po te n ti a l  i m pact m a y re q u i re  
s peci a l  pro vi s i on s  to  m i ti g ate  th e  p os s i bl e  ad ve rs e  s ys tem  i m p act of l a rg e  re acti ve/acti ve  
po we r va ri a ti o n s .  Th es e  wi l l  re q u i re  ti g h t co ord i n ati on  wi th  th e  tra n s m i s s i on  s ys tem  op era tor 
(TS O )/u ti l i ti es  of a. c.  n e tworks  to  wh i ch  th e  VS C  tran s m i s s i on  s ys tem  i s  co n n ecte d .  

U s u a l l y,  tes ts  wi th  l o we r i m pact o n  a . c.  n e tworks  are  p erform e d  fi rs t,  fo l l o wed  b y th e  m ore  
on erou s  on es .  

1 1 .3.4.2  H igh -voltage energisation  

W h en  al l  prere q u i s i tes  for h i g h - vo l tag e  e n erg i s ati on  h a ve  be e n  com p l e te d ,  o pe ra ti o n al  
au th ori ty i s  tra n s fe rred  to  s ys te m  op erators  to  e n s u re  th a t a l l  s afety ru l e s  are  fo l l o we d  a n d  
th at  a n y s ys tem  co n s tra i n ts  are  o bs erved .  O p era ti o n a l  proce d u res  s h ou l d  b e  form al i s e d  
before h an d .  H i g h - vo l ta g e  en erg i s a ti o n  i s  pre ce d ed  b y fi n al  tri p  tes ts  a n d  “ d ry ru n ”  tes ts  wh e re  
th e  o p era tors  exe cu te  th e  proce d u re  wi th o u t  actu a l l y e n erg i s i n g  th e  e q u i p m en t.  

E n erg i s ati on  of a. c.  e q u i pm en t fo l l o ws  a  s te p- b y- s te p  s e q u e n ce  for th e  a . c.  b u s es ,  b a ys ,  
fi l te rs  a n d  tra n s form e rs .  Th i s  m a y re q u i re  tem p ora ry d i s con n e cti on  of s om e h i g h - vol tag e  
term i n a ti o n s  wh ere  d i s con n ect s wi tch es  a re  n o t p ro vi d e d .  E q u i pm e n t s h o u l d  b e  i n i ti a l l y 
en erg i s e d  for s e vera l  h o u rs .  C h ecks  are  m ad e  for coron a  a n d  a n y a b n o rm al  a u d i b l e  n oi s e .  
P h as i n g  a n d  p h as e  ro ta ti on  a re  rech ecked  wi th  fu l l  vo l ta g e .  D u ri n g  fi l ter e n erg i s ati o n ,  
u n b a l a n ce  protecti o n s  a re  ch ecked  an d  l o a d  ch ecks  are  m ad e .  Vi s u a l  i n s p ecti on s  of a l l  
eq u i pm en t a n d  s u rg e  a rres te r co u n ters  are  m ad e b efore  a n d  after e n e rg i s a ti o n .  

E n erg i s ati on  of th e  co n verter a n d  d . c.  e q u i pm en t fol l o ws  th a t of th e  a . c.  e q u i pm en t.  I n  m os t 
cas es ,  va l ve  co o l i n g  s h o u l d  b e  ru n n i n g  b efore  e n erg i s i n g  th e  co n ve rte r.  W i th  th e  VS C ,  th e  
con n ecte d  d . c.  s i d e  e q u i pm en t ( i . e . ,  d . c.  b u s work,  d . c.  ca p aci tors  an d  d . c.  tra n s d u ce rs )  i s  
en erg i s e d  th rou g h  th e  va l ve  a n ti - para l l el  d i o d es  wh e n  th e  m ai n  a. c.  breake r i s  cl os e d  th ere b y 
en erg i s i n g  th e  co n verter.   

As  a n  a d d i ti o n a l  ch eck,  th e  co n verte r m a y b e  e n erg i s e d  vi a  th e  d . c.  s i d e ,  wi th  th e  a . c.  
con n ecti on  o p e n .  A s pe ci al  d . c.  p o wer s u p p l y cou l d  b e  p ro vi d e d  for th i s  pu rp os e ,  or th e  
con verte r a t  th e  op p os i te  e n d  of th e  l i n k cou l d  b e  u s e d  as  a  recti fi er to  pro vi d e  th i s  fu n cti o n .  

D u ri n g  e n e rg i s ati on ,  d . c.  vol ta g e  m ea s u rem e n ts  an d  s ta tu s  s i g n a l s  from  i n d i vi d u a l  
s em i co n d u ctor p os i ti o n s  s h o u l d  be  ch ecke d  vi a  th e  va l ve  m on i tori n g .  

I f oth er con verters  or d . c.  ca bl es  are  i n cl u d e d  i n  th e  p arti cu l ar a p p l i ca ti on ,  th e y s h ou l d  b e  
i n i ti a l l y e n e rg i s e d  s e p ara te l y wh i l e  i s ol a te d  from  th e  o th er co n ve rter(s )  an d  i n terco n n ecti n g  
cab l es  or b u s work.  

1 1 .3.4.3  Converter operating  tests  

1 1 .3.4.3. 1  General  

O n ce th e  co n verte r an d  d . c.  eq u i p m en t h a ve  be e n  e n erg i s e d  a n d  ch e cke d  ou t,  th e  con verter 
can  b e  d e b l ocke d ,  s e n d i n g  s wi tch i n g  p u l s es  to  th e  va l ves .  I n i ti a l l y th i s  i s  pe rform ed  on e  
con verter a t a  ti m e,  wi th  th e  VS C o p erated  i n  a. c.  vo l ta g e  con tro l  or re a cti ve  p o wer con trol .  
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Th e  p u rp os e  of th e  co n verter o pera ti o n a l  tes ts  i s  to  ch eck th a t th e  con verter op erate s  
pro p erl y wi th  th e  a . c.  n e twork.  

D u ri n g  co n verter op erati on a l  te s ti n g  al l  s u b s ys te m s ,  e. g . ,  co n tro l s ,  tra n s d u ce rs ,  a u xi l i a ri es  
an d  m ai n  ci rcu i t e q u i p m en t,  are  tes te d  tog e th er fo r th e  fi rs t ti m e .  

T yp i ca l  tes ts  pe rform ed  d u ri n g  co n ve rter o p era ti o n  are  th e  fo l l o wi n g :  

1 1 .3.4.3.2  Sequences  

Ch e ck th at bre akers ,  d i s con n e cts  a n d  d eb l ock/b l ock an d  tri p  s e q u e n ces  op e rate  pro p erl y i n  
res p o n s e to  m an u a l ,  a u tom a ti c or p rotecti ve  o rd e rs .  C h e ck th at th e  i n i ti al  op erati n g  co n d i ti o n  
i s  n e u tra l  m i n i m i s i n g  th e  d i s tu rb a n ce to  th e  n etwork,  e. g . ,  a u tom a ti c co n n ecti o n  of fi l te rs ,  i f 
an y,  wi th  n e t zero  re acti ve  p o wer e xch a n g e  th ro u g h  co u n terb a l a n ci n g  VS C  abs orpti o n .  

1 1 .3.4.3.3  D.C.  vol tage control  

Ch e ck th at th e  d . c.  vo l tag e  i s  con tro l l e d  to  i ts  re feren ce vo l tag e ,  a n d  th at a l l  l e ve l s  of d . c.  
vo l tag es  are  b a l a n ced .  

1 1 .3.4.3.4  Measurements  

Ch eck th a t a l l  co n tro l s ,  i n d i ca ti o n s  a n d  m e as u rem e n ts  h a ve  correct p o l ari ty,  p h as e  an d  
s ca l i n g .  Take  s el ecte d  m e as u rem en ts  of a . c.  a n d  d . c.  h arm on i cs  an d  d i s torti o n .   

N O TE  F i n a l  m e a s u re m e n ts  a re  u s u a l l y re s e rve d  fo r a cce p ta n ce  te s ts .  

1 1 .3.4.3.5  Reactive  power control  

Ch eck th a t th e  reacti ve  p o we r co n tro l ,  i f re l e va n t,  fol l o ws  th e  refe ren ce at  th e  s e l ecte d  ram p  
rate  for b o th  i n d u cti ve  a n d  ca p aci ti ve  ra n g es .  C h eck pro p er con verte r rea cti ve  p o we r 
l i m i ta ti o n s .  

N O TE  O p e ra ti n g  re s tri cti o n s  o n  a . c.  vo l ta g e  m a y l i m i t  th e  a m o u n t o f re a cti ve  p o we r th a t  ca n  b e  e xch a n g e d  wi th  
th e  a . c.  n e two rk.  

1 1 .3.4.3.6  A.C.  vol tage control  

Ch eck th a t th e  vo l ta g e  i s  con trol l e d  to  th e  refe re n ce ,  i f re l e va n t,  an d  th a t th e  re acti ve  p o we r i s  
s ta b l e .  Va ry s l o pe ,  refe ren ce ,  d e ad b an d  an d  vo l tag e  con tro l  m od es ,  a s  p ro vi d ed .  C h eck 
s ta b i l i ty wi th  th e  a. c.  n e twork b y refere n ce  s te p  res p on s e ,  ca paci tor ba n k s wi tch i n g  a n d /or 
a. c.  l i n e  s wi tch i n g .  

1 1 .3.4.3.7  Load  test  

Ch e ck th e  ca p a bi l i ty of th e  co o l i n g  e q u i p m en t,  pri m ari l y for th e  VS C  va l ves .  O bs erve  th e  
tem p era tu res  a n d  s eq u e n ci n g  of th e  co o l i n g  e q u i p m en t a s  th e  l o ad  i s  i n creas e d .   

N O TE  O p e ra ti n g  re s tri cti o n s  o n  a . c.  vo l ta g e  m a y l i m i t  th e  a m o u n t o f re a cti ve  p o we r th a t  ca n  b e  e xch a n g e d  wi th  
th e  a . c.  n e two rk,  a n d  s p e ci a l  p ro vi s i o n s  s h a l l  th e n  b e  m a d e  to  re a ch  fu l l  o u tp u t.  

1 1 .3.4.3.8  Disturbance  tests  

I n  ad d i ti o n  to  th e  tes ti n g  of th e  s tep  res po n s e s  to  re g u l a tor refere n ces ,  th e  co n ve rter a n d  i ts  
con trol s  s h o u l d  be  tes te d  for vari ou s  i n tern a l  d i s tu rba n ces  (e . g . ,  a u xi l i ary s u p p l y ch an g e o ver,  
con trol  s ys tem  ch a n g e o ver,  a n d  extern a l  d i s tu rba n ce s  i n  th e  a. c.  tra n s m i s s i o n  s ys tem )  to  
veri fy p ro p er p erform an ce,  s ta b i l i ty a n d  rob u s tn e s s .  E xtern a l  d i s tu rb a n ces  ca n  co n s i s t of 
s wi tch i n g  n earb y ca p aci tor b a n ks ,  tran s form ers ,  tra n s m i s s i on  l i n es ,  or tri p p i n g  g e n e ra tors .  
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1 1 .3.4.4  Transmission  tests  

1 1 .3.4.4. 1  General  

Tran s m i s s i o n  tes ts  i n vo l ve  o p era ti o n  of co n verte rs  th at work tog e th er to  con tro l  th e  p o wer 
fl o w.  S u ch  tes ti n g  re q u i res  a  very h i g h  d e g ree  of coord i n a ti o n  wi th  th e  s ys tem  o p era to r 
(d i s p atch er).  

T yp i ca l  te s ts  perform ed  d u ri n g  tran s m i s s i on  te s ti n g  are  as  fo l l o ws :  

1 1 .3.4.4.2  Sequences  

Ch eck th at breakers ,  d i s con n ects  a n d  d eb l ock/b l ock an d  tri p  s e q u e n ces  op e rate  p ro p e rl y i n  
res p o n s e to  m an u a l ,  a u tom ati c or protecti ve  o rd e rs .  C h eck th at th e  i n i ti al  op erati n g  co n d i ti o n  
i s  n eu tra l ,  m i n i m i s i n g  th e  d i s tu rb a n ce to  th e  n etwork,  e. g . ,  zero  n e t re acti ve  or acti ve  p o wer 
exch a n g e .  

1 1 .3.4.4.3  D.C.  vol tage control  

E n erg i s ati on  of h i g h - vo l tag e  d . c.  ca b l es ,  b u s  wo rk or l i n es  i n terco n n ecti n g  th e  co n ve rters .  
Re p e a t wi th  th e  o th er co n verter co n n e cte d .  D e p e n d i n g  o n  a p p l i ca ti o n  a n d  pro tecti ve  s trate g y,  
ch eck th at th e  d . c.  vo l ta g e  i s  con tro l l e d  to  a  re feren ce d u ri n g  p o wer tran s fer a n d  
b l ocki n g /tri p p i n g  of on e  o f th e  oth er co n ve rte rs .  

1 1 .3.4.4.4  Power control  

Ch eck th a t th e  po we r fl o w an d  p o wer ram p  rate  fo l l o w th e  refe ren ce  va l u e s .  C h eck th e  p o wer 
con trol  s tab i l i ty b y s tep  res po n s e  o r s ys tem  d i s tu rb an ce,  s u ch  a s  l i n e  s wi tch i n g .  C h eck 
tra n s m i s s i o n  i n  b oth  d i re cti o n s .  C h eck p rop e r co n verter re a l  p o wer l i m i tati o n s .  

1 1 .3.4.4.5  Reactive power control  

Ch eck,  i f re l e van t,  th e  j oi n t  o p era ti o n  of th e  re a cti ve  p o wer co n tro l  a n d  acti ve  p o wer co n tro l  a t  
th e  d i ffere n t con verters  b y ch a n g i n g  th e i r re s pe cti ve  refe re n ces  d u ri n g  th e  d i ffere n t o p e ra ti n g  
m od es .  C h e ck p rop e r co n verter re acti ve  p o we r l i m i tati on s .  

1 1 .3.4.4.6  A.C.  vol tage  control  

Ch eck,  i f re l e va n t,  th e  j o i n t o p e ra ti o n  of th e  a. c.  vo l ta g e  co n tro l  a n d  acti ve  p o we r co n tro l  a t  
th e  d i ffere n t con verters .  C h eck th e  s tab i l i ty b y s tep  res p o n s e i n  th e  p o we r a n d  vo l ta g e  
refere n ce s ,  or d u ri n g  s ys tem  d i s tu rb a n ces  s u ch  a s  ca p aci tor b a n k or l i n e  s wi tch i n g .  

1 1 .3.4.4.7  Load  test  

Ram p u p  to  fu l l  po we r tra n s m i s s i o n  or M VA co n ve rte r rati n g  for th e  d i ffere n t op erati n g  m od es ,  
as  p erm i tte d  b y a. c.  s ys tem  an d  o th e r co n d i ti o n s .  

1 1 .3.4.4.8  Measurements  

Take s e l ecte d  m ea s u rem e n ts  of a. c.  a n d  d . c.  h a rm on i cs  a n d  a. c.  vo l ta g e  d i s torti on .   

N O TE  F i n a l  m e a s u re m e n ts  a re  u s u a l l y re s e rve d  fo r a cce p ta n ce  te s ts .  

1 1 .3.4.4.9  Redundancy checks  

I f th e  s ys tem  i s  eq u i p p e d  wi th  red u n d a n t co n tro l  a n d  pro te cti o n  s ys tem s ,  p e rform  tra n s fers  
from  th e  a cti ve  to  s ta n d b y s ys tem .  Tran s fers  b e twee n  re d u n d an t a u xi l i ary s ys tem s  s h ou l d  
a l s o  b e  ch ecke d  d u ri n g  o pe ra ti o n ,  e . g . ,  au xi l i ary p o we r,  coo l i n g  p u m ps .  
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1 1 .3.4.4. 1 0  Remote  control  

Tes t op erati on  from  rem o te  l oca ti o n s .  C h eck al l  re m ote  i n d i cati o n s  an d  co n tro l  fu n cti o n s .   

N O TE  M u ch  of th i s  wo rk i s  d o n e  b e fo re h a n d  d u ri n g  s u b s ys te m  te s ti n g ,  b u t  th i s  i s  th e  fi rs t  ti m e  th a t  re m ote  s ys te m  
op e ra to rs  h a ve  d i re ct  con tro l  of th e  s ys te m .  P re vi ou s l y,  o p e ra ti o n  wa s  fro m  th e  l o ca l  l e ve l  wi th  a u th o ri s a ti o n  o n l y  
fro m  th e  s ys te m  op e ra to r.  

1 1 .3.4.4. 1 1  Disturbance  tests  

I n  ad d i ti o n  to  te s ti n g  th e  s te p  re s p o n s es  to  re g u l a tor refere n ce s ,  th e  co n ve rter an d  i ts  co n tro l s  
s h o u l d  be  te s te d  a g a i n  for vari o u s  exte rn a l  d i s tu rba n ces  i n  th e  a . c.  tran s m i s s i o n  s ys tem  to  
ve ri fy p ro p er p erform an ce,  s ta b i l i ty a n d  rob u s tn es s .  E xtern a l  d i s tu rb an ces  ca n  co n s i s t of 
s wi tch i n g  n e arb y ca pa ci tor ba n ks ,  tran s fo rm ers ,  tra n s m i s s i o n  l i n es ,  tri p p i n g  g e n era tors ,  or 
e ve n  s tag e d  fa u l ts ,  e . g . ,  d . c.  or a . c.  o verh e a d  l i n e  fa u l ts ,  a s  rel e van t.  

1 1 .3.4.5  Trial  operation  

Tri a l  op era ti o n  a l l o ws  th e  o wn er to  o p e rate  th e  i n te g ra te d  s ys tem  accord i n g  to  i ts  i n ten d ed  
pu rp os e  from  th e  n orm a l  con trol  l ocati o n .  Tri a l  op era ti o n  d oes  n ot s tart u n ti l  a l m os t a l l  s ys tem  
tes ts  h a ve  b ee n  s u cces s fu l l y com pl ete d .  D u ri n g  tri al  o p era ti on ,  obs ervati o n  of th e  com pl ete  
s ys tem  a n d  s u bs ys tem s  take s  p l ace .  Al l  a l arm s  or a bn orm al  co n d i ti o n s  are  d e a l t wi th  a s  
req u i red .  

1 1 .3.4.6  Acceptance  tests  

1 1 .3.4.6. 1  General  

Accep ta n ce tes ts  veri fy th e  p erform an ce of th e  s ys tem  a ccord i n g  to  th e  s p eci fi cati on  o n  a  
s e l ecte d  b as i s .  Acce p ta n ce tes ts  m a y i n vo l ve  m eas u re m en ts  to  veri fy th at i n terferen ce  l e ve l s  
are  wi th i n  th e  d es i g n  l i m i ts  a n d  th a t o th er fu n d a m en tal  p erfo rm a n ce  cri teri a  are  m et.  

1 1 .3.4.6.2  Heat run  

O p era te  at rate d  a n d  o verl o a d  ca paci ty for s p eci fi e d  p eri o d s  of t i m e  i n  d i ffere n t o p erati n g  
m od es ,  i f a p p l i ca b l e .  M on i tor te m peratu res  a n d  coo l i n g  s ys tem s .  Th i s  tes t u s u a l l y takes  
s e ve ra l  h o u rs  d u e  to  th e  s l o w h e ati n g  of th e  tra n s form ers .  

1 1 .3.4.6.3  In terference  measurements  

Veri fy th a t h arm on i cs  o n  th e  a . c.  an d  d . c.  s i d es ,  a u d i b l e  n o i s e ,  ra d i o  i n terfere n ce ,  PL C  
i n terfe ren ce ,  etc. ,  m eet th e  perfo rm an ce  req u i rem en ts .  

1 1 .3.4.6.4  Disturbance  response  

Te s t a u xi l i ary s u p p l y ch a n g e o ver,  con trol  s ys te m  ch a n g e o ve r,  l i n e  s wi tch i n g ,  s h u n t b a n k 
s wi tch i n g ,  g e n e ra tor tri p p i n g  or s ta g e d  fa u l ts ,  as  n eces s ary.  
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Annex A  
(i n form a ti ve )  

 
Functional  speci fication  requirements   

for VSC transmission  systems  
 

A.1  Introduction  

Th i s  an n ex p res e n ts  th e  m i n i m u m  re q u i rem en ts  of a  fu n cti o n a l  s p e ci fi cati on  for a  VS C  
tra n s m i s s i o n  s ys te m .  O n ce th e  tech n i ca l  re q u i re m en ts  of th e  VS C  tra n s m i s s i o n  s ys tem  h a ve  
be e n  d efi n e d  a n d  con fi rm e d  b y b as i c  s ys tem  s tu d i es ,  a  fu n cti on a l  s p eci fi ca ti on  ca n  be  
pre p ared .  S u pp l em en te d  b y th e  com m erci a l  co n d i ti on s ,  th e  s p eci fi cati on  al l o ws  th e  pu rch as er 
to  i n vi te  te n d ers  from  m an u factu rers  for th e  e q u i pm en t re q u i re d .  Th e  fu n cti o n a l  s p eci fi cati on  
s h a l l  pro vi d e  a d eq u ate  i n form ati o n  from  th e  p u rch as er to  th e  m a n u factu rer a n d  th e  req u i re d  
i n form a ti o n  exch a n g e be twe e n  th e  p u rch as er,  th e  m an u factu rers  a n d  re l e van t s u bco n tractors .  

Th e  s pe ci fi ca ti o n  s h ou l d  i n cl u d e  p arts  wh ere  a  m i n i m u m  req u i rem en t i s  s p e ci fi ed ,  as  we l l  a s  
th os e  p arts  wh ere  a  p erform an ce a bo ve th e  m i n i m u m  s tan d ard  i s  d es i re d  bu t n ot e s s e n ti a l .  
Th e  s p eci fi ca ti on  s h o u l d  i n cl u d e  a  m eth o d  for e va l u ati n g  th e  a b o ve- m i n i m u m  perform a n ce  
cri teri a.  

I n  th e  fol l o wi n g  s e cti o n s  th e  m i n i m u m  tech n i cal  i n form ati on  th a t n e e d s  to  b e  pro vi d ed  b y th e  
pu rch as er an d  m an u factu rer are  s u m m ari ze d .  Th e s e  s u m m ari e s  d es cri b e  

•  g e n era l  req u i rem e n ts  of th e  VS C  tra n s m i s s i on  s ys tem ;  

•  po we r s ys tem  con fi g u ra ti on  to  wh i ch  th e  VS C tra n s m i s s i o n  s ys tem  i s  co n n ecte d ,  i n cl u d i n g  
a l l  th e  p ara l l e l  tra n s m i s s i on  s ys tem s ,  i f a n y;  

•  req u i rem en ts  of th e  d . c.  l i n e ,  i . e. ,  typ e  of ca bl e  or o ve rh e ad  l i n e  or com bi n ati on  th ere of.  I f 
th e  d . c.  l i n e  i s  n o t wi th i n  th e  s cop e of s u p p l y,  th e  con verter m a n u factu re r s h o u l d  pro vi d e  
i n form ati o n  th a t wou l d  b e  n e e d ed  for a  p ro p er l i n e  s peci fi ca ti o n .  Th e  typ e  of l i n e  ch os en  
s h o u l d  be  ap p ro ve d  b y th e  co n ve rte r m an u fa ctu rer as  to  i ts  a pp l i cab i l i ty;  

•  s i te  a n d  en vi ro n m en t;  

•  op era ti n g  fu n cti o n  of th e  VS C ;  

•  m ai n te n an ce,  p erfo rm a n ce tes ts  a n d  s pare  p arts  req u i rem e n ts ;  

•  VS C  s i te,  tra n s m i s s i o n  ri g h t of wa y,  a n d  e n vi ron m e n tal  con s tra i n ts  an d  co n s i d era ti o n ;  

•  factory a n d  com m i s s i o n i n g  tes ts ;  

•  oth e r co n s i d erati on s  re l a ti n g  to  l os s  e va l u a ti o n ,  ten d er e va l u a ti o n ,  h e a l th  a n d  s a fety,  a n d  
oth e r a n ci l l ary re q u i rem en ts .  

Th e  p u rch as er s h a l l  p ro vi d e  a  d eta i l e d  d es cri p ti on  of th e  p o wer s ys tem s  con n ecte d  to  th e  
VS C  tra n s m i s s i o n  s ys te m  to  e n a bl e  th e  s u p p l i e rs  to  offer th e  m os t s u i tab l e  an d  eco n om i c 
eq u i pm en t d es i g n .  I n  ad d i ti o n ,  th e  p u rch as e r an d  th e  m an u factu re r s h a l l  m ai n ta i n  a  
con ti n u ou s  d i a l og u e  s ta rti n g  a t th e  te n d er s tag e  a n d  con ti n u i n g  u n ti l  th e  p roj ect i s  com p l e te d .  
I t  i s  re com m en d e d  th a t th e  m an u factu rer s h o u l d  re vi e w th e  b as i c s tu d i e s  u n d ertake n  b y th e  
pu rch as er,  a n d  vi ce  vers a.  

A.2  Purchaser and  manufacturer information  requirements  

A.2. 1  General  

I n  th e  fo l l o wi n g  ta b l e s ,  i n form ati o n  m arked  wi th  an  as teri s k (*)  m a y req u i re  d eta i l e d  s tu d i es  
th at m a y n o t be  a va i l a b l e  b efore  th e  co n tract s ta g e.  
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F or s om e p aram ete rs ,  t i m e varyi n g  d a ta  m a y b e  ap propri ate ,  e. g . ,  th e  ra n g e  of a . c.  s ys te m  
r. m . s .  vo l ta g e  m a y i n cl u d e  excu rs i o n s  o u ts i d e  a  n o rm al  ran g e  d u ri n g  bri e f p e ri o d s  ( h o u rs ,  
m i n u tes ,  s econ d s  or m i l l i s eco n d s )  wi th  d i ffere n t l i m i ts  for e ach  d u ra ti o n .  S u ch  ti m e varyi n g  
d a ta  s h a l l  b e  d es cri b e d  i n  a n  a p pro pri a te  m an n er.  

Th e  co n fi rm ati on  of perform an ce m a y b e  d em on s tra te d  b y a n y o n e  or a  com bi n a ti o n  of th e  
fol l o wi n g  m eth o d s :  

•  s tu d i es   

•  com pu ter s i m u l a ti o n  

•  tes ts   

A.2.2  General  requ irements  

Purchaser specification  requ i rement VSC  manufacturer suppl ied  information  

D efi n i ti o n  of s cop e of s u p p l y 

 

 

Loca ti o n  of th e  VS C  

 

  

 
Ro l e  of th e  VS C  

 

G e n e ra l  d es cri p ti o n  of s o l u ti on  

Co n ve rte r typ e  a n d  d . c.  s i d e  co n fi g u ra ti on s  
( i f fi xe d )  

•  C o n verter typ e  

•  Topo l o g y of d . c.  s ys tem   

•  T yp e  of d . c.  l i n e /C ab l e  

•  Tran s m i s s i o n  vo l tag e  ( i f fi xe d )  

 

C o n fi rm a ti on  of th e  VS C  typ e  a n d  con fi g u rati on  
a n d  d . c.  s i d e  co n fi g u ra ti o n s  

 

M a i n  ra ti n g s  of th e  VS C  

•  P o wer to  be  tra n s m i tte d  

•  Loca ti o n s  of rea l  a n d  re a cti ve  p o wer 
re feren ce  p o i n ts  

•  D . C .  vo l ta g e  a n d  cu rre n t,  i f 
a p p l i ca b l e   

•  A. C.  s en d i n g  a n d  recei vi n g  vol tag es  

•  F re q u e n c y of th e  s ys tem  

•  P o wer res o l u ti o n  

 

G u ara n te e d  rati n g  of th e  VS C  

 

I m p orta n t  a n ci l l ary co n tro l  re q u i rem en ts  
e. g . :  

•  Re acti ve  p o wer re g u l a ti o n  
re q u i re m en ts  

•  O verl o a d  re q u i rem en ts  

•  Tran s i e n t  pe rform an ce  

G u ara n te e d  perform an ce  of th e  VS C  
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Purchaser specification  requ i rement VSC  manufacturer suppl ied  information  

Re q u i rem en t o n  VS C  l os s es  

•  D efi n i ti o n  of op erati n g  po i n t(s )  for 
wh i ch  l os s es  are  to  b e  d e term i n e d  

•  C a p i ta l i s e d  L os s  e va l u ati on  rate  

Los s es  a t d es i g n a ted  o p e ra ti n g  co n d i ti on s  a n d  
th e  m eth od  of l os s  ca l cu l ati on  an d  l os s  
d i s tri b u ti o n  b e twe e n  th e  m a j or com po n en ts  

 

S ta n d ard s  a n d  cod es  

 

C o n fi rm a ti on  of th e  s ta n d ard s  an d  co d es  

I n  s ervi ce  d ate  •  C o n fi rm ati on  of th e  cri ti ca l  d a tes  

•  Ke y m i l es to n e  d ates  

Ten d er as s es s m en t cri teri a   

S peci a l  prem i u m s  a p p l i e d ,  e . g . ,  for 
perform an ce i n  exces s  of th e  m i n i m u m  
req u i rem e n t 

D e ta i l s  of th e  are as  wh e re  th e  m i n i m u m  
req u i red  perform an ce  i s  exce e d e d  

H e a l th  a n d  s afety re q u i re m en ts   

 

A.2.3  Detai l ed  descriptions  

A.2.3. 1  Power system  configurations  

A.2.3. 1 . 1  General  

Purchaser specification  requ irement VSC  manufacturer suppl ied  
in formation  

S ys tem  co n fi g u ra ti o n  

•  S i n g l e  l i n e  d i a g ram  of th e  s ys tem  
con n ecti on  po i n ts  

•  H arm on i c i m ped a n ce  en ve l o p es  s ee n  
from  th e  po i n ts  of co n n ecti o n  

•  D a ta  on  n e arb y g e n erati o n  

•  M o d e l l i n g  i n form ati o n  for n e a rb y 
con trol l a b l e  d e vi ces ,  s u ch  as  s tati c VAR 
(vo l t- am pere  re acti ve)  co m p en s a tors  
(S VC s ),  wi n d  tu rb i n es  e tc.  

 

 

A.2.3. 1 .2  D.C.  l i ne/cable  ( in  case  of tu rnkey,  suppl ied  by the  converter 
manufacturer)  

Purchaser specification  requ irement Converter manufacturer suppl ied  
 M a i n  fe a tu res  of d . c.  s i d e  

•  C o n fi g u ra ti o n  of th e  d . c.  s ys tem   

•  Topo l o g y of d . c.  s ys tem  

•  T yp e  of d . c.  tra n s m i s s i o n  l i n e  (cab l e  
or o ve rh e a d  l i n e  or a  co m bi n ati on  
th ereof)  

•  Le n g th  of th e  o verh e a d  l i n e  

•  Le n g th  of th e  ca b l e  

 

C o n fi rm a ti on  of th e  con fi g u ra ti o n  of th e  d . c.  
s ys te m  i n cl u d i n g  ca b l e/ o ver h ea d  l i n e  
p aram eters  e. g . :  

•  cu rren t ca pa b i l i ty,  s te ad y s tate  a n d  
o verl o a d  ( i f a n y)  

•  vo l tag e  wi th s ta n d  ca p a b i l i ty 

•  pro p os ed  typ e  te s ts  i n cl u d i n g  tes t  
l e ve l s  
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Purchaser specification  requ irement Converter manufacturer suppl ied  
 N a ti o n a l  s a fety co d es /s ta n d ard s  fo r d e s i g n  

of o verh e a d  l i n e s  an d  ca b l es   
C o n fi rm a ti on  of th e  N a ti o n a l  s afety 
cod es /s tan d ard s  

 
I n form ati o n  ab o u t  th e  o verh e ad  l i n e  

•  Ai r tem pera tu re  ran g e  

•  W i n d  con d i ti on s  

•  I ce  l o a d i n g  re q u i re m en ts  

•  Ai r p o l l u ti o n  l e ve l  

•  Ri s k of va n d a l i s m  

C o n fi rm  th a t d es i g n  m e ets  th e  cri teri a *  

 

I n form ati o n  ab o u t  th e  ca b l e  

•  Le n g th  of ca b l e  

•  M i n i m u m  req u i red  d e pth  of b u ri a l  

•  S u rve y d a ta  a b o u t th e  s u bs e a /l a n d  
terra i n  

•  Th erm al  res i s ti vi ty of s oi l /s i l t/s e a b e d  

•  Tem peratu re  co n d i ti o n s  

•  Re q u i rem en t fo r fi b e r o pti c ca b l e  
( wh eth er em be d d e d  or n ot)  

C o n fi rm  th a t d es i g n  m e ets  th e  cri teri a *  

 

Loca ti o n  of n e arb y com m u n i cati o n  cab l es  C o n fi rm  th e re  i s  n o  e ffect  o n  
com m u n i ca ti o n  ca bl es *  

 
 

A.2.3. 1 .3  D.C.  l i ne/cable  (not suppl ied  by the  converter manufacturer)  

S i n ce  th e  d es i g n  of th e  con verter an d  th e  cab l e  are  i n terd e p e n d e n t,  th e  d e s i g n  p roces s  wi l l  be  
i terati ve.  Th e refore  th e  d a ta  n e e d s  to  fl o w b etwe e n  th e  VS C  m an u factu rer a n d  th e  cab l e  
s u p p l i e r as  s h o wn  b e l o w.  

Purchaser specification  requ i rement Converter manufacturer suppl ied  
information  

P ro vi d e  d ata  from  th e  d . c.  l i n e /ca b l e  
s u p p l i e r to  th e  con verter m a n u fa ctu re r 

•  M axi m u m  s te a d y s ta te ,  d yn a m i c a n d  
tra n s i e n t cu rren t b y th e  VS C  

•  M axi m u m  s te a d y s ta te ,  d yn a m i c a n d  
tra n s i e n t vo l ta g e  b y th e  VS C  

•  H arm on i c  vo l ta g e  a n d  cu rre n t a t th e  
VS C  term i n a l s  ca u s e d  b y th e  VS C  

•  O ve rvol tag e  p rotecti o n  pro vi d e d  

•  Ap pro va l  of s e l ecte d  d . c.  l i n e /ca b l e  
s ys tem  

Re q u i rem en t fo r VS C  d a ta  for cab l e  
m a n u fa ctu rer 

D a ta  pro vi d ed  
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A.2.3.2  Si te  and  envi ronment 

Purchaser specification  requ irements  Manufacturer suppl ied  information  

S pace a n d  fo otpri n t  res tri cti o n s  

S i te  acces s es  an d  tran s p orts  l i m i ta ti o n s  

VS C  l a yo u t  a n d  l a yo u t op ti o n s   

Acces s  an d  tra n s p ort req u i rem e n ts  

E l ectrom ag n e ti c fi e l d  l i m i ta ti o n s   E l ectrom ag n e ti c fi e l d  g e n era ti o n  

E l ectrom ag n e ti c i m m u n i ty re q u i rem en ts  E l ectrom ag n e ti c i m m u n i ty l e ve l s *  

Re q u i re m en t fo r VS C  g ro u n d i n g  co n d i ti on s   Re q u i re m en t of ap prop ri ate  e l ectrod e  

Am b i e n t tem peratu re,  pre s s u re  a n d  h u m i d i ty 
ran g es  

C o n fi rm  o p era ti o n  u n d er req u i red  
con d i ti o n s *  

S ol ar,  s n o w a n d  i ce,  wi n d ,  a i r p o l l u ti on ,  
i s okera u n i c  l e ve l  a n d  s e i s m i c con d i ti o n s  

C o n fi rm  o p era ti o n  u n d er req u i red  
con d i ti o n s *  

N o i s e  res tri cti o n ,  a co u s ti c a n d  
e l ectrom a g n eti c  te l e p h on e  i n terfe re n ce  
res tri cti o n s  

C o n fi rm ati on  of th e  req u i rem e n t*  

 

Re q u i re m en ts  i n  re s p ect of e arth q u ake 
res i s tan ce  

C o n fi rm ati on  th at  th e  d es i g n  m eets  th e  
req u i rem en t wi th  res p ect  to  e arth q u ake 
res i s tan ce *  

 

A.2.3.3  Operating  function  of the  VSC  

Purchaser specification  requ irement  Manufacturer suppl ied  i nformation  

Re q u i rem e n t fo r th e  m a i n  o p era ti o n  

•  Re q u i rem en t for th e  tran s m i tted  
po we r 

•  M a i n  a n ci l l ary o p era ti o n  ( i f n e e d e d )  

•  Re q u i rem en t for th e  re acti ve  
po we r 

•  Re q u i rem en t for th e  a . c.  vo l ta g e  
reg u l ati on  

•  Re q u i rem en t for th e  d . c.  vo l ta g e  
reg u l ati on  

•  Re q u i rem en t for th e  co n tro l  
pri ori ti es   

 

C o n fi rm  o p era ti o n  a b i l i ty*  i n cl u d i n g  th e  
VS C  con tro l  m od es  an d  con trol  l a ws  

Re q u i rem en t fo r th e  d yn a m i c pe rform an ce  

•  Re q u i rem en t fo r th e  res p on s e  ti m e 
for th e  ou tpu t ch an g e  

•  Re q u i rem en t fo r th e  o ver l o ad  
perform an ce  

 

C o n fi rm  o p era ti o n  a b i l i ty*  i n cl u d i n g  s h ort 
term  o verl o a d  ra ti n g s  
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Purchaser specification  requ irement  Manufacturer suppl ied  i nformation  

O p era ti o n  ra n g e  

(Ra n g e  of co n d i ti o n s  o ve r wh i ch  ra ted  
pe rform an ce  or ri d e - th ro u g h  i s  req u i red )  

•  Ra n g e  of th e  a. c.  s ys te m  con d i ti o n s  
i n  wh i ch  th e  VS C h a s  to  op e rate  
(bo th  s te a d y-s tate  a n d  tran s i e n t)  

•  A. C .  s e n d i n g  a n d  re ce i vi n g  
vo l tag e  ra n g e  i n cl u d i n g  
tem porary o ve rvo l tag e  

•  A. C .  fre q u e n c y ra n g e   

•  Ra n g e  of a . c.  vo l ta g e  i m ba l a n ce  

•  Zero  s e q u e n ce  vo l ta g e  ran g e  

•  Ra n g e  of h arm on i cs  

•  S wi tch i n g  tra n s i en t  

•  F a u l t  l e vel  

•  S ys te m  co n fi g u ra ti o n  

•  D . C .  co n d i ti o n s  

 

C o n fi rm a ti on  th a t th e  s ys tem  re m ai n s  
op erati o n a l  a n d  d es cri p ti on  of th e  
p erform a n ce*  

 

Re q u i rem en t fo r p ro tecti on   

•  F a u l ts  wh i ch  s h a l l  b e  po s tu l a te d  for 
th e  VS C to  be  tu rn e d  off s afel y or 
to  ri d e - th ro u g h  

•  F a u l t  typ e s  

•  F a u l ts  l e ve l s  a n d  cl e a ra n ce  
ti m es  

•  W h eth er s i n g l e-  or th re e  ph as e  
au to  recl os u re  i s  u s e d  a n d  i f s o ,  
th e  ti m i n g  of d i fferen t p eri od s .  

•  P rotecti o n  for th e  a. c.  s ys tem  

•  P rotecti o n  for th e  d . c.  s i d e  

•  P rotecti o n  for th e  VS C  

C o n fi rm a ti on  of th e  req u i rem en t,  e . g . :  

•  perform an ce d u ri n g  fa u l ts ,  oth er 
l o w- vo l ta g e  co n d i ti on s  a n d  
s wi tch i n g  tra n s i e n ts  

•  con trol  l o g i c  a n d  s e tti n g s  for 
op era ti o n  d u ri n g  a bo ve con d i ti o n s  

•  d es cri pti o n  of pro tecti o n  s ys tem ,  
i n cl u d i n g  protecti o n  a g a i n s t  i n tern a l  
fai l u res  

•  wors t ca s e  i n tern a l  fau l ts  i n  term s  
of d u rati on  a n d  effect on  
Tran s m i s s i o n  

Accep ta b l e  a d ve rs e  effe ct to  th e  po we r 
s ys tem  b y th e  VS C  

•  H arm on i cs  

•  E l e ctrom ag n e ti c n o i s e  

•  P red i cte d  va l u e  of h arm on i cs  
(vo l tag e  a n d  cu rren t)  g e n era ted  
from  th e  VS C   

•  M e a s u red  va l u e*  of h arm on i cs  
(vo l tag e  a n d  cu rren t)  g e n era ted  
from  th e  VS C  

•  I n d i vi d u al  h arm o n i c  d i s to rti o n  Dn *  

•  Tota l  h arm on i c d i s torti o n  TH D *  

•  Tel e p h on e i n fl u en ce  factor TI F *  
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Purchaser specification  requ i rement Manufacturer suppl ied  information  

Re q u i rem e n t fo r th e  i n s u l a ti on  
coord i n a ti o n  

O vervol ta g e  wi th s ta n d  ca pa b i l i ty *  

 

O th ers  

•  Re q u i rem en t for ea rth q u ake  
re s i s tan ce  

•  Re q u i rem e n t fo r s a l t  d am a g e  

•  Re l i ab i l i ty 

•  Re q u i rem en t for th e  l i fe ti m e of 
th e  VS C  

•  Re q u i rem e n t fo r th e  a va i l ab i l i ty 

•  Re q u i rem e n t fo r th e  o u ta g e  ra te  

•  P rere q u i s i te  co n d i ti on  for th e  
re l i a b i l i ty d e s i g n  

•  Re q u i rem e n t fo r red u n d a n c y 

•  Re q u i rem e n t for th e  
m eas u re m en ts ,  a l a rm ,  an d  
m on i tori n g  

•  Re q u i rem e n t for th e  i n te rface  

be twe en  th e  p o wer s ys te m  an d  th e  
VS C   

•  M a i n  ci rcu i t  

•  C o n tro l  s i g n a l  

•  I n i ti a l  en erg i za ti o n  an d  s h u td o wn  
re q u i rem en t 

 

Co n fi rm ati on  of th e  req u i rem e n t* ,  e. g .  

•  P re d i cte d  l i fe ,  re l i ab i l i ty a n d  
a va i l ab i l i ty ch aracteri s ti cs ,  force d  
ou ta g e  ra tes ,  m a i n te n an ce 
freq u e n c y a n d  p eri o d s  

•  F a i l u re  ra te  of ke y com p on e n ts ,  
e . g . ,  s em i co n d u ctors ,  d . c.  
cap aci tors  

•  Tran s i e n t  e ffect of com pon e n t 
fai l u re  

 

 

A.2.3.4  Maintenance  and  spares  

Purchaser specification  requ irement  Manufacturer suppl ied  i nformation  

M a i n te n an ce re q u i re m en t M a i n te n an ce freq u en c y,  d u ra ti o n  a n d  
recom m en d e d  m ai n te n a n ce  

S peci a l  m ai n te n an ce  tes t  e q u i p m en t 
req u i rem en ts  

S peci a l  tes t e q u i p m en t p ro vi d e d  

S pares  re q u i rem e n ts  Recom m en d e d  s p ares  h o l d i n g s  

D ra wi n g s ,  m ai n te n a n ce m a n u a l s ,  tech n i ca l  
n o tes  

D es cri pti o n  of d ocu m en tati on  pro vi d ed  

As - b u i l t  d ra wi n g s ,  m ai n te n a n ce m an u a l s  
an d  te ch n i cal  n o te s  pro vi d e d *  
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A.2.3.5  Factory and  commissioning  tests  

Purchaser specification  requ i rements   Manufacturer suppl ied  i nformation  

Tes t req u i rem en ts  

•  E q u i pm en t req u i ri n g  typ e  te s t  
ap p ro val  

•  F actory te s ts  

•  F u n cti on a l  tes ti n g  of co n tro l  s u i tes  
 

C o n fi rm a ti on  of th e  req u i rem en t,  e . g . :  

•  typ e  tes t e vi d e n ce offere d  i n  l i eu  of 
n e w typ e  tes ts   

•  te s t s ch ed u l es  

Tes t s ta n d ard s  C o n fi rm a ti on  to  p erform  tes ts  as  pe r 
s peci fi e d  s tan d ard  

C om m i s s i o n i n g  tes ts  a n d  s ch e d u l e  P ro vi d e  l i s t  of pro p os e d  com m i s s i on i n g  
tes ts  a n d  tes ti n g  s ch e d u l e  

 

A.2.3.6  Auxi l iary systems  

Purchaser specification  requ i rements   Manufacturer suppl ied  i nformation  

Au xi l i ary p o wer a n d  coo l i n g  fa ci l i ty 
pre p ared  b y th e  p u rch as er s i d e  

Au xi l i ary p o wer fa ci l i ty re q u i re d  a n d  
s ys te m  d es cri p ti o n  

M e th o d  of i n i ti al  en erg i zi n g ,  res ta rt a n d  
s h u td o wn  

Re q u i rem e n t fo r th e  co n tro l  faci l i ti es  D es cri pti o n  of co n tro l  faci l i ti es  i n cl u d i n g  
rem ote  an d  l oca l  m an - m a ch i n e  i n terface s ,  
d e ta i l i n g  con trol ,  a l arm ,  com m u n i ca ti o n  
a n d  m on i tori n g  fa ci l i ti e s *  

 
Au xi l i ary s ys tem s  on  m a i n  e q u i pm e n t  

F i re  s afe ty re q u i rem en ts  •  D es cri pti o n  of m ate ri a l s  u s e d *  

•  D es cri pti o n  of m ea n s  of pro te cti n g  
ag a i n s t fi re*  

•  F i re  co n ta i n m e n t m eth od s *  

 

 
Al l  i n form ati o n  n ot m arked  wi th  a n  As te ri s k (* )  i s  n orm al l y pro vi d e d  at  th e  te n d er s tag e .  
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Annex B  
(i n form a ti ve )  

 
Modulation  strategies  for 2-level  converters  

B.1  Carrier wave PWM  

F i g u re  B . 1  a )  s h o ws  th e  con trol  s i g n a l s  (th e  carri e rs  a n d  th e  vo l ta g e  referen ces  as  s i n e  wa ve)  
for a  PW M  VS C .  F i g u re  B . 1  b)  s h o ws  th e  re s u l ti n g  vo l ta g e  Va m  at  th e  a . c.  term i n a l  a,  wi th  
res p ect to  a  h yp oth eti ca l  m i d p o i n t  m  of th e  d . c.  cap a ci tor.  I n  th i s  exam pl e ,  th e  freq u en c y of 
th e  carri er ( tri a n g u l ar wa ve s i g n a l )  i s  n i n e  ti m es  th e  fu n d am e n ta l  fre q u e n cy.  

Th e  g e n era l  h arm on i c  form  of th e  s wi tch e d  wa vefo rm  of F i g u re  2 9  b)  ca n  b e  wri tten  as :  

d
am 1 1 c c 1 1

1

( ) cos( ) cos[ ( ) ( )]
2

mn

m n

U
v t M t C m t n tω θ ω θ ω θ

∞ ∞

= =−∞

= + + + + +∑ ∑  

wh ere  

M  i s  th e  m od u l ati o n  i n d ex;  

ω1   i s  th e  fu n d am e n ta l  freq u en c y;  

ωc   i s  th e  carri er fre q u e n c y;  

m   i s  a  m u l ti p l e  of th e  carri e r fre q u e n c y;  

n   i s  a  m u l ti p l e  of th e  fu n d a m en ta l  fre q u e n c y;  

θ1   i s  a n  arbi trary p h as e  offs et  of th e  fu n d am en ta l  wa veform ;  

θc   i s  a n  a rbi trary p h as e  offs et  of th e  carri er wa veform .   

Th e  m os t effecti ve  a p proach  to  d e term i n e  th e  h arm o n i c co effi ci e n ts  Cm n  i s  u s i n g  d ou b l e  
i n teg ra l  F o u ri er fo rm  a s :  

∫ ∫
π π j(mx+ny)

mn 2 -π -π

1
C = F(x, y)e dxdy

2π  

wh ere   

F(x,y)  i s  th e  s wi tch e d  wa veform  for o n e  fu n d a m en ta l  c ycl e ;   

x =  ωct;   

y =  ω1 t.   

Th e  g e n eral  h arm on i c  form  of th e  s wi tch e d  wa veform  d efi n es  carri e r m u l ti p l e  h arm on i cs  
( wh e n  m ≠  0  a n d  n =  0 )  a n d  s i d e b an d  h arm on i cs  a rou n d  th e  carri er m u l ti p l e s  ( wh en  m ≠  0  a n d  
n ≠  0 ) .  F i g u re  B . 1  s h o ws  th e  typ i ca l  h a rm on i c  s p ectra  of th e  vo l ta g e  wa ve form s  for ph as e - to-
fl o a ti n g  n e u tra l  a n d  p h a s e - to- ph as e ,  res p ecti ve l y,  for a  2 -l e ve l  VS C  u s i n g  PW M  s wi tch e d  
wa ve form s  wi th  a  ca rri e r-b as e d  co n tro l  m eth o d  u s i n g  2 1  ti m e s  fu n d am e n ta l  freq u en c y an d  
as s u m i n g  i n fi n i te  d . c.  ca p aci ta n ce  ( i . e .  n o  d . c.  vo l ta g e  ri p p l e ).  Th es e  h arm on i c s p ectra  wo u l d  
be  ch a n g e d  u n d er d i ffere n t s p e ci fi c  o p erati n g  co n d i ti on s .  

F or a  th re e- p h as e 2 - l e ve l  VS C ,  a  b a l an ce d  s e t of th re e - p h as e l i n e - l i n e  ou tp u t vo l ta g es  i s  
ob tai n ed  i f th e  ph as e  l eg  refe re n ce s  are  d i s p l ace d  b y 1 2 0 ° .  I n  th i s  ca s e ,  th e  tri p l e n  s i d e b a n d  
h arm o n i cs  arou n d  e ach  carri e r m u l ti pl e  are  ca n ce l l e d  i n  th e  l i n e - l i n e  o u tpu t vo l ta g es .  I t  i s  
i m porta n t to  n ote  th a t th e  h a rm on i c ca n ce l l ati o n  i s  a  co n s eq u en ce of th e  tri p l e n  s i d eb a n d  
h arm o n i cs .  Th e  carri er/fu n d am en ta l  rati o  h as  n o  i n fl u e n ce ,  an d  i t  ca n  b e  o d d ,  e ven  or n o t 
i n te g er.   
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B.1  a)  Phase-to-floating  neutral  vol tage  ampl i tude  versus  harmonic order 

 

B.1  b)  Phase-to-phase vol tage  ampl i tude  versus  harmonic  order 

Figure  B. 1  – Vol tage harmonics  spectra of a  2-l evel  VSC   
wi th  carrier frequency at 21 st  harmonic  

B.2  Selective harmonic el imination  modulation  

S el ecti ve  h arm on i c e l i m i n a ti o n  m od u l a ti on  ( S H E M )  i s  kn o wn  a s  a  m od u l ati o n  m eth o d  to  
e l i m i n a te  th e  u n d es i rab l e  l o w ord er h a rm on i cs .  S H E M  a ppro ach  i s  a n  e ffecti ve  wa y to  
e l i m i n a te  th e  s e l ecte d  m os t s i g n i fi ca n t  h a rm on i cs  u s i n g  l o wer s wi tch i n g  freq u en c y.  F i g u re  B . 2  
s h o ws  th e  wa veform  s wi tch e d  at pred e term i n e d  a n g l es .  Th e  s wi tch e d  wa veform  h as  o d d  h a l f-
wa ve  s ym m e try an d  e ve n  q u arter- wa ve  s ym m e try.  T h e  K s wi tch i n g  a n g l e s  can  b e  u s e d  to  
e l i m i n a te  K- 1  s i g n i fi ca n t  h arm o n i c  com pon e n t a n d  co n tro l  th e  fu n d am en ta l  vo l tag e .   
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Figure B.2  – Phase output vol tage  for selective harmonic  
el im ination  modu lation  (SHEM)  

Th e g e n e ral  F o u ri e r s eri e s  of th e  s wi tch e d  wa veform s  s h o wn  i n  F i g u re  B . 2  can  b e  g i ve n  as  
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F or a  wa ve form  wi th  q u arter- wa ve s ym m etry,  o n l y th e  o d d  h arm on i cs  wi th  s i n e  com po n e n t wi l l  
be  pres e n t.  Th e refore ,  
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N o te  th a t K n u m ber of s i m u l ta n e o u s  e q u a ti o n s  a re  re q u i re d  to  s o l ve  th e  K n u m ber of 
s wi tch i n g  a n g l es .  Th e  fu n d am en ta l  vo l ta g e  can  b e  co n tro l l e d  u s i n g  o n e  e q u a ti o n ,  a n d  K- 1  
h arm o n i cs  ca n  b e  e l i m i n a te d  u s i n g  th e  oth er K- 1  e q u a ti o n s .  U s u a l l y,  th e  l o wes t s i g n i fi ca n t  
h arm o n i cs  a re  to  b e  e l i m i n ate d .  F or a  th re e- ph as e th ree - wi re  2 - l e ve l  VS C ,  th e  tri p l e n  
h arm o n i cs  can  b e  i g n ore d  i f th e  p h as e  refe re n ces  a re  d i s p l ace d  b y 1 2 0 ° .  
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