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FOREWORD 

1 )  The  I n ternational  E lectrotechn ical  Commission  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  national  e l ectrotechn ical  comm i ttees  ( I EC National  Commi ttees).  The  object  of I EC i s  to  promote  
i n ternational  co-operation  on  a l l  questions  concern ing  standard ization  i n  the  e l ectri cal  and  e l ectron ic  fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC publ i shes  I n ternational  Standards,  Techn ical  Speci fi cations,  
Techn ical  Reports,  Publ icly Avai lable  Speci fi cations  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC 
Publ i cation (s)”) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC National  Commi ttee  i n terested  
i n  the  subject  deal t  wi th  may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osely 
wi th  the  I n ternational  Organ ization  for S tandard ization  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by 
agreement  between  the  two  organ izations.  

2)  The  formal  decis ions  or agreements  of I EC on  techn ical  matters  express,  as  nearl y as  possib le,  an  i n ternational  
consensus  of opin ion  on  the  re levant  subjects  s i nce  each  techn ical  commi ttee  has  representation  from  al l  
i n terested  I EC National  Commi ttees.   

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

4)  I n  order to  promote  i n ternational  un i form i ty,  I EC National  Comm i ttees  undertake  to  apply I EC Publ i cations  
transparen tl y to  the  maximum  extent  possible  i n  thei r national  and  reg ional  publ i cations.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond ing  national  or reg ional  publ i cation  shal l  be  cl earl y i nd icated  i n  
the  l atter.  

5)  I EC i tsel f does  not  provide  any attestation  of conform i ty.  I ndependent  certi fi cation  bod ies  provide  conform i ty 
assessment  services  and ,  i n  some areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsible  for any 
services  carried  ou t  by i ndependent  certi fi cation  bod ies.  

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

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

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

9)  Atten tion  i s  d rawn  to  the  possib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
patent  ri gh ts .  I EC shal l  not  be  hel d  respons ible  for i den ti fyi ng  any or a l l  such  patent  ri gh ts.  

DISCLAIMER 

This  Consol idated  version  is  not an  official  IEC  Standard  and  has  been  prepared  for 

user convenience.  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 62544 bears  the  ed i tion  number 1 . 1 .  I t  consists  of 

the  fi rst ed i tion  (201 1 -08)  [documents  22F/242/DTR and  22F/250/RVC]  and  i ts  amendment 

1  (201 6-04)  [documents  22F/377/DTR and  22F/381 A/RVC] .  The technical  content is  

identical  to  the  base ed i tion  and  i ts  amendment.  

In  th is  Redl ine version ,  a  vertical  l ine  in  the  margin  shows  where  the technical  content is  

modified  by amendment 1 .  Addi tions  are  in  green  text,  deletions  are  in  strikethrough  red  

text.  A separate  Final  version  with  al l  changes  accepted  is  avai lable  in  th is  publ ication.  

 

International  Electrotechnical  Commission

 



 –  6  – I EC  TR 62544:201 1 +AMD1 : 201 6  CSV 
  © I EC  201 6  

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

I EC/TR 62544,  wh ich  i s  a  techn ical  report,  has  been  prepared  by subcommi ttee  22F:  Power 
e lectron ics  for e lectrical  transmission  and  d i stribu tion  systems,  of I EC  techn ical  commi ttee  
22 :  Power e lectron ics.  

Th is  publ ication  has  been  d rafted  i n  accordance  wi th  the  I SO/IEC D i rectives,  Part 2 .  

The  commi ttee  has  decided  that the  contents  of the  base  publ i cation  and  i ts  amendment wi l l  
remain  unchanged  un ti l  the  stabi l i ty date  i nd icated  on  the  I EC  web  s i te  under 
"h ttp: //webstore. iec. ch"  i n  the  data  re lated  to  the  speci fi c publ ication .  At th is  date,  the  
publ i cation  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

 

A b i l i ngual  version  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

IMPORTANT – The  'colour inside'  logo  on  the  cover page  of th is  publ ication  ind icates  
that i t  contains  colours  wh ich  are  considered  to  be  usefu l  for the  correct 
understanding  of i ts  contents.  Users  shou ld  therefore  print th is  document using  a  
colour printer.  
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HIGH-VOLTAGE DIRECT CURRENT (HVDC)  SYSTEMS –  
APPLICATION  OF  ACTIVE FILTERS  

 
 
 

1  Scope 

Th is  techn ical  report g ives  general  gu idance  on  the  subject of acti ve  fi l ters  for use  i n  h i gh -
vol tage  d i rect cu rren t (HVDC)  power transmission .  I t  describes  systems  where  active  devices  
are  used  primari l y to  ach ieve  a  reduction  i n  harmon ics  i n  the   d . c.  or  a . c.  systems.  Th is  
excludes  the  use  of au tomatical l y retuned  components.  

The  various  types  of ci rcu i t  that can  be  used  for acti ve  fi l ters  are  described  i n  the  report,  
a long  wi th  thei r pri ncipal  operational  characteristics  and  typical  appl i cations.  The  overal l  a im  
i s  to  provide  gu idance  for pu rchasers  to  assist wi th  the  task of speci fying  active  fi l ters  as  part 
of HVDC converters.  

Passive  fi l ters  are  speci fi cal l y excluded  from  th is  report.  

2  Normative  references  

The  fol l owing  referenced  documents  are  i nd ispensable  for the  appl ication  of th i s  document.  
For dated  references,  on ly the  ed i tion  ci ted  appl ies.  For undated  references,  the  l atest ed i ti on  
of the  referenced  document ( i nclud ing  any amendments)  appl ies.  

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

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

I EC  61 000  (  a l l  parts) ,  Electromagnetic compatibility (EMC)   

I EC  61 975,  High-voltage direct current (HVDC)  installations – System tests 

I EC/TR 62001 : 2009,  High-voltage direct current (HVDC)  systems  –  Guidebook  to  the 
specification and design evaluation of A .C.  filters  

I EC/TR 62543,  High-voltage direct current (HVDC)  power transmission using voltage sourced 
converters (VSC)  

I EEE  51 9,  IEEE Recommended Practices and Requirements for Harmonic Control in  
Electrical Power Systems  

3  Terms  and  defin i tions  

For the  purposes  of th i s  techn ical  report,  the  terms  and  defin i ti ons  g iven  i n  I EC  60633  and  
I EC  62001 : 2009  for passive  a. c.  fi l ters,  as  wel l  as  the  fol l owing  apply.   

NOTE  On l y terms  wh ich  are  speci fi c  to  acti ve  fi l ters  for HVDC are  defi ned  i n  th i s  cl ause.  Those  terms  that  are  
e i ther i den ti ca l  to  or obvi ous  extens i ons  of I EC  60633,  I EC  62001 : 2009  and  62747  term inol ogy have  not  been  
defi ned .  
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Figure  1  – Shunt connection  
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Figure  2  – Series  connection  

3. 1  Active  and  passive  fi l ters  

3. 1 . 1  
active  fi l ter 
a  fi l ter whose  response  to  harmon ics  i s  e i ther whol l y or partia l l y governed  by a  control led  
converter 

3.1 .2  
passive  fi l ter 
a  fi l ter whose  response  to  harmon ics  i s  governed  by the  impedance  of i ts  components  

3.2  Active  fi l ter topolog ies   

3 .2 . 1  
shunt active  fi l ter 
an  active  fi l ter connected  h igh -vol tage  (HV)  to  l ow-vol tage  (LV)  or HV to  g round  such  that i t  
experiences  the  fu l l  a . c.  or d . c.  vol tage  of the  HVDC system  or i ts  a . c.  connection  (see  
F igure  1 )  

3.2.2  
series  active  fi l ter 
an  active  fi l ter connected  between  the  HVDC converter and  the  a . c.  or d . c.  suppl ies  such  that 
i t  must wi thstand  the  fu l l  HVDC system  curren t,  e i ther a . c.  or d . c.  (see  F igure  2)  

IEC   1 820/1 1  

IEC   1 821 /1 1  
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3.2.3  
shunt and  series  active  fi l ter 
an  active  fi l ter con tain ing  both  series  and  shunt e lements  as  defined  above  

3.3  Power semiconductor terms  

NOTE  There  are  severa l  types  of power sem iconductor devi ces  wh i ch  can  be  u sed  i n  acti ve  fi l ters  for HVDC and  
cu rren tl y the  I GBT i s  the  ma jor devi ce  u sed  i n  such  converters .  The  term  IGBT i s  u sed  th roughou t  th i s  report  to  
refer to  the  swi tched  va l ve  devi ce .  However,  the  report  i s  equal l y appl i cabl e  to  other types  of devi ces  wi th  tu rn -off 
capab i l i ty i n  most  of the  parts .  

3.3.1  
insu lated  gate  bipolar transistor 
IGBT 
a  con trol lable  swi tch  wi th  the  capabi l i ty to  tu rn -on  and  tu rn-off a  l oad  cu rren t  
tu rn -off semiconductor device  wi th  a  gate  terminal  (G)  and  two  l oad  terminals  emi tter (E)  and  
col l ector (C)   

NOTE  1  An  I GBT has  th ree  term ina l s :  a  gate  term ina l  (G)  and  two  l oad  term ina l s  -  em i tter (E)  and  col l ector (C) .   

NOTE  2  By app l yi ng  appropri a te  gate  to  em i tter vo l tages,  cu rren t  i n  one  d i recti on  can  be  con trol l ed ,  i . e .  tu rned  
on  and  tu rned  off.  

3.3.2  
free-wheel ing  d iode  
FWD 
power semiconductor device  wi th  d iode  characteri sti c.  

NOTE  1  A FWD  has  two  term ina l s :  an  anode  (A)  and  a  cathode  (K).  The  cu rren t  th rough  the  FWDs  i s  i n  oppos i te  
d i recti on  to  the  I GBT cu rren t.  

NOTE  2  FWDs  are  characteri zed  by the  capabi l i ty to  cope  wi th  h i gh  ra tes  of d ecrease  of cu rren t  caused  by the  
swi tch i ng  behaviou r of the  I GBT.  

3.3.3  
IGBT-diode  pair 
arrangement of IGBT and  FWD  connected  i n  i nverse  paral l e l  

3.3.4  
turn-off semiconductor device  
control lable  semiconductor device  wh ich  may be  tu rned  on  and  off by a  con trol  s i gnal  

EXAMPLE  I nsu l ated  gate  b i pol ar trans i stor ( I GBT).  

NOTE  There  are  severa l  types  of tu rn -off sem iconductor d evi ces  wh i ch  can  be  u sed  i n  acti ve  fi l ters  for HVDC.  
Cu rren tl y,  the  I GBT i s  the  major d evi ce  u sed  i n  such  converters .  The  term  IGBT i s  u sed  th roughou t  th i s  Techn i ca l  
Report  to  refer to  the  tu rn -off sem iconductor devi ce.  However,  th i s  Techn i ca l  Report  i s  equal l y app l i cabl e  to  o ther 
types  of devi ces  wi th  tu rn -off capabi l i ty i n  most  of the  parts .  

3.4 Converter topologies   

3 .4. 1  
pu lse  width  modulation  
PWM  
a  converter operation  techn ique  using  h igh  frequency swi tch ing  wi th  modu lation  to  produce  a  
parti cu lar waveform  when  smoothed  

3.4.2  
two-level  converter 
a  converter i n  wh ich  the  vol tage  at  between  the  a . c.  terminals  of the  vol tage  sourced  
converter (VSC)  un i t  and  the  VSC un i t  m idpoin t i s  swi tched  between  two  d iscrete  d . c.  vol tage  
l evels  
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3.4.3  
three-level  converter 
a  converter i n  wh ich  the  vol tage  at  between  the  a . c.  terminals  of the  vol tage  sourced  
converter (VSC)  un i t  and  the  VSC un i t  m idpoin t i s  swi tched  between  th ree  d i screte  d . c.  
vol tage  l evels  

3.4.4  
mu l ti -level  converter 
a  converter i n  wh ich  the  vol tage  at the  a . c.  terminals  of the  VSC un i t  i s  swi tched  between  
more  than  th ree  d iscrete  d . c.  vol tage  l evel .  

4 Active  fi l ters  in  HVDC appl ications  

4.1  General  

The  conversion  process  i n  an  HVDC transmission  system  i n troduces  harmon ic curren ts  i n to  
the  d . c.  transmission  l i nes  and  the  a . c.  g rid  connected  to  the  HVDC converters.  These  
harmon ic cu rren ts  may cause  i n terference  i n  the  ad jacent systems,  l i ke  te lecommun ication  
equ ipment.  The  conventional  solu tion  to  reduce  the  harmon ics  has  been  to  i nsta l l  passive  
fi l ters  i n  HVDC converter stations  [1 ] 1 .  When  the  power l i ne  consists  of cables,  th i s  fi l tering  i s  
normal l y not necessary.  The  development of power e lectron ics  devices  and  d ig i ta l  computers  
has  made  i t  possib le  to  ach ieve  a  new powerfu l  way for a  fu rther reduction  of harmon ic 
l evels,  namely,  acti ve  fi l ters.  

The  active  fi l ters  can  be  d ivided  i n to  two  g roups,  acti ve  a . c.  and  d . c.  fi l ters.  Active  d . c.  fi l ter 
i nstal l ations  are  i n  operation  i n  several  HVDC l i nks  and  have  been  economical l y competi ti ve  
due  to  more  onerous  requ i rements  for te lephone  i n terference  l evels  on  the  d . c.  overhead  
l i nes  (F igure  3) .  An  active  a . c.  fi l ter i s  a l ready i n  operation  as  wel l .  I n  add i tion  to  the  active  
d . c.  fi l ter function  of m i ti gating  the  harmon ic curren ts  on  the  d . c.  overhead  l i nes,  the  active  
a. c.  fi l ters  may be  part of several  solu tions  i n  the  HVDC scheme to  improve  reactive  power 
exchange  wi th  the  a. c.  g rid  and  to  improve  dynamic stabi l i ty.  

Filter 
cost

Passive d.c.  fi l ter

Active d.c.  fi l ter

Allowable interference level
 

Figure  3  – Conceptual  d iagram  of al lowable  in terference  level  and  d .c.  fi l ter cost 

The  featu res  of active  fi l ters  are  the  fol l owing :  

•  Active a. c.  and d . c.  fi lters consist of two parts,  a passive part and a corresponding active part 
which are  l oaded  wi th  the  same  curren ts.  Due  to  the  fact that the  passive  a . c.  fi l ter i s  used  
to  supply the  HVDC converter demand  of reactive  power and  thereby l oaded  wi th  the  

___________ 

1   F i gu res  i n  square  brackets  refer to  the  B i b l i og raphy.  
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fundamental  cu rrent,  the  requ i red  rati ng  of the  d . c.  fi l ter acti ve  part i s  l ower than  the  one  
of the  a . c.  fi l ter active  part.  

•  The  con trol  ph i losophy for the  active  d . c.  fi l ter i s  l ess  complex than  for the  a . c.  one.  

•  The  present HVDC appl ications  where  active  a . c.  fi l ters  are  feasible  wi l l  be  l im i ted ,  due  to  
the  fact that a . c.  fi l ters  are  a l so  requ i red  to  supply the  HVDC converter demand  of 
reactive  power.  The  fi l ter s i ze  i s  therefore  often  wel l  above  the  fi l tering  demand .  

Many recent and  fu tu re  HVDC projects  use  new converter technolog ies  wh ich  a l low the  
reactive  compensation  to  be  separated  from  the  a . c.  fi l ters  and  thereby make  the  active  a . c.  
fi l ter more  feasib le.  For l i ne-commutated  converters,  capaci tor commutated  converters  (CCC)  
and  the  control led  series  capaci tor converter (CSCC)  a l l ow reduced  reactive  power 
absorption .  Moreover,  se l f-commutated  converters  (wh ich  i nclude  most vol tage  sourced  
converters)  are  able  to  control  acti ve  and  reactive  power i ndependently,  avoid ing  the  need  for 
separate  reactive  power compensation  a l together.  

4.2  Semiconductor devices  avai lable  for active  fi l ters   

Three  types  of power semiconductor devices,  su i table  for use  i n  an  active  fi l ter,  are  avai l able  
at  present:  

•  metal -oxide-semiconductor fie l d -effect transistor (MOSFET);  

•  i n su lated  gate  b ipolar transistor ( IGBT);  

•  gate  tu rn-off thyri stor (GTO)  and  other thyri stor-derived  devices  such  as  the  gate  
commutated  thyri stor (GCT)  and  i n tegrated  gate  commutated  thyristor ( IGCT).  

The  MOSFET i s  an  excel l en t swi tch ing  device  capable  of swi tch ing  at very h igh  frequencies  
wi th  relati vely l ow l osses,  bu t wi th  l im i ted  power hand l i ng  capabi l i ty.  

The  IGBT has  a  swi tch ing  frequency capabi l i ty wh ich ,  a l though  very good  and  su ffi cien t to  
hand le  the  frequencies  wi th in  the  active  d . c.  fi l ter range,  i s  i n ferior to  the  MOSFET.  However 
the  IGBT power hand l i ng  i s  s ign i fi can tly h i gher than  the  MOSFET.  

The  GTO-type  devices  has  the  h ighest power hand l i ng  capaci ty,  bu t wi th  a  re lati vely l im i ted  
swi tch ing  speed  far below the  requ i red  frequency range  for active  d . c.  fi l ter.  The  use  of GTO-
type  devices  wi l l  probably be  l im i ted  to  hand le  frequencies  below a  few hundred  of hertz.  

The  re lati vely h igh  frequency band  for acti ve  d . c.  fi l tering  excludes  the  use  of thyri stors  and  
GTO.  Even  though  the  MOSFET and  IGBT are  su i ted  as  swi tch ing  e lements  i n  a  power stage,  
the  l im i ted  power hand l ing  capaci ty on  MOSFET and  the  i nstal led  cost evaluations  tend  to  
poin t on  the  use  of IGBT i n  fu ture  power stages.  

5 Active  d .c.  fi l ters  

5.1  Harmonic  d isturbances  on  the  d .c.  s ide  

The  main  reason  for speci fying  demands  on  the  d . c.  ci rcu i t  i s  to  keep  d istu rbances  i n  nearby 
te lephone  l i nes  wi th in  an  acceptable  l im i t,  wh ich  wi l l  vary depend ing  on  whether the  
te lephone  system  consists  of overhead  l i nes  or underground  cables  wh ich  are  general l y 
sh ie lded  and  therefore  have  a  better immun i ty [2 ] .  A summary i s  g iven  below to  i l l ustrate  the  
demands  wh ich  made  i t  feasib le  to  i nsta l l  the  active  fi l ters.  As  described ,  the  demand  on  
d isturbances  can  appear as  an  harmon ic cu rren t on  the  d . c.  l i ne  or as  an  i nduced  vol tage  
Ui n d  i n  a  fi cti ve  te lephone  l i ne.  I t  shou ld  be  kept i n  m ind  that the  harmon ic demand ,  the  
speci fi c HVDC system  and  surround ings  (earth  resisti vi ty,  te lephone  system,  etc. )  a l l  together 
define  the  d . c.  fi l ter solu tion .  

The  speci fied  requ i rements:  
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•  The  i nduced  vol tage  Ui nd  i n  a  theoretical l y 1  km  te lephone  l i ne  s i tuated  1  km  from  the  d . c.  
overhead  l i ne  shal l  be  below 1 0  mV for monopolar operation .  

•  A one minute mean value of the equivalent psophometric current Ipe  fed  into the d . c.  pole overhead 
l i ne  shal l  be  below 400  mA.  

The  mentioned  i nduced  vol tage  and  the  equ ivalen t psophometric curren t are  defined  as:  
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U f M I pp
=
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where  

fn   i s  the  frequency of the  n th  harmon ic,   

M   i s  the  mu tual  i nductance  between  the  te lephone  l i ne  and  the  power l i ne,   

kn   =  f1  ×  n /800,   

In   i s  the  vectoria l  sum  of the  n th  harmon ic cu rren t fl owing  i n  the  l i ne  conductors  (common  
mode/earth  mode  curren t) ,   

pn   i s  the  n th  psophometric weigh ting  factor defined  by CCITT D i rectives  1 963  [3 ]  (see  a l so  
Table  1 ) ,   

p1 6   i s  the  1 6 th  psophometric weigh ting  factor.   

The  characteristic harmon ics  n  =  1 2 ,  24 ,  36,  48  as  wel l  as  the  non-characteristic harmon ics  
up  to  n  =  50  shal l  be  considered .  

Table  1  – The  psophometric  weighting  factor at  selected  frequencies  

Frequency,  H
z  

50  1 00  300  600  800  1  000  1  200  1  800  2  400  3  000  

n  1  2  6  1 2  1 6  20  24  36  48  60  

pn  factor 0,0007 0 , 009  0 , 295  0 , 794  1 , 0  1 , 1 22  1 , 0  0 , 76  0 , 634  0 , 525  

Pn  ×  kn  0, 00004  0,001  0 , 1 1 1  0 , 595  1 , 0  1 , 403  1 , 5  1 , 71  1 , 902  1 , 969  

 

5.2  Description  of active  d .c.  fi l ters   

5.2 . 1  General  

Active  d . c.  fi l ters  use  a  con trol lable  converter to  i n troduce  currents  i n  the  network,  presenting  
a  waveform  wh ich  coun teracts  the  harmon ics.  Th is  subclause  describes  types  of power 
stages,  converters  to  be  used  in  active fi lters and the possible connections in  HVDC schemes.  

5.2.2  Types  of converters  avai lable  

5.2.2 . 1  General  

Two basic types  of swi tch ing  converters  are  possible  i n  an  active  d . c.  fi l ter;  the  cu rren t-
source  converter us ing  i nductive  energy storage  and  the  vol tage-sourced  converter (VSC)  
using  capaci ti ve  energy storage.  
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5.2.2.2  Current source converters   

I n  a  current-source  converter,  the  d . c.  e lement i s  a  current source,  wh ich  normal ly consists  of a  
d . c.  vol tage  source  power supply i n  series  wi th  an  i nductor.  For correct operation ,  the  current 
shou ld  flow continuously i n  the  i nductor.  Hence  i f a. c.  current i s  not requ i red  current must be  
by-passed  wi th in  the  converter.  Th is  fact restricts  the  swi tch ing  actions.  A s imple  current-
source  converter i s  shown  in  F igure  4.  

5.2.2.3  Vol tage sourced  converters  (VSC)  

I n  the  VSC,  the  d . c.  e lement i s  a  vol tage  source.  Th is  may be  a  d . c.  power supply or,  i n  the  
case  of an  active  d . c.  fi l ter appl ication ,  an  energy storage  un i t.  I n  practice,  the  vol tage  source  
for an  active  d . c.  fi l ter power stage  i s  usual ly a  capaci tor wi th  a  smal l  power supply to  offset the  
power stage  losses.  A VSC also  has  the  property that i ts  a. c.  ou tput appears  as  a  vol tage  
source.  

A ci rcu i t  of s imple  VSC is  shown  in  F igure  5.  
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Figure  4 – Simple  current source converter 
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1   AC  vo l tage  

Figure  5  – Simple  vol tage  sourced  converter 

5.2 .2.4  Comparison  between  current and  vol tage  sourced  converters  

The  curren t-source  converter has  a  h igh  i n ternal  impedance  for cu rren ts  th rough  the  
converter,  wh i le  the  VSC has  a  l ow impedance.  The  VSC has  no  constrain ts  on  the  swi tch ing  
pattern  wh ich  can  be  employed ,  wh i l e  the  cu rren t-source  converter i s  restricted  as  described  
above.  The  necessi ty for con tinuous  cu rren t i n  the  cu rren t-source  converter,  combined  wi th  
the  fact that (neg lecting  superconductivi ty)  an  i nductor has  h igher l osses  than  a  capaci tor,  
ensures  that the  l osses  i n  the  cu rren t-source  converter are  h igher than  i n  the  VSC.  Another 
parameter i n fluencing  l osses  i s  that a  curren t-source  converter needs  swi tch ing  devices  
wh ich  can  b lock reverse  vol tage.  Most of the  avai l able  semiconductors  do  not fu l fi l  th i s  
requ i rement.  I n  th i s  case  an  extra  d iode  i n  series  wi th  each  device  i s  necessary and  th i s  
again  i ncreases  the  l osses.  Some GTOs  are  able  to  support reverse  vol tage,  bu t these  are  
l ess  common  than  the  GTOs  wh ich  do  not support reverse  vol tage.  The  former have  h igher 
l osses  than  the  more  common  devices.  

Conclusion :  Considering  the  above  properties  of cu rren t-source  converter and  VSC,  the  type  
most su i ted  for power stage  appl i cations,  particu larly h igh  power,  i s  the  VSC.  The  VSC has  
been  preferred  i n  a l l  HVDC projects  appl icable  today.  

5.2.3  Connections  of the  active  d .c.  fi l ter 

5.2 .3. 1  General  

Advantages  and  d isadvantage  of connecting  the  active  fi l ters  at  l ocations  shown  i n  F igure  6  
have  been  d iscussed  i n  several  papers  [4] ,  [5] ,  [6 ] .  The  active  fi l ters  can  e i ther be  connected  
as  shunt acti ve  fi l ters  or as  series  active  fi l ters.  
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Figure  6  – Possible  connections  of active  d .c.  fi l ters  

5.2.3.2  "Active  fi l ter 1 "  connection  

The  active  d . c.  fi l ter real i sed  i n  HVDC schemes  today i s  connected  as  the  shun t “Active  fi l ter 
1 ”  i n  F igure  6 .  By connecting  the  active  fi l ter i n  series  wi th  the  passive  d . c.  fi l ter,  usual ly a  
1 2/24th  double  tuned  fi l ter,  the  active  fi l ter rating  can  be  reduced .  A VSC i s  chosen  i n  order 
to  make  the  smal lest i n fl uence  on  the  orig inal  function  of the  passive  fi l ter,  especia l l y on  
frequencies  where  the  con trol  a lgori thm  i s  not acti ve.  

5.2.3.3  "Active  fi l ter 2"  connection  

The  “Active  fi l ter 2”  i n  F igure  6  i s  s im i lar to  the  shunt “Active  fi l ter 1 ”  solu tion .  The  power 
consumption  of the  tun ing  ci rcu i t  i n  the  passive  fi l ter wi l l  probably reduce  the  effi ciency to  
i n ject harmon ic cu rren ts  to  coun teract the  d isturbance  curren t and  thereby i ncrease  the  rating  
of the  converter.  There  may be  add i tional  i nductance  i nserted  i n  series  wi th  the  active  part.  

5.2.3.4  "Active  fi l ter 3"  connection  

The  “Active  fi l ter 3”  i n  F igure  6  i s  a  series  active  fi l ter described  i n  [1 1 ] ,  bu t there  i s  a  l ack of 
knowledge  of such  a  system.  The  active  fi l ter converter must be  connected  to  the  HVDC 
system  by a  coupling transformer Tc.  To prevent saturation of the coupling transformer Tc  by the 
d i rect  load current of the  HVDC converter Idconv ,  the  core  must have  an  a i r gap.  

I n  th is  way,  the  coupl i ng  transformer Tc  i s  a  d . c.  reactor wi th  a  ga lvan ic i nsu lated  auxi l i ary 
wind ing  to  connect the  active  fi l ter (converter).  To  ach ieve  no  ri pple  vol tage  at  the  poin t of 
connection  of the  passive  d . c.  fi l ter and  therefore  no  ri pple  cu rren t i n  the  d . c.  pole  l i ne,  the  
active  fi l ter must generate  across  the  main  wind ing  Tc  a  vol tage  wh ich  compensate  the  ri pple  
vol tage  Ur  of the  d . c.  s i de  of the  HVDC converter.  

The  a. c.  l oad  cu rren t Ir  of the  main  wind ing  of Tc  i s  determined  by Ur  and  i ts  i nductance  value  
Lr,  the  converter transformer i nductance  and  the  smooth ing  reactor i nductance.  The  rati ng  of 
Tc  i s  determined by (Idconv  +  Ir)

2 ×  
Lr.  The  rating  of the  active  fi l ter (converter)  i s  determined  by 

Udr
2 /Lr.  Hence  the  economical  optim isation  between  the  active  and  passive  part of the  active  
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fi l ter can  be  ad justed  by i ncreasing  Lr.  The  rati ng  of Tc  wi l l  be  i ncreased  and  the  rati ng  of the  
active  fi l ter part wi l l  be  decreased  or vi ce  versa.  

The  smooth ing  reactor (wh ich  i s  a l ready designed  for Udr)  i s  even tual ly an  a l ternative  for Tc,  
a l though  i s  must be  re located  to  the  neu tral  s i de  of the  HVDC converter valve  and  provided  
wi th  an  auxi l iary wind ing .  

The  advantages  of th i s  connection  are:  

•  There  are  no  harmon ics  i n  the  HVDC converter d i rect  cu rrent.  

•  The  con trol  a lgori thm  of a  series  fi l ter wi l l  probably be  s impl i fi ed  compared  to  the  shun t 
fi l ter con trol .  

The  d isadvantages  are:  

•  Even  by an  optimal  design ,  the  rati ng  of Tc  and  the  active  fi l ter part wi l l  be  considerable.  

•  The Tc  side of the HVDC converter has no earth  potential,  which should  be considered in  the 
design of the  HVDC converter and  the  transformer Tc.  

5.2.3.5  "Active  fi l ter 4"  connection  

The  “Active  fi l ter 4”  i n  F igure  6  i s  a  series  active  fi l ter fundamental l y wi th  the  same  
configuration  and  problems  as  the  “Active  fi l ter 3” .  The  fi l ter i s  connected  at  the  pole  bus  on  
the  l i ne  s ide  of the  d . c.  fi l ter capaci tor.  The  major advantage  of th i s  arrangement i s  that the  
active  fi l ter rating  (due  to  the  fact that the  HVDC converter ou tpu t ri pple  vol tage  i s  attenuated  
a l ready by the  passive  fi l ter)  wi l l  be  considerably l ess  than  the  “Active  fi l ter 3”  connection .  
The  d i sadvantage  of th i s  arrangement i s  that the  fi l ter i s  s i tuated  at l i ne  poten tia l  and  that the  
fi l ter must conduct the  whole  d i rect  cu rren t.  

5.2.3.6  "Active  fi l ter 5"  connection  

There  has  not been  any i n formation   describ ing  “Active  fi l ter 5a  and  5b”  i n  F igure  6 .  The  
appl i cation  of such  a  fi l ter i s  expected  to  be  l im i ted  to  e i ther h igher frequencies  or l ower 
frequencies  and  not the  whole  frequency range  as  the  “Active  fi l ter 1  and  2” .  

5.2.3.7  Conclusion  on  active  fi l ter connections  

The  advantages  and  d isadvantages  of the  most possib le  connections  of the  active  part of the  
d . c.  fi l ter have  been  described  above.  The  main  conclusion  i s  that series  connections  of 
active  fi l ters  on  the  d . c.  s ide  are  possible  bu t wi th  the  facts  avai lable  today not 
recommendable.  

The  i n jected  power for acti ve  fi l tering  can  be  reduced  by choosing  the  optimum  l i ne  i n jection  
poin t on  the  passive  ci rcu i t  or the  d . c.  l i ne.  Al l  active  d . c.  fi l ter appl ications  implemented  
today and  i n  the  near fu tu re  wi l l  u se  the  “Active  fi l ter 1 ”  solu tion  i n  F igure  6 .  The  remain ing  of 
th i s  paper therefore  d i scusses  the  “Active  fi l ter 1 ”  solu tion .  

5.2.4 Characteristics  of instal led  active  d .c.  fi l ters  

The  active  d . c.  fi l ters  (F igure  7)  are  connected  i n  feedback con trol  l oop.  The  l i ne  cu rren t i s  
measured  by a  cu rren t transducer.  The  curren t s ignal  i s  passed  th rough  a  l i gh t gu ide  i n to  a  
computer.  The  computer calcu lates  a  s i gnal  to  feed  a  VSC,  so  that the  cu rrent i n jected  at the  
pole  l i ne  i s  i n  opposi tion  to  the  measured  l i ne  cu rrent.  

Characteristics  of the  active  d . c.  fi l ters:  

•  frequency range  300  Hz to  3  000  Hz;  
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•  the  ach ieved  harmon ic cu rren t attenuation  i s  h igh ,  at  l east 1 0  times  attenuation  i n  
add i tion  to  ach ievements  wi th  the  passive  part a lone,  at  a l l  chosen  frequencies  i n  the  
whole  frequency range  (see  F igure  29) ;  

•  adaptable  to  variations  of network frequency;  

•  compensate  detun ing  effects  of the  passive  d . c.  fi l ter;  

•  comparatively smal l  s i ze.  The  active  part of the  active  d . c.  fi l ter can  be  fu l l y assembled  
and  tested  at the  factory and  then  transported  to  s i te;  

•  s i gn i fi cant changes  i n  characteristics  of the  active  d . c.  fi l ter can  be  ach ieved  any time  
after commission ing  wi th in  the  active  fi l ter rati ngs  by software  changes  wi thou t hardware  
mod i fi cation .  

5.3  Main  components  in  a  d .c.  active  fi l ter  

5.3. 1  General  

The  active  d . c.  fi l ter i s  a  hybrid  fi l ter consisti ng  of a  passive  and  an  active  part.  The  passive  
part can  usual l y be  defined  as  a  double  tuned  passive  fi l ter wh ich  connects  the  active  part 
wi th  the  d . c.  l i ne.  The  active  part i n  the  d . c.  acti ve  fi l ter i s  shown  i n  F igure  7 .  Al l  the  
components  i n  the  active  part shal l  ensure  proper function  of the  active  fi l ter i n  steady state  
cond i tions  and  du ring  fau l ts.  Testing  of acti ve  fi l ters  du ring  system  tests  for h igh -vol tage  
d i rect-curren t i nsta l lations  shou ld  be  carried  ou t i n  accordance  wi th  I EC  61 975.  

5.3.2  Passive  part  

The  main  function  of the  passive  part i s  to  connect the  active  part wi th  the  h igh  vol tage  d . c.  
l i ne.  The  reasons  for choosing  a  double  tuned  fi l ter are  both  an  optim isation  of the  VSC cost 
compared  wi th  the  double  tuned  ci rcu i t  and  to  ensure  a  reasonable  performance  i f the  active  
part i s  not i n  operation .  

The  choice  of the  characteri sti cs  for the  passive  part,  together wi th  the  s i ze  of the  smooth ing  
reactor,  wi l l  i n fl uence  the  rati ng  of the  active  part.  The  fol lowing  example  i l l ustrates  the  rati ng  
requ i rements  of the  active  part wi th  a  fi xed  s ize  smooth ing  reactor when  

•  on l y a  capaci tor i s  used ;  

•  a  s ing le  tuned  1 2 th  harmon ic fi l ter i s  used ;  

•  a  double  tuned  1 2/24 th   harmon ic fi l ter i s  used .  

Table  2  shows  a  scheme calcu lated  from  some  typical  measured  cu rren t values  from  a  
600  MW,  400  kV HVDC converter connected to a 400 kV,  50 Hz a.c.  grid.  The smoothing reactor has 
200 mH,  the main  capaci tor has  1  mF.  The  root sum  of squares  of a  typical  measured  cu rren t 
spectrum  th rough  the  smooth ing  reactor g i ves  1 5, 7  Arms .  The  cu rren t spectrum  i s  used  to  
calcu late  the  assumed  vol tage  wh ich  i s  requ i red  for the  active  part to  compensate  the  
harmon ics  for the  th ree  mentioned  fi l ter configurations  shown  i n  F igure  8 .  The  atten tion  
shou ld  be  paid   to  the  fact that the  calcu lated  case  i n  Table  2  i s  a  s impl i fi ed  case,  wi th  a  
short overhead  l i ne  connected  to  a  l ong  HVDC cable.  The  HVDC cable  m i ti gates  the  
i n fl uence  from  the  other HVDC converter.  The  calcu lated  example  wi l l  on ly i l l ustrate  the  
impact of rati ng  on  the  active  part wi th  selection  of d i fferent passive  parts.  I n  the  “real ”  rating  
of the  d . c.  fi l ter design ,  the  designer has  to  i nclude  various  other parameters.  

The  primary costs  i n  the  design  of a  conventional  d . c.  fi l ter are  the  smooth ing  reactor and  the  
main  d . c.  fi l ter capaci tor connected  to  the  d . c.  l i ne.  I f one  d i sregards  the  smooth ing  reactor,  
wh ich  costs  the  same or more  than  the  main  capaci tor,  the  cost of the  main  capaci tor i s  
approximately  90  %  of the  tota ls,  wh i le  the  reactors,  the  low vol tage  capaci tor and  resistors  
have  smal l  i n fl uence  on  the  tota l  cost.  
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Figure  7  – Fi l ter components  in  the  active  fi l ter 
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Figure  8  – Impedance characteristics  of d i fferent passive  fi l ters  

IEC   1 826/1 1  

IEC   1 827/1 1  

International  Electrotechnical  Commission

 



I EC  TR 62544:201 1 +AMD1 : 201 6  CSV – 1 9  – 
© I EC  201 6  

Table  2  – Vol tage  to  be  suppl ied  by the  active  part  
wi th  d i fferent selections  of passive  parts  

Assumed  frequency deviation  S ing le  capacitor S ing le  tuned filter Double  tuned filter 

0, 0  Hz  6 , 7  kV 4 , 4  kV 2 , 8  kV 

±  0 , 1  H z  6 , 7  kV 4 , 4  kV 2 , 8  kV 

±  1 , 0  H z  6 , 8  kV 4 , 6  kV 3 , 1  kV 

 

The  main  d i fference  between  a  conventional  passive  d . c.  fi l ter and  the  passive  part i n  the  
active  fi l ter i s  the  l ack of resisti ve  e lements  i n  the  fi l ter.  The  reason  i s  that the  con trol  
a lgori thm  and  VSC are  able  to  compensate  the  frequency deviation  on  the  a . c.  s ide  of the  
HVDC converter and  the  component deviation .  Hence  i t  i s  not necessary for the  fi l ter 
designer to  optim ise  the  fi l ter i n  that respect.  When  an  active  d . c.  fi l ter i s  used ,  the  frequency 
deviation  wi l l  change  from  a  performance  i ssue  to  a  rating  question  on  the  VSC.  I n  a  recent 
project wi th  l ong  HVDC l i nes,  resisti ve  e lements  i n  the  passive  part of the  d . c.  fi l ter have  
been  i nserted  to  reduce  the  resonance  i n  the  overal l  system.  

The  d . c.  capaci tor wi l l  a lways  be  a  part  of the  active  d . c.  fi l ter,  connecting  the  active  part wi th  
h i gh  vol tage  d . c.  l i ne.  I n  fu tu re  active  d . c.  fi l ters,  parts  of the  resonance  ci rcu i t  or the  
add i tional  components  i n  the  passive  fi l ter are  expected  to  be  replaced  by l arger power 
stages,  s i nce  the  price  of the  power stages  decrease  rapid ly.  

5.3.3  Current transducer 

The  function  of the  cu rren t transducer i s  to  measure  the  l i ne  cu rren t.  The  Rogowski  coi l  has  
been  chosen  as  the  cu rrent transducer i n  a l l  known  projects  [7 ] .  To  get a  correct function ing  
of the  active  d . c.  fi l ter,  i t  i s  requ i red  to  have  at l east one  curren t transducer at  each  pole  l i ne  
i n  the  station  where  the  active  d . c.  fi l ter(s)  i s/are  i nstal led .  The  curren t transducer may be  
connected  to  the  con trol  th rough  a  l i gh t gu ide  (F igure  7)  and  i s  fed  from  a  power supply 
wh ich  u ti l i se  the  harmon ic curren t fl owing  i n  the  fi l ter,  or by a  photocel l  array at the  sensor 
and  a  second  l i gh t gu ide  connected  to  the  control  equ ipment.  The  fol l owing  data  has  to  be  
taken  i n to  account when  design ing  the  transducer.  

•  A very h igh  d i rect cu rrent th rough  the  cu rren t transducer.  The  d i rect cu rren t makes  i t  
d i fficu l t  to  use  an  i ron  core  transformer.  

•  The second harmonic current can be of considerable size (more than 1 0 Arms),  where the harmonics 
at other frequencies  i s  i n  the  s ize  of 1 0  mA,  when  the  con trol  i s  acti ve.  

•  Some  curren t transducers  may need  a  power supply at the  h igh  vol tage  d . c.  transmission  
l evel .  The  curren t transducer can  be  equ ipped  wi th  an  e lectron ic un i t  to  commun icate  wi th  
g round  l evel  equ ipment.  

•  The  cu rren t measurement wi th  the  analog /d ig i ta l  conversion  must be  accurate  wi th in  a  
l arge  temperature  range  from  min imum  ambien t temperature  wi th  m in imum  l oad  i n  the  
win ter to  maximum  ambien t temperature  wi th  sun  and  a  maximum  load  i n  the  summer.  

•  The  cu rren t transducer shal l  be  able  to  measure  the  cu rrent wi th  su ffi cien t bandwid th  
( typical  1 , 5  to  2  times  the  selected  active  range  for the  con trol )  to  secure  a  wel l  
performing  con trol  i n  the  active  frequency range  (normal l y i n  the  range  300  Hz to  3  
000  Hz).  

5.3.4  Control  system  

An  analog /d ig i ta l  (A/D)  conversion  i s  necessary before  the  s i gnal  from  the  cu rren t transducer 
en ters  the  d ig i ta l  s i gnal  processors  (DSP)  and ,  i n  some i nstal lations,  a l so  a  d ig i ta l /analog  
(D/A)  conversion  before  the  calcu lated  s ignal  from  the  computer en ters  the  VSC.  The  
du ration  of the  con trol  process  from  measured  cu rren t on  l i ne  to  i n jected  curren t on  l i ne  adds  
a  delay wh ich  the  con trol  a lgori thm  shal l  be  able  to  hand le.  At h igh  frequencies  the  phase  
sh i ft  wi l l  be  considerable.  The  con trol  wi l l  be  fu rther described  i n  5 . 4 .  To  be  able  to  con trol  
the  VSC at frequencies  up  to  3  000  Hz,  the  computer or parts  of the  computer shal l  process  
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complex tasks  wi th  a  sample  rate  of at  l east 1 0  000  Hz.  The  con trol  sample  rate  can  be  l ess,  
i f the  demand  to  the  frequency range  to  control  i s  reduced .  

Al though  analog  con trol  ci rcu i ts  are  theoretical l y possib le,  preference  i s  g iven  to  d i g i ta l  
computer assisted  con trols.  The  main  reasons  to  choose  d ig i ta l  computers  are  that they can  
supply the  needed  fl exib i l i ty to  the  complexi ty of the  overal l  system  to  con trol  and  the  easy 
adaptabi l i ty to  new con trol  a lgori thms.  

5.3.5  Ampl i fier 

The  vol tage  sourced  converters  i n  the  fi rst i nsta l led  fi l ters  comprised  a  transformer and  
MOSFET PWM  ampl i fiers  wi th  a  swi tch ing  frequency at 66  kHz and  a  vol tage  of 330  V peak.  
They are  able  to  main tain  fu l l  power (3  dB  l im i t)  i n  the  frequency range  1 00  Hz up  to  3  
000  Hz.  New water cooled  IGBT PWM  ampl i fiers  wi th  swi tch ing  frequencies  considerably 
l ower than  the  MOSFET ampl i fiers  are  expected  to  be  used  i n  a l l  fu ture  projects.  The  IGBT 
PWM  ampl i fi ers  are  expected  to  have  su fficien t h i gh  swi tch ing  frequency (at l east 1 0  000  Hz),  
h i gher vol tage  and  better power hand l ing  wi th  l ower l osses.  

When  using  swi tch ing  devices,  harmon ic d i stortions  i n  the  PLC range  (30  kHz to  500  kHz)  
ou tside  the  active  con trol  range  may be  i n troduced .  Wi th  the  present active  d . c.  fi l ter design ,  
i nclud ing  a  transformer and  a  passive  fi l ter working  as  a  l ow-pass  fi l ter particu larly for 
frequencies  i n  the  PLC range,  th i s  d i stortion  i s  normal l y suppressed .  

5.3.6  Transformer 

The  transformer i s  used  because  the  existi ng  ampl i fiers,  provid ing  vol tages  i n  the  range  300  
V to  1  000  V,  are  not able  to  del iver the  necessary vol tage  above  3  kV.  Because  the  
transformer provides  not on ly the  necessary vol tage,  bu t a l so  the  galvan ic separation  
between  the  main  ci rcu i t  of the  HVDC plan t and  the  ampl i fi er,  i t  wi l l  be  sti l l  necessary i n  the  
fu tu re.  The  transformer i s  designed  to  produce  the  requ i red  vol tage  and  to  present a  l ow 
impedance,  making  a  m in imum  impact on  the  orig inal  passive  fi l ter characteri sti c.  

5.3.7  Protection  ci rcu i t  and  arrester 

The  protection  ci rcu i t  measures  the  cu rren ts  and  vol tages  and  hence  ensures  that the  
ampl i fier i s  not stressed .  The  protection  ci rcu i t  consists  of two  thyri stors  able  to  carry the  fu l l  
fau l t  cu rren t coming  from  the  main  ci rcu i t.  The  thyri stors  can  be  fi red  from  the  vol tage/curren t 
supervis ion  as  wel l  as  the  own  supervis ion  of the  ampl i fiers.  The  arrester l im i ts  the  vol tage  
across  the  transformer and  ampl i fi er.  The  i nsu lation  coord ination  shou ld  be  ensured  i n  
accordance  wi th  I EC  60071 -5.  

Adequate  protection  of the  ampl i fi er or power stage  i s  essen tia l  for active  d . c.  fi l ter schemes  
and  has  to  i nclude  a  protection  ci rcu i t  to  conduct the  fau l t  cu rren t past the  ampl i fier.  

5.3.8  Bypass  swi tch  and  d isconnectors  

The  bypass  swi tch  and  d isconnectors  are  i nstal l ed  i n  a l l  acti ve  d . c.  fi l ters  and  enable  the  
operation  of the  HVDC l i nk wi thout us ing  the  active  part.  Th is  featu re  makes  i t  possib le  to  
work on  the  active  part wi thou t taking  the  HVDC l i nk ou t of operation .  

5.4 Active  d .c.  fi l ter control   

5.4. 1  General  

The  a im  of an  active  d . c.  fi l ter con trol  i s  to  m i ti gate  the  harmon ic cu rren ts  on  the  pole  l i ne  
and /or the  e lectrode  l i ne  cu rren t wh ich  are  orig inated  at the  l ocal  HVDC converter station ,  so  
that the  i n terference  on  te lephone  l i nes,  ad jacent to  the  HVDC l i nes  may be  brought wi th in  
a l l owable  l im i ts.  The  active  d . c.  fi l ter creates  vi rtual l y a  l ow impedance  path  between  the  pole  
and  e lectrode  l i nes  (or g round ,  depend ing  on  the  configuration  of the  system)  at  the  chosen  
harmon ic frequencies.  I n  th is  way,  the  harmon ics  are  gu ided  th rough  the  d . c.  fi l ter and  
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thereby prevented  from  en tering  the  HVDC l i ne,  so  that the  d i stu rbance  on  the  l i ne  i s  
d im in ished .  

Below are  some  of the  i tems  that meet an  importan t part of the  design  speci fi cation  of the  
active  fi l ter con trol :  

•  The  requ i red  d i stortion  l evel  

•  The  modes  of operation  of the  HVDC transmission  

•  The  type  of HVDC transmission  

•  The  number of terminals  i n  the  HVDC system  

•  S i ng le  active  d . c.  fi l ter /  mu l ti p le  active  d . c.  fi l ters  

•  The  con trol  system  must be  able  to  recover from  abnormal  system  cond i tions.  

5.4.2  Active  d .c.  fi l ter control  methods  

5.4.2 . 1  Feedback control  

Feedback con trol  forms  the  core  of existi ng  active  d . c.  fi l ters  i n  HVDC appl ications  [8]  – such  
as  shown  i n  F igure  9 .  Th is  control ler i s  not on ly able  to  practical l y e l im inate  the  harmon ic 
cu rrents,  bu t i t  a l so  compensates  for i naccuracies  of both  the  cu rren t measuring  device  and  
the  control  parameters.  

The  basic feedback con trol  scheme  i s  i l l ustrated  as  a  b lock d iagram  i n  F igure  9.  The  
functional i ty of the  con trol  has  been  proven ,  bu t the  compromise  between  stabi l i ty and  
response  has  to  be  considered .  

The quantity il  is the measured harmonic current in  the transmission  l ine,  Iconv  is the disturbance 
current from  the  HVDC converter and  Ifi l t  i s  the  compensation  cu rrent from  the  active  d . c.  
fi l ter.  The  tota l  l i ne  current Il i ne  is the sum of Iconv  and Ifi l t.  The external  process is the transfer 
function between the output vol tage  from  the  active  d . c.  fi l ter con trol ,  ua ,  and  the  cu rren t Ifi l t.  

The  con trol ler of F igure  9  consists  of four b locks.  The  fi rst  b lock fi l ters  the  i npu t s ignal ,  to  
l im i t  i ts  frequency con ten ts  to  wi th in  the  operational  range  of the  active  fi l ter ( typical l y 300  Hz 
to  
3  000  Hz).  

The  second  b lock i den ti fi es  each  i nd ividual  harmon ic and  then  refer i t  to  a  set of two  
orthogonal  vectors  (cos n ×  ω  ×  t,  sin n ×  ω  ×  t - where the integer n  is harmonic order,  ω  = 2π  ×  f0  and 
f0  i s  the  fundamental  frequency).  The  b lock receives  a  synchron is ing  s i gnal  derived  from  the  
converter a . c.  vol tage  to  enable  the  con trol ler to  adapt to  changes  i n  the  network frequency.  
Notch  fi l ters,  usual ly connected  i n  paral l e l  [4 ] ,  may be  used  to  i solate  the  i nd ividual  
harmon ics.  

The  th i rd  b lock performs  the  function  of fi l ter and  PI  con trol l er.  The  b lock a l so  compensates  
the  external  process  at  the  harmon ic frequency n  ×  f0 .  An  example  of a  measured  transfer 
function  of the  external  process  i s  shown  i n  F igure  1 0 .  

The  fourth  b lock combines  the  ou tpu t of the  previous  b locks  i n to  a  s ignal  wi th  su i table  
ampl i tude,  phase  and  harmon ic con ten ts  to  form  the  compensating  s ignal .  
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Figure  9  – Basic  control  loop  of an  active  d .c.  fi l ter 

5.4.2 .2  Feedforward  control  

Active  fi l ters  are  designed  for the  normal  stable  harmon ic l oad  cu rren ts  and  vol tages  
generated  i n  the  HVDC power ci rcu i t.  I n  case  of d i stu rbance  (vol tage  breakdown ,  a . c.  fi l ter 
swi tch ing ,  transformer energ is ing ,  overload  cond i tions,  etc. )  i n  the  HVDC scheme,  the  load  
cond i tions  can  be  too  extreme  for the  active  fi l ter;  therefore  the  operation  of the  active  fi l ter 
has  to  be  adapted  or even  b locked  temporari l y.  Feedforward  i n formation  (for example,  the  
d . c.  ou tpu t vol tage  of the  HVDC converter)  to  correct the  active  fi l ter con trol  l oops  du ring  and  
after the  d i stu rbance,  i s  a  g reat help  to  ach ieve  optimal  acti ve  fi l ter operation  wi th  a  m in imum  
of delay.  

Contrari l y to  the  feedback con trol ,  the  feedforward  con trol  i s  an  open  l oop  control  system  and  
does  not requ i re  a  h i gh  gain  as  the  feedback control ler (F igure  1 1 ) .  Compared  to  feedback 
con trol ,  feedforward  con trol  resu l ts  i n  a  qu icker corrective  action  and  thus  reduces  the  
con trol l er’ s  response  time,  bu t the  use  of feedforward  a lone  i s  not su fficien t to  compensate  
the  d isturbances  to  requ i red  l evel .  The  feedforward  con trol  has  not been  used  i n  any HVDC 
systems.  

IEC   1 828/1 1  
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Figure  1 0  – Measured  transfer function  of  
external  system,  Bal tic  Cable  HVDC  l ink 
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Figure  1 1  – Feedforward  control  for the  active  d .c.  fi l ter 

5.4.2.3  Combined  control  system  using  feedforward  and  feedback control  

I n  the  combined  control  system,  the  major con trol  (feedforward  con trol )  m i tigates  the  
harmon ics.  The  feedback con trol l er then  p lays  a  supporting  role  by correcting  l oop  errors  that 
resu l t  from  measurements  and  chang ing  networks.  The  stabi l i ty of the  active  d . c.  fi l ter 
con trol ,  the  dynamic speci fi cations  of the  active  fi l ter and  the  cost and  avai l abi l i ty of h i gh  

IEC   1 829/1 1  
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bandwid th  vol tage  measurement equ ipment are  some of the  factors  that wi l l  determine  
whether the  combined  con trol l er wi l l  be  used .  I t  shou ld  be  mentioned  that the  combined  
feedback and  feedforward  con trol  system  wi l l  be  considerably more  complex than  the  
conventional  feedback con trol  system  and  has  not yet been  used  i n  any HVDC systems.  

5.4.2.4 Control  and  supervision  for the  active  d .c.  fi l ter 

The  active  fi l ter needs  d i fferen t con trol  and  supervis ion  l oops  to  ensure  i ts  proper function .  
The  fol lowing  poin ts  consider an  ou tl i ne  of a  possib le  control ler that consists  of two  
control /supervis ion  l oops.  

•  Primary control ler.  The  harmon ic con ten ts  of the  l i ne  cu rren t are  d im in ished  using  the  
i n jection  source.  In  a HVDC system that has the active d . c.  fi lters,  one control  algorithm for each 
pole in  each station  shou ld  be  su fficien t to  m i tigate  the  pole  l i ne  harmon ic cu rren ts.  

•  Harmonic supervision .  A re levant cri terion ,  for i nstance  the  severi ty of the  i n terference  
caused  by the  harmon ic,  i s  used  to  i denti fy the  most troublesome  harmon ics.  Th is  i s  done  
at an  i n terval  of approximately 1  m inu te.  The  harmon ic supervis ion  veri fy i f the  primary 
control  i s  working  sati sfactory.  

5.4.2.5  Measurement systems  

The  fol lowing  quan ti ti es  can  be  measured  for e i ther con trol  or supervis ing  functions:  

•  The  pole  l i ne  Il i ne  and /or the  e lectrode  curren t Ielec ,  u s ing  a  Rogowski  coi l  or a  d . c.  
cu rren t transformer 

•  The  fi l ter cu rrent (Ifi l t)  

•  The  HVDC converter cu rren t (Iconv)  

•  The  HVDC converter vol tage  (Uconv)  

•  The  active  d . c.  fi l ter ou tpu t vol tage  (Uacti ve)  

•  AC   s i de  frequencies.  

5.5  Example  – Performance of the  Skagerrak 3  HVDC In tertie  active  d .c.  fi l ter   

To i l l ustrate  the  performance  of the  active  d . c.  fi l ter,  a  pole  l i ne  cu rrent was  measured  i n  the  
Skagerrak 3  HVDC I n tertie .  Pole  3  was  operated  as  monopole  and  the  transmi tted  power 
l evel  was  240  MW.  The  pole  l i ne  cu rren t wi th  and  wi thou t the  active  part i s  shown  i n  F igure  
1 2 .  The  fi rst cu rren t spectrum  shows  the  l i ne  cu rren t wi th  the  active  part not i n  operation  and  
the  second  spectrum  shows  the  l i ne  curren t wi th  the  active  part i n  operation .  

As  i t  i s  shown  i n  5. 1  the  psophometric cu rren t can  be  calcu lated  using  the  fol lowing  formu la:  

 
60

116

1
( )pe n n n

n

I k p I
p =

= ⋅ ⋅∑   (3)  

The  psophometric cu rren t  of the  cu rrent spectra  shown  i n  F igure  1 2 ,  was  reduced  from  
4780  mA to  255  mA.  The  major harmon ic l i ne  cu rrents  are  shown  i n  Table  3 .  
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Figure  1 2  – Measured  l ine  current spectra,  pole  3  operated  as  monopole  

Table  3  – Major harmonic  l ine  currents,   
pole  3  operated  as  monopole  

Frequency Weight  factor 

Pn  ×  kn  

No active  fi l tering   Active  fi l tering  

[Hz]   Curren t  [Arms ]  Wei gh ted  cu rren t  
[Arms ]  

Cu rren t  [Arms ]  Weigh ted  cu rren t  
[Arms ]  

300  0 , 1 1 1  3 , 668  0 , 406  0 , 088  1  0 , 009  7  

600  0 , 595  0 , 844  0 , 503  0 , 01 8  0  0 , 01 0  7  

1  200  1 , 500  0 , 836  1 , 253  0 , 024  5  0 , 036  8  

1  800  1 , 71 0  2 , 21 6  3 , 788  0 , 043  6  0 , 074  6  

2  400  1 , 902  0 , 350  0 , 675  0 , 025  3  0 , 048  8  

2  700  1 , 957  0 , 338  0 , 662  0 , 021  7  0 , 042  4  

3  000  1 , 969  1 , 1 64  2 , 292  0 , 024  2  0 , 047  7  

 

5.6  Conclusions  on  active  d .c.  fi l ters   

•  The  need  for active  d . c.  fi l ters  i s  a  consequence  of stri ngen t demand  on  te lephone  
systems.  Further i n troduction  of d ig i ta l  and  optical  systems  can  reduce  these  
requ i rements.  

•  Series  connections  of active  fi l ters  i n  the  main  HVDC ci rcu i t  are  conceivable,  bu t some  
basic problems  have  to  be  solved  before  the  solu tion  becomes  recommendable.  

•  Al l  active  d . c.  fi l ters  implemented  today and  i n  the  near fu tu re  wi l l  be  connected  as  a  
hybrid  fi l ter,  where  the  passive  fi l ter i s  used  to  connect the  active  part wi th  the  h igh  
vol tage  d . c.  l i ne.  

IEC   1 831 /1 1  
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•  The  type  most su i ted  to  power stage  appl i cations,  parti cu larly h i gh  power,  i s  the  vol tage  
sourced  converter.  

•  The  re lative  h igh  frequencies  for acti ve  fi l tering  exclude  thyri stors  and  GTO.  
Consequently MOSFET and  IGBT are  used  i n  vol tage  sourced  converters.  

•  Al though  analog  con trol  ci rcu i t  i n  theory i s  possib le,  d ig i ta l  computer assisted  con trols  are  
preferred .   

•  Al l  con trol  systems  i n  existi ng  and  expected  systems  wi th  active  d . c.  fi l ters  use  feedback 
control ,  bu t feedforward  con trol  or a  combination  m igh t be  a  fu tu re  option .  

•  Adequate  protection  of the  vol tage  sourced  converter i s  essen tia l  for acti ve  d . c.  fi l ter 
schemes.  

6 Active  a.c.  fi l ters  in  HVDC appl ications   

6.1  General   

Non-l inear l oads  and  sources  cause  vol tage  d i stortion  of the  s i ne  wave  i n  e lectrical  
d i stribu tion  and  transmission  networks.  The  primary sources  of e lectrical  energy,  
synchronous  generators  or over-synchronous  runn ing  asynchronous  generators,  produce  
nearly und istorted  s i ne  waves.  

Classical  l oads  such  as  uncontrol l ed  motors,  heaters  and  i ncandescent l amps  connected  to  a  
s inusoidal  source  wi l l  take  nearly und istorted  cu rren ts.  Th is  i s  i n  con trast to  fl uorescent 
l amps,  con trol l ed  motor d rives,  computers  and  TV sets.  Most of the  d i stortion  i n  l ow-vol tage  
(LV)  and  med ium-vol tage  (MV)  d i stribu tion  networks  i s  caused  by such  l oads,  and  may even  
be  propagated  i n to  HV networks.  I n  parti cu lar the  5 th  harmon ic i s  of g reat concern  for the  
u ti l i ti es,  parti cu larl y du ring  the  even ing  hours.  The  i ncreasing  non-l i near l oads  over the  l ast 
ten  years  are  topic of many conferences  on  power qual i ty.  

For l arger l oads  such  as  traction  recti fiers,  1 2  pu lse  instead  of 6  pu lse  operation  sh i fts  the  
d i stortion  to  the 1 1 th  and  1 3th  harmonics.  Sometimes passive fi lters in  single or double tuned 
configurations are used.  These  fi l ters  are  l ess  effective  for d istribu ted  l oads  and  non-
characteri sti c harmon ics.  

HVDC converters  feed ing  i n to  an  existi ng  HVAC network are  a  source  of d i stortion  
themselves.  From  the  beg inn ing  of the  HVDC transmission ,  these  problems  have  been  
recogn ised  and  passive  fi l ters  for the  1 1 /1 3 th  and  23/25 th  harmon ics  are  appl ied  i n  a l l  existing  
schemes.  The  fi l ters  a l so  contribu te  to  the  compensation  of the  i nductive  character of the  
recti fi er and  i nverter.  

The  i n terest i n  acti ve  power fi l ters  has  g rown  over a  number of years  due  to  more  stri ngen t 
requ i rements  and  gu idel ines  p laced  on  customers  and  supply u ti l i ti es  such  as  the  I EEE  51 9  
or I EC  61 000  series.  These  place  maximum  l im i ts  on  various  cu rren t and  vol tage  harmon ics  
generated  and  d rawn  at  the  poin t of common  coupl ing  (PCC).  Requ i rements  to  develop  l ow-
cost and  robust active  fi l ters  wi th  mu l ti functional  control  capabi l i ti es,  such  as  sag  and  d ip  
compensation  has  emerged  from  i ndustry.  The  developments  i n  acti ve  fi l ters  have  a lso  
motivated  thei r appl i cation  for HVDC,  on  the  a . c. ,  d . c.  or both  s i des  of the  HVDC converter [9 ,  
1 0 ] .   

I n  contrast to  passive  fi l ters  designed  to  operate  at d i stinct frequencies,  active  fi l ters  can  
cover a  range  of frequencies,  i nclud ing  non-characteri sti c harmon ics.  Active  fi l ters  for the  d . c.  
s ide  of a  HVDC system  are  a l ready i n  operation .  The  power requ i rements  for HV a. c.  AC  s ide  
may can  be  considerably h igher than  for the  HV DC  s ide.   

6.2  Harmonic  d isturbances  on  the  a.c.  s ide  of a  HVDC system   

When  connecting  HVDC converter stations  or l arge  l oads  to  the  a. c.  system,  that generate  
harmon ics  l i ke  i ndustria l  recti fiers,  l arge  motor d ri ves  and  e lectrical  arc fu rnace  p lan ts,  a . c.  
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fi l ters  are  usual l y i nstal l ed  as  a  part of these  l oads  or HVDC system  in  order to  ensure  that 
the  i n jection  of harmon ics  i n to  the  a . c.  system  i s  l im i ted  to  acceptable  l evels.  

F i l tering  i s  requ i red  due  to  the  fol l owing  effects  of harmon ics:  

– Add i tional  stresses  

The  waveform  d i stortion  causes  l osses,  resu l ting  i n  add i tional  heating ,  and  stresses  i n  
both  customer's  and  u ti l i ty's  equ ipment.  

– Maloperation  of e lectron ic equ ipment 

Al so  the  harmon ics  may cause  maloperation  of e lectron ic equ ipment and  protective  
equ ipment,  e . g .  protection  re lays.  

– Telecommun ication  system  d i stu rbance  

I n  the  case  of overhead  l i nes  wi th  nearby te lecommun ication  l i nes,  the  harmon ics  may  
the  i nduced  vol tages  i n  te lecommun ication  and  other l ow vol tage  system  caused  by 
harmon ics  flowing  i n  the  a. c.  system  may resu l t  i n  vol tages  h igher than  the  regu lations  
wi th  respect to  human  safety.  

A d i scussion  on  the  permissib le  d istortion  l im i ts  i s  i ncluded  i n  I EC  62001 : 2009,  Clause  4 ,  and  
i n  [1 ] .  Some typical  va lues  are  considered  i n  5 . 1 of the  present report.  

6.3  Passive  fi l ters   

6 .3. 1  Conventional  passive  fi l ters  

Trad i tional l y,  the  fi l ters  i nsta l l ed  i n  l arge  harmon ic generating  l oads  have  been  of the  passive  
type,  usual l y designed  as  shunt e lements  creating  a  l ow impedance  path  for the  harmon ics  to  
be  fi l tered .  The  fi l ter i s  bu i l d  up  as  a  resonant ci rcu i t  consisti ng  of capaci tor(s)  and  
i nductor(s) ,  and  i n  most cases  a l so  resistor(s)  for g i ving  the  fi l ter a  more  'soft'  damped  
characteri stic.  

These  fi l ters  are  d iscussed  i n  detai l  i n  I EC  62001 : 2009,  Clauses  7  and   8 ,   and  i n  reference  
[1 ] .  

6.3.2  Continuously tuned  passive  fi l ters  

Figure  1 3  shows  a  con tinuously tuned  fi l ter.  A con tinuously tuned  a . c.  fi l ter i s  a lways  tuned  to  
the  harmon ic frequency (e. g .  1 1 th  or 1 3 th)  and  has  a  h igh  Q-factor thus  g iving  h igh  
performance  and  l ow losses.  I n  the  con tinuously tuned  fi l ter,  the  tun ing  frequency i s  
au tomatical l y ad justed  to  provide  perfect tun ing  i rrespective  of frequency excursions  and  
component variations.  The  fi l ters  therefore  need  no  add i tional  damping  resistor.  The  perfect 
tun ing  i s  ach ieved  by variations  of the  i nductance  of the  fi l ter reactor.  J ust one  con tinuously 
tuned  fi l ter i s  su ffi cien t to  provide  the  requ i red  fi l tering  for a  parti cu lar harmon ic.  

 

Figure  1 3  – Continuously tuned  fi l ter 
IEC   1 832/1 1  
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Con ti nuous l y tu ned  fi l ters  are  mai n l y u sed  i n  capaci tor commu tated  converter based  HVDC schemes,  as  wel l  as  i n  
con trol l ed  seri es  capaci tor converter based  HVDC schemes.  

6.4 Reasons  for using  active  fi l ters  in  HVDC systems   

Un l ike  passive  fi l ters,  where  the  harmon ic reduction  depends  on  the  combination  of fi l ter 
impedance  and  network impedance,  acti ve  fi l ters  use  power e lectron ics  to  produce  a  vol tage  
or a  cu rren t wi th  the  proper waveform  to  m i ti gate  selected  harmon ics  or harmon ics  i ns ide  a  
g iven  frequency range.  

The  active  fi l ter ou tpu t has  to  present a l l  se lected  harmon ics,  each  one  wi th  the  ampl i tude  
and  phase  that are  requ i red  to  counteract the  harmon ic sources.  To  get th is ,  vol tages  and /or 
cu rren ts  are  measured  i n  the  HVDC station  and  processed  by a  su i table  con trol  equ ipment 
us ing  s ignal  processing  techn iques.  An  IGBT converter (see  6 . 7 ,  "Converter configurations")  
produces  the  necessary vol tages  or cu rren ts  as  determined  by the  con trol  equ ipment.  For HV 
appl i cations,  l i ke  HVDC,  the  active  fi l ter wi l l  be  general l y connected  to  the  network th rough  a  
passive  fi l ter,  thus  bu i l d ing  a  hybrid  fi l ter scheme.  

Due  to  i ts  natu re,  acti ve  fi l ters  present the  fol lowing  characteri sti cs:  

•  H i gh  effectiveness.  The  harmon ics  can  be  m i tigated  effectively,  even  i f the  network 
impedance  i s  very l ow at the  harmon ic frequencies.  

•  One  active  fi l ter a lone  can  m i tigate  several  harmon ics  s imu l taneously.  Th is  resu l ts  i n  
smal ler space  requ i rements  and  s impler fi l ter arrangements  i n  comparison  to  passive  
fi l ter solu tions.  

•  I n  con trast to  passive  fi l ters,  acti ve  fi l ters  do  not i n troduce  any resonance  wi th  the  
network.  Th is  resu l ts  from  the  fact that acti ve  fi l ters  reduce  each  parti cu lar harmon ic j ust 
by i n jecting  a  con trol l ed  vol tage  or cu rren t wi th  the  frequency of that harmon ic.  

•  Acti ve  fi l ters  do  not add  reactive  power to  the  network,  by the  same reason  as  i n  the  l ast 
poin t.  

•  E l im ination  of existing  resonance  effects.  Th is  i s  ach ieved  th rough  the  cancel l ation  of the  
harmon ic vol tage  on  the  fi l ter busbar or harmon ic cu rren t i n  the  l i nes.  Other con trol  
method  was  presented  i n  [22] .  

•  F l exib i l i ty for chang ing  frequency characteri sti cs  wi th in  derated  capabi l i ty.  Changes,  l i ke  
for i nstance  selection  of harmon ics  to  be  fi l tered ,  can  be  made  j ust by setti ngs  i n  the  
software.  

•  Se l f-adaptation  to  changes  i n  the  network frequency.  

•  Se l f-adaptation  to  changes  i n  the  network harmon ic impedance.  Sel f-tun ing  con trol  
a l gori thms  can  extend  th i s  characteri sti c,  so  that the  necessary performance  i s  reached  
even  though  the  harmon ic impedance  of the  network varies  over a  wide  range.  

•  The  characteristic of the  same  active  fi l ter can  be  optim ised  for harmon ic vol tage  (e. g .  
tota l  harmon ic d istortion  THD,  Telephone  Harmon ic Form  Factor THFF,  te lephone  
i n terference  factor TIF)  or harmon ic cu rrent (e . g .  I T  product,  equ ivalent d i sturbing  
cu rren t) ,  depend ing  on  the  measured  magn i tudes  and  con trol  setti ngs.  

The  active  fi l ter may be  connected  to  the  network th rough  a  comparatively smal l  passive  
fi l ter,  wh ich  can  be  swi tched  on  before  starting  the  HVDC converter and  then  stay 
permanently i n  service.  Th is  combination  of active  and  passive  fi l ters  i s  ca l led  a  hybrid  fi l ter.  
The  add i tional  demand  on  reactive  power i s  then  covered  by capaci tor banks  and  where  
necessary a  smal l  number of passive  fi l ters.  

The  use  of hybrid  fi l ters  i n  HVDC schemes  cou ld  be  considered  due  to  the  above  l i sted  
reasons.  Some cases  where  these  fi l ters  shou ld  be  considered :  

•  Very smal l  harmon ic d i stortion  l evels  are  envisaged .  

•  The  reactive  power compensation  can  be  performed  wi th  l ess  fi l ters  than  the  amount of 
passive  fi l ters  requ i red  for harmon ic e l im ination .  
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•  A passive  fi l ter solu tion  gets  complex due  to  resonance  wi th  the  network 

•  Other harmon ic sources  i n  the  network have  to  be  regarded  and  a  cu rren t-optim ised  fi l ter 
solu tion  i s  preferred  (rather than  a  vol tage-optim ised  solu tion ).  

•  I n  the  series  compensated  HVDC schemes  (Capaci tor Commutated  Converter CCC,  
Control led  Series  Capaci tor Converter CSCC).  

•  When  an  existi ng  fi l ter i nsta l lation  cou ld  be  up-graded  by add ing  an  active  part (due  to  
more  harmon ics,  resonance  problems,  etc. )  

•  Importan t advantages  of us ing  such  hybrid  fi l ters  are:  

•  The performance is not reduced neither in  case of variation of network frequency nor in  case of 
variations  i n  the  associated  passive  fi l ter due  to  temperature  or fa i l u res  i n  capaci tor cel l s  
(wh ich  causes  detun ing  of the  passive  fi l ter) .  

•  Damping  resistors  can  be  avoided  at the  associated  passive  fi l ter,  as  the  active  fi l ter 
covers  the  whole  speci fied  frequency range  and  i s  not affected  by "detun ing" .  

•  Smal ler amount of fi l ters  i n  comparison  to  a  passive  fi l ter solu tion  by the  above  mentioned  
reason .  

6.5  Operation  principles  of active  fi l ters   

6 .5. 1  Shunt connected  active  fi l ter 

The  most common  configuration  i s  the  shun t connection ,  where  the  active  fi l ter i s  connected  
i n  paral l e l  wi th  the  a . c.  network and  provided  wi th  a  cu rren t control  (see  F igure  1 ) .  

The  active  fi l ter constan tl y i n jects  harmon ic cu rren ts  i n  opposi tion  to  the  harmon ic cu rren ts  
generated  by the  l oad .  These  harmon ic cu rren ts  are  compensating  each  other and  the  resu l t  
i s  that the  cu rren t suppl ied  by the  power source  remains  s i nusoidal  (see  F igure  1 4).  

The  active  fi l ter needs  to  be  s i zed  on ly for the  harmon ic cu rren ts,  generated  by the  non-l i near 
l oad  and  not for the  fu l l  l oad  cu rrent.  For h igher vol tages  than  the  vol tage  l evel  of the  active  
part,  a  coupl i ng  transformer wi l l  be  used .  
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Figure  1 4  – Example  of current waves  

6.5.2  Series  connected  active  fi l ter 

Th is  type  of fi l ter,  connected  i n  series  wi th  the  l i ne,  i s  main ly a imed  at  reducing  the  vol tage  
d istortion  a l ready present on  the  a. c.  system  and  appl ied  to  the  l oad  (see  F igure  2).  I t  acts  as  
a  "harmon ic i solator"  device.  Associated  wi th  a  passive  fi l ter,  i t  can  a lso  reduce  the  harmon ic 
cu rren ts  generated  by the  l oad  (see  hybrid  configurations).  

The  connection  of the  active  fi l ter to  the  supply i s  made  through  a  coupl ing  transformer,  
wh ich  must be  s i zed  for the  tota l  l oad  cu rren t rati ng  and  i n jected  series  vol tage  Uf.  The  
cu rren t th rough  the  active  fi l ter shou ld  be  designed  for the  transformed  l oad  curren t as  wel l .  

6.6  Paral lel  and  series  configuration   

6.6. 1  General  

I n  some  cases,  the  combined  featu res  of paral l e l  and  series  configurations  may be  needed  at 
one  l ocation  (see  F igure  1 5).  

A d . c.  l i nk between  the  two  active  fi l ters  may be  used  for transfer of acti ve  power between  the  
active  fi l ters.  

The  fol l owing  table  summarises  the  preferred  configurations  depend ing  on  the  orig in  of the  
harmon ic d i stortion  ( load  or source  s ide)  considering  common  LV and  MV appl i cations.  

6.6.2  Hybrid  fi l ter schemes  

Th is  solu tion ,  combin ing  an  active  fi l ter and  a  passive  fi l ter,  may be  e i ther of the  series  or 
paral l e l  type.  

An  example  of paral l e l  combination ,  wh ich  i s  feasible  for l ow and  med ium  vol tage  systems  i s  
presented  i n  F igure  1 6 .  For h i gh  vol tage  appl ications,  a  hybrid  fi l ter bu i l t  up  by the  
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combination  of a  passive  and  active  fi l ter i n  series  i s  requ i red .  Such  a  hybrid  configuration  i s  
fu rther d i scussed  i n  6 . 8 . 3 .  

Active
fi lter

Active
fi lter

DC l ink

Net 
source

Load

 

Figure  1 5  – Series  and  paral lel  connection  

Table  4  – Preferred  topolog ies  for common  LV and  MV appl ications  

Source  Load  

 

 

Non  d istorti ng  Di storting  

Non  d i storted  -  Shun t  

Distorted  Seri es  Shun t  

+  Seri es  

 

I n  the  example  of F igure  1 6 ,  the  passive  fi l ter may carry ou t basic fi l tering  of the  predominant 
harmon ic (general ly,  the  5 th  i n  l ow and  med ium  vol tage  systems),  wh i l e  the  active  fi l ter,  due  
to  i ts  l im i ted  rati ng ,  covers  the  other harmon ics.  

Th is  configuration  g ives  better performances  than  a  passive  fi l ter a lone,  at  a  l ower cost than  
wi th  a  pu rely active  fi l ter.  Th is  association  i s  a  techn ical  and  economical  compromise  solu tion  
when  h igh  performances  are  requ i red .  

Voltage
source

Harmonic
generator

Is Il

If

 

Figure  1 6  – Hybrid  configuration  

6.7  Converter configurations   

6.7. 1  Converters  

Basical l y,  two  types  of converters  can  be  used  i n  acti ve  a . c.  fi l ters,  the  vol tage-sourced  
converter and  the  cu rren t-source  converter.  I n  both  cases,  the  converter can  present a  th ree-
phase  (th ree  or four wi re  type)  or a  s i ng le-phase  structu re.  

IEC   1 834/1 1  

IEC   1 835/1 1  

International  Electrotechnical  Commission

 



 – 32  – I EC TR 62544:201 1 +AMD1 :201 6  CSV 
  © I EC 201 6  

6.7.1 . 1  Current-source converter 

This  kind  of converter has  an  i nductor as  the  energy storage  component (see  F igure  1 7).  The  
use  of th is  configuration  i s  l im i ted  due  to  the  coi l  and  add i tional  sem iconductor losses  (see  a lso  
5. 2. 2 . 2).  

1

 

 

 

Key 

1    AC gri d  

Figure 1 7  – Three phase current-source converter 

6.7.1 .2  Vol tage-sourced  converter 

This  i s  the  preferred  configuration  (see  F igure  1 8),  because  i t  i s  the  most cost-effective.  
Almost al l  active  fi l ters,  wh ich  have  been  put i n to  operation ,  have  adopted  the  vol tage-fed  
PWM  inverter structure  (see  also  5. 2. 2 .3).  

IEC  

1
I 

IEC   1 836/11  

International  Electrotechnical  Commission

 



I EC  TR 62544:201 1 +AMD1 : 201 6  CSV – 33  – 
© I EC  201 6  

1

2

C
V

+

–

 

Key 

1    AC  g ri d  

2    F i l ter 

Figure  1 8  – Three  phase  2  l evel  vol tage-sourced  converter (three-wire  type)  

The  neu tral l y clamped  3  l evel  converter (see  F igure  1 9)  i s  used  to  m in im ize  the  l osses  or to  
i ncrease  power hand l i ng  capabi l i ty.  Th is  topology can  a l so  compensate  unbalanced  curren ts.  
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Figure  1 9  – Three  phase  3  l evel  vol tage-sourced  converter (three-wire  type)  

6.7. 1 .3  Single-phase  vol tage-sourced  converter 

Sing le  phase  active  fi l ters  are  based  on  a  s i ng le  phase  vol tage  sourced  bridges  shown  below 
(see  F igure  20).  Al though  th ree-phase  converters  have  been  used  for most l ow and  med ium  
vol tage  appl i cations,  th ree  separate  s i ng le-phase  converters  can  be  used  i n  the  th ree  phase  
active  fi l ter appl i cations  a l so.  
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Figure  20  – Sing le-phase  vol tage  sourced  converter 

6.8  Active  a.c.  fi l ter configurations   

6.8. 1  Active  a.c.  fi l ters  for low vol tage  appl ication  

At the  present state  of the  art,  d i rect connection  of the  active  fi l ter converter to  the  a . c.  bus  i s  
on ly feasib le  for l ow vol tage  systems,  due  to  the  vol tage  capabi l i ty of the  semiconductor 
devices  used  i n  acti ve  fi l ters.  Moreover,  i f a  vol tage-sourced  IGBT converter i s  used  l i ke  i n  
a lmost a l l  case,  at l east an  i nductor has  to  be  i nstal led  between  the  converter and  the  
network bus.  I n  some examples,  transformers  have  been  used  for connecting  the  active  fi l ter 
to  the  network i n  order to  e l im inate  zero-sequence  components  of cu rrents.  

6.8.2  Active  a.c.  fi l ters  for medium  vol tage  appl ication  

More  practical  examples  are  avai lable  of acti ve  fi l ters  connected  d i rectly to  med ium  vol tage  
system  through ,  for i nstance,  a  ded icated  transformer.  I n  most of the  existi ng  examples  of 
med ium  vol tage  schemes,  the  active  fi l ter i s  connected  i n  paral l e l  wi th  the  l oad  at  the  l ow 
vol tage  s i de  of the  system.  

Recent developments  i n  power semiconductors  improve  the  manufacturing  of power 
e lectron ic converters  for h igher vol tages,  bu t these  are  rather su i ted  for advanced  forms  of 
reactive  power compensation  and  vol tage  regu lation .  The  implementation  of harmon ic 
e l im ination  featu res  wi th  these  i nstal lations  i s  conceivable,  at l east for l ow order harmon ics.  

6.8.3  Active  a.c.  fi l ters  for HVDC appl ications  

An  active  fi l ter may be  connected  to  the  h igh  vol tage  a . c.  bus  via  a  coupl i ng  capaci tor.  The  
s ize  of the  capaci tor wi l l  i n fl uence  the  capaci ty of the  active  fi l ter.  I f e l ements  are  added  to  
the  capaci tor to  perform  a  tuned  passive  fi l ter,  and  the  active  part i s  connected  via  th i s  fi l ter,  
a  l ow impedance  path  to  the  a . c.  bus  i s  obtained  at tuned  frequencies.  

The  techn ique  of hybrid  fi l ters,  where  an  active  fi l ter i s  combined  i n  series  wi th  a  passive  
one,  has  been  appl ied  at the  a. c.  s i de  and  at the  d . c.  s ides  of HVDC converter stations,  the  
l atter a l ready i n  several  projects.  

A possib le  hybrid  fi l ter scheme i s  i l l ustrated  i n  F igure  21 .  I n  th is  scheme,  the  hybrid  fi l ter 
comprises  an  active  fi l ter connected  i n  series  wi th  a  s i ng le  tuned  passive  fi l ter.  Th is  
arrangement i s  effi cien t to  m i ti gate  harmon ics  around  the  tuned  frequency of the  passive  
fi l ter.  
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Figure  21  – Active  fi l ter connected  to  the  HV system   
through  a  s ing le-tuned  passive  fi l ter 

A fi l ter wi th  the  components  shown  i n  F igure  23  wou ld  con tribu te  to  on ly 20  Mvar (three  
phase)  at a  400  kV,  50  Hz system.  The  fundamental  component of the  cu rrent i n  the  
converter shou ld  be  l im i ted  because  i t  wou ld  resu l t  i n to  l arger component rati ngs  and  
con tribu te  to  add i tional  l osses.  The  50  Hz cu rrent component i n  the  present example  i s  
around  30  A,  wh ich  i s  a  good  compromise.  

For frequencies  far from  the  tuned  frequency,  the  impedance  of the  passive  fi l ter i n  the  
example  of F igure  21  i ncreases  s ign i fi cantly,  so  that h igher active  fi l ter vol tages  wou ld  be  
requ i red .  The  effi ciency of the  scheme i s  thus  l ow for these  harmon ics.  A possib le  solu tion  to  
extend  the  appl i cation  of the  fi l ter i s  shown  i n  F igure  22 .  I n  th is  example,  the  passive  fi l ter i s  
a  double  tuned  fi l ter,  presenting  m in imum  impedance  at the  1 9 th  and  37 th  harmon ics.  I n  th i s  
case,  the  active  fi l ter can  m i ti gate  a  wide  range  of harmon ics.  The  reactive  power and  the  
fundamental  frequency curren t i n  the  fi l ter are  nearly the  same  as  i n  the  previous  case.  
Therefore,  th i s  scheme offers  a  better cost-benefi t  ratio  compared  to  the  previous  one.  
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Figure  22  – Active  fi l ter connected  to  the  HV system   
through  a  double-tuned  passive  fi l ter 

I n  some  HVDC appl ications,  l arger reactive  power may be  desi rable  at  the  active  fi l ter 
branch .  Or an  active  fi l ter may be  i nstal l ed  i n  series  wi th  an  existi ng  passive  fi l ter,  to  improve  
an  scheme al ready i n  operation .  I n  both  cases,  the  fundamental  cu rren t i n  the  fi l ter wi l l  be  
considerable,  wh ich  shou ld  be  d i sadvantageous  compared  wi th  the  previous  examples,  as  
the  fundamental  curren t fl ows  through  the  active  part of the  fi l ter as  wel l .  F i gure  23  shows  a  
solu tion  that can  be  used  i n  th i s  case  to  prevent the  fundamental  curren t from  flowing  i n  the  
active  fi l ter.  I n  th i s  fi gu re,  an  LC  ci rcu i t  tuned  at  the  fundamental  frequency was  i n troduced  i n  
paral l e l  wi th  the  active  part.  The  LC  path  takes  over the  fundamental  component of the  
cu rren t,  wh i l e  the  harmon ics  fl ow i n  the  active  part.   

During  network d i stu rbances  or fi l ter swi tch ing ,  h i gh  transien t cu rren ts  wi l l  fl ow i n  the  active  
fi l ter.  To  cope  wi th  th i s ,  the  active  fi l ter shou ld  be  equ ipped  wi th  a  fast by-passing  device,  l i ke  
a  thyri stor swi tch .  The  by-pass  shou ld  be  i n i ti ated  i f overcurren t i s  detected  and  be  removed  
after the  overcurrent has  d isappeared ,  wi th  a  delay of some  hundred  m i l l i seconds  to  match  
the  network typical  d i stu rbance  times  [47] .  
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Figure  23  – Using  an  LC  ci rcu i t  to  d ivert the   
fundamental  current component 

6.9  Series  connected  active  fi l ters   

Th is  solu tion  i s  feasib le  i f the  cu rren t i n  the  insertion  point is low.  However,  in  most cases,  at l east 
some  hundreds  of amperes  flow i n  the  l i ne,  wh ich  makes  th is  arrangement costl y wi th  respect 
to  i nsta l l ation  and  l osses.  I n  add i tion  the  equ ipment must be  l ocated  at l i ne  poten tia l ,  wh ich  
i ncrease  the  cost as  wel l .  Due  to  these  reasons,  th is  solu tion  i s  not recommended  for 
transmission  systems,  however i t  cou ld  be  feasib le  for appl ications  close  to  end -users  i n  the  
d i stribu tion  systems  to  improve  vol tage  qual i ty.  

6.1 0  Control  system   

6. 1 0.1  General   

Various  con trol  a l gori thms  exist that are  appl ied  to  acti ve  power fi l tering .  I t  i s  not the  a im  of 
th i s  report to  d iscuss  the  various  advantages  and  d isadvantages  of each  bu t rather to  provide  
a  hol i stic  i dea  of the  most wel l  known  techn iques.  Some  of these  a l gori thms  were  evaluated  
i n  reference  [1 1 ] .  

Some  of the  most common  a lgori thms  that can  be  used  are  described  below.  

6.1 0.2  Description  of a  generic  active  power fi l ter control ler 

A non-l i near l oad  generates  fundamental  frequency and  harmon ic cu rrents  i l ,  as  described  i n  
the  preced ing  paragraphs.  A per phase  representation  of an  active  power fi l ter i s  shown  i n  
F igure  24.  The  active  power fi l ter i n jects  a  fi l ter cu rren t if  a t  the  poin t of common  coupl i ng  to  
compensate  the  non-l i near l oad  curren t i l .  

The  con trol l er normal ly has  as  i npu t the  supply vol tage  us,  and  the  l i ne  cu rrent i l .  The  active  
fi l ter con trol l er consists  normal ly of a  d ig i ta l  ou ter- loop  and  analogue  or d i g i ta l  i nner l oop  
(PWM)  con trol l er,  imbedded  i n to  d ig i ta l  s i gnal  processors  and  gate  arrays.  The  i npu t to  the  
PWM  inner l oop  con trol l er i s  the  i n jected  cu rren t if  and  the  d . c.  l i nk vol tage  udc.  Based  on  the  
generated  reference  curren t iref,  the  converter generates  a  curren t.  Th is  curren t i s  fi l tered  
wi th  a  l ow-pass  fi l ter wi th  at l east 1  kHz to  2  kHz cu t-off frequency.  Normal ly a  step-up  
transformer i s  provided .  I n  order to  have  a  bandwid th  of for i nstance  1  kHz to  2  kHz,  the  
requ i red  swi tch ing  frequency of the  active  fi l ter shou ld  be  at  l east 3  kHz to  5  kHz.  

The  i n jected  cu rren t if,  of an  i deal i sed  active  fi l ter i s  such  that the  i nstantaneous  sum  of th i s  

i n jected  cu rrent and  the  d istorted  l oad  cu rrent i l  i s  equal  to  the  active  cu rren t ia .  I n  practice  
the  active  cu rren t i s  an  i deal  s i nusoid  wi th  the  ampl i tude  proportional  to  the  l oad  conductance  
G  a t  fundamental  frequency,  as  d iscussed  i n  the  fol l owing  equation  (assuming  us  as  the  
fundamental  frequency component of the  supply vol tage)  [1 2] :  

 ( ) ( ) ( ) ( ) ( )a sf l l
i t i t i t i t G u t= − = − ⋅   (4)  
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External  i npu ts  to  the  active  fi l ter control ler may a l so  be  i ncluded  to  i npu t the  set references  
for maximum  harmon ic l evels,  THD,  i nd ividual  harmon ic l im i ts,  reactive  power demands,  etc.  
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Figure  24 – Per-phase  schematic d iagram  of active  fi l ter and  control ler 

6. 1 0.3  Calcu lation  of reference  current 

As ind icated  i n  F igure  24,  the  reference  curren t iref  i s  an  i nstan taneous  curren t to  be  
generated  from  the  measured  supply vol tage  us(t) ,  the  l oad  curren t i l (t)  and  external  i npu ts.  
D i fferen t control  a l gori thms  may be used to generate this reference current iref.  These algorithms 
are generated  from time-domain and  frequency domain  approaches.   

To  calcu late  fi cti ti ous  power i n  the  time  domain  the  apparen t power was  sub-d ivided  i n to  two  
orthogonal  components  namely active  power and  fi cti ti ous  power.  Active  power i s  based  on  
the  rate  of energy transferred  per time  un i t  and  i s  on ly avai l able  after some  time.  Th is  means  
that i t  i s  not possib le  to  compensate  for fi cti ti ous  power components  i n  real -time.  Several  
time-domain  implementations  of acti ve  fi l ter control  have  been  used  i n  the  past [1 2 ] , [1 3]  to  
[1 7] .   
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Figure  25  – Block d iagram  of IRPT 

One  of the  most successfu l l y commercia l i sed  a l gori thms  for acti ve  fi l ter con trol lers  i s  based  
on  the  I nstantaneous  Reactive  Power Theory ( IRPT)  [1 4]  depicted  i n  F igure  25.  Th is  theory 
defines  a  new e lectrical  quan ti ty,  the  i nstan taneous  reactive  power (q)  as  a  un ique  value  
determined  by using  the  i nstantaneous  values  of the  th ree  phase  vol tages  and  l oad  cu rrents.  
The  related  equations  are  the  fol l owing :  
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 (8)  

The  measured  th ree  phase  vol tages  and  cu rren ts  are  converted  i n to  a-β  coord inates  using  (5)  
and  (6) .  The  i nstan taneous  power i s  defined  as  the  vector sum  of the  dot products  of the  a-β  
coord inates  and  reactive  power as  the  vector product of the  a-β  coord inates  as  shown  i n  (7).  
The  fundamental  of the  source  curren t i s  transformed  by these  calcu lations  to  d . c.  
components  of the  i nstantaneous  active  and  reactive  power and  harmon ic values.  A h igh -
pass  fi l ter and  the  conversion  back to  th ree  phases  wi th  (8)  can  extract the  harmon ic 
components.  The  theory i s  a l so  extended  to  i nclude  zero-phase  sequence  components  and  
i nstan taneous  active  power (p) .  I t  was  implemented  i n  various  th ree-phase  topolog ies  [1 3] ,  
[1 4 ] .  

6.1 0.4  Synchronous  reference frame (SRF)  

The  Synchronous  Reference  Frame  (SRF)  techn ique  [1 5]  to  be  used  as  a  con trol  a lgori thm  i n  
a  compensator as  shown  i n  F igure  26.  

The  correspond ing  equations  are:  
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  ( 1 1 )  

The  th ree  phase  curren ts  are  converted  i n to  the  two  phase  α-β  co-ord inates  i n  a  s im i lar way 
as  i n  Equation  (6) ,  exclud ing  the  zero-phase  sequence  components.  By using  (9),  these  two  
stationary reference  frame  quan ti ti es  (is)  are  then  converted  i n to  two  synchronous  rotating  

reference  frame  quan ti ti es  (i
e
) .  The  fundamental  frequency components  are  now transformed  

i n to  a  d . c.  quan ti ty and  the  harmon ics  to  a . c.  components  wh ich  are  separated  using  a  l ow 
pass  fi l ter.  A PI  con trol l er ensures  zero  steady state  control  error.  The  resu l ti ng  d . c.  
components  are  then  converted  back to  the  stationary reference  frame  wi th  (1 0).  The  th ree  
active  cu rren t components  of the  l oad  cu rrent are  calcu lated  by using  (1 1 ) .  

6.1 0.5  Other control  approaches  

There  i s  another method  [1 7]  to  con trol  an  active  fi l ter based  on  the  synchronous  reference  
frame  techn ique  [1 5]  extended  i n to  the  fl ux domain  by i n tegrating  the  vol tage.  Several  other 
approaches  are  developed  wh ich  d i ffers  somewhat form  these  orig inal  approaches.  Some  
implementations  estimators,  used  Neural  Networks  and  Kalman  fi l ters,  i n  e lectrical  networks  
wi th  h i gh ly dynamic characteristics,  wi th  varied  success.  I n  some  cases  the  harmon ic cu rren t 
reference  i s  provided  i n  an  open  l oop  or feed  forward  way and  i n jected  wi thou t any l i ne  
cu rren t feed -back.  
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Figure  26  – Block d iagram  of SRF  

6. 1 0.6  HVDC  a.c.  active  fi l ter control  approach  

An  example  of an  active  a . c.  fi l ter i n  the  HV a. c.  network i n  operation  at the  HVDC converter 
station  of Tje le  (Energ inet)  i n  Denmark.  i s  presented  i n   the  next subclause.  I n  th is  case  
selected  harmon ics  are  spl i t  i n to  d-q  components  s im i lar to  the  SRF.  There  i s  such  a  
control ler for each  selected  harmon ic and  these  operate  s imu l taneously.  

6.1 1  Existing  active  a.c.  fi l ter appl ications   

6. 1 1 . 1  Low and  medium  vol tage  

Several  l ow and  med ium  vol tage  active  power fi l ters  exist  i n  i ndustry [1 8] .  

6.1 1 .2  H igh  vol tage  appl ications  

6. 1 1 .2 . 1  General  

Active  fi l ters  for the  HVDC side  are  a l ready i n  operation  and  have  been  stud ied  [1 0] ,  [1 9] .  
The  power requ i rements  for HV a. c.  s i de  are  considerable  h igher.  Fu rthermore,  wh i l e  the  
configuration  of a  d . c.  s i de  connection  practical l y do  not change  during  operation ,  the  a . c.  
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network changes  frequently.  Th is  i s  the  case  when  l i nes  are  energ ised  or de-energ ised  or 
when  capaci tor banks  are  swi tched .  Due  to  these  facts,  add i tional  featu res,  l i ke  au tomatic 
adaptation  to  changes  i n  the  network impedance,  had  to  be  added  to  the  active  fi l ter 
technology.  

6.1 1 .2 .2  Performance of the  active  a.c.  fi l ter in  service   

The  g raph ics  i n  F igure  27  show the  resu l ts  of s i te  measurements  at the  HVDC substation  
Tje le  (Energ inet) ,  Denmark.  

The  fi gure  shows  p lots  from  a  measurements  of the  400  kV busbar vol tage  at Energ inet's  
Tje le  substation ,  Denmark wi thout ( top)  and  wi th  (bottom)  active  fi l ter con trol .  I t  can  be  seen  
that the  active  fi l ter causes  a  strong  reduction  of the  selected  harmon ics.  A reduction  of more  
than  30  dBV i s  shown  (Figure  27)  for the  23 rd  harmon ic i n  th i s  case.  

The  measurement was  performed  using  a  frequency analyser connected  to  the  i npu t of the  
active  fi l ter con trol  equ ipment th rough  D/A converter wi th  optical  i npu t.   

Measurements  were  a l so  performed  for the  curren ts  i n  the  paral l e l  fi l ters  of the  station .  These  
measurements  show that when  the  active  fi l ter i s  i n  operation ,  e l im inating  the  vol tage  on  the  
400  kV bus  for the  selected  harmon ics,  no  cu rren t of these  harmon ics  fl ow i n  the  paral l e l  
fi l ters.  Th is  resu l t  i s  i n teresting ,  because  i t  means  that no  other fi l ters  are  requ i red  at  the  
station  for the  harmon ics  control led  by the  active  fi l ter.  

6.1 2  Overview on  fi l ter solu tions  for HVDC systems   

6. 1 2 .1  Solution  wi th  conventional  passive fi l ters  

I n  I EC  62001 : 2009,  passive  a . c.  fi l ters  for HVDC systems  are  described  and  d i scussed  i n  
detai l .  For a  typical  HVDC converter station ,  a  reactive  power i nstal lation  of 50  %  to  60  %  of 
the  active  power rati ng  i s  requ i red  i n  order to  obtain  reactive  power balance  wi th  the  a . c.  
system.  The  reactive  power i nstal lation  wi l l  be  d i vided  i n to  shun t capaci tor banks,  and  a  part 
of these  banks  wi l l  be  designed  as  fi l ters.  I n  th i s  way the  demands  of fundamental  frequency 
reactive  power and  harmon ic d i stortion  wi l l  be  ach ieved .  The  a . c.  fi l ters,  i nclud ing  thei r 
swi tchyard  equ ipment can  occupy over hal f the  tota l  l and  requ i red  by a  typical  converter 
station .  Where  the  l and  i s  expensive,  th is  cou ld  l ead  to  a  considerable  cost.  The  cost for the  
fi l ter equ ipment i s  a  s ign i fican t part of the  total  station  cost,  i n  the  order of 1 0  %.  

Wi th  h igh  demand  to  fi l ter efficiency i t  may be  d i fficu l t  to  main tain  the  reactive  power balance  
wi th  the  a . c.  system  and  at  the  same  time  meet the  fi l tering  requ i rements,  requ i ring  more  
soph isticated  solu tions.  
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Bottom  fi gu re:  wi th  acti ve  fi l ter con trol  

Figure  27  – Plots  from  si te  measurements   

6 . 1 2 .2  Solution  wi th  continuously tuned  passive  fi l ters  

6. 1 2.2 . 1  Solution  for conventional  HVDC substations  

The  fi l ter solu tion  for conventional  HVDC converter substations  can  comprise  the  
con tinuously tuned  fi l ters  tuned  to  the  dominan t characteristic (1 1 th  and  1 3 th)  harmon ics  and  
conventional  h i gh  pass  fi l ters  (for example  HP24  and  HP36).  Such  a  solu tion  has  the  
fol lowing  main  advantages:  

•  De-couples  fi l tering  and  reactive  power requ i rement.  The  fi l ters  are  assigned  a  smal l  
portion  of the  total  reactive power requirement of the station  and the balance reactive power is 
provided  by simple shun t capaci tors.  Al l  the  fi l ters  are  swi tched  at the  converter de-block 
and  remain  connected  th roughou t the  l oad .  The  i n terven ing  swi tch ings  are  on ly that of the  
shun t capaci tors  so  as  to  fu l fi l  the  reactive  power exchange  requ i rement.  

•  G ives  h igh  performance  and  l ow l osses.  

•  Avoids  frequent swi tch ing  of fi l ters  thus  reducing  wear and  main tenance  requ i rement on  
the  swi tchgear.  
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6.1 2.2 .2  Solution  for series  compensated  HVDC substations  

For series  compensated  HVDC substations,  a  smal l  portion  of the  tota l  reactive  power 
compensation  can  be  assigned  to  the  fi l ters  that consist of con tinuously tuned  and  
conventional  h igh  pass  fi l ters.  The  balance  reactive  power compensation  i s  provided  by the  
series  capaci tors.  Th is  solu tion  has  the  fol l owing  main  advantages:  

•  Needs  smal l  s i ze  fi l ters  that faci l i tate  fu l fi lment of vol tage  change  on  swi tch ing  i n  a  weak 
a . c.  network.  

•  Avoids  the  use  of shun t reactors  at  m in imum  load ,  particu larl y i n  a  weak a . c.  network.  

•  G ives  h igh  performance  and  l ow l osses.  

•  Avoids  frequent swi tch ing  of fi l ters  thus  reducing  wear and  main tenance  requ i rement on  
the  swi tchgear.  

6.1 2.3  Solution  wi th  active  fi l ters  

6. 1 2.3. 1  Solution  for conventional  HVDC  substations  

The  fi l ter solu tion  for conventional  HVDC converter substations  may comprise  an  active  fi l ter 
for the  23 th  to  the  49 th  harmon ics  forming  a  hybrid  series  scheme wi th ,  for i nstance,  a  double-
tuned  DT1 2/24,  wh ich  wi l l  be  swi tched  at the  converter starting  and  remains  connected  
regard less  the  converter l oad ,  conventional  passive  fi l ters  for the  1 1 th  and  1 3 th  harmon ics  and  
capaci tor banks.  Such  a  solu tion  has  the  fol l owing  main  advantages:  

•  De-couples  fi l tering  and  reactive  power requ i rement,  as  the  fi l ters  are  assigned  j ust to  a  
portion  of the  tota l  reactive  power requ i rement.  

•  Presents  h igh  performance  and  l ow l osses  (see  5. 3) .  

•  Avoids  frequent swi tch ing  of fi l ters.  

•  Coverage  of non-characteri sti c harmon ics  wi thout add i tional  fi l ter hardware.  

6.1 2.3.2  Solution  for series  compensated  HVDC substations  

For series  compensated  HVDC substations,  a  smal l  portion  of the  tota l  reactive  power 
compensation  can  be  assigned  to  the  fi l ters  that consist  of acti ve  (hybrid )  fi l ters.  The  balance  
reactive  power compensation  i s  provided  by the  series  capaci tors.  Th is  solu tion  has  the  
fol lowing  main  advantages:  

•  Needs  smal l  s i ze  fi l ters  that faci l i tate  fu l fi lment of vol tage  change  on  swi tch ing  i n  a  weak 
a . c.  network.  

•  Avoids  the  use  of shun t reactors  or static Var compensators  (SVC)  at m in imum  l oad ,  
particu larly i n  a  weak a . c.  network.  

•  G ives  h igh  performance  (see  5. 3)  and  l ow losses.  

•  Avoids  frequent swi tch ing  of fi l ters  thus  reducing  wear and  main tenance  requ i rement on  
the  swi tchgear.  

6.1 2.4 Solution  wi th  continuously tuned  passive  fi l ters  and  active  fi l ters  

Th is  solu tion  may comprise  active  a . c.  fi l ters  wi th  moderate  ampl i fi er rating  and  con tinuously 
tuned  passive  fi l ters,  provid ing  h igh  efficiency wi th  both  series  compensated  and  
conventional  HVDC converter stations.  I n  th i s  solu tion  con tinuously tuned  1 1 th  and  1 3 th  fi l ters  
can  be  combined  wi th  an  active  fi l ter for h i gher harmon ics  (for example,  23 rd  to  49 th ) .  

6.1 2.5  Study cases  wi th  the  CIGRÉ HVDC  model  

Th is  subclause  presents  resu l ts  obtained  using  th ree  a . c.  fi l ter solu tions  for the  CIGRÉ  HVDC 
model .  The  model  i s  a  1  000  MW,  500  kV monopolar HVDC transmission  system  wi th  a  d . c.  
cable.  
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AC system  frequency range  of 50  ±  0,5  Hz was  considered .  

The  three  fi l ter configurations  that satisfy the  speci fied  performance  are:  

a)  Conventional  1 1 /1 3 th ,  24/36 th  and  h igh  pass  th i rd  harmon ic tuned  fi l ters  (HP3  fi l ters) .  

b)  Con tinuously tuned  1 1 th  and  1 3 th  fi l ters,  wi th  conventional  HP24,  HP36  and  HP3  passive  
fi l ters.  

c)  Continuously tuned  1 1 th  and  1 3 th  fi l ters,  a  conventional  HP3  passive  fi l ter for the  3 rd  
harmon ic and  an  active  (hybrid )  fi l ter for h i gher order harmon ics  supplying  75  Mvar 
reactive  power.  

The  performance  requ i rements  are  defined  i n  terms  of the  parameters  shown  i n  Table  5 .  The  
used  fi l ter configuration  and  system  impedance  data  are  presented  i n  F igure  28.  

Table  5  – Performance  Requirements  

Parameter Lim i t  

I nd i vi dua l  harmon i c  d i s torti on ,  Dn   1 , 0  %  for a l l  odd  harmon i cs  

0 , 5  %  for a l l  even  harmon i cs  

THD  1 , 5  %  

THFF  1 , 0  %  

C1

C2 C2L1 R1 L1 R1

L1

L2 R2 L2 R2

L1 R1

HP24,  HP36 HP3 1 1 /1 3th  24/36th

ConTune
1 1 th,  1 3th

Active (hybrid)
HP fi l ter

AC system
harmonic impedance

+80°

–80°

Rad = 2  000 Ω 

R

Rmin  =  4 Ω 

+jX

–jX

C1 C1

L1

L1

L2C2

Active
fi lter

C1 C1 C1

C2

 

Figure  28  – F i l ter configuration  and   
a.c.  system  harmonic  impedance  data  

Parameters  of fi l ters  i nstal l ed  at a . c.  substations  A (375  kV)  and  B  (230  kV)  are  shown  i n  
Tables  6  and  7 .  
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Table  6  – Parameters  of fi l ters  at  a.c.  substation  A (375  kV)   

Fi l ter Type  →  1 1 th  1 3th  HP3  HP36  1 1 /1 3th  

3-phase  reacti ve  power at  nom inal  a . c.  
vo l tage,  MVAr 

43 , 8  31 , 2  60  37 , 5  90  

C1 ,  mF  1 , 1 6  0 , 84  1 , 61  1 , 00  2 , 39  

L1 ,  mH  72 , 1 7  72 , 1 7  789, 31  7 , 80  29 , 65  

C2 ,  mF  -  -  1 2 , 84  -  85, 44  

L2 ,  mH  -  -  -  -  0 , 83  

R1 ,  Ω  -  -  1  800  350  -  

R2 ,  Ω  -  -  -  -  65  

 

Table  7  – Parameters  of fi l ters  at  a.c.  substation  B  (230  kV)   

Fi l ter Type  →  1 1 th  1 3th  HP3  HP36  1 1 /1 3th  

3-phase  reacti ve  power at  nom inal  a . c.  
vo l tage,  MVAr 

43 , 8  31 , 2  60  37 , 5  90  

C1 ,  mF  2 , 61  1 , 87  3 , 61  2 , 26  5 , 378  

L1 ,  mH  32 , 07  32 , 07  350 , 8  3 , 47  1 3 , 1 8  

C2 ,  mF  -  -  28 , 88  -  1 92 , 25  

L2 ,  mH  -  -  -  -  0 , 37  

R1 ,  Ω  -  -  850  1 70  -  

R2 ,  Ω  -  -  -  -  30  

 

The  h ighest values  of each  of the  performance  parameters  at  rated  (1  000  MW)  power are  
shown  i n  Table  8 .  

Table  8  – Performance  resu l ts  of fi l ters  

Fi l ter con fi gu rati on  Performance  parameter va l ue  

 Dn /n  (%)  THD  (%)  THFF  (%)  

1  0 , 90/5  1 , 41  0 , 97  

2  0 , 91 /5  1 , 34  0 , 83  

3  0 , 91 /5  1 , 28  0 , 64  

 

The  configurations  wi th  the  continuously tuned  fi l ter and  active  fi l ters  (configuration  3)  g i ve  
better performance  as  compared  to  that wi th  the  conventional  passive  fi l ters.  

These  resu l ts  cannot be  general i sed .  For d rawing  conclusions  for speci fic projects,  the  
calcu lations  need  to  consider real i sti c  i npu t data  regard ing  a . c.  system,  e . g .  harmon ic 
impedance  and  reactive  compensation  requ i rements.  Al so  fi l ter detun ing  ( importan t for 
passive  fi l ters)  has  to  be  considered .  

6.1 3  ACfi l ters  for HVDC  instal lations  using  VSC  

The  appl i cation  of vol tage  sourced  converters  (VSC)  for d . c.  i n terconnections  has  recently 
begun  and  wi l l  ri se  i n  the  fu tu re.  The  features  of HVDC systems  wi th  VSC are  described  i n  
I EC  62543.  By th i s  reason  l ess  requ i rements  for external  reactive  power demand  and  l ow 
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frequency harmon ic d istortion  compensation  wou ld  be  requ i red  i n  the  fu ture.  I n  such  a  case  
at l arge  power rati ngs,  passive  or smal l  active  fi l ters  may be  i ncluded  to  compensate  non-
characteri sti cs  harmon ics  at  h igher frequencies  than  the  PWM  swi tch ing  frequency of the  
main  VSC.  By th i s  method  of operation ,  the  VSC can  compensate  l ower order harmon ics  
i n ternal l y.   

6.1 4 Conclusions  on  active  a.c.  fi l ters   

•  For HVDC solu tions  a  hybrid  active  power fi l ter wou ld  be  requ i red  i n  order to  m in im ize  the  
power rati ng  of the  active  power fi l ter and  maxim ize  the  performance  of the  fu l l  fi l ter.  

•  For retrofi tti ng  existi ng  HVDC l i nks  wi th  i ncreased  power qual i ty problems  i n  networks,  i t  
i s  expected  that acti ve  fi l ter configurations  wi l l  be  added  to  existing  passive  fi l ter 
solu tions.  

•  For series  compensated  converter HVDC systems,  hybrid  active  power fi l ters  or tuneable  
passive  solu tions  may be  more  cost effective  than  a  pu re  passive  solu tion .  

•  Active  fi l ters  us ing  mu l ti - level  topolog ies  may be  connected  d i rectly to  the  MV and  LV 
networks  wi thou t the  use  of transformers.  

•  I t  may be  advantageous  to  connect acti ve  fi l ters  for HV networks  via  an  existing  or specia l  
coupl i ng  transformer.  I n  such  a  case  the  cu rrent regu lating  reactor may be  i ncluded  i n to  
the  design  of the  series  impedance  of the  transformer.  For protection  purposes  i t  i s  
un l i kely to  connect the  active  fi l ter on  HV networks  d i rectl y on to  the  supply vol tage.  

•  I n  the  fu tu re  vol tage  sourced  converter d . c.  l i nks  may combine  the  harmon ic fi l ter and  
reactive  power demand  i n to  a  s i ng le  power solu tion  for HV networks.  
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FOREWORD 

1 )  The  I n ternational  E lectrotechn ical  Commission  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  national  e l ectrotechn ical  comm i ttees  ( I EC National  Commi ttees).  The  object  of I EC i s  to  promote  
i n ternational  co-operation  on  a l l  questions  concern ing  standard ization  i n  the  e l ectri cal  and  e l ectron ic  fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC publ i shes  I n ternational  Standards,  Techn ical  Speci fi cations,  
Techn ical  Reports,  Publ icly Avai lable  Speci fi cations  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC 
Publ i cation (s)”) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC National  Commi ttee  i n terested  
i n  the  subject  deal t  wi th  may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osely 
wi th  the  I n ternational  Organ ization  for S tandard ization  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by 
agreement  between  the  two  organ izations.  

2)  The  formal  decis ions  or agreements  of I EC on  techn ical  matters  express,  as  nearl y as  possib le,  an  i n ternational  
consensus  of opin ion  on  the  re levant  subjects  s i nce  each  techn ical  commi ttee  has  representation  from  al l  
i n terested  I EC National  Commi ttees.   

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

4)  I n  order to  promote  i n ternational  un i form i ty,  I EC National  Comm i ttees  undertake  to  apply I EC Publ i cations  
transparen tl y to  the  maximum  extent  possible  i n  thei r national  and  reg ional  publ i cations.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond ing  national  or reg ional  publ i cation  shal l  be  cl earl y i nd icated  i n  
the  l atter.  

5)  I EC i tsel f does  not  provide  any attestation  of conform i ty.  I ndependent  certi fi cation  bod ies  provide  conform i ty 
assessment  services  and ,  i n  some areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsible  for any 
services  carried  ou t  by i ndependent  certi fi cation  bod ies.  

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

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

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

9)  Atten tion  i s  d rawn  to  the  possib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
patent  ri gh ts .  I EC shal l  not  be  hel d  respons ible  for i den ti fyi ng  any or a l l  such  patent  ri gh ts.  
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The  main  task of I EC  techn ical  commi ttees  i s  to  prepare  I n ternational  Standards.  However,  a  
techn ical  commi ttee  may propose  the  publ i cation  of a  techn ical  report when  i t  has  col lected  
data  of a  d i fferent kind  from  that wh ich  i s  normal ly publ i shed  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC/TR 62544,  wh ich  i s  a  techn ical  report,  has  been  prepared  by subcommi ttee  22F:  Power 
e lectron ics  for e lectrical  transmission  and  d i stribu tion  systems,  of I EC  techn ical  commi ttee  
22 :  Power e lectron ics.  

Th is  publ ication  has  been  d rafted  i n  accordance  wi th  the  I SO/IEC D i rectives,  Part 2 .  

The  commi ttee  has  decided  that the  contents  of the  base  publ i cation  and  i ts  amendment wi l l  
remain  unchanged  un ti l  the  stabi l i ty date  i nd icated  on  the  I EC  web  s i te  under 
"h ttp: //webstore. iec. ch"  i n  the  data  re lated  to  the  speci fi c publ ication .  At th is  date,  the  
publ i cation  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

 

A b i l i ngual  version  of th is  publ i cation  may be  i ssued  at a  l ater date.  
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HIGH-VOLTAGE DIRECT CURRENT (HVDC)  SYSTEMS –  
APPLICATION  OF  ACTIVE FILTERS  

 
 
 

1  Scope 

Th is  techn ical  report g ives  general  gu idance  on  the  subject of acti ve  fi l ters  for use  i n  h i gh -
vol tage  d i rect cu rren t (HVDC)  power transmission .  I t  describes  systems  where  active  devices  
are  used  primari l y to  ach ieve  a  reduction  i n  harmon ics  i n  the   d . c.  or  a . c.  systems.  Th is  
excludes  the  use  of au tomatical l y retuned  components.  

The  various  types  of ci rcu i t  that can  be  used  for acti ve  fi l ters  are  described  i n  the  report,  
a long  wi th  thei r pri ncipal  operational  characteristics  and  typical  appl i cations.  The  overal l  a im  
i s  to  provide  gu idance  for pu rchasers  to  assist wi th  the  task of speci fying  active  fi l ters  as  part 
of HVDC converters.  

Passive  fi l ters  are  speci fi cal l y excluded  from  th is  report.  

2  Normative  references  

The  fol l owing  referenced  documents  are  i nd ispensable  for the  appl ication  of th i s  document.  
For dated  references,  on ly the  ed i tion  ci ted  appl ies.  For undated  references,  the  l atest ed i ti on  
of the  referenced  document ( i nclud ing  any amendments)  appl ies.  

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

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

I EC  61 000  (  a l l  parts) ,  Electromagnetic compatibility (EMC)   

I EC  61 975,  High-voltage direct current (HVDC)  installations – System tests 

I EC/TR 62001 : 2009,  High-voltage direct current (HVDC)  systems  –  Guidebook  to  the 
specification and design evaluation of A .C.  filters  

I EC/TR 62543,  High-voltage direct current (HVDC)  power transmission using voltage sourced 
converters (VSC)  

I EEE  51 9,  IEEE Recommended Practices and Requirements for Harmonic Control in  
Electrical Power Systems  

3  Terms  and  defin i tions  

For the  purposes  of th i s  techn ical  report,  the  terms  and  defin i ti ons  g iven  i n  I EC  60633  and  
I EC  62001 : 2009  for passive  a. c.  fi l ters,  as  wel l  as  the  fol l owing  apply.   

NOTE  On l y terms  wh ich  are  speci fi c  to  acti ve  fi l ters  for HVDC are  defi ned  i n  th i s  cl ause.  Those  terms  that  are  
e i ther i den ti ca l  to  or obvi ous  extens i ons  of I EC  60633,  I EC  62001  and  62747  term ino logy have  not  been  defi ned .  
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Figure  1  – Shunt connection  
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Figure  2  – Series  connection  

3. 1  Active  and  passive  fi l ters  

3. 1 . 1  
active  fi l ter 
a  fi l ter whose  response  to  harmon ics  i s  e i ther whol l y or partia l l y governed  by a  control led  
converter 

3.1 .2  
passive  fi l ter 
a  fi l ter whose  response  to  harmon ics  i s  governed  by the  impedance  of i ts  components  

3.2  Active  fi l ter topolog ies   

3 .2 . 1  
shunt active  fi l ter 
an  active  fi l ter connected  h igh-vol tage  (HV)  to  l ow-vol tage  (LV)  or HV to  g round  such  that i t  
experiences  the  fu l l  a . c.  or d . c.  vol tage  of the  HVDC system  or i ts  a . c.  connection  (see  
F igure  1 )  

3.2.2  
series  active  fi l ter 
an  active  fi l ter connected  between  the  HVDC converter and  the  a . c.  or d . c.  suppl ies  such  that 
i t  must wi thstand  the  fu l l  HVDC system  curren t,  e i ther a. c.  or d . c.  (see  F igure  2)  

3 .2 .3  
shunt and  series  active  fi l ter 
an  active  fi l ter con tain ing  both  series  and  shun t e lements  as  defined  above  

IEC   1 820/1 1  
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International  Electrotechnical  Commission

 



I EC  TR 62544:201 1 +AMD1 : 201 6  CSV – 9  – 
© I EC  201 6  

3.3  Power semiconductor terms  

3.3. 1  
insu lated  gate  bipolar transistor 
IGBT 
tu rn-off semiconductor device  wi th  a  gate  terminal  (G)  and  two  l oad  terminals  emi tter (E)  and  
col l ector (C)   

NOTE  1  An  I GBT has  th ree  term ina l s :  a  gate  term ina l  (G)  and  two  l oad  term ina l s  -  em i tter (E)  and  col l ector (C) .   

NOTE  2  By app l yi ng  appropri a te  gate  to  em i tter vo l tages,  cu rren t  i n  one  d i recti on  can  be  con trol l ed ,  i . e .  tu rned  
on  and  tu rned  off.  

3.3.2  
free-wheel ing  d iode  
FWD 
power semiconductor device  wi th  d iode  characteri sti c.  

NOTE  1  A FWD  has  two  term ina l s :  an  anode  (A)  and  a  cathode  (K).  The  cu rren t  th rough  the  FWDs  i s  i n  oppos i te  
d i recti on  to  the  I GBT cu rren t.  

NOTE  2  FWDs  are  characteri zed  by the  capabi l i ty to  cope  wi th  h i gh  rates  of decrease  of cu rren t  caused  by the  
swi tch i ng  behaviou r of the  I GBT.  

3.3.3  
IGBT-diode  pair 
arrangement of IGBT and  FWD  connected  i n  i nverse  paral l e l  

3.3.4  
turn-off semiconductor device  
control lable  semiconductor device  wh ich  may be  tu rned  on  and  off by a  con trol  s ignal  

EXAMPLE  I nsu l ated  gate  b i pol ar trans i stor ( I GBT).  

NOTE  There  are  severa l  types  of tu rn -off sem iconductor d evi ces  wh i ch  can  be  u sed  i n  acti ve  fi l ters  for HVDC.  
Cu rren tl y,  the  I GBT i s  the  major d evi ce  u sed  i n  such  converters .  The  term  IGBT i s  u sed  th roughou t  th i s  Techn i ca l  
Report  to  refer to  the  tu rn -off sem iconductor devi ce .  However,  th i s  Techn i ca l  Report  i s  equal l y appl i cabl e  to  other 
types  of devi ces  wi th  tu rn -off capabi l i ty i n  most  of the  parts .  

3.4 Converter topologies   

3 .4. 1  
pu lse  width  modulation  
PWM  
a  converter operation  techn ique  using  h igh  frequency swi tch ing  wi th  modu lation  to  produce  a  
parti cu lar waveform  when  smoothed  

3.4.2  
two-level  converter 
converter i n  wh ich  the  vol tage  between  the  a . c.  terminals  of the  vol tage  sourced  converter 
(VSC)  un i t  and  the  VSC un i t  m idpoin t i s  swi tched  between  two  d i screte  d . c.  l evels  

3.4.3  
three-level  converter 
converter i n  wh ich  the  vol tage  between  the  a . c.  terminals  of the  vol tage  sourced  converter 
(VSC)  un i t  and  the  VSC un i t  m idpoin t i s  swi tched  between  th ree  d iscrete  d . c.  l evels  

3.4.4  
mu l ti -level  converter 
a  converter i n  wh ich  the  vol tage  at the  a . c.  terminals  of the  VSC un i t  i s  swi tched  between  
more  than  th ree  d iscrete  d . c.  vol tage  l evel .  
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4 Active  fi l ters  in  HVDC appl ications  

4.1  General  

The  conversion  process  i n  an  HVDC transmission  system  i n troduces  harmon ic curren ts  i n to  
the  d . c.  transmission  l i nes  and  the  a . c.  g rid  connected  to  the  HVDC converters.  These  
harmon ic cu rren ts  may cause  i n terference  i n  the  ad jacent systems,  l i ke  te lecommun ication  
equ ipment.  The  conventional  solu tion  to  reduce  the  harmon ics  has  been  to  i nsta l l  passive  
fi l ters  i n  HVDC converter stations  [1 ] 1 .  When  the  power l i ne  consists  of cables,  th i s  fi l tering  i s  
normal l y not necessary.  The  development of power e lectron ics  devices  and  d ig i ta l  computers  
has  made  i t  possib le  to  ach ieve  a  new powerfu l  way for a  fu rther reduction  of harmon ic 
l evels,  namely,  acti ve  fi l ters.  

The  active  fi l ters  can  be  d ivided  i n to  two  g roups,  acti ve  a . c.  and  d . c.  fi l ters.  Active  d . c.  fi l ter 
i nstal l ations  are  i n  operation  i n  several  HVDC l i nks  and  have  been  economical l y competi ti ve  
due  to  more  onerous  requ i rements  for te lephone  i n terference  l evels  on  the  d . c.  overhead  
l i nes  (F igure  3) .  An  active  a. c.  fi l ter i s  a l ready i n  operation  as  wel l .  I n  add i tion  to  the  active  
d . c.  fi l ter function  of m i ti gating  the  harmon ic curren ts  on  the  d . c.  overhead  l i nes,  the  active  
a. c.  fi l ters  may be  part of several  solu tions  i n  the  HVDC scheme to  improve  reactive  power 
exchange  wi th  the  a . c.  g ri d  and  to  improve  dynamic stabi l i ty.  

Filter 
cost

Passive d.c.  fi l ter

Active d.c.  fi l ter

Allowable interference level
 

Figure  3  – Conceptual  d iagram  of al lowable  in terference  level  and  d .c.  fi l ter cost 

The  featu res  of active  fi l ters  are  the  fol l owing :  

•  Active a. c.  and d . c.  fi lters consist of two parts,  a passive part and a corresponding active part 
which are  l oaded  wi th  the  same  curren ts.  Due  to  the  fact that the  passive  a . c.  fi l ter i s  used  
to  supply the  HVDC converter demand  of reactive  power and  thereby l oaded  wi th  the  
fundamental  cu rrent,  the  requ i red  rati ng  of the  d . c.  fi l ter acti ve  part i s  l ower than  the  one  
of the  a . c.  fi l ter active  part.  

•  The  con trol  ph i losophy for the  active  d . c.  fi l ter i s  l ess  complex than  for the  a . c.  one.  

•  The  present HVDC appl ications  where  active  a . c.  fi l ters  are  feasible  wi l l  be  l im i ted ,  due  to  
the  fact that a . c.  fi l ters  are  a l so  requ i red  to  supply the  HVDC converter demand  of 
reactive  power.  The  fi l ter s i ze  i s  therefore  often  wel l  above  the  fi l tering  demand .  

Many recent and  fu tu re  HVDC projects  use  new converter technolog ies  wh ich  a l low the  
reactive  compensation  to  be  separated  from  the  a . c.  fi l ters  and  thereby make  the  active  a . c.  
fi l ter more  feasib le.  For l i ne-commutated  converters,  capaci tor commutated  converters  (CCC)  
and  the  control led  series  capaci tor converter (CSCC)  a l low reduced  reactive  power 

___________ 

1   F i gu res  i n  square  brackets  refer to  the  B i b l i og raphy.  
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absorption .  Moreover,  sel f-commutated  converters  (wh ich  i nclude  most vol tage  sourced  
converters)  are  able  to  con trol  active  and  reactive  power i ndependently,  avoid ing  the  need  for 
separate  reactive  power compensation  a l together.  

4.2  Semiconductor devices  avai lable  for active  fi l ters   

Three  types  of power semiconductor devices,  su i table  for use  i n  an  active  fi l ter,  are  avai lable  
at present:  

•  metal -oxide-semiconductor fi e l d -effect transistor (MOSFET);  

•  i nsu lated  gate  b ipolar transistor ( IGBT);  

•  gate  tu rn -off thyristor (GTO)  and  other thyristor-derived  devices  such  as  the  gate  
commutated  thyristor (GCT)  and  i n tegrated  gate  commutated  thyri stor ( IGCT).  

The  MOSFET i s  an  excel l en t swi tch ing  device  capable  of swi tch ing  at  very h igh  frequencies  
wi th  re latively l ow l osses,  bu t wi th  l im i ted  power hand l i ng  capabi l i ty.  

The  IGBT has  a  swi tch ing  frequency capabi l i ty wh ich ,  a l though  very good  and  su fficien t to  
hand le  the  frequencies  wi th in  the  active  d . c.  fi l ter range,  i s  i n ferior to  the  MOSFET.  However 
the  IGBT power hand l ing  i s  s i gn i fican tl y h igher than  the  MOSFET.  

The  GTO-type  devices  has  the  h ighest power hand l i ng  capaci ty,  bu t wi th  a  re latively l im i ted  
swi tch ing  speed  far below the  requ i red  frequency range  for acti ve  d . c.  fi l ter.  The  use  of GTO-
type  devices  wi l l  probably be  l im i ted  to  hand le  frequencies  below a  few hundred  of hertz.  

The  re lati vely h igh  frequency band  for active  d . c.  fi l tering  excludes  the  use  of thyri stors  and  
GTO.  Even  though  the  MOSFET and  IGBT are  su i ted  as  swi tch ing  e lements  i n  a  power stage,  
the  l im i ted  power hand l i ng  capaci ty on  MOSFET and  the  i nstal l ed  cost evaluations  tend  to  
poin t on  the  use  of IGBT i n  fu tu re  power stages.  

5 Active  d .c.  fi l ters  

5.1  Harmonic  d isturbances  on  the  d .c.  s ide  

The  main  reason  for speci fying  demands  on  the  d . c.  ci rcu i t  i s  to  keep  d istu rbances  i n  nearby 
te lephone  l i nes  wi th in  an  acceptable  l im i t,  wh ich  wi l l  vary depend ing  on  whether the  
te lephone  system  consists  of overhead  l i nes  or underground  cables  wh ich  are  general l y 
sh ie lded  and  therefore  have  a  better immun i ty [2 ] .  A summary i s  g iven  below to  i l l ustrate  the  
demands  wh ich  made  i t  feasib le  to  i nsta l l  the  active  fi l ters.  As  described ,  the  demand  on  
d isturbances  can  appear as  an  harmon ic cu rren t on  the  d . c.  l i ne  or as  an  i nduced  vol tage  
Ui n d  i n  a  fi cti ve  te lephone  l i ne.  I t  shou ld  be  kept i n  m ind  that the  harmon ic demand ,  the  
speci fi c HVDC system  and  surround ings  (earth  resisti vi ty,  te lephone  system,  etc. )  a l l  together 
define  the  d . c.  fi l ter solu tion .  

The  speci fied  requ i rements:  

•  The  i nduced  vol tage  Ui nd  i n  a  theoretical l y 1  km  te lephone  l i ne  s i tuated  1  km  from  the  d . c.  
overhead  l i ne  shal l  be  below 1 0  mV for monopolar operation .  

•  A one minute mean value of the equivalent psophometric current Ipe  fed  into the d . c.  pole overhead 
l i ne  shal l  be  below 400  mA.  

The  mentioned  i nduced  vol tage  and  the  equ ivalen t psophometric curren t are  defined  as:  
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where  

fn   i s  the  frequency of the  n th  harmon ic,   

M   i s  the  mu tual  i nductance  between  the  te lephone  l i ne  and  the  power l i ne,   

kn   =  f1  ×  n /800,   

In   i s  the  vectoria l  sum  of the  n th  harmon ic cu rren t fl owing  i n  the  l i ne  conductors  (common  
mode/earth  mode  curren t) ,   

pn   i s  the  n th  psophometric weigh ting  factor defined  by CCITT D i rectives  1 963  [3 ]  (see  a l so  
Table  1 ) ,   

p1 6   i s  the  1 6 th  psophometric weigh ting  factor.   

The  characteristic harmon ics  n  =  1 2 ,  24 ,  36,  48  as  wel l  as  the  non-characteristic harmon ics  
up  to  n  =  50  shal l  be  considered .  

Table  1  – The  psophometric  weighting  factor at  selected  frequencies  

Frequency,  H
z  

50  1 00  300  600  800  1  000  1  200  1  800  2  400  3  000  

n  1  2  6  1 2  1 6  20  24  36  48  60  

pn  factor 0,0007 0 , 009  0 , 295  0 , 794  1 , 0  1 , 1 22  1 , 0  0 , 76  0 , 634  0 , 525  

Pn  ×  kn  0, 00004  0,001  0 , 1 1 1  0 , 595  1 , 0  1 , 403  1 , 5  1 , 71  1 , 902  1 , 969  

 

5.2  Description  of active  d .c.  fi l ters   

5.2 . 1  General  

Active  d . c.  fi l ters  use  a  con trol l able  converter to  i n troduce  curren ts  i n  the  network,  presenting  
a  waveform  wh ich  coun teracts  the  harmon ics.  Th is  subclause  describes  types  of power 
stages,  converters  to  be  used in  active fi l ters and the possible connections in  HVDC schemes.  

5.2.2  Types  of converters  avai lable  

5.2.2 . 1  General  

Two basic types  of swi tch ing  converters  are  possible  i n  an  active  d . c.  fi l ter;  the  cu rrent-
source  converter us ing  i nductive  energy storage  and  the  vol tage-sourced  converter (VSC)  
using  capaci ti ve  energy storage.  

5.2.2 .2  Current source  converters   

I n  a  cu rren t-source  converter,  the  d . c.  e lement i s  a  curren t source,  wh ich  normal ly consists  of 
a  d . c.  vol tage  source  power supply i n  series  wi th  an  i nductor.  For correct operation ,  the  
cu rren t shou ld  fl ow continuously i n  the  i nductor.  Hence  i f a . c.  curren t i s  not requ i red  curren t 
must be  by-passed  wi th in  the  converter.  Th is  fact restricts  the  swi tch ing  actions.  A s imple  
curren t-source  converter i s  shown  i n  F igure  4 .  

5.2.2 .3  Vol tage  sourced  converters  (VSC)  

I n  the  VSC,  the  d . c.  e lement i s  a  vol tage  source.  Th is  may be  a  d . c.  power supply or,  i n  the  
case  of an  active  d . c.  fi l ter appl i cation ,  an  energy storage  un i t.  I n  practice,  the  vol tage  source  
for an  active  d . c.  fi l ter power stage  i s  usual l y a  capaci tor wi th  a  smal l  power supply to  offset 
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power stage  losses.  A VSC also  has  the  property that i ts  a. c.  ou tput appears  as  a  vol tage  
source.  

A ci rcu i t  of s imple  VSC is  shown  in  F igure  5.  

 
Key 

1   AC  curren t 

Figure  4 – Simple  current source converter 

 

Key 

1   AC  vol tage  

Figure  5  – Simple  vol tage sourced  converter 

5.2.2.4 Comparison  between  current and  vol tage sourced  converters  

The current-source  converter has  a  h igh  i n ternal  impedance  for currents  through  the  converter,  
wh i le  the  VSC has  a  l ow impedance.  The  VSC has  no  constrain ts  on  the  swi tch ing  pattern  
wh ich  can  be  employed,  wh i le  the  current-source  converter i s  restricted  as  described  above.  
The  necessi ty for continuous  current i n  the  current-source  converter,  combined  wi th  the  fact 
that (neg lecting  superconductivi ty)  an  i nductor has  h igher losses  than  a  capaci tor,  ensures  that 
the  losses  in  the  current-source  converter are  h igher than  in  the  VSC.  Another parameter 
i n fluencing  losses  i s  that a  current-source  converter needs  swi tch ing  devices  wh ich  can  block 
reverse  vol tage.  Most of the  avai l able  sem iconductors  do  not fu l fi l  th is  requ i rement.  I n  th is  case  
an  extra  d iode  in  series  wi th  each  device  i s  necessary and  th is  again  i ncreases  the  losses.  
Some GTOs are  able  to  support reverse  vol tage,  bu t these  are  less  common  than  the  GTOs 
wh ich  do  not support reverse  vol tage.  The  former have  h igher losses  than  the  more  common  
devices.  
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Conclusion :  Considering  the  above  properties  of cu rren t-source  converter and  VSC,  the  type  
most su i ted  for power stage  appl i cations,  parti cu larly h i gh  power,  i s  the  VSC.  The  VSC has  
been  preferred  i n  a l l  HVDC projects  appl icable  today.  

5.2.3  Connections  of the  active  d .c.  fi l ter 

5.2 .3. 1  General  

Advantages  and  d i sadvantage  of connecting  the  active  fi l ters  at  l ocations  shown  i n  F igure  6  
have  been  d i scussed  i n  several  papers  [4 ] ,  [5] ,  [6 ] .  The  active  fi l ters  can  e i ther be  connected  
as  shun t acti ve  fi l ters  or as  series  active  fi l ters.  

HVDC
converter

Active
fi lter 3

Active
fi lter 4

Active
fi lter 5a

Active
fi lter 5b

Active
fi lter 2

Active
fi lter 1

Passive 
d.c.  fi l ter

Smoothing
reactor

Electrode

Pole

 

Figure  6  – Possible  connections  of active  d .c.  fi l ters  

5.2.3.2  "Active  fi l ter 1 "  connection  

The  active  d . c.  fi l ter real i sed  i n  HVDC schemes  today i s  connected  as  the  shun t “Active  fi l ter 
1 ”  i n  F igure  6 .  By connecting  the  active  fi l ter i n  series  wi th  the  passive  d . c.  fi l ter,  usual ly a  
1 2/24th  double  tuned  fi l ter,  the  active  fi l ter rating  can  be  reduced .  A VSC i s  chosen  i n  order 
to  make  the  smal lest i n fl uence  on  the  orig inal  function  of the  passive  fi l ter,  especia l l y on  
frequencies  where  the  con trol  a lgori thm  i s  not acti ve.  

5.2.3.3  "Active  fi l ter 2"  connection  

The  “Active  fi l ter 2”  i n  F igure  6  i s  s im i lar to  the  shun t “Active  fi l ter 1 ”  solu tion .  The  power 
consumption  of the  tun ing  ci rcu i t  i n  the  passive  fi l ter wi l l  probably reduce  the  efficiency to  
i n ject harmon ic curren ts  to  coun teract the  d i stu rbance  curren t and  thereby i ncrease  the  rati ng  
of the  converter.  There  may be  add i tional  i nductance  i nserted  i n  series  wi th  the  active  part.  

5.2.3.4  "Active  fi l ter 3"  connection  

The  “Active  fi l ter 3”  i n  F igure  6  i s  a  series  active  fi l ter described  i n  [1 1 ] ,  bu t there  i s  a  l ack of 
knowledge  of such  a  system.  The  active  fi l ter converter must be  connected  to  the  HVDC 
system  by a  coupling transformer Tc.  To prevent saturation of the coupling transformer Tc  by the 
d i rect  load current of the  HVDC converter Idconv ,  the  core  must have  an  a i r gap.  
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I n  th is  way,  the  coupl i ng  transformer Tc  i s  a  d . c.  reactor wi th  a  ga lvan ic i nsu lated  auxi l i ary 
wind ing  to  connect the  active  fi l ter (converter).  To  ach ieve  no  ri pple  vol tage  at the  poin t of 
connection  of the  passive  d . c.  fi l ter and  therefore  no  ri pple  cu rren t i n  the  d . c.  pole  l i ne,  the  
active  fi l ter must generate  across  the  main  wind ing  Tc  a  vol tage  wh ich  compensate  the  ri pple  
vol tage  Ur  of the  d . c.  s i de  of the  HVDC converter.  

The  a . c.  l oad  cu rren t Ir  of the  main  wind ing  of Tc  i s  determined  by Ur  and  i ts  i nductance  value  
Lr,  the  converter transformer i nductance  and  the  smooth ing  reactor i nductance.  The  rati ng  of 
Tc  i s  determined by (Idconv  +  Ir)

2 ×  
Lr.  The  rating  of the  active  fi l ter (converter)  i s  determined  by 

Udr
2 /Lr.  Hence  the  economical  optim isation  between  the  active  and  passive  part of the  active  

fi l ter can  be  ad justed  by i ncreasing  Lr.  The  rati ng  of Tc  wi l l  be  i ncreased  and  the  rati ng  of the  
active  fi l ter part wi l l  be  decreased  or vice  versa.  

The  smooth ing  reactor (wh ich  i s  a l ready designed  for Udr)  i s  even tual ly an  a l ternative  for Tc,  
a l though  i s  must be  re located  to  the  neu tral  s i de  of the  HVDC converter valve  and  provided  
wi th  an  auxi l iary wind ing .  

The  advantages  of th i s  connection  are:  

•  There  are  no  harmon ics  i n  the  HVDC converter d i rect  cu rrent.  

•  The  con trol  a lgori thm  of a  series  fi l ter wi l l  probably be  s impl i fi ed  compared  to  the  shun t 
fi l ter con trol .  

The  d isadvantages  are:  

•  Even  by an  optimal  design ,  the  rati ng  of Tc  and  the  active  fi l ter part wi l l  be  considerable.  

•  The Tc  side of the HVDC converter has no earth  potential,  which should  be considered in  the 
design of the  HVDC converter and  the  transformer Tc.  

5.2.3.5  "Active  fi l ter 4"  connection  

The  “Active  fi l ter 4”  i n  F igure  6  i s  a  series  active  fi l ter fundamental l y wi th  the  same 
configuration  and  problems  as  the  “Active  fi l ter 3” .  The  fi l ter i s  connected  at  the  pole  bus  on  
the  l i ne  s ide  of the  d . c.  fi l ter capaci tor.  The  major advantage  of th i s  arrangement i s  that the  
active  fi l ter rating  (due  to  the  fact that the  HVDC converter ou tpu t ripple  vol tage  i s  attenuated  
a l ready by the  passive  fi l ter)  wi l l  be  considerably l ess  than  the  “Active  fi l ter 3”  connection .  
The  d i sadvantage  of th i s  arrangement i s  that the  fi l ter i s  s i tuated  at l i ne  poten tia l  and  that the  
fi l ter must conduct the  whole  d i rect  cu rrent.  

5.2.3.6  "Active  fi l ter 5"  connection  

There  has  not been  any i n formation   describ ing  “Active  fi l ter 5a  and  5b”  i n  F igure  6 .  The  
appl ication  of such  a  fi l ter i s  expected  to  be  l im i ted  to  e i ther h i gher frequencies  or l ower 
frequencies  and  not the  whole  frequency range  as  the  “Active  fi l ter 1  and  2” .  

5.2.3.7  Conclusion  on  active  fi l ter connections  

The  advantages  and  d i sadvantages  of the  most possible  connections  of the  active  part of the  
d . c.  fi l ter have  been  described  above.  The  main  conclusion  i s  that series  connections  of 
active  fi l ters  on  the  d . c.  s ide  are  possib le  bu t wi th  the  facts  avai lable  today not 
recommendable.  

The  i n jected  power for acti ve  fi l tering  can  be  reduced  by choosing  the  optimum  l i ne  i n jection  
poin t on  the  passive  ci rcu i t  or the  d . c.  l i ne.  Al l  acti ve  d . c.  fi l ter appl i cations  implemented  
today and  i n  the  near fu tu re  wi l l  u se  the  “Active  fi l ter 1 ”  solu tion  i n  F igure  6 .  The  remain ing  of 
th is  paper therefore  d iscusses  the  “Active  fi l ter 1 ”  solu tion .  
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5.2.4 Characteristics  of instal led  active  d .c.  fi l ters  

The  active  d . c.  fi l ters  (F igure  7)  are  connected  i n  feedback con trol  l oop.  The  l i ne  curren t i s  
measured  by a  cu rren t transducer.  The  curren t s ignal  i s  passed  th rough  a  l i gh t gu ide  i n to  a  
computer.  The  computer calcu lates  a  s i gnal  to  feed  a  VSC,  so  that the  cu rren t i n jected  at the  
pole  l i ne  i s  i n  opposi tion  to  the  measured  l i ne  cu rrent.  

Characteristics  of the  active  d . c.  fi l ters:  

•  frequency range  300  Hz to  3  000  Hz;  

•  the  ach ieved  harmon ic cu rren t attenuation  i s  h i gh ,  at l east 1 0  times  attenuation  i n  
add i tion  to  ach ievements  wi th  the  passive  part a lone,  at  a l l  chosen  frequencies  i n  the  
whole  frequency range  (see  F igure  29) ;  

•  adaptable  to  variations  of network frequency;  

•  compensate  detun ing  effects  of the  passive  d . c.  fi l ter;  

•  comparatively smal l  s i ze.  The  active  part of the  active  d . c.  fi l ter can  be  fu l l y assembled  
and  tested  at the  factory and  then  transported  to  s i te;  

•  s i gn i fi can t changes  i n  characteri sti cs  of the  active  d . c.  fi l ter can  be  ach ieved  any time  
after commission ing  wi th in  the  active  fi l ter rati ngs  by software  changes  wi thou t hardware  
mod i fi cation .  

5.3  Main  components  in  a  d .c.  active  fi l ter  

5.3. 1  General  

The  active  d . c.  fi l ter i s  a  hybrid  fi l ter consisting  of a  passive  and  an  active  part.  The  passive  
part can  usual ly be  defined  as  a  double  tuned  passive  fi l ter wh ich  connects  the  active  part 
wi th  the  d . c.  l i ne.  The  active  part i n  the  d . c.  acti ve  fi l ter i s  shown  i n  F igure  7 .  Al l  the  
components  i n  the  active  part shal l  ensure  proper function  of the  active  fi l ter i n  steady state  
cond i tions  and  during  fau l ts.  Testing  of acti ve  fi l ters  du ring  system  tests  for h i gh -vol tage  
d i rect-current i nsta l l ations  shou ld  be  carried  ou t i n  accordance  wi th  I EC  61 975.  

5.3.2  Passive  part 

The  main  function  of the  passive  part i s  to  connect the  active  part wi th  the  h igh  vol tage  d . c.  
l i ne.  The  reasons  for choosing  a  double  tuned  fi l ter are  both  an  optim isation  of the  VSC cost 
compared  wi th  the  double  tuned  ci rcu i t  and  to  ensure  a  reasonable  performance  i f the  active  
part i s  not i n  operation .  

The  choice  of the  characteristics  for the  passive  part,  together wi th  the  s i ze  of the  smooth ing  
reactor,  wi l l  i n fl uence  the  rating  of the  active  part.  The  fol l owing  example  i l l ustrates  the  rating  
requ i rements  of the  active  part wi th  a  fi xed  s i ze  smooth ing  reactor when  

•  on ly a  capaci tor i s  used ;  

•  a  s ing le  tuned  1 2 th  harmon ic fi l ter i s  used ;  

•  a  double  tuned  1 2/24 th   harmon ic fi l ter i s  used .  

Table  2  shows  a  scheme calcu lated  from  some  typical  measured  cu rren t values  from  a  
600  MW,  400  kV HVDC converter connected to a 400 kV,  50 Hz a.c.  grid.  The smoothing reactor has 
200 mH,  the main  capaci tor has  1  mF.  The  root sum  of squares  of a  typical  measured  cu rren t 
spectrum  th rough  the  smooth ing  reactor g i ves  1 5, 7  Arms .  The  cu rren t spectrum  i s  used  to  
calcu late  the  assumed  vol tage  wh ich  i s  requ i red  for the  active  part to  compensate  the  
harmon ics  for the  th ree  mentioned  fi l ter configurations  shown  i n  F igure  8 .  The  atten tion  
shou ld  be  paid   to  the  fact that the  calcu lated  case  i n  Table  2  i s  a  s impl i fi ed  case,  wi th  a  
short overhead  l i ne  connected  to  a  l ong  HVDC cable.  The  HVDC cable  m i tigates  the  
i n fl uence  from  the  other HVDC converter.  The  calcu lated  example  wi l l  on ly i l l ustrate  the  
impact of rati ng  on  the  active  part wi th  selection  of d i fferent passive  parts.  I n  the  “real ”  rating  
of the  d . c.  fi l ter design ,  the  designer has  to  i nclude  various  other parameters.  
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The  primary costs  i n  the  design  of a  conventional  d . c.  fi l ter are  the  smooth ing  reactor and  the  
main  d . c.  fi l ter capaci tor connected  to  the  d . c.  l i ne.  I f one  d i sregards  the  smooth ing  reactor,  
wh ich  costs  the  same  or more  than  the  main  capaci tor,  the  cost of the  main  capaci tor i s  
approximately  90  %  of the  total s,  wh i l e  the  reactors,  the  l ow vol tage  capaci tor and  resistors  
have  smal l  i n fl uence  on  the  total  cost.  

HVDC
converter

Control  
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Power
supply

Protection  circuit

Arrester
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disconnector

Power
supply

DC fi l ter – passive part DC fi l ter – active part

Current 
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Figure  7  – Fi l ter components  in  the  active  fi l ter 

IEC   1 826/1 1  

International  Electrotechnical  Commission

 



 –  1 8  – I EC  TR 62544:201 1 +AMD1 : 201 6  CSV 
  © I EC  201 6  

Frequency   (Hz)

0 500 1  000 1  500 2 000 2 500 3 000
1 0

0

1 0
1

1 0
2

1 0
3

1 0
4

Im
pe

d
a
n
ce

   
(Ω

) 
 

Single capacitor

Double tuned  fi l ter

Single tuned  fi l ter

 

Figure  8  – Impedance characteristics  of d i fferent passive  fi l ters  

Table  2  – Vol tage  to  be  suppl ied  by the  active  part  
wi th  d i fferent selections  of passive  parts  

Assumed  frequency deviation  S ing le  capacitor S ing le  tuned filter Double  tuned filter 

0, 0  Hz  6 , 7  kV 4 , 4  kV 2 , 8  kV 

±  0 , 1  H z  6 , 7  kV 4 , 4  kV 2 , 8  kV 

±  1 , 0  H z  6 , 8  kV 4 , 6  kV 3 , 1  kV 

 

The  main  d i fference  between  a  conventional  passive  d . c.  fi l ter and  the  passive  part i n  the  
active  fi l ter i s  the  l ack of resisti ve  e lements  i n  the  fi l ter.  The  reason  i s  that the  con trol  
a lgori thm  and  VSC are  able  to  compensate  the  frequency deviation  on  the  a . c.  s ide  of the  
HVDC converter and  the  component deviation .  Hence  i t  i s  not necessary for the  fi l ter 
designer to  optim ise  the  fi l ter i n  that respect.  When  an  active  d . c.  fi l ter i s  used ,  the  frequency 
deviation  wi l l  change  from  a  performance  i ssue  to  a  rating  question  on  the  VSC.  I n  a  recent 
project wi th  l ong  HVDC l i nes,  resistive  e lements  i n  the  passive  part of the  d . c.  fi l ter have  
been  i nserted  to  reduce  the  resonance  i n  the  overal l  system.  

The  d . c.  capaci tor wi l l  a lways  be  a  part of the  active  d . c.  fi l ter,  connecting  the  active  part wi th  
h i gh  vol tage  d . c.  l i ne.  I n  fu tu re  active  d . c.  fi l ters,  parts  of the  resonance  ci rcu i t  or the  
add i tional  components  i n  the  passive  fi l ter are  expected  to  be  replaced  by l arger power 
stages,  s i nce  the  price  of the  power stages  decrease  rapid ly.  

5.3.3  Current transducer 

The  function  of the  cu rren t transducer i s  to  measure  the  l i ne  cu rren t.  The  Rogowski  coi l  has  
been  chosen  as  the  cu rren t transducer i n  a l l  known  projects  [7 ] .  To  get a  correct function ing  
of the  active  d . c.  fi l ter,  i t  i s  requ i red  to  have  at l east one  cu rren t transducer at each  pole  l i ne  
i n  the  station  where  the  active  d . c.  fi l ter(s)  i s/are  i nstal l ed .  The  cu rren t transducer may be  
connected  to  the  con trol  th rough  a  l i gh t gu ide  (F igure  7)  and  i s  fed  from  a  power supply 
wh ich  u ti l i se  the  harmon ic cu rren t fl owing  i n  the  fi l ter,  or by a  photocel l  array at  the  sensor 
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and  a  second  l i gh t gu ide  connected  to  the  con trol  equ ipment.  The  fol lowing  data  has  to  be  
taken  i n to  account when  design ing  the  transducer.  

•  A very h igh  d i rect cu rren t th rough  the  cu rren t transducer.  The  d i rect cu rren t makes  i t  
d i ffi cu l t  to  use  an  i ron  core  transformer.  

•  The second harmonic current can be of considerable size (more than 1 0 Arms),  where the harmonics 
at other frequencies  i s  i n  the  s ize  of 1 0  mA,  when  the  con trol  i s  acti ve.  

•  Some  curren t transducers  may need  a  power supply at the  h igh  vol tage  d . c.  transmission  
l evel .  The  curren t transducer can  be  equ ipped  wi th  an  e lectron ic un i t  to  commun icate  wi th  
g round  l evel  equ ipment.  

•  The  cu rren t measurement wi th  the  analog /d ig i ta l  conversion  must be  accurate  wi th in  a  
l arge  temperature  range  from  min imum  ambien t temperature  wi th  m in imum  l oad  i n  the  
win ter to  maximum  ambien t temperature  wi th  sun  and  a  maximum  load  i n  the  summer.  

•  The  cu rren t transducer shal l  be  able  to  measure  the  cu rrent wi th  su ffi cien t bandwid th  
( typical  1 , 5  to  2  times  the  selected  active  range  for the  control )  to  secure  a  wel l  
performing  con trol  i n  the  active  frequency range  (normal l y i n  the  range  300  Hz to  3  
000  Hz).  

5.3.4  Control  system  

An  analog /d ig i ta l  (A/D)  conversion  i s  necessary before  the  s i gnal  from  the  cu rren t transducer 
en ters  the  d ig i ta l  s i gnal  processors  (DSP)  and ,  i n  some  i nstal lations,  a l so  a  d i g i ta l /analog  
(D/A)  conversion  before  the  calcu lated  s ignal  from  the  computer en ters  the  VSC.  The  
du ration  of the  con trol  process  from  measured  cu rren t on  l i ne  to  i n jected  cu rrent on  l i ne  adds  
a  delay wh ich  the  con trol  a lgori thm  shal l  be  able  to  hand le.  At h igh  frequencies  the  phase  
sh i ft  wi l l  be  considerable.  The  con trol  wi l l  be  fu rther described  i n  5 . 4 .  To  be  able  to  con trol  
the  VSC at frequencies  up  to  3  000  Hz,  the  computer or parts  of the  computer shal l  process  
complex tasks  wi th  a  sample  rate  of at  l east 1 0  000  Hz.  The  con trol  sample  rate  can  be  l ess,  
i f the  demand  to  the  frequency range  to  control  i s  reduced .  

Al though  analog  con trol  ci rcu i ts  are  theoretical l y possib le,  preference  i s  g iven  to  d i g i ta l  
computer assisted  con trols.  The  main  reasons  to  choose  d ig i ta l  computers  are  that they can  
supply the  needed  fl exib i l i ty to  the  complexi ty of the  overal l  system  to  con trol  and  the  easy 
adaptabi l i ty to  new con trol  a lgori thms.  

5.3.5  Ampl i fier 

The  vol tage  sourced  converters  i n  the  fi rst i nsta l led  fi l ters  comprised  a  transformer and  
MOSFET PWM  ampl i fiers  wi th  a  swi tch ing  frequency at  66  kHz and  a  vol tage  of 330  V peak.  
They are  able  to  main tain  fu l l  power (3  dB  l im i t)  i n  the  frequency range  1 00  Hz up  to  3  
000  Hz.  New water cooled  IGBT PWM  ampl i fi ers  wi th  swi tch ing  frequencies  considerably 
l ower than  the  MOSFET ampl i fiers  are  expected  to  be  used  i n  a l l  fu tu re  projects.  The  IGBT 
PWM  ampl i fi ers  are  expected  to  have  su fficien t h i gh  swi tch ing  frequency (at l east 1 0  000  Hz),  
h igher vol tage  and  better power hand l ing  wi th  l ower l osses.  

When  using  swi tch ing  devices,  harmon ic d i stortions  i n  the  PLC range  (30  kHz to  500  kHz)  
ou tside  the  active  con trol  range  may be  i n troduced .  Wi th  the  present acti ve  d . c.  fi l ter design ,  
i nclud ing  a  transformer and  a  passive  fi l ter working  as  a  l ow-pass  fi l ter particu larly for 
frequencies  i n  the  PLC range,  th is  d i stortion  i s  normal l y suppressed .  

5.3.6  Transformer 

The  transformer i s  used  because  the  existing  ampl i fi ers,  provid ing  vol tages  i n  the  range  300  
V to  1  000  V,  are  not able  to  del iver the  necessary vol tage  above  3  kV.  Because  the  
transformer provides  not on ly the  necessary vol tage,  bu t a l so  the  galvan ic separation  
between  the  main  ci rcu i t  of the  HVDC plan t and  the  ampl i fi er,  i t  wi l l  be  sti l l  necessary i n  the  
fu tu re.  The  transformer i s  designed  to  produce  the  requ i red  vol tage  and  to  present a  l ow 
impedance,  making  a  m in imum  impact on  the  orig inal  passive  fi l ter characteri sti c.  
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5.3.7  Protection  ci rcu i t  and  arrester 

The  protection  ci rcu i t  measures  the  cu rren ts  and  vol tages  and  hence  ensures  that the  
ampl i fi er i s  not stressed .  The  protection  ci rcu i t  consists  of two  thyristors  able  to  carry the  fu l l  
fau l t  cu rrent coming  from  the  main  ci rcu i t.  The  thyristors  can  be  fi red  from  the  vol tage/curren t 
supervis ion  as  wel l  as  the  own  supervis ion  of the  ampl i fi ers.  The  arrester l im i ts  the  vol tage  
across  the  transformer and  ampl i fier.  The  i nsu lation  coord ination  shou ld  be  ensured  i n  
accordance  wi th  I EC  60071 -5.  

Adequate  protection  of the  ampl i fi er or power stage  i s  essen tia l  for acti ve  d . c.  fi l ter schemes  
and  has  to  i nclude  a  protection  ci rcu i t  to  conduct the  fau l t  cu rren t past the  ampl i fi er.  

5.3.8  Bypass  switch  and  d isconnectors  

The  bypass  swi tch  and  d i sconnectors  are  i nstal led  i n  a l l  acti ve  d . c.  fi l ters  and  enable  the  
operation  of the  HVDC l i nk wi thou t us ing  the  active  part.  Th is  featu re  makes  i t  possib le  to  
work on  the  active  part wi thout taking  the  HVDC l i nk ou t of operation .  

5.4 Active  d .c.  fi l ter control   

5.4. 1  General  

The  aim  of an  active  d . c.  fi l ter control  i s  to  m i ti gate  the  harmon ic cu rren ts  on  the  pole  l i ne  
and /or the  e lectrode  l i ne  curren t wh ich  are  orig inated  at  the  l ocal  HVDC converter station ,  so  
that the  i n terference  on  te lephone  l i nes,  ad jacent to  the  HVDC l i nes  may be  brought wi th in  
a l l owable  l im i ts.  The  active  d . c.  fi l ter creates  vi rtual l y a  l ow impedance  path  between  the  pole  
and  e lectrode  l i nes  (or g round ,  depend ing  on  the  configuration  of the  system)  at the  chosen  
harmon ic frequencies.  I n  th i s  way,  the  harmon ics  are  gu ided  th rough  the  d . c.  fi l ter and  
thereby prevented  from  en tering  the  HVDC l i ne,  so  that the  d istu rbance  on  the  l i ne  i s  
d im in ished .  

Below are  some of the  i tems  that meet an  importan t part of the  design  speci fi cation  of the  
active  fi l ter con trol :  

•  The  requ i red  d istortion  l evel  

•  The  modes  of operation  of the  HVDC transmission  

•  The  type  of HVDC transmission  

•  The  number of terminals  i n  the  HVDC system  

•  S i ng le  active  d . c.  fi l ter /  mu l ti p le  active  d . c.  fi l ters  

•  The  con trol  system  must be  able  to  recover from  abnormal  system  cond i tions.  

5.4.2  Active  d .c.  fi l ter control  methods  

5.4.2 . 1  Feedback control  

Feedback con trol  forms  the  core  of existing  active  d . c.  fi l ters  i n  HVDC appl i cations  [8]  – such  
as  shown  i n  F igure  9.  Th is  con trol l er i s  not on ly able  to  practical l y e l im inate  the  harmon ic 
cu rren ts,  bu t i t  a l so  compensates  for i naccuracies  of both  the  cu rren t measuring  device  and  
the  con trol  parameters.  

The  basic feedback con trol  scheme  i s  i l l ustrated  as  a  b lock d iagram  i n  F igure  9.  The  
functional i ty of the  con trol  has  been  proven ,  bu t the  compromise  between  stabi l i ty and  
response  has  to  be  considered .  

The quantity il  is the measured harmonic current in  the transmission  l ine,  Iconv  is the disturbance 
current from  the  HVDC converter and  Ifi l t  i s  the  compensation  cu rrent from  the  active  d . c.  
fi l ter.  The  tota l  l i ne  current Il i ne  is the sum of Iconv  and Ifi l t.  The external  process is the transfer 
function between the output vol tage  from  the  active  d . c.  fi l ter con trol ,  ua ,  and  the  cu rren t Ifi l t.  
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The  con trol l er of F igure  9  consists  of four b locks.  The  fi rst b lock fi l ters  the  i npu t s ignal ,  to  
l im i t  i ts  frequency con ten ts  to  wi th in  the  operational  range  of the  active  fi l ter ( typical l y 300  Hz 
to  
3  000  Hz).  

The  second  b lock i denti fies  each  i nd ividual  harmon ic and  then  refer i t  to  a  set of two  
orthogonal  vectors  (cos n ×  ω  ×  t,  sin n ×  ω  ×  t - where the integer n  is harmonic order,  ω  =  2π  ×  f0  and 
f0  i s  the  fundamental  frequency).  The  b lock receives  a  synchron is ing  s i gnal  derived  from  the  
converter a . c.  vol tage  to  enable  the  con trol ler to  adapt to  changes  i n  the  network frequency.  
Notch  fi l ters,  usual ly connected  i n  paral l e l  [4 ] ,  may be  used  to  i solate  the  i nd ividual  
harmon ics.  

The  th i rd  b lock performs  the  function  of fi l ter and  PI  con trol l er.  The  b lock a l so  compensates  
the  external  process  at  the  harmon ic frequency n  ×  f0 .  An  example  of a  measured  transfer 
function  of the  external  process  i s  shown  i n  F igure  1 0 .  

The  fourth  b lock combines  the  ou tpu t of the  previous  b locks  i n to  a  s i gnal  wi th  su i table  
ampl i tude,  phase  and  harmon ic con ten ts  to  form  the  compensating  s ignal .  

External  process

PWM
amplifier

cos (nωt)
sin  (nωt)

Compensation
PI  control ler

cos (nωt)
sin  (nωt)

Input
fi lter

Current
transformer

Σ  

Iconv

Il ineIfi l ter

il ineua

Uactive

Control ler

Measured  
l ine current

Synchronisation
 

Figure  9  – Basic  control  loop  of an  active  d .c.  fi l ter 

5.4.2 .2  Feedforward  control  

Active  fi l ters  are  designed  for the  normal  stable  harmon ic l oad  cu rren ts  and  vol tages  
generated  i n  the  HVDC power ci rcu i t.  I n  case  of d i stu rbance  (vol tage  breakdown ,  a . c.  fi l ter 
swi tch ing ,  transformer energ is ing ,  overload  cond i tions,  etc. )  i n  the  HVDC scheme,  the  load  
cond i tions  can  be  too  extreme  for the  active  fi l ter;  therefore  the  operation  of the  active  fi l ter 
has  to  be  adapted  or even  b locked  temporari l y.  Feedforward  i n formation  (for example,  the  
d . c.  ou tpu t vol tage  of the  HVDC converter)  to  correct the  active  fi l ter con trol  l oops  du ring  and  
after the  d i stu rbance,  i s  a  g reat help  to  ach ieve  optimal  acti ve  fi l ter operation  wi th  a  m in imum  
of delay.  

Contrari l y to  the  feedback con trol ,  the  feedforward  con trol  i s  an  open  l oop  con trol  system  and  
does  not requ i re  a  h i gh  gain  as  the  feedback control ler (F igure  1 1 ) .  Compared  to  feedback 
con trol ,  feedforward  con trol  resu l ts  i n  a  qu icker corrective  action  and  thus  reduces  the  
con trol l er’ s  response  time,  bu t the  use  of feedforward  a lone  i s  not su fficien t to  compensate  
the  d isturbances  to  requ i red  l evel .  The  feedforward  con trol  has  not been  used  i n  any HVDC 
systems.  

IEC   1 828/1 1  
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Figure  1 0  – Measured  transfer function  of  
external  system,  Bal tic  Cable  HVDC l ink 
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Figure  1 1  – Feedforward  control  for the  active  d .c.  fi l ter 

5.4.2.3  Combined  control  system  using  feedforward  and  feedback control  

I n  the  combined  control  system,  the  major con trol  (feedforward  con trol )  m i tigates  the  
harmon ics.  The  feedback con trol l er then  p lays  a  supporting  role  by correcting  l oop  errors  that 
resu l t  from  measurements  and  chang ing  networks.  The  stabi l i ty of the  active  d . c.  fi l ter 
con trol ,  the  dynamic speci fi cations  of the  active  fi l ter and  the  cost and  avai l abi l i ty of h i gh  
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bandwid th  vol tage  measurement equ ipment are  some  of the  factors  that wi l l  determine  
whether the  combined  con trol l er wi l l  be  used .  I t  shou ld  be  mentioned  that the  combined  
feedback and  feedforward  con trol  system  wi l l  be  considerably more  complex than  the  
conventional  feedback con trol  system  and  has  not yet been  used  i n  any HVDC systems.  

5.4.2 .4 Control  and  supervision  for the  active  d .c.  fi l ter 

The  active  fi l ter needs  d i fferen t con trol  and  supervis ion  l oops  to  ensure  i ts  proper function .  
The  fol l owing  poin ts  consider an  ou tl i ne  of a  possib le  con trol l er that consists  of two  
con trol /supervis ion  l oops.  

•  Primary control ler.  The  harmon ic con ten ts  of the  l i ne  curren t are  d im in ished  using  the  
i n jection  source.  In  a HVDC system that has the active d . c.  fi lters,  one control  algorithm for each 
pole in  each station  shou ld  be  su ffi cien t to  m i ti gate  the  pole  l i ne  harmon ic curren ts.  

•  Harmonic supervision .  A re levant cri terion ,  for i nstance  the  severi ty of the  i n terference  
caused  by the  harmon ic,  i s  used  to  i den ti fy the  most troublesome harmon ics.  Th is  i s  done  
at  an  i n terval  of approximately 1  m inu te.  The  harmon ic supervis ion  veri fy i f the  primary 
con trol  i s  working  sati sfactory.  

5.4.2 .5  Measurement systems  

The  fol l owing  quan ti ties  can  be  measured  for e i ther con trol  or supervis ing  functions:  

•  The  pole  l i ne  Il i ne  and /or the  e lectrode  curren t Ielec ,  u s ing  a  Rogowski  coi l  or a  d . c.  
cu rren t transformer 

•  The  fi l ter cu rrent (Ifi l t)  

•  The  HVDC converter cu rren t (Iconv)  

•  The  HVDC converter vol tage  (Uconv)  

•  The  active  d . c.  fi l ter ou tpu t vol tage  (Uacti ve)  

•  AC   s i de  frequencies.  

5.5  Example  – Performance of the  Skagerrak 3  HVDC In tertie  active  d .c.  fi l ter   

To i l l ustrate  the  performance  of the  active  d . c.  fi l ter,  a  pole  l i ne  cu rrent was  measured  i n  the  
Skagerrak 3  HVDC I n tertie .  Pole  3  was  operated  as  monopole  and  the  transmi tted  power 
l evel  was  240  MW.  The  pole  l i ne  cu rren t wi th  and  wi thou t the  active  part i s  shown  i n  F igure  
1 2 .  The  fi rst cu rren t spectrum  shows  the  l i ne  cu rren t wi th  the  active  part not  i n  operation  and  
the  second  spectrum  shows  the  l i ne  curren t wi th  the  active  part i n  operation .  

As  i t  i s  shown  i n  5 . 1  the  psophometric curren t can  be  calcu lated  using  the  fol l owing  formu la:  

 
60

116

1
( )pe n n n

n

I k p I
p =

= ⋅ ⋅∑   (3)  

The  psophometric cu rren t  of the  cu rren t spectra  shown  i n  F igure  1 2 ,  was  reduced  from  
4780  mA to  255  mA.  The  major harmon ic l i ne  cu rrents  are  shown  i n  Table  3 .  
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Figure  1 2  – Measured  l ine  current spectra,  pole  3  operated  as  monopole  

Table  3  – Major harmonic  l ine  currents,   
pole  3  operated  as  monopole  

Frequency Weight  factor 

Pn  ×  kn  

No active  fi l tering   Active  fi l tering  

[Hz]   Curren t  [Arms ]  Wei gh ted  cu rren t  
[Arms ]  

Cu rren t  [Arms ]  Weigh ted  cu rren t  
[Arms ]  

300  0 , 1 1 1  3 , 668  0 , 406  0 , 088  1  0 , 009  7  

600  0 , 595  0 , 844  0 , 503  0 , 01 8  0  0 , 01 0  7  

1  200  1 , 500  0 , 836  1 , 253  0 , 024  5  0 , 036  8  

1  800  1 , 71 0  2 , 21 6  3 , 788  0 , 043  6  0 , 074  6  

2  400  1 , 902  0 , 350  0 , 675  0 , 025  3  0 , 048  8  

2  700  1 , 957  0 , 338  0 , 662  0 , 021  7  0 , 042  4  

3  000  1 , 969  1 , 1 64  2 , 292  0 , 024  2  0 , 047  7  

 

5.6  Conclusions  on  active  d .c.  fi l ters   

•  The  need  for active  d . c.  fi l ters  i s  a  consequence  of stri ngen t demand  on  te lephone  
systems.  Further i n troduction  of d ig i ta l  and  optical  systems  can  reduce  these  
requ i rements.  

•  Series  connections  of active  fi l ters  i n  the  main  HVDC ci rcu i t  are  conceivable,  bu t some  
basic problems  have  to  be  solved  before  the  solu tion  becomes  recommendable.  

•  Al l  active  d . c.  fi l ters  implemented  today and  i n  the  near fu tu re  wi l l  be  connected  as  a  
hybrid  fi l ter,  where  the  passive  fi l ter i s  used  to  connect the  active  part wi th  the  h igh  
vol tage  d . c.  l i ne.  
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•  The  type  most su i ted  to  power stage  appl i cations,  parti cu larly h i gh  power,  i s  the  vol tage  
sourced  converter.  

•  The  re lati ve  h igh  frequencies  for active  fi l tering  exclude  thyri stors  and  GTO.  
Consequently MOSFET and  IGBT are  used  i n  vol tage  sourced  converters.  

•  Al though  analog  con trol  ci rcu i t  i n  theory i s  possib le,  d ig i ta l  computer assisted  con trols  are  
preferred .   

•  Al l  con trol  systems  i n  existi ng  and  expected  systems  wi th  active  d . c.  fi l ters  use  feedback 
control ,  bu t feedforward  con trol  or a  combination  m igh t be  a  fu tu re  option .  

•  Adequate  protection  of the  vol tage  sourced  converter i s  essen tia l  for acti ve  d . c.  fi l ter 
schemes.  

6 Active  a.c.  fi l ters  in  HVDC appl ications   

6.1  General   

Non-l inear l oads  and  sources  cause  vol tage  d i stortion  of the  s ine  wave  i n  e lectrical  
d i stribu tion  and  transmission  networks.  The  primary sources  of e lectrical  energy,  
synchronous  generators  or over-synchronous  runn ing  asynchronous  generators,  produce  
nearly und istorted  s i ne  waves.  

Classical  l oads  such  as  uncontrol l ed  motors,  heaters  and  i ncandescent l amps  connected  to  a  
s inusoidal  source  wi l l  take  nearly und istorted  cu rren ts.  Th is  i s  i n  con trast to  fl uorescent 
l amps,  con trol l ed  motor d rives,  computers  and  TV sets.  Most of the  d i stortion  i n  l ow-vol tage  
(LV)  and  med ium-vol tage  (MV)  d i stribu tion  networks  i s  caused  by such  l oads,  and  may even  
be  propagated  i n to  HV networks.  I n  particu lar the  5 th  harmon ic i s  of g reat concern  for the  
u ti l i ti es,  parti cu larl y du ring  the  even ing  hours.  The  i ncreasing  non-l i near l oads  over the  l ast 
ten  years  are  topic of many conferences  on  power qual i ty.  

For l arger l oads  such  as  traction  recti fiers,  1 2  pu lse  instead  of 6  pu lse  operation  sh i fts  the  
d i stortion  to  the 1 1 th  and  1 3th  harmonics.  Sometimes passive fi lters in  single or double tuned 
configurations are used.  These  fi l ters  are  l ess  effective  for d istribu ted  l oads  and  non-
characteri sti c harmon ics.  

HVDC converters  feed ing  i n to  an  existi ng  HVAC network are  a  source  of d i stortion  
themselves.  From  the  beg inn ing  of the  HVDC transmission ,  these  problems  have  been  
recogn ised  and  passive  fi l ters  for the  1 1 /1 3 th  and  23/25 th  harmon ics  are  appl ied  i n  a l l  existing  
schemes.  The  fi l ters  a l so  contribu te  to  the  compensation  of the  i nductive  character of the  
recti fi er and  i nverter.  

The  i n terest i n  acti ve  power fi l ters  has  g rown  over a  number of years  due  to  more  stringent 
requ i rements  and  gu idel ines  p laced  on  customers  and  supply u ti l i ti es  such  as  the  I EEE  51 9  
or I EC  61 000  series.  These  place  maximum  l im i ts  on  various  cu rren t and  vol tage  harmon ics  
generated  and  d rawn  at  the  poin t of common  coupl ing  (PCC).  Requ i rements  to  develop  l ow-
cost and  robust active  fi l ters  wi th  mu l ti functional  control  capabi l i ti es,  such  as  sag  and  d ip  
compensation  has  emerged  from  i ndustry.  The  developments  i n  acti ve  fi l ters  have  a lso  
motivated  thei r appl i cation  for HVDC,  on  the  a . c. ,  d . c.  or both  s i des  of the  HVDC converter [9 ,  
1 0 ] .   

I n  con trast to  passive  fi l ters  designed  to  operate  at d i stinct frequencies,  active  fi l ters  can  
cover a  range  of frequencies,  i nclud ing  non-characteri sti c harmon ics.  Active  fi l ters  for the  d . c.  
s ide  of a  HVDC system  are  a l ready i n  operation .  The  power requ i rements  for HV AC s ide  can  
be  considerably h igher than  for the  HV DC s ide.   

6.2  Harmonic d isturbances  on  the  a.c.  s ide  of a  HVDC system   

When  connecting  HVDC converter stations  or l arge  l oads  to  the  a . c.  system,  that generate  
harmon ics  l i ke  i ndustria l  recti fiers,  l arge  motor d ri ves  and  e lectrical  arc fu rnace  p lan ts,  a . c.  
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fi l ters  are  usual l y i nsta l l ed  as  a  part  of these  l oads  or HVDC system  i n  order to  ensure  that 
the  i n jection  of harmon ics  i n to  the  a. c.  system  i s  l im i ted  to  acceptable  l evels.  

F i l tering  i s  requ i red  due  to  the  fol l owing  effects  of harmon ics:  

– Add i tional  stresses  

The  waveform  d i stortion  causes  l osses,  resu l ting  i n  add i tional  heating ,  and  stresses  i n  
both  customer's  and  u ti l i ty's  equ ipment.  

– Maloperation  of e lectron ic equ ipment 

Al so  the  harmon ics  may cause  maloperation  of e lectron ic equ ipment and  protective  
equ ipment,  e . g .  protection  re lays.  

– Telecommun ication  system  d isturbance  

I n  the  case  of overhead  l i nes  wi th  nearby te lecommun ication  l i nes,  the  harmon ics  may  
the  i nduced  vol tages  i n  te lecommun ication  and  other l ow vol tage  system  caused  by 
harmon ics  fl owing  i n  the  a . c.  system  may resu l t  i n  vol tages  h igher than  the  regu lations  
wi th  respect to  human  safety.  

A d i scussion  on  the  permissib le  d i stortion  l im i ts  i s  i ncluded  i n  I EC  62001 : 2009,  Clause  4 ,  and  
i n  [1 ] .  Some  typical  va lues  are  considered  i n  5 . 1 of the  present report.  

6.3  Passive  fi l ters   

6 .3. 1  Conventional  passive  fi l ters  

Trad i tional ly,  the  fi l ters  i nsta l l ed  i n  l arge  harmon ic generating  l oads  have  been  of the  passive  
type,  usual ly designed  as  shun t e lements  creating  a  l ow impedance  path  for the  harmon ics  to  
be  fi l tered .  The  fi l ter i s  bu i l d  up  as  a  resonant ci rcu i t  consisti ng  of capaci tor(s)  and  
i nductor(s) ,  and  i n  most cases  a l so  resistor(s)  for g i ving  the  fi l ter a  more  'soft'  damped  
characteristic.  

These  fi l ters  are  d iscussed  i n  detai l  i n  I EC  62001 : 2009,  C lauses  7  and   8 ,   and  i n  reference  
[1 ] .  

6.3.2  Continuously tuned  passive  fi l ters  

Figure  1 3  shows  a  con tinuously tuned  fi l ter.  A con tinuously tuned  a . c.  fi l ter i s  a lways  tuned  to  
the  harmon ic frequency (e. g .  1 1 th  or 1 3 th)  and  has  a  h igh  Q-factor thus  g iving  h igh  
performance  and  l ow losses.  I n  the  con tinuously tuned  fi l ter,  the  tun ing  frequency i s  
au tomatical l y ad justed  to  provide  perfect tun ing  i rrespective  of frequency excursions  and  
component variations.  The  fi l ters  therefore  need  no  add i tional  damping  resistor.  The  perfect 
tun ing  i s  ach ieved  by variations  of the  i nductance  of the  fi l ter reactor.  J ust one  con tinuously 
tuned  fi l ter i s  su fficien t to  provide  the  requ i red  fi l tering  for a  parti cu lar harmon ic.  

 

Figure  1 3  – Continuously tuned  fi l ter 
IEC   1 832/1 1  
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Con ti nuous l y tu ned  fi l ters  are  mai n l y u sed  i n  capaci tor commu tated  converter based  HVDC schemes ,  as  we l l  as  i n  
con trol l ed  seri es  capaci tor converter based  HVDC schemes.  

6.4 Reasons  for using  active  fi l ters  in  HVDC systems   

Un l ike  passive  fi l ters,  where  the  harmon ic reduction  depends  on  the  combination  of fi l ter 
impedance  and  network impedance,  acti ve  fi l ters  use  power e lectron ics  to  produce  a  vol tage  
or a  cu rren t wi th  the  proper waveform  to  m i ti gate  selected  harmon ics  or harmon ics  i ns ide  a  
g iven  frequency range.  

The  active  fi l ter ou tpu t has  to  present a l l  se lected  harmon ics,  each  one  wi th  the  ampl i tude  
and  phase  that are  requ i red  to  counteract the  harmon ic sources.  To  get th is ,  vol tages  and /or 
cu rren ts  are  measured  i n  the  HVDC station  and  processed  by a  su i table  con trol  equ ipment 
us ing  s ignal  processing  techn iques.  An  IGBT converter (see  6 . 7 ,  "Converter configurations")  
produces  the  necessary vol tages  or cu rren ts  as  determined  by the  con trol  equ ipment.  For HV 
appl ications,  l i ke  HVDC,  the  active  fi l ter wi l l  be  general ly connected  to  the  network th rough  a  
passive  fi l ter,  thus  bu i l d ing  a  hybrid  fi l ter scheme.  

Due  to  i ts  natu re,  acti ve  fi l ters  present the  fol l owing  characteristics:  

•  H i gh  effectiveness.  The  harmon ics  can  be  m i tigated  effectively,  even  i f the  network 
impedance  i s  very l ow at the  harmon ic frequencies.  

•  One  active  fi l ter a lone  can  m i ti gate  several  harmon ics  s imu l taneously.  Th is  resu l ts  i n  
smal ler space  requ i rements  and  s impler fi l ter arrangements  i n  comparison  to  passive  
fi l ter solu tions.  

•  I n  con trast to  passive  fi l ters,  active  fi l ters  do  not i n troduce  any resonance  wi th  the  
network.  Th is  resu l ts  from  the  fact that acti ve  fi l ters  reduce  each  particu lar harmon ic j ust 
by i n jecting  a  con trol l ed  vol tage  or curren t wi th  the  frequency of that harmon ic.  

•  Active  fi l ters  do  not add  reactive  power to  the  network,  by the  same  reason  as  i n  the  l ast 
poin t.  

•  E l im ination  of existing  resonance  effects.  Th is  i s  ach ieved  th rough  the  cancel lation  of the  
harmon ic vol tage  on  the  fi l ter busbar or harmon ic cu rren t i n  the  l i nes.  Other con trol  
method  was  presented  i n  [22] .  

•  F lexibi l i ty for chang ing  frequency characteristics  wi th in  derated  capabi l i ty.  Changes,  l i ke  
for i nstance  selection  of harmon ics  to  be  fi l tered ,  can  be  made  j ust by setti ngs  i n  the  
software.  

•  Se l f-adaptation  to  changes  i n  the  network frequency.  

•  Se l f-adaptation  to  changes  i n  the  network harmon ic impedance.  Sel f-tun ing  con trol  
a lgori thms  can  extend  th is  characteristic,  so  that the  necessary performance  i s  reached  
even  though  the  harmon ic impedance  of the  network varies  over a  wide  range.  

•  The  characteri sti c of the  same  active  fi l ter can  be  optim ised  for harmon ic vol tage  (e. g .  
total  harmon ic d i stortion  THD,  Telephone  Harmon ic Form  Factor THFF,  te lephone  
i n terference  factor TIF)  or harmon ic cu rren t (e . g .  I T  product,  equ ivalen t d i stu rbing  
cu rren t) ,  depend ing  on  the  measured  magn i tudes  and  con trol  settings.  

The  active  fi l ter may be  connected  to  the  network through  a  comparatively smal l  passive  
fi l ter,  wh ich  can  be  swi tched  on  before  starti ng  the  HVDC converter and  then  stay 
permanently i n  service.  Th is  combination  of acti ve  and  passive  fi l ters  i s  ca l l ed  a  hybrid  fi l ter.  
The  add i tional  demand  on  reactive  power i s  then  covered  by capaci tor banks  and  where  
necessary a  smal l  number of passive  fi l ters.  

The  use  of hybrid  fi l ters  i n  HVDC schemes  cou ld  be  considered  due  to  the  above  l i sted  
reasons.  Some  cases  where  these  fi l ters  shou ld  be  considered :  

•  Very smal l  harmon ic d i stortion  l evels  are  envisaged .  

•  The  reactive  power compensation  can  be  performed  wi th  l ess  fi l ters  than  the  amount of 
passive  fi l ters  requ i red  for harmon ic e l im ination .  
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•  A passive  fi l ter solu tion  gets  complex due  to  resonance  wi th  the  network 

•  Other harmon ic sources  i n  the  network have  to  be  regarded  and  a  curren t-optim ised  fi l ter 
solu tion  i s  preferred  (rather than  a  vol tage-optim ised  solu tion ).  

•  I n  the  series  compensated  HVDC schemes  (Capaci tor Commutated  Converter CCC,  
Control l ed  Series  Capaci tor Converter CSCC).  

•  When  an  existi ng  fi l ter i nsta l lation  cou ld  be  up-graded  by add ing  an  active  part (due  to  
more  harmon ics,  resonance  problems,  etc. )  

•  Importan t advantages  of us ing  such  hybrid  fi l ters  are:  

•  The performance is not reduced neither in  case of variation of network frequency nor in  case of 
variations  i n  the  associated  passive  fi l ter due  to  temperature  or fa i l u res  i n  capaci tor cel l s  
(wh ich  causes  detun ing  of the  passive  fi l ter) .  

•  Damping  resistors  can  be  avoided  at the  associated  passive  fi l ter,  as  the  active  fi l ter 
covers  the  whole  speci fied  frequency range  and  i s  not affected  by "detun ing" .  

•  Smal ler amount of fi l ters  i n  comparison  to  a  passive  fi l ter solu tion  by the  above  mentioned  
reason .  

6.5  Operation  principles  of active  fi l ters   

6 .5. 1  Shunt connected  active  fi l ter 

The  most common  configuration  i s  the  shun t connection ,  where  the  active  fi l ter i s  connected  
i n  paral l e l  wi th  the  a . c.  network and  provided  wi th  a  cu rren t control  (see  F igure  1 ) .  

The  active  fi l ter constan tl y i n jects  harmon ic cu rren ts  i n  opposi tion  to  the  harmon ic cu rren ts  
generated  by the  l oad .  These  harmon ic cu rren ts  are  compensating  each  other and  the  resu l t  
i s  that the  cu rren t suppl ied  by the  power source  remains  s i nusoidal  (see  F igure  1 4).  

The  active  fi l ter needs  to  be  s ized  on ly for the  harmon ic cu rren ts,  generated  by the  non-l i near 
l oad  and  not for the  fu l l  l oad  cu rrent.  For h igher vol tages  than  the  vol tage  l evel  of the  active  
part,  a  coupl i ng  transformer wi l l  be  used .  
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Figure  1 4  – Example  of current waves  

6.5.2  Series  connected  active  fi l ter 

Th is  type  of fi l ter,  connected  i n  series  wi th  the  l i ne,  i s  main ly a imed  at  reducing  the  vol tage  
d istortion  a l ready present on  the  a. c.  system  and  appl ied  to  the  l oad  (see  F igure  2).  I t  acts  as  
a  "harmon ic i solator"  device.  Associated  wi th  a  passive  fi l ter,  i t  can  a lso  reduce  the  harmon ic 
cu rren ts  generated  by the  l oad  (see  hybrid  configurations).  

The  connection  of the  active  fi l ter to  the  supply i s  made  th rough  a  coupl ing  transformer,  
wh ich  must be  s i zed  for the  tota l  l oad  cu rren t rati ng  and  i n jected  series  vol tage  Uf.  The  
cu rren t th rough  the  active  fi l ter shou ld  be  designed  for the  transformed  l oad  curren t as  wel l .  

6.6  Paral lel  and  series  configuration   

6.6. 1  General  

I n  some  cases,  the  combined  featu res  of paral l e l  and  series  configurations  may be  needed  at 
one  l ocation  (see  F igure  1 5).  

A d . c.  l i nk between  the  two  active  fi l ters  may be  used  for transfer of acti ve  power between  the  
active  fi l ters.  

The  fol l owing  table  summarises  the  preferred  configurations  depend ing  on  the  orig in  of the  
harmon ic d istortion  ( l oad  or source  s ide)  considering  common  LV and  MV appl ications.  

6.6.2  Hybrid  fi l ter schemes  

Th is  solu tion ,  combin ing  an  active  fi l ter and  a  passive  fi l ter,  may be  e i ther of the  series  or 
paral l e l  type.  

An  example  of paral le l  combination ,  wh ich  i s  feasib le  for l ow and  med ium  vol tage  systems  i s  
presented  i n  F igure  1 6.  For h i gh  vol tage  appl ications,  a  hybrid  fi l ter bu i l t  up  by the  
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combination  of a  passive  and  active  fi l ter i n  series  i s  requ i red .  Such  a  hybrid  configuration  i s  
fu rther d i scussed  i n  6 . 8 . 3 .  

Active
fi lter

Active
fi lter

DC l ink

Net 
source

Load

 

Figure  1 5  – Series  and  paral lel  connection  

Table  4  – Preferred  topolog ies  for common  LV and  MV appl ications  

Source  Load  

 

 

Non  d istorti ng  Di storting  

Non  d i storted  -  Shun t  

Distorted  Seri es  Shun t  

+  Seri es  

 

I n  the  example  of F igure  1 6 ,  the  passive  fi l ter may carry ou t basic fi l tering  of the  predominant 
harmon ic (general ly,  the  5 th  i n  l ow and  med ium  vol tage  systems),  wh i l e  the  active  fi l ter,  due  
to  i ts  l im i ted  rating ,  covers  the  other harmon ics.  

Th is  configuration  g ives  better performances  than  a  passive  fi l ter a lone,  at  a  l ower cost than  
wi th  a  pu rely active  fi l ter.  Th is  association  i s  a  techn ical  and  economical  compromise  sol u tion  
when  h igh  performances  are  requ i red .  

Voltage
source

Harmonic
generator

Is Il

If

 

Figure  1 6  – Hybrid  configuration  

6.7  Converter configurations   

6.7. 1  Converters  

Basical l y,  two  types  of converters  can  be  used  i n  acti ve  a . c.  fi l ters,  the  vol tage-sourced  
converter and  the  cu rren t-source  converter.  I n  both  cases,  the  converter can  present a  th ree-
phase  (th ree  or four wi re  type)  or a  s i ng le-phase  structu re.  
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6.7.1 . 1  Current-source converter 

This  kind  of converter has  an  i nductor as  the  energy storage  component (see  F igure  1 7).  The  
use  of th is  configuration  i s  l im i ted  due  to  the  coi l  and  add i tional  sem iconductor losses  (see  a lso  
5. 2. 2 . 2).  

 

Key 

1    AC gri d  

Figure 1 7  – Three phase current-source converter 

6.7.1 .2  Vol tage-sourced  converter 

This  i s  the  preferred  configuration  (see  F igure  1 8),  because  i t  i s  the  most cost-effective.  
Almost al l  active  fi l ters,  wh ich  have  been  put i n to  operation ,  have  adopted  the  vol tage-fed  
PWM  inverter structure  (see  also  5. 2. 2 .3).  
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2    F i l ter 

Figure  1 8  – Three phase 2  level  vol tage-sourced  converter (three-wire  type)  

The neutral ly clamped  3  l evel  converter (see  F igure  1 9)  i s  used  to  m in im ize  the  losses  or to  
i ncrease power hand l ing  capabi l i ty.  Th is  topology can  also  compensate  unbalanced  currents.  
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Figure  1 9  – Three  phase  3  l evel  vol tage-sourced  converter (three-wire  type)  

6.7. 1 .3  Single-phase  vol tage-sourced  converter 

Sing le  phase  active  fi l ters  are  based  on  a  s i ng le  phase  vol tage  sourced  bridges  shown  below 
(see  F igure  20).  Al though  th ree-phase  converters  have  been  used  for most l ow and  med ium  
vol tage  appl i cations,  th ree  separate  s i ng le-phase  converters  can  be  used  i n  the  th ree  phase  
active  fi l ter appl i cations  a l so.  

C
V

+

–

 

Figure  20  – Sing le-phase  vol tage  sourced  converter 

6.8  Active  a.c.  fi l ter configurations   

6.8. 1  Active  a.c.  fi l ters  for low vol tage  appl ication  

At the  present state  of the  art,  d i rect connection  of the  active  fi l ter converter to  the  a . c.  bus  i s  
on ly feasib le  for l ow vol tage  systems,  due  to  the  vol tage  capabi l i ty of the  semiconductor 
devices  used  i n  acti ve  fi l ters.  Moreover,  i f a  vol tage-sourced  IGBT converter i s  used  l i ke  i n  
a lmost a l l  case,  at l east an  i nductor has  to  be  i nstal led  between  the  converter and  the  
network bus.  I n  some examples,  transformers  have  been  used  for connecting  the  active  fi l ter 
to  the  network i n  order to  e l im inate  zero-sequence  components  of cu rrents.  
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6.8.2  Active  a.c.  fi l ters  for medium  vol tage  appl ication  

More  practical  examples  are  avai lable  of acti ve  fi l ters  connected  d i rectl y to  med ium  vol tage  
system  th rough ,  for i nstance,  a  ded icated  transformer.  I n  most of the  existing  examples  of 
med ium  vol tage  schemes,  the  active  fi l ter i s  connected  i n  paral le l  wi th  the  l oad  at the  l ow 
vol tage  s i de  of the  system.  

Recent developments  i n  power semiconductors  improve  the  manufacturing  of power 
e lectron ic converters  for h igher vol tages,  bu t these  are  rather su i ted  for advanced  forms  of 
reactive  power compensation  and  vol tage  regu lation .  The  implementation  of harmon ic 
e l im ination  featu res  wi th  these  i nstal l ations  i s  conceivable,  at  l east for l ow order harmon ics.  

6.8.3  Active  a.c.  fi l ters  for HVDC  appl ications  

An  active  fi l ter may be  connected  to  the  h igh  vol tage  a . c.  bus  via  a  coupl ing  capaci tor.  The  
s i ze  of the  capaci tor wi l l  i n fl uence  the  capaci ty of the  active  fi l ter.  I f e l ements  are  added  to  
the  capaci tor to  perform  a  tuned  passive  fi l ter,  and  the  active  part i s  connected  via  th is  fi l ter,  
a  l ow impedance  path  to  the  a . c.  bus  i s  obtained  at tuned  frequencies.  

The  techn ique  of hybrid  fi l ters,  where  an  active  fi l ter i s  combined  i n  series  wi th  a  passive  
one,  has  been  appl ied  at  the  a . c.  s ide  and  at the  d . c.  s i des  of HVDC converter stations,  the  
latter a l ready i n  several  projects.  

A possib le  hybrid  fi l ter scheme i s  i l l ustrated  i n  F igure  21 .  I n  th is  scheme,  the  hybrid  fi l ter 
comprises  an  active  fi l ter connected  i n  series  wi th  a  s i ng le  tuned  passive  fi l ter.  Th is  
arrangement i s  effi cien t to  m i ti gate  harmon ics  around  the  tuned  frequency of the  passive  
fi l ter.  
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Figure  21  – Active  fi l ter connected  to  the  HV system   
through  a  s ing le-tuned  passive  fi l ter 

A fi l ter wi th  the  components  shown  i n  F igure  23  wou ld  con tribu te  to  on ly 20  Mvar (three  
phase)  at a  400  kV,  50  Hz system.  The  fundamental  component of the  cu rrent i n  the  
converter shou ld  be  l im i ted  because  i t  wou ld  resu l t  i n to  l arger component rati ngs  and  
con tribu te  to  add i tional  l osses.  The  50  Hz cu rrent component i n  the  present example  i s  
around  30  A,  wh ich  i s  a  good  compromise.  

For frequencies  far from  the  tuned  frequency,  the  impedance  of the  passive  fi l ter i n  the  
example  of F igure  21  i ncreases  s ign i fi cantly,  so  that h igher active  fi l ter vol tages  wou ld  be  
requ i red .  The  effi ciency of the  scheme i s  thus  l ow for these  harmon ics.  A possib le  solu tion  to  
extend  the  appl ication  of the  fi l ter i s  shown  i n  F igure  22 .  I n  th is  example,  the  passive  fi l ter i s  
a  double  tuned  fi l ter,  presenting  m in imum  impedance  at the  1 9 th  and  37 th  harmon ics.  I n  th i s  
case,  the  active  fi l ter can  m i ti gate  a  wide  range  of harmon ics.  The  reactive  power and  the  
fundamental  frequency curren t i n  the  fi l ter are  nearly the  same  as  i n  the  previous  case.  
Therefore,  th i s  scheme offers  a  better cost-benefi t  ratio  compared  to  the  previous  one.  
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Figure  22  – Active  fi l ter connected  to  the  HV system   
through  a  double-tuned  passive  fi l ter 

I n  some  HVDC appl ications,  l arger reactive  power may be  desi rable  at  the  active  fi l ter 
branch .  Or an  active  fi l ter may be  i nstal led  i n  series  wi th  an  existi ng  passive  fi l ter,  to  improve  
an  scheme a l ready i n  operation .  I n  both  cases,  the  fundamental  curren t i n  the  fi l ter wi l l  be  
considerable,  wh ich  shou ld  be  d i sadvantageous  compared  wi th  the  previous  examples,  as  
the  fundamental  curren t fl ows  th rough  the  active  part of the  fi l ter as  wel l .  F igure  23  shows  a  
solu tion  that can  be  used  i n  th i s  case  to  prevent the  fundamental  cu rren t from  fl owing  i n  the  
active  fi l ter.  I n  th is  fi gu re,  an  LC  ci rcu i t  tuned  at  the  fundamental  frequency was  i n troduced  i n  
paral le l  wi th  the  active  part.  The  LC  path  takes  over the  fundamental  component of the  
cu rrent,  wh i l e  the  harmon ics  fl ow i n  the  active  part.   

During  network d i stu rbances  or fi l ter swi tch ing ,  h i gh  transien t curren ts  wi l l  fl ow i n  the  active  
fi l ter.  To  cope  wi th  th i s ,  the  active  fi l ter shou ld  be  equ ipped  wi th  a  fast by-passing  device,  l i ke  
a  thyristor swi tch .  The  by-pass  shou ld  be  i n i tiated  i f overcurren t i s  detected  and  be  removed  
after the  overcurrent has  d i sappeared ,  wi th  a  delay of some  hundred  m i l l i seconds  to  match  
the  network typical  d i sturbance  times  [47] .  

Active
fi lter

Harmonics
Fundamental

current
component

 

Figure  23  – Using  an  LC  ci rcu i t  to  d ivert the   
fundamental  current component 

6.9  Series  connected  active  fi l ters   

Th is  solu tion  i s  feasib le  i f the  cu rren t i n  the  insertion  point is low.  However,  in  most cases,  at l east 
some  hundreds  of amperes  flow i n  the  l i ne,  wh ich  makes  th is  arrangement costl y wi th  respect 
to  i nsta l l ation  and  l osses.  I n  add i tion  the  equ ipment must be  l ocated  at l i ne  poten tia l ,  wh ich  
i ncrease  the  cost as  wel l .  Due  to  these  reasons,  th is  solu tion  i s  not recommended  for 
transmission  systems,  however i t  cou ld  be  feasib le  for appl ications  close  to  end -users  i n  the  
d i stribu tion  systems  to  improve  vol tage  qual i ty.  

6.1 0  Control  system   

6. 1 0.1  General   

Various  con trol  a l gori thms  exist that are  appl ied  to  acti ve  power fi l tering .  I t  i s  not the  a im  of 
th i s  report to  d iscuss  the  various  advantages  and  d isadvantages  of each  bu t rather to  provide  
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a  hol i stic  i dea  of the  most wel l  known  techn iques.  Some  of these  a l gori thms  were  evaluated  
i n  reference  [1 1 ] .  

Some  of the  most common  a lgori thms  that can  be  used  are  described  below.  

6.1 0.2  Description  of a  generic active  power fi l ter control ler 

A non-l i near l oad  generates  fundamental  frequency and  harmon ic cu rrents  i l ,  as  described  i n  
the  preced ing  paragraphs.  A per phase  representation  of an  active  power fi l ter i s  shown  i n  
F igure  24.  The  active  power fi l ter i n jects  a  fi l ter cu rren t if  a t  the  poin t of common  coupl i ng  to  
compensate  the  non-l i near l oad  curren t i l .  

The  con trol l er normal ly has  as  i npu t the  supply vol tage  us,  and  the  l i ne  cu rrent i l .  The  active  
fi l ter con trol l er consists  normal l y of a  d i g i ta l  ou ter-loop  and  analogue  or d i g i tal  i nner l oop  
(PWM)  con trol l er,  imbedded  i n to  d ig i ta l  s i gnal  processors  and  gate  arrays.  The  i npu t to  the  
PWM  inner l oop  con trol l er i s  the  i n jected  cu rrent if  and  the  d . c.  l i nk vol tage  udc.  Based  on  the  
generated  reference  curren t iref,  the  converter generates  a  curren t.  Th is  curren t i s  fi l tered  
wi th  a  l ow-pass  fi l ter wi th  at l east 1  kHz to  2  kHz cu t-off frequency.  Normal ly a  step-up  
transformer i s  provided .  I n  order to  have  a  bandwid th  of for i nstance  1  kHz to  2  kHz,  the  
requ i red  swi tch ing  frequency of the  active  fi l ter shou ld  be  at  l east 3  kHz to  5  kHz.  

The  i n jected  cu rren t if,  of an  i deal i sed  active  fi l ter i s  such  that the  i nstantaneous  sum  of th i s  

i n jected  cu rrent and  the  d i storted  l oad  cu rren t i l  i s  equal  to  the  active  cu rren t ia .  I n  practice  
the  active  cu rren t i s  an  i deal  s i nusoid  wi th  the  ampl i tude  proportional  to  the  l oad  conductance  
G  a t  fundamental  frequency,  as  d iscussed  i n  the  fol l owing  equation  (assuming  us  as  the  
fundamental  frequency component of the  supply vol tage)  [1 2] :  

 ( ) ( ) ( ) ( ) ( )a sf l l
i t i t i t i t G u t= − = − ⋅   (4)  

External  i npu ts  to  the  active  fi l ter con trol l er may a l so  be  i ncluded  to  i npu t the  set references  
for maximum  harmon ic l evels,  THD,  i nd ividual  harmon ic l im i ts,  reactive  power demands,  etc.  
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Figure  24 – Per-phase  schematic d iagram  of active  fi l ter and  control ler 
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6.1 0.3  Calcu lation  of reference  current 

As ind icated  i n  F igure  24,  the  reference  current iref  i s  an  i nstan taneous  curren t to  be  
generated  from  the  measured  supply vol tage  us(t) ,  the  l oad  curren t i l (t)  and  external  i npu ts.  
D i fferen t control  a l gori thms  may be used to generate this reference current iref.  These algorithms 
are generated  from time-domain and frequency domain  approaches.   

To  calcu late  fi cti tious  power i n  the  time  domain  the  apparen t power was  sub-d ivided  i n to  two  
orthogonal  components  namely active  power and  fi cti ti ous  power.  Active  power i s  based  on  
the  rate  of energy transferred  per time  un i t  and  i s  on ly avai l able  after some  time.  Th is  means  
that i t  i s  not possib le  to  compensate  for fi cti ti ous  power components  i n  real -time.  Several  
time-domain  implementations  of acti ve  fi l ter con trol  have  been  used  i n  the  past [1 2 ] , [1 3]  to  
[1 7] .   
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Figure  25  – Block d iagram  of IRPT 

One  of the  most successfu l l y commercia l i sed  a l gori thms  for acti ve  fi l ter con trol lers  i s  based  
on  the  I nstantaneous  Reactive  Power Theory ( IRPT)  [1 4]  depicted  i n  F igure  25.  Th is  theory 
defines  a  new e lectrical  quan ti ty,  the  i nstan taneous  reactive  power (q)  as  a  un ique  value  
determined  by using  the  i nstantaneous  values  of the  th ree  phase  vol tages  and  l oad  cu rrents.  
The  related  equations  are  the  fol l owing :  

 

0 1 2 1 2 1 2
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1 1 2 1 2
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0 3 2 3 2
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     
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 (8)  

The  measured  th ree  phase  vol tages  and  cu rren ts  are  converted  i n to  a-β  coord inates  using  (5)  
and  (6) .  The  i nstan taneous  power i s  defined  as  the  vector sum  of the  dot products  of the  a-β  
coord inates  and  reactive  power as  the  vector product of the  a-β  coord inates  as  shown  i n  (7).  
The  fundamental  of the  source  curren t i s  transformed  by these  calcu lations  to  d . c.  
components  of the  i nstantaneous  active  and  reactive  power and  harmon ic values.  A h igh -
pass  fi l ter and  the  conversion  back to  th ree  phases  wi th  (8)  can  extract the  harmon ic 
components.  The  theory i s  a l so  extended  to  i nclude  zero-phase  sequence  components  and  
i nstan taneous  active  power (p) .  I t  was  implemented  i n  various  th ree-phase  topolog ies  [1 3] ,  
[1 4 ] .  

6.1 0.4  Synchronous  reference frame (SRF)  

The  Synchronous  Reference  Frame  (SRF)  techn ique  [1 5]  to  be  used  as  a  con trol  a lgori thm  i n  
a  compensator as  shown  i n  F igure  26.  

The  correspond ing  equations  are:  
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  ( 1 1 )  

The  th ree  phase  curren ts  are  converted  i n to  the  two  phase  α-β  co-ord inates  i n  a  s im i lar way 
as  i n  Equation  (6) ,  exclud ing  the  zero-phase  sequence  components.  By using  (9),  these  two  
stationary reference  frame  quan ti ti es  (is)  are  then  converted  i n to  two  synchronous  rotating  

reference  frame  quan ti ti es  (i
e
) .  The  fundamental  frequency components  are  now transformed  

i n to  a  d . c.  quan ti ty and  the  harmon ics  to  a . c.  components  wh ich  are  separated  using  a  l ow 
pass  fi l ter.  A PI  con trol l er ensures  zero  steady state  control  error.  The  resu l ti ng  d . c.  
components  are  then  converted  back to  the  stationary reference  frame  wi th  (1 0).  The  th ree  
active  cu rren t components  of the  l oad  cu rrent are  calcu lated  by using  (1 1 ) .  

6.1 0.5  Other control  approaches  

There  i s  another method  [1 7]  to  con trol  an  active  fi l ter based  on  the  synchronous  reference  
frame  techn ique  [1 5]  extended  i n to  the  fl ux domain  by i n tegrating  the  vol tage.  Several  other 
approaches  are  developed  wh ich  d i ffers  somewhat form  these  orig inal  approaches.  Some  
implementations  estimators,  used  Neural  Networks  and  Kalman  fi l ters,  i n  e lectrical  networks  
wi th  h i gh ly dynamic characteristics,  wi th  varied  success.  I n  some  cases  the  harmon ic cu rren t 
reference  i s  provided  i n  an  open  l oop  or feed  forward  way and  i n jected  wi thou t any l i ne  
cu rren t feed -back.  
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Figure  26  – Block d iagram  of SRF  

6. 1 0.6  HVDC  a.c.  active  fi l ter control  approach  

An  example  of an  active  a . c.  fi l ter i n  the  HV a. c.  network i n  operation  at the  HVDC converter 
station  of Tje le  (Energ inet)  i n  Denmark.  i s  presented  i n   the  next subclause.  I n  th is  case  
selected  harmon ics  are  spl i t  i n to  d-q  components  s im i lar to  the  SRF.  There  i s  such  a  
control ler for each  selected  harmon ic and  these  operate  s imu l taneously.  

6.1 1  Existing  active  a.c.  fi l ter appl ications   

6. 1 1 . 1  Low and  medium  vol tage  

Several  l ow and  med ium  vol tage  active  power fi l ters  exist  i n  i ndustry [1 8] .  

6.1 1 .2  H igh  vol tage  appl ications  

6. 1 1 .2 . 1  General  

Active  fi l ters  for the  HVDC side  are  a l ready i n  operation  and  have  been  stud ied  [1 0] ,  [1 9] .  
The  power requ i rements  for HV a. c.  s i de  are  considerable  h igher.  Fu rthermore,  wh i l e  the  
configuration  of a  d . c.  s i de  connection  practical l y do  not change  during  operation ,  the  a . c.  
network changes  frequently.  Th is  i s  the  case  when  l i nes  are  energ ised  or de-energ ised  or 
when  capaci tor banks  are  swi tched .  Due  to  these  facts,  add i tional  featu res,  l i ke  au tomatic 
adaptation  to  changes  i n  the  network impedance,  had  to  be  added  to  the  active  fi l ter 
technology.  

6.1 1 .2 .2  Performance  of the  active  a.c.  fi l ter in  service   

The  g raph ics  i n  F igure  27  show the  resu l ts  of s i te  measurements  at the  HVDC substation  
Tje le  (Energ inet) ,  Denmark.  

The  fi gu re  shows  p lots  from  a  measurements  of the  400  kV busbar vol tage  at Energ inet's  
Tje le  substation ,  Denmark wi thou t ( top)  and  wi th  (bottom)  active  fi l ter con trol .  I t  can  be  seen  
that the  active  fi l ter causes  a  strong  reduction  of the  selected  harmon ics.  A reduction  of more  
than  30  dBV i s  shown  (F igure  27)  for the  23 rd  harmon ic i n  th i s  case.  

The  measurement was  performed  using  a  frequency analyser connected  to  the  i npu t of the  
active  fi l ter con trol  equ ipment th rough  D/A converter wi th  optical  i npu t.   

Measurements  were  a l so  performed  for the  curren ts  i n  the  paral l e l  fi l ters  of the  station .  These  
measurements  show that when  the  active  fi l ter i s  i n  operation ,  e l im inating  the  vol tage  on  the  
400  kV bus  for the  selected  harmon ics,  no  cu rren t of these  harmon ics  fl ow i n  the  paral l e l  
fi l ters.  Th is  resu l t  i s  i n teresting ,  because  i t  means  that no  other fi l ters  are  requ i red  at  the  
station  for the  harmon ics  control led  by the  active  fi l ter.  
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6.1 2  Overview on  fi l ter solutions  for HVDC systems   

6. 1 2 .1  Solution  wi th  conventional  passive  fi l ters  

I n  I EC  62001 : 2009,  passive  a . c.  fi l ters  for HVDC systems  are  described  and  d i scussed  i n  
detai l .  For a  typical  HVDC converter station ,  a  reactive  power i nstal lation  of 50  %  to  60  %  of 
the  active  power rating  i s  requ i red  i n  order to  obtain  reactive  power balance  wi th  the  a . c.  
system.  The  reactive  power i nstal l ation  wi l l  be  d i vided  i n to  shun t capaci tor banks,  and  a  part 
of these  banks  wi l l  be  designed  as  fi l ters.  I n  th i s  way the  demands  of fundamental  frequency 
reactive  power and  harmon ic d i stortion  wi l l  be  ach ieved .  The  a . c.  fi l ters,  i nclud ing  thei r 
swi tchyard  equ ipment can  occupy over hal f the  tota l  l and  requ i red  by a  typical  converter 
station .  Where  the  l and  i s  expensive,  th is  cou ld  l ead  to  a  considerable  cost.  The  cost for the  
fi l ter equ ipment i s  a  s ign i fi can t part of the  tota l  station  cost,  i n  the  order of 1 0  %.  

Wi th  h igh  demand  to  fi l ter effi ciency i t  may be  d i fficu l t  to  main tain  the  reactive  power balance  
wi th  the  a . c.  system  and  at  the  same  time  meet the  fi l tering  requ i rements,  requ i ring  more  
soph isticated  solu tions.  
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Bottom  fi gu re:  wi th  acti ve  fi l ter con trol  

Figure  27  – Plots  from  si te  measurements   
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6.1 2.2  Solution  wi th  continuously tuned  passive  fi l ters  

6. 1 2.2. 1  Solution  for conventional  HVDC substations  

The  fi l ter solu tion  for conventional  HVDC converter substations  can  comprise  the  
con tinuously tuned  fi l ters  tuned  to  the  dominan t characteri sti c (1 1 th  and  1 3 th)  harmon ics  and  
conventional  h i gh  pass  fi l ters  (for example  HP24  and  HP36).  Such  a  solu tion  has  the  
fol lowing  main  advantages:  

•  De-couples  fi l tering  and  reactive  power requ i rement.  The  fi l ters  are  assigned  a  smal l  
portion  of the  total  reactive power requirement of the station  and the balance reactive power is 
provided  by simple shun t capaci tors.  Al l  the  fi l ters  are  swi tched  at the  converter de-block 
and  remain  connected  th roughou t the  l oad .  The  i n terven ing  swi tch ings  are  on ly that of the  
shun t capaci tors  so  as  to  fu l fi l  the  reactive  power exchange  requ i rement.  

•  G ives  h igh  performance  and  l ow l osses.  

•  Avoids  frequent swi tch ing  of fi l ters  thus  reducing  wear and  main tenance  requ i rement on  
the  swi tchgear.  

6.1 2.2 .2  Solution  for series  compensated  HVDC substations  

For series  compensated  HVDC substations,  a  smal l  portion  of the  tota l  reactive  power 
compensation  can  be  assigned  to  the  fi l ters  that consist of con tinuously tuned  and  
conventional  h i gh  pass  fi l ters.  The  balance  reactive  power compensation  i s  provided  by the  
series  capaci tors.  Th is  solu tion  has  the  fol l owing  main  advantages:  

•  Needs  smal l  s i ze  fi l ters  that faci l i tate  fu l fi lment of vol tage  change  on  swi tch ing  i n  a  weak 
a . c.  network.  

•  Avoids  the  use  of shun t reactors  at m in imum  l oad ,  parti cu larly i n  a  weak a. c.  network.  

•  G ives  h igh  performance  and  l ow l osses.  

•  Avoids  frequent swi tch ing  of fi l ters  thus  reducing  wear and  main tenance  requ i rement on  
the  swi tchgear.  

6.1 2.3  Solution  wi th  active  fi l ters  

6. 1 2.3. 1  Solution  for conventional  HVDC substations  

The  fi l ter solu tion  for conventional  HVDC converter substations  may comprise  an  active  fi l ter 
for the  23 th  to  the  49 th  harmon ics  forming  a  hybrid  series  scheme wi th ,  for i nstance,  a  double-
tuned  DT1 2/24,  wh ich  wi l l  be  swi tched  at the  converter starting  and  remains  connected  
regard less  the  converter l oad ,  conventional  passive  fi l ters  for the  1 1 th  and  1 3 th  harmon ics  and  
capaci tor banks.  Such  a  solu tion  has  the  fol l owing  main  advantages:  

•  De-couples  fi l tering  and  reactive  power requ i rement,  as  the  fi l ters  are  assigned  j ust to  a  
portion  of the  tota l  reactive  power requ i rement.  

•  Presents  h igh  performance  and  l ow l osses  (see  5. 3) .  

•  Avoids  frequent swi tch ing  of fi l ters.  

•  Coverage  of non-characteri sti c harmon ics  wi thout add i tional  fi l ter hardware.  

6.1 2.3.2  Solution  for series  compensated  HVDC substations  

For series  compensated  HVDC substations,  a  smal l  portion  of the  tota l  reactive  power 
compensation  can  be  assigned  to  the  fi l ters  that consist  of acti ve  (hybrid )  fi l ters.  The  balance  
reactive  power compensation  i s  provided  by the  series  capaci tors.  Th is  solu tion  has  the  
fol lowing  main  advantages:  

•  Needs  smal l  s i ze  fi l ters  that faci l i tate  fu l fi lment of vol tage  change  on  swi tch ing  i n  a  weak 
a . c.  network.  
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•  Avoids  the  use  of shun t reactors  or static Var compensators  (SVC)  at m in imum  l oad ,  
parti cu larly i n  a  weak a. c.  network.  

•  G ives  h igh  performance  (see  5. 3)  and  l ow losses.  

•  Avoids  frequent swi tch ing  of fi l ters  thus  reducing  wear and  main tenance  requ i rement on  
the  swi tchgear.  

6.1 2.4  Solution  wi th  continuously tuned  passive  fi l ters  and  active  fi l ters  

Th is  solu tion  may comprise  active  a . c.  fi l ters  wi th  moderate  ampl i fier rati ng  and  continuously 
tuned  passive  fi l ters,  provid ing  h igh  effi ciency wi th  both  series  compensated  and  
conventional  HVDC converter stations.  I n  th i s  solu tion  continuously tuned  1 1 th  and  1 3 th  fi l ters  
can  be  combined  wi th  an  active  fi l ter for h i gher harmon ics  (for example,  23 rd  to  49 th ) .  

6.1 2.5  Study cases  wi th  the  CIGRÉ HVDC  model  

Th is  subclause  presents  resu l ts  obtained  using  th ree  a . c.  fi l ter solu tions  for the  CIGRÉ  HVDC 
model .  The  model  i s  a  1  000  MW,  500  kV monopolar HVDC transmission  system  wi th  a  d . c.  
cable.  

AC  system  frequency range  of 50  ±  0, 5  Hz was  considered .  

The  th ree  fi l ter configurations  that sati sfy the  speci fied  performance  are:  

a)  Conventional  1 1 /1 3 th ,  24/36 th  and  h igh  pass  th i rd  harmon ic tuned  fi l ters  (HP3  fi l ters) .  

b)  Con tinuously tuned  1 1 th  and  1 3 th  fi l ters,  wi th  conventional  HP24,  HP36  and  HP3  passive  
fi l ters.  

c)  Continuously tuned  1 1 th  and  1 3 th  fi l ters,  a  conventional  HP3  passive  fi l ter for the  3 rd  
harmon ic and  an  active  (hybrid )  fi l ter for h i gher order harmon ics  supplying  75  Mvar 
reactive  power.  

The  performance  requ i rements  are  defined  i n  terms  of the  parameters  shown  i n  Table  5 .  The  
used  fi l ter configuration  and  system  impedance  data  are  presented  i n  F igure  28.  

Table  5  – Performance  Requirements  

Parameter Lim i t  

I nd i vi dua l  harmon i c  d i s torti on ,  Dn   1 , 0  %  for a l l  odd  harmon i cs  

0 , 5  %  for a l l  even  harmon i cs  

THD  1 , 5  %  

THFF  1 , 0  %  
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Figure  28  – F i l ter configuration  and   
a.c.  system  harmonic  impedance  data  

Parameters  of fi l ters  i nstal l ed  at a . c.  substations  A (375  kV)  and  B  (230  kV)  are  shown  i n  
Tables  6  and  7 .  

Table  6  – Parameters  of fi l ters  at  a.c.  substation  A (375 kV)   

Fi l ter Type  →  1 1 th  1 3th  HP3  HP36  1 1 /1 3th  

3-phase  reacti ve  power at  nom inal  a . c.  
vo l tage,  MVAr 

43 , 8  31 , 2  60  37 , 5  90  

C1 ,  mF  1 , 1 6  0 , 84  1 , 61  1 , 00  2 , 39  

L1 ,  mH  72 , 1 7  72 , 1 7  789, 31  7 , 80  29 , 65  

C2 ,  mF  -  -  1 2 , 84  -  85, 44  

L2 ,  mH  -  -  -  -  0 , 83  

R1 ,  Ω  -  -  1  800  350  -  

R2 ,  Ω  -  -  -  -  65  
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Table  7  – Parameters  of fi l ters  at  a.c.  substation  B  (230  kV)   

Fi l ter Type  →  1 1 th  1 3th  HP3  HP36  1 1 /1 3th  

3-phase  reacti ve  power at  nom inal  a . c.  
vo l tage,  MVAr 

43 , 8  31 , 2  60  37 , 5  90  

C1 ,  mF  2 , 61  1 , 87  3 , 61  2 , 26  5 , 378  

L1 ,  mH  32 , 07  32 , 07  350 , 8  3 , 47  1 3 , 1 8  

C2 ,  mF  -  -  28 , 88  -  1 92 , 25  

L2 ,  mH  -  -  -  -  0 , 37  

R1 ,  Ω  -  -  850  1 70  -  

R2 ,  Ω  -  -  -  -  30  

 

The  h ighest values  of each  of the  performance  parameters  at  rated  (1  000  MW)  power are  
shown  i n  Table  8 .  

Table  8  – Performance  resu l ts  of fi l ters  

Fi l ter con fi gu rati on  Performance  parameter va l ue  

 Dn /n  (%)  THD  (%)  THFF  (%)  

1  0 , 90/5  1 , 41  0 , 97  

2  0 , 91 /5  1 , 34  0 , 83  

3  0 , 91 /5  1 , 28  0 , 64  

 

The  configurations  wi th  the  continuously tuned  fi l ter and  active  fi l ters  (configuration  3)  g i ve  
better performance  as  compared  to  that wi th  the  conventional  passive  fi l ters.  

These  resu l ts  cannot be  general i sed .  For d rawing  conclusions  for speci fic projects,  the  
calcu lations  need  to  consider real i sti c  i npu t data  regard ing  a . c.  system,  e . g .  harmon ic 
impedance  and  reactive  compensation  requ i rements.  Al so  fi l ter detun ing  ( importan t for 
passive  fi l ters)  has  to  be  considered .  

6.1 3  ACfi l ters  for HVDC  instal lations  using  VSC  

The  appl i cation  of vol tage  sourced  converters  (VSC)  for d . c.  i n terconnections  has  recently 
begun  and  wi l l  ri se  i n  the  fu tu re.  The  features  of HVDC systems  wi th  VSC are  described  i n  
I EC  62543.  By th i s  reason  l ess  requ i rements  for external  reactive  power demand  and  l ow 
frequency harmon ic d i stortion  compensation  wou ld  be  requ i red  i n  the  fu tu re.  I n  such  a  case  
at  l arge  power ratings,  passive  or smal l  acti ve  fi l ters  may be  i ncluded  to  compensate  non-
characteristi cs  harmon ics  at h i gher frequencies  than  the  PWM  swi tch ing  frequency of the  
main  VSC.  By th i s  method  of operation ,  the  VSC can  compensate  l ower order harmon ics  
i n ternal ly.   

6.1 4 Conclusions  on  active  a.c.  fi l ters   

•  For HVDC solu tions  a  hybrid  acti ve  power fi l ter wou ld  be  requ i red  i n  order to  m in imize  the  
power rating  of the  active  power fi l ter and  maxim ize  the  performance  of the  fu l l  fi l ter.  

•  For retrofi tti ng  existing  HVDC l i nks  wi th  i ncreased  power qual i ty problems  i n  networks,  i t  
i s  expected  that acti ve  fi l ter configurations  wi l l  be  added  to  existing  passive  fi l ter 
solu tions.  

•  For series  compensated  converter HVDC systems,  hybrid  acti ve  power fi l ters  or tuneable  
passive  solu tions  may be  more  cost effective  than  a  pure  passive  solu tion .  
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•  Active  fi l ters  us ing  mu l ti - level  topolog ies  may be  connected  d i rectly to  the  MV and  LV 
networks  wi thou t the  use  of transformers.  

•  I t  may be  advantageous  to  connect acti ve  fi l ters  for HV networks  via  an  existi ng  or specia l  
coupl i ng  transformer.  I n  such  a  case  the  cu rrent regu lating  reactor may be  i ncluded  i n to  
the  design  of the  series  impedance  of the  transformer.  For protection  purposes  i t  i s  
un l i kely to  connect the  active  fi l ter on  HV networks  d i rectl y on to  the  supply vol tage.  

•  I n  the  fu tu re  vol tage  sourced  converter d . c.  l i nks  may combine  the  harmon ic fi l ter and  
reactive  power demand  i n to  a  s i ng le  power solu tion  for HV networks.  

International  Electrotechnical  Commission

 



I EC  TR 62544:201 1 +AMD1 : 201 6  CSV – 45  – 
© I EC  201 6  

Bibl iography 

[I ]   CIGRÉ  WG  1 4-30.  “Gu ide  to  the  Speci fication  and  Design  Evaluation  of AC F i l ters  for 
HVDC Systems. ” ,  Techn ical  Brochure  1 39,  Apri l  1 999.  

[2 ]   CIGRÉ  Task Force  1 4. 03. 02,  "DC Side  Harmon ics  and  F i l tering  i n  HVDC Transmission  
Systems. "  Techn ical  Brochure  Ref.  92  ,  Apri l  1 995.  

[3 ]   “D i rectives  concern ing  the  protection  of te lecommun ication  l i nes  against harmfu l  effects  
from  e lectrici ty l i nes” ,  by The  I n ternational  Telecommun ication  Un ion ,  New Deh l i -1 960,  
ed i tion  1 963.  

[4 ]   Zhang  W. ,  “On  feedback Control  of Active  DC F i l ters  i n  HVDC Cable  l i nks  wi th  coastal  
l i nes” .  Royal  I nsti tu te  of Technology,  Stockholm  1 995.  

[5]   Wong  C. ,  “Feasibi l i ty Study of AC-  and  DC-side  Active  F i l ters  for HVDC Converter 
Terminals” ,  I EEE  Trans.  on  Power Del i very,  vol  4 ,  no.  4 ,  pp.  2067-2075,  Oct 1 989.  

[6 ]   Watanabe  E .H . ,  “Series  active  fi l ter for the  DC s ide  of the  HVDC transmission  
systems” ,  Proc.  I PEC-Tokyo,  J apan ,  pp  1 024-1 030,  Apr.  1 990.  

[7 ]   W.  Stygar and  G .  Gerd in ,  “H igh  Frequency Rogowski  Coi l  Response  Characteri sti cs, ”  
I EEE  Trans.  on  Plasma  Science,  vol .  PS-1 0,  no.  1 ,  March  1 982,  pp.  40-44.  

[8 ]   Nyman  et a l ,  “The  Bal ti c  Cable  HVDC project”  Cig re  Session ,  1 996.  

[9 ]   M .Perei ra,  G .Wi ld ,  "Experience  wi th  the  appl i cation  of active  AC  and  DC fi l ter i n  HVDC 
systems",  I EEE  / PES  T&D  2002  Latin  America,  São  Pau lo,  Brazi l ,  March  2002.  

[1 0]   C igré  E lectra  ref.  no.  1 87,  "Active  DC fi l ters  i n  HVDC appl i cations" ,  WG  1 4. 28,  1 999.  

[1 1 ]   A Horn ;  LA Pi ttorino;  JHR Ensl in :  "Evaluation  of Active  Power F i l ter Algori thms  under 
non-sinusoidal  and  unbalanced  cond i tions, "  I EEE  PES,  7  th  I n ternational  Conference  
on  Harmon ics  and  Qual i ty of Power ( ICHQP-96),  Las  Vegas,  Nevada,  USA,  pp  21 7-
224,  1 6-1 8  Oct 1 996.  

[1 2 ]   JHR Ensl i n ;  JD  van  Wyk:  "A new con trol  ph i losophy for power e lectron ic converters  as  
fi cti ti ous  power compensators" ,  I EEE  Transactions  on  Power E lectron ics,  vol  PEL-5,  no  
1 ,  pp  88-97,  J an  1 990.  

[1 3]   H .  Fu j i ta  and  H .  Akag i ,  “A Practical  Approach  to  Harmon ic Compensation  i n  Power 
Systems  -Series  Connection  of Passive  and  Active  F i l ters, ”  I EEE  Trans.  on  I nd .  Appl . ,  
vol .  27,  no.  6 ,  November/December 1 991 ,  pp. 1 020-1 025.  

[1 4 ]   H .  Akag i ,  Y.  Kanazawa  and  A.  Nabae,  “ I nstan taneous  Reactive  Power Compensators  
Compris ing  Swi tch ing  Devices  wi thou t Energy Storage  Components, ”  I EEE  Trans.  on  
I nd .  Appl . ,  vol .  I A-20,  no.  3 ,  May/June  1 984,  pp.  625-630.  

[1 5]   S .  Bhattacharya,  D .M .  D ivan  and  B.  Banerjee,  “Synchronous  Frame  Harmon ic I solator 
us ing  Active  Series  F i l ter, ”  EPE  1 991 ,  pp.  3-030  – 3-035.  

[1 6]   P .  J i n takosonwi t,  H .  Fu j i ta  and  H .  Akag i :  “Control  and  performance  of a  fu l l y-d ig i ta l -
con trol l ed  shun t acti ve  fi l ter for i nsta l lation  on  a  power d istribu tion  system”  I EEE  Trans.  
on  Power E lectron ics,  vol .  1 7 ,  no.  1 ,  J an .  2002,  pp.  1 32-1 40.  

[1 7]   S .  Bhattacharya,  A.  Vel tman ,  D .M .  D ivan  and  R.D.  Lorenz,  “F lux-Based  Active  F i l ter 
Control ler, ”  I EEE  Trans.  on  I nd .  Appl . ,  vol .  32 ,  no.  3 ,  May/June  1 996,  pp.  491 -501 .  

[1 8]   Akag i ,  H :  “New Trends  i n  Active  F i l ters  for Power Cond i tion ing , ”  I EEE  Trans.  on  
I ndustry Appl ications,  vol .  32 ,  no.  6 ,  Nov. /Dec.  1 996,  pp.  1 31 2-1 322.  

[1 9]   E  Stern  et a l ,  “The  Neptune  reg ional  transmission  system  500kV HVDC project” ,  CIGRE  
B4-1 1 8,  Cig re  Session ,  2008  

[20]   I EC  62747,  Terminology for vol tage-sourced  converters  (VSC)  for h i gh -vol tage  d i rect 
cu rren t (HVDC)  systems  

___________ 

 

International  Electrotechnical  Commission

 



 

 

International  Electrotechnical  Commission

 



International  Electrotechnical  Commission

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

INTERNATIONAL 

ELECTROTECHNICAL 

COMMISSION 

 

3,  rue de Varembé 

PO Box 1 31  

CH-1 21 1  Geneva 20 

Switzerland  

 

Tel:  +  41  22 91 9 02 1 1  

Fax:  +  41  22 91 9 03 00 

info@iec.ch  

www. iec.ch  

International  Electrotechnical  Commission

 


