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FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (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  Nati onal  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ i zati ons  l i a i s i ng  wi th  the  I EC al so  parti cipate  i n  th i s  preparation .   

I EEE  Standards  documents  are  devel oped  wi th i n  I EEE  Societi es  and  Standards  Coord i nati ng  Comm i ttees  of the  
I EEE  Standards  Association  ( I EEE-SA)  S tandards  Board .  I EEE  devel ops  i ts  s tandards  through  a  consensus  
development process,  approved  by the  American  National  S tandards  I nsti tu te,  wh ich  bri ngs  together vol un teers  
representi ng  varied  viewpoin ts  and  i n terests  to  ach ieve  the  fi nal  product.  Volun teers  are  not  necessari l y  
members  of I EEE  and  serve  wi thou t compensati on .  Wh i l e  I EEE  adm in i sters  the  process  and  establ i shes  ru les  
to  promote  fai rness  i n  the  consensus  development  process,  I EEE  does  not  i ndependentl y eval uate,  test,  or 
veri fy  the  accuracy of any of the  i n formation  contai ned  i n  i ts  s tandards.  Use  of I EEE  Standards  documents  i s  
whol l y vo l un tary.  IEEE documents are made available for use subject to important notices and legal disclaimers 
(see http: //standards. i eee. org /I PR/d iscla imers. h tm l  for more information) .  

I EC  col l aborates  cl osel y wi th  I EEE  i n  accordance  wi th  cond i ti ons  determ ined  by agreement between  the  two 
organ i zati ons.  Th i s  Dual  Logo  I n ternational  Standard  was  j oi n tl y developed  by the  I EC and  I EEE  under the  
terms  of that  agreement.   

2 )  The  formal  decis ions  of I EC on  techn ical  matters  express,  as  nearl y as  poss ibl e,  an  i n ternational  consensus  of 
opin ion  on  the  re l evant  subj ects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  i n terested  I EC 
National  Comm i ttees.  The  formal  d ecis ions  of I EEE  on  techn ical  matters,  once  consensus  wi th i n  I EEE  Societies  
and  S tandards  Coord i nati ng  Commi ttees  has  been  reached ,  i s  determ ined  by a  bal anced  bal l ot  of materia l l y  
i n terested  parti es  who  i nd icate  i n terest  i n  reviewing  the  proposed  standard .  F i nal  approva l  of the  I EEE  
standards  document  i s  g i ven  by the  I EEE  Standards  Associati on  ( I EEE-SA)  S tandards  Board .  

3)  I EC/I EEE  Publ i cations  have  the  form  of recommendations  for i n ternati onal  use  and  are  accepted  by I EC 
National  Comm i ttees/I EEE  Societies  i n  that  sense.  Wh i l e  a l l  reasonabl e  efforts  are  made  to  ensure  that  the  
techn ical  content  of I EC/I EEE  Publ i cations  i s  accurate,  I EC  or I EEE  cannot  be  hel d  respons ible  for the  way i n  
wh ich  they are  used  or for any m is i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app ly I EC Pub l i cations  
( i ncl ud ing  I EC/I EEE  Publ i cations)  transparentl y to  the  maximum  extent  possib l e  i n  the i r national  and  reg i ona l  
publ i cati ons.  Any d i vergence  between  any I EC/I EEE  Publ i cation  and  the  correspond i ng  national  or reg ional  
publ i cati on  shal l  be  cl earl y i nd i cated  i n  the  l atter.  

5)  I EC and  I EEE  do  not  provide  any attestati on  of conform i ty.  I ndependent  certi fi cation  bod i es  provi de  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC and  I EEE  are  not  respons ibl e  
for any services  carri ed  ou t  by i ndependent certi fi cati on  bod i es.  

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

7)  No  l i abi l i ty shal l  attach  to  I EC  or I EEE  or thei r d i rectors ,  employees,  servan ts  or agents  i ncl ud ing  i nd ivi dual  
experts  and  members  of techn ical  commi ttees  and  I EC  National  Comm i ttees,  or vo l un teers  of I EEE  Societies  
and  the  Standards  Coord i nati ng  Commi ttees  of the  I EEE  Standards  Association  ( I EEE-SA)  S tandards  Board ,  
for any personal  i n j u ry,  property damage  or other d amage  of any natu re  whatsoever,  whether d i rect  or i n d i rect,  
or for costs  ( i ncl ud ing  l ega l  fees)  and  expenses  ari s i ng  ou t  of the  pub l i cation ,  use  of,  or rel i ance  upon ,  th i s  
I EC/I EEE  Publ i cation  or any other I EC or I EEE  Publ i cati ons.   

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

9)  Atten tion  i s  d rawn  to  the  possib i l i ty that  implementation  of th i s  I EC/I EEE  Publ i cation  may requ i re  use  of 
material  covered  by patent  ri gh ts.  By publ i cati on  of th i s  s tandard ,  no  posi ti on  i s  taken  wi th  respect  to  the  
exi stence  or val i d i ty of any patent  ri gh ts  i n  connection  therewi th .  I EC or I EEE  shal l  not  be  hel d  respons ibl e  for 
i den ti fyi ng  Essential  Paten t Cl a ims  for wh ich  a  l i cense  may be  requ i red ,  for conducti ng  i n qu i ri es  i n to  the  l ega l  
val i d i ty or scope  of Patent  Cla ims  or determ in ing  whether any l i censing  terms  or cond i ti ons  provi ded  i n  
connection  wi th  subm ission  of a  Letter of Assurance,  i f any,  or i n  any l i cens ing  agreements  are  reasonabl e  or 
non -d i scrim inatory.  Users  of th i s  s tandard  are  expressly advi sed  that  determ ination  of the  val i d i ty of any paten t  
ri gh ts,  and  the  ri sk of i n fri ngement of such  ri gh ts ,  i s  en ti re l y thei r own  responsibi l i ty.  

http://standards.ieee.org/IPR/disclaimers.html
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I n ternational  Standard  I EC/IEEE  60076-57-1 29  has  been  prepared  by I EC techn ical  
comm ittee  1 4:  Power transformers,  in  cooperation  wi th  the  Transformers  Committee  of the  
IEEE  Power &  Energy Society 1 ,  under the  I EC/I EEE  Dual  Logo  Agreement.  

Th is  publ ication  cancels  and  replaces  the  fi rst ed i tion  of I EC 61 378-2  publ ished  i n  2001  and  
I EEE  Std  C57. 1 29™  publ ished  i n  2007.  

Th is  publ ication  is  publ ished  as  an  I EC/I EEE  Dual  Logo  standard .  

The  text of th is  s tandard  i s  based  on  the  fol lowing  I EC documents:  

FDIS  Report  on  voti ng  

1 4/904/FDIS  1 4/907/RVD  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  s tandard  can  be  found  i n  the  report on  
voting  ind icated  in  the  above  table.  

I n ternational  standards  are  d rafted  i n  accordance wi th  the  ru les  g iven  i n  the  I SO/IEC  
Di recti ves,  Part  2 .  

A l i s t of parts  of the  60076  I n ternational  Standard ,  publ ished  under the  general  t i t le  Power 
transformers,  can  be  found  on  the  I EC websi te .  

The  I EC Techn ica l  Committee  and  I EEE  Techn ical  Committee  have  decided  that the  con ten ts  
of th is  publ ication  wi l l  remain  unchanged  un ti l  the  stabi l i ty date  i nd icated  on  the  I EC websi te  
under "h ttp: //webstore. iec. ch "  i n  the  data  re lated  to  the  speci fic publ ication .  At  th is  date,  the  
publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

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

 

  

______________ 

1  A l i s t  of I EEE  parti cipan ts  can  be  found  at  the  fol l owing  URL:  h ttp: //standards. i eee. org /down l oads/60076/60076-
57-1 29-201 7/60076-57-1 29-201 7_wg-parti cipan ts . pdf 
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POWER TRANSFORMERS –  
 

Part 57-1 29:  Transformers  for HVDC appl ications  
 
 
 

1  Scope 

This part of 60076 I n ternati ona l  S tandard  specifies requirements of l i q u id - immersed  three-phase  
and  s i ng le-phase  converter transformers  for use  i n  h i gh  vol tage  d i rect curren t (HVDC)  power 
transm ission  systems i nclud ing  back-to-back appl ications.  I t  appl i es  to  transformers  having  
two,  three  or mu l tip le  wind ings.  

Th is  document does  not apply to  

– converter transformers  for industria l  appl ications  (see  I EC  61 378-1  or I EEE  Std  
C57. 1 8. 1 0);  

– converter transformers  for traction  appl ications  (see  I EC  6031 0) .   

2  Normative references  

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

2. 1  IEC  references  

I EC 60050-421 ,  International Electrotechnical Vocabulary – Chapter 421 : Power transformers 
and reactors  (avai l ab le  at  h ttp: //www.electroped ia. org )  

IEC 60076-1 : 201 1 ,  Power transformers – Part 1 :  General 

IEC 60076-2,  Power transformers – Part 2:  Temperature rise  for liquid-immersed transformers  

IEC 60076-3: 201 3,  Power transformers – Part 3: Insulation levels,  dielectric tests and external 
clearances in  air  

IEC 60076-5,  Power transformers – Part 5:  Ability to  withstand short-circuit  

IEC 60076-1 8,  Power transformers – Part 18: Measurement of frequency response  

I EC 60076-1 0 ,  Power transformers – Part 10: Determination  of sound levels 

I EC 601 37,  Insulated bushings for alternating voltages above 1  000 V 

IEC 6021 4-1 ,  Tap-changers – Part 1 :  Performance requirements and test methods  

IEC 60270,  High voltage test techniques – Partial discharge measurements  

IEC/IEEE  65700-1 9-03,  Bushings for DC application  
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2.2  IEEE  references  

IEEE  Std  C57. 1 2 .00™ ,  IEEE Standard for General Requirements for Liquid-Immersed 
Distribution,  Power,  and Regulating Transformers 

IEEE  Std  C57. 1 2 . 1 0™ ,  IEEE Standard Requirements for Liquid-Immersed Power 
Transformers 

I EEE  Std C57. 1 2 .80™ ,  IEEE Standard Terminology for Power and Distribution  Transformers 

I EEE  Std C57.1 2.90™ ,  IEEE Standard Test Code for Liquid-Immersed Distribution,  Power,  and 
Regulating Transformers 

I EEE Std C57.1 9.00™ ,  IEEE Standard General Requirements and Test Procedures for Power 
Apparatus Bushings 

IEEE  Std  C57. 1 1 3™ ,  IEEE Recommended Practice for Partial Discharge Measurement in  
Liquid-Filled Power Transformers and Shunt Reactors 

IEEE  Std  C57. 1 31 ™ ,  IEEE Standard Requirements for Tap Changers 

IEEE  Std  C57. 1 49™ ,  IEEE Guide for the Application and Interpretation of Frequency 
Response Analysis for Oil-Immersed Transformers  

3 Terms,  defin i tions  and  symbols  

For the  purposes  of th is  document,  the  terms  and  defin i tions  g i ven  in  I EC 60050-421  and  
I EC 60076-1  appl y to  I EC speci fied  transformers  for HVDC appl ications.  For I EEE  speci fied  
transformers  for HVDC appl ications,  the  terms  and  defin i ti ons  g i ven  i n  I EEE  Std  C57. 1 2. 80  
apply.  For a l l  transformers  for HVDC appl ications,  the  fol l owing  appl y and  take  precedence.  

NOTE  Where  the  term  oi l  i s  u sed  i n  the  text,  i t  i s  understood  to  be  the  i nsu lati ng  l i qu i d  i n  the  transformer.  

I SO,  I EC  and  I EEE  maintain  term inolog ical  databases  for use  in  standard ization  at the  
fol l owing  addresses:  

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

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

•  I EEE  Standards  D ictionary On l i ne:  avai lab le  at  
h ttp : //ieeexplore. ieee.org /xpls/d ictionary. j sp  

3. 1  Terms and  defin i tions  

3. 1 . 1   
valve  s ide wind ing   
wind ing  connected  to  the  converter 

3. 1 .2   
l ine  s ide  wind ing  

wind ing  connected  to  the  AC network 

Note  1  to  en try:  I n  other standards,  val ve  s i de  can  be  denoted  as  DC s i de  and  l i ne  s i de  can  be  denoted  as  AC 
s i de.  

  

http://www.iso.org/obp
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3.2  Symbols  

f1  rated  frequency and  a lso  the  fundamenta l  frequency 

fh  frequency at harmon ic order number h  

Fh  l oss  ad j ustment factor at harmon ic  h  

fx  frequency ≥  1 50  Hz used  to  determ ine  the  d istribu tion  of eddy current  l osses  

FSE  enhancement factor for s tray l osses  i n  s tructural  parts  

FWE  enhancement factor for wind ing  eddy l osses  

h  harmon ic  order number 

Ieq  equ ivalent s i nusoida l  r.m . s.  current of rated  frequency,  g i ving  the  wind ing  l osses,  
used  i n  temperature  rise  test  

Ih  magn i tude  of the  h th  harmon ic current  i n  the  transformer 

ILN  square  root of the  sum  of the  square  of the  fundamental  and  harmon ic curren ts  up  to  
the  49 th  h armon ic for a  particu lar load ing  cond i tion  and  associated  harmon ic curren t 

spectra.  ∑
=

=
49

1

2
LN

h

hII  (49  i s  the  h i ghest harmon ic  to  be  evaluated) .  

NOTE  ILN  equa l s  Ir  for the  nom inal  l oad  cond i ti on  bu t  i t  can  a l so  be  used  for other l oad  cond i ti ons  (e. g .  
overl oad ).    

Ir  rated  current,  r.m .s.  va lue  of the  nom inal  i n -service  l oad  curren t,  i ncl ud ing  
harmon ics ,  in  the  wind ing  under cons ideration  ca lcu lated  i n  the  same way as  ILN  
above.  Used  as  a  bas is  for the  defin i ti on  of rated  impedance.  

RI2r  ohm ic l osses  at  rated  curren t  

Ix l oad  l oss  test current  at frequency fx  

kh  ratio  of the  curren t Ih  to  the  rated  curren t Ir  

KWE wind ings  enhancement l oss  p . u .  at  fundamenta l  frequency due  to  eddy l osses  

N number of s ix-pu lse  bri dges  in  series  from  the  neu tral  of the  DC  l i ne  to  the  recti fi er 
bridge  connected  to  the  transformer 

P1 r  tota l  load  l osses  at fundamental  frequency (50  Hz or 60  Hz)  and  rated  current  

PLLG  l oad  l oss  used  in  determ in ing  guaranteed  tota l  l osses  

PLLT  ca lcu lated  tota l  l oad  l oss  under service  cond i ti ons  

PN  tota l  service  l oad  loss  

PNL  tota l  no- load  l oss  

PSE1 r  s tray l osses  i n  s tructural  parts  (exclud ing  wind ings)  at fundamental  frequency and  
rated  curren t  

PTL  tota l  l oss  under service  cond i ti ons  (used  for temperature  rise  test)  

PWE1 r  eddy l osses  i n  wind ings  at  fundamental  frequency and  rated  curren t  

Px  l oad  l oss  measured  at  frequency fx  

R  DC  res istance  of wind ings  i nclud ing  i n ternal  l eads  

SR  rated  power 

UAC  AC  separate  source  test vol tage  for the  valve  wind ings  (r.m .s.  va lue)   

UDC  DC  wi thstand  test vol tage  for the  va lve  wind ings  

Udm  h ighest  DC vol tage  per va lve  bri dge  

Um  h ighest system  vol tage  of the  l i ne  wind ing  

Upr  po lari ty reversal  test  vo l tage  (DC vol tage)  for the  valve  wind ings  

Ur  rated  vol tage  

Uvm  maximum  phase-to-phase  AC operating  vol tage  of the  valve  wind ings  of the  
converter transformer 
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4 Use of normative  references  

This  document can  be  used  wi th  e i ther the  I EC or I EEE normative  references,  bu t the  
references  shal l  not be  m ixed .  The  purchaser shal l  i ncl ude  i n  the  enqu i ry and  order wh ich  
normative  references  are  to  be  used .  I f the  choice  of normative  references  i s  not speci fi ed ,  
then  I EC standards  shal l  be  used  except for HVDC converter transformers  i n tended  for 
i nsta l lation  i n  North  America  where  I EEE  standards  shal l  be  used .  

5 General  requirements  

5.1  General  

Al l  the  requ i rements  i n  I EC  60076-1  or I EEE  Std  C57. 1 2. 00  and  IEEE  Std  C57. 1 2. 1 0  are  val i d  
un less  speci fic requ irements  are  g i ven  in  th is  document.  I n  case  of confl i cti ng  requ i rements,  
th is  document shal l  prevai l .  

5.2  Service conditions  

5.2. 1  General  

Converter transformers  i n  th is  document shal l  comply wi th  the  service  cond i ti ons  stated  i n  
IEC 60076-1  or I EEE  Std  C57.1 2. 00,  except where  i t  i s  clearl y not  appl icable  to  converter 
transformers  or when  other requ irements  are  speci fi ed  herein .  I t  i s  assumed  that the  
transformer operates  i n  an  approximatel y symmetrical  three-phase  system ,  un less  otherwise  
stated .   

5.2.2  Temperature  

I f any part of the  transformer (for example,  the  valve  bush ings)  protrudes  in to  the  valve  hal l ,  
the  maximum  temperature  i n  the  valve  ha l l  sha l l  be  speci fied  in  add i ti on  to  the  normal  ambien t 
temperature.  

NOTE  The  maximum  ai r temperatu re  i n  the  val ve  ha l l  i s  normal l y between  40  °C  and  60  °C  depend ing  on  the  
technol ogy used   

5.2.3  Load  current  

The currents  fl owing  through  the  transformers  conta in  harmon ics.  Res idual  DC curren ts  may 
a lso  flow through  the  wind ings.  The  purchaser shal l  provide  the  manufacturer wi th  the  
harmon ic con ten t and  the  magn i tude  of the  res idual  DC  currents  in  the  enqu iry.   

The  harmon ic conten t shou ld  preferably be  g iven  by l i sti ng  a  number of typ ical  operating  
cond i ti ons.  

5.2.4  AC  vol tage  

The vol tage  appl ied  to  the  l i ne  s ide  wind ing  shal l  be  approximatel y s i nusoida l  (e. g . ,  maximum  
total  harmon ic d istortion  of 5  %  wi th  no  i nd ividual  harmon ic exceed ing  1  %),  and  the  phase  
vol tages  suppl ying  a  poly-phase  transformer shal l  be  approximatel y equal  i n  magn i tude  and  
time  d isplacement.  

5. 2.5  Di rection  of power flow 

Un less  otherwise  speci fied ,  the  transformer shal l  be  des igned  for both  recti fier and  i nverter 
operation .  
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5.3  Unusual  service  cond itions  

Cond i tions  other than  those  described  in  5 . 2  are  cons idered  unusual  and  shal l  be  speci fi ed  by 
the  pu rchaser.  Specia l  a ttention  on  sources  of DC  current  a lso  needs  to  be  cons idered .   

NOTE  Sources  of DC curren t  cou ld  be  cu rren ts  i nduced  by geomagneti c  s torms  and  by fundamental  frequency 
currents  i n  DC l i nes.  

5.4  Load ing  of transformer above rating  

Any requ irements  for l oad ing  beyond  rated  power or at other than  rated  cond i ti ons  shal l  be  
speci fied  by the  purchaser.  The  l oad ing  of HVDC transformers  above nameplate  rating  shal l  
not be  made wi thou t consu l tation  wi th  the  suppl ier.   

NOTE  Converter transformers  are  normal l y d esigned  for a  speci fi c  i nsta l l ati on  and  are  coord i nated  wi th  the  
capabi l i t i es  of the  val ves  and  other DC components .  I f the  station  i s  to  be  operated  above  i ts  rated  capaci ty,  a  
detai l ed  thermal  s tudy wou l d  be  needed  to  d eterm ine  the  capabi l i ty of a l l  the  affected  term inal  equ ipment.  Detai l ed  
i n formation  abou t the  transformer des ign  and  capabi l i t i es  at  both  fundamental  and  harmon i c curren ts  wou l d  be  part  
of the  study.  

6 Rating  data  

6.1  General  

The rating  characteristics  of the  transformer are  expressed  i n  steady-state  s inusoida l  
quanti ti es  of current and  vol tages  at rated  fundamental  frequency.  The  guaranteed  l osses,  
impedances  and  sound  l evel  shal l  correspond  to  these  va lues.  For a  general  l i st  of rating  data  
see  I EC 60076-1  or I EEE  Std  C57. 1 2 .00.  

6.2  Rated  vol tage  

The  rated  vol tage  is  the  r.m . s.  value  of the  fundamental  component of the  phase-to-phase  
( l ine-to- l i ne)  vol tage.  

NOTE  For s i ng le-phase  transformers  i n tended  to  be  connected  i n  s tar to  form  a  three-phase  bank or to  be  
connected  between  the  l i ne  and  the  neutra l  of a  th ree  phase  system ,  the  rated  vol tage  i s  i n d icated  as  the  phase-to-
phase  vol tage,  d i vi ded  by √3  ,  for example  400  /  √3  kV.  

6.3  Rated  current  

The rated  curren t i s  the  square  root of the  sum  of the  square  of the  fundamental  and  harmon ic  
curren ts  up  to  the  49 th  h armon ic for the  nom inal  l oad ing  cond i ti on   

 ∑
=

=
49

1

2
r

h

hII  (1 )  

(49  i s  the  h ighest harmon ic to  be  evaluated ) .  

6.4 Rated  frequency 

The rated  frequency is  the  fundamenta l  frequency of e i ther 50  Hz or 60  Hz for wh ich  the  
transformer is  des igned .  

6.5  Rated  power 

The rated  three-phase power i s  the  product of 3 ,  the  rated  vol tage  and  the  rated  curren t.  

 rrR 3 IUS ××=  (2)  
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7 Losses  

7. 1  General  

The total  l osses  of a  converter transformer shal l  be  the  sum  of the  no- load  l oss  and  the  load  
l oss  at a  speci fic service  cond i tion .  The  guaran teed  l osses  shal l  be  wi th in  the  to lerances  of 
I EC 60076-1 : 201 1 ,  Table  1  or I EEE  Std  C57. 1 2 . 00.  

The  standard  reference temperatures  for the  losses  of converter transformers  shal l  be  the  
ones  g i ven  in  I EC  60076-1  or I EEE Std C57. 1 2. 00.  

7.2  No-load  loss  

No-load  loss  and  no- load  curren t are  measured  in  the  same way as  for conven tional  AC 
transformers  accord ing  to  I EC  60076-1  or I EEE Std C57. 1 2. 90.  Th is  sha l l  be  the  guaranteed  
no- load  loss .  

NOTE  The  harmon ic  vo l tages  and  DC b ias  cu rren ts  have  an  effect  on  no- l oad  l oss  and  no- load  cu rren t.  However,  
i n  practi ce  the  d i fferences  d ue  to  th i s  effect  can  be  d i sregarded  i n  compari son  to  the  tota l  l osses  of the  
transformer.  

7.3  Load  loss  under rated  frequency cond itions  

The l oad  l oss  shal l  be  measured  i n  accordance  wi th  I EC  60076-1  or I EEE  Std C57. 1 2. 90.  

7.4 Load  loss  under service conditions  

The curren ts  flowing  through  the  wind ings  of converter transformers  con tain  certa in  harmon ics  
whose magn i tudes  depend  on  the  parameters  of the  converter station .  The  determ ination  of 
actual  load  loss  i n  service  cannot be  deduced  from  one  s i ng le  l oad  l oss  measurement.  The  
procedure  to  determ ine  the  l oad  loss  i n  accordance  wi th  th is  document includes  two l oad  loss  
measurements  and  certain  assumptions  on  loss  d istribu tion  and  a  speci fic ca lcu lation  scheme 
(see  9. 2).  

The  determ ination  of actual  l oad  l oss  i n  service  i s  more  compl icated  due  to  harmon ic effects .  
The  harmon ic spectrum  for the  temperature  ri se  test and  the  harmon ic spectrum  to  be  used  
for l oad  l oss  evaluation  shal l  be  clearl y defined  by the  purchaser.  The  spectrum  for load  loss  
evaluation  may be  d i fferen t from  the  one  speci fi ed  for temperature  rise  tests;  the  latter 
representing  a  worst case  operati ng  cond i ti on .  

To  determ ine  the  losses  under service  cond i ti ons,  the  fo l lowing  assumptions  are  made:  

– eddy and  s tray l osses  are  proportional  to  the  square  of the  curren t;  

– wind ing  eddy l osses  depend  on  the  frequency wi th  the  exponent 2 ,  and  stray l osses  i n  
structu ral  parts  depend  on  the  frequency wi th  the  exponent 0, 8.  

Eddy l oss  and  stray l oss:  

    2 kfIP ×∝∆  (3)  

where  



= losses.stray  for  0,8

losses,eddy   windingfor     2
k  

Based  on  a  g i ven  harmon ic spectrum ,  the  tota l  service  l oad  l oss  can  be  calcu lated  as  fol lows:  

 SESE1 rWEWE1 r
2
LNN FPFPRIP ×+×+=  (4)  

where  
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Al ternativel y,  by agreement between  the  pu rchaser and  the  manufacturer,  FWE  can  be  
calcu lated  by the  method  g i ven  in  Annex F.  

7.5  Determination  of hot-spot temperature  

The procedure  to  determ ine  the  hot-spot temperature  shal l  be  i n  accordance wi th  
I EC 60076-2  or I EEE  Std  C57. 1 2 .90.  Further gu idance  is  provided  i n  I EC  60076-7.  I t  shou ld  
be  noted  that the  hot-spot temperature  rise  determ ined  by th is  procedure  may not be  the  
same as  the  value  l i ke l y to  be  obta ined  in  normal  service  because  the  extra  l osses  i n  service  
due  to  the  harmon ic curren t are  main l y concentrated  at the  ends  of the  wind ings  whereas  
those  occurring  during  the  test  are  more  even ly d i stributed  throughou t the  wind ing .  As  a  
resu l t,  the  hot-spot generated  during  the  test at the  equ ivalen t rated  frequency curren t i s  
l ower than  that developed  in  normal  converter operation .  I n  order to  partl y compensate  for 
th is  d i fference in  performance,  an  enhancement factor for eddy l osses  wi l l  be  calcu lated  for 
the  speci fic harmon ic content and  added  to  the  temperature  rise  test current.  

NOTE  1  F ibre  opti c  sensors  for measu ring  hot-spot  temperatu re  ri se  i n  wi nd i ngs  are  avai l abl e.  G i ven  the  
uncertai n ti es  i n  determ in ing  the  hot-spot  temperature  ri se  for converter transformers  the  fi bre  opti c  sensors  p l ay a  
more  important  role  than  for other transformer types  and  m igh t  be  cons i dered  more  thorough ly.  

The hot-spot factor and  associated  hot-spot temperature  under service  cond i ti ons  has  to  be  
calcu lated  by the  transformer manufacturer,  us ing  the  harmon ic current spectrum  or spectra  
provided  by the  purchaser.  I t  i s  the  responsib i l i ty of the  purchaser to  ensure  that the  provided  
curren t spectrum  or spectra  is  representati ve  of real is tic operati ng  cond i ti ons.  

NOTE  2  A too  conservati ve  harmon ic cu rren t spectrum  wi l l  l ead  to  a  too  pessim isti c  hot-spot factor.  I f such  hot-
spot factor i s  used  i n  the  transformer wi nd i ng  temperatu re  mon i tori ng  device,  un timely a l arms  or tri ps  can  be  
experienced  even  i f the  real  transformer wind i ng  temperatu re  i s  l ower than  the  one  calcu l ated  by the  mon i tori ng  
equ i pment.  

The manufactu rer shal l ,  duri ng  the  design  review,  demonstrate  how the  hot-spot temperature  
rise,  especia l l y cons idering  the  effect  of the  harmon ics ,  has  been  ca lcu lated  wi th  reference  to  
a  speci fic converter operati ng  poin t and  speci fic system  cond i ti ons.  Based  on  th is  ca lcu lati on ,  
the  manufacturer shal l  declare,  for each  wind ing  of the  converter transformers,  a  hot-spot  
factor re lated  to  service  cond i tions.  The  manufacturer shal l  ca lcu late  the  hot-spot factor that 
wi l l  be  experienced  during  the  temperature  rise  test.  

I n  case  of more  than  one  va lve  wind ing  on  one  core  l imb,  the  l ocation  of the  hot spot i n  
service  may d i ffer from  the  l ocation  during  the  temperature  rise  test at  rated  frequency.  For 
more  in formation  see  I EC  61 378-3.  
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8 Test requirements  

8. 1  General  

8. 1 . 1  Routine  tests  

Routine  tests  accord ing  to  Table  1  shal l  be  performed  on  a l l  u n i ts .  

8. 1 .2  Type tests   

Type tests  accord ing  to  Table  1  shal l  be  performed  on  one  of each  type  of transformer.  

8. 1 .3  Special  tests  

Special  tests  accord ing  to  Table  1  sha l l  be  performed  when  speci fied  by the  purchaser.  

8. 1 .4  Commission ing  tests  

Commission ing  tests ,  as  agreed  between  purchaser and  suppl ier,  shal l  be  performed  on  s i te.  

Table  1  – Routine,  type  and  special  tests  

Tests  Routine  Type  Special  Comment 

Performance tests  

Wind ing  res i stance  measurements  on  
a l l  wi nd i ngs  on  a l l  tap  posi ti ons  

X    

Rati o  tests  on  the  rated  vol tage  
connection  and  on  a l l  tap  posi ti ons  
l i s ted  on  the  nameplate  

X    

Polari ty and  phase  re lati on  tests  on  the  
rated  vol tage  connection  

X    

No- l oad  l osses  and  exci tation  cu rrent  X    

Load  l oss  and  impedance  
measurements  on  pri nci pal  and  
extreme  taps   

X   See  9. 2  

Load  l oss  and  impedance  
measurements  on  a l l  taps  

 
 X  

See  9. 2  

Operational  tests  on  a l l  d evices  X    

Con trol  (auxi l i ary)  and  cool i ng  
consumption  l osses  

X  
 

 

Zero-sequence  impedance  vol tage    X   

Temperatu re  ri se   X  See  9. 1 3  

Tank su rface  temperatu re  ri se  
measurement  

 X   See  9. 1 3. 3  

Load  current test    X  See  9. 1 4  

Di ssolved  gas  i n  oi l  ana lys i s  X    

Sound  l evel  measurement   X  See  9. 1 5  

Short-ci rcui t  test    X  See  9. 1 9  

Dielectri c  tests  

Impu lse  tests      

Fu l l  wave  X   See  9. 5  

Chopped  wave  X  X  See  9. 5   
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Tests  Routine  Type  Special  Comment 

Swi tch ing  impu lse  X  X  See  9. 3  

Appl i ed  swi tch ing  impu lse   on  val ve  
s i de  wi nd i ng  X 

  See  9 . 4  

DC wi thstand  vol tage  test  X   See  9. 6  

Polari ty reversal  test  X   See  9. 7  

Extended  pol ari ty reversal  test    X  See  9. 8  

AC tests      

Appl i ed  vol tage  on l i ne  s i de  wind ing (s)  
X 

  See  9. 1 0  

Appl i ed  vol tage  on va lve  s i de  
windi ng (s)  X 

  See  9 . 9  

I nduced  vol tage  wi th  parti a l  d i scharge  
measurement  X 

  See  9. 1 1  

I nduced  vol tage  i ncl ud i ng  runn i ng  of 
pumps   

 X  See  9. 1 2  

I nsu lation  power factor test  X   See  9. 1 6  

Wind ing  i nsu lati on  res i stance  test  X   See  9. 1 7  

Core  i nsu l ation  res i stance  test  X   See  9 . 1 8  

Low frequency test  on  auxi l i ary  
devices  and  control  and  curren t  
transformers  ci rcu i ts  

X    

Recu rrent  su rge  osci l l ograph  (RSO)  
measurements   

 X   

Frequency response  anal ys i s  (FRA)  
measurements   

 X  See  9. 20  

Over-exci tation  test    X  See  9. 21  

Mechanical  tests  

Li fti ng  and  movi ng  devices   X   

Pressure   X   

Leakage  X    

 

8.2  Test appl icabi l i ty  

8.2. 1  General  

The appl ication  of some  tests  depends  on  the  configuration  of the  converters .  I n  particu lar 
some des igns  of vol tage  source  converters  do  not impose  DC  vol tage  on  the  transformers.  

8.2.2  DC  withstand  vol tage test  

This  test does  not appl y to  wind ings  that are  not exposed  to  DC vol tage.  

8.2.3  Polari ty reversal  test  

This  test does  not appl y to  wind ings  that are  not  exposed  to  DC vol tage  or to  transformers  
that  are  not exposed  to  vol tage  polari ty reversals  during  operation .  

8.2.4  AC  appl ied  wi thstand  test for valve  s ide  wind ing(s)  

This  test does  not appl y to  wind ings  that are  not exposed  to  DC vol tage.  I n  th is  case  the  AC  
wi thstand  vol tage  test accord ing  to  I EC 60076-3  or I EEE  Std C57. 1 2 .00  shal l  be  appl ied .  
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8.3  Dielectric test vol tage  l evels  

8.3. 1  Line wind ings  

The i nsu lation  l evels  for the  l i ne  term inals ,  wind ings  and  neutrals  are  defined  i n  I EC  60076-3  
or for a  C lass  I I  transformer i n  I EEE  Std  C57. 1 2. 00.  

8.3.2  Valve  wind ings  

8.3.2 .1  General  

The purchaser shal l  speci fy the  l i ghtn ing  and  swi tch ing  impu lse  l evels  for each  term inal  to  
earth  and  between  term inals  of the  wind ing(s).  

The  i nsu lation  l evels  shou ld  be  coord inated  i n  such  a  way that there  i s  an  adequate  marg in  i n  
excess  of the  d ie lectric  stresses  that appear i n  actual  service.  

8.3.2 .2  Lightn ing  impu lse  l evels  

The l i ghtn ing  impu lse  l evel  of the  va lve  wind ing  shal l  be  speci fied  for each  term inal  to  earth  
and  between  term inals  of the  wind ing(s).  

NOTE  1  The  l i gh tn ing  impu l se  l evel s  speci fi ed  between  term inal s  of the  wi nd i ng (s)  can  be  d i fferent  from  that  
speci fi ed  for each  term inal  to  g round ,  d epend ing  on  system  stud ies .  

I f the  l i gh tn ing  impu lse  l evel  for an  I EC  transformer i s  >  750  kV the  chopped  wave impu lse  
test i s  requ ired .  Chopped  wave tests  are  requ ired  for a l l  I EEE  transformers.  The  chopped  
wave test  vo l tage  shal l  be  1 , 1  times  the  l i gh tn ing  impu lse  l evel .   

NOTE  2  I EC 60076-3  requ i res  chopped  impu lse  tests  to  be  carried  ou t  on  wind ings  wi th  Um  >  1 70  kV,  wh ich  
corresponds  to  an  impu lse  l eve l  >  750  kV.  

8.3.2 .3  Switch ing  impu lse  l evels  

The swi tch ing  impu lse  l evel  of the  va lve  wind ing  shal l  be  speci fi ed  for each  term inal  to  earth .  

The  valve  wind ings  are  subj ected  to  a  transferred  swi tch ing  impu lse  during  the  test of the  l i ne  
wind ing .  I t  i s  importan t  that the  vol tage  transferred  to  the  va lve  wind ing  during  the  l ine  
wind ing  swi tch ing  impu lse  test i s  considered  i n  the  design  of the  valve  wind ing  and  bush ings.  

NOTE  Swi tch ing  impu lse  l evel s  and  tests  are  important  for the  va lve  s i de  wind ings  even  i f the  vo l tage  l evel s  are  
l ower than  wou l d  normal l y be  appl i cabl e  for a  swi tch ing  impu lse  test  on  an  AC transformer.  Th i s  i s  because  the  
swi tch i ng  impu lse  l evel s  m igh t  be  very cl ose  to  the  l i gh tn i ng  impu lse  l evel s  for some  HVDC transformers  for 
example  i n  back-to-back schemes.  

8.3.2 .4  DC  wi thstand  vol tage l evel  

These tests  shal l  be  appl i ed  to  the  term inals  of the  valve  wind ing(s) .  The  test vo l tage  shal l  be  
g iven  by  

 UDC  =  1 , 5  ((N –  0 , 5)  Udm  +  0 , 7  Uvm )  (9)  

Posi ti ve  polari ty shal l  be  used .  
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8.3.2 .5  Polari ty-reversal  l evel  

These  tests  shal l  be  appl i ed  to  the  term inals  of the  valve  wind ing(s).  

The  test vol tage  is  g i ven  by  

 Upr  =  1 , 25  ((N – 0 , 5)  Udm  +  0 , 35  Uvm ) .   (1 0)  

8.3.2 .6  AC  appl ied  wi thstand  l evel  wi th  partial  d i scharge measurement  

Al l  term inals  of the  va lve  wind ings  shal l  receive  an  AC  appl ied  vol tage  wi thstand  test wi th  
partia l  d ischarge  measurement.  The  test l evel  i s  g iven  by 

 
( )( )

2

3/25,05,1 vmdm
AC

UUN
U

+−
=  ( r.m .s.  va lue)   (1 1 )  

8 .4  Induced  vol tage  l evel  wi th  partial  d i scharge measurement  

The rou tine  i nduced  vol tage  test levels  shal l  be  chosen  as  described  i n  I EC 60076-3  or 
I EEE  Std  C57. 1 2. 00  based  on  the  l i ne  wind ing  i nsu lation  level .  

9  Tests  

9. 1  General  

9. 1 . 1  Appl icable  tests  

Tests  l i sted  in  Table  1  shal l  be  carried  ou t  i n  accordance wi th  the  requ irements  of I EC 60076-
1  or I EEE  Std C57. 1 2. 00  except for the  mod i fications  i n troduced  i n  C lause  9.  

9. 1 .2  Test sequence  

The d ie lectric tests  shal l  be  performed  after the  load  l oss  test and  the  temperature  rise  test ( i f 
appl icable).  The  i nduced  vol tage  test wi th  partia l  d ischarge  measurements  shal l  be  the  last  
d ie lectric  test  performed  on  the  converter transformer.  

9. 1 .3  Ambient temperature  

Al l  rou tine  d ie lectric tests  shou ld  be  carried  ou t under the  same ambient temperature  
cond i ti ons  as  the  other rou ti ne  tests  under normal  i ndoor l aboratory cond i ti ons.  

Testi ng  at other temperatures  may be  acceptable  bu t shal l  be  a  matter of agreement between  
purchaser and  manufactu rer.  

NOTE  The  DC vol tage  g rad ing  a l ong  the  i nsu lati on  s tructu re  d uri ng  the  DC app l i ed  vol tage  test  and  the  pol ari ty  
reversal  test  i s  temperatu re  dependent and  can  therefore  s i gn i fi can tl y affect  the  test  ou tcome.  

9. 1 .4  Assembly 

Transformers,  i nclud ing  bush ings  and  term inal  compartmen ts  when  necessary to  veri fy a i r 
cl earances,  shal l  be  assembled  prior to  making  d ielectric tests ,  bu t assembly of i tems  that do  
not affect d ielectric tests ,  such  as  rad iators  and  cabinets,  i s  not necessary.  Bush ings  shal l ,  
un less  otherwise  authorized  by the  end  user,  be  those  suppl ied  wi th  the  transformer.  
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9. 1 .5  Converter transformers  for connection  to  gas-insu lated  equ ipment 

During  d ielectric testi ng  of transformers  for d i rect connection  to  gas- insu lated  substations,  the  
i n -service  bush ings  may be  substi tu ted  wi th  a i r-to-oi l  test bush ings.  L ive-part cl earances  and  
locations  of the  substi tu te  bush ings  ins ide  the  transformer shal l  be  i dentical ,  wi th in  normal  
manufacturing  to lerances,  to  those  of the  i n -service  bush ings.  When  the  requ ired  i n ternal  
cl earances,  or external  a i r clearances,  or both ,  cannot be  ach ieved ,  su i table  arrangements  
are  requ ired  as  determ ined  by the  manufacturer and  end  user i n  advance  of the  design  of the  
transformer.   

9.2  Load  loss  and  impedance  measurements  

9.2. 1  General  

The l oad  loss  and  impedance measurement shal l  be  made wi th  curren ts  of s inusoidal  shape.  
I n  order to  establ ish  the  l oss  under service  cond i ti ons,  two  measurements  are  requ i red .  One  
measurement shal l  be  made at rated  frequency and  the  second  one  at a  frequency not l ess  
than  1 50  Hz.  Based  on  these  measurements  a  calcu lation  shal l  be  made  

– to  establ ish  the  d istribution  of add i tional  s tray l osses  i ns ide  and  ou ts ide  the  wind ings;  

– to  determ ine  the  l oad  l oss  during  service.  

The  method  of l oss  and  impedance  measurements  shal l  be  as  speci fied  in  I EC 60076-1  or 
IEEE  Std C57. 1 2. 90.  The  curren t magn i tude  at rated  frequency shal l  be  equal  to  rated  curren t 
and  that at e levated  frequency between  1 0  %  and  50  %  of the  rated  current.  The  
measurements  wi th  the  two frequencies  make i t  poss ib le  to  separate  the  stray l osses  i n to  two  
components ,  one  re lated  to  the  stray losses  i n  the  wind ings  and  one  re lated  to  stray losses  i n  
the  s tructural  parts.  

For the  routi ne  test,  the  measurements  shal l  be  performed  at the  principal ,  maximum  and  
m in imum  taps.  

As  a  specia l  test,  add i tional  l oad  l oss  and  impedance measurements  at a l l  taps  shal l  be  made  
at  reduced  current.  The  test current shal l  be  chosen  so  that  the  wind ing  temperature  does  not  
ri se  du ring  the  measurement so  much  that i t  s i gn i ficantl y affects  the  wind ing  res istance .  
General l y a  va lue  of 20  %  to  30  %  of the  rated  cu rrent  i s  used .  

For th ree-wind ing  transformers,  the  measurement shal l  be  performed  wi th  both  va lve  wind ings  
i n  para l le l .  The  guaranteed  l osses  are  based  on  th is  measurement.  I n  add i ti on ,  two extra  l oss  
and  impedance measurements  wi th  on l y curren t  th rough  one  va lve  wind ing  at a  time wi th  
fundamental  frequency,  shal l  be  performed .  

NOTE  The  proporti onal i ty between  the  i n d ivi dual  l oss  components  can  be  assumed  to  be  constant  for cu rren t  
harmon ics  i n  the  wind ing  current  above  1 0  %  of the  rated  current.  

9.2.2  Calcu lation  procedure  

The l oad  l osses  obtained  from  measurements  wi th  the  two  d i fferent frequencies,  f1  and  fx,  and  
the  correspond ing  curren ts,  Ir  and  Ix,  are  denoted  P1 r  and  Px  g i vi ng  
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Formu lae  (1 2)  and  (1 3)  perm i t the  evaluation  of the  two  eddy l oss  components ,  PWE1 r  and  
PSE1 r.   
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Using  the  calcu lation  ru les  i n  C lause  7 ,  the  actual  service  load  l oss  can  be  determ ined .  

Total  i n -service  losses  =  no- load  loss  +  calcu lated  service  l oad  loss  

9.3  Switch ing  impu lse  test  

When  a  swi tch ing  impu lse  test i s  speci fied  for the  l i ne-s ide  wind ing ,  i t  sha l l  be  made  
accord ing  to  I EC  60076-3  or I EEE  Std C57. 1 2. 90,  a t the  speci fi ed  l evel  for the  crest  va lue.  
The  valve  wind ings  shal l  be  des igned  to  wi thstand  the  i nduced  vol tage  resu l ti ng  from  the  l i ne  
s ide  swi tch ing  impu lse  test.  The  tap  posi tion  used  for th is  test shal l  be  chosen  to  bri ng  the  
test vol tage  for the  valve  wind ing  as  close  as  poss ible  to  i ts  speci fied  swi tch ing  impu lse  l evel .  

9.4 Appl ied  swi tch ing  impu lse test on  the  valve  s ide wind ing  

When  swi tch ing  impu lses  are  appl ied  on  a  valve-side  wind ing ,  the  ends  of the  wind ing  under 
test shal l  be  connected  together and  the  swi tch ing  impu lse  shal l  be  appl i ed  between  the  
wind ing  and  earth .  Term inals  of wind ing(s)  not be ing  tested  shal l  be  earthed .  

9.5  Lightn ing  impu lse  tests   

The l i ghtn ing  impu lse  test procedure  shal l  be  as  speci fi ed  i n  I EC  60076-3  or I EEE Std  
C57. 1 2. 90.  The  tests  on  the  l i ne  wind ings  shal l  be  appl ied  to  each  l i ne  term inal ,  one  at a  time.  

For the  valve  wind ing  one  of the  two tests  below appl ies .  

I f the  same i nsu lation  l evel  i s  speci fied  to  earth  and  across  the  wind ing ,  each  end  of the  
wind ing  shal l  be  impu lsed  wi th  the  other sol i d l y earthed .  The  va lue  of the  l i gh tn ing  impu lse  
l evel  is  based  on  system  stud ies  and  g i ven  by the  purchaser.   

I f d i fferen t insu lation  l evels  are  speci fi ed  to  earth  and  across  the  wind ing ,  a  test procedure  
where the  non-tested  end  of the  wind ing  i s  earthed  via  a  su i table  res istance  may be  
cons idered .  The  resistance  is  se lected  to  obtain  the  requested  test  vol tage  across  the  wind ing  
at the  same time as  the  requested  vol tage  to  earth  appears  at the  impu lsed  term inal .  The  test 
shal l  be  carried  ou t from  each  end  of the  wind ing .   

When  impu lse  testing  the  va lve  wind ing  of a  converter transformer,  a l l  other term inals  shal l  be  
sol i d l y earthed .  

L ightn ing  impu lse  tests  on  wind ings  that do  not have  a l l  thei r term inals  brought ou t  through  
the  tank or cover shal l  be  subject to  agreement between  the  purchaser and  the  suppl ier.   

9.6  DC  withstand  vol tage test  

9 . 6. 1  Appl icabi l i ty  

Th is  test i s  not appl icable  for transformers  that are  subjected  to  the  extended  polari ty-reversal  
test accord ing  to  Al ternative  2  i n  9. 8 . 3 .  

9.6.2  Transformer test temperature  

During  the  DC  wi thstand  vol tage  test  the  temperature  of the  oi l  sha l l  be  (20  ±  1 0)  °C.  

NOTE  I f the  requ i red  temperature  i s  d i ffi cu l t  to  ach i eve,  for example  i f tested  i n  a  very warm  reg ion ,  then  a  h i gher 
temperatu re  can  be  accepted  by ag reement between  the  purchaser and  the  manufactu rer.  

9.6.3  Polari ty 

Posi ti ve  polari ty sha l l  be  used .  
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9.6.4  Test procedure  

Term inals  not be ing  tested  shal l  be  sol i d l y earthed .  O i l  pumps  shal l  not be  runn ing  during  th is  
test.  No  precond i ti on ing  of the  converter-transformer insu lation  s tructure  at a  l ower vol tage  
l evel  i s  a l l owed .  The  vol tage  shal l  be  brough t up  to  the  test l evel  wi th in  1  m in  and  held  for 1 20  
m in ,  after wh ich  the  vol tage  shal l  be  reduced  to  zero  i n  1  m in  or l ess.  

Partia l  d ischarge  measurements  shal l  be  performed  throughout the  en ti re  DC wi thstand  
vol tage  test.  

NOTE  1  U l trason ic  transducers  i nstal l ed  on  the  converter transformer tank can  hel p  to  d i s ti ngu ish  i n terna l  
d i scharges  from  external  d i scharges  du ri ng  the  DC wi thstand  vo l tage  test.  Other detecti on  methods  can  a l so  be  
helpfu l .  

NOTE  2  After a  DC wi thstand  vo l tage  test  i s  completed ,  the  i nsu l ation  structure  retains  a  cons iderab le  e l ectri cal  
charge.  Th i s  cou ld  represent  a  danger wi thou t appropriate  precau tions  and  u n less  adequatel y d i scharged  
subsequent  parti a l  d i scharge  measurements  cou ld  be  affected .  

9.6.5  Acceptance  cri teria   

The test i s  considered  accepted  i f there  is  no  d isruptive  d ischarge  and  i f the  measured  partia l  
d ischarges  are  wi th in  the  l im i ts  g i ven  below.  

Partia l  d ischarges  shal l  be  measured  wi th  a  method  accord ing  to  I EC 60270.  

The  resu l ts  sha l l  be  cons idered  acceptable  and  no  further partia l  d ischarge  tests  requ i red  
when ,  during  the  l ast 30  m in  of the  test,  no  more  than  30  pu lses  ≥  2  000  pC are  noted  wi th  no  
more  than  1 0  pu lses  ≥  2  000  pC in  the  l ast 1 0  m in .  I f th is  cond i tion  i s  not met,  the  test may be  
extended  for 30  m in .  

There  may be  on l y one  30  m in  extens ion ,  and  the  transformer shal l  be  accepted  when  the  
number of pu lses  i n  such  a  30  m in  period  is  no  more  than  30  wi th  no  more  than  1 0  pu lses  i n  
the  l ast  1 0  m in .  

I f no  d isruptive  d ischarge  occurs  the  test shal l  be  regarded  as  non-destructive.  A fai l u re  to  
ach ieve  the  partia l  d ischarge  requ i rements  shal l  not l ead  to  an  immed iate  rej ection  of the  
transformer but sha l l  requ ire  a  consu l tation  between  the  purchaser and  suppl ier wi th  a  view to  
further i nvesti gations  and  actions.  

9.7  Polari ty reversal  test  

9.7. 1  Appl icabi l i ty 

This  test i s  not appl icable  for transformers  connected  to  vol tage  source  converters  or i f they 
are  not subject to  polari ty reversals  i n  service.  

Th is  test i s  not appl icable  for transformers  that are  subj ected  to  the  extended  polari ty-reversal  
test accord ing  to  9 . 8 .  

9.7.2  Transformer test temperature  

During  the  polari ty-reversal  tests  the  temperature  of the  o i l  shal l  be  (20  ±  1 0)  °C.  

NOTE  I f the  requ i red  temperature  i s  d i ffi cu l t  to  ach i eve,  for example  i f tested  i n  a  very warm  reg ion ,  then  a  h i gher 
temperatu re  can  be  accepted  by ag reement between  the  purchaser and  the  manufactu rer.  

9.7.3  Test procedure  

Term inals  not be ing  tested  shal l  be  sol i d l y earthed .  A double  reversal  test shal l  be  used  as  
shown  i n  F igure  1 .  
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Figure 1  – Double  reversal  test vol tage  profi le   

Oi l  pumps  shal l  not  be  runn ing  during  the  test.  N o  precond i ti on ing  of the  converter-
transformer i nsu lation  structure  by vol tage  appl ication  i s  a l l owed .  The  test sha l l  be  made  wi th  
two reversals.  The  test sequence shal l  i ncl ude  90  m in  at negative  polari ty fol l owed  by 90  m in  
at  pos i ti ve  polari ty and  fi nal l y 30  m in  at negative  polari ty.  Each  reversal  of the  vol tage  from  
one  polari ty to  the  other shal l  be  completed  wi th in  2  m in .  Ground ing  of the  DC generator may 
be  needed  during  the  vol tage  reversal .  Ground ing  during  reversal  shal l  be  l im i ted  to  the  
m in imum  time requ ired  by the  test setup.  The  partia l  d ischarge  l evels  shal l  be  mon i tored  
during  the  en ti re  test  sequence.  

NOTE  1  U l trason ic  transducers  i nstal l ed  on  the  converter transformer tank can  hel p  to  d i s ti ngu ish  i n terna l  
d i scharges  from  external  d i scharges  du ri ng  the  polari ty reversal  test.  Other detecti on  methods  can  a l so  be  hel pfu l .  

NOTE  2  After a  po lari ty  reversal  test  i s  completed ,  the  i nsu lation  structu re  retai ns  a  considerab le  e l ectri cal  
charge.  Th i s  cou ld  represent  a  danger wi thou t appropriate  precau tions  and  u n less  adequatel y d i scharged  
subsequent  parti a l  d i scharge  measurements  cou ld  be  affected .  

9.7.4  Acceptance  cri teria  

The test i s  considered  accepted  i f there  is  no  d isruptive  d ischarge  and  i f the  measured  partia l  
d ischarges  are  wi th in  the  l im i ts  g i ven  below.  

Partia l  d ischarges  shal l  be  measured  wi th  a  method  accord ing  to  I EC  60270.  Partia l  
d ischarges  shal l  be  measured  throughout the  en ti re  polari ty-reversal  test.   

The  resu l ts  shal l  be  considered  acceptable  when ,  d uring  the  30  m in  fol lowing  the  completion  
of each  reversal ,  no  more  than  30  pu lses   ≥  2  000  pC are  noted ,  wi th  no  more  than  
1 0  pu lses  >  2  000  pC occurring  i n  the  last 1 0  m in .  

The  polari ty reversal  i s  completed  when  the  vol tage  has  reached  1 00  %  of the  test va lue.  

I f no  d isruptive  d ischarge  occurs,  the  test shal l  be  regarded  as  non-destructi ve.  A fa i lu re  to  
ach ieve  the  partia l  d ischarge  requ i rements  shal l  not lead  to  an  immed iate  rej ection  of the  
transformer but sha l l  requ ire  a  consu l tation  between  the  purchaser and  suppl ier wi th  a  view to  
fu rther investi gations  and  actions.  

90  m in  

90  m in  

30  m in  

+Upr  

–Upr  

IEC  
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9.8  Extended  polari ty-reversal  test  

9.8. 1  Appl icabi l i ty 

This  test i s  a  special  test that i s  recommended  when  rapid  polari ty reversals  (from  one  
polari ty to  the  other wi th  l ess  than  one  hour at zero  vol tage),  to  reverse  the  power flow,  are  
part of the  normal  operation .  I f ordered ,  th is  test shou ld  be  regarded  as  a  des ign  test.  

I f an  extended  polari ty-reversal  test  i s  se lected  then  the  DC bush ings  that wi l l  be  mounted  on  
the  transformer,  wh ich  wi l l  be  subj ected  to  th is  test,  sha l l  be  tested  wi th  polari ty-reversal  test  
wi th  the  same duration  as  for the  transformer test.  

NOTE  1  Several  Cig ré  working  g roups  have  been  tryi ng  to  assess  the  polari ty reversal  test.  I t  was  ori g i nal l y  

i n i ti ated  i n  A2/B4. 28  [1 6] 2 wh ich  was  poin ti ng  to  a  potentia l  fl aw i n  ach i evi ng  the  h i ghest  poss ible  e l ectri cal  s tress  
i n  the  test.  Th i s  caused  A2/D1 . 41  [1 7]  to  i n vesti gate  the  matter wi thou t being  able  to  conclude  fu l l y.  There  are  
i nd icati ons  that  charg i ng  times  are  l ong  wi th  contemporary transformer oi l  types,  bu t  how that  translates  i n to  a  
su i table  formu lati on  for the  polari ty reversal  test  has  not  been  concluded .  The  number of pol ari ty reversa l  test  
fa i l u res  or fi e l d  fai l u res  i n  the  i ndustry i s  smal l  and  there  i s  no  immed iate  reason  to  change  the  polari ty reversal  
test  for a l l  HVDC appl i cati ons .  The  extended  pol ari ty reversal  test  therefore  exi sts  as  a  standard ized  test  to  be  
appl i ed  by the  users  of the  document convi nced  that  i t  i s  needed  for thei r appl i cati on .  

This  test i s  not covered  by the  DC bush ing  s tandard  I EC/I EEE 65700-1 9-03: 201 4.  I t  i s  
important  for the  transformer manufacturer to  establ ish  the  capabi l i ty of the  DC  bush ings.  

NOTE  2  I t  i s  understood  that  short  du ration  polari ty reversal s  can  occur du ri ng  fau l t  cl earance  wi thou t an  
i n tended  reverse  power fl ow.  On  i ts  own ,  th i s  wou l d  not  be  a  reason  to  apply th i s  test.  

9.8.2  Transformer test temperature  

During  the  extended  polari ty-reversal  tests  the  temperature  of the  o i l  shal l  be  (20  ±  1 0)  °C.  

NOTE  I f the  requ i red  temperature  i s  d i ffi cu l t  to  ach i eve,  for example  i f tested  i n  a  very warm  reg ion ,  then  a  h i gher 
temperatu re  can  be  accepted  by ag reement  between  the  purchaser and  the  manufactu rer.  

9.8.3  Test procedure  

There  are  two  a l ternatives  for th is  test:  

•  Al ternative  1  – The  test sequence shal l  i nclude  6  h  at  one  polari ty fo l lowed  by 6  h  at the  
opposi te  polari ty and  fi nal l y 30  m in  at the  fi rst polari ty.  The  choice  of the  fi rst polari ty shal l  
be  made by the  manufacturer un less  otherwise  speci fied  by the  purchaser at the  tender 
stage.  F igure  2  shows  the  test wi th  a  negative  fi rst polari ty.  Other test du rations  may be  
agreed  between  the  purchaser and  the  manufacturer.  

•  Al ternative  2  – The  test sequence shal l  i ncl ude  2  h  as  the  DC wi thstand  test at  pos i ti ve  
polari ty accord ing  to  9. 6,  fol l owed  by a  reduction  to  the  polari ty-reversal  test l evel  for 1  h  
at pos i ti ve  polari ty,  fo l lowed  by 6  h  a t negative  polari ty and  fi nal l y 30  m in  at posi ti ve  
polari ty.  See  F igure  3.  Other test durations  may be  agreed  between  the  pu rchaser and  the  
manufacturer.  

Term inals  not being  tested  shal l  be  sol i d l y earthed .  

______________ 

2 Numbers  i n  square  brackets  refer to  the  B i b l i ography.  
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Figure 2  – Extended  polari ty reversal  test al ternative 1  

 

Figure 3  – Extended  polari ty reversal  test al ternative  2  

Oi l  pumps  shal l  not  be  runn ing  during  the  test.  N o  precond i ti on ing  of the  converter-
transformer i nsu lation  structure  by vol tage  appl ication  i s  a l l owed .  The  test shal l  be  made wi th  
two reversals .  

Each  reversal  of the  vol tage  from  one  polari ty to  the  other shal l  be  completed  wi th in  2  m in .  
Ground ing  of the  DC generator may be  needed  du ring  the  vol tage  reversal .  Ground ing  during  
reversal  shal l  be  l im i ted  to  the  m in imum  time requ ired  by the  test setup.  The  partia l  d ischarge  
levels  shal l  be  mon i tored  during  the  en ti re  test sequence.  

NOTE  1  U l trason ic  transducers  i nstal l ed  on  the  converter transformer tank can  hel p  to  d i s ti ngu ish  i n terna l  
d i scharges  from  external  d i scharges  du ri ng  the  polari ty reversal  test.  Other detecti on  methods  can  a l so  be  hel pfu l .  

NOTE  2  After a  po lari ty  reversal  test  i s  completed ,  the  i nsu lation  structure  retai ns  a  considerab le  e l ectri cal  
charge.  Th i s  cou ld  represent  a  danger wi thou t appropriate  precau tions  and  u n less  adequatel y d i scharged  
subsequent  parti a l  d i scharge  measurements  cou ld  be  affected .  
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9.8.4  Acceptance  cri teria  

The test i s  cons idered  accepted  i f there  i s  no  d isruptive  d ischarge  and  i f the  measured  partia l  
d ischarges  are  wi th in  the  l im i ts  g iven  below.  

Partia l  d ischarges  shal l  be  measured  wi th  a  method  accord ing  to  I EC  60270.  Partia l  
d ischarges  shal l  be  measured  throughout  the  enti re  test.   

No  more  than  30  pu lses  of partia l  d ischarge  wi th  magn i tude  equal  to  or greater than  2  000  pC 
are  recorded  during  any s l id i ng  30  m in  window for up  to  2  h  fol l owing  the  completion  of each  
polari ty reversal .  

The  polari ty reversal  i s  completed  when  the  vol tage  has  reached  1 00  %  of the  test va lue.  

I n  the  case  of Al ternative  2 ,  the  acceptance cri teria  accord ing  to  9 . 6 .5  i s  va l id  for the  DC 
wi thstand  part  of th is  test.  

I f no  d isruptive  d ischarge  occurs ,  the  test shal l  be  regarded  as  non-destructive.  A fa i lu re  to  
ach ieve  the  partia l  d ischarge  requ i rements  shal l  not lead  to  an  immed iate  rej ection  of the  
transformer bu t sha l l  requ ire  a  consu l tation  between  the  purchaser and  suppl ier wi th  a  view to  
further i nvesti gations  and  actions.  

9.9  AC  appl ied  vol tage  test  for valve  s ide wind ing(s)  

9.9. 1  Test procedure  

The  test shal l  be  made at rated  frequency.  The  vol tage  shal l  be  appl i ed  on  each  wind ing  wi th  
i ts  avai l ab le  term inals  connected  together.  Al l  non -tested  term inals  shal l  be  earthed .   

The  partia l  d ischarge  measurement shal l  be  made accord ing  to  the  appl icable  parts  of 
I EC 60076-3: 201 3,  Annex A,  wi th  measuring  equ ipment as  speci fied  i n  I EC 60270  or I EEE  Std 
C57. 1 1 3 .  

The  du ration  of the  test sha l l  be  1  h .  

NOTE  U l trason ic transducers  i nstal l ed  on  the  converter transformer tank can  help  to  d i s ti ngu ish  i n terna l  
d i scharges  from  externa l  d i scharges  du ri ng  the  AC appl i ed  vol tage  test.  Other detection  methods  can  a l so  be  
helpfu l .  

9.9.2  Acceptance  cri teria  

The test i s  successfu l  i f a l l  the  fo l l owing  cri teria  are  fu l fi l l ed :  

a)  no  col l apse  of the  test  vol tage  occurs ;  

b)  none  of the  PD  l evels  recorded  during  the  one  hour period  exceed  250  pC;  

c)  the  PD  l evels  measured  during  the  one  hour period  do  not exh ib i t  any ris ing  trend  and  no  
sudden  sustained  i ncrease  i n  the  l evels  occur during  the  l ast  20  m in  of the  test;  

d )  the  measured  PD  l evels  during  the  one  hour period  do  not i ncrease  by more  than  50  pC.  

I EC 60076-3: 201 3,  Annex A or I EEE  Std C57. 1 2. 90  suggests  actions  to  be  taken  fo l lowing  an  
unsuccessfu l  test.  

NOTE  The  acceptance  cri teri a  of 250  pC  i s  reduced  from  500  pC  ( i n  both  I EC 61 378-2  and  i n  I EEE  Std C57. 1 29).  
The  new l evel  i s  the  same  as  i n  I EC 60076-3.  

9. 1 0  AC  appl ied  vol tage  test  on  l ine  side  wind ing(s)  

Converter transformers  receive  an  appl ied  vol tage  test on  the  l ine  s ide  wind ing (s)  as  
described  in  I EC 60076-3  or I EEE Std  C57. 1 2 .00  and  I EEE  Std  C57. 1 2 . 90.  
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9. 1 1  AC  induced  vol tage test wi th  partial  d ischarge measurement  

9. 1 1 . 1  General  

AC induced  vol tage  tests  wi th  partia l  d ischarge  measurement shal l  be  performed  in  
accordance  wi th  I EC 60076-3  or I EEE  Std C57. 1 2 . 00  and  I EEE  Std C57. 1 2. 90  exclud ing  the  
l im i ts  for partia l  d ischarge  wh ich  i s  g iven  below.  The  test l evels  shal l  be  based  on  the  vol tage  
l evels  of the  l i ne  s i de  wind ing .  

Atten tion  shal l  be  g iven  to  i nd ividual  and  random  h igh - level  d ischarge  pu lses  detected  by 
acoustic  em iss ions  during  the  i nduced  test.  I f the  number of h i gh- level  d ischarge  pu lses  
exceeds  one  per m inu te  at a  l evel  greater than  2  000  pC,  the  transformer shou ld  be  subjected  
to  a  pre-cond i ti on ing  period ,  described  i n  the  fol lowing  note.  I n  add i ti on  to  the  partia l  
d ischarge  requ irement,  the  resu l ts  shal l  be  cons idered  acceptable  and  no  further induced  test  
requ i red  when  the  partia l  d ischarge  l evel  i s  l ess  than  250  pC and  the  rate  of h i gh- level  
d ischarge  pu lses  (>  2  000  pC)  i s  l ess  than  or equal  to  one  pu lse  per m inute.  I n  other cases  
the  i nduced  test shal l  be  repeated .   

NOTE  DC charges  can  g i ve  ri se  to  random ,  h i gh -l evel  (>  1  000  pC)  d i scharge  pu l ses  associated  wi th  acousti c  
detection  du ri ng  the  i n duced  test.  Earth ing  of the  wi nd i ngs  for a  l ong  period  (24  h )  m igh t  not  be  su ffi cien t  to  
remove  these  res idual  DC  charges  i n  the  transformer i nsu lati on  due  to  the  DC  testi ng .  Energ i zi ng  the  transformer 
at  abou t 1 , 1  ×  Ur  ( l i n e  wi nd i ng )  and  at  rated  frequency (50/60  Hz)  or other frequency decided  by the  manufacturer,  
for at  l east  1  h  prior to  the  i nduced  tests  can  help  remove  any remain ing  DC charges.  

9. 1 1 .2  Acceptance  cri teria  

The test i s  successfu l  i f a l l  the  fo l l owing  cri teria  are  fu l fi l l ed :  

a)  no  col l apse  of the  test  vol tage  occurs ;  

b)  none  of the  PD  l evels  recorded  during  the  one  hour period  exceed  250  pC;  

c)  the  PD  l evels  measured  during  the  one  hour period  do  not exh ib i t  any ris i ng  trend  and  no  
sudden  sustained  i ncrease  i n  the  l evels  occur during  the  l ast  20  m in  of the  test;  

d )  the  measured  PD  l evels  during  the  one  hour period  do  not i ncrease  by more  than  50  pC;  

e)  the  PD  l evel  measured  at a  vol tage  l evel  of ( 1 , 2  ×  Ur)/√3  after the  one  hour period  does  
not exceed  1 00  pC.  

NOTE  The  acceptance  cri teri a  of 250  pC  i s  reduced  from  500  pC  ( i n  both  I EC 61 378-2  and  i n  I EEE  Std C57. 1 29).  
The  new l evel  i s  the  same  as  i n  I EC 60076-3.  

9. 1 2  Induced  vol tage  test  i nclud ing  runn ing  of oi l  pumps  

An  add i tional  i nduced  test shal l  be  performed  wi th  the  o i l  pumps  runn ing ,  i f requ i red  by the  
purchaser,  for a  cool ing  system  that u ti l i zes  pumps  for o i l  d i rected  cool ing  (OD).   

Un less  otherwise  speci fi ed ,  the  test shal l  be  performed  i n  the  same way and  wi th  the  same  
acceptance cri teria  as  for the  normal  i nduced  test,  accord ing  to  9 . 1 1 ,  bu t wi thou t the  
enhanced  test l evel .  

I f agreed  between  the  manufacturer and  the  purchaser,  th is  test can  replace  the  i nduced  test 
i n  9. 1 1 ,  bu t  i n  that case,  the  test shal l  i ncl ude  the  enhanced  test l evel .  

9. 1 3  Temperature-rise  test   

9. 1 3. 1  General  

IEC 60076-2  or I EEE  Std C57. 1 2 . 90  shal l  be  used  for determ in ing  the  temperature-rise  
characteristics.  

For converter transformers,  the  effects  of harmon ic curren ts  shal l  be  cons idered  i n  
determ in ing  (by calcu lation  and  by test)  the  operating  temperature  of the  o i l  and  the  wind ings  
and  other structural  metal l ic  parts.  
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The  purpose  of the  test i s  

– to  establ ish  the  top-oi l  temperature  rise;  

– to  establ ish  the  wind ing  temperature  rise.  

9. 1 3.2  Test procedure  

The  test procedure  for o i l - immersed  transformers  accord ing  to  I EC  60076-2  or 
IEEE  Std  C57. 1 2. 90  shal l  be  mod i fied  as  described  below.  

The  top-oi l  temperature  rise  shal l  be  determ ined  i n  steady-state  cond i tions  wi th  d issipation  of 
the  tota l  service  losses  as  ca lcu lated  i n  7 . 4 .  

When  the  top-oi l  temperature  rise  has  been  establ ished ,  the  test sha l l  continue  wi th  a  
s i nusoida l  test curren t of 50/60  Hz equ iva len t to  the  load  losses  under rated  service  
cond i ti ons.  Th is  cond i ti on  shal l  be  maintained  for 1  h  in  the  wind ings,  during  wh ich  
measurements  of o i l  and  cool i ng  med ium  temperatures  shal l  be  made.  At the  end  of the  test,  
the  temperature  rise  of the  wind ings  shal l  be  determ ined .  

The  equ iva lent test current sha l l  be  equal  to  
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Values  for Ieq  sha l l  be  establ ished  for each  valve  wind ing .   

Un less  otherwise  speci fied ,  the  temperature  rise  test i s  conducted  wi th  the  transformer 
connected  on  the  maximum  curren t tapping .  

The  temperature  rise  test shal l  be  performed  wi th  the  curren t i n  each  wind ing  equal  to  Ieq  for 
that wind ing  wi th  a  to lerance of ±  1 0  % .  The  measured  temperature  rises  shal l  be  corrected  
for the  d i fference  between  Ieq  and  the  test  current.   

For th ree  wind ing  transformers,  the  measurement of the  temperature  ri se  of the  two  valve  
wind ings  may be  made  at the  same time un less  the  current th rough  one  of the  wind ings  
d i ffers  from  Ieq  for that  wind ing  by more  than  1 0  %  in  wh ich  case  an  extra  measurement shal l  
be  performed  wi th  the  cu rrent through  that wind ing  ad justed  to  meet the  1 0  %  tolerance.  For 
the  add i ti onal  measurement the  other valve  wind ing  may be  open  ci rcu i ted .  Ieq  for the  l i ne  
wind ing  shal l  be  chosen  so  the  temperature  rise  i s  represen tati ve  of the  h ighest temperature  
of the  para l l e l  parts  of the  l i ne  wind ing .  Un less  otherwise  agreed ,  the  Ieq  for the  l i ne  wind ing  
shal l  be  the  va lue  of the  h ighest Ieq  of the  valve  wind ings  transferred  to  the  l i ne  wind ing  wi th  
the  turns  ratio  and  corrected  for the  actual  transformer topology (e. g .  cons idering  paral le l  
wind ings) .  

NOTE  1  General l y,  a  th ree-wind i ng  transformer has  two val ve  wi nd i ngs  wi th  the  same  rated  power,  each  feed i ng  
one  converter bri dge.  The  th ree-phase  connection  i s  normal l y s tar-star and  star-del ta.  Normal l y,  a l l  wi nd i ngs  are  
tested  i n  the  same time  frame  wi th  both  valve  wind ings  short  ci rcu i ted  and  wi th  vol tage  suppl i ed  at  the  l i ne  s i de  
wind ings.   
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NOTE  2  Even  wi th  the  harmon ics  corrections  above,  i t  i s  possib le  that  the  temperatu re  ri se  test  does  not  produce  
the  same  hot-spot  ri se  as  i n  normal  service  s i nce  the  extra  l osses  d ue  to  harmon i c curren ts  are  main l y 
concentrated  at  the  extreme  ends  of the  wi nd ings,  wh i l e  the  correction  factor appl i ed  du ri ng  the  test  wi l l  generate  
extra  l osses  u n i form ly a l ong  the  wind ing .  As  a  resu l t,  the  hot  spot generated  d u ri ng  the  tes t  can  be  l ess  than  that  
developed  i n  normal  converter operati on .  

9. 1 3.3  Tank surface  temperature  ri se  measurement  

The tank surface  temperature  rise  over ambien t temperature  shal l  be  measured  and  recorded .  
The  method  shal l  be  agreed  between  the  manufacturer and  the  purchaser.  

The  measurement i s  made du ring  the  temperature  rise  test of the  converter transformer.  
Measurement of the  tank surface  temperatures  shal l  be  done  during  the  1  h  equ iva len t current 
(Ieq)  period  when  average  wind ing  temperature  ri se  is  establ ished .  The  measurement of the  
tank temperature  shal l  commence not l ess  than  30  m in  after Ieq  i s  appl ied .  

9. 1 4  Load  current  test  

I n  order to  veri fy the  curren t-carrying  capabi l i ty of the  transformer,  a  l oad-curren t test  sha l l  be  
carried  ou t at a  curren t that g ives  the  tota l  service  l oss  as  calcu lated  in  7 . 4  un less  a  h i gher 
curren t i s  speci fi ed .  The  duration  of the  test shal l  be  not l ess  than  1 2  h ;  a  l onger test duration  
may be  speci fi ed  by the  purchaser.  A chromatograph ic anal ysis  of d issolved  gas  i n  the  oi l  
shal l  be  used  i n  order to  detect poss ib le  overheating  and  possible  abnormal  temperatures.  
When  a  temperature-rise  test i s  performed ,  the  l oad-current test sha l l  be  om i tted .  

9. 1 5  Sound  level  measurement  

The procedure  to  determ ine  the  sound  power l evel  of HVDC converter transformers  shal l  be  i n  
accordance  wi th  I EC 60076-1 0  or I EEE  Std C57. 1 2. 90  ( i . e .  at  s inusoidal  exci tation).  

I n  order to  estimate  the  tota l  sound  power level  of an  HVDC converter transformer in  service,  
i t  i s  requ i red  to  measure  the  sound  power l evel  of the  sound  con tribu ting  components  
i nd ividual l y:   

•  sound  power l evel  at  no- load  exci tation ;  

•  sound  power l evel  due  to  l oad  curren t;  

•  sound  power l evel  of the  cool ing  device.  

I f for thermal  reasons  the  cool i ng  device  cannot be  swi tched  off when  perform ing  the  
measurement wi th  load  curren t then  a  l ogari thm ical  subtraction  of the  cool i ng  device  sound  
power l evel  has  to  be  appl ied  i n  order to  ca lcu late  the  sound  power l evel  due  to  l oad  curren t.   

The  sound  level  measurement at no- load  exci tation  shal l  be  wi th  rated  vol tage  appl ied  to  the  
l ine  s i de  term inals .  

The  sound  l evel  measurement wi th  load  curren t shal l  be  at rated  curren t Ir  a t  fundamental  
frequency and  principal  tap  un less  otherwise  speci fied .  

NOTE  The  quan ti ty Ir  i s  appl i cable  for th i s  test  because  the  measured  sound  l evel  at  Ir  forms  the  basis  for the  
calcu lation  of the  l oad  sound  power l evel  of the  transformer i n  service  wh ich  i s  determ ined  by s imply add ing  the  
sound  power i ncrease  l eve l  due  to  the  cu rrent  harmon ics  to  the  measured  sound  power l evel .  

Reported  sound  l evel  fi gures  shal l  a l l  be  g iven  as  A-weighted  sound  power l evels.   

Add i ti onal l y,  the  estimated  sound  power level (s)  for the  service  cond i ti on(s)  set ou t i n  
Clause  1 1  a l l owing  for the  speci fi ed  harmon ic vol tage/current and  DC bias  shal l  be  ca lcu lated  
and  reported .  
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9. 1 6  Insu lation  power-factor test  

I nsu lation  power factor ( tan  δ)  procedures  for tests  are  described  i n  I EEE  Std C57. 1 2. 90.  The  
vol tage  shou ld  not  be  above  1 0  kV.  

9. 1 7  Winding  insu lation  resistance  test  

I nsu lation  res istance  tests  shal l  be  made on  converter transformers  to  determ ine  the  
i nsu lation  res istance  from  ind ividual  wind ings  to  g round  or between  i nd ividual  wind ings.  

Tests  shal l  be  performed  as  described  in  I EEE  Std C57. 1 2. 90.  The  oi l  temperature  during  the  
test shal l  be  recorded .  

9. 1 8  Core  insu lation  resistance test  

The  i nsu lation  resistance  between  the  core  and  ground  shal l  be  measured  after complete  
assembly of the  transformer at  a  l evel  of at  l east  500  V DC for a  duration  of 1  m in .  

9. 1 9  Short-circu i t  test  

Tests  shal l  be  performed  as  described  i n  I EC  60076-5  or I EEE  Std  C57. 1 2 . 90.  

9.20  Frequency Response Analysis  (FRA)  measurements  

Tests  shal l  be  performed  as  described  i n  I EC  60076-1 8  or I EEE  Std C57. 1 49.  

9.21  Over-excitation  test  

The over-exci tation  test i s  a  specia l  test that shal l  be  performed  when  speci fical l y requ i red  by 
the  purchaser.  

Two oi l  samples  shal l  be  taken  before  the  test and  a  DGA anal ys is  shal l  be  performed  on  both  
samples.  

The  transformer shal l  be  energ ized  i n  no- load  cond i ti on  at  1 1 0  %  of i ts  nom inal  vol tage  at the  
principal  tap,  for a  du ration  of 8  h  un less  otherwise  agreed  between  the  purchaser and  the  
manufacturer.  

No- load  l osses  and  exci tation  curren t shal l  be  measured  at the  beg inn ing  and  at the  end  of 
the  test.  The  values  measured  at the  end  of the  test sha l l  not be  h i gher by more  than  5  %  
than  those  measured  at the  beg inn ing  of the  test.  

Two-oi l  samples  shal l  be  taken  after the  test and  a  DGA anal ys is  shal l  be  performed  on  both  
samples.  The  acceptance l im i ts  for the  increase  of the  d issolved  gas- in-oi l  shal l  be  agreed  
between  the  purchaser and  the  manufacturer.  

1 0  Dielectric tests  on  transformers  that have been  in  service  

Dielectric tests  may be  warranted  on  transformers  that have  been  in  service  and  refurbished  
or repai red .  

F ie ld  d ie lectric tests  may a l so  be  warranted  on  the  bas is  of detection  of combustib le  gas  or 
other ci rcumstances.  However,  period ic d ie lectric  tests  are  not recommended  because  of the  
severe  stress  imposed  on  the  i nsu lation .  

The  test methods  and  appropriate  test l evels  sha l l  be  i n  accordance wi th  the  provis ions  of 
I EC 60076-3  or I EEE  Std  C57. 1 2. 90  speci fic to  the  ci rcumstance and  shou ld  be  carried  ou t i n  
consu l tation  wi th  the  manufacturer.  
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1 1  Sound  levels  

1 1 . 1  General  

Depend ing  on  the  converter scheme and  i ts  control  setti ngs ,  three  factors  con tribu te  i f present 
to  the  sound  l evel  i ncrease  of converter transformers  wh i le  in  service.  Such  factors  shal l  be  
cl earl y d is tingu ished  and  treated  i ndependen tl y.  

1 )  curren t harmon ics;  

2)  DC  b ias  curren ts;  

3)  vol tage  harmon ics  (normal l y not considered  due  to  the  m inor i n fl uence).  

1 1 .2  Determination  of service sound  levels   

Due to  the  unavai lab i l i ty of power suppl y equ ipment of sufficien t power for d is torted  
vol tage/current wave shapes  i n  factory test l aboratories,  i t  i s  not  poss ib le  to  perform  as  i n  
service  sound  level  measurements  at the  transformer manufacturer’s  faci l i ty.  I t  i s  therefore  
standard  practice  to  determ ine  the  sound  power l evel  at no- load  exci tation  and  the  sound  
power l evel  due  to  l oad  curren t accord ing  to  I EC 60076-1 0  or I EEE  Std C57. 1 2. 90  at standard  
si nusoida l  quanti ti es  (both  wi thou t sound  contribu tion  of the  cool i ng  device) .  The  service  
sound  power levels  of the  HVDC converter transformer are  then  derived  separatel y for both  
cond i ti ons  by add ing  the  re levant sound  i ncrease  l evel  as  estimated ,  based  on  the  provided  
harmon ic vol tage/curren t spectra  and  the  g i ven  DC b ias  current,  i f any.  Both  derived  
components  wi l l  fi na l l y be  combined  wi th  the  sound  power l evel  of the  cool ing  device  to  
receive  an  estimate  for the  tota l  sound  power level  of the  converter transformer as  i n  service.  
For detai l ed  i n formation  and  background  to  sound  l evels  of converter transformers,  see  
Annex E .  

Estimates  for the  sound  i ncrease  levels  shal l  be  provided  by the  manufacturer i n  the  quotation  
and  in  the  transformer test report.  The  harmon ic vol tage/current spectra  and  the  DC b ias  
curren t,  as  appl icable,  shal l  be  speci fied  by the  purchaser i n  order for the  manufacturer to  
derive  and  provide  the  estimates.  

Sound  i ncrease  levels  are  typica l l y provided  as  A-weigh ted  tota l  sound  l evels  ( i . e .  compris ing  
a l l  frequency bands)  bu t  can  – i f requ i red  – a lso  be  provided  as  A-weigh ted  sound  l evels  in  
1 /3  octave  bands.  

1 1 .3  Guaranteed  sound  levels  

Sound  l evels  for HVDC converter transformers  are  speci fied /guaran teed  as  sound  power 
levels ,  typ ical l y A-weighted  tota l  sound  power l evels  ( i . e .  compris ing  a l l  frequency bands)  bu t  
can  – i f requ i red  – a lso  be  speci fied /guaran teed  as  A-weighted  sound  power l evels  i n  1 /3  
octave  bands.  

I f requ i red  by the  purchaser,  the  transformer manufacturer shal l  guarantee  the  sound  power 
l evels  at  no- load  exci tation ,  due  to  load  current – both  at s i nusoidal  exci tation  at the  
magn i tudes  as  mentioned  i n  9. 1 4  or as  speci fi ed  – and  of the  cool ing  device.   

1 2  Bushings  

1 2. 1  General  

The curren t harmon ic spectra  shal l  be  cons idered  i n  the  des ign  of the  bush ings.  

The  purchaser shou ld  provide  the  curren t harmon ic spectra  for the  bush ings.  Otherwise  the  
same current harmon ic  spectra  as  for the  wind ings  shal l  be  used .  
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1 2 .2  Line side  winding  bush ings  

The bush ings  shal l  be  designed  and  tested  accord ing  to  I EC  601 37  or I EEE  Std  C57. 1 9.00.  

1 2.3  Valve  side  winding  bushings  

The bush ings  shal l  be  designed  and  tested  accord ing  to  I EC/IEEE  65700-1 9-03.   

The  polari ty reversal  test i s  not requ i red  on  the  bush ing  i f i t  i s  i n tended  for a  transformer 
wh ich  i s  not going  to  be  tested  for polari ty reversal .  

NOTE  DC  bush ings  i n  general  have  more  i nsu l ation  than  AC bush ings.  I n  add i ti on ,  the  oi l  immersed  porti on  at 
h i gher vol tages  (genera l l y over 200  kV)  i s  designed  such  that  they form  an  i n tegral  part  of the  i nsu lati on  structu re  
of the  transformer.  As  such ,  they are  not  i n terchangeabl e  wi th  other DC bush ings  wi th  s im i l ar rati ngs,  and  on l y  
those  bush i ngs  speci fi cal l y  designed  and  tested  wi th  the  parti cu lar i nsu l ation  structu re  can  be  expected  to  work as  
repl acements.  

1 3  Tap-changer 

1 3. 1  General  

When  an  on- load  tap-changer (OLTC)  is  provided ,  i t  shal l  be  i n  accordance wi th  I EC  6021 4-1  
or I EEE Std C57. 1 31 .   

1 3.2  Current  wave shape  

The rate  of change  of curren ts  i n  the  tap-changer is  h igher i n  service  on  transformers  wi th  
de l ta-connected  va lve  wind ings  compared  to  the  correspond ing  s inusoidal  current at 
fundamental  frequency.  The  purchaser shal l  speci fy d i /d t  for the  actual  curren t wave  shape.  

NOTE  Add i ti onal  i n formation  can  be  found  i n  I EC 6021 4-2.  

Due to  the  h i gh  frequency of operation ,  the  mechan ical  and  e lectrical  aspects  of on- load  tap-
changers  shou ld  be  reviewed  thorough l y to  ensure  a  robust des ign .  Normal l y some de-rating  
(h igher curren t rati ng  versus  actual  current)  shou ld  be  cons idered  due  to  d i /d t,  wear,  l i nkages,  
and  the  sheer number of operations.  On- l ine  fi l teri ng  of the  tap-changer o i l  may be  considered  
i n  case  of a  very h i gh  number of operations  (30  000  per year) .  

1 3.3  Consecutive  operation  of tap-changers  

Un less  otherwise  speci fied ,  the  tap-changers  shal l  be  capable  of con ti nuous  un in terrupted  
tapping  from  the  pri ncipa l  tap  to  the  maximum  posi ti ve  tap  and  back to  the  principa l  tap  
wi thout exceed ing  the  temperature  l im i ts  of the  trans i tion  res istor and  other parts  of the  tap-
changer.   

To  enable  a  proper thermal  d imension ing ,  the  maximum  top  o i l  temperature,  the  maximum  
load  curren ts  and  s tep  vol tages  i n  each  tap  pos i ti on  during  the  requ ired  operation  sequence  
shal l  be  g iven  by the  purchaser to  the  OLTC manufacturer.   

1 4 H igh-frequency model l ing  

I f requested  by the  purchaser,  the  manufacturer shal l  provide  a  h igh-frequency model  of the  
transformer.  I f requ i red ,  th is  model  shal l  be  veri fied  through  l ow-vol tage  measurements.   
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1 5  Tolerances  

1 5. 1  General  

The tolerances  shal l  be  i n  accordance wi th  I EC  60076-1 : 201 1 ,  Table  1  or I EEE  Std C57. 1 2 .00,  
wi th  the  exceptions  g i ven  i n  1 5. 2 .  

1 5.2  Short-circu i t  impedance tolerances  

Un less  otherwise  speci fied  by the  purchaser,  the  measured  impedance  shal l  not deviate  from  
the  value  speci fied  by the  purchaser by more  than  ±5 %  at the  principal  tap.  The  to lerances  
for each  tap  (+δek  and  -δek)  are  shown  in  Formu lae  (1 7)  and  (1 8) .  

 %1 00
3

factortapping1
%5ek ×

−
+=+ δ  ( 1 7)  

 %5ek −=−δ  (1 8)  

The  defin i tion  of tapping  factor (correspond ing  to  a  g iven  tapping)  i s  the  ratio  Ux/Ur:  

where  

Ur  i s  the  rated  vol tage  of the  wind ing ;  

Ux  i s  the  vol tage  that wou ld  be  developed  at no-load  at the  term inals  of the  wind ing ,  at  the  
tapping  concerned ,  by appl ying  rated  vol tage  to  an  un tapped  wind ing .  

I f the  purchaser provides  maximum  and  m in imum  impedances  across  the  tapping  range  then  
these  are  l im i ts  wi thou t to lerances.  

Un less  otherwise  speci fi ed  by the  purchaser,  the  impedance at the  pri ncipa l  tap  and  the  
variation  of impedance over the  tapping  range  for transformers  of dupl icate  or s im i lar des ign  
for the  purpose  of i den tical  appl ication  i n  service ,  or in terchangeabi l i ty,  shal l  not exceed  ±3  %  
of the  mean  test va lues.  

1 6  Rating  plate  

The rating  p late  shal l  be  in  accordance wi th  I EC  60076-1  or I EEE  Std C57. 1 2. 00  wi th  the  
fol lowing  mod i fications.  

The  rati ng  p late  shal l  contain  the  words  “Converter Transformer. ”  I n  add i tion ,  the  fu l l -wave LI  
or B I L,  i n  ki l ovol ts,  of l i ne  term inals  shal l  be  designated  as  be low:  

•  L ine  s i de  wind ing  LI  or BI L  

•  L ine  s i de  wind ing  neutral  LI  or BI L  

•  Valve  s i de  wind ings  to  ground  LI  or BI L  

•  Valve  s i de  wind ings  between  term inals  LI [BT]  or B I L[BT]  (on l y i f d i fferent from  wind ing  
to  ground)  

•  Valve  s i de  wind ings  UDC  

•  Valve  s ide  wind ings  Upr  

•  Valve  s i de  wind ings  UAC  
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An  example  wou ld  be:  

L ine  s i de  Um  245  /  S I  750  /  L I  950  /  L IC  1  045  / AC 395  kV 

Line  s i de  neu tra l  Um  52  /  L I  250  /  AC  95  kV 

Valve  s i de  Y LI  1  300  /  L I [BT]  1  050  /  S I  1 050  / UDC  724  /  Upr  509  /  UAC  535  kV 

Valve  s ide  D  LI  750  / S I  650  /  UDC  376  / Upr  229  /  UAC  390  kV 
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Annex A 
(informative)  

 
I n  service  overloading  of HVDC converter transformers  used  with  current 

commutated  valves  (ei ther mercury arc valves  or thyristors)   
 

A.1  General  

The converter transformer l oad ing  cond i tions  are  d i fferen t than  those  of an  AC transformer.  
The  main  d i fferences  resu l t from  the  pu lse-shaped  curren t waveform ,  l ead ing  to  h igh  content  
of harmon ics  i n  the  load  curren t.  H igh  frequency curren ts  and  re lated  magnetic fl ux  i n troduce  
add i ti onal  eddy l osses  i n  the  conductors  and  core,  as  wel l  as  in  the  constructional  parts  of the  
transformer.   

The  converter transformer shou ld  be  des igned  based  on  the  actual  harmon ic curren t spectra  
for each  overload  case,  g i ven  by the  purchaser.  

The  d istribu tion  of eddy l osses  in  the  wind ings  for a  converter transformer subj ected  to  a  h igh  
con ten t of harmon ics  is  more  non-un i form  than  i n  an  AC transformer due  to  the  h igh  
frequency components  of the  eddy losses.  Therefore,  for transformers  designed  for DC  
converter operation ,  the  temperature  grad ient between  the  hot-spot temperature  rise  and  the  
wind ing  average  temperature  rise  may be  h i gher,  and  the  l ocation  of the  hot spot(s)  wi l l  be  i n  
d i fferent parts  of the  wind ing  when  compared  to  the  l ocation  i n  transformers  under normal  AC 
operati ng  cond i ti ons.  The  d i rect consequence  of th is  fact i s  a  fa i l u re  to  generate  the  hottest 
spot temperature  by s imu lating  the  converter operation  wi th  an  equ ivalent power frequency 
s i nusoidal  cu rrent of i ncreased  magn i tude.  Such  a  current of increased  magn i tude  wi l l  resu l t 
i n  correct value  of the  average  temperature  rise  of the  wind ing ,  bu t the  hottest spot wi l l  have  a  
l ower temperature  than  under operational  cond i tions.  On  the  other hand ,  du ring  the  o i l  
temperature  rise  test the  curren t i s  i ncreased ,  i n  order to  i nclude  the  core  l oss  i n  the  tota l  l oss  
being  d iss ipated .  Therefore,  the  wind ings  may be  overloaded  to  some extent during  the  
standard  temperature  rise  test,  depend ing  on  the  proportion  of the  core  l oss  and  the  harmon ic 
con ten t of the  curren t.  

Depend ing  on  the  des ign  of both  the  converter transformer and  the  converter station ,  the  l oad  
d istribu tion  between  valve  and  l i ne  wind ings  may be  d i fferent  and  may depend  on  the  load .  
Th is  has  to  be  cons idered  i f necessary.  

Based  on  valve  wind ing  configuration ,  a l l  necessary in formation  to  ca lcu late  harmon ic l osses  
shal l  be  speci fi ed  and  i ncludes  ampl i tude  of harmon ic curren ts,  vector sum  of harmon ic 
curren ts,  wave shape,  and  phase  ang le  of harmon ic currents.  

A.2  Overloading  in  service 

The l oad ing  beyond  nameplate  power rating  can  resu l t from  the  fol l owing :  

– p lanned  overloads;  

– emergency overloads ;  

– fai l u re  of equ ipment (auxi l iary equ ipment of the  un i t,  or the  converter station ) .  

Al l  types  of l oad ing  beyond  nameplate  can  resu l t i n  s i gn i ficant reduction  of the  i nsu lation  l i fe,  
u l timate l y l ead ing  to  an  i ncreased  risk of the  transformer’s  fa i l u re.  Other harmfu l  effects  
resu l ting  from  overload ing  include  evolu tion  of free  gas  from  insu lation ,  mechan ical  s tresses  
i n  the  active  part and  construction  ( thermal  expansion  and  reduced  mechan ical  s trength) ,  
l eaking  gaskets  ( tank and  bush ings),  wear of the  tap-changer con tacts ,  ag ing  of auxi l i ary 
equ ipment,  and  excessive  o i l  expansion .  Accelerated  ag ing  of the  acti ve  part of the  converter 
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transformer i s  especial l y cri tical  s ince  the  hottest  spot temperature  may i ncrease  beyond  the  
thermal  l im i ts  for cel lu lose  and  combined  wi th  h i gh  e lectrical  stress  wi l l  g i ve  rise  to  d ie lectric 
fai l u re.  Therefore,  the  user shou ld  address,  i n  the  techn ical  speci fication ,  the  various  poss ible  
l oad ing  cond i tions  of the  transformer,  especia l l y i f p lanned  overload ing  cond i ti ons  such  as  an  
overload  profi l e  during  l ow ambien t temperature  or l im i ted  duration  overload  capabi l i ty are  
requ i red .  

I t  i s  usual  that the  converter transformer is  des igned  to  have  a  power rati ng  compatib le  wi th  
the  overload  capaci ty of the  whole  converter station .  

The  overload  speci fication  shal l  contain  the  fol lowing  data  for each  overload  case  i f 
necessary:  

– ambien t temperature;  

– overload  factor [p. u . ] ;  

– duration  of overload ;  

– preload  [p. u . ] ;  

– number of cooler ci rcu i ts  i n  service  ( i f appl icable) ;  

– perm issible  over-temperatures  for o i l ,  wind ing ,  and  hot  spot;  

– spectrum  of harmon ics  for pre-overload  and  overload ;  

– tap-changer pos i ti on .  

The  data  shou ld  be  g iven  in  form  of tab les  and/or d iagrams as  shown  i n  Table  A. 1  and  
Figure  A. 1 .  

Table  A. 1  – Example  of an  overload  table  

Case  Duration  
Overload  

factor (p.u . )  
power 

Redundant cool ing  
Ambien t 

temperature  
(°C)  

I
v-star

  

(A)  

I
dc
  

(A)  

Harmonic 
spectrum  

no.  

Rated  Cont.  1  Off (hot  spot 1 05  °C)  40  3  009  2  457  1  

1  Con t.  1 , 1  On  (hot  spot  1 05  °C)  40  3  31 8  2  71 0  2  

2  2  h  1 , 2  On  (hot  spot  1 20  °C)  40  3  630  2  964  3  

3  2  h  1 , 25  On  (hot  spot  1 20  °C)  33  3  786  3  092  3  

4  ≤  1 0  s  1 , 5  On  or off 40  4  581  3  741  3  
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Figure A. 1  – Example  of an  overload  d iagram  

I t  shal l  be  poin ted  ou t that overload  cond i ti ons  have  an  importan t impact on  the  transformer 
design  and  ag ing  and  shou ld  therefore  be  hand led  carefu l l y by both  user and  transformer 
manufacturer.  

Exact speci fications  of overload  cond i tions  a l l ow the  user to  estimate  the  risk caused  by such  
service  cond i tions  and  enable  the  manufacturer to  a l low for such  cond i tions.  Such  risk 
estimations  can  be  done  by us ing  mathematical  models  as  described  i n  “Risk assessment 
us ing  transformer l oss  of l i fe  data” .   

A.3  Temperature rise test for demonstrating  normal  loading  condi tion  

The temperature  rise  test of the  converter transformer,  when  performed  i n  accordance wi th  
9. 1 3,  i s  to  test  the  rated  l oad ing  of the  un i t,  because  

a)  the  magn i tude  of the  power frequency curren t i s  i ncreased  to  s imu late  the  presence  of 
harmon ics ,  i . e .  to  get the  same amount of l oad  l osses,  

b)  the  current i s  further i ncreased  to  i ncl ude  the  no-load  l oss  (core  l oss) .  

The  transformer des igner takes  the  above parameters  i n to  account wh i le  design ing  the  
wind ings.  Any requ i rements  for overload  exceed ing  these  l im i ts  shal l  be  cl earl y speci fied  by 
the  user i n  the  techn ical  speci fication .  

A.4  Temperature rise test for demonstrating  planned  overload  condi tions  

When  a  p lanned  overload  cond i ti on  such  as  a  low temperature  overload  capabi l i ty or an  
emergency overload  profi l e  i s  speci fi ed ,  i t  may be  requ i red  to  perform  add i ti onal  heat run  
tests(s)  at  the  speci fied  overload  rating(s) .  I f such  a  demonstration  is  requ ired ,  i t  shou ld  be  
clearl y stated  in  the  enqu i ry.  Moreover,  acceptance cri teria  regard ing  maximum  hot-spot rise,  
mean  wind ing  rise,  and  top  oi l  rise  during  overload  cond i ti on(s)  shal l  be  cl earl y defi ned .  

NOTE  I t  i s  recogn i zed  that  a  heat run  test  performed  at  l oad  l evel s  exceed ing  the  rated  power of the  transformer 
wi l l  cause  a  certa in  ag ing  on  the  transformer i nsu l ation .  

IEC  

0  5  1 0  1 5  20  25  30  35  40  45  
Ambien t temperature   (°C)  

1 , 04  

1  
1 , 02  

1 , 06  
1 , 08  
1 , 1  
1 , 1 2  
1 , 1 4  
1 , 1 6  
1 , 1 8  
1 , 2  
1 , 22  
1 , 24  
1 , 26  
1 , 28  
1 , 3  S

  
(p
.u
.)
 

Short time overload capabil i ty up to 
1 0 s:  1 ,5 p.u.  

Continuous capabil i ty without 
redundant cooling 
hot spot max.  1 05 °C  

Two hour capabil i ty 
without redundant cool ing 
hot spot max.  1 20 °C  

and  

Continuous capabil i ty wi th 
redundant cool ing 
hot spot max.  1 05 °C  

Two hour capabil i ty wi th 
redundant cooling 
hot spot max.  1 20 °C  

Overload  capabi l i ty as  a  functi on  of ambient  temperatu re  
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Short-duration  overloads  of l ess  than  1 0  m in  do  not normal l y need  to  be  veri fi ed  by an  
overload  heat  run  test.   

When  the  overload  rati ng  is  conti nuous  (e. g .  permanent overload  rati ng  below a  certa in  
ambien t temperature),  the  overload  temperature  rise  test shou ld  be  performed  wi th  the  same 
testing  method  as  described  in  9. 1 3  and  i t  i s  normal l y performed  immed iate l y after the  
standard ized  heat run  test for rated  cond i ti ons.  The  harmon ic conten t shal l  be  s imu lated  i n  
the  same way.  A d i fferen t harmon ic profi l e  du ring  overload  operation  than  du ring  rated  
cond i tions  may be  speci fi ed .  

Otherwise,  when  the  overload  rating  has  a  speci fi c maximum  duration  l im i t,  the  test sequence  
shou ld  be  mod i fied  accord ing l y and  agreed  upon  by the  user and  manufactu rer.  

Un less  otherwise  speci fi ed ,  a l l  cool i ng  equ ipment,  i ncl ud ing  redundancy,  i f provided ,  sha l l  be  
i n  operation  during  the  overload  heat run  test.  

I t  shou ld  be  emphasized  that during  overload ,  not on l y a l l  of the  curren t carrying  componen ts  
wi l l  be  subj ected  to  the  increased  temperature  rise  bu t a l so  a l l  constructional  parts  wi l l  
experience  much  h igher stray fl ux than  at rated  normal  operating  cond i ti ons.  The  stray fl ux 
i ncrease  can  lead  to  l ocal i zed  saturation  of the  meta l l ic  parts  resu l ting  i n  severe  overheating .  
Parts  that may be  affected  by such  increase  flux are  tank steel ,  bush ing  turrets ,  tank 
sh ie l d ing ,  core  clamps,  t i e  p lates  or rods,  core  lam inations,  etc.  

Due  to  the  fact that there  i s  no  harmon ic curren t at the  overload  test,  such  test i s  not fu l l y 
re levant regard ing  hot-spot phenomena for both  ins ide  the  wind ings  and  in  other structural  
parts  of the  transformer.  The  harmon ics  can  also  cause  d i fferen t hot-spot l ocations.  

Before  starti ng  the  overload  heat run  test,  i t  i s  recommended  to  i nsta l l  a  thermocouple  on  the  
tank area  that has  been  observed  to  be  the  hottest during  the  normal  heat  run  test.  

The  hot-spot,  o i l ,  and /or wind ing  thermometers  shal l  be  cal ibrated  before  perform ing  the  
overload  test.   

Thermocouples  shou ld  a l so  be  i nsta l l ed  wi th in  the  transformer tank for measuring  the  meta l l ic 
part temperatures  not i n  con tact wi th  i nsu lation  materia l  such  as  core  clamps,  ti e  p l ates  or ti e  
rods,  tank sh ie l ds.  Thei r l ocations  shou ld  be  agreed  upon  by the  user and  the  manufacturer.  

The  problematic of perform ing ,  for example,  a  l ow temperature  overload  test i n  a  normal  
ambien t temperature  cond i ti on  i s  that the  temperature  rises  wi l l  normal l y exceed  the  a l l owable  
l im i ts  appl icable  to  the  standard ized  temperature  rise  test.  Such  deviation  can  be  acceptable  
provided  that  the  temperature  l im i ts  do  not exceed  those  conta ined  i n  I EC  60076-7  or 
I EEE  Std  C57. 91 .  

I f,  for the  speci fi ed  overload  cond i ti on  and  actual  ambien t a i r temperature  wi th in  the  test bay,  
the  temperature  l im i ts  in  Table  A. 1  are  exceeded ,  then  i t  i s  a l l owable  to  reduce the  overload  
curren t i n  such  a  way that these  l im i ts  are  not  exceeded .  

During  the  overload  heat run  test,  the  meta l l ic parts  of the  transformer tank shal l  be  mon i tored  
by means  of an  i n frared  camera  techn ique.  

The  overload  temperature  rise  test i s  cons idered  successfu l  i f the  fol l owing  cri teria  are  met:  

– temperature  l im i ts  in  Table  A. 1  are  not typ ical l y exceeded ;  

– no  oi l  i s  d ischarged .  

– gass ing  l im i ts  agreed  to  by the  manufacturer and  purchaser are  not exceeded .  Add i ti onal  
i n formation  can  be  found  i n  I EC  60076-2  or I EEE  Std  C57. 1 30.  
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Annex B  
(informative)  

 
HVDC converter transformers  for use wi th  voltage source converters  

B.1  General  

Recentl y,  new HVDC converter schemes  us ing  vol tage  source  converter (VSC)  technolog ies  
have  been  pu t i n to  operation .  The  princip le  of operation  of such  converter technology is  qu i te  
d i fferent from  the  usual  technolog ies  us ing  current commutated  valves  (e i ther mercury arc 
valves  or th yristors).  Moreover,  d i fferent power e lectron ic technolog ies  (GTOs,  IGBTs,  etc. )  
may be  used  i n  the  des ign  of vol tage  source  DC  converters .  

The  operating  s tresses  that are  appl i ed  to  the  converter transformers  feed ing  a  vol tage  
source  HVDC converter are  a lso  qu i te  d i fferen t from  the  stresses  imposed  on  converter 
transformers  us ing  current  commutated  HVDC valves.  

D i fferen t technolog ies  regard ing  topolog ies  and  swi tch ing  s trateg ies  may be  used  for vol tage  
source  DC converters.  

I n  a  two-  or three- level  topology the  va lves  act l i ke  control lab le  swi tches  connecting  the  sti ff 
DC  vol tage  to  the  l ine  s i de,  see  F igure  B . 1 .  

An  a l ternative  technology is  that the  valves  are  d i vi ded  i n to  modu les,  each  modu le  wi th  i ts  
own  DC capaci tor.  I n  th i s  case  each  modu le  acts  l i ke  a  two- level  control lable  vol tage  source,  
see  F igure  B . 2.  Th is  i s  defined  as  a  mu l ti - l evel  VSC.   

The  transformer can  a lso  be  connected  d i rectl y to  the  converter valves,  F i gure  B . 3  shows an  
example  of that.  

The  converters  can  a lso  be  in  a  symmetric  or i n  an  asymmetric  configuration .  I n  a  symmetric  
configuration  there  i s  no  DC vol tage  at the  transformer wind ings  but i n  an  asymmetric  
configuration  there  i s .  F i gu re  B. 1  and  F igure  B. 3  show two examples  wi th  symmetric  
configurations  and  F igure  B . 2  shows  one  example  wi th  asymmetric  configuration .    

B.2  Converter transformer stressed  wi th  only fundamental  vol tage and  current 

I n  the  configuration  outl i ned  i n  F igure  B. 1 ,  the  transformer operates  wi th  l ower s tresses  than  
the  transformer for a  l i ne  commutated  converter.  Among  the  d i fferences,  the  main  
characteristics  are  as  fo l l ows:  

– no  DC b ias  vol tage  appl ied  to  the  valve  wind ing (s);  

– no  harmon ic curren t,  un less  the  harmon ic fi l ters  are  not l ocated  in  between  the  valve  
wind ing(s)  of the  converter transformer and  the  DC converter;  

– vol tage  wave  shape appl ied  to  the  valve  wind ing  i s  s i nusoidal .  
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Figure B. 1  – Configuration  wi th  no  add i tional  stresses  on  the  converter transformer 

As a  consequence of the  d i fferences  outl i ned  above F igure  B. 1 ,  converter transformers  
feed ing  an  HVDC vol tage  source  converter,  wi th  a  configuration  i n  accordance wi th  
F igu re  B. 1 ,  are  s im i lar to  normal  AC  substation  power transformers  and  shou l d  be  speci fi ed  
and  tested  accord ing  to  I EC 60076-1  and  I EC 60076-3  or I EEE  Std C57. 1 2. 00  and  I EEE  Std 
C57. 1 2. 90.  No  specia l  test needs  to  be  performed  to  demonstrate  the  transformer 
performance i n  a  converter appl ication .  

B.3  Converter transformers  stressed  wi th  d irect vol tage,  fundamental  vol tage 
and  fundamental  current 

I n  the  configuration  outl i ned  i n  F igure  B. 2 ,  the  transformer operates  wi th  l ower s tresses  than  
the  transformer for a  l i ne  commutated  converter.  Among  the  d i fferences,  the  main  
characteristics  are  as  fol l ows:  

– no  or very l ow levels  of harmon ic curren ts.  

The  vol tage  wave shape  appl ied  to  the  valve  wi nd ing  i s  s i nusoidal  i n  add i ti on  to  a  DC b ias  
vol tage.  The  DC  b ias  vol tage  is  ha l f of the  DC  pole  vol tage.  
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The  fi gu re  i s  s impl i fi ed ,  for example,  a  20-l evel  VSC converter requ i res  20  power modu l es .  

Figure B.2  – Configuration  wi th  multi -l evel  VSC  HVDC  converter station  appl ied  
in  a  monopolar scheme wi th  DC  overhead  l ine  transmission  

As a  consequence of the  DC b ias  vol tage  the  transformers  for VSC asymmetric configurations  
shou ld  be  speci fi ed  accord ing  to  th is  document.  

B.4 Converter transformer stressed  wi th  the valves  connected  d irectly to  the 
converter transformer 

I n  the  configuration  ou tl i ned  i n  F igure  B. 3,  the  converter transformer i s  exposed  to  more  
harmon ic stress  than  the  converter transformers  of a  l i ne  commutated  converter.  Some of the  
stresses  are  as  fo l l ows:  

– no  DC b ias  vol tage  appl ied  to  the  valve  wind ing (s).  

The  vol tage  wave  shape  wi l l  be  based  on  PWM,  several  commutations  per period .  Th is ,  p l us  
the  use  of GTO-  or IGBT-based  valves,  may resu l t  i n  the  wind ing  i nsu lation  being  exposed  to  
repeti ti ve  fast trans ient overvol tage  and  the  associated  potentia l  vol tage  ag ing  effects  on  the  
i nsu lation  system .  

The  vol tage  wave shape  that may appear on  valve  wind ing  i s  close  to  a  square  wave shape  
and  th is  may generate  an  i ncreased  flux dens i ty and  m inor h ysteresis  l oops  i n  the  magnetic  
core.  I f th is  i s  the  case,  care  shou ld  be  taken  i n  the  design  of the  magnetic ci rcu i t to  cope  wi th  
the  specia l  vol tage  wave  shape appl ied  to  the  valve  wind ing .  

The  converter transformer i s  l oaded  wi th  current harmon ics  as  i s  the  converter transformer for 
a  l i ne  commutated  converter.  However,  the  spectra  can  have  a  h igher conten t of h i gher 
harmon ics  than  that for a  l i ne  commutated  converter.  
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Figure B.3  – Configuration  wi th  VSC  valves  connected  d i rectly 
to  the  converter transformer 

I n  th is  configuration  a l l  cons iderations  regard ing  current harmon ic curren t l oad ing  of l i ne  
commutated  HVDC converter transformer are  appl icable  to  VSC HVDC converter 
transformers.  I n  add i tion ,  the  consequences  due  to  the  vol tage  harmon ics  have  to  be  
evaluated  and  cons idered  i n  the  des ign ,  rating  and  testing  of VSC converter transformers.  

I t  shou ld  be  noted  that operational  losses  of converter transformers  used  i n  con j unction  wi th  
such  VSC HVDC schemes  may be  h igher than  tested  losses.  

B.5 Summary of stresses  

As the  stress  and  service  cond i tions  for the  transformer depend  on  the  configuration  of and  
operation  strategy for the  vol tage  source  converters,  abnormal  service  cond i tions  have  to  be  
fu l l y defi ned  and  speci fied  by the  purchaser.  Fu rthermore,  the  reactive  power exchange  of a  
vol tage  source  can  be  varied  wi th in  a  l arge  range  i ndependent of the  acti ve  power.  Therefore,  
care  shou ld  be  taken  by the  purchaser to  speci fy the  fol lowing  parameters:   

•  operation  range  for acti ve  and  reactive  power versus  combination  of AC vol tage  and  tap  
changer posi tion ;  

•  va l ve  s ide  vol tage  time domain  waveform  p l us  the  harmon ic content;  

•  t ime  domain  waveform  p lus  the  harmon ic content for the  transformer cu rren t;  

•  any other unusual  service  cond i ti on  i n  re lation  to  the  transformer standard  to  be  appl ied .  
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Annex C  
(informative)  

 
Design  review  

C.1  General  

Testing  may not address  a l l  i ssues  important to  converter transformer performance.  
Considering  the  complexi ty of converter transformer design ,  des ign  review is  an  important 
factor that  shou ld  be  considered  regard ing  impact on  satisfactory i n  service  performance.  

C.2  Topics  

A sample  of topics  that cou ld  be  i ncluded  in  the  des ign  review process  i s  as  fo l lows.  

a)  Gaskets and gasket tightening.  A properl y designed  gasket ti gh ten ing  system  wi l l  a l low 
the  gasket materia l  to  reach  i ts  “normal ”  l i fe  of 1 5  to  20  years  wi thout  premature  
fai l u re.  The  system  shou ld  include  proper gasket compression ,  gasket stops,  O ’ring  
g roves,  mach ined  surfaces,  etc.  Ag ing  tests  shou ld  be  designed  to  demonstrate  that  
the  l i fe  of the  gasket materia l  i s  25  to  35  years.  Wi th  an  i ncreased  focus  on  the  
envi ronment ( I SO  1 4001 )  most u ti l i ties  are  focus ing  on  s topping  l eaks.  The  
manufacturer shou ld  demonstrate  how he  has  addressed  the  above i ssues.  

b)  Replacement bushings.  Sufficient i n formation  as  to  bush ing  d imensions/parameters  
shou ld  be  provided  at  time of contract by the  manufacturers;  th is  i s  especial l y 
important i f replacement bush ings  shou ld  be  no  l onger avai l able  from  the  ori g inal  
converter transformer suppl ier.  

c)  Bolt tightening torques.  Tigh ten ing  torques  for a l l  bol ts  shou ld  be  provided .  Proper 
s i zi ng  of bol ts  i s  important to  a l l ow appropriate  bol t t i gh ten ing  torques.  The  
manufacturer shou ld  provide  in formation  on  the  preced ing  issue  and  any other issues  
re lating  to  bol t  t igh ten ing  torques.  

d )  Model studies.  The design  review process  shou ld  i nclude  the  resu l t of eng ineering  
stud ies ,  i nclud ing  the  transient  model i ng  of d ie lectric  tests  such  as  polari ty reversal .  

e)  Bushings.  Mounting  of the  bush ing  shou ld  be  reviewed  regard ing  re l i abi l i ty,  for 
example,  s ide  moun ted  bush ings.  Carefu l  review shou ld  be  g iven  to  using  non-ANSI  
DC bush ings  on  converter transformers  designed /tested  i n  accordance wi th  th is  
document.  Are  there  compatib i l i ty i ssues?  These  and  other bush ing  moun ting  issues  
shou ld  be  addressed  by the  manufacturer.  

f)  Electrical connections.  The  manufacturing  process  requ i res  a  l arge  number of 
e lectrical  connections  for easy manufacturing ,  wh ich  become a  poten tia l  source  of 
fai l u re  i n  the  fi e ld .  Many of these  connections  are  buried  and  thus  are  inaccess ib le.  
Some considerations  are:  crimped  connections  shal l  have  a  mon i toring  hole  or other 
means  to  ensure  that i t  i s  fu l l y i nserted  prior to  and  after crimping ;  the  person  doing  
the  brazed  connections  shal l  be  pre-qual i fied  by doing  a  braze  on  an  i den tical  
connection (s)  ( i f the  person  has  not done  one  in  the  last s ix  months) ;  the  connection (s)  
shal l  be  cu t apart or x-rayed  or other means  used  to  ensure  the  braze  i s  done  properl y;  
bo l ted  connections  shal l  use  bol ts/bol ting  system  (typical  range  of bol t s i zes  are  M8  to  
M1 2)  to  provide  susta ined  clamping  force  over the  service  l i fe  of the  transformer 
( i nclud ing  a  50  %  redundancy over that requ i red  by code);  spring -type  connections  
shal l  have  l 00  %  redundancy;  connections  where  there  i s  no  o i l  fl ow (such  as  d raw 
l ead/draw rod  bush ings)  shou ld  cons ider a  gu idel ine  of 1 , 55  A/mm 2  (1  000  A/i n2) .  As  a  
“ru le  of thumb, ”  a  bol t  shou ld  be  mechan ical l y l oaded  to  an  elastic  e longation  that i s  
g reater than  the  thermal  d imensional  changes  i n  the  connected  materia ls  over the  fu l l  
range  of temperatu re  variation .  (The  larger the  bol t,  the  g reater the  ti ghten ing  torque  
that shal l  be  used .  H igh  torque  is  d i fficu l t to  ach ieve  for i n ternal  bol ted  connections) .  I n  
general ,  the  manufacturer shou ld  address  al l  e l ectrical  connection  i ssues.  
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g )  The  hot spot in  a  converter transformer has  a  number of un ique  aspects.  Experience  
has  shown  that i t  i s  d i fficu l t  to  determ ine  i t  adequatel y by test i n  the  factory.  Aspects  
such  as  AC harmon ic fl uxes,  l arge  amounts  of DC i nsu lation  (cocoon),  and  tradeoffs  
between  AC and  DC e lectrical  stresses  make i t  extremely d i fficu l t  to  determ ine  
accuratel y the  hot-spot temperature.  However,  typical l y,  the  overcurren t used  for the  
temperature  rise  test wi l l  resu l t  i n  s l i gh tl y h i gher l osses  i n  the  top  d isc compared  to  
those  produced  i n  service  ( i nclud ing  harmon ics),  and  thus  the  temperature  at the  top  of 
the  wind ing  wi l l  be  represen tati ve.  Th is  assumes  the  estimated  tota l  l osses  are  correct.  
I t  shou ld  be  noted  that  harmon ic curren ts  have  a  h igher impact on  the  eddy losses  i n  
the  m idd le  of the  wind ing  than  at the  ends.  I t  i s  a lso  not possib le  to  estimate  the  hot-
spot temperature  using  a  factor of 1 , 3  or 1 , 5  times  the  grad ien t over top  o i l  
temperature;  hot-spot temperature  may be  h igher.  Factors  to  cons ider are,  bu t  not  
l im i ted  to,  as  fo l l ows.  

i )  Add i ti onal  insu lation  at the  ends  of the  wind ings  may cause  reduced  cool ing .  

i i )  Possib le  restricted  o i l  fl ows  as  a  resu l t  of the  DC i nsu lation  “cocoon. ”  

i i i )  The  “cocoon”  i nsu lation  may in fluence  the  oi l  fl ow independent of how the  l osses  
are  generated .  

i v)  Possib le  i ncreased  l osses  due  to  e lectrica l  fl uxes  cross ing  the  ends  to  the  
wind ings  rad ia l l y i nstead  of axia l l y and  i s  a  function  of yoke  d istance.  

v)  “Harmon ic  fl uxes”  tend  to  have  h igher impact at  the  m idd le  of the  wind ings .  

vi )  I n  a  converter transformer,  the  tota l  conten t of curren t harmon ics  i n  the  wind ings  
shal l  be  cons idered ,  even  the  s ix-pu lse  harmon ics.  (The  s ix-pu lse  harmon ics  may 
be  cancel l ed  as  seen  from  the  outs ide  of a  twelve-pu lse  converter transformer,  bu t  
not i ns ide  the  transformer wind ings. )  The  impact of harmon ic fl ux i s  a  function  of 
converter transformer des ign .  During  the  des ign  review,  the  manufacturer shal l  
demonstrate  how the  hot-spot temperature  ri se,  as  determ ined  during  the  
temperature  rise  test,  i s  re lated  to  hot-spot temperature  i n  operation ,  especia l l y 
cons idering  the  effect of harmon ics.  

CIGRĖ has  publ ished  a report [2 ]  on  conducting  design  reviews  for power transformers  that 
can  be  referenced .  
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Annex D  
(informative)  

 
Transformer speci fication  content  

 

D.1  General  

Annex D  is  i n tended  to  provide  a  checkl is t for the  speci fi cation  of HVDC converter 
transformers.  I t  a lso  contains  an  ind ication  of the  data  to  be  provided  at tender stage  to  
enable  converter system  des ign  and  fol l owing  tests.  

Detai l ed  in formation  and  background  can  be  found  i n  [1 ] .  

D.2  Data to  be provided  by the purchaser 

The data  below shou ld  be  provided  by the  purchaser.  The  manufacturer needs  i t  as  i npu t to  
the  transformer des ign .  

System  data  

•  AC  system  vol tages,  nom inal  and  extreme (maximum  and  m in imum)  steady state  
vol tages.  Temporary over and  under vol tages  shou ld  a lso  be  g i ven  together wi th  the  
respective  duration .  

•  AC  system  frequencies,  nom inal  and  extreme (maximum  and  m in imum)  steady s tate  
frequencies.  Temporary over and  under frequencies  shou ld  a lso  be  g i ven  together wi th  
the  respective  duration .  

•  AC  system  short  ci rcu i t power.  

•  AC  system  ground ing  cond i tions,  for example  d i rectl y g rounded .  

•  Current wave  form .  Th is  i s  normal l y ach ieved  by the  current spectrum  (fundamental  
frequency p lus  harmon ics).  

•  DC  system  vol tage,  nom inal  and  maximum  steady state.  

Envi ronmental  data  

•  Ambient  temperature  l evels  

•  S i te  a l ti tude  above  sea  l evel  

•  Pol l u tion  aspects  

•  Maximum  wind  l oad ing  

•  Seism ic  requ irements  

Performance requ irements  

•  N umber of phases  per un i t  

•  Rated  power 

•  Operation  range  for active  and  reactive  power versus  combination  of AC  vol tage  and  
tap  changer pos i ti on  

•  Any overload  requ irements  accord ing  to  Annex A 

•  Rated  vol tage  for each  wind ing  

•  No- load  rated  vol tage  

•  Rated  frequency 
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•  Wind ing  connections  and  vector re lationsh ip  

•  Maximum  vol tage  for each  wind ing  

•  Tap-changer range  and  tap-changer step  

•  Short ci rcu i t  impedance  i nclud ing  impedance  to lerances  

•  Cool ing  cl ass  and  requ i rements  

•  Temperature  rise  l im i ts  for wind ings  and  o i l  

•  Fu l l  wave  l i ghtn ing  impu lse  wi thstand  level  for each  wind ing  

•  Fu l l  wave  l i ghtn ing  impu lse  wi thstand  level  for the  l i ne  s i de  neutral  term inal  

•  Chopped  wave l i ghtn ing  impu lse  wi thstand  level  for each  wind ing  

•  I nduced  swi tch ing  impu lse  wi thstand  levels  for the  l i ne  s ide  wind ing ,  i f requ i red  

•  Appl ied  swi tch ing  impu lse  wi thstand  levels  for each  valve  s ide  wind ing ,  i f requ i red  

•  I nduced  AC vol tage  test l evel  for the  l i ne  s i de  wind ing ,  i f h i gher than  the  s tandard  l evel  

•  Appl ied  AC vol tage  test  l evel  for the  l i ne  s ide  neu tral  term inal ,  i f h i gher than  the  
standard  l evel  

•  DC  wi thstand  vol tage  test l evel ,  or N,  Udm  and  Uvm ,  for each  va lve  wind ing  

•  Polari ty reversal  test  level ,  or N,  Udm  and  Uvm ,  for each  valve  wind ing  

•  Appl i ed  AC  vol tage  test l evel ,  or N,  Udm  and  Uvm ,  for each  va lve  wind ing  

•  Further test  requ i rements ,  i f any,  for example  special  tests  

•  Parameters  for guaranteed  l osses,  i nclud ing  fundamental  frequency and  harmon ic  
curren ts,  vo l tages,  tap-changer pos i ti ons  and  ambien t temperature  

•  Loss  capi ta l i zation  rates  

•  Sound  l evel  l im i ts  for transformer and  coolers  

•  Transport l im i tations  

•  Requ irements  on  bush ings,  tap-changers,  curren t transformers,  coolers,  control  
cabinets  and  i nstrumentation  

•  I n formation  about  auxi l iary power suppl y 

•  Any speci fic  requ irements  for t ime l im i ts  and  methods  regard ing  replacement of the  
transformers  or components  

D.3  Data to  be provided  by the manufacturer 

The data  below shou ld  be  provided  by the  manufacturer.  The  system  designer (often  the  
purchaser)  needs  i t  for fu rther system  stud ies .  

Performance data  provided  at  tender s tage  [des igned  and  guaranteed  va lues]  

•  No- load  losses  

•  Load  l osses  

•  Auxi l i ary l osses,  for example  cool ing  equ ipment l osses  

•  Short ci rcu i t  impedance,  rated  and  re lated  to  tap-changer pos i tions  

•  Zero  sequence  impedance  

•  Sound  l evels ,  transformer and  coolers  
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Performance data  provided  fo l lowing  tests  [measured  values]  

•  No- load  losses  

•  Load  l osses  

•  Auxi l i ary l osses,  for example  cool ing  equ ipment l osses  

•  Short ci rcu i t  impedance,  rated  and  re lated  to  tap-changer posi tions  

•  Zero  sequence  impedance  

•  Wind ing  tu rns  ratio  for each  tap-changer pos i tion  

•  Temperature  rise,  o i l ,  average  wind ing  and  hot  spot  

•  Sound  l evels ,  transformer and  coolers  

Supplementary data  normal l y provided  at tender stage  

•  I n formation  about core,  i nclud ing  core  materia l ,  number of l imbs,  fl ux dens i ty 
saturation  cu rve  and  vol tage/time l im i ts  

•  I n formation  abou t wind ings,  i nclud ing  conductor materia l ,  arrangement,  wind ing  types  
and  i nsu lation  detai ls  

•  C i rcu i t  parameters,  i nclud ing  wind ing  capaci tances,  bush ing  capaci tances,  
impedance/frequency characteristics,  AC  resistance/frequency characteristics  

•  I n formation  about bush ings,  tap-changers,  coolers  

•  Transport data,  i ncl ud ing  d imensions  and  weight  
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Annex E  
(informative)  

 
Audible  sound  of converter transformers   

E.1  General  

HVDC transformers  are  subj ected  to  term inal  vol tages  and  wind ing  cu rren ts  wh ich  due  to  the  
converter operation  deviate  more  or l ess  from  the  s inusoida l  wave shape.  The  characteristic  
and  the  degree  of the  d istortion ,  i . e .  the  harmon ic vol tage/curren t con ten t,  depend  on  the  
appl ied  HVDC converter scheme and  i ts  con trol .  The  harmon ic vol tage/curren t con ten t has  
a lways  an  i ncreasing  impact to  the  sound  level  developed  by the  converter transformer i n  
comparison  wi th  equ iva lent  cond i tions  on  enti re l y s i nusoida l  quan ti ties.   

Moderate  uncompensated  DC b ias  cu rrents  in  va lve  wind ings  caused  by converter swi tch ing  
un-symmetries  con tribute  – i f present – add i ti onal l y to  the  sound  l evel  i ncrease  of converter 
transformers  i n  service.    

The  tota l  sound  l evel  i ncrease  of converter transformers  can  be  anywhere  between  neg l ig ib le  
and  extreme,  practica l l y between  <  2  dB(A)  and  30  dB(A),  depend ing  on  the  harmon ic  
vol tage/current  con tent and  on  the  DC  b ias  control  qual i ty.   

As  the  sound  level  i ncrease  of converter transformers  can  be  s ign i fican t,  i t  i s  i nevi table  to  
cons ider th is  effect  carefu l l y for any HVDC project  from  p lann ing  to  commission .   

E.2  Technical  reference  

I EC 60076-1 0-1 ,  Power transformers – Part 10-1 : Determination of sound levels – Application 
guide  

E.3  Current harmonics  

Current  harmon ics  i n  wind ings  contribu te  to  the  transformer l oad  sound  level  and  the ir impact 
usual l y forms  the  most s i gn i ficant part of the  overal l  sound  i ncrease  l evel  for a  converter 
transformer.  I n  order to  ca lcu late  the  sound  i ncrease  l evel ,  the  re levant curren t spectrum  in  
magn i tude  and  phase  shal l  be  speci fied  by the  purchaser or by the  manufacturer of the  
converter and  provided  to  the  transformer manufacturer.  Where  phase  ang les  are  not  
avai l ab le,  a  statistica l  approach  wi l l  be  appl ied  for the  ca lcu lation .  Detai led  i n formation  of the  
theory and  eng ineering  practice  of the  sound  l evel  produced  by harmon ic curren ts  in  wind ings  
is  g i ven  in  I EC 60076-1 0-1 : 201 6,  4 . 2. 5  and  Annex A.  

I n  speci fic cases  i t  i s  possible  to  derive  the  l oad  sound  l evel  of the  converter transformer for 
the  provided  curren t spectrum  from  ind ividual  sound  l evel  measurements  at d i fferent harmon ic 
frequencies.  For th is  procedure  a  set of harmon ic test curren ts  has  to  be  derived  from  the  
provided  curren t spectrum .  Detai l ed  i n formation  on  th is  method  i s  provided  in  
I EC 60076-1 0-1 : 201 6,  4 . 2. 5. 2 .  The  appl ication  of th is  method  has  l im i ts  and  clearl y requ i res  
an  agreement between  purchaser and  manufacturer main l y because  the  harmon ic suppl y 
equ ipment i s  not necessari l y avai l able.  

E.4 Vol tage harmonics  

Vol tage  harmon ics  on  wind ing  term inals  contribu te  physical l y to  the  transformer core  
i nduction  and  impact therewi th  the  transformer no- load  sound  level .  As  the  core  i nduction  is  
however derived  from  the  vol tage  by i n tegration ,  the  i nduction  harmon ics  decrease  inversel y 
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wi th  the  harmon ic order and  do  therefore  d istort the  core  i nduction  wave  shape usual l y on l y 
i ns ign i fican tl y.   

As  moreover the  AC network term inal  of the  converter transformer i s  operated  wi th  a  constan t 
vol tage  and  l im i ts  for the  harmon ic d is tortion  have  to  be  main tained  on  th is  term inal ,  the  
s i nusoida l  vo l tage  wave shape wi l l  be  preserved  to  a  h i gh  degree  by the  system/fi l ter set up.  

The  sound  i ncrease  level  of the  transformer no-load  sound  l evel  due  to  vol tage  harmon ics  i s  
i n  consequence  usual l y of on l y m inor impact and  i n  most cases  not cons idered .  

E.5 DC bias  current 

Uncompensated  DC b ias  currents  i n  va lve  wi nd ings  due  to  for example  swi tch ing  un-
symmetries  of the  converters  have  an  i ncreasing  impact to  the  transformer no- load  sound  
l evel  because  th is  resu l ts  i n  so  ca l l ed  ‘ ha l f-cycle ’  core  saturation .  The  physical  background  
and  consequences  are  expla ined  i n  detai l  i n  I EC 60076-1 0-1 : 201 6,  4 . 2 . 1  i nclud ing  a  general  
figure  for the  sound  i ncrease  level  wh ich  has  to  be  taken  i n to  accoun t for th is  effect.  I t  i s  
important to  recogn ize  that  due  to  the  complexi ty of the  subj ect an  exact  sound  i ncrease  l evel  
for a  provided  DC bias  curren t fi gure  can  usual l y not be  derived  and  the  transformer 
manufacturer’s  best estimate  as  per i n ternal  stud ies  and  background  in formati on  shal l  
therefore  be  accepted .  

E.6  Derivation  of service sound  power levels   

Vol tage  harmon ics  and  DC b ias  current both  affect core  magnetization  and  therefore  the  
sound  l evel  at no- load  exci tation .  The  sound  increase  levels  for both  effects  have  to  be  
combined  (added)  l ogari thm ical l y before  add ing  the  resu l t  a l gebraical l y to  the  determ ined  no-
load  sound  power level  at  s inusoida l  exci tation  i n  order to  receive  an  estimate  for the  no- load  
sound  power l evel  of the  transformer i n  service.   

The  sound  increase  level  due  to  curren t harmon ics  contribu tes  to  the  l oad  sound  power l evel  
and  shal l  be  added  al gebraical l y to  the  determ ined  sound  power level  due  to  l oad  curren t at 
s inusoidal  current l oad ing  i n  order to  receive  an  estimate  for the  l oad  sound  power level  of the  
transformer i n  service.  

The  sound  level  of the  cool i ng  device  shal l  be  determ ined  separatel y and  combined  
l ogari thm ical l y wi th  the  two  sound  l evel  components  derived  before  i n  order to  receive  an  
estimate  for the  total  service  sound  power l evel  of the  converter transformer.  

E.7  Sound  level  guarantee 

The speci fication  and  guaran tee  of sound  l evels  for HVDC converter transformers  shal l  a l l  be  
i n  terms  of sound  power and  not  sound  pressure  or sound  i n tensi ty.  Th is  i s ,  because  
frequentl y performed  sound  propagation  stud ies  for HVDC substations  requ ire  sound  power 
l evels  as  i nput quanti ty for the  i nsta l led  substation  equ ipment.  I n formation  on  sound  l evel  
cons iderations  and  propagation  for HVDC substations  is  provided  i n  I EC  TS  61 973.  I t  i s  
however not the  transformer manufacturer’s  responsibi l i ty to  perform  any aud ib le  noise  
stud ies  for HVDC substations  as  for i nstance  the  estimation  of the  sound  pressure  level  at the  
substation  fence  due  to  the  em i tted  sound  power of the  converter transformer.  

The  service  sound  power level  of converter transformers  shal l  nei ther be  speci fied  nor 
guaran teed  because  HVDC system  parameters  and  not the  transformer design  d ictate  the  
sound  l evel  i ncrease  of the  transformers  i n  service.  
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Annex F  
(informative)  

 
Determination  of transformer service  load  loss  at 

rated  non-sinusoidal  converter current from measurements  
with  rated  transformer current of fundamental  frequency 

 

F.1  General  

Using  the  notations  g iven  i n  the  l i s t  of symbols  in  I EC  61 378-1 : 201 1 ,  6 . 3  the  fol lowing  
re lations  can  be  wri tten  for the  wind ing  l oss.  
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With  x  =  2  for wind ings,  the  enhancement factor i s  equal  to  
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I n  h i gh-current busbar connection  systems,  the  l oss  wi l l  fo l low the  same  basic ru le  as  for 
wind ings,  bu t the  exponent,  x ,  i s  l ower.  W i th  x  =  0 , 8 ,  the  enhancement factor for connections  
is  equal  to  
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Based  on  other stud ies,  the  enhancement factor for the  stray l oss  i n  structura l  parts  i s  taken  
as  equal  to  that  of busbar systems.  

 CE
SE1

SE
SE F

P

P
F ==   (F . 5)  

NOTE  Subclause  9. 1 . 2  (Losses  and  frequency)  of I EC  61 378-3:  2006,  con tai ns  the  expl anation  of the  choice  of 
x  =  2  for wi nd i ngs  and  x  =  0 , 8  for h i gh  cu rrent  busbar and  structu ral  parts .   
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Further conven tions  of l oss  calcu lations:  

a)  the  wind ing  l oss  PW1  i s  taken  as  the  sum  of the  measured  W
2
1 RI ×  l oss  and  the  calcu lated  

eddy l oss  PWE1 .  

 ( ) WE1W
2
1W1 PRIP +×=   (F . 6)  

b)   the  sum  of the  eddy l osses  PCE1  from  connections  and  the  stray loss  PSE1  i n  s tructura l  
parts  i s  equal  to  the  measured  tota l  l oss  P1  m inus  the  wind ing  loss  PW1  accord ing  to  a)  

and  m inus  the  measured  C
2
1 RI ×  l oss  of the  connections.  

 ( )( )C
2
1W11SE1CE1 RIPPPP ×+−=+   (F . 7)  

Total  l oss  wi th  d istorted  curren t:  

 ( ) ( ) ( )SE1CE1CEWE1WECW
2
LNN PPFPFRRIP +×+×++×=   (F . 8)  

Al l  l oss  components  i n  the  above calcu lations  are  ad j usted  to  the  reference  temperature  (see  
I EC 60076-1 : 201 1 ,  1 1 . 1 . 1  and  I EC 60076-1 1 : 2004,  C lause  1 2).  

The  respective  components  in  Formu lae  (F. 1 )  to  (F. 8)  shal l  be  the  sum  of the  va lues  
ca lcu lated  for each  wind ing  separate l y.  

The  calcu lated  eddy losses  PWE1  i n  the  wind ings  together wi th  the  measured  W
2
1 RI ×  l oss  

g i ve  an  accurate  value  for the  tota l  wind ing  l oss  PW1 .  

The  sum  of stray loss  from  connections  and  structural  parts  PCE1  +  PSE1  can  be  derived  wi th  
reasonable  accuracy as  the  d i fference between  the  tota l  measured  l oss  P1  m inus  the  wind ing  

l oss  PW1  and  m inus  the  measured  quan ti ty C
2
1 RI ×  of the  DC  loss  of the  connections.  

F.2  Al ternative method  for calculation  of the winding  eddy loss  enhancement 
factor 

A more  accurate  estimate  of the  eddy l oss  enhancement factor for wind ings,  FWE  described  i n  
Clause  A. 1 ,  can  be  made  i f the  wind ing  eddy l oss  components  from  axia l  and  rad ia l  stray fl ux,  
PWEax1  and  PWErad1  respective l y,  are  known .  These  may be  ca lcu lated  at fundamenta l  
frequency us ing  a  fi n i te  e lement method  of fie ld  anal ysis .  

S ince  the  d istribu tion  of the  harmon ic  stray fl ux is  the  same as  that of the  fl ux at  fundamental  
frequency in  conventional  wind ings  cons isti ng  of i nd ividual  strands,  the  fol l owing  re lationsh ips  
may be  derived  (see  F igure  F . 1 ) .  
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Relation  between  strand  d imensions  and  penetration  depths :  
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where  

1ω  i s  the  pu lse  of fundamental  frequency;  

h  i s  the  harmon ic order;  

0µ  i s  the  permeabi l i ty of the  vacuum ;  

rµ  i s  the  re lati ve  permeabi l i ty (copper rµ  =  1 ) .  

r  i s  the  dens i ty i n  kg/m 3 .   

 

Figure F . 1  – Cross-section   
of a  wind ing  strand  

The  add i ti onal  res istance,  RADh ,  at frequency of order,  h  ×  ω1 ,  may be  defi ned  as  

 RADh  =  Rh  –  RW    (F . 9)  

where   

Rh   i s  the  wind ing  res istance  at  frequency,  h  ×  ω1 .  

The  i ncrease  of add i tional  res istance  RADh  i n  re lation  to  RAD1  fundamenta l  frequency,  i s  the  
same for a l l  wind ing  strands,  regard less  of the  speci fic eddy loss  of each  strand  and  may be  
expressed  as  fol lows:  
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Hence the  expression  for the  wind ing  enhancement factor FWE  may be  expressed  as :  
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For foi l  wind ings  the  wind ing  enhancement factor may be  taken  as :  
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