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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
POWER TRANSFORMERS –  

 
Part 7:  Loading  guide  for mineral -oi l -immersed   

power transformers  
 

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  National  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

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

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s 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  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

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

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

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

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

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

I n ternational  Standard  I EC 60076-7  has  been  prepared  by I EC techn ical  committee  1 4:  Power 
transformers.  

Th is  second  ed i ti on  cancels  and  replaces  the  fi rst ed i tion  publ ished  in  2005.  I t  consti tu tes  a  
techn ica l  revis ion .  Th is  ed i tion  i ncludes  the  fol lowing  s i gn i ficant techn ical  changes  wi th  
respect to  the  previous  ed i ti on :  

a)  ti tle  has  been  updated  from  "o i l - immersed  power transformers"  to  "m ineral -oi l - immersed  
power transformers";  

b)  i nsu lation  l i fe  i s  updated  by considering  l atest research  fi nd ings ;  

c)  temperature  l im i ts  have  been  reviewed  and  maximum  core  temperature  is  recommended ;  

d )  number of fi bre  optic sensors  i s  recommended  for temperature  rise  test;  

e)  Q,  S  and  H  factors  are  cons idered ;  

f)  thermal  models  are  revised  and  rewri tten  i n  general l y appl icable  mathematical  form ;  



I EC 60076-7: 201 7  © I EC  201 7  – 7  – 

g)  geomagnetic i nduced  curren ts  are  briefl y d iscussed  and  correspond ing  temperature  l im i ts  
are  suggested ;  

h )  extensive  l i terature  review has  been  performed  and  a  number of references  added  to  
b ib l iography.   

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

FDIS  Report  on  voti ng  

1 4/933/FDIS  1 4/942/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.  

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

A l i s t of a l l  parts  of the  I EC  60076  series ,  u nder the  general  t i t le  Power transformers ,  can  be  
found  on  the  I EC websi te.  

The  committee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  unti 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 ,  

•  rep laced  by a  revised  ed i tion ,  or 

•  amended .  

 

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

 

IMPORTANT – The 'colour inside'  logo  on  the  cover page of th is  publ ication  i nd icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct  
understand ing  of i ts  contents.  Users  shou ld  therefore print  th is  document  using  a  
colour prin ter.  

 

  



 – 8  – I EC 60076-7: 201 7  © I EC  201 7  

INTRODUCTION  

This  part  of I EC  60076  provides  gu idance for the  speci fication  and  l oad ing  of power 
transformers  from  the  poin t of view of operating  temperatures  and  thermal  ageing .  I t  provides  
recommendations  for l oad ing  above the  nameplate  rati ng  and  gu idance  for the  p lanner to  
choose  appropriate  rated  quan ti ti es  and  l oad ing  cond i ti ons  for new i nsta l lations.  

I EC 60076-2  is  the  basis  for contractual  agreements  and  i t  con tains  the  requ i rements  and  
tests  re lating  to  temperature-rise  fi gures  for o i l - immersed  transformers  during  conti nuous  
rated  l oad ing .  

Th is  part of I EC 60076  g ives  mathematical  models  for j udg ing  the  consequence of d i fferen t  
l oad ings,  wi th  d i fferen t temperatures  of the  cool ing  med ium ,  and  wi th  trans ient or cycl ical  
variation  wi th  time.  The  models  provide  for the  ca lcu lation  of operati ng  temperatures  i n  the  
transformer,  particu larl y the  temperature  of the  hottest part of the  wind ing .  Th is  hot-spot 
temperature  is ,  i n  tu rn ,  used  for evaluation  of a  re lati ve  va lue  for the  rate  of thermal  ageing  
and  the  percentage  of l i fe  consumed  i n  a  particu lar time period .  The  model l ing  refers  to  smal l  
transformers,  here  cal led  d is tribution  transformers ,  and  to  power transformers.  

A major change from  the  previous  ed i tion  i s  the  extens ive  work on  the  paper degradation  that  
has  been  carried  ou t i nd icating  that the  ageing  may be  described  by combination  of the  
oxidation ,  h yd rol ys is  and  pyrol ys is.  Also,  provid ing  poss ib i l i ty to  estimate  the  expected  
insu lation  l i fe  cons idering  d i fferent ageing  factors ,  i . e .  moisture,  oxygen  and  temperature,  and  
more  real istic service  scenarios.  The  ti tle  has  been  updated  from  "oi l - immersed  power 
transformers"  to  "m inera l -oi l - immersed  power transformers" .  The  temperature  and  current 
l im i ts  are  reviewed  and  the  maximum  core  temperature  i s  recommended .  The  use  of fibre  
optic temperature  sensors  has  become a  s tandard  practice,  however,  the  number of i nsta l led  
sensors  per transformer h igh l y varies.  Th is  i ssue  and  the  description  of Q,  S  and  H  factors  
are  now cons idered  as  wel l .  The  thermal  models  are  revised  and  rewri tten  i n  general l y 
appl icable  mathematica l  form .  The  geomagnetic i nduced  cu rrents  are  briefly d iscussed  and  
correspond ing  temperatu re  l im i ts  are  suggested .  

Th is  part of I EC  60076  further presents  recommendations  for l im i tations  of perm iss ib le  
load ing  accord ing  to  the  resu l ts  of temperature  calcu lations  or measurements.  These  
recommendations  refer to  d i fferent types  of l oad ing  du ty – conti nuous  l oad ing ,  normal  cycl ic 
und isturbed  l oad ing  or temporary emergency l oad ing .  The  recommendations  refer to  
d istribu tion  transformers,  to  med ium  power transformers  and  to  l arge  power transformers.  
Clauses  1  to  7  con ta in  defi n i ti ons,  common  background  in formation  and  speci fic l im i tations  for 
the  operation  of d i fferent categories  of transformers.  

Clause  8  contains  the  determ ination  of temperatures,  presents  the  mathematical  models  used  
to  estimate  the  hot-spot temperature  i n  s teady s tate  and  trans ien t cond i tions.  

Clause  9  con tains  a  short description  of the  i n fl uence  of the  tap  posi tion .  

Appl ication  examples  are  g i ven  in  Annexes  A,  B,  C,  D ,  E ,  F ,  G ,  H ,  I  and  K.  
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POWER TRANSFORMERS –  
 

Part 7:  Loading  guide  for mineral -oi l -immersed   
power transformers  

 
 
 

1  Scope 

This  part of I EC  60076  i s  appl icable  to  m ineral -o i l - immersed  transformers.  I t  describes  the  
effect of operation  under various  ambien t temperatures  and  load  cond i ti ons  on  transformer 
l i fe.  

NOTE  For fu rnace  transformers,  the  manufacturer i s  consu l ted  i n  vi ew of the  pecu l i ar l oad i ng  profi l e.  

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.  

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

I EC 60076-1 4 ,  Power transformers – Part 14: Liquid-immersed power transformers using 
high-temperature insulation  materials 

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fo l l owing  terms  and  defin i ti ons  apply.  

3. 1   
smal l  power transformer 
power transformer wi thout  attached  rad iators,  coolers  or tubes  includ ing  corrugated  tank 
i rrespective  of rating  

3.2   
med ium  power transformer 

power transformer wi th  a  maximum  rating  of 1 00  MVA three-phase or 33, 3  MVA s ing le-phase  

3.3   
large power transformer 
power transformer wi th  a  maximum  rating  of g reater than  1 00  MVA three-phase or greater 
than  33, 3  MVA s ing le-phase  

3.4  
cycl ic loading  
l oad ing  wi th  cycl ic variations  (the  duration  of the  cycle  usual l y being  24  h )  wh ich  is  regarded  
in  terms  of the  accumulated  amoun t of ageing  that  occurs  during  the  cycle  

Note  1  to  en try:  The  cycl i c  l oad ing  may ei ther be  a  normal  l oad i ng  or a  l ong-time  emergency l oad ing .  
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3.5   
normal  cycl ic  load ing  
l oad ing  i n  wh ich  a  h igher ambien t temperature  or a  h i gher-than-rated  l oad  curren t i s  appl i ed  
during  part  of the  cycle,  bu t  wh ich ,  from  the  poin t of view of re lati ve  thermal  ageing  rate  
(accord ing  to  the  mathematica l  model ) ,  i s  equ ivalent  to  the  rated  l oad  at normal  ambient 
temperature  

Note  1  to  en try:  Th i s  i s  ach ieved  by taking  advantage  of l ow ambient  temperatures  or l ow l oad  cu rren ts  du ri ng  the  
rest  of the  l oad  cycle.  For p l ann ing  pu rposes,  th i s  pri ncip l e  can  be  extended  to  provide  for l ong  peri ods  of t ime  
whereby cycles  wi th  re lati ve  thermal  age ing  rates  g reater than  un i ty are  compensated  for by cycles  wi th  thermal  
agei ng  rates  l ess  than  un i ty.  

3.6   
long-time emergency loading  
l oad ing  resu l ting  from  the  prolonged  ou tage  of some system  elements  that wi l l  not be  
reconnected  before  the  transformer reaches  a  new and  h igher steady-state  temperature  

3.7   
short-time emergency load ing  
unusual l y heavy l oad ing  of a  trans ien t nature  ( l ess  than  30  m in)  due  to  the  occurrence  of one  
or more  un l ike l y even ts  wh ich  seriousl y d isturb  normal  system  load ing  

3.8   
hot-spot 

i f not specia l l y defi ned ,  hottest spot of the  wind ings  

3.9   
relative thermal  ageing  rate  
for a  g i ven  hot-spot temperature,  rate  at wh ich  transformer insu lation  ageing  is  reduced  or 
accelerated  compared  wi th  the  ageing  rate  at  a  reference hot-spot  temperature  

3. 1 0   
transformer i nsu lation  l i fe  
tota l  time  between  the  i n i tial  s tate  for wh ich  the  i nsu lation  is  considered  new and  the  fi nal  
state  for wh ich  the  i nsu lation  is  considered  deteriorated  due  to  thermal  ageing ,  d ielectric 
stress,  short-ci rcu i t  stress,  or mechan ical  movement (wh ich  cou ld  occur i n  normal  service),  
and  at wh ich  a  h i gh  risk of e lectrica l  fa i l u re  exists  

3. 1 1   
per cent loss  of l i fe  
equ ivalent  ageing  i n  hours  over a  time period  (usual l y 24  h )  times  1 00  d ivi ded  by the  
expected  transformer i nsu lation  l i fe  

Note  1  to  en try:  The  equ i val ent  ageing  i n  hours  i s  obta ined  by mu l ti pl yi ng  the  relati ve  agei ng  rate  wi th  the  number 
of hou rs.  

3. 1 2   
non-thermal ly upgraded  paper 
kraft paper produced  from  unbleached  softwood  pu lp  under the  su lphate  process  wi thout 
add i ti on  of stabi l i zers  

3. 1 3   
thermal ly upgraded  paper 
cel l u lose-based  paper wh ich  has  been  chem ical l y mod i fied  to  reduce the  rate  at wh ich  the  
paper decomposes   

Note  1  to  en try:  Ageing  effects  are  reduced  e i ther by parti a l  e l im ination  of water form ing  agents  (as  i n  
cyanoethylati on )  or by i nh i bi ti ng  the  formation  of water th rough  the  use  of s tabi l i zi ng  agen ts  (as  i n  am ine  add i ti on ,  
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d icyand i am ide).  A  paper i s  considered  as  thermal l y  u pgraded  i f i t  meets  the  l i fe  cri teri a  d efi ned  i n  
ANSI /I EEE  C57. 1 00  [1 ] 1 ;  50  %  reten ti on  i n  tensi l e  strength  after 65  000  h  i n  a  sealed  tube  a t  1 1 0  °C  or any other 
time/temperatu re  combinati on  g i ven  by the  equation :  
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Because  the  thermal  upgrad i ng  chem ical s  used  today con tain  n i trogen ,  wh ich  i s  not  present i n  kraft  pu lp,  the  
deg ree  of chem ical  mod i fi cation  i s  determ ined  by testi ng  for the  amount  of n i trogen  presen t i n  the  treated  paper.  
Typica l  va l ues  for n i trogen  conten t of thermal l y u pg raded  papers  are  between  1  %  and  4  %  when  measured  i n  
accordance  wi th  ASTM  D-982  [2 ] ,  bu t  after the  sea led  tube  test.  

3. 1 4  
non-d irected  oi l  flow 
OF  
flow ind icating  that the  pumped  o i l  from  heat exchangers  or rad iators  fl ows  freel y i ns ide  the  
tank,  and  is  not forced  to  fl ow through  the  wind ings  

Note  1  to  en try:  The  o i l  fl ow i ns ide  the  wind ings  can  be  e i ther axi a l  i n  verti ca l  cool i ng  d ucts  or rad ial  i n  hori zontal  
cool i ng  ducts  wi th  or wi thou t zi gzag  fl ow.  

3. 1 5   
non-d irected  oi l  flow 
ON  
flow ind icati ng  that  the  o i l  from  the  heat exchangers  or rad iators  fl ows  freel y ins ide  the  tank 
and  i s  not forced  to  fl ow through  the  wind ings  

Note  1  to  en try:  The  o i l  fl ow i ns ide  the  wind ings  can  be  e i ther axi a l  i n  verti ca l  cool i ng  d ucts  or rad ia l  i n  hori zon tal  
cool i ng  ducts  wi th  or wi thou t zi gzag  fl ow.  

3. 1 6   
d i rected  oi l  flow  
OD  
flow i nd icating  that the  pri ncipal  part of the  pumped  oi l  from  heat exchangers  or rad iators  i s  
forced  to  fl ow through  the  wind ings  

Note  1  to  en try:  The  oi l  fl ow i ns ide  the  wind ings  can  be  e i ther axi al  i n  verti cal  cool i ng  d ucts  or zi gzag  i n  hori zon ta l  
cool i ng  ducts.  

3. 1 7   
design  ambient temperature  
temperature  at wh ich  the  perm issib le  average  wind ing  and  top-oi l  and  hot-spot temperature  
over ambien t temperature  are  defined  

4 Symbols  and  abbreviations  

Symbol  Mean ing  Un i ts  

C Thermal  capaci ty Ws/K 

c  Speci fi c  heat  Ws/(kg · K)  

DP  Degree  of po lymeri zati on   

D  D i fference  operator,  i n  d i fference  equations   

gr Average-wind ing-to-average-oi l  ( i n  tank)  temperature  g rad ient  at  rated  cu rrent  K 

H Hot-spot factor  

k
1 1  

Thermal  model  constan t   

k
21
 Thermal  model  constan t   

______________ 

1  Numbers  i n  square  brackets  refer to  the  b i bl i ography.  
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Symbol  Mean ing  Un i ts  

k
22
 Thermal  model  constan t   

K Load  factor ( l oad  curren t/rated  current)   

L Total  agei ng  over the  time  peri od  considered   h  

m
A
 Mass  of core  and  coi l  assembly  kg  

m
T
 Mass  of the  tank and  fi tti ngs  kg  

m
O
 Mass  of o i l  kg  

m
W
 Mass  of wi nd i ng  kg  

n  Number of each  time  i n terva l   

N Total  n umber of i n terval s  d u ri ng  the  time  peri od  consi dered   

OD  E i ther ODAN,  ODAF  or ODWF cool i ng   

OF  E i ther OFAN ,  OFAF  or OFWF cool i ng   

ON  E i ther ONAN  or ONAF  cool i ng   

P Suppl i ed  l osses  W 

P
e
 Relati ve  wind ing  eddy l oss  p. u .  

P
W
 Wind ing  l osses  W 

R Ratio  of l oad  l osses  at  rated  cu rrent  to  no- l oad  l osses  at  rated  vol tage   

R
r  Ratio  of l oad  l osses  to  no-l oad  l oss  at  pri nci pal  tappi ng   

R
r+1

 Ratio  of l oad  l osses  to  no-l oad  l oss  at  tappi ng  r +  1   

R
mi n

 Ratio  of l oad  l osses  to  no-l oad  l oss  at  m in imum  tapping   

R
max

 Ratio  of l oad  l osses  to  no-l oad  l oss  at  maximum  tapping   

RTD Resistance  Temperatu re  Detector  

RH Oi l  rel ati ve  hum id i ty  %  

s  Lapl ace  operator  

t Time  vari able  m in  

tap
r  

Principal  tapping  posi ti on   

tap
r+1

 Tappi ng  posi ti on  r  +  1   

tap
mi n

 M i n imum  tapping  posi ti on   

tap
max

 Maximum  tapping  pos i ti on   

V Relati ve  ageing  rate   

V
n
 Relati ve  agei ng  rate  du ri ng  i n terval  n   

WOP Water con tent  of o i l  ppm  

WCP Water con tent  of paper i nsu l ati on  %  

x Exponentia l  power of total  l osses  versus  top-oi l  ( i n  tank)  temperature  ri se  (oi l  exponent)   

y Exponentia l  power of cu rren t versus  wi nd i ng  temperatu re  ri se  (wind ing  exponent)   

θ
a
 Ambien t temperature  °C  

θ
E
 Yearl y weigh ted  ambient  temperature  °C  

θ
h
 Wind ing  hot-spot  temperature  °C  

θ
ma

 Mon th l y average  temperature  °C  

θ
ma-max

 Month l y average  temperature  of the  hottest  month ,  accord ing  to  I EC 60076-2  °C  

θ
o

 Top-oi l  temperatu re  ( i n  the  tank)  at  the  l oad  consi dered  °C  

θ
ya
 Yearl y average  temperatu re,  accord ing  to  I EC 60076-2  °C  

τ
o  Oi l  t ime  constant  m in  

τ
W  Wind ing  time  constant  m in  

∆θ
br
 Bottom  oi l  ( i n  tank)  temperatu re  ri se  at  rated  l oad  (no-load  l osses  +  l oad  l osses)  K 
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Symbol  Mean ing  Un i ts  

∆θ
h
 Hot-spot-to-top-oi l  ( i n  tank)  g rad ient  at  the  l oad  consi dered  K 

∆θ
h i
 Hot-spot-to-top-oi l  ( i n  tank)  g rad ient  at  s tart  K 

∆θ
h r
 Hot-spot-to-top-oi l  ( i n  tank)  g rad ient  at  rated  cu rren t  K 

∆θ
o
 Top-oi l  ( i n  tank)  temperature  ri se  at  the  l oad  cons i dered  K 

∆θ
o i
 Top-oi l  ( i n  tank)  temperature  ri se  at  s tart  K 

∆θ
om

 Average  o i l  ( i n  tank)  temperatu re  ri se  at  the  l oad  cons idered  K 

∆θ
omr

 Average  oi l  ( i n  tank)  temperatu re  ri se  at  rated  l oad  (no-l oad  l osses  +  l oad  l osses)  K 

∆θ
or
 Top-oi l  ( i n  tank)  temperature  ri se  i n  s teady state  at  rated  l osses  (no-load  l osses  +  l oad  

l osses)  

K 

orθ ′∆  Corrected  top-oi l  temperature  ri se  ( i n  tank)  due  to  enclosu re  K 

∆(∆θ
or
)  Extra  top-oi l  temperatu re  ri se  ( i n  tank)  due  to  enclosure  K 

 

5 Effect of loading  beyond  nameplate  rating  

5.1  General  

The normal  l i fe  expectancy i s  a  conventional  reference bas is  for continuous  du ty under des ign  
ambien t temperature  and  rated  operati ng  cond i tions.  The  appl ication  of a  l oad  i n  excess  of 
nameplate  rating  and /or an  ambien t temperature  h i gher than  des ign  ambient temperature  
i nvolves  a  degree  of ri sk and  accelerated  ageing .  I t  i s  the  purpose  of th is  part of I EC  60076  to  
i denti fy such  risks  and  to  i nd icate  how,  wi th in  l im i tations,  transformers  may be  l oaded  in  
excess  of the  nameplate  rati ng .  These  risks  can  be  reduced  by the  purchaser clearl y 
speci fying  the  maximum  l oad ing  cond i tions  and  the  suppl ier taking  these  i n to  account in  the  
transformer design .  

5.2  General  consequences  

The consequences  of load ing  a  transformer beyond  i ts  nameplate  rating  are  as  fol l ows.  

a)  The  temperatures  of wind ings,  cleats ,  l eads,  i nsu lation  and  o i l  wi l l  i ncrease  and  can  reach  
unacceptable  l evels .  

b)  The  l eakage fl ux dens i ty ou ts ide  the  core  increases,  causing  add i tional  eddy-curren t 
heati ng  i n  metal l ic  parts  l i nked  by the  leakage  fl ux.  

c)  As  the  temperature  changes,  the  moisture  and  gas  con ten t i n  the  i nsu lation  and  in  the  o i l  
wi l l  change.  

d )  Bush ings,  tap-changers,  cable-end  connections  and  current transformers  wi l l  a lso  be  
exposed  to  h i gher stresses  wh ich  encroach  upon  thei r design  and  appl ication  marg ins.  

The  combination  of the  main  fl ux  and  i ncreased  l eakage  fl ux imposes  restrictions  on  poss ible  
core  overexci tation  [6 ] ,  [7 ] ,  [8] .  

NOTE  For l oaded  core-type  transformers  having  an  energy fl ow from  the  ou ter wi nd i ng  (u sual l y HV)  to  the  i nner 
wind ing  (usual l y LV),  the  maximum  magneti c  fl u x densi ty i n  the  core,  wh ich  i s  the  resu l t  of the  combination  of the  
main  fl u x and  the  l eakage  fl u x,  appears  i n  the  yokes.  

As  tests  have  i n d icated ,  th i s  fl u x i s  l ess  than  or equal  to  the  fl u x generated  by the  same  appl i ed  vol tage  on  the  
term inal s  of the  ou ter wind ing  at  no-l oad  of the  transformer.  The  magneti c  fl u x i n  the  core  l egs  of the  l oaded  
transformer i s  determ ined  by the  vol tage  on  the  term inal s  of the  i n ner wi nd i ng  and  a lmost equal s  the  fl u x generated  
by the  same  vol tage  at  no- l oad .  

For core-type  transformers  wi th  an  energy fl ow from  the  i n ner wind ing ,  the  maximum  fl ux densi ty i s  present i n  the  
core-l egs.  I ts  va l ue  i s  on l y s l i gh tl y h i gher than  that  at  the  same appl i ed  vol tage  under no-l oad .  The  fl u x densi ty i n  
the  yokes  i s  then  determ ined  by the  vol tage  on  the  ou ter wind ing .  
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Vol tages  on  both  s i des  of the  l oaded  transformer,  therefore ,  are  observed  du ri ng  l oad ing  beyond  the  namepl ate  
rati ng .  As  l ong  as  vol tages  at  the  energ ized  s i de  of a  l oaded  transformer remain  bel ow the  l im i ts  s tated  i n  
I EC 60076-1 : 201 1  [5] ,  Clause  4 ,  no  exci tati on  restri cti ons  are  needed  du ri ng  the  l oad ing  beyond  nameplate  rati ng .  
When  h i gher exci tati ons  occu r to  keep  the  l oaded  vol tage  i n  emergency cond i ti ons  i n  an  area  where  the  network 
can  sti l l  be  kept  upri gh t,  then  the  magneti c  fl u x dens i ti es  i n  core  parts  never exceed  val ues  where  straying  of the  
core  fl u x ou ts i de  the  core  can  occur (for col d -rol l ed  g rai n -ori en ted  steel  these  satu rati on  effects  start  rapi d l y above  
1 , 9  T).  S tray fl u xes  may cause  unpred ictabl y h i gh  temperatures  at  the  core  su rface  and  i n  nearby metal l i c  parts  
such  as  wind ing  cl amps  or even  i n  the  wi nd i ngs,  due  to  the  presence  of h i gh -frequency components  i n  the  stray 
fl u x.  They may j eopard i ze  the  transformer.  I n  general ,  i n  a l l  cases,  the  short  overload  times  d i ctated  by wi nd i ngs  
are  su ffi cien tl y short  not  to  overheat  the  core  at  overexci tati on .  Th i s  i s  prevented  by the  l ong  thermal  t ime  constan t 
of the  core.  

As a  consequence,  there  wi l l  be  a  ri sk of premature  fa i l u re  associated  wi th  the  i ncreased  
curren ts  and  temperatures.  Th is  ri sk may be  of an  immed iate  short-term  character or come 
from  the  cumu lati ve  effect of thermal  ageing  of the  i nsu lation  in  the  transformer over many 
years.  

5.3  Effects  and  hazards  of short-time emergency load ing  

Short-time i ncreased  l oad ing  wi l l  resu l t i n  a  service  cond i tion  having  an  i ncreased  risk of 
fai l u re.  Short-time emergency overload ing  causes  the  conductor hot-spot to  reach  a  l evel  
l ikel y to  resu l t i n  a  temporary reduction  i n  the  d ie lectric s trength .  However,  acceptance of th is  
cond i ti on  for a  short time  may be  preferable  to  l oss  of suppl y.  Th is  type  of l oad ing  is  expected  
to  occur rare l y,  and  i t  shou ld  be  rapid l y reduced  or the  transformer d isconnected  wi th in  a  
short t ime i n  order to  avoid  i ts  fa i l u re.  The  perm issible  duration  of th is  l oad  is  shorter than  the  
thermal  t ime constan t of the  whole  transformer and  depends  on  the  operating  temperature  
before  the  i ncrease  i n  l oad ing ;  typ ical l y,  i t  wou ld  be  l ess  than  hal f-an-hour.  

The  main  risk for short-time fai l u res  i s  the  reduction  in  d ie lectric strength  due  to  the  possible  
presence of gas  bubbles  in  a  reg ion  of h i gh  e lectrical  s tress,  that i s  the  wind ings  and  l eads.  
These  bubbles  are  l ikely to  occur when  the  hot-spot temperature  exceeds  1 40  °C  for a  
transformer wi th  a  wind ing  i nsu lation  moisture  con tent of abou t 2  % .  Th is  cri tical  temperature  
wi l l  decrease  as  the  moisture  concentration  i ncreases.   

NOTE  Concern ing  the  bubble  generati on ,  see  a l so  I EC 60076-1 4.  

a)  Gas  bubbles  can  a lso  develop  (e i ther i n  o i l  or i n  so l i d  i nsu lation)  at the  surfaces  of heavy 
metal l ic  parts  heated  by the  leakage fl ux or be  produced  by super-saturation  of the  oi l .  
However,  such  bubbles  usual l y develop  i n  reg ions  of l ow e lectric s tress  and  have  to  
ci rcu late  i n  reg ions  where  the  stress  i s  h i gher before  any s i gn i ficant reduction  in  the  
d ie lectric  streng th  occurs.  

Bare  metal l ic  parts,  except wind ings,  wh ich  are  not i n  d i rect thermal  contact wi th  cel lu los ic 
i nsu lation  bu t are  i n  contact wi th  non -cel l u los ic  insu lation  (for example,  aram id  paper,  
g lass  fibre)  and  the  o i l  i n  the  transformer,  may rapid l y ri se  to  h i gh  temperatures.  A 
temperature  of 1 80  °C  shou ld  not be  exceeded .  

b)  Temporary deterioration  of the  mechan ical  properties  at h igher temperatures  cou ld  reduce  
the  short-ci rcu i t  strength .  

c)  Pressure  bu i l d -up  in  the  bush ings  may resu l t  i n  a  fa i lu re  due  to  o i l  l eakage.  Gassing  i n  
condenser type  bush ings  may a lso  occur i f the  temperature  of the  i nsu lation  exceeds  
about  1 40  °C.  

d )  The  expansion  of the  o i l  cou ld  cause  overflow of the  oi l  i n  the  conservator.  

e)  Breaking  of excess ivel y h igh  currents  i n  the  tap-changer cou ld  be  hazardous.  

The  l im i tations  on  the  maximum  hot-spot temperatures  in  wind ings,  core  and  s tructural  parts  
are  based  on  cons iderations  of short-term  risks  (see  Clause  7).   

The  short-term  risks  normal l y d isappear after the  l oad  is  reduced  to  normal  level ,  bu t they 
need  to  be  clearl y i denti fi ed  and  accepted  by a l l  parties  i nvolved ,  e . g .  p lanners,  asset owners  
and  operators.  
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5.4  Effects  of long-time emergency load ing  

This  is  not a  normal  operati ng  cond i ti on  and  i ts  occurrence is  expected  to  be  rare  bu t i t  may 
pers ist for weeks  or even  months  and  can  lead  to  considerable  ageing .  

a)  Deterioration  of the  mechan ical  properties  of the  conductor i nsu lation  wi l l  accelerate  at  
h igher temperatures.  I f th is  deterioration  proceeds  far enough ,  i t  may reduce the  effective  
l i fe  of the  transformer,  particu larl y i f the  latter i s  subj ected  to  system  short ci rcu i ts  or 
transportation  events .  

b)  Other i nsu lation  parts ,  especia l l y parts  susta in ing  the  axia l  pressure  of the  wind ing  b lock,  
cou ld  a lso  suffer i ncreased  ageing  rates  at  h i gher temperature.  

c)  The  contact res istance  of the  tap-changers  cou ld  increase  at e levated  currents  and  
temperatures  and ,  i n  severe  cases,  thermal  runaway cou ld  take  place.  

d )  The  gasket materia ls  i n  the  transformer may become more  bri ttle  as  a  resu l t  of e levated  
temperatures.  

The  calcu lation  ru les  for the  re lati ve  ageing  rate  and  per cen t l oss  of l i fe  are  based  on  
cons iderations  of l ong-term  risks.  

5.5  Transformer size  

The sens i ti vi ty of transformers  to  l oad ing  beyond  nameplate  rati ng  usual l y depends  on  the ir 
s i ze.  As  the  s i ze  i ncreases,  the  tendency i s  that:  

•  the  l eakage fl ux densi ty i ncreases;  

•  the  short-ci rcu i t  forces  i ncrease;  

•  the  mass  of i nsu lation ,  wh ich  is  subj ected  to  a  h igh  e lectric s tress,  i s  increased ;  

•  the  hot-spot temperatures  are  more  d i fficu l t  to  determ ine.  

Thus,  a  l arge  transformer cou ld  be  more  vu lnerable  to  load ing  beyond  nameplate  rati ng  than  
a  smal l er one.  I n  add i tion ,  the  consequences  of a  transformer fa i l u re  are  more  severe  for 
l arger s i zes  than  for smal ler un i ts.  

Therefore,  i n  order to  appl y a  reasonable  degree  of ri sk for the  expected  du ties,  th is  part of 
IEC 60076  considers  three  categories:  

a)  smal l  transformers,  for wh ich  on l y the  hot-spot temperatures  i n  the  wind ings  and  thermal  
deterioration  shou ld  be  cons idered ;  

b)  med ium  power transformers  where  the  variations  in  the  cool ing  modes  shou ld  be  
cons idered ;  

c)  l arge  power transformers,  where  also  the  effects  of stray l eakage flux are  s ign i ficant and  
the  consequences  of fa i l u re  are  severe.  

For hermetica l l y sealed  transformers  wi thout pressure  re l i ef devices  the  over pressure  shou ld  
be  cons idered  to  avoid  permanent tank  deformation  during  l oad ing  beyond  nameplate  rati ng .  

6 Relative ageing  rate  and  transformer insulation  l i fe  

6.1  General  

For the  manufacture  of paper and  pressboard  for el ectrical  i nsu lation ,  main l y unbleached  
softwood  kraft pu lp  i s  used .  The  ce l lu lose  i s  refined  from  the  tree  by the  so-cal led  “su lphate”  
or “kraft”  process.  After process ing ,  the  typica l  composi tion  of unbleached  kraft pu lp  i s  78  % 
to  80  % cel lu lose,  1 0  % to  20  %  hem icel l u lose  and  2  % to  6  %  l ign in .  

Ce l l u lose  is  a  l i near condensation  pol ymer cons isti ng  of anhydrog lucose  j oi ned  together by 
g l ycos id ic bonds,  F i gure  1 .  
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Figure  1  – Structural  formu la of cel lu lose  

From  kraft pu lp  various  types  of paper and  pressboard  having  varying  dens i ty are  made.  By 
add ing  various  n i trogen  con tain ing  compounds  the  ageing  characteristics  of the  cel l u lose  may 
be  improved .  Typical  va lues  for n i trogen  con ten t of thermal l y upgraded  papers  are  between  
1  %  and  4  % .  The  purpose  of thermal l y upgrad ing  insu lation  paper i s  to  neu tra l i ze  the  
production  of acids  caused  by the  h yd rol ys is  ( thermal  degradation)  of the  material  over the  
l i fetime of the  transformer.  

6.2  Insu lation  l i fe  

I n  recen t years,  extensive  work on  paper degradation  has  been  carried  ou t and  publ ished  i n  
references  [9]  to  [1 5] ,  i nd icating  that cel l u lose  ageing  may be  described  by combination  of the  
three  processes,  i . e.  oxidation ,  h yd rol ys is  and  pyrol ysis .   

The  oxidation  i s  a  process  poss ib l y dom inan t at  l ower temperature.  The  oxid izing  agent i n  th is  
envi ronment i s  oxygen  from  ai r i ngress,  and  as  the  u l timate  end  product of the  process  
appears  water.  The  h yd rol ysis  of cel l u lose  is  a  cata l ytical l y governed  process  where  the  rate  
of chain  scissions  depends  on  carboxyl ic  acids  d issociated  i n  water.  As  both  water and  
carboxyl ic acids  are  produced  during  ageing  of ce l l u lose  th is  process  is  au to  accelerating .  
The  pyrol ys is  i s  a  process  that can  take  place  wi thou t access  to  water and/or oxygen ,  or any 
other agen t to  in i tiate  the  decomposi tion .  At normal  operati ng  or overload  temperatures,  

( i . e .  <  1 40  °C) ,  such  processes  are  considered  to  be  of l i ttl e  re levance.  

I n  a  rea l  transformer a l l  these  processes  – h ydrol ys is,  oxidation  and  pyrol ys is  –  act 
s imu l taneousl y.  Th is  hampers  the  appl ication  of one  model  describ ing  the  fu l l  complexi ty of 
the  degradation  processes.  Which  process  wi l l  d om inate  depends  on  the  temperature  and  the  
cond i tion  ( i . e .  oxygen,  water and  acid  con tent) .  

D i fferen t parameters  m igh t be  used  to  characterize  cel lu lose  degradation  process  du ring  
ageing .  I n  real i ty i t  i s  the  mechan ical  streng th  that i s  important for the  wind ing  paper to  res ist  
the  shear stresses  occurring  during  short ci rcu i ts.  However,  due  to  the  fol ded  geometry of 
paper i n  a  transformer,  i t  i s  not possib le  to  analyse  tens i le  s trength  of paper sampled  from  
used  transformers.  Hence,  i t  i s  more  conven ien t to  characterize  the  degree  of pol ymerization  
(DP)  i n  order to  describe  the  state  of an  insu lation  paper.  F igure  2  shows  a  typ ical  correlation  
between  tens i l e  strength  and  DP  value  (see  [1 1 ] ) ,  the  same correlation  is  va l id  for the  
thermal l y upgraded  and  non-thermal l y upgraded  paper.  
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Figure 2  – Correlation  between  tensi le  strength  and  DP value  

The degree  of pol ymerization  (DP)  is  the  average  number (n)  of g l ycos id ic  ri ngs  i n  a  cel lu lose  
macromolecu le,  wh ich  ranges  between  1   1 00  and  1  400  for unbleached  soft  wood  kraft  before  
process ing .  Depend ing  on  the  transformer drying  process,  the  DP va lue  may be  reduced  
further to  a  l esser or h igher degree.  During  ageing ,  the  lengths  of these  pol ymeric cel l u lose  
molecu les  are  reduced  due  to  breakage of the  covalent bonds  between  the  anhydrous-β-
g lucose  monomers.  The  change of DP over time  of non- thermal l y and  thermal l y upgraded  

paper exposed  to  a  temperature  of 1 40  °C,  oxygen  of <  6  000  ppm  and  water of 0 , 5  %  i s  
shown  i n  F igure  3  (see  [1 5] ) .  The  n i trogen  content of the  thermal l y upgraded  paper used  i n  
th is  experiment was  1 , 8  %.  

When  the  DP i s  reduced  to  200  % or 35  %  retained  tensi l e  strength ,  the  qual i ty of the  paper 
( i . e .  the  mechan ical  s treng th)  i s  normal l y cons idered  so  poor that th is  defines  the  “end  of l i fe”  
for such  i nsu lati ng  materia l  (see  [1 1 ] ) ,  a l though  the  i nsu lati ng  materia l  d ie lectric s trength  may 
be  sti l l  a t an  acceptable  l evel .   

Annex A g i ves  further e laboration  of the  paper ageing  theory provid ing  a  mathematica l  
methodology for estimation  of the  expected  i nsu lation  l i fe  cons idering  d i fferen t ageing  factors  
such  as  moisture,  oxygen  and  temperature.  The  correspond ing  resu l ts  for the  non- thermal l y 
and  thermal l y upgraded  paper are  presen ted  i n  F igure  4  and  F igure  5,  respectivel y.  

The  i l l ustrated  d i fference in  thermal  ageing  behaviour has  been  taken  i n to  account i n  
i ndustria l  s tandards  as  fol lows:  

•  The  re lati ve  ageing  rate  V =  1 , 0  corresponds  to  a  temperature  of 98  °C  for non-thermal l y 
upgraded  paper and  1 1 0  °C  for thermal l y upgraded  paper.  

NOTE  1  D i sagreement between  l aboratory tests  cou ld  come  from  testi ng  procedu res.  I t  i s  d i ffi cu l t  to  reproduce  
the  same  ageing  process  wi th  accelerated  ageing  often  at  qu i te  e l evated  temperatu res  compared  to  service  
cond i ti ons.  The  val ues  g i ven  i n  Table  A. 2 ,  F i gu re  4  and  F igu re  5  are  considered  as  unconfi rmed  and  can  be  
d i sputable.  However,  the  numbers  g i ve  a  user the  possib i l i ty to  s imu late  d i fferen t agei ng  scenarios.  
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Key  

DP  deg ree  of po lymeri zati on  t  t ime  (h )  

Δ  va l ues  for thermal l y upgraded  paper ●  va l ues  for non -thermal l y upgraded  paper 

Figure 3  – Accelerated  ageing  in  mineral  oi l  at  1 40  °C,  oxygen  and  moisture  contents  

maintained  at <  6  000  ppm  and  0 ,5  %,  respectively 
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expected  l i fe  (years)  θ
h
 hot-spot temperature  (°C)  □  0 , 5  % moisture,  l ow oxygen  

∆  1 , 5  % moistu re,  l ow oxygen  ◊  3 , 5  % moisture,  l ow oxygen  ×  0, 5  % moistu re,  h i gh  oxygen  

Figure  4 – Expected  l i fe  for non-thermal ly upgraded  paper and  i ts  dependence  
upon  moisture,  oxygen  and  temperature  
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expected  l i fe   (years)  θ
h
 hot-spot temperature  (°C)  □  0 , 5  % moisture,  l ow oxygen  

∆  1 , 5  % moistu re,  l ow oxygen  ◊  3 , 5  % moisture,  l ow oxygen  ×  0, 5  % moistu re,  h i gh  oxygen  

Figure 5  – Expected  l i fe  for thermal ly upgraded  paper and  i ts  dependence  
upon  moisture,  oxygen  and  temperature  

NOTE  2  F i gu re  4  and  F igure  5  i nd icate  expected  l i fe  va l ues  that  are  based  on  res idual  DP  value  of 200,  and  that  
are  deri ved  u nder the  l aboratory control l ed  cond i ti on  as  g i ven  i n  text  above,  (e . g .  constan t moistu re  conten t,  
constan t and  homogenous  temperature,  etc. ) .  However,  to  eval uate  the  expected  l i fe  of a  transformer the  real  
service  cond i ti ons  are  considered  (e. g .  l oad ing  h i story and  pred iction ,  ambien t temperatu re,  i nsu lation  materia l  and  
i nsu lati on  moisture  con tam ination ).  The  moisture  contam ination  estimate  i s  usual l y based  on  the  correspond i ng  
equ i l i bri um  curves  for moistu re  parti ti on  between  oi l  and  paper,  (e. g .  WCO vs  WCP or RH  vs  WCP).  

6.3  Relative  ageing  rate  

Al though  ageing  or deterioration  of i nsu lation  is  a  t ime function  of temperature,  moisture  
con ten t,  oxygen  con ten t and  acid  content,  the  model  presented  i n  th is  document i s  based  on l y 
on  the  i nsu lation  temperature  as  the  con trol l i ng  parameter.  

An  example  of how al l  ageing  parameters  can  be  taken  i n to  account i s  g i ven  i n  Annex A.  

S ince  the  temperature  d istribu tion  is  not un i form ,  the  part that i s  operating  at the  h i ghest 
temperature  wi l l  normal l y undergo the  greatest deterioration .  Therefore,  the  rate  of ageing  is  
referred  to  the  wind ing  hot-spot temperature.  I n  th is  case,  the  re lative  ageing  rate  V i s  defined  
accord ing  to  Equation  (2)  for non-thermal l y upgraded  paper and  to  Equation  (3)  for thermal l y 
upgraded  paper (see  [27] ).  
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where   

θh   i s  the  hot-spot  temperature  i n  °C.  

Equations  (2)  and  (3)  imply that V i s  very sensi ti ve  to  the  hot-spot temperature  as  can  be  

seen  i n  Table  1 .  

Table  1  – Relative  ageing  rates  due  to  hot-spot temperature  

θh  Non-upgraded  paper i nsu lati on  Upgraded  paper i nsu lation  

°C  V V 

80  0 , 1 25  0 , 036  

86  0 , 25  0 , 073  

92  0 , 5  0 , 1 45  

98  1 , 0  0 , 282  

1 04  2 , 0  0 , 536  

1 1 0  4, 0  1 , 0  

1 1 6  8, 0  1 , 83  

1 22  1 6, 0  3 , 29  

1 28  32, 0  5, 8  

1 34  64, 0  1 0, 1  

1 40  1 28, 0  1 7 , 2  

The  i nd icated  relati ve  agei ng  rate  V =  1 , 0  corresponds  to  a  temperature  of 98  °C  for non -thermal l y upgraded  
paper and  1 1 0  °C  for thermal l y  upg raded  paper.  

 

6.4  Loss-of-l i fe  calcu lation  

The l oss  of l i fe  L  over a  certa in  period  of time is  equal  to  
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 (4)  

where  

Vn  i s  the  re lati ve  ageing  rate  during  i n terval  n ,  accord ing  to  Equation  (2)  or (3) ;  

tn  i s  the  n th  time i n terval ;  

n  i s  the  number of each  time i n terval ;  

N i s  the  tota l  number of i n tervals  during  the  period  cons idered .  

The  maximum  time in terval  shou ld  be  l ess  than  hal f the  smal l est time constant,  τw,  i n  
Equation  (4)  for an  accurate  solu tion .  

7 Limitations  

7. 1  Temperature  l im itations  

With  load ing  values  beyond  the  nameplate  rati ng ,  none  of the  i nd ividual  l im i ts  stated  i n  
Table  2  shou ld  be  exceeded  and  account shou ld  be  taken  of the  speci fic l im i tations  g iven  i n  
7. 3  to  7. 5.  



 – 22  – I EC 60076-7: 201 7  © I EC  201 7  

The  l im i ts  g i ven  i n  Table  2  are  appl icable  to  transformers  speci fi ed  to  have  temperature  rise  
requ i rements  accord ing  to  I EC  60076-2 .  For transformers  speci fi ed  accord ing  to  
IEC 60076-1 4,  wi th  a  h igher thermal  cl ass  i nsu lation  materia ls ,  the  l im i ts  g iven  i n  
IEC 60076-1 4  appl y.  

Table  2  – Maximum permissible  temperature  l imits  appl icable  to  load ing  
beyond  nameplate  rating  

Types  of l oad ing  Smal l  

transformers  
Large and  

medium  power 

transformers  

Normal  cycl i c  load ing  

Wind ing  hot-spot temperature  and  metal l i c  parts  i n  contact  wi th  

cel l u l os ic  i nsu l ation  materia l  (°C)  

1 20  1 20  

Other metal l i c  hot-spot temperature  ( i n  con tact wi th  o i l ,  a ram id  

paper,  g l ass  fi bre  materia l s)  (°C)  

1 40  1 40  

I nner core  hot-spot temperatu re  (°C)   1 30  1 30  

Top-oi l  temperatu re,  i n  tank (°C)  1 05  1 05  

Long-time emergency l oad ing  

Wind ing  hot-spot temperature  and  metal l i c  parts  i n  contact  wi th  

cel l u l os ic  i nsu l ation  material  (°C)  

1 40  1 40  

Other metal l i c  hot-spot temperature  ( i n  con tact wi th  oi l ,  a ram id  

paper,  g l ass-fi bre  materi a l s)  (°C)  

1 60  1 60  

I nner core  hot-spot temperatu re  (°C)  1 40  1 40  

Top-oi l  temperatu re,  i n  tank (°C)  1 1 5  1 1 5  

Short-time  emergency load ing  

Wind ing  hot-spot temperature  and  metal l i c  parts  i n  contact  wi th  

cel l u l os ic  i nsu l ation  materia l  (°C)  

See  7. 3. 1  1 60  

Other metal l i c  hot-spot temperature  ( i n  con tact wi th  oi l ,  a ram id  

paper,  g l ass  fi bre  materia l s)  (°C)  

See  7. 3. 1  1 80  

I nner core  hot-spot temperatu re  (°C)  See  7. 3. 1  1 60  

Top-oi l  temperatu re,  i n  tank (°C)  See  7. 3. 1  1 1 5  

NOTE  For more  i n formation  on  the  core  temperature,  see  Annex B .  

 

7.2  Current  l im i tations  

There  are  l im i tations  on  curren t carrying  capabi l i ty of transformer other than  temperature  
l im i ts  g i ven  i n  Table  2 ,  and  these  are  described  i n  7. 3  to  7. 5.  Therefore,  i t  i s  recommended  
that the  current l im i ts  g iven  i n  Table  3  are  not exceeded  even  i f the  ci rcumstances  of the  
overload  mean  that the  temperatures  in  Table  2  are  not exceeded .  Speci fic examples  wou ld  
be  i n  cases  of l ow ambient temperature,  l ow l evels  of pre load  or h igh  thermal  capaci ty of the  
wind ing .  The  purchaser can  speci fy h igher cu rrent l im i ts  i f requ i red ,  bu t i t  shou ld  be  
recogn ized  that th is  cou ld  l ead  to  a  specia l  transformer design .  The  recommended  curren t 
l im i ts  g i ven  in  Table  3  shou ld  not  appl y to  very short  duration  overloads,  i . e.  l ess  than  1 0  s .  

NOTE  1  The  breaking  capaci ty of tap-changers  i s  l im i ted  to  twi ce  the  rated  cu rren t accord ing  to  I EC 6021 4-1  [3 ] .  
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Table  3  – Recommended  current  l im its  appl icable  to  load ing  
beyond  nameplate  rating  

Types  of l oad ing  Smal l  

transformers  
Medium  power 

transformers  

Large power 

transformers  

Normal  cycl ic  l oad ing  

Curren t (p. u . )  1 , 5  1 , 5  1 , 3  

Long-time  emergency load ing  

Curren t (p. u . )  1 , 8  1 , 5  1 , 3  

Short-time emergency l oad ing  

Curren t (p. u . )  2 , 0  1 , 8  1 , 5  

 

NOTE  2  For speci fi cation  beyond  rated  power,  see  Annex C.   

7.3  Specific  l im itations  for smal l  transformers  

7.3. 1  Current  and  temperature l imi tations  

The l im i ts  on  load  curren t,  hot-spot temperature,  top-oi l  temperature  and  temperature  of 
metal l ic  parts  other than  wind ings  and  l eads  stated  i n  Table  2  and  Table  3  shou ld  not  be  
exceeded .  No  l im i t i s  set for the  top-oi l ,  core  and  wind ing  hot-spot temperature  under 
short-time emergency l oad ing  for d is tribu tion  transformers  because  i t  i s  u sual l y impracticable  
to  con trol  the  duration  of emergency l oad ing  i n  th is  case.  I t  shou ld  be  noted  that when  the  
hot-spot temperature  exceeds  1 40  °C,  gas  bubbles  may develop  wh ich  cou ld  j eopard ize  the  
d ie lectric  strength  of the  transformer (see  5. 3) .  

7.3.2  Accessory and  other considerations  

Apart from  the  wind ings,  other parts  of the  transformer,  such  as  bush ings,  cable-end  
connections,  tap-chang ing  devices  and  l eads  may restrict the  operation  when  l oaded  above  
1 , 5  times  the  rated  current.  O i l  expansion  and  o i l  pressure  cou ld  a lso  impose restrictions.  

7.3.3  Indoor transformers  

When  transformers  are  used  i ndoors,  a  correction  shou ld  be  made to  the  rated  top-oi l  
temperature  rise  to  take  account of the  enclosure.  Preferably,  th is  extra  temperature  rise  wi l l  
be  determ ined  by a  test (see  8. 3. 2).  

7.3.4  Outdoor ambient  cond itions  

Wind ,  sunsh ine  and  rain  may affect the  load ing  capaci ty of d istribution  transformers,  bu t thei r 
unpred ictable  nature  makes  i t  impracticable  to  take  these  factors  i n to  account.  

7.4  Specific  l im i tations  for med ium  power transformers  

7.4. 1  Current  and  temperature l imitations  

The  l oad  current,  hot-spot temperature,  top-oi l  temperature  and  temperature  of metal l ic  parts  
other than  wind ings  and  leads  shou ld  not exceed  the  l im i ts  stated  i n  Table  2  and  Table  3 .  
Moreover,  i t  shou ld  be  noted  that,  when  the  hot-spot temperature  exceeds  1 40  °C,  gas  
bubbles  may develop  wh ich  cou ld  j eopard ize  the  d ie lectric s trength  of the  transformer 
(see  5. 3).  

7.4.2  Accessory,  associated  equ ipment and  other considerations  

Apart from  the  wind ings,  other parts  of the  transformer,  such  as  bush ings,  cable-end  
connections,  tap-chang ing  devices  and  l eads,  may restrict  the  operation  when  l oaded  above  
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1 , 5  times  the  rated  cu rren t.  O i l  expansion  and  o i l  pressure  cou ld  a lso  impose restrictions.  
Cons ideration  may a lso  have  to  be  g i ven  to  associated  equ ipment such  as  cables ,  ci rcu i t  
breakers,  curren t transformers,  etc.  

7.4.3  Short-circu i t  wi thstand  requ irements  

During  or d i rectl y after operation  at l oad  beyond  nameplate  rati ng ,  transformers  can  not 
conform  to  the  thermal  short-ci rcu i t requ i rements ,  as  speci fied  in  I EC  60076-5  [67] ,  wh ich  are  
based  on  a  short-ci rcu i t  duration  of 2  s .  However,  the  duration  of short-ci rcu i t  currents  i n  
service  is  shorter than  2  s  i n  most cases.  

7.4.4  Vol tage  l im itations  

Un less  other l im i tations  for variable  fl ux vol tage  variations  are  known  (see  I EC  60076-1 ) ,  the  
appl ied  vol tage  shou ld  not exceed  1 , 05  times  e i ther the  rated  vol tage  (pri ncipa l  tapping)  or 
the  tapping  vol tage  (other tappings)  on  any wind ing  of the  transformer.  

7.5  Specific  l im i tations  for large power transformers  

7.5. 1  General  

For l arge  power transformers,  add i tional  l im i tations,  main l y associated  wi th  the  l eakage fl ux,  
shou ld  be  taken  i n to  consideration .  I t  i s  therefore  advisable  i n  th is  case  to  speci fy,  a t the  time 
of enqu iry or order,  the  amount of l oad ing  capabi l i ty needed  i n  speci fic  appl ications.  

As  far as  thermal  deterioration  of insu lation  is  concerned ,  the  same calcu lation  method  
appl ies  to  a l l  transformers.  

Accord ing  to  present knowledge,  the  importance  of the  h i gh  re l i ab i l i ty of l arge  un i ts  i n  view of 
the  consequences  of fai l u re,  together wi th  the  fol l owing  cons iderations,  make i t  advisable  to  
adopt a  more  conservative,  more  i nd ividual  approach  here  than  for smal ler un i ts.  

•  The  combination  of l eakage  fl ux and  main  fl ux  i n  the  l imbs  or yokes  of the  magnetic ci rcu i t  
(see  5. 2)  makes  large  transformers  more  vu lnerable  to  overexci tation  than  smal ler 
transformers,  especia l l y when  l oaded  above  nameplate  rating .  I ncreased  l eakage  fl ux may 
a lso  cause  add i ti onal  eddy-cu rrent  heating  of other metal l ic  parts.  

•  The  consequences  of degradation  of the  mechan ica l  properties  of insu lation  as  a  function  
of temperature  and  time,  i nclud ing  wear due  to  thermal  expansion ,  may be  more  severe  
for large  transformers  than  for smal l er ones.  

•  Hot-spot temperatures  ou ts ide  the  wind ings  cannot be  obtained  from  a  normal  
temperature-rise  test.  Even  i f such  a  test at a  rated  current i nd icates  no  abnormal i ti es,  i t  i s  
not poss ib le  to  d raw any conclus ions  for h i gher curren ts  s ince  th is  extrapolation  may not  
have  been  taken  in to  accoun t at  the  des ign  stage.  

•  Calcu lation  of the  wind ing  hot-spot temperature  ri se  at h i gher than  rated  curren ts,  based  
on  the  resu l ts  of a  temperature-rise  test at rated  current,  may be  l ess  re l iable  for l arge  
un i ts  than  for smal ler ones.  

7.5.2  Current  and  temperature l imitations  

The  l oad  current,  hot-spot temperature,  top-oi l  temperature  and  temperature  of metal l ic  parts  
other than  wind ings  and  l eads  but  nevertheless  in  con tact wi th  sol id  insu lati ng  materia l  shou ld  
not exceed  the  l im i ts  stated  in  Table  2  and  Table  3.  Moreover,  i t  shou ld  be  noted  that,  when  
the  hot-spot temperature  exceeds  1 40  °C,  gas  bubbles  may develop  wh ich  cou ld  j eopard ize  
the  d ielectric strength  of the  transformer (see  5. 3) .  

7.5.3  Accessory,  equ ipment and  other considerations  

Refer to  7 . 4 . 2 .  
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7.5.4  Short-circu i t  wi thstand  requ i rements  

Refer to  7 . 4 . 3.  

7.5.5  Vol tage  l im itations  

Refer to  7 . 4 . 4.  

8 Determination  of temperatures  

8. 1  Hot-spot  temperature rise  i n  steady state  

8. 1 . 1  General  

To be  s trictl y accurate,  the  hot-spot temperature  shou ld  be  referred  to  the  ad jacent o i l  
temperature.  Th is  i s  assumed  to  be  the  top-oi l  temperature  i ns ide  the  wind ing .  Measurements  
have  shown  that the  top-oi l  temperature  i ns ide  a  wind ing  m igh t be,  dependen t on  the  cool i ng ,  
up  to  1 5  K h igher than  the  m ixed  top-oi l  temperature  ins ide  the  tank.  

For most  transformers  i n  service,  the  top-oi l  temperature  i ns ide  a  wind ing  i s  not precisel y 
known.  On  the  other hand ,  for most of these  un i ts ,  the  top-oi l  temperatu re  at the  top  of the  
tank is  wel l  known ,  e i ther by measurement or by calcu lation .  

The  ca lcu lation  ru les  in  th is  document are  based  on  the  fol lowing :  

•  ∆θor,  the  top-oi l  temperature  rise  i n  the  tank above  ambient temperature  at  rated  l osses  [K] ;  

•  ∆θhr,  the  hot-spot temperature  rise  above top-oi l  temperature  i n  the  tank at  rated  current  [K] .  

The  parameter ∆θhr  can  be  defined  e i ther by d i rect measurement during  a  heat-run  test or by 
a  ca lcu lation  method  val i dated  by d i rect measurements.  

NOTE  The  methods,  pri ncipl es  and  calcu lati on  procedures  g i ven  i n  8 . 1 . 2 ,  8 . 1 . 3,  8 . 1 . 4  and  Annex D  are  u l timately 
val i d  for the  converter transformers  for HVDC appl i cation ,  however,  wi th  the  necessary consideration  of the  effect  
of harmon ics  on  the  transformer thermal  performance  wi th  a  reference  to  a  speci fi c  converter operati ng  poi n t  and  
speci fi c  system  cond i ti ons.  

8. 1 .2  Calcu lation  of hot-spot temperature  ri se  from  normal  heat-run  test  data  

A thermal  d iagram  is  assumed,  as  shown  in  F igure  6 ,  on  the  understand ing  that such  a  
d iagram  is  the  s impl i fication  of a  more  complex d istribu tion .  The  assumptions  made i n  th is  
s impl i fication  are  as  fol l ows.  

a)  The  oi l  temperature  i nside  the  tank i ncreases  l i nearl y from  bottom  to  top,  whatever the  
cool ing  mode.  

b)  As  a  fi rst approximation ,  the  temperature  rise  of the  conductor at any pos i tion  up  the  
wind ing  i s  assumed  to  i ncrease  l i nearl y,  paral l el  to  the  o i l  temperature  rise,  wi th  a  
constan t d i fference  gr between  the  two  stra igh t l i nes  (gr  be ing  the  d i fference  between  the  
wind ing  average  temperature  rise  by res istance  and  the  average  o i l  temperature  rise  i n  
the  tank).  

c)  The  hot-spot temperature  rise  i s  h igher than  the  temperature  rise  of the  conductor at the  
top  of the  wind ing  as  described  i n  8. 1 . 2   b),  because  a l lowance has  to  be  made for the  
i ncrease  i n  stray losses,  for d i fferences  i n  l ocal  o i l  fl ows  and  for poss ib le  add i tional  paper 
on  the  conductor.  To  take  i n to  account these  non -l ineari ti es,  the  d i fference  i n  temperature  

between  the  hot-spot  and  the  top-oi l  i n  tank is  made  equal  to  H ×  gr,  that i s ,  ∆θhr =  H ×  gr.  

NOTE  I n  many cases,  i t  has  been  observed  that  the  temperatu re  of the  tank ou tl et  o i l  i s  h i gher than  that  of 
the  oi l  i n  the  o i l  pocket.  I n  such  cases,  the  temperature  of the  tank ou tl et  o i l  i s  used  for l oad ing .  
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Key 

A  Top-oi l  temperatu re  deri ved  as  the  average  of the  tank ou tl et  o i l  temperature  and  the  tank o i l  pocket 
temperatu re  

B   M i xed  oi l  temperatu re  i n  the  tank at  the  top  of the  wi nd i ng  (often  assumed  to  be  the  same temperature  as  A)  

C   Temperatu re  of the  average  o i l  i n  the  tank  

D   O i l  temperature  at  the  i n l et  of the  tank (assumed  to  be  the  same  as  at  the  bottom  of the  wind ing )  

E   Bottom  of the  tank 

g
r
  Average  wi nd i ng  to  average  o i l  ( i n  tank)  temperature  grad i en t  at  rated  cu rrent  

H  Hot-spot factor 

P   Hot-spot temperature  

I   Average  wi nd i ng  temperatu re  determ ined  by res i stance  measu rement  

x-axis  Temperatu re  

y-axis  Relati ve  pos i ti ons  

■  measured  po in t;    ●  ca l cu l ated  poin t  

Figure 6  – Thermal  d iagram   

8.1 .3 Di rect  measurement  of hot-spot temperature rise  

Fibre  optic probes  are  i nstal l ed  i n  wind ings  to  measure  the  hot-spot temperature  rise.  
Al though  l ocal  l oss  dens i ti es  and  o i l  ci rcu lation  speeds  are  ca lcu lated ,  i t  i s  very d i fficu l t  to  
know where  the  hot-spot i s  exactl y l ocated .  Thus,  a  certain  m in imum  number of sensors  
shou ld  be  i nstal led  i n  a  wind ing.  The  sensors  are  i nserted  i n  s l ots  i n  the  rad ia l  spacers  i n  
such  a  way that there  i s  on l y the  conductor i nsu lation  and  an  add i tional  th i n  paper l ayer 
between  the  sensor and  the  conductor metal .  Ca l i brations  have  shown  that a  reasonable  
accuracy is  obtained  in  th is  way (see  [1 6]).  

Th is  m in imum  number of sensors  i s  se lected  i n  such  a  way that  the  maximum  measured  
temperature  rise  is  cl ose  enough  to  the  real  hot-spot temperature  rise  for a  safe  operation  of 
the  wind ing .  Th is  maximum  measured  temperatu re  i s  at the  same time  cons idered  as  the  
hot-spot of the  wind ing .  
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I n  core  type  transformers  the  hot-spot i s  general l y l ocated  at the  top  of the  wind ings.  I f the  
wind ing  i s  cooled  by axia l  o i l  ci rcu lation ,  the  most probable  l ocation  i s  d isc number 1  or 2  
seen  from  the  top.  At zi g -zag  cool ing  one  of the  fi rst 3  top  d iscs  is  the  most probable  l ocation .  
I f the  wind ing  has  tapping  d iscs  at i ts  upper ha l f,  the  hot-spot i s  probably l ocated  in  the  fi rst 
curren t carrying  d isc above the  curren tless  tapping  d iscs  i n  the  (-)  tap  pos i tion .  Therefore,  i t  
shou ld  be  noted  that the  hot-spot l ocation  i s  transformer speci fic  and  h igh l y affected  by the  
transformer des ign .  As  such ,  th is  predeterm ined  l ocation  shou ld  be  d iscussed  during  des ign  
review.  

Experience  has  shown  that there  m igh t be  grad ien ts  of more  than  1 0  K between  d i fferent 
sensors  i n  the  top  of a  normal  transformer wind ing .  Hence,  i t  i s  not se l f-evident that the  
i nsertion  of,  for example,  one  or two sensors  wi l l  detect a  relevan t temperature  rise.  An  
example  of th is  i s  shown  i n  F igure  7  [1 7] .  The  re lati ve  local  l oss  densi ti es  compared  to  the  
average  l oss  of the  wind ing  (wh ich  corresponded  to  the  average  wind ing  g rad ient g)  were  
1 56  %,  1 33  % ,  etc.  The  fi gures  i nd icated  in  the  d i scs  at the  ri ght (1 1 4  % ,  1 42  % ,  1 56  % ,  e tc. )  
are  the  relative  l ocal  loss  dens i ties  i n  per cent of the  average  l oss  dens i ty of the  whole  
wind ing  that i s  the  tota l  l oss  of the  wind ing  d i vided  by the  number of d iscs.  I t  shou ld  be  noted  
that the  h ighest temperature  rise  of 23 , 2  K was  measured  at the  re lati ve  l oss  dens i ty 1 1 7  % ,  
wh ich  was  far from  the  h i ghest value  1 56  % .  

 

Figure  7  – Temperature ri ses  above  top-oi l  temperature  (in  tank)  65,8  °C  of the  zig-zag  
cooled  HV-winding  of a  400  MVA ONAF  cooled  3-phase  transformer,  

load  current 1 , 0  p.u . ,  tap  posi tion  (-)  

For the  temperature  rise  test,  the  recommended  number of sensors  to  be  i nstal l ed  i n  one  
phase  of ON-,  OF-,  OD-cooled  core  type  transformers  are  as  fo l l ows:  

a)  for transformers  wi th  a  l eakage  fl ux ≥  400  mWb/phase at the  rated  curren t,  the  number of 
sensors  shou ld  be  8  per wind ing  wi th  fu l l  rati ng ;  

b)  for transformers  wi th  a  l eakage  fl ux between  1 50  mWb/phase  and  400  mWb/phase  at the  
rated  curren t,  the  number of sensors  shou ld  be  6  per wind ing ;  

c)  for transformers  wi th  a  leakage flux be low 1 50  mWb/phase at the  rated  current,  the  
number of sensors  shou ld  be  4  per wind ing .  

The  sensors  shou ld  be  i nsta l l ed  i n  the  phase  for wh ich  the  warm  resistance  curve  is  recorded .  
However,  each  user shou ld  decide  how accurate  the  hot-spot measurement needs  to  be  for a  
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particu lar transformer appl ication  ( l oaded  tertiary wind ing ,  smal l  transformers,  etc. ) ,  and  
based  on  th is  shou ld  decide  on  the  tota l  sensor number per wind ing  and  per phase.   

NOTE  By l eakage  fl u x i s  here  meant the  maximum  un id i rectional  fl u x (crest  val ue),  wh i ch  i s  the  i n teg ral  of the  
absolu te  val ues  of the  axi a l  fl u x densi ti es  between  two  i n tersecti ons  wi th  the  x-axis .  A transformer m igh t  have  
several  such  i n teg ral s  and  i n  th i s  case  the  maximum  of these  i n teg ral s  i s  cons idered .  An  approximate  formu la  for 

th i s  maximum  l eakage  fl u x i s  1 , 8  ×  Z ×  S0 , 5  [1 8] ,  where  Z i s  the  short-ci rcu i t  impedance  i n  per cent  and  S  i s  the  
i n tri ns ic  rated  power per wound  l imb  i n  MVA.  For au to-connected  transformers,  Z and  S  refer to  the  i n tri ns i c  MVA 

val ue  and  not  to  the  MVA transformed .  S  i s  therefore  equal  to  the  nameplate  rated  power,  mu l ti p l i ed  by α ,  i . e .  the  
au to  factor.  The  au to  factor,  α ,  i s  equal  to:  (primary vol tage  – secondary vol tage)  /  primary vol tage.  Z i s  equal  to  
the  namepl ate  short-ci rcu i t  impedance  d i vi ded  by the  au to  factor.   

EXAMPLE  For s i ng le-phase  550/230  kV au to-connected  transformer wi th  the  th roughpu t rati ng  S  =  334  MVA,  the  

correspond ing  impedance  Z =  1 5  %,  and  the  au to  factor α  =  (550  −  230)/550  =  0 , 58,  the  l eakage  fl u x i s  
approximately [1 , 8  ×  (0 , 58  ×  334)0 , 5  ×  ( 1 5/0 , 58)]  =  650  mWb.   

I n  shel l  type  transformers,  the  fi bre  optic sensors  shou ld  be  l ocated  i n  the  coi l  edges  
(Figure  8)  and  i n  the  brazed  connections  between  coi l s .  

 

Figure 8  – Coi l  edges,  where the  sensors  should  be  located  in  the  edge  
with  the  h igher calcu lated  temperature ri se  

I f i t  i s  not poss ib le  to  i nsta l l  the  fibre  optic sensor i n  the  expected  hot-spot l ocation ,  for 
example  due  to  h igh  vol tage  stress,  then  the  i nstal l ation  can  be  made  at a  safer l ocation .  
Consequen tl y,  the  proposed  a l ternative  measuring  l ocation  and  the  correspond ing  correction  
procedure  shou ld  be  further d iscussed  between  purchaser and  manufacturer.  

Al though  Table  2  comprises  temperature  l im i ts  for core  and  s tructura l  parts,  such  temperature  
rises  are  not measured  in  a  normal  temperatu re  rise  test.  Those  temperature  rises  are  
normal l y estimated  by calcu lation .  The  manufactu rers  shou ld  i nsta l l  thermal  sensors  i n  these  
parts  i n  selected  transformers  to  ca l ibrate  thei r ca lcu lation  methods.  Manufacturers  of fibre  
optic probes  are  producing  insu lation  ki ts  for th is  purpose,  bu t a lso  robust thermocouples  or 
RTDs  offer a  good  a l ternative.  The  thermocouples  can  be  i nsta l led  permanentl y i n  the  
transformer i n  such  a  way that they do  not reduce  the  vol tage  strength  and  that they remain  
i nside  the  transformer du ring  i ts  l i fe.  Thermocouples  i ns ide  a  transformer shou ld  be  twisted  to  
e l im inate  the  effect of l eakage flux imping ing  between  the  two thermocouple  strands  and  
causing  an  extra  i nduced  vol tage  between  the  two  thermocouple  metals .  I f speci fied  such  
specia l  test ( i . e.  the  temperature  rise  of the  core  and  structural  part du ring  the  no- load  test)  
shou ld  be  d iscussed  during  the  design  review and  the  fol l owing  parameters  shou ld  be  
defined :  

– cool ing  cond i ti ons;  

– test duration ;  

– suppl y vol tage;  

– temperature  l im i ts .  
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Thermal  sensors  shou ld  particu larl y be  i nstal led  i n :  

a)  yoke  clamp made of magnetic  steel ,  e . g .  wind ing  supports,  supports  for exi t l eads,  yoke  
clamp extens ions  at  the  end  of cores  wi th  wound  ou ter l imbs,  and  in  yoke  clamps  opposi te  
to  the  cen tre  l ine  of a  phase;  

b)  fl i tch-plates  and  ou ter core  packets  opposi te  to  the  top  of the  wind ing  b lock;  

c)  i n  the  top  yoke,  particu larl y at the  top  of the  cen tre  phase  i n  a  3-phase  transformer  
(F igure  9).  

 

NOTE  The  th ree  ri gh t-hand  val ues  are  measured  i n  the  cool i ng  d uct.  

Figure 9  – Temperature rises  above  top-oi l  temperature  at  the  end  of an  8  h  thermal  
no-load  test  at  1 1 0  % supply vol tage   

I nsta l l ation  of sensors  in  the  top  yoke  makes  sense  on l y i f an  extra  thermal  no- load  test i s  
done.  

More  detai l s  abou t the  i nsta l l ation  of thermal  sensors  are  g i ven  i n  [1 8 ] .  

8. 1 .4  Hot-spot factor 

The hot-spot factor H i s  wind ing-speci fic and  shou ld  be  determ ined  on  a  case-by-case  basis  
when  requ ired .  Stud ies  show that the  factor H varies  wi th in  the  ranges  1 , 0  to  2 , 1  depend ing  
on  the  transformer s ize,  i ts  short-ci rcu i t impedance and  wind ing  des ign  [1 9] .  The  factor H 
shou ld  be  defined  e i ther by d i rect measurement (see  8. 1 . 3  and  Annex D)  or by a  calcu lation  
procedure  based  on  fundamenta l  l oss  and  heat transfer pri ncip les,  and  substantiated  by d i rect 
measurements  on  production  or prototype  transformers  or wind ings.   

A calcu lation  procedure  based  on  fundamental  l oss  and  heat transfer pri ncip les  shou ld  
cons ider the  fo l l owing  as  g i ven  i n  Annex D ,  [1 8 ] ,  and  [20] .  

a)  The  fl u i d  flow wi th in  the  wind ing  ducts,  the  heat  transfer,  fl ow rates  and  resu l ting  fl u id  
temperature  shou ld  be  model led  for each  cool i ng  duct.  

b)  The  d istribu tion  of l osses  wi th in  the  wind ing .  One  of the  pri ncipal  causes  of extra  local  
l oss  i n  the  wind ing  conductors  i s  rad ia l  fl ux eddy l oss  at  the  wind ing  ends,  where  the  
l eakage  fl ux i n tercepts  the  wide  d imension  of the  conductors.  The  tota l  l osses  i n  the  
subj ect conductors  shou ld  be  determ ined  us ing  the  eddy and  ci rcu lati ng  curren t l osses  i n  
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add i ti on  to  the  DC resistance  loss.  Connections  that are  subj ect to  l eakage flux heating ,  
such  as  coi l -to-coi l  connections  and  some tap-to-wind ing  brazes,  shou ld  a lso  be  
cons idered .  

c)  Conduction  heat transfer effects  wi th in  the  wind ing  caused  by the  various  i nsu lation  
th icknesses  used  throughou t the  wind ing .  

d )  Local  design  featu res  or l ocal  fl u id  fl ow restrictions.  

•  Layer insu lation  may have  a  d i fferent th ickness  throughout a  l ayer wind ing ,  and  
i nsu lation  next to  the  cool ing  duct  affects  the  heat transfer.  

•  F l ow-d i recting  washers  reduce the  heat transfer in to  the  fl u i d  i n  the  case  of a  
zi gzag-cooled  wind ing  (F igure  1 0).  

 

Figure  1 0  – Zigzag-cooled  winding  where the d istance  between  al l  sections  is  the  
same and  the  flow-di recting  washer i s  instal led  in  the  space  between  sections  

•  Possib le  extra  i nsu lation  on  end  turns  and  on  wind ing  conductors  exi ti ng  through  the  
end  i nsu lation .  

•  Not a l l  cool i ng  ducts  extend  completel y around  the  wind ing  i n  d istribution  transformers  
and  smal l  power transformers.  Some cool ing  ducts  are  l ocated  on l y i n  the  portion  of 
the  wind ing  ou ts ide  the  core  (see  F igure  1 1 ) .  Such  a  “col l apsed  duct arrangement”  
causes  a  ci rcumferential  temperature  grad ien t from  the  centre  of the  wind ing  wi th  no  
ducts  under the  yoke  to  the  cen tre  of the  wind ing  ou ts ide  core  where  cool i ng  ducts  are  
l ocated .  

IEC  
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Figure 1 1  – Top view section  of a  rectangular winding  with  “col lapsed  cool ing  
duct  arrangement”  under the  yokes  

8.2  Top-oi l  and  hot-spot temperatures  at varying  ambient  temperature and  load  
cond itions  

8.2. 1  General  

Subclause  8 . 2  provides  two a l ternative  ways  of describ ing  the  hot-spot temperature  as  a  
function  of time,  for varyi ng  load  curren t and  ambien t temperature:  

a)  exponentia l  equations  solu tion  [1 8] ,  [21 ] ;  

b)  d i fference  equations  solu tion  [22] .  

Both  of these  methods  are  su i table  for arbi trari l y time-varying  load  factor K and  time-varying  

ambien t temperature  θa .  The  former method  is  particu larl y more  su i ted  to  determ ination  of the  
heat transfer parameters  by test,  especia l l y by manufacturers ,  wh i le  the  l atter method  i s  more  
su i table  for on- l i ne  mon i toring  due  to  appl i ed  mathematical  transformation .  I n  pri nciple ,  both  
methods  yie ld  the  same  resu l ts  as  they represent solu tion  variation  to  the  i dentical  heat 
transfer d i fferen tia l  equations.  

The  heat transfer d i fferen tia l  equations  are  represented  in  b lock d iagram  form  in  F igure  1 2 .  

Observe  i n  F igure  1 2  that the  i nputs  are  the  load  factor  K,  and  the  ambien t temperature  θa  on  
the  l eft.  The  ou tpu t i s  the  ca lcu lated  hot-spot temperature  θh  on  the  ri gh t.  The  Laplace  
variable  s  i s  essentia l l y the  derivative  operator d /d t.  
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Figure 1 2  – Block d iagram  representation  of the  d i fferential  equations  

I n  F igure  1 2 ,  the  second  b lock in  the  uppermost path  represen ts  the  hot-spot ri se  d ynam ics.  
The  fi rst term  (wi th  numerator k21 )  represen ts  the  fundamental  hot-spot temperature  rise,  
before  the  effect of chang ing  o i l  fl ow past the  hot-spot i s  taken  i n to  accoun t.  The  second  term  
(wi th  numerator k21   −   1 )  represen ts  the  varying  rate  of o i l  fl ow past the  hot-spot,  a  
phenomenon  wh ich  changes  much  more  s lowly.  The  combined  effect of these  two terms  is  to  
account for the  fact that a  sudden  rise  i n  l oad  curren t may cause  an  otherwise  unexpected l y 
h igh  peak in  the  hot-spot temperature  rise,  very soon  after the  sudden  load  change.  Values  
for k1 1 ,  k21 ,  k22  and  the  other parameters  shown  are  d iscussed  i n  8 . 2 . 2  and  suggested  values  
g iven  i n  Table  4.  

I f the  top-oi l  temperature  can  be  measured  as  an  e lectrical  s i gnal  i n to  a  compu ting  device,  
then  an  a l ternative  formu lation  is  the  dashed  l i ne  path ,  wi th  the  swi tch  i n  i ts  ri ght  pos i ti on ;  the  
top-oi l  ca lcu lation  path  (swi tch  to  the  l eft)  i s  not requ i red .  Al l  of the  parameters  have  been  
defined  i n  8 . 2 . 2 .  

The  mathematica l  i n terpretation  of the  b locks  in  F igure  1 2  is  g iven  as  fol lows:  

The  d i fferentia l  equation  for top-oi l  temperature  ( i npu ts  K,  θa ,  output θo)  i s  
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 (5)  

The  d i fferen tia l  equation  for hot-spot temperatu re  rise  ( i npu t K,  output ∆θh )  i s  most easi l y 
so lved  as  the  sum  of two  d i fferen tia l  equation  solu tions,  where  

 h2 h1 h θθθ ∆−∆=∆  (6)  
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The  two equations  are  
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 (7)  
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 (8)  

the  solu tions  of wh ich  are  combined  in  accordance wi th  Equation  (6) .  

The  fi nal  equation  for the  hot-spot  temperature  i s  

 hoh θθθ ∆+=  (9)  

Regard ing  Equations  (5)  to  (8) ,  the  complexi ty i s  i n  order to  account for the  fact that the  o i l -
cool i ng  med ium  has  mechan ical  i nertia  i n  add i ti on  to  thermal  inertia .  The  effect i s  g reatest for 
natural  cool ing  (ON),  somewhat l ess  for non-d i rected -flow pumped-oi l  cool i ng  (OF),  and  
neg l ig ib le  for d i rected -flow pumped-oi l  cool i ng  (OD),  as  regards  power transformers.  I t  i s  a lso  
neg l ig ib le  for smal l  transformers  (see  8 . 2. 2) .  

NOTE  For ON  and  OF  cool i ng ,  the  oi l  vi scosi ty change  coun teracts  the  effect  of the  ohm ic  res i stance  vari ati on  of 
the  conductors .  I n  fact,  the  cool i ng  effect  of the  oi l  vi scos i ty change  i s  s tronger than  the  heati ng  effect  of the  
res i stance  change.  Th i s  has  been  taken  i n to  account  impl i ci tl y by the  wind ing  exponent of 1 , 3  i n  Tabl e  5 .  For OD  
cool i ng ,  the  i n fl uence  of the  oi l  vi scos i ty on  temperatu re  ri ses  i s  s l i gh t,  and  the  effect  of the  ohm ic res i stance  
variati on  i s  considered .  An  approximate  correcti on  term  (wi th  i ts  s i gn)  for the  hot-spot temperature  ri se  at  OD  i s  

0 , 1 5  ×  (∆θh  – ∆θh r).  

8.2.2  Exponential  equations  solution  

Subclause  8 . 2 . 2  describes  the  exponential  equation  solu tion  to  the  heat transfer d i fferen tia l  
Equations  (5)  to  (8).   

An  example  of a  l oad  variation  accord ing  to  a  step  function  i s  shown  i n  F igure  1 3  (the  detai l s  
of the  example  are  g iven  i n  Annex H ) .  
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Figure  1 3  – Temperature responses  to  step  changes  in  the  load  current 

The hot-spot temperatu re  is  equal  to  the  sum  of the  ambien t temperature,  the  top-oi l  
temperature  rise  i n  the  tank,  and  the  temperature  d i fference between  the  hot-spot and  top-oi l  
i n  the  tank.  

The  top-oi l  temperature  i ncrease  to  a  l evel  correspond ing  to  a  l oad  factor of K i s  g i ven  by:  
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Correspond ing l y,  the  top-oi l  temperature  decrease  to  a  l evel  correspond ing  to  a  l oad  factor 
of K i s  g i ven  by:  
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The  hot-spot to  top-oi l  temperature  grad ien t increase  to  a  l evel  correspond ing  to  a  l oad  factor 
of K i s  g iven  by:  

 ( ) ( ) ( )ttt h2h1h θθθ ∆−∆=∆  (1 2 )  
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where  two grad ients  are  
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Correspond ing l y,  the  hot-spot to  top-oi l  temperature  grad ien t decrease  to  a  level  
correspond ing  to  a  load  factor of K i s  g iven  by:  
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and  
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The  fi nal  equation  for the  hot-spot temperature  i s :  

 ( ) ( ) ( )ttt hoh θθθ ∆+=  (1 7)  

where  

τw   i s  the  wind ing  time constan t (m in) ;  

τ0   i s  the  o i l - time  constant (m in).  

The  top-oi l  exponent x  and  the  wind ing  exponent y  are  g i ven  in  Table  4  [23] ,  [24] .  

The  constan ts  k1 1 ,  k21 ,  k22  and  the  time  constants  τw  and  τ0  are  transformer speci fic.  They 

can  be  determ ined  in  a  prolonged  heat-run  test  du ring  the  “no-load  l oss  +  l oad  l oss”  period ,  i f 
the  suppl ied  l osses  and  correspond ing  cool ing  cond i ti ons,  for example  AN  or AF,  are  kept 
unchanged  from  the  s tart  un ti l  the  s teady state  has  been  obtained  (see  Annex F) .  I n  th is  case,  
i t  i s  necessary to  ensure  that the  heat-run  test i s  s tarted  when  the  transformer is  

approximatel y at the  ambient temperature.  I t  i s  obvious  that k21 ,  k22  and  τw  can  be  defined  
on l y i f the  transformer i s  equ ipped  wi th  fibre  opti c sensors.  I f τ0  and  τw  are  not defined  i n  a  
prolonged  heat-run  test they can  be  defined  by calcu lation  (see  Annex E) .  I n  the  absence of 
transformer-speci fic values,  the  va lues  in  Table  4  are  recommended .  The  correspond ing  
graphs  are  shown  i n  F igure  1 4.  

NOTE  1  Un less  the  cu rren t and  cool i ng  cond i ti ons  remain  unchanged  d uri ng  the  heati ng  process  l ong  enough  to  
pro ject  the  tangent  to  the  i n i ti a l  heati ng  curve,  the  time  constan ts  cannot be  determ ined  from  the  heat-run  test  
performed  accord i ng  to  I EC practi ce.  

NOTE  2  The  ∆θ
h
(t)/∆θ

h r
 g raphs  observed  for smal l  transformers  are  s im i l ar to  g raph  7  i n  F i gu re  1 4 ,  i . e.  smal l  

transformers  do  not  show such  a  hot-spot  “overshoot”  at  s tep  i ncrease  i n  the  l oad  cu rrent  as  ON -  and  OF-cool ed  
power transformers  do.  

NOTE  3  The  background  of the  oi l ,  x,  and  wind ing ,  y,  exponents  and  correspond ing  determ in ing  procedure  are  
g i ven  i n  Annex G .  
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Table  4 – Recommended  thermal  characteristics  for exponential  equations  

Characteri stic  

S
m
a
ll
 

tr
a
n
s
fo
rm

e
rs
 

Med ium  and  l arge  power transformers  
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Oi l  exponent x  0 , 8  0 , 8  0 , 8  0 , 8  0 , 8  1 , 0  1 , 0  1 , 0  

Wind ing  exponent y  1 , 6  1 , 3  1 , 3  1 , 3  1 , 3  1 , 3  1 , 3  2 , 0  

Constan t k
1 1  1 , 0  0 , 5  0 , 5  0 , 5  0 , 5  1 , 0  1 , 0  1 , 0  

Constant  k
21  1 , 0  3 , 0  2 , 0  3 , 0  2 , 0  1 , 45  1 , 3  1 , 0  

Constant  k
22
 2 , 0  2 , 0  2 , 0  2 , 0  2 , 0  1 , 0  1 , 0  1 , 0  

Time  constant  τ
0
,  m in  1 80  21 0  21 0  1 50  1 50  90  90  90  

Time  constan t τ
w
,  

m in  

4  1 0  1 0  7  7  7  7  7  

a  I f a  wi nd i ng  of an  ON -  or OF-cool ed  transformer i s  zi gzag -cooled ,  a  rad ia l  spacer th i ckness  of l ess  than  

3  mm  m ight  cause  a  restri cted  o i l  ci rcu l ation ,  i . e.  a  h i gher maximum  value  of the  function  ∆θ
h
(t) /∆θ

h r
 th an  

obtai ned  by spacers  ≥  3  mm .  
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Key 

1  ONAN  – restri cted  oi l  fl ow 5  OF  – restri cted  oi l  fl ow 

2  ONAN  6  OF  

3  ONAF  – restri cted  o i l  fl ow 7  OD  and  smal l  power transformers  

4  ONAF    

Figure 1 4 – The  function  ∆θh(t) /∆θhr  generated  by the  values  g iven  in  Table  4  

An  appl ication  example  of the  exponentia l  equations  solu tion  is  g iven  i n  Annex H .  

8.2.3  Difference equations  solu tion  

Subclause  8 . 2 . 3  describes  the  d i fference  equation  solu tion  to  the  heat transfer d i fferen tia l  
equations,  appl icable  for arb i trari l y t ime-varying  l oad  factor K and  time-varying  ambien t 

temperature  θa .   

I f the  d i fferen tia l  equations  are  converted  to  d i fference  equations,  then  the  solu tion  is  q u i te  
stra igh tforward ,  even  on  a  s imple  spreadsheet.  

The  d i fferen tial  Equations  (5)  to  (8)  can  be  wri tten  as  the  fo l l owing  d i fference  equations,  
where  D  s tands  for a  d i fference over a  smal l  time  step.  

Equation  (5)  becomes:  
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The  “D”  operator impl ies  a  d i fference  i n  the  associated  variable  that corresponds  to  each  time 
step  Dt.  At each  time  s tep,  the  n th  va lue  of Dθo  i s  ca lcu lated  from  the  (n  –  1 )th  value  us ing  

 
)o()1o()o( nnn Dθθθ += −  (1 9)  
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Equations  (7)  and  (8)  become 

 [ ]h1hr21
w22

h1 θθ
τ

θ ∆−∆××=∆ yKk
k

Dt
D  (20)  

and  

 ( )[ ]h2hr21
o22

h2 1
)/1(

θθ
τ

θ ∆−∆×−×=∆ yKk
k

Dt
D  (21 )  

The  n th  values  of each  of ∆θh1  and  ∆θh2  are  calcu lated  i n  a  way s im i lar to  Equation  (1 9).  

The  tota l  hot-spot temperature  rise  at  the  n th  time  step  i s  g i ven  by:  

 
)h2()h1 ()h( nnn θθθ ∆−∆=∆  (22)  

F inal l y,  the  hot-spot  temperature  at  the  n th  time  step  i s  g i ven  by:  

 
)h()o()h( nnn θθθ ∆+=  (23)  

For an  accurate  solu tion ,  the  time  step  D t  shou ld  be  as  smal l  as  i s  practicable ,  certa in l y no  
greater than  one-hal f of the  smal l est  t ime constant i n  the  thermal  model .  For example,  i f the  
time constan t for the  wind ing  considered  is  4  m in ,  the  time  step  shou ld  be  no  l arger than  
2  m in .  τw  and  τo  shou ld  not  be  set to  zero .  

Also,  there  are  theoretical l y more  accurate  numerica l  anal ys is  solu tion  methods  than  the  
s imple  one  used  i n  Equations  (1 8)  to  (21 ) ,  for example  trapezoidal  or Runge-Kutta  methods.  
However,  the  i ncreased  complexi ty i s  not warran ted  here  cons idering  the  imprecis ion  of the  
i nput  data.  

The  l oss  of l i fe  of cel l u lose  i nsu lation  d i fferen tia l  equations  of 6. 4  can  a l so  be  converted  to  
d i fference  equations.  The  fundamental  d i fferentia l  equation  is  

 V
t

L
=

d

d  (24)  

impl ying  

 DtVDL nn ×= )()(
 (25)  

and  

 
)()1()( nnn DLLL += −  (26)  

An  appl ication  example  of the  d i fference equations  solu tion  i s  g i ven  i n  Annex I .  
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8.3  Ambient temperature  

8.3. 1  Outdoor ai r-cooled  transformers  

For d ynam ic considerations,  such  as  mon i toring  or short-time emergency load ing ,  the  actual  
temperature  profi l e  shou ld  be  used  d i rectl y.  

For design  and  test cons iderations,  the  fol lowing  equ iva lent temperatures  are  taken  as  
ambien t temperature :  

a)  the  yearl y weighted  ambien t temperature  is  used  for thermal  ageing  ca lcu lation ;  

b)  the  month l y average  temperature  of the  hottest mon th  i s  used  for the  maximum  hot-spot 
temperature  calcu lation .  

NOTE  Concern ing  the  ambien t temperatu re,  see  a l so  I EC 60076-2 .  

I f the  ambien t temperature  varies  appreciabl y during  the  l oad  cycle,  then  the  weighted  
ambien t temperature  is  a  constant,  ficti tious  ambient temperature  wh ich  causes  the  same 
ageing  as  the  variable  temperature  acting  during  that time.  For a  case  where  a  temperature  
i ncrease  of 6  K doubles  the  ageing  rate  and  the  ambient temperature  can  be  assumed  to  vary 

s i nusoida l l y,  the  yearl y weighted  ambient temperature,  θE ,  i s  equal  to  

 ( )[ ] 1 ,85yamax-mayaE    2     0,01 θθθθ −×+=  (27)  

where  

θma-max   i s  the  month l y average  temperature  of the  hottest  month  (wh ich  is  equal  to  the  sum  
of the  average  da i l y maxima and  the  average  dai l y m in ima,  measured  i n  °C,  during  
that  month ,  over 1 0  or more  years,  d ivided  by 2) ;  

θya   i s  the  yearl y average  temperature  (wh ich  is  equal  to  the  sum  of the  month l y 
average  temperatures,  measured  i n  °C,  d ivided  by 1 2).  

EXAMPLE  Usi ng  month l y average  values  (more  accu ratel y u s ing  month ly wei ghted  val ues)  for θ
a
:  

θ
ma-max

 =  30  °C  for 2  months    
  
  
  
  
  
  

Average  θ
ya
 =  1 5, 0  °C  

Weighted  average  θ
E
 =  20, 4  °C  

θ
ma

 =  20  °C  for 4  months  

θ
ma

 =  1 0  °C  for 4  months  

θ
ma

 =  0  °C  for 2  months  

The  ambient  temperatu re  used  i n  the  calcu l ation  examples  i n  Annex J  i s  20  °C.  

8.3.2  Correction  of ambient temperature  for transformer enclosure  

A transformer operating  i n  an  enclosu re  experiences  an  extra  temperature  rise  wh ich  i s  about 
hal f the  temperature  rise  of the  a i r i n  that enclosure.  

For transformers  insta l l ed  in  a  meta l  or concrete  enclosure,  ∆θor  i n  Equations  (1 0)  and  (1 1 )  
shou ld  be  replaced  by orθ ′∆  as  fo l l ows:  

 ( )ororor θθθ ∆∆+∆=′∆  (28)  

where   

∆(∆θor)   i s  the  extra  top-oi l  temperature  rise  under rated  load .  

I t  i s  strong l y recommended  that  th is  extra  temperature  rise  be  determ ined  by tests ,  bu t when  
such  test resu l ts  are  not avai l able,  the  values  g i ven  i n  Table  5  for d i fferen t types  of enclosure  
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may be  used .  These  values  shou ld  be  d ivided  by two  to  obta in  the  approximate  extra  top-oi l  
temperature  rise.  

NOTE  When  the  enclosu re  does  not  affect  the  coolers ,  no  correcti on  i s  necessary accord i ng  to  Equation  (28).  

Table  5  – Correction  for increase  in  ambient temperature due  to  enclosure  

Type of enclosure  
Number of 

transformers  
i nstal led  

Correction  to  be  added  to  weighted   
ambient temperature  

K  

Transformer s i ze   
kVA 

250  500  750  1  000  

Underground  vau l ts  wi th  natu ral  venti l ati on  

1  1 1  1 2  1 3  1 4  

2  1 2  1 3  1 4  1 6  

3  1 4  1 7  1 9  22  

Basements  and  bu i l d i ngs  wi th  poor natu ral  
ven ti l ati on  

1  7  8  9  1 0  

2  8  9  1 0  1 2  

3  1 0  1 3  1 5  1 7  

Bu i l d i ngs  wi th  good  natural  ven ti l ati on  and  
underground  vau l ts  and  basements  wi th  
forced  venti l ati on  

1  3  4  5  6  

2  4  5  6  7  

3  6  9  1 0  1 3  

Kiosksa  1  1 0  1 5  20  – 

NOTE  The  above  temperature  correction  fi gures  have  been  estimated  for typical  substati on  l oad ing  cond i ti ons  
us ing  representati ve  val ues  of transformer l osses.  They are  based  on  the  resu l ts  of a  series  of natu ral  and  
forced  cool i ng  tests  i n  underg round  vau l ts  and  substations  and  on  random  measurements  i n  substations  and  
kiosks.  

a  Th i s  correction  for kiosk enclosures  i s  not  necessary when  the  temperature  ri se  test  has  been  carried  ou t  on  
the  transformer i n  the  enclosu re  as  one  complete  un i t.  

 

8.3.3  Water-cooled  transformers  

For water-cooled  transformers,  the  ambient  temperature  is  the  temperature  of the  incom ing  
water,  wh ich  shows l ess  variation  i n  time  than  a i r.  

9  Influence of tap-changers  

9. 1  General  

Al l  quan ti ti es  used  in  Equations  (1 0) ,  (1 1 ) ,  (1 3) ,  (1 4) ,  (1 5) ,  ( 1 6)  and  (1 7)  have  to  be  
appropriate  for the  tap  at  wh ich  the  transformer i s  operating .  

For example,  consider the  case  where  the  HV vol tage  i s  constan t,  and  i t  i s  requ i red  to  
main ta in  a  constant LV vol tage  for a  g i ven  l oad .  I f th is  requ i res  the  transformer to  be  on  a  

+1 5  % tap  on  the  LV s i de,  the  rated  o i l  temperature  rise,  l osses  and  wind ing  g rad ien ts  have  to  
be  measured  or calcu lated  for that  tap.  

Cons ider a lso  the  case  of an  au to  transformer wi th  a  l i ne-end  tap-changer – the  series  
wind ing  wi l l  have  maximum  current at one  end  of the  tapping  range  wh i lst  the  common  
wind ing  wi l l  have  maximum  curren t at the  other end  of the  tapping  range.  
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9.2  Load  loss  

The transformer’s  short-ci rcu i t l oss  is  a  function  of the  tap  pos i tion .  Several  d i fferent 
connections  of the  tapped  wind ings  and  the  main  wind ing  can  be  rea l i zed .  A un iversal  
approach  to  ca lcu late  the  transformer’s  ratio  of l osses  as  a  function  of the  tap  pos i tion  is  
shown  i n  F igu re  1 5.  A l i near function  i s  calcu lated  between  the  rated  tap  posi tion  and  the  
m in imum  and  maximum  pos i tion .  F igure  1 5  can  be  changed  accord ing  to  regu lating  wind ing  
arrangement regard ing  tapping  method  selected .  
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Figure 1 5 – Principle  of losses  as  a  function  of the  tap  posi tion  

9.3  Ratio  of losses  

The transformer’s  top-oi l  temperature  rise  i s  a  function  of the  l oss  ratio  R .  The  no-load  l osses  
are  assumed  to  be  constan t.  Us ing  a  l i near approximation ,  R  can  be  determ ined  as  a  function  
of the  tap  posi tion .  

For tap  pos i ti ons  beyond  the  rated  tap-changer posi ti on  (from  tap r+1  to  tapmax) :  

 ( ) ( ) 21r1r taptaptap mRR ×−+= ++  (29)  

For tap  pos i ti ons  below the  rated  tap  pos i tion  (from  tapmin  to  tapr) :  

 ( ) ( ) 1rr taptaptap mRR ×−+=  (30)  

9.4 Load  factor 

The wind ing-to-oi l  temperature  rise  main l y depends  on  the  l oad  factor.  K i s  not  dependent on  

the  tap  posi ti on .  
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Annex A 
(informative)  

 
Insulation  l i fe  expectancy and  relative  ageing  rate  

considering  oxygen  and  water effect 

A.1  Insulation  l i fe  expectancy  

Ageing  or change of pol ymerization  of paper insu lation  i s  often  described  as  a  fi rst order 
process  that can  be  described  by the  fo l l owing  Arrhen ius  equation :  

 )273(

startend

h

A
11 +×

−
××=− θR

E

etA
DPDP

  (A. 1 )  

where  

DPend  i s  the  insu lation  DP  va lue  at the  moment of the  sampl i ng  or the  end  of l i fe  cri terion ;  

DPstart  i s  the  i n i ti a l  i nsu lation  DP  va lue ;  

A  i s  the  pre-exponen tia l  factor in  1 /h ;  

EA  i s  the  acti vation  energy i n  kJ /mol ;   

t  i s  the  l i fe  time  of a  transformer in  h ;  

R  i s  the  gas  constant  i n  J /(K·mol ) ;  

θh  i s  the  hot-spot  temperatu re,  °C.  

Arrhen ius  extrapolations  assume that a  chem ical  degradation  process  i s  con trol led  by a  
reaction  rate  k proportional  to  exp(−EA/RT) ,  where  EA  i s  the  Arrhen ius  acti vation  energy,  R  the  
gas  constant (8, 31 4  J /(K·mol ),  T the  absolu te  temperature  and  A  the  pre-exponentia l  factor.  
The  pre-exponent va lue  A  i s  a  constan t depend ing  on  the  chem ical  envi ronment.  I n  an  
Arrhen ius  plot,  the  natural  logari thm  of the  ageing  rate  ( l n  k)  i s  p l otted  against the  i nverse  
absolu te  temperature  (1 /T)  and  a  stra ight l i ne  i s  obta ined  as  shown  in  F igu re  A. 1  – i l l ustrati ng  
how the  ageing  rate  depends  on  temperature.  The  cond i ti on  for ach ieving  a  stra igh t l i ne  i s  
that  i t  i s  the  same ageing  process  over the  whole  temperature  range.  The  activation  energy 
describes  how much  the  reaction  rates  depend  on  temperature;  i f the  ageing  process  is  
i ndependent of temperature  the  activation  energy is  zero  and  the  l i ne  becomes paral l e l  wi th  
the  x-axis,  wh i le  i f i t  i ncreases  fast wi th  i ncreasing  temperature  the  l ine  fal l s  qu ickl y.  One  
shou ld  bear i n  m ind  that A  and  EA  va lues  come i n  pairs .  I n  princip le,  EA  i s  the  s l ope  of the  l i ne  
i n  F i gure  A. 1 ,  and  the  A -value  i s  the  va lue  of i n terception  wi th  a  vi rtual  y-axis  from  0,  the  
h igher the  va lue  the  h i gher the  l ocation  of the  curve  above the  abscissa  and  the  ageing  i s  
faster.  The  poin t i s  that  a  smal l  change i n  s l ope  wi l l  i n fl uence the  A -value  s i gn i ficantl y.  

NOTE  The  temperatu re  and  moisture  va l ues  used  i n  the  transformer l i fe  estimation  a lways  refer to  the  same 
l ocation .   
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1 /T i nverse  absol u te  hot-spot  temperature   

l n  k l ogari thm  of the  agei ng  rate  

Figure A. 1  – Arrhen ius  plot  for an  ageing  process  

Knowing  the  end-of-l i fe  (EOL)  cri terion  we  can  rearrange  the  Equation  (A. 1 )  to  express  l i fe  
expectancy,  texp ,  as  a  function  of hot-spot  temperature  θh ,  and  the  parameters  EA  and  A :  

 ( )years
36524

11

)273(startend
exp

h

A

+××
××

−
= θR

E

e
A

DPDP
t  (A. 2)  

The  feas ibi l i ty of th is  procedure  depends  on  a  val i d  se lection  of EA  and  A  va lues.  As  main  
resu l t of extensive  research  work (see  references  [9]  to  [1 5] ) ,  the  acti vation  energy over the  
range  from  70  °C  to  1 60  °C  was  calcu lated  and  an  A  val ue  was  estimated  for each  s i ng le  case  
based  on  the  fi rst order ageing  models .  The  correspond ing  coefficien ts  appl icable  to  the  
power transformers,  where  o i l  i s  separated  from  and  i n  con tact wi th  a i r,  are  provided  in   
Table  A. 1 .  

Table  A. 1  – Activation  energy (EA)  and  environment  factor (A )  for oxidation ,  hydrolysis  

Paper type/ageing  parameters  
Free from  ai r 
and  0 ,5  %  
moisture    

Free  from  ai r 
and  1 , 5  %  
moisture    

Free  from  ai r 
and  3,5  %  
moisture    

Wi th  ai r 
and  0, 5  %  
moisture  

Non-thermal l y 
upg raded  paper 

A   (h -1 )  4 , 1   ×   1 0 1 0  
1 , 5   ×   1 0 1 1  4 , 5   ×   1 0 1 1  4 , 6   ×   1 05  

E
A
  (kJ /mol )    1 28  1 28  1 28  89  

Thermal l y upgraded  
paper 

A   (h -1 )
 

1 , 6   ×   1 04  3 , 0   ×   1 04  6 , 1   ×   1 04  3 , 2   ×   1 04  

E
A
  (kJ /mol )   86  86  86  82  

 

The resu l ts  of the  expected  l i fe  based  on  coefficien ts  g iven  in  Table  A. 1 ,  and  starti ng  wi th  a  
DP  of 1   000  and  end ing  wi th  a  DP  of 200,  i . e .  as  “end  of l i fe  cri teria” ,  for a  range  of hot-spot 
temperatures  are  shown  i n  Table  A. 2 .  The  correspond ing  g raph ical  i l l ustration  considering  the  
i n fl uence of temperature,  oxygen  and  moisture  content i s  shown  in  F igure  4  and  F igure  5 .  

IEC  

I n  k  

EA  

1 /T 
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Table  A.2  – Expected  l i fe  of paper under various  conditions  

Paper type/ageing  temperature  

Expected  l i fe   

years  

Free  from  ai r 
and  0, 5  %  
moisture  

Free  from  ai r 
and  1 , 5  % 
moisture  

Free  from  ai r 
and  3, 5  %  
moisture  

Wi th  ai r 
and  0 ,5  %  
moisture  

Non-thermal l y 
upgraded  paper at  

80  °C  97, 3  26, 6  8 , 9  1 4, 7  

90  °C  29, 3  8  2 , 7  6 , 4  

98  °C  1 1 , 7  3 , 2  1 , 1  3 , 4  

1 1 0  °C  3 , 2  0 , 9  0 , 3  1 , 4  

Thermal l y upgraded  
paper at  

80  °C  1 51 , 9  81  39, 9  1 9, 4  

90  °C  67, 8  36, 1  1 7, 8  9  

98  °C  36, 7  1 9, 6  9 , 6  5  

1 1 0  °C  1 5, 3  9, 6  4  2 , 2  

 

A.2  Relative ageing  rate  considering  oxygen  and  water effect 

I n  6 . 3,  the  rate  of ageing  of the  i n terturn  i nsu lation  of transformers  under the  effect of time 
and  temperature  is  referred  to  a  hot-spot temperature  of 98  °C  and  1 1 0  °C  for the  non-
thermal l y and  thermal l y upgraded  paper,  respectivel y.  Further,  the  re lative  ageing  rate  V i s  
defined  accord ing  to  Equations  (2)  and  (3) .  These  equations  are  based  on  the  l i fe  expectancy 
formu la  of Monts inger [25] ,  and  Dakin ’s  ageing  rate  formu la  [26] ,  wh ich  are  a  s impl i fication  of 
the  more  general  Arrhen ius  relation  g i ven  in  Equation  (A. 1 ),  and  val id  on l y i n  a  l im i ted  
temperature  range.  On  the  other hand ,  the  I EEE  Load ing  Gu ide  [27] ,  recommends  
Equation  (3),  wh ich  is  an  equ ivalen t to  the  acceleration  ageing  factor,  FAA,  for a  wide  range  of 
temperatures.  Further,  Equations  (2)  and  (3)  imply that the  ageing  rate  is  on l y dependent on  
the  hot-spot temperature  and  do  not cons ider d i fferen t i nsu lation  cond i tions,  wh ich  are  
defined  i n  references  [9]  to  [1 5] .  

Therefore,  i f the  ageing  rate  of the  paper i nsu lation  i s  g i ven  as  fo l l ows:  
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and  i f an  ageing  rate  at a  certa in  temperature  and  at an  i nsu lation  cond i tion  is  chosen  to  be  
the  rated  one,  kr,  then  the  ageing  rate,  k,  determ ined  for any temperature  and  i nsu lation  
cond i ti on  can  be  related  to  th is  rated  rate,  kr,  by a  new re lati ve  ageing  rate,  V,  g i ven  as  thei r 
ratio  [28] :  
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where   

the  subscript r  stands  for the  rated  cond i ti on .  

The  chosen  rated  i nsu lation  cond i tion  for both  the  non- thermal l y and  thermal l y upgraded  
paper is  “free  from  ai r and  0 , 5  % moisture”  taken  from  Table  A. 1 .  Also,  s im i l ar to  the  approach  
g i ven  in  C lause 6,  the  rated  re lati ve  ageing  rate  V =  1 , 0  at th is  cond i tion  corresponds  to  a  
temperature  of 98  °C  for non-thermal l y upgraded  paper and  to  1 1 0  °C  for thermal l y upgraded  
paper.  



I EC 60076-7: 201 7  © I EC  201 7  – 45  – 

The  ca lcu lated  re lative  ageing  rates  for d i fferent temperatures  and  insu lation  con tam ination  
cond i ti ons  are  compared  wi th  values  g i ven  in  Table  1 .  The  resu l ts  are  summarized  i n  
Table  A. 3  and  Table  A.4 .   

The  same cou ld  be  appl i ed  to  improve  the  I EEE  equations  for the  ageing  acceleration  factor,  
FAA,  and  the  equ iva len t ageing  factor,  FEQA.   

I t  i s  obvious  from  the  tables  that the  dom inan t ageing  factor at h i gher temperatures  for the  
kraft paper is  the  moistu re.  However,  at lower temperatures  the  oxygen  i n fl uence  wi l l  prevai l ,  
Table  A. 3.  On  the  other hand ,  the  main  factor responsible  for the  thermal l y upgraded  paper 
ageing  over the  range  of the  temperatures  i s  oxygen,  Table  A. 4.  Th is  i s  i n  l i ne  wi th  the  
conclus ions  i n  [1 3 ] .  

Table  A.3  – Relative  ageing  rates  due to  hot-spot temperature,  oxygen  
and  moisture  for non-upgraded  paper insu lation  

Temperature  

°C  

Relative  ageing  rate,  V 

Table  1  Free  from  ai r 
and  0 , 5  %  
moisture  

Free  from  ai r 
and  1 , 5  %  
moisture  

Free  from  ai r 
and  3,5  %  
moisture  

Wi th  ai r 
and  0 ,5  %  
moisture  

80  0, 1 25  0 , 1 2  0 , 44  1 , 323  0 , 80  

86  0 , 25  0 , 25  0 , 91  2 , 742  1 , 32  

92  0 , 5  0 , 50  1 , 84  5 , 548  2 , 1 6  

98  1 , 0  1 , 00  3 ,66  1 0, 976  3,47  

1 04  2  1 , 94  7 , 08  21 , 245  5, 50  

1 1 0  4  3 , 67  1 3 , 43  40, 281  8 , 58  

1 1 6  8  6 , 82  24, 96  74, 880  1 3, 21  

1 22  1 6  1 2 , 44  45, 53  1 36, 601  20, 07  

1 28  32  22, 30  81 , 58  244, 755  30, 1 0  

1 34  64  39, 27  1 43, 69  431 , 061  44, 62  

1 40  1 28  68, 04  248, 93  746, 802  65, 39  

The  relati ve  agei ng  rates,  V,  for d i fferent  agei ng  factors  at  temperature  of 98  °C  are  i n d icated  to  be  compared  to  
the  rated  i nsu lati on  cond i ti on ,  i . e.  where  the  relati ve  agei ng  rate  i s  1 .  
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Table  A.4  – Relative  ageing  rates  due to  hot-spot temperature,  oxygen  
and  moisture  for upgraded  paper insu lation  

Temperature  

°C  

Relative  ageing  rate,  V 

Table  1  Free  from  ai r 
and  0 , 5  %  
moisture  

Free  from  ai r 
and  1 , 5  %  
moisture  

Free  from  ai r 
and  3,5  %  
moisture  

Wi th  ai r 
and  0 ,5  %  
moisture  

80  0, 036  0 , 1 0  0 , 1 9  0 , 38  0 , 79  

86  0 , 073  0 , 1 6  0 , 31  0 , 63  1 , 25  

92  0 , 1 45  0 , 26  0 , 5  1 , 00  1 , 97  

98  0 , 282  0 , 42  0 , 78  1 , 59  3 , 05  

1 04  0 , 536  0 , 65  1 , 22  2 , 48  4 , 66  

1 1 0  1 , 00  1 , 00  1 , 88  3, 81  7 , 02  

1 1 6  1 , 83  1 , 52  2 , 84  5, 78  1 0 , 45  

1 22  3 , 29  2 , 27  4 , 26  8, 66  1 5, 36  

1 28  5, 8  3 , 36  6 , 30  1 2 , 82  22, 32  

1 34  1 0 , 07  4 , 91  9 , 22  1 8, 74  32, 07  

1 40  1 7, 2  7 , 1 1  1 3 , 33  27, 1 2  45, 60  

The  re l ati ve  agei ng  rates,  V,  for d i fferent  ageing  factors  at  temperatu re  of 1 1 0  °C  are  i nd i cated  to  be  compared  
to  the  rated  i nsu lati on  cond i ti on ,  i . e .  where  the  relati ve  ageing  rate  i s  1 .  

 

The l oss  of l i fe,  L ,  over certa in  period  of time is  ca lcu lated  as  g i ven  in  6. 4 .  
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Annex B  
(informative)  

 
Core temperature  

B.1  General  

I n  transformer cores,  there  are  two d i fferent core  hot-spots  wh ich ,  i f not control led ,  can  cause  
i nsu lation  materia l  degradation  and  subsequent gass ing .  

a)  Core  hot-spot ins ide  the  core,  shou ld  be  l im i ted  to  1 30  °C  under cond i tions  of h ighest core  
exci tation ,  rated  load  and  maximum  ambient temperature.  Th is  i s  i n  order to  prevent the  
core  heating  wh ich  resu l ts  in  the  break-up  of the  th i n  o i l  fi lm  between  core  l am inations,  
the  consequence of wh ich  i s  the  generation  of main l y H 2  and  CH4 ,  i n  add i ti on  to  smal l  
quanti ti es  of other h ydrocarbons  [29] ,  [30] .  I t  i s  importan t to  understand  that any poss ib le  
o i l  gas  saturation  shou ld  be  prevented .  

b)  Core  surface  hot-spot,  wh ich  i s  i n  con tact wi th  oi l  and  sol i d  i nsu lation  materials ,  shou ld  be  
l im i ted  accord ing  to  Table  2 .  

B.2  Core hot-spot locations  

The l ocation  of the  in ternal  core  hot-spot depends  largel y on  the  core  type  and  whether i t  i s  a  
shel l  form  or a  core  form  transformer.  I n  the  most common  core  type  (three-phase,  three- l imb 
cores),  th is  hot-spot i s  l ocated  i n  the  m idd le  of the  top  yoke  between  cool ing  ducts.  I n  other 
core  types,  the  l ocation  of the  core  hot-spot  i s  typ i cal l y at  the  top  of the  m idd le  core  l imb [30] .  

The  tota l  core  surface  temperature  rise  is  the  sum  of the  fol lowing  three  components :  

a)  temperature  rise  due  to  the  l eakage fl ux imping ing  on  the  surface  of the  l am inations  of the  
ou termost core  step(s)  – th is  va lue  can  vary from  a  few ke lvins  to  several  tens  of kelvins  
over the  ad j acent o i l  d epend ing  on  the  transformer wind ing ,  core,  and  tank sh ield ing  
des ign ;  

b)  temperature  rise  due  to  the  main  fl ux i n  the  core  – th is  va lue  can  again  vary from  a  few 
kelvins  to  several  tens  of kelvins  over the  ad j acent oi l  depend ing  on  the  transformer core  
des ign  (d iameter and  number of cool i ng  ducts) ,  core  induction ,  and  core  materia l ;  

c)  temperature  rise  of the  o i l  around  the  area  of the  surface  hot-spot.  

Therefore,  i n  a lmost al l  cores,  th is  core  surface  hot-spot i s  not l ocated  i n  the  yoke  but i s  
l ocated  at the  top  of the  m idd le  core- l imb,  where  the  l eakage fl ux enters  the  surface  of the  
core  l am inations.  Also,  the  re lative  magn i tudes  of the  temperature  rise  due  to  the  leakage fl ux 
versus  the  rise  due  to  the  core  main  fl ux depends  whol l y on  the  design  of the  transformer.  

Consequentl y,  the  correct way to  determ ine  the  core  surface  hot-spot i s  to  determ ine  the  
temperature  i ncrease  at rated  l oad  ( i nclud ing  temperature  rise  of ad j acent  o i l )  and  add  to  i t  
the  temperature  rise  due  to  the  h i ghest core  over-exci tation .  These  temperatures  are  to  be  
determ ined  for the  appropriate  l ocation  of the  core  surface  hot-spot  in  the  core  type  
evaluated .   
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Annex C  
(informative)  

 
Specification  of loading  beyond  rated  power  

This  document g ives  advice  on  the  calcu lation  of the  capabi l i ty of an  existi ng  transformer to  
be  l oaded  beyond  rated  power.  Al l  transformers  wi l l  have  some overload  capabi l i ty.  However 
s i nce  no  speci fic load ing  requ i rements  beyond  rated  power are  speci fied  i n  I EC  60076-1  [5 ]  or 
I EC 60076-2  [52] ,  i t  i s  up  to  the  purchaser to  speci fy any particu lar l oad ing  requ irements  
( l oad ,  duration  and  ambien t temperature) .   

Specification  of l oad ing  beyond  rated  power can  be  done  i n  the  fo l lowing  ways.  

a)  Long  time emergency l oad ing  

S ince  the  hot-spot temperature  l im i t i n  I EC  60076-2  i s  l ess  than  that g iven  i n  Table  2 ,  i t  i s  
poss ib le  to  have  an  i ncreased  load ing  avai lable  for emergency s i tuations  provided  that the  
l oss  of l i fe  i s  accepted .  The  extent of th is  l oad ing  capabi l i ty wi l l  d epend  on  ambien t  
temperature,  wh i l e  pre load  and  the  duration  of load ing  are  on l y re levant to  l oss  of l i fe .  

The  fo l l owing  need  to  be  speci fied  at the  enqu iry s tage:  

1 )  the  ambient  temperature  at  wh ich  the  l oad ing  i s  requ i red ;  

2)  the  l oad  as  per un i t (p. u . )  of rated  curren t;  

3)  the  wind ing(s)  to  wh ich  the  load ing  is  to  be  appl i ed ;   

4)  the  tap  pos i ti on ;  

5)  the  cool i ng  s tage(s)  i n  service.  

I f l oad ing  accord ing  to  th is  document i s  speci fied ,  then  the  transformer shou ld  not exceed  
the  temperatures  and  curren ts  g iven  i n  Table  2  and  Table  3,  respectivel y,  under the  
fol l owing  cond i ti ons:  

•  a  yearl y average  ambien t  temperature  (20  °C  un less  otherwise  speci fied) ;  

•  curren t flowing  i n  the  h i ghest rated  wind ing  i s  considered ;  

•  the  tap  posi tion  that g i ves  the  rated  vol tage  on  the  l ower vol tage  s i de  wi th  rated  
vol tage  on  the  h igher vol tage  s i de  taking  account of the  vol tage  d rop  caused  by th e  
l oad  for a  un i ty power factor load ;  

•  a l l  normal  cool i ng  i n  service  bu t wi th  no  standby cool i ng  capaci ty.  

b)  Short time  emergency l oad ing  

I f the  transformer i s  used  at a  l oad  l ess  than  rated  current,  then  there  wi l l  be  an  add i tional  
short t ime l oad ing  capabi l i ty caused  by the  thermal  time constan ts  of the  o i l  and  wind ings.  
I f a  speci fic short time  l oad ing  capabi l i ty i s  requ i red  then  the  fo l lowing  need  to  be  
speci fied :  

1 )  the  ambient temperature  at  wh ich  the  l oad ing  i s  requ i red ;  

2)  the  short  time curren t that i s  requ ired  i n  p. u .  of rated  curren t;  

3)  the  wind ing(s)  to  wh ich  the  load  wi l l  be  appl ied ;  

4)  the  tap  pos i ti on ;  

5)  the  preload  curren t appl i ed  before  the  short time  emergency l oad ing  i n  p . u .  of rated  
curren t;  

6)  the  duration  of the  load ing ;  

7)  the  cool i ng  stage(s)  i n  service.  

I f l oad ing  accord ing  to  th is  document i s  speci fied ,  then  the  transformer shou ld  not exceed  
the  temperatures  and  cu rrents  g i ven  in  Table  2  and  Table  3 ,  respective l y,  and  under the  
fol l owing  cond i ti ons:  

•  a  yearl y average  ambien t  temperature  (20  °C  un less  otherwise  speci fied);  
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•  curren t flowing  i n  the  h ighest rated  wind ing  i s  considered ;  

•  the  tap  posi tion  that g i ves  the  rated  vol tage  on  the  l ower vol tage  s ide  wi th  rated  
vol tage  on  the  h i gher vol tage  s i de  taking  account of the  vol tage  drop  caused  by the  
preload  for a  un i ty power factor l oad ;  

•  a  preload  of 0 , 75  p. u . ;  

•  a  duration  of 1 5  m in ;  

•  a l l  normal  cool i ng  i n  service  appropriate  to  the  pre load  cond i ti on  bu t wi th  no  s tandby 
cool ing  capaci ty 

c)  Load ing  accord ing  to  a  speci fic cycle  

Speci fy i n  detai l  the  l oad  and  ambient temperature  cycles .  
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Annex D  
(informative)  

 
Description  of Q,  S  and  H factors  

I EC 60076-2  notes  a lso  that the  hot-spot factor H i s  obtained  by the  product of the  Q  and  S  

factors :  

 H =  QS  (D . 1 )  

The  Q and  S  factors  are  d imension less  factors  described  i n  I EC  60076-2  as:  

•  Q  i s  “a  d imension less  factor to  estimate  the  i ncrease  of the  average  wind ing  grad ient due  
to  the  l ocal  i ncrease  of add i tional  loss . ”   

•  S i s  “a  d imension less  factor to  estimate  the  local  i ncrease  of the  average  wind ing  g rad ient 
due  to  the  variation  i n  the  o i l  fl ow stream . ”  

Accord ing  these  defin i ti ons,  Q  shou ld  be  calcu lated  by model l ing  the  wind ing  wi th  the  correct 
heat l oss  d istribu tion ,  bu t wi th  un i form  oi l  veloci ty.  The  Q  factor i s  then  the  ratio  of the  
maximal  wind ing  to  l ocal  o i l  g rad ien t over the  average  wind ing  to  average  o i l  g rad ient.  

On  the  other hand ,  S shou ld  be  ca lcu lated  by model l ing  the  wind ing  wi th  un i form  heat l osses  
and  wi th  the  correct o i l  ve loci ty i ns ide  the  wind ing .  The  S  factor i s  the  ratio  of the  maximal  
wind ing  to  l ocal  o i l  g rad ient over the  average  wind ing  to  average  o i l  g rad ien t.  

However after calcu lati ng  Q  and  S  i n  l i ne  wi th  the  I EC  60076-2  defin i ti on ,  the  hot-spot factor H 
cannot  be  ca lcu lated  d i rectl y as  the  product of Q  and  S  factors,  as  mentioned  i n  I EC  60076-2,  

because:  

– d iscs  wi th  maximal  Q  factor and  d iscs  wi th  maximal  S factor can  (and  probabl y wi l l )  be  
d i fferent d iscs;  

– when  model l ing  the  wind ing  wi th  correct heat l oss  d istribution  and  o i l  flows,  Q  and  S  
factors  wi l l  not  be  independent from  each  other as  expla ined  later.  

For the  above reasons ,  CIGRE WG  A2. 38  [1 8]  proposes  more  practical  defin i tions  of Q  and  S  
and  H factors,  as  g i ven  below.  

The  H factor can  be  derived  ou t of F i gure  6  and  is :  
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=  (D. 2)  

Equation  (D. 2)  i s  d i fferen t from  the  current I EC 60076-2  defin i ti on ,  because  the  hot-spot 
temperature  i s  referenced  to  the  m ixed  top-oi l ,  wh i l e  i ncrease  i n  l ocal  wind ing  to  o i l  g rad ient 
refers  to  l ocal  wind ing  o i l .  

Th is  formu la  for H has  the  fol lowing  advantages:  

– the  H factor can  be  calcu lated  d i rectl y from  the  calcu lation  resu l ts  (calcu lated  wi th  correct 
l oss  and  o i l  flow d istribution) ;  

– th is  i s  the  correct hot-spot factor to  pred ict  the  hot-spot temperature  ou t of the 
temperature  rise  resu l ts ,  obtained  in  the  s tandard  temperature  rise  test;  

– th is  hot-spot factor can  a lso  be  checked  i n  case  fibre  optic measurements  are  made  (the  
hot-spot temperature  i s  known);  
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– the  hot-spot i s  not a lways  located  at the  top  of the  wind ing .  However,  th is  formu lation  is  a  
practical  solu tion  to  overcome th is  i ssue.  

The  Q  factor i s  a  d imension less  factor as  a  ratio  of two  l osses,  and  i n  cyl i ndrica l  coord inates  

can  be  defined  as:  

 ( ) ave,,, QTzrQQ ϕ=  (D. 3)  

where   

Q(r,  z,  φ,  T)   i s  the  local  l oss  dens i ty at a  l ocation  (W/m3) ;   

r   i s  the  rad ia l  pos i tion ;   

φ   i s  the  ang le  in  ci rcumferentia l  pos i tion ;   

z   i s  the  axia l  posi tion ;   

T  i s  the  local  temperature  at (r,  z,  φ) ,  and   

Qave   i s  the  average  loss  of the  wind ing  at  average  temperature.  

For ca lcu lation  purposes,  one  can  redefine  the  Q  factor for a  d isc wind ing  i n  wh ich  each  d isc  
has  several  conductors  i n  rad ia l  d i rection  and  cons ists  of numerous  d iscs  in  axia l  d i rection ,  
as:  

 ( ) ave,,_,___ QTnumberdiskdiscinnumberconductorQQ ϕ=  (D . 4)  

The  Q  factor i s  a  sca lar function  and  i s  based  on  the  s teady s tate  cond i ti on  of a  defined  
l oad ing  at a  defined  tap  posi tion  ( i f appl icable) .  

I t  i s  important to  note  that the  Q  factor i n  th is  defin i ti on  i s  not a  ratio  of temperatures  bu t a  
ratio  of l osses.   

F i nal l y the  S  factor used  i n  th is  document i s  defi ned  as:  

 
Q

H
S =  (D. 5)  

wh ich  can  be  eas i l y calcu lated  as  soon  as  H and  Q  are  known .  

Th is  S factor i s  an  i nd ication  of the  l ocal  cool ing  i nefficiency.  H igher S  factor means  h igher 

l ocal  temperature  grad ient thus  worse  cool ing  efficiency.  

Accord ing  to  the  current I EC  60076-2  ca lcu lation  th is  S  factor shou ld  be  calcu lated  as  the  
ratio  of l ocal  hot-spot g rad ient over wind ing  grad ient wi th  constan t heat l osses.  Wi th  th is  
defin i tion  the  S factor i s  proportional  to  the  ratio  of two thermal  res istances,  resu l ting  i n :  

 ( ) ave,,, STzrSS ϕ∝  (D. 6)  

where   

S(r,  z,  φ ,  T)  i s  the  local  cool ing  res istance  (K/W),  and   

Save   i s  the  average  cool ing  resistance  (K/W).   

We shou ld  note  that  heat transfer can  be  i n  d i fferen t d i rections.  The  (overal l )  l ocal  heat 
transfer cons ists  of series  and  paral l el  parts,  such  as :  

– the  i nsu lation  between  the  neighbouring  conductors,  that are  i n  d i rect contact wi th  each  
other,  i n  the  rad ia l  d i rection .  
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– the  insu lation  paper and  o i l  boundary l ayer between  conductor and  the  o i l  flow in  axial  
d i rection .  Note  that heat transfer functions  for the  o i l  boundary l ayer are  often  function  
of q″ .   

–  the  copper (wh ich  a lmost can  be  neg lected)  i n  the  tangentia l  d i rection .  

Th is  impl ies  that the  Q  and  S  factors  are  not fu l l y i ndependent,  because  they are  l i nked  by 
temperature,  heat fl ux,  etc.  For example,  i f the  l ocal  l osses  are  h igher,  the  local  temperature  
wi l l  a l so  i ncrease  and  wi l l  i n fluence the  l ocal  flow stream  and  the  local  convection  heat  
transfer coefficien t from  conductor to  o i l .  

Remark 1  We shou ld  note  that  the  s i ze  of one  (paper i nsu lated)  conductor i s  the  smal lest 
e lemen t i n  wh ich  one  calcu lates  the  l osses.  I nside  each  e lement there  exists  the  same 
temperature,  so  thermal  res istances  i nside  the  e lement are  neg lected .  I n  the  case  one  
calcu lates  the  Q  factor based  on  a  number of conductors  i n  one  (or sometimes  even  4)  top  
d iscs,  one  i ncreases  i n  essence  the  e lement s i ze  to  a  l arge  extent  and  one  neg lects  the  
temperature  d istribu tion  between  conductors  i n  the  d isc (and  even  between  d iscs),  wh ich  
resu l ts  i n  a  too  l ow estimate  of the  hot-spot.  The  approach  of us ing  one  or more  d iscs  as  
smal l est e l ement resu l ts  i n  a  too  l ow estimate  of the  hot-spot  temperature  and  shou ld  be  
rejected .    

Remark 2  I n  the  case  of a  h i gh  Q  factor i n  a  transformer,  one  is  able  to  l im i t  the  hot-spot  
factor by creating  l ocal l y more  cool i ng  surface  and  so  des ign  for a  l ow S  factor at that 
l ocation .  Th is  pri nciple  i s  easy to  do  by add ing  an  axia l  cool ing  channel  ins ide  a  rad ia l  spacer 
d isc or by add ing  a  rad ia l  spacer i ns ide  a  wind ing  wi th  axia l  cool ing  channels.  The  l ocation  of 
the  hot-spot does  not necessari l y have  to  correspond  wi th  the  l ocation  of the  maximum  
losses.  
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Annex E  
(informative)  

 
Calculation  of winding  and  oi l  time constant 

The wind ing  time constant  i s  as  fo l lows:  

 
w

ww

60
w

P

gcm
τ

×
××

=  (E . 1 )  

where  

τw  i s  the  wind ing  time  constan t i n  m in  at  the  l oad  considered ;  

g   i s  the  wind ing-to-oi l  g rad ien t i n  K at the  load  considered ;  

mw i s  the  bare  mass  of the  wind ing  in  kg ;  

cw   i s  the  speci fic  heat of the  conductor materia l  i n  Ws/(kg· K)  (  390  for Cu  and  890  for Al ) ;  

Pw   i s  the  wind ing  l oss  i n  W  at the  l oad  considered .  

Another form  of Equation  (E . 1 )  i s  

 
( )

Cu  for  
1

2,75w 2
e sP

g
τ

×+
×=  (E . 2)  

 
( )

  Alfor  
1

1 ,1 5w 2
e sP

g
τ

×+
×=  (E . 3)  

where  

Pe   i s  the  re lati ve  wind ing  eddy l oss  i n  p. u . ;  

s   i s  the  current dens i ty i n  A/mm 2  at  the  load  considered .  

The  top-oi l  t ime  constan t i s  ca lcu lated  accord ing  to  the  princip les  i n  references  [27]  and  [31 ] .  
I t  means  that the  thermal  capaci ty C for the  ONAN ,  ONAF,  OF  and  OD  cool ing  modes  i s :  

 OOOTTFEFEWW mckmcmcmcC ××+×+×+×=  (E . 4)  

where  

mW   i s  the  mass  of coi l  assembly i n  kg ;  

mFE   i s  the  mass  of core  i n  kg ;  

mT   i s  the  mass  of the  tank and  fi ttings  i n  kg  (on l y those  portions  that are  i n  contact wi th  
heated  o i l  shou ld  be  used ,  i . e.  2 /3  of tank weigh t shou ld  be  cons idered) ;  

mO   i s  the  mass  of o i l  i n  kg ;  

cw  i s  the  speci fic heat capaci ty of the  wind ing  materia l  (390  for Cu  and  890  for Al )  i n  
Ws/kgK;  

cFE  i s  the  speci fic  heat  capaci ty of the  core  (=  468)  i n  Ws/kgK;  

cT   i s  the  speci fic  heat  capaci ty of the  tank and  fi tti ngs  (=  468)  i n  Ws/kgK;  

cO  i s  the  speci fic  heat capaci ty of the  oi l  (=  1 800)  i n  Ws/kgK;  

kO   i s  the  correction  factor for the  oi l  i n  the  ONAF,  ONAN ,  OF  and  OD  cool i ng  modes.  

The  correction  factor for the  oi l ,  kO ,  i s  the  ratio  of average  to  maximum  top-oi l  temperature  

rise.  
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NOTE  I t  i s  apparen t that  a l l  the  oi l  i n  a  transformer i s  not  heated  to  the  same temperatu re  as  the  top-oi l .  The  ratio  
of average  to  maximum  top-oi l  temperatu re  ri se  ranges  from  65  % to  95  % depend ing  on  des ign .  I f the  
correspond ing  temperature  ri ses  are  not  known  then  an  average  val ue  of these  fi gu res,  i . e .  80  %,  i s  used  as  the  oi l  
correction  factor for ONAN  and  ONAF  cool i ng  modes.  For the  forced-oi l  cool i ng  modes,  e i ther OF  or OD,  and  
d i stri bu tion  transformer wi thout  external  rad iators  the  correcti on  factor i s  1 00  %.  

The top-oi l  t ime  constan t at  the  l oad  cons idered  is  g iven  by the  fol lowing :  

 
P

θC
τ

×
∆×

=
60

oo
o  (E. 5)  

where  

τo  i s  the  top-oi l  time  constant in  m in ;  

∆θo  i s  the  top-oi l  temperature  rise  above  ambien t temperature  in  K at  the  l oad  cons idered ;  

P   i s  the  suppl ied  l osses  i n  W at the  l oad  cons idered .  
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Annex F  
(informative)  

 
Thermal  model  parameters  

F.1  General  

As defined  i n  8 . 2 . 3 ,  the  fi rst  g rad ien t ∆θh1  (Equations  (7)  and  (1 3)  wi th  thermal  constants  k21  
and  k22)  represents  the  fundamental  hot-spot temperature  rise,  before  the  effect of chang ing  

o i l  fl ow past the  hot-spot  i s  taken  in to  account.  The  second  grad ient ∆θh2  (Equations  (8)  and  
(1 4)  wi th  parameters  k21  −  1  and  k22)  represents  the  varying  rate  of o i l  flow past  the  hot-spot,  
a  phenomenon  wh ich  changes  much  more  s lowly.  The  combined  effect of these  two terms  i s  
to  account for the  fact that a  sudden  rise  i n  l oad  curren t may cause  an  otherwise  
unexpected l y h igh  peak i n  the  hot-spot temperature  rise,  very soon  after the  sudden  l oad  
change.  S im i l arl y,  thermal  constant  k1 1  i n  Equations  (5)  and  (1 1 )  acts  as  a  correction  factor 
for the  top-oi l  time  constant,  taking  in to  account the  fact that the  time constant i s  be ing  
affected  in  a  l ength  of the  time by the  viscos i ty change.   

The  procedure  to  estimate  these  thermal  constants  from  a  prolonged  heat-run  test during  the  

“no-load  l oss  +  l oad  l oss”  period  is  defined  in  C lause  F. 2.  The  thermal  constan t estimation  
procedure  from  service  data  i s  defi ned  in  [1 8] .    

The  model  i n  th is  document represents  the  trad i ti onal  way of model l i ng  based  on  many years  
of experience  [21 ] ,  [31 ] ,  [33]–[39] ,  and  i t  has  been  veri fied  under d i fferen t operational  
cond i tions  [1 8] ,  [21 ] ,  provid ing  satisfactory hot-spot temperature  estimates.  Being  based  on  
constan t parameters  the  model  provides  exponentia l  response  for predefined  thermal  
processes,  and  as  such  i ts  further development i n  th is  form  cou ld  be  l im i ted .  However,  due  to  
extreme simpl ici ty i n  appl ication  i n  the  da i l y l i fe  of an  eng ineer,  i t  i s  sti l l  cons idered  
appropriate.   

On  the  other hand ,  i t  i s  poss ible  to  provide  complete  anal ytical  solu tion  for these  phys ica l  
processes  cons idering  al l  system  variables  (o i l  vi scosi ty,  l oss  change wi th  temperature,  etc. ) ,  
as  i s  partl y i l l ustrated  i n  Clause  F .3 .  Th is  approach  wou ld  demand  a  certa in  change i n  
model l i ng  practice,  for example  deviation  from  trad i tional  x  and  y  exponents.  

F.2  Thermal  constant estimation:  experimental  approach  

The thermal  constant k1 1  shou ld  be  estimated  for the  trans ient top-oi l  rise  temperature  curve  

obtained  during  the  test period  wi th  total  losses  as  fol lows  (see  [32] ) .  

1 )  Define  function  f1 (t) ,  wh ich   describes  the  re lati ve  i ncrease  of the  top-oi l  temperature  rise  
accord ing  to  the  un i t of the  steady-state  value:  

 ( ) ( )( ))/(
1

01 11
τkt

etf
×−−=  (F . 1 )  

2)  Obtain  measured  re lative  increase  of the  top-oi l  temperature  rise  as  per un i t of the  s teady 
state  value,  Mf1 j,  for the  complete  test period :  
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MM
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3)  Perform  non l inear regression  by us ing  the  guess-error approach  (a l ternativel y curve  fi tti ng  
or optim ization  software  a lso  cou ld  be  used)  to  fi nd  the  constan t to  m in im ize  the  sum  of 
squares  of d i fferences  between  f1 j  and  Mf1 j:  
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where  

M i s  a  measured  variable;  

Z i s  a  vector whose e lemen t i s  on l y k1 1  thermal  time constan t;  

f1 j  i s  the  re lati ve  i ncrease  of the  top-oi l  temperature  rise  as  per un i t  of the  steady s tate  
va lue  as  ca lcu lated  from  Equation  (F . 1 );  

Mf1 j  i s  the  measured  re lati ve  i ncrease  of the  top-oi l  temperature  rise  as  per un i t of the  
steady state  value;  

j  i s  the  index for each  time step  over the  test period  wi th  the  tota l  l osses .  

The  i n i tia l  val ue  for the  k1 1  constant  i s  taken  from  Table  4 .  

The  o i l  t ime  constan t value  to  be  set i n  the  function  f1 (t)  at  the  load  considered  is  g i ven  in  

Annex E .  

S im i l ar to  the  top-oi l  thermal  constan t,  k1 1 ,  estimation  procedure,  the  thermal  constan ts  k21  

and  k22  for the  hot-spot to  top-oi l  thermal  g rad ien t are  a lso  obta ined  from  the  part of the  
temperature  rise  test wi th  suppl ied  tota l  l osses  [32 ] .  I n  general ,  th is  approach  i s  acceptable  

due  to  fact that the  shape of the  thermal  curve,  ∆θh(t) ,  F igure  1 4,  i s  not affected  by the  tota l  
suppl ied  l oss  l evel  [22 ] ,  compared  to  when  the  un i t i s  suppl ied  wi th  on l y rated  load  l oss.  
Al ternativel y,  a  techn ica l l y correct procedure  wou ld  demand  add i tional  temperature  tests,  
wh ich  wou ld  be  run  from  the  cold  start un ti l  the  correspond ing  steady s tate  cond i ti ons  wou ld  
be  observed  at the  rated  curren t.  The  procedure  speci fies  that the  transformer wind ing  i s  to  
be  equ ipped  wi th  fibre  optic  sensors.  

1 )  Define  function  f2(t) ,  wh ich  describes  the  re lati ve  i ncrease  of the  hot-spot-to-top-oi l  
g rad ien t accord ing  to  the  un i t  of the  steady-state  value:  

 ( ) ( )( ) ( ) ( )( ))//(
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212

220w22 111
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2)  obtain  measured  re lati ve  increase  of the  hot-spot to  top-oi l  g rad ient,  Mf2 j,  as  per un i t  of 
the  s teady s tate  value  for the  complete  test period :  

 
hr

oh
2 θ

θθ

∆

−
= jj

j

MM
Mf  (F . 5)  

3)  perform  non l inear regression  by us ing  guess-error approach  (a l ternativel y curve  fi tting  or 
optim ization  software  cou ld  be  used)  to  fi nd  the  constan t to  m in im ize  the  sum  of squares  
of d i fferences  between  f2 j  and  Mf2 j   

 ( )[ ]2
1 22:minimize ∑ =

−
N

j jj Mfzf  (F . 6)  

where  

M i s  a  measured  variable;  

z  i s  a  vector whose e lements  are  k21  and  k22  constants ;  

f2 j  i s  the  relati ve  i ncrease  of the  hot-spot to  top-oi l  g rad ient as  per un i t  of the  steady state  
value  as  ca lcu lated  from  Equation  (F . 4);  

Mf2 j  i s  the  measured  relative  i ncrease  of the  hot-spot  to  top-oi l  g rad ien t as  per un i t of the  
steady s tate  value;  



I EC 60076-7: 201 7  © I EC  201 7  – 57  – 

j  i s  the  index for each  step  over the  test period  wi th  total  l osses  in troduce the  fol lowing  
constrain t:  maximum  of f2 j  i s  equal  to  maximum  of Mf2 j.  

The  i n i tia l  val ues  for the  k21  and  k22  constan ts  are  taken  from  Table  4 .  

The  wind ing  time constant va lue  to  be  set i n  function  f2 j  i s  ca lcu lated  accord ing  to  procedure 

g i ven  i n  Annex E.  

F.3  Dynamic thermal  model l ing:  further development 

Figure  F . 1  shows the  fi na l  overal l  hot-spot and  top-oi l  thermal  model .  I t  has  the  fol l owing  
features:  

•  i t  uses  the  “curren t source”  concept as  the  copper l oss  and  core  l oss  heat source ;  

•  i t  uses  the  “vol tage  source”  concept as  the  ambien t a i r heat source  (or s i nk),  and  as  the  
“ambien t”  o i l  heat source  (or s ink);  

•  the  non l i neari ties  are  i ncluded  i n  an  easi l y understood  way;  

•  i t  i s  not  a  compl icated  equ iva len t ci rcu i t;  

•  i t  has  been  veri fied  phys ica l l y,  as  d iscussed  i n  several  papers  [22] ,  [40 ]–[44] .   
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Figure F . 1  – Hot-spot  and  top-oi l  overal l  model  
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Annex G  
(informative)  

 
Oi l  and  winding  exponents  

G.1  General  

The trad i tional  o i l  exponent,  x =  0, 8,  and  wind ing  exponent,  y =  1 , 6,  have  been  used  s i nce  
1 91 6  [33]  in  the  transformer load ing  calcu lus .  Consequentl y,  the  same va lues  were  adopted  
subsequentl y by the  I EC  60076-2  [52]  and  I EC  60354  [4] .  The  background  is  further 
e laborated  i n  C lause  G .2 .  However,  these  exponents  are  transformer speci fic and  any 
suggested  va lues  shou ld  be  used  on l y i n  absence of transformer-speci fic values.  I n  add i tion ,  
i t  has  been  found  that the  recommended  wind ing  exponent of 1 , 6  i s  qu i te  conservative  (see  
[23] ,  [24]  and  [45] ) ,  and  th is  has  been  accounted  for i n  th is  document.  Th is  change is  s ti l l  
i ncl uded  i n  th is  ed i tion  as  g i ven  in  Table  4 .   

Clauses  G . 2  and  G . 3  provide  methods  used  to  defi ne  the  wind ing  and  oi l  exponents  for 
speci fic transformer design .  

G.2  H istorical  background  

I t  was  reported  by Du long  and  Peti t  i n  1 81 7  that the  veloci ty of the  cool ing  due  sole l y to  the  
con tact of a  gas  is  proportional  to  the  excess  of temperature  in  degrees  cen tigrade  ra ised  to  
the  power 1 , 233  [33] .  Based  on  th is ,  Swift [22]  concluded :  “ I t  i s  fascinati ng  that the  reciprocal  
of 1 . 223  i s  approximately 0 . 8 ,  a  va lue  of x  commonl y used  to  th is  day,  for natural  cool i ng  
cond i ti ons! ” .   

I n  1 881 ,  Lorenz derived  for convection  of heat from  vertical  p lane  surface  the  fo l l owing  
re lation  [33] :  

 푃 = 0,548 × �푐×푔×푘푡ℎ3
휈×퐿×휃푚

4
× 휚0 ,5 × ∆휃1 ,25   (G . 1 )  

where   

P   i s  the  loss  d iss ipated  per cm 2 ,   

c   i s  the  speci fic  heat  of gas  at constan t pressure,   

kth   i s  the  gas  thermal  conductivi ty,   

ν   i s  the  gas  viscos i ty,   

θm   i s  the  gas  average  temperature,   

ρ   i s  the  gas  average  densi ty,   

g  i s  the  gravi tational  constan t,   

L   i s  the  he igh t of pl ane,  and   

Δθ   i s  the  d i fference i n  temperature  of p lane  surface  and  of the  gas  at a  great d istance  from  
the  p lane.  

For the  g i ven  room  temperature,  known  p late  design  and  for standard  atmospheric pressure ,  
the  equation  i s  fu rther reduced  to:  

 푃 = 퐶푡푡 × ∆휃1 ,25   (G .2)  

The  resu l t of the  number of tests  conducted  by Mon tsinger [33] ,  where  most of the  heat i s  
d issipated  by convection ,  was  a lmost the  same:  
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 푃 = 퐶푡푡 × ∆휃1 ,245   (G .3)  

where  the  constant Cte  was  determ ined  empirical l y.   

I t  was  then  concluded  that the  convection  for vertical  surface  and  wi th in  operational  range  of 
the  temperatures  can  be  expressed  by Equation  (G.3) .  

A s imple  equation  rearrangement g i ves  temperatu re  rise  variation  wi th  loss  as  fol lows:  

 ∆휃 =
1
퐶푡푡 × 푃1 1 ,25⁄ = 퐶1푡푡 × 푃0 ,8    (G . 4)  

I t  was  found  that Equation  (G. 4)  holds  for top-oi l  ri se  and  for hori zon ta l  d isc coi l s ,  bu t for the  
vertical /l ayer wind ing  design  the  correspond ing  temperature  rise  over top-oi l  varies  between  
0 , 9  and  the  fi rst power of the  l oss .  Now the  correspond ing  temperature  rises  at any l oad  can  
be  found  from  the  fol l owing  mathematical  express ion :  

1 )  Top-oi l  temperature  rise:  

Based  on  Equation  (G . 4),  the  temperature  rise  at rated  l oad  i s  expressed  as  fol lows:  

 ∆휃표표 = 퐶1 ,표푡푡 × 푃표0 ,8   (G .5)  

I f then  Equation  (G. 4)  i s  d i vi ded  by Equation  (G . 5)  the  fol lowing  ratio  i s  obtained :  

 
∆휃표
∆휃표표 =

퐶1푡푡
퐶1 ,표푡푡 ×

푃0 ,8
푃표0 ,8   (G .6)  

Also,  i f for g i ven  design  and  operati ng  temperature  range  the  fol lowing  i s  defined :  

 Cte
1 , r=  C

te
1  (G .7)  

then  Equation  (G . 6)  becomes:  

 ∆휃표 = ∆휃표표 × � 푃
푃표�

0 ,8
  (G .8)  

I t  i s  a lso  known  that P  represents  the  tota l  l osses  when  cons idering  the  top-oi l  
temperature  rise,  wh ich  are  equal  to  the  sum  of the  l oad  l oss ,  P l ,  and  no- load  loss,  Pfe :  

 푃 = 푃푙 + 푃푓푡   (G .9)  

Further,  i f the  l oss  ratio  i s  defi ned  as:  

 푅 =
푃푙표
푃푓푡표   (G . 1 0)  

and  the  fol lowing  corre lations  are  val i d :  

 푃푓푡표 = 푃푓푡   (G . 1 1 )  

 퐾2 = 푃푙
푃푙표   (G . 1 2)  

the  final  equation  for temperature  rise  is :   

 ∆휃표 = �1+푅×퐾2
1+푅 �0 ,8 × ∆휃표표   (G . 1 3)  
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Th is  expression  i s  equ iva lent to  the  equation  suggested  by load ing  gu ide  where  “0 , 8”  
refers  to  the  top-oi l  exponent “x”  g i ving  the  fi nal  equation  for the  fi nal  top-oi l  temperature  
rise  at  any l oad  as  fol lows:  

 ∆휃표 = �1+푅×퐾2
1+푅 �푥 × ∆휃표표   (G . 1 4)  

2)  The  hot-spot to  top-oi l  temperature  rise  

By fol l owing  the  same procedure  as  above for the  top-oi l  temperature  ri se  and  knowing  
that  in  th is  case  the  l oss,  P,  represents  on l y the  l oad  l oss,  Pl ,  the  fol l owing  formu la  is  
derived :   

 ∆휃ℎ푠−표 = ∆휃ℎ푠−표표 × 퐾1 ,6   (G . 1 5)  

Again ,  th is  i s  the  same as  the  general  form  suggested  i n  the  load ing  gu ide  where  “ 1 , 6”  
refers  to  the  wind ing  exponen t “y” ,  g i vi ng  the  final  equation  for the  final  hot-spot 
temperature  rise  over top-oi l  temperature  at any l oad  as  fol l ows:  

 ∆휃ℎ푠−표 = ∆휃ℎ푠−표표 × 퐾푦   (G . 1 6)  

G.3 Theoretical  approach  

Based  on  heat transfer theory,  the  natura l  convection  o i l  fl ow around  vertical ,  i ncl ined  and  
horizon tal  p l ates  and  cyl i nders  the  temperature  ri se  and  the  average  wind ing  to  average  o i l  
g rad ien t can  be  obtained  from  the  fol l owing  empiri ca l  correlation  (see  references  [46]  to  [50] ) :  

 푁푢 = 퐶 × [퐺표 × 푃표 ]푛  (G . 1 7)  

where  

 푁푢 =
ℎ×푙
휆   (G . 1 8)  

 푃표 =
휌×휈×푐

휆      (G . 1 9)  

 퐺표 =
훽×∆휃×푔× 푙3

휈2   (G .20)  

where  

푁푢 ,  퐺표 ,  푃표  are  Nussel t,  Grashof and  Prandtl  numbers,  respectivel y,   

C and  n  are  empirical  constan ts  affected  by o i l  fl ow,  

h   i s  the  heat transfer coeffi cien t,   

l  i s  the  d imension  of the  heated  surface  in  the  d i rection  of fl ow,   

휆   i s  the  thermal  conductivi ty,   

휌   i s  the  o i l  d ensi ty,   

휈   i s  the  o i l  kinematic viscosi ty,     

훽   i s  the  coefficien t of thermal  cubic  expansion ,   

g  i s  the  gravi tational  constan t,  and   

∆휃   i s  the  correspond ing  surface  drop,  i . e.  temperature  grad ient.   

By substi tu ti ng  Equations  (G . 1 8),  (G . 1 9)  and  (G.20)  in  Equation  (G. 1 7) ,  the  fol lowing  
expression  i s  obta ined :  
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ℎ×푙
휆 = 퐶 × �휌×휈×푐휆 ×

훽×∆휃×푔× 푙3
휈2  �푛   (G .21 )  

I f the  temperature  grad ient  i s  g i ven  as  the  heat loss  to  heat coefficien t ratio:  

 ∆휃 =
푃
ℎ   (G . 22)  

and  i f Equation  (G .21 )  i s  solved  for heat transfer coefficien t and  substi tu ted  i n  Equation  
(G .22) ,  the  fo l l owing  is  obta ined :  

 ∆휃 =
푃

퐶×휆
푙 ×�휌×휈×푐휆 ×

훽×∆휃×푔×푙3
휈2  �

푛   (G .23)  

Also,  as  for the  range  of the  operating  temperatures  the  phys ical  properties  of the  oi l  i n  
Equation  (G . 23)  can  be  cons idered  constant the  fol lowing  i s  val i d :  

 ∆휃 = 퐶1 × 푃1/(1+푛)   (G .24)  

where  

 퐶1 =
1

�퐶×휆푛−1×휌×푐×훽×푔×푙3−푛
휈  �

푛   (G . 25)  

Equation  (G . 24)  i s  i den ti ca l  to  Equation  (G. 4)  and  by fol lowing  the  same procedure  as  g i ven  
above,  i t  i s  possib le  to  arrive  at  Equations  (G . 1 4)  and  (G . 1 6)  by defin ing  corre lation :  

 
1

1+푛 (=)푥   (G .26)  

 
1

1+푛 (=)푦   (G .27)  

Apart of the  o i l  physical  parameters  the  accuracy of the  equation  depends  also  on  accuratel y 
determ ined  C and  n  empirical  constants.  Th is  can  be  done  accord ing  to  the  fol l owing  

procedure:  

1 )  Obtain  the  hot-spot/average  wind ing  and  o i l  temperatures  from  the  extended  temperature  
rise  test.  

2)  Calcu late  average  wind ing  to  average  o i l  g rad ien t.   

3)  Calcu late  mean  boundary l ayer temperature  between  the  heating  surface  and  coolan t:  

 휃푚 =
휃ℎ+휃표

2   (G .28)  

4)  Calcu late  average  value  of the  heat transfer coeffi cien t:  

 ℎ =
푃
∆휃   (G . 29)  

5)  For ca lcu lated  mean  boundary l ayer temperature  obtain  the  phys ical  properties  of the  o i l  
and  ca lcu late  Nussel ,  Prand tl  and  Grashof numbers   

P lot the  fol lowing  graph  i n  l og - log  system :  

 푁푢 = 푓(퐺표 × 푃표)  (G . 30)  
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The  l i ne  on  the  l og- log  chart that bests  fi ts  the  plot  i s  d rawn  and  the  l i nes  that  best fi t  the  data  
poin ts  plotted  us ing  the  least-square  method  shou ld  be  used  to  estimate  correspond ing  
empirical  coefficien ts  n  and  C.  The  set of the  empirical  constants  n  and  C i s  speci fic for a  

g iven  des ign .  Th is  means  that any change i n  design  affects  the  estimated  va lues.   

G.4 Extended  temperature rise test approach   

The top-oi l  and  wind ing  exponen ts  are  obta ined  from  an  extended  temperature  rise  test 
whose load  profi le  i s  g i ven  on  F igure  G . 1  [51 ] .  However,  shorter and  l ess  time  consum ing  
profi les  are  a lso  avai lable  as  defined  i n  [1 3]  and  [52 ] .  

 

Key 

x-axis   l osses  i n  kW  

y-axis   t ime  i n  h   

Figure G .1  – Extended  temperature  rise  test  

The extended  test cons ists  of the  three  successive  thermal  runs:  

1 )  Regu lar heat run :  

Th is  part of the  test i s  the  regu lar temperature  rise  test,  i . e .  the  transformer is  
short-ci rcu i ted  and  suppl ied  wi th  tota l  l osses.  Once the  oi l  temperature  is  stabi l i zed  and  
correspond ing  oi l  temperature  rises  recorded ,  the  test immed iate l y con tin ues  wi th  the  
rated  l osses  suppl ied  for 1  h .  Th is  i s  fo l l owed  wi th  the  transformer shu t down  in  order to  
measure  the  warm  res istance  and  to  estimate  the  correspond ing  average  wi nd ing  to  
average  o i l  g rad ien t.  

2)  Under- load  test 

After the  warm  res istance  measurements  for the  rated  current  are  recorded ,  the  test 
con tinues  wi th  the  suppl ied  losses  produced  by 70  % of the  ra ted  curren t p lus  the  
add i ti onal  curren t to  s imu late  the  rated  no- load  l osses.  When  the  o i l  temperature  i s  
stabi l i zed  and  the  correspond ing  temperature  ri ses  are  recorded ,  the  test immed iatel y 
con tinues  wi th  the  l osses  produced  by 70  % of the  rated  curren t for 1  h .  Th is  i s  fol l owed  
wi th  the  transformer shu t down  i n  order to  measure  the  warm  resistance  and  to  estimate  
the  correspond ing  average  wi nd ing  to  average  oi l  g rad ient.  

3)  Over- load  test  

After the  warm  res istance  measurements  for the  rated  current  are  recorded ,  the  test 
con tinues  wi th  the  suppl ied  l osses  produced  by 1 25  % of the  rated  curren t p lus  the 
add i ti onal  curren t to  s imu late  the  rated  no- load  l osses.  When  the  o i l  temperature  is  
stabi l i zed  and  the  correspond ing  temperature  ri ses  are  recorded ,  the  test immed iatel y 
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con tinues  wi th  the  l osses  produced  by 1 25  % of the  rated  curren t for 1  h .  Th is  i s  fo l l owed  
wi th  the  transformer shu t  down  i n  order to  measure  the  warm  resistance  and  to  estimate  
the  correspond ing  average  wind ing  to  average  oi l  g rad ient.   

Based  on  the  extended  run  test resu l ts  the  exponent x  i s  obta ined  as  the  s l ope  of the  l i ne  on  
l og- log  chart that bests  fi ts  the  p lot of the  top-oi l  temperature  rise  measured  at the  end  of the  
three  temperature  tests  (70  % +  Pfe ,  1 00  % +  Pfe  and  1 25  % +  Pfe)  versus  the  l oss  equation ,  
F igure  G .2  a.  Correspond ing l y,  exponent y  i s  the  s l ope  of the  l i ne  on  l og- log  chart that best fi ts  
the  p lot of the  average  wind ing  temperature  rise  above average  top-oi l  temperature  measured  
at  the  end  of three  temperature  tests  (70  %,  1 00  % and  1 25  %)  versus  the  load ing  factor  
F i gu re  G . 2  b.  Th is  method  assumes  that the  hot-spot ri se  over top-oi l  temperature  is  
proportional  to  the  average  wind ing  rise  over average  o i l  temperature.  

 

Figure G .2  – Transformer exponent estimation  plots  

The s lopes  shou ld  be  determ ined  by the  s lopes  of the  l i nes  that best fi t  the  data  poin ts  p lotted  
us ing  the  least-square  method .  
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Annex H  
(informative)  

 
Practical  example of the exponential  equations  method  

H.1  General  

The curves  i n  F igure  1 4  are  taken  from  an  example  i n  rea l  l i fe,  and  deta i l s  of the  case  wi l l  be  
g i ven  i n  th is  annex.  A 250  MVA,  ONAF-cooled  transformer was  tested  as  fo l l ows.  During  each  
time period ,  the  load  curren t was  kept constan t,  that i s ,  the  l osses  changed  due  to  res istance  
change  during  each  l oad  step.  The  correspond ing  flowchart  i s  i n  Annex J .  

Table  H . 1  – Load  steps  of the  250  MVA transformer 

Time period  Load  factor 

min   

0  to  1 90  1 , 0  

1 90  to  365  0 , 6  

365  to  500  1 , 5  

500  to  705  0 , 3  

705  to  730  2 , 1  

730  to  745  0 , 0  

 

The two main  wind ings  were  equ ipped  wi th  e igh t fibre  optic sensors  each .  The  hottest spot  
was  found  in  the  i nnermost main  wind ing  (1 1 8  kV).  I n  th is  example  the  variation  of the  hottest 
spot temperature  during  time period  0  m in  to  745  m in  wi l l  be  defined  accord ing  to  the  
calcu lation  method  described  i n  8 . 2 . 2 .  A comparison  wi th  the  measured  curve  wi l l  be  made.  

The  characteristic data  of the  transformer,  necessary for the  calcu lation ,  are:  

θa  =  25, 6  °C   

∆θor  =  38 , 3  K   

R  =  1  000  (because  the  test was  made  by the  “short-ci rcu i t  method”)  

H =  1 , 4  (defined  by measurement,  see  8. 1 . 3)  

gr  =  1 4, 5  K   

τw  =  4 , 6  m in  to  8 , 7  m in  (depend ing  on  the  l oad ing  case.  The  va lue  i n  Table  4,  that i s ,  
7  m in ,  wi l l  be  used  i n  the  ca lcu lation)  

τo  =  1 62  m in  to1 70  m in  (depend ing  on  the  load ing  case.  The  value  i n  Table  4,  that i s ,  
1 50 ,  wi l l  be  used  in  the  calcu lation )  

The wind ing  i s  zigzag-cooled  wi th  a  spacer separation  ≥  3  mm .  
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H.2  Time period  0  min  to  1 90  min  

The i n i tia l  data  for the  time period  0  m in  to  1 90  m in  are  as  fo l lows:  

∆θoi  =  1 2 , 7  K (Th is  test was  started  at 08: 20  in  the  morn ing .  The  preced ing  even ing  
an  overload ing  test at  1 , 49  p. u .  had  been  fi n ished  at  22 :00)  

K =  1 , 0   

∆θh i  =  0 , 0  K  

Equations  (1 0),  (1 2) ,  (1 3),  (1 4)  and  (1 7)  yie l d  the  hot-spot variation  as  a  function  of t ime,  
hence  from  Equation  (1 0) :  

 ( ) ( )( ))1 50/(0,5

8,0
2

o 17,1 2
000  11

0,1000  11
3,381 2,725,6 ×−−×
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From  Equation  (1 3):  

 ( ) { } ( )( ))70,2/(3,1
1h 10,00,15,1 44,10,20,0 ×−−×−×××+=∆ tetθ   

From  Equation  (1 4):  

 ( ) ( ){ } ( )( ))0,2/1 50/(3,1
2h 10,00,15,1 44,10,10,20,0 tet −−×−×××−+=∆θ   

From  Equation  (1 2):  

 ( ) ( ) ( )ttt 2h1hh θθθ ∆−∆=∆  

From  Equation  (1 7):  

 ( ) ( ) ( )ttt hoh θθθ ∆+=  

H.3  Time period  1 90  min  to  365 min  

The i n i tia l  data  for the  time  period  1 90  m in  to  365  m in  are  as  fol lows:  

∆θoi  =  36, 2  K (calcu lated  i n  H . 2)  

K =  0 , 6   

∆θh i 1  =  40 , 6  K (calcu lated  i n  H . 2)  

∆θh i2  =  1 8 , 7  K (calcu lated  i n  H . 2)  

Equations  (1 1 ),  (1 5),  (1 6)  and  (1 7)  yie l d  the  hot-spot variation  as  a  function  of time,  hence  
from  Equation  (1 1 ) :  
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From  Equation  (1 5):  

( ) { } ( ) )70,2/(3,13,1
1h 6,05,1 44,10,26,406,05,1 44,10,2 ×−××××−+×××=∆ tetθ  

From  Equation  (1 6):  

( ) ( ) ( ){ } ( ) )tet 1 505,0/(3,13,1
2h 6,05,1 44,10,10,26,1 86,05,1 44,10,10,2 ×−××××−−+×××−=∆θ  

From  Equation  (1 7):  

( ) ( ) ( )ttt hoh θθθ ∆+=  

H.4 Time period  365 min  to  500  min  

The i n i tia l  data  for the  time  period  365  m in  to  500  m in  are  as  fol lows:  

∆θoi  =  1 8, 8  K (ca lcu lated  i n  H . 3)  

K =  1 , 5   

∆θh i 1  =  20 , 9  K (calcu lated  i n  H . 3)  

∆θh i2  =  1 1 , 25  K (calcu lated  i n  H . 3)  

The  calcu lation  is  i den ti ca l  to  the  one  in  H . 2 ,  when  the  fol lowing  replacements  are  made i n  
Equation  (1 0):  

1 2 , 7  replaced  by 1 8 , 8  

1 , 0  replaced  by 1 , 5  

 

I n  Equation  (1 3) :  

0 , 0  replaced  by 20, 9  

1 , 0  replaced  by 1 , 5  

 

I n  Equation  (1 4) :  

0 , 0  replaced  by 1 1 , 25  

1 , 0  replaced  by 1 , 5  

H.5 Time period  500  min  to  705 min  

The i n i tia l  data  for the  time  period  500  m in  to  705  m in  are  as  fol lows:  

∆θoi  =  63, 6  K (calcu lated  i n  H . 4)  

K =  0 , 3   

∆θh i 1  =  68, 2  K (calcu lated  i n  H . 4)  

∆θh i2  =  30 , 3  K (calcu lated  i n  H . 4)  
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The  calcu lation  i s  i den tical  to  the  one  in  H . 3,  when  the  fol l owing  replacements  are  made i n  
Equation  (1 1 ):  

36, 2  replaced  by 63, 6  

0, 6  replaced  by 0 , 3  

 

I n  Equation  (1 5) :  

40 , 6  replaced  by 68, 2  

1 , 0  replaced  by 1 , 5   

 

I n  Equation  (1 6) :  

1 8 , 6  replaced  by 30 , 3  

1 , 0  replaced  by 1 , 5  

H.6  Time period  705 min  to  730  min  

The i n i tia l  data  for the  time  period  705  m in  to  730  m in  are  as  fo l l ows:  

∆θoi  =  9 , 4  K (ca lcu lated  i n  H . 5)  

K =  2 , 1   

∆θh i 1  =  8 , 5  K (calcu lated  i n  H . 5)  

∆θh i2  =  6 , 0  K (calcu lated  i n  H . 5)  

The  calcu lation  is  i den ti cal  to  the  one  in  H . 4,  when  the  fol l owing  replacements  are  made i n  
Equation  (1 0):  

1 8 , 8  replaced  by 9, 4  

1 , 5  replaced  by 2 , 1  

 

I n  Equation  (1 3) :  

20 , 9  replaced  by 8, 5  

1 , 5  replaced  by 2 , 1  

 

I n  Equation  (1 4) :  

1 1 , 25  replaced  by 6 , 0  

1 , 5  replaced  by 2 , 1  

H.7  Time period  730  min  to  745 min  

The i n i tia l  data  for the  time  period  730  m in  to  745  m in  are  as  fol lows:  

∆θoi  =  42 , 3  K (ca lcu lated  i n  H . 6)  

K =  0 , 0   

∆θh i 1  =  90 , 0  K (calcu lated  i n  H . 6)  

∆θh i2  =  1 9 , 4  K (calcu lated  i n  H . 6)  

The  calcu lation  is  made  i n  the  same way as  i n  H . 3  and  H . 5.  
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H.8  Comparison  wi th  measured  values  

The calcu lated  and  measured  hot-spot  temperature  curves  are  shown  i n  F igure  H . 1 .  The  
correspond ing  curves  for the  top-oi l  temperature  are  shown  i n  F igure  H . 2.  The  numerical  
va lues  at the  end  of each  l oad  step  are  shown  i n  Table  H . 2 .  

 

Key 

x-axis  t ime  t  i n  m inu tes          Measured  val ues   

y-axis  temperatu re  θ
h
 i n  °C   -- --  Calcu lated  val ues   

Figure H . 1  – Hot-spot temperature response  to  step  changes  in  the  load  current  
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Figure H .2  – Top-oi l  temperature response  to  step  changes  in  the  load  current  
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Table  H .2  – Temperatures  at the  end  of each  load  step  

Time (min )  /  l oad  factor Top-oi l  temperature   Hot-spot temperature   

°C  °C  

Calcu lated  Measured  Calcu lated  Measured  

1 90  /  1 ,0  61 ,9  58,8  83, 8  82,2  

365  /  0 , 6  44, 4  47, 8  54, 0  58, 6  

500  /  1 ,5  89,2  80,8  1 27, 0  1 1 9, 2  

705  /  0 , 3  35, 0  46, 8  37, 54  49, 8  

730  /  2, 1  67,9  65,8  1 38, 6  1 40, 7  

745  /  0 , 0  60, 3  68, 2  75, 3  82 , 4  

NOTE  Bold  val ues  i nd icate  l oad  i ncrease.  

 

The calcu lation  method  i n  th is  document i s  i n tended  to  yie ld  re levant values,  especial l y at  
l oad  i ncrease  (noted  by bold  en tries  i n  Table  H . 2) .  
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Annex I  
(informative)  

 
Appl ication  of the  d i fference equation  solution  method  

I . 1  General  

Annex I  provides  an  example  of the  appl ication  of d i fference equation  method  described  
i n  8. 2. 3 .  

I .2  Example  

Suppose  the  obj ecti ve  i s  that  an  on- l ine  mon i toring  device  i s  to  generate  hot-spot temperature  
and  l oss-of-l i fe  i n formation .  The  steps  i n  the  solu tion  are  as  fol l ows :  

1 )  establ ish  the  transformer parameters ;  

2)  establ ish  the  i nput  data;  

3)  ca lcu late  the  in i tia l  cond i tions;  

4)  solve  the  d i fferentia l  equations ;  

5)  tabu late  the  ou tpu t data;  

6)  p lot the  ou tput  data.  

The  detai l s  are  as  fol lows.  

1  – Establ ish  the  transformer parameters  

The parameters  used  are  chosen  i n  such  a  way that the  rated  hot-spot temperature  i s  1 1 0  °C  
at  an  ambient temperature  of 30  °C.  Other parameters  are  typical .  

∆θor  =  45  K  τo  =  1 50  m in  R  =  8   y  =  1 , 3   k21  =  2  

∆θhr  =  35  K  τw  =  7  m in   x  =  0 , 8  k1 1  =  0 , 5   k22  =  2  

2  – Establ ish  the  i nput  data  

The i nput  data  for th is  example  are  l i sted  i n  Table  I . 1  and  p lotted  in  F igure  I . 1 .  
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Table  I . 1  – Input  data for example  

Step  Time  
t  

Time of day Ambien t temperature  
θa

  
Load  factor   

K 

 min  h :m in  °C   

0  0  1 4: 00  30, 3  0 , 81  

1  3  1 4: 03  29, 9  0 , 87  

2  6  1 4: 06  29, 8  0 , 88  

3  9  1 4: 09  29, 5  0 , 86  

4  1 2  1 4: 1 2  29, 6  0 , 90  

5  1 5  1 4: 1 5  29, 5  0 , 92  

6  1 8  1 4: 1 8  29, 5  0 , 95  

7  21  1 4: 21  28, 9  0 , 96  

8  24  1 4: 24  29, 0  0 , 97  

9  27  1 4: 27  28, 6  1 , 00  

1 0  30  1 4: 30  28, 0  1 , 70  

1 1  33  1 4: 33  28, 7  1 , 70  

1 2  36  1 4: 36  27, 8  1 , 73  

1 3  39  1 4: 39  28, 1  1 , 72  

1 4  42  1 4: 42  27, 9  1 , 69  

1 5  45  1 4: 45  27, 1  1 , 68  

1 6  48  1 4: 48  26, 9  1 , 71  

1 7  51  1 4: 51  26, 7  1 , 69  

1 8  54  1 4: 54  27, 2  1 , 67  

1 9  57  1 4: 57  26, 7  1 , 68  

20  60  1 5: 00  26, 9  1 , 63  

21  63  1 5: 03  26, 5  1 , 59  

22  66  1 5: 06  26, 2  1 , 53  

23  69  1 5: 09  26, 3  1 , 49  

24  72  1 5: 1 2  25, 4  1 , 41  

25  75  1 5: 1 5  25, 6  1 , 38  

26  78  1 5: 1 8  25, 3  1 , 32  

27  81  1 5: 21  24, 8  1 , 28  

28  84  1 5: 24  24, 5  1 , 21  

29  87  1 5: 27  24, 3  1 , 1 9  

30  90  1 5: 30  24, 1  0 , 87  

31  93  1 5: 33  24, 3  0 , 88  

32  96  1 5: 36  24, 1  0 , 87  

33  99  1 5: 39  23, 4  0 , 86  

34  1 02  1 5: 42  23, 6  0 , 85  

35  1 05  1 5: 45  23, 8  0 , 87  

36  1 08  1 5: 48  23, 1  0 , 83  

37  1 1 1  1 5: 51  23, 3  0 , 86  

38  1 1 4  1 5: 54  23, 1  0 , 85  

39  1 1 7  1 5: 57  22 , 3  0 , 82  

40  1 20  1 6: 00  22 , 2  0 , 86  
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Key 

Load  factor (upper cu rve,  l eft  axi s)  

Ambien t temperature  i n  °C  ( l ower cu rve,  ri gh t  axi s)  

Time  of day (y-axis)  

Figure I . 1  – Plotted  input data for the  example  

Ambient temperatures  and  l oad  factors  are  avai l able  at 3  m in  i n tervals .  Th is  i s  a  maximum  

time step  s ince  i t  shou ld  be  l ess  than  hal f the  smal lest time constant,  τw,  i n  the  equations,  for 
an  accurate  solu tion .  Because  τw  =  7  m in  in  th is  case,  the  time step  Dt =  3  m in .  

3 – Calcu late  the  i n i tial  cond i tions  

Although  the  system  may not strictl y be  i n  the  s teady state  at the  start  of a  ca lcu lation  period ,  
th is  i s  usual l y the  best  one  can  assume,  and  i t  has  l i ttl e  effect on  the  resu l t.  

The  i n i ti a l  cond i ti ons,  then ,  are  calcu lated  by setting  the  time derivati ves  equal  to  zero  i n  each  
of Equations  (5),  (7)  and  (8),  resu l ti ng  i n  the  fol lowing  va lues.  

From  Equation  (5) ,  the  i n i tia l  va lue  of θo  i s  aor

2

o(0)
1

1
θθθ +∆×













+
+

=

x

R

RK
 =  63, 9  °C.  

From  Equation  (7) ,  the  i n i tia l  va lue  of ∆θh1  i s  hr21h1 (0) θθ ∆××=∆ yKk  =  53, 2  K.  

From  Equation  (8) ,  the  i n i ti a l  va lue  of ∆θh2  i s  ( ) hr21h2(0) 1 θθ ∆××−=∆ yKk  =  26, 6  K.  

Also,  the  i n i tia l  cond i tion  for the  l oss  of l i fe ,  L ,  shou ld  be  chosen .  Assume here  that the  
purpose  of the  calcu lation  i s  to  find  ou t the  l oss  of l i fe  for th is  particu lar overload  occurrence.  
Therefore,  the  i n i ti a l  va l ue  of L  i s  L (0)  =  0 .  
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0  

1 4: 00  1 4: 30  1 5: 00  1 5: 30  1 6: 00  

50  

40  

30  

20  



I EC 60076-7: 201 7  © I EC  201 7  – 73  – 

4 – Solve  the  d i fference  equations  

At n  =  0,  t  =  0 ,  θo(0)  =  63, 9  (un i ts  are  om i tted ;  trad i ti onal l y °C  for temperatures  and  K for 

temperature  d i fferences)  

∆θh1 (0)  =  53 , 2  

∆θh2(0)  =  26 , 6  

L(0)  =  0  

At  n  =  1 ,  t =  3  m in ,  from  Equations  (1 8)  and  (1 9) ,  the  top-oi l  temperature  changes  as  fol l ows:  

[ ]















−−×













+
×+

×
= 29,963,945

81

80,871

1 500,5

3
0,8

2

o(1 )θD  =  0 , 1 21  and  

o(1 )o(0)o(1 ) θθθ D+=  =  63, 9  +  0 , 1 21  =  64,0  

S im i l arl y,  from  Equation  (20) ,  the  hot-spot temperature  rise  fi rst  term  changes  as  fol lows:  

( )2,5387,0350,2
70,2

3 3,1
h1 (1 ) −××

×
=∆θD  =  1 , 1 2  and  

h1 (1 )h1 (0)h1 (1 ) θθθ ∆+∆=∆ D  =  53, 2  +  1 , 1 2  =  54, 3  

S im i l arl y,  from  Equation  (21 ) ,  the  hot-spot temperature  rise  second  term  changes  as  fol l ows:  

( )6,2687,035)10,2(
1 50)0,2/1(

3 3,1
h2(1 ) −××−

×
=∆θD  =  0 , 1 04  and  

h2(1 )h2(0)h2(1 ) θθθ ∆+∆=∆ D  =  26 , 6  +  0 , 1 04  =  26 ,7  

Then  the  tota l  hot-spot temperature  rise,  from  Equation  (22)  i s  

h2(1 )h1 (1 )h(1 ) θθθ ∆−∆=∆  =  54 , 3  – 26, 7  =  27 ,6  

and ,  fi na l l y,  the  hot-spot temperature  is ,  from  Equation  (23)  

h(1 )0(1 )h(1 ) θθθ ∆+=  =  64 , 0  +  27, 6  =  91 , 6  

The  l oss  of l i fe  L  over th is  t ime step  i s  g i ven  by Equation  (25):  

3
273

000 1 5

2731 1 0

000 1 5

(1 )(1 )
h(1 ) ×

















=×= +
−

+ θ
eDtVDL  =  0 , 42  m in  

(Loss  of l i fe  under rated  cond i tions  wou ld  have  been  3  m in . )  

The  tota l  l oss  of l i fe  to  th i s  poin t i s :  

)()()( 101 DLLL +=  =  0  +  0 , 42  m in ,  or 0 , 000   29  days.  
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At n  =  2 ,  t  =  6  m in ,  the  en ti re  calcu lation  i s  repeated ,  wi th  a l l  subscripts  i ncremented  by 1 ,  that  
i s ,  each  variable  X(1 )  becomes  X(2) .  At n  =  3 ,  t  =  9  m in ,  each  variable  X(2 )  becomes  X(3)  and  
so  on .  Con tinue  un ti l  n  =  40 ,  t  =  1 20  m in .  

5 – Tabu late  the  output data  

The resu l ts  of the  calcu lation  are  shown  i n  Table  I . 2  and  F igure  I . 2 .  

Table  I .2  – Output data  for the  example  

Step  Time  
t  

Time of day Hot-spot 

temperatu re  θh   
Loss  of l i fe   

L  
Loss  of l i fe   

L  

 min  h :m in  °C   m in  days  

0  0  1 4 : 00  90, 5  0  0  

1  3  1 4 : 03  91 , 6  0  0 , 00  

2  6  1 4 : 06  92 , 7  1  0 , 00  

3  9  1 4 : 09  93, 2  1  0 , 00  

4  1 2  1 4 : 1 2  94, 3  2  0 , 00  

5  1 5  1 4 : 1 5  95, 6  3  0 , 00  

6  1 8  1 4 : 1 8  97, 2  3  0 , 00  

7  21  1 4 : 21  98, 6  4  0 , 00  

8  24  1 4 : 24  1 00, 0  5  0 , 00  

9  27  1 4 : 27  1 01 , 6  7  0 , 00  

1 0  30  1 4 : 30  1 1 8, 6  1 4  0 , 01  

1 1  33  1 4 : 33  1 32, 1  39  0 , 03  

1 2  36  1 4 : 36  1 43, 5  1 09  0 , 08  

1 3  39  1 4 : 39  1 52, 4  258  0 , 1 8  

1 4  42  1 4 : 42  1 58, 8  508  0 , 35  

1 5  45  1 4 : 45  1 63, 6  875  0 , 61  

1 6  48  1 4 : 48  1 68, 2  1  402  0 , 97  

1 7  51  1 4 : 51  1 71 , 5  2  076  1 , 44  

1 8  54  1 4 : 54  1 73, 6  2  871  1 , 99  

1 9  57  1 4 : 57  1 75, 7  3  796  2 , 64  

20  60  1 5: 00  1 76, 1  4  754  3 , 30  

21  63  1 5: 03  1 75, 6  5  675  3 , 94  

22  66  1 5: 06  1 73, 8  6  480  4 , 50  

23  69  1 5: 09  1 71 , 5  7  1 56  4 , 97  

24  72  1 5: 1 2  1 67, 8  7  667  5, 32  

25  75  1 5: 1 5  1 64, 3  8  055  5, 59  

26  78  1 5: 1 8  1 60, 1  8  335  5, 79  

27  81  1 5: 21  1 56, 0  8  534  5, 93  

28  84  1 5: 24  1 51 , 1  8  668  6 , 02  

29  87  1 5: 27  1 46, 8  8  761  6 , 08  

30  90  1 5: 30  1 36, 9  8  800  6 , 1 1  

31  93  1 5: 33  1 29, 1  8  81 9  6 , 1 2  

32  96  1 5: 36  1 22, 8  8  830  6 , 1 3  

33  99  1 5: 39  1 1 7, 5  8  836  6 , 1 4  
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Step  Time  
t  

Time of day Hot-spot 

temperatu re  θh   
Loss  of l i fe   

L  
Loss  of l i fe   

L  

 min  h :m in  °C   m in  days  

34  1 02  1 5: 42  1 1 3, 1  8  840  6 , 1 4  

35  1 05  1 5: 45  1 1 0, 0  8  843  6 , 1 4  

36  1 08  1 5: 48  1 06, 6  8  846  6 , 1 4  

37  1 1 1  1 5: 51  1 04, 5  8  847  6 , 1 4  

38  1 1 4  1 5: 54  1 02, 6  8  849  6 , 1 4  

39  1 1 7  1 5: 57  1 00, 4  8  850  6 , 1 5  

40  1 20  1 6 : 00  99, 3  8  851  6 , 1 5  

 

6 – Plot  the  output  data  

 

Key 

Hot-spot temperature  i n  °C  (upper cu rve,  l eft  axi s)  

Loss  of l i fe  i n  d ays  ( l ower cu rve,  ri gh t  axi s)  

Time  of day (y-axis)  

Figure I . 2  – Plotted  output data for the  example  

Since  the  e lapsed  time of the  p lot i s  2  h  or 0 , 083   3  days,  and  the  l oss  of l i fe  i s  6 , 1 5  days,  the  
re lati ve  l oss  of l i fe  during  th is  overload  i s  6 , 1 5/0, 083   3  =  74  times  normal .  Th is  i s  not serious  i f 
there  are  otherwise  long  periods  of t ime (usual l y the  case)  at relati ve l y low hot-spot  
temperatures.  

I .3  Use of measured  top-oi l  temperature  

I f top-oi l  temperature  is  avai l able  as  a  measured  quan ti ty,  for example  as  a  4  mA to  20  mA 
signal  to  the  mon i toring  device,  then  the  calcu lations  become more  accurate.  Hot-spot  
temperature  rise  is  calcu lated  from  d i fference Equations  (20),  (21 )  and  (22)  and  added  
d i rectl y to  the  measured  top-oi l  temperature  data,  at each  time step.  See  the  dashed  l i ne  path  
i n  F i gu re  1 2 .  
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Annex J  
(informative)  

 
Flowchart,  based  on  the example  in  Annex H  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

START 

I NPUT DATA 

Cool ing  method :  ONAF  

The  ambien t temperatu re:  θ
a  
=  25, 6  °C  

The  top-oi l  temperature  ri se  at the  ra ted  cu rren t:  ∆θ
or 
=  38, 3  K 

Rati o  of l oad  l osses  at  rated  cu rren t to  no-load  l osses:  R  =  1  000  

The  hot-spot factor:  H =  1 , 4  

The  wind ing-to-oi l  temperature  d i fference:  g
r  
=  1 4 , 5  K 

The  wind ing  time  constan t:  τ
w 
=  7  m in  

The  average  o i l  t ime  constan t:  τ
o
=  1 50  m in  

The  o i l  temperatu re  exponent:  x  =  0 , 8  

The  wind ing  temperature  exponent:  y  =  1 , 3  

Thermal  constan ts:  k
1 1  

=  0 , 5;  k
21  

=  2 , 0 ;  k
22  

=  2 , 0  

The  number of i n tervals  i n  l oad  cycle:  N =  6  

Load  factor for each  i n terva l :  

K(1 )  =  1 , 0 ;  I (1 )  =  (     0  – 1 90)  m in  

K(2)  =  0 , 6 ;  I (2)  =  (1 90  – 365)  m in  

K(3)  =  1 , 5;  I (3)  =  (365  – 500)  m in  

K(4)  =  0 , 3 ;  I (4)  =  (500  – 705)  m in  

K(5)  =  2 , 1 ;  I (5)  =  (705  – 730)  m in  

K(6)  =  0 , 0 ;  I (6)  =  (730  – 745)  m in  

Durati on  of each  i n terval :  

D(1 )  =  1 90  m in  

D(2)  =  1 75  m in  

D(3)  =  1 35  m in  

D(4)  =  205  m in  

D(5)  =   25  m in  

D(6)  =   1 5  m in  

Spacer th ickness  ≥  3  mm  

 

C  =  1  ( i n terval  coun ter setti ngs)  

 K =  K(1 )  D  =  D(1 )  

 P =  0  t  =0  

( I n i ti a l  data)  

∆θ
oi
 =  1 2 , 7  K ∆θ

h i 1
 =  0 , 0  K  

∆θ
h i 2

 =  0 , 0  K  
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t  =  D  +  P  

Cal cu lation :  

θ
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K=  K(C)  
D=  D(C)  
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=
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t=0  

C >  N 

END  
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Annex K 
(informative)  

 
Example  of calculating  and  presenting  overload  data  

Annex K con ta ins  an  example  of how to  calcu late  and  present the  overload  data  wi th  the  
equations  presented  i n  th is  document.  

Table  K. 1  g ives,  as  an  example,  some characteristics  that m igh t be  used .  

Table  K. 1  – Example  characteristics  related  to  the  loadabi l i ty of transformers  

Characteri stic  

Smal l  
transformers  

Large and  med ium  power transformers  

ONAN  ONAN  ONAF  OF  OD  

Oi l  exponent  x  0 , 8  0 , 8  0 , 8  1 , 0  1 , 0  

Wind ing  exponent  y  1 , 6  1 , 3  1 , 3  1 , 3  2 , 0  

Loss  ratio  R  5  6  6  6  6  

Hot-spot  factor H 1 , 1  1 , 3  1 , 3  1 , 3  1 , 3  

Oi l  t ime  constan t τ
o
 1 80  21 0  1 50  90  90  

Wind ing  t ime  constant  τ
w
 4  1 0  7  7  7  

Ambien t temperature  θ
a
 20  20  20  20  20  

Hot-spot temperature  θ
h
 98  98  98  98  98  

Hot-spot to  top-oi l  ( i n  tank)  g rad ien t  
at  rated  curren t 

∆θ
h r
 23  26  26  22  29  

Average  o i l  temperatu re  ri se  a  ∆θ
omr

 44  43  43  46  46  

Top-oi l  ( i n  tank)  temperature  ri se  ∆θ
or
 55  52  52  56  49  

Bottom  oi l  temperature  ri se  a  ∆θ
br
 33  34  34  36  43  

k
1 1
 1 , 0  0 , 5  0 , 5  1 , 0  1 , 0  

k
21
 1 , 0  2 , 0  2 , 0  1 , 3  1 , 0  

k
22
 2, 0  2 , 0  2 , 0  1 , 0  1 , 0  

a  Average  o i l  temperatu re  ri se  and  bottom  oi l  temperatu re  ri se  are  g i ven  for i n formation  on l y.  

 

With  a  spreadsheet programme,  a  24  h  period  i s  created ,  wi th  the  time-scale  i n  m inu tes.  
Equations  (1 0)  to  (1 7)  are  used  to  ca lcu late  for each  m inute  the  hot-spot temperature  as  a  

function  of the  load .  The  i n i ti a l  cond i tions  for ∆θoi  and  ∆θh i 1 ,  ∆θh i 2  can  be  determ ined  wi th  

t  →  ∞ .  

When  the  hot-spot temperature  is  known ,  the  relati ve  ageing  can  be  calcu lated  wi th  
Equation  (2).  Wi th  Equation  (4)  the  l oss  of l i fe,  expressed  i n  “normal ”  days,  can  be  calcu lated  
by d i vid ing  the  sum  of the  re lative  ageing  of each  m inute  by 1  440.  

For example,  consider a  case  wi th  a  pre- load  (K1 )  of 0 , 8,  then  an  overload  K2  =  1 , 4  during  
30  m in  and  retu rn  to  K1  =  0 , 8  for the  time remain ing  (1  41 0  m in ) .  The  transformer is  OF  
cooled ;  therefore,  the  example  characteristics  of Table  H . 1  (OF)  are  used .  
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The  i n i tia l  values,  after a  steady s tate  pre- load  are:  

K1  =  0 , 8  

∆θoi  =  38, 7  K 

∆θh i 1  =  21 , 4  K 

∆θh i 1  =  4 , 95  K 

The  values  after t  =  30  m in  from  start:  

K2  =  1 , 4  

θo(t =  30)  =  76, 7  °C  

θh(t =  30)  =  1 1 4 , 2  °C   

The  values  after t  =  31  m in  from  start:  

K1  =  0 , 8  

θo(t =  1 )  =  76 ,5  °C  

θh(t =  1 )  =  1 1 1  °C   

The  values  after t  =  1   440  m in  from  start:  

K1  =  0 , 8  

θo(t =  1     41 0)  =  58, 7  °C  

θh(t =  1   41 0)  =  75, 2  °C   

Th is  resu l ts  i n  a  l oss  of l i fe  of 0 , 1 4  days  and  a  maximum  hot-spot temperature  rise  of 94  K.  

The  parameters  used  i n  the  described  method  can  be  varied  to  obta in  a  table  wi th  the  l oss  of 
l i fe  as  a  function  of K1  and  K2 .  When  the  overload  time is  changed ,  a  complete  set of tables  
can  be  obta ined .  

As  an  example,  one  tab le  wi th  an  overload  time of 30  m in  i s  presented  i n  Table  K. 2.  
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Table  K.2  – An  example  table  wi th  the  permissible  duties  and  corresponding   
dai ly loss  of l i fe  ( i n  “normal”  days) ,  and  maximum hot-spot 

 temperature  rise  during  the load  cycle  

K
1
 0 , 25  0 , 5  0 , 7  0 , 8  0 , 9  1 , 0  1 , 1  1 , 2  1 , 3  1 , 4  1 , 5  

K
2
            

0,7  0, 001  0 , 004  0 , 02          

 33  38  45          

0,8  0, 001  0 , 004  0 , 02  0 , 07         

 38  43  51  55         

0,9  0, 001  0 , 004  0 , 03  0 , 07  0 , 25        

 43  49  56  61  66        

1 ,0  0, 001  0 , 004  0 , 03  0 , 08  0 , 26  1 , 00       

 49  55  62  67  72  78       

1 , 1  0, 001  0 , 01  0 , 03  0 , 08  0 , 27  1 , 04  4 , 48      

 56  61  68  73  78  84  91      

1 ,2  0, 002  0 , 01  0 , 03  0 , 09  0 , 29  1 , 09  4 , 66  22 , 6     

 62  68  75  80  85  91  98  1 05     

1 ,3  0, 004  0 , 01  0 , 04  0 , 1 1  0 , 33  1 , 1 9  4 , 94  23, 6  1 28, 9    

 69  75  82  87  92  98  1 05  1 1 2  1 20    

1 ,4  0, 01  0 , 02  0 , 06  0 , 1 4  0 , 40  1 , 36  5, 43  25, 2  1 35, 0  827, 1   

 77  82  90  94  1 00  1 06  1 1 2  1 1 9  1 27  1 36   

1 ,5  0, 01  0 , 03  0 , 1 0  0 , 21  0 , 55  1 , 71  6 , 34  28, 0  1 44, 9  868, 7  5  975  

 85  90  97  1 02  1 07  1 1 3  1 20  1 27  1 35  1 44  1 53  

1 ,6  0, 03 0, 06 0, 1 8 0, 37 0, 87 2, 44 8, 1 9 33, 3 1 62, 7 938, 3 6 297 

 93 98 1 05 1 1 0 1 1 5 1 21  1 28 1 35 1 43 1 52 1 61  

1 ,7  0, 07 0, 1 5 0, 40 0, 76 1 , 64 4, 1 2 1 2, 3 44, 6 1 98, 0 1  067 x 

 1 01  1 07 1 1 4 1 1 9 1 24 1 30 1 37 1 44 1 52 1 61  x 

1 ,8  0, 1 8 0, 37 0, 94 1 , 73 3, 55 8, 24 22, 1  70, 5 275, 2 x x 

 1 1 0 1 1 5 1 23 1 27 1 33 1 39 1 45 1 53 1 61  x x 

1 ,9  0, 48 0, 95 2, 39 4, 32 8, 58 1 8, 9 47, 0 1 34, 7 x x x 

 1 1 9 1 25 1 32 1 37 1 42 1 48 1 54 1 62 x x x 

2,0  1 , 34 2, 61  6, 45 1 1 , 5 22, 5 48, 1  x x x x x 

 1 29 1 34 1 41  1 46 1 51  1 57 x x x x x 

Type  of cool i ng  OF,  θ
a
 =  20  °C  

Pre-l oad  K
1
,  l oad  K

2
 d u ri ng  30  m in ,  l oad  K

1
 d u ri ng  1   41 0  m in  

NOTE  The  i ta l i c  s tyle  val ues  i n  Table  K. 2  show the  resu l ts  of the  calcu lation ,  d i sregard ing  the  l im i ts  from   
Table  2  and  Table  3 .  

 

The data  can  a lso  be  presented  i n  a  graph .  I n  F i gure  K. 1 ,  an  example  is  g i ven  where  K2  i s  
presented  as  a  function  of K1  wi th  a  g i ven  overload  time and  un i ty l oss  of l i fe.  
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NOTE  The  dotted  l i nes  show the  resu l ts  of the  calcu l ation ,  d i sregard ing  the  l im i ts  from  Table  2  and  Table  3 .  

Figure K. 1  – OF  l arge  power transformers:  permissible  duties  for normal  loss  of l i fe  
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Annex L 
(informative)  

 
Geomagnetic induced  currents  

L.1  Background  

Transformers  serve  l ong  d istance  l ines  and  i n termeshed  power gri ds.  I n  such  systems  
geomagnetic i nduced  curren ts  (G IC)  are  poss ib le  as  a  consequence  of solar magnetic 
d isturbances  l ike  solar winds  and  sun  spots.  The  varying  geo-magnetic  fiel d  causes  a  time 
varying  DC curren t that flows  from  the  grounded  transformer neu tral  i n to  the  h i gh  vol tage  
wind ings  of the  transformer,  F igure  L. 1 .  The  s i gnature  of th is  DC curren t depends  on  the  
magn i tude  and  duration  of the  geo-magnetic fi e ld  variation ,  the  network topology and  the  
earth  conductivi ty.  Moderate  G IC  levels  i n  the  range  of several  amperes  wh ich  can  l ast  some 
days  and  h igh  G IC peaks  up  to  a  few hundred  amperes  for on l y a  few m inu tes  are  
poss ib le  [53] .  

 

 

Figure L. 1  – G IC  flow in to  a  power transformer 

During  the  transformer operation  the  G IC  causes  a  magnetic flux  offset i n  add i tion  to  the  
a l ternating  core  flux.  Th is  l eads  to  temporary un id i rectional  core  saturation ,  once  every 
exci ti ng  vol tage  cycle.  The  effects  of th is  ha l f cycle  saturation  are  harmon ics  and  add i tional  
reactive  power consumption  as  wel l  as  i ncreased  transformer heating .  Th is  means  that the  
transformer operates  during  a  G IC  event under an  exceptional  load  cond i ti on .  

L.2  GIC  capabi l i ty of power transformers  [54] ,  [55]  

The capabi l i ty of a  power transformer to  wi thstand  G IC  events  depends  on  the  transformer 
des ign .  S ing le-phase  un i ts  and  transformers  wi th  5- l imb  core  des igns  are  more  vu lnerable  to  
DC currents  whereas  3- l imb core  designs  are  l ess  sens i ti ve.  The  magn i tude  of the  DC curren t 
i s  a lso  not the  sole  in fluence  parameter of the  G IC  sensi ti vi ty of a  transformer.  The  number of 
DC-carrying  transformer wind ing  tu rns  is  very importan t.  Therefore,  the  same DC magn i tude  
can  cause  s ign i ficantl y d i fferent DC exci tations  in  the  core.  Also,  the  core  geometry and  
materia l  have  an  i n fluence.  Measurements  and  calcu lations  have  shown  that the  location  and  
magn i tude  of the  hot-spot d i ffer from  the  nom inal  l oad ing  cond i ti on  of the  transformer.  
Core-near s tructura l  parts  l i ke  ti e  bars  and  clamping  p lates  are  most vu lnerable  to  
overheating  and  a lso  the  wind ing  hot-spot temperature  i ncrease  due  to  G IC.  Therefore,  the  
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vendor shou ld  declare  the  behaviour of the  transformer des ign  under DC,  i f the  un i t  i s  
exposed  to  G IC i n  the  power gri d .  To  evaluate  the  thermal  ri sk of the  transformer des ign ,  the  
temperature  l im i ts  of short and  long  time emergency l oad ing  i n  Table  2  can  be  used  or i f 
speci fied  by customer d i fferent  temperature  l im i ts  can  be  appl icable .  
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Annex M  
(informative)  

 
Al ternative  oi ls  

Synthetic esters  and  natural  esters  have  been  used  for some years  now in  power 
transformers  [56]  to  [59] .  There  has  been  an  attempt to  use  these  o i l s  at i ncreas ing  vol tages  
and  power rati ngs,  and  there  are  some examples  of these  o i ls  being  used  i n  h igh  vol tage  and  
h igh  power transformers.  CIGRE Brochure  436  i ncludes  an  overview of how these  l i qu ids  are  
curren tl y used ,  thei r properties,  considerations  that impinge  on  transformer des ign ing  and  
manufacturing ,  testing  reg imes,  hand l i ng  precautions  and  re l iabi l i ty [60] ;  however,  th is  
brochure  was  wri tten  i n  201 0  j ust  as  the  market for a l ternative  l i qu ids  was  devel oping .  S ince  
the  CIGRE Brochure  436  was  publ ished ,  I EC  62770:201 3  [61 ]  – a  new standard  for unused  
natura l  ester l i qu ids  for transformers  – has  been  publ ished .  I EC  60076-1 4  further d iscusses  
the  appl ication  of these  o i l s  i n  transformer design  and  cons ideri ng  among  others  the ir thermal  
characteristics  and  perm issib le  temperatures,  i ncl ud ing  suggested  thermal  l im i ts  when  
operated  above nameplate  rating .  Moreover,  a  50  MVA commercia l  transformer designed  for 
m ineral  o i l  was  comparativel y tested  by fi l l i ng  fi rst wi th  natural  ester and  then  wi th  m inera l  
o i l  [62] .  Some other ageing  s tud ies  have  been  reported  i n  references  [63]  to  [65]  and  the  
correspond ing  bubbl i ng  phenomenon  was  presented  i n  [66] .  Wh i l e  i nconclusive,  these  tests  
demonstrate  the  d i fference in  the  thermal  performance that  can  be  expected  wi th  these  o i ls  
compared  to  m ineral  o i l .  Consequentl y,  i n troduction  of these  o i l s  i n  th is  document requ i res  
further con ti nuous  research  acti vi ti es  to  g ive  re l iable  and  prompt answers  to  the ir effect on  the  
transformer design  and  service  l i fe.   

 

  



I EC 60076-7: 201 7  © I EC  201 7  – 85  – 

Bibl iography 

[1 ]  C57. 1 00-201 1  – IEEE Standard Test Procedure for Thermal Evaluation of Insulation 
Systems for Liquid-Immersed Distribution and Power Transformers  

[2 ]  ASTM  D982  – 16 Standard Test Method for Organic Nitrogen in  Paper and Paperboard  

[3 ]  I EC 6021 4-1 : 201 4,  Tap-changers – Part 1 :  Performance requirements and test 
methods  

[4 ]  I EC 60354: 1 991 ,  Loading guide for oil-immersed power transformers2  

[5 ]  I EC 60076-1 : 201 1 ,  Power transformers – Part 1 :  General  

[6 ]  A.K.  Bose  and  G . J  Hu ls ink:  Performance of the magnetic circuit of a  transformer in  
service – Elektrotechn iek 56  (1 978)(7)  

[7 ]  E .  B inder und  W.  Felber:  Rueckarbeitsverfahren mit zwei 500 MVA Transformatoren  –  
ELIN-Zei tschri ft  1 978  Heft 1  

[8 ]  A.K.  Bose,  C.  Kroon ,  J .  Wi ldeboer:  The loading of a  magnetic circuit – CIGRE 1 978  
sess ion ,  August  30  – September 7  

[9 ]  A.M .  Emsley,  X.  Xiao,  R. J .  Heywood ,  and  M .  Al i :  “Degradation  of cel lu los ic i nsu lation  
i n  power transformers.  Part 3 :  Effects  of oxygen  and  water on  ageing  i n  o i l ” ,  
I EE  Proceed ings  – Science,  Measurement and  Technology,  vol .  1 47,  pp.  1 1 5-1 1 9,  
2000  

[1 0]  L. E .  Lundgaard ,  W.  Hansen ,  S.  I ngebrig tsen ,  D.  Linh je l l ,  and  M .  Dah lund :  “Ag ing  of 
kraft paper by acid  catal yzed  h yd rol ys is” ,  i n  I EEE  I n ternational  Conference on  
D ie lectric L i qu ids,  2005.  I CDL 2005.  pp.  381 -384  

[1 1 ]  CIGRE TF  D1 . 01 . 1 0  (L.  Lundgaard):  “Ageing  of cel l u lose  in  m ineral  o i l  i nsu lated  
transformers” ,  CIGRE  Brochure  No. 323,  2007  

[1 2]  L. E .  Lundgaard ,  W.  Hansen ,  and  S .  I ngebrig tsen :  “Ageing  of m ineral  o i l  Impregnated  
ce l l u lose  by acid  catal ys is” ,  I EEE Transactions  on  Die lectrics  and  E lectrica l  I nsu lation ,  
vo l .  1 5,  pp.  540-546,  2008  

[1 3]  CIGRE WG A2. 24  (J .  Declerec) :  Thermal  performance of power transformers,  CIGRE  
Brochure  No. 393,  201 0   

[1 4]  N .  Le lekakis,  D .  Marti n ,  and  J .  W i jaya,  “Ageing  rate  of paper i nsu lation  used  i n  power 
transformers  Part  1 :  Oi l /paper system  wi th  l ow oxygen  concentration” ,  I EEE  
Transactions  on  D ie lectri cs  and  E lectrical  I nsu lation ,  vol .  1 9 ,  pp.  1 999-2008,  201 2  

[1 5]  N .  Le lekakis,  D .  Marti n ,  and  J .  W i jaya,  “Ageing  rate  of paper i nsu lation  used  i n  power 
transformers  Part 2 :  O i l /paper system  wi th  med ium  and  h igh  oxygen  concen tration” ,  
I EEE Transactions  on  D ie lectrics  and  E lectrical  I nsu lation ,  vol .  1 9,  pp.  2009-201 8,  
201 2  

______________ 

2  Wi thdrawn .  I EC 60354: 1 991  was  cancel l ed  and  replaced  by I EC 60076-7: 2005.  



 – 86  – I EC 60076-7: 201 7  © I EC  201 7  

[1 6]  Lampe,  W. ,  Petterson ,  L . ,Ovren ,  C. ,  Wah lstrom ,  B . ,  Hot-spot measurements in  power 
transformers  – CIGRE,  Rep.  1 2-02 ,  1 984  

[1 7]  Nordman ,  H .  and  Lah ti nen ,  M . ,  Thermal overload tests on a  400 MVA power 
transformer with a  special 2, 5 p. u.  short time loading capability  – I EEE  Transactions  on  
Power Del ivery,  vo l .  1 8,  no.  1 ,  pp.  1 07–1 1 2 ,  2003  

[1 8]  CIGRE WG  A2. 38  (J .  Lapworth):  Transformer thermal  model l i ng ,  CIGRE Brochure  
No.  659,  201 6  

[1 9]  Experimental determination of power transformer hot-spot factor – CIGRE  WG  1 2-09,  
E lectra  no.  1 61 ,  August  1 995  

[20]  I EEE  1 538: 2000,  IEEE Guide for determination of maximum winding temperature rise  
in  liquid-filled transformers  

[21 ]  Nordman ,  H . ,  Rafsback,  N . ,  and  Susa,  D . :  Temperature responses to step changes in  
the load current of power transformers  – I EEE Transactions  on  Power Del i very,  vol .  1 8,  
no.  4 ,  pp.  1 1 1 0-1 1 1 7,  2003  

[22]  Swi ft,  G .W. ,  Mol inski ,  T. S.  and  Lehn ,  W. :  A Fundamental A pproach to Transformer 
Thermal Modelling  – I EEE  transactions  on  power del i very,  vol .  1 6,  No.  2 ,  pp.  1 71 –1 77,  
2001 ,  

[23]  Heat-run test procedure for power transformers  –  CIGRE WG  1 2-09,  E lectra  no. 1 29,  
March  1 990,  pp.  37–45  

[24]  Nordman  H . ,  Takala  O. :  Transformer l oadabi l i ty based  on  d i rectl y measured  hot-spot 
temperature  and  loss  and  l oad  current correction  exponents ,  A2_307_201 0,  CIGRE,  
Paris,  201 0  

[25]  Montsinger V.M . :  The  l oad ing  transformer wi th  temperature,  Winter Convention  of the  
A. I . E .E. ,  New York,  USA,  Jan .  27-31 ,  1 930,  p.  783  

[26]  T.W.  Dakin :  E lectrical  I nsu lation  Deterioration  treated  as  a  chem ical  rate  
phenomenon” ,  AI EE  Trans. ,  Vol .  67,  pp.  1 1 3-1 22,  1 948  

[27]  I EEE Std  C57. 91 : 201 1 ,  I EEE Gu ide  for Load ing  M ineral -Oi l - Immersed  Transformers  
and  Step-Vol tage  Regu lators   

[28]  Susa  D. ,  L i l and  K.B. ,  Lundgaard  L. ,  and  Vårdal  G . :  Generator step-up  transformer post  
mortem  assessment,  Eu ropean  Transactions  on  E lectrical  Power,  Vol .  21 ,  I ssue  5,  
pp.  1 802–1 822,  201 1  

[29]  Oommen  T.V. ,  Ronnau  R.A. ,  and  G irg is  R.S. :  New mechan ism  of moderate  hyd rogen  
gas  generation  i n  o i l -fi l l ed  transformers,  CIGRE Conference  Paper 1 2-206,  Paris  
meeting ,  Aug-Sep  1 998  

[30]  teNyenhu is  E .G . ,  G i rg is  R.S. ,  Mech ler G .F . ,  Zhou  G . :  Calcu lation  of core  hot-spot 
temperature  i n  power and  d istribution  transformers,  I EEE  Transactions  on  Power 
Del i very,  Vol .  1 7 ,  I ssue:4 ,  pp.  991 –995,  2002  

[31 ]  Cooney,  W.H . :  Predeterm ination  of se l f-cooled  o i l - immersed  transformer temperatures  
before  cond i tions  are  constan t,  Presented  at  the  reg ional  meeting  of d ist.  No.  1 ,  
Swampscott,  MA,  USA,  May 7-9 ,  1 925  



I EC 60076-7: 201 7  © I EC  201 7  – 87  – 

[32]  Susa,  D.  and  Nordman  H . :  I EC 60076-7  l oad ing  gu ide  thermal  model  constants  
estimation ,  I n ternational  Transactions  E lectrical  Energy Systems,  Vol .  23,  I ssue  7,  
pp.  946–960,  201 3  

[33]  Mon tsinger V.M . :  “Effect of barometric pressure  on  temperature  rise  of se l f-cooled   
stationary i nduction  apparatus” ,  A. I . E .E.  Trans. ,  Vol .  35,  p.  599,  1 91 6  

[34]  Mon tsinger V.M . :  “Cool ing  of transformer wind ings  after shut-down” ,   A. I . E.E .  Trans. ,  
Vol .  36,  p .  71 1 ,  1 91 7  

[35]  Montsinger V.M . ,  and  W.H .  Cooney:  “Temperature  rise  of stationary e lectrical  
apparatus  as  i n fl uenced  by rad iation ,  convection ,  and  a l ti tude”,  A. I . E.E .  Trans. ,  
Vol .  43,  p .  803,  1 924  

[36]  Montsinger V.M . ,  and  Wetheri l l  L. :  “Effect of co lor of tank on  the  temperature  of 
se l f-cooled  transformers  under service  cond i ti ons” ,   A. I . E.E.  Trans. ,  Vol .  49,  p.  41 ,  
1 930  

[37]  Montsinger V.M . :  Load ing  transformer by temperature,  A. I . E.E .  Trans. ,  Vol .  49,  p.  776,  
1 930  

[38]  Mon tsinger V.M . ,  and  W.M.  Dann :  “Overload ing  of power transformers” ,  E lectrical  
Eng ineering ,  Vol .  53 ,  I ssue  1 0 ,  p.  1 353,  1 934  

[39]  Mon tsinger V.M . ,  and  Ketchum  M .P. :  “Emergency overload ing  of a i r-cooled  
transformers  by hot-spot temperature” ,  E lectri ca l  Eng ineering ,  Vol .  61 ,  I ssue  1 2 ,  
p.  906,  1 942  

[40]  Susa  D. ,  Lehtonen  M . ,  and  Nordman  H . :  “Dynam ic thermal  model l i ng  of power 
transformers” ,  I EEE  Transactions  on  Power Del i very,  Vol .  20 ,  I ssue  1 ,  pp.  1 97–204 ,  
2005  

[41 ]  Susa  D . ,  Leh tonen  M . :  “Dynam ic thermal  model l i ng  of power transformers  – further 
development:  Part I ” ,  I EEE  Transactions  on  Power Del i very,  Vol .  21 ,  I ssue  4 ,  
pp.  1 961 -1 970,  2006  

[42]  Susa  D . ,  Leh tonen  M . :  “Dynam ic thermal  model l i ng  of power transformers  – further 
development:  Part I I ” ,  I EEE  Transactions  on  Power Del i very,  Vol .  21 ,  I ssue  4 ,  
pp.  1 971 -1 980,  2006  

[43]  Susa  D . ,  Leh tonen  M . ,  and  Nordman  H . :  Dynam ic thermal  model l i ng  of d istribu tion  
transformers,  I EEE  Transactions  on  Power Del i very,  Vol .  20,  I ssue  4 ,  pp.  1 91 9–1 929,  
2005  

[44]  Susa  D . ,  Pa lo la  J . ,  Leh tonen  M . ,  and  H yvarinen  M . :  Temperature  Rises  i n  an  OFAF 
Transformer at OFAN  Cool i ng  Mode in  Service,  I EEE  Transactions  on  Power Del i very,  
Vol .  1 8,  I ssue  4,  pp.  1 1 1 0–1 1 1 7,  2003  

[45]  CIGRE SC  1 2  (T.  Hurter,  F .  Via le):  Thermal  aspects  of l arge  transformers,  test  
procedures,  hot-spot identi fication ,  perm issible  l im i ts,  the ir assessment i n  factory tests  
and  service,  overload  l im i tation ,  effects  of cool ing  system ,  1 984  CIGRE Session  1 2-1 3  

[46]  I ncropera  F .P. ,  and  DeWitt D .P. :  “Fundamentals  of Heat and  Mass  Transfer” ,  4th  ed . ,  
J ohn  Wi ley &  Sons,  1 996,  886  pp.  

[47]  Karsai  K. ,  Kerenyi  D . ,  and  Kiss  L. :  “Large  Power Transformers” ,  E lsevier Science  
Publ ishers ,  1 987,  607  pp.  



 – 88  – I EC 60076-7: 201 7  © I EC  201 7  

[48]  King  W. J . ,  “The  basic Laws  and  Data  of Heat Transm ission” ,  Mechan ical  Eng ineering ,  
March-August 1 932,  p. 1 91  

[49]  Rice  W.  Chester,  “Free  and  Forced  Convection  of Heat i n  Gases  and  L iqu ids” ,  Physica l  
Review,  Vol .  21 ,  Apri l  1 923  and  A. I . E.E .  Trans. ,  1 923  

[50]  Rice  W.  Chester,  “Free  Convection  of Heat i n  Gases  and  L iqu ids-I I ” ,  A. I . E.E .  Trans. ,  
Vol .  XLI I I ,  p .  1 31 ,  1 924  

[51 ]  I EEE  Std  C57. 1 1 9-2001 ,  IEEE recommended practice for performing temperature rise 
tests on oil-immersed power transformers at loads beyond nameplate ratings  

[52]  I EC 60076-2: 1 993,  Power transformers – Part 2:  Temperature rise 3 

[53]  R.  P i rj ola:  Geomagnetical l y i nduced  curren ts  i n  e lectric transm ission  networks  at  
d i fferent  l ati tudes,  EMC symposium ,  Ch ina  201 0  

[54]  J .  Rai th :  Risk evaluation  for power transformers  during  solar storms,  A2-PS1  CIGRE  
Zürich  201 3  

[55]  J .  Rai th :  G IC streng th  veri fication  of power transformers  in  a  h i gh  vol tage  laboratory,  
G IC  Workshop  Cape  Town,  Apri l  201 4  

[56]  K. J .  Rapp,  J .  Luksich ,  A.  Sbravati :  “Appl ication  of natural  ester i nsu lati ng  l i qu ids  i n  
power transformers” ,  Proc.  My Transfo  conference,  1 8-1 9  November 201 4,  Turin ,  I ta l y 

[57]  D .  B ingenheimer,  K. J .  Rapp,  J .  Luksich ,  A.  Sbravati :  “Appl ication  of Natural  Ester 
I nsu lating  L iqu ids  i n  Power Transformers” ,  Proc.  TechCon® North  America,  
23-25  February 201 6,  Albuquerque,  NM,  USA 

[58]  G . J .  Pukel ,  G .  F leck,  H .  Pregartner,  R.  Fri tsche,  “Safe  and  envi ronmental l y fri end l y 
l arge  power transformers  wi th  ester,  successfu l  i n troduction  of ester l i qu ids  at  the  
420  kV transm ission  l evel ” ,  I EEE  E lectrica l  I nsu lation  Conference (EIC),  1 9-22  J une  
201 6,  Montréal ,  Canada,  p.  1 34–1 37,  I SBN  978-1 -4673-8706-4  

[59]  Ronny Fri tsche,  Uwe  Rimmele,  Frank Trau tmann*,  and  M ichael  Schäfer:  Prototype  
420  kV Power Transformer us ing  natural  ester d ie lectric fl u id ,  Proc.  TechCon® North  
America,  3-6  February 201 4 ,  Phoen ix,  AZ,  USA 

[60]  CIGRE WG  A2.35  (R.  Marti n ):  Thermal  performance of power transformers,  CIGRE  
Brochure  No.  436,  201 0  

[61 ]  I EC 62770: 201 3,  Fluids for electrotechnical applications – Unused natural esters for 
transformers and similar electrical equipment  

[62]  R.  G i rg is ,  M .  Bernesjö,  G .  K.  Frimpong :  Deta i l ed  performance of a  50  MVA transformer 
fi l l ed  wi th  a  natural  ester flu id  versus  m ineral  o i l ,  A2. 1 07,  CIGRE 201 0  

[63]  C.P.  McShane,  J . L.  Corkran ,  K. J .  Rapp,  J .  Luksich :  Natural  ester d ie lectric fl u id  
development update,  I EEE  Power & Energy Society General  Meeting ,  2009.  PES  '09  

[64]  Gasser,  Hans  Peter et a l :  Ag ing  of Pressboard  i n  D i fferen t I nsu lating  L i qu ids.  I EEE  
I n ternational  Conference on  D ie lectric L i qu ids,  Trondheim ,  Norway,  June  201 1  

______________ 

3  Wi thdrawn .  



I EC 60076-7: 201 7  © I EC  201 7  – 89  – 

[65]  C.P.  McShane,  J . L.  Corkran ,  K. J .  Rapp,  J .  Luksich :  Ag ing  of paper i nsu lation  retrofi l led  
wi th  natural  ester d ielectric  fl u id ,  Annual  Report Conference  on  E lectrical  I nsu lation  
and  D ielectric Phenomena,  1 9-22  October 2003,  Albuquerque,  NM,  USA 

[66]  C.Y.  Perkasa,  N .  Lelekakis,  T.  Czaszejko,  J .  Wi jaya,  and  D .  Marti n :  A comparison  of 
the  formation  of bubbles  and  water d roplets  i n  vegetable  and  m inera l  o i l  impregnated  
transformer paper,  I EEE  Transactions  on  D ie lectrics  and  E lectrical  I nsu lation ,  
Volume 21 ,  I ssue  5 ,  p .  21 1 1 ,  201 4  

[67]  I EC 60076-5,  Power transformers – Part 5:  Ability to withstand short circuit  

 

 

___________ 

 



 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

INTERNATIONAL 

ELECTROTECHNICAL 

COMMISSION 

 

3,  rue de Varembé 

PO Box 1 31  

CH-1 21 1  Geneva 20 

Switzerland  

 

Tel:  +  41  22 91 9 02 1 1  

Fax:  +  41  22 91 9 03 00 

info@iec.ch  

www. iec.ch  


