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Abstract: The purpose of this article is to analyse the different thermal models proposed in specialised 
bibliography for oil-immersed distribution transformers as well as their application domain. 
Improvements to increase transformer thermal model accuracy are presented and the validation for the 
introduction of each model improvement is based upon the simulation of several loading cycles.  
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1 Introduction 
This paper emphasizes that, given a few 
transformer specific parameters, the hot-spot 
temperature can be estimated as a function of the 
driving load and ambient temperature. In this 
purpose, thermal mechanisms will be simplified, as 
well as the transformer thermal system itself. Based 
on field experiments, many authors are unanimous 
in considering the model given by International 
Standards a conservative one [1], [2]. Therefore, 
with small improvements of reduced complexity, 
more accurate hot-spot temperatures could be 
estimated, increasing this way, the model 
efficiency. However, it is not always an easy task to 
determine the ratio between the increase of 
complexity and corresponding accuracy benefits. 
Consequently,  possible model improvements are 
derived: the correction of transformer losses due to 
temperature variation, the convective heat transfer 
variation with temperature, the existence of a 
secondary thermal time constant associated to 
transformer windings and the influence of variable 
ambient temperature into transformer dynamic 
thermal system. Many other aspects could be 
introduced but they would lead to an increase in 
model complexity not compatible with the 
required simplicity. Some kinds of ageing factors 
arising in electrical apparatus, such as thermal, 
voltage and mechanical, are briefly described in 
this study. The only, among these ageing factors, 
which is credibly traduced into a mathematical 
formulation, is the thermal factor. As Brancato 
refers on [13], "If the knowledge of the 
mechanisms of insulation ageing were a T.V. 

signal, then when received the image would be 
somewhat clear for thermal, quite snowy for 
voltage and mechanical and out of synchronism for 
multifactor stresses" [3]. The validation for the 
introduction of each model improvement is based 
upon the simulation of several loading cycles. 
Under constant ambient temperature, fictitious load 
profiles are simulated to focus specific alterations 
on hot-spot temperature and loss of life, introduced 
by each aspect. A realistic load profile of a 
distribution transformer is used, considering a 
sinusoidal ambient temperature profile, to point out 
the importance played by temporal correlation 
between load and ambient temperature profiles, on 
loss of life calculations. Results obtained under 
sinusoidal ambient temperature variation are 
compared to those obtained under a corresponding 
weighted ambient temperature defined by 
International Standards. Final simulations take into 
consideration transformer thermo-dynamical 
response to ambient temperature variation as well 
as added effects of previous considered aspects. 
Results are obtained under the realistic load profile.  
 
2 International Standards Thermal 
 Model 

Although transformer is a complex system, from 
the thermal point of view, due to materials diversity 
and heat transfer mechanisms involved, the 
International Standards [8] and [9] thermal model is 
basically that of an homogeneous body with a few 
modifications. An "adapted" homogeneous body 
model is assumed to be representative of the top-oil 
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temperature rise, o∆Θ , to which must be 
superposed a thermal gradient, representing the hot-
spot temperature rise, hs∆Θ , Figure 1. 
 

hsahs ∆Θ+∆Θ+Θ=Θ 0 (1) 

Fig. 1 - Temperature distribution diagram of an oil filled 
transformer [IEC-354, 1991]. 

 
with: hsΘ - hot-spot temperature [°C]; aΘ - ambient 
temperature [°C]; o∆Θ - top-oil temperature rise 
referred to ambient temperature [K]; hs∆Θ -hot-spot 
temperature rise referred to top-oil temperature [K] 
The model considers a linear increase in oil 
temperature rise, from bottom to transformer top, 
no matter the refrigeration method used and a 
constant thermal gradient g, between oil and 
windings temperature. The hot-spot temperature is 
assumed to be above the top-winding temperature 
by a factor Hhs which value is dependent upon 
transformer size, winding design and short-circuit 
impedance. This factor gives allowance of windings 
temperature increase due to stray losses. Several 
thermal parameters will be used on the next 
equations. Some values can be obtained from the 
normal temperature rise test performed by the 
manufacturer. 
 
Table 1: Thermal parameters referred in [9] 

Distr
ibuti
on 

Tran

Medium and 

Large Power 

Transformers 

Refrigeration Method ONAN ON.. OF.. OD.. 

Oil exponent n 0.8 0.9 1.0 1.0 

Winding 
exponent 

m 1.6 1.6 1.6 2.0 

Loss ratio R 5 6 6 6

Hot-spot factor Hhs 1.1 1.3 1.3 1.3 

Oil time 
constant 0τ

[h] 3.0 2.5 1.5 1.5 

Ambient 
Temperature aΘ [°C] 20 20 20 20 

Hot-spot rise 
aR
hs−∆Θ [K] 78 78 78 78 

Average 
winding rise wR∆Θ [K] 65 63 63 68 

Hot-spot to 
top-oil 

HhsgR [K] 23 26 22 29 

Average oil 
rise

imR∆Θ [K] 44 43 46 46 

Top-of-winding 
oil rise*1)

iR∆Θ [K] 55 52 56 49 

Bottom-oil rise bR∆Θ [K] 33 34 36 43 

W For ON cooling, A0 iR is taken to be equal to A0 oR 

Others do require special tests, such as the direct 
measurement of hot-spot temperature. On the 
absence of either, values presented in [9] and 
reproduced on Table 1 can be used as indicatives. 
According to [8] the apparent rated power of a 
distribution transformer is limited to 2 500 kVA 
and its rated high voltage to 33 kV. Transformers 
with apparent rated power up to 100 MVA are 
classified as "medium power transformers" and 
those exceeding this value, as "large power 
transformers". The transformer refrigeration 
method is designated by a four-letter code as 
described below: 
 
Table 2: Identification symbols according to cooling 
method [8]. 
First letter: Internal cooling medium in contact with the 
windings
O mineral oil or synthetic insulating liquid with fire 
point <300 °C 
K insulating liquid with fire point >300 °C 
L insulating liquid with no measurable fire point 
Second letter: Circulating mechanism for internal 
cooling medium
N natural thermosiphon flow through cooling equipment 
and in windings 
F forced circulation through cooling equipment and 
thermosiphon flow in windings 
D forced circulation through cooling equipment; direct 
from cooling equipment into at least main windings 
Third letter: External cooling medium
A air 
W water 
Fourth letter: Circulating mechanism for internal cooling
medium
N natural convection 
F forced circulation (fans, pumps) 

Although Table 1 presents thermal parameter 
values for refrigeration methods either than ONAN, 
this work concerns mainly this refrigeration 
method. 
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2.1  Steady-State Model 
The increment in surrounding steady-state 
temperature rise f∆Θ  of the fluid, on a 
homogeneous thermal system, will be proportional 
to power losses Ploss, assuming constant conditions 
of convection and radiation, hcr, and equivalent 
refrigerating surface, As, However, this is a rough 
model since convection is a non-linear heat transfer 
mechanism. International Standards take account of 
this non-linearity by introducing an empirical 
power loss exponent n, dependent upon transformer 
refrigeration method. Defining a Load Factor K
[p.u.] as: 

 RIIK /≡ (2) 
where: I- current RMS value under constant load K 
[A]; IR - current RMS value under rated load [A]. 
steady-state top-oil temperature rise will vary with 
total power losses P(K), according to: 

 ( ) ( ) n

loss
R P

KPK 







∆Θ=∆Θ 00 (3) 

with: oR∆Θ top-oil temperature rise referred to 
ambient temperature under rated load [K]; PlossR -
total power losses under constant rated load [W]; n-
oil exponent depending upon transformer 
refrigeration method [dimensionless]. 
Total power losses under constant load, P(K), 
considered by International Standards, [8] and [9], 
are no-load hysteresis and core eddy current losses 
under rated voltage, Po, and load losses on windings 
under rated current, PwinR. First ones are considered 
constant with load, provided that the voltage 
presents its rated value; the last ones are considered 
being essentially due to Joule losses. 

( ) 00 PKP = and ( ) winRwin PKKP 2= (4) 
The total power losses under constant load, P(K),
will then be given by: 

 ( ) 0
2 PPKKP winR += (5) 

and, at rated load, (K=1): 
 0PPP winRlossR += (6) 

Considering that PwinR ≈ Pcc, a loss ratio, R [p.u.], 
can be defined as: 

 
0P

PR cc= (7) 

and inserting (23) and (24) into (21), one obtains: 

( )
n

R R
RKk 








+

+
∆Θ=∆Θ

1
12

00 (8) 

which is the expression for top-oil temperature rise 
above ambient, presented by International 
Standards [8], [9], for oil-immersed power 

transformers. For hot-spot temperature rise above 
top-oil, a similar model is assumed. However, due 
to the practical difficulty in measuring the losses 
component dissipated on windings under constant 
load K, Pwin(K), proportionality to load current is 
taken. Hot-spot rise will then increase 
proportionally to load current, corrected by a power 
m, to take account, like on top-oil rise, for 
transformer refrigeration method. For a constant 
load K it is: 

 ( )
m

R
hsRhs I

IK 







∆Θ=∆Θ (9) 

where: hsR∆Θ - hot-spot temperature rise over top-
oil temperature, under rated load [K]; m - hot-spot 
exponent depending upon transformer refrigeration 
method [dimensionless]. 
Taking into consideration (21), (27) becomes: 

( ) m
hshs KK ∆Θ=∆Θ (10) 

or, accounting for the Hhs factor, 
( ) m

Rhshs KgHK =∆Θ (11) 
where gR represents the thermal gradient between 
windings and oil average temperature rise, g, when 
transformer is under rated load. 
 
2.2 Transient Model 
The previous equations allow the determination of 
steady-state temperature with constant loads, which 
hardly corresponds to realistic loads. Determination 
of temperature under a time varying load profile, 
does require the load modelling by a summation of 
multiple step functions, as many as determined by 
the required precision. The approximated load 
profile is then composed of multiple intervals (with 
different lags, if necessary) within each, a constant 
load value is assumed. Within each interval, upon 
International Standards [8] and [9], oil temperature 
rise follows the characteristic evolution of an 
homogeneous body, (10). Therefore, for the top-oil 
temperature rise it is: 

( ) ( )( )0/
0 1 τt

oiofoi et −−∆Θ+∆Θ+∆Θ=∆Θ (12) 

where: oi∆Θ - initial steady-state top-oil temperature 
rise [K]; of∆Θ - final steady-state top-oil 
temperature rise [K]; 0τ - oil time constant [s]. 
With data from the transformer rating plate, [9] 
proposed expression to obtain an estimation of the 
oil time constant, is an adaptation where the 
transformer and oil, mass and thermal capacity, are 
weighted. 

 of
loss

T

P
MM

∆Θ
+= 0

0
155τ (13) 
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A similar expression is proposed by [13]. 
The possibility of 0τ estimation with data from the 
heat test is also presented based on the 
homogeneous body thermal model. Relatively to 
hot-spot temperature, an increase in load will lead 
to an increase in the windings temperature with a 
time constant characteristic of the windings 
physical and thermal properties. Usually, this time 
constant is, however, of much reduced value 
relatively to oil time constant; according to [9] the 
windings time constant magnitude, for distribution 
transformers, is about 5 or 10 minutes while the oil 
one is around 3 hours. Moreover, if calculations are 
to be performed at a given time step, any time 
constant of much lower value will have no effect on 
results. For calculations considered in [9], the 
shortest load peak duration is 30 minutes and 
therefore, neglecting the windings thermal time 
constant, will have almost no effect on results. 
According to [9], after a load changing, the hot-spot 
temperature will reach the new steady-state value 
instantaneously. 

 ( ) hsfhs t ∆Θ=∆Θ (14) 
where: hsf∆Θ  - final steady-state hot-spot 
temperature rise over top-oil temperature [K]. 
 
3 Thermal Loss of Life Models 
The oldest model to describe thermal ageing is due 
to Montsinger [10]. Based on observations of the 
correlation between temperature and tensile 
strength of celullosic paper aged in oil and air, he 
concluded that paper life duration would be halved, 
for each rise ∆Θ in its temperature Θ .
Mathematically, his empirical conclusion can be 
traduced by: 

( ) 





 Θ

∆Θ
−=Θ

2lnexp0DD (15) 

where:D - lifeduration [time]; D0-constant [time]; 
∆Θ -temperature increment [K];Θ -temperature 
[°C]. 
Constant D0 represents the normal life duration 
defined for a given criterion of end of life. Different 
criteria can be established, depending upon the 
considered material property (tensile strength, 
degree of polymerisation, gas evolution), and also 
upon the limiting value after which the risk of 
failure becomes unacceptable [11] and [14]. In fact, 
Montsinger expression is valid only for a restricted 
range of temperatures. Montsinger, himself, 
realised that increment ∆Θ was not a constant for 
every temperature Θ ; values between 5 to 10 K 
could be found. Physical bases for thermal 
degradation were given by Dakin, [12], 18 years 

later, in 1948. He studied the chemical reactions 
taking place on celullosic paper as it thermally ages 
and therefore concluded that Arrhenius law of 
chemical reaction rate could described the variation 
in paper strength (life duration) with temperature. 
Arrhenius law [12] describes the variation of 
instantaneous molecular concentration Cm of a 
chemical reaction as a function of reaction rate Rract 
and exponent d which value (usually 1 and hardly 
more than 3) determines the order of the reaction: 

 d
mract

m CR
t

C
−=

∂
∂

(16) 

Dakin considered that the change in material 
properties which determines ageing could be 
described by a first order chemical reaction.  The 
reaction rate   Rract depends upon temperature and 
concentration of catalysts and other chemicals in 
the reaction. Dakin recognised that "a more 
elaborated treatment would consider the time 
variation of these components". Its temperature 
dependence is given by: 

 ( ) abBTk
W

ractract eRTR −= 0 (17)  
where Rracto is a constant, W the reaction activating 
energy, kB the Boltzmann constant and Tab, the 
absolute temperature. 
Under these conditions, (53) time integration leads 
to: 

( ) tR
C

tC
ract

m

m −=
0

log  (18) 

where Cm0 is the initial molecular concentration. 
When Cm(t) reaches, for a given criterion (property) 
to determine "life", a limiting value, Cmlim , after 
which risk of failure is considered unbearable, 
variable t represents life, D, and therefore (55) can 
be rewritten as: 

 ( ) abT
B

ab AeTD = (19) 
which is known as the Dakin (or, with more 
property, Dakin-Arrhenius) model and where: 

lim

0

0

log1

m

m

ract C
C

R
A ≡ and  

Bk
WB ≡ (20) 

Deriving, with the Dakin-Arrhenius model, the 
equivalent temperature increment ∆Θ that will 
halved the life duration, one obtains a temperature 
dependent function, which explains the values 
between 5 to 10 K, found by Montsinger. 
 
4 International Standards Models 
International Standards [9] adopted Montsinger 
model, restricted to temperatures between 80°C and 
140°C and with ∆Θ = 6K. The identification of the 
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two models for these limiting temperatures leads to 
B≈ 16800 K for the Dakin-Arrhenius model. This 
value is according to those presented on [5] where, 
depending on the source (author) and on the 
criterion to determine the end of life, values 
between 11720 K and 18000 K, are referred. The 
two models, identified for 80°C and 140°C, are 
represented on Fig. 2. Scale of "Life duration" axis 
is not referred since it is dependent upon A and D0
units, which does not intervene on calculations. 

 
Fig. 2: Montsinger model and Dakin-Arrhenius model 

with B=16800 K. 

As [9] states, "there is no simple and unique end-of-
life criterion that can be used for quantitative 
statements about the remaining life of a transformer 
insulation" and for this reason no unique A and D0
values can be found. Therefore, relative ageing 
rates are used to measure loss of life. According to 
[9] transformer specifications, which are 
reproduced on Table 2, 98°C is the rated hot-spot 
temperature of a transformer under an constant 
ambient temperature of 20°C. The ageing rate 
(which is the inverse of the life duration [9]) of a 
transformer under such constant conditions, is the 
assumed base. Consequently, and considering the 
Montsinger model assumed by [9], the relative 
ageing rate, Vag [p.u.], of a transformer with an hot-
spot temperature, hsΘ [°C], is given by: 

( ) 6
98

2
−Θ

=Θ
hs

hsagV (21) 
For thermal loss of life calculation over a certain 
period t1 to t2 (being t1< t2), reference [9] proposes 
expression (59), or its discrete form (60) for the 
relative loss of life (or relative ageing), LOL [p.u.], 
depending upon continuous or discrete time 
measurements, respectively. 

∫−
=

2

112

1 t

t
agdtV

tt
LOL  (22) 

∑
=

= N

n
nVN

LOL

1

1
(23) 

where: Vn - relative ageing rate of time interval n
[p.u.]; n - number of each time interval; t- total 
number of equal time intervals. 
A different expression for the relative ageing rate 
would be obtained if Dakin-Arrhenius model was 
considered. Although the discussion of the two 
models is not the purpose of this work, one must 
point out the strong non-linearity of the two 
models. Once a model has been chosen, it 
constitutes a key tool for, in a comparative sense, 
ranking different transformers in terms of their 
thermal loss of life and, therefore, risk of failure. 
Montsinger model will be assumed along this work, 
since is the one adopted by International Standards. 
 
5 Transformer Thermal Models  
In order to study the application domain and the 
impact of transformer thermal model improvements  
several simulations were performed. First, each 
effect was analysed separately and then joined 
effects were considered 
 

Fig. 3: Analysed aspects and models. 

Reference Model, referred on graphs as "Ref", is 
the model proposed by International Standards [8] 
and [9]. Resistance Model, referred on graphs as 
"Res", is based on Reference model but introducing 
the resistance correction factor C( hsΘ ) on top-oil 
and hot-spot steady-state temperature rises’ 
Variable time constant Model, referred on graphs as 
"Fife", is based on Reference model where the time 
constant variation with top-oil temperature rises 
was considered. Windings time constant Model, 
referred on graphs as "Vtc", is based on Reference 
model but where windings time constant was 
introduced. 
 
5.1 Load Profiles "Windings Time 
 Constant" Model 
In order to analyse the influence of windings 
thermal time constant, models "Reference" and 
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"Winding time constant" were compared under load 
cycle n°3; obtained hot-spot temperatures are 
represented on Figure 4. Since the overload is of 
very short duration ( w2t τ≈∆ ), the thermal 
transient related to windings time constant, do not 
reach hot-spot temperatures as higher as in the 
"Reference" model. Under these conditions, the 
presence of the windings thermal time constant, 
models the transformer as a thermal filter to short 
overloads. Since achieved temperatures are not so 
high, the calculated daily loss of life is substantially 
reduced. 

Fig. 4: Hot-spot temperatures; Refand Wtc Models. 
 
The influence of the windings thermal time 
constant is stronger when overloads are severe and 
of very short duration; typically, shorter than half 
an hour. These kind of load profiles are, more 
frequent for some industrial transformers than for 
public distribution ones. 
 
5.2 Thermal Loss of Life 
Table 3 represents "Ref" model hot-spot 
temperature and, for the 5 models, their temperature 
increase relatively to "Ref" model. 
 

Tablel 3: Maximum hot-spot temperature differences 
between models. 

Load 
Cycles

Ref Res Vtc Wtc Res+Vtc Res+Vtc+ Wtc 

n°l 108.1 9.5 2.9 0.0 13.9 14.3 

n°2 97.0 5.4 0.6 0.0 6.5 6.5 

n°3 101.7 7.0 0.9 -2.4 8.3 3.0 

Loss of life calculations for the above-simulated 
load cycles was based upon expression (22) and 
(23). Figure 5 synthesises obtained loss of life 
values, for each of the four studied models, under 
each of the three simulated load. Since the purpose 
is to compare models within each load cycle, the 

loss of life value obtained with "Ref" model under 
each load cycle was taken as a p.u. base; loss of life 
values for each model, are based on "Ref" ones. 
Main remarks related to loss of life values obtained 
with studied load cycles are: 
i) Apart from "Wtc" model under load cycle n°3, 
"Ref" model is the most conservative one (i.e. the 
one which leads to lower loss of life values). 
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Ref      Res     Vtc      Wtc      Res+Vtc     Res+Vtc+Wtc  
Fig. 5: Loss of Life values, based on "Ref" Model 

considering a reference temperature of 75°C. 
 
ii) For severe and large duration overloads (cycle 
n°l), introduction of resistance correction factor and 
main time constant variation (i.e. cycle n°2 for 
"Vtc"), lead to very different loss of life values. 
iii) For severe and of very short duration overloads 
(cycle n°3), windings time constant plays an 
important role in restricting reached hot-spot 
temperatures and, as a consequence, reducing 
substantially loss of life values (i.e. cycle n°3 for 
"Wtc"). This effect is compensated by the resistance 
correction factor and variable time constant (i.e. 
cycle n°3 for "Res+Vtc+Wtc").  
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Ref          Res        Vtc          Wtc          Res+Vtc         Res+Vtc+Wtc  
Fig. 6:  Loss of Life values, based on "Ref" Model, 

considering a temperature reference of 95°C. 
 
If R and L values given on Table 5 were referred to 
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a temperature of 95°C, the impact of the resistance 
correction factor would be reduced, since it would 
become significative only for hot-spot temperatures 
above 95°C. Figure 16 represents loss of life values 
for the different load cycles and models, under this 
situation. 
Since resistance correction factor was "shifted" for 
temperatures above 95°C, its impact over load 
cycles n°2 and n°3 is a slight reduction on loss of 
life values (model "Res"). As a consequence, the 
importance of considering the windings thermal 
time constant on load profiles of very short-term 
duration (load cycle n°3) becomes visible on 
"Res+Vtc+Wtc". The increase in loss of life due to 
the resistance correction factor does not 
compensate the decrease due to windings thermal 
time constant, any more. 
This loss of life increase with ambient temperature 
variation, is expected to assume larger values, if 
industrial load profiles and/or unfavourable 
temporal correlation between load and ambient 
temperature profiles are considered. 
 
6 Conclusions 
This paper is highligthing some improvements on 
the transformer thermal model, relatively to the 
International Standards model.  
The consideration of variable main thermal time 
constant on severe overloads with duration similar 
or greater than transformer main thermal time 
constant results in a much precise model. Loss of 
life calculations during periods when ambient 
temperature can not be considered constant, do 
require special attention.  
Due to temporal correlation between loads and 
ambient temperature, continuously varying profiles 
are almost indispensable when loads or temperature 
ranges are wide or arithmetic i presents 
considerable values. Consideration of significant 
variation of ambient temperature into transformer 
thermal dynamics, seams unquestionable from the 
thermodynamically point of view. 
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