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SUMMARY 
 
This contribution presents an approach to determine the overload capabilities of oil-cooled power 
transformers depending on the ambient temperature. For this purpose the investigated method 
introduces a simplified, empirical based thermal model that predicts changes in oil temperature with 
high accuracy. This model considers the entire transformer as a single, homogenous tempered body 
with a certain thermal capacity. All electrical losses are perceived as an input of equally distributed 
heat and assumed to be the sum of the load and no-load losses given by the transformer design. In 
contrary to earlier approaches the heat exchange with the ambience is modelled as a complex function 
depending first of all on the temperature difference between the transformer and its surroundings. 
Furthermore, the loading rate, material properties, levels of temperatures and emerging temperature 
gradients are taken into account as influencing factors determining the heat exchange.  
To display the behaviour of a specific transformer, the model employs several empirical factors. For 
determination of these empirical factors an evaluation time of two to four representative weeks of 
transformer operation is found to be sufficient. To validate the created model and test its operational 
reliability, measuring data from several ONAN- and ONAF-transformers are consulted. These data 
sets comprise the top oil and ambient temperature as well as the loading rate and the status of the 
cooling system. Furthermore, the corresponding name plate data is integrated. Subsequently to the 
calculation of the top oil temperature, the maximum constant loading rate resulting in a hot-spot 
temperature below critical level is determined based upon the remarks of IEC 60076 - 7 [1]. Finally, a 
characteristic linear function for each investigated transformer displaying the maximum loading rate 
depending solely on the ambient temperature is derived. In case of the investigated ONAN- and 
ONAF-transformers within a power range of 31.5 - 63 MVA, significant overload potentials could be 
disclosed.  
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Figure 1: One-body-model 

 

1. Introduction 
 
The integration of renewable energy technologies into present power grids implicates 
significant challenges for the network operators. Due to its unsteady character, the commonly 
provided output of a wind park e.g. often results in peak loading of the connected network 
components. Furthermore, the ongoing extension of established wind farms and the assembly 
of new wind parks amplify the emerging peak loads for the existent technical resources. This 
development might induce network operators to tolerate temporary loading levels beyond 
name plate rating. Nevertheless, long term consequences concerning the ageing of the 
equipment have to be taken into account. 
The lifetime performance of a power transformer strongly depends on the temperatures its 
materials have been exposed to. Because of their significant effect, a profound knowledge 
about these temperatures is of great interest. While a current state may also be derived from 
measurements, prospective developments can only be obtained by modelling. Due to transient 
load conditions, changing ambient conditions, adjustable cooling systems and their design and 
operation principles, transformers represent a rather complex thermal system. In addition, the 
particular design of a certain transformer, with its applied materials and installed components, 
complicates precise simulations tremendously. However, knowledge about the exact 
temperature distribution inside a transformer may not be necessary within the scope of every 
desired application. For instance, the determination of a constant, non-critical level of 
overload might already be achieved by means of a simplified thermal model. 
 
 
2. Thermal Transformer Model 
 
The applied thermal model bases upon the idea of an one-body-
model (Figure 1). Consequently, the entire transformer is 
considered as a single, homogenous tempered body with the 
thermal capacity Cth. All electrical losses Ploss are perceived as 
an input of the equally distributed heat �̇�𝑖𝑛 and assumed to be 
the sum of the load losses Psc and the no-load losses P0, as 
stated in equation (1). For the nominal load losses Psc,n, the 
middle position of the on-load tap-changer is applied. The time-dependent load factor k(t) is 
thereby determined by the ratio of the actual current I(t) to the nominal current In. 
 

�̇�𝑖𝑛(𝑡) = 𝑃𝑙𝑜𝑠𝑠 = 𝑃0 + 𝑘(𝑡)2 ∙ 𝑃𝑠𝑐,𝑛     with     𝑘(𝑡) =
𝐼(𝑡)
𝐼𝑛

   (1) 

 
The heat flow rate �̇�𝑜𝑢𝑡  coming out of the transformer's cooling system is assumed to be 
proportional to the reciprocal value of the thermal resistance Rth and to the temperature 
gradient of the top-oil temperature 𝜗𝑇𝑂 and the ambient temperature  𝜗𝑎𝑚𝑏. This concludes in 
 

�̇�𝑜𝑢𝑡(𝑡) =
1

𝑅𝑡ℎ(𝑡)
∙ �𝜗𝑇𝑂(𝑡) − 𝜗𝑎𝑚𝑏(𝑡)�    with     𝑅𝑡ℎ(𝑡) =

1
𝛼(𝑡) ∙ 𝐴

   .  (2) 

 
While A describes the heat transferring surface, α represents the corresponding heat transfer 
coefficient. The energy balance finally factors in the thermal capacity Cth, resulting in 
 

𝑃𝑙𝑜𝑠𝑠(𝑡)−�̇�𝑜𝑢𝑡(𝑡) = 𝐶𝑡ℎ ∙ �̇�𝑇𝑂(𝑡)    with     𝐶𝑡ℎ = �𝑚𝑖 ∙ 𝑐𝑖   .   (3) 
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Figure 2: Rth-Modelling 
 
 

Equation (3) shows, that the thermal inertia of the transformer is modelled proportional to the 
changing rate of the top-oil temperature. The total thermal capacity Cth of the modelled 
transformer is calculated from the sum of all considered thermal masses (tank, windings, core 
and oil) multiplied with each corresponding specific thermal capacity. Combining 
equation (2) and (3) leads to  
 

𝑃𝑙𝑜𝑠𝑠(𝑡) −
1

𝑅𝑡ℎ(𝑡)
∙ �𝜗𝑇𝑂(𝑡) − 𝜗𝑎𝑚𝑏(𝑡)� = 𝐶𝑡ℎ ∙ �̇�𝑇𝑂(𝑡)    .   (4) 

 
Solving the differential equation (4) provides an approximation for the temperature change 
along the time step from t to t+Δt in the form of 
 

∆𝜗𝑇𝑂,𝑡→𝑡+∆𝑡 = �𝑃�𝑙𝑜𝑠𝑠(𝑡) ∙ 𝑅�𝑡ℎ(𝑡) + �̅�𝑎𝑚𝑏(𝑡) − 𝜗𝑇𝑂(𝑡)� ∙ (1 − 𝑒
−∆𝑡

𝑅�𝑡ℎ(𝑡)∙𝐶𝑡ℎ)    .  (5) 
 
All properties in equation (5) carrying a bar refer to the averaged value of the corresponding 
property during the time step from t to t+Δt. The only remaining unknown in this equation is 
the thermal resistance Rth , that can be determined empirically by a set measurements. 
  
Instead of assessing Rth by a constant 
value as applied in earlier 
investigations [2], a more complex 
approach was chosen. Figure 2 
displays the underlying principle, that 
was applied to model the physical 
conditions of the heat exchange 
between the transformer and its 
surroundings. It subdivides the thermal 
resistance into three parts, representing 
different principles and locations of heat transfer. Although the thermal model, according to 
equation (5), takes only one temperature for the entire transformer into account (𝜗𝑇𝑂), Figure 
2 also refers to the temperature of the windings 𝜗𝑤𝑑𝑔 . This necessitates a transformation 
according to equation (8). To model the transport of heat from the locations of heat generation 
to the ambience, in a first step Rconv,wdg - TO  takes the heat convection between the windings 
and the oil into account. Subsequently, Rrad,TO - amb includes the heat transfer between the tank 
and the ambience due to heat radiation. Finally, Rconv,TO - amb factors in the heat convection 
between the transformer's radiators and the ambience. Neglecting the thermal resistance of the 
convecting oil at the heat transferring surfaces of the tank as well as at the radiators results in 
identical temperatures of the oil, the tank and the radiators. According to the calculation rules 
for thermal resistances, the overall thermal resistance Rth,total then can be calculated with 
 

𝑅𝑡ℎ,𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐𝑜𝑛𝑣,𝑤𝑑𝑔−𝑇𝑂 +
1

1
𝑅𝑟𝑎𝑑,𝑇𝑂−𝑎𝑚𝑏

+ 1
𝑅𝑐𝑜𝑛𝑣,𝑇𝑂−𝑎𝑚𝑏

   ,   (6) 

or with 𝑅𝑖 = 1
(𝛼 ∙ 𝐴)𝑖�   

 

𝑅𝑡ℎ,𝑡𝑜𝑡𝑎𝑙 =
1

(𝐴 ∙ 𝛼)𝑐𝑜𝑛𝑣,𝑤𝑑𝑔−𝑇𝑂
+

1
(𝐴 ∙ 𝛼)𝑟𝑎𝑑,𝑇𝑂−𝑎𝑚𝑏 + (𝐴 ∙ 𝛼)𝑐𝑜𝑛𝑣,𝑇𝑂−𝑎𝑚𝑏

   .  (7) 

 



  3 
 

However, the corresponding heat flow rate of Rth,total would refer to the temperature gradient 
∆𝜗𝑤𝑑𝑔−𝑎𝑚𝑏 . To avoid a contradiction with the equations (1)-(5), Rth,total is transformed to 
 

𝑅𝑡ℎ = 𝑅𝑡ℎ,𝑡𝑜𝑡𝑎𝑙 ∙
∆𝜗𝑇𝑂−𝑎𝑚𝑏
∆𝜗𝑤𝑑𝑔−𝑎𝑚𝑏

   .     (8) 

 
Beside the heat transfer coefficients αi and the corresponding areas of heat transfer Ai , also 
the applied winding temperature 𝜗𝑤𝑑𝑔  has to be modelled appropriately. The latter is 
accomplished by 
 

𝜗𝑤𝑑𝑔(𝑡) = 𝜗𝑇𝑂(𝑡) + 𝑥𝜗1 ∙ (𝑘(𝑡)2)𝑥𝜗2    ,    (9) 
 
with the empirical parameters xϑ1 and xϑ2 . Equation (9) thereby assumes, that the temperature 
gradient between the oil and windings depends on the loading rate k(t). To model the heat 
transferring areas, additional empirical factors were applied. This leads up to 
  
𝐴𝑐𝑜𝑛𝑣,𝑤𝑑𝑔−𝑇𝑂 = 𝑥1 ∙ 𝑥ℎ   ;   𝐴𝑐𝑜𝑛𝑣,𝑇𝑂−𝑎𝑚𝑏 = 𝑥2 ∙ 𝑥ℎ   ;   𝐴𝑟𝑎𝑑,𝑇𝑂−𝑎𝑚𝑏 = 𝑥3 ∙ 𝑥ℎ  .  (10) 
 
Obviously, it would be possible to apply three empirical factors for three unknown values 
directly or in any other suitable manner. Equations (10) display just one possible way, which 
takes into account that the areas are always proportional to the height of the winding 𝑥ℎ. The 
heat transfer coefficients for the natural convection of the oil inside the windings αnc,wdg - TO 
and the air inside the radiator panels αnc,TO - amb are modelled on basis of correlations given by 
the VDI Heat Atlas [3]. In case of the oil, a scenario of a vertical annular gap with the 
characteristic height of xh and a gap width of xd is chosen. A scenario of vertical sets of plates 
with a characteristic height of xh and a plate distance of 5 ∙ 𝑥𝑑  is selected for the natural 
convection of the air. Furthermore, temperature dependent material properties for oil and air 
are applied. To cover forced convection (e.g. for ONAF or OFAF cooling systems), a linear 
extension depending on the number of active fans/ pumps nfan/pump is applied. With the 
additional empirical factors xfc,i follows 
 

𝛼𝑐𝑜𝑛𝑣,𝑖 = 𝛼𝑛𝑐,𝑖 + 𝑛𝑓𝑎𝑛/𝑝𝑢𝑚𝑝 ∙ 𝑥𝑓𝑐,𝑖  .     (11) 
 
As a possible future development, instead of this strongly simplifying approach, elaborated 
functions or correlations for forced convection could be applied alternatively. Finally, the heat 
transfer coefficient of the heat radiation is given by 
 

𝛼𝑟𝑎𝑑,𝑇𝑂−𝑎𝑚𝑏 =
𝜀 ∙ 𝜎 ∙ (𝑇𝑇𝑂4 − 𝑇𝑎𝑚𝑏4)

∆𝜗𝑇𝑂−𝑎𝑚𝑏
  ,    (12) 

 
with an approximated emission coefficient 𝜀 = 0.9 and the Stefan-Boltzmann constant σ. In 
summary, the presented model pursuits the goal, to cover the basic thermal kinetics of a 
transformer sufficiently. To make it as applicable as possible, the amount of required 
information is kept as little as possible. Consequently, since the introduced model depends on 
additional specifications and data, the lack of information is covered empirically. To validate 
the capabilities of this approach, the following sections will present modelling results that 
could be gathered applying the presented thermal model. 
 



  4 
 

 
3. Modelling Results 
 
To point out the advantage of a variably modelled thermal resistance in comparison to a 
constant thermal resistance, Figure 3 shows the corresponding modelling results for a 
31.5 MVA ONAN transformer. In case of a constant thermal resistance, the top-oil 
temperature is overestimated in periods with a high loading rate while in times with a low 
loading rate the top-oil temperature is underestimated. In comparison, the presented thermal 
model covers both loading states very well. The consulted evaluation period to determine the 
empirical parameters was thereby set to one week. 
 

  
(a) Rth = const. (b) Rth = Rth,model 

Figure 3: Modelling results for a 31.5 MVA ONAN transformer 

 
Figure 4 shows the influence of the evaluation period on the modelling results for a 40 MVA 
ONAF transformer. It can be seen that an evaluation period of four weeks is already sufficient 
to achieve expedient results. Accordingly, a longer evaluation period provides only little 
improvement. 
 
 
4. Assessment of overload capabilities 
 
The loading guide for oil-immersed power transformers IEC 60076-7 [1] provides an equation 
to determine the resulting hot-spot temperature ϑHS at a given constant loading rate k 
depending on the emerging temperature gradient between the top-oil temperature and the 
ambient temperature at nominal conditions ΔϑTO-amb,n. It states 
 

𝜗𝐻𝑆 = 𝜗𝑎𝑚𝑏 + 𝛥𝜗𝑇𝑂−𝑎𝑚𝑏,𝑛 ∙ �
1 +

𝑃𝑆𝐶,𝑛
𝑃0

∙ 𝑘2

1 +
𝑃𝑆𝐶,𝑛
𝑃0

�

𝑥

+ 𝐻 ∙ 𝑔𝑟 ∙ 𝑘𝑦    ,   (13) 
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(a) Empirical evaluation time of four weeks 

 
(b) Empirical evaluation time of three months 

Figure 4: Influence of the evaluation period on the results for a 40 MVA ONAF-transformer 

 
with the hot-spot factor H, the averaged temperature gradient between the windings and the 
oil gr, the oil-exponent x and the winding-exponent y. Equation (4) delivers at constant 
conditions  ∆𝜗𝑇𝑂−𝑎𝑚𝑏,𝑛 = 𝑃𝑙𝑜𝑠𝑠,𝑛 ∙ 𝑅𝑡ℎ = (𝑃0 + 𝑃𝑆𝐶,𝑛) ∙ 𝑅𝑡ℎ . Applied in equation (13) follows 
 

𝜗𝐻𝑆 = 𝜗𝑎𝑚𝑏 + 𝑃𝑙𝑜𝑠𝑠,𝑛 ∙ 𝑅𝑡ℎ ∙ �
𝑃𝑙𝑜𝑠𝑠(𝑘)
𝑃𝑙𝑜𝑠𝑠

�
𝑥

+ 𝐻 ∙ 𝑔𝑟 ∙ 𝑘𝑦    .   (14) 

 
In case of ONAN- and ONAF-transformers, IEC 60076-7 [1] provides a set of possible values 
for the introduced factors with x = 0.8, y = 1.3, H = 1.3 and gr = 20 K. Moreover, it 
recommends a hot-spot temperature of ϑHS = 98 °C to maintain a nominal aging rate. 
Consequently, applying the validated thermal resistance of a certain transformer can permit 
the determination of a maximum, non-critical loading rate kmax, which results in a nominal 
aging rate. Figure 5 displays the results of the described proceeding for the investigated 
transformers approximated with linear functions in the form of 
 

𝑘𝑚𝑎𝑥 = 𝑎 ∙ 𝜗𝑎𝑚𝑏 + 𝑏  .     (15) 
 
All transformers show a significant overload potential of at least 20 % at ambient 
temperatures below 10 °C. Moreover, the results attest ONAN transformers higher overload 
capabilities compared to ONAF transformers. Figure 6 shows the influence of the various 
parameters in equation (14). Each graph represents the derived results for a 31.5 MVA ONAN 
transformer with one altered parameter out of x, y, gr, H and ϑHS in comparison to the 
previously applied factors. For example, it can be seen that an increase of the hot-spot factor 
from H = 1.3 to H = 1.6 results in a decrease of almost 15 % of the maximal loading rate kmax 
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independent of the ambient temperature. An increase of gr from gr = 20 K to gr = 25 K causes 
similar consequences. Hence, the displayed correlations underline that the presented approach 
strongly depends on the hot-spot temperature calculation. 
 

  
Figure 5: Maximum loading rate of the 
investigated transformers with x = 0.8, 

y = 1.3, H = 1.3, gr = 20 K and ϑHS = 98 °C   

Figure 6: Maximum loading rate of a 
31.5 MVA ONAN transformer  

 
 
5. Conclusion 
 
The assessment of overload capabilities of ONAN and ONAF transformers by means of 
thermal modelling, e.g. implemented in an on-line monitoring system, offers network 
operators a profound insight into the correlation between the ambient temperature and the 
maximal applicable loading rate. However, the exact value of the maximal loading rate at a 
certain ambient temperature strongly depends on the calculation of the hot-spot temperature. 
Nevertheless, the provided certainty of the presented approach might be sufficient to allow 
network operators a responsible assessment of overloading potentials.  
In reference to the illustrated results in Figure 5 and 6 it should be noted that IEC 60076-7 [1] 
explicitly limits the loading rate at standard operating conditions to kmax = 1.3. In addition, the 
presented results don't take the performance limits of attached accessories like the on-load 
tap-changer and bushings into account. For application of the introduced approach, also the 
specific condition concerning the service life (e. g. moisture content, DGA) of a certain 
transformer has to be regarded. 
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