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Abstract 
 

The reliability and lifetime of a transformer depends on the quality of oil 

or epoxy insulation used in the transformer and attached accessories such 

as bushings. This paper presents selected aspects of the numerical analyses 
of transformers and transformer components with epoxy resin solid 

insulation. Reliability, durability and dielectric properties of the epoxy 

insulation depend strongly on the quality of a manufacturing process. For 
example, the residual stresses may be minimized by selecting the right 

process parameters. Computer simulations of the casting and curing 

process of  high voltage coils of a dry transformer are applied for that 
purpose. Similar analyses are also possible for high voltage Resin 

Impregnated Paper (RIP) bushings. In this case computer simulations are 

also used for modeling the complex vacuum drying process, which is 
necessary to assure the high quality and reliability of the final product.  

A transformer and its components may be exposed to various 

environmental conditions during operation and even very extreme ones 
(e.g. large changes of the ambient temperature) should be taken into 

account during the design process. The computer simulations allow 

verification of a mechanical design of the dry transformer winding which 
is exposed to a thermal shock. The other example is evaluation of the 

mechanical resistance to seismic loads. Numerical analyses allow 

preliminary validation of the design of oil and dry transformers as well as 
bushings, which are expected to work in the area of earthquakes risk. By 

their application the design time and testing costs are much reduced.  
 
Keywords: transformer, bushing, numerical analyses, manufacturing, 
operation, thermal shock, seismic. 
 

Wybrane zagadnienia analizy numerycznej 
transformatorów 

 

Streszczenie 

 
Decydujący wpływ na niezawodność i czas życia transformatorów ma 
jakość izolacji olejowej lub żywicznej zastosowanej w transformatorze jak 
i również w komponentach bezpośrednio do niego podłączonych takich 
jak przepusty. W artykule przedstawiono wybrane aspekty analiz 
numerycznych dla transformatorów i komponentów z izolacją żywiczną. 
Niezawodność, trwałość i własności izolacji żywicznej zależą w dużej 
mierze od jakości procesu wytwarzania. Przykładowo zastosowanie 
symulacji komputerowych pozwala na analizę procesu zalewania  
i utwardzania uzwojeń wysokiego napięcia transformatorów suchych  
i dobór takich parametrów procesu by zminimalizować powstające 
naprężenia resztkowe. Podobne analizy są również możliwe dla 
wysokonapięciowych izolatorów przepustowych dla których wykonuje się 
również analizy procesu suszenia papieru. W trakcie eksploatacji 
transformator i jego komponenty narażone są na różnego rodzaju 
ekstremalne warunki zewnętrzne, których wystąpienie musi być 
uwzględnione w trakcie projektowania urządzeń. Przykładowo symulacje 
komputerowe pozwalają na sprawdzenie konstrukcji mechanicznej 
uzwojeń transformatorów suchych pod kątem ich odporności na 
drastyczne zmiany temperatury otoczenia. Innym przykładem jest ocena 
odporności na wstrząsy sejsmiczne. Analizy numeryczne pozwalają na 
wstępną weryfikację konstrukcji transformatorów olejowych i suchych 
oraz przepustów, które przewidziane są do pracy w rejonach zagrożonych 
trzęsieniami ziemi. Możliwe jest dzięki temu ograniczenie kosztów 
związanych z projektowaniem i testowaniem tych produktów. 
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1. Introduction 
 

The electrical apparatus such as transformers are exposed, 

during their operation, to the combination of dielectric, 

mechanical and thermal stresses. In order to prevent product 

damage, the proper safety margins have to be considered in the 

design of the device. At the same time all products are involved in 

the continuous pursuit of reducing the size and costs, which makes 

the design process particularly challenging. The advanced 

numerical analyses are a useful engineering tool that reduces such 

costs, when keeping high quality standards.  

The high quality manufacturing process is as much important as 

the product design itself. The well conducted manufacturing 

process is the only way to assure dielectric, thermal and 

mechanical properties of the device. Advanced computer 

simulations also support process engineers in development of new 

products and optimization of the existing ones.  

This paper consists of two parts. In the first one the selected 

examples showing application of computer simulations to analysis 

and optimization of manufacturing processes are presented. The 

second part is dedicated to examples of utilization of the advanced 

numerical tools for evaluating the performance of the products 

exposed to severe environmental conditions such as extreme low 

temperatures and seismic loads. The presented examples refer to 

two types of electrical apparatus, namely dry transformers and 

bushings.  

The quality and reliability of the bushings which are applied on 

the transformer may have essential influence on the reliability of 

the whole systems. In [1] the author discusses these quality 

aspects and related requirements in reference to bushings for ultra 

high voltage applications. In his work he provides the failure 

statistics, basing on [2], which indicates bushings as one of the 

most common sources of the transformer fault.  

 

2. Numerical analyses of manufacturing  
processes 

 

Due to its electrical, thermal and mechanical properties, the 

epoxy resin is widely used as the insulation material in various 

high, medium and low voltage electrical apparatus. However, 

reliability, durability and dielectric properties of the epoxy 

insulation depend strongly on the quality of the manufacturing 

process. Common manufacturing defects related to the epoxy resin 

are air bubbles and voids created during the mold filling, 

premature gelation or undesired gelation direction, material 

overheating and burning caused by exothermic curing process and 

the last by not least epoxy cracking due to large temperature 

gradients. The manufacturing process of the epoxy made products 

is controlled by process parameters such as the mold temperature, 
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epoxy injection temperature and injection time. Selection of the 

best process parameters is made by analysis of various 

manufacturing scenarios and computer simulations can be applied 

instead of time consuming and costly experiments.  

A numerical model of the epoxy casting and curing process 

must include phenomena like fluid flow, heat transfer, epoxy 

gelation and related heat generation, chemical and thermal 

shrinkage, deformation and stress generation. The simulation tool 

for analysis of the casting and curing process is described in [3]. 

The extension of that approach to mechanical analysis is presented 

in [4]. Although the medium voltage products are discussed in 

both mentioned papers, the similar approach may be applied to 

analysis of the manufacturing process of the epoxy cast windings 

of dry transformers.  

The example of the dry transformer with epoxy cast windings, 

manufactured in the so called vacuum cast coil (VCC) technology 

is shown in Fig.1. One of the main differences in the 

manufacturing process of the VCCs and medium voltage products 

described in [3] and [4] is the heating method during the 

polymerization of the epoxy resin. The medium voltage products 

are usually produced in steel molds which are attached to the 

heating plates with a defined temperature profile, while the VCCs 

are cast using the molds made of thin steel sheets and cured in 

large ovens with forced convection of the hot air. The difference 

in the main heating mechanism – conduction in the first case and 

convection in the second one – had to be taken into account in the 

numerical model of the curing process of VCC.  

 

 

 
 

Fig. 1.  Dry transformer with epoxy vacuum cast coils of the high voltage side 

Rys. 1.  Suchy transformator z żywicznymi, próżniowo odlewanymi cewkami  

po stronie wysokiego napięcia 
 

The example challenge in computer simulations of the forced or 

natural convection is selection of the model of the turbulent air 

flow and creation of the finite element mesh with proper boundary 

layers that would fulfill the requirements of that model. The mesh 

quality near the mold walls requires special care because it has 

direct influence on the accuracy of the computed air velocity and, 

consequently, on the evaluated heat transfer between the hot air 

and these walls. The heating conditions are the leading factor that  

affects the epoxy polymerization and thus the proper modeling of 

the air flow inside the curing ovens is necessary for analysis and 

optimization of the whole curing process. The example results of 

the computer simulations of the curing process of VCCs are 

shown in Fig. 2. There are depicted the pathlines of the air 

circulation in the oven and around the molds in this figure. 

 

 
 

Fig. 2.  Pathlines representing air flow inside the curing oven around the molds  

of VCCs 

Rys. 2.  Ścieżki przepływu powietrza wewnątrz pieca i wokół form w trakcie 

procesu utwardzania cewek żywicznych 
 

The approach to numerical analyses of the curing process of the 

epoxy resin in medium voltage products and in dry transformers 

may be also used for high voltage Resin Impregnated Paper (RIP) 

bushings. The manufacturing method for bushings is in many 

ways similar to that used for VCCs. The bushings are cast under 

vacuum using thin steel molds and the heat necessary for curing 

process is provided by forced or natural convection. However, the 

particular challenge in this case is description of the structure of 

the bushing condenser body, which consists of multiple layers of 

paper and aluminum foils. Due to limitations of the mesh 

generation process, the condenser body has to be treated as  

a single part and its structure is modeled by porosity parameters 

and anisotropic thermal properties. Moreover, the additional effort 

is required for development of the mathematical model of the 

epoxy polymerization inside the porous structure. 

In case of the RIP bushings the other manufacturing step is also 

particularly interesting for numerical analyses. The important part 

of the whole manufacturing process of RIP bushings is paper 

drying. Some amount of water is always bounded within the 

cellulose which was exposed to the ambient conditions. The 

moisture has a significant and negative influence on the other 

manufacturing steps, e.g. epoxy curing, as well as the electrical 

and mechanical properties of the paper. The example of water 

influence on dielectric properties of the paper is shown in Fig. 3.  

 

 

 
 

Fig. 3.  Power factor of paper as a function of temperature for various water 

contents. Tan δ – power factor; 1/Θ – reciprocal temperature;  

W – water content [5] 

Rys. 3.  Tangens kąta strat (Tan δ) dla papieru w funkcji temperatury (1/Θ)  

i zawilgocenia (W) [5] 
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The common drying technology for transformers and bushings 

is the so called vacuum drying. Low pressure conditions are used 

for decreasing the boiling point of water and creating pressure 

gradient for liquid (water and/or vapor) flow. The vacuum speeds 

up moisture evacuation from the system and the whole drying 

process. On the other hand, the vacuum is often a barrier for heat 

transfer and due to high value of the water heat of evaporation 

(2270 kJ/kg @ 20 °C) a lot of energy must be provided to the 

bushing body for the effective drying. For that reason the drying 

process usually consists of several alternating heating and vacuum 

steps and during the heating periods the atmospheric pressure is 

applied.  

The drying time is often a significant part of the whole 

manufacturing time. Selection of the drying process parameters, 

e.g. number and duration of vacuum and heating steps, is difficult. 

Computer simulations allow analysis of various drying scenarios 

and optimization of that process with respect to the time and 

moisture level.  

The numerical model of the paper vacuum drying process has to 

include various physical phenomena like flow of gas mixture in 

porous material, convective, conductive and radiative heat 

transfer, evaporation and condensation of water. The material 

models should consider anisotropic material properties and their 

dependence on temperature as well as moisture level. The example 

approach is presented in [6] together with validation results. That 

approach was used for analysis of the drying process of large and 

small scale bushings. The strong relation between the number and 

duration of the heating and vacuum steps and drying efficiency 

was confirmed by the obtained results. The recommendations for 

process improvement were also proposed.  

 

3. Numerical analyses of the product  
operation 

 

During their operation electrical products are exposed to various 

environmental conditions. In order to evaluate their resistance to 

electrical, mechanical or thermal stresses and minimize the risk of 

failure, dedicated standards and tests are defined for their 

certification. The example of a special test for dry type 

transformers is C2 climatic certification which examines  

a transformer in respect to operation, transport and storage at the 

ambient temperatures down to -25 °C. The testing procedure is 

defined in [7].  

A test can be done on the whole transformer as well as on the 

coil without a magnetic core. In the first step temperature is 

gradually decreased to -25 °C in 8 hours and the winding is next 

exposed to such a temperature during at least 12 more hours. In 

the second step a thermal shock is performed by application of a 

double rated current with either AC or DC power supply. The 

current load is maintained until the winding average temperature 

is equal to the defined threshold value which depends on 

temperature classification of the insulation system. The tested 

object is later brought back to the ambient temperature and has to 

pass dielectric tests. Dry transformers for special applications, e.g. 

windmills, are in some cases exposed to even more severe testing 

conditions and instead -25 °C the cooling temperature is set to  

-50 °C. Huge temperature gradients inside the epoxy made coils 

can be generated during the C2 test and as the result large thermal 

stresses and strains may be created. In some cases they may cause 

damage in the epoxy insulation and in such a case the coil would 

not pass the dielectric tests.  

The deformations and stresses during C2 tests are related to the 

temperature. They result from both temperature gradients and 

essential difference in the thermal expansion coefficient of the 

insulation material (epoxy) and conducting material (e.g. 

aluminum). For that reason the analysis of thermal behavior of the 

coil during the C2 test is critical for the proper stress evaluation. 

The thermo-mechanical behavior of the dry transformer coils 

during the C2 test is complex and difficult to understand and 

analyze with analytical methods, therefore the numerical model 

was proposed and applied.  

Decryption of the material properties is one of the most 

important aspects in numerical modeling of the thermal 

performance of the dry transformer coil during the C2 test. The 

assumed temperature range for the analysis of the C2 test is from -

50 °C to 200 °C. The first value is the lowest possible initial 

temperature of the coil, while the second one is the expected 

maximum local temperature inside the winding. The change of the 

material properties in respect to the temperature must be 

considered for assuring the accuracy of the results. The influence 

of temperature is particularly important for the specific heat. For 

example, in case of the epoxy resin its value at 200 °C may be 

about two times higher than at -50 °C. In Fig.4 the specific heat is 

shown as a function of the temperature for aluminum (a) [8] and 

silicon dioxide (b) [9, 10, 11]. The silicone dioxide is a common 

filler for epoxy resin and may provide up to 60% of the final mass 

of the composite material.  

The other issue related to description of the material properties 

is a multilayer structure of the winding disks of the coil. These 

disks consist of material characterized by high (aluminum or 

copper) and low (polyester strip) thermal conductivity. In the 

numerical model the complex structure of winding disks is 

replaced by a simple geometry of a ring and equivalent values of 

density, specific heat and thermal conductivity. Having the 

volume ratio between conducting and insulation strips, the 

equivalent disk density is evaluated, while the mass ratio is used 

for estimation of the equivalent specific heat. The thermal 

conductivity of the winding disks is anisotropic and described by 

values in axial, radial and tangential direction.  

The example results from thermal analysis of the C2 test of the 

high voltage coil of the dry transformer are shown in Fig.5. Based 

on the obtained temperature distribution, the coil deformation and 

stresses were calculated and the critical areas in the coil design 

were identified.  

 

 
a) 

        
 

b) 

  
 

Fig. 4.  Specific heat as a function of the temperature for aluminum (a) and  

silicone dioxide (b) 

Rys. 4.  Ciepło właściwe w funkcji temperatury dla aluminium (a) i dwutlenku 

krzemu (b) 
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Fig. 5.  Example of temperature distribution in the high voltage coil at the end  

of thermal shock test 

Rys. 5.  Przykładowy rozkład temperatury w żywicznej cewce wysokiego  

napięcia na końcu testu szoku termicznego  
 

The other example of extreme conditions to which the electrical 

apparatus can be exposed are seismic loads. Because of the fact 

that transformers are one of the critical components in power 

systems, their reliability and safety during the earthquakes is 

dependent on the seismic response of its components and 

interaction of these components with other elements. The 

standards indicate that the seismic qualifications for substations 

equipment should be made by shake table testing [12]. It is 

acknowledged that the supporting structure of the bushing (tank, 

top plate, turret etc.) amplifies the ground acceleration. 

Nevertheless the transformer body is assumed to be rigid and 

motion at the base of the bushing is equal to the ground motion 

multiplied by an amplification factor. In case of the bushing, the 

tests are performed using a rigid supporting frame in lieu of the 

transformer body itself. Even if shake table tests are strongly 

recommended for seismic qualification of substation, the 

numerical analyses can be very helpful to determine seismic 

withstand of these products. Furthermore, in some cases where 

tests are impossible because of their weight (e.g. power 

transformers), this is the only way to determine the dynamic 

characteristic of the system. 

 

 

 
 

Fig. 6.  Left: boundary conditions of RIP bushing 230 kV. Right: finite  

element mesh 

Rys. 6.  Po lewej: warunki brzegowe przpustu RIP 230 kV. Po prawej:  

siatka elementów skończonych 

 

The numerical analyses of the bushing under seismic loads were 

performed with use of the Finite Element Method (FEM). In this 

method, the object under examination is represented by its 

geometrical CAD model. Once the geometric model has been 

created, a set of boundary conditions has to be specified 

(constraints and exciting forces) and applied to the geometrical 

model (Fig. 6). 

In the approach presented here, the structural evaluation for 

seismic events is based on linear analysis, using the structure 

modes up to the limiting cut-off frequency, (33Hz). Once the 

resonance modes are identified, their orthogonality property 

allows the linear response of the structure to be constructed as the 

response of a number of single-degree-of-freedom systems. In 

other words, the mechanical behavior of the bushing structure 

under ground motion is derived as a linear superposition of its 

natural frequency modes. Depending on the excitation spectrum, 

individual natural frequencies can have different influences on the 

resultant movement (Fig. 7). The presented simulation results 

were in very good agreement with the test measurements. The 

natural resonant frequencies were found to differ by maximum 1 

to 4 percent [13]. The results of this verification are valuable in 

the further development of numerical tools for seismic 

calculations. 

 

 

 
 

Fig. 7.  Selected mode shapes for RIP bushing (deformations are magnified  

by a scale factor) 

Rys. 7.  Wybrane postacie drgań dla przepusty RIP (przemieszczenia wzmocnione 

przez współczynnik skali) 

 

However, past earthquakes indicate that performance of 

substations has not been satisfactory and such components as 

transformers and bushings have sustained significant damage. The 

actual seismic vulnerability of bushing can be caused by both the 

flexibility of the supporting structure like a tank, top plate turret 

etc. and influence of a fluid inside the oil filled transformer tank 

which affects its dynamic characteristic. The latest studies indicate 

that the dynamic response of bushings mounted on a transformer 

tank is greatly different than that on a rigid frame [14]. Its 

dynamic characteristics are influenced by flexibility of the top 

plate of the transformer tank [15, 16]. Another issue is fluid that 

exists in such a product like a transformer. 

One of the approaches to examine fluid influence during 

seismic loads for transformers is the way where a fluid is modeled 

as an acoustic medium [17]. The main assumptions of the 

constitutive behavior of the fluid are both inviscid and 

compressible. Both  bulk modulus K and ρ density of an acoustic 

medium have to be defined. The bulk modulus K can be defined 

as a function of temperature and field variables but does not vary 

in value during an implicit dynamic analysis using the subspace 

projection method or a direct-solution steady-state dynamic 

analysis [18]. For these procedures the value of the bulk modulus 

at the beginning of the step is used. Using this approach all steps 

(modal analysis, “sine beat” or “time history” test) of the seismic 

analysis can be made. The stress distribution during the seismic 

loads for the whole transformer is presented in Fig. 8. 
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Fig. 8.  Seismic analysis of the whole power transformer 

Rys. 8.  Analiza sejsmiczna całego transformatora mocy 

 

The performed simulations show that the dynamic behavior of 

the tank and its components is different when it is analyzed as one 

system. Moreover, the influence of the liquid on seismic loads 

should be verified for power products that are liquid (oil) filled. 

 

4. Conclusions 
 

The presented examples show that application of the advanced 

numerical analyses can support both manufacturing and design 

processes of electrical transformers or related components. 

Depending on the analyzed manufacturing process or the 

certification test, different aspects have to be taken into account 

and different elements of the numerical model, e.g. material 

properties, mathematical models, quality of the numerical mesh, 

fluid-structure interaction, require special care.  

The constant improvement in the commercially available 

simulation software and computational hardware creates new 

opportunities for application of the numerical analyses, shortens 

the calculation time and makes computers simulations more and 

more popular engineering tool.  
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