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ABSTRACT 
 

Transformers are part of key elements in power distribution or use. With the power of new generation of calculators and 

development in software engineering, deepen transformers studies is made easier. This paper hence presents a 3D Multiphysics 

model for temperature prediction of three types of three phase transformer so called Y-shape, 3-culumns and 5-culumns 

transformers. The Finite element method (FEM) is used for the nonlinear calculation of the magnetic field associated with the 

circuit equations after what a laminar flow model applied to the coolant provides the temperature distribution. Simulation results 

are obtained from COMSOL Multiphysics software. From them, it is possible to predict the temperature distribution in the 

transformer. It is also possible to estimate the temperature at specific points that are difficult to reach to perform a measurement 

and successfully determine the hottest zone inside the transformer.  

 
Keywords: Computational fluid dynamics (CFD), dry-type transformer, electromagnetic-fluid-thermal analysis method, Multiphysics 

modelling. 

 

1.  INTRODUCTION 
 

Beyond a certain distance and/or a certain power, the 

transport of electrical energy must be done under a sufficiently 

high voltage. To do so, a high voltage level is achieved by the 

mean of an electrical transformer.  It’s a static electric machine 

consisting of two or more coupled windings, with or without a 

magnetic core to allow mutual coupling between the electrical 

circuits [1]. The transformer can thus be used to rise up the 

amplitude of the alternative current (AC) voltage available at 

the output of the alternator to bring it at the levels required for 

transport and to reduce it into the values required by the 

consumers. In [2] and [3] different types of transformers 

depending on their uses, their cooling modes (submerged and 

dry-type) or their structures of their magnetic circuits (shell-

type, column, triangular and Y-shaped) are presented. 

 

Since transformers are essential components that are used 

between the supply and the demand (as linker), the harmonic 

distortions that result from the proliferation of single-phase or 

three-phase nonlinear loads affect their lifetime [4–8]. 

Therefore, it becomes imperative to estimate the losses due to 

those deformations and to study their impacts on the lifetime of 

the transformers. Several studies have been conducted to 

analyze, understand and predict the thermal behavior (because 

of harmonics proliferation) of the transformer for different 

operating operational states. These works, whether done in 2D 

or 3D, they use different methods ranging from analytical 

methods to finite elements. We can cite numerical methods 

(NT), equivalent circuits method (EC), analytical methods 

(AM), experimental methods (EM) and hybrid methods (HM). 

In the Table 1 a summary of the review of the literature about 

thermal study of the transformer is provided. Else, Fig.1 

presents the percentage of study conducted on the thermal 

modeling of transformers. It can clearly be seen that the 

electromagnetic-thermal multi-physics and computational fluid 

dynamics (CFD) studies have the lowest percentage compare 

to that of other studies. (Thermal Studies (TS), Thermal and 

Fluidic Studies (TFS), Electromagnetic and Thermal Studies 

(ETS), Electromagnetic, Thermal and Fluidic Studies (ETFS)). 

Table 1. Survey of literature review  

Study NT EC AM EM HM 

TS [9-19] [20-27] [28-40] [41-43] [44–46] 

TFS [47-53] - - - [54,55] 

ETS [56–59] - - - [60] 

ETFS [61–64] - - - - 

 

 

Fig. 1. Percentage of studies conducted on transformer 

thermal modeling. 

Fig.2 presents the number of different structures 

encountered in the literature in the 3D modeling of 

transformers. It can first be noticed that the Y structure has not 

yet been studied; secondly, the five columns structure also 

remains very little explored.  

 

The temperature level in the winding and the ferromagnetic 

circuit of the transformer has a direct influence on its power 

losses and longevity. This means that the analysis of the 

physical processes in such equipment is multi physical and 

should be considered as strongly coupled phenomena. 
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Fig. 2. Percentage of studies conducted on transformer 

thermal modeling. 

Considering all of the above, this paper then steps forwards 

by proposing a multi physical 3D electromagnetic-thermal and 

CFD study on three types of structures (five columns, three 

columns and Y) of transformers. This study also analyses the 

impact of three load profiles on the primary winding and thus 

on the power grid. Comsol Multiphysics software is used for 

simulations and some results are compile in a table to serve as 

a dashboard for the choice a transformer accordingly to specific 

requirements. The reminder of this paper is organized as 

follows. Section 2 describes the different structures studied. 

Section 3 is dedicated to the principle of Multiphysics modeling 

of the transformers while section 4 presents the results from 

simulations. In section 5, the paper is concluded. 

 

2. DEFINITIONS OF THE DIFFERENT 

STRUCTURES 

Three transformer structures classified according to the 

geometrical shape of the ferromagnetic circuit are considered: 

the structure in Y, the three columns structure and the five 

columns structure. 

2.1. Geometry of Y shape 

A three-phase transformer could be built using three single-

phase transformers. However, the total mass of iron and the 

bulk would be too great. Pooling a core helps reducing the total 

mass of iron. In a balanced system, the flow through the central 

iron core is zero since it is the composition of three balanced 

flows. This iron core is not necessary; this is how we do to get 

a Y-shaped ferromagnetic circuit (Fig. 3). 

2.2. Geometry of the Transformer with Three Columns 

Still referred as forced flux flow or forced-flux 

transformers, they have only three columns and the flow close 

at least partially in the air through high reluctance paths (Fig. 

4). 

2.3. Geometry of the Transformer with Five Columns 

Still called free-flux transformers, they make it possible to 

fill more or less considerable failures of the three-column 

geometry. Here, a fourth or even a fifth column to the magnetic 

circuit of the transformer is added. These columns channel the 

flux through a very weak reluctance path. This flux can become 

important; it is no longer imposed by the structure of the 

transformer; the flux can therefore freely move in the 

ferromagnetic circuit (Fig. 5). 

 

Fig. 3. Y-shaped transformer. 

 

Fig. 4. Transformer with three columns or forced flow. 

 

 

Fig. 5. Transformer with five columns or free flow. 
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3. MULTIPHYSICS MODELLING 

3.1. Methodological Approach 

The present work uses a 3D finite element method (FEM) 

for the nonlinear computation of the magnetic field that is 

associated with the circuit equations. The resulting 

electromagnetic volume losses are then used as a heat source in 

the thermal model. The temperature distribution is then 

obtained by applying a laminar flow model to the cooling fluid. 

Finally, the multiphysical model obtained is applied to a 

medium power distribution transformer to evaluate the 

overheating generated by non-sinusoidal currents. The 

methodological approach used is summarized in the diagram 

below (Fig. 6). 

 

Fig. 6.  Diagram of the methodological approach. 

3.2. Materials Assignment 

The materials used in this modeling are those practically 

encountered in a transformer; therefore, we obtain three main 

materials namely: iron (for ferromagnetic circuit), copper (for 

primary and secondary coils) and air (like cooling fluid). 

3.2.1. Iron 

The iron considered here is as a ferromagnetic material to 

model the transformer magnetic circuit whose essential role is 

to channel the magnetic flux. The Properties of iron are shown 

in Table 2 and its B-H characteristic curve is presented in Fig. 

7. From the last, an optimal use of the material is assured if the 

magnetic field has a value that is around 1.8 Tesla, but this 

value should not exceed 1.9 Tesla because beyond this value 

any increase in the magneto motive force would be 

unimportant. 

3.2.2. Copper 

The magnetic flux channeled by the ferromagnetic material 

defined above is created by turns wound on the magnetic circuit 

and crossed by a current. The recommended material for the 

manufacture of the winding of the transformer is copper, whose 

main characteristics are presented in Table 3. 

3.2.3. Air 

As far as dry-type transformers are concerned, the cooling 

fluid used in this work is the air whose presentation of the 

different properties is made in Table 4. Expressions of functions   

and   are respectively given by the relations (1) and (2) [65]. 

Table 2. Properties of iron 

Materials 

properties Symbol Value Unit 

Density   7850 
3kg m  

Relative 

Permittivity r  1 1  

Thermal 
conductivity k  71.10 ( . )W m K  

Electrical 

conductivity 
  10 S m  

Pressure thermal 

capacity PC  464.57  .J kg K  

 

Fig. 7. Characteristic B-H of the ferromagnetic material. 

Table 3. Properties of copper 

Materials 

properties 
Symbol Value Unit 

Density   8700 
3kg m  

Relative 
Permittivity r  1 1  

Relative 
Permeability r  1 1  

Thermal 

conductivity k  400 ( . )W m K  

Electrical 
conductivity 

  5.998e7 S m  

Pressure thermal 

capacity PC  385  .J kg K  

Table 4. Properties of air 

Materials properties Symbol Value Unit 

Density   1.23 
3kg m  

Relative Permittivity 
r  1 1  

Relative Permeability 
r  1 1  

Thermal conductivity k   k T  ( . )W m K  

Electrical conductivity   10 S m  

Ratio of specific heats   1.4 1  

Pressure thermal capacity 
PC   

PC T   .J kg K  
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   (1)                                             

  1

4 2 7 3

10 4

1047.63657 0.372589265*

9.45304214 * 6.02409443 *

1.2858961 * .

P
C T T

e T e T

e T

 



  





  (2)        

3.3. Mesh 

 
Any resolution of a problem by the numerical methods and 

in particular that of the finite elements must begin by the 

creation of the mesh representing the field of study. This step 

is often delicate because the quality of finite element 

approximation strongly depends on the structure of the mesh. 

 

To carry out our mesh, we used tetrahedrons for the 

domains (elements in 3D) and triangles for borders (faces or 

elements in 2D). Fig. 8 to Fig. 12 present the rendering of the 

mesh made in the frame of our study. We present initially the 

mesh of the ferromagnetic circuits of the different structures of 

studied transformer (Fig. 8 to Fig. 10), and then we present the 

mesh different coils (Fig. 11). 
 

 
 

Fig. 8. Rendering of the mesh of the ferromagnetic circuit in 

Y. 

 

 

 

 

Fig. 9. Rendering of the mesh of the three-column 

ferromagnetic circuit. 

 

Fig. 10. Rendering of the mesh of the five-column 

ferromagnetic circuit. 

 

a. Y structure.  
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b. Column structure. 

Fig. 11.  Rendering of the mesh of the primary and secondary 

winding. 

3.4. Electromagnetic modelling 

The electromagnetic modeling of the transformer with 

Comsol involves two modules namely the magnetic field 

module and the electrical circuit module. The first one is used 

to calculate the magnetic field and the distribution of the 

induced current inside and outside the winding of the 

transformer. To derive the magnetostatic equation, start with 

Ampère’s law for static cases (3). Equation (4) shows the 

density of current. Using the definitions of magnetic potential 

(5), the constitutive relationship (6) and equation of Maxwell-

Faraday (7), the transient equation of this physics interface 

solves is Ampère’s law (8). 

.H J                                                             (3)                                                                                             

.eJ v B J                                                     (4)                                                                                                                                                                               

.B A                                                              (5)                                                                                                                                                                                                  

 
0 .B H M                                                   (6)                                                                                                                                                                        

.
A

E
t


 


                                                            (7)                                                                                                                                                                            

   1

0 .e

A
A M v A J

t
  

      


 (8)         

For the second sub-module, we define three different 

electrical circuits representing different load profiles (Fig. 12, 

Fig. 13 and Fig. 14).     

 

                                                                                                                                                                 

 

Fig. 12. The dry-type transformer supplies a resistive load 

(linear load). 

 

Fig. 13. The dry-type transformer supplies a three-phase half-

bridge rectifier with inductive load (nonlinear charge P3). 

 

Fig. 14. Transformer supplies a three-phase full-bridge 

rectifier with inductive load (nonlinear charge PD3). 

 

3.5. Thermal modelling 

In this model, the heat source results from electromagnetic 

volume losses and Joule losses in the primary and secondary 

winding as these losses are largely responsible for raising the 

temperature in the transformer tank. Heat transfer in solids and 

heat transfer in fluids are to be distinguished. 

3.5.1. Heat transfer in solids 

This interface is used to model the heat transfer in solids by 

conduction, convection, and radiation. The solved equation is 

(9). 

. .
p

T
C q Q

t



 


                                                 (9)                                                                                                              

The electromagnetic heating multiphysics coupling adds 

the source term 
e

Q  to account for 

resistive heating in the heat equation (9). The thermal 

conductivity k describes the relationship between the heat flux 

vector q  and the temperature gradient T in (10) which is 

Fourier’s law of heat conduction. 
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q k T                                                              (10)                                                                                                                                                                                                                      

Considering all above, equation (9) becomes (11). 

 .
p e

T
C k T Q Q

t



   


                                 (11)                                                                                                                                                                                                                                                                                              

The resistive heating (ohmic heating) due to the electric 

current is shown by (12). 

.
e

Q J E                                                                (12)                                                                                                                    

3.5.2. Heat transfer in fluids 

This interface is generally used to model the heat transfer 

by conduction, convection and radiation in fluids. It is used in 

the present work for the modeling of the heat transfer in the 

transformer cooling fluid. The relation (13) defines the basic 

equation retained in this interface. 

 . . .
p r p vd

T
C u T q q Q Q Q

t



      



 
 
 

   (13)                                                                

The first term of the right-hand side of (13) is the work done 

by pressure changes, and is the result of heating under adiabatic 

compression as well as some thermoacoustic effects. Equation 

(14) show his expression. 

1
. .

p

p
Q T u p

T t





 
   

 

 
 
 

                                (14)                                                                                              

The second term represents viscous dissipation in the fluid 

(15). 

: .vdQ u                                                           (15)                                                                                                                                                                                       

It should be noted that the coupling between the 

electromagnetic model and the thermal model is a strong one. 

Indeed, the resulting temperature of the thermal model is a 

parameter of the electromagnetic model, and the density of 

electromagnetic volume losses and Joule losses resulting from 

the electromagnetic model are used as the heat source in the 

thermal model. 

 

3.6. Laminar flow pattern 
This interface is used to calculate the velocity and pressure 

fields for a flow of fluid without phase change and in a laminar 

flow regime, the Navier- Stokes equations are solve assuming 

that the flow is incompressible.  The equations of motion for a 

single-phase fluid are the continuity equation (16) and the 

momentum equation (17). 

 . 0.u
t





 


                                                       (16)                                                                                                                                                                                      

    
2

. . . .
3

Tu
u u p u u u I F

t
   


          


 
  

(17)                                                                                        
When the temperature variations in the flow are small, a 

single-phase fluid can often be assumed incompressible; that is, 

 is constant or nearly constant. This is the case for all liquids 

under normal conditions and for gases at low velocities. In this 

condition, (16) and (17) becomes (18) and (19) respectively. 

. 0.u                                                                (18)                                                                                                                     

     . . .
Tu

u u pI u u F
t

  


         


          (19)                                                        

 

4. SIMULATION RESULTS 
 

4.1. Magnetic field cards 

 

The magnetic maps of the Y geometry are shown in Fig. 15. 

For the case of the linear load (Fig. 15.a) we can see that the 

maximum density of magnetic flux (B = 1.81 Tesla) is located 

at the level of the saturation elbow which indicates a good 

exploitation of the magnetic material employed. With regard to 

the nonlinear load P3 (Fig. 15.b), we see that the magnetic 

induction passes at 2.1 Tesla and toggle into the saturation zone 

of characteristic B(H), hence the ferromagnetic material tick is 

poorly exploited. The magnetic induction for the nonlinear 

charge PD3 (Fig. 15.c) has practically the same value as that 

obtained in the case of a linear load. 

 

a. case of a linear load. 

 

b. case of a nonlinear load P3. 



 

 

          

 
 

©2012-21 International Journal of Information Technology and Electrical Engineering 

ITEE, 10 (2), pp. 33-45, APR 2021                                   Int. j. inf. technol. electr. eng. 

39 

ITEE Journal 
Information Technology & Electrical Engineering 

 
 

ISSN: - 2306-708X 

 
 

Volume 10, Issue 2     
April 2021                                                                                                  

 

c. case of a nonlinear load PD3. 

Fig. 15. Magnetic card of geometry in Y. 

Fig. 16 shows the magnetic maps obtained for the three-

column geometry; the conclusion is clear. The nature of the 

load has almost no influence on the density of the magnetic flux 

in the case of linear load (Fig. 16.a) and the nonlinear load PD3 

(Fig. 16.c), because for these two load profiles, the value of the 

magnetic field is always at the saturation bend. Nevertheless, 

the nonlinear load P3 has some impact on the density of the 

magnetic flux. Indeed, considering Fig. 16.b we can observe 

that the maximum value of magnetic flux density is smaller 

compared to the two other cases. 

 

a. case of a linear load. 

 

b. case of a nonlinear load P3. 

 

c. case of a nonlinear load PD3. 

Fig. 16. Magnetic card geometry with three columns. 

Fig. 17 shows the magnetic maps of the five columns 

geometry. The observation noted for the three-column 

geometry remains valid for the case of linear load (Fig. 17.a) 

and the nonlinear load PD3 (Fig. 17.c). For the case of 

nonlinear load P3 (Fig. 17.b), we can see that the maximum 

value of magnetic flux density is same like the two other case.  

The conclusion is clear; the nature of the load has almost no 

influence on the density of the magnetic flux because whatever 

the load profile used the value of the magnetic field is always 

at the saturation elbow, this transformer structure is more 

resistant to harmonic disturbances generated by nonlinear 

loads. This may be due to having two additional flux return 

columns, which allow the magnetic field lines to move freely 

in the ferromagnetic circuit. 

 

a. case of a linear load. 
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b. case of a nonlinear load P3. 

 

c. case of a nonlinear load PD3. 

Fig. 17. Magnetic card geometry with five columns. 

 

4.2. Thermal cards 
 

Transformer thermal maps (ferromagnetic circuit and 

winding) are presented in Fig. 18 to Fig. 20. Thermal maps of 

the Y structure (Fig. 18) shows us a temperature rise of about 

50K when applying a nonlinear charge P3. For columnar 

structures, the small rise in temperature is mainly due to the 

geometric shape of their ferromagnetic circuits, which 

facilitates heat dissipation and thermal equilibrium. We can 

also note that, the hot spot of the various transformers is located 

on the primary winding. This is explained by the fact that they 

are in contact with the ferromagnetic circuit which is generally 

at a high temperature, on the other hand the position they 

occupy which makes their cooling more difficult because the 

coolant does not access easily, finally in our cases the primary 

winding is the high voltage winding. 

 

 

 

 

 

 

 

 

a. case of a linear load. 

 

b. case of a nonlinear load P3. 

 

c. case of a nonlinear load PD3 

 

Fig. 18. Transformer thermal card of geometry in Y. 
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a. case of a linear load. 

 

b. case of a nonlinear load P3. 

 

c. case of a nonlinear load PD3. 

Fig. 19. Transformer thermal card of geometry with three 

columns. 

 

a. case of a linear load. 

 
b. case of a nonlinear load P3. 

 
c. case of a nonlinear load PD3. 

Fig. 20. Transformer thermal card of geometry with five 

columns. 

In Table 5, a summary of some performances of the 

structures studied, connected to different types of loads is 

presented. For harmonics, to assess the performances of the 

different structures in terms of primary harmonic pollution 

(injected into the electrical network) by the different charge 

profiles, we carried out a harmonic analysis passing through the 

Fourier series decomposition; thereafter we calculated the Total 

Harmonic Distortion (THD) using relation (20). 

2

2

2

1

.

n

k

k

I

THD
I




                                                       (20)        
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Table 5. Summary comparative Table 

                                              

With regard to table 5, the Y-shaped structure is very 

insensitive to harmonics compared to the other two structures. 

However, it is this same Y structure that has the highest 

temperature, which can be explained by its complex 

geometrical shape that does not facilitate the circulation of the 

cooling fluid. The five-column geometry makes it possible to 

have an almost constant magnetic flux density whatever the 

nature of the load, but the harmonics are more pronounced. We 

can also see that the three-column structure has a lower 

temperature than the Y structure with a higher harmonic 

distortion rate (case nonlinear load P3). This same structure 

compared to that with five columns offers a lower harmonic 

distortion rate for the three load profiles studied with the same 

degree of temperature. These two reasons could explain why 

this transformer structure is more used in the field of 

distribution of electrical energy. 

5. CONCLUSION 

In the present paper, a 3D Electromagnetic-thermal-CFD 

analysis of dry-type transformers is proposed with emphasis on 

temperature distribution using natural air-cooling. A Comsol 

Multiphysics based FEM electromagnetic field analysis was 

first done. Heat source for the thermal-fluid analysis was then 

obtained and thermal-fluid field analysis based on CFD carried 

out. Three structures were considered (Y-shape, 3-culumns and 

5-culumns) as well as three types of loads (linear and nonlinear 

loads). Simulations results have helped providing the effects of 

different loads on those transformers. As expected, the hottest 

points are found in the primary of the transformers. According 

to harmonics in the primary winding and the temperature 

levels, one can find out why the 3-culumns structure is the most 

used. More, thermal cards can also direct the producers of 

transformers towards the cooling fins to evacuate as much heat 

as possible. 
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