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Abstract: This paper compares the estimated electromagnetic forces due to short circuits in power transformers using two 
computational models. The first model is based on approximate analytical expressions of the electromagnetic forces as they have been 
compiled in earlier versions of the IEC standard 60076-5. The second model is based on a finite element model of the transformer using 
the software FEMM (Finite Element Method Magnetics). The paper shows how valid the analytical model is for design purposes. 
Results have been obtained and compared from both models in a number of actual power distribution transformers. It is possible to 
conclude that the analytical formulation provides satisfactory results for the design of power transformers compared to detailed finite 
element models. A tool has been designed for this purpose and the main features of it will be described in the paper. 
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1. Introduction  

The estimation of the electromagnetic forces inside a 
power transformer in operation has been the main 
objective of many technical references [1-3]. Specially, 
the estimation of their value in short circuit conditions 
is very valuable in order to design more robust and 
reliable transformers able to withstand such 
electromagnetic forces [4-6]. 

In particular, the IEC standard 60076-5 [1] includes 
a set of recommendations which are very important in 
order to design power transformers which are able to 
withstand short circuit forces. In earlier versions of the 
above mentioned IEC standard, analytical expressions 
for the calculation of electromagnetic forces were 
included, but in the newest version they are not 
included because the mathematical expressions are 
only approximations of the real values of the 
electromagnetic forces. 
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At present only some limits and thresholds for the 
forces are included, leaving the estimation of the 
electromagnetic forces to be carried out using the best 
method that the interested company has available. 
There are many manufacturers of power distribution 
transformers interested in the application of the above 
mentioned IEC standard, but normally they do not have 
the required sophisticated tools and sufficient human 
resources to perform accurate models for the 
calculation of electromagnetic forces. A tool is needed 
to complement the design process of a power 
distribution transformer.  

2. Tool Developed: Objectives and Features 

The objective of this paper is to describe the process 
followed for the development of a simple tool oriented 
to be used by a manufacturer, able to estimate the 
electromagnetic forces inside a power distribution 
transformer. The base of this tool is made up of the 
analytical equations included in earlier versions of the 
IEC standard 60076-5 [7]. In order to confirm that 
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these equations are valid, a comparison was made 
using two different computational models of the 
electromagnetic forces due to short circuits in power 
transformers. 

The first model is based on approximate analytical 
expressions of the electromagnetic forces as they were 
compiled in earlier versions of the IEC standard 
60076-5 and used in some publications such as Ref. [1]. 
The second model is based on a finite element model of 
a power distribution transformer using a free software 
package of finite element analysis for electromagnetic 
analysis (FEMM, Finite Element Method Magnetics 
[7]). 

The advantage of the first model lies on its simplicity. 
Hence, it can be easily incorporated into the usual 
design process of a power transformer by a 
manufacturer. Moreover, the sensitivity analysis of 
design alternatives can be undertaken with little effort. 

In contrast, the advantage of the second model is its 
accuracy due to the detailed representation of both the 
core and windings. The electromagnetic forces are 
computed using the actual magnetic field distribution 
throughout the windings. 

The next sections of this paper will describe how 
valid the analytical model is for design purposes. The 
results of the estimation of electromagnetic forces have 
been compared for both models in several power 
distribution transformers. The results obtained have 
also been compared with others presented in the 
technical literature ([8, 9]). The main conclusion of the 
comparative analysis was that the analytical 
formulation suggested in earlier versions of the 
standard IEC 60076-5 and other sources ([10, 11]) 
provides satisfactory results for the design of power 
distribution transformers compared to detailed finite 
element models. Once this conclusion was reached, a 
simple tool was developed coded in Matlab.  

A description of the main features of the tool 
developed will be included in another section of this 
paper. This tool is very valuable in the design of power 
distribution transformers, not only to ensure that the 

limits of the IEC standard are not over-passed, but also 
to observe how far the design is from these limits. 

3. Analytical Model 

The IEC international standard for power 
transformers 60075-5 (third edition 2006-02) in part 5 
“Ability to withstand short circuit” identifies the 
requirements for power transformers to sustain without 
damage, the effects of overcurrents originated by 
external short circuits. This standard recommends a 
procedure in order to conclude if a power transformer 
could be able or not to withstand a short circuit 
according to a set of characteristics and design 
parameters of a power transformer. This third edition 
canceled and replaced the second edition published in 
2000 which included an annex B titled “Calculation 
method for the demonstration of the ability to withstand 
short circuit”. However, this annex included a specific 
analytical model for the calculation of electromagnetic 
forces that could be useful as a reference to obtain some 
values required in the current version of the standard. 
The calculation of electromagnetic forces is based on 
approximate formulae for the radial and axial forces. 
This analytical model was described a long time ago in 
the literature related to the calculation of 
electromagnetic forces in power transformers such as 
for example in Refs. [11, 12]. 

In this paper, the main equations of this analytical 
model have been reused for the estimation of radial and 
axial electromagnetic forces in the windings of a power 
transformer such as those which were included in the 
previous version of the standard 60075-5 and used by 
other authors such us Azevedo [9, 10]. These equations 
have been applied to a set of core-type power 
distribution transformers in the range between 250 and 
1000 kVA. 

The approximate formula for the estimation of radial 
force in a winding of a core-type power transformer is 
the following: 

2
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Where: 
1.256 × 10-6 is the air permeability [H/m]; 
N is the number of electrical turns of the winding; 
Ir is the r.m.s. value of winding rated current [A]; 
Hw is the geometrical average length [m]; 
Dm is the mean diameter of the winding [mm]. 
When an external short circuit occurs, the first peak 

amplitude of the current is k*r times higher than the 
peak of the rated current and in this case the radial force 
from Eq. (1) for the complete winding during short 
circuit is the following: 

( )
2 2

2 6r
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w

(NI )F 0.628 πD r k 2 10
H
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Where: 
k is the asymmetry factor; 
r is the over-current factor. 
Radial forces that appear in the windings of a power 

transformer due to the circulation of the current 
through them cause a tensile stress. The tensile stress 
has to be lower than that corresponding to the material 
of the windings in order to be sure that no failure will 
occur. Using Eq. (1) or (2), it is possible to estimate the 
mean hoop stress or tensile stress on an outer or inner 
winding of a core-type transformer. Eq. (3) 
corresponds to the case of the tensile stress caused in 
the conductors of a winding due to the radial forces 
when an external short circuit occurs. 
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Also the current circulating through the windings of 
a power transformer creates an axial force, but its 
estimation is more difficult. An approximation of the 
estimation of the axial force, less rigorous than that 
used for the estimation of the radial force, is expressed 
by Eq. (4).  
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Where: 
Fa is axial force [N] 
Ir is the r.m.s. value of winding rated current [A]; 
Hw is the geometrical average length [mm]; 

Dm is the mean diameter of the pair of windings 
[mm];  
K is the Rogowski factor; 
d0 is the width of the main duct [mm]; 
d1 and d2 are the radial width of winding #1 and 2 

respectively (concentric windings) [mm]. 
Other important equations can be deduced in order to 

analyze the effect of electromagnetic forces in the 
windings of a power transformer, but they will not be 
included here in order to respect the length of this paper. 
They can be found in the literature previously cited in 
this section. 

4. Finite Element Model 

An important question to be evaluated is if the 
equations of the analytical model presented in the 
previous section are reasonable approximations to the 
real values of electromagnetic forces or how far they 
are from the estimated values. 

In order to answer this question a different method 
has been used to estimate the electromagnetic forces in 
a power transformer. This alternative method of 
calculation was based on the use of a finite element 
model. The creation of this model uses a completely 
different procedure and could be an interesting method 
of comparison.  

FEMM (Finite Element Method Magnetics) [8], a 
free software tool, was used to obtain finite element 
models for several real power transformers. FEMM is 
only able to create models in 2-D and some 
approximations are required in order to develop the 
models. The basic steps required for building the finite 
element models are the following: definition of 
geometrical characteristics of the power transformer, 
creation of the finite element net, assigning of material 
properties, definition of current sources, definition of 
boundary conditions, processing and analysis of results.  

The finite elements of the active part of the power 
transformer are based on the use of the Maxwell 
equations applied to magnetostatics problems 
establishing a relationship between electromagnetic 
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flux and current density in the finite element [8, 13, 14]. 
In order to estimate the electromagnetic forces in a 
power transformer, FEMM has two methods available: 
Lorentz forces and the Maxwell stress tensor both 
applied to the finite elements defined previously. The 
Lorentz forces are obtained using electromagnetic flux 
and current density circulating through the windings. 
The Maxwell stress tensor is obtained from the Lorenz 
forces replacing the current density by the magnetic 
field.  

As an example of an application of the FEMM tool 
for the estimation of electromagnetic forces in a power 
transformer, Table 1 presents the main characteristics 
of a real power transformer analyzed and Fig. 1 shows 
the electromagnetic density flux in a winding. 

The profile of electromagnetic fluxes per winding 
shown in Fig. 1 is the same as the profiles of radial 
distribution forces due to the direct relationship 
between both variables. 

Several cases of real power transformers were 
analyzed using the method of finite elements in the 
range between 250 and 1000 kVA and finally the 
instruments to be used to answer the question raised at 
the beginning of section 4 are available. 

The comparison of values obtained for the 
electromagnetic forces using the analytical model and 
the finite element model were compared for the power 
transformers analyzed. As an example, Table 2 shows 
the results obtained for the case of the transformer 
described in Table 1. 

In all the cases studied the difference between the 
values obtained for the electromagnetic forces using 
both methods of estimation never surpassed 10% and 
for this reason it is reasonable to use the equations of 
the analytical models because of their simplicity and 
possibility to be easily incorporated to the usual design 
process of power transformers. Moreover, the 
sensitivity analysis of design alternatives can be 
undertaken with little effort using the analytical model. 
 

Table 1  Characteristics of a power transformer. 

Transformer power [kVA] 630 
Number of phases 3 
Percentage of impedance 4% 

 Low voltage 
winding 

High voltage 
winding 

Voltage [V] 420 20.000 
Number of turns 20 1650 
Mean diameter [mm] 236.5 319.3 
Winding height [mm] 340 330 

 

  
Fig. 1  Electromagnetic density flux distribution along the axes of windings (left) and per low (center) and high (right) voltage 
windings. 
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Table 2  Comparison of radial and axial magnitude of the 

electromagnetic forces. 

[kN] 

Values 
obtained 
from 
FEMM 

Values 
obtained from 
analytical 
model 

Radial force-low voltage winding 925 988 
Axial force-low voltage winding 85 84 
Radial force-high voltage winding 1186 1328 
Axial force-high voltage winding 85 84 

5. Tool for the Assessment of the 
Electromagnetic Forces in Power 
Distribution Transformers 

Using the results obtained in section 4, a tool was 
developed in MATLAB oriented to be used in the 
design phase of power distribution transformers. This 
tool was conceived to assess the electromagnetic forces 
that can appear in a power distribution transformer and 
how far its design is from the limits recommended by 
the IEC standard 60076-5 is its current version. The 
tool developed is an easy and very valuable 

complement for the manufacturer of power 
transformers in order to verify the robustness of the 
transformer designs. The main window of the 
developed tool is shown in Fig. 2. It shows three main 
sub-windows that will be briefly described. The 
sub-window titled “Input Data” presents the 
characteristics of the transformer to be analyzed. These 
characteristics are read from the transformer design 
files prepared by the manufacturer.  

Once a transformer is loaded, it is possible to press 
the button “Estimate Forces” on top of the sub-window 
“Output Data” in order to proceed to perform all the 
calculations related to forces and stress in the power 
transformer.  

The sub-window titled “Output Data” can show 
different kinds of information according to the option 
selected in the menu “Type of results” located in the 
bottom of the sub-window. Fig. 2 shows the case of the 
selection of “Radial stress” in the winding conductors. 
In this sub-window, normally three types of results are  

 

 
Fig. 2  Main window of the tool for estimation of electromagnetic forces in a power distribution transformer. 
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presented: estimations for the rated conditions, for 
short-circuit conditions and the critical values 
suggested to not be over passed by the current version 
of the IEC Standard 60076-5. This information can be 
observed in Fig. 2 for the loaded power transformer. 

The sub-window “Time graphs” shows the first 
cycles for the short circuit currents or alternatively for 
the radial forces. Fig. 2 shows the selection of short 
circuit currents for the high and low voltage windings 
and both components AC and DC. The bigger curves 
observed correspond to the components AC and DC of 
the low voltage winding.  

6. Conclusions 

This paper has demonstrated that the use of the 
equations proposed by the analytical model included in 
the previous version of the IEC standard 60076-5 (year 
2000 annex B) and published in many different 
publications can give a reasonable approximation to the 
values of electromagnetic forces and stresses caused in 
a power transformer by the current circulation, 
especially in short-circuit conditions. This is based on 
good concordance between the results obtained with the 
analytical model and other tests performed using 
element finite techniques. The advantage of the use of 
the analytical model lies on its simplicity. Hence, it can 
be easily incorporated into the usual design process of a 
power transformer. Moreover, the sensitivity analysis 
of design alternatives can be undertaken with little 
effort. A tool has been developed in order to 
complement the instruments that are being made 
available by the power transformer manufactures now 
in the process of design. 
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