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ABSTRACT 

Dynamic magnetic and mechanical behaviour of a low 

voltage power transformer winding under short circuit 

conditions has been analysed using a coupled magneto-

mechanical 3D transient finite-element simulation. 

Lorentz forces calculated using a coupled transient FEM 

simulation are mostly in agreement with the Lorentz 

forces calculated using existing analytical and static 

FEM methods, but due to the mechanical interactions 

within the winding, the mechanical stress distribution 

does not follow the distribution of Lorentz forces within 

the winding. It has been shown that the highest 

mechanical stress in the transformer windings under 

compressive stress occurs not only in the outermost 

conductor, but also in the innermost conductor of the 

winding. 

INTRODUCTION 

During its lifetime, a power transformer is subjected to a 
variety of electrical, thermal and mechanical stresses that 
can significantly lower its life. An external short circuit is 
one of the most demanding load conditions a transformer 
can be subjected to as it can cause high currents to flow 
through the transformer windings and therefore exert 
high mechanical stresses on the transformer windings and 
adjacent structures.  
 
The interaction between the current-carrying conductors 
and the stray magnetic field results in the generation of 
Lorentz forces acting on the transformer windings and 
adjacent mechanical structures. These forces can 
potentially damage the conductor insulation, insulation 
on the winding ends or leads which can result in a 
flashover or a permanent mechanical deformation of the 
copper conductors themselves. This in turn can change 
the nominal electrical parameters of the transformer or 
render the transformer inoperable [1]. Therefore, an 
accurate calculation of mechanical forces and stresses in 
a power transformer during a short circuit is essential in 
order to ensure the proper functioning and the reliability 
of the electrical power network during transformer’s 
entire lifetime. 
 
Due to the highly transient nature of a short circuit event, 
existing static numerical and analytical calculation 
methods do not fully describe the coupled mechanical 
and magnetic behaviour of transformer windings in short 
circuit conditions. This paper focuses on the findings of a 
coupled three-dimensional transient magneto-mechanical 
finite element method (FEM) simulation. The simulation 
was setup in order to accurately simulate the magnetic 

and the mechanical behaviour of the electrical windings 
of a 100 MVA Siemens autotransformer during the first 
three periods of current during a short circuit testing 
procedure as defined in the IEC 60076-5 standard [2]. 

METHODOLOGY 

Magnetic Field Calculation 

 
The Lorentz forces acting on a transformer winding 
during a short circuit are caused by the interaction of the 
current-carrying conductors in a variable stray magnetic 
field. The stray magnetic field in the transformer window 
is generated by current-carrying conductors of both 
transformer windings. A quasistatic approximation is 
applied in the simulation without the influence of eddy 
currents. The governing equations of the magnetic field 
in terms of the magnetic vector potential are as follows 
[3] in equations (1) and (2) 
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Further, the Lorentz forces acting on the conductors of 
the winding can therefore be calculated using (3) 
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μ is magnetic permeability [H/m], A magnetic vector 
potential [V s/m], J current density [A/m

2
], σ electric 

conductivity [S/m], B magnetic flux density [T] and f 
force density in a volume [N/m

3
]. 

Mechanical Field Calculation 

 
The structural behaviour of the transformer winding is 
governed by the following equation of motion (4) written 
in matrix form. 
 

)(f)(K)(C)(M ttxtxtx               (4) 

 
M, C and K are the mass, damping and stiffness matrices 
of the dynamic system, x(t) is the displacement of nodes 
of the system and the f(t) are the volume forces. Materials 
used are assumed to be linear elastic, isotropic and 
homogenous. Therefore, the relation between stress 
tensor and the strain tensor is given by Hooke’s law in (5) 
 

klijklij k                                 (5) 
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σij is the stress tensor [N/mm
2
], εkl is the strain [mm] and 

kijkl is the stiffness tensor which can be calculated from 
displacement using the equation (6) 
 

  T

ijkl xxk 
2

1
                   (6) 

 
The complex interaction between these two coupled 
physical fields in power transformers is solved using the 
FEM solver NACS [4] within the ANSYS environment. 
Detailed theory and structure behind the implementation 
has been presented in [5]. For each time step in the 
simulation, a magnetic field calculation is performed. 
Upon completion of the magnetic simulation, Lorentz 
forces are calculated and used as the initial condition for 
the structural-mechanical simulation. The outputs of the 
structural-mechanical simulation are the geometrical 
displacements which in turn alter the starting simulation 
geometry. This process is iterated until a satisfactory 
precision condition for both simulations is met. 

Short Circuit Current in a Power Transformer 

 
The transient waveform of the current flowing through 
the transformer windings within the simulation was 
directly set at the winding terminals according to the IEC 
60076-5 standard [2]. 
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Where Im is the maximal short-circuit current [A], ω is 
the angular frequency [rad

-1
], Rk and Xr the sum of 

resistances and inductances of the transformer and the 
system, respectively [Ω]. The calculated current 
waveform is graphically represented in Figure 1. 
 

 

 
Figure 1 – Short circuit current waveform 

FEM MODEL 

For the purposes of this simulation a three-dimensional 
half-model was chosen as the optimal solution between 
the speed of the calculation and the precision required for 
this application. Structured (mapped) meshing is used in 
order to ensure high quality element shape necessary to 

avoid artificial numerical stiffening which can stem from 
bad mesh quality [5]. The top four conductors of the low 
voltage winding are modelled to a greater degree of detail 
(Figure 2) than the rest of the winding in order to provide 
more insight into the mechanical behaviour of individual 
conductors within the windings. 
 

 
Figure 2 – Top conductors of the low voltage winding 

modelled to a greater detail 
 
The rest of the low voltage winding and the high voltage 
winding were modelled as a homogenised isotropic 
hybrid material calculated to emulate to the closest 
possible degree the structural behaviour of a complex 
winding structures consisting of high yield copper, 
laminated pressboard and insulation paper [6]. Figure 3 
shows the mesh of the winding. 
 

 
Figure 3 – Structured mesh of the windings 

 

SIMULATION RESULTS 

 
The coupled magneto-mechanical simulation was run 
until t=0.04s after the occurrence of the short circuit. First 
peak of the short circuit current happens at t=0.01s and at 
t=0.03s as per Figure 1.  
 
Using the known stray magnetic flux density in the 

winding we can also calculate the forces and stresses 

analytically and compare them to earlier research 
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performed on the same unit [7][8] using the relations in 

(8) and (9) 
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fr is the radial force density per millimetre of height 
[N/mm], r1 and r2 inner and outer winding radii [mm], z1 
and z2 the lower and upper coordinates a winding section 
[mm], J the current density, B the stray magnetic flux 
density [T], fa the axial force density per millimetre of 
height [N/mm] and hdiv the height of the winding section 
[mm]. In this case the winding is axially divided into 40 
sections as can be seen on the y-axis of Figures 4 and 5. 
 

 
Figure 4 – Axial Lorentz force densities along the 

winding height for different stray magnetic flux 
calculation methods 

 
Figures 4 and 5 respectively show the axial and radial 
components of the Lorentz force density per millimetre of 
height of the low voltage winding calculated from the 
stray magnetic field calculation using analytical Rabins’ 
method, static FEM and magnetic part of the transient 
coupled magneto-mechanical FEM method used here at 
the time of the first two short circuit current peaks at 
0.01s and at 0.03s. Note that in Figure 4, the two transient 
curves at 0.01s and 0.03s almost completely overlap. 
 

 
Figure 5 – Radial Lorentz force densities along the 

winding height for different stray magnetic flux 
calculation methods 

 
The Lorentz force density per millimetre of height is 
lower for the transient calculations, but the transient 
calculation is mostly in accordance with the static 
simulations, although there are some differences in shape 
of both axial and radial curves along the winding height 
which stem from the mechanical displacements imposed 
on the winding geometry.  
Figures 7 and 8 show that the magnetic field density is 
higher at 0.03s peak compared to the 0.01s peak. 
Although the peak current at t=0.03 is approximately 3% 
lower than peak current at t=0.01s, the magnetic field 
density in the conductors is higher at t=0.03 due to the 
mechanical displacements of the winding. These 
differences stem from the deformation shape the low 
voltage winding assumes under the mechanical influence 
of a non-uniform distribution of the radial stray magnetic 
flux density on the winding circumference as per Figure 
6. 
 

 
Figure 6 – Distribution of the stray magnetic flux density 

along the low voltage winding circumference 
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Figure 7 – Distribution of magnetic flux density in the 

top four conductors of the low voltage winding at t=0.01s 
in the plane not under of the yoke 

 

 
Figure 8 – Distribution of magnetic flux density in the 
top four conductor of the low voltage at t=0.03s in the 

plane not under the yoke 
 

The non-uniform distribution of the radial component of 
the stray magnetic flux density along the winding 
circumference results in the winding being pushed 
towards the core in the axial plane under the yoke of the 
transformer and pushed outwards into the main stray 
channel in the axial plane not under the yoke of the 
transformer. The effect is best seen in Figure 10 where 
the core is oriented in the direction of the y-axis. 
This in turn, affects the distribution of the mechanical 
stress in the winding as the winding mechanically reacts 
to this non-uniform force density distribution along the 
circumference and assumes the shape shown in Figure 9 
and Figure 10 during the two current peaks. 
 

 
Figure 9 – Distribution of mechanical stress in the top 

four conductors at t=0.01s, geometry warped by 
mechanical displacement vector 

 
Figure 10 – Distribution of the mechanical stress in the 

top four conductors at t=0.03s, geometry warped by 
mechanical displacement vector 

 
From Figure 10 it can be seen that the winding reacts to 
the application of the non-uniform inwards force by 
assuming the shape in which the highest mechanical 
stress appears not only in the outermost conductor as was 
previously thought, but also in the innermost conductor 
of the winding. 
 
From this, a conclusion can be drawn that the transient 
magneto-mechanical interaction has excited a mechanical 
resonance of the winding which results in higher stresses 
than those calculated by the static calculations as 
predicted in [9]. 
 

CONCLUSION 

 
Transient coupled FEM magneto-mechanical simulations 
of a transformer under short circuit conditions provide a 
deeper insight into the mechanical and magnetic 
behaviour of a transformer during a short circuit than the 
existing static numerical and analytical calculation 
methods due to the complex interactions of these two 
types of physics. When a transformer winding is acted 
upon by a non-uniform transient radial force along its 
circumference, the distribution of stresses in the winding 
does not follow the distribution of the Lorentz forces due 
to the mechanical reactions of the winding. This is 
especially true if such a force excites a mechanical 
resonance of the winding. Usage of 3D coupled FEM 
magneto-mechanical simulations for the calculation of 
mechanical short circuit stresses in a transformer allows 
for a better design and cost optimisation of a transformer 
which results in a longer and more reliable operation of a 
transformer during its lifetime. 
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