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Abstract: 

The purpose of this work is to find the effect of short circuit current on 
displacement inside the transformer’s winding. In this work two different 
winding has been investigated by creating 2D and 3D simulation models of 
them. In order to solve the problem various assumptions/simplification has been 
taken and verified.  

We have used two different windings one is test winding which is, a prototype 
of real transformer winding, in size it is a ¼ of the real transformer winding. 
Second winding is from a step up generator 3 phase transformer. Material 
properties for both models are same.  

In chapter 3, we used experimental results to verify our mechanical model by 
comparing eigenfrequencies result for winding. In chapter 4, we have 
investigated the effect of prestress on the winding. In chapter 5, after the 
verification of mechanical model we have applied short circuit current on the 
coil in order to generate the Lorentz forces and magnetic field, and have used 
generated Lorentz force for mechanical model in order to find the displacement 
and stress inside the winding during the short circuit event. 

Comsol multiphysics 4.3a has been used for this work. Experimental results and 
winding dimensions were provided by ABB, Corporate Research, Sweden. 

Keywords: 

Two dimensional axisymmetric (2D), Three dimensional model (3D), Comsol 
Multiphysics 4.3a, Transformer short circuit.
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Notation 

A Area  

E Young’s modulus  

F Force ⁄  

G Shear modulus  

 Angular frequency ⁄  

 Mass  

 Stiffness ⁄  

 Volume  

 Lorentz force [ ⁄ ] 

  Poisson’s ratio 

 

Abbreviations  

FEM  Finite Element Method 

SDOF Single Degree of Freedom System 
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1. Introduction 

To withstand number of short circuit event is important aspect of power 
transformer. Short circuit generates the disturbances which generally results 
in high amplitude current inside the winding. High amplitude currents may 
reach 10 to 20 times during the short circuit event. Forces acting during this 
period are fundamentally proposal to square of the value of the current, 
which suggest that forces generated during short circuit event may reach 
100 to 400 times. Rise in the force can lead towards failure of a winding, 
which can generate the electric fault in the transformer itself. This type of 
failure can lead towards rupture of tank, risk of oil catching fire and blow 
out of bushing [1]. 

From the experience of power transformer it has been seen that, if power 
transformers are not properly design and built, external faults generated in 
the system can lead towards internal breakages. Such faults and breakages 
can result in weaken the structure or failure of the power transformer [2]. 

With respect to the standard following sequence is adapted for this work. 

 Building the model with respect to the data provided. 
 Calculating the short circuit current. 
 Verification of the result with respect to magnetic flux generated 

between the high voltage and low voltage coil. 
 Applying generated Lorentz force on the winding in order to find 

the mechanical displacement due to short-circuit current. 
 Finding the stress and displacement thought out the winding for 

different locations. 

The purpose of this work is to investigate the effect of short circuit current 
on the transformer winding. In order to find out various simplification and 
assumption are taken and verified. 2D axisymmetric model and 3D models 
are made for the coils and detailed study has been conducted on them. In 
order to find the effect of short-circuit current on the overall design of the 
winding role of pressboard has been considered.  
In this 3D model low voltage winding of real transformer is built as helix in 
order to understand effect of winding pitch and role of pressboard during 
the short-circuit event. 
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2. Transformer Material Properties and 
Dimensions: 

In order to design the model for short-circuit current simulation for the 
transformer it is necessary to have deep understanding of material 
properties of the winding and knowledge about geometry of the 
transformer. 

Main aim of this chapter is to identify the material properties and geometry 
of transformer. In this thesis, we have performed various calculations for 
two different transformers windings by using Comsol Multi Physics. One is 
the test winding which is the scaled model of typical full-size transformer 
and the other is a real full-size transformer. 

 

2.1 Test winding: 

Test winding is made from wood, pressboards, glass fiber rods, and copper 
coils. Pressboards are generally made from composite material or plastic. 
Test winding used over here is the disk type winding. Fig 2-1 shows the 
front view cross section of the transformer. To make the design simple, role 
of wood and glass fiber rods are ignored, in other words, only copper, 
pressboard and end insulation roles are focused while performing 
simulation for the winding.. 

 

Figure 2-1: Test winding 
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Fig 2-1 provides the basic idea of the transformer dimension and geometric 
position of the various parts of the winding. Inner diameter of the winding 
is 437 mm and outer diameter of the winding is 507 mm. Total height of the 
winding is 338 mm	which includes copper coil and pressboard between 
them. Width of the copper coil is 35 mm	and height of it is 13.45 mm 
while, pressboard height is 1.508 mm, width is 40 mm and depth is 37 mm. 
Number of pressboards between the coils is different throughout the length 
of the winding due to cooling effects. Winding is clamped from both ends 
by insulation material. Height of the insulation material is 40 mm, width of 
it is 60 mm	and depth of it is 40 mm. Total height of the pressboard 
throughout the winding is 50  1.508 = 75.4 mm. 

 

Figure 2-2: Pressboard 

1.1.1 Material Properties: 

In this section we will discuss about the material properties of test winding. 

1.1.1.1 Coil material property: 

Copper and aluminum are the most common materials used for building a 
winding coil. Selection of the material for winding depends upon various 
reasons such as speed of temperature rise during short circuit event, 
physical property and cost of the winding. For the test winding presented 
demonstrated over here has a coil made of copper. Material property of the 
coil is as per table 2.1. 

. 

Table 2-1: Coil Material Properties 

Total length of the copper (L) 259.8  

Density  8930 ⁄  

Young modulus  12 10 ⁄  

Mass of the coil (M) 114  

Stiffness  2.30 10 ⁄  
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1.1.1.2 Pressboard Material Properties: 

Pressboards are used as spacers between two respective turns of coils. 
Winding of the transformers with the range from hundreds of volt up to 
over 1000 kV are kept inside the oil in order to keep the temperature down 
under high load or short circuits event. For final simulation, we have used 
two different types of models. 2D axisymmetric and 3D model of the 
transformers are used for this thesis. Material property is constant for both 
model but in order to obtain more accurate results, we had to convert the 
material properties of the material accordingly. 

 

1.1.1.3 Pressboard material Properties for 3-D Model: 

To make the final product wood undergoes various chemical and 
manufacturing processes, which result in orthotropic material property, 
which means it has different material properties in three orthogonal 
directions. The principal directions in the case of pressboard are called as 
Machine direction (MD), Cross direction (CD) and Z-Direction (Z). MD is 
the direction in which pressboard is been produced, CD is the direction 
which is orthogonal to the MD and Z direction is out of plane direction (Fig 
2-3). 

 

 

Figure 2-3: Three material directions of pressboard. 

 

Fig 2-4 shows the behavior of the pressboard under three different loading 
(right) and unloading (left) condition, which suggest that behavior of the 
pressboard material is non-linear. To understand behavior of it completely, 
it is necessary to understand the behavior of the material property in axial 
direction as well (Fig 2-5). 
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Figure 2-4: Pressboard material property in normal direction (Z 
direction) 

By taking the slope of the stress vs. strain, we can find the young modules 
of the pressboard for the particular direction. 

Slope ( ) = 
	 	

. .
 

 

 = 0.8	 	10 	  

To obtain the young modulus in X and Y direction it is necessity to take 
slope of the line of the stress vs. strain curve in axial direction. The axial 
direction is also known as main direction (MD), while the direction 
perpendicular to the MD is known as cross direction (CD). For young 
modules in Cross direction (  and Main direction ( ) slope is taken in 
respective direction.  = 13.6	 	10 	  and  = 11.4	 	10 	  
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Figure 2-5: Pressboard material property in axial direction 

 

1.1.1.4 Material Properties for 2-D axial symmetric model: 

We have material properties for the pressboard for 3D Model. In order to 
use available martial property for 2D axisymmetric model, we have to 
convert them by using formula for changing Cartesian coordinate system to 
cylindrical coordinate system as below. 

cos	∅ ∅ 0
∅ ∅ 0

0 0 1
 

Where, ∅ = ( ⁄ ) and other values are taken from the previous 
step. 

Solving above equation we get a material property for radial, axial and 
tangential direction. 

Table 2-2: Material properties for 2D axisymmetric model 

 1.7525 10  Pa 

2.7855 10  Pa 

 0.8 10  Pa 

Where,   and  are young moduls of the pressboard in radial, 
tangential and normal direction respectively. 
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2.2 The real transformer Winding: 

This section contents the information regarding the real transformer. 

 

Figure 2-6: 3D model of the real transformer 

 

Fig 2-6 represent 3D model of the transformer, which is built by using 
Comsol Multiphysics 4.3-a. Box in Fig represent the tank of the 
transformer. Cylinder represents high voltage winding. High voltage 
winding is used over here in order to generate magnetic flux between coils. 
Core is also added for this model.  

2.2.1 Dimensions: 

The real transformer is 3-phase transformer. It has 3 limbs. For this thesis 
we are using only one limb and assuming that other two limbs will behave 
same way. The real transformer is made of two different winding one is 
high voltage and other is low voltage winding. In addition, role of core and 
tank is included for the final model due to electromagnetic reasons will be 
discussed in upcoming chapter.  

2.2.1.1 Low voltage winding 
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Low voltage winding is made of copper coils which are continuous and 
helical in shape. Inner radius of the winding is 405 mm and the radial 
distance is 76 mm while, height of the each turn is 22-mm with pitch of 26 
mm. Total number of turns in winding are 75 throughout the length of the 
winding. Total height of winding is 2060 mm.  

Distance of the pressboard in normal direction is 2 mm, radial direction is 
76 mm and width of it is 38 mm. Total number of pressboard in one turn 
are 28 2. Height of the end insulation at the bottom of the winding is 135 
mm and at the top of the winding is 221 mm. Top insulation contents of 60 
mm thick cylindrical plate with inner radius of 405 mm with radial distance 
of 76 mm and pressboard block with 161 mm distance in normal direction.  

.  

2.2.1.2 High voltage winding 

In reality, high voltage winding is same as low voltage with couple of 
changes in geometrical characteristics. In this thesis, we are using high 
voltage winding to generate the magnetic flux inside the transformer. To 
reduce number of unknown in electromagnetic model, we have built high 
voltage as cylinder with inner radius of 568 mm, radial distance of 83 mm 
and height of 2004.  

2.2.2 Material properties: 

Material properties of the pressboard and coil are same as test winding. In 
order to carry out the electromagnetic simulation of the transformer electric 
material property such as electric conductivity, relative permeability and 
relative permittivity are added for copper, pressboard, core and air. 

Air and core is the addition to this model. Electric conductivity for the air is 
zero but if kept zero it generates singularity matrix while coupling the 
model for electromagnetic simulation and to avoid it we have kept it as 
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3. Eigen Frequency 

The main aim of this chapter is to calculate the eigenfrequency of the 
transformer’s winding. We have experimental results for eigenfrequency of 
test winding. Eigenfrequency mainly depends upon the geometry and 
material property of the system. In order to verify our model we have 
calculated the eigenfrequency and have compared the obtained result with 
experimental result. 

3.1 Mathematical modeling 

A natural frequency (eigenfrequency) is the frequency at which the 
structure would oscillate if it were disturbed from its rest position and then 
allowed to vibrate freely. To gain a better understanding of the system a 
single degree of freedom (SDOF) is studied over here. A SDOF system is 
defined as a system whose motion is defined just by a single independent 
co-ordinate (or function) e.g. ‘x’ which is function of time. As in this case, 
the SDOF systems are often used as a very crude approximation for a 
generally much more complex system. 

 

 

Figure 3-1: Single degree of freedom 

Theoretically, it is expressed by using the equation of motion as below. 

 (3.1) 

Where, M is mass of the system (kg), C is co-efficient of viscous damping 
(Ns/m), K is a stiffness of the system (N/m), x (t) is displacement of the 
mass from its equilibrium (m) and f (t) is input force applied to the system 
(N). Assuming that damping is zero, 
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 (3.2) 

Taking Laplace transform of the equation 2.2 will result, 

s M K X s f t  (3.3) 

For eigen frequency force function is generally considered as zero so 
assuming f (t) =0. 

s M K X s 0 (3.4) 

Future solving equation 2.4 and solving it would result as,  

1/s 0 (3.5) 

Over here,  

⁄  (Radian/sec) (3.6) 

Where,  is angular frequency in Hz, to get eigen frequency conversation 
of angular frequency is required as below, 

2⁄   (Hz) (3.7) 

Where f is the natural frequency of the system, Natural frequency is also 
known as an eigenfrequency of the system [3]. 

 

3.2 Test winding 

In this section, we have made various model of test winding and have 
calculated eigenfrequency of it by using Comsol Multiphysics. 

3.2.1 2-D axial symmetric model 

Computing time for 2D axisymmetric model is less compare to 3D model. 
For this step we have made various 2D axisymmetric models in order to 
obtain more accurate result. 

3.2.2 Model description 

Fig 3-2 shows the two different model of the test winding. On the left is 2D 
axisymmetric model which is revolved version obtained after solution and 
on the right is 3D model of test winding. In reality, it is a combination of 
copper coil, plastic or paper pressboard and insulation material such as 
paper. One can ignore the role of insulation material while carrying out 
computer simulation of winding to save computing time. Copper and 
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pressboard material properties are isotropic. Moreover, role of the 
pressboard in winding is to act as a spacer between two respective turns of 
coils and provide cooling by allowing the oil to pass between them. As seen 
in the left fig 3-2, pressboard is modeled as circular ring due to limitation of 
2-D axisymmetric model. But in reality, it is rectangular board as seen in 
fig 3-2 right side model. Fig 3-4, provides basic idea of the pressboard 
geometry. Windings upper and lower part is clamped in such a way that it 
cannot move from its position.  

 

 

Figure 3-2: Two-dimensional axial & Three-dimensional winding 
Model 

To gain a proper understanding of the eigenfrequency of the winding we 
have made a number of models with stepwise improvement. 

Boundary conditions for this model are same as 2D axisymmetric model, 
which is, roller boundary condition at both end. 

3.2.3 Rectangular copper coil 

For this step, copper coils are considered as rectangular, to simplify model 
further, role of insulation paper in eigenfrequency analysis is ignored. Due 
to limitation of two-dimensional axial-symmetric model one should assume 
that geometric shape of the pressboard for this step is circular ring. 

. 

If compared the displacement level of the winding for all three modes it 
found that displacement for the first eigen mode is more compare to other 
modes. Moreover, first eigen mode has asymmetric movements which 
suggest that whole winding is getting displacement in one direction only 
and in this case it is axial direction. Moreover, for this step we have ignored 
the role of end insulation in eigenfrequency calculation.  
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. 

Table 3-1: Material properties and winding dimension 

 

Figure 3-3: First and second axial and radial eigen mode shapes of 
winding 

 

Table 3-2: Comparison of the eigen frequencies 

Mode Natural Frequency Experimental result Error (%) 

1st Axial 859 Hz 380 Hz 55 

2nd Axial 1707 Hz 840 Hz 50 

1st  Radial 2364 Hz 2442 Hz 3 

 

Table 3.2 shows the comparison of the result from computed and 
experimental result of the test winding. Experimental results are taken at 
room temperature without oil. Error percentage is high because Comsol is 
considering pressboard as circular ring (Fig 3-2) and because of that, value 
of Young’s modulus of the pressboard has increased while computing, as it 
is, in reality. 

. 

Material Young 
modulus [Pa] 

Passion 
ratio 

Density 
[ ⁄ ]

Width 
[mm] 

Height 

[mm] 

Copper 12e10 0.35 8930 35 13.45 

Pressboa
rd 

0.8e9 0.35 2884 37 1.508 
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Influence of changing young’s modulus of pressboard on eigen frequency. 

To over-come problem of 2D axisymmetric model, we have decreased the 
Young’s modulus of the pressboard with respect to the contact surface area 
or volume, as Young’s modulus of the pressboard play important role for 
calculation of axial mode in eigenfrequency.  

 

Figure 3-4: Pressboard 

Table 3-3: Method of modifying young modulus of pressboard with 
respect to volume. 

 Formula Volume  Young modulus (Pa) 

Volume of 
the press 

board 
(old) 

=0.7854×( -
)×h 

78263.85 0.8e9 

Volume of 
the new 

press 
board 

=l×h×w×n 36192 .
 = 0.25e9 

Where,  is the outer diameter of the winding (507 mm),  is inner 
diameter of the winding, h is height of pressboard (1.508 mm), l is length of 
pressboard (50 mm), n is number of press board in one turn (12) and w is 
width pressboard (37 mm). 

Table 3-4 shows the computed results after decreasing Young’s modulus 
from 0.8	 10 	 	to	0.25	 10 	  for the pressboard and the 
comparison of it with experimental result. Error percentages obtained over 
here favor the new result as, compare to table 2.4 error for first and second 
axial mode is low. From this step onwards, Young’s modulus of the 
pressboard for 2D axisymmetric models will be used as	0.25 10 . 
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Table 3-4: Comparison of Natural frequency for rectangular coil 

Mode Eigen Frequency with new young 
modulus of pressboard (Hz) 

Experimental 
result  (Hz) 

Error 
percentage 

(%) 

1st 
Axial 

576 380 32 

2nd 
Axial 

1412 840 40 

1st  
Radial 

2371 2442 2 

  

3.2.4 Copper coil with round edges at both ends  

As our results were not close to experimental result we checked the test-
winding coil more carefully and found out that there are 16 blocks of coil in 
one turn. Width of one coil is 2.1 mm and height is 13.45 while, radius at 
edges is 0.5 mm.  Due to electromagnetic reason, edges of the coils are kept 
as round with a radius of 0.5 mm. Fig 3.5 gives better idea about the 
geometry of coil. Moreover, from this step onwards we have considered the 
role of the end insulation for eigenfrequency calculation. 

 

Figure 3-5: Coil with round edges 
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Total area of the coil in one turn is 492.19 . It has been observed that a 
gap is present between two respective coils at top and bottom of each block 
due to round edge. Due to insulation we have assumed over here that gap 
between coils is not playing important role for eigenfrequency calculation. 

 

Table 3-5: Eigen frequency for coil with round edges at corner 

Mode Eigenfrequency 
(Hz) 

Experimental result  
(Hz) 

Error (%) 

1st Axial 344 380 10 

2nd Axial 795 840 5 

1st  Radial 2347 2442 4 

 

Eigenfrequency of winding is calculated with 757,222 degree of freedom 
and with a minimum mesh element size of 3.44 mm. The gap between two 
respective coils at edges (Fig 3-5) generates dense mesh at edges and 
increase the computing time. Results from this model are accurate but to 
avoid the problem of poor mesh, further simplification of the model is 
necessary. 

3.2.5 Copper coil with rectangular cross section. 

To overcome a problem of an increased computing time and poor mesh 
distribution along the winding, coil with rectangular cross-section area is 
introduced. Height of the coil is 13.45 mm, width of coil in one turn is 
33.60 mm and area is 492.19 . To replace the coil with rectangular 
cross section it is necessary to use same amount of copper, which is used in 
one turn of coil. By keeping the height, constant width of the coil can be 
found. 

Total Area of the coil with round end = Area of rectangular 

492.19  = height × width 

Width = 32.46 (height of the coil 13.45 mm is same for all models 

From calculation, axial mode of the winding gives accurate result while in 
radial mode difference between experimental result and computed result is 
noticeable. By assuming, pressboard material properties also playing role in 
eigenfrequency calculation, we introduced orthotropic material for 



 22

pressboard, which has different material property in different orthogonal 
directions along each axis. In other words, material properties depend on 
the direction in which they are measured. Huber’s equation has been used 
over here for finding Shear modulus for the orthotropic material. 

 

Table 3-6: Orthotropic material property of pressboard 

Young 
Modulus 

Radial direction 
(Er) 

Theta direction 
(Ephi) 

Axial 
direction(Ez) 

Shear 
Modulus 

(G) 
∗

2 ∗ 1
 

∗

2 ∗ 1
 

∗
2 ∗ 1

 

1.137 9  2.43 8  6.10 8	  

    

We have noticed that while generating mesh for the eigenfrequency 
calculation extra pressboard material tends to give more dense mesh at 
edges (Fig.3.7) which tends to increase the computing time and make 
model hard to use for next step such as Lorentz force calculation. To 
simplify the model we have reduced pressboards size same as coil size. 
Minimum mesh element size over here is 3.44 mm for both cases and 
degree of freedom for the model with extra pressboard material and without 
it is 30550 and 14990 respectively. Which suggest that, model without 
extra pressboard provides better mesh distribution along the winding and 
the model can be used for further calculation.  

 

Figure 3-6: Winding with extra pressboard and without extra 
pressboard 
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As for this step, we have assumed the material property is an orthotropic so 
reducing the pressboard size instead of decreasing the Young’s modulus we 
have increased it with ratio of the change in an area of the pressboard. 

 

Table 3-7: Comparison of eigenfrequency 

Mode Eigen Frequency [Hz] Experimental result [Hz] Error [%] 

1st axial 344 380 10 

2nd axial 795 840 5 

1st radial 2347 2442 2 

 

Table 3-7, shows the comparison of the computed model with different 
material property and with different geometry condition for the pressboard. 
Table also suggests that press board material properties play huge role in 
calculation of the eigenfrequency radial mode. By using orthotropic 
material, we found out that difference between experimental results for 
radial mode is not big as compare to isotopic material. 

 

3.3 3-D Model of Test winding: 

2D axisymmetric model has its own limitations. For the 2D axisymmetric 
model we had to ignore geometric disturbance in addition we had to change 
the coordinates of the material properties and had to discretize material 
property of the pressboard according to the contact area between coil and 
pressboard. However, in case of 3D model we can ignore the process of the 
discretization of the material properties and other adjustment we had to do 
while working with 2D axisymmetric model. 

For making 3-d model of the power transformer for the eigenfrequency 
calculation we have taken few assumption as below. 

1. End insulation play role in eigen frequency calculation. 

2. System has roller boundary condition at both ends, which means these 
boundary conditions add constraints to displacement in the direction 
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perpendicular to the boundary but it has movement in tangential 
direction.  

3.3.1 Model description 

 

 

Figure 3-7: 3-D model of test winding 

3D model of the test winding is solved with 160000 degree of freedom and 
has calculation time of 5 hours using super computer provided by ABB. To 
check the assumptions we have made various models and have tested our 
assumption accordingly. 

For checking assumption 3, we have made two models in one model we 
have produced exact geometry as it is in reality, which means that this 
particular model has extra pressboard, which is present between two 
respective coils (Fig 3-8). In other model, we have trimmed the extra 
pressboard to reduce the mesh element as mentioned before. Same mesh 
element size is used for both model and while generating the mesh for 
solution model with extra pressboard use 684958-mesh element while 
model without extra pressboard use only 322346 mesh element, which is 
approximately half 

From the table 3-8, it is clear that model with extra pressboard tends to give 
results that are more accurate but model without extra pressboard is the 
most important model reason for this will be discussed next chapter 
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Table 3-8: Comparison of results 

Mode Eigen Frequency Error in percentage 

With 
Extra 
PB 

Without 
Extra 
PB 

Experimental W.E.PB Vs. 
Experimental

W.O.E.PB 
Vs. 

Experimental 

1st 
Axial 

383 365 380 0.7 % 3 % 

2nd 
Axial 

827 798 840 1.5 % 5% 

1st 
Radial 

2445 2445 2442 0.001 % 0.001% 

 

 

 

Figure 3-8: 1st and 2nd axial and 1st radial mode of the winding 
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First axial mode is asymmetric mode where there is a movement in one 
direction only and in this case, it is an axial direction. Second axial mode is 
symmetric. It suggests that, displacement is found in both direction and 
maximum displacement is found at the end of the winding. First radial 
mode is also called as breathing mode of the cylinder, which suggests that 
at this particular frequency the displacement is maximum in the middle of 
the winding. If taken frequency sweep of the system with respect to the 
total displacement in the winding it will be easily visible that at what 
frequency the displacement in the winding is maximum. 

 

3.4 The real transformer Winding: 

Test winding has disc type coils. The real transformer coils are helical in 
shape. Material property of the transformer coil and pressboard is same as 
test winding. Moreover, test-winding height is 0.338 meter while this 
model height is approximately 2 meter. As discussed the real transformer 
has two different winding, we are focusing on the displacement inside the 
low voltage winding only and for this reason we have carry out our 
eigenfrequency calculation for low voltage winding. Fig 3-10 shows the 
low voltage winding. It is not possible to make 2D axisymmetric model of 
the helical winding because in 2D axisymmetric model windings are 
considered as round in shape. Moreover, experiment result are not present 
for this particular model so in order to get accurate result we have 
calculated eigenfrequency by using 3D model only.  

 

3.4.1 Model description  

The real transformer Low Voltage winding consist of total 75 turns of the 
copper coils.  Between every turn there are 38×2 pressboards with the 
height of 2 mm. Pitch between two respective coil is 26 mm. Height of the 
end insulation is 135 mm (bottom) and 159 mm (top) while, radial distance 
is 76 mm and width of it is 60 mm. moreover, on the top there is an 
insulation ring with a radial distance of 76 mm and thickness of 60 mm. Fig 
3-9 gives a basic idea about the Comsol model of the winding. As seen in 
the Fig winding are helical which means that it has different distance from 
the base of the transformer, which is balanced by putting some extra 
pressboard at both end. 
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Figure 3-9: One turn of the winding 

 

Figure 3-10: Model of Helix Winding 
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3.4.2 Result: 

 

Figure 3-11: First and Second Axial mode 

Fig 3-11, shows the first axial mode of the real transformer power 
transformer low voltage winding. As mentioned in previous section first 
mode is asymmetric mode which means that coil are getting displaced in 
one direction and in this case it’s a normal direction. Eigenfrequency of the 
first radial mode is 75 Hz which is approximately 5 times lower then test 
winding (380 Hz). Axial mode of the eigenfrequency depends upon the 
length of the pressboard. While radial mode of the eigenfrequency depends 
upon the mean diameter of the copper coil. Boundary conditions over here 
are fixed boundary condition at both ends. 172 Hz is the frequency of the 
second axial mode of the transformer. Maximum displacement for this 
mode is found at the top and bottom of the winding. 

 

3.5 Conclusion: 

For the case of eigenfrequency of the test winding we have compared our 
results by using 2D axisymmetric model, 3D model and experimental 
result. In order to verify the model’s geometry and material property of the 
system one can use the eigenfrequency calculation. As mentioned before 
eigenfrequency of the system depends mainly upon the material property 
and geometry of the system [formula 3.7]. We did establish the model for 
future calculation and also have verified the material properties of the coil 
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and pressboard. Axial mode of the winding depends upon the pressboard 
material property. Radial mode of the winding depends upon the copper 
material property and mean diameter of the winding. Role of pressboard in 
radial mode need a future discussion. 
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4. PRESTRESSED WINDING 

 

4.1 Introduction 

The main aim of this chapter is to calculate resonance frequencies of the 
coil under static load by using Comsol multi-physics. Moreover, we will 
also discuss about the effect of different static load on the resonance 
frequency of the winding. 
During the prestress static load is applied on the top of the winding which 
will eventually compress the winding and will result in increase in young 
modulus and will enhance the winding characteristic of withstanding short 
circuit forces. 
 
 

4.2 Model Description: 

Transformer windings are clamped from the both end with certain amount 
of pre stress. In order to generate the model with pre stress we have used 
two different steps. Moreover, pressboard has a nonlinear behavior during 
the pre-stress so in order to add the nonlinear behavior of the pressboard we 
have used stress vs. strain curve of the pressboard as material property of 
the pressboard.  
For step one, we have applied static load on the top of the winding and in 
other step we have used the nonlinear property of the pressboard so we can 
use nonlinear behavior of the pressboard during the simulation and can add 
nonlinearity in our model. 
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Figure 4-1: 2D axisymmetric and 3D model of winding under static 
load 

Fig 4-2 shows the 2D axisymmetric model and 3D model of the test 
winding which are already under certain amount of static load. The 
prestress in winding is generated due to the force applied while clamping 
the winding. When the load is applied on the winding it tends to compress 
the winding which has effect on the resonance frequency of the system, as 
due to compression stiffness of the material is increased and that’s result in 
increase in eigenfrequency. For this step, we have considered the result 
from the 3d model of the winding due to the similar reason which we have 
mentioned in previous chapter. 

Table 4-1: Eigen Frequency for different loading values 

Mode 1 MPA 5 MPA 
1st axial 415 415 
2nd axial 907 907 
1st radial 2447 2447 

  
Table 4-1 shows the resonance frequency of the winding for different 
loading values. A value of first and second axial mode has been changed 
from 365 Hz to 415 Hz and from 798 Hz to 907 Hz respectively. While 
change in first radial mode is less, compare to change in axial model. 
Reason for this is axial mode of the winding depends upon the press broad 
stiffness, which is approximately 28 times lower than coil stiffness. 
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Table also suggests that for different values of loading eigenfrequency of 
the system is same which is reasonable as stress vs. strain curve which is 
used for making model nonlinear in order to generate the nonlinear effect in 
the model is quite linear between the range of 0 (MPa) to 80 (MPa).  
 
Boundary conditions for the first step is fixed at below and applied load on 
the upper end insulation. While, for the second step both ends are kept as 
fixed. 
 

4.3 Conclusion 

For the case of the prestress vibration, it is necessary to use the nonlinear 
curve of the pressboard material property in order to add non linearity into 
the model. We have also observed that model for the prestress vibration 
tends to take more computing time if compared with eigenfrequency model. 
Moreover, from the result obtained over here we can say that in change in 
the resonance frequency for the forced vibration case mainly depends upon 
the nonlinearity of the pressboard martial property. 
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5. Electromagnetic and mechanical- 
coupled model. 

 

5.1 Introduction 

In this chapter Lorentz force from resulting electromagnetic field will be 
calculated by using Maxwell’s equations and resulting Lorentz force will be 
applied on the coil in order to obtain displacement in the winding due to 
Lorentz force. Comsol Multi physics is used over here for the calculation of 
the Lorentz force and coupled model. The following section is written to 
give general idea about governing equation for Lorentz force. Magnetic 
field is generally perpendicular to local electric field while magnetic force 
is perpendicular to both local magnetic field and particle direction of the 
motion [5]. 
The main aim of this chapter is to find the maximum displacement in the 
winding and to find relative frequency. 
 

5.2 Methodology 

James Clerk Maxwell published Maxwell’s equations in year 1862 and his 
work is based on, work and experiments of Faraday, Gauss and Ampere. 
His accomplishment lies towards unification of the different equation to set 
of partial differential equation. The Maxwell’s equations in differential 
form, which are four partial differential equations (PDEs), are: 

    (5.1) 

Hereby, H is vector of magnetic field strength, J is vector of current density 
and D denotes Electric flux density. Equation shows that a magnetic field is 
generated by an electric current. 

    (5.2) 

Where, E is electric filed intensity (V/m), B is Magnetic flux density whose 
unit is tesla (T). Equation 3.2 suggests that an induced voltage in an open 
conductive loop is generated by time varying magnetic flux. 
∙      (5.3) 
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Where, Qe is charge density .  Equation 5.3 suggests that electric field 

is irrotational.  
 ∙ 0 (5.4) 
Magnetic field is always solenodial. 
Constitutive equations as below are introduced in order to solve above four 
PDEs. 

	               (5.5) 
         (5.6) 

         (5.7) 
In electromagnetic most important case is often referred as eddy current 
case. In a case of quasi-static electromagnetic field, we will neglect the 

displacement current density, which is	 . 
According to equation (5.4) magnetic field is solenoidal and therefore it can 
be described by curl of a vector. 

         (5.8) 
In above equation A denotes magnetic vector potential. Rewriting the 
equation 5.2, we get, 

0        (5.9) 

A v    

    
Where,  is magnetic reluctivity, which is inverse of magnetic permeability 
(µ) and v is conductor velocity. 
Due to relatively high magnetic permeability of the transformer core, the 
boundary conditions at the core surface are given by 

0       (5.10) 
By calculating the magnetic field, Lorentz force applied on the winding can 
be determined. This is represented as below. 

       (5.11) 
Rewriting the equation 5.10 using equation 5.8 and 5.9 we get, 

A v  

   
Rearranging the equation, we get, 

V v   (5.12) 
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Figure 5-1: Surface Lorentz force 

 
By using the Navier’s equation, we are solving our mechanical and 
electromagnetic coupled model. Navier’s equation are generally used for 
calculating dynamic behavior of the mechanical system. 
 

    (5.13) 
 
Where,  is density of the medium, a denotes acceleration of the body, 	is 
Cauchy stress tensor, where it is written as vector of six components using 
Voigt notation 

; = =  (5.14) 

Where ( , , ) are normal stresses and ( , , , , , ) 
are shear stress [6] and  is the differential operator which takes the form, 

0 0 0

0 0 0

0 0 0

   (5.15) 
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In addition, 	is the Lorentz force, which is, magnetic volume force. 
Manganite volume force is arising due to the interaction between the total 
electric current in the conductive part of the windings and magnetic field of 
the current carrying winding. 

     (5.16) 
Where,  is the stiffness tensor and  is the strain tensor. Equation 5.16 
suggests that, Stress tensor  is a function of strain tensor  as per Hooke’s 
law. 
It is also fact that strain tensor  is a function of the displacement . 
 

    (5.17) 

 
Where, u is known as vector of displacement. 
 

5.3 Test winding: 

 
5.3.1 Model description (electromagnetic model). 

In this section, we will investigate the effect of current on the test winding 
and the real transformer low voltage winding. We build 2D axisymmetric 
model of the test winding. After verification of the results, we have built 
3D model of the test winding and the real transformer in order to find the 
resulting Lorentz force and magnetic flux. 

2D axial symmetric model. 

The main aim of this step is to the way of building the electromagnetic 
model of the test winding. To reduce the computing time we have used 2D 
axisymmetric model. We have used simplified model for the test winding in 
order to reduce the mesh size. 
Fig 5-2, shows the electromagnetic model. We have added the air domain 
in order to generate the magnetic flux and Lorentz force as well. When 
added air, number of mesh element size used in a system increase 
automatically. In order to avoid the problem of singularity matrix we have 
kept the electric conductivity of the pressboard and air as one [S/m] which 
is zero in reality. 
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Figure 5-2: Electromagnetic model 

 

 
Figure 5-3 Surface magnetic flux density 

 
Fig 5.3 shows the surface magnetic flux density of the winding when 
electric current is passed through the winding. From fig 5.3 it is also clear 
that amount of the magnetic flux density is more towards the center of the 
coil. And it is also clear that axial component of the Lorentz force is higher 
towards ends of the winding (Fig 5-1). 
Boundary condition for the tank is kept as magnetic insulation, 
Which, can be mathematically represented by 

0 
In this equation,  represent the normal vector and A represent the magnetic 
vector potential [6]. 
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3D model  

 
Fig 5-4, shows the 3D model of test winding. Air domain around the 
winding has been added in order to generate the magnetic flux around the 
coil. In reality, winding is kept inside the tank filled with oil in order to 
provide the cooling effect to the winding. Tank boundary conditions are 
kept as magnetic insulated. 
We made a mesh convergence analysis in order to find most suitable mesh. 
Moreover, while meshing the domain it is necessary to keep min mesh 
element size low as in corners more mesh elements are used. 

 
Figure 5-4: 3D meshed model 

 
 
 
Mesh comparison: 
 Normal mesh  
Pressboard and coil: Max 0.08 m, Min 0.0144 m 
Air: max 0.8m, min 0.0144 m 
Result: 3.7522e-14: Error: 0.05% 
 Fine mesh 
Pressboard and coil: Max 0.044 m, Min: 0.0032 m 
Air:  Max: 0.8 m, Min 0.0144 m 
Result: 3.95772e-14: Error: 0.0% 
 Coarser mesh 
Pressboard and coil: Max 0.2 m, Min: 0.144 m 
Air: Max 2 m, Min 0.144 m 
Result: 2.5755e-14: Error: 0.3% 
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From the mesh comparison performed above one can see that normal mesh 
tends to give less error as compare to coarser mesh. For the transient 
simulation mesh is used is normal mesh.  

 
Figure 5-5: Lorentz force z component 

Fig 5-5, represent the effect of the Lorentz force z component on the test 
winding. Maximum and minimum Lorentz force is symmetric which 
suggest that generated Lorentz force for the given current is correct.  As 
mentioned before boundary condition for the tank is kept as magnetic 
insulation.  
 
5.3.2 Effect of the short circuit current on the test winding. 
 
For short circuit current it is necessary to apply the current with time 
function which is applied by using following formula. 
 

sin ⁄ 	    (5.18) 

Where, 
2 	     (5.19) 

F is the frequency [Hz], t is the time and  is the circuit time constant [s]  
√2	     (5.20) 

 is short circuit current and i is the current [7].  
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For the test winding current used is 1 Ampere in order to understand the 
working of the system. 

 
Figure 5-6: Short circuit current 

Fig 5-6, shows the short circuit current. Short circuit current is the function 
of the time. In order to obtain the perfect current it is important to use the 
appropriate time interval. Time interval over here is 0 to 0.5 seconds with 
the range of 0.002 second. 
When applied short circuit current on the coil of the winding it generated 
the Lorentz force according to applied current and generated Lorentz force 
over here is a function of time. 
To check the effect of the short circuit current we have taken the surface 
integration of the coil. Surface integration is taken for top coil only (Fig 5-
7). Moreover, in order to understand Lorentz force distribution along the 
winding length we have used the line plot function from Comsol 
multiphysics (Fig 5-7). 
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Figure 5-7: Position of surface integration and line plot. 

 

 
Figure 5-8: Surface integration plot for Lorentz force and 

displacement (Z component) 
Maximum displacement is 10e-10 meter which is approximately equal to 
zero. Reason for the less displacement is the amplitude of the short circuit 
current which is 1 [A] for the winding.  
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Figure 5-9: Lorentz force, Z component. (Line graph) 

 
Fig 5.9 shows the line graph of the Lorentz force all along the winding. In 
fig 5.9 tilted lines for the Lorentz force suggest that Lorentz force is 
generated only for coil not for pressboard. Electric conductivity for the 
pressboard is nearly equal to zero which, justify the pattern for the Lorentz 
force generation along the winding.   
.   
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Figure 5-10: Displacement, Z component. (Line graph) 

 
For the couple model pressboard is added and the main aim of this plot is to 
find the displacement along the length of the winding. Line parallel to x 
axis shows the displacement generated from the pressboard and line parallel 
to y axis shows the displacement generated in coil due to Lorentz force. As 
the boundary conditions are kept as fixed on top and bottom of the 
insulation the plot starts and end at zero. Maximum displacement is found 
in top and bottom insulation. 
 

5.4 The real transformer. 

Due to geometry shape, mesh elements and time limitation it is not possible 
to generate solution for short circuit current. It takes approximately 38 
hours to solve this problem for static case in Comsol Multiphysics 4.3 a. In 
order to generate the time dependent solution it can take more than 20 days 
of computing time. 
In order to provide solution for short circuit case we finally agreed on using 
static model with short circuit current first pick value for both winding (eq. 
5.1). 
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5.4.1 Model description: 

As mentioned in chapter 2, this particular model contents on 2 winding. 
High voltage winding over here is used for generating magnetic flux 
between the high voltage and low voltage winding only. So, in order to 
make geometry simple we have built the high voltage winding as cylinder 
made of copper. 
The main aim of this step was to check the effect of the short circuit current 
on the whole system. But due to less computing power and more simulation 
time we finally decided to carry out the static solution for the system. In 
order to generate the static solution for the system we have used the short 
circuit current function and have carried out the first pick of the short 
circuit current and have used that particular current to solve the model. 

 
Where,  and  is current in low voltage winding and high voltage 
winging according while  and  are number of turns in low voltage and 
high voltage winding accordingly Current applied in the winding must be 
balanced by used the above formula in order to generate the magnetic flux 
between the winding. Current in low voltage winding is 26.981 . 
 

 
Figure 5-11: Meshed model 

 
Due to less computing power it was impossible to mesh the system with 
user defined mesh elements. Clue over here is to mesh the system in the 
super computer while simulation of the system is going on (Super computer 
is provided by ABB and it doesn’t have any graphical interface). As seen in 
the picture above while generating the mesh it generate very dense mesh 
near the coil surface and particularly the place where pressboard and coil 
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are in contact. Moreover, air domain is also used over here in order to 
generate the Lorentz force which adds number of mesh element near the 
winding and results in very dense mesh which suggest dramatically 
increase in solution time of the whole system. Mesh element used for 
meshing the whole system are 5,499,149. 
 

5.4.2 Electromagnetic model: 
 

 
Figure 5-12: Magnetic flux between two coils 

 
Maximum magnetic flux is generated between two coils which is 3.70 [T]. 
In reality core is made of steel which has nonlinear property but in order to 
simplify the mode we have kept the core permeability as 10000 times 
higher.  
Both coils are kept on the same position and height of the coil is also the 
same as per the transformer design standards. If positions are not kept as 
same then coil tends to generate the extra Lorentz force which produce 
axial thrust inside the winding which result as failure.  
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The boundary conditions for the tank wall are kept as perfect magnetic 
insulation it is mathematical representation of it can be done as below. 

0 
Where, n is normal vector and H is magnetic field intensity [6].  

	

 
Figure 5-13: Position for line graph and volume average graph 

 
Line graph all along the winding including coil, pressboard and end 
insulation is generated in order find the Lorentz along the winding. While 
volume average graph is taken for pressboards all along the winding for all 
5 position. In order to generate the volume average plot for different 
position value of each and every pressboard has been taken separately. 
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Figure 5-14: Lorentz force along the winding (Line graph) 

Maximum Lorentz force generated for the winding is at position 4 and 
minimum is for the position 1. Reason for the different values of the 
Lorentz force will be discussed in next topic. 
As mentioned before for electromagnetic model the role of the pressboard 
is ignored and that explain the pattern of Lorentz force generation along the 
length of the winding. Moreover, from Fig 5-14 it is clear that maximum 
Lorentz force is on the both end of the winding. 
 

5.5 Coupled model: 

Electromagnetic model consist of transformer winding only but in reality 
our final aim is to find the displacement with in the winding and for the 
purpose, coupled model is studied over here. Coupled model consisting of 
coils, core and pressboards. To make a coupled model generated Lorentz 
force is applied on the coil in mechanical model. Pressboard play important 
role for the mechanical model. Main aim of this thesis is to find the 
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displacement inside the pressboard during the short circuit current. In order 
to find the displacement information for the pressboard volume average of 
the pressboard is taken along the length of the winding. 
   

 
Figure 5-15: Displacement field, Z component 

 
Due to imbalance in end support and helical geometry of the winding it 
tends to tilt under high amplitude short circuit current (Fig 5-15). Maximum 
deflection is found in top and bottom of the winding for axial component of 
the winding. For different positions of the winding displacement calculated 
is different which is further discussed in next topic. 
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Figure 5-16: Stress distribution along the winding. 

 

 
Figure 5-17: Radial Displacement along the winding 
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Figure 5-18: Axial displacement along the winding 

 
As maximum Lorentz force is on the top and bottom of the winding, it 
generates force in axial direction from both ends, which results in tensile 
stress on the top and compressive stress in middle of the winding (Fig 5-
17).  
For different positions generated Lorentz force is different (Fig 5-14). If 
observed carefully maximum Lorentz force obtained over here is position 2 
and position 4. Which, justify the maximum displacement for radial and 
axial direction for position 2 and position 4 respectively. Moreover, for the 
position 1 and position 5 displacements found is less compare to position 2 
and 4 which also justify the tilting of the winding for the particular current. 
It is also important to keep high voltage and low voltage winding on the 
same position. If low voltage and high voltage winding are not on the same 
position then it tends to generate extra Lorentz force which is likely 
towards displacement of the winding under short circuit current event. 
 

5.6 Conclusion 

For the case of coupled model it is highly important to balance the current 
in both winding. It tends to generate wrong magnetic flux and extra Lorentz 
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force inside the winding if current is not balanced in both windings. 
Moreover, while performing the simulation one has to check the current 
density in both winding which should be same in order to obtain perfect 
result. Pressboards play very important role during the short circuit event 
detailed study of pressboard material property is necessary to gain better 
understanding of behavior of the pressboard during the short circuit event. 
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6. Future Work and Conclusion  

In this master thesis our aim was to establish a way to predict eigen 
frequencies of the transformer winding by using 2D axisymmetric and 3D 
model of test winding. Once confirmed the results of the test winding, 
extension of this work was to find out the eigen frequency of the real 
transformer winding. We further carry the aim to next level to find out the 
effect of short circuit on power transformer winding by using multiphysics 
model. In this thesis we have presented a new path for modeling power 
transformer by coupling two different physics in order to find out the eigne 
frequency and effect of short circuit on the winding. Various assumptions 
and simplification has taken in order to increase speed of the final 
computing. Comsol multiphysics and Autodesk Inventor is used for 
simulation and designing tool. Future work may include: 

 

 To understand the role of the paper board during short circuit of 
the power transformer more detailed study on it is highly 
motivated. 
 

 Result can be further improved with precisely measurement of 
the real power transformer. Moreover, establishing parametric 
modeling can save time form designing new winding. 

 
 

 Due to less computing power and highly dense mesh computing 
time was increased. In order to avoid highly dense mesh special 
mesh generation software such as hyper mesh should be used.  
 

 Further investigation role of the transformer oil should be 
considered. 

 
 To have a better result, role of moving mesh should be included 

in the model which can add feature of explicit/implicit dynamic 
behavior of the relevant parts under the various load conditions. 
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