
3D modelling and finite element analy-
sis of three phase transformer with inte-
grated inductors in COMSOL Multiphysics

Master’s thesis in Electric power engineering

Kunal Choudhary

DEPARTMENT OF Electrical Engineering

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2021
www.chalmers.se

www.chalmers.se




Master’s thesis 2021

3D modelling and finite element analysis of three
phase transformer with integrated inductors in

COMSOL Multiphysics

Kunal Choudhary

Department of Electrical engineering
Electric power engineering

Chalmers University of Technology
Gothenburg, Sweden 2021



Kunal Choudhary

© Kunal Choudhary, 2021.

Supervisor: Lars Ronquist, Alstom group
Examiner: Yuriy Serdyuk, Department of Electrical engineering

Master’s Thesis 2021
Department of Electrical engineering
Electric power enginnering division
Chalmers University of Technology
SE-412 96 Gothenburg
Telephone +46 31 772 1000

Cover: Magnetic field density on the model developed,with increasing intensity as
color changes from blue to red.

Typeset in LATEX, template by Magnus Gustaver
Gothenburg, Sweden 2021

iv
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Abstract
The use of power electronics in various electrical systems is increasing. The inverters
used to switch the DC to AC are widely utilized and usually operate with PWM
waveform, resulting in harmonics in the system. This harmonic content leads to
increased losses and also introduces electromagnetic interferences into the system
and therefore requires additional filtering through LC components.
One of the applications of inverters is in the train wagons, where the DC is converted
to 3 phase AC for usage within the train cars. The inverters used are connected to a
transformer to obtain the required voltage level. Since there is a limitation of space
on board and equipment is needed to be compact, a magnetic integration of inductors
and transformer is implemented. This thesis focuses on a 3-dimensional modelling
and finite element analysis of a 3 phase 150kVA transformer with integrated inductor
core using COMSOL Multiphysics software. A 3D model of the physical transformer
is created that includes the series inductance in the form of a shunt core with air gaps
along with main core of the transformer, which help in filtering out the harmonic
content induced by the inverter. With the simulation model, a frequency domain
study of the system is carried out and the evaluation of losses over different operating
conditions is performed for the cases with and without utilizing the additional shunt
core. With the help of the simulations, early estimation of several parameters to
be used in the physical system was conducted. The open circuit and short circuit
tests were simulated in the model with desired dimensions, material, study and post
processing steps and results were compared with the measurements. It is shown that
the modelling provides time efficient, reasonably precise and cheap methodology for
the analysis and complements physical experiments.

Keywords: 3D, Transformer, COMSOL, Inductors, Model, Materials, Simulations,
electrical.
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1
Introduction

Transformer has been a great invention when it comes to Utilisation and transmis-
sion of electric power.It is used to link two di�erent voltage levels in a electrical
system with the help of a tight magnetic coupling where the windings are electri-
cally isolated.[3] The frequency of the voltage remains the same while the voltages
are currents are di�erent. A transformer does not have any moving parts and is
static in nature of its operation.Within the electrical domain, transformer is used
for the wide span of voltage.Ranging from a use in a small accessory circuit to Ultra
high voltage level.The speci�cations of the transformer are a key feature in the size
of the transformer.
Generally transformer are categorized into power transformers, distribution trans-
formers and speical purpose transformers by ANSI/IEEE [2]. The special purpose
transformer include the transformer like instrument transformer , conveter trans-
formers etc. These are named according to the type of utility. One such type of
transformer is called Auxillary Transformer.These are used for the purpose of sup-
plying voltage to the low or medium power load ,lighting, heating or as isolating a
electrical connection through a magnetic domain.[1]

Throughout the time since its invention, a vast reasearch has improved the operating
conditions, materials, reliability and e�ciency. For every applications, modi�cations
are required depending on the type of usage.
Due to the introduction of power electronics devices in the system.The power quality
has improved but with a cost of variations brought about in the system.Due to use
of non linear devices in the converters, the resultant output waveform have higher
content of harmonics. [16]

1.1 Problem Description

The transformer for this thesis is called as an 'Auxillary transformer' that is used
in the train wagon for indoor power supply within the train cars for the utility of
passengers and train sta�.
The electrical network for trains is generally of several thousand volts of DC or
AC. As most of the services require AC voltage, a subsystem uses an inverter that
inverts DC to 3 phase AC.This implementation galvanically isolates the converter
side from load side and protects it from harmonics and overcurrents [17]. An onboard
transformer also helps in facilitating the volatge level as per the requirement.
The usage of DC- 3 phase Inverter induces harmonics in the system [18] This creates

1



1. Introduction

a distortion in the system fed, produces losses and makes the system ine�cient.
However a lot of it is reduced by using space vector pulse width modulation [19] but
extra LC �ltering is also required to limit the frequencies of higher range [18] . A
low pass �lter is a very good option used to limit the higher order frequencies. This
is usually done by the introduction of a LC �lter in the con�guration at the outputs
of the inverter. The Inductance L, provides a higher impedance to higher frequency
range and helps �lter out the unwanted harmonics in the system.

Z l = j!L

where,
! = 2�f l

The �lter capacitor connected in delta con�guration is used to �lter the unwanted
frequencies by allowing a low impedance path for high frequencies to �ow. [6]
As the Filter inductors and capacitors are on the either sides of the transformer
,therefore it is inevitable that the certain harmonic frequencies �ow through the
transformer.However the �lter capacitors on the secondary side helps them to pass
through it , thus avoiding them to reach the load connected on the secondary side.

1.2 Aim and objectives

This thesis aims at modelling the type of above mentioned transformer.As the trans-
former is mounted on moving wagon, susceptible to cold ,dust,adverse weather condi-
tions and space limitation , a nice approach is to keep it compact and have less parts
associated. With this in mind a suitable way is the combined transformer that uses
a shunt core to implement the property of inductors within the transformer body
domain.

With this modelling, the aim is to

1. Evaluation of parameters like losses and �ux density from the speci�c size of
transformer under certain operating conditions.

2. Estimation of transformer components performance.

3. Evaluation of the e�ects of input base frequency and other input frequencies
from the inverter output.

4. Observing the e�ects of modifying geometry and material properties.

5. Identi�cation of potential hotspots*

With the listed features, the model aims to speed up system design process of the
organization.The values from the transformer model can be estimated in the initial
stages and analysed with di�erent conditions.This can be a time e�cient and cheaper
approach in working on a project. If it is wished to get the most of out the model,it
can be integrated with software like MATLAB and the established link can work in
close coordination of parameters, fetching values back and forth for a more realistic
and accurate results. .

2



1. Introduction

Figure 1.1: System under study(Highlited in Yellow)

1.3 Method

To carry out this thesis work, the structured steps were followed to get a broader
picture of the work being done and keeping it aligned to the research in the �eld
of transformers.An intensive Literature review was the initial phase of this work.
This Literature review was helpful in focusing more on a speci�c subject, narrowing
it down to the main components of the transformer in separate approaches.The
approach was to keep the model simple with maximum features in use.The most
prevalent tool for the transformer simulations is Finite Element modelling using
numerical techniques [2]. A suitable software for the modelling setup was chosen as
'COMSOL Multiphysics'. Due to its several features,the usability of this software
was very helpful in setting up the model and implementing the speci�cations required
to perform the analysis.

1.3.1 Software used for Analysis

This modelling is done by using the software 'COMSOL Multiphysics' that works
on Finite element methods for solutions. The idea to choose this software over other
alternatives is due to studies related background and it several advantages known
beforehand. [13].

ˆ Simple graphical user interface and application for multiphysics
ˆ Creating and modifying geometries can be done with plenty of options available

due the �nite element models.
ˆ The analysis can be performed with the di�erent parameters depending on the

type of testing.
ˆ Reduces real life complexities in physical modelling before hand saves time and

resources that would have actually been used to develop the physical model.
ˆ Can be used to design custom devices using multiple physics interfaces.
ˆ Setting up base of the model, which can be enhanced and improved at future

stages.
This focus of this work is more on modelling this type of transformer so that it is
replicated as the almost physical transformer and includes major details of step by
step modelling while referring to the available resources.

3



1. Introduction

1.4 Outline

The following sections of the report describe the work carried out to perform this
modelling and analysis. The theory section includes the background theory on
which the device operation is based.This covers the details about the basics of the
transformer and magnetics , design and theory about the transformers in general.
The methods section includes the procedure for step by step modelling followed
by resulting geometry and view of the model.This includes the necessary modelling
steps due to which the model could be successfully Constructed in the software from
the beginning.
The results chapter entails the results of the simulations carried out on this model
as per the requirements stated in the objectives of this work.
And �nally , the conclusion chapter consists the wrap of the work and scopes in the
furthur assesments.

4



2
Theory

2.1 Basics of transformers

When current is passed thorugh the wire it produces magnetizing force and thus
magnetic �eld around it. The direction of this magnetic �ux is given by Fleming's
right hand rule , in which the thumb points in the direction of electric current �owing
though the wire and the curl of the �ngers gives the direction of magnetic �ux.The
intensity of magnetic �eld increases if more number of current carrying wires are
placed alongside and carrying current in the same direction.The number of turns of
the wire is collectively known as coil.The magnetic �eld passing through an area of
cross section gives magnitude of �ux.

The relation between the �ux density and magnetising force is given by :

B = �H

where,
� - Permeability
B- Flux density
H- Magnetizing force

Due to this phenomenon rather than producing the �ux in the open air or vaccum,
suitable materials were discovered in which �ux can be made to �ow with very less
reluctance o�ered to it. These materials have a high value of permeability and can
be magnetised easily. This �ux �ow in a contained material is the basis of working
of a transformer .
Analogous to EMF in electric domain,MMF is for the magnetic domain. The higher
intensity of current leads to stronger magnetic �elds.
Transformers operates on the principle of electromagnetic induction. The primary
and secondary sided cores share the common �ux that acts as a working medium
which is generated in the coil due to applied alternating voltage on on of the sides.
To contain this �ux in a material and make it usable to induce voltages in other
coil, we require a material with high permeability that helps in the �ow of this �ux
and helps to reduce the �ux leaking in the air called leakage �ux. [1].As this �ux is
alternating in nature, it induces a voltage on the secondary side . The magnitude
of this induced voltage depends on the number of turns of the winding connected.

Vs = � N
��
�t

5



2. Theory

where,
��=�t � rate of change of f lux
N � Number of turns

Thereby a voltage is induced in the coils at the other side without actually connecting
them in electrical domain.

Figure 2.1: Equivalent circuit of an ideal transformer(per phase)

The above �gure represents the per phase equivalent circuit of the transformer.The
primary side being on the left represented by V1. The current in I1 is the primary
side current which energises the transformer core as well as induces alternating
�ux through the primary turns.This I1 is the vector sum of I0 and I2', the I0 is
the magnetizing current of the transformer and I2' is the current that links to the
secondary side. For the case of ideal transformer, the magnetising current I0 is
considered to be negligible and full current is assumed to be for the transformer
working. The balanced condition for ideal transformer with material having in�nte
permeability is given by:

N1 � I 1 = N2 � I 2

V1

V2
=

N1

N2
=

I 2

I 1

2.1.1 Magnetic Core

One of the essential parts of a transformer is the core. This is made of magnetic
material that has a crystalline structure o�ering a low reluctance path to the �ux
that links the secondary and primary windings,and has high permeability property
that means higher amount of �ux can pass through this material. Thus the concen-
tration of �ux in the magnetic material is more than in the surrounding material or
air. The magnetic �eld is increased signi�cantly when a magnetic material is used
with the coils carrying current.The Core losses incur major losses which are catego-
rized in to Hysteresis losses and Eddy current losses that are described in details in
the following sections.
To reduce the e�ect of eddy currents, the core is not a single piece of material
as whole but it is a stack of multiple thin steel of the order of 0.3 or 0.5 mm, to
make the core more e�cient.These thin laminations are electrically isolated from

6



2. Theory

each other , so that the circulating current doesn't forms up in the transformer
and the electrical resistance of the core increases with minimum e�ect on passage
of �ux. The limitations of the transformer performances are mostly due to core
contraints.The core made up of amorphous material was used for a long time. With
the developement of material, nowadays silicon steel has come out to be a preferred
material for the magnetic core formation.

Figure 2.2: Stacked laminations

This system consists of two cores that are specially used for the desired performance.
The Cores design is simulated with 'Silicon Steel Grain Oriented' material . This
material is available in the inbuilt library of COMSOL, but a few of the properties
including material permeability and the electrical conductivity were modi�ed for the
analysis in close consideration with the physical material.

Silicon steel is the alloy of iron and silicon that has magnetic properties properties
very suitable to use them in electromagnetic induction applications.The e�ect of
adding silicon to iron is that it makes the material soft and brittle but also reduces
the electrical conductivity in the material while decreasing magnetic anisotropy [9]
.This helps in reducing the losses in the core.

2.1.2 Magnetization

When a completely demagnetized core is applied with external magnetizing force H,
it brings about the change in the �ux density of the magnetic material denoted by
'B' .

A typical Magnetization curve is shown in the �gure below:
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2. Theory

Figure 2.3: Typical magnetization curve

The �ux density increases slowly until point A from the zero point as observed in
the �gure above. The region between point A and B is linear and there is a rapid
rise in the �ux density until point B. As the �ux density is reached to point C, it
can be seen that that on furthur application of magnetizing force, the �ux density
in the core does not increases and this phenomenon is called saturation of magnetic
core. During and after this region, the core accomodation of �ux is di�cult and it
starts to behaves like low permeability material such as air.
The magnetic materials are classi�ed in to the categories of soft and hard magnetic
materials. Soft magnetic materials obtain magnetization properties by excited by
the suitable �eld and loose the magnetic property as soon as the exciting �eld is
withdrawn. While on the other hand when this excitation is applied to the hard
magnetic materials, they retain the magnetization even on removal of excitation.
In electromagnetics , mostly soft magnetic materials are preferred having low coer-
civity and high permeability. Their main application is for the energy conversion
and have brought about a tremendous change in the Power sector and devices used
in the world.

2.1.3 Hysteresis loop

A hysteresis loop represents the complete cycle of magnetisation and demagnetisa-
tion. It is realised from the actual testing on material and plotted.In most Materials
the curve is not retraceable,due to the microscopic properties of the domain and
some amount of magnetisation remains in the material.This di�erence in the di�er-
ent values of �ux density at the same magnetizing force value is called hysteresis.
The width of the B-H curve is used to determine the e�ciency of the magnetic mate-
rial.For electromagnetic applications, the least width of hysteresis loop is desirable so
that it is easy to magnetize and demagnetize.While for the permanent magnets,the
wider area of hysteresis loop is considered so that they can stay magnetised for long
time after removal of magnetizing force.
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When the hysteresis is not present in the material, the magnetizing current is in
phase with the mutual �ux and Linear characteristics are also observed.

Figure 2.4: Hysteresis loop

Along with the major loops in the circuit, there are some minor loops traced during
the observation of properties.

Minor hysteresis loops appear when �eld with changing amplitude is applied on a
demagnetized material.Due to the cyclic nature of this applied �eld, the di�erent
magnetisation cycles are represented, depending on the amplitude of which the path
is traced several times, leading to nested loops within the actual Hysteresis curve.
The minor loop behaviour is complex to understand ,it is produced by the fast
operation of magnetic devices the minor hysteresis behaviour in unsaturated material
state.[21]. On a research on these minor loops , the positive magnetisation on
materials was observed while the applied magnetic �eld was negative [8]. Due to
these characteristics , the results during analysis of magnetic material and their usage
can be a�ected.The minor loops however are not always reproducible due to di�erent
microscopic magnetic con�guration at unsaturated state even if the macromagnetics
are the same. For this work, assumption is made that the losses are not signi�cant
due to these minor hysteresis loop in the model. But the e�ect of the frequencies
in the input current to the transformer model is studied for the normal BH Curve
data from the material.
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Figure 2.5: Hysteresis loop with minor hysteresis loops

Saturation is the condition of a magnetic material, when on applying the magne-
tizing force the magnetic �eld in the material cannot increase after a certain level.
The limits of magnetizing can be inferred easily by looking at the magnetization
curve of the material. Di�erent materials have di�erent level of magnetization and
saturation. As a material starts to get in the state of saturation, permeability of the
material starts to decrease from a maximum value and reaches a quite low value.
Airgap introduction with constant spacing to increase the level at which saturation
reaches in the core.

Figure 2.6: permeability dependence on saturation

2.1.4 Permeability

Permeabilty is the property of a magnetic material that shows how easily it can
conduct �ux. This is analogous to the conductivity in an electric circuit. More the
conductivity of the material, more it is easy for the current to �ow in the circuit.
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The permeability of the material is given by-

� =
B
H

where,
� - Permeability
B- Flux density
H- Magnetizing force

The higher the permeability of a material, the easier it is to magnetize it and has a
lower reluctance for a particular length and cross sectional area.
Silicon steel o�ers high �ux density and the permeability at high �ux density is
also of good value. For this work, the exact value of permeability is not known
beforehand. A suitable assumption for the permeability value referring to the range
of permeability for ferromagnetic materials is considered to be around 8500.

2.1.5 Reluctance

Reluctance of a magnetic circuit is analogous to the resistance in the electric circuit.
It depends on the properties of the material used and also on the cross section area
and design of the magnetic material used. The reluctance of a magnetic circuit can
is

Rl =
l

�A

where,
Rl - Reluctance
l- Length of magnetic path
� - Permeability of the material
A - Area of cross section

Therefore when the length and area of cross section is kept constant, the reluctance
for a given model is inversely proportional to the permeability of the material used.
[12]

2.1.6 Air gap

The presence of air in the magnetic path of the �ux in the magentic materials is
termed as air gap. presence of air gaps in the magnetic material alter the e�ective
permeability of the material and can also lead to �ux distortion.
Constant air gaps can be introduced to magnetic material used for electromagnetic
conversion for storing energy in magnetic domain by which it behaves like an induc-
tor.
In practice there are some intentional core air gaps used in the shunt core of the
model discussed. It is not possible to hold the material for a desired air gap, therefore
an low permeability material is placed for the speci�c air gap size.
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The total reluctance for the circuit is the reluctance of the magnetic domain and
the reluctance of the air gaps combined
Reluctance for the air gap is given by :

Rg =
lg

� oAg

where,
Rg - Reluctance of air gap
lg - Length of air gap
� o - Permeability of the material of gap or air
A - Area of cross section of gap

2.1.7 Magnetic �ux in a transformer

The �ux in the transformer requires an obstruction free path for the perfect work-
ing.The distortion in �ux can occur in the domain due to poor joints in the stacking
and material deformities.

For this work the core gaps are assumed to be minimum and the e�ect of fringing
�ux is considered negligible.

Figure 2.7: Fringing �ux due to air gaps

The core and yoke is required to tightened with the casing and clamps of the trans-
formers for the mechanical stability of the system. The usage of bolts and clamps
also a�ect the �ux path in the core material.

The distortions in the main �ux can lead to ine�ective usage of the system and
localised hotspots and losses.
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Figure 2.8: A snippet showing the �ux distortion due to the bolts used for the
mechanical stability of the system

2.2 Losses in a transformer

The elements and material used in a transformer accounts for the losses in trans-
formers. As the device is stationary ,therefore no moving part of friction losses are
present. These losses are caused due to Current �owing throught the coils during
working and the alternating magnetic �eld . These losses are subdivided into con-
stant and variable losses. The constant losses are the ones that remain almost same
when the transformer is on no load or full load. While the variable losses are the
ones which are dependent on the loading of the transformer and therby the Current
�owing throught the circuit.
The technological advancements have helped in reducing the losses to a very low
value for the core and its material.The thin stack of laminations and the process of
making the material for the core has had a signi�cant impact on the cost of using
transformers and reducing losses.

2.2.1 Core losses

2.2.1.1 Hysteresis Loss

For every cycle of excitation of a transformer core, magnetization and demagne-
tization happen alternatively.For a particular cycle, the magnetic domains of the
material are aligned in a direction.On reversal of the cycle, the magnetic domain do
not instantly change into the direction of reversal.This can also be de�ned as the
lag in magnetisation of the magnetic material with magnetic �eld. This leads to
losses as heat in the core of the transformer. The wider area of the Hysteresis loop,
represents more core losses in the transformer.

2.2.1.2 Eddy Current Loss

During the working of a transformer, the magnetic �eld is continously alternating
due to the nature of the current by which is is excited i.e AC. This continuously
alternating magnetic �eld induces circulating current in the core of the transformer.
if the core is made up of a single piece then the circulating current wil make a big
loop and contribute to a major loss as heating in the core. To overcome this issue,
the core is stacked up of mutiples of thin sheets of the material which are insulated
from each other. The base idea behind this is explained in the �gure below.
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Figure 2.9: Eddy current loop with and without thin sheets with lamination

The eddy current losses in the core are dependent on the frequency of the supply
voltage, the thickness of the lamination and maximum �ux density in the core.

However the eddy currents are not only con�ned to the core of the transformer , the
surrounding materials like the clamps and bolts can also exhibit the eddy current
losses due to the circulating current loops.

2.2.2 Copperlosses

Copper losses are also a major part of the losses occuring in the transformer. These
losses are generally ohmic losses happening due to the resistivity of the conductors
and energy is dissipated as heat. Since large amount of copper is used to make
the primary and seconday windings constituting multiple number of turns. As the
eddy currents are discussed for the core, the eddy currents are inevitable in the
conductor material also. Rather than taking a thick conductor for winding, the
winding conductors are subdivided in to parallel conductors. one such method is
the arrangement of conductor stacking with thin insulation between them and a
thicker insulation as whole outside.These are known as bunch conductors. Another
approach is the Continuously transposed cable conductor CTC,in which a very low
thickness o� conductor cross section is used and the conductors are transposed at
regular intervals for the length of windings.

Figure 2.10: arrangement of conductors for winding
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2.2.3 Steinmetz equation

Steinmetz equation is used to calculate core loss per unit volume in the magnetic
material when it's subjected to sinusoidal �ux.

Pv = kf aB b

Pv � Power loss per unit volume
f � f requency
B � Peak magnetic f lux density
k; a; b� Steinmetz coef f icient:

Steinmetz coe�cient k,a and b are found by the curve �tting of the material's
available BH curve. As this equations works well for sinusoidal �ux, a generalised
equation for calculations of losses calculated by non sinusoidal �ux was proposed
that works on steinmetz parameters with modi�cations. [14]

The material used in COMSOL doesn't include full hysteresis loop into e�ect.It
constitues an average B-H curve that includes saturation into e�ect in the �rst
quadrant of operation. A trial with assumptions is made to implement this steinmetz
equation and calculate the losses by a simple calculation with the parameters value
taken from the model outputs.The losses however maynot be correct and accurate,
but could be advanced furthur with the proper material properties and study.For
the exact evaluation of losses, the Component wise study can be performed in the
di�erent setup of 2D model and the parameters can be closely studied.The main
idea behind implementing this equation is to get an estimated theoretical idea of
the hysteresis losses in the transformer core.

2.3 Magnetic Shunt

The usage of magnetic shunt is the main aspect of this thesis work. The main
idea is to increase the leakage inductance of the transformer.To increase the leakage
inductance of the transformer, the air gap between the wound primary and secondary
windings is increased. This makes the transformer windings imperfectly coupled.
The shunt core that is adjacent to the main core, acts like a gapped core inductor
that acts like a inductance to the supply voltage by the primary.
Since the air gaps cannot be introduced in the main core, an additional shunt core
is used that behaves like an inductor and stablizes the primary �ux from sudden
changes. This inductor also exhibits its own losses since it has air gaps that impact
is its e�ective permeability.
For the e�ective inductance, the air gap could have been one big air gap at each
leg. but due to this , the system would experience fringing e�ect �ux. To mitigate
this, the air gaps are distributed at constant lengths and �nally as a whole reprsent
a single air gap that would have been otherwise used as a single air gap. This helps
in saving the �ux from distortion.
The implementation of the inductance in the output of the inverter or input to the
transformer as a �lter is quite important for the power quality.
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3
Methods

COMSOL Multiphysics is a simulation software that uses numerical methods for
the solution of model.The software simulates is performed by using a combination
of speci�ed physics for a more realistic approach of the real life phenomenons . The
model is built from the basic level of geometry, application of the type of study is
performed and modi�cations of the parameters for the types of postprocess required
are carried out.
For this modelling, The AC / DC Module of the COMSOL Multiphysics is used
that is an add on package for simulating the electromagnetics phenomenon on the
model. In this section , highlights on the modelling stages and useful points from
the AC/DC module are gone through.

3.1 Geometry

There are several primitive shapes inbuilt in the software which makes it quite user
friendly to implement . In cases where a user de�ned shape type is required, the
shapes can be built by multiple operations that gives full �exibility to an extent of
making complicated designs.
For each design shape, a basic primitive geometry is used to make the base de-
sign.The design is then operated using geometry operations including boolean oper-
ation and transformation operations.For the objects that are adjacent to each other
or overlapping,there are operations like forming union or forming di�erence or as-
sembly.

The geometry is made from the scratch starting with a plane.As the model is a 3D
model, Each plane for a particular part has a separate plane geometry. After making
a top view of every particular component, the part is extruded out in the direction
in which it is supposed to form as normal.

3.1.1 Core

Work plane 1

Model building is started with making the geometry for the core �rst.A plane with
the desired shape is cutout in the X-Z direction. After performing operations, the
core comes out in 3D as:
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Figure 3.1: Core for the transformer model

To keep the report concise , the geometrical steps that are taken are mentioned with
�gures in appendix.

For the core,the exact thickness of the laminations stacked together couldn't be
made as it is complicated for the solver and implement the lamination stack for
thickness of 0.5 or 0.3 mm or the speci�ed length.However an approach to realise it
by properties is mentioned in the sections followed.

3.1.2 Shunt Core

Work plane 4

The plane for the shunt core was cut out at a distance, after the main core was
extruded according to the dimension. From the main core in X-Z direction and
extruded outwards in the -Y direction of the coordinate geometry.
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Figure 3.2: Shunt core and main core

The following �gure is the view of the shunt core.This is built inclusive of all the air
gaps , that gives it a property of the inductor. It contains a total of 13 air gaps in
each legs.

Figure 3.3: Air gaps present on shunt core

These air gaps are at a constant distance from each throughout the length of leg of
shunt core. The dimensions of air gaps are:
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Table 3.1: Air gaps

Number of Air gap length of air gap(mm) Located
2 0.5 One at each end
11 2 Centre and equidistant

3.1.3 Windings

Work plane 2
for the windings, the XY plane is cut out in the shape geometry for both windings.It's
position i s then adjusted within already constructed core and shunt core. same as
the above cases, this XY plane is extruded in Z direction.

Figure 3.4: Winding plane geometry
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Figure 3.5: Winding geometry process

Finally after completing the geometry steps, a full model of the transformer is con-
structed. This model doesn't include the carpentry and external casing.

Figure 3.6: Complete model top view
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Figure 3.7: Complete model front view

The materials are assigned to the domains made, but just outside the model there
is no medium set. This model is enclosed in a cube having the medium as air in
order to behave like a normal transformer. The modelling of carpentry and casing
of the transformer is not included in this transformer model.

Figure 3.8: Full model
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3.2 Materials

A suitable material is the absolute requirement for the devices working on the prin-
ciple of electromagnetic induction.

Figure 3.9: Material properties

For time dependent and stationary studies, the BH curve is used in COMSOL. This
BH curve is not useable directly in frequency-domain studies.The use of this e�ective
BH curve approximates the behaviour of magnetic materials that are non linear ,
in frequency domain simulations. Using this e�ective BH curve, the approximate
response of the material to a time domain excitation is computed, without the same
computational time and cost.
For solving the problem in frequency domain, an average of the properties over a
cycle is considered. This averaged curve approximates a non linear material at the
fundamental frequency.

Figure 3.10: BH Curve for Silicon steel GO
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The Figure represent the averaged BH curve for the chosen material for the compu-
tation.As inferred from the curve, the hysteresis is not considered for this material.
The material saturation is at around 1.5 Tesla.This material BH curve is applicable
for the time domain simulations performed.

Figure 3.11: E�ective BH Curve for Silicon steel GO for frequency domain study

The e�ective BH curve is the one that is used for the frequency domain simulations
in this system. It approximates the behaviour of a nonlinear core in the frequency
domain application. The Two equivalent curves of Average Energy and Simple en-
ergy are computed from the existing BH curve of the material by the help of an
application provided by COMSOL. The green plotted line represents the approxi-
mation by using simple energy approach and the red one is using the average energy
approach for the approximation.
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Figure 3.12: Range for E�ective BH Curve for Silicon steel GO for frequency
domain study

The curves reaching a high value of around 2.8 Tesla and 3.4 looks beyond the
imagined value. More emphasis has not been given to this as the range of study is
as marked in the �gure , at which the operational range is understandable.

Figure 3.13: Cycled average for half time cycle
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This Averaging is done by two inbuilt methods:

BSE =
2
H

Z H

0
B(H )dH

BAE =
16

TH

Z T=4

0

Z H (t)

H (0)
B(H )dHdT

where,
H - Amplitude of time harmonic magnetic �eld
B(H)- Material's non linear relation
H(t)- Time dependent oscillating magnetic �eld
T- period of oscillations
ref-[15]
An in-depth analysis of these calculation is not performed as there is an application
that can compute the e�ective BH curve of a material by using the extrapolation
data of the normal BH curve of the material.ref-[22]
When a BH curve of a magnetic material is plotted by data from testing , there
might be unusual spikes and deviation from a well plotted curve due to errors in
measurement. This can be a problem in the computation of a model if a BH curve
from the actual material used has to be applied and sometimes can even lead to
a non converged solution. During such events,an algorithm de�ned in one of the
application can be used that optimizes the uneven deviations in the plotted curve
considering the physical aspects.

3.3 Mesh

The �nite element subdivides the model into smaller domain called elements over
which the equations are solved. The meshing of the model de�nes how accurately
the geometry is solved.Four element of di�erent types are used to de�ne the mesh
of the created geometry.These include the following shapes- terahedron, pyramids,
triangles and hexahedrons.After choosing the desired shape , for a better computa-
tion the size of the selected element can also be changed to the preset sizes available
in the software.The element size can be set in several steps ranging from extremely
coarse to extremely �ne.
For the simplicity and quick solution of the model, free tetrahedral shape is set to
the meshing sequence of this model. The size of the elements is kept coarse. For
the primary solution the size of the re�nement of elements is considered coarse so
that the time for evaluation of the model is less. Also the mesh re�nement for a
�ne case would be computationally demanding , so fo the estimation of parameters
simple meshing sequence was preferred.For a more clear estimation of parameters
and accuracy, the elements size could be re�ned.
Referring to the statistics of the mesh sequence, the geometry contains a total of
170921 elements.These elements cover the volume area of 3.375 m3:
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Figure 3.14: Mesh for the model

3.4 Magnetic �elds

The magnetic �eld interface is the physics for the setup of the model. It solves
Maxwell's equations by using magnetic vector potential. This interface computes
induced currents and magnetic �eld inside and around the conductors and the model
as whole.
This physics works, based on the equations:

B = 5 � A

5 � H = J

n � A = 0

The Ampere's law node uses the equation :

5 � H = J

where,
H- Magnetic �eld intensity
J- Current density
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This means , the curl of the magnetic �eld intensity at a point is equal to the volume
current density at that point.

The equation is derived from the equation of Ampere's circuital law:

I
H:dl = I enc

By using Stoke's theorem - 'The line integral of vector �eld over a loop is equal to
the �ux of its curl through the enclosed surface'

I

c
H:dl =

Z

s
5 � H

I enc can be expressed as:

I enc =
Z

s
J:ds

combining the equations we get,

Z

s
5 � H =

Z

s
J:ds

Therefore,

5 � H = J

3.4.1 Coils

For the model, the windings are implemented using the coil subfeature under the
magnetic �eld interface. The coil feature is used to set up the winding geometry in
the model. Speci�ed number of turns of primary and secondary winding is entered.
For the ease of remembering the coil is given a numeric value,which also helps in
categorising the coil as primary or secondary.

For the more realistic replication of the physical unit, the coils are chosen to be
homogenised multi turn with the chosen diameter and value of electrical conduc-
tivity. the mode of excitation for these coils is from the circuit current.The coils
in the electric circuit interface are coupled to respective coils on primary and sec-
ondary.The electric circuit is computed and the resulting parameters are used to
run the model. Since the physical coils have a insulation around the conductor the
e�ective �ll factor of the coils is reduced due to it. In this modelling , the �ll factor
of the coil including the insulation was not taken into e�ect.
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Figure 3.15: Windings of the transformer model

Figure 3.16: direction of input current in the coil

To replicate the polarity of the transformer, the direction of the current in the
windings is speci�ed as seen in the �gure above.
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3.4.1.1 Primary Windings

The coil numbers 1,2,3 are the primary windings.The primary windings enclose the
main core and the shunt core . .
Ref Appendix

3.4.1.2 Secondary Windings

Coil number 4,5,6 are the secondary windings and only enclose the main core of the
transformer model.

For each phase ABC , the pair of coils is
ˆ Phase A - [1,4]
ˆ Phase B - [2,5]
ˆ Phase C - [3,6]

3.5 Electric circuit

Generally transformer are operated with Delta-Wye con�guration for industrial ap-
plications. The delta connection provides a path to �ow for the third harmonic
component and so its not passed to the secondary side.
With the Elctric circuit interface, the circuit is implemented to the model. The con-
nections for the transformer are Delta for primary and wye for secondary windings.
To interface'Magnetic �elds' physics with 'Electric circuits' interface the major nodal
component used is the 'External I vs. U' .It connects a voltage measurement as
a voltage source between two nodes in the electrical circuit. The circuit current
between the two speci�ed nodes is coupled back as current source in form of voltage
measurement.

Figure 3.17: DY connection

The following �gure shows that exact implementation of windings in the model. The
coils represnt the 'External I vs U' component. A small resistance needs to be added
parallel to the coil to make it run, otherwise an error in the structural consistency
occur in the model. These resistance however do not e�ect the results.
In the Delta side, each source represents a particular phase voltage U,V and W. To
reproduce the exact physical system these phases have an phase angle of 120 degrees
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or 2.0944 radians. However in reality, the incoming voltage from the inverters is not
perfectly sinusoidal due to the PWM switching as it contains the ripple patterns.
An assumption is made here that the minor ripples doesn't have much e�ect on the
losses of transformer and studying it with the normal sinusoidal option can be used.
On the wye side, the centre of the circuit i.e the neutral is grounded. Both the
ground nodes are unique and isolated from each other.These coils are coupled as
windings in the magnetic interface.

Figure 3.18: Electrical circuit as in model.

To simulate the e�ect of �lter capacitance for furthur work, the capacitors are con-
nected to the output secondary side of the transformer in Delta con�guration.An
analysis on the values for the open circuit test with Delta connected capacitors was
done, but it is not included in the results.

Figure 3.19: Electrical circuit with �lter capacitance.

3.6 Study

At this level, the model is set with its geometry and the properties.The �nal pro-
cessing for solving the model for the implemented physics is performed in this step.
The results of the variables for the This sections consists of the steps and methods
used to compute the model. Two study steps are used for the study.
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First is coil geometry analysis.this analysis is used to compute the current that �ows
in the de�ned coil features in the 3D models. This step is the base step when coils
are used and its a pre processing step that has to be solved before main study can
be computed.
For the model the coil type is numeric so for each coil number the parameters are
solved and speci�c direction of current �ow in the coil is provided beforehand by
the user.
After analysing the coil geometry , the frequency domain study is set. This study
and its steps compute the e�ects of frequency when applied to the linearized model.
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Results

A successful simulation study is run on the developed 3D model of the 3 phase
transformer.The simulation results are analysed by the post processing steps in the
software , by the help of which certain plots are generated and the evaluation of the
parameters is done.

The post processing steps include operations on the calculated variables of the model.
Depending on the evaluation required , the computed variables are used in mathe-
matical function which provide the values. The losses are calculated using the Vol-
umetric loss density over the components and then integrating it over the domain
of each component.This provides the value of total losses for a particular domain.

The Analysis is performed on the base frequency i.e 50Hz and then the harmonic
frequencies as a result of the Pulse width modulated inverter output. The harmonic
content present in the incoming voltage to the transformer was provided in the
documents available for reference of this work.Along with the harmonic frequency
, the voltage level was speci�ed for the open circuit test and the current level was
speci�ed for the harmonic in the short circuit test.
The implementation of all the frequencies together could not be performed, rather
a test case was simulated for every frequency at a speci�ed voltage level or current,
depending on the speci�cations.The results of the individual frequencies were then
summed up for the �nal values.
The calculation of losses is done in two steps

ˆ Open circuit test case
ˆ short circuit test case

Assumptions were made for the calculations are speci�c to a particular test as its a
model where some parameters needs to be adjusted .
For each testing case, the test is also performed with and without the shunt core
present in the model. In order to perform this, the shunt core is replaced with the
material as air resulting only main core active in the system.
In this section, the results of the open circuit test are plotted, following by the
tabulated values of the losses with and without using the shunt core.
The similar analysis is done with the short circuit test for the model and the com-
parative analysis is done with the reference values available from the actual test on
the physical transformer.
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4.1 Open Circuit test

For the estimation of core losses of the transformer, the open circuit test is performed
on the model. For this, rated voltage is supplied on the primary side of the trans-
former at a certain frequency while the secondary side of the circuit is made open
circuit. The secondary coil in the model couldn't be made to behave exactly like in
an open circuit rather a high resistance value was connected across the secondary
windings. For the case, if the secondary winding was taken out of the electric circuit
de�ned, the model did not solve due to interrelated components.To implement this
a large resistance is set to a value of [ 109 ]ohms
The resulting plots and �gures for the open circuit test of the model while utilising
shunt core are as follows:
1. The �ux density pattern on the main core of the transformer model is seen on
the �gure. The maximum density on the core comes out to be 1.9 Tesla which can
be seen limited to the edges and corners in the inside window of the transformer.
The higher density at the top and bottom of the core maybe due to the dimension
of the geometry, where the �ux lines are densely populated. The �ux can be said to
be using shorter path, this could be normal in this speci�c transformer type due to
the presence of additional core .

Figure 4.1: Magnetic �eld density on the main core

2. To observe the �ux density in the interior of the core , the core was sliced in two
components on the X and Z axis. The maximum �eld density can be seen on the
extents of the core,majorly on the front and back edges of the core.The interior of the
core seems to be fairly less magnetized than the ends. This uneven magnetization
observed can be due to the value of conductivity of the material of the core. As
expected, the �ux density in the core is major in the interiors and reduced while
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observed at the outer edges.

Figure 4.2: Magnetic �eld density mutlislice

Figure 4.3: Magnetic �eld density multislice 2

3. The contour of magnetic �eld intensity is plotted on the �gure , it shows the level
of intensity mostly dense at the side legs of the transformer core which gets quite
dense at the corners of the model.
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Figure 4.4: Magnetic �eld intensity

Figure 4.5: Loss density

4. The evaluation of the losses for the open circuit test is done by the total volu-
metric losses over the domain.For the observation of losses from the parts of the core
the loss density of the core elements is plotted in the �gure below ,which represents
the Finite elements losses . The maximum value of volumetric loss density on the
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