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Résumé : Compte tenu du contexte
économique du marché des hydrocarbures
et les problématiques environnementales, le
développement des véhicules ¢électriques
(VE) prend de I’ampleur car ils sont
considérés comme plus  €cologiques.
Aujourd’hui, les véhicules électriques sont
considérés comme une solution favorable
pour une énergie plus verte. L'électricité
qu'ils consomment peut étre générée a partir

d'un large éventail de sources qui
comprennent les combustibles fossiles,
I'énergie  nucléaire et les énergies

renouvelables. Toutefois, les utilisateurs et
les propriétaires de véhicules électriques ont
encore des réticences car cela nécessite un
stockage d'énergie électrique a bord pour
assurer une bonne autonomie.

Le systetme de transfert de puissance par
effet inductif (LIPT en anglais) est une
nouvelle technologie qui permet le transfert
d'énergie ¢€lectrique par champ magnétique
et un systtme de bobines primaires et
secondaires. Le champ magnétique est un
champ haute-fréquence a plusieurs dizaines
de kilohertz. Par rapport au systeéme de
cable conventionnel, le systtme LIPT est
capable de fournir une recharge qui est
pratique mais également efficace des
véhicules électriques. Cependant,
actuellement son principal facteur limitant
est la mauvaise performance de sa structure
de couplage magnétique (MCS). L’objectif
de cette these est d'améliorer la performance
des systémes MCS pour les systeémes de
LIPT afin de concevoir des systémes a
meilleur rendement.

Dans un premier temps, sur la base de
modeles mathématiques issus de la
littérature, un code Matlab a été mis en
oeuvre pour calculer l'inductance mutuelle
des systémes de bobines mise en jeu dans le
MCS. Puis, le calcul et la validation
expérimentale des champs magnétiques
entre le primaire et le secondaire a été
effectué.

Dans un second temps, un modeéle d'un
systtme LIPT pour la charge d’une batterie
de véhicule électrique est présenté. Sur la
base des spécifications techniques d’une
Renault ZOE, les résultats obtenus montrent
que, en adaptant la fréquence de la bobine
primaire et en compensant avec un systéme
série-série de condensateurs, un systéme a 3
kW et un systtme a 22 kW peuvent
atteindre des performances permettant la
recharge d’une Renault Zoe dans de bonnes
conditions.

Enfin, une analyse par éléments finis (FEA)
sous COMSOL est développée pour la
conception, le calcul et I’optimisation de
systemes MCS plus complexes de nouveaux
LIPT. Les mod¢les de MCS congus
integrent des bobines d'air évidées avec des
configurations appropriées de noyaux
magnétiques (par exemple en ferrite), avec
des études également sur des parties
couvrantes des bobines primaires et
secondaires en acier. Les performances des
modeles congus sont déterminées par les
valeurs de Il'inductance mutuelle et la
tension induite qui sont deux critéres
d’évaluations.
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Abstract : Taking into account high oil
prices and environmental awareness, the
development of electric vehicles (EVs) is
considered as a healthier mode of
transportation. Amongst other eco-friendly
vehicles, EVs are considered as a
favourable solution for a greener energy
because the electricity they consume can be
generated from a wide range of sources
which include fossil fuel, nuclear power
and renewable energy. However, users and
owners of EVs feel uncomfortable because
EVs require sufficient electrical energy
battery storage on-board to provide
sufficient driving autonomy.

Lumped inductive power transfer (LIPT)
system is a new technology that allows the
transfer of electric power between its air-
cored primary and secondary coils via a
high frequency magnetic field to a
consuming device. Unlike the conventional
plug-in system, LIPT system is capable of
providing a safe, efficient and convenient
overnight recharging of EVs. However, its
main limiting factor 1is the poor
performance of its magnetic coupling
structure (MCS), which is intended to
transfer power efficiently. Thus the
problem statement of this thesis is to
improve the performance of MCS models
for LIPT systems.

Firstly, based on a more efficient and
relevant mathematical model available in
the literature, MATLAB code is
implemented to compute the mutual
inductance between air-cored filamentary
circular (FC) coils. Also, the computation
and experimental validation of the
magnetic fields between two FC coils are
presented.

Furthermore, computational models of an
IPT system for EV battery charge are
presented in this thesis. Based on the
technical specifications of Renault ZOE,
the results obtained show that by supplying
a higher frequency AC voltage to the
primary coil of the MCS and compensating
the primary and secondary sides of the air-
cored coils with series-series capacitors, the
3 kW single-phase and 22 kW three-phase
IPT systems modelled using
MATLAB/Simulink are capable of
delivering the electricity needed to power
the Renault ZOE.

Finally, in order to recommend a suitable
and cost-efficient MCS model that can help
transfer electric power more efficiently for
the battery charging of EVs and E-bikes, a
3-D finite element analysis (FEA) package
called COMSOL multiphysics is used to
design, compute and investigate a more
complex and realistic MCS model of LIPT
systems. The designed MCS models
incorporate air-cored coils with proper
configuration of magnetic cores (e.g
ferrite), structural steel covering for the
bottom part of the primary coil and top part
of the secondary coil and lastly, iron plate
which serves as a covering for the primary
coil installed underground and the chassis
or underbody structure of EVs. The
performances of the designed models are
determined by the values of the mutual
inductance and induced voltage obtained
from COMSOL.

Université Paris-Saclay
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Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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ABSTRACT

Taking into account high oil prices and environmental awareness, the development of
electric vehicles (EVs) is considered as a healthier mode of transportation. Amongst
other eco-friendly vehicles, EVs are considered as a favourable solution for a greener
energy because the electricity they consume can be generated from a wide range of
sources which include fossil fuel, nuclear power and renewable energy. However, users
and owners of EVs feel uncomfortable because EVs require sufficient electrical energy

battery storage on-board to provide sufficient driving autonomy.

Lumped inductive power transfer (LIPT) system is a new technology that allows the
transfer of electric power between its air-cored primary and secondary coils via a
high frequency magnetic field to a consuming device. Unlike the conventional plug-in
system, LIPT system is capable of providing a safe, efficient and convenient overnight
recharging of EVs. However, its main limiting factor is the poor performance of its
magnetic coupling structure (MCS), which is intended to transfer power efficiently.
Thus the problem statement of this thesis is to improve the performance of MCS

models for LIPT systems.

Firstly, based on a more efficient and relevant mathematical model available in the
literature, MATLAB code is implemented to compute the mutual inductance between
air-cored filamentary circular (FC) coils. Also, the computation and experimental

validation of the magnetic fields between two FC coils are presented.
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Furthermore, computational models of an IPT system for EV battery charge is pre-
sented in this thesis. Based on the technical specifications of Renault ZOE, the re-
sults obtained show that by supplying a higher frequency AC voltage to the primary
coil of the MCS and compensating the primary and secondary sides of the air-cored
coils with series-series capacitors, the 3 kW single-phase and 22 kW three-phase IPT
systems modelled using MATLAB/Simulink are capable of delivering the electricity

needed to power the Renault ZOE.

Finally, in order to recommend a suitable and an effective MCS model that can
help transfer electric power more efficiently for the battery charging of EVs and E-
bikes, a 3-D finite element analysis (FEA) package called COMSOL multiphysics is
used to design, compute and investigate a more complex and realistic MCS model
of LIPT systems. The designed MCS models incorporate air-cored coils with proper
configuration of magnetic cores (e.g ferrite), structural steel covering for the bottom
part of the primary coil and top part of the secondary coil and lastly, iron plate which
serves as a covering for the primary coil installed underground and the chassis or
underbody structure of EVs. The performance of the designed models are determined

by the values of the mutual inductance and induced voltage obtained from COMSOL.
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Chapter 1

INTRODUCTION

1.1 Background and Justification

Recently, international debates on environmental issues are of major concern to de-
veloped countries. As a result, their great priority is to reduce the emissions of
greenhouse gases (e.g. carbon dioxide, methane, nitrous oxide and fluorinated gases)
in the atmosphere (Wu et al., 2011; Amos et al., 2014b; Anele et al., 2015a). The
largest source of greenhouse gas emissions from human activities is from burning
fossil fuels for electricity, heat and transportation. Amongst other primary sources
of greenhouse gas emissions (e.g. commercial and residential, electricity production,
land use and forestry, industry and agriculture), this research study focuses on the
transportation system. This is because the transportation sector is the largest con-
sumer of fossil fuel worldwide (Wu et al., 2011; Amos et al., 2013b). Thus cleaning
up carbon pollution protects our environment and supports a strong, clean-energy

economy.



In order to successfully reduce the amount of carbon pollution that grows rapidly as
millions of people gain access to public and personal transportation, automakers are
now moving from the manufacturing of internal combustion engine vehicles (ICEVs)
to hybrid electric vehicles (HEVs), electric vehicles (EVs) and hydrogen fuel cell
vehicles (HFCVs). Amongst other eco-friendly vehicles (e.g. HEVs and HFCVs), EVs
are considered as a favourable solution for a greener energy because the electricity
they consume can be generated from a wide range of sources which include fossil fuel,
nuclear power and renewable energy (e.g. hydroelectricity, wind, solar and biomass)
(Amos et al., 2013b, 2014b). However, users and owners of EVs feel uncomfortable
because EVs require sufficient electrical energy battery storage on-board to provide

sufficient driving autonomy.

Conventional plug-in systems are commonly employed for EV battery charging. How-
ever, it presents safety risk in wet conditions (e.g. electrocution due to its exposed
charge terminal). Also, its charge terminal may freeze onto the EV during harsh
climates and its long cable may be a source of inconvenience to the EV user during
charging (Wu et al., 2011; Budhia et al., 2011). Currently, LIPT system is a modern
technology that allows the transfer of electric power between its air-cored primary
and secondary coils via a high frequency magnetic field to a consuming device (Amos
et al., 2014a). LIPT systems have many features which include resistance to chem-
icals, no residues and no trailing wires. Also, its operation in wet conditions (e.g.
water, ice and snow) presents no safety risk and its system is not affected by such

conditions; thus it is completely reliable and maintenance-free (Boys & Covic, 2012).



Generally, LIPT system is divided into closely and loosely coupled systems (Budhia
et al., 2011). Closely coupled LIPT system operate with relatively small air gaps,
but requires user intervention during charging whereas loosely coupled LIPT system
operate with relatively large air gaps, and requires no human intervention during
charging (Wang et al., 2000; Budhia et al., 2011). Unlike the plug-in system, LIPT
system is capable of providing a safe, efficient and convenient overnight recharging
of EVs. However, its main limiting factor is the poor performance of its MCS which

is intended to transfer power efficiently.

MCS consists of air-cored primary and secondary coils. Its aim is to couple the
magnetic flux between its coils so that maximum electrical energy can be transferred
to the on-board battery storage system of a consuming device. However, it is faced
with the problem of weak coupling due to its coils’ separation distance, misalignment
(e.g. lateral and angular) and the relatively large leakage reactance associated with
its coils (Chopra & Bauer, 2011; Anele et al., 2015a,c¢,b). Thus the aim of this thesis
is to investigate the best design of MCS model for LIPT systems that is suitable and

effective for the battery charging of EVs and E-bikes.

1.2 Problem Statement

LIPT system is a modern technology that is capable of providing a safe, efficient
and convenient overnight recharging of EVs. However, its main limiting factor is the

poor performance of its MCS which is intended to transfer power efficiently. Thus



the problem statement of this thesis is to improve the performance of MCS models

for a closely and loosely coupled LIPT systems.

The objective of this thesis is to investigate the best design of MCS for LIPT systems
that is suitable and effective for the battery charging of EVs and E-bikes. In order
to achieve this aim, the problem statement is divided into four sub-problems. This is
done mainly to show the link between each chapter of the thesis, and the connection

is presented in the concluding part of each chapter.

1.2.1 Sub-Problem 1

According to (Akyel et al., 2009; Fotopoulou & Flynn, 2011; Babic et al., 2009; Acero
et al., 2013; Han & Wang, 2015), the computation of the mutual inductance between
the coils is of importance to electrical engineers and physicists because within certain
limits of coil separation distance and misalignment (e.g. lateral and angular), a

minimal amount of electric power is guaranteed.

Based on a more efficient and general model available in the literature (Akyel et al.,
2009; Babic et al., 2009), rederived mathematical models (Anele et al., 2015a) for
calculating the mutual inductance between air-cored FC coils with and without mis-
alignment is studied. The computation of the mutual inductance between FC coils

arbitrarily positioned with respect to each other (Anele et al., 2015¢) is also presented.



1.2.2 Sub-Problem 2

Air-cored coils are widely used in electromagnetic applications. Thus it is vital to
measure the magnetic fields around them. According to (Babic & Akyel, 2012; Han
& Wang, 2015), it is also important to study the effect of coil separation distance

and misalignment on the magnetic fields between air-cored coils.

Based on the relevant model given in (Babic & Akyel, 2012; Akyel et al., 2009), the
computation and experimental validation of the magnetic fields between two FC coils

(Anele et al., 2015¢) are presented in this thesis.

1.2.3 Sub-Problem 3

One of the issues to be solved for EVs to become a success is the technical solution

of its charging system (Barth et al., 2011; Subotic & Levi, 2015).

According to the study presented in (Wang et al., 2005; Neves et al., 2011; Chopra &
Bauer, 2011; Schmuelling et al., 2012; Koo et al., 2012; Budhia et al., 2013; Musavi
& Eberle, 2014; Garcia et al., 2015), the performance of IPT systems for EVs is
improved when the relatively large leakage reactance associated with its air-cored

coils are compensated with series-series capacitors.

Based on the technical specifications of Renault ZOE, 3 kW single-phase and 22 kW
three-phase computational models of an IPT system for EV battery charge (Anele

et al., 2015b) are presented in this thesis.



1.2.4 Sub-Problem 4

Sub-problems 1 to 3 deal with a non realistic MCS for LIPT systems. This is be-
cause the mathematical models formulated (see sub-problems 1 and 2) and the com-
putational models designed using MATLAB/Simulink (see sub-problem 3) do not
incorporate air-cored coils with proper configuration of magnetic cores (e.g ferrite),
structural steel covering for the bottom part of the primary coil and top part of the
secondary coil and lastly, iron plate which serves as a covering for the primary coil

installed underground and the chassis or underbody structure of EVs.

According to (Babic et al., 2009; Budhia et al., 2013; Aditya et al., 2015), it is possible
to accurately and rapidly compute the AC magnetic fields, mutual inductance and

induced voltage of a more complex and realistic models with the use of FEA packages.

Several MCS models for LIPT systems have been presented in (Covic et al., 2000;
Stielau & Covic, 2000; Nakao et al., 2002; Sergeant et al., 2008; Villa et al., 2009;
Huang et al., 2009; Budhia et al., 2013; Musavi & Eberle, 2014; Raval et al., 2014;
Huang et al., 2015; Kalwar et al., 2015; Aditya et al., 2015). Nonetheless, the aim
of this thesis is to investigate the best design of MCS model that is suitable and

effective for the battery charging of EVs and E-bikes.

Based on that, COMSOL is used to design, compute and investigate a more complex

and realistic MCS model for a closely and loosely coupled LIPT systems.



1.3 Hypothesis of the Study

In this thesis, it is hypothesized that the MCS model for LIPT systems can have a

strong AC magnetic field intensity, mutual coupling and induced voltage provided

a higher frequency AC voltage is supplied to its primary coil.

the number of turns for its primary and secondary coils are increased.

the radii of the coils are decreased.

the reactive parts of the coils are compensated by series-series capacitors.

its air-cored coils are incorporated with proper configuration of ferrite cores.

MATLAB and COMSOL are used to validate these hypotheses.

1.4 Research Methodology

The following are the systematic study methods employed to achieve the objective

of this research work:

e Implementation of MATLAB codes to compute the mutual inductance between
air-cored FC coils with and without lateral and angular misalignment, and
also the computation of the mutual inductance between FC coils arbitrarily

positioned with respect to each other.



e MATLAB computation and experimental validation of the magnetic fields be-

tween two FC coils.

e Modelling of 3 kW single phase and 22 kW three phase IPT systems using

MATLAB/Simulink.

e 3-D FEA modelling, computation and investigation of a more complex and
realistic MCS for a closely and loosely coupled LIPT systems for E-bikes and

EVs respectively.

1.5 Delimitations

This research work is delimited as follows.

e The non-conducting magnetic material that covers the coils of the inductive
charging system, which is employed for experimental measurement is not con-

sidered in the models formulated in chapter 4.

e No experimental results or measurements are implemented to validate the re-

sults obtained via MATLAB/Simulink simulations in chapter 5.

e The 3-D FEA modelling, computation and investigation of the MCS for LIPT
systems is achieved using COMSOL and no implementation of a physical pro-
totype is constructed. Amongst other air-cored coils, circular cylindrical coil is
considered in chapter 6. In addition, leakage magnetic fields are not measured

and simulated.



e Magnetic fields is the Physics studied in the MCS model, and it is calculated us-

ing AC frequency domain solver. This is because AC/DC module of COMSOL

offers a frequency domain form of the magnetic fields interface.

e The more complex and realistic MCS model incorporate air-cored coils with
proper configuration of ferrite cores, structural steel covering for the bottom
part of the primary coil and top part of the secondary coil and iron plate, which
serves as a covering for the primary coil installed underground and the chassis

or underbody structure of EVs.

e The performance of the designed MCS models are determined by the values of

the mutual inductance and induced voltage obtained from COMSOL.

1.6 Significance of the Study

This research study is worth doing because of the useful and relevant information it
provides to electrical engineers and researchers in the field of MCS model development

for IPT systems (most especially, case studies for EVs and E-bikes).

1.7 Contribution of the Study

Amongst others, the following research outputs are the contributions made in this

research study:



10

e AO Anele, Y. Hamam, L. Chassagne, J. Linares, Y. Alayli, K. Djouani, “Com-
putation and experimental measurement of the magnetic fields between fila-

mentary circular coils”, International Journals for Research Group, 2016.

e AO Anele, Y. Hamam, L. Chassagne, J. Linares, Y. Alayli, K. Djouani, “Com-
putation of the mutual inductance between air-cored coils of wireless power
transformer”, Journal of Physics Conference Series (4th IC MSquare 2015),

June 2015, Mykonos, Greece.

e AO Anele, Y. Hamam, L. Chassagne, J. Linares, Y. Alayli, K. Djouani, “Eval-
uation of the magnetic fields and mutual inductance between circular coils
arbitrarily positioned in space”, Journal of Physics Conference Series (4th IC

MSquare 2015), June 2015, Mykonos, Greece.

e AO Anele, Y. Hamam, L. Chassagne, J. Linares, Y. Alayli, K. Djouani, “Com-
putational models of an inductive power transfer system for electric vehicle
battery charge”, Journal of Physics Conference Series (4th IC MSquare 2015),

June 2015, Mykonos, Greece.

e Amos O. Anele, Yskandar Hamam, Yasser Alayli, Karim Djouani, “Investigat-
ing the impacts of lateral and angular misalignment between circular filament”,

Journal of Machine to Machine Communications, January 2014.

e Amos O. Anele, Yskandar Hamam, Yasser Alayli, Karim Djouani, “Effects
of coil misalignment on the magnetic and magnetic force components between

circular filament”, Journal of Machine to Machine Communications, Jan. 2014.
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e A.O. Anele, Y. Hamam, Yasser Alayli, K. Djouani, “Computation of the mutual
inductance between circular filaments with coil misalignment”, IEEE AFRICON

Conference, September, 2013, Mauritius.

e A.O. Anele, Y. Hamam, Yasser Alayli, K. Djouani, “Effects of misalignment
between filamentary circular coils arbitrarily positioned in space”, PACT Con-

ference, July, 2013, Lusaka, Zambia.

e A.O. Anele, Y. Hamam, Yasser Alayli, K. Djouani, “Computation of magnetic
field and force between circular filaments arbitrarily positioned in space”, PACT

Conference, July, 2013, Lusaka, Zambia.

1.8 Outline of Thesis

The remainder of this thesis is organized as follows:

Chapter 2: covers literature review on IPT systems for EVs, mutual inductance
and magnetic fields computation between air-cored coils, IPT models for EV battery

charge and design of MCS models for LIPT systems.

Chapter 3: section 3.2 presents the rederived formulas for calculating the mutual
inductance between FC coils with and without lateral and angular misalignment.
Section 3.3 presents the computation of the mutual inductance between FC coils

arbitrarily positioned in space and lastly, section 3.4 concludes this chapter.
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Chapter 4: section 4.2 presents the models for calculating the magnetic flux through
the secondary coil, the mutual inductance between the FC coils and the induced
voltage in the secondary side of the coil. Section 4.3 presents the formulated model
for calculating the magnetic fields between two FC coils. In addition, the computed
results obtained for the magnetic fields are validated with experimental measurement.

Lastly, section 4.4 concludes this chapter.

Chapter 5: section 5.2 presents the analysis of the IPT transformers and the effects
of capacitive compensation. Section 5.3 presents the computational IPT models of
3 kW single phase and 22 kW three phase for EV battery charge and lastly, section

5.4 concludes this chapter.

Chapter 6: section 6.2 presents the MCS model description for E-bikes (closely-
coupled LIPT system) and EVs (loosely-coupled LIPT system). Section 6.3 presents
the results of the MCS models for E-bikes. Section 6.4 presents the results of the MCS
models for EVs. Section 6.5 presents the results of the MCS model with misalignment:

a case study for EVs and section 6.6 concludes this chapter.

Chapter 7: presents the concluding remarks of this thesis and recommends possible

future research works.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

This chapter covers literature review on IPT systems for EVs, the computation of
the magnetic fields and mutual inductance between air-cored coils, IPT models for

EV battery charge and design of MCS models for IPT systems.

2.2 Literature Review on IPT Systems for EVs

One of the major priorities of developed countries is to reduce the emissions of green-
house gases (e.g. carbon dioxide, methane, nitrous oxide and fluorinated gases) in
the atmosphere (Wu et al., 2011; Amos et al., 2013c,a; Kim, 2012; Musavi & Eberle,
2014). The primary sources of these emissions include commercial and residential,

electricity production, land use and forestry, industry, agriculture and transportation.

13
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The largest source of greenhouse gas emissions from human activities is from burning
fossil fuels for electricity, heat and transportation. Based on that information, this
research study focuses on the aspect of transportation system. This is because the
transportation sector is the largest consumer of fossil fuel worldwide (Wu et al., 2011;

Amos et al., 2013b, 2014b).

Cleaning up carbon pollution protects our environment and supports a strong, clean-
energy economy. Thus in order to successfully reduce the amount of carbon pollution
that grows rapidly as millions of people gain access to public and personal trans-
portation, automakers are now moving from the manufacturing of ICEVs to HEVs,
EVs or HFCVs (Wu et al., 2011; Amos et al., 2013b). Amongst other eco-friendly
vehicles (e.g. HEVs and HFCVs), EVs are considered as the favourable solution for
a greener energy because the electricity they consume can be generated from a wide
range of sources which include fossil fuel, nuclear power and renewable energy (e.g.
hydroelectricity, wind, solar and biomass) (Amos et al., 2013b, 2014b). However,
users and owners of EVs feel uncomfortable because EVs require sufficient electrical

energy battery storage on-board to provide sufficient driving autonomy.

Formerly, the transfer of electric power to a moving vehicle is based on conven-
tional plug-in or brush and bar contact methods (Budhia et al., 2011; Agbinya, 2012;
Hasanzadeh & Vaez-Zadeh, 2015). The applications of these techniques are cranes,
ground floor transportation systems, monorails, elevators, battery charging systems
and other transportation systems (Wu et al., 2011; Kalwar et al., 2015). Although

these principles are well known and proven, it presents safety risk (e.g. electrocution
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due to its exposed charge terminal) in wet conditions (see Fig. 2.1). Also, its charge
terminal may freeze onto the EV during harsh climates (e.g. snow) and its long cable
may be a source of inconvenience to the EV user during charging (Budhia et al.,

2011; Amos et al., 2013b; Wei et al., 2014).

F1cURE 2.1: Conventional plug-in system for EV battery charging
(Wu et al., 2011; Amos et al., 2014b)
IPT systems are a modern technology that allow the transfer of electric power between
its air-cored primary and secondary coils via a high frequency magnetic field to a
consuming device (Wang et al., 2000; Amos et al., 2013b; Subotic & Levi, 2015;
Kalwar et al., 2015). It is now recognized as a system that is capable of providing
a safe, efficient and convenient overnight recharging of EVs (Budhia et al., 2011).
Generally, they are grouped into either a distributed IPT (DIPT) system or lumped

IPT (LIPT) system. DIPT systems (see Figs. 2.2a and 2.2b) are employed where
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continuous power is needed whereas LIPT systems (see Figs. 2.2¢ and 2.2d) are
utilized for cases where power needs to be transferred at a fixed location (Budhia
et al., 2011; Huang et al., 2015). DIPT systems comprise a primary coil that is
arranged in a long loop forming a track and one or more secondary coils that couple
to a small portion of the track to provide constant power to loads (Wang et al., 2005;
Budhia et al., 2011). LIPT systems is based on distinct primary coil and secondary
coil, and maximum power transfer is guaranteed when the coils are closely aligned
and have sufficient mutual coupling (Covic et al., 2000; Budhia et al., 2013; Auvigne,
2015). LIPT systems are considered to be more suitable than DIPT systems because
EVs are generally parked in known fixed locations (e.g. parking lots, taxi ranks and

garages) for the recharging of their batteries (Budhia et al., 2011; Mou & Sun, 2015).

FIGURE 2.2: IPT systems for EV battery charging
Figures (a) and (b) refer to DIPT system whereas (c¢) and (d) refer to LIPT system
(Wu et al., 2011; Amos et al., 2013b; Madzharov & Tonchev; Miller et al., 2014)
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According to (Budhia et al., 2011), the capacity of LIPT systems vary from 0.5 W to
50 kEW. They can be used to recharge small electronic devices (Kim et al., 2001; Hui &
Ho, 2005; Van der Pijl et al., 2006), recreational people movers (Covic et al., 2000),
automatic guided vehicles (Hata & Ohmae, 2004; Sergeant et al., 2008) and EVs
(Nakao et al., 2002; Laouamer et al., 1997). LIPT systems may be further divided
into either closely coupled or loosely coupled LIPT systems. The application of a
closely-coupled LIPT system is suitable for early EVs (Klontz et al., 1995; Severns
et al., 1996; Dai & Ludois, 2015). In addition, it operates with relatively small air
gaps and requires user intervention. Loosely coupled LIPT systems operate with a
large air gap and require no user intervention (see Fig. 2.2b). Thus a closely and

loosely coupled LIPT systems are the subjects of investigation in this thesis.

2.3 Mutual Inductance Computation

Electric power may be transferred via the MCS of LIPT systems when the magnetic
fields generated by the primary coil is partly picked up by the secondary coil (see
Fig. 2.2b), but insufficient mutual coupling is obtained due to certain limits of coil
separation distance and misalignment (e.g lateral and angular) (Anele et al., 2015a,c;
Akyel et al., 2009; Fotopoulou & Flynn, 2011; Babic et al.;, 2009; Acero et al., 2013;

Han & Wang, 2015). Thus the effect of these limits is investigated in this thesis.

The computation of the mutual inductance between air-cored coils is of fundamental

practical interests to electrical engineers and researchers in the field of electromagnetic
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structures of LIPT systems. Several contributions have been made in the literature
concerning the computation of the mutual inductance between air-cored coils. In
this view, mathematical modellings based on the application of Maxwell’s formula,
Neumann’s formula, Biot-Savart law, Lorentz and magnetic vector potential have
been presented in (Maxwell, 1881; Butterworth, 1916; Snow, 1954; Grover, 1944,
1946; Kim et al., 1997; Akyel et al., 2009; Conway, 2008; Babic et al., 2009; Han &

Wang, 2015).

Maxwell was the first to give the formula for two circles whose axes intersect (Maxwell,
1881). Butterworth and Snow gave formulas for circular loops with parallel axes
(Butterworth, 1916; Snow, 1954). However, according to (Akyel et al., 2009; Babic
et al., 2009), these formulas were slowly convergent and not useable with a wide
range of parameters. Based on Butterworths formula, Grover (Grover, 1944, 1946)
formulated a more efficient and general model for calculating the mutual inductance

between two FC coils with misalignment (see equation (2.1) and Fig. 2.3).
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where g is the magnetic permeability of free space, Rp and Rg are the radii of the

primary and secondary coils respectively, d is the lateral misalignment, « is the shape
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factor of the coils’ physical geometry, ¢ is the separation distance between the coils’
centres, 0 is the angular misalignment, k is a variable, parameter W (k) is function of
k, ¢ is the angle of integration at any point of the secondary coil, 8, V and & are
dimensionless parameters, K (k) and FE(k) are the complete elleptic integral of the

first and second kinds respectively.

FI1GURE 2.3: Filamentary circular coils with misalignment

(Akyel et al., 2009)

In order to confirm the validity of the developed model, Kim obtained another mu-
tual inductance model using a semi-analytical method “magnetic vector potential
approach” (Kim et al., 1997). However, using the same approach employed by
Kim, Babic retrieved Grover’s formula through well detailed derivations (Babic et al.,
2009). It was discussed that the method simplifies the mathematical procedures for
computing the mutual inductance, its associated programming and significantly re-
duces its computation time. Also, it was shown by Babic that the formula developed

by Kim gave misleading results.
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2.3.1 Mutual Inductance Model: Coils with Misalignment

Based on section 2.3, rederived mathematical models for calculating the mutual in-
ductance between two FC coils with and without misalignment (e.g. lateral and
angular) are presented in this thesis (Anele et al., 2015a). Rather than presenting
only numerical results as given in (Babic et al., 2009), the computed results are also
graphically implemented using MATLAB codes. Lastly, the results are compared

with the ones presented by (Kim et al., 1997; Babic et al., 2009; Conway, 2008).

2.3.2 Mutual Inductance Model: Most General Case

In addition to section 2.3, the formula for calculating the mutual inductance (most
general case) between inclined FC coils placed in any position (see Fig. 2.4a) as a
function of the primary and secondary coils’ radii Rp and Rg, parameters a, b and
¢ defining the centre of the secondary coil and coordinates (z¢, yc, zc) defining the

centre of the secondary coil is given in (Akyel et al., 2009) as

- ,U/ORS /271— [p1008<,0 + p25in§0 + p3]\Il(k) dQO (22)
s 0 k‘\/ %3
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FIGURE 2.4: Geometric configurations and common notation
(a) Circular coils with arbitrary misalignment. The geometric configurations
and common notation used in the examples studied in (Akyel et al., 2009)

correspond to the following cases: (b) lateral misalignment only (§ = 0,
v = 0, axes y — z and y — 2’ are coplanar), (c) lateral and angu-
lar misalignment (¢» = 0, axes y — z and y' — 2’ are coplanar) and (d)

arbitrary lateral and angular misalignment (no coplanar axes anymore).

where 1 is the magnetic permeability of free space, k is a variable, parametr W (k) is
function of k, a, 8, 7, £, L, p1, p2, P3, P4, P5, Ao and Vj are dimensionless parameters,
¢ is the angle of integration at any point of the secondary coil, K (k) and E(k) are

the complete elliptic integral of the first and second kinds respectively.

Based on the model given in equation (2.2), MATLAB code is implemented to com-

pute the mutual inductance between two FC coils arbitrarily positioned with respect
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to each other (Anele et al., 2015c). Also, the computed results are compared with

the numerical results previously published in (Akyel et al., 2009; Grover, 1944).

2.4 Magnetic Fields: Computation and Validation

According to (Babic & Akyel, 2012), the magnetic fields in an arbitrary point Fs(zg, ys, zs)
produced by the primary coil of the radius Rp carrying the current Ip (see Fig. 2.4a)

is given by
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g, ys and zg are the parametric coordinates of the secondary coil, U is the unit
vector lying in the secondary coil plane between points C' and D, 7 is the cross
product of the unit vector of the axis z’ and U, Sy and Ly are dimensionless parame-
ters whereas K (k) and E(k) are the complete elliptic integrals of the first and second

kinds respectively.
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Based on equation (2.3), the computation and experimental validation of the mag-

netic fields between two FC coils are presented in this thesis (Anele et al., 2015c¢).

2.5 IPT Models for EV Battery Charge

One of the issues to be solved for EVs to become a success is the technical solution
of its charging system (Wang et al., 2005; Neves et al., 2011; Chopra & Bauer, 2011;
Schmuelling et al., 2012; Koo et al., 2012; Khaligh & Dusmez, 2012; Barth et al.,
2011; Budhia et al., 2013; Musavi & Eberle, 2014; Anele et al., 2015b; Subotic &

Levi, 2015; Garcia et al., 2015).

The aim of the MCS model for LIPT systems is to transfer maximum power to the
on-board battery storage system of EVs. However, it is faced with the problem of
weak coupling (i.e., it suffers from poor efficiency) due to the relatively large leakage
reactance associated with its primary and secondary coils (Neves et al., 2011; Koo

et al., 2012; Musavi & Eberle, 2014; Anele et al., 2015b).

According to (Wang et al., 2005; Barth et al., 2011; Schmuelling et al., 2012; Neves
et al., 2011; Chopra & Bauer, 2011; Garcia et al., 2015; Anele et al., 2015b), it is dis-
cussed that the performance of the MCS model for LIPT systems can be improved by
compensating the reactive parts of the air-cored coils with capacitors. Furthermore,
it is mentioned that series-series (SS) compensating technique is preferred amongst
others such as parallel-series (PS), series-parallel (SP) and parallel-parallel (PP). This

is because SS capacitor technique helps to improve the power transfer capability of
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the transmission line due to its partial compensation of the series leakage reactances.
Thus the maximum power transfer efficiency via the MCS to the on-board battery

storage system of EVs is improved.

Based on the technical specifications of Renault ZOE, 3 kW single-phase and 22 kW
three-phase computational models of an IPT system for EV battery charge (Anele

et al., 2015b) are presented in this thesis.

2.6 Magnetic Coupling Structure of LIPT Systems

The main limiting factor of a closely and loosely coupled LIPT systems is the poor
performance of its MCS which is intended to transfer power efficiently. Thus the
problem statement of this thesis is to improve the performance of MCS models for
LIPT systems. MCS consists of air-cored coils, and its aim is to couple the magnetic
flux between its primary and secondary coils so that maximum electrical energy can
be transferred to the on-board battery storage system of a consuming device (e.g.
E-bikes, EVs etc). However, it is faced with the problem of weak coupling due to its
coils’ separation distance, misalignment (e.g. lateral and angular) and the relatively
large leakage reactance associated with its coils (Budhia et al., 2011; Anele et al.,

2015a,c,b; Subotic & Levi, 2015; Kalwar et al., 2015; Agbinya, 2012).

Sections 2.3 to 2.5 deal with a non realistic MCS model for LIPT systems. This is
because the models presented do not incorporate air-cored coils with magnetic core

materials (e.g. ferrite). According to (Babic et al., 2009; Budhia et al., 2013; Aditya
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et al., 2015), it is possible to accurately and rapidly compute the AC magnetic fields,
mutual inductance and induced voltage of a more complex and realistic models with
the use of FEA packages. Several MCS models for LIPT systems have been presented
in (Covic et al., 2000; Stielau & Covic, 2000; Nakao et al., 2002; Sergeant et al., 2008;
Villa et al., 2009; Huang et al., 2009; Budhia et al., 2013; Musavi & Eberle, 2014;

Raval et al., 2014; Huang et al., 2015; Kalwar et al., 2015; Aditya et al., 2015).

Ferrite core couplers for inductive chargers was presented by (Nakao et al., 2002).
It was discussed that some researchers have reported the possibility of efficient and
large power transmission using large ferrite core discs. However, practical usage
requires lighter disc weight and greater side lag allowance between the feeder and
receiver discs of a coupler. In (Budhia et al., 2011), Budhia discussed that the
magnetic structures of LIPT systems for EVs can be made to be lower cost, more
robust and lighter than commonly used inductive couplers which include pot cores,
U-shaped cores, ferrite discs or plates and E-cores. It was further dicusssed that these
conventional techniques are comparatively fragile and expensive due to the geometry
of the large pieces of ferrite required to achieve the desired flux path. Thus the design
and optimization of circular magnetic structures for lumped inductive power transfer
systems was presented in (Budhia et al., 2011). 3-D FEA (JMAG) modeling was used
to optimize the circular power pads. It was discussed that the technique employed for
modelling is viable, since measured and simulated results differ by 10%. However, the
MCS model designed using JMAG does not incorporate the EV underbody structure

and proper configuration of ferrite cores.
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The design considerations for variable coupling lumped coil systems was presented
in (Huang et al., 2015). Huang investigated the impact of coupling variations and
reflected impedance on the overall system behaviour of an IPT lumped coil system.
However, the IPT model designed does not take into consideration the non-conducting
magnetic material that covers the coils, the chassis of EV and ferrite cores. In (Aditya
et al., 2015), modelling and calculation of key design parameters for an inductive
power transfer system using finite element analysis was presented. However, the

study carried out is for a non realistic case of LIPT systems for EVs.

Thus to achieve the objective of this thesis which is to investigate the best design of
MCS model for LIPT systems that is suitable and effective for the battery charging
of EVs and E-bikes, COMSOL multiphysics software is used to design, compute and
analyse a more complex and realistic MCS model for a closely and loosely coupled
LIPT systems (case studies for E-bikes and EVs respectively). Unlike the scientific
papers cited, the designed models incorporate air-cored coils with proper configura-
tion of ferrite cores, structural steel covering for the bottom part of the primary coil
and top part of the secondary coil as well as iron plate which serves as a covering
for the primary coil installed underground and the chassis or underbody structure
of EVs. Furthermore, the design, computation and analysis of the MCS model with
misalignment (both lateral and angular) are presented. Lastly, the performance of the

designed models are determined by the values of the mutual inductance and induced

voltage obtained from COMSOL.



Chapter 3

MUTUAL INDUCTANCE MODELLING

and COMPUTATION

3.1 Introduction

In this chapter, section 3.2 presents the rederived formulas for calculating the mutual
inductance between FC coils with and without lateral and angular misalignment
(Anele et al., 2015a). Section 3.3 presents the computation of the mutual inductance
between FC coils arbitrarily positioned in space (Anele et al., 2015¢) and lastly,

section 3.4 concludes this chapter.

3.2 Mutual Inductance: Coil with Misalignment

In equation (2.1), the number of turns for the primary and secondary coils (i.e., Np

and Ng) are not expressed. Thus taking Np and Ng into account, the rederived

27
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models of equation (2.1) are given in the following subsections:

3.2.1 Case 1: without Coil Misalignment

Figure 3.1 shows the case where the secondary coil has no lateral and angular mis-

alignment (i.e., d =0 and # = 0). Thus the rederived model for this case is

210 NpN, Tk
M:%,/RPRS/ %dgb
0

where
_ Rs _ _c _ 2 _ 4o
a = Rp’ 6 — Rp? 5 - M k

= Grarrer Y(K)

and E(k) = [ V1 — k?sin0d6.
0

Az

X,y

Ficure 3.1: Case 1: without coil misalignment
(Anele et al., 2015a)
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3.2.2 Case 2: Coil with only Lateral Misalignment

Figure 3.2 shows the case where the secondary coil has only lateral misalignment

(i.e., @ = 0). Thus the rederived model for this case is

v 2uoNpNs T / cos¢] (k) 0o (32)

where
a=gE B=g E=0 K= gatme V) =0 5)KK) - E(k)
3 3
K (k) :of‘/#w Of\/l k2sin20df and V = \/1 — Zicosqﬁ—l— iz
| 7 L 7

. . X,V
RP

d

F1cURE 3.2: Case 2: coil separation distance with only lateral misalignment

(Anele et al., 2015a)
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3.2.3 Case 3: Coil with only Angular Misalignment

Figure 3.3 shows the case where the secondary coil has only angular misalignment

(i.e., d = 0). Thus, the rederived model for this case is

21oNpN,
M = PSR Ry cosd (3.3)
@ 0
where
2 B=g = B-acospsing, k= stofé—‘);r@> U(k) = (1-5)K (k) - E(k)

%
V =/1— cos2psin?0, K(k d0 and E(k) = [V1— k?sin*0db
0

5
{\/1 k2sin20

Z' Az /

FiGure 3.3: Case 3: coil separation distance with only angular misalignment

(Anele et al., 2015a)
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3.2.4 Case 4: Coil with Lateral and Angular Misalignment

Figure 2.3 shows the case where the secondary coil has both lateral and angular
misalignment. Thus taking Np and Ng into account, the rederived model for this

case is given by

[cost) — —cosgb] (k)
Nie

2uoNpN
M= MOPS/—RPS/

d¢ (3.4)

where the constant parameters and variables are already given in equation (2.1).

3.2.5 Presentation and Discussion of Results

Two or more coils are said to have the property of “Mutual Inductance” when they
are magnetically linked together by a common magnetic flux. Thus the results ob-
tained for the computation of the mutual inductance between FC coils with and
without lateral and angular misalignment are shown in Figs. 3.4 - 3.7. The graphical
implementation of these results is achieved by using MATLAB simulation software to
calculate the rederived models given in equations (3.1), (3.2), (3.3) and (3.4). Also,
the results presented in this section are compared with those of (Babic et al., 2009;
Kim et al., 1997), and the parameters (see Table 3.1) used to achieve these results

are based on the example treated in (Babic et al., 2009).

Mutual inductance is very much dependent upon the relative positions or spacing
of the coils, and in all cases (see Figs. 3.4 - 3.7), the results obtained show that

as the values of the coil separation distance and misalignment increase the mutual
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inductance between the coils decrease. Furthermore, based on the example solved
in (Babic et al., 2009), the dependence of the mutual inductance on the separation
distance “c” was calculated for different values of the lateral misalignment “d” (see
Table 3.1). Figure 3.5 and Table 3.1 are used to validate the results presented in
(Kim et al., 1997; Babic et al., 2009). Although different values of coil separation

distance (i.e., ¢ = 0, 0.05 m and 0.1 m) are studied in this thesis, the authors of

(Kim et al., 1997) and (Babic et al., 2009) focused only on ¢ = 0.

Mutual Inductance [mH]

0 I i I i \ i T T
0 0.02 004 006 008 0.1 0.12 014 016 018 0.2
Separation Distance [m]

FI1GURE 3.4: Mutual inductance computation without coil misalignment
Case 1: coil separation distance only (see Fig. 3.1)

According to (Babic et al., 2009; Anele et al., 2015a), Fig. 3.5 and Table 3.1 show that
from lateral misalignment d = 0 to 15.5 mm (i.e., for the cases where the secondary
coil is located inside the primary coil; this statement can be justified by comparing

the diameters of the primary and secondary coils), the value of the M increases from
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~ 0.153 mH to = 0.182 mH. However, there are discrepancies compared to the

results presented by (Kim et al., 1997). In addition, from d = 69.5 mm to 1000 mm

(i.e., the region where the secondary coil is located outside the primary coil), negative

values are obtained for M, and for larger d the values of M approached zero.

Mutual Inductance [mH]

0.2

5 O SO SN SO SO SO 1
1
1 |
1 |
1 i
0.0 e .
I |
N, |
A i
0 Z
17
v a
L :
-0.05 \ i \ i i i i \ i
0 01 02 03 04 05 06 07 08 09 1

memmwmc =)

msmm ¢c=0.05[m] -

snnmm ¢ =0.10 [m]

Lateral Misalignment [m]

FiGURE 3.5: Mutual inductance computation versus lateral misalignment

Case 2: coil separation distance with only lateral misalignment (see Fig. 3.2)

TABLE 3.1: Example studied in (Babic et al., 2009; Anele et al., 2015a)

Rp =425 mm, Rs=20.0 mm, Np =150, Ng =50

d (mm) ¢ (mm) M (1077H) (Babic et al., 2009) M (10~"H) (Anele et al., 2015a) M (10~"H) (Kim et al., 1997) Discrepancy
0.0 0 1.529 1.529 1.529 0.000
1.0 0 1.530 1.530 1.531 0.001
2.5 0 1.535 1.535 1.540 0.005
5.0 0 1.552 1.552 1.576 0.024
7.0 0 1.576 1.576 1.623 0.047
10.0 0 1.630 1.630 1.729 0.099
15.0 0 1.793 1.793 2.026 0.233
15.5 0 1.816 1.816 2.066 0.250
69.5 0 —0.364 —0.364 1.579 1.943
80.0 0 —0.178 —0.178 1.051 1.229
100.0 0 —0.072 —0.072 0.610 0.682

200.0 0 —0.007 —0.007 0.138 0.145
500.0 0 0.000 0.000 0.022 0.022

1000.0

0

0.000

0.000

0.005

0.005
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0.1

0.06

Mutual Inductance [mH]

0.04

|

0 i i i i M—

0 002 004 006 008 0.1 012 0.14 016 018 02
Separation Distance [m]

FIGURE 3.6: Mutual inductance computation versus angular misalignment
Case 3: coil separation distance with only angular misalignment “6” (see Fig. 3.3)

c=0.2[m]
2 T T ; ; T T T T ;
1
m———p=30" |
0 =45 i

mamm gz GO0

Mutual Inductance [LH]

i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Lateral Misalignment [m]

Ficure 3.7: Mutual inductance computation versus both misalignment
Case 4: coil separation distance of 0.2 [m] with both misalignment (see Fig. 2.3)

Furthermore, it can be seen in Fig. 3.5 and Table 3.1 that with the increase in lateral
misalignment (see d = 69.5 mm to 200 mm) for ¢ = 0, the mutual inductance drops

quickly to zero and then to negative. The negative value of M can be explained by
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the magnetic flux cancellation theory when the two coils that are far away partly
overlapped such that the magnetic flux generated by the primary and secondary coils
partly cancels each other so that their mutual inductance is negative (Liu & Hui,
2007; Su et al., 2009). Thus the results obtained in this section confirm with the
authors of (Babic et al., 2009; Anele et al., 2015a) that the mutual inductance model

formulated by (Kim et al., 1997) is wrong.

3.3 Mutual Inductance Model: Most General Case

3.3.1 Geometric Configurations and Common Notations

The geometric configurations considered in the examples studied in (Akyel et al.,
2009) are shown in Figs. 2.4b to 2.4d. In order to have easier link with Grover’s
formula, the geometric configurations are restated in terms of a common notation
namely: h = zg, d = \/m, p = Vh2+ a2, cosp = %. Also, in all cases,
the primary coil is located in plane XOY', with its centre at the origin O(0,0,0).
The horizontal and vertical distances between the centres of the coils are d and h

respectively and p is the lateral misalignment.

Based on example 12 (Akyel et al., 2009), in order to achieve the computation of
the mutual inductance between FC coils arbitrarily positioned in space, the following

common notations are substituted in equation (2.2):
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e The centre of the secondary coil must be taken at point C(z¢ = 0,yc = d, z¢c =
h) where d = x9sinf, h = x; — x9sinf and p = Vh2 + d2. Tt is vital to note
that x is the vertical distance when axis z” intersects with axis z from origin
O, x5 is the distance between the intersection and the centre of the secondary

coil and @ is the angular misalignment.

e The parameters defining the positioning of the secondary coil plane is that of
a spherical Cartesian system of coordinates which is given by: a = sinysind,
b = —cosysind and ¢ = cosf. where 9 is the rotation angle around axis 2/,

which gives the complete positioning of the secondary coil.

3.3.2 Presentation and Discussion of Results

The graphical and numerical results obtained for the mutual inductance between FC
coils with arbitrary lateral p and angular # misalignment are shown in Fig. 3.8 and
Table 3.2. Based on the parameters given in example 12 (i.e., Rp = 16 cm, Rg =
10 em, x1 = 20 em and x5 = 5 cm), MATLAB software is used to achieve the coding

and computation of equation (2.2).

Although the authors of (Akyel et al., 2009) studied only for the case with § = 60°
and p = 0.180 m, cases for 8 = 30°, p =~ 0.160 m and 6 = 45°, p ~ 0.170 m are

also studied in this thesis (see Fig. 3.8 and Table 3.2).

In the case with § = 60° and p = 0.180 m, Fig. 3.8 shows that the value of the mutual

inductance increases from 13.61 nH to 26.64 nH when the variable rotation angle 1
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40

Mutual Inductance [nH]
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FI1cURE 3.8: Mutual inductance between FC coils with arbitrary misalignment

TABLE 3.2: Example studied in (Akyel et al., 2009; Anele et al., 2015c)

Variable Rotation Angle ¢ and 6 = 60°

P

(a,b,c) (Akyel et al., 2009)

M (nH) (Akyel et al., 2009)

M (nH) (Grover, 1944)

(a,b,c) (Anele et al., 2015¢)

M (nH) (Anele et al., 2015¢)

/6
/4
/3
/2
27/3
3r/4
57/6

/6
5m/4
47/3
3m/2
57/3
Tr/4
117/6
27

{0; —0.086; 0.050)
(0.043; —0.075; 0.050)
(0.075; —0.043; 0.050)
(0.061; —0.061; 0.050)

(0.086; 0; 0.050)
(0.075;0.043;0.050)
(0.061;0.061; 0.050)
(0.043;0.075;0.050)

(0;0.086; 0.050)

(—0.043;0.075;0.050)
(—0.061;0.061; 0.050)
(—0.075;0.043; 0.050)
(—0.086: 0; 0.050)
(—0.075; —0.043; 0.050)
(—0.061; —0.061; 0.050)
(—0.043; —0.075; 0.050)
(0; —0.086; 0.050)

13.61
14.47
15.49
16.82
20.05
23.33
24.70
25.75
26.64
25.75
24.70
23.33
20.05
16.82
15.49
14.47
13.61

13.61
14.47
15.49
16.82
20.05
23.33
24.70
25.75
26.64
25.75
24.70
23.33
20.05
16.82
15.49
14.47
13.61

{0; —0.866; 0.500)
(0.433; —0.750; 0.500)
(0.612; —0.612; 0.500)
(0.750; —0.433; 0.500)

(0.866; 0;0.500)
(0.750; 0.433; 0.500)
(0.612;0.612; 0.500)
(0.433;0.750; 0.500)

(0;0.866; 0.500)
(0.433;0.750; 0.500)
(0.612;0.612; 0.500)
(0.750; 0.433; 0.500)

(0.866; 0; 0.500)

(0.750; —0.433; 0.500)

(0.612; —0.612; 0.500)

(0.433; —0.750; 0.500)
(0; —0.866; 0.500)

13.61
14.47
15.49
16.82
20.05
23.33
24.70
25.75
26.64
25.75
24.70
23.33
20.05
16.82
15.49
14.47
13.61

ranges from 0 to m and decreases from 26.64 nH to 13.61 nH when ¢ ranges from

7 to 2m. This outcome (see Table 3.2) is in agreement with the results obtained in

(Grover, 1944; Akyel et al., 2009; Anele et al., 2015¢).

However, it is vital to note that the authors of (Akyel et al., 2009) obtained very

wrong values for the parameters which define the centre of the secondary coil (i.e., a,
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b and c¢). With such outcome, it is never possible for the authors to obtain the correct
mutual inductance values. Nonetheless, the correct values for a, b and ¢ are obtained
in this thesis and can be obtained by substituting the variable rotation angle ¢ and
angular misalignment 6 (see Table 3.2) in the given common notations, which are

a = sinsind, b = —cosysind and ¢ = cosb.

3.4 Conclusion

This chapter presents the rederived models for the computation of the mutual induc-
tance between FC coils with and without lateral and angular misalignment. Also,
the computation of the mutual inductance between FC coils arbitrarily positioned in
space is presented. MATLAB software is used to obtain the graphical and numerical

results presented, and the clarifications concerning the errors made are presented.

Generally, the results obtained show that as the values of the coil separation dis-
tance and misalignment (e.g. lateral and angular) increase, the value of the mutual

inductance M between the coils decreases (see Figs. 3.4 - 3.7 and Tables 3.1 - 3.2).

Thus it is possible for a MCS model to have an increased mutual inductance value
provided that the air-cored coils have a reduced diameter and an increased number
of turns. Nonetheless, the model presented in this section deals with a non realistic

MCS model of LIPT systems for EVs and E-bikes.



Chapter 4

MAGNETIC FIELDS COMPUTATION

and VALIDATION

4.1 Introduction

In this chapter, section 4.2 presents the models for calculating the magnetic flux
through the secondary coil, the mutual inductance between the FC coils and the
induced voltage in the secondary side of the coil. Section 4.3 presents the formulated
model for calculating the magnetic fields between two FC coils (Anele et al., 2015¢).
In addition, the computed results obtained for the magnetic fields are validated with

experimental measurement. Lastly, section 4.4 concludes this chapter.

It is vital to note that the non-conducting magnetic material that covers the coils of
the inductive charging system, which is employed for experimental measurement in

the laboratory is not considered in the models formulated.

39
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4.2 Models: Magnetic Flux, Mutual Inductance

and Induced Voltage

The model for calculating the total magnetic flux through the secondary FC coil due
to the current in the primary FC coil is formulated based on Fig. 4.1. where Rp and
Rg are the radii of the primary and secondary FC coils respectively, Ip and Ig are
their primary and secondary currents, d is the separation distance between them, ¢4
is the angle between the positive xg axis and the line segment pointing from its origin
to the arbitrary point Fg and ¢ is the angle between the positive xp axis and the

line segment pointing from its origin to the arbitrary point Bp.

4
-
' — ‘“*—-.1‘\\\\
Ig v R, \ .y

FIGURE 4.1: Coaxial filamentary circular coils
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Thus in order to successfully achieve the formulation of the magnetic flux model, the

following mathematical expressions are considered:

e The coil of radius Rp lies in the plane xpOyp(zp = 0) with its centre point at

0(0,0,0)

e The parametric coordinates of the arbitrary point Bp on the primary coil are

xp = Rpcos¢g, yp= Rpsingg, zp =20 (4.1)

where ¢q € [0, 27]

e The differential element located at equation (4.1) is given by

dlp = Rp(—isin ¢y + J cos do)dey (4.2)

e The parametric coordinates of the arbitrary point Fg on the secondary coil are

rs = —Rgsingg, ys= Rscosdy, z25=d (4.3)

where ¢4 € [0, 27]

e The differential element located at equation (4.3) is given by

dls = Rs(—icos ¢ — Jsin ¢g)dey (4.4)
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The magnetic vector potential A at point Fg(zg,ys, zs) produced by a circular cur-

rent coil, Ip of radius Rp is given by

e Hofbr Ip -
A = —dl 4.5
47 /lp o (45)

where pi is the permeability of free space, pu, is the relative permeability of air, Ip
is the primary coil current and r, which is the distance between the arbitrary points

Bp and Fg is given by

r = |Es— Bp|= \/($S—$P)2+(ys—yP)2+(ZS—ZP)2

ro= \/Rg + R2% 4+ d? + 2RsRp(sin ¢4 cos ¢g — cos ¢g sin ¢p) (4.6)

According to Stokes’ theorem, the magnetic flux through the secondary coil as a

result of the current, Ip in the primary coil is given by

o = // é-dgsz//(Vx/T)di

o = / Adl, (4.7)
ls

Ss and [ are respectively the cross-section and the perimeter of the secondary coil.
Thus substituting equations (4.2), (4.4) and (4.5) into equation (4.7) result to the

formulated model for calculating the total magnetic flux through the secondary coil

O dpaddy  (4.8)

_ poprNpNsIpRpRg /27r /27r sin ¢g cos g — €OS o sin Pq
o Jo

47 T
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where 7 is given in equation (4.6) whereas Np and Ng are the number of turns for

the primary and secondary FC coils.

Furthermore, the computation of the mutual inductance between the two FC coils is
an important parameter for obtaining the voltage induced in the secondary side of

the coil and by definition, it is given by

= [P
TN NeR»R 2m 27 : o .
_ Hop P47TS P s/ / Sln¢ocos¢dTCOS¢051n¢dd¢dd¢0 (4.9)
0 0

According to Faraday’s law, the induced voltage in the secondary FC coil is equal to

the rate of change of the total magnetic flux ® and is given by

V = Mwlp, cos(wt) (4.10)

where Ip, is the primary coil peak current

4.2.1 Presentation and Discussion of Results

The variations of the total magnetic flux &7, mutual inductance M and induced
voltage V versus the separation distance d between the two FC coils are shown in
Figs. 4.2 and 4.3. These results are obtained by using double quadrature function in

MATLAB to compute the models given in equations (4.8), (4.9) and (4.10).
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Based on equation (4.6), the value of the distance r between the arbitrary points Bp
and Eg is dependent on the radii of the coils (i.e., Rp and Rg) and the distance d
between the centres of the coils. Thus for higher values of Rp, Rs and d, r increases.

Figures 4.2 and 4.3 show that the values of &7, M and V decrease as d increases.

0.1 T T T T
B\ == @ = Magnetic Flux [mWb]
0.16 <boo | e Mutual Inductance [mH] |

0.12

0. R

0.08

0.06 ---

(DT [mWb] and M [mH]

b T

0.04

0.02 - ; ; : C -

0 i i i i i i i
0 0.005 001 0015 002 0.025 003 0035 0.04

d [m]

FIGURE 4.2: Mutual inductance and total magnetic flux versus separation distance

Induced Voltage [V]

10

1 1 1 1
0.02  0.025 0.03 0.035 0.04

d[m]

1 1 1
0 0.005 0.01 0.015

FIGURE 4.3: Induced voltage versus coil separation distance
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These results are obtained based on the parameters (Np = Ng = 30, Vs =
220V, Ip = 055 Apms, Rp = Rg = 0.052 m, pu, =1, pg = 47 x 1077 %)
of the inductive charging system that is employed for experimental measurement in
the laboratory. In addition, it is found out from the oscilloscope that the transfer of
power from the primary to the secondary side of the inductive charger is achieved at

a high electromagnetic frequency of 80 kHz.

The inductive charger employed for experimental measurement is made up of primary
and secondary FC coils. With the use of Multimeter, a maximum voltage of 75 V
is measured from the terminal of the plug-in connector and it is obtained when the
coil separation distance between the two FC coils is equal to zero. Also, at d =0, a
computed induced voltage of 74.70 V.. (see Fig. 4.3) is obtained and such outcome
is in agreement with the measured value. Thus in order to obtain the induced current
Is in the secondary side of the FC coil, the inductive charger is used to power 60 W, .

LED lamp and by measurement, a peak Ig of 0.8 A is obtained.

4.3 Model for Magnetic Fields Computation

The model for calculating the magnetic fields between two FC coils with arbitrary
misalignment is formulated based on equation (2.3) (Babic & Akyel, 2012). Thus for

two coils, the total magnetic fields is the sum of the magnetic fields from each of the
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coils, and according to (Anele et al., 2015¢), it is formulated as

popr IpNp(z + g)xk poprIsNg(z — g)wk
B, = [_ LO] + [_ LO]
87T /RP(I'2+y2)5/4 87T /Rs($2+y2)5/4
B — [_MOMTIPNP(Z + %l)ykL 1+ _Moqust(Z — Dyk ]
v 8ryRp(a? + 24 " L 8wy/Rg(w? + y2)5/t
IpN IgN
B = [ tunlelNek ) toptrlsNsk g ) (4.11)

SeVRR@ 2 SeyRs(a® + g
where Ly = 2K (k) — Z2 E(k), Sy = 2y/2% + g2 K (k) — Y UVEIR gy
L2 — ARN/ 22492

(Rtr/22+y2)2+22

. Also, the two coils are separated by a distance d which is equal

to the radii of the coils.

Furthermore, according to (Akyel et al., 2009), the following mathematical expres-

sions must be considered for FC coils without lateral and angular misalignment:

e The parameters (a, b and ¢) which determine the positioning of the secondary

coil plane are defined as a =0, b=0 and ¢ = 1.

e The centre of the secondary coil at point C' becomes (¢ = 0,yc = 0, 2¢ = h).
In this thesis, h is the distance measured from the centre point between the

two FC coils to any point along the symmetry axis of the coils.

Lastly, taking into account that the radii of the coils are equal (i.e., Rp = Rg),
and applying the above information to the parameters (xg, ys, z5) of equation (2.3),

xr=—Rsing, y=—Rcos¢, z=h.
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4.3.1 Presentation and Discussion of Results

Figures 4.4 and 4.5 respectively show the magnetic field lines due to a FC coil and
between two FC coils without misalignment. These results are obtained by calculating
equations (2.3) and (4.11) in MATLAB using Quadrature function. The graphical
representation of these field lines is very useful in visualizing the magnitude (or
strength) and direction of the magnetic fields. The straight line on the plots (see

Figs. 4.4 and 4.5) is simply drawn to show the physical presence of the coil.
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FIGURE 4.4: Magnetic field lines due to a FC coil
(a) XZ (b) YZ and (¢) XY Z planes.

The results obtained show that the magnetic fields lines in 2-D (i.e., XZ and Y Z)

planes are symmetrical (see Figs. 4.4a and 4.4b). In addition, the 3-D (i.e., XY Z
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planes) magnetic field lines are continuous, forming closed loops without beginning
or end (see Fig. 4.4). The well spaced streamlines with direction arrows are obtained
by using streamslice function in MATLAB. Figures 4.5 (a) and (b) show when the
currents Ip and Ig of the FC coils flow in the same direction and opposite direction
respectively whereas Fig. 4.5 (c) is obtained when the distance between the coils is
increased.
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FIGURE 4.5: Magnetic field lines between two FC coils
Currents Ip and Ig flowing in the (a) same direction and (b) op-
posite direction and (c¢) when d between the coils is increased.

The results obtained for the computation and experimental validation of the mag-

netic fields between two FC coils are shown in Figs. 4.6 - 4.7. The magnetic fields
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distribution B,, B, and B, at d = 0.052 m, d = 0.03 m and d = 0.01 m respec-
tively are shown in Figs. 4.6a, 4.6¢ and 4.7a. The validation of the computed results
(see Figs. 4.6b, 4.6d and 4.7b) are achieved based on the model formulated in equa-
tion (4.11) and the magnetic fields experimental measurements implemented in the
laboratory (see Fig. 4.7c¢). In this thesis, experimental measurement is conducted
only for B, because B, and B, are symmetrical. Also, it is vital to note that the
non-conducting magnetic material that covers the coils used for experimental mea-

surement is not considered in the model formulated in equation (4.11).
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FIGURE 4.7: Magnetic fields computation and validation
(a) By, B, and B, at d = 0.01 m, (b) experimental validation of B, at
d = 0.01 m and (c) experimental setup for magnetic fields measurement.

Universal robots (UR5) in connection with sensor, magnetometer and oscilloscope
are used to obtain the magnetic fields results between the FC coils of the inductive
charger employed for experimental measurements (see Fig. 4.7¢). UR5 is a machine
that can be programmed to move a tool, and communicate with other machines using
electrical signals. With the aid of Polyscope that is, the graphical user interface

(GUI), it is easy to program the robot to move the sensor along a desired trajectory.

In the GUI, the motions of the sensor are given using a series of way points and a

way point can be given by moving the robot to a certain position. So, the robot
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performs a task by moving through a sequence of way points. Figure 4.7c shows the
URS holding the sensor of the magnetometer which is connected to the oscilloscope.
By switching the control knob of the magnetometer to XY axis section, it is possible
to measure the magnetic fields B, and B,. This is achievable because one of the
technical characteristics of the sensor is that it can implement a bi-axial directional
measurement (i.e., in the X and Y directions). Also, measurement for the B, can be

obtained by switching the control knob to the Z-axis section of the magnetometer.

Thus, with this experimental set up, the robot is programmed to move the sensor
from the centre point (i.e, z = h = 0) between the two FC coils to a particular point

(i.e., z = h =0.09 m), which is along the symmetric axis of the coils.

4.4 Conclusion

In order to validate the measured values of the magnetic fields which are obtained
from the inductive charger employed in the Laboratory, the model for calculating the

magnetic fields between the two FC coils of the inductive charger is formulated.

In comparison to chapter 3, MATLAB computation for the voltage and current in-
duced in the secondary side of the FC coil is achieved by deriving the models for
computing the total magnetic flux and the mutual inductance between the two coils.
With the help of the formulated models, it is observed that the values of the mag-

netic fields as well as @7, M and V' can be increased provided a higher frequency AC
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voltage is supplied to the primary coil, the number of turns of the coils are increased

and the diameter of the coils are reduced.

The comparison of the results show that the model formulated and experimental
measurements implemented in the laboratory are accurate. Nonetheless, it is impor-
tant to note that the non-conducting magnetic material which covers the coils of the
inductive charger is not considered in the formulated model. Thus there is a need to

obtain a more complex and realistic MCS model.



Chapter 5

IPT MODELS FOR EV BATTERY

CHARGE

5.1 Introduction

In this chapter, section 5.2 presents the analysis of the IPT transformers and the
effects of capacitive compensation. Also, section 5.3 presents the computational IPT
models of 3 kW single phase and 22 kW three phase systems for EV battery charge
and lastly, section 5.4 concludes this chapter. In this chapter, no experimental results
are implemented to validate the computed results, but the results are achieved based

on the technical specification of Renault ZOE.

53
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5.2 IPT Transformer and Effects of Compensation

The most significant part of IPT systems for EVs is its air-cored transformer. Its
aim is to provide maximum electric power to the on-board battery storage system of
EVs. However, it is faced with the problem of weak coupling (i.e., suffers from poor
efficiency) due to the relatively large leakage reactance associated with its primary
and secondary coils (Neves et al., 2011; Koo et al., 2012; Musavi & Eberle, 2014; Anele
et al., 2015b). In this section, the behaviour of IPT transformer and the effects of
capacitive compensation are studied based on Figs. 5.1 and 5.2.

L R Y 4% R

—

4

FI1GURE 5.1: Equivalent circuit of a single-phase IPT transformer

Ip, Iy and Ig are the primary, mutual and secondary currents respectively, Ry,
Ry and R are the primary, secondary and load resistances respectively, X ; and
X9 are the series leakage reactances, X1 and X9 are the capacitive reactances
and V; is the root mean square (RMS) AC voltage. In addition, X, is the mutual

inductance between the coils. It is given by 27 fM, where M=k+/LiLs; k is the
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coupling coefficient, f is the operating frequency whereas L; and L, are the series

leakage inductances.

[} 4 R1 Xu ]S Xm R} I,

HE

F1GURE 5.2: Compensated equivalent circuit of a single-phase IPT transformer

Based on Fig. 5.1, the equivalent impedance of the circuit as seen by the AC voltage

source is given by

XyuRo+ XuRp — Xy Xro

Zoyg = Ry + Xp1 + 5.1
T X+ X+ Ry + Ry, (5:1)
By applying current divider rule, the current division ratio is given by
I X
=== M (5.2)
[p R2+RL+(XL2+XM)
Also, based on Fig. 5.1, the power transfer efficiency is given by
B RIZ B Ry (5.3)
= RLfgv + Rgfgv + le%; n (RL + Rz) + Rl((R2+RL);(XL2+XM)) ’
M
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Amongst other capacitive compensation techniques proposed in (Wang et al., 2005;
Barth et al., 2011; Schmuelling et al., 2012; Neves et al., 2011; Chopra & Bauer,
2011; Garcia et al., 2015; Anele et al., 2015b), series-series (SS) technique is employed
because it helps to improve the power transfer capability of the transmission line due

to its partial compensation of the series leakage reactance.

Based on Fig. 5.2, the equivalent impedance of the circuit as seen by the voltage

source is given by

Xn( X2+ Ro+ Xeo + Rp)
Xro+ Ro+Xeoo + R + Xy

Leg=Xc1+ Ry + X1 + (5.4)

For an exactly compensated transmission link of the IPT transformer, the following

reactance conditions are vital (Schmuelling et al., 2012; Anele et al., 2015b):

Xer+Xp+Xy = 0

Xoo+ Xpp+ Xy = 0 (5.5)

Thus substituting equations (5.5) into (5.4) gives the compensated equivalent impedance

of the circuit as

RiRy + RiR;, + X2,

Ze c —
1 (Rz + RL)

(5.6)
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Based on Fig. 5.2, the compensated current division ratio is given by

I X
Kee= 2= "M (5.7)
Ip Ro+ Rp
Also, the compensated power transfer efficiency is given by
. Uiaks _ B (5.8)

5.2.1 Presentation and Discussion of Results

Figure 5.3 shows the variation of current division ratio without compensation, K.
(see Figs. 5.3 a and b) and compensated current division ratio, K. (see Figs. 5.3
c and d) as a function of frequency f for different values of mutual inductance M
and resistive load Ry. Figure 5.3 is obtained by calculating the equations (5.2)
and (5.7) in MATLAB M-File. In the case without compensation, the values of K.
increase as f increases, but at higher frequencies, they become constant in spite of
the change in R;. However, different values of K. are obtained for different values of
M. With capacitive compensation, the values of K. kept increasing as f increases,
and different values of K. are obtained for different values of M and R;. These
results imply that SS capacitive compensation helps to improve the power transfer
capability of the IPT transformer. Based on the IPT parameters used for MATLAB
simulation (see Table 5.1), the results obtained show that the IPT system considered

in (Chopra & Bauer, 2011; Anele et al., 2015b) must be operated above 100 kHz.
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The power transfer efficiency of the IPT transformer with and without compensation
is shown in Fig. 5.4, and it is obtained by calculating equations (5.3) and (5.8) in
MATLAB. Without compensation, a maximum power transfer efficiency of 78.14%
is obtained whereas with SS capacitive compensation, 93.18% is obtained indicating

that the power transfer efficiency is increased by 15.04%.
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FIGURE 5.3: Variation of current division ratio with and without compensation
Variation of K. (see Figs. 5.3 a and b) and K. (see Figs. 5.3 ¢ and d) as a function
of frequency f for different mutual inductances M and resistive loads Ry .

TABLE 5.1: Parameters for IPT Transformer (Anele et al., 2015b)

Physical Parameters Description Values
Ly Leakage inductance of primary coil — 103.4 uH
Lo Leakage inductance of secondary coil 12.67 uH
Ry Resistance of primary coil 0.1530 €2

Ry Resistance of secondary coil 0.0660 €2
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FIGURE 5.4: Power transfer efficiency vs coupling coeffiecient

5.3 IPT Models for EV Battery Charge

5.3.1 Simplified IPT Models for EVs

The simplified block diagrams of 3 kW single phase and 22 kW three phase IPT
systems to be designed using MATLAB/Simulink are shown in Figs. 5.5 and 5.6.
The power source, IPT transformer, compensation topology and battery charger are
the major blocks of these IPT systems. The power source block of Fig. 5.5 comprises
AC voltage of 220 V,,,,s at a frequency of 50 Hz, a single-phase uncontrolled bridge
rectifier (UBR), an active power factor corrector (PFC) “boost converter” and a

full-bridge inverter “insulated-gate bipolar transistor (IGBT)”.

The single-phase UBR helps in transforming the AC voltage to a varying DC voltage.
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It is employed because it is useful for supplying DC loads rarely exceeding 5 kW. An
active PFC “boost converter” is a DC to DC power converter. It is used to produce
a direct voltage of 400 V' as input voltage for the primary full-bridge inverter. Also,
a capacitor is added to the output of the boost converter to reduce voltage ripples,

and this in turn produces a constant DC Voltage.

[PT Transformer
Battery Charger + Compensation
Bridge Rectifier Compensation
Ve = 4007 | Lithium-Ton [ A . '
=40 Battery Capacitor Filter Secondary Coil
fR = 40 Aﬁz
Power Source A
Vi =220 Bridge Boost Full-Bridge Primary Coil
f=50K | Rectifier "1 Converter * Inverter: 1GBT =7 + Compensation
——p|

FIGURE 5.5: Simplified block diagram of a 3 kW single-phase IPT system
(Anele et al., 2015b)
The power source block of Fig. 5.6 comprises AC voltage of 380 V,.,.s at a frequency
of 50 Hz, a three-phase uncontrolled bridge rectifier (UBR), an active PFC “buck

converter” and a full-bridge inverter “IGBT”.

The three-phase UBR helps in transforming the AC voltage to a constant DC voltage.
It is employed because it is the most extensively used rectifier topology from low (> 5
kW) to moderately high power (> 100 kW) applications. The buck converter is a
voltage step down and current step up converter. In this chapter, it is used to step

down the voltage produced from the three-phase UBR to a direct voltage of 400 V.
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Vie =387 Bridge Buck Full-Bridge Primary Coil
f=50K | Rectifier " ¢onverter Inverter: 1GBT + Compensation

v
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FIGURE 5.6: Simplified block diagram of a 22 kW three-phase IPT system
(Anele et al., 2015b)

Furthermore, the IPT transformer block as shown in Figs. 5.5 and 5.6 is responsible
for the transfer of electric power between the ground and the EV. The power coupling
is established by the primary and secondary coils. The primary coil is galvanically
connected to the full-bridge inverter “IGBT”, which helps in converting the direct
input voltage of 400 V into a higher and fixed frequency AC voltage. As a result,
the primary coil generates a higher frequency electromagnetic field, which is then
coupled with the secondary coil. The switching of this higher and fixed frequency
is achieved with the help of a single-phase pulse width modulation (PWM) inverter
circuit using IGBT. A maximum power transfer capability via the IPT transformer
can be guaranteed when its reactive parts are compensated with capacitors, and this
is established on the primary and secondary sides of the coils. The battery charger
block is responsible for creating the connection between the IPT system and the

lithium-ion battery to be charged. It consists of UBR and a capacitor filter. The
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UBR is used to convert the high frequency AC voltage into a direct voltage and the

capacitor is added to its output to reduce voltage ripples.

5.3.2 Presentation of Results for IPT Models

The computational models of 3 kW single phase and 22 kW three phase IPT systems

designed using MATLAB/Simulink are shown in Figs. 5.7 and 5.8.
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FIGURE 5.7: 3 kW single phase IPT model
The 3 kW computational IPT model is designed by using MATLAB/Simulink. The
development of the model is based on the simplified block diagram shown in Fig. 5.5.
It consists of (1) power source block: single-phase AC voltage source, single-phase un-
controlled bridge rectifier (UBR), boost converter and full-bridge inverter “IGBT” in
connection with a single-phase pulse width modulation (PWM), (2) IPT transformer
plus series series (SS) capacitive compensation, (3) battery charger: single-phase UBR

plus capacitor filter and lastly, (4) lithium-ion battery. The parameter values are as
follows: Cp = 1.45x 1072F, Cg = 8.47x 1072F, M = 6.50 x 107*H and R} = 7.27%)
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FIGURE 5.8: 22 kW three phase IPT model
The 22 kW computational IPT model is designed by using MATLAB/Simulink. The
model is developed based on the simplified block diagram shown in Fig. 5.5. It con-
sists of (1) power source block: three-phase AC voltage source, three-phase UBR,
buck converter and IGBT in connection with a single-phase PWM, (2) IPT trans-
former plus SS capacitive compensation, (3) battery charger: single-phase UBR plus
capacitor filter and lastly, (4) lithium-ion battery The parameter values are as fol-
lows: Cp = 1.45 x 1072F, Cg = 847 x 1072F, M = 6.50 x 107*H and R; = 53.3(2

Detailed explanations concerning the modelled IPT systems have been presented in
subsection 5.3.1. Nonetheless, the waveforms of 3 kW single phase AC source voltage,
its full wave varying DC voltage and stepped up DC voltage are shown in Fig. 5.9.

Also, the waveforms for 22 kW three phase AC source voltage, its full wave constant

DC voltage and stepped down DC voltage are shown in Fig. 5.10.
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FIGURE 5.9: 3 kW single phase: AC and DC voltages
3 kW single phase (a) AC source voltage of 220 Vgyg, (b) full-wave varying
DC voltage, which is obtained by using a single-phase uncontrolled bridge recti-
fier and (c¢) stepped up DC voltage, which is obtained using a boost converter.

Figure 5.11 shows the higher and fixed frequency AC voltage of 400 V at 40 kHz
supplied to the primary coil of the IPT transformer. The full-bridge “IGBT” helps
in converting the direct input voltage of 400 V into a higher and fixed frequency
AC voltage. As a result, the primary coil is able to generate a higher frequency
electromagnetic field which is then coupled with the secondary coil. The switching
of this higher and fixed frequency is achieved with the help of single-phase PWM

inverter circuit using I[GBT.
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FIGURE 5.10: 22 kW three phase: AC and DC voltages
22 kW three phase (a) AC source voltage of 380 Vgus, (b) full-wave constant
DC voltage, which is obtained by using a three-phase uncontrolled bridge recti-
fier and (c) stepped down DC voltage, which is obtained using a buck converter.

FI1GURE 5.11: Higher and fixed AC voltage: primary coil
400 V' at 40 kHz supplied to the primary coil of the IPT transformer
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The results obtained for the load voltage, load current and state of battery charge
for the 3 kW and 22 kW computational IPT models are shown in Figs. 5.12 and 5.13
respectively. These results are achieved based on the technical specifications of the
lithium-ion battery and charger type of Renault ZOE (Chameleon charger type: 3
kW single-phased, 7.5 A for 6 to 9 hours charge time and 22 kW three-phased, 55 A
and 80 % of the battery in 1 hour) as presented in (Anele et al., 2015b). Considering
the charging time for each IPT model (see Figs. 5.14 and 5.15), the results obtained
show that they are capable of delivering the electricity needed to power the battery

of the Renault ZOE.
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FIGURE 5.12: Results for 3 kW IPT model
Results obtained for 3 kW IPT model supplying a resistive load, Rp: (a) load
voltage, (b) load current and (c) state of battery charge (Anele et al., 2015b)
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F1GURE 5.13: Results for 22 kW IPT model
Results obtained for 22 kW IPT model supplying a resistive load, Ry: (a) load
voltage, (b) load current and (c) state of battery charge (Anele et al., 2015b)

Figures 5.14 and 5.15 show the results obtained for the discharge characteristics of
the lithium-ion battery for 3 kW and 22 kW computational IPT models respectively.
These plots which are obtained based on the IPT models given in Figs. 5.7 and 5.8
are composed of three sections: (1) discharge curve: represents the total discharge of
the battery, when the voltage drops rapidly, (2) nominal area: represents the charge
that can be extracted from the battery until the voltage drops below the battery
nominal voltage and (3) exponential area: represents the exponential voltage drop
when the battery is charged. Figure 5.16 shows the clarification on how the charging

and discharging curves are obtained.
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Nominal Current Discharge Characteristic at 0.43478C (24.4565A)
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FIGURE 5.14: 3 kW IPT model: discharge characteristics of lithium-ion battery
(Anele et al., 2015b)

Nominal Current Discharge Characteristic at 0.43478C (23.913A)
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FicURE 5.15: 22 kW IPT model: discharge characteristics of lithium-ion battery
(Anele et al., 2015b)

Also, the results obtained show that the higher the load current demanded by the

battery the quicker will be its discharge time. where Fj is the constant voltage (),
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K is the polarization constant (Ah)~!, A is the exponential voltage (V') and B is the

exponential capacity (Ah)™'.

. W Block Parameters: Battery (A1) % | W Block Parameters: Lithium-lon Battery (b) X |
-Battery (mask) (link) = Battery (mask) (link)- 5|
Implements a generic battery that model most popular battery Implements a generic battery that model most popular battery
types. Uncheck the "Use parameters based on Battery type and types. Uncheck the "Use parameters based on Battery type and
nominal values” parameter to edit the discharge characteristics. nominal values” parameter to edit the discharge characteristics.
Parameters | View Discharge Characteristics | Battery Dyn ji Parameters | View Discharge Characteristics | Battery Dyn _ﬂl
Battery type |Lithium-Ton | Battery type |Lithium-Ton -l
Nominal Voltage (V) Nominal Voltage (V)
[400 [400
Rated Capacity (Ah) Rated Capacity (Ah)
|s6.25 |ss
Initial State-Of-Charge (%) Initial State-Of-Charge (%)
|10 |10
W Use parameters based on Battery type and nominal values ¥ Use parameters based on Battery type and nominal values
Maximum Capacity (Ah) Maximum Capacity (Ah)
[s6.25 |55
Fully Charged Vooltage (V) Fully Charged Voltage (V)
[465.5949 |465.5049
Nominal Discharge Current (A) Nominal Discharge Current (A)
[24:4565 |23.013
Internal Resistance (Ohms) Internal Resistance (Ohms)
[0.071111 |0.072727
Capacity (Ah) @ Nominal Voltage Capacity (Ah) @ Nominal Voltage
[50.8696 |49.7301
Exponential zone [Voltage (V), Capacity (Ah)] i Exponential zone [Voltage (V), Capacity (Ah)] B
[(432.1543  2.763587] | |432.1543  2.702174] ~|

oK l Cancel | Help | Apply | oK | Cancel | Help | Apply |

FI1GURE 5.16: Block Parameters: Lithium-ion Battery
Lithium-ion battery for (a) 3 kW IPT model and (b) 22 kW IPT model

5.4 Conclusion

The main objective of the MCS model for LIPT systems is to help transfer maximum
power to the on-board battery storage system of EVs. Unlike in chapters 3 and 4,
series-series capacitive compensation is applied to the two sides of the air-cored coils;

the results obtained show that with SS capacitive compensation, the power transfer
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efficiency between the air-cored coils increased by 15.04% due to the partial compen-
sation of the large leakage reactance associated with its primary and secondary coils,
and based on that concept, computational models of a 3 kW single-phase and 22 kW

three-phase IPT systems for EVs are designed using MATLAB /Simulink.

Nonetheless, since the objective of this thesis is to design a suitable and an effective
MCS model of LIPT systems for EVs and E-bikes, it is seen that chapters 3 to 5
deal with a non-realistic MCS model for LIPT systems. This is because the models

studied in these chapters do not incorporate air-cored coils with magnetic cores.



Chapter 6

DESIGN AND IMPROVEMENT OF

MCS MODELS FOR LIPT SYSTEMS

6.1 Introduction

In this chapter, section 6.2 presents the MCS model description for E-bikes (closely-
coupled LIPT system) and EVs (loosely-coupled LIPT system). Section 6.3 presents
the results of the MCS models for E-bikes. Section 6.4 presents the results of the MCS
models for EVs. Section 6.5 presents the results of the MCS model with misalignment:

a case study for EVs and section 6.6 concludes this chapter.

6.2 MCS Model Description for E-bikes and EVs

The description of the MCS models for E-bikes and EVs are presented in this section.

The technical specifications for the MCS modelling are given in Tables 6.1 and 6.2.
71
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TABLE 6.1: Realistic parameters of MCS model for E-bike

Fixed coil separation distance of 1.8 cm

Technical specifications

Primary coil

Secondary coil

Coil used
Coil outer diameter
Coil thickness
Colil inner diameter
Coil wire type
Number of turns
Height of coil
Colil shape
Coil wire area
Sinusoidal current
Litz wire diameter
Skin depth at 20kHz
Magnetic core
Magnetic core shape
- of ferrite
Height of ferrite core

Copper
10 cm
2cm
8 cm
Litz
30
10 cm
circular cylinder
1.5 mm?

16 A,,,s at 20kHz
1.3820 mm
460 pym
ferrite
circular cylinder
2300
10 em

Copper
10 cm
2cm
8 cm
Litz
30
6.7 cm
circular cylinder
1.5 mm?
0
1.3820 mm
460 pym
ferrite
circular cylinder
2300
6.7 cm

TABLE 6.2: Realistic parameters of MCS model for EVs

EVs require a ground clearance up to 20 cm

Technical Specifications

Primary coil

Secondary coil

Coil used
Coil outer diameter
Coil thickness
Colil inner diameter
Coil wire type
Number of turns
Height of coil
Coil shape
Coil wire area
Sinusoidal current
Litz wire diameter
Skin depth at 20kHz
Magnetic core
Magnetic core shape
- of ferrite
Height of ferrite core

Copper
70 cm
2.5 cm
67.5 cm
Litz
18
70 cm
circular cylinder
4 mm?

23 A,ms at 20kHz
2.2568 mm
460 um
ferrite
circular cylinder
2300
70 cm

Copper
70 ecm
2.5 cm
67.5 cm
Litz
18
46.7 cm
circular cylinder
4 mm?
0
2.2568 mm
460 pum
ferrite
circular cylinder
2300
46.7 cm

With the objective of having a proper arrangement of the ferrite cores either within

or outside the circular cylindrical coils, it is vital to ensure that the magnetic cores

to be incorporated have equal radii. The formulated models given in equations (6.1)
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and (6.2) are used to achieve that aim, and the equations are developed based on

Fig. 6.1 (see Figs. 6.2 and 6.3 for further clarification).

FIGURE 6.1: Sketch showing ferrite cores (a) inside and (b) outside the coils
A simple diagram for determining the general formula for calculating the radius of
each ferrite core to be incorporated around the primary and secondary coils.

Rinsin(5-)
Ry e = Rp= . 6.1
fznszde f 1 + Szn(le) ( )
Roysin(5-)
Rfoutside = Rf = . ! (62>
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where Ry, .. is the radius for each ferrite core to be incorporated inside the coils,
Ry, ..... 1s the radius for each ferrite core to be incorporated outside the coils, R, is
the coil inner radius, and it is given by R;, = Ry — Ry, where Ry is the coil outer
radius and Ry, is the coil thickness. 6 is given by le where Ny refers to the number
of ferrite cores to be incorporated either inside or outside the coils. It is vital to note

that Ny may be 6, 8, 12, 16 or 24 ferrite cores.

2
X ] = |
%
)(
(37 Y=Rx5m[" |
X = Ry cos| — ' L 4 )
Nk Z=R_ or R,
i f3*\ L -
}=Rxsm..l T

o J

."x “
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¥ —Rxsm“ T X = Ry cos(0)
Z=Ryor Ry T=Rpmil0)
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Z=Rgpor Ry X=Rxcos.[6if y_Rxsm'?—‘_'
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L4 )
Z = R_,p or R,

FIGURE 6.2: Proper placement of ferrite cores within the coil
Geometric formula for proper arrangement of 8 ferrite cores inside the coil. Based
on equations (6.1) and (6.2) as well as the XY Z positioning given in Fig. 6.2,
other proper configurations of ferrites cores within the coils can be achieved.

Furthermore, the geometric formulas given in Figs 6.2 and 6.3 are used to obtain a

proper XY Z placement of the ferrite cores either within or outside the coils. Based
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on Fig. 6.1, R, = (Ry— Ri,) — Ry and Ryout = Ro+ Ry. Concerning the MCS models

for E-bike and EV, R, = _HP In this study, for the case with E-bike, R,; = —15%6

whereas for EV, R, = Hp refers to the height of the ferrite core, R, and R,

1. 2727
respectively define the XY positioning of the ferrite cores inside and outside the coils

whereas Rzp and Rzg respectively define the Z positioning of the ferrite core in the

primary and secondary coils.

[ax" £ 3
X = Repyrocs ?I X =Ry 000 3£.‘ -
/\. \ 6. x-x,_.oucm'—'
47 T 6
T= Rxou:!ﬂ'l«? Y= Reoyursind — | l:r“
/ \ 6 ¥ = Rypypsinl — |
(5% Z=Rmp oc R Z=Fzp o Rar i )
X=Rxour“‘_ 5. ZaRzpor R::
PG
5x
¥ = Repyrsin 5 !

Z=Rp or R \ Xa Rxowcos

F=R su*—
/ o L8,

Faa
X =Ry, 008 L. | ZaRip or Ris
L% ¥,

/ o"l""

6 \
| |
¥=Ryopesin — X = Rypypcos{0)
Z=Rip oc Res ¥ = Rypypsin(0)
Z = R2zp 0f Rzs
7
X =Rypyrcos — | 130
L8 / ~ 115
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- \ 6 ) g Xxounr' —_
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¥=Reoursinf =~ | Z-Ripor R
Z=Rzpor Rz

FIGURE 6.3: Proper placement of ferrite cores outside the coil
Geometric formula for proper positioning of 12 ferrite cores outside the coil. Based
on equations (6.1) and (6.2) as well as the XY Z positioning given in Fig. 6.3,
other proper configurations of ferrites cores outside the coils can be achieved.

With the use of COMSOL multiphysics software, the following steps are carried out

in order to achieve the purpose of this thesis:
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The development of the 3-D MCS model geometry is implemented based on

the technical specifications given in Tables 6.1 and 6.2.

Air material, copper material, ferrite cores, non-conducting magnetic material
that covers the coils and chassis (i.e., underbody structure) of EVs are incor-

porated in the MCS model geometry developed.

Magnetic fields (mf) is the physics studied in the MCS model developed. In
addition, it comprises Ampere’s law, magnetic insulation and multi-turn coil

domains for the primary and secondary coils.

Finer mesh of the MCS model is implemented. This is because the finer the

mesh the greater the accuracy of the results obtained.

AC frequency domain solver is employed. That is, frequency domain elec-
tromagnetic field modelling with the AC/DC module is implemented in this
research study. This is because the AC/DC module of COMSOL offers a fre-
quency domain form of the magnetic fields interface. Thus magnetic field is not
set up for time dependent solvers. Also, in COMSOL, transient analysis is not

available for 3-D magnetic fields analysis.

The model equations for the frequency domain study of magnetic fields are

obtained from COMSOL as

J. = (jwo —w e )A+V x (ug'w, ' B) —ov x B (6.3)

B = VxA (6.4)
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where J, = ¥ I{g"“ €coil and B = popu,-H are respectively the multi-turn coil equa-

tion and the constitutive relation. B is the magnetic flux density, H is the
magnetic field strength, pg is the permeability of free space, pu,. is the relative
permeability of air, o is the electrical conductivity, v is the electric scalar po-
tential, J, is the uniformly external current desnity in the Litz wire, A is the
magnetic vector potential, N is the multi-turn coil, I.,; is the primary coil
current, e..; is the coil excitation, which is current, w is the angular frequency,
which is given by 27 f, €y is the permittivity of vacuum and e, is the relative

permittivity of copper.

e Lastly, results for the AC magnetic flux density in 1-D, 2-D and 3-D are obtained

as well as the values for the mutual inductance and induced voltage.

6.3 Presentation of Results: MCS for E-bike

6.3.1 MCS Models without Magnetic core

The MCS model geometry without ferrite cores, but with structural steel cover is
shown in Fig. 6.4. Firstly, air material (. = 1,¢, = 1 and 0 = 0.01 %) is applied to
the model (see Figs. 6.4a and 6.4b). Normally, ., = 0, but to avoid singularities in
the model, it is arbitrarily set to a small value. In this study, in order to stabilize the
frequency domain solver, o4, = 0.01 % is used. Afterwards, copper (u, = 1,6, =1
and 0 = 6 x 107 %) and structural steel materials are incorporated in the model (see

Figs. 6.4c and 6.4d respectively).
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Structural steel is a non-conducting magnetic material (., = l,¢, = 1 and o0 =
4.032 x 107 %), which covers the bottom part of the primary coil and the top part
of the secondary coil. This is done to help improve the mutual coupling between the
coils. In addition, Fig. 6.5 shows the mesh type employed (see Fig. 6.5a) and the
results obtained (see Figs. 6.5b to 6.5d) for the model shown in Fig. 6.4. A finer mesh

is used because the finer the mesh the greater the accuracy of the results obtained.

! b

FIGURE 6.4: MCS model without ferrite core, but with structural steel cover
(a) 3-D geometry (b) air material (c) copper material (d) structural steel cover

Figure 6.6 shows the MCS model geometry without ferrite cores, but with iron cover
(ur = 4000,€, = 1 and ¢ = 1.12 x 107 £). The results obtained for this model are

given in Fig. 6.7. With the use of iron cover, the values obtained for the mutual
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inductance and induced voltage are small compared to the ones obtained with struc-
tural steel cover (see Table 6.3). Also, the 1-D plots given in Figs. 6.5d and 6.7d
show that with structural steel cover, a uniformly distributed magnetic flux density
is obtained compared to the case with iron cover. Thus to ensure that a uniform
distribution of the magnetic flux density around the coils is achieved, structural steel
cover is employed in this study for the covering of the bottom part of the primary
coil and the top part of the secondary coil.

a b
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FIGURE 6.5: Results for MCS without ferrite core, but with structural steel cover
(a) finer mesh, AC magnetic flux density plots in: (b) zyz plane, (c¢) yz
plane and (d) 1-D plot: magnetic flux density versus x, y and z coordinates
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FIGURE 6.6: MCS model without ferrite core, but with iron cover
(a) 3-D geometry (b) air material (c) copper material (d) iron cover
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FIGURE 6.7: Results for MCS model without ferrite core, but with iron cover

(a) finer mesh, AC magnetic flux density plots in: (b) zyz plane, (c) yz
plane and (d) 1-D plot: magnetic flux density versus x, y and z coordinates

TABLE 6.3: Comparisons between structural steel and iron covers

MCS models Mutual inductance (nH) Induced voltage (V)

1-D plot
Structural steel cover 61.886 0.1240 see Fig. 6.5d
Iron cover 59.520 0.1200 see Fig. 6.7d

6.3.2 MCS Models with only Magnetic core for E-bike

The MCS models presented in subsection 6.3.1 comprise air-cored coils with cover

material for the coils. They do not have magnetic core thus a very low mutual

inductance and induced voltage are obtained (see Figs. 6.5 and 6.7 and Table 6.3).
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A magnetic core is a piece of magnetic material with a high permeability. It is used
to confine and guide magnetic fields in electrical, electromechanical and magnetic
devices. The presence of the magnetic core can increase the magnetic field of a coil,
the mutual inductance between the air-cored coils and induced voltage by a factor of
several thousand over what it would be without the core. Thus the use of magnetic
core can enormously concentrate the strength and increase the effect of magnetic

fields produced by electric currents (see Figs. 6.8, 6.9 and 6.10).

a c

d

6 ferritecoresinside 8 ferrite coresinside
M =5149.0nH M =8947.0nH
V,_,=10350V V., =18.000V

12 ferrite cores inside
M =13297nH
V,=26730V

FIGURE 6.8: MCS model with ferrite cores inside: E-bike case study
Proper configuration of ferrite cores inside the air-cored coils: (a)
6 ferrite cores (b) 8 ferrite cores (c) 12 ferrite cores (d) de-
rived values for the induced voltage and mutual inductance.

In this subsection, MCS models with only ferrite cores (i, = 2300,¢, = 1 and o = 0)
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inside, outside and both are investigated, and the proper arrangement of the ferrite
cores are based on equations (6.1) and (6.2) together with the concept behind the

geometric formulas given in Figs. 6.2 and 6.3.

Given in Figs. 6.8a, 6.8b and 6.8c are the MCS models with only 6,8 and 12 ferrite
cores inside respectively. Also, Figs. 6.9a, 6.9b and 6.9¢ show the MCS models with
only 12,16 and 24 ferrite cores outside respectively. Lastly, Figs. 6.10a, 6.10b and
6.10c show the MCS models with only 6 cores inside and 12 cores outside, 8 cores

inside and 16 cores outside, 12 cores inside and 24 cores outside respectively.

a c

12 ferrite cores outside 16 ferrite cores outside
M =10495 nH M =4069.7nH
V,,=21.100V V,, =8.1830V

24 ferrite cores outside
M =559.55nH
V.. =0.7030V

FIGURE 6.9: MCS model with ferrite cores outside: E-bike case study
Proper configuration of ferrite cores outside the air-cored coils: (a)
12 ferrite cores (b) 16 ferrite cores (c) 24 ferrite cores (d) de-
rived values for the induced voltage and mutual inductance.
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It is important to note that the performance of the designed models are determined
by the values of the mutual inductance and induced voltage obtained from COM-
SOL. Thus based on the values obtained in Figs. 6.8d, 6.9d and 6.10d, the order of
performance of the MCS models with only ferrite cores is as follows: (1) 8 ferrite
cores inside and 16 ferrite cores outside, (2"?) 12 ferrite cores inside and (3¢) 12

ferrite cores outside (see Table 6.4).

6 inside & 12outside 8 inside & 16 outside
M =7416.6nH M =14611 nH
V,, =14910V V,.=29380V

12 inside & 24 outside
M =6450.9nH
V. =12.970V

FIGURE 6.10: MCS model with ferrite cores inside and outside: E-bike case study
Proper configuration of ferrite cores inside and outside the air-cored coils: (a)
6 inside and 12 outside (b) 8 inside and 16 outside (c) 12 inside and 24
outside (d) derived values for the induced voltage and mutual inductance.

TABLE 6.4: MCS models with only ferrite cores: case study for E-bike

Order of performance Mutual inductance (nH) Induced voltage (V) MCS models
1 14611 29.380 see Fig. 6.10b
2 13297 26.730 see Fig. 6.8c
3 10495 21.100 see Fig. 6.9a
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6.3.3 Overall Performance of MCS Model for E-bike

In this section, a complete MCS model with ferrite cores and structural steel cover

(see Figs. 6.11, 6.12 and 6.13) is implemented based on the order of performance

presented in Table 6.4.

a
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FIGURE 6.11: E-bike - a complete MCS model with cores inside and outside
Incorporation of (a) 8 ferrite cores inside and 16 ferrite cores outside and
(b) structural steel cover (c¢) AC magnetic flux density plot in 3-D and
(d) 1-D plot: magnetic flux density versus x, y and z coordinates.

In this research study, the overall performance of the complete models is determined

by the values of the mutual inductance and induced voltage obtained from COMSOL.

Based on that information, the best MCS model design for E-bikes is as follows: The
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first is the complete MCS model comprising 12 ferrite cores (see Fig. 6.13), the
second is the complete MCS model comprising 12 ferrite cores inside (see Fig. 6.12)
and the third is the complete MCS model comprising 8 ferrite cores inside and 16

ferrite cores outside (see Fig. 6.11).

By taking Fig. 6.5 as the basis for comparison (see Table 6.5), it is found out that
with the incorporation of ferrite cores in the complete MCS models, the performance
of the system is 13 times better (see Figs. 6.5 and 6.11), 27 times better (see Figs. 6.5

and 6.12) and 37 times better (see Figs. 6.5 and 6.13).
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FIGURE 6.12: E-bike - a complete MCS model with cores inside
Incorporation of (a) 12 ferrite cores inside and (b) structural
steel cover (c¢) AC magnetic flux density plot in 3-D and (d) 1-
D plot: magnetic flux density versus =z, y and 2z coordinates.
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FI1GURE 6.13: E-bike - a complete MCS model with cores outside
Incorporation of (a) 12 ferrite cores outside and (b) structural
steel cover (c¢) AC magnetic flux density plot in 3-D and (d) 1-
D plot: magnetic flux density versus x, y and =z coordinates.

TABLE 6.5: Complete MCS models: case study for E-bike

Order of performance Mutual inductance (nH) Induced voltage (V) MCS models Model Performance
1 2276.0 4.5770 compare Figs. 6.5 and 6.13 37
2 2682.0 3.3700 compare Figs. 6.5 and 6.12 27
3 819.60 1.6480 compare Figs. 6.5 and 6.11 13

This section presents a complex and realistic MCS model for a closely-coupled LIPT
system: a case study for E-bike. In conclusion, the complete MCS models, which
incorporate structural steel cover with several arrangements of ferrites show that the
complete design of MCS model with 12 ferrite cores outside is most the suitable and

effective model for the battery charging of E-bikes.
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6.4 Presentation of Results: MCS Models for EVs

6.4.1 MCS Models without Magnetic core

The MCS model geometry given in Fig. 6.14a does not have ferrite cores. However,
it comprises the air material (see Fig. 6.14b), copper material (see Fig. 6.14c) and
structural steel that covers the bottom part of the primary coil and top part of the
secondary coil (see Fig. 6.14d). The model also includes iron plate (u, = 4000, ¢, = 1

and 0 = 1.12 x 107 £).

FIGURE 6.14: MCS model for EVs without ferrite cores
(a) 3-D geometry (b) air material (c) copper material (d) structural steel cover
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In this study, the iron plate (Fig. 6.15a) is the chassis (i.e., the underbody structure)
of EV and also the metallic part covering the primary coil installed underground.
The mesh type employed for the model developed is shown in Fig. 6.15b. The results
obtained for the 3-D AC magnetic flux density is shown in Fig. 6.15¢ and the 1-D plot

for the magnetic flux density versus x,y and z coordinates are given in Fig. 6.15d.

a b

o
o

M =1.4950 nH
V,,=0.0047 V

& 1852107
=107

¥4

FIGURE 6.15: Results for MCS model for EVs without ferrite cores
(a) Iron plate (b) finer mesh (c¢) 3-D AC magnetic flux density and (d) 1-D plot for
magnetic flux density versus z,y and z coordinates.
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6.4.2 MCS Models with only Magnetic core for EVs

The MCS model presented in subsection 6.4.1 does not have ferrite core. Thus a very
low mutual inductance and induced voltage of M = 1.4950 nH and Vj,; = 0.0047 V/

are obtained (see Fig. 6.15).

In this subsection, only MCS models with ferrite cores inside, outside and both are
investigated. Also, the proper placement of the cores are based on equations (6.1)

and (6.2) plus the concept behind the geometric formulas given in Figs. 6.2 and 6.3.

a [y

d
6 ferrite coresinside 8 ferrite coresinside
M =329.43nH M =1706.0nH
V.. =1.0350V V.. =5.6550V

12 ferrite cores inside
M =1828.0nH
V,,=57410V

FIGURE 6.16: MCS model with ferrite cores inside: EV case study
Proper arrangement of ferrite cores inside the air-cored coils (a)
6 ferrite cores (b) 8 ferrite cores (c) 12 ferrite cores (d) de-
rived values for the induced voltage and mutual inductance.
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Given in Figs. 6.16a, 6.16b and 6.16c are the MCS models with only 6,8 and 12
ferrite cores inside respectively. Also, Figs. 6.17a, 6.17b and 6.17c show the MCS
models with only 12,16 and 24 ferrite cores outside respectively. Lastly, Figs. 6.18a,
6.18b and 6.18¢ show the MCS models with only 6 cores inside and 12 cores outside,

8 cores inside and 16 cores outside, 12 cores inside and 24 cores outside respectively.

a [

12 ferrite cores outside 16 ferrite cores outside

M =1251.0nH M =622.10nH
V,,=3.9300V V,,=19540V
24 ferrite cores outside
M =247.00nH
V.. =07760V

FIGURE 6.17: MCS model with ferrite cores outside: EV case study
Proper placement of ferrite cores outside the air-cored coils (a)
12 ferrite cores (b) 16 ferrite cores (c) 24 ferrite cores (d) de-
rived values for the induced voltage and mutual inductance.

It is important to note that the performance of the designed models are determined
by the values of the mutual inductance and induced voltage obtained from COMSOL.

Thus based on Figs. 6.16d, 6.17d and 6.18d, the order of performance of the MCS
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models with only ferrite cores is as follows: (1%%) 12 ferrite cores inside, (2"¢) 8 ferrite

cores inside and (3"?) 12 ferrite cores outside (see Table 6.6)

d
6 inside & 12 outside 8inside & 16 outside
M =728.60nH M =249.80nH
V,, =2.2890V V,,=0.7850V

12 inside & 24 outside
M =637.70nH
VvV, =18400V

FIGURE 6.18: MCS model with ferrite cores inside and outside: EV case study
Proper configuration of ferrite cores inside and outside the air-
cored coils (a) 6 cores inside and 12 cores outside (b) 8 cores in-
side and 16 cores outside (c) 12 cores inside and 24 cores outside
(d) derived values for the induced voltage and mutual inductance.

TABLE 6.6: MCS models with only ferrite cores: case study for EVs

Order of performance Mutual inductance (nH) Induced voltage (V) MCS models
1 1828.0 5.7410 see Fig. 6.16¢
2 1706.0 5.6550 see Fig. 6.16b
3 1251.0 3.9300 see Fig. 6.17a
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6.4.3 Overall Performance of MCS Models for EVs

In this section, a complete MCS model with ferrite cores, structural steel cover, metal-
lic covering of the primary coil installed underground and the underbody structure of

EV is implemented based on the order of performance presented in subsection 6.4.2.

The overall performance of the complete MCS models (see Figs. 6.19, 6.20 and 6.21)

are determined by the values of the mutual inductance and induced voltage obtained

from COMSOL.

1 t.
M = 685.60 nH
V,, =2.1540V :
b Feq(l]=20000 Mutisie: Magnetic ix Semly nanm (T) A~vow Volume: Magratic fux densly
Arow Voleme: Magnetic s derity

A0O1
H10"

o . Yl o

FIGURE 6.19: EV - a complete MCS model with 12 ferrite cores inside
Incorporation of (a) 12 ferrite cores inside (b) structural steel cover (c)
underbody structure of EV and the metallic plate that covers the pri-
mary coil installed underground, (d) 3-D AC magnetic flux density.
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Based on the complete MCS models presented in Figs. 6.19, 6.20 and 6.21, the fol-
lowing are the order of overall performance: the first is the complete MCS model
with 8 ferrites inside (see Fig. 6.20), the second is the complete MCS model with 12
ferrite cores inside (see Fig. 6.19) and the third is the complete MCS model with 12

ferrite cores outside (see Fig. 6.21).

M =1446.4nH
V,, =4.5440V

d
Treqil]=T0000 Mutiske: Magnetic W fensity norm [T) Ao Viokame: Magretk R dendty
Arow Volume: Magretic Sux dently

Ano
=167

FIGURE 6.20: EV - a complete MCS model with 8 ferrite cores inside
Incorporation of (a) 8 ferrite cores inside (b) structural steel cover (c)
underbody structure of EV and the metallic plate that covers the pri-
mary coil installed underground, (d) 3-D AC magnetic flux density.

Finally, by taking Fig. 6.15 as the basis for comparison, it is found out that with the

incorporation of ferrite cores in the complete MCS models, the performance of the
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system is 5 times better (see Figs. 6.15 and 6.19), 10 times (see Figs. 6.15 and 6.20)

and 3 times (see Figs. 6.15 and 6.21).

i o
M =444.70nH
ind

b Vv, ,=13970V d
-. - : mv‘;:-unm:u::vmmhm

A 261N
w1t

25
2
20
o
1%
o
a
vis

-

L L.x 2 2 ¥ L‘ * &

4x 10

FIGURE 6.21: EV - a complete MCS model with 12 ferrite cores outside
Incorporation of (a) 12 ferrite cores outside (b) structural steel cover (c)
underbody structure of EV and the metallic plate that covers the pri-
mary coil installed underground, (d) 3-D AC magnetic flux density.

TABLE 6.7: Complete MCS models: case study for EVs

Order of performance Mutual inductance (nH) Induced voltage (V) MCS models Model Performance
1 1446.4 4.5440 compare Figs. 6.15 and 6.20 10
2 685.60 2.1540 compare Figs. 6.15 and 6.19 5
3 444.70 1.3970 compare Figs. 6.15 and 6.21 3

This section presents a complex and realistic MCS model for a loosely-coupled LIPT
system: a case study for EVs. In conclusion, the complete MCS models, which

incorporate several arrangements of ferrite cores, structural steel cover, metallic part
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and chassis for the EV, show that the complete design of MCS model with 8 ferrite

cores inside is the most suitable and effective model for the battery charging of EVs.

6.5 EVs: MCS Model with Misalignment

This section presents a more complex and realistic MCS model with misalignment for
EVs, and it is implemented based on the best model presented in subsection 6.4.3,

which is the complete MCS model with 8 ferrite cores inside (see Figs. 6.22 to 6.27).

A b

FIGURE 6.22: MCS model with misalignment: 6 = %
(a) x =—=0.1mand z = —-0.1m, (b) x = —0.1 m and z =0, (c) z = —0.1 m and
z=01m,(d)z=0and z=—-0.1m
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To achieve this task, lateral misalignment and coil separation distance respectively
with a deviation of £0.1 m in the x and z directions for a particular angular mis-

alignment of § = £ and 0 = 3—7; are studied in this thesis.

FIGURE 6.23: MCS model with misalignment: 6 = %
(a) r=0and 2=0, (b) z=0and z=0.1m, (¢c) x =0.1 m and z = —0.1 m and
(d)z=01mand z2=0
The several misaligned MCS models and the results obtained for their mutual induc-
tance and induced voltage are shown in Figs. 6.22 to 6.27. These models consist of
air-cored coils with 8 ferrite cores inside, structural steel covering for the bottom part
of the primary coil and top part of the secondary coil, metallic plate which covers

the primary coil installed underground and the iron plate which serves as the chassis

or underbody structure of EVs.
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In this section, a more complex and realistic MCS model for EVs are implemented
(case studies with several coil separation distances and misalignment). The results
(see values for the mutual inductance and induced voltage in Figs. 6.24 and 6.27)
obtained show that the best MCS model for EVs (see Fig. 6.20) has the capacity to

tolerate the several coil separation distances and misalignment studied in this thesis.

Ax (m)
0.1 0 0.1
Az (m)
M =72529nH M =36265nH M =1661.50H
1 V,_, =52405V V,_=26192V vV, =12005V
0 M =730137nH M =3650.7nH M =1746.7nH
V_, =33425V V_=26712V V_=12784V
-1 M =2900.8nH M =1383.0nH M =664 110H
v_=10521V V_ =5.0356V V_ =24110V

FIGURE 6.24: Results for MCS model with misalignment: 6 = %
(a) 2 = 0.1 m and z = 0.1 m, (b) 1-D plot for magnetic flux density versus z,y
and z coordinates, and (d) values for the mutual inductance and induced voltage.
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FIGURE 6.25: MCS model with misalignment: 6§ = g—”

5
(a) x =—0.1m and z = —0.1m, (b) x = —0.1 m and 2 =0, (c) v = —0.1 m and
z=01m,(d)z=0and z=—-0.1m
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FIGURE 6.26: MCS model with misalignment: 6§ = g—’g
(a) r=0and z=0, (b) z=0and z=0.1m, (¢c) x =0.1 m and z = —0.1 m and
(d)z=01mand z=0



101

Ax (m)
-1 1] 01
Az (m)

M =3373.40H M =1686.7nH M =T72779 0l

= Vv, =24374V v, =12.182V V., =5.5837V

o M =33959nH M =1698.0nH M =812.42n1H

V_, =24.849V v, =12424V V,_, =5.9460V

0-1 M =134921H M =645581H M —308.881H

v, =12.182V Vv, =23421V Vv, =11213V

FIGURE 6.27: MCS model with misalignment: § = %

(a) z = 0.1 m and z = 0.1 m, (b) 1-D plot for magnetic flux density versus z,y
and z coordinates, and (d) values for the mutual inductance and induced voltage.

6.6 Conclusion

The aim of this thesis is to investigate the best design of MCS model that is suitable

and effective for the battery charging of EVs and E-bikes.

In this chapter, a more complex and realistic MCS models for a closely and loosely
coupled LIPT systems are designed, computed and investigated by using a 3-D FEA
package called COMSOL multiphysics. The designed MCS models incorporate air-

cored coils with proper configuration of magnetic cores (e.g ferrite), structural steel
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covering for the bottom part of the primary coil and top part of the secondary coil
and iron plate which serves as a covering for the primary coil installed underground

and the chassis or underbody structure of EVs.

Section 6.2 presents the MCS model description for E-bikes (closely-coupled LIPT
system) and EVs (loosely-coupled LIPT system). Section 6.3 presents the results of
the MCS models for E-bikes. Section 6.4 presents the results of the MCS models for

EVs. Section 6.5 presents the results of the MCS model with misalignment: a case

study for EVs.

The performance of the designed models are determined by the values of the mutual
inductance and induced voltage obtained from COMSOL. Based on that information,
the results obtained show that the complete design of MCS model with 12 ferrite cores
outside is the most suitable and effective model for the battery charging of E-bikes.
Furthermore, the results obtained show that the complete design of MCS model with
8 ferrite cores inside is the most suitable and effective model for the battery charging
of EVs. Lastly, the results obtained show that the best MCS model for EVs can

tolerate the several coil separation distances and misalignment considered.



Chapter 7

CONCLUSION

Users and owners of electric vehicles (EVs) feel uncomfortable because EVs require
sufficient electrical energy battery storage on-board to provide sufficient driving au-
tonomy. Lumped inductive power transfer (LIPT) system is a modern technology
that allows the transfer of electric power between its air-cored primary and secondary
coils via a high frequency magnetic field to a consuming device. Unlike the conven-
tional plug-in system (see Fig. 2.1), LIPT system is capable of providing a safe,
efficient and convenient overnight recharging of EVs. However, its main limiting
factor is the poor performance of its magnetic coupling structure (MCS), which is
intended to transfer power efficiently. Thus the problem statement of this thesis is
to improve the performance of MCS models for a closely and loosely coupled LIPT
systems. With the objective of investigating the best design of MCS model for LIPT
systems that is suitable and effective for the battery charging of EVs and E-bikes,

the following sub-problems are studied:

103
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e Implementation of MATLAB codes to compute the mutual inductance between
air-cored FC coils with and without lateral and angular misalignment, and
also the computation of the mutual inductance between FC coils arbitrarily

positioned with respect to each other.

e MATLAB computation and experimental validation of the magnetic fields be-

tween two FC coils.

e Design of computational models of a 3 kW single-phase and 22 kW three-phase

IPT models by using MATLAB/Simulink.

e 3-D FEA modelling, computation and investigation of a more complex and
realistic MCS of a closely and loosely coupled LIPT systems for E-bikes and

EVs respectively.

7.1 Summary of Research Results

Chapter 3 of this thesis presents the rederived models for the computation of the
mutual inductance between FC coils with and without lateral and angular misalign-
ment. Also, the computation of the mutual inductance between FC coils arbitrarily
positioned in space is presented. MATLAB software is used to obtain the graphical
and numerical results presented, and the clarifications concerning the errors made
are presented. Generally, the results obtained show that as the values of the coil
separation distance and misalignment (e.g. lateral and angular) increase, the value

of the mutual inductance M between the coils decreases (see Figs. 3.4 - 3.7 and
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Tables 3.1 - 3.2). Thus it is possible for a MCS model to have an increased mutual
inductance value provided that the air-cored coils have a reduced diameter and an
increased number of turns. Nonetheless, the model presented in this section deals

with a non realistic MCS model of LIPT systems for EVs and E-bikes.

In comparison to chapter 3, MATLAB computation for the voltage and current in-
duced in the secondary side of the FC coil is achieved by deriving the models for
computing the total magnetic flux and the mutual inductance between the two coils.
With the help of the formulated models, it is observed that the values of the mag-
netic fields as well as &7, M and V can be increased provided a higher frequency
AC voltage is supplied to the primary coil, the number of turns of the coils are in-
creased and the diameter of the coils are reduced. The comparison of the results
show that the model formulated and experimental measurements implemented in the
laboratory are accurate. Nonetheless, it is important to note that the non-conducting
magnetic material which covers the coils of the inductive charger is not considered in

the formulated model. Thus there is a need to obtain a realistic MCS model.

Unlike in chapters 3 and 4, series-series capacitive compensation is applied to the
two sides of the air-cored coils; the results obtained show that with SS capacitive
compensation, the power transfer efficiency between the air-cored coils increased by
15.04% due to the partial compensation of the large leakage reactance associated with
its primary and secondary coils, and based on that concept, computational models
of a 3 kW single-phase and 22 kW three-phase IPT systems for EVs are designed

using MATLAB/Simulink. Nonetheless, since the objective of this thesis is to design
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a suitable and an effective MCS model of LIPT systems for EVs and E-bikes, it is
seen that chapters 3 to 5 deal with a non-realistic MCS model for LIPT systems.

This is because the models studied do not incorporate magnetic cores (e.g. ferrite).

In order to recommend a suitable and an effective MCS model that can help transfer
electric power more efficiently for the battery charging of EVs and E-bikes, a 3-D
finite element analysis (FEA) package called COMSOL multiphysics is used to design,
compute and investigate a more complex and realistic MCS model for LIPT systems.
The designed MCS models incorporate air-cored coils with proper configuration of
ferrite cores, structural steel covering for the bottom part of the primary coil and top
part of the secondary coil and lastly, iron plate which serves as a covering for the
primary coil installed underground and the chassis or underbody structure of EVs.
The performance of the designed models are determined by the values of the mutual
inductance and induced voltage obtained from COMSOL. Based on that information,
the results obtained show that the complete design of MCS model with 12 ferrite cores
outside is the most suitable and effective for the battery charging of E-bikes, and by
taking Fig. 6.5 as the basis for comparison, it is found out that the performance of
the complete MCS models with 12 ferrite cores outside is 37 times better than in the
case without ferrites (see Figs. 6.5 and 6.13). Also, the results obtained show that
the complete design of MCS model with 8 ferrite cores inside is the most suitable
and effective for the battery charging of EVs, and by taking Fig. 6.15 as the basis for
comparison, it is found out that the performance of the complete MCS models with 8
ferrite cores inside is 10 times better than in the case without ferrites (see Figs. 6.15

and 6.20).
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Finally, MCS model with misalignment is implemented based on the complete design
of MCS model with 8 ferrite cores inside, and the results obtained show that the model

can tolerate the several coil separation distances and misalignment considered.

7.2 Recommendation for Future Research Work

This research study is worth doing because of the useful and relevant information it
provides to electrical engineers and researchers in the field of electromagnetic coupling

structure for LIPT systems (most especially, case studies for EVs and E-bikes).

Concerning the design of electromagnetic systems (e.g. LIPT systems), leakage mag-
netic fields are one of the primary issues to be studied. This is because they con-
tribute to various undesirable effects in many electromagnetic applications. In order
to reduce such fields, one of the future research studies is to investigate the leak-
age magnetic fields due to the MCS models for LIPT systems (most especially, case

studies for E-bikes and EVs).

Furthermore, based on the objective of this thesis, another future research work is to
validate the results obtained in Chapter 6. Firstly, this will be done by implementing
a physical prototype of MCS model for a closely-coupled LIPT system (case study
for E-bike battery charging) and secondly, by constructing MCS model for a loosely-

coupled LIPT system (case study for EV battery charging).

Finally, an important future research study concerning the design of MCS models for

LIPT systems is to evaluate the radiation of electromagnetic fields on human body.
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