
Wireless power transfer system for

continuous charging of electric vehicles

André Pereira Mendes

September 2017





Wireless power transfer system for

continuous charging of electric vehicles

Supervisor:

Prof. Dr. André Manuel dos Santos Mendes

Co-Supervisor:

Emanuel Gonçalves Marques

Jury:

Prof. Dr. Aníbal Traça de Carvalho Almeida

Prof. Dr. André Manuel dos Santos Mendes

Prof. Dr. António Paulo Mendes Breda Dias Coimbra

Dissertation submitted in partial ful�llment for the degree of Master of Science in

Electrical and Computer Engineering.

September 2017





Acknowledgements

This journey has been full of challenges and di�culties, but like everything else, with

hard work and perseverance anything is possible. However, to say that anything can be

accomplished without help would be a ridiculous statement.

In that sense, I would �rst like to thank my family, in particular my parents because

without their help and guidance nothing like this would have been possible. I also have to

express great gratitude for my brother Miguel because of the continuous support throughout

this journey and for always being a friend. Additionally, I would like to thank my sister

So�a for always being helpful and giving good advice.

The invaluable help from my supervisor Professor André Manuel dos Santos Mendes is

also very important and without it, this would have been much more di�cult. His vision

and advice were always an assurance that the work would be moving in the right direction.

I would also like to thank Emanuel Gonçalves Marques for his great advice and help in the

conclusion of this thesis.

Finally, I would like to thank my closest friends and colleagues that I met while studying

at University of Coimbra. Your support, encouragement and companionship allowed me to

keep being motivated to �nish this work.

iii



Resumo

O veículo de combustão interna é, ainda hoje, a opção preferida na mobilidade automóvel.

No entanto, com os crescentes incentivos à redução do uso dos combustíveis fósseis e a

aposta em energias renováveis, levaram ao aparecimento de outros tipos de veículos. Nesse

sentido, o veículo eléctrico (VE) apresenta-se como uma alternativa viável que combina alto

rendimento e bom desempenho.

A energia armazenada nas baterias é necessária para o funcionamento do VE e precisa

de ser carregada periódicamente. Por outro lado, o carregamento requer que o utilizador

intervenha no processo, o que implica, entre outros problemas, o eventual esquecimento

de efetuar o carregamento do VE. Surge então a necessidade de arranjar formas rápidas,

e�cientes e cómodas para o carregamento das baterias do VE.

Assim, neste trabalho é proposto um sistema de transferência de energia sem �os para car-

regamento de veículos eléctricos de forma dinâmica, isto é, enquanto o veículo se movimenta.

Este sistema baseia-se nas leis de Ampère e Faraday e tem um funcionamento semelhante ao

de um transformador, apesar de os entreferros serem bastante maiores. Por forma a trans-

ferir energia su�ciente para um veículo em movimento diferentes variáveis devem ser tidas

em conta. Neste trabalho dá-se especial atenção à estrutura de acoplamento, em particular

às diferentes geometrias usadas tanto no primário como no secundário.

Fundamentalmente o estudo passa por uma comparação detalhada das geometrias que

apresentem viabilidade para WPT em movimento, com a análise dos parâmetros que in�uen-

ciam a transferência de energia, como sejam o factor de acoplamento e a indutância mútua.

Estes estudos foram feitos com auxílio de um software de elementos �nitos que permite a

análise magnética e elétrica do sistema. As simulações foram feitas em regime estacionário

e transitório, em que três diferentes tipos de movimento foram estudados referentes aos

eixos x, y e z. O principal objectivo é avaliar a tolerância a desalinhamentos das estruturas

consideradas bem como a in�uência da velocidade dos veículos na transferência de energia.

Palavras-Chave: VE, WPT, topologias, longo, segmentado

iv



Abstract

The internal combustion vehicle is, still today, the preferred option for automobile mobility.

However, the increasing incentives towards the reduction of fossil fuel consumption and the

investment in renewable energies lead to the outbreak of other types of vehicles. In that

sense, the electric vehicle (EV) presents itself as a viable alternative that combines high

e�ciency and good performance.

The battery's electric charge is necessary for the vehicle operation and needs to be charged

periodically as the car moves. On the other hand, charging requires the user to intervene

in the process, which implies, among other problems, the possibility to forget to charge the

EV. The need arises to �nd quick, e�cient and convenient ways to charge batteries of EVs.

Thus, in this work a dynamic wireless power transfer system (WPT) for continuous

charging of electric vehicles on the road is proposed. This system is based on the laws of

Ampère and Faraday and operates in a similar manner to the transformer, although with

larger air gaps. In order to transfer su�cient energy to a moving vehicle several variables

must be taken into account. In this work, special attention is paid to the magnetic coupling

structures, in particular to the di�erent geometries used in both the primary and secondary.

Essentially, the study involves a detailed comparison of the geometries that present fea-

sibility for dynamic WPT, with the analysis of the parameters that in�uence the transfer of

energy, such as coupling factor and mutual inductance. These studies were made with the

aid of a �nite element software that allows a magnetic and electrical analysis of the system.

The simulations were done in a steady state and transient state environment, in which three

di�erent types of movement were considered along the x, y and z axis. The main goal is to

evaluate the tolerance to misalignments of the chosen structures as well as the in�uence of

vehicle speed in the energy transfer.

Keywords: EV, WPT, topologies, long, segmented
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�Thoroughly conscious ignorance is the prelude to every real advance in

science."

� James C. Maxwell
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Chapter 1

Introduction

Interest in other ways of powering transportation systems has been growing as the use

of fossil fuels is increasingly discouraged. The remarkable investment towards the use of

environmentally friendly technologies has pushed forward several alternatives that have great

potential to completely revolutionize the market. One of such technologies is the electric

vehicle (EV), which is capable of running solely on electricity.

Similarly to the internal combustion engine (ICE) vehicles, energy can be used imme-

diately by the traction motors or stored on-board. EVs make use of batteries that contain

electric charge and need to be recharged periodically. The storage characteristics of the cur-

rent batteries lack the power density to compete evenly with gasoline powered vehicles [1].

As the need to higher ranges arises, the charging times also increase, as well as the battery's

total weight. Furthermore, the high initial investment cost and the limited range provided

deter people from considering this option.

The physical and economic limitations are not the only bottlenecks in this technology.

The current modes of EV charging use plugs and require the user to connect them manually

to a mains power outlet or a dedicated charging station. This compromises the security of

people and can expose them to potential safety hazards. Besides, these charging stations

are exposed to the elements and external conditions which can cause some of these stations

to be out of service. On a related note, the users themselves are prone to forgetfulness in

charging the EV or mishandling the electrical equipment. All of these considerations have

an overall negative impact in the EV's reputation, therefore the need arose to �nd new ways

to charge an EV with ease, safety and reliability.

To overcome this, several technologies based on wireless power transfer (WPT) have been

proposed and studied [2, 3]. Their main objective is to increase safety and also to make it

1



2 Chapter 1. Introduction

an automatic system independent of the user. Applications range from low power small

scale level to high power transmission systems. The ability to transfer energy without wires

tackles much of the inconveniences described previously.

1.1 Wireless power transfer systems

A wide range of applications have been made for WPT systems since the advent of alter-

nating current (AC) electrical systems. It all started when, in 1891, Nikola Tesla invented

his famous Tesla coil. The system had two loosely coupled circuits (primary and secondary)

tuned at resonant frequency with external capacitances. Despite the existence of some spark

losses, this invention was able to transfer energy with an e�ciency of 85% [4]. From then

on, more recent applications have bene�ted from this great advancement in science. This

includes home appliances like electric toothbrushes and mobile phones [5, 6] or transcuta-

neous medical implants [7]. More recently, high power applications like the EV and other

material handling systems have been studied and applied in practical environments.

Fig. 1.1 illustrates that WPT systems can be, in general, divided into two main types

[8]. They are de�ned based on the physical phenomena of electromagnetic �eld propagation

into near �eld or far �eld. Near �eld methods are used for transmission over relatively short

distances and can be done with inductive coupling or capacitive coupling. Conversely, for

far �elds the objective is to transfer over long distances and in this case the transmission is

done with beamed electromagnetic power, i.e. lasers and microwaves.

Inductive power transfer (IPT) is, like the name implies, the transfer of energy through

electromagnetic induction. It follows the same operation as a loosely coupled transformer,

Wireless 

Power 

Transmission

Near field

Far field

Inductive Coupling

Capacitive Coupling

Microwave

Laser

Figure 1.1: Wireless power transmission types.
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Chapter 1. Introduction 3

thus by powering the primary of a circuit with an AC current, a time variant electromagnetic

�eld will be created that will then induce a voltage in a secondary coil, e�ectively transmitting

power without wires.

A particular case within IPT is the resonant inductive coupling, in which two circuits

are operating at the same resonant frequency with capacitances connected to them, allowing

for higher power transfer e�ciency. Capacitive coupling represents the transfer of energy

with electric �elds and is also known as capacitive power transfer (CPT). Electrodes, such

as metal plates, transfer energy between each other by the oscillation of a high-frequency

electric �eld. The transmitter and receiver plates form a capacitor and the space in between

acts as the dielectric. Unfortunately, to achieve high levels of energy transfered the electric

�elds must reach high intensities, which limits possible applications. The most signi�cant

advantage of CPT is its cost and size at lower power levels, thus its applications are restricted

to small portable electronic devices [3].

The far �eld types o�er great possibility of high power transfer at large frequency lev-

els. Microwave power transmission uses two or more resonant antennae tuned to the same

frequency to achieve power transfer over longer distances than the previous types. However,

human exposure to radio frequency radiation can be dangerous, even more so as shielding

these systems is di�cult [3]. Furthermore, operating with frequencies in the MHz range

with current power electronics technology is not recommended. On another note, electricity

can be converted into laser beams to achieve long distance WPT. Despite o�ering great

energy density, it can still pose some risks associated with the beam itself [8].

Knowing all these types, it is clear that the most adequate WPT type for EVs is the

resonant IPT. They have the capability of providing enough power (>10 kW) to current

EVs with safe, reliable and robust characteristics. Electrical isolation enables operation in

wet and dusty environments. Furthermore, the galvanic isolation between the transmitter

and receiver eliminates any risk of electric shock. They are also virtually maintenance free

and immune to vandalism [9]. Current types of IPT systems applied to EVs are used in

stationary or dynamic settings. For stationary IPT a primary coupler is placed under the

ground in a speci�c location (e.g. parking lot or bus stop) and the vehicle simply needs to

be on top of that coupler to start charging.

A road powered EV (RPEV) system is charged while moving along a road without the

need to stop at a station [10]. On-line inductive power transfer (OLPT), is just a similar name

to represent any system prepared to charge EVs on the move. Table 1.1 shows a comparison

regarding performance, cost, size and necessary power levels for the most relevant wireless

3



4 Chapter 1. Introduction

Table 1.1: Comparison of di�erent types of WPT systems [3].

Technology
Performance

Cost Size
Suggested

Power LevelE�ciency EMI frequency

Inductive Power Transfer (IPT) medium medium 10-50 kHz medium medium medium/high

Capacitive Power Transfer (CPT) low medium 100-500 kHz low low low

On-Line Inductive Power Transfer (OLPT) medium medium 10-50 kHz high high high

Resonant Antennae Power Transfer (RAPT) medium medium 100 - 500 kHz medium medium medium/low

power transfer techniques.

1.2 Dynamic charging of electric vehicles

During the oil crisis of the mid 1970s, interest in new ways to power vehicles along a

roadway increased. The �rst prototypes were designed with low power levels (6 kW ) and

didn't show great potential to an operational system. After that, a 8 kW prototype was made

at Lawrence Berkeley National Laboratory, and was also a not fully operational system [11].

In the 1990s, the PATH team at University of California, Berkeley built a proof of concept 35

passenger electric bus. They achieved an e�ciency of 60% but were limited by the operating

frequency [4].

As will be further clear in the next chapters, the current leading research teams in dy-

namic wireless power transfer are the team at Korea Advanced Institute of Science and Tech-

nology (KAIST) and the Auckland Research team at University of Auckland. Researches

at KAIST have been working with on-line EVs (OLEV) since 2009 and already have some

roads electri�ed. They focus on stretched types of primary tracks and have achieved above

70% e�ciency in all their prototypes. Since the 1990s, a research team at Auckland has

been focusing on WPT systems. Their studies involve stationary IPT with a single coupler.

Despite that, they have been working more recently on segmented structures for RPEV that

use multiple primary couplers along the road [12].

Although the dynamic charging system requires more investments on the power tracks

than the stationary charging system, more cost saving can be achieved from the smaller

batteries with extended battery life [14]. Table 1.2 shows the advantages and disadvantages

of the RPEV technology. A successful implementation of the dynamic IPT system would

improve the acceptance of electric vehicles, and solve the most critical aspects in their use

[9].
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Chapter 1. Introduction 5

Table 1.2: Advantages and disadvantages of RPEV [13].

Technology Advantages Disadvantages

Dynamic

charging

• Improves e�ectiveness of space and time

necessary for charging because the battery is

recharged on the road during a trip.

• Eliminates the range anxiety associated

with EVs.

• Avoids queuing at charging stations.

• Enables unrestricted cruising where the

infrastructure is available.

• Minimizes the size and cost of the on

board battery pack.

• Necessary infrastructure.

• Design issues.

• High investment cost.

• E�ects of electromagnetic

�eld exposure.

1.3 Motivation and Objectives

From this brief introduction it is clear that wireless power transfer systems associated

with continuous powering of electric vehicles can have a great bene�t in the transportation

systems. However, as stated in table 1.2 there is a great deal of design issues to work with, and

in particular for this thesis, the design is focused on the primary track and secondary pickup.

Their architecture can be very in�uential in the �nal performance of the system, namely in

the power transfer levels, induced voltages, coupling factors and mutual inductances. All of

these parameters will di�er with the design considered. In that sense, the work done in this

thesis has the following objectives:

� Investigate the WPT systems currently being studied in roadway applications.

� Understand how the on-line IPT system works and describe its components.

� Compare the di�erent viable designs for primary and secondary structures and establish

a set of designs to study.

� Build those designs with a �nite element method, in order to comprehend how they

work electrically and magnetically.

� Study the system in steady state and transient state for di�erent positions of the

secondary along the road to evaluate the in�uence of misalignments in overall perfor-

mance.

� Investigate the impact on power transfer as a function of vehicle speed with transient

state methods.
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Chapter 2

Inductive Power Transfer System

The energy transfer from the primary coupler to the secondary coupler is done thanks

to inductive coupling. As such, this chapter will cover the basic magnetic notions behind

inductive power transfer (IPT) systems and will explain the principle of operation of the

dynamic IPT system with a focused explanation towards the magnetic couplers.

2.1 Electromagnetic notions

The inductive power transfer phenomena is governed by two fundamental principles: the

Ampère's law and the principle of magnetic induction discovered by Faraday. As such, the

integral form of Ampère's law, also known as the 4th Maxwell equation, can be expressed as∮
C

B · d` = µ0

∑
i (2.1)

which states that the line integral of the magnetic �ux density around a coil is equal to the

total current multiplied by the magnetic permeability of free space. From this notion, the

concept of magnetic �ux can be stated as being equal to

Φ =

∮
S

B · ds (2.2)

from which it can be concluded that the magnetic �ux through a surface is proportional to

its magnetic �eld, which in turn is proportional to the conductor current. Thus, Φ ∝ B ∝ i.

This relationship can be written as

Φ = Li (2.3)

with L being the inductance of the circuit. This expression is very important for this work,

as will be clear in chapter 5. On the other hand, the Faraday's law of induction has its basis

7



8 Chapter 2. Inductive Power Transfer System

on the concept that an electromotive force (emf) is induced in a coil when a time-variant

magnetic �ux is passing through it. This can be expressed as

e = −dΦ

dt
(2.4)

The previous equation gives the induced emf for just one turn if a coil has N turns then the

induced emf will be N times as much. On the other hand, the inductance L can also be

expressed as a ratio of the di�erential change in the �ux linkages to the di�erential change

in the current. That is,

L = N
dΦ

di
(2.5)

Combining equation 2.2 with equation 2.5 and knowing that H ·` = Ni and B = µ0H yields

L =
µ0N

2A

`
(2.6)

The self inductance is a purely geometric parameter and is dependent on the number of

turns N , the cross section A and the length ` of the coil. Let us now consider two coils that

are close enough to induce any voltage on each other. A time-variant current i1 in coil-1

establishes a magnetic �ux Φ1. This �ux induces an emf in coil-1. A part of the �ux, Φ12,

links coil-2 and as a result induces an emf in coil-2

e2 = N2
dΦ12

dt
= N2

dΦ12

di1

di1
dt

= M12
di1
dt

(2.7)

this means that M12 is given as

M12 = N2
dΦ12

di1
(2.8)

In a similar manner, if coil-2 carries a current i2 while coil-1 is left open and creates a �ux

Φ2, then Φ2 induces emf in coil-2. Conversely, M21 is equal to

M21 = N1
dΦ21

di2
(2.9)

Finally, if we write Φ12 = k1Φ1, where k1 de�nes the fraction of the �ux of coil-1 linking

coil-2 and Φ21 = k2Φ2, where k2 determines the portion of the �ux of coil-2 linking coil-1,

then the above expression can be simply written as

M12M21 = k1k2L1L2 (2.10)

In a linear system M12 = M21 = M , where M is the mutual inductance of coils 1 and 2.

Equation 2.10 reduces to

M = k
√
L1L2 (2.11)

8



Chapter 2. Inductive Power Transfer System 9

where k =
√
k1k2 is known as the coe�cient of coupling. Both k and M are very important

in the context of inductive power transfer systems, due to their in�uence in the overall

energy transfer capabilities. k can have values between 0 (magnetically isolated coils) and 1

(tightly coupled coils) and is a variable that provides a useful measure for directly comparing

magnetic properties of di�erent structures. It is the ratio of the �ux that links the coils within

a pad to the total �ux produced by the opposite pad. High values are desired because less

magnetomotive force is required to get the same power transfer [15].

2.2 Principle of operation

Now that the basic electromagnetic theory has been introduced, it is easier to understand

how the IPT system works. Fig. 2.1 illustrates the complete system for continuous charging

of EVs [16]. Typically, the system supplying power is stationary and can be named primary,

transmitter or source. The 3-phase power input is converted from alternating current (AC)

to direct current (DC) through a AC/DC converter and then to high frequency AC current

by a DC/AC converter. This current Ip will drive the primary track through a compensation

network and create a time-variant magnetic �eld around it, in accordance with Ampère's

law. As vehicles pass on top of the primary track, a voltage will be induced in the secondary

or pickup coils, as Faraday's law of induction states. Thus, energy is wirelessly delivered

from the primary track to the secondary pickup, through the air. The AC secondary current

Is can then be recti�ed to charge the batteries inside the vehicle. There may exist a further

DC-DC converter to reduce or increase the DC voltage in order to charge the battery pack

Figure 2.1: IPT system for dynamic charging of EVs.

9



10 Chapter 2. Inductive Power Transfer System

at a rated voltage. Electricity from these batteries can be used to power electric motors and

other loads in the EV.

A major di�erence from this system to the one found in common transformers is the

coupling factor k. The primary track built underground is some 100-300 mm away from the

secondary pickup, therefore the path between these structures is mainly composed of air,

which has a high reluctance. Consequently, it is more di�cult to transmit energy to the

secondary coil. Moreover, dynamic charging gets more challenging because of the constant

movement of the vehicle. The two inconveniences previously pointed out are responsible

for lower values of M between the primary track and the pickup coil. As a result, in a

dynamic IPT system the coupling factor ranges from 0.1 to 0.3 which makes these coils

loosely coupled.

2.3 Magnetic couplers

The magnetic structure is composed of primary and secondary coils. Figure 2.2 shows

the equivalent circuit of the magnetic coupler model at resonant frequency. The subscript p

refers to the primary, while the subscript s refers to the secondary. Having considered the

various hindrances in regards to the transfer of energy stated in the previous section, some

actions are taken to minimize those pitfalls.

� frequency : the frequency of operation is usually in the VLF range (3-30 kHz), with

the most common values ranging around 20 kHz due to the acoustic noise in lower fre-

quencies. More recently, however, the SAE international J2954 task force for WPT has

agreed in their guideline to push the frequencies of operation to 85 kHz in stationary

IPT systems [17]. This is a much higher value that translates into better performances,

less magnetic �ux leakages, less copper usage, smaller ferrites and smaller inductors.

This means that the pickup structures can be made potentially smaller and lighter,

which impacts the system cost and e�ciency. The power supplies rated for dynamic

IPT are in the hundreds of kV A or more due to the higher power demands of the EVs,

but it is di�cult to operate at such high frequencies with the current semiconductor

technologies. Moreover, the use of longer track transmitters requires proper compen-

sation with capacitors in series with the track. They need to be able to support high

frequencies and high voltage levels, which can be costly and problematic. On the other

hand, equations 2.12 and 2.13 from Fig. 2.2 show that an increase in the system's fre-

quency results in greater induced voltages which ultimately improves energy transfer.

10
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V inv





Rp I p

sp
MIjV 

RsI s

Rloadps
MIjV 

Figure 2.2: Ideal equivalent circuit in perfect resonance.

This can counter the low mutual inductances that are characteristic of these systems.

With the advent of modern semiconductor devices, the frequency limits are increasing

and consequently, cost e�ective, high power near MHz WPT for EV applications is

not very far away [18].

Vp = jwMIs (2.12)

Vs = jwMIp (2.13)

� compensation network : the use of compensation networks in both the primary track

and the pickup coils stems from the fact that these systems can have a signi�cant

reactive characteristic that is responsible for low power transfer levels. Indeed, by in-

creasing the operating frequency the volt-ampere (VA) ratings required to drive the

current also increase with a particularly dominant inductive system [4]. The loosely

coupled coils with large leakage inductance require the use of compensation networks in

both the primary and secondary coils to have a more �exible and advanced character-

istic [19]. The simplest way to compensate a leakage inductance is to place a capacitor

in series with each coil, as shown in Fig. 2.3. Depending on how the capacitors are

connected to the coils, there are four basic compensation topologies: series-series (SS),

series-parallel (SP), parallel-series (PS) and parallel-parallel (PP) [20]. Typically the

capacitor would be tuned with the self inductance of the coil in order to function at

resonant frequency. To operate on resonance the imaginary parts of the impedances

must cancel each other. For instance, in the circuit of Fig. 2.3 both Cp and Lp as well

as Cs and Ls have to cancel out to give a purely resistive circuit, like the one in Fig.

2.2. Equating the inductive and capacitive reactances to zero, like in equations 2.14

11



12 Chapter 2. Inductive Power Transfer System

Vinv





Rp C p I p

L p Ls

M

Rs C sI s

Rload

Figure 2.3: Actual equivalent circuit with compensation.

and 2.15, results in equation 2.16 which corresponds to the resonant frequency. Since

the self inductances are usually known and the circuit is tuned to have the operating

frequency match the resonant frequency, it is not di�cult to �nd the necessary capaci-

tor by applying equation 2.16. Owing to this, the reactive component gets reduced, the

power factor improves and most importantly the power transfer levels get considerably

increased.

1

jω0Cp
+ jω0Lp = 0 (2.14)

1

jω0Cs
+ jω0Ls = 0 (2.15)

ω0 =
1√
LxCx

, x ∈ {p, s} (2.16)

� magnetic structure geometry : this is the focus of this work. The geometry of the

primary and secondary structures, i.e. their coil placement, dimensions as well as the

materials used have a great impact on the system performance. In particular, the

coupling factor can be improved by proper design of the magnetic couplers. Next

chapters will have a thorough investigation regarding various topologies of magnetic

couplers.

It is also relevant for the previous explanations the expression for the maximum power that

the system can transfer

Pout = ω
M2

Ls
I2pQs = VpIpk

2Qs (2.17)

where Vp is equal to the voltage at the primary coil (Fig. 2.2) and Qs is the quality factor

of the secondary coil, which can be expressed as

Qs =
ωLs
R

(2.18)
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Chapter 2. Inductive Power Transfer System 13

with R being the series resistor with the inductor Ls. It can be concluded from 2.17 that

increasing any of ω, M , Ip or Qs will improve the power delivered to the load. However,

there are limits to the frequencies of operation. Increasing the primary current Ip leads to

a loss in e�ciency. Improving the quality factor might be a good solution but can lead to

narrow bandwidth and tuning problems [21]. Increasing k is de�nitely a doable approach as

it is dependent on the air gap and the design of the magnetic structures.
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Chapter 3

Topologies for magnetic structures

The transfer of energy from an electrical source to a load in an inductive power transfer

system requires the project and construction of a suitable con�guration. For that reason, it

is important to compare and study the di�erent types of topologies that are relevant in the

on-line charging of electric vehicles. This chapter will cover some of the architectures behind

the design of these structures and the various types of viable con�gurations. Furthermore,

this chapter will also explain and characterize the materials used in these systems. The

chapter ends with considerations regarding the use of air cores in dynamic IPT systems and

their characteristics.

3.1 Design considerations

In a dynamic EV charging system, the main components are composed of a primary side

coupler named transmitter, which is placed under the road, and a secondary side called

pickup, which is mounted under an EV chassis. Coils are wound on top of magnetic cores

on the primary and below magnetic cores on the secondary. The systems proposed for

several IPT applications usually have poor coupling factors k and mutual inductances M

due to the signi�cant magnetic reluctance of the large air gaps involved (100-300 mm) and

misalignments between the primary and secondary. Despite that, recent developments in

IPT systems have made possible the transfer of power in the MW level with e�ciencies of

more than 80% [22].

A representation of two typical inductive power systems for RPEV is shown in Figure

3.1. Presently, the study of di�erent topologies has revolved around these two main types.

The primary coupler can be a long track, in which the secondary is signi�cantly smaller

than the track [13], [17], [23, 24] or a segmented series of tracks with roughly the same

15



16 Chapter 3. Topologies for magnetic structures

(a) Long topology. (b) Segmented topology

Figure 3.1: The two main types of con�gurations for dynamic IPT [29, 30].

size as the secondary pickup [25�28]. The design to be considered has greater requirements

than those in the stationary inductive charging, such as larger lateral tolerance, higher air

gap and lower construction cost. Moreover, the harsh conditions of the road in terms of

temperature extremes and climate hazards, as well as the constant mechanical stress, mean

that the system has to be robust but also compact to make it easy to install and maintain

[10]. The design objectives of the IPT system can then be summarized as follows:

� Attain the best possible magnetic coupling so higher induced voltage can be obtained;

� Increase the power e�ciency (>70%) for a given power capacity, device ratings and

cost;

� Make modules as compact as possible to accommodate for given space and weight;

� Not increase EMF and preferably cancel it (< 27 µT for 20 kHz);

� Manage resonant frequency variation, changes in coupling factor, misalignments of

pickup position and temperature shifts. [10]

The �rst prototypes and tests for powering vehicles while moving started with the use of

long tracks with single stranded conductors on each lane [11]. The precursors of what would

be the modern con�gurations were further developed in the PATH program at UC Berkeley

[31]. The design used resembles the E-core and coil types that are commonly found in long

track systems. Core shapes have letters as designation because of the similarities with them.

For instance, ferrites of E [32], U [33], W [34], I [35] and S [36] types are used to increase the

magnetic coupling and e�ciency in long track systems. Researchers at KAIST have been

working on these systems since 2009. Out of all the core con�gurations, the S type seems

16
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(a) E type. (b) U type. (c) W type.

(d) I type. (e) S type. (f) Coreless type.

Figure 3.2: The main types of con�gurations for long transmitter OLEV systems.

to be the most cost e�cient as it has lower width than the others but has greater tolerance

to misalignments and less EMF exposure to pedestrians. The aforementioned con�gurations

are represented from E type in Fig. 3.2a to the coreless type in Fig. 3.2f. More recently,

there have been e�orts to implement coreless con�gurations [23], [37] since the deployment

cost of the power rails and particularly the core materials are expensive. The coreless type

has been showing great promise in high power railway applications, where the construction

cost is high and can be much more time consuming if it is built with core systems. As will be

further explained, the simulated long and segmented con�gurations studied have a common

design based on Fig. 3.2f.

The most evident inconvenience of the long transmitter approach is the fact that the

pickup is smaller than the track, which results in lower coupling factors and leakage induc-

tances. Because of that, several studies have been made to use segments or power pads

instead of long tracks.

Bhudia et al. had already proposed segmented systems that were later applied in station-

ary charging. Their prototypes initially used segmented tracks that have a circular shape

with the coils wound on top of ferrite bars. This structure is compact and has low weight,

however it is not the optimal choice given the limitations in power transfer and the low

tolerance to misalignments. The use of larger pads could mitigate this issue but there is a

limit of around 1 m2 in pad area to place below the vehicle [38]. The design in Fig. 3.3e has

17
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the same behaviors as a circular one. Instead of using a circular geometry, the pattern used

was of a planar rectangular core structure with one coil wound on top of it. The geometric

approximation can be done without signi�cant loss of precision.

To reduce the �ux leakages and improve the coupling coe�cient as well as the power

transfer capabilities, several geometries based on the DD design have been made [21]. This

con�guration is composed of two square coils connected in series and placed on the same

planar core, hence the DD designation (Fig. 3.3i). Several researchers recommend the use

of DD geometry on both the primary and secondary for dynamic charging of EV [39]. They

argue that this type has more tolerance in the x and y directions which make it suitable

particularly when the vehicle transitions between segments. Moreover the �ux path reaches

higher distances in the z direction with the DD con�guration allowing for more magnetic

coupling at greater air-gaps [19].

In essence there are two types of coils: unipolar and bipolar. An example of a unipolar

coil is the circular design because of the presence of only one magnetic pole on each coil face.

As for the bipolar type, the topology is more complex with coil faces having both north and

south poles. The DD con�guration has this characteristic where �ux lines leave the pole

face with the north pole and enter the pole face with the south pole. This creates a more

con�ned space for the �ux lines to travel.

The con�gurations to be studied and designed in the simulation software are presented

in Fig. 3.3. From Fig. 3.3a to 3.3d, the long loop designs are illustrated, whereas from 3.3e

to 3.3j the segmented types are displayed. As was previously pointed, the long tracks were

designed based on Fig. 3.2f. The segmented system has three square shape structures in the

(a) R-R. (b) DD-R.

(c) R-DD. (d) DD-DD.

18
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(e) R-R. (f) R-R+.

(g) BP-R. (h) DD-R.

(i) DD-DD. (j) DD-BP.

Figure 3.3: The con�gurations simulated in the �nite element software.

primary that have the same dimensions as the secondary (except in Fig. 3.3f).

The primary coils are assigned the red color and the secondary coils the green color.

The magnetic core considered for the simulations has a solid ferrite rectangular shape and is

represented in gray color. The thickness of the coils was increased for better visualization.

Fig. 3.3b and 3.3c have a double coil con�guration that is similar to the DD. In the �rst

one it is employed in the primary, whereas in the second one it is applied in the secondary.

The segmented variants are of the rectangular type in Fig. 3.3e and 3.3f, conversely DD

types are presented from Fig. 3.3h to 3.3j. Fig. 3.3g shows a di�erent approach on the

primary side: there are overlapping coils between the segments. The last topology (Fig.

3.3j) has one coil that is overlapping the other in the secondary. This is commonly called

the bipolar con�guration.

All these con�gurations have a caption that relates to the con�guration presented. For

example, DD-DD stands for a DD con�guration on the primary and on the secondary, R-R

for a con�guration with a rectangular coil on the primary and secondary and so on. The

geometric analysis of these topologies will be further discussed in the next chapter. Table

3.1 compares the advantages and drawbacks of the two main types of geometries considered.
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Table 3.1: Comparison between the two main types of dynamic IPT systems.

Type Advantages Disadvantages

Long track

� Lower construction cost.

� Easier to control.

� Continuous power transfer.

� Constant coupling factor [18].

� Unwanted exposure to magnetic

�elds.

� High track inductance will require

compensation.

� Low coupling factor.

� Higher Joule and iron losses [16].

� Faults can make a large part of the

road without power source.

Segmented pad

� Easier to replace faulty pads.

� Higher coupling factor and

mutual inductance.

� Better system e�ciency.

� Powering several pads

can create a longer track [40].

� Necessary to detect approaching and

leaving vehicles from segments [41].

� Requires optimization for the

distance between segments.

� Di�cult to control and is more

expensive

3.2 Structure materials

On an IPT system it is necessary to choose the proper materials to be able to transfer

power e�ectively. This choice will greatly in�uence the way the system works. Because

of the constant movement of the electric vehicle and the considerable air gap between the

primary and secondary, the coupling factor is low and the power transfer capability is severely

a�ected. Furthermore, if the vehicle is misaligned in respect to the primary track or segment,

the coupling and power transfer is further diminished. As previously pointed, the geometries

play an important role in mitigating this e�ect. On the other hand, the materials to be used

also have an important role in the overall performance of the system.

For a high system e�ciency it is important to have high coupling factor k and quality

factor Q. Generally, the larger the size to gap ratio of the coupler, the higher the k is. The

thicker the wire and the larger the ferrite section area the larger the Q is. Increasing material

size, however, is not a good engineering approach [19]. Not only because of the increased

costs, but also due to the weight and space constraints especially under the vehicle.

Since this system has large air gaps, power transfer can be di�cult. As such, the mag-

netic �eld created by the primary current will have high reluctance path to the secondary.

Reluctance is a property of the magnetic materials analogous to the resistance in an electrical
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circuit and is expressed by

< =
`

µA
(3.1)

By using magnetic materials with high permeability µ it is possible to decrease reluctance

and thus con�ne and guide the magnetic �ux lines. Moreover, the presence of a magnetic

core increases substantially the magnetic �eld generated which will improve the mutual and

self inductance of magnetically coupled coils. These cores are usually made with the same

ferromagnetic materials found in other magnetic devices, i.e. iron, silicon steel and ferrite

types, with the latter type used in high frequency applications.

However, core losses are signi�cant and since an IPT system operates at high frequencies,

they get even more noticeable. These losses can manifest themselves by Foucault currents

in the magnetic material or hysteresis losses. If the �ux density varies sinusoidally with time

but is uniform at any instant over the cross-section of a magnetic core, it can be shown that

the average power loss due to the Foucault currents is [42]

Pf = kff
2δ2B2

mV (3.2)

with kf being a constant that depends upon the conductivity of the material, f the frequency

in Hertz, δ the lamination thickness in meters, Bm the maximum �ux density in Tesla and

V the volume of the magnetic material. Then, there is the hysteresis loss that is directly

associated with the hysteresis loop of the material and can be expressed as

Ph = khB
n
mfV (3.3)

where kh is a constant that depends on the magnetic material and n is the Steinmetz expo-

nent that can vary between 1.5 and 2.5. Both these equations have the similarity of being

dependent on the volume of the material and the frequency of operation. Less magnetic

material results in lower losses. If the magnetic core is composed of thin laminated sheets

(which reduces δ), the overall resistivity can be improved and ultimately reduce the Foucault

currents.

The coils in these systems also have to be di�erent due to the special conditions of pow-

ering vehicles on the move. Light and durable coils capable of operating at high frequencies

with low losses are preferable. The type of conductor used is commonly made out of cop-

per or aluminium. Copper has a lower resistivity but is more expensive, while aluminium

is lighter and cheaper but has a worse electrical conductivity. In any case, the skin and

proximity e�ect will exist and be signi�cant due to the higher frequencies of operation and
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the existence of Foucault currents. The skin e�ect is also a consequence of the existence of

Foucault currents in the conductors. Instead of being uniform throughout the section of the

conductor, the current density is larger at the surface and almost no current �ows at greater

depths in the conductor. This e�ect causes the resistance of the conductor to increase at

greater frequencies because the skin depth is smaller. With higher resistance the loss by

Joule e�ect is greater, a�ecting the �nal e�ciency of the system. When a coil carries a

current, the magnetic �eld associated with it can induce Foucault currents in other adjacent

conductors, altering the overall current density of those wires in what is called the proximity

e�ect. It is also dependent on frequency and is responsible for the increase in resistance of

the conductors.

To minimize these problems multiple strands of thin wire insulated electrically from each

other called Litz wires are used. Skin and proximity e�ect are reduced and the quality factor

increases. However, special care must be taken when placing the primary coils because Litz

wires can not withstand high temperatures or mechanical stresses [13].

3.2.1 Air core

In certain applications where there are constraints in the building cost of the system, it

might be an option to not use any type of core to guide the magnetic �ux. Whether it is

because of the increased cost or the di�culty in protecting the magnetic material against

mechanical stresses, it can be a viable way to power EVs dynamically. Furthermore, in

applications where it is required to transfer power over long distances, the primary is built

without core leaving the secondary with core [37]. Since the dynamic IPT system will be a

large scale application, it is necessary to �nd the most cost e�cient solution that can provide

su�cient power transfer for the EV. Table 3.2 presents the advantages and disadvantages of

the air core design. Appendix A further develops the air core con�guration.

Table 3.2: Advantages and disadvantages of using an air core.

Type Advantages Disadvantages

Air core

• Lower cost.
• Similar performance with the

core-type [37].

• Less sensitive to misalignments [23].

• Easier to build.

• Absence of core loss.

• Lower coupling factor and mutual

inductance

• Higher leakage �ux
• Lower self inductance
• More turns are required to achieve

the same power transfer levels

22



Chapter 4

Model architecture

For a thorough comparison between the two main types of dynamic IPT systems it will

be necessary to model and build the respective subtypes presented in the last chapter. In

order to do that, a �nite element analysis (FEA) software is used. This chapter will cover

a brief introduction to the simulation software and the simulation types considered for this

work. Moreover, several parameters and important settings for the modeling of the system

will also be addressed. They will range from the quantitative values used in the geometry

to the mesh and the materials considered. Finally, a breakdown regarding the in�uence of

speed in the power transfer of this system is explained.

4.1 Simulation software

The study of the di�erent subtypes considered in the last chapter is made by the con-

struction of the respective models in a simulation environment. The �nite element method

(FEM) is a numerical method used to solve problems in engineering and mathematical

physics. It is very di�cult to get analytical solutions in complex designs with di�erent ma-

terials, proprieties and geometries. A �nite element analysis (FEA) tool is necessary to solve

for approximate results, by subdividing the problem into several smaller �nite elements that

are created by the mesh generation. This results in a series of algebraic equations that are

more easily computed [43].

There are several software tools that have FEA. In this case, the chosen software was

FLUX (by CEDRAT) because of its ability to solve electromagnetic systems with 2D or 3D

models in static, harmonic or transient analysis. The FEA ensures a better understanding of

all the magnetic and electrical variables that are present, while having an inductive coupling

between a primary and a moving secondary. Furthermore, it is relatively straightforward to
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assign materials to the di�erent system components, change the system's dimensions and

vary the speed at which the secondary is moving, among many other functionalities that will

be covered in the following sections.

4.2 Simulation types

The simulation software divides the types of simulations in three major choices: 2D, Skew

or 3D types. All of the models considered for this thesis were made in the 3D environment.

Having chosen the 3D simulation type, the user is prompted to select the proper application

for the model. The choice of an application depends on the problem type and on the desired

results.

Fig. 4.1 presents the physical applications on the FLUX software. They are subdivided

into four options that can be chosen according to the application. The aim of this work is

to investigate the magnetic characteristics and properties of the dynamic IPT system. As

such, the magnetic subtype was selected. Electric, thermal and thermal coupling are out of

the scope of this work.

Magnetic applications can be further speci�ed according to the �eld states as static,

transient or steady state. Static, as the name implies, deals with phenomena where �eld

sources are time independent. Steady state is related with devices where time variation of the

�eld sources is sinusoidal. Finally, transient applications treat variables where �eld sources

are time dependent (in help �le - CEDRAT ). Since the Magnetostatic 3D option is related

to the presence of DC currents (stationary currents), it will not be used in this work as this

Physical 

Applications

Magnetic

Electric

Thermal

Thermal Coupling

Magneto Static 3D

Steady State AC Magnetic 3D

Transient Magnetic 3D

Figure 4.1: Physical applications available in the simulation software.
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system will be working with AC power. As for steady state, Maxwell's equations consider

that all physical quantities are time-variant for a given frequency. Also, the computed

variables are obtained in discrete points chosen by the user and can be represented by

their complex form or by the root mean square (RMS) value. Transient analysis has the

particularity of allowing the user to establish a motion in a structure. In this case, the

secondary will be moving in an arbitrary path and it is possible to impose a speed for that

structure. The ability to investigate how the system works as a function of the secondary

speed is of great interest. In that sense, simulations will be made in steady state and transient

application models.

4.3 In�nite box

The in�nite box is a "container" in which the whole structure is placed. The way this

works is that the software uses a transformation to model an in�nite domain. By using

an in�nite box, it is established that there is a null �eld at in�nity, thus beyond the box

dimensions there is no �eld and potential. These transformations can be of parallelepiped

or cylinder layers and have two superimposed parallelepipeds or cylinders as can be seen in

Fig. 4.2. For more clarity, the box shown below is ten times smaller than the one used. The

inner box contains the magnetic �eld that is considered to be relevant to the study, whereas

the outer box has magnetic �eld but with lesser strength.

There is no general rule for the overall dimensions of the in�nite box and the user may

build one with arbitrary values. It depends on the application and the magnetic or electric

variables to study. However, to observe all the magnetic e�ects with greater detail outside

the structure it is recommended to design one box much larger than the system which is

the case for this work. Table 4.1 displays the numerical values for the dimensions of each

Figure 4.2: In�nite box of this work.

Table 4.1: In�nite box dimensions.

Axis Inner box Outer box

X 12000/15000 13000/16000

Y 12000/15000 13000/16000

Z 12000/15000 13000/16000
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half side of the box considered in this work. The constant values of 12000 mm, 13000 mm,

15000 mm and 16000 mm were used because of the total length of the primary structure. In

the long type it is 3000 mm (see Fig. 4.3), while on the segmented type it is 2300 mm (see

Fig. 4.5). Essentially it was decided that, as a general rule for this work, the dimensions of

the half sides of the box would be �ve times the length of the primary so 12000 mm for the

segmented primary and 15000 mm for the long primary. Despite this, it is important to note

that the dimensions used are directly connected to the mesh so having a considerable in�nite

box will require more computational e�ort when the software starts the solving process (in

help �le - CEDRAT ).

4.4 Geometry

The di�erent geometries considered for this comparison were introduced in the previous

chapter. This section will further explain some of the design options taken for both the long

and segmented types of dynamic IPT, as well as details regarding the geometric variables

and values.

All the geometric dimensions considered for the long R-R con�guration are presented in

Fig. 4.3. They are based on the 6th generation of RPEV found in [23]. For better clarity,

the dimensions for the thickness of the components are not speci�ed. The thickness of the

iron plates is the same on the primary and secondary and is equal to 13 mm. Moreover the

coils on both the primary and secondary sides have a 4, 8 or 16 mm2 cross section depending

on the con�guration used. These three di�erent areas were chosen due to problems in

the simulation software. When the conductor has a 4 mm2 cross section in double coil

(DD) types, the software would give an error because of the probable existence of so called

Figure 4.3: Dimensions considered for the long R-R con�guration.
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Figure 4.4: New dimensions for the DD-DD long con�guration.

superimposed faces, presumably because of the very small area considered.

The long con�gurations are derived from the one shown in Fig. 4.3, from which several

modi�cations are made as can be seen in Figs. 3.3b, 3.3d and 4.4. They are based on the

rectangular and DD designs proposed in segmented con�gurations but adapted to the long

pro�le. Although the geometry is di�erent, the material used is the same to make sure that

all the comparisons are made with an equivalent amount of materials.

The number of coils used for both the primary and secondary was also based on the

bibliography [23]. Knowing that the primary has 2 turns and the secondary 15 turns, it is

possible to design a con�guration like the one in Fig. 4.4 by simple calculation. The primary

coil in Fig. 4.3 is 2800x500 mm and has 2 turns. So, converting to a DD con�guration

requires the division of the turns into two separated coils of 2980x320 mm with one turn

each. This results in the exact same length of coil (`p) used but with a di�erent geometry,

as can be seen from equation 4.1 with Np = 2.
`p =

Length of one turn︷ ︸︸ ︷((
2800 + 500

)
× 2
)
×Np = 13200 mm

`p =
((

2980 + 320
)
× 2
)
×Np = 13200 mm


`s =

Length of one turn︷ ︸︸ ︷((
500 + 500

)
× 2
)
×Ns = 30000 mm

`s =
((

680 + 320
)
× 2
)
×Ns = 32000 mm

(4.1)

Same train of thought applies for the secondary coil length (`s) with Ns = 15, where turns

are converted into 8 in each coil and the dimensions change from 500x500 mm to 680x320

mm. It is better to put 8 turns in each DD coil (16 total) for better symmetry, although

with a slight increase in total length. The other long layouts of Fig. 3.3c and 3.3b have a

similar design process.

As for the segmented designs, some di�erent variations were considered, besides the
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Figure 4.5: Dimensions for the segmented R-R+ type with larger secondary.

already discussed rectangular and DD type. The one shown in Fig. 4.5 has a bigger secondary

with the core plate being 1000x1000 mm instead of 700x700 mm and the coil modi�ed to

800x800 mm from 500x500 mm. The distance between primary segments is the same in all

topologies and is equal to 100 mm. Like in the long types, 2 turns were used in each primary

segment and 15 in the secondary, except in double coil secondaries where it is 16.

The BP-R arrangement pictured in Fig. 4.6 is an exception to all primary geometries,

with two additional coils that are placed between the 3 segments. They also have 2 turns

each and are 400x500 mm. The designation of bipolar (BP) comes from the other type

that also has overlapping coils in the secondary (Fig. 4.7). That type is known as DD-BP

and was designed with the same intent of maintaining the coil length when changing from

rectangular to DD or bipolar.

The conversion from rectangular to DD or rectangular to bipolar on segmented systems

is also done with respect to equation 4.1 with the necessary adaptations. So, in the case

of a conversion from a rectangular to a DD primary, coils will change from 500x500 mm

Figure 4.6: Dimensions for the segmented BP-R type.
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Figure 4.7: Dimensions for the segmented DD-BP type.

to 680x320 mm. This notion can then be applied to the other segmented variants. The

ferromagnetic material for the segments remained the same in all segmented types and is

700x700 mm with the exception of R+ (Fig. 4.5).

R-R and DD-DD systems have the same dimensions on primary and secondary, so pre-

vious explanations regarding their dimensions are su�cient.

Finally, it is important to note that the total length of the primary is di�erent in the

long and segmented con�gurations. It is 3000 mm in the long types and 2300 mm in the

segmented types.

4.5 Material

The geometry used has great impact in the system behavior, either by di�erent electric

and magnetic characteristics, or capabilities of better coupling and power transfer. In spite

of that, the materials used for the primary and secondary structures need to be adequate

for a good overall system quality and e�ciency.

In the primary and secondary structures the magnetic core has to have a good magnetic

permeability µr and low losses but also good resistance against mechanical stresses. N87 by

Epcos was the material chosen for the simulations due to its ability to work in high frequency

applications with low core losses. Fig. 4.8a shows the dynamic magnetization curves of N87

at 10 kHz and 25ºC. The relative core losses as a function of frequency can be seen at Fig.

4.8b.

The stranded coil conductor used for both the primary and secondary was made out

of copper with an isotropic resistivity linearly proportional to the temperature. The �lling

factor was not speci�ed for this work. The magnetic and electric properties of the materials
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(a) B-H curve. (b) Core losses.

Figure 4.8: N87 material [44].

used are speci�ed in Appendix B.

4.6 Mesh

After building the geometry and specifying the materials for the electromagnetic study of

a system, the suitable mesh must be proposed. The �nite element analysis will divide the

study domain into mesh elements for computation. These elements are divided into volume,

surface and line. The mesh is directly related to the quality of the solution, so to have a

more precise calculation the mesh element quality has to be good. However, increasing the

quality of the mesh has the downside of also increasing the computation time. A compromise

must be made between computation time and precision of results.

The automatic mesh generator was used for all geometries to mesh the whole domain

because of its versatility, ease of use and overall good performance. Furthermore it is robust,

fast and does not require any tweaking with the re�nement options. Fig. 4.9a exhibits the

(a) Meshed domain. (b) Mesh details.

Figure 4.9: Mesh information for DD-DD segmented type.
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meshed geometry of the DD-DD segmented type seen from above. The meshing is done with

triangle elements for faces and tetrahedrons for volumes. Fig. 4.9b displays the elements'

quality in percentage of the total number of elements. Since the automatic mesh is a balanced

option, the overall quality is re�ected on that by having more than 40% of average quality

elements. Nevertheless, more than 75% of elements are of average or better quality. The

mesh percentages for the other topologies are similar.

4.7 Electric circuit

The designed coils have to be assigned to an electric circuit that represents the system.

Only the coupling system associated with the power transfer will be simulated i.e. primary

and secondary. The primary side will be fed with an e�ective current of Ip = 20 A at 85

kHz for all the topologies studied in the steady state domain. For the transient study, a

time-variant current source with 20
√

2 A of amplitude is used. At the secondary coil the

AC current must be recti�ed to charge the DC batteries of the EV. However, the respective

converters were replaced with an equivalent single resistor that is named Rload. One of

the main disadvantages of the segmented design is the supposed need of separate source

converters for each segment. While it could be simulated that way, it was instead modeled

with the primary coils all connected in series being powered simultaneously, as shown in Fig.

4.10 for the DD-DD topology.

The resistance of the stranded coil conductors was de�ned to be a constant value equal

to 0,1 Ω and the load will be 100 Ω, or 10 MΩ whether it is a normal load test or an open

circuit test.

The polarity of the coils is also subject to testing because of its in�uence on how the

system will perform. It is possible to alter the direction of the current by orienting coils

manually in the graphic environment, or by switching the polarity of the coil elements that

Figure 4.10: Electric schematic for the DD-DD segmented topology.
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(a) Flux path for rectangular coils. (b) Flux path for DD coils.

Figure 4.11: Flux path for rectangular and DD coils [19].

are presented in Fig. 4.10. Depending on the direction of current, the magnetic �ux lines will

also have a di�erent direction as per the right hand rule. On the rectangular architectures,

the direction of the magnetic �ux lines was designed to be upwards (Fig. 4.11a). For DD

types the coils were connected with opposing directions of current, so that a closing magnetic

�eld is obtained, as shown in Fig. 4.11b. Note how the coils are connected in Fig. 4.10 with

opposing polarities. If the DD coils were to have the same direction of current, the magnetic

�ux lines would cancel each other at the center of the structure. This would a�ect severely

the fundamental magnetic �eld and, consequently, the coupling between the primary and

secondary.

4.8 Speed of the secondary structure

The speed of the secondary structure is an important variable in the dynamic charging of

electric vehicles and will de�nitely in�uence the performance of the system. The need to be

able to deliver large power levels to vehicles on the road, when they could be traveling at

speeds of up to 120 km/h, requires great engineering and high technological optimization.

Powering an electric vehicle on the road is dependent on several factors [45]:

� Tra�c on the road;

� Percentage of EVs to total vehicles passing;

� Length of the power track or pad;

� Speed of the EV.

The �rst two points are not related to this work. Last two, however, are discussed by

comparing a long and segmented track and by varying the vehicle's velocity to evaluate the

di�erences in power transfer.

A vehicle that moves at higher speeds will need more power than at slower speeds.

Therefore, the power levels of the transmitting tracks must be designed as a function of

32



Chapter 4. Model architecture 33

Figure 4.12: Power levels of sectional tracks as a function of velocity [46].

vehicle speed. Fig. 4.12 shows the relationship between vehicle speed, track length and

segment power output. It can be inferred that the power output per sectional track distance

decreases with increasing speed. The sectional track utilization is also lower with increased

vehicle speed.

To adjust the vehicle speed in the FEA software, the application must be in transient

mode and it is necessary to specify the mechanical sets of the environment. In this case,

the system will have three mechanical sets: a �xed (primary), a moving (secondary) and a

compressible part (area of air in which the moving part is moving). It is possible to specify

which type of motion the moving part has, therefore a translation motion along the x axis

was chosen. As for the imposed speed, it is a constant velocity in relation to the �xed part.

The computation is carried out in a series of steps that are de�ned as a function of the source

current period. Getting a lot of points per period will increase the precision of the resulting

signals, at the cost of greater computation time. On top of that, the frequency of operation

is 85 kHz, so to have a considerable number of points per period and simulate a fair speed

(120 km/h) is extremely demanding to the hardware available.

4.8.1 Kinematic models

Flux software by CEDRAT allows the use of two main kinematic models to study the

movement of objects. Those two models coincide with the ones chosen for this work which

are:

� Multi-static model: consists of a static study of the movement. The computations for

the electromagnetic �eld are carried out for various arbitrary relative positions of the

moving parts. The position of the moving part is a varying parameter.

� Imposed speed model: the moving part travels at a constant speed relative to the �xed
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part. Only available in transient mode.

These two models and their characteristics will be further explored in the next chapter.
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Chapter 5

Simulation results

With the project model developed for all topologies, it is now necessary to compare and

discuss the respective results for the simulations. As previously stated, the simulations were

done in both steady state and transient. For steady state analysis, a set of discrete points in

the Ox, Oy and Oz directions were speci�ed. This allows the study of the di�erent behaviors

of the topologies to aligned and misaligned situations. With the insertion of a time-variant

current source and the respective imposed speed for the secondary structure, it is possible to

make a correlation between the results obtained in the steady state and transient simulations.

5.1 Steady state analysis

The computation in steady state gives access to a series of parameters that allow the user

to obtain other variables. These are important for the analysis of the dynamic system. After

proper construction of the system, a solving process begins. Depending on several factors

like the mesh re�nement, the in�nite box and the complexity of the system, the solving may

take from some hours to several days.

The post-processing (Fig. 5.1) of the system has a wide range of variables that are

available when the solving process ends. Among them the rms values of magnetic �ux Φ,

current I, voltage V and reactive power Qsource are the most requested and necessary for

Geometry
Physical 

Properties
Mesh Generation Solving Process

Results Post-

processing

Figure 5.1: Overall �owchart for FEA.
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the derivation of other parameters. To carry out the calculation of the coupling factor k

and the mutual inductance M between primary and secondary, equations 2.11, 2.12 and

2.13 will be applied. In order to calculate the mutual inductance, two tests must be done

which are the secondary and primary open circuit tests. After that, it is possible to calculate

Mps and Msp and do the average between them to �nally obtain M . The coupling factor is

calculated with equation 2.11 and with M known, there is only Lp and Ls left to discover.

The self inductances can be calculated through equation 2.3 with rms values of i and Φ.

If the con�guration to study uses only one coil at the primary and secondary, then the self

inductance of each coil is given by that equation (2.3). However, given that in the majority

of studied cases there are multiple coils connected in series in the primary or secondary coils,

a di�erent method for the e�ective self inductance must be used. The reactive power at the

source can be expressed as a function of the reactance as

Qsource = I2xωLx, x ∈ {p, s} (5.1)

with I2x being the rms current and Lx the e�ective inductance of the primary or secondary.

The characteristics and intrinsic di�erences between the two main types of primaries

require that they are analyzed separately. In particular, due to the di�erence in their lengths,

the discrete points at which the simulations were carried out are di�erent in segmented and

long types. For that reason and also to make the analysis easier, the separation is made.

5.1.1 Long types

There are 4 types of long con�gurations that were simulated. They are represented from

Fig. 3.3a to 3.3d and will be named in the graphic legends as R-R to Fig. 3.3a, DD-R to Fig.

3.3b, R-DD to Fig. 3.3c and DD-DD to Fig. 3.3d. Important parameters regarding these

Table 5.1: Parameters for long types.

Parameters Value Description

tsim 1-5 h Simulation time

f 85 kHz Frequency of operation

Np 2 Primary turns

Ns 15/16 Secondary turns

Isource 20 A Rms source current

Rp 0,1 Ω Resistance of primary coil

Rs 0,1 Ω Resistance of secondary coil

Rload 10 MΩ Load resistance
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con�gurations are summarized in table 5.1. The secondary is placed with 100 mm of air gap

at coordinates (0,0,100) in the aligned position, as can be seen in Fig. 3.3. The simulations

were done considering 3 types of movement. Firstly, along the Ox axis and maintaining the

other coordinates unchanged. After that, in the Oy direction, in which the secondary is only

moved along the y axis. Finally, in the Oz axis that is equivalent to the variation of the air

gap.

Results in the Ox direction

A set of points that goes from the beginning of the primary track till its end was simulated.

The movement along the Ox axis is the most important result since vehicles will be running

along the Ox axis. Knowing that the total length of the track is 3000 mm, an interval of 11

points equally distanced from themselves was considered, so that x ∈ [−1500, 1500].

Fig. 5.2 shows the self inductances of the primary and secondary for the 4 types con-

sidered. In general, across all con�gurations, the inductance remains relatively constant

throughout the x axis. This is important for the eventual capacitive compensation of the

primary and secondary coils. Even though it was not considered for this work, the dynamic

IPT system needs to be working at resonance frequency to achieve maximum power transfer

and better e�ciency. To do that the primary and secondary are compensated with capacitors

that can be connected in series or parallel. These small variations in the self inductances

mean that the resonance frequency is constantly changing, which in turn causes the system

to not be in resonance if it has a constant frequency.
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(a) Primary self inductance.
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(b) Secondary self inductance.

Figure 5.2: Self inductances for long con�gurations as a function of x.
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The self inductance depends on the material used, the number of turns, the geometry

of the coils and how they are placed in the iron core. It is possible to conclude that the

rectangular coils render a higher self inductance than the DD coils with this happening on

both the primary and secondary. Moreover, it seems that the self inductance is independent

of the con�guration of the homologous structure. For instance, the self inductance of the

primary R coil is essentially the same when the system is R-R or R-DD. Finally, the self

inductance in the secondary is higher due to the greater number of turns there.

The mutual inductance and coupling factor of the long con�gurations as a function of

the position along the track are plotted in Fig. 5.3a and 5.3b, respectively. The relationship

between mutual inductance and coupling factor is evident and corroborates the equation

2.11. Mutual inductance and coupling factor remained constant as long as the secondary is

above the track. At -1500 and 1500 mm, right at the end of the track, the misalignment is

such that the coupling and mutual inductance are reduced signi�cantly.

The mutual inductance depends very much on the positioning of the primary and sec-

ondary coils. If they are too far apart, or the geometry doesn't favor the induction of emf,

then the mutual inductance will be low. For the DD-R con�guration, the fact that the

secondary is always at the center of the track in between the two DD primary coils (y = 0),

makes it so that the �ux of the primary has di�culty going through the secondary coil in

that central position. The direction of �ux is horizontal along that path (Fig. 4.11b) and

the secondary coils are also placed parallel to the primary structure so the �ux isn't per-

pendicular to the coils As a result, the �ux that goes through the coil will be equal to the
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Figure 5.3: Mutual induction and coupling factor for long con�gurations as a function of x.
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one that leaves it, which causes the emf to be low. Same behaviour is noticed at the R-DD

con�guration, although in the reverse working condition. In this case the resulting emf is

low when the primary is left open, so Msp is also low and the coupling factor is similar to

the DD-R topology.

Out of these 4 types, the R-R and DD-DD o�ered better coupling along the x axis. The

simplest R-R con�guration had a k between 0.15 and 0.2, while DD-DD almost reached a

coupling factor of 0.3. The largest k is related to the characteristics of the magnetic �ux in

the DD con�guration, as was explained in Chapter 4. This is expected as the size di�erence

of the primary and secondary is large, and so is the leakage �ux.

Results in the Oy direction

When traveling across a road, it is normal for the vehicle to not be perfectly aligned

with the tra�c lane. This results in a misalignment in the y direction and the coupling

will be a�ected. To evaluate what happens with each con�guration, 5 simulations of equal

intervals were carried out from 0 to 500 mm. Fig. 5.4a and Fig. 5.4b show the in�uence of

misalignments in the y direction on the self inductance of the coils.

In a similar behaviour to the previous situation, the self inductances of the primary and

secondary coils are relatively constant throughout the 5 points considered. In fact, the values

are similar even though in this case the x coordinate remains equal to zero at all points. The

con�gurations with R coils remain with a superior self inductance.

Fig. 5.5 shows the mutual inductance and coupling factor for misalignments in the y

0 100 200 300 400 500

2.5

3

3.5

4

4.5

5
·10−5

Position [mm]

In
d
u
ct
an
ce

[H
]

R-R DD-R R-DD DD-DD

(a) Primary self inductance.

0 100 200 300 400 500

3.5

4

4.5

5

5.5

6

·10−4

Position [mm]

In
d
u
ct
an
ce

[H
]

R-R DD-R R-DD DD-DD

(b) Secondary self inductance.

Figure 5.4: Self inductances for long con�gurations as a function of y.
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Figure 5.5: Mutual induction and coupling factor for long con�gurations as a function of y.

direction. As can be inferred, there are two main di�erences in the types considered. Those

with a decaying of mutual inductance and the others that have a fairly decent tolerance to

deviations in the y axis.

Both R-R and DD-DD topologies have low tolerance in the y direction, with a lower

coupling factor when the secondary gets farther from the primary track. Less magnetic �ux

lines will go through the couplers when the secondary is shifted, thus the mutual inductance

diminishes. Yet, there is a point around 250 mm where that reduction is halted. Those are

known as null points and will be addressed in the next analysis of the segmented designs.

Two diagrams pertaining to the DD-R and R-DD con�gurations are pictured in Fig. 5.6, for

a better understanding of the deviations considered. The magnetic characteristic of those

two types is illustrated in Fig. 5.7.

It was clear from the results in the x domain that DD-R and R-DD had low coupling
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Figure 5.6: Deviation on y axis for long con�gurations.
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(a) DD-R topology. (b) R-DD topology.

Figure 5.7: Magnetic �ux lines for a misalignment of y = 200 mm.

factor and therefore are unsuitable for dynamic charging, at least in a centered position with

y = 0. However, the results in the y domain show that those two con�gurations have better

coupling with slight misalignments of around 200 mm.

The diagrams in Fig. 5.6 and 5.7 help understand how this increase in k possible. What

happens is that on Fig. 5.6a the magnetic �ux does not enter and exit the same coil like

it does in y = 0. As such, the magnetic �ux lines can go through the secondary coil

without having a full cancellation e�ect. As for Fig. 5.6b, the conclusion is similar (note

that these two types are symmetrical with respect to their con�gurations on primary and

secondary). At a slight misalignment, the vertical primary �ux goes through the left D

coil and then pass through the right D coil with the downward �ux (Fig. 5.7b). This

suggests that these con�gurations would be suitable in dynamic charging for a two or one

lane highway, depending on the combination used. With that in mind and knowing that

these con�gurations have poor coupling at a central position in the track, two solutions are

presented in Fig. 5.8. For a two lane highway, it is possible to avoid the poor coupling along

x by designing both systems in that manner.

b Pick-up

Pick-up

x

y

z

(a) Highway for DD-R topology.

Pick-up

(b) Highway for R-DD topology.

Figure 5.8: Possible highway applications for DD-R and R-DD con�gurations.
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Results in the Oz direction

In a real life situation the air gap stays relatively unchanged. However, �ve levels of

distance in the z axis, from 100 to 200 mm were simulated. This was done to evaluate the

di�erence in magnetic coupling as the air gap increases.

Fig. 5.9 shows the self inductances of secondary and primary coils as a function of air gap.

The study for three di�erent movements (x,y,z) was done and the results have in common

the fact that the self inductances remains, for the most part, constant. On this case, there

is a considerable decline as the vertical distance increases and the e�ect of the primary and

secondary magnetic �ux is weakened.

The e�ects in mutual inductance and coupling factor are also expected to decline as the

magnetic �eld intensity is inversely proportional to the distance. Fig. 5.10 con�rms this

with a steady decrease in mutual inductance in all four con�gurations. It is important to

note that changing from 100 to 200 mm, yields an almost 50% decrease in coupling factor

from approximately 0.3 to 0.15 on the best design studied (DD-DD). This means that even

above all situations previously discussed, the highest decrease per distance covered is in the

z direction. Of course there is a limit to how close a secondary can get to the primary.

Nevertheless, the aim should be to make them as close as possible. Overall, all the other

con�gurations su�er from the same consequences, albeit with smaller decreases.
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Figure 5.9: Self inductances for long con�gurations as a function of z.
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Figure 5.10: Mutual induction and coupling factor for long con�gurations as a function of z.

5.1.2 Segmented types

Even though the long types have their advantages, most of the scienti�c research has been

conducted on designs with less material usage and, most importantly, better coupling factors.

The subdivision of the primary track into segments has been proven to be a good option for

RPEVs. Chapter 3 already introduced the segmented designs, so in total there are 6 types:

R-R, R-R+, BP-R, DD-R, DD-DD and DD-BP from Fig 3.3e to 3.3j. R+ stands for the

larger secondary structure. This section will cover the same solving process as previously

explained with minor changes due to the system's geometry. The main variables for the

solving process are the same as the ones in Table 5.1 with the di�erence being that each

primary segment has 2 turns, which makes the total number of turns above the one in the

long system. Moreover, the coil segments are connected in series and so to calculate the self

inductance, equation 5.1 was used.

Results in the Ox direction

Like in the previous simulations, the study along the x axis was done in a set of equally

distanced points along three track sections. Since the total length of the primary is 2300mm,

including the gaps between segments, the movement in the x direction was considered from

-1200 to 1200 mm, with 13 points. This will include positions that are between segments

and also perfectly aligned with them, in order to evaluate what happens when a vehicle goes

through several segments.
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Figure 5.11: Self inductances for segmented con�gurations as a function of x.

The relationship between self inductance and longitudinal movement is pictured in Fig.

5.11. Like in the previous analysis, the self inductance does not su�er a signi�cant deviation

throughout the x axis. In terms of the values obtained, the BP-R con�guration has the larger

Lp, due to the additional coils that were placed between segments. The con�gurations with

a common rectangular primary (R-R and R-R+) have similar values of primary inductance,

as expected. R+ has the highest Ls due to the longer secondary used. This increase seems

to raise the �uctuation in self inductance. As the coils get more compact, their inductance

is more stable.

As for the DD coils, because of the smaller length of each coil, the self inductance is

also smaller. The same thought is applied to the Ls representation of Fig. 5.11b, where the

secondary con�gurations are clearly independent of the primary ones.

Studying the in�uence on coupling and mutual inductance as a vehicle goes through a

segmented track is the most important thing to evaluate the viability of the various con�gu-

rations. The mutual inductance and coupling factor are represented in Fig. 5.12a and 5.12b,

respectively, and show that these variables are very in�uenced by the type of geometry used.

The three primary segments are placed at the origin and ±800 mm away from it. Results

show that there are some architectures unsuitable for dynamic charging and others that

may have good coupling in certain points. Some, however, su�er from high variation when

transitioning between power pads.

Similarly to the previous long con�guration, the DD-R topology has an equivalent per-

formance to the long counterpart, with low coupling in a x aligned position throughout all
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Figure 5.12: M and k for segmented con�gurations as a function of x.

points. The rectangular coils are simple to build and construct, however their use in a seg-

mented track would be unsafe because of their poor tolerance to misalignments in x. Blue,

red and brown plots show the three topologies with a rectangular secondary coil: R-R, R-R+

and BP-R. They all have something in common, which is the fact that coupling is quite

good when the secondary is perfectly aligned with either one of the three segments, but

drops tremendously when going between them. In perfectly aligned positions, the coupling

factor is above 0.25, however at ±400 it is almost 0. This can be observed from Fig. 5.13a,

in which �ux lines enter and leave the same coil resulting in a null voltage. This highly

changeable characteristic was also con�rmed with studies in segmented IPT systems [28]

and by researchers at the Oak Ridge National Laboratory [47]. Using these con�gurations

in a real life scenario would have an undesirable e�ect in the power electronics involved, by

virtue of the constantly changing coupling factor which translates to highly changing (from 0

to some value and vice versa) voltage induction in the pickup coils. This in turn will reduce

power transfer because during those gaps there is no coupling. Increasing the secondary

size will moderate this issue but it is, nevertheless, still present. Using the BP-R topology,

with intermediate rectangular coils placed in these gaps, may prevent some of this variation.

However, this is not a cost e�ective solution.

On the other hand, simulations with DD coils achieve good coupling factors that remain

high and relatively tolerant to misalignments along x (Fig. 5.13b). Examples of that are

the DD-DD and DD-BP structures which have the highest overall coupling factors, almost

reaching 0.3 whatever the position is along the three segments (Fig. 5.12b). Even though
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(a) R-R topology. (b) DD-DD topology.

Figure 5.13: Magnetic �ux lines in a transition between two segments (x = −400 mm).

the primary is segmented, the coupling factor remains stable in those topologies. This means

that the voltage induced will be relatively constant, which is pretended for a smooth power

pro�le.

Results in the Oy direction

The majority of the con�gurations studied have poor tolerance for lateral movements and

the magnetic coupling is almost negligible past 500mm of the segment's center. In a highway,

vehicles stay quite aligned in one lane, only moving laterally to overtake. As such, having

good lateral tolerance is not the main goal in these systems.

Despite that lack of importance, better lateral tolerance may allow for cost reduction of

infrastructure, if one primary group of segments is able to power di�erent lanes, for example.

The parameters used remain the same, however, compared to the values of self induc-

tances obtained in the lateral movement for long types, these ones are slightly smaller (Fig.

5.14). The reduced size of the primary segments is the main culprit in that result. Both

primary and secondary self inductances are in compliance with the previous explanations.

As for the mutual inductance and coupling factor (Fig. 5.15), they have an almost

negative linear relationship with the distance to the origin. All con�gurations su�er from

a great decrease in magnetic coupling, due to the overall greater distance to the primary

coils. They also reach a point where the magnetic coupling is the lowest (null-point), but

surprisingly bounces back to higher values. Except for BP-R, where the decrease happens

at a constant rate. In the rectangular types (R-R and R-R+), this happens between 300

and 500 mm, which coincides with an alignment of the secondary structure and the primary

conductor. The rectangular coil is ideal to the capture of vertical �ux lines and at 400 mm
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Figure 5.14: Self inductances for segmented con�gurations as a function of y.

the �ux is primarily horizontal which results in poor coupling. Thus the behaviour is similar

to the one in Fig. 5.13a, with a null voltage occurring at that point. Once the secondary goes

further away, some of the �ux lines go through the secondary coil only once which increases

the induced voltage.

The same situation happens with the DD con�gurations at a much closer point. Near the

200 mm point, the lowest coupling between the two structures occurs. DD coils are suitable

to capture horizontal �ux when they are perfectly aligned (see Fig. 5.16a and 4.11b), but

with slight lateral movements the magnetic �ux can enter and leave the same coil, resulting
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Figure 5.15: M and k for segmented con�gurations as a function of y.
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(a) Aligned position. (b) Misaligned position (y = 200).

Figure 5.16: Magnetic �ux lines for the segmented DD-DD con�guration.

in no induced voltage (Fig. 5.16b). As a result, one DD coil (coil 1 in Fig. 5.17a) will

have no mutual inductance with the primary structure, while in the other (coil 2 in Fig.

5.17a) the same problem occurs, so the coupling will be low. At this point the tolerance to

misalignment ends up being lower than the rectangular architectures. Increasing the lateral

o�set will lead to some improvements because coil 1 will get aligned with the right primary

coil and some coupling will exist. Furthermore, overlapping the secondary coils (bipolar

secondary) will soften this e�ect providing the best overall solution, if there are only two

coils in the secondary.

On the other hand, having a single secondary rectangular coil results in good lateral

tolerance, at the cost of having negligible magnetic coupling in an aligned position as can

be seen on the plot of DD-R at Fig. 5.15. The null point along y-axis represents a large

drawback in any con�guration studied because of the limitations it imposes in the freedom

of movement.

Speci�cally for the DD-DD type, which has one of the best performances, this problem
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(a) Null point.
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Figure 5.17: Representation of the misalignment in y and possible null point solution.
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can be attenuated with a primary made with a larger width, or better yet, by overlapping

the secondary coils (DD-BP). However, an optimal solution would be a secondary that

could couple both the horizontal and vertical �ux components. This is done by placing a

rectangular coil on top of the DD secondary coils as shown in Fig. 5.17b with blue color,

resulting in a solution with good tolerance in x and y axis. It is commonly called quadrature

coil [48, 49] and represents the possibility of having the best of both worlds.

Results in the Oz direction

The results were done in a similar manner to the long ones. The air gap was modi�ed from

100 to 200 mm, in �ve equal intervals, and the structure remained aligned with the central

primary segment. Lp stays constant and has equal values of self inductance regardless of the

secondary location (Fig. 5.18a). Conversely, the pickup Ls is seemingly a�ected by the air

gap, with a decrease in all con�gurations (Fig. 5.18b). In any case, like the homologous test

for the long con�gurations, the self inductances are constant.

The mutual inductance M is, as expected, a�ected strongly by the increase in air gap.

Since the coupling factor k is derived directly from it, there is a corresponding consequence

(Fig. 5.19). This test proves the higher tolerance to greater air gaps in the DD con�gurations.

Indeed, these topologies provide an higher coverage for �ux in the z axis (Fig. 4.11) and

allow for better coupling compared to the rectangular ones.

The BP-R con�guration has proven to be the least viable and even though the aligned
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Figure 5.18: Self inductances for segmented con�gurations as a function of air gap.

49



50 Chapter 5. Simulation results

100 125 150 175 200

1

2

3

4

·10−5

Position [mm]

In
d
u
ct
an
ce

[H
]

R-R R-R+ BP-R

DD-R DD-DD DD-BP

(a) Mutual inductance.

100 125 150 175 200

0.05

0.1

0.15

0.2

0.25

0.3

Position [mm]

k

R-R R-R+ BP-R

DD-R DD-DD DD-BP

(b) Coupling factor.

Figure 5.19: M and k for segmented con�gurations as a function of air gap.

coupling is not the best, after increasing the air gap it gets much worse. Although the rect-

angular coils are not ideal for continuous charging of electric vehicles, due to their inherent

lack of magnetic coupling in the x and y direction, they are a good option for stationary

cases. That can be concluded by seeing that k is high in an aligned position and has almost

the same values compared to the DD types with increased air gaps (Fig. 5.19b). Increasing

the secondary size is also a good option to counter the air gap at longer distances (R-R+).

However, compared to other architectures the small improvements over longer distances do

not justify the greater structure cost. All the data necessary to the graphical analysis done

in this section is compiled in Appendix C.

Overall the performance of all geometries between 100 and 200 mm is better, with higher

coupling factor compared to the long types. Table 5.2 summarizes the previous section

by marking the recommended con�guration with an emoticon and not recommended

con�gurations with for dynamic charging of EVs.

Table 5.2: Performance of all con�gurations studied.

Type R-R R-DD DD-R DD-DD R-R+ BP-R DD-BP

Long � � �

Segmented �
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5.2 Transient analysis

Previous simulations did not specify the speed at which the secondary pickup is moving.

The parameters were obtained in speci�c points and calculations were made with rms val-

ues. Tests in transient mode are much more demanding and require a lot of computational

power, due to the need to remesh the displacement area (air). Sadly, that translates to long

simulation times which prohibit the study of di�erent movement types. For that reason,

simulations were made only along the x axis.

The aim of this study is to evaluate the wireless power transfer as a function of speed,

with a special preference in speeds that are realistic (120 km/h). Unfortunately, the high

frequency used (85 kHz) and the necessity of having fairly good waveforms (20 points per

period) mean that a lot of steps will be computed. The amount of steps to compute,

in addition to the already long time they take to complete, add up to simulation times

unreasonably long. Because of that, the in�nite box was reduced signi�cantly and the speed

had to be increased so that the number of points to simulate was lessened.

The settings used for the transient simulations are displayed in table 5.3. 20 points were

considered for each period in order to have a reasonable waveform. Furthermore, Rload is

100 Ω and is equivalent to the resistance seen from the secondary coil. It was established

that the segmented con�gurations are more advantageous to dynamic charging of electric

vehicles because of the overall better coupling factors in all movement types (x,y,z). So, for

this study two architectures were studied: R-R and DD-DD. The number of turns in the

primary and secondary is the same as previous simulations. As for the speed, a comparison

was done with regard to two di�erent values, in order to evaluate the power transfer as a

function of speed. The total length of the route is 2400mm (di�erent from 2300mm because

Table 5.3: Parameters used in transient state.

Parameters Value Description

tsim 10-15 days Simulation time

f 85 kHz Frequency of operation

Isource 20
√

2 sin(2πft) Current source

Ts
1

85000
s Source period

us
Ts
20

s Time step

Rp 0.1 Ω Resistance of primary coil

Rs 0.1 Ω Resistance of secondary coil

Rload 100 Ω Load resistance
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the pickup starts moving 100 mm before reaching the �rst segment and moves an additional

100 mm after the last segment) but the plots were done for 1600 mm which is relative to

a covered distance of two segments. This is enough to observe the behavior while moving

through several segments. The speeds used are 6800 m/s and 10000 m/s which correspond

to a waveform with 20Ts and one with approximately 13.6Ts, respectively. These speeds are

obviously faster than any vehicle available, however the study isn't compromised by that.

5.2.1 Rectangular-Rectangular Geometry

After the solving process is concluded, several 2D plots can be computed. Voltage, �ux,

current, among other variables can be plotted as a function of time. For all intents and

purposes, only the voltage and power transfered to the secondary coil will be discussed.

Firstly, as can be seen on Fig. 5.20, the instantaneous induced voltages follow the same

behavior as the mutual inductance from Fig. 5.12a, which is expected. As a vehicle passes

through each segment, the induced voltages reach 0. Then, when the alignment is perfect,

maximum induced voltage happens. This way of operating is the main reason the R-R

geometry is not recommended for dynamic charging. The values of induced voltage are in

consonance with the steady state values obtained in the solving process. As can be seen by

Fig. 5.21, in steady state the rms voltage reaches around 125 V on aligned position (x=±800

and x=0). Conversely, in transient state the maximum and minimum voltages are achieved

at those points as well due to the maximum magnetic coupling. As such, the rms voltage at

those points is simply 166.1√
2

which results in 117.8 V . This result is very much similar to the

one obtained in steady state (123.1 V ), as it should be. Note, however, that this is valid for
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Figure 5.20: Load voltage in R-R con�guration.
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Figure 5.21: Voltage values in steady state compared to transient mode.

a comparison of speci�c points along the segmented track, but does not represent the rms

voltage of the whole curve.

The power delivered to the load (Pload) was the other variable computed in this study.

In this case, the load remained constant and equal to 100 Ω. Fig. 5.22 represents the

instantaneous Pload as a function of time. It can be seen that the faster secondary takes

160 µs to go across 1600 mm while the slower one takes 240 µs. The power pro�le follows

the voltage one. A vehicle moving at a slower speed can be more easily charged than a

fast moving vehicle. It was explained in section 4.8 that speed is highly in�uential in the

average power transferred to the load. A slower speed means that the vehicle will spend

more time on top of each segmented structure. Fig. 5.22a shows that, for the same distance,

more periodic waveforms exist (note that the period is always Ts) and therefore the energy

transfered will be greater.

The power transfered to the load was also calculated in steady state and is shown in
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Figure 5.22: Load power in R-R con�guration.
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the graph of Fig. 5.23. After obtaining the load current in the post processing results,

Pload = I2loadRload was applied for every point. Fig. 5.23 also shows a table with Pavg and

the energy transfered Etransf for the two speeds considered in transient state. The average

powers obtained are nearly the same, because the integral calculation is done over the full

periodic waveform. Doing this for a wave with 30 periods is no di�erent than doing it for

20. The Etransf variable represents the energy value in millijoules. While the average power

is always the same regardless of the speed of the vehicle, energy transfered is dependent on

the simulated time

Etransf = Pavg ·∆t (5.2)

with ∆t being the elapsed time to run across the two segments. This means that, for the

same average power, a greater time to go through the speci�ed course will result in a larger

energy value. That can be con�rmed by the values obtained in the table of Fig. 5.23, in

which the slower speed corresponds to a greater energy transfer. Refer to Appendix D for

an additional simulation result with explanations regarding the speed and power transfer

relationship.

5.2.2 DD-DD geometry

Steady state results have shown that DD-DD geometries have great magnetic coupling

along the x axis. That is primarily why they have great potential for applications in dynamic

WPT. The load voltage over two segments is represented in Fig. 5.24. It can be immediately

asserted that the voltage follows the characteristics of the steady state simulations, namely

the fact the voltage curve is a sinusoid with no pulsating characteristics. This is ideal for

a smooth voltage source at the secondary coil that can then be recti�ed and provided to

charge the batteries. Again, a slower speed as represented in Fig. 5.24a corresponds to
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Figure 5.23: Power values in steady state compared to transient for R-R geometry.
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Figure 5.24: Load voltage in DD-DD con�guration.

a higher number of periods (20) compared to 5.24b, in which approximately 13.6 periods

are computed. As for the steady state graphical representation of the load voltage, it is

displayed in Fig. 5.25. The rms values of voltage in steady state are in accordance to the

coupling factor and mutual inductance pro�les discussed in the previous section (Fig. 5.12).

At the best alignments e�ective voltage reaches maximum values, but does not decrease that

much when moving between segments. Applying the same calculations on the instantaneous

values, with t equal to the point where the secondary is aligned with the primary, yields a

value of 101.8 V that is close to the 111.8 V obtained at x = 0 in steady state.

The secondary structure starts its movement at x = −1200 mm and for that reason the

initial induced voltage is low (perfect alignment with the �rst segment occurs at -800 mm).

As the distance covered increases, the secondary reaches alignment with the �rst segment at

around 60 µs with 6800 m/s and 40 µs with 10000 m/s. These points coincide with higher

power transfers of around Pmax = 225 W as can be seen on Fig. 5.26. It is important to note

that this system has no compensation in primary and secondary, which explains the relatively
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Figure 5.25: Voltage values in steady state compared to transient for DD-DD geometry.
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Figure 5.26: Load power in DD-DD con�guration.

low power levels. The secondary then reaches perfect alignment with the second segment at

around 180 µs with 6800 m/s and 120 µs with 10000 m/s with the same maximum values.

The plot representation ends with the secondary at the position exactly between the second

and third segments. Even between transitions from segment to segment the average power

delivered to the load does not get signi�cantly a�ected.

Both speeds have a similar waveform with the main di�erence being on the amount of

energy that can be transferred as a function of time. As Fig. 5.26 points out, more waveforms

per distance covered means that the energy transfer along that time will be greater. This

quantity is proportional to the amount of time a vehicle is on top of the structures. The

same calculations for the energy transfered across the segments were done and are shown in

the table of Fig. 5.27. Similarly to the previous R-R test, a slower speed results in a greater

energy transfer of 23.3 mJ compared to 15.11 mJ because of the greater ∆t associated with

slower speeds. For the steady state study of the power dissipated by the load (Fig. 5.27),
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Figure 5.27: Load power in steady state compared to transient for DD-DD geometry.

56



Chapter 5. Simulation results 57

the characteristic is similar to what was already observed.

Comparing the average power consumed by the load in both R-R and DD-DD geometries

reveals something important. By employing a DD-DD con�guration, that has the same

amount of materials as the R-R but di�erent placement of coils, leads to an almost increase

of 100% average power transfered to the load. As a consequence the energy transfer levels

are also increased considerably. This is because of the greater tolerance in the x axis for this

geometry, which prevents the voltage levels to reach very low values between segments. It is

concluded that to achieve better energy transfers several options can be made, like greater

size of segments, slower secondary speeds and proper geometry of the primary and secondary

couplers.

57





Chapter 6

Conclusions and future work

6.1 Conclusions

Inductive power transfer has been used e�ectively in stationary environments, that is, a

primary magnetic coupler is placed in a charging station and the secondary magnetic coupler

that is under an EV simply has to be above it in a static manner. However, this does not

eliminate completely some of the drawbacks faced when using EVs, namely the long charging

times and the annoyance of having to stop to recharge. For that reason, dynamic wireless

charging of EV started to be investigated. The continuous charging of EV on the road can,

e�ectively, eliminate the need to use expensive and bulky batteries that are responsible for

the EV greater costs. The principle of operation is the same as the one in static IPT, but

has to be more resistant to possible secondary misalignments because a vehicle is constantly

changing position along a roadway.

This work focused on the geometry of the magnetic couplers both in the primary and

secondary sides. The transmitter can be made of a long track or a set of segmented pads

spaced equally between them. Moreover, di�erent coil arrangements and designs can be

made in both the primary and secondary in order to in�uence the energy transfer of the

system. To quantify how viable a system is for dynamic IPT several variables were studied,

with special attention towards the coupling factor and mutual inductance. Because of the

large air gaps, the mutual inductance between primary and secondary is low and to improve

it careful design of the couplers is necessary.

A total of four long con�gurations and six segmented topologies were considered based

on recent research. They di�er on the placement of the primary and secondary coils but

are otherwise equivalent in material usage. It is possible to conclude from the simulation
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results that the most advantageous con�guration for the long types is the DD-DD topology

because it o�ers the best coupling along the x axis and does not su�er too much from

misalignments in the y direction. Regarding the segmented types, both DD-DD and DD-BP

are good options for roadway IPT systems compared to the other rectangular types because

of their great tolerance when traveling from segment to segment. The ultimate choice is

very dependent on the application, but with less materials, the segmented topologies have

better energy transfer than the long types. It is also concluded that the self inductances are

independent of the secondary position.

A transient study for the relationship between the speed of the vehicle and the energy

transfer values was also addressed. The conclusion is that higher vehicle speeds yield a lower

energy transfer while lower speeds and/or greater primary size help improve the amount of

energy transfered.

6.2 Future work

The work presented in this thesis helped get a close understanding regarding the operation

of dynamic IPT systems, in particular the di�erent magnetic couplers used. To continue this

work some of these suggestions can be taken:

� Explore the possibility of using air cores, and what implications that choice has in the

characteristics of the system.

� Implement the recommended designs in a real experimental setting.

� Investigate possible compensation networks to be used in dynamic IPT.

� Evaluate the impact of electromagnetic radiation in dynamic IPT and study ways of

minimizing it.

� Integrate the designs proposed into a high power system with the compensation net-

works and all the electronics associated.
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Appendix A

Air cores

Air cores can be a good option in IPT systems, especially in dynamic IPT. Since it is

necessary to cover large parts of a road with transmitters in order to charge the batteries

over long distances, using ferromagnetic materials for the magnetic cores can increase the

costs of the overall system signi�cantly.

Some calculations regarding the use of air cores and the in�uence in the induced voltage

in the secondary pickup will be made. Moreover, a comparison between the calculation of

the mutual inductance between two coils with several methods will also be addressed.

A.1 Coreless system

For the purpose of comparison the segmented DD-DD geometry was used (Fig. 3.3i).

The core volumes pertaining to the magnetic core, in the simulation software, were simply

replaced with air volumes. The sheets of magnetic material in IPT systems are usually placed

below the primary track coils and above the secondary pickup coils. It is important to note

that the number of turns in both the secondary and primary segments did not change. In

this comparison the only modi�cation was to the core type.

Fig. A.1 shows the primary and secondary self inductances of the core and coreless

systems. The tests were done only in the longitudinal movement (x axis) and show that

removing the ferromagnetic material reduces the self inductances of the coils. With a ferrite

or an iron core the magnetic �ux lines can be strengthened and the magnetic �ux increases

because of the magnetization of the core. Less magnetic �ux means that the self inductance

will also decrease (equation 2.3).

Comparing the mutual inductance and coupling factor with and without the magnetic
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Figure A.1: Self inductances for coreless and core based DD-DD topologies.

core shows that removing this component has a great impact on the performance of the

system. The decrease in coupling and mutual inductance stems from the fact that the

magnetic core, that has good relative permeability, concentrates the magnetic �ux lines and

without it, the leakage �ux is greater. Energy transfer is tremendously compromised by

this as the induced voltages are e�ectively reduced as can be seen in Fig. A.3. Because of

this, several adjustments can be made in order to have induced voltages similar to the ones

observed in a core con�guration. The more obvious one is to increase the number of turns in

the pickup coil (equation 2.4). Doing this ensures that only the secondary voltage is changed

without a�ecting other parts of the system. Fig. A.3a shows the voltage pro�le with core
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Figure A.2: M and k with core and coreless DD-DD topologies.
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Figure A.3: Secondary voltages without adding turns vs adding turns.

and without core for the same amount of turns on the primary and secondary. Fig. A.3b,

however, shows the same waveforms but with the di�erence that, this time, more turns were

added to the secondary coil in the coreless type. From a total of 16 turns in the secondary,

8+8 for each D coil, a total of 76 turns (38+38) were now used. The induced voltages are

close to the ones in the core type, however at the cost of much more wiring. Moreover, it

seems that there is more variance in the voltages along the distance studied.

A.2 Mutual inductance in air core systems

In this section a comparison between di�erent methods of calculating the mutual induc-

tance for air core systems is done. There are di�erent ways to calculate it analytically, i.e.

by open circuit tests like the ones done in this thesis or by the Neumann's formula which is

given by

M =
µ0

4π
NpNs

∮
γ

∮
γ

dl · dl′

r
(A.1)

The calculation was done in a single position with the segmented R-R topology. Perfect

alignment with the middle primary segment was chosen. Moreover a third calculation method

was considered that is expressed by

M =
Voc
Vp
Ls (A.2)
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Figure A.4: Parameters for rectangular coils for any dimension and position.

in which Voc is equal to the open circuit voltage of the secondary pick coil. A particular case

of Neumann's formula [50] for rectangular coils allows the calculation of M as a function of

the coils dimensions with the parameters represented in Fig. A.4 and is given by

d = a1 − a2 − c g = a1 − c

m = a2 + c p = b1 − e

q = b2 + e t = b1 − b2 − e
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√
h2 + (−p)2 + g2−

−
√
h2 + (−p)2 + d2 +

√
h2 + (−p)2 +m2 −

√
h2 + (−p)2 + c2

]
+

+

[
t ln

(
t+
√
h2 + (−g)2 + t2

t+
√
h2 + t2 + c2

)
+ p ln

(
p+

√
h2 + p2 + c2

p+
√
h2 + (−g)2 + p2

)
+
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+ e ln

(
(−e) +

√
h2 + e2 + c2

(−e) +
√
h2 + e2 + (−g)2

)
+ q ln

(
(−q) +

√
h2 + (−g)2 + q2

(−q) +
√
h2 + c2 + q2

)
+
√
h2 + c2 + t2−

−
√
h2 + c2 + p2 −

√
h2 + c2 + q2 +

√
h2 + e2 + c2 +

√
h2 + (−g)2 + p2−

−
√
h2 + (−g)2 + t2 +

√
h2 + (−g)2 + q2 −

√
h2 + (−g)2 + e2

]
−

−
[
t ln

(
(t) +

√
h2 + (−d)2 + t2

(t) +
√
h2 + t2 +m2

)
+ p ln

(
(p) +

√
h2 +m2 + p2

(p) +
√
h2 + (−d)2 + p2

)
+

+ e ln

(
(−e) +

√
h2 + e2 +m2

(−e) +
√
h2 + e2 + (−d)2

)
+ q ln

(
(−q) +

√
h2 + (−d)2 + q2

(−q) +
√
h2 +m2 + (−q)2

)
+
√
h2 +m2 + t2−

−
√
h2 +m2 + p2 −

√
h2 +m2 + q2 +

√
h2 + e2 +m2 +

√
h2 + (−d)2 + p2−

−
√
h2 + (−d)2 + t2 +

√
h2 + (−d)2 + q2 −

√
h2 + (−d)2 + e2

]]
(A.3)

With a1, a2, b1, b2, c and e the variables shown in Fig. A.4. Since both primary and

secondary coils have the same dimensions a1 = a2 = 0.5 m and b1 = b2 = 0.5 m which means

that c = e = 0 thus d, m, q, g, p and t are given byd = t = 0

m = g = p = q = 0.5

Moreover, h = 0.1 m, Np = 2 and Ns = 15 so in table A.1 the comparison between the

three methods of calculation is exposed. These were done in a single position coinciding

with the alignment at x = 0 which corresponds with the middle primary segment. Overall,

the three methods result in very approximate values and as such can be used depending on

the situation. The open circuit test is straightforward in the sense that only a handful of

calculations are necessary. However, both this and the method from equation A.2 need to

power both the primary and secondary with a voltage or current source and do the speci�c

calculations until M is obtained. That is not necessary with Neumann's equation so it is

possible to obtain the mutual inductance without powering the any of the coils. Furthermore,

the variables c an e are basically dimensions related to the misalignments in the x and y

directions so it is also possible to apply this expression with misaligned coils.

Table A.1: Di�erent methods for the calculation of mutual inductance.

Method Open circuit test M = Voc
Vp
Ls Neumann's formula

Mutual Inductance (µH) 6.18 6.34 6.52
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Appendix B

Material properties

This appendix contains additional information regarding the materials designated for the

magnetic core and coils of the IPT system.

B.1 Coils

In the FEA software there are several parameters associated with the material used. Cop-

per was chosen for the coil material and its electrical properties, namely the resistivity, are

of the linear isotropic type proportional to the temperature (ºC) as shown in Fig. B.1. The

curve is expressed by

ρ(T ) = ρa(1 + a(T − T0)) (B.1)

with ρa = 0.1564×10−7 and a = 0.00427. ρa represents the resistivity of the material at T =

T0 while a is the slope coe�cient. The thermal conductivity considered for the material is also

Figure B.1: Resistivity as a function of temperature.
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Figure B.2: Thermal conductivity as a function of temperature.

another parameter that can be speci�ed in the coil material. For this case, it is considered to

be isotropic, constant and independent of temperature with ka = 394 Wm−1°C−1. Finally,

Figure B.3: Volumetric heat capacity as a function of temperature.

the volumetric heat capacity (Fig. B.3) was also speci�ed to be independent of temperature

and has a constant value of ρaCPa = 3518000 Jm−3°C−1.

B.2 Magnetic core

As pointed out in chapter 4, the magnetic core used a material called N87. The magnetic

property of the material can be speci�ed in the simulation software. A curve represented

in Fig. B.4 illustrates the B-H curve and the possibility of changing certain values. Its

characteristic is isotropic soft magnetic material analytic saturation curve. With the equation

for the curve given as

B(H) = µ0H +
2Js
π

arctan

(
π(µr − 1)µ0H

2Js

)
(B.2)
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Figure B.4: B-H curve of the N87 material.

with the initial relative permeability µr equal to 2300 and the saturation magnetization Js

equal to 0.47 T .
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Appendix C

Additional data

This appendix will compile the data that was used to compute the values discussed in

chapter 5.

C.1 Long con�gurations

C.1.1 Ox

(a) Open circuit on secondary (R-R). (b) Open circuit on primary (R-R).

(c) Open circuit on secondary (DD-R). (d) Open circuit on primary (DD-R).

(e) Open circuit on secondary (R-DD). (f) Open circuit on primary (R-DD).
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(g) Open circuit on secondary (DD-DD). (h) Open circuit on primary (DD-DD).

Figure C.1: Parameters along Ox for the long types.

(a) Open circuit on secondary (R-R). (b) Open circuit on primary (R-R).

(c) Open circuit on secondary (R-R+). (d) Open circuit on primary (R-R+).

(e) Open circuit on secondary (BP-R). (f) Open circuit on primary (BP-R).

(g) Open circuit on secondary (DD-R). (h) Open circuit on primary (DD-R).

(i) Open circuit on secondary (DD-DD). (j) Open circuit on primary (DD-DD).
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(k) Open circuit on secondary (DD-BP). (l) Open circuit on primary (DD-BP).

Figure C.2: Parameters along Ox for the segmented types.

C.1.2 Oy

(a) Open circuit on secondary (R-R). (b) Open circuit on primary (R-R).

(c) Open circuit on secondary (DD-R). (d) Open circuit on primary (DD-R).

(e) Open circuit on secondary (R-DD). (f) Open circuit on primary (R-DD).
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(g) Open circuit on secondary (DD-DD). (h) Open circuit on primary (DD-DD).

Figure C.3: Parameters along Oy for the long types.

(a) Open circuit on secondary (R-R). (b) Open circuit on primary (R-R).

(c) Open circuit on secondary (R-R+). (d) Open circuit on primary (R-R+).

(e) Open circuit on secondary (BP-R). (f) Open circuit on primary (BP-R).
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(g) Open circuit on secondary (DD-R). (h) Open circuit on primary (DD-R).

(i) Open circuit on secondary (DD-DD). (j) Open circuit on primary (DD-DD).

(k) Open circuit on secondary (DD-BP). (l) Open circuit on primary (DD-BP).

Figure C.4: Parameters along Oy for the segmented types.
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C.1.3 Oz

(a) Open circuit on secondary (R-R). (b) Open circuit on primary (R-R).

(c) Open circuit on secondary (DD-R). (d) Open circuit on primary (DD-R).

(e) Open circuit on secondary (R-DD). (f) Open circuit on primary (R-DD).

(g) Open circuit on secondary (DD-DD). (h) Open circuit on primary (DD-DD).

Figure C.5: Parameters along Oz for the long types.
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(a) Open circuit on secondary (R-R). (b) Open circuit on primary (R-R).

(c) Open circuit on secondary (R-R+). (d) Open circuit on primary (R-R+).

(e) Open circuit on secondary (BP-R). (f) Open circuit on primary (BP-R).

(g) Open circuit on secondary (DD-R). (h) Open circuit on primary (DD-R).
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(i) Open circuit on secondary (DD-DD). (j) Open circuit on primary (DD-DD).

(k) Open circuit on secondary (DD-BP). (l) Open circuit on primary (DD-BP).

Figure C.6: Parameters along Oz for the segmented types.
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Appendix D

Speed of the vehicle

D.1 Simulation for 120 km/h

In section 5.2.1 an explanation regarding speed vs energy transfer is made for the R-R

geometry. However, it is done with extreme speed levels that are not reasonable in a real

situation. Because of that, an additional simulation was done where the simulation time was

left untouched but the speed was changed. At 10000 m/s, the vehicle passes through the

simulated length of 1600 mm (two segments) in 160 µs. So, it goes through a single segment

in 80 µs.

The speed was then changed to 33.33(3) m/s which is approximately 120 km/h and the

position of the secondary was moved to a perfectively aligned position with one primary

segment. Knowing that 33.33(3) � 10000, the distance covered will be much lower at

d = 33.33 · 80 × 10−6 which is approximately 2.67 mm. The secondary at Ts = 0 will be

aligned with a segment and at Ts = 80 µs will be only 2.67 mm misaligned in the x direction,

which means that it is essentially aligned throughout the simulation. As Fig. D.1a illustrates

this results in a greater average power and as a consequence greater energy transfer. Even

though Ts is the same, Pavg is not. Table D.1 shows Pavg and the subsequent energy values

transfered in both speeds. The energy value was calculated from equation 5.2 and e�ectively

Table D.1: Average power and energy values.

Speed (m/s) Pavg (W ) E (mJ)

33.33 132.7 10.62

10000 50.97 4.08
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Figure D.1: Load power comparison.

shows that for the same time-span an higher energy transfer is evident with the lower speed.

Moreover, the fact that the secondary is basically on the same aligned position on this

additional test, guarantees that Pavg is equivalent to the maximum values obtained in steady

state at aligned positions (see Fig. 5.23).
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