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Abstract

Inductive power transfer (IPT) systems accomplishes power transfer between two sides

across an air gap without the need of electric wires. Such systems eliminate the driver from

the charging process and consequently, all risks associated to handling electrical equipment.

The absence of physical contacts also offers the possibility of EV charging with the vehicle in

movement. Such capability has the possibility to reduce the battery pack size and ensuring

unlimited range capabilities. The power transfer capabilities of IPT systems are, however,

limited by vertical and lateral displacements during the charging process.

The main work presented in this thesis addresses the effect of coupling factor variations

due to displacements in different IPT configurations. New design methodologies are proposed

to ensure load independent current and/or voltage source characteristics in extreme coupling

factor variations. In addition, these design methodologies eliminate the need for an on-

board controllable converter and a close loop off-board control strategy. The first problem

addressed in this thesis was the impact of deviations in the self-inductance and capacitor

values caused by displacements and aging, respectively. The analysis is carried out for the

four series/parallel resonant configurations in two-coil systems. New generic equations of

the circuit models are established for the reflected impedance values.

The magnetic coupler (MC) is the key element in IPT systems and is responsible for the

energy transfer between the off-board and the vehicle’s side. The magnetic coupler is formed

by one or more coils and a ferromagnetic core and its coupling factor is directly affected by

displacements. Their impact are, however, mitigated with a proper design and placement of

the coils and ferromagnetic core. The extraction of both self and mutual inductance profiles,

needed during the design of the overall IPT system, occurs mainly via finite element analysis

(FEA) tools. Multiple simulations, ranging from several dozens up to a few hundred, are

needed to fully assess the effect of different displacements and different combination of turns

in the self and mutual inductance profiles. Unfortunately, each FEA simulation runtime

ranges between a few minutes up to one hour, depending on the simulation model and

computer specifications. Therefore, the full characterization of a magnetic coupling can be a

cumbersome endeavor. A design methodology that minimizes the number of required FEA



simulations is then presented in this thesis. The presented design methodology uses adequate

fitting curves to plot the effect of vertical and lateral displacements. This approach allows

the extraction of minimum required charging positions and, consequently, has a positive

impact on the required number of FEA simulations. The methodology is applicable to both

non-polarized and polarized geometries in two and three-coils IPT systems and is validated

through both FEA tools and experiments.

Pick-up or off-road vehicles with higher air gap values require MCs with larger sizes,

even with optimized geometries. The power transfer capabilities are largely dependent on

the VA ratings of the source and transmitter pads driven by large currents (above 150 A) are

unavoidable for a reasonable power transfer. One way to boost the effective coupling factor

of the MC is through the placement of an intermediate resonator between the transmitter

and receiver coils. Unfortunately, the literature lacks design guidelines towards three-coil

systems. Moreover, IPT solutions that don’t require a communication link between the

off-board and on-board sides are preferable since they are easier to implement, cheaper

and with less components. Therefore, this work presents a design methodology to obtain

a constant current charging mode and an estimation procedure to determine the coupling

coefficients using off-board measurements. The realized prototype validates both the design

methodology and estimation procedure under different load and charging conditions.

All the aforementioned solutions minimize the impact of displacements but they are still

limited for large ground clearance vehicles like trucks or heavy-duty vehicles. This work

explores the concept of in-wheel IPT systems to reduce the air gap to a minimum and in-

dependent of the vehicle class. A new double coupling resonant configuration is presented

and use the wheel as an intermediary stage between the off-board and vehicle’s side. The

inclusion of a second magnetic coupler to accomplish power transfer between the wheel and

the vehicle modifies the intrinsic characteristics of the resonant networks. Moreover, the

curve shape of the receiver coils placed in the wheel and the effect of the wheel’s rotation

were never analyzed in the existing literature. Therefore, several magnetic coupler geome-

tries were investigated and optimized together with a comparative study of different double

coupling IPT resonant configurations. A real size in-wheel prototype validates the selected

geometries and resonant configurations and the corresponding benefits against conventional

IPT systems.

Globally, the thesis explored the effect of displacements in the coupling factor of IPT

systems and proposed design methodologies in different components until culminating in a

solution that minimizes displacements to a minimum and independent of the vehicle class.
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Resumo

Sistemas de carregamento indutivo (IPT) permitem a transferência de energia entre dois

lados através de grandes entreferros sem a necessidade de contactos. Estes sistemas eliminam

a intervenção do condutor no processo de carga e todos os riscos associados ao manusea-

mento de equipamentos eléctricos. Os sistemas de carregamento indutivo permitem ainda

que o processo de carga ocorra com o veículo em movimento. Desta forma, é possível reduzir

a capacidade de armazenamento das baterias e garantir, simultaneamente, elevadas autono-

mias. Contudo, os elevados entreferros e os desalinhamentos laterais limitam a capacidade

de transferência dos sistemas IPT.

Esta dissertação teve como principal objectivo a procura de soluções que mitigam os

efeitos de variações de acoplamento, causados por desalinhamentos entre ambos os lados, em

diferentes tipos de sistemas IPT atráves do uso de novas metodologias de dimensionamento.

Este trabalho começou por analisar o impacto de desvios nos valores das indutâncias próprias

e dos condensadores devido ao efeito de desalinhamentos e envelhecimento, respectivamente.

Esta análise foi aplicada às quatro configurações ressonantes fundamentais e permitiu a

identificação das equações genéricas de impedância reflectida.

A estrutura de acoplamento magnético (MC) é o componente responsável pela transfer-

ência de energia entre o transmissor (instalado no chão) e o receptor (instalado debaixo do

veículo). O MC é formado por um ou mais enrolamentos e um núcleo ferromagnético. Os

valores do entreferro e do desalinhamento lateral afectam o valor do acoplamento magnético

entre o transmissor e o receptor. Este impacto pode, no entanto, ser mitigado através de

uma disposição adequada dos enrolamentos e/ou núcleo ferromagnético. Neste contexto, é

proposto um novo sistema de carregamento IPT vertical para veículos com elevadas distân-

cias ao solo. É realizado ainda um estudo de optimização de MCs para aplicações dinâmicas

e sem a utilização de núcleos ferromagnéticos.

O mapeamento das indutâncias próprias e mútuas das estruturas de acoplamento mag-

nético são imprescíndiveis durante a fase de dimensionamento de um sistema IPT. Neste

sentido, é apresentada uma metodologia de mapeamento que minimiza o número de simu-



lações em elementos finitos. A metodologia apresentada ajusta o efeito do número de espiras

em cada enrolamento e o efeito de desalinhamentos verticais e laterais em função de curvas

lineares, exponenciais e Gaussianas, respectivamente. A metodologia é validada experimen-

talmente e através de um programa de elementos finitos.

A introdução de ressonadores entre o transmissor e o receptor melhora o factor de acopla-

mento e, consequentemente, a capacidade de transferência de energia. Contudo, não existe

na literatura uma metodologia de dimensionamento de sistemas IPT com ressonadores sem

a necessidade de comunicação entre o carregador e o veículo. Nesse sentido, foi desenvolvida

no âmbito desta tese uma metodologia para seleção sa frequência de comutação e dimension-

amento dos diversos componentes, de forma a garantir a operação do sistema como fonte de

corrente e independente da carga. É ainda proposto um procedimento de estimação do nível

de carga das baterias assim como dos valores das indutâncias mútuas com recurso exclusivo a

grandezas eléctricas disponíveis no lado do transmissor. É realizada a validação experimental

da metodologia e do procedimento de estimação em diferentes posições de carregamento e

diferentes valores de carga.

As soluções acima apresentadas mitigam as variações no factor de acoplamento em sis-

temas IPT. No entanto, sistemas IPT continuam a apresentar limitições na presença de

elevados entreferros. O trabalho realizado no âmbito desta dissertação explora a utiliza-

ção da roda como meio intermediário de transferência de energia entre o carregador e o

veículo. Deste modo, o entreferro é reduzido a um valor mínimo e independente do tipo de

veículo, pelo que foi desenvolvido um sistema ressonante de duplo acoplamento. A intro-

dução do segundo MC permite a transferência entre a roda e o veículo sem a necessidade

de escovas. Foram também propostas diferentes geometrias para ambas as estruturas de

acoplamento magnético, uma vez que o efeito curvilíneo do pneu e o impacto da rotação

da roda nunca foram contemplados na literatura. Foram ainda analizadas diferentes malhas

ressonantes com duplo acoplamento, culminando no desenvolvimento de uma metodologia

de identificação da frequência de comutação e intervalo de variação das indutâncias mú-

tuas. A validação das geometrias e da metodologia é feita através de simulação e de forma

experimental num protótipo de escala real e uma jante de alumínio de 18 polegadas.

De forma global, o trabalho desenvolvido nesta dissertação explorou o impacto das vari-

ações no factor de acoplamento, causados por desalinhamentos entre ambos os lados, em

sistemas IPT e propôs soluções em diferentes componentes até culminar numa solução que

minimiza o valor de desalinhamentos, independentemente do tipo de veículo.
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Acronyms

ABB Asea Brown Boveri

AC Alternate current

AGV Autonomous guide vehicle

AWG American wire gauge

BEV Battery electric vehicle

BPP Bipolar power pad

CAN Controller area network

CC Constant current mode

CCL Capacitor-Capacitor-Inductor resonant configuration

CFLP Concrete ferrite-less pad

CNFP Circular non-ferrite pad

CPT Capacitive power transfer

CV Constant voltage mode

CP Circular pad

DAB Dual-active bridge converter

DC Direct current

DDP Double-D pad

DDQP Double-D pad with quadrature coil

ETH Swiss Federal Institute of Technology

EU European Union

EV Electric vehicle

FEA Finite element analysis

FLBPP Ferrite-less bipolar pad

FLCP Ferrite-less circular pad

FLDDwR Ferrite-less double-D pad with reflective coil

FPGA Field programmable gate array

FOD Foreign object detection



IBPP Intermediate bipolar pad

IC Intermediate coupler

ICC Intermediary coupler circuit

ICE Internal combustion engine

ICNIRP International Commission on Non-Ionizing Radiation Protection

ICP Intermediate circular pad

IDDP Intermediate double-D pad

IGBT Insulated gate bipolar transistor

inWIPT In-wheel inductive power transfer

IPT Inductive power transfer

IRMC Inner rim magnetic coupler

HEV Hybrid electric vehicle

ICNIRP International commission on non-ionizing radiation protection

KAIST Korea Advanced Institute of Science and Technology

LCC Inductor-Capacitor-Capacitor resonant configuration

LCL Inductor-Capacitor-Inductor resonant configuration

MC Magnetic coupler

MIT Massachusetts Institute of Technology

MOSFET Metal-oxide semiconductor field effect transistor

MRC Magnetic resonance coupling

OCC One cycle control

OLEV On-line electric vehicle

ORNL Oak Ridge National Laboratory

ORMC Outer rim magnetic coupler

P Parallel configuration

PATH Partners for Advanced Transit and Highways

PFC Power-factor correction converter

PI Proportional-integral controller

PID Proportional-integral-derivative controller

PP Parallel-Parallel resonant configuration

PS Parallel-Series resonant configuration

PWM Pulse width modulation

Q Quadrature coil

RF Radio frequency
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RLC Series resistance-inductor-capacitance load

RMS Root mean square

RP Rectangular pad

RT Real-time controller

S Series configuration

SAE Society of automotive engineers

SOC State of charge

SP Series-Parallel resonant configuration

SPP Solenoid power pad

SP-S Series-parallel configuration in the transmitter side and series configuration in the

receiver side

SS Series-Series resonant configuration

SSE Sum of square errors

SSS Series-series-series double coupling resonant configuration

SSP Series-series-parallel double coupling resonant configuration

SS-IC Series-series configuration with an intermediate coupler

S-CLC Series configuration in the transmitter side and capacitor-inductor-capactior con-

figuration in the receiver side

S/SP Series configuration in the transmitter side and series-parallel configuration in the

receiver side

SUV Sport utility vehicle

THD Total harmonic distortion

TPP Tripolar pad

TTL Transistor-transistor logic

USA United States of America

VA Volt-ampere

V2G Vehicle-to-grid

WPT Wireless power transfer

ZCS Zero current switch

ZPA Zero phase angle

ZVS Zero voltage switch
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Nomenclature

Symbol Unit Description

ae Constant of an exponential decay function

ag Constant of a Gaussian function

al Slope of a linear function

airgap mm Distance between the transmitter and receiver coils

b1
Relation factor between the operating and the natural transmitter

resonant frequencies

b2

Relation factor between the operating and the natural receiver

resonant frequencies in two and three-coil systems and for the

natural wheel resonant in inWIPT systems

b4
Relation factor between the operating and the natural receiver

resonant frequencies in inWIPT systems

be Constant of an exponential decay function

bg Constant of a Gaussian function

bl Slope of a linear function

C1 µF Capacitor of the transmitter resonant tank

C2 µF
Capacitor of the receiver resonant tank in two-coil systems and

capacitor of the wheel resonant tank in inWIPT systems

C4 µF Capacitor of the receiver resonant tank in inWIPT systems

Cint µF Capacitor of the intermediate resonant tank

cg Constant of a Gaussian function

d mm Total diameter of circular geometries

dmax mm Maximum diameter of circular geometries

dmin mm Minimum diameter of circular geometries

fs Hz Operating frequency

Gi2v1

Transconductance gain function between the receiver and

transmitter sides



Gi2i1

Current gain function between the receiver and the transmitter

sides in two and three-coil systems

Gi3i1

Current gain function between the intermediate and the

transmitter sides in three-coil systems

GivX

Transconductance gain function between the on-board and

off-board sides in inWIPT systems, where X takes the values of S

and P for series and parallel compensations

i1 A Instantaneous transmitter current

i2 A Instantaneous receiver current

iint A Instantaneous intermediate current

I1 A Current phasor in the transmitter coil

I1,1 A Fundamental current phasor in the transmitter coil

|I1| A RMS current in the transmitter coil

|I1| A Fundamental RMS current in the transmitter coil

I2 A
Current phasor in the receiver coil of two and three-coil systems

and for the ORMC in inWIPT systems

I2,1 A
Fundamental current phasor in the receiver coil of two and

three-coil systems and for the ORMC in inWIPT systems

|I2| A
RMS current in the receiver coil of two and three-coil systems and

for the ORMC in inWIPT systems

|I2,1| A
Fundamental RMS current in the receiver coil of two and

three-coil systems and for the ORMC in inWIPT systems

I3 A
Current phasor in the transmitter coil of the IRMC for inWIPT

systems

I3,1 A
Fundamental current phasor in the transmitter coil of the IRMC

for inWIPT systems

|I3| A
RMS current in the transmitter coil of the IRMC for inWIPT

systems

|I3,1| A
Fundamental RMS current in the transmitter coil of the IRMC for

inWIPT systems

I4 A
Current phasor in the receiver coil of the IRMC for inWIPT

systems
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I4,1 A
Fundamental current phasor in the receiver coil of the IRMC for

inWIPT systems

|I4| A RMS current in the receiver coil of the IRMC for inWIPT systems

|I4,1| A
Fundamental RMS current in the receiver coil of the IRMC for

inWIPT systems

I5 A Current phasor in the load of inWIPT systems

I5,1 A Fundamental current phasor in the load of inWIPT systems

|I5| A RMS current in the load of inWIPT systems

|I5,1| A Fundamental RMS current in the load of inWIPT systems

I int A Current phasor in the intermediate coil

I int,1 A Fundamental current phasor in the intermediate coil

|I int| A RMS current in the intermediate coil

|I int,1| A Fundamental RMS current in the intermediate coil

Ibat A Amplitude current in the batteries

Icut−off A
Minimum amplitude current in the batteries to stop the charging

process

|I inv| A Rated current of the semiconductors used in the inverter

Ioc A Current phasor in the transmitter coil during the open-circuit test

|Ioc| A RMS current in the transmitter coil during the open-circuit test

Isc A Current phasor in the receiver coil during the short-circuit test

k12
Coupling coefficient between the transmitter and receiver coils in

two and three-coil systems and of the ORMC in inWIPT systems

k1int

Coupling coefficient between the transmitter and intermediate

coils

kint2 Coupling coefficient between the receiver and intermediate coils

k34
Coupling coefficient between the transmitter and receiver coils of

the IRMC in inWIPT systems

kS1S2 Coupling coefficient between to receiver pads

L1 µH
Self-inductance of the transmitter coil in two and three-coil

systems and of the ORMC in inWIPT systems

L2 µH
Self-inductance of the receiver coil in two and three-coil systems

and of the ORMC in inWIPT systems

xiii



L3 µH
Self-inductance of the transmitter coil of the IRMC in inWIPT

systems

L4 µH
Self-inductance of the receiver coil of the IRMC in inWIPT

systems

Lint

Self-

inductance

of the in-

termediate

coil

L12 µH
Mutual inductance between the transmitter and receiver coils in

two-coil systems and of the ORMC in inWIPT systems

L34 µH
Mutual inductance between the transmitter and receiver coils of

the IRMC in inWIPT systems

L1int µH Mutual inductance between the transmitter and intermediate coils

Lint2 µH Mutual inductance between the receiver and intermediate coils

L1S2 µH
Mutual inductance between the transmitter and the second

receiver pads

LS1S2 µH Mutual inductance between two receiver pads

lt mm Lateral displacement

ltx mm Lateral displacement along the x axis

lty mm Lateral displacement along the y axis

ldc mm Lower diameter of the pipe coil in the FLCP geometry

lint mm Diameter of the intermediate coil in the ICP geometry

luc mm Upper diameter of the pipe coil in the FLCP geometry

N1 Number of turns in the transmitter coil

N2 Number of turns in the receiver coil

Nint Number of turns in the intermediate coil

Nxmin

Minimum number of turns in x coil, where x can take the

designation 1,2 or int

Nxmax

Maximum number of turns in x coil, where x can take the

designation 1,2 or int

Nxmean

Average number of turns in x coil, where x can take the

designation 1,2 or int
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Nymin

Minimum number of turns in y coil, where y can take the

designation 1,2 or int

Nymax

Maximum number of turns in y coil, where y can take the

designation 1,2 or int

Nymean

Average number of turns in y coil, where y can take the

designation 1,2 or int

Ncoil Total number of coils in the MC

Poc W No-load active power during the open-circuit test

Pos Specific charging position with a given airgap and lt values

Pcon_DIO W Conduction losses of diodes

Pcon_MOS W Conduction losses of MOSFETs

Pin W Input active power

PLinv
W Conduction losses of the inverter

PLrect W Conduction losses of the rectifier

PLAC−AC
W Joule and iron losses in the resonant tanks

Pout W Output active power

Psu VA Uncompensated apparent power

Q Quality factor of the load

Q1 Quality factor of the transmitter pad

Q2
Quality factor of the receiver pad of two and three-coil systems

and of the ORMC in inWIPT systems

Q3
Quality factor of the transmitter pad of the IRMC in inWIPT

systems

Q4 Quality factor of the receiver pad of the IRMC in inWIPT systems

Qint Quality factor of the intermediate coupler

Qoc No-load reactive power during the open-circuit test

r1 Ω Resistance of the transmitter coil

r1,1 Ω Resistance of the transmitter coil at the fundamental frequency

r2 Ω
Resistance of the receiver coil of two and three-coil systems and of

the ORMC in inWIPT systems

r2,1 Ω
Resistance of the receiver coil at the fundamental frequency of two

and three-coil systems and of the ORMC in inWIPT systems

r3 Ω Resistance of the transmitter coil of the IRMC in inWIPT systems

xv



r3,1 Ω
Resistance of the transmitter coil at the fundamental frequency of

the IRMC in inWIPT systems

r4 Ω Resistance of the receiver coil of the IRMC in inWIPT systems

r4,1 Ω
Resistance of the receiver coil at the fundamental frequency of the

IRMC in inWIPT systems

rint Ω Resistance of the intermediate coil

rint,1 Ω Resistance of the intermediate coil at the fundamental frequency

rD Ω On-state resistance of a diode

ron Ω On-state resistance of a MOSFET

rrim mm Radius of the rim

Req Ω Equivalent resistance of the batteries before rectifier action

Scenario Specific set of turns in a given Pos

Sad1 Single coil configuration of the receiver pad of the ORMC

Sad2
Two overlapped coils configuration of the receiver pad of the

ORMC

v1 V Instantaneous voltage at the inverter output terminals

V 1 V Voltage phasor at the inverter output terminals

|V 1| V RMS voltage at the inverter output terminals

V 1,1 V Fundamental voltage phasor at the inverter output terminals

vAK V Instantaneous anode-cathode voltage of a MOSFET

Vbat V Amplitude voltage of the batteries

VbatCC−CV
V Threshold voltage in the batteries to change from CC to CV mode

Vbatmax V Maximum amplitude voltage in the batteries

Vbatmin
V Minimum amplitude voltage in the batteries

VDC V DC voltage link

Vf V Threshold voltage of a diode

|V L1| V RMS voltage across the transmitter coil(s)

|V L1,1| V Fundamental RMS voltage across the transmitter coil(s)

|V L2| V
RMS voltage across the receiver coil(s) in two and three-coil

systems and of the ORMC in inWIPT systems

|V L2,1| V
Fundamental RMS voltage across the receiver coil(s) in two and

three-coil systems and of the ORMC in inWIPT systems

xvi



|V L3| V
RMS voltage across the transmitter coil(s) of the IRMC in

inWIPT systems

|V L3,1| V
Fundamental RMS voltage across the transmitter coil(s) of the

IRMC in inWIPT systems

|V L4| V
RMS voltage across the receiver coil(s) of the IRMC in inWIPT

systems

|V L4,1| V
Fundamental RMS voltage across the receiver coil(s) of the IRMC

in inWIPT systems

|V Lint| V RMS voltage across the intermediate coil(s)

|V Req| V RMS voltage across the load terminals

|V Lint,1| V Fundamental RMS voltage across the intermediate coil(s)

V L2−3coil
V Voltage phasor across the receiver coil for 3-coil systems

V oc V Voltage phasor in the receiver coil during the open-circuit test

ω rad/s Angular frequency of the inverter

ω1 rad/s Natural angular frequency of transmitter resonant tank

ω2 rad/s

Natural angular frequency of receiver resonant tank in two and

three-coil systems and of the wheel resonant tank in inWIPT

systems

ω4 rad/s
Natural angular frequency of on-board resonant tank in inWIPT

systems

ωint rad/s Natural angular frequency of intermediate resonant tank

Z1 Ω Impedance of the transmitter resonant tank

Z1,1 Ω Fundamental impedance of the transmitter resonant tank

Z2 Ω
Impedance of the receiver resonant tank in two-coil systems and

of the wheel resonant tank in inWIPT systems

Z2,1 Ω
Fundamental impedance of the receiver resonant tank in two-coil

systems and of the wheel resonant tank in inWIPT systems

Z4X
Ω

Impedance of the receiver resonant tank in inWIPT systems,

where X assumes the values S or P for series and parallel

configuration

Z4X ,1 Ω

Fundamental impedance of the receiver resonant tank in inWIPT

systems, where X assumes the values S or P for series and

parallel configuration

xvii



Zint Ω Impedance of the intermediate resonant tank

Zint,1 Ω Fundamental impedance of the intermediate resonant tank

Zin Ω Impedance seen at the output H-bridge inverter terminals

Zin,1 Ω
Fundamental impedance seen at the output H-bridge inverter

terminals

Zint3 Ω
Reflected impedance from the intermediate side in three-coil

systems

Zint3,1 Ω
Fundamental reflected impedance from the intermediate side in

three-coil systems

Zrec Ω Reflected impedance in two-coil systems

Zrec,1 Ω Fundamental reflected impedance in two-coil systems

Zrec3 Ω Reflected impedance from the receiver side in three-coil systems

Zrec3,1 Ω
Fundamental reflected impedance from the receiver side in

three-coil systems

ZrORMC ,1 Ω
Fundamental reflected impedance from the wheel side onto the

transmitter side in inWIPT systems

ZrIRMC ,1 Ω
Fundamental reflected impedance from the on-board side onto the

wheel side in inWIPT systems

α º Phase-shift control angle

ηAC−AC % Resonant compensation networks efficiency

ηinv % Inverter efficiency

ηrect % Rectifier efficiency

ηsys % DC-DC system efficiency

ℜ H−1 Equivalent reluctance of a given power pad

θ º Design parameter of the saddle coils

θ1 º Angle difference between θ11 and α/2

θ11 º Angle difference between I1,1 and V 1,1

λcoil mm Length of a saddle coil
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Chapter 1

Introduction

The exponential growth of the world population and the current lifestyle is leading to

historic global pollution levels. At the current rate, the planet risks a irreversible damage

from climate change. As a result, there is a global initiative towards renewable and sus-

tainable practices to reduce the human footprint in the planet. Electrical energy emerges

as a desirable form of energy due to its numerous clean sources, like solar and wind, and

ease of transportation in the existing global grid. New technological advancements lead to

a reduction of the fossil fuels dependence and towards cleaner and friendlier solutions.

The transportation sector is responsible for 14 % of the global greenhouse emissions

since 95 % of his energy comes from fossil fuels therefore, it is one major sector targeted

for electrification. Electrified vehicles would then be powered by clean energy sources and

reduce the pollution footprint in the process.

1.1 Electric vehicles

The concept of electric vehicles (EVs) is not new and the first prototypes dated from

1830s [1]. These early prototypes used small battery packs to supply the small direct current

(DC) motors. The invention of rechargeable lead-acid batteries and other technological

advancements in the late 19th century contributed to the widespread interest of EVs as a

way of transportation. In London, there were Electric Cab Company’s taxis. The low noise

pollution, vibration and the low effort to operate an EV, in contrast with the hand cranking

to start an internal combustion engine (ICE), make them suitable for short-distances like

public transportation in large cities.

However, the advancements made in the late 19th and early 20th centuries regarding ICE

vehicles contributed to a total disappearance of EVs since the 1930s. Inventions like the

muffler by Hiram Percy Maxim in 1897 and the electric starter by Charles Kettering in 1912

make the use of ICE vehicles easier and bearable. Also, Henry Ford’s assembly line and



Table 1.1: Battery specifications of different BEVs.

Model Battery capacity Range Power consumption
(kWh) (km) (kW/km)

BMW i3 33 200 0.165
VW Golf-e 35.8 190 0.188
Nissan Leak 39.5 240 0.165

Tesla Model 3 55 310 0.177
Chevy Bolt 65 417 0.156
Ford Transit 68 315 0.216
Toyota bZ4X 71.4 380 0.188
Cupra Born 77 450 0.171
Audi e-tron 95 360 0.264

Ford Mustang 99 539 0.184
Tesla Model S 100 510 0.196

Lucid Air 105 630 0.167
Mercedes EQS 107.8 640 0.168

Trucks
Freightliner eM2 315 370 0.851

eCascadia 475 402 1.18
Tesla Semi 500 482 0.829
Volvo VNR 565 443 1.275
Nikola Tre 753 563 1.337

the discovery of large oil reserves in the United States of America (USA) caused a rapid

drop of ICE vehicles costs, making them affordable to lower working classes. To fight the

advancements of ICE vehicles, EVs manufacturers like Cleveland and Woods of Chicago

offered hybrid electric vehicles (HEV). These new vehicles used an ICE together with an

electric motor and Woods claimed that their HEV reached a top speed of 56 km/h and with

a fuel efficiency of 4.9 liters per 100 km. However, the Woods HEV was more expensive and

less powerful than existing ICE vehicles and therefore sold poorly.

The EVs faded away for nearly fifty years until the 1970s with the Arab oil embargo. A

renewed interest around EVs by the U.S Department of Energy lead to numerous tests in

various electric vehicles from different vehicle companies. The tipping point for EVs occurs

in 1997 with the introduction of the first modern hybrid electric vehicle, the Toyota Prius.

Since then, over 20 HEV have been offered by different automotive companies. Nowadays,

the offer extends to full electric vehicles, also known as battery electric vehicles (BEVs),

with the automotive company Tesla being the first company to have exclusively BEVs in its

production lines. Table 1.1 shows some BEVs and EV truck models and their main battery

properties, values obtained assuming average speed between 80 and 100 Km per hour. On

average, a BEV consumes 185 W by kilometer whereas BEV trucks require 1250 W to travel

the same distance. These values together with the battery capacity define the EVs mile

range.
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1.1.1 Charging electric vehicles

Electric vehicles have clear advantages over ICE vehicles like reduced noise, full torque

capability of the motor from a standstill position and a smaller carbon footprint. However,

they are still limited in range by the batteries storage capacity. The current state of EV

lithium ion battery technology have a specific energy (energy per unit mass) that places

them behind that of gasoline by a factor of almost 100. Manufacturers workaround this

limitation using larger battery packs, as seen by the last entries of BEVs in Table 1.1. A

costlier and bulkier solution to a limitation that follows EVs since their first appearance.

Also, lithium ion batteries can take several hours to charge which will undoubtedly affect

the driving habits of the users.

All current HEVs and BEVs models have in-built sockets that can charge the battery pack

from a few kilowatts, in domestic chargers, up to 250 kW in supercharging stations [2, 3].

The vehicles can be charged from alternate current (AC) or DC power supply with different

voltage and current values. According to Society of Automotive Engineers (SAE) standards,

AC chargers can be divided into three different power levels, as depicted in Table 1.2 [4].

AC levels 1 and 2 are intended for domestic use. AC level 3 is permanently wired to the

utility grids and they are usually found in commercial locations. The DC charging systems

require a dedicated infrastructure and they are usually mounted at parking areas or public

charging stations. DC chargers automatically adjust the voltage ratings according with the

battery packs. Additionally, they are faster than AC chargers since they bypass the vehicle

on-board battery controller and charge the battery pack directly. The supercharger of Tesla

is one example where this strategy is adopted, allowing a maximum charging power of 250

kW.

Table 1.2: Power levels of EV chargers.

Operating level Input voltage Maximum current Output power Charging time
(V) (A) (kW) (h)

AC Level 1 120 12-16 1.08-19 6-24
AC Level 2 208-240 16-80 3.3-19.2 1-3
AC Level 3 208/480/600 150-400 >19.2 0.5-1.5
DC Level 1 200-450 80 36 0.5-1.3
DC Level 2 200-450 200 90 0.3-1.3
DC Level 3 200-600 400 240 0.25-1

The high power rating of Level 3 AC/DC chargers require large power demands from

the grid simultaneously. This scenario forces a restructuring of the electric power lines to

accommodate several chargers. Unfortunately, the increase of EVs and the limited number
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of chargers will provoke queues in the charging areas. In addition, the need of human

intervention in the charging process increases the risk of shock hazard and electrocution.

Alternative wireless charging technologies are then being studied as viable replacements to

conductive chargers.

1.2 Wireless power transfer

Wireless power transfer (WPT) technology enables the energy transfer between two sys-

tems without any contact. The concept dates from the late 19th century where Prof. Hein-

rich Hertz demonstrated electromagnetic wave propagation in free space using a spark gap

to generate high frequency power and to detect it at the receiving end. Nikola Tesla, in

1899, conducted a series of experiments in Colorado Springs where he devised the best ap-

proach for wireless power transfer [1,5]. During its stay in Colorado Springs, Tesla reported

power transfer with distances over 18 m between the transmitter and receiver coils. Tesla

accomplished such feats using one of his early inventions, known as Tesla coil, to operate

the transmitter coil at higher frequencies and voltages levels. These apparatus would work

with voltage levels of several hundred volts, making Tesla proposed systems potentially un-

safe. Unfortunately, there is no evidence of a successful demonstration. In 1964, William

C.Brown demonstrated the power transfer capabilities using microwaves to power a model

helicopter. Later, in 1975, Brown and Robert Dickinson at NASA’s Jet Propulsion Labora-

tory transmitted 30 kW DC output power using 2.38 GHz microwaves over a distance of 1.5

km. A renewed interest in wireless power transfer arose in 2007 when a group of researchers

from MIT repeated Tesla experiment based on coupled mode theory using magnetic reso-

nance over a distance of 2 m [6]. Since then, numerous studies have been carried out to

incorporate wireless power transfer in EVs.

Wireless charging technologies can be grouped as far-field and near-field techniques, as

illustrated in Figure 1.1. The first group includes Radio-frequency (RF)/microwave tech-

niques that radiate energy isotropically or toward some direction through beamforming. The

power transfer starts with a AC/DC conversion followed by a DC/RF conversion through

a magnetron at the transmitter side. The energy is then captured in the receiver end by a

rectenna and rectified into electricity again via a RF/DC converter. However, due to the

high frequency spectrum (300 MHz to 300 GHz), the effect of electric fields in the human

body are more dangerous and they are not widely used [7]. The near-field group includes the

techniques that use variable magnetic or electric fields to accomplish power transfer between
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Figure 1.1: Classification of different WPT technologies.

two coupled sides. Electric field coupling, also known as capacitive power transfer (CPT),

uses two pair of plates to form a capacitor for transferring power [8–12]. One advantage of

CPT is the ability to transfer energy through metallic materials since a capacitor is formed

between each conductor plate and the metallic surface. Furthermore, they are less sensitive

to lateral displacements as the electric field between the plates "bends" with the displacement

value. CPT systems are lightweight and cost-effective couplers when compared with mag-

netic coupling techniques. However, the capacitance between the two plates is low, limiting

the power transfer capabilities in applications with high air gap distances. The increase of

the operating frequency to the MHz range mitigates the large air gap values. Still, the power

density of CPT is 5 to 9 times lower than magnetic coupled systems, meaning the capacitive

coupler must be much larger than the air gap and it may not be practical.

Magnetic field coupling techniques use a varying magnetic field to achieve power transfer

and it includes inductive coupling and magnetic resonance coupling (MRC) techniques. The

second technique is based on evanescent-wave coupling that accomplishes energy transfer

between two resonant coils through varying or oscillating magnetic fields [13–16]. The two

resonant coils are strongly coupled and operate at the same resonant frequency, thus high

power throughput is achieved with small leakage to non-resonant externalities. Several

studies demonstrated the capabilities of power transfer over larger distances using MRC

technique [17–20]. Another advantage of MRC is the simultaneous charging of multiple

devices. However, the high operating frequency (range of MHz) [21–24] and the complex

tuning of both sides is unsuitable for EVs charging applications.

Inductive coupling, also referred as Inductive Power Transfer (IPT) system, transfers

energy between two coupled coils. The transmitter coil generates a varying magnetic field

which induces a voltage across the receiver coil, according to Faraday’s Law. To boost the

quality factors of the coils at low operating frequencies (from 10 kHz to 250 kHz) com-

pensation capacitors are added to the circuit [25–28]. IPT systems gain popularity and its

applicability in EVs is being investigated by the scientific community since the early 21st
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Table 1.3: Comparison of WPT technologies.

WPT tech-
nique

Advantages Disadvantages

RF/Microwave ✓ Ultra-long transfer distance
✗ High radiation and losses

✓ Potential transfer of several kW
power ✗ Complex equipment

✗ Antenna and rectenna orientation
needed

Electric field
coupling

✓ Better misalignment tolerance than
IPT system ✗ Limited power due to low capacitance
✓ Can transfer power through metallic
materials ✗ Very high electric field requirement
✓ Light and low-cost couplers

Magnetic field
coupling

✓ Highest efficiency
✗ Small power transfer distance.

✓ Some tolerance to displacements (al-
though the efficiency decreases ✗ Need for controlling the electromag-

netic emissions
✓ Can adapt to power transfer widely
ranging from MW level to some Watts

century. Since then, a lot of works present efficiencies as high as 97 % and equiparable to

conductive chargers. Therefore, the work presented in this thesis addresses specific chal-

lenges of IPT systems. Table 1.3 summarizes the advantages and limitations of the different

WPT technologies.

Inductive power transfer

IPT technology applied to EVs has the potential of similar charging capabilities as con-

ductive chargers. Additionally, IPT technology offers new advantages and possibilities such

as:

• Autonomous operation. The charge/discharge process occurs without the driver’s

intervention;

• Safer operation. Since the driver is not required in the charging process, there is no

risk of electric shock. Furthermore, IPT systems accomplish power transfer in different

weather conditions such as snow or rain;

• Quasi-dynamic or dynamic charge. IPT technology offers the possibility of EV

charging while moving or in a stationary position for a short period of time. Such

capability has the potential to reduce the battery pack size of an EV with a wide

dynamic charging network.

• Vehicle-to-grid (V2G) capabilities. The electric market is shifting his power flow

paradigm and IPT technology eliminates the driver from V2G tasks, allowing more
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Figure 1.2: Geographical overview of IPT research groups and companies with IPT solutions for
automotive sector.

complex grid adjustment algorithms.

The aforementioned advantages of IPT systems propelled a series of academic research

groups around the world. Additionally, wireless EV technology companies spin-offs of aca-

demic research have several IPT products for different applications ranging from autonomous

guide vehicles (AGVs) to electric buses. Figure 1.2 identifies geographically the main IPT

research groups and companies whereas Table 1.4 enumerates the main parameters of IPT

prototypes and commercial solutions.

Research groups within universities like the Massachusetts Institute of Technology (MIT),

Auckland University [29] and Korea Advanced Institute of Science and Technology (KAIST)

and national laboratories like the Oak Ridge National Laboratory (ORNL) are pioneers in

IPT breakthroughs with main focus in dynamic IPT systems, magnetic coupler optimiza-

tions, high order compensation networks and control strategies with tolerance to displace-

ments between the off-board and on-board sides of the vehicle. From these discoveries sprung

spin-offs like HaloIPT and Witricity from Auckland and MIT, respectively. HaloIPT has IPT

solutions in a power range between 3.3 and 20 kW and works in strict collaboration with
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Table 1.4: Commercial and laboratory prototypes using IPT technology.

Company Output power (kW) Year Application
Plugless 3.3-7.2 2012 Static: vehicle

Conductix 180 2013 Static: Bus
Bombardier 200 2013 Static: Bus
Halo IPT 3.3-22 2014 Static: vehicle

Chine ZTE 30 2014 Static: Bus
KAIST 180 2015 Dynamic: Bus

Witricity 3.6-11 2016 Static: vehicle
ETH 50 2016 Static: Bus

INTIS 30 2017 Static; vehicle
ORNL 120 2018 Static: Bus

Momentum 200 2018 Static: Bus
Japan NUT 22 2019 Static: vehicle

WAVE 250 2019 Static: Bus

Rolls Royce [30,31]. Witricity also offers solutions with power levels up to 11 kW and their

technology is licensed by Toyota to be integrated in new electric and hybrid vehicle mod-

els. Momentum Dynamics has solutions with power levels up to 300 kW for electric buses

and with similar efficiencies of plug-in chargers. Conductix-Wampfler has demonstrators

of stationary charging for electric buses in Torino with maximum output power levels of

60 kW [5, 32]. Plugless Power also offers static IPT solutions for the Chevrolet VOLT and

Nissan Leafs EVs with power levels up to 3.3 kW.

The ORNL has focused its research in dynamic IPT with special emphasis on leakage

field minimization, lateral displacement and interoperability between couplers with different

geometries [33,34]. The researchers presented a single-phase 120 kW system with maximum

efficiency values around 97 % for a 127 mm air gap [35]. The KAIST team has successfully

deploy several large-scale dynamic demonstrators on railway transit and EVs, where they

propose different coil and core arrangements to improve power density [36–40]. The research

group from ETH Zurich, in collaboration with the ABB group, provided a comprehensive

design consideration regarding a Silicon Carbide (SiC)-based 50 kW charger. The demonstra-

tor achieved maximum efficiency values around 96 % and considerations were made about

leakage field, thermal and size constraints [41–43].

European Union is funding several research projects towards Eco solutions in the trans-

portation sector with the inclusion of inductive chargers. The projects Fastincharge and

UNPLUGGED, both started in 2012, carried out a comparative analysis of different charg-

ing methods including plug-in, static and dynamic IPT. Both projects concluded that the

use of IPT systems is a feasible way to overcome the current limitation of EVs range. In

addition, different static IPT configurations were presented with efficiency values above 90
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% under perfect aligned conditions.

The IPT prototypes and commercial products identified in Table 1.4 show an increase

of power levels to values comparable with plug-in fast chargers. The available solutions

are mainly intended for static applications. Moreover, these systems are not applicable to

every vehicle and the existing design methodologies take only into account the basic resonant

configurations.

Taking all this into account, the main objectives of this work are the study, development

and analysis of solutions that minimize the impact of displacements and, in the process,

provide design guidelines that ease the construction of IPT prototypes based on real spec-

ifications and constraints. In addition, the new design guidelines will focus on resonant

configurations that exhibit current and/or voltage source characteristics. In this way, the

charging process of the batteries is regulated using the off-board controller with a open-

loop control strategy. Therefore, the synchronization between both off-board and on-board

controllers is avoided and the implementation costs are reduced.

1.3 Motivation

Sustainable electrical mobility is the way for a low carbon footprint in the transportation

sector. Europe will meet its objectives in terms of greenhouse gas emission reduction only

if it accelerates market uptake of EVs in the upcoming years. While electrically-chargeable

cars accounted for 11 % of all new car registrations in the European Union (EU) in 2020, only

1.9 % of all vans sold in 2020 were battery-powered. Moreover, only 0.04 % of heavy-duty

vehicles in the EU fleet are EVs. These values hardly change in the last two years.

Reluctance to EV adoption is related to the lack of charging stations (despite number

increase) but especially to the limited ranged (up to 500 km). The large difference of energy

density between the batteries and fossil fuels limits the storage capability in EVs. Addi-

tionally, plug-in chargers increase the risk of electric shock hazard, especially under wet

environments. Also, it only allows the charging process with a parked vehicle and despite

the increase in charging stations, larger queues can be discouraging for final users. IPT

technology has the potential to solve all plug-in charger limitations and offer unlimited drive

range. Therefore, the main motivation of this work was the search of affordable charging

solutions that mitigate some of the current IPT limitations and accelerate the inclusion of

IPT technology into EVs.
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1.3.1 Outline of the Thesis

The effect of displacements can be mitigated in different components that form an IPT

system. This work sought out solutions to the displacement problem in various research areas

within IPT technology. The journey started with the analysis of the effect of displacements

using the basic resonant configurations. Then, a magnetic optimization of different geome-

tries is carried out to reduce the vertical displacement between the off-board and on-board

sides. A new magnetic coupler with an intermediate network is also presented to provide

better vertical tolerance with current source characteristics. Finally, a new IPT configura-

tion and respective magnetic design that minimizes the vertical displacement, regardless of

the vehicle class, is presented and analyzed.

To ease the reading and navigation throughout this work, a brief summary of each chapter

is presented in this section. The content is divided into six chapters as follows:

• Chapter 1 outlines the history of electric vehicles and the role of wireless power trans-

fer technology to overcome the current EV charging limitations. A brief description

of the existing WPT and the benefits of IPT technology over the remainder WPT

technologies in EV battery chargers is carried out. The main contributions and publi-

cations of this work are presented, followed by a brief summary of the content in each

chapter of this document.

• Chapter 2 starts with a review of the IPT technology according with its main research

areas. The fundamental concepts of IPT systems are also derived and key aspects of

each topology like power transfer capabilities are discussed. The impact of manufac-

turer’s tolerance and aging in the four basic compensation networks is analyzed. A

summary of the main findings is presented at the end of the chapter.

• Chapter 3 explores in detail the MC component. A new vertical double receiver

IPT charger is presented for AGVs or heavy-duty vehicles. A design optimization

of different ferrite-less geometries for dynamic applications is also carried out. To

conclude, a new mapping methodology that minimizes the number of FEA simulations

is presented and validated experimentally. The main findings are summarized at the

end of the chapter.

• Chapter 4 investigates the inclusion of an intermediate coupler in a conventional

series-series IPT system. A design methodology of a open-loop constant current bat-

teries charger is presented based on the steady-state circuital analysis. A set of selec-

tion metrics are proposed to identify the optimal solution. Furthermore, an estimation
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procedure of the load and mutual inductance values, based only in the information

available from the off-board side, is also presented. An experimental prototype that

validates both the design methodology and identification method was built and assem-

bled in a converted combustion vehicle. A summary of the main findings is presented

at the end of the chapter.

• Chapter 5 presents a new concept of inductive power transfer that minimizes the air

gap, regardless of the vehicle class. The in-wheel IPT (inWIPT) concept is presented

at the beginning of the chapter. A new double-coupling inWIPT is explored along

with its constructive aspects. Several cylindrical shape MC designs with both non-

polarized and polarized flux patterns are evaluated and optimized due to the lack

of literature. Then, a comparative study is carried out using the series and parallel

configurations since the inclusion of a second MC changes the intrinsic characteristics of

a resonant circuit. A step by step guideline that identifies the operational range of the

mutual inductance values, based on certain design specifications and constraints, is also

presented. Experimental tests using a full scale wheel prototype validate the proposed

inWIPT in different coupling charging scenarios and load conditions. A summary of

the main findings is presented at the end of the chapter.

• Chapter 6 summarizes the final conclusions of the presented work.

1.4 Main Contributions and List of Publications

The large number of admissible IPT configurations difficult the standardization of solu-

tions based on certain specifications and constraints. Furthermore, the component’s toler-

ance and aging effects are often ignored to simplify the system analysis. In this context, the

first contribution of this work is the generic analysis of the four basic resonant configurations

and equivalent model.

The magnetic coupler is the key element in IPT systems and is responsible for the energy

transfer between the off-board and vehicle’s side. Its constitution resembles a conventional

50/60 Hz transformer with a transmitter and receiver sides, each formed with one or more

coils and a ferromagnetic core. The magnetic coupling between both sides depends directly

on the direction and magnitude of the displacements [31,44,45]. Their impact are, however,

mitigated with a proper design and placement of the coils and ferromagnetic core. The opti-

mization of MCs and extraction of both self and mutual inductance profiles occur via finite

element analysis (FEA) tools. The number of required FEA simulations range from several
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dozens up to a few hundreds to assess the effect of different vertical and lateral displacements,

and number of turns in the self and mutual inductance values. Unfortunately, each simula-

tion runtime ranges between a few minutes up to 1 hour, depending on the simulation model

and computer specifications. These execution times together with the numerous geometries

available in the literature make it an unpractical approach in the profiling process of a MC.

Therefore, this work also presents a framework that extracts the self and mutual inductance

profiles with minimum FEA simulations. Several experimental coupling measurements in

different magnetic coupler geometries validate the proposed framework.

One way to boost the power transfer capabilities in IPT systems with higher air gap

requirements is to include an intermediate resonator between the transmitter and receiver

coils. Unfortunately, the literature shows a lack of design guidelines towards three-coil

systems. Moreover, IPT solutions that don’t require a communication link between the

off-board and on-board sides are preferable since they are easier to implement, cheaper

and with less components. Therefore, this work presents a design methodology to obtain

a constant current charging mode and an estimation procedure to determine the coupling

coefficients using only off-board measurements. The realized prototype validates both the

design methodology and estimation procedure under different load and charging conditions.

The air gap between the transmitter and receiver pads of the MC is reduced to a min-

imum and independent of the vehicle type if the wheels are used as an intermediary stage

between the off-board and on-board sides of the vehicle. This work explores the in-wheel IPT

concept and proposes a new double coupling resonant configuration. The main contributions

regarding in-wheel IPT include the design and optimization of several MC geometries, com-

parative study of several double coupling IPT resonant configurations and a step-by-step

guide to identify the minimum mutual inductance values based on specific specifications like

output power, operating frequency and optimum efficiency. A real size in-wheel prototype

validates the proposed configuration and corresponding benefits against conventional IPT

configurations.

The aforementioned work resulted in a series of conference and journal articles, a chapter

book and a financed project from Faculdade de Ciências e Tecnologia. The double coupling

in-wheel configuration is currently under evaluation for patenting.

Journal Papers

• E. G. Marques, V. S. Costa, A. M. S. Mendes and M. S. Perdigão , “Double Coupling

In-Wheel IPT System for Electric Vehicles,” under R2 revision at IEEE Transactions

on Vehicular Technology, 2022.
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2022.
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actions on Vehicular Technology, vol. 70, no. 8, pp. 7509–7521, Aug 2021.

• E. G. Marques and A. M. S. Mendes, “ Comparison of Magnetic Coupling Struc-
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2015.

Magazine Articles
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Chapter 2

Inductive power transfer

This chapter starts with an overview of Inductive Power Transfer (IPT) system and its

main research areas throughout Sections 2.1 to 2.5. A summary of the main conclusions is

made in Section 2.6 and the adopted path of this work is made in Section 2.7.

2.1 System overview

Inductive power transfer (IPT) concept appeared soon after Ampère and Faraday propose

their laws. The principle requires two or more coils magnetically coupled, where the current

of one coil induces a voltage in the other. Figure 2.1 depicts a typical EV IPT system with its

main components in the off-board and on-board sides. The off-board side comprises a high

frequency power supply with a resonant compensation network connected to the transmitter

pad of a magnetic coupling structure (MC). The on-board side includes the receiver pad of

the MC, a resonant compensation network, the on-board converter and the batteries. The

transmitter and receiver pads have degrees of freedom between one another, including air gap

and lateral displacements. As a result, the coupling factor of the MC is drastically reduced

to values between 0.05-0.35 [32,46,47]. To overcome this limitation, resonant compensations

together with high operating frequencies are used to increase power transfer capabilities and,

in the process, minimize the volt-ampere rating and commutation losses of the power supply.

The mobility of the receiver pad together with the high frequency operation create additional

concerns when compared with plug-in chargers like position detection, stray magnetic fields

compliance and foreign object detection (FOD) between the transmitter and receiver pads.

Figure 2.1 summarizes the main concerns in both off-board and on-board sides.

The power transfer capabilities and optimal operation of an IPT system depend on the

proper selection of the resonant network configuration, off-board and on-board converters

and, geometry of the magnetic coupler. Each component of the IPT system has several

options, which means that the overall system can take up to several hundreds possibilities.
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Figure 2.1: Overview of a typical IPT system with its main components.

Therefore, IPT systems are divided in four main research areas which include resonant

configurations, circuitry analysis, design of magnetic coupling structures and off-board and

on-board converters with their respective control strategies. Figure 2.2 illustrates the main

research areas and sub-categories of IPT systems.

2.2 Static and Dynamic charging systems

IPT systems can be divided in two charging modes: static and dynamic. In the first

mode, the vehicle is charged in a fixed position whereas in the second mode, the vehicle is

moving along the roadway during the charging process [48, 49]. Figure 2.3 illustrates the

typical conversion stages of a static IPT charger between the grid and the vehicle battery

pack. In the off-board side, a full bridge rectifier with a power factor correction stage is often

used to meet the harmonic requirements, as described in the EU directive IEC 61000-3-12.

An output DC bus capacitor ensures a stable voltage that supplies the inverter. The high

frequency AC signal generated by the inverter is filtered by the resonant tank to a sinusoidal

current that flows through the transmitter coil. In the on-board side, the induced voltage

across the receiver coil is boosted by the receiver resonant tank and then rectified into a DC

voltage. The on-board converter regulates the charging process of the batteries.

Dynamic IPT systems were first employed in industrial materials handling applications

using elongated transmitter coils, also known in the literature as track based IPT systems

[50–55]. These applications use an elongated loop wire (e.g 100 m) as the transmitter coil,

connected to an high-frequency power supply and resonant tank, as illustrated in Figure
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Figure 2.2: Main research areas of IPT systems.

2.4. Such configuration allows multiple receivers to be powered simultaneously and they are

regulated individually. The same principle can be applied to EV dynamic chargers [56–58]. In

1992, Berkeley undertook the Partners for Advanced Transit and Highways (PATH) program

to analyze the viability of dynamic EV IPT systems. The program prototypes achieved an

efficiency of 60 % when transferring 60 kW with an air gap of 76 mm. Unfortunately, the

limiting switching of power electronics set construction costs around 1 million doller per Km

with track currents in the thousand range and low efficiency values.

The Korean Advanced Institute of Science and Technology (KAIST) has been conducted

the on-line electric vehicle (OLEV) project with numerous prototypes across South Korea

since early 2009 [36, 38, 39, 59, 60]. The first generations of prototypes solved most of the

problems of the PATH project like high frequency current-controlled inverters, continuous

power transfer, dynamic response analysis for high order resonant configurations and low

EMF characteristics. Still, the construction cost and time of the power track should be

reduced for a better adherence and commercialization.

The 5G OLEV uses a compact ferromagnetic with a S-type shape, as illustrated in
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Figure 2.5 [61–64]. This new design has a width of only 40 mm but at the expense of a

large receiver pad of 1000x800 mm in order to ensure an air gap operation of 200 mm with

a lateral tolerance of 300 mm. The system, in these conditions, can transfer a maximum

power of 22 kW with an efficiency of 71 % [40, 62]. Other studies employ rectangular coil

shapes at the expense of wider installation areas [65,66].

The use of power tracks in IPT systems offer a continuous power transfer with a constant

coupling factor but they have inherent limitations like the large self-inductance of the power

track. The use of high inductance values reduce the overall coupling factor and require

higher voltage levels to drive the necessary transmitter current. Additionally, most power

track systems prototypes operate with frequencies around 20 kHz instead of the 85 kHz

proposed by the SAE J2954 standard.

Segmented pads system, also referred in the literature as lumped systems, use discrete

power pads placed along the road to transfer power to the vehicle [34, 67–69]. Figure 2.6

illustrates different segmented pad configurations studied in the literature. The configuration

of Figure 2.6 (a) extends the DC bus from the roadside cabinet to each individual converter
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(a)

(b)

(c)

Figure 2.5: Overview of S-type power rail with receiver pad in: (a) 3D view, (b) side view and (c)
front view [62].

and respective power pad [70,71]. This configuration is simple to implement but arises safety

concerns as it uses high voltage and high power rating DC lines. The configuration from

Figure 2.6 (b) overcomes the limitations of Figure 2.6(a) and the maintenance of the power

converters, since they are all concentrated in the roadside cabinet [72]. Moreover, each

converter can supply more than one transmitter pad simultaneously [73]. Unfortunately,

the installation costs increase exponentially with the number of segmented power pads. In

addition, the PFC module will vary in configuration, depending on the power levels of the

overall system.

Figure 2.7 (a) depicts a segmented pad configuration that allows an independent opera-

tion of each segmented pad [74,75]. This feature is accomplished by using a magnetic coupler
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Figure 2.6: Overview of different segmented pad arrangements.

connected to a bidirectional AC switch to turn "on" or "off" the power pad. A benefit of

such configuration is individual maintenance of each segmented pad without affecting the

normal operation of the remaining system. The configuration illustrated in Figure 2.7 (b)

uses two turns transmitter track configuration in which the current direction in one of the

turns can be changed using the switch boxes to turn "on" or "off" the magnetic fields in a

specific segmented pad. Since all switch boxes are connected in series, all components have

to be rated for the nominal current of the transmitter pad.

Figure 2.8 illustrates a double coupling segmented pad system [76,77]. The system uses an

additional intermediary coupler circuit (ICC) between the power track and the transmitter

pad. The ICC is formed by the intermediary receiver coil with respective resonant tank, a

semi-controlled full bridge rectifier with a large storage capacitor and a H-bridge inverter

with respective resonant tank connected to the transmitter coil. The ICC has a strong

coupling to the power track to cancel more self-inductance of the power track. In this way,

the same voltage supply allows longer power tracks. The power is drawn from the power

track to the ICC to charge the storage capacitor and then transferred to the vehicle using

the H-bridge inverter at a higher operating frequency (85 kHz).

The configuration of Figure 2.8 has advantages towards the configurations illustrated in
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Figure 2.6 and Figure 2.7. Firstly, the power track can run at a lower frequency (around 20

kHz) while the ICC runs at 85 kHz. Therefore, the safety concerns of installing DC lines

are eliminated and the Joule losses in power tracks running at 85 kHz are also mitigated.

Secondly, the storage capacitor reduces the power peaks drawn from the grid during rush

hours since the storage capacitor can be discharged at a fast rate of 10-20 kW while the

charging process occurs at a lower rate of 1-2 kW. Thirdly, each module can be controlled

individually and maintenance can be performed in one segmented pad without interrupting

the normal operation of the remainder. The downside of the proposed configuration is

the larger number of components required and the lifespan and maintenance of the storage

capacitors.

Other configurations have been presented in the literature that use additional MCs or
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Figure 2.9: Overview of a push-pull driven coupler array [79].

that are modified arrangements of isolated DC-DC converts. The authors in [78] introduce a

switchable inductively coupler that facilitates the system maintenance while ensuring, at the

same time, a load-independent current in the main transmitter pad. On the other hand, [79]

proposes a push-pull driven coupler array that minimizes the number of switches to N+1

required to drive N transmitter pads, as illustrated in Figure 2.9. Of all discussed topologies,

the push-pull driven coupler array is the solution that requires less switches. Unfortunately,

the current that flows through the transmitter pads can not be controlled electronically.

One advantage of segmented configurations over elongated tracks is the capability to turn-

off the transmitter pad in the absence of a vehicle, in order to reduce losses and unwanted

stray magnetic fields [80]. The ability to turn-on/off requires, however, a detection EV

system. The authors in [81] propose a three-coil sensor system to detect the approach of

vehicle. A similar approach is analyzed in [82] where several sensing coils are displaced before

the transmitter pads to detect the vehicle passage. The authors in [83] propose instead,

an orthogonal set of sensing coils placed in the transmitter pad. All the aforementioned

techniques require a permanent energized circuit in the vehicle side. Therefore, this circuit

is permanently consuming energy from the batteries. Alternatively, the authors in [84]

propose a transmitter source coil formed by ferrite cores that have different magnetic flux

shapes along the roadway. This solution though, increases the installation costs by using

ferromagnetic cores.

One limitation of segmented pad configuration is the power fluctuation that occurs be-

tween two consecutive discrete pads and the amount of pads required to transfer a given

quantity of energy [85]. One way to minimize the power fluctuation is two shorten the dis-

tance between two consecutive transmitter pads [67,86]. This approach decreases the power

fluctuation up to 80 % but has to take into account the coupling between the two discrete
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transmitter pads during the design of the resonant compensation network. Alternatively,

pads geometries with orthogonal flux patterns ensure a natural decoupling between two con-

secutive transmitter pads, thus avoiding the need for additional compensation capacitors [87].

A new resonant configuration with multiple coupling factors within the transmitter pad is

proposed in [88]. The configuration enables a stable output power with a maximum fluctu-

ation of 4%. The use of non-polarized geometries for the main coil will, however, limit the

tolerance to lateral displacements.

Another difficulty associated with segmented pad configuration is the proper size selec-

tion of both transmitter and receiver pads together with the configuration of the power

supply [89]. The authors in [90] explore different predefined Double-D pad (DDP) geometry

configurations in both transmitter and receiver pads to assess the minimum admissible sizes

compatible with both Sedan and SUV classes. An interoperability study of different trans-

mitter pad designs with a DDP receiver pad geometry is carried in [91]. The authors show the

benefits of using multi-segmented transmitter rectangular coils instead of a single wounded

rectangular coil, especially under lateral displacement scenarios. In addition, durability tests

showed a better temperature dissipation of segmented transmitter coils (temperature rising

inferior to 4◦C) when compared with traditional rectangular coils (temperature rising around

32◦C). Other works focus on optimizing the energy transfer using generic coupling profiles

rather than specific transmitter geometries [92,93]. These design methodologies focus on the

system constraints like admissible charging areas with minimum coupling values while both

the power transfer and efficiency are maximized. The authors in [94] also propose a design

methodology that maximizes power transfer for a series-series (SS) resonant configuration

using non-polarized rectangular coils. Alternatively, [95] uses the length of a rectangular

transmitter pad as a design parameter in the optimization that uses constraints like vehicle

speed, system losses and minimum charging efficiency. The methodology consider trans-

mitter and receiver air coils and their respective integral functions which in practical EV

applications may not be feasible due to all magnetic materials like iron that form the vehicle.

The segmented pad configurations discussed above have benefits over track based con-

figurations like higher efficiency values since only sections of the road are energized at a

given time. Still, there is a long debate over the definitive solution for a global spread and

both options have room for improvement in terms of costs, size and power transfer capabili-

ties [96]. Table 2.1 summarizes the main advantages and limitations of both segmented and

track based dynamic IPT systems.
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Table 2.1: Comparison between elongated and segment dynamic configurations.

Type Advantages Limitations

Elongated pad

✓ Lower construction costs ✗ Lower coupling factors

✓ Easier to control ✗ High Joule and iron losses

✓ Continuous power transfer ✗ Unwanted exposure to stray fields

✓ Stable coupling factor ✗ High track self-inductance
requires additional compensation

Segmented pad

✓ Easier maintenance and
replacement

✗ Requires EV detection systems

✓ High coupling profiles ✗ Difficult to control

✓ Better overall efficiency ✗ Requires more components

✓ Capability to work as an
elongated pad

✗ Optimization process complex

2.3 Resonant configurations

As discussed in Section 2.1, the power transfer capability of an IPT system is greatly

affected by the reduced coupling between both sides of the MC. This limitation is mitigated

with the use of resonant configurations that compensate the self-inductance of the MC. The

simplest way to compensate an inductance is to place a capacitor in either series or parallel

with the coil [51, 97, 98]. Over the years, several resonant configurations with multiple

reactive components were proposed in the literature and they can be grouped according to

the number of magnetic coupled coils and number of sides into: single coupling and multiple

coupling resonant configurations. The first group comprises resonant configurations with

two sides, the transmitter and receiver sides, and they are connected magnetically by a MC

with one transmitter and one receiver pad. The second group includes configurations with

multiple sides, i.e, one or more transmitters and/or receivers sides, multiple MC couplers

connected in a cascaded way and configurations with intermediate couplers (IC).

The requirements and specifications of a given application dictate the most suitable

resonant configuration. The basic requirements for resonant configurations are:

1. Minimum VA rating: The compensation of the transmitter leakage inductance

increases the power factor closer to unity, while the receiver coil operates around the

same resonant configuration.

2. Maximum power transfer: The system operates around the maximum value in the

power function.
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3. CC or CV modes: The operation in constant current (CC) or constant voltage (CV)

modes depends on the application.

4. High efficiency: The system efficiency is closely related with quality factor of the

coils, the coupling coefficient and soft switching of the inverter. The losses in the

inverter depend on the resonant configuration.

5. Displacement tolerance: The system has to maintain the power transfer require-

ments in scenarios with lower coupling values. In such conditions, the VA rating of

the power supply can be exceed or the inverter looses soft-switching operation due

to bifurcation phenomenon. Bifurcation is the existence of multiple zero phase angle

resonant frequencies in which the impedance seen at the inverter terminals may vary

abruptly from capacitive to inductive, depending on the receiver quality factors. The

input impedance depends on the resonant configuration.

2.3.1 Single coupling resonant configurations

Figure 2.10 illustrates the classification of resonant configurations in single coupling sys-

tems. The basic configurations place a single capacitor in series (S) or in parallel (P) with

each coil into: series-series (SS), series-parallel (SP), parallel-series(PS) and parallel-parallel

(PP). Hybrid configurations, on the other hand, use multiple reactive components to form

high order resonant configurations like the LCL-LCL, LCL-S or CCL-S configurations. Fig-

ure 2.11 depicts the equivalent model of the basic and commonly used configurations.

2.3.1.1 Basic resonant configurations

Each resonant configuration offers different intrinsic characteristics and its selection de-

pends on the application [51,99]. A comprehensive analysis of the basic resonant configura-

tions is made in [98,100,101]. A series compensation in the receiver side resembles a voltage

source while the parallel compensation resembles a current source. In addition, the series

compensation in the receiver side offers total independence from mutual coupling and load

variation when the switching frequency of the power supply matches the natural resonance

frequency of the receiver side. In other terms, the equivalent impedance from the receiver

side seen by the transmitter resonant configuration is purely resistive. When coupled with a

series configuration in the transmitter side to form SS configuration, the natural frequencies

of both transmitter and receiver resonant circuits are unaffected by coupling variations that

are caused by vertical and lateral displacements [102,103]. One downside of the SS configu-

ration is the high circulating currents in the transmitter side in the absence of the receiver
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Figure 2.10: Classification of resonant configurations in IPT systems.

side (no vehicle). This characteristic limits the applicability of SS configuration to dynamic

IPT systems without the use of fast EV detection systems and protection circuitry.
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Figure 2.11: Equivalent circuits of the basic resonant configurations.

The parallel compensation in the receiver side originates a reflected reactance that de-

pends on mutual inductance and switching frequency [98,104]. The tuning of the transmitter

resonant circuit has to take into account this reflected reactance and the natural resonant

frequency of transmitter network will only match the switching frequency of the power sup-

ply in one specific charging position. Therefore, the SP and PP configurations are highly

sensitive to vertical and lateral displacements. Nevertheless, the current source characteris-

tic of parallel compensation in the receiver side is suited for battery charging while parallel

compensation in the transmitter side can generate a large transmitter current [51]. The



CHAPTER 2. INDUCTIVE POWER TRANSFER 29

V

1,1

j𝜔L

1

r

1,1

j𝜔L

2

1/(j𝜔C

2

)r

2,1

V

12

V

21

V

L1

V

L2

I

1,1

I

2,1

Z

ref

R

eq

On-board sideOff-board side

Magnetic coupler

1/(j𝜔C

1

)

Figure 2.12: Equivalent circuit model of the SS configuration for the fundamental harmonic.

main advantages of PS and PP configurations include high efficiency and high power factor

in low coupling charging scenarios and wide range of load and mutual inductance variation

acceptance [65].

A comparison of the basic topologies in a 200 kW system was carried out in [9]. The

authors shown that the SS requires less copper mass. The SP requires 4.6 % more, the

PP 24 % and the PS 30 % more. Therefore, from a economical viewpoint, the SS and SP

resonant compensation networks are more suitable for high power IPT systems. The PS and

PP compensations are usually used for high power current source elongated cables [105].

The SP is also beneficial in bio-medical applications since is the resonant configuration with

the lower self-inductance requirements in the receiver side [41].

2.3.1.2 Circuit analysis

This section derives the circuit analysis for the SS resonant configuration. The same

principle analysis is then applied to the remaining basic resonant configurations to identify

the generic reflect and input impedance functions. These functions are the result of the

work conducted in this thesis to assess the impact of the components tolerance in the IPT

system. Voltage and current transfer functions are derived as well for the basic resonant

configurations.

The SS fundamental model, depicted in Figure 2.12, comprises the fundamental harmonic

of the inverter’s output voltage (V 1,1) connected to the transmitter capacitor (C1) in series

with the self-inductance (L1) of the transmitter coil. The receiver side comprises the self-

inductance (L2) of the receiver coil in series with the compensation capacitor (C2). The

parameter Req corresponds to the equivalent resistance of the batteries before a full diode

rectifier with a filtering capacitor. The parameters r1,1 and r2,1 are the resistances from

the transmitter and receiver coils, respectively. The first subscript number in the variables



30 2.3. RESONANT CONFIGURATIONS

indicate to which side the variable is related, where 1 and 2 stands for transmitter, and

receiver sides, respectively. The second subscript number, separated by a comma from

the first number, indicates the harmonic order of the corresponding variable. By applying

Kirchhoff circuit laws to the circuit, the following equations are obtained

V 1,1 =r1,1.I1,1 + j.ω((L1 − 1/(ω2.C1))I1,1 − L12.I2,1) (2.1)

0 =(Req + r2,1)I2,1 + j.ω((L2 − 1/(ω2.C2))I2,1 + L12.I1,1), (2.2)

where L12 is the mutual inductance between the transmitter and the receiver coils. The

values of the capacitors are given by C1 = 1/(ω2
1.L1) and C2 = 1/(ω2

2.L2), where ω1 and ω2

are the angular resonant frequencies of its respective resonant tanks. The parameter Req is

expressed as [106]

Req = 8.Vbat

π2.Ibat

, (2.3)

where Vbat and Ibat are the voltage and current values in the batteries, respectively. Solving

(2.1) and (2.2) leads to equations (2.4)-(2.5) that accurately define the model shown in

Figure 2.12 for the fundamental harmonic.

I2,1 =I1,1.
ω2.C2.L12

ω2.L2.C2 − 1 − j.ω.C2.Req

(2.4)

I1,1 = V 1,1

Z1S,1 + Zrec,1
. (2.5)

The transmitter (Z1S,1) and receiver (Z2S,1) equivalent impedance equations, at the funda-

mental harmonic, are defined in (2.6) and (2.7), respectively. The parameter Zrec is the

impedance of the receiver side seen by the transmitter side and it is defined by (2.8) at the

fundamental frequency.

Z1S,1 =r1,1 + j
(

ω.L1 − 1
ω.C1

)
(2.6)

Z2S,1 =r2,1 + j
(

ω.L2 − 1
ω.C2

)
(2.7)

Zrec,1 = ω2.L12

Z2X,1 + Req

. (2.8)

The expression in (2.8) is independent of the resonant topology used in the transmitter side.

The value of Zrec increases at higher operating frequencies (↑ ω) and/or with better coupling

factors (↑ Ł12), hence the use of high frequencies in IPT systems with optimized magnetic

couplers. The equation of Zrec for a series configuration in the receiver side can be found
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Table 2.2: Reflected impedance for series and parallel configurations [107].

Top. Series Parallel
Generic

Real ω2.L2.(Req+r2)
L2

2.ω2.(1/b2
2−1)2+(Req+r2)2

L2
12.ω2.(Req+r2)

(Req+r2)2(1−1/b2
2)2+ω2.L2

2

Im
ω3.L2.L2

12.(1/b2
2−1)

L2
2.ω2.(1/b2

2−1)2+(Req+r2)2
L2

12.ω.b2
2((Req+r2)(1−1/b2

2)−L2
2.ω2

2)
L2((Req+r2)2(1−b2

2)2+ω2.L2
2)

Tuned

Real ω2.M2
R

M2.R
L2

2

Im 0 −ω.M2
L2

using (2.7) and replacing it into (2.8) to obtain

Zrec,1 = ω2.L2
12.(Req + r2)

L2
2.ω

2(1/b2
2 − 1)2 + (Req + r2)2 + j

ω3.L2
12.L2(1/b2

2 − 1)
L2

2.ω
2(1/b2

2 − 1)2 + (Req + r2)2 . (2.9)

where b1 and b2 are relation factors between the resonant tanks frequencies (ω1 and ω2) with

the switching angular frequency (ω) as

b1 = ω/ω1, b2 = ω/ω2. (2.10)

In a tuned system (b1 = b2 = 1), (2.9) is simplified into the equations shown in Table 2.2.

As stated earlier, in tuned conditions the imaginary part of the reflected impedance is null

and the real part depends on L12, Req and ω. In light load conditions, Req → inf and

Re(Zrec) → 0. Therefore, the SS configuration has larger transmitter currents under light

load conditions to transfer the same amount of power when compared with the PS and PP

configurations [104].

The reflected impedance for the parallel configuration is found by simply replacing the

parallel receiver equivalent impedance, given in (2.11), into (2.8). Table 2.2 summarizes the

reflected impedance equations for a series and parallel configuration in their tuned conditions

and in their generic form. The tuned equations are already available in the literature whereas

the generic equations are the result of this thesis work.

Z2P,1 = r2,1 + jωL2 + Req − jω.Req.C2

1 + (ω.Req.C2)2 (2.11)
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Figure 2.13: Voltage transfer function as a function of frequency for different load and coil’s quality
factors for the SS resonant configuration.

The load and coupling variations influence the equivalent impedance seen by the source

(Zin). In turn, it affects the inverter into operating in zero voltage switching (ZVS), zero

current switching (ZCS) or zero-phase angle (ZPA). For instance, a decrease of L12 causes

a decrease of Zin for the SS and SP topologies. The opposite effect is identified for the PS

and PP configurations, meaning that charging displacements provoke a drastic reduction in

both supplied and absorbed currents.

At certain frequencies and compensation parameters, the resonant network configurations

exhibit constant voltage (CV) and constant current (CC) modes. These modes guarantee an

output voltage or current value independent of the load value and they are ideal for battery

charging applications. For the SS resonant configuration, the output(V Req) to input (V 1,1)

voltage transfer function can be determined by rearranging (2.1) and (2.2) into

Gvv = V Req

V 1,1
= jω.L12.Req

Z1S,1.(Z2S,1 + Req) + ω2.L2
12

. (2.12)

Figure 2.13 shows the amplitude curves of (2.12) for two different load values using

transmitter (Q1) and receiver (Q2) pads with different quality factors ( only the resistance of

the pads is changed). The plots show a load-independent voltage transfer function, marked

with FreqLow and FreqHigh, if the quality factors are high, i.e, r1 and r2 are neglected. A

further manipulation of (2.12) results in

Gvv = 1
Z1S,1

j.ω.L12.
+ Z1S,1.Z2S,1+ω2.L122

j.ω.L12.Req

. (2.13)

The voltage transfer function is independent of the load condition when Z1S,1.Z2S,1+ω2.L2
12 =
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Table 2.3: Load independent output conditions for the basic resonant configurations.

Condition Transfer function

Gii for SS ω = 1√
L1.C1

Gvv for SS; Gii for SP ωLow =
√

ω2
1+ω2

2−∆
2.(1−k12)2 ; ωHigh =

√
ω2

1+ω2
2+∆

2.(1−k12)2

Gvv for SP ω =
√

1
C1.
(

L1+ L12.L2
L12+L2

)

Gvv for PS; Gii for PP ω = 1√
L2.C2.(1−k2

12)

0. This expression can be further manipulated into

ω4(L2
12 − L1.L2) + ω2(L1.L2(ω2

1 + ω2
2)) − L1.L2.ω

2
1.ω2

2 = 0, (2.14)

The roots of (2.14) correspond to ωLow and ωHigh and they are identified in Table 2.3 [108].

A similar analysis can be conducted for the current transfer function. Table 2.3 identifies

the frequency points that have load-independent voltage and/or current transfer functions

for the basic resonant configurations. The SS has CC mode when the switching frequency

equals the natural resonance of the transmitter network. The PS has CV mode in the same

frequency as PP exhibits CC mode. This frequency, however, depends on the coupling factor

and a variable frequency control is required to maintain these modes. Moreover, there are

no frequencies for operating PS in CC mode and PP in CV mode [109,110].

Table 2.4 summarizes the main characteristics of the four basic resonant configurations,

their advantages and limitations. A petal diagram, illustrated in Figure 2.14, summarizes

visually the findings from Table 2.4 [98]. The larger number in the diagram (further from

the center) and the wider area in the figure, the better will be the resonant configuration in

comparison with the others.

2.3.1.3 Hybrid resonant configurations

Hybrid resonant configurations insert several reactive components in series/parallel to

form higher order resonant configurations [108,111–115]. These new compensation networks



34 2.3. RESONANT CONFIGURATIONS

Table
2.4:

C
om

parison
ofthe

four
basic

resonant
configurations

[98].

P
aram

eter
T

opology
SS

SP
P

S
P

P

Independence
on

L
12

and
R

eq

T
ransm

itter
Yes

Yes
N

o
N

o
R

eceiver
Yes

N
o

Yes
N

o
Z

ero
coupling

allow
ance

N
ot

allowed
A

llowed
A

llowed
A

llowed
T

otal
im

pedance
D

ecreases
w

ith
displacem

ent
D

ecreases
w

ith
displacem

ent
Increases

w
ith

displacem
ent

Increases
w

ith
displacem

ent
Sensitivity

to
coil

displacem
ent

Low
Slightly

larger
than

SS
H

igh
H

igh
Inverter

voltage
rating

Lower
D

C
bus

but
higher

than
SP

Lower
D

C
bus

H
igher

voltage
is

needed
as

com
pared

to
SS

and
SP

H
igher

voltage
is

needed
as

com
pared

to
SS

and
SP

P
erform

ance
for

low
-pow

er
applications

W
orse

than
parallel

Better
than

series
W

orse
than

parallel
Better

than
series

P
ow

er
transfer

and
effi

ciency
w

ith
large

air
gaps

R
elatively

low
R

elatively
low

R
elatively

high
R

elatively
high

Load
independent

output
Voltage

and
current

Voltage
and

current
O

nly
voltage

O
nly

current
O

ther
advantages

1)
T

he
output

current
does

not
depend

on
the

load
and

resonance
frequency.

2)Better
effi

ciency
and

greater
transm

itted
power

at
frequencies

>
1M

H
z

than
in

SP

1)
R

equires
a

sm
aller

receiver
coil

self-inductance
than

SS.2)
T

he
parallel

resonant
circuit

supplies
the

stable
current.

N
ot

detected
N

ot
detected

O
ther

draw
backs

1)
Load

dependency
of

the
voltage

transfer
ratio

at
partial-load

condition.
2)

R
equires

a
larger

receiver
coil

self-inductance
than

the
SP.3)

H
igh-frequency

current
through

series
capacitor

results
in

high
capacitor

voltage

Lacking
ofD

C
com

ponent
blocking

1)R
equires

a
current

source
input

to
avoid

instantaneouschange
in

voltage.
2)

Large
input

resistance
requires

a
high

driving
voltage

to
transfer

suffi
cient

am
ount

ofpower.

1)
Low

power
factor.

2)
A

high
load

voltage
of

the
parallelreceiver.

3)
Large

current
source

requirem
ents

ofthe
transm

itter
parallel.

4)
Large

input
resistance

requires
a

high
driving

voltage
to

transfer
a

suffi
cient

am
ount

of
power



CHAPTER 2. INDUCTIVE POWER TRANSFER 35

Figure 2.14: Petal diagram comparing the basic resonant configurations [98].

offer power transfer capabilities over wider coupling range, ZVS and ZPA operation and

voltage/current source characteristics. Figure 2.15 illustrates some of the most common

hybrid configurations. One of the first hybrid configurations used in IPT systems was the

LCL configuration [116–118]. When applied in the transmitter side, the LCL configuration

offers load-independent current source characteristics in the second L, if both values of L are

the same [116, 119, 120]. Therefore, this configuration is often used in dynamic applications

since the vehicle’s absence does not compromise the integrity of the power supply [73, 121].

The LCL configuration is also employed in the receiver side to provide a smooth power

transition between fully on and fully off [122] or to keep an unitary power factor in the

transmitter side [123]. The authors in [124] use a LCL-S in a cascaded configuration to

supply multiple receivers with different voltage requirements. This configuration uses only

one control loop to control all receivers. Furthermore, this configuration is less sensitive to

parameter variations and the system efficiency is steadier.

The use of the LCC configuration on both sides offers constant output RMS current once

the input voltage is fixed [125–128]. A proper tuning of LCC can achieve ZVS mode [129].

Moreover, it exhibits load and mutual independence [130]. The authors in [131] propose a

design methodology of an LCC-LCC configuration that achieves CC and CV modes with

minimum frequency variation. A similar approach is carried out in [132, 133]. The works

[134, 135] embody the inductor from the transmitter and resonant LCC resonant networks

into the geometry of the magnetic coupler to minimize the impacts of displacements. The

authors report power boosts under lateral displacements of 40 %. The transmitter LCC
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Figure 2.15: Equivalent circuits of hybrid resonant configurations.

can also be coupled with basic resonant configurations in the receiver side, either series or

parallel. The parallel compensation confers robustness to load variations [130]. The series

compensation requires a large bridge rectifier capacitor to ensure a continuous conduction

and the pick-up voltage increases to a high value at larger power applications [136, 137]. A

comparative study between the SS and double-side LCC is carried out in [138]. The LCC is

less sensitive to variations of the self-inductance values caused by displacements between the

transmitter and receiver pads. Furthermore, the voltage and current stresses on the series

capacitors and main coils of the LCC configuration are smaller than those of the SS. A dual

CLCL hybrid configuration with a dual-frequency is presented in [139]. This new resonant

configuration extends the power transfer capabilities of 2.75 times in comparison with basic

resonant networks.

The authors in [140] propose a S/SP hybrid configuration. This configuration has mu-

tual coupling and load independent voltage gain. Additionally, it can realize good output

voltage stability and low circulating losses under the condition of wide parameters varia-

tions [141]. The SP-S configuration was proposed in [101]. This configuration combines the

characteristics of SS and PS configurations and allows higher displacement tolerances. The

studies [108,142,143] evaluate high order configurations with different L and C arrangements

in terms of soft-switching, system efficiency and zero-phase angle. The S-CLC compensation
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Figure 2.16: Equivalent diagram of an IPT system with an intermediate coupler.

network was proposed in [144]. The proposed configuration offers easier achievement of ZPA

and ZVS [145]. In addition, it offers CC and CV modes and simplifies the control circuit

design.

2.3.2 Multiple coupling resonant configurations

The efficiency of IPT systems is closely related with the coupling between the transmitter

and receiver sides. This constraint is especially important in IPT systems with larger vertical

and lateral displacements. The use of multi-coil resonators, also referred in the literature

as intermediate couplers (IC), boost the magnetic link between the transmitter and receiver

sides [146–152]. Figure 2.16 shows the equivalent circuit of an IPT system with intermediate

couplers. A simplified comparison for a SS compensation between two and three coil systems

is made in [153]. The authors verified that leakage field emissions for a three-coil system is

met at smaller distances. The authors in [149] shown that a SS-IC configuration improves

the efficiency of a SS since it reduces the source losses. On the contrary, the PP configuration

does not benefit with the inclusion of the intermediate coupler. The SS-IC exhibits load-

independent CV mode with almost ZPA operation mode [148]. The same configuration can

operate in CC mode with ZPA when the intermediate coupler is tuned at a higher frequency

than the switching frequency [154]. A S-LCC-IC configuration is proposed in [155] and

realizes CC and CV modes with ZPA in both cases.

The use of multiple ICs is also verified in [156, 157]. The SS-IC-IC configuration shows

load-independent CC and CV modes with ZPA mode. Since the proposed system operates

at almost frequency in each CC and CV mode, the circulating currents are minimized.

Experimental results show efficiencies between 95 and 97 % with transferred power in the

range of 1-7 kW. However, the switching frequencies for CV and CC modes can be apart

several kHz which will exceed the SAE J2954 frequency range.

The use of multiple couplers connected with one another is also investigated for delivering

power to multiple loads or for dynamic applications. Figure 2.17 exemplifies a multi-coupler
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Figure 2.17: Equivalent diagram of a double coupling system.

configuration. The authors in [158] use a LCL-LCL-LCL configuration as a contactless

interface for multiple transmitter and receiver sides. The use of a parallel compensation

in the intermediate circuit minimizes the VAr requirements. A n-coupler S-LCL-...-LCL-S

configuration is investigated in [159] to power multiple loads. This configuration ensures

constant load current values regardless of load variations. The double coupling S-S-P and

S-S-S configurations are analyzed in [160]. The S-S-S exhibits load independent CV mode

if all natural resonant frequencies match the switching frequency. On the other hand, CC

mode is achieved in the same conditions for the S-S-P configuration. In addition, both

configurations exhibit ZPA during CC or CV modes. Moreover, S-S-X double coupling

systems limit the transmitter current in the absence of the receiver, making them ideal for

dynamic IPT applications.

2.4 Magnetic coupler

The magnetic coupling structure, also known in the literature as Magnetic Coupler (MC),

is responsible for the energy transfer without physical contacts through a variable magnetic

field. The MC resembles a conventional 50 Hz power transformer with a transmitter and

receiver pads. Each pad comprises a coil (or set of coils), a ferromagnetic core and shield, as

illustrated in Figure 2.18. In EV IPT applications, the transmitter pad, or pads, are placed

in the ground or along the roadway while the receiver pad is placed under the vehicle.

A clear characteristic of IPT systems is the spatial freedom of the receiver pad towards

the transmitter pad due the vehicle’s movement. The relative positioning of the power pads

will have a direct impact on the coupling factor and, subsequently, on the system power

transfer capabilities [161–163]. Therefore, the degrees of freedom of the receiver pad can be

classified as:

• Vertical displacement: Also referred in this work as air gap, it corresponds to the

vertical distance between the transmitter and receiver pads;

• Lateral displacement: Corresponds to the lateral distance between the transmitter

and receiver pads center point;

• Rotation: Corresponds to the rotational angle between the transmitter and receiver



CHAPTER 2. INDUCTIVE POWER TRANSFER 39

Aluminum 

Shield

(Optional)

Coil

(Litz wire)

Coil former

(plastic or resin)

Ferromagnetic core 

(N87 or equivalent)

Figure 2.18: Typical components of a magnetic coupler pad.

pads along the horizontal plane (only applicable for rotary MC designs);

• Tilt: Corresponds to the inclination angle of the receiver pad.

Figure 2.19 illustrates the different degrees of freedom a 3D perspective.

The vertical displacement and tilt degrees of freedom depend on the vehicle’s type (Sedan,

SUV, etc) and, in normal operation, these values remain approximately constant. The lateral

displacement and rotational degrees of freedom, on the other hand, depend on the driver

ability to park the vehicle or driving it in a straight line. The guideline SAE J2954 suggests

that a minimum lateral tolerance of ±150 mm is sufficient for an average driver to drive/park

the vehicle correctly.

Extreme charging positions with large vertical and lateral displacements reduce the cou-

pling factor. Over the years, many researchers have address these issues by proposing new

coil and core arrangements with better materials and shield techniques. These studies fo-

cused in one or more design principles like:

1. Maximize the coupling factor between the transmitter and receiver pads;

2. Minimize the leakage magnetic flux in the adjacent environment;

3. Maximize the vertical and lateral tolerances;

4. Enable the interoperability with different geometries.

2.4.1 Geometry

A magnetic pad, in its basic form, is formed by a single-coil. The physical placement of a

coil within the pad determines the orientation of the generated flux. Figure 2.20 illustrates

two distinctive flux patterns using different coil placements. The first scenario creates a
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Figure 2.19: Degrees of freedom of a typical MC.

flux component perpendicular to the pad surface whereas the second scenario creates a flux

component parallel to the pad surface. Additionally, the coil can be wounded in the top or

around the ferromagnetic core, as illustrated in Figure 2.21(a) and (b), respectively. The

first coil arrangement is also referred in the literature as single-sided geometries, whereas the

second coil arrangement is known as double-sided geometries. Therefore, discrete MC ge-

ometries can classified in three major groups: non-polarized, polarized and omni-directional

pads. The non-polarized groups includes the MC geometries that generate and couple either

perpendicular or parallel flux component. Polarized pads, on the other hand, generate and

couple both perpendicular and parallel flux components. Omni-directional pads generate

and couples a flux pattern in every direction, thus ensuring a coupling profile in every posi-

tion inside a volume [164–166]. The non-polarized and polarized groups are further divided

into single-sided and double-sided groups, as illustrated in Figure 2.22.

2.4.1.1 Non-polarized pads

Non-polarized geometries are usually formed by a single coil. The most common ge-

ometries include the circular (CP) [167–169] and rectangular (RP) pads [42, 170]. These

geometries produce high leakage magnetic fields, since one magnetic pole lies in the center
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(a) (b)

Figure 2.20: Flux pattern of a single-coil with different physical placement: (a) perpendicular and
(b) parallel flux coupling.
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Figure 2.21: Wound coil configurations: (a) on top and (b) around the ferromagnetic core.

of the coil and the other in outside the coil limits. As a result, the fundamental flux path

height is proportional to one quarter of the pad size thus, pads with larger sizes are required

for applications with high air gap values. The coupling factor is increased by placing a ferro-

magnetic core in the back side of the coils. Optimization works show that a segmented core

offers better ferromagnetic material usage than a full back plate core [171,172]. Additionally,

the leakage magnetic flux lines are reduced with longer ferromagnetic strips. CP provides a

better magnetic coupling than square and rectangular pads with similar area [41].

The effect of lateral displacements in the coupling profile differs slightly for different

geometries. The circular geometry can be displaced in any direction and only the magnitude

of the displacement affects the coupling value [173, 174]. The rectangular geometry, on

the other hand, has slightly different patterns according with the direction of displacement

[175,176]. Pentagon and hexagon coils have similar displacement shapes as the CP [177,178].

The no-coupling scenario corresponds to a charging position where no flux lines generated by

the transmitter coil are closed by receiver coil. For circular pads, this occurs for displacements

equivalent to 40 % of the pad size and a similar result is found for rectangular pads [174].
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Figure 2.22: Classification of discrete magnetic couplers.

(a) Circular pad (b) Rectangular pad

Figure 2.23: Illustration of non-polarized geometries.

This means that, from this charging position on, no power can be transfer between the

transmitter and receiver sides. Figure 2.23 illustrates the CP and RP geometries.

2.4.1.2 Polarized pads

Polarized pads are composed by two or more coils with different electrical connection

possibilities to produce/capture both perpendicular and parallel flux patterns. The solenoid

pad (SPP) is one of the first polarized geometries proposed to EV IPT applications [179,180].

As the name suggests, the SPP resembles a solenoid with two coils wounded around a

ferromagnetic core, as depicted in Figure 2.24(a). The SPP offers better coupling values for

charging positions with higher air gaps and larger lateral displacements [181]. The authors

in [182] study the interoperabilitiy between the SPP and the CP geometries. By connecting

the two coils of a SPP either in series or in parallel produces a parallel or perpendicular

flux pattern, respectively. However, the SPP generates a double-sided flux pattern and, as a
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(a) Solenoid pad (b) Double-D pad

(c) Double-D pad with quadrature coil (d) Bipolar pad

(e) Tripolar pad [31] (f) Concrete ferrite-less pad

Figure 2.24: Illustration of polarized geometries.

result, the power pad has a lower quality factor and the use of a shield is essential to ensure

the compliance with ICNIRP guidelines.

The Double-D pad (DDP) appeared as a substitute to the SPP geometry [183–185]. The

DDP combines the advantages of both CP and SPP in a single-sided flux path geometry.

The DDP geometry uses two planar coils, placed side-by-side over a set of ferromagnetic

strips, as illustrated in Figure 2.24(b). The two coils are connected magnetically in series

(flux from one coil passes through the other) and electrically in parallel, in order to lower

the inductance seen by the power supply. The ferromagnetic core reduces the leakage flux

in the backside of the geometry and the losses in the shield, created by Eddy currents,
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are low [186]. The charging area of DDP is five times higher when compared to a square

pad with similar size and cost [183]. The compliance with ICNIRP guidelines can be met

for shorter distances to the center of DDP pad by extending the ferromagnetic core on both

sides to capture additional leakage flux [186]. The authors in [187] replaced the ferromagnetic

strips with a modified E-type ferromagnetic core and created a depressed transmitter coil to

improve tolerance to lateral displacements and reduce leakage field in the surroundings of

the geometry.

The DDP has two different coupling patterns for lateral displacements along the x and

y axes. The DDP-DDP coupling along the x axis has a null coupling that occurs when the

lateral displacement is approximately 34% of the pad length. At this charging position, the

flux enters and exists the same coil, resulting in no induced voltage [183]. To overcome this

limitation, a quadrature coil (Q) is placed over the two existing coils, as illustrated in Figure

2.24(c). The quadrature coil is magnetically decoupled from the DDP and independently

tuned to couple the flux in the x axis direction. The use of a circular geometry over a

rectangular geometry in the Q coil guarantees a constant coupling over a larger charging

area [188].

The quadrature coil has an independent tuned circuit connected either to an inverter (if

placed on the transmitter pad) or a rectifier (if placed on the receiver pad). Therefore, the

Q and DD coils can be driven separately to produced a non-polarized perpendicular flux

pattern or polarized parallel flux pattern depending on the geometry of the receiver pad,

thus achieving interoperability with both polarized and non-polarized geometries [188]. A

moving magnetic field is achieved by driving the Q coil with 90◦ out of phase compared to

DD coils [173].

The Q coil is often used as the receiver pad with the DDP as the transmitter pad. This

pad arrangement ensures a charging area 3 times larger than the DDP-DDP arrangement

and 5 times larger than the CP-CP [173]. Furthermore, the DDQP is fully interoperable

with a transmitter CP due to the Q coil and has a charging area 3 times larger than a

CP-CP [173].

The Bipolar Pad (BPP) was initially proposed in [189] as a receiver pad for an under-floor

IPT system. The BPP geometry comprises two mutually decoupled D coils that are partially

overlapped, as illustrated in Figure 2.24(d). The overlap value is adjusted accordingly to

ensure an almost null linkage value between the two coils [190]. Moreover, the optimal overlap

value depends on the geometry of other pad (i.e BPP-CP, BPP-BPP, BPP-DDP, etc), as the

ferromagnetic core and coils arrangements of the other pad influence the coupling of the coils



CHAPTER 2. INDUCTIVE POWER TRANSFER 45

that form the BPP [190]. The BPP has equivalent output levels to DDQP while using 40

% less copper [191]. In addition, it is able to interact with both perpendicular and parallel

flux patterns. Since the two coils are mutually decoupled, the BPP can be energized with

different magnitudes and phases using two synchronized inverters, one in each coil. Different

inverter operation modes produce different flux patterns. A non-polarized flux pattern is

generated if the coils are driven in phase (mode 1) while a parallel field polarized along the

length of the coil is produced if driven out of phase 180◦ (mode 2) [173]. A moving magnetic

field is generated if driven out of phase 90◦ (mode 3). A fourth mode (mode 4) corresponds

to an independent operation of each coil to produce a field neither perpendicular nor parallel.

The BPP is also sensitive to tilt variations like the DDP or DDQP pads. The coupling factor

drops by 13 % with a tilt of 30◦ [170]. The authors in [192] adapted a BPP transmitter pad

to charge two receivers simultaneously. The design ensures a total decoupling between the

two receiver pads.

Other designs have been presented in the literature for EV IPT applications. The tripolar

pad (TPP), illustrated in Figure 2.24(e), is formed by three decoupled coils in a circular

design and is intended for three-phase IPT systems [193]. The authors in [194] propose an

asymmetric coil design formed by an U-shaped ferromagnetic core. The design offers large

tolerance to vertical and horizontal displacements at the expense of large transmitter pads.

One major concern in dynamic IPT systems is the costs of manufacturing the transmitter

pads. The ferromagnetic core weights more than 50 % in the total construction costs of the

aforementioned geometries. The Auckland research group proposed in 2015 a Concrete

Ferrite-less Pad (CFLP) geometry that uses a "pipe" coil instead of a ferromagnetic core to

channel the flux in the backside of double-D coils, as illustrated in Figure 2.24(e) [195]. The

design offers reasonable coupling profiles and lateral displacement tolerances with air gap

variations between 150 and 200 mm. Moreover, high currents can be tolerated in ferrite-less

geometries, since there is no ferromagnetic material that can be saturated. In [196], the

authors used an additional coil, referred as reflection coil, below the double-D coils to help

contain and shape the field. This geometry, designated as Ferrite-less Double-D pad with

reflective coil (FLDDwR), differs from the CFLP geometry as the reflective coil is planar

unlike the "pipe" coil of the CFLP. The size of the reflective coil influences the leakage

control of the geometry. If the size of the reflective coil is the same as the DD coils, the

geometry has similar or lower leakage flux per 1kVA in comparison with a DDP. A lower

magnetic leakage is achievable when the reflection coil is placed with a depth of 80 mm, with

a ratio of 6:1 (DD coils to reflection coil) turns and has approximately two times the area of
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(a) Circular non-ferrite pad (b) Ferrite-less circular pad

Figure 2.25: Illustration of ferrite-less non-polarized geometries in the transmitter side.

(a) (b)

Figure 2.26: Illustration of different coplanar intermediate coil (depicted in green) arrangements
with the transmitter coil (depicted in red) using the circular geometry.

the DD coils.

A similar approach for the FLDDwR was carried out in [197] for circular geometries,

referred as Circular non-ferrite pad (CNFP). The authors placed a cancellation coil below

the main circular coil, as illustrated in Figure 2.25(a), to reduce leakage flux around the

geometry. The coils are wounded with one single wire in a series-opposing configuration

that generates opposing magnetic fields. The turns ratio and height between the main and

cancellation coils dictates effectiveness of the canceling field at a given lateral displacement.

The coupling factors are lower than a CP but with reasonable values for dynamic operation.

Another ferrite-less variant of circular geometries was proposed in [198], referred as Ferrite-

less Circular Pad (FLCP). The authors placed a cone-shaped coil under the main circular

coil to conduct the flux in the back of main coil, as illustrated in Figure 2.25(b). A slightly

lower diameter in the base of the cone in comparison with the top cone offers the best

coupling value with a CP geometry in the receiver pad. In addition, the coupling profiles

under different vertical and lateral displacements are equivalent to the CP. The downside of

the FLCP is the height of the cone-shaped coil, that varies between 80 and 140 mm [198].
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2.4.1.3 Intermediate couplers

The power transfer capabilities of the aforementioned geometries are limited by the ver-

tical displacement between the transmitter and receiver pads. The use of intermediate

couplers, also known as multi-coil resonators relay coil IPT systems or multi-coil systems,

enhance the magnetic link between the transmitter and receiver pads. Initial designs placed

a solenoid coil between the transmitter and receiver pads [146, 147, 151, 152, 199]. How-

ever, the mid-air positioning of the solenoid coil is unfeasible for EV IPT applications.

Works [148,149,154,155,200] place the intermediate coil closer to the transmitter pad, some

in a coplanar arrangement with the transmitter coil. Figure 2.26 shows some coplanar ar-

rangements using circular geometries. The mutual coupling between the transmitter and

intermediate coils, in such position, is almost constant and independent of the receiver pad

movement. The use of intermediate resonators closer to the transmitter side offers better

power transfer capabilities [198] but the authors in [150] placed the intermediate resonator in

the receiver side to constrain the leakage flux fields over large air gaps. The use of a smaller

receiver coil reduces the intermediate current which, in turn, reduces the leakage fields. The

use of multiple intermediate resonators is analyzed in [156, 201]. In [201], the intermediate

couplers are placed in a coplanar arrangement with the transmitter coil, as depicted in Fig-

ure 2.26(a) (but with an additional coil). The overall coupling value doubles in comparison

with the traditional two-coil magnetic coupler. In contrast, the authors in [156] placed an

intermediate coupler in a coplanar fashion with both transmitter and receiver pads. The

equivalent circuit offers constant current and constant voltage modes with fixed frequency.

Additionally, the use of intermediate couplers can avoid the use of ferromagnetic cores in

both transmitter and receiver pads.

2.4.2 Shielding

One major concern in IPT systems is the containment of stray magnetic fields to values

devices and the human body can be subject to. The International Commission on Non-

Ionizing Radiation Protection (ICNIRP) and the SAE J2954 guideline have set limits for

both public and occupational exposure at 27 µT and 15 µT for persons with cardiac im-

plantable electronic devices (CIEDs). Therefore, shielding techniques have been proposed in

the literature to reduce the leakage flux produced by IPT systems [202].

The magnetic stray fields are affected by the vertical and lateral displacements between

the transmitter and receiver pads. The guideline SAE J2954 defines 3 ground clearance
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Table 2.5: Definition of the Z-classes.

Z-Class Ground clearance (mm)
Z1 100-150
Z2 140-210
Z3 170-250

Figure 2.27: Definitions of ground clearance and leakage flux measurement.

classes, defined between Z1 and Z3 and specified in Table 2.5 [203]. In terms of lateral

displacements, the guideline defines a ±75 mm along the vehicle length (x axis) and ±100 mm

along the vehicle width (y axis). Figure 2.27 illustrates the vertical and lateral displacement

tolerances. Therefore, IPT systems must comply with the magnetic stray field limits in worst

charging positions (x=75 mm, y=100 mm,[ Z1=150 mm, Z2=210 mm, Z3=250 mm]). The

SAE J2954 guideline defines three physical regions, illustrated in Figure 2.28, to ease the

electromagnetic field safety management. Region 1 comprises the underneath of the vehicle,

including and surrounding the wireless power assemblies. This region does not extend beyond

the lower body structure edges (e.g., rocker panels of lower edge of bumpers). Region 2 is

the region around the periphery of the vehicle from the edge of the sheet metal. Finally,

Region 3 is the vehicle interior.

Region 1 is subjected to exceeding electromagnetic fields and the manufacturer has to

ensure human exposures using the following means:

• Active or passive access control;
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(a) (b)

Figure 2.28: Definitions of electromagnetic regions in: (a) Top view and (b) Front view.

• Detection and shutdown before ingress into areas where such exposure could occur;

• By meeting the ICNIRP guideline limits.

On the other hand, regions 2 and 3 must comply with the 27 µT limit. This means the

compliance in regions 2 and 3 are dependent on the vehicle dimensions and placement of the

magnetic coupler. Most works assume a placement in the front of the vehicle and a vehicle

width of 1600 mm. Consequently, measurement planes of 800 mm are used to assess the

compliance in region 2 [204–206], as illustrated in Figure 2.27.

The simplest way to contain stray magnetic fields is by using passive shielding techniques

through the use of high permeable materials like ferrites or by placing conductive materials

like copper and aluminum in the back of the transmitter and receiver pads [204, 207–209].

The use of shielding materials with optimized geometries (both ferromagnetic core and coil

form) met the ICNIRP guidelines at lower distances. The authors in [187] present a design

optimization for the DDP with a E-shaped core instead of a strip ferrite core. Alternatively,

active shielding techniques use canceling flux coils to shape the magnetic fields around the

magnetic coupler. This technique adds turns to the coils but wounded with reverse polarity

[210]. A canceling coil was presented in [197] to contain the magnetic field in the back side

of a transmitter circular coil. A similar approach was conducted in [205] for the DDP using

multiple canceling coils. The use of active shielding has, however, a negative impact on the

original field and the system power transfer capability is worse.

Reactive shielding uses a coil with a resonant capacitor, similar to an intermediate cou-

pler. One of the early applications of reactive shielding was carried out in the OLEV project

by KAIST group [211,212]. The authors placed several reactive shields on the side of the bus

with magnetic field reductions up to 25 %. The work [150] investigates the best placement

of a tuned intermediate pad that maximizes the air gap by assessing the leakage magnetic
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fields and the apparent power effort. The main findings show a placement of the interme-

diate coupler closer to the secondary pad in order to lower the apparent power and stray

magnetic fields. In addition, the receiver controller can be used to regulate the intermediate

apparent power and reduce the leakage fields under lateral displacement scenarios. Results

indicate that by shorting the receiver, the intermediate current dropped by 91 % and the

leakage fields dropped by 52 %.

In summary, passive shields are appropriate for low and medium power IPT systems as

they are able to bring the leakage magnetic fields to levels below the safe limits. In addition,

they are cheaper, easier to implement and more robust. For high power applications, active

and reactive shielding are more promising, specially under dynamic IPT applications.

2.5 Power converters and control strategies
Power electronic converters in IPT systems are highly dependent on the resonant topolo-

gies and selected geometries for the MCs. In early IPT systems, the IGBT semiconductor

was applied in push-pull converters to complete the conversion but the evolution of MOSFET

technology pushed the IPT technology to higher operating frequencies (around 85 kHz) [213].

The preferable configuration of the IPT power supplies employs a rectifier with power factor

correction (PFC) a DC bus and a H-bridge inverter. The receiver side typically employs a

full wave rectifier followed by a DC-DC converter.

Power converters can be grouped according to their placement into: off-board or on-board

sides. Each side can be subsequently divided into unidirectional or bidirectional converters,

as illustrated in Figure 2.29. Unidirectional power converters only allow power flow in one

direction (source to load) [214] whereas bidirectional power converters allow power flow in

both directions (source to load and load to source) [215–218].

2.5.1 Off-board side power converters

The off-board side converters are responsible for converting the AC 50/60 Hz voltage

supply grid into a high-frequency supply [219]. The distinction between unidirectional and

bidirectional power supply solutions is in the rectification stage of the grid. Unidirectional

solutions employ single-phase or three-phase full-wave diode rectifier whereas bidirectional

power supplies apply an active bridge rectifier. This stage of conversion precedes the DC

link and the inverter. The most common types of inverter used in IPT systems are voltage

source single [220,221], three [222,223] and multi-phase inverters, current push-pull and class

EF structures, as illustrated in Figure 2.30.
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Figure 2.29: Classifications of power converter topologies used in IPT systems.

Single-phase inverter is the preferable solution for static IPT solutions that drive a single

transmitter coil as a voltage or current source H-bridge, illustrated in Figure 2.30(a) [224,

225]. In addition, they can drive multiple coils, either in series or in parallel [226] in dynamic

IPT systems, as illustrated in Figure 2.30(b) and 2.30(c). This solution reduces the number

of inverters but increases the complexity of the control strategy. In alternative, multi-

phase inverter topology can drive n transmitter coil using n + 1 legs, as depicted in Figure

2.30(d). The complexity of the control increases but each transmitter coil can be controlled

individually.

As stated earlier, inverters are associated with compensation networks to exhibit cer-

tain characteristics like voltage or current source characteristics. Figure 2.31 exhibits some

inverter with resonant network configurations used in IPT systems. Parallel compensation

is best suited using a current-fed converter, as illustrated in Figure 2.31(b), while series

compensation is preferable with a voltage-fed converter, as illustrated in Figure 2.31(c) and

Figure 2.31(d). Voltage-fed converters provide a faster dynamic response, with both high

reliability and efficiency [121]. The voltage-fed LCL inverter, illustrated in Figure 2.31(e),

offers load independent current source characteristics and is highly used in both static and

dynamic applications [117–119,227,228].

A push-pull converter that uses the transmitter pads placed in an array, sharing a pair

of DC inductor and switch with the neighboring transmitter pads, is presented in [79]. This

topology minimizes the number of switches and only requires n + 1 switches to drive n

transmitter coils. In addition, each transmitter module can be activate individually while

the remainder are disconnected, thus minimizing the losses in a dynamic charging system.

However, the current through the transmitter coils can not be controlled electronically.
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Figure 2.30: Classifications of power converter topologies used in IPT systems.

The aforementioned off-board topologies have two conversion stages: AC-DC and DC-

AC. These stages of conversion are, however, interconnected by a large DC capacitor and a

huge filter inductance in order to regulate voltage and frequency parameters in the output

signals of the converters. The matrix converter converts an AC signal directly to another

AC signal with a different frequency. The matrix converter comprises a set of bidirectional

semiconductors that interconnect a source directly to the load. The semiconductors convert

low frequency input signals ( with fixed voltage and frequency) into high frequency output

signals with variable voltage amplitude and frequency [229, 230]. The lack of bulky energy

storage elements make matrix converters a more reliable and higher power density solu-

tion when compared with two-stage conversion solutions. In addition, they have inherently

bidirectional capabilities that can be used in vehicle-to-grid (V2G) IPT connections [231].

Figure 2.32 illustrates a single-phase AC-AC matrix converter. The basic commutation

strategy employed in a single-phase matrix dictates that only one switch from each bidi-

rectional device is modulated at high frequency, and two switches from other bidirectional

devices are entirely switched on or off for commutation purposes [121]. The authors in [230]

proposed a modulation technique based on current direction commutation algorithms. Un-

like voltage magnitude based commutation algorithms that typically require two accurate

voltage readings, current direction commutation algorithms only require one precise current
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Figure 2.31: Types of off-board inverters.
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Figure 2.32: Illustration of a single-phase matrix converter.

measurement. The proposed modulation technique attenuates the harmonic distortion in

the grid current. However, the converter is hard-switched and the efficiency is reduced as

well as the system reliability. The authors in [231] proposed a soft-switching controller based

on quantum energy injection/regeneration principle. The simplified controller can be imple-

mented using simple logic components and avoiding entirely the need for FPGA platforms.

Experimental results show efficiencies above 84 % in light load conditions.

2.5.2 On-board side power converters

The main function of on-board converters is to convert the high frequency AC signal

from the on-board resonant network into a DC signal to charge the batteries. The simplest
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approach is to use a full diode rectifier with a stabilization capacitor or LC filter, as illustrated

in Figure 2.33(a) [232, 233]. However, the charging process of the batteries is regulated by

the off-board power supply and a communication link between the EV charger and the

vehicle is usually required. The use of controlled H-bridge converter, as illustrated in Figure

2.33(b), offers synchronous rectification capabilities to improve the efficiency in the power

transfer at light loads [234, 235]. Additionally, when placed together with an off-board H-

bridge converter to form a dual-active bridge (DAB), it offers bidirectional power transfer

capabilities, but they require synchronization between both side converters [236, 237]. The

authors in [234] proposed a synchronization method that uses an auxiliary coil to synchronize

the voltage vectors of both converters instead of a communication link. The works [238,239]

use a semi H-bridge active rectifier to regulate the power transfer. The authors show the

benefits of the proposed topology under large coupling variations and partial loads with

reported efficiencies above 92 %.

The use of non-isolated DC-DC converters like the buck, boost or buck-boost together

with a H-bridge diode rectifier is still the preferable approach for unidirectional IPT ap-

plications, as illustrated in Figure 2.33 (c)-(d) [50, 240, 241]. The selection of the DC-DC

converter is affected by the resonant configuration. For example, a current-fed rectifier sup-

plied by a LCL or SS resonant configuration is suitable for any of the three DC-DC converters

whereas a voltage-fed rectifier supplied by a parallel resonant configuration is most suitable

for a buck-boost or boost converter. The fundamental theoretical analysis on impedance

matching is universal and valid for all wireless power transfer technologies. One of the early

applications and stability analysis of boost converters in IPT systems was carried out in [50].

Since then, several variations have been proposed in the literature to address specific issues

like smooth transition of the currents in the rectifier between the on and off-states [122].

Different topologies have been presented in the literature that address particular limita-

tions of conventional topologies. A single-switch active rectifier is presented in [242]. One

benefit of the proposed topology is the operation with a fixed frequency while providing a

wide output voltage. The authors in [243] propose a poly-phase current-fed push-pull reso-

nant converter for IPT applications with a rotating magnetic field. The system can generate

sinusoidal current waveforms with low total harmonic distortion (THD). A novel multi-level

phase-controlled resonant inverter is presented in [244]. The authors also present an asym-

metrical phase-shift modulation that ensures a wide output voltage operation. A similar

multi-level topology is presented in [245] but applied to both side of the IPT system. In this

way, the presented topology has bi-directional power transfer capabilities. A new adapted
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Figure 2.33: Overview of different on-board converter topologies.

fly-back converter is presented in [246]. The proposed converter achieves AC-AC with high

output frequency regulation. A new transistor controlled variable capacitor is presented

in [247]. The presented topology enables the adjustment of the effective capacitance in the

off-board resonant network in order to maintain ZVS over a wider coupling range.

In recent works is discussed the integration of IPT solutions with the existing on-board

battery chargers to reduce the number of on-board converters. Current commercial available

solutions use DAB converters to regulate the batteries charging process. In this context, the

work developed in this thesis replace the isolation transformer of the DAB converter by

a modified magnetic coupler that integrates both plug-in as IPT charging capabilities, as

illustrated in Figure 2.34 [248]. In plug-in mode, the modified magnetic coupler acts as an

isolation transformer and in inductive charging mode the coupler acts as an IPT receiver

pad. Simulation results show DC-DC efficiencies above 90 % using both charging modes.

One drawback is the lower coupling factor of the modified magnetic coupler (≈ 0.93) when

compared with a conventional isolation transformer (≈ 0.98), which leads to a reduction in

the circuit’s operating frequency. Moreover, the leakage fields in plug-in mode have to be

contained using aluminum shields.

2.5.3 Control strategies to regulate the charging process of the

batteries

Power converters are a central component of IPT systems as they increase the operating

frequency and lead to higher power density systems with better efficiencies. In this context,

the control strategies employed must minimize the system losses and ensure, at the same
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Figure 2.34: Hybrid plug-in and IPT topology with DAB converter [248].

time, constant current (CC) and/or voltage (CV) operating modes during the batteries

charging process [249]. The existing control strategies for IPT systems can be grouped

according with the placement of the power converter into: off-board, on-board and dual-side

control, as illustrated in Figure 2.35.

The off-board control strategy of the batteries charging process requires knowledge of

voltage and current measurements from the on-board side. On the other-hand, on-board

control strategies have all the required information and do not need any communication link

with the off-board side. Dual side control combines the best of both on-board and off-board

control strategies to optimize power flow at higher efficiency values.

2.5.3.1 Off-board control

The regulation of the batteries charging process using only the off-board converters sim-

plify the design, costs and complexity of the on-board circuitry. One downside is the commu-

nication link required to exchange information from the on-board side, namely the batteries

voltage and current measurements. The wireless method usually involves radio-frequency

emitters and receivers with high throughput to ensure a fast connection between the off-

board charger and the vehicle [250, 251]. However, the additional hardware increase the

costs and reduces the reliability of the IPT solution. Moreover, in dynamic IPT appli-

cations, the complexity of communications grows exponentially as the number of passing

vehicles increase as well as the probability of interference and miscommunication between n

vehicles and the off-board charger [252]. One way around this limitation is to estimate the

state of charge (SOC) of the batteries and the mutual inductance values of the magnetic

coupler using only off-board voltage and current measurements [253].
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Figure 2.35: Different control techniques for IPT systems.

The works in [254, 255] use the reflected load theory in the IPT circuitry to estimate

both load and mutual inductance values. However, the operating frequency of [254] as to be

different from the resonant frequency of the receiver side. On the other hand, [255] is carried

out under zero-phase angle conditions and the results are influenced by the current and volt-

age harmonics. The use of a frequency sweep method is proposed in [256] and can estimate

simultaneously the mutual inductance, load and on-board side inductance or compensation

capacitance. A systematic method is presented in [257] for multi-coil systems. The use of

neural networks is investigated in [258] to ensure a constant output current under different

coupling charging conditions using only off-board measurements. However, the training of

the neural network requires large amounts of data to improve accuracy and its limited to a

specific resonant compensation configuration. Other approaches have been proposed in the

literature that use additional hardware but they reduce the power density of the IPT system

or decrease the system stability. The authors in [250] introduce switches on the on-board side

circuitry to create different operation modes: open-circuit, short-circuit and load connection.

The data correlation of all modes allows the extraction of not only the mutual-inductance

and load value but also the self-inductance, compensation capacitance and parasitic resis-

tance of the on-board side. However, its applicability is limited to static IPT applications

since is not feasible to emulate the three modes under dynamic conditions. The estimation

procedure is extended to intermediate coupler IPT systems in [154]. The authors estimate

the load and mutual-inductance values using the voltage and current measurements from

the off-board and intermediate sides. The results show high accuracy but the method relies

on predefined values such as self-inductance and compensation capacitance of the on-board

side.

Regardless of the method to obtain the on-board measurements, the off-board control

strategies are usually employed either to a DC-DC converter (whose presence is optional

and placed after the rectification stage), or to the inverter. The use of a DC-DC converter
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Figure 2.36: Overview of an IPT system with: (a) Wireless communication between the off-board
and on-board sides and (b) estimation algorithm.

is usually adopted in resonant network configurations such as LCC and LCL, as illustrated

in Figure 2.36. A fixed frequency and duty-cycle control is usually applied to the converter

with these resonant configurations. Without the DC-DC converter, the current in the res-

onant network is kept with a constant value regardless of the load value, and the efficiency

will decrease under light load condition. PI control, robust control [259] and sliding mode

control [260] are common control strategies employed in DC-DC converters. PI control is the

most widely implemented in industrial applications due to its simplicity. The sliding mode

control, also referred as robust algorithm, is best suitable for dynamic IPT applications due

to its diversity of the sliding surfaces and approaching laws. One cycle control (OCC) uses

resettable integrators to perform pulse width modulators (PWM) [261]. OCC offers robust-

ness with simple implementation. The authors in [262] apply a mixture of OCC and PI

control strategies to obtain a rapid transient response of an static IPT system. The results

show a faster transition to steady state using OCC-PD control when compared with OCC

and PI controls. A cooperative control for multiple-excitation transmitter coils is presented

in [263]. The control identifies the coupling value between the transmitters and the receiver

coils and either optimizes the system efficiency or power transfer capability. In addition, the

control offers great response speed since it only requires the DC current measurement.



CHAPTER 2. INDUCTIVE POWER TRANSFER 59

α
Phase-shift angle

v

AB

v

AB,1

i

inv

t

A

B

C1

Lseries

L1

Filter Batteries

C2

L2

L12

Wireless 
communication

Measurements

Vbat Ibat

S1 S3

S2 S4

Frequency and/
or Duty-cycle 

controller

Gate S1, S2 S3, S4

V

DC

iinv

Figure 2.37: Overview of an off-board inverter control scheme for IPT systems.

The control strategies applied to inverters adjust duty-cycle and frequency [264, 265].

Phase-shift technique regulates the duty-cycle of the output inverter voltage by adjusting the

shift angle between the inverter legs A and B, as illustrated in Figure 2.37. The drive pulses

of the switches S3 and S4 overlap the drive pulses of S1 and S2 by a shift angle (α) to regulate

the inverter output voltage and consequently, the amount of power transferred to the load.

The authors in [266] propose a control strategy that adjusts the output voltage using only the

off-board inverter and without direct on-board measurements feedback. A current controller

based on phase-shift technique is proposed in [214] using only off-board measurements to

estimate the batteries charging current. The control keeps the batteries current constant

during the charging process even under coupling displacements or grid fluctuations. The

authors in [267] propose an auto-resonant detection method that ensures a ZVS operation

of the off-board inverter. The method extends the admissible charging area with improved

efficiency. A decoupled control method based on PI controller is presented [268]. The control

ensures a constant ZVS operation under both CC and CV modes.

Variable frequency control strategies adjust the switching frequency of the inverter to

achieve zero-phase angle operation (ZPA) or avoid the bifurcation phenomena [269,270]. As

discussed in Section 2.2, each resonant network configuration behaves differently to mutual

inductance or load variations. A variable frequency control strategy is presented in [271]

for a SS configuration to obtain an constant and stable output voltage regardless horizontal

displacements between the off-board and on-board pads. A phase-locked loop (PLL) is

used to find the switching frequency that ensures a null phase difference between on-board

current and the fundamental harmonic of the inverter output voltage. However, the efficiency

is largely affected by switching commutation losses since the inverter has a power factor that

oscillates between 0.6 and 0.8 inductive. In [33], the authors propose a frequency modulation
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and phase-shift control strategy for the SP resonant compensation. The proposed control

ensures the maximum power transfer capabilities of the system with almost zero reactive

input power in the interface with the network, whilst ensuring the maximum efficiency. A

variable frequency phase-shift control is proposed in [272] for the SP resonant configuration

network. The authors use a current hysteresis comparator to suppress the noise in high IPT

power applications. The control ensures ZVS operation whilst operating in CC mode, over

a wide range of mutual inductance and load variations with high efficiencies.

New control strategies take advantage of the intrinsic characteristics of resonant network

configurations to regulate the transmitter current and/or power transferred while the off-

board inverter operates with a fixed phase-shift angle. An auto-tuning control system is

presented in [273] for dynamic applications. The presented control uses the variation of

the self-inductance of the transmitter pad caused by the ferrite core of the receiver pad to

regulate the current in the transmitter pad. This configuration avoids the use of switches

to turn on/off the multiple transmitter pads. The variation of the self-inductance can,

however, be caused by extra ferromagnetic material over the transmitter pad like the vehicle

chassis leading to an unwanted current increase. A similar approach is taken in [274]. The

authors use, however, a saturable inductor to limit the current in the transmitter pads.

Alternatively, [275] presents a ZVS control strategy based on a tuning capacitor. The variable

capacitor is implemented using a MOSFET connected in series with the tuning capacitor.

This series combination is then connected in parallel to the transmitter resonant capacitor.

Therefore, the effective resonant capacitance is regulated by the duty-cycle applied to the

MOSFET. The presented control reduces the switching losses in the H-bridge inverter by

ensuring a ZVS operation over the total load range.

2.5.3.2 On-board control

The use of controllable power converters in the on-board side offers new possibilities of

higher power transfer capabilities under displacement charging scenarios with better effi-

ciencies as well as under light load conditions [276]. As stated earlier, the on-board control

strategies are usually applied to a DC-DC converter or to a controlled H-bridge converter.

The non-isolated DC-DC converters have a relatively simple control without grand com-

putational demands or sample frequency ratings [277]. In addition, with a careful design of

the reactive components, these converters offer wide range of input voltage variations, ideal

for compatibility across EV chargers from different manufacturers. Figure 2.38 illustrates
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Figure 2.38: Overview of an on-board DC-DC control scheme for IPT systems.

the use of a H-bridge rectifier with a DC-DC converter on the receiver side [122]. A notable

difference when compared with the off-board control strategies, depicted in Figure 2.37, is

the absence of a communication link to the off-board side. Furthermore, unlike the switching

frequency range of 81.2 kHz to 90 kHz imposed by the SAE J2954 for inverter operation,

DC-DC converters can operate with lower switching frequencies. The work [278] operates

the DC-DC converter at 10 kHz whereas the inverter operates at 100 kHz.

The selection choice of a boost or buck converter is largely dependent on the batteries

nominal voltage value and the voltage gain function of the selected resonant configuration

in the worst charging scenario. In [240], the authors develop a duty-cycle control strategy

for a boost converter that ensures essentially a unitary power factor at the inverter output

terminals. The control strategy reduces the power transfer capabilities of the system but it

also reduces the size of the on-board coil. The non-linear effects of rectifiers were decreased

using a Boost converter together with a LCL resonant compensation network [279]. A

PID controller uses the errors of batteries current and voltage with the reference values to

compensate lateral displacements under dynamic conditions. A control strategy for a Buck

converter is proposed in [278] and is based on the maximum efficiency of a dynamic charging

system. The control estimates the mutual-inductance values in real-time, which is essential

for tracking the maximum efficiency condition.

The use of controllable H-bridge or semi H-bridge converters are also employed on the

on-board side, as depicted in Figure. 2.39. The authors in [280] present an active H-bridge

rectifier with a maximum efficiency tracking control. The control method shows efficiency

improvements up to 10 % when compared with H-bridge diode rectifiers under light load

conditions and natural resonance frequency variations on the receiver network.
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2.5.3.3 Dual-side control

Dual-side control strategies require controllable power converters on both off-board an

on-board sides. Since the converters are synchronized, problems like over-currents are over-

voltages are mitigated. Additionally, the system offers better performances under light-load

conditions and large lateral displacements since both converters are adjusted to work in ZVS

mode while exhibiting, under some load conditions, ZPA. Therefore, the commutation losses

in the converters, one of the main causes for lower efficiencies, are mitigated. Figure 2.40

illustrates a DAB with dual-side control. In [239] a control strategy is proposed for a DAB

configuration to improve the charging process in the worst coupling and load conditions.

The synchronization of both sides occurs via wireless communication. A different dual-side

control for a DAB converter with LCL-LCL resonant network configuration and without a

communication link is presented in [216, 237, 281]. The control strategy takes advantage of

the frequency versus power characteristic to create a step response, similar to PQ controller

of synchronous generators. One downside of the proposed control strategy is the frequency

deviation from the natural resonant point that may force the inverter to operate in ZCS,

thus increasing the converter losses. The work in [282] also avoids a communication link

and the estimation of the coupling value. The method estimates the voltage at the on-board

parallel compensation capacitor to detect energy transfer.

An optimal PID controller for bidirectional IPT systems using DAB converter is presented

in [283] using multi-objective genetic algorithm. The authors analyze different objective

functions under different charging conditions to assess the best tuning function. When
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Figure 2.40: Overview of a DAB control scheme for IPT systems.

compared with the traditional Ziegler-Nichols method, the proposed controller exhibits faster

response time. An optimized dual-side phase-shift control using a DAB converter with

SS resonant configurations is presented in [220]. The control minimizes the coil losses by

adjusting the DC voltage ratio to a value near to the square root ratio between the on-board

and off-board coil resistances. The control presented in [284], on the other hand, tracks

the maximum efficiency point using a predictive control model. When compared with PI

control, the predictive control model exhibits faster response. The work in [285] uses a

DAB converter with a CLC resonant network. The proposed topology and control reduces

the current values in the converters and improves the power factor on both converters. A

bidirectional DAB controller with multiple receiver sides is presented in [217]. The authors

control the power flow through either phase and/or magnitude modulation of the voltages

generated by each converter. A similar approach is carried out in [286] using a DAB topology

with a LCL resonant network to create a bidirectional controllable current source.

In [287], the inverter output voltage is adjusted over a wide range by switching between

different modes (full-bridge and half-bridge) to approach the optimal load impedance. The

on-board semi-bridge-less active rectifier uses a modified phase-locked model to regulate the

batteries current/voltage without the need for a communication link.

2.6 Summary
This chapter explores the main research areas in IPT systems and their current state

of art. IPT systems can be divided into four main research areas: resonant configurations,

magnetic couplers, controllers and respective controls and circuitry analysis.

The use of resonant configurations together with high operating frequencies boost the
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power transfer capabilities of loosely coupled systems. The main intrinsic characteristics in

a resonant configuration for IPT systems include operation in ZVS while exhibiting load-

independent constant voltage and/or current modes. The basic SS an SP resonant configu-

ration offer load-independent voltage and current but at distinct operating frequencies. In

addition, ZVS is not ensured over the entire load variation. The use of higher order resonant

configurations overcome the limitations of the basic resonant configurations while offering

additional characteristics. The LCL resonant network exhibits a load-independent current

source characteristic in the second inductor and is ideal for dynamic IPT applications. The

SP-S resonant configuration, on the other hand, allows higher displacement tolerances. The

use of intermediate couplers between the transmitter and receiver pads of a MC boosts the

magnetic link for higher air gap values. A SS-IC exhibits load-independent CC and CV

modes with minimal frequency variation. In addition, it also constrains the magnetic stray

fields in the vicinity of the magnetic coupler.

The magnetic coupler is the key component that enables the energy transfer in IPT

systems. There are numerous geometries in the literature and they are grouped according to

the main flux path direction into: non-polarized and polarized geometries. The non-polarized

geometries are easier to implement but they are limited in terms of power transfer capabilities

and lateral displacement tolerances. Among the most promising polarized geometries are the

DDPQ and the BPP. These geometries have been extensively optimized in the literature for

both static and dynamic applications. The compliance of the geometries with the maximum

admissible stray magnetic field levels is also imperative. The inclusion of aluminum plates

in the back of the magnetic coupler is the simplest way to contain the stray magnetic fields.

However, for large power applications, the magnetic couplers must also include active or

reactive shield techniques to further contain the stray magnetic field.

The large number of admissible MC geometries difficult the characterization of the self

and mutual inductance profiles needed during the design of the IPT system. The existing

methodologies rely on extensive FEA simulations and they are usually applied for a given

set of geometries. Moreover, the applicability of the current MCs to large ground clear-

ance vehicles is made at the expense of MCs with larger sizes and limited power transfer

capabilities.

The power converters in IPT systems are highly dependent on the resonant topologies and

selected geometries for the MCs. They can be grouped according to their placement into:

off-board and on-board topologies. The preferable off-board topology includes a rectifier

with power factor correction, a DC bus and a H-bridge inverter. The receiver side typically
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employs a full-wave rectifier followed by a DC-DC converter. The off-board inverter can

be connected to a single MC or to multiple MCs, either in series or parallel. The on-

board topology employs a H-bridge diode with a DC-DC converter for unidirectional power

applications or employs a H-bridge converter for bidirectional applications.

The regulation of the batteries charging process can be made using the off-board, on-

board or both converters. Off-board control strategies require information, like current and

voltage measurements of the batteries, to properly adjust the frequency or phase-shift angle

of the inverter. This on-board information can be transmitted via wireless communication

or estimated using only off-board measurements. Off-board control strategies are often

employed in static unidirectional IPT applications together with resonant configurations

that exhibit load-independent CC and CV modes. On-board control strategies have all the

information available on the vehicle side to regulate the charging process of the batteries.

These control strategies, however, do not take into account the off-board operation of the

converters and exhibit poorer efficiency profiles, especially under light load conditions. Dual-

side control strategies synchronize both off-board and on-board converters to mitigate over-

currents and over-voltages. Consequently, the power transfer capability versus efficiency is

optimized in the entire load range while offering, at the same time, bidirectional capabilities.

2.7 Adopted path

The literature survey carried out in the previous sections showed different intervention

areas to mitigate the effect of displacements. Figure 2.41 illustrates the adopted path of the

work conducted in this thesis. Firstly, the impact of displacements was assessed in the four

basic resonant configurations and the generic reflected impedance equations were derived

in Chapter 2. In Chapter 3, a new vertical IPT charger with simultaneous double receiver

charging capabilities is firstly presented for heavy-duty and autonomous guided vehicles.

The vertical positioning of the transmitter pad reduces the air gap distance between the

transmitter and receiver pads and eliminates, at the same time, the need for foreign object

detection systems.

The employment of vertical IPT chargers is not feasible for passenger vehicles and the

placement of the transmitter pad under the pavement is the preferable approach. The

existing transmitter pad geometries take advantage of ferromagnetic materials to improve the

magnetic coupling. However, these materials are expensive and easily breakable. Therefore,

the next phase of this work consisted on the design and optimization of different ferrite-less
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Figure 2.41: Adopted path of the work conducted in this thesis .

non-polarized and polarized geometries.

One difficulty found during the design of an IPT with given specifications and constraints

was which values to use for the self and mutual inductances in different charging positions.

The simplest way to determine these values involves 3D FEA simulations of the MC in

the desired charging position. This approach, however, has to be repeated every time the

vertical, lateral or number of turns is modified, increasing the overall design time. In this

context, a mapping methodology of the self and mutual inductance profiles with minimum

number of FEA simulations is also presented in Chapter 3.

As stated earlier, IPT systems benefit with the inclusion of ICs. Still, the literature lacks

a design methodology of an IPT with an IC that exhibits current source characteristics.

Such design enables the control of the batteries charging process from the off-board side,

thus simplifying the on-board converter topology. Moreover, an estimation procedure of

the batteries voltage and current would also eliminate the need for a communication link

between the off-board and on-board sides. Therefore, a design methodology and respective

estimation procedure is developed in Chapter 4 for a series-series with an IC system.

This work culminates in a novel double coupling configuration that uses the wheel as an

intermediary stage between the off-board and on-board sides. The presented configuration

keeps the air gap distance to a minimum and independent of the vehicle class. Moreover, the

lateral displacement is also inferior since the driver can take advantage of the existing parking

systems (like in-built vehicle cameras) to correctly park the vehicle over the transmitter pad.

Chapter 5 firstly presents the conceptualization of the proposed double coupling system

applied to a wheel. A design optimization of several curved geometries is then carried out

using a FEA tool. Finally, a design methodology of a series configuration with voltage source

characteristics is presented.



Chapter 3

Magnetic couplers

Magnetic coupler (MC) is the key component in IPT systems that enables the power

transfer between the off-board and on-board sides of an EV. Chapter 2 explained the evo-

lution of MC geometry since early 2000’s and identified the prominent geometries chosen

for EV charging applications. Magnetic couplers like the circular pad (CP), the Double-D

pad (DDP) and the Bipolar pad (BPP) have been widely accepted both by the academic

community and industrial manufacturers for traditional static EV IPT charging systems.

Still, the vertical and lateral tolerances remain the same, despite the adopted MC geometry.

The initial work presented in this chapter places the transmitter pad in a vertical po-

sition to shorten the distance between the off-board and on-board sides of heavy-duty and

autonomous guided vehicles. The solenoid pad (SPP) geometry was selected due to its

double-sided flux pattern, allowing simultaneous charging of two receivers. The SPP ferro-

magnetic core is optimized using a 3D finite element analysis (FEA) tool. Other relevant

magnetic properties like interoperability and compliance ICNIRP guidelines are also ana-

lyzed.

The employment of vertical IPT chargers is not viable for passenger vehicles and the

traditional placement of the transmitter pad under the pavement is still the best approach.

The aforementioned geometries e.g, CP, DDP and BPP, employ ferromagnetic cores to im-

prove the magnetic coupler. These materials are, however, expensive and easily breakable.

In addition, the use of ferromagnetic materials in dynamic IPT roadways would drastically

increase the construction costs. Therefore, this chapter also presents a design optimization

of different non-polarized and polarized ferrite-less geometries that use intermediate couplers

(IC) or "pipe" coils as replacements to ferromagnetic cores. The study focus on assessing

the best alternative to ferromagnetic cores with minimal coupling factor and power transfer

capability losses. A new non-polarized geometry derives from this study and is named as

ferrite-less circular pad (FLCP).
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One difficulty in the design of IPT systems is which values for the self and mutual

inductances to use in different charging positions. These values depend on parameters such

as the number of turns, vertical and lateral displacements besides the geometry of MC.

The use of 3D FEA tools is still the best way to determine these inductance values. This

approach, however, has to be repeated every time one of the aforementioned parameters is

modified. In this context, this chapter also presents a new mapping methodology for self

and mutual inductance profiles with a reduced computational effort. The behavioral analysis

of the self and mutual inductance profiles under different turns combinations, vertical and

lateral displacements is done to identify adequate fitting curves. This allows extracting

minimum number of required charging positions and consequently, has a positive impact

on the required number of FEA simulations. In conclusion, it is possible to characterize a

MC geometry with a specific size and ratio, and evaluate its applicability in different IPT

systems with different power requirements and operational specifications.

The chapter starts with the fundamental analysis of two and three-coil MCs. The geom-

etry optimization of the SPP is carried out in Section 3.2. The study of different geometries

for dynamic applications, include the design and optimization of the FLCP is made in Sec-

tion 3.3. The mapping methodology and respective validation is analyzed in Section 3.4.

The summary of the chapter is drawn in Section 3.5.

3.1 Fundamentals

This section introduces the electric and magnetic concepts used in the optimization and

comparison of magnetic coupler geometries. The presented concepts are derived for magnetic

couplers in two-coil systems (one transmitter and one receiver pads) and in three-coil systems

(includes an additional intermediate coupler).

3.1.1 Two-coil systems

The MC is a loosely coupled transformer with a transmitter and receiver pads. Each pad

is formed by one or more coils, a ferromagnetic core and a shield (if necessary). Figure 3.1

illustrates the MC of a two-coil IPT system (represented by the color brown) and the flux

lines that link the transmitter and receiver pads. The coupling coefficient (k12) quantifies

the magnetic link between both pads, in a scale from 0 to 1, and it determined according to

k12 = L12/
√

(L1.L2), (3.1)
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Figure 3.1: IPT system with a single transmitter and receiver pads.
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Figure 3.2: Experimental tests to determine: (a) open-circuit voltage and (b) short-circuit current.

where L1 and L2 are the self-inductance values of the transmitter and receiver coils and L12

is the mutual inductance. The subscript number in the variables indicate to which side the

variable is related to, where 1 and 2 stands for transmitter and receiver sides, respectively.

The self and mutual inductance values and power transfer capabilities of a MC can be

determined by the open and short-circuit tests, similar to a conventional 50 Hz transformer.

The open-circuit test consists on supplying the transmitter coil with the nominal current

(I1) while receiver coil remains open, as depicted in Figure 3.2(a). In the short-circuit test,

the receiver coil is shunted while the transmitter coil is supplied by the nominal current of

the transmitter pad, as illustrated in Figure 3.2(b). Assuming a lossless circuit, the product

of the RMS open-circuit voltage test (|V oc|) with the RMS short-circuit current test (|Isc|),

described in (3.2) and (3.3), gives the uncompensated power (Psu) of the MC. Figure 3.2

illustrates the equivalent circuitry to measure V oc and Isc.
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V oc = j.ω.L12.I1 (3.2)

Isc = V oc

jω.L2
= L12.I1

L2
. (3.3)

The output power (Pout) corresponds to the product result of Psu with the load quality

factor (Q), as shown in

Pout = Psu.Q = |V oc|.|Isc|.Q = ω.k2
12.L1.|I1|2.Q. (3.4)

The value of Q depends on the resonant topology used in the receiver side. For a series

compensation, Q is defined as Q = ω.L2/Req while for a parallel compensation, Q is given by

Q = Req/ω.L2.In practical applications, the value of Q should be limited between 4-10 [50].

The self and mutual inductance values can be determined by the open-circuit test. The

value of L12 is determined using (3.2). The value of Lx, on the other hand, can be determined

using the no-load power (Poc) and Ioc into

Lx = Qocx

ω2.|I1x|2
, x = 1, 2 (3.5)

where Qocx is the no-load reactive power and it is determined by

Qocx =
√

(|V x|.|I1x|)2 − P 2
ocx

, x = 1, 2 (3.6)

Therefore, the open-circuit test must be performed to each coil in order to fully characterize

a MC.

3.1.2 Three-coil systems

The inclusion of an intermediate coupler (IC) in two-coil IPT systems, to form a three-coil

system, boosts the magnetic link between the transmitter and receiver sides [288]. The IC is

formed by an intermediate coil (Lint) connected in series with a capacitor (Cint) and is usually

tuned with a frequency higher than the operating frequency [149]. The subscript word int

identifies the variables from the intermediate side. Figure 3.3 illustrates the inclusion of an

IC (represented in blue) between the transmitter and receiver pads. The intermediate coil

creates two additional couplings between the existing transmitter and receiver coils: kint2

and k1int. The first quantifies the magnetic link between the receiver and intermediate coils

while the second quantifies the magnetic link between the transmitter and intermediate coils.
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Figure 3.3: IPT system with the inclusion of an intermediate coupler.

The correspondent mutual inductance values, depicted in Figure 3.3, are given by

Lint2 = kint2.
√

(L2.Lint), (3.7)

L1int = k1int.
√

(L1.Lint), (3.8)

Analogously to two-coil systems, Psu can be used to quantify the power transfer capability

of a three-coil system. The open and short-circuit tests in three-coil systems are performed

with the transmitter and receiver coils connected in the same way as two-coil systems,

illustrated in Figure 3.2, and with the intermediate coil shunted in both tests. In this way,

there will be a circulating current in the intermediate coil (I int) and the voltage across the

receiver coil (V L2), assuming a lossless system, is then given by

V L2−3coil
= j.ω.L2.I2 − jω(L12.I1 + Lint2.I int), (3.9)

The values V oc_3coil and Isc_3coil are determined using (3.9) and they are given by

V oc_3coil = −jω(L12.I1 + Lint2.I int) (3.10)

Isc_3coil = L12.I1 + Lint2.I int

L2
. (3.11)
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The value of Pout is then determined by

Pout = ω(k2
12.|I1|2.L1 + k2

int2.|I int|2.Lint + 2.k12.kint2.k1int.L1int.|I1|.|I int|).Q (3.12)

In a two-coil system the value of Pout, given by (3.4), only depends on I1, k12 and L1.

However, in three-coil systems, Pout depends on all coupling coefficients and both values

of I1 and I int. The dependency of Pout on I int difficult the comparison between two and

three-coil systems since its value depends on the tuning of the IC.

3.2 Solenoid Pad

The solenoid pad (SPP) has been investigated in previous works for EV IPT charging

systems [179, 182, 183, 289]. The design offers better k12 and Psu when compared with non-

polarized geometries like the CP and RP. In addition, it offers interoperability with non-

polarized and polarized geometries [182]. However, due to the double-sided flux pattern of

a solenoid, just half of the flux lines contribute to the coupling between the transmitter and

receiver pads. Moreover, the pad losses drastically increase with the inclusion of an aluminum

shield required for the pad to comply with the human exposure limits to magnetic and electric

fields [290]. Alternative designs based on the SPP were proposed in the literature, like the

DDP and the BPP, to overcome this limitation. These new geometries are envisioned for

placement under the EVs, offering both stationary and dynamic applicability. Nevertheless,

vertical IPT chargers can be alternatives to use in cargo and heavy-duty EVs, as they reduce

the distance between the transmitter and receiver pads. The same principle can be applied

to Automatic Guided Vehicles (AGVs) in industry applications [191, 291, 292]. The use of

elongated tracks is a common practice to charge AGVs in well established routes along the

factory. Nevertheless, in some industries is not applicable the use of a buried elongated track

or discrete transmitter pads due to factory or working constraints such as investment costs

or dynamic routes for AGVs. The use of stationary chargers in different facility locations

overcome these limitations. The double-sided flux pattern of a SPP enables simultaneous

charging of two receivers using only a transmitter pad, thus reducing installation costs.

To evaluate the coupling of a solenoid magnetic coupling structure, a typical IPT system

with one transmitter pad and one receiver pad is used. Table 3.1 shows several solenoid pad

designs with different core arrangements to evaluate which one offers the best performance.

A configuration with just half the ferrite volume (Core 6) is also analyzed for dynamic IPT

charging applications. The pads were modeled in a 3D FEA software called Flux. The coils
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Table 3.1: Comparison of different core arrangements of the SPP geometry.

Core 1 2 3 4 5 6
Layout

Area [dm2] 7.74 7.05 5.99 10.23 8.99 8.99
Psu/Area
[VA/dm2] 115.76 89.2 60.6 123.36 152.17 34.93

Psu/VF errite

[VA/dm3] 1255 881 508 1767 1915 879

Air gap [mm] (perfectly aligned)
50 2751, 0.37 1969, 0.33 1291, 0.30 3020, 0.38 3638, 0.39 835, 0.29

Psu [VA], k 100 896, 0.20 629, 0.20 363, 0.16 1262, 0.25 1368, 0.25 314, 0.22
150 391, 0.15 270, 0.13 144, 0.10 544, 0.17 635, 0.17 144, 0.12

Lateral displacement y [mm] (for an air gap = 100 mm)
50 841, 0.21 590, 0.19 332, 0.16 1157, 0.24 1383, 0.25 731, 0.18

Psu [VA], k 100 702, 0.19 449, 0.16 261, 0.14 907, 0.22 1027, 0.22 513, 0.15
150 450, 0.16 296, 0.14 171, 0.11 603, 0.18 721, 0.18 323, 0.12

are represented in green and red and were modeled with the characteristics of a 1050 strands

AWG 38 Litz wire with a cross section of 4.68 mm2 and a DC resistance of 2.1 mΩ/m.

All coils have 14 turns. Also, the position of the coils is equal for all pads, as seen in the

figures of Table 3.1, in order to obtain a correct evaluation of all core configurations. The

core is formed by N87 "I" ferrite bars from Epcos with the dimensions of 93x28x16 mm.

The core material has an initial permeability of 2300 and a saturation level of 0.47 T. For

a correct assessment of the analyzed geometries, the core volume is the same in all designs

and corresponds to sixteen "I" bars with the aforementioned dimensions. Thus, rectangular

core arrangements designs are proposed in this work. The air gap and lateral tolerances

play an important role in the use of IPT systems in EVs or AGVs applications since a

perfect alignment with the transmitter pad has a low probability of occurrence. Due to pad

geometry, a lateral displacement of ±150 mm is deemed sufficient for vertical IPT chargers.

The minimum air gap in vertical IPT chargers can be as small as 50 mm, contrary to the

ground clearance range of EVs set between 150-350 mm. Consequently, an air gap range

between 50 and 150 mm was considered with intervals of 25 mm.

Table 3.1 summarizes the values of Psu and k12 for all evaluated configurations at a

frequency of 20 kHz and with a |I1| = 20 A in different air gap and lateral charging positions

. The surface area and the power density (Area/Psu) are also indicated in Table 3.1. As

expected, the core configuration with half the ferrite volume (Core 6) is the design with the
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Figure 3.4: Proposed SPP pad configuration.

lower k12 and Psu values. However, the value of L1 is approximately half when compared

to the other configurations, reducing the value of Psu, according to (3.4). A higher Psu

is achieved if more turns are added to the transmitter coils or if the working frequency is

increased. The remainder pad configurations present large differences in magnitude of Psu

and k12, thereby, an optimal core design largely influences the flux lines orientation and the

coupling between the transmitter and receiver sides. The core configurations 2 and 3 (Core

2 and 3) have lower coupling factors and uncompensated powers, when compared with the

core configurations 1, 4 and 5. From the investigated core configurations, the Core 5 is the

one that offers the best ratio Psu/Area, Psu/Ferrite and Psu. Assuming a receiver quality

factor of 5, which is a valid assumption for EV IPT charging systems [100], the Core 5 is able

to deliver approximately 18 kW with an air gap of 50 mm and without lateral displacements.

This value drastically decreases for 6.8 kW for an air gap of 100 mm. In the presence of

lateral displacements of 150 mm along the y axis, the value of Pout is 9.5 kW for an air gap

of 50 mm and 3.6 kW for an air gap of 100 mm.

With a vertical charging system, the lateral tolerance is just critical in the axis of the

pad parallel to the ground plane, since it is the one affected by the driver (axis y). The other

axis corresponds to the vertical distance between the pad and the ground and it only suffers

small displacements like different tire pressures in the EV. As seen by the results presented

in Table 3.1, a variation of the air gap has more impact than a lateral displacement. On

the other hand, conventional IPT charging systems would require a much larger surface area

for the transmitter and receiver pads to transfer the same amount of power as the proposed
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(a) (b)

Figure 3.5: Profile of: (a) L1S2 and (b) self and mutual inductance values, as a function of lateral
displacements for an air gap of 50 mm.

charging system, since the air gap with a vertical charging system is reduced. The Core

5 was chosen as a work basis pad configuration for further optimization in the following

subsections.

3.2.1 Double-receiver SPP optimization

Figure 3.4 illustrates the 3D model of the proposed double-receiver SPP based IPT

charging system. All the pads have the geometry of Core 5. The output power of each receiver

pad is affected by the existing coupling between both receiver pads (LS1S2). Ideally, this value

should be zero or very close to it, in order to maximize the power transfer capabilities for

each receiver. However, due to close proximity of both receivers with the transmitter pad,

the coupling values can not be neglected. The self-inductance of each pad as well as the

coupling between each receiver and the transmitter pad will be different than a conventional

IPT system, due to the additional ferromagnetic material in the surroundings of each pad,

increasing the values of the self and mutual inductance values. Figure 3.5(a) shows the

profile of L1S2 for the second receiver with lateral displacements in the range ±150 mm in

both axes and an air gap of 50 mm. The first receiver was placed at a distance of 50 mm,

which is the worse scenario for the power transfer capabilities of each receiver. As expected,

the profile of L1S2 depends on the direction of the displacement. The variation of L1S2 is

steeper along the x axis due to the total decoupling of a transmitter coil in relation to the

receiver coils.

Figure 3.5(b) represents the variation of the self and mutual inductance values of the

transmitter and receiver 2 pads for an air gap of 50 mm. The value of L1 has an increase

of approximately 7 % when compared with the equivalent two-coil IPT charging system.

The proximity with the ferromagnetic core of the receiver 1 leads to the increase of the
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(a) (b)

Figure 3.6: Practical assessment: (a) magnetic coupler with the dimensions of 372x242mm and
(b) self-inductance measurements.

self-inductance of the transmitter pad. The variations of L1 are more steeped in the event of

lateral and air gap displacements, due to lower range for the air gap (50-150 mm), and must

be accounted for during the design of the overall control. The coupling LS1S2 is another

important factor which influences the output power of each receiver. Figure 3.5(b) depicts

the curve of LS1S2 for lateral displacements. The variation is almost constant with a value

of 22 µH and corresponds to a coupling factor (kS1S2) of 0.04.

An experimental prototype was built to validate the proposed magnetic coupler, as shown

in Figure. 3.6(a). The measured self-inductances L1 and LS2 are shown in Figure 3.6(b).

They present a maximum variation of 8%. The large difference is due to the small air gaps

between the I-shaped ferrite bars and the different orientation of the ferrite core in the center,

which are not considered in the simulation model. The difference between the simulation

and practical results drops to a maximum of 2.8 % when small air gaps are introduced in

the model, at the expense of longer simulation times.

3.2.2 Interoperability and Safety

The interoperability of a transmitter pad is a characteristic that indicates the coupling

quality to other magnetic coupler geometries, both polarized and non-polarized. Higher cou-

pling factors result in a better interoperable magnetic design. Figure 3.7 depicts k12 between

the SPP transmitter and the DDP, BPP and CP geometries. The physical dimensions of

the pads were ascertained using the optimizations made in [174, 183, 190] and all receiver

pads have the same ferrite volume, for a fair comparison. The non-polarized shape of the

magnetic field pattern of the circular pad is not fully interoperable with the polarized shape

produced by the proposed solenoid pad due to the small ferrite area in the center of the
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Figure 3.7: Coupling factor for different receiver designs.

proposed SPP, which does not couple the flux lines from the CP. However, the SPP coils

can be driven separately in order to produce a non-polarized magnetic field pattern to couple

with a CP receiver pad. Still, the coupling is much smaller when compared with the other

pad configurations, as shown in Figure 3.7. The BPP and DDP pads produce polarized

magnetic field patterns, hence the good coupling with the SPP transmitter pad. The DDP

receiver pad offers the best coupling with a maximum value of 0.46 for an air gap of 50

mm. The area of the DDP is, however, 2.26 larger than the area of the SPP and the power

density (Psu/dm2) is smaller for the same dimensions. The BPP and SPP receiver pads have

similar coupling factors, but with an area ratio of 1.87:1. The results represented in Figure

3.7 show the interoperability of the transmitter SPP with polarized geometries like the BPP

and DDP pads. Also, the optimized SPP receiver pad offers better power density than the

DDP and BPP when supplied by a SPP transmitter pad.

The compliance with the guidelines to human exposure of magnetic and electric fields

has to be contemplated during the design. The International Commission on Non-Ionizing

Radiation (ICNIRP) dictates that the general public should not be exposed to average RMS

flux densities higher than 27 µT for frequencies of 85 kHz. Figure 3.8 shows the flux density

levels along two planes, one parallel to the plane xoy and the other parallel to the plane xoz,

and are equidistant of 500 mm from the geometric center of the magnetic coupler. A power

of 6.3 kW is deliver to each receiver pad during the simulations with a RMS transmitter

current of 20 A. The obtained results show flux density levels below the occupational limit

in almost all charging area, except for a few localized points, as shown in Figure 3.8 by

the colors above orange. An increase of the power transferred to 10 kW rises the minimum

safe distance to 640 mm. On the other hand, when the air gap is increased to 150 mm

and the power delivered corresponds to 6.3 kW, a minimum distance of 735 mm is required
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(a)

Figure 3.8: Distributed flux density levels at a distance of 500 mm.

for the magnetic coupler to comply with the occupational limits imposed by the ICNIRP

guidelines, which corresponds to an increment of 26 % compared to an air gap of 50 mm. The

aforementioned simulations do not consider an aluminum shield in the back of the receiver

pads. An aluminum plate with 3 mm thickness decreases the stray magnetic fields in the

xoy plane up to 30 %, at the expense of 14 % reduction in the coupling factor between the

transmitter and receiver pads.

The minimum safety distances of the presented double-receiver SPP IPT charger are

lower than traditional IPT systems. The works conducted in [174, 183] show minimum

safe distances around 620 mm for CP-CP and DDP-DDPQ when transferring 2 kW. This

means that a vertical charger reduces the air gap between the transmitter and receiver pads

and power transferred almost triplicates within the same safe charging area. Moreover,

risk of having small children or small animals between the transmitter and receiver pads is

also mitigated, since the air gap is to narrow. Vertical IPT chargers also avoid the use of

foreign object detection (FOD) systems to detect metallic objects between the transmitter

and receiver pads [293,294]. In summary, the presented double-receiver vertical IPT charger

offers equivalent power transfer capabilities to traditional IPT charger while allowing a double

charging scenario. In addition, the safety standards are met at lower distances and avoid

the use of detection systems of children, animals and metallic objects.
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3.3 Study of transmitter geometries for roadway ap-

plications

A distinct advantage of an IPT charger towards plug-in chargers is the ability to charge

the vehicle in movement. As summarize in Chapter 2, dynamic charging systems can be

formed by a continuous track or a set of discrete pads placed along the roadway. The second

option offers better efficiency and controllability at the expense of higher material usage.

One way to reduce the material costs of the transmitter pads is by removing the use of a

ferromagnetic core. New ferrite-less designs were proposed in the literature including the

Concrete Ferrite-less pad (CFLP) [195] and the circular non-ferrite pad (CNFP) [197]. The

use of an intermediate coupler also boosts the magnetic link between the transmitter and

receiver sides, resulting in an increase of the power transfer capabilities. Therefore, the study

presented in this section investigates and models alternative transmitter pad geometries that

do not require ferromagnetic cores as a function of both vertical and lateral displacements.

3.3.1 Modeling of transmitter geometries

The CP, BPP and DDP geometries were chosen as a work basis and their sizes along

with the designation of certain optimization parameters are depicted in Figure 3.9 (a)-(c).

The ferrite cores used in these designs were replaced by an intermediate coil(s) or a "pipe"

coil that orients the flux lines in the back side of the transmitter pad. Figure 3.9 (d)-(f)

shows the geometries with "pipe" coils and they are referred as Ferrite-less Circular Pad

(FLCP), Ferrite-less Bipolar Pad (FLBPP) and CFLP, respectively. The geometries of the

CP, BPP and DDP with intermediate coils are illustrated in Figure 3.9 (g)-(i) and they

are designated as Intermediate Circular Pad (ICP), Intermediate Bipolar Pad (IBPP) and

Intermediate Double-D Pad (IDDP).

The ferromagnetic core based geometries have the same ferrite volume, which corresponds

to 16 N87 I cores with the dimensions of 93x28x16 mm. The coils were modeled with the

same properties as the ones identified in Section 3.2. A lateral displacement between 0

and 250 mm was considered in intervals of 25 mm. The variables ltx and lty denote the

lateral displacements along the x and y axes. Air gap variations between 100 and 250 mm

cover most of the ground clearance vehicles including SUVs and public transportation like

buses. A total of 1446 simulations were conducted to assess all different possibilities and

their impacts on the tolerance to lateral and vertical displacements as well as on the power
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(a) Circular pad (CP) (b) Bipolar pad (BPP) (c) Double-D pad (DDP)

(d) Ferrite-less circular pad (FLCP) (e) Ferrite-less bipolar pad
(FPBPP)

(f) Concrete ferrite-less pad (CFLP)

(g) Intermediate circular pad (ICP) (h) Intermediate bipolar pad
(IBPP)

(i) Intermediate Double-D pad
(IDDP)

Figure 3.9: Portrayal of the modeled magnetic coupling structures.

transfer capabilities of the overall system.

The LCL compensation network was chosen for the transmitter resonant configuration

since it exhibits load independent current source characteristics [116]. The second inductor of

the LCL network is formed by the transmitter inductance (L1). The sizing of the transmitter

coils will take into account the maximum voltage levels admissible by the Litz wire, thus

limiting the value of L1 and avoiding the use of additional capacitors to reduce the "extra"

inductance. The power supply operates at 20 kHz. The parallel compensation was chosen

for the receiver side in order to evaluate the Psu for a three-coil IPT system.

The "pipe" coils of the FLBPP and CFLP were sized using the improvements made

in [195]. The height and inclination of the pipe coil were 120 mm and 43º, respectively.

Each pipe coil is wounded with 22 turns. In the case of the FLCP, several simulations were

made to investigate the optimal size. Figure 3.10 shows the variation of the upper (luc) and

lower (ldc) diameters of the pipe coil with a transmitter coil radius of 190 mm. The results

show that larger diameters improve the coupling factor. The point (250 mm, 275 mm) was
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Figure 3.10: Coupling profile of FLCP for different pipe coil size arrangements.

(a) Circular pad (b) Bipolar pad (c) Double-D pad

Figure 3.11: Developed prototypes of the transmitter pads with and without ferromagnetic cores.

selected as the optimal diameters for the pipe coil since larger diameters require more copper

with little improvement in the coupling factor. The height of the pipe coil and the number

of turns was also investigated. A height of 110 mm with 8 turns offers a good compromise

between cost-effectiveness and efficiency.

(a) (b) (c)

Figure 3.12: Coupling factors of the ferrite transmitter pads as a function of: (a) air gap, (b)
lateral displacement along the x axis and (c) lateral displacement along the y axis.

Several prototypes were built to validate the 3D simulated models and they are depicted

in Figure 3.11. Figure 3.12 shows the simulated and measured coupling factors for ferrite

transmitter pads as a function of air gap and lateral displacements. Each transmitter pad
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(a) (b)

Figure 3.13: (a) Coupling factor and (b) uncompensated power of "pipe" coil transmitter geometries
as a function of air gaps.

is coupled with a receiver pad with the same geometry and size, as illustrated in Figure

3.9. A maximum variation of 1.5 % was found between the simulated and experimental

measurements. The CP has a higher k12 but its surface area is approximately one third

larger than the DDP and BPP. As expected, lateral displacements along ltx exhibit a null

k12 around 200 mm for DDP and BPP due to the total decoupling of one of the two main

coils that form the transmitter pads. On the other hand, the circular geometry exhibits the

same pattern along both ltx and lty directions due to its circular shape.

Figure 3.13 compares the values k12 and Psu of the ferrite pads with the geometries with

pipe coils for different air gaps. The results show a decreasing in k12, which is accentuated

for the CFLP and FLBPP. In the case of the CFLP, the results are in agreement with

the ones obtained in [195]. For air gaps up to 225 mm, k12, for all transmitter pads, is

within a reasonable range for a efficient power transfer. For higher air gaps, with the same

dimensions, only the FLCP presents coupling characteristics for an efficient power transfer.

The transmitter pads with pipe coil have lower Psu values, however, for an air gap of 150

mm and assuming a operational Q of 5, all transmitter pads enable the transfer of 1 kW.

Figure 3.13 (b) compares the Psu for different air gaps at a rated transmitter current of

20 A. The large values of Psu for the ferrite transmitter pads are related with the higher

L1 and k12 values, parameters which affects Psu, as seen in equation (4.18). The values of

L1 for all ferrite pads are in the range of 412-518 µH. At the rated value of |I1| = 20 A,

the voltage level at the transmitter coil terminals would surpass the safety value of 1 kV

imposed by the Litz wire manufacturer and SAE J2954 directives. Also, at higher working

frequencies, the value of L1 must be lower by reducing the number of turns in the transmitter

coil(s). This power level can be maintained by the FLCP for air gaps superiors to 250 mm.
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(a) (b)

Figure 3.14: (a) Coupling factor and (b) uncompensated power of "pipe" coil transmitter geometries
as a function of lateral displacements for an air gap of 150 mm.

In terms of lateral displacements, the FLCP has a higher power transfer capability with

better coupling, as seen in Figure.3.14. However, and despite the higher power transfer

capability of the FLCP, represented in Figure 3.14(b), the variation of Psu is more abrupt

when compared with the CFLP or FLBPP and needs to be taken into account during the

design of the controller in order to keep the same output power levels during displacement

scenarios. From the results shown in Figure 3.13 and Figure 3.14, with the studied sizes,

the FLCP is the transmitter pad that offers the best cost-efficiency relation, with transfer

power capabilities in same order of magnitude of ferrite pads for air gaps above 200 mm.

The evaluation of the power transfer capabilities of a three-coil system is more compli-

cated than a two-coil system, due to its dependency on some intermediate coupler parameters

mainly the value of |I int|, which depends on the resonance frequency between Cint and Lint.

For a correct assessment of Psu, the FEA simulation results were inserted in the software

Matlab/Simulink to evaluate the overall efficiency of the IPT system using the parallel con-

figuration on the transmitter and receiver sides. Firstly, it is necessary to evaluate the self

and mutual inductance profiles between all three coils in order to determine the remaining

elements of the IPT circuit. Figure 3.15(a) shows the coupling factors for different interme-

diate coil diameters (lint) in the ICP geometry, assuming a height of 30 mm between the

transmitter and intermediate coils. The results show a decrease in k1int at higher diameters

while k12 and kint2 retain approximately the same values. The large disparity between Lint

and both L1 and L2, is an important aspect because influences the output power transfer

capability of each term in (3.12). The value lint = 600 mm was chosen as a study basis

for the subsequent results presented in this section. Figure 3.15(b) depicts the profile of

Psu, based on (3.12), for different values of |I1| and |I int|. As seen in Figure 3.15(b), the
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(a) (b)

Figure 3.15: (a) Parameters of three-coil systems for different intermediate diameters and (b)
profile of Psu for different |I1| and |Iint| values.

(a) (b)

Figure 3.16: (a) Parameters of three-coil systems for ICP geometry and (b) profile of Psu as a
function of air gap for different circular geometries.

first term of (3.12) (ω.k12.I
2
1 .L1) has the higher contribution for Psu, see the quadratic curve

when |I int|=0. On the contrary, the second term of (3.12) is the one that less impacts the

value of Psu. For example, a |I1| and |I int| equal to 10 A, the Psu is 250 VA and only 33 VA

corresponds to the second and third terms. For the current design is then important to have

high values of |I1| to transfer large power levels. Figure 3.16(b) compares the Psu between

the ICP and FLCP. The value of the Psu for the ICP was obtained through simulation of

the equivalent circuit in Simulink and assuming a constant |I1|=20 A. The power transfer

capability of ICP is lower than the FLCP. However, the difference of Psu between both pads

decreases for higher air gaps. Also, the tuning frequency of the intermediate coupler impacts

directly in the value of the reflected reactance, increasing or decreasing the Psu of the overall

system. In this test, the natural resonant frequency of the intermediate coupler is 1.5 times

higher than the inverter switching frequency. Figure 3.16 illustrates the variation of the self

and mutual inductance values of the ICP for different air gaps.

Similar analysis is made for the DDP and BPP with intermediate couplers. To main-
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Figure 3.17: Psu as a function of air gaps for different ferrite-less geometries.

tain the interoperability of the DDP and BPP transmitter pads, two mutually decoupled

intermediate couplers are place under the transmitter pad, as represented in Figure 3.9(h)

and Figure 3.9(i). Figure 3.17 compares the values of the Psu. The intermediate coupler

boosts the coupling between the transmitter and receiver (k12), resulting in an increase of

the contribution associated to the first term in (3.12).

In conclusion, ferrite-less geometries have reasonable power transfer capabilities and they

are not constrained as ferrite geometries. The presented FLCP exhibits comparable coupling

profiles to the CP, especially at high air gap values. The intermediate designs, on the other

hand, have slightly lower Psu values but the intrinsic characteristics of three-coil systems

make them ideal for dynamic IPT applications.

3.4 Mapping Methodology

The self and mutual inductance profiles in MCs are affected by the vertical and lateral

displacements of the receiver pads and the number of turns in each coil that forms the

MC. As a consequence, the power transfer capability depends on these parameters, for a

given geometry and size. This means that the IPT specifications and constraints define

the minimum self and mutual inductance admissible values, and a mapped geometry would

simplify the design process. For example, an automotive manufacturer with a standardized

geometry and size will have different specifications for vehicles with different classes and the

geometry has to exhibit different magnetic properties for each class.

To avoid low coupling charging scenarios, optical positioning systems are usually em-

ployed to optimize the positioning of the receiver pad. Additionally, wireless communication

between the off-board and the vehicle’s side is often required to exchange information regard-

ing batteries status and vehicle positioning. New mutual inductance and load estimation
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algorithms have been presented in the literature using only measurements from the off-board

side [154,255,295,296]. Such algorithms, together with a mapped geometry, can be used as

a guiding positioning system, thus eliminating the use of optical sensors.

Self and mutual inductance profiling as a function of different vertical and lateral dis-

placements is usually performed using mathematical models or FEA tools. However, the

mathematical models [297–300], are usually valid for a specific coil geometry and core ar-

rangement, which limits the study of new MC geometries. FEA tools, on the other hand,

offer unconstrained design capabilities [301–303]. The authors in [304] present a framework

that evaluates different transmitter and receiver pad sizes in different charging positions

and at different output powers using the DDP. The framework combines the mathematical

model of an IPT system with the self and mutual inductance profiles of the MC obtained

through a FEA tool. A total of 11648 FEA simulations were required to extract the profiles

of the MC with a fixed number of turns in each coil. However, the computational effort

and time consumption drastically increases if different turns arrangements are considered.

On the other hand, a reduce order model that determines the coupling relation between

the transmitter and receiver pads with minimum FEA simulations is present in [305]. The

model, however, does not specify its applicability to three-coil systems as well as the relation

between different number of turns in each coil. Therefore, a new mapping methodology for

self and mutual inductance profiles for static IPT systems with a reduced computational

effort is presented in this section.

3.4.1 Characterization of MC

This subsection explains the curve fitting based method that minimizes the number of

FEA simulations required to create the self and mutual inductance profiles as a function of

air gap (airgap), lateral displacement (lt) and Nx.

3.4.1.1 Mutual inductance profiling

The mutual inductance quantifies the flux link between two magnetically coupled coils.

This link is affected by the relative position of the coils but also by the number of turns in

each coil. Two-coil IPT systems only have one mutual inductance (L12) between the trans-

mitter and receiver coils. On the other hand, three-coil systems have two additional mutual

inductance values besides L12: Lint2 and L1int. In three-coil IPT systems, the intermediate

coil is placed in the same enclosure as the transmitter coil [148,149,198] and for that reason,

the pattern of L1int is unaffected by air gap and lateral displacements of the receiver coil,
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especially in ferrite-less designs. On the other hand, the profile of L1int as a function of the

number of turns is identical to the profiles of L12 and Lint2 in the same conditions and it will

be explained later in this section.

The profiles of L12 and Lint2 for different air gap, lateral displacement and set of turns

values are identical in both three-coil and two-coil systems and they are illustrated in Figure

3.18. The colored areas show the effect of having different set of turns in the coils. The upper

and lower boundary lines of the green and blue areas are determined for pair of turns (Nxmax

and Nymax) and (Nxmin
and Nymin

), where x and y denotes the side of the respective coil:

transmitter (1), receiver (2) and intermediate (int). The values of Nxmin
and Nymin

are set

to 1 while Nxmax and Nymax are limited by the availability of space in the MC or by electric

restrictions like maximum induced voltage at the coils terminals. The plots depicted in Figure

3.18 were obtained through several FEA simulation results and they are in compliance with

the existing literature for both polarized and non-polarized pads [174, 176, 183, 197, 198].

Figure 3.18(a) shows the effect of air gap variations in L12 and Lint2 and, for a given set of

turns, it follows an exponential decay function given by

Lxy(airgap) = ae.e
be.airgap, xy = 12 or xy = int2 (3.13)

where ae and be are constants that depend of Nx, Ny and airgap.

Similarly, the impact of lt variations is identical across L12 in two-coil systems and L12

and Lint2 in three-coil systems. The pattern of lt, unlike the airgap pattern, may differ along

the x and y axes due to the shape of the MC and to its flux lines orientation (polarized

or non-polarized MCs). Thus, Figure 3.18(b) illustrates the behavior of L12 for different

lateral displacements along the y axis (lty) with different set of turns for a circular shaped

MC like the FLCP and a polarized pad like the BPP. The behavior of L12 as a function of

lateral displacements along the x axis (ltx), with different set of turns, is depicted in Figure

3.18(c) for the BPP. Circular MC designs have the same behavior along the x and y axes

and they only need to be characterized along one axis. The polarized pads have in turn

distinct behaviors along both axes due to the total decoupling of one coil along the x axis,

which corresponds to the inflection point of L12, shown in Figure 3.18(c). Nevertheless, and

up to the inflection point, all patterns of L12 or Lint2 can be approximated using a Gaussian

function defined as

Lxy(lt) = ag.e−((lt−bg)/cg)2
, xy = 12 or xy = int2, (3.14)
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(a) (b)

(c) (d)

Figure 3.18: Profiles of L12 as a function of: (a) airgap, (b) lateral displacement along the x axis
(ltx), (c) lateral displacement along the y axis lty and (d) number of turns (Nx).

where ag, bg and cg are constants that depend of Nx and lt.

The set of turns in two mutually coupled coils also affect the value of the mutual induc-

tance, as illustrated by the colored areas in Figure 3.18(a)-(c). At a given airgap and tt

charging position, the value of the mutual inductance exhibits a linear variation, described

in (3.15), if one coil is set with a fixed number of turns (value set between Nymin and Nymax),

while the other coil is winded between Nxmin
and Nxmax , as depicted in Figure 3.18(d).

Lxy→Ny(Nx) = al.Nx + bl, (3.15)

where al and bl correspond to the slope and intersect, respectively.

Figure 3.19 shows the volume of L12 and Lint2 as a function of airgap, lt, Nx and Ny for

the FLCP. The proposed approach takes advantage of the identified patterns, represented

in Figure 3.18, to minimize the number of required FEA simulations needed to create the

volume in Figure 3.19.
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Figure 3.19: Volume of Lxy=f(Nx, Ny, airgap, lt).

3.4.2 Methodology

The proposed methodology builds the profile Lxy = f(Nx, Ny, airgap, lt) via an iterative

way by varying one or two variables, like Lxy = f(airgap) or Lxy = f(Nx, Ny), while

the remaining variables are kept constant. The unknown parameters of functions (3.13),

(3.14) and (3.15) that model the effect of airgap, lt and Nx, can be found using FEA

simulation results. The total number of FEA simulation results required by the proposed

approach will vary with the number and type of unknown variables. For example, a full

characterization of a circular shaped MC has four unknown variables (Nx, Ny, airgap, lt)

while the remaining MCs have five unknown variables since lt splits into ltx and lty. Also, the

FEA simulation conditions differ according to the unknown variable. This work introduces

the terms Scenario and Pos to differentiate positioning parameters like airgap and lt from

construction parameters like set of turns in FEA simulations.

The term Pos, short for position, corresponds to a specific charging location with a given

airgap and lt values. In each Pos, if the set of turns is unknown, the proposed approach needs

to simulate additional Scenarios. Therefore, a Scenario accounts for a FEA simulation in

the same Pos but with a different number of turns in each coil.

The effect of the number of turns, in one coil, can be modeled using (3.15), as depicted

in Figure 3.18(d). The characterization of Lxy = f(Nx, Ny), in a fixed charging position, can
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Figure 3.20: Operation area of the magnetic coupler.

then be made with resource to, at least, four Scenarios results given by

Scenario A → Nx = Nxmin
, Ny = Nymin

Scenario B → Nx = Nxmax , Ny = Nymax

Scenario C → Nx = Nxmin
, Ny = Nymax

Scenario D → Nx = Nxmax , Ny = Nymin
.

(3.16)

These scenarios correspond to the four combinations between the maximum and minimum

turn numbers. An identical approach is carried out for Lxy = f(airgap) and Lxy = f(lt)

(both ltx and lty), depicted from Figure 3.18(a) to Figure 3.18(c). The first profile is extrap-

olated from an exponential decay function whereas the second and third profiles are found

using a Gaussian function. The minimum number of points required to find the constant

parameters in (3.13) and (3.14) are two and three, respectively. In other words, a minimum

of two Pos results are needed to characterize Lxy = f(airgap) and a minimum of three Pos

results to identify Lxy = f(lt).

Figure 3.20 shows the operation area of an IPT system seen from different observation

planes. The characterization of Lxy = f(airgap, ltx, lty) is made with the FEA results from

specific Pos, identified in Figure 3.20 with red numbered circles between 1 and 18. Circular
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Table 3.2: Minimum number of Scenario and Pos that characterize Lxy.

Nx known
MC Pos Scenario
CP 6 1

BPP 18 1
FLCP 6 1

Nx unknown
CP 6 4

BPP 18 4
FLCP 6 6

shaped MCs only need six Pos, like Pos 1 to Pos 6, as depicted in zox side view. The

remaining twelve Pos are a consequence of different lateral displacements along x and y

axes in non-circular shaped MCs, like the BPP. The profiling of Lxy as a function of the

turns increases the total number of FEA simulations by a factor that corresponds to the

number of Scenarios. For example, the CP requires only one FEA simulation result in each

Pos if the number of turns is known. On the other hand, if the number of turns is unknown,

the number of FEA simulation results in each Pos increases from 1 to 4, which corresponds

to the number of Scenarios. Table 3.2 identifies the minimum number of Pos and Scenarios

for different MCs. In short, after identifying the Scenarios and Pos, the following approach

is applied :

1. Profile of Lxy = f(Nx, Ny): Figure 3.21 illustrates the surface of Lxy = f(Nx, Ny)

with a fix value of airgap and lt, using the FEA results from Scenario A to Scenario

D, identified by the alphabetic numbered green squares. Figure 3.21(b) depicts a 2D

plane, view from the Nx axis of Figure 3.21(a). The value of Lxy for specific values of

Nx and Ny, exemplified by the red dot labeled as Point Lxy in Figure 3.21(b), can be

identified by either linear functions Lxy(Nx) or Lxy(Ny), illustrated by the red dashed

lines, which intersect at the desired Lxy value. The slope and intercept of Lxy(Nx)

are determined using points P1 and P2. The values of P1 and P2 are obtained using

line equations Lxy→Nxmin
(Ny) and Lxy→Nxmax

(Ny) for the desired Ny, respectively. The

desired value of Lxy is then found using equation Lxy(Nx) for the desired Nx. This

process is repeated (Nxmax − Nxmin) ∗ (Nymax − Nymin) times to create the surface

illustrated in Figure 3.21(a). The profiling of Lxy = f(Nx, Ny) is replicated for all

charging positions Pos.

2. Replace Nx and Ny with desired values in surface function Lxy = f(Nx, Ny), determined

in step 1, and repeat the process for all simulated Pos. The new values of Lxy already

take into consideration the effect of the selected set of turns;
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Figure 3.21: Lxy as a function of N1 and N2 in: (a) 3D view and (b) N1 axis side view.

3. Profile of Lxy = f(airgap): Use the values found in Step 2 for Pos 1 and Pos 2

to determine the constants ae and be in (3.13). Repeat the process for the remaining

Pos with the same lateral displacements but different air gap values, i.e, (Pos 3, Pos

4), (Pos 5, Pos 6), ... , (Pos 17, Pos 18). A total of three equations are determined

for circular shaped MCs and nine equations for non-circular MCs. The equations are

identified from Exp1 to Exp9 in Figure 3.22(a);

4. Replace airgap in equations Exp1 to Exp9 with the desired value to determine Lxy

in points Px1 to Px9, as illustrated in Figure 3.22(a). The new Lxy values take into

account the effect of the selected set of turns and air gap values;

5. Profile of Lxy = f(ltx): Use the values found in Step 4 that have the same airgap

and lty values, like Px1 to Px3, to determine the Gaussian constants ag, bg and cg in

(3.14). Repeat the process (if applicable) for the set of points Px4 to Px6 and Px7 to

Px9. A total of one or three equations are determined according with the shape of
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Figure 3.22: Illustration of the fitting methodology of L12 = f(airgap, ltx, lty).

the MC. Circular shaped MCs are only evaluated in relation to ltx or lty and only

one equation is needed, whereas the remainingMCs require a total of three equations.

Figure 3.22(b) illustrates the labeled equations from Polx1 to Polx3.

6. Replace ltx in equations Polx1 to Polx3 with the desired value to determine Lxy in the

points Plx1 to Plx3, represented in Figure 3.22(b) with color green. The new Lxy values

already take into account the effect of the Nx, Ny, airgap and ltx.

7. Profile of Lxy = f(lty): Use the values found in Step 6 to determine the Gaussian

constants ag, bg and cg in (3.14). The new function is identified as Poly1 and is

illustrated in Figure 3.22(c);

8. Replace lty in equation Poly1 with the desired value to determine Lxy for a set of turns,

airgap, ltx and ltyvalues. Steps 7 and 8 are only required for non-circular shaped MCs;

9. Profile of Lxy = f(Nx, Ny, airgap, ltx, lty): Repeat Step 2 to Step 8 for every

combination of Nx, Ny, airgap, ltx and lty to create the volume illustrated in Figure

3.19.

3.4.2.1 Self-inductance profiling

The self-inductance (Lx) of a coil corresponds to the quadratic number of turns (Nx)

divided by the equivalent reluctance (ℜ), as described in (3.17). Variations of Nx impact

directly the value of Lx while airgap and lt variations affect ℜ and consequently, Lx. Figure

3.23 (a) shows the behavior of Lx as a function of Nx. As expected from (3.17), the pattern

of Lx follows a quadratic function and the permeance (1/ℜ) can be found using three FEA

simulation results with different values of Nx.
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(a) (b)

Figure 3.23: Profiles of Lx as a function of: (a) Nx and (b) airgap and lt.

Lx = N2
x

ℜ
, x = 1, 2, int (3.17)

However, in scenarios A to D, listed in (3.16), only two different values for Nx, Nxmin
and

Nxmax , are used. An additional scenario with a different set of turns is then needed and is

given by

Scenario E → Nx = Nxmean , Ny = Nymean , (3.18)

where Nxmean is the mean value between Nxmin
and Nxmax , and Nymean is the mean value

between Nymin
and Nymax .

Air gap and lateral displacements change the value of ℜ due to the presence and/or

absence of ferromagnetic material from the opposite side pad. Figure 3.23(b) shows the

impact displacements in Lx for different airgap and lt values. Charging positions with

smaller airgap values and lt = 0 have higher values of Lx. However, in the event of lateral

displacements, the variation of Lx is steeper when compared with charging positions at higher

airgap values. The patterns of Lx as a function of airgap and lt are identical to Lxy thus,

the method described in Section 3.1 can be adapted to determine Lx = f(Nx, airgap, ltx, lty)

as follows:

1. Profile of Lx = f(Nx): Use the FEA simulation results from Scenario A to Scenario

E, identified in (3.16) and (3.18), to determine the permeance 1/ℜ in (3.17). Repeat

the process for all Pos. A total of six equations are found for circular shaped MCs and

eighteen equations for non-circular shaped MCs;

2. Replace Nx with the desired value equation Lx = f(Nx), determined in step 1, and

repeat the process for the remaining equations. The new values of Lx already take into
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consideration the effect of the selected number of turns;

3. Profile of Lx = f(Nx, airgap, ltx, lty): Replicate Step 3 to Step 9 of the method-

ology described in Section 3.1, to model the effect of air gap and lateral displacements

in Lx.

3.4.2.2 Development to 3-coil systems
Three-coil systems use a third coil, also referred to as intermediate coil, in series with a

capacitor to boost the link between the transmitter and receiver sides. As described earlier,

the patterns of L12 and Lint2 are identical and only differ by a scale factor. As for L1int, since

both transmitter and intermediate coils are installed in the same enclosure that forms the

transmitter pad, its value is almost independent of air gap and lateral displacements. The

effect off the number of turns, on the other hand, is the same as L12 and Lint2 and it can

obtained using Step 1 of the proposed approach (Profile of Lxy = f(Nx, Ny)). However, the

scenarios listed in (3.16) are not sufficient to characterize L12, Lint2 and L1int as a function

of the number of turns. The new set of scenarios is given by

Scenario A → N1 = N1min
, N2 = N2min

, Nint = Nintmin

Scenario B → N1 = N1max , N2 = N2max , Nint = Nintmax

Scenario C → N1 = N1min
, N2 = N2max , Nint = Nintmin

Scenario D → N1 = N1max , N2 = N2min
, Nint = Nintmax

Scenario E → N1 = N1mean , N2 = N2mean , Nint = Nintmean

Scenario F → N1 = N1min
, N2 = N2max , Nint = Nintmax

Scenario G → N1 = N1max , N2 = N2min
, Nint = Nintmin

,

(3.19)

where N3 is the number of turns in the intermediate coil and Nintmin
, Nintmean and Nintmax

correspond to the minimum, mean and maximum number of turns, respectively. The results

from scenarios A to D characterize L12 and Lint2 while scenarios A, B, F and G characterize

L1int as a function of the number of turns. Scenario E is used in the profiling of Lx, described

in Section 3.4.2.

3.4.3 Case study

This section validates the proposed approach, step-by-step, using the FLCP illustrated in

Figure 3.24 for a particular set of turns and in a specific charging position. Then, a prototype

is built and the mapping profile of self and mutual inductances is validated experimentally

under different vertical and lateral displacements. Estimation errors and computational time



96 3.4. MAPPING METHODOLOGY

Table 3.3: System specifications and physical constraints.

Specifications and constraints Value
Normal frequency operation (fs) 85 kHz

airgap [100-250 mm]
Lateral tolerance (lt) [0-150 mm]

Maximum |I1|, |I2|, |Iint| 30 A
Maximum MC size (length) 800 mm

gains of the proposed mapping methodology are evaluated.

Figure 3.24: Illustration of the FLCP and respective dimensions.

3.4.3.1 Specifications and FEA simulations

Table 3.3 presents the operation specifications and some physical constraints of a typical

IPT application. The installation area hinges the MC geometry and it imposes, inadvertently,

the lateral tolerance limits and maximum size for the MC. On the other hand, the minimum

admissible size for the MC depends on system specifications like output power levels, air

gap and lateral displacement values. One characteristic of non-polarized pads is the total

decoupling between the transmitter and receiver pads when the lateral displacements exceed

around 40 % the total diameter (d) of the pads [174]. This means, the FLCP needs a

minimum size of 400 mm to comply with the lateral tolerance of 150 mm, listed in Table.

3.3. A FLCP with a size of 650 mm was selected for evaluation and it respects the maximum

size limit of 800 mm imposed by Table. 3.3. The transmitter and receiver pads of FLCP

have the same size and its dimensions are shown in Figure 3.24.

The coils are wounded with Litz wire formed by 1050 strands, a cross section of 4 mm2

and a rated current of 30 A. The value of Nxmin
is set at 2 whereas Nxmax is set at 14 in

order to avoid large induced voltage values at the coils terminals. The ferromagnetic core is

modeled with the characteristics of the material N87 from Epcos.
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Table 3.4: Minimum number of required FEA simulations needed to profile the self and mutual
inductance values.

Nx known
MC NP os Scenario Ncoil Nsim

CP 6 1 2 12
BPP 18 1 2 36

FLCP 6 1 3 18
Nx unknown

CP 6 5 2 60
BPP 18 5 2 180

FLCP 6 7 3 126

A 3D model of the FLCP was simulated using the software Flux from Altair. Each

simulation has a second order mesh with approximately 40000 mesh nodes. The use of

second order mesh increases the simulation time but it provides accurate results, especially

in ferrite-less geometries, like the FLCP. The open-circuit test is performed to each coil and

the mutual and self-inductance values are determined using (3.2) and (3.3), respectively.

This means that the same Scenario in each Pos has to be simulated with three different

electric circuits. The total number of FEA simulations needed for a full characterization of

a MC is then determined by

Nsim = NScenario.NP os.Ncoil, (3.20)

where Ncoil is the total number of coils in the MC and it can take the values 2 or 3 for two or

three-coil systems, respectively. The parameters NScenario and NP os correspond to the total

number of required Scenarios and Pos, respectively. Table. 3.4 lists the minimum number

of simulations required for different MCs based on (3.20).

The runtime of each simulation ranges from 7 to 15 minutes, using a computer with a i7

4960X processor (max frequency of 4.00 GHz), 32 GB DDR3 at 2133 MHz and 2 TB HDD

7200 RPM Sata disk.

3.4.4 Self and mutual inductance profiling

This subsection explains in detail how to obtain the value of L12 and L1 for an airgap =

185 mm and lt = 100 mm of the FLCP with 650 mm. As identified in Section 3.4, the

FLCP and CP require the simulation results in six Pos (NP os = 6) in order to extrapolate

the mutual and self-inductance profiles. Since the number of turns is unknown, a total of

seven Scenarios (NScenario = 7), identified in (3.19), have to be simulated for each Pos. A

total of 126 FEA simulations, according to (3.20), are then needed to extract the mutual
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Table 3.5: FEA simulation results of all Scenarios in each Pos for the 650 mm FLCP.

Scenarios A B C D E Unit
L12 L1 L12 L1 L12 L1 L12 L1 L12 L1

Pos 1 1.12 4.32 66.2 160 8.4 4.33 8.48 161 19.9 56.8

[µH]
Pos 2 0.34 4.23 21.9 155 2.7 4.23 2.73 155 6.3 55.3
Pos 3 0.95 4.31 57.6 159 7.28 4.3 7.36 159 17.1 56.5
Pos 4 0.31 4.22 20.4 155 2.51 4.23 2.53 155 5.84 55.2
Pos 5 0.63 4.26 40.2 157 5.02 4.27 5.03 157 11.6 55.9
Pos 6 0.24 4.22 16.5 155 1.99 4.22 2.01 155 4.63 55.3

and self-inductance values. The charging positions are illustrated in zox side view of Figure

3.20 and they have the following coordinates (airgap, lt): Pos 1=(100,0), Pos 2=(250,0),

Pos 3=(100,75), Pos 4=(250,75), Pos 5=(100,150) and Pos 6=(250,150).

Table. 3.5 lists the FEA simulation results from Scenarios A to E, described in (3.19),

in each Pos for the FLCP with a size of 650 mm. The first step in the fitting approach

method is the identification of L12 = f(N1, N2) in all six Pos. The method described in

Section 3.4.2 is applied in detail to Pos 1. Figure 3.25 illustrates L12 = f(N1, N2) in a 2D

view for Pos 1 with all significant values. The corners of the geometric figure correspond

to L12 values of Scenario A to Scneario D. The linear function between Scenario A and

Scenario D corresponds to a fixed value of two turns (N2min) in the receiver coil while the

number of turns of the transmitter is varied, and it is given by

L12→N2min
(N1) = 0.613 ∗ 10−6.N1 − 0.107 ∗ 10−6. (3.21)

The constants in (3.21) are found using a curve fitting tool, like the fit command of Matlab.

The fitting process of a two-dimensional functions, like linear, exponential or Gaussian func-

tions, requires the x and y point coordinates in two separate vectors. The curve fitting tool

then applies linear or nonlinear parametric regression to the inserted vectors and retrieves

the respective constants. For example, the x and y vectors used in (3.21) were [2, 14] and

[1.12∗10−6, 8.48∗10−6], respectively. The x vector corresponds, in this particular case, to the

values of N1 in Scenario A and Scenario D, whereas the y vector is the correspondent L12

values in the same Scenarios. The same approach is also applied to discover the constant

values in exponential and Gaussian functions.

Analogously, the linear function between Scenario C and Scenario B corresponds to a

fixed value of 14 turns (N2max) in the receiver coil while the number of turns of the transmitter
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Figure 3.25: Profile of L12 = f(N1, N2) in a 2D view for Pos 1.

Table 3.6: Estimation results of L12 in all six Pos for N1 = 8 and N2 = 10.

Pos 1 Pos 2 Pos 3 Unit
L12 = 26.48 L12 = 8.71 L12 = 23.01 µH

Pos 4 Pos 5 Pos 6
L12 = 8.11 L12 = 16.02 L12 = 6.5 µH

is varied, and it is described as

L12→N2max(N1) = 4.82 ∗ 10−6.N1 − 1.23 ∗ 10−6. (3.22)

All admissible L12 values for every combination of N1 and N2 are in between equations

(3.21) and (3.22). To validate the methodology that finds L12 for a particular set of turns,

the following conditions are assumed as an example: N1 = 8 and N2 = 10. First, the L12

values for points P3 and P4 are determined by replacing N1 with the value 8 in (3.22) and

(3.21), respectively. The impact of N1 is already taken into account in P3 and P4 for N2max

and N2min, respectively. The linear function between P3 and P4 infers the impact of N2 in

L12, defined as

L12(N2) = 2.71 ∗ 10−6.N2 − 0.618 ∗ 10−6. (3.23)

The value L12 = 26.48µH for Pos 1 is finally determined using (3.23) and replacing N2 with

10. The same approach is applied to the remaining five Pos and the results are listed in

Table. 3.6

Step 2 of the fitting approach method characterizes L12 = f(airgap, lt) using the values

found in Step 1 for a particular set of turns. The estimated results of L12 for N1 = 8 and

N2 = 10, listed in Table. 3.6, are used as an example to validate in detail Step 2 of the

proposed approach. First, L12 is characterized as a function of the airgap for Pos with the
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same lt. The L12 results for Pos 1 and Pos 2, identified in Table. 3.6, are inserted in a curve

fitting tool to discover the constant values in (3.13). In this particular case, the x vector used

in fitting tool is equal to [100, 250] whereas the y vector is equal to [26.48 ∗ 10−6, 8.71 ∗ 10−6].

The same approach is carried out for the L12 pair results (Pos 3, Pos 4) and (Pos 5, Pos

6) and they are defined as

L12P x1(airgap) = 55.5 ∗ 10−6.e(−7.41∗10−3.airgap)

L12P x2(airgap) = 46.1 ∗ 10−6.e(−6.95∗10−3.airgap)

L12P x3(airgap) = 29.1 ∗ 10−6.e(−5.97∗10−3.airgap).

(3.24)

To determine L12 at a particular air gap value, the variable airgap is replaced in (3.24) by

the desired value. Therefore, these three exponential equations determine three new L12

values in specific charging positions, labeled from Px1 to Px3. As an example, the airgap

in (3.24) is replaced by 185 mm and the following L12 values are found: L12P x1=14.1µH,

L12P x2=12.74µH and L12P x3=9.64µH. These L12 values are valid for N1 = 8, N2 = 10

and airgap = 185 mm, with lateral displacements of 0, 75 and 150 mm, respectively. The

remaining values of L12 for charging positions with different lateral displacements are found

using (3.14). The constants in (3.14) are obtained with the curve fitting tool, using the

values of L12 from Px1 to Px3. The vectors used in the fitting tool were x = [0, 75, 150] and

y = [14.1∗10−6, 12.74∗10−6, 9.64∗10−6], respectively. The new equation, described in (3.25),

determines L12 value as a function of lt for a FLCP with a size of 650 mm.

L12(lt) = 14.08 ∗ 10−6.e−((lt+111.4∗10−19)/2.043)2
. (3.25)

To find L12 in a particular lateral displacement, the variable lt is replaced in (3.25) with the

desired value. As an example, lt was replaced by 100 mm and the value of L12 = 11.78µH

was found.

The aforementioned process determined the specific value of L12 for N1 = 8, N2 =

10, airgap = 185 mm and lt = 100 mm but the proposed approach extends beyond the

estimation of L12 in a particular set of conditions. For instance, the results illustrated

in Figure 3.25 show the profile of L12 = f(N1, N2) in Pos 1 and it allows the immediate

extrapolation of L12 for all possible combination of turns without additional FEA simulations.

Furthermore, the exponential equations, listed in (3.24), characterize L12 for a particular set

of turns and as a function of airgap. Consequently, they extrapolate L12 for different airgap
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values even those that are outside the specifications listed in Table 3.3. In conclusion, the

proposed approach profiles individually L12 as a function of different parameters and it

combines all individual profiles in an iterative way to form, ultimately, the volume of L12

shown in Figure 3.19.

Concluded the validation process of the mutual inductance, the proposed approach is

now applied to the self-inductance. The profiling of L1 is explained step-by-step as a guide

reference but the same fitting methodology extends to L2 and Lint. As described in Section

3.4.2, the first step in profiling L1 = f(N1, airgap, lt) is the identification of L1 = f(N1)

in all Pos. The L1 results from Scenarios A, B and E, listed in Table 3.5, are inserted in

the curve fitting tool to find the constants of a second order polynomial function, given by

(3.17). A total of 6 equations are found for the Scenario results of Pos 1 to Pos 6. The

equations found for Pos 2, Pos 4 and Pos 6 are described in (3.26) and they were selected

to show the impact of lateral displacement in L1.

L1P os2(N1) = 803 ∗ 10−9.N2
1

L1P os4(N1) = 802 ∗ 10−9.N2
1

L1P os6(N1) = 803 ∗ 10−9.N2
1 .

(3.26)

As can be observed, the quadratic constants across all equations in (3.26) are similar and they

correspond to the permeance of the transmitter pad. These results indicate that the presence

of the receiver pad has small impact in the magnetic flux distribution of the transmitter pad,

within the evaluated air gap and lateral displacement values. The value of L1 for a particular

N1 is found by replacing N1 in the corresponding second order polynomial equations of each

Pos. As an example, the value of N1 = 10 was assumed and the estimated L1 values are

listed in Table 3.7. The results show a maximum deviation of 3.2 % between minimum and

maximum values and they are in line with the existing literature. Nevertheless, the impact

of air gap and lateral displacements must be accounted for using the same approach as the

identification of L12 = f(airgap, lt). The set of L1 results with the same lateral displacements

i.e, the set of L1 values (Pos 1, Pos 2), (Pos 3, Pos 4) and (Pos 5, Pos 6) are used to find

the constants in (3.13). These exponential equations model L1 as a function of the air gap

in three distinct lateral displacement values. As an example, using the same airgap value of

185 mm the following L1 values are found in the specific charging positions: L1P x1=81.4µH,

L1P x2=81.2µH and L1P x3=80.8µH.

To account the effect of lateral displacements, the obtained values of in L1 in Px1, Px2 and
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Table 3.7: Estimation results of L1 in all six Pos for N1 = 10.

Pos 1 Pos 2 Pos 3 Unit
L1 = 82.9 L1 = 80.3 L1 = 82.4 µH

Pos 4 Pos 5 Pos 6
L1 = 80.3 L1 = 81.4 L1 = 80.3 µH

Figure 3.26: Experimental prototype built in a converted combustion vehicle.

Px3 are used to found the constants in (3.14) through a curve fitting tool. The new function

characterizes L1 as a function of lt for an airgap = 185 mm and N1 = 10. The variable lt is

then replaced with the desired value to find the final value for L1. The process is repeated

iteratively to build the profile L1 = f(N1, airgap, lt) . The same approach is conducted for

L2 and Lint.

Figure 3.26 illustrates the built prototype of a FLCP and test bench with the following

turns: N1 = 10, N2 = 14 and N3 = 6. The FEA simulation results from Table 3.5 were used

to extrapolate the fitting curves of L12 and L1, illustrated in Figure 3.27. For each solid

line, lt is constant and the airgap is varied. As such, the x axis corresponds to the vertical

displacements. For dashed lines, the analysis is reversed i.e, the airgap is constant and lt

is varied along the x axis. The experimental measurements correspond to square points

and the FEA simulations correspond to circle points. From the figure analysis it is possible

to confirm that both Gaussian and exponential decay functions can be used to mimic the

behavior for L12 and L1. Fitting based methods have inherent estimation errors that depend

on number, quality and distance between the fitting points. Any difference can be mitigated

by adjusting the fitting parameters of the curve fitting tool to reduce the square errors in

the worst charging positions, i.e, for the highest vertical and lateral displacements.
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Figure 3.27: Comparison of the fitting approach with both experimental and FEA simulation data
as a function of both vertical and lateral displacements.

3.4.5 Performance and Runtime

The estimation discrepancies of the proposed fitting approach method against FEA sim-

ulations and experimental data are quantified in this subsection as well as the time savings

by the proposed mapping approach with the existing literature.

Figure 3.28 lists the errors between the fitting curves, the experimental data and FEA

simulation results for L12 under vertical and lateral displacements. Within feasible dis-

placements, the average error between the experimental data and the proposed fitting is

below 3 %. The error difference is higher in scenarios where the value of lt is higher.

For example, a charging position outside the displacement specifications listed in Table

4.2 ((airgap,lt)=(280,200)), corresponding to a coupling factor of 0.06, has an error of 6.8

% between experimental and fitting curve (0.58µH). The estimation errors are higher (be-

tween 4.2 and 7 %) for charging scenarios that exhibit low coupling values (between 0.04

and 0.078). Such charging positions are unfeasible for an efficient high throughput energy

transfer due to the high circulating currents required in the transmitter side. Similar error

results are found for Lint2 and for that reason they are not displayed.

The estimation errors for L1 are comprised between 2.4 and 3.2 %. This error range is
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Figure 3.28: Errors between the experimental data and both FEA simulations and fitting approach
methodology.

a consequence of an 1.4 µH offset between the experimental data and the fitting approach

and FEA simulation results, as depicted in the second graph of Figure 3.27(b). Despite the

offset value, the fitting curves follow the same pattern of the experimental data. Similar L1

values are obtained in different vertical and lateral displacements with difference errors in

the range of 0.8 to 3.4 %.

Figure 3.29 shows the error results between the fitting approach method and 3D FEA

simulation results for L1 and L12 with a FLCP size of 650 mm. The comparison is made

with the FLCP in six different charging positions and with different set of turns, as identified

in the top left corner of Figure 3.29. The results show an average error in L12 around 4 %

whereas the average error of L1 is inferior 1 %. The highest errors in L12 occur for higher

lateral displacement values, like points 1 and 2. In these cases, the values of L12 are inferior

to 10 µH and had a variation of just 0.5 µH in the fitting approach which lead to an error

of 5 %. The estimation of L1, on the other hand, has average errors inferior to 1 % and

in some conditions, like point 2 and point 3, the error is negligible. This was due to the

little effect of air gap and lateral displacements in the self-inductance values, which reduces

the estimation errors. Similar error results were obtained for L2, Lint and Lint2 and for this

reason are not depicted in Figure 3.29.

One benefit of the proposed approach is the reduced number of FEA simulations required

to create the self and mutual-inductance profiles. As explained in subsection 3.4.2, the

profiling of the self and mutual-inductance surfaces as a function of the number of turns

requires the simulation of Scenarios in each Pos. The final number of required simulations

in the unknown category is then affected by a factor that equals the number of Scenarios.
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Figure 3.29: Estimation errors between the proposed fitting approach and FEA simulations.

Table 3.8: Benefits of the proposed fitting approach in the existing literature.

Literature Proposed work
Work MCs Nx NSim Nsim Time savings

* 1 unknown 270 126 ≈ 54%
[304] 64 known 11648 2304 ≈ 80%
[198] 9 known 1446 336 ≈ 77%

* Case study presented in this work.

Furthermore, non-circular shaped MCs require twelve additional Pos, like the BPP in Table.

3.4, to profile Lxy and Lx as a function of lateral displacements along the x and y axes. These

types of MCs require a total of 180 FEA simulations, if the set of turns is unknown, and

36 FEA simulations, if the set of turns is known. On the other hand, circular designs like

the CP only requires 6 Pos and the total number of simulations is reduced to one third

when compared with the BPP. In overall, the total number of FEA simulations that fully

characterize an MC are comprised between 12 (for the CP) and 180 (for the BPP).

Table 3.8 shows the benefits of the proposed fitting approach, taking into account the

presented case study, in comparison with the typical approach. In addition, a benchmark

comparison is also made in Table 3.8 with existing works in the literature. The table is

subdivided into two groups: Literature and Proposed work. The first group shows the total

number of evaluated MCs, whether the number of turns is known and the total number of

simulations carried out in each work (NSim). The second group, identified in bold, shows

the total number of simulations needed to characterize the MCs with the proposed fitting

approach and the computational saving time in percentage. The first row in the table

compares the profiling of the mutual and self-inductance values of the presented case study

with the conventional approach and the proposed fitting methodology. To determine the

number of simulations in the typical approach, it was established the analysis of 3 different

air gap values and in 5 lateral displacements, making a total of 15 different charging positions.
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In terms of turns, it were considered 6 FLCP with different set of turns making a total of

NSim =3x5x6xNcoils = 270 FEA simulations. These assumptions are in line with the existing

literature to profile Lx and Lxy. As can be observed, with the proposed fitting approach,

for an unknown number of turns, the time savings are around 54%. This time savings only

accounts for 6 different set of turns whereas the proposed approach takes into account all

possible combination of turns between 1 and 14, which would increased the time savings by

more than 90 %. The remaining rows of Table 3.8 compare the proposed approach with the

existing literature. As expected, the total number of simulations considered in works [198]

and [304] is drastically reduced using the proposed fitting approach with time savings around

80 %. Optimization works of MCs, like [65, 306], can also take advantage of the proposed

fitting approach. However, the lack of information regarding the total number of simulations,

the air gap and lateral displacement intervals difficult the saving time estimation. Still, if

the simulation intervals for the air gap and lateral displacements are between 25 and 50 mm,

the fitting approach could reduce the total number of simulations between 20 % and 50 %

in the aforementioned works.

3.5 Summary

The MC is the component responsible for the air gap and lateral displacement tolerances

in IPT systems. A proper design and optimization of the MC results in an improved power

transfer capability under severe charging positions. This chapter investigates multiple MC

geometries with ferromagnetic core or with a "pipe" coil to orient the flux lines in the back

of the pads. A new ferrite-less circular pad is presented in this work for both static and

dynamic applications. The new geometry exhibits coupling factor profiles equivalent to a

ferrite circular geometry with a reduction inferior to 12%.

A new vertical double receiver static IPT system that reduces the air gap and lateral

displacements in heavy-duty vehicles is also presented in this chapter. The vertical placement

of the transmitter pad reduces the minimum air gap to values around 50 mm. In addition,

the vertical placement of the transmitter pad allied with the low air gap values to the receiver

pads eliminates the risk of metallic objects, small animals and people placed between the

transmitter and receiver pads during the charging process. The solenoid SPP geometry with

different core arrangements is investigated with two simultaneous receivers pads. In this

way, the double-side flux pattern is harnessed simultaneously by the two receiver pads. The

optimized SPP transmitter offers better power density when coupled with a similar SPP
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receiver rather than a DDP or a BPP receiver pad. The compliance with ICNIRP rules is

met at shorter distances. In comparison with traditional IPT systems, the proposed SPP

configuration almost triplicates the power transfer capabilities using the same charging area.

The best approach to characterize a MC still resorts to FEA tools and is a time-

consuming endeavor. This chapter presents a new mapping methodology of the mutual

and self-inductance profiles in MC as a function of the number of turns, air gap and lateral

displacements using a minimum number of FEA simulations. The methodology models the

effect of vertical and lateral displacements with decay exponential and Gaussian functions,

respectively. The effects of the number of turns are modeled using linear and second-order

functions for mutual and self-inductance values, respectively.

The mapping methodology avoids new FEA simulations if the charging positioning or

power requirements are modified. In addition, the use of fitting curves converts discrete FEA

points in a continuous mapped volume. As an example, 60 FEA simulations are required

to fully map the CP and 180 FEA simulations for the DDP and BPP. The proposed

methodology can also be applied to MCs with an intermediate coupler. The method was

compared with the FEA simulations and validated experimentally with an FLCP geometry.

The fitted Gaussian and exponential curves exhibit a good correlation with the experimental

data, and an average error below 3 % was found, even under charging conditions outside

the design specifications. The fitted exponential curves can, however, exhibit larger errors

(around 6%) if the air gap range is high (variations above 200 mm). This limitation can

be mitigated with three or nine FEA simulations results with intermediary air gap values.

The proposed approach can reduce up to 80 % the computational effort and simulation time

when compared with the existing literature.
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Chapter 4

Three-coil IPT system

The MC optimizations made in the previous chapter showed the benefits of an opti-

mized geometry under different air gap and lateral displacement charging scenarios. Still,

heavy duty and off-road vehicles exhibit high ground clearances between 250 and 500 mm.

Consequently, the coupling factor is limited to values in the range 0.05-0.2.

The inclusion of an intermediate coupler (IC) between the off-board and on-board sides

improves the magnetic link under different charging scenarios, as described in Chapter 2. In

addition, the intermediate coupler offers off-board current limiting capabilities during the

absence of vehicle. However, the literature lacks a design methodology to operate the overall

system with current source characteristics. Therefore, this chapter starts with a design

methodology of a series-series with an intermediate coupler. The design methodology takes

advantage of the mapping methodology, presented in Chapter 3, to determine a set of size

metrics of circular geometries with an intermediate coupler.

A system with current source characteristics is unaffected by load variations. In addition,

the current value is adjusted using only the off-board inverter. This avoid the use of con-

trollable converters in the on-board side and close-looped control strategies in the off-board

side. The only requirement for the control is the knowledge of the mutual inductance values

and the batteries state of charge in order to attain the system current gain and stop charging

condition, respectively. Consequently, this work also proposes an estimation procedure of the

equivalent load and mutual inductance values using only off-board voltage and current mea-

surements. In this way, the presented system avoids entirely the need for a communication

link between the off-board an on-board sides.

The chapter starts with the main overview of ICs followed by the circuit analysis of a

series-series resonant configuration with an IC. Section 4.3 presents the estimation procedure

of the mutual inductance and load values using only off-board measurements. A design

procedure of an open-loop constant current controller with respective magnetic coupler is
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Figure 4.1: Placement of an intermediate coupler in conventional IPT systems.

introduced in Section 4.4. A case study that validates the proposed design is presented in

Section 4.5 followed by experimental validation in Section 4.6. The main conclusions are

drawn in Section 4.7.

4.1 Intermediate couplers

The intermediate coupler is an independent resonant tank circuit formed by a magnet-

ically link inductor and a capacitor, as illustrated in Figure 4.1. The intermediate coil

is magnetically linked with both the transmitter and receiver coils. Thus, two additional

mutual coupling values are created: k1int and kint2. The subscript text 1, 2 and int in

the variables denote the transmitter, receiver and intermediate sides, respectively. This

additional magnetic link to the receiver coil boosts the power transfer capabilities of IPT

systems [151,156,201,288].

The benefits of intermediate couplers over conventional two-coil systems is analyzed in

some works. The experimental results in [147] verify the efficiency of three-coil systems

over two-coil systems. A 6.6 kW prototype is built in [148] to validate the applicability

of intermediate couplers over longer air gap distances. Additionally, according to [153], the

electromagnetic leakage field emissions are smaller for a three-coil system and the compliance

with the ICNIRP guidelines is met at smaller distances. In [146], several configurations are

analyzed with two, three and four resonators. The optimal positioning of the IC and the

benefits of a three-coil system over a two-coil system is shown in [288].

The inclusion of the IC affects the power transfer capabilities. Figure 4.2 shows the output

power of a three-coil system as a function of k1int and kint2. Although several combinations

of k1int and kint2 are merely theoretical hypothesis and only mathematically viable due to

physical constraints of EV IPT charging applications, the surface represented in Figure 4.2
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Figure 4.2: Output power as a function of k1int and kint2.

shows a higher output power is obtained when the intermediate coil is placed closer to

the transmitter rather than the receiver coils (higher values of output power for values of

k1int closer to 1). This conclusion is corroborated by other existing works in the literature

[147, 149]. However, the mid-air positioning of the intermediate coil is impractical for EVs

batteries charging systems. Works [149,155,198,288] place the intermediate coil in a coplanar

arrangement with the transmitter coil.

The placement of the intermediate coil in proximity or even in a coplanar fashion with

the transmitter coil gives the possibility of connecting both coils and operating them at a

single frequency or operating the intermediate coil independently. The first option is more

suitable with parallel-parallel (PP) compensation whereas the second is preferable with a

series-series (SS) compensation, as discussed in [149]. However, the analysis is performed in

perfectly tuned conditions and the effects of lateral displacements and air gaps variations

are not evaluated.

The shift of the transmitter current to the intermediate coupler reduces the losses in the

inverter for a SS compensation. A quasi constant voltage (CV) mode is possible using a

SS with an intermediate coupler (SS-IC) and the design procedure was discussed in [148].

However, the system does not achieve zero-phase angle (ZPA) in the entire load range and

the effects of lateral displacements are not analyzed.

The aforementioned studies assume that all physical parameters are known to the con-

troller. However, in a real EV application, the coupling coefficients depend on the relative

positioning between the transmitter and receiver sides and a correct estimation of the po-

sition is needed by the controller [255]. Also, a single controller IPT system without any

communication link with the receiver side must determine the current voltage level of the

batteries to apply the correct charging mode.
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4.2 Series-Series with Intermediate Coupler

4.2.1 Circuit analysis

A conventional SS-IC is illustrated in Figure 4.3(a). The transmitter side comprises a DC

link (VDC) followed by a high frequency H-bridge inverter and the transmitter resonant tank.

The receiver side includes the resonant tank connected to a full-bridge diode rectifier with a

filtering stage and the batteries. The IC is placed near the transmitter coil to improve the

power transfer capabilities between the transmitter and receiver sides. A phase-shift control

scheme is used to regulate the output voltage (V 1) of the inverter, as shown in Figure 4.3(a).

The drive pulses applied to the diagonals {S1, S4} and {S2, S3} are out of phase by a shift

angle (α) between 0◦ and 180◦. A full square wave is obtained when α =0◦ and a null inverter

output voltage when α =180◦. The variable fs corresponds to the operating frequency and

ω to its respective angular frequency.

The root mean square (RMS) value of V 1,n is given by

|V 1,n| = VDC
2
√

2
nπ

cos
(

nα

2

)
, n = 1, 3, 5, 7, ..., (4.1)

where n is the harmonic order. Figure 4.3(b) depicts the equivalent model for the n-th

harmonic order. By applying Kirchhoff’s circuit laws to the circuit, the following matrix

form of the circuitry equations is obtained


V 1,n

0

0

 =


Z1,n −jn.ω.L12 jn.ω.L1int

−jn.ω.L12 Z2,n jn.ω.Lint2

jn.ω.L1int jn.ω.Lint2 Zint,n

 .


I1,n

I2,n

I int,n

 , (4.2)

where Z1,n = r1,n + jn.ω(L1 − 1
n.ω2.C1

), Z2,n = (Req + r2,n) + jn.ω(L2 − 1
n.ω2.C2

) and Zint,n =

rint,n + jn.ω(Lint − 1
n.ω2.Cint

). The variables L1, L2 and Lint are the self-inductances of the

magnetic coupler. The parameters r1,n, r2,n and rint,n denote the equivalent resistances of

the inductors and capacitors that form the transmitter, receiver and intermediate resonant

tanks at the n-th harmonic of fs. Similarly, L12, L1int and Lint2 are the mutual inductances

between the transmitter, the receiver and the intermediate coils. The values of the capacitors

are given by C1 = 1/(ω2
1.L1), C2 = 1/(ω2

2.L2) and Cint = 1/ (ω2
int.Lint), where ω1, ω2 and

ωint are the angular resonant frequencies of its respective resonant tanks. The parameter
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Figure 4.3: Proposed SS with an intermediate coupler system: (a) general representation and (b)
equivalent circuit for n-th harmonic.

Req is the equivalent resistance of the batteries before the rectifier action, expressed as

Req = 8.Vbat

π2.Ibat

, (4.3)

where Vbat and Ibat are the voltage and current values in the batteries, respectively. Solving

(4.2) provides the current equations in the matrix form that accurately define the model

shown in Figure 4.3(b) for the n-th harmonic


I1,n

I2,n

I int,n

 =


1

Z1,n+Zrec3,n+Zint3,n
0 0

0 Gi2i1 0

0 Gi3i1 0




V 1,n

I1,n

0

 (4.4)

where Gi2i1 = −p2(L12.Lint2−L1int.p1)+L1int(L2
int2−p1.p2)

Lint2(L2
int2−p1.p2) and Giinti1 = L12.Lint2−L1int.p1

L2
int2−p1.p2

. The vari-

ables p1 and p2 are constants given by

p1 =
L2(b2

2,n − 1)
b2

2,n

− j
Req + r2,n

n.ω
, p2 =

Lint(b2
int,n − 1)

b2
int,n

− j
rint,n

n.ω
.

The variables b1,n, b2,n and bint,n, described in (4.5), are relation factors between the system n-

th harmonic angular frequency (n.ω) and the resonant angular frequencies of the transmitter

(ω1), receiver (ω2) and intermediate (ωint) resonant tanks. A unitary relation factor at the

fundamental frequency means ω = ωx while a relation lower than 1 means ω < ωx.

b1,n = n.ω/ω1, b2,n = n.ω/ω2, bint,n = n.ω/ωint. (4.5)

The parameters Zrec3,n and Zint3,n are the reflected impedances from the receiver and inter-

mediate sides onto the transmitter side for the n-th and they are defined in (4.6) and (4.7).
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The transmitter equivalent impedance (Z1,n) is described in (4.2).

Zrec3,n =
jn.ω.L12.L1int(L12.Lint2

L1int
p2 − L2

int2)
Lint2(L2

int2 − p1.p2)
(4.6)

Zint3,n =
jn.ω.L2

1int(p1 − L12.Lint2
L1int

)
L2

int2 − p1.p2
(4.7)

The impedance seen at the H-bridge inverter terminals is given by

Zin,n = Zrec3,n + Zint3,n + Z1,n. (4.8)

The RMS values of the induced voltages across the MC coils at the fundamental frequency

can be calculated by

|V L1,1| = |I1,1.(Zrec3 + Zint3 + jωL1 + r1,1)|

|V L2,1| = |I2,1.(Req + 1/(jω.C2))|

|V Lint,1| = |I int,1/(jω.Cint)|.

(4.9)

Current regulations limit these values to 1000 Vrms in Europe and 400 Vrms in Asia. The

use of capacitors in series with the coils is a common method to overcome this limitation by

reducing the effective inductance of the coil.

The coupling factor kxy quantifies the percentage of flux lines that couple the coil x and

the coil y of the MC. The value of kxy varies from 0 to 1 and is given by

kxy = Lxy/
√

(Lx.Ly), x, y = 1, 2, int. (4.10)

The transfer function between the output current (I2) and the input voltage (V 1), also

known as transconductance gain function (Gi2v1), is described as

G

(∣∣∣∣∣ I2

V 1

∣∣∣∣∣
)

=
∣∣∣∣∣L1int(L2

int2 − p1.p2) − p2(L12.Lint2 − L1int.p1)
(Z1 + Zrec3 + Zint3)(L2

int2 − p1.p2.Lint2)

∣∣∣∣∣ . (4.11)

In typical IPT systems, the power transferred to the receiver is regulated through a phase-

shift control in the transmitter inverter to modify the RMS value of V 1. A load independent

transconductance gain function would ensure a fixed phase-shift angle under the same phys-

ical conditions. Section 4.2.3 describes a selection method of the resonant tanks frequencies

in order to obtain a quasi-load independent transconductance function.
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4.2.2 Efficiency

The efficiency of the proposed system between the input DC bus and the batteries,

commonly referred to DC-DC efficiency (ηsys), is given by

ηsys = Pout

PLAC−AC
+ PLrect + PLinv

+ Pout

, (4.12)

where PLinv
, PLrect and PLAC−AC

correspond to the conduction losses of the inverter, the con-

duction losses of the rectifier and the losses in the resonant tanks of the circuit, respectively.

Assuming a continuous mode operation of the rectifier, the corrresponding conduction losses

(PLrect) are given by [229]

PLrect = 4
√

2
π

Vf |I2| + 2rD|I2|2, (4.13)

where Vf and rD are the threshold voltage and equivalent on-state resistance of the diode,

respectively. The value of PLinv
depends of the phase-shift angle (α) applied by the controller

and is defined by [229]

PLinv
(α) = Pcon_MOS(α) + Pcon_DIO(α), (4.14)

where Pcon_MOS(α) and Pcon_DIO(α) are the conduction losses of the MOSFETS and diodes

of the inverter, respectively. The values of Pcon_MOS(α) and Pcon_DIO(α) are given by (4.15)

and (4.16).

Pcon_MOS(α) = 4
2π

∫
roni1(θ)2dθ

= 1
π

ron|I1|2(2π − α + sin(π − α)), (4.15)

Pcon_DIO(α) = 1
2π

∫
vAK(θ)i1(θ)dθ =

2
√

2
π

Vf |I1|(1 − sin(π − α

2 )) + 1
π

rD|I1|2(α − sin(π − α)). (4.16)

The variables vAK and ron are the anode-cathode voltage and the on-state resistance of one

MOSFET, respectively. Regarding the commutation losses, it was verified in previous works

that only 20 % of the total losses in a H-bridge inverter is due to switching losses [307],

even with the transmitter side slightly mistuned. Also, [213] showed a proportional relation

between switching losses and the amount of power being transferred by the H-bridge. Since



116 4.2. SERIES-SERIES WITH INTERMEDIATE COUPLER

the comparisons made in this work assume the same amount of transferred power Pout, the

value of the switching losses does not affect the analysis made.

The values of PLAC−AC
and Pout are defined as

PLAC−AC
= r1,1.|I1,1|2 + r2,1.|I2,1|2 + rint,1.|I int,1|2, (4.17)

Pout = |I2,1|2.Req. (4.18)

4.2.3 Selection of resonant frequencies

The tuning of the receiver and intermediate resonant tanks depend on the physical prop-

erties of the MC and have a great impact on the system efficiency and operating characteris-

tics. Aforementioned works propose designs of the intermediate and receiver resonant tanks

with frequencies different from the operating frequency (fs). In [149], the intermediate and

receiver frequencies are determined for the best efficiency results. The authors tuned the

receiver tank with a frequency slightly above fs whereas the intermediate resonant frequency

is varied between 1.07-1.12 of fs. However, no mention is made regarding the operating point

of the current and voltage transfer functions. The authors in [148] propose a tuning method

that achieves CV operating mode when the intermediate frequency is set approximately 10

% above fs and the receiver frequency is placed between 10-20 % below fs. The transmitter

frequency is set around the receiver frequency but it depends on the value of L12 to achieve a

high efficiency. Still, the effect of coupler displacements in the operating point of the voltage

gain transfer is not addressed.

The transconductance function, described in (4.11), exhibits a quasi constant current

(CC) mode when the reflected reactance of the receiver side (Im{Zrec3}), given by (4.19), is

zero at a specific load condition.

Im{Zrec3} =
X3.ω

2.L2
12(ω2.L2

int2 + Re{Zt}) + rint.Im{Zt}.ω2.L2
12 − ω3.L12.Lint2.L1int.(ω2.L2

int2 + Re{Zt})
(ω2.L2

int2 + Re{Zt})2 + Im{Zt}2

(4.19)

The variable Zt is the multiplication result between the receiver and intermediate resonant

tanks impedance functions and is determined by

Zt = rint.(Req+r2)−ω2.L2.Lint(1− 1
b2

2
)(1− 1

b2
int

)+jω

(
(Req + r2)(1 − 1

b2
int

) + rint.L2(1 − 1
b2

2
)
)

.
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Qint

Figure 4.4: Error between theoretical lossless condition (rx = 0) and real coils with different
quality factors for different load conditions.

If the intermediate coil resistance (rint) is neglected, the value of Im{Zrec3} is independent

of the load value. The value of the desired fs is then determined using

Im{Zrec3} = 0 ⇔ ω2(−ω3(L3
int2.L12.L1int + Lint(1 − 1/b2

int))−

− ω.Re{p1.p2}(Lint2.L12.L1int + Lint.L
2
12(1 − 1/b2

int))) = 0.
(4.20)

In practical applications, the intermediate resonant tanks losses may not be negligible. In

this scenario, the frequency value for a null reflected reactance of the receiver side varies

with Req. Figure 4.4 shows the error between the theoretical frequency (rint = 0 Ω), and

the practical frequency (rint ̸= 0 Ω) as a function of the quality factor of the intermediate

coil (Qint = ω.Lint/rint) for different values of Req. The value of rint has almost no effect in

the deviation between the theoretical and practical frequency, meaning the assumption of

neglecting rint in (4.19) is valid.

The relation factors b2 and bint are inversely proportional to the receiver and intermediate

resonant frequencies, respectively. Several combinations of b2 and bint can meet (4.20) for the

same MC properties. Therefore, the selection process depends on the requirements of the

projected system. As an example, the selection of a b2 closer to 1 increases the value of |I1|

while |I int| decreases. Also, the value VDC needed for the same Pout is smaller with higher

values of b2. In line with previous works it was verified that the receiver resonant frequency

should be slightly higher than the operating frequency (0.96 ≤ b2 ≤ 0.99) to achieve zero

voltage switching (ZVS).

The value of the total reflected reactance Im{Zint3 + Zrec3} is almost constant and inde-

pendent of the load conditions when equality (4.20) is verified. The value of C1 can then be
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determined using

C1 = 1
ω.(Im(Zint3) + ω.L1)

, (4.21)

where Im(Zint3) is the reflected reactance from the intermediate side. This reactance appears

inductive for values of bint inferior to 1. The small reactance differences at different loads

causes a variation in the phase angle between V 1,1 and I1,1 in the range of 0-6◦, depending

on the system parameters. This characteristic allows the design of a ZPA system during the

CC batteries charging mode.

Displacements of the receiver pad from the normal position reduce the coupling coeffi-

cients and detune the three resonant tanks. The new quasi-CC operation point is shifted

from fs to higher frequencies. If fs is kept constant, ZPA is lost in almost the entire load

range and increases the stress in the H-bridge inverter switches. This deviation of fs can be

taken into account during the resonant tanks design to comply with the SAE J2954 guideline

as long as the magnetic properties of the MC are known in the entire area of operation.

4.3 Estimation procedure

The use of a single controller in the transmitter side without communication to the re-

ceiver side requires the value of the system parameters to correctly control the inverter.

However, L12, Lint2 and Req depend on the vehicle positioning and batteries state-of-charge

(SOC), and they cannot be directly measured. The value of L1int also suffers slight varia-

tions due to the extra-ferrite of the receiver side. Therefore, Subsection 4.3.1 presents the

estimation procedure to determine the mutual inductance values and the equivalent load

resistance based on steady-state equations of the series-series with an IC circuit model.

The uncertainty of the passive components in the resonant tanks will alter the system

transfer functions and operation mode and consequently, the estimation values of the mutual

inductances and load. Subsection 4.3.2 discusses different alternatives of determining the

self-inductance and capacitor values using only quantities accessible from the transmitter

side. In this way, the values of the self-inductances and capacitors used by the estimation

procedure are up to date every time a vehicle parks over the IPT charger. Furthermore,

the estimated capacitor values can be used to schedule preventive maintenance and reduce

downtime of the charger.
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4.3.1 Mutual inductance and Load

The value of L1int can be estimated using (4.22) if no current circulates in the receiver

resonant tank. This state is achieved by driving the inverter with a large phase-shift angle

to avoid conduction of the diodes in the receiver rectifier i.e, the amplitude of V 2 is lower

than Vbat.

L1int =
∣∣∣∣∣I int,1

I1,1
.

(
Lint(b2

int − 1)
b2

int

− j
rint,1

ω

)∣∣∣∣∣ . (4.22)

The set of independent equations formed by (4.17), (4.8) and (4.23) define the input power

(the rectifier losses are neglected), the impedance seen at the output inverter terminals

and the equivalent resistance as a function of I1 and I int. The signals v1, i1, and iint can

be measured and the corresponding RMS values (determined by software) matched in the

aforementioned equations and solved in function of L12, Lint2 and Req (Please refer to Figure

4.3(a)).

Req =I1/I int.(L12.Lint2 − L1int.L2(b2
2 − 1)/b2

2) − L2
int2 + L2.Lint(b2

2 − 1)(b2
int − 1)/(b2

2.b
2
int)

rint/ω + j(Lint(b2
int − 1)/b2

int − L1int.I1/I int)

− L2.rint(b2
2 − 1)/(b2

2.ω)
rint/ω + j(Lint(b2

int − 1)/b2
int − L1int.I1/I int)

(4.23)

With all system parameters known, it is possible to estimate the value of Vbat and Ibat. The

value of Ibat relates with I2,1 through

Ibat = π

2
√

2
.|I2,1|, (4.24)

where I2,1 is determined using the gain function Gi2i1 , described in (4.4). The value of Vbat

is estimated by replacing (4.24) onto (4.3) and solving it in order to Vbat.

4.3.2 Passive components tolerance

There are six passive components that may vary in the studied three-coil system: L1,L2,

Lint, C1, C2 and Cint. These values are needed in the estimation of mutual inductance and

load values, described in section 4.3.1. While the self-inductance values have low variations

(inferior to 4 %), the capacitor values can have manufacturing tolerances up to 10 %. Also,

the capacitors have a life expectancy and they will lose capacitance over time. The evaluation

and capacitance values in the proposed system is made in several steps with different working

conditions.
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4.3.2.1 Transmitter and intermediate parameters
The transmitter and intermediate resonant components can be identified through the

following options:

1. Identification of the parameters using a voltage and current probes in the transmitter

side and a current probe in the intermediate coupler (sensors used in the proposed

work);

2. Addition of a voltage sensor at Cint terminals;

The first option does not need additional sensors and it is the preferable option. The

identification of C1 and Cint occurs in the absence of the receiver side (before or right after

the last charging process occurs). In this way, the self-inductance values will not be affected

by the additional ferromagnetic material of the receiver side and they will remain with a

constant value (factory default). Also, the transmitter and intermediate sides are modeled

as a series-series topology, as seen in Figure 4.5. By applying the Kirchhoff’s circuit laws to

the circuitry, the following equations are obtained

V 1 = r1.I1 + j.ω((L1 − 1/(ω2.C1))I1 − L1int.I int)

0 = +rintI int + j.ω((Lint − 1/(ω2.Cint))I int + L1int.I1).
(4.25)

Solving the aforementioned equations lead to equations

I int = I1.
ω2.Cint.L1int

ω2.Lint.Cint − 1 − j.ω.Cint.rint

I1 = V 1

Z1 + Zint3
.

(4.26)

In this condition, the values of Z1 and Zint3 are given by

Z1 = r1 + j
(

ω.L1 − 1
ω.C1

)
Zint3 = ω2.L2

1int.rint

L2
int.ω

2(1/b2
int − 1)2 + r2

int

+ j
ω3.L2

1int.Lint(1/b2
int − 1)

L2
int.ω

2(1/b2
int − 1)2 + r2

int

.

(4.27)

The impedance seen at the inverter output terminals (Zin) is then given by

Zin = r1 + ω2.L2
1int.rint

L2
int.ω

2(1/b2
int − 1)2 + r2

int

+ j

(
ω3.L2

1int.Lint(1/b2
int − 1)

L2
int.ω

2(1/b2
int − 1)2 + r2

int

+ b2
1 − 1
ω.C1

)
. (4.28)

Figure 4.6(a) and Figure 4.6(b) illustrate the amplitude and phase of Zin for different

values of C1 and Cint, respectively. The amplitude of Zin shows similar values, regardless of

the capacitors values, up to switching frequencies closer to the natural intermediate resonance



CHAPTER 4. THREE-COIL IPT SYSTEM 121

1/(j𝜔C
1

) j𝜔L
1

V

int1

r

1

V

L1

I

1

r

int

V

Lint

I

int

j𝜔L
int

1/(j𝜔C
int

)

V

1

V

1int

Zint3

Figure 4.5: Equivalent circuitry of a series-series system.

frequency (fint ≈ 145 kHz ). At this frequency, the system exhibits the maximum amplitude

of Zin in the original conditions (black dashed line). A deviation of Cint shifts the maximum

amplitude to the right, if the value of Cint decreases from the original value, or to the left

if the value of Cint increases. On the other hand, a variation of ±C1 almost has no effect in

the amplitude of Zin, with differences from the original value lower than 0.8%, as seen by

the overlapped brown and blue lines over the original condition in Figure 4.6(a). Therefore,

using only the amplitude analysis is not sufficient to assess the values of C1 and Cint.

The phase characteristic of Zin, illustrated in Figure 4.6(b), exhibits two colored regions:

orange and green. The orange region depicts the impact of variations in C1 whereas the green

regions illustrate the impact of Cint variations. As expected, C1 variations causes changes in

the characteristics of Zin (either inductive or capacitive) around the switching frequency of

the inverter (82 kHz). The impedance of Zin is inductive at higher switching frequencies if

C1 decreases from the original value (as seen by the brown line). This causes the system to

operates in ZCS rather than ZVS. A similar behavior in Zin occurs for a variation Cint (as

seen by the green region between the red and green lines around the switching frequency).

The main difference is the frequency adjustment needed to operate the system back in ZPA

mode. In average, a variation of Cint, with a 10% tolerance, is almost identical to a variation

of C1 with a -1.4% tolerance, around the transmitter natural resonance frequency (ω = ω1).

However, around the intermediate natural resonance frequency, the impact of Cint variations

causes a large shift in frequency value to operate the system in ZPA mode. The value of Zin

varies from a RL characteristic into a RC characteristic when

ω3.L2
1int.Lint(1/b2

int − 1)
L2

int.ω
2(1/b2

int − 1)2 + r2
int

+ b2
1 − 1
ω.C1

= 0. (4.29)

Moreover, these new ZPA switching frequencies are almost independent of variations in
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(a) (b)

Figure 4.6: Characteristic of Zin as a function of the frequency: (a) Amplitude and (b) phase,
with different C1 and Cint values.

C1, as illustrated by the superimposed original line with the ±10% C1 lines. Therefore, the

identification of Cint can be made with a frequency sweep by the inverter to identify the ZPA

frequencies around the natural intermediate resonant frequency together with the current

gain function, given by (4.26). The identification of C1 is then carried out using a frequency

sweep around the natural transmitter frequency to determine the ZPA frequency and use

this value, together with the newly found Cint, in (4.29) and solve it in order to C1.

The values of L1, Lint, r1, rint and L1int are known from factory tests and they remain

constant in the absence of the receiver. The values of L1 and Lint will increase in the presence

of the receiver and the new values can be determined by replicating the aforementioned

process but in order to L1 and Lint and using the new found values of C1 and Cint.

4.3.2.2 Receiver parameters

The receiver resonant components can be identified from the transmitter (outside of the

vehicle) or from the receiver side (inside the vehicle). In the second option, the vehicle

controller executes a frequency sweep in a RLC circuit (it is assumed a H-bridge inverter

for bidirectional applications) around its natural angular frequency (ω2) to find C2. Also,

the frequency sweep is made without the transmitter side below the receiver side to ensure

the value L2 does not suffer any change. A new frequency sweep can be conducted with the

transmitter side (the transmitter circuitry must remain opened) to infer the impact of the

transmitter and intermediate coils in the value of L2.

The estimation of L2 and C2 from the transmitter side is more challenging since the

controller also does not know the values of L12, Lint2 and Req. The number of independent

equations using only the information from the transmitter and intermediate sides is lower

than the total number of unknown variables. A communication link between the transmitter
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and vehicle’s controller is a possible solution to reduce the number of unknown variables.

In this way, the average voltage and current values in the batteries could be sent to the

transmitter thus, a synchronization would not be required between both controllers.

4.4 MC Design for CC operation mode
An optimal IPT system rests on the selection of the MC and in the selection of the

resonant tanks and operating frequencies. The first defines the MC geometry and corre-

sponding dimensions while the second selects the resonant tanks frequencies to operate the

IPT battery charging system as a load independent CC or CV modes. However, both de-

signs are dependent on one another since the resonant frequencies depend on self and mutual

inductance profiles, which in turn depend on the number of turns of the MC coils.

The proposed methodology provides a step-by-step approach to determine all possible

combinations of resonant tanks frequencies, operating frequency range and number of turns

for a list of user-defined specifications.

4.4.1 MC geometries

The non-polarized circular pad (CP), presented in Chapter 2, was modified to include

the intermediate coil. Figure 4.7 shows the three proposed circular transmitter pads plus

the receiver pad. Each transmitter has a unique coil arrangement to investigate the impact

of having different coupling profiles between the intermediate coil and both the transmitter

and receiver coils in the overall system. The intermediate coil is represented in green, the

transmitter coil in red and the receiver coil in a blue color. The ferrite core is represented in

dark grey. Transmitter 1 has the intermediate coil placed inwards the transmitter coil and in

a coplanar fashion. The intermediate coil in Transmitter 2 is placed 30 mm above the core

and with a larger diameter to increase the coupling to receiver. Transmitter 3 is a ferrite-less

design. The ferrite core is replaced by an intermediate cone-shaped coil to channel the flux

lines, similar to the Ferrite-less circular pad (FLCP) presented in Chapter 3. The height of

the cone-shaped coil is set to 60 mm. The designs with ferrite cores are formed with N87 I

93x28x16 mm ferrite bars from Epcos and all coils are made of Litz wire with 1050 strands

of 0.12 mm diameter wire.

4.4.2 Methodology

The MC design methodology is divided in three steps: pads sizing, self and mutual

inductance profiling and number of turns selection.
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Figure 4.7: Layout of the transmitter and receiver geometries.

4.4.2.1 Pads sizing

The initial step of the MC methodology determines the minimum (dmin) and maximum

(dmax) diameters for the transmitter and receiver pads. Previous studies show that if the

ratio between the transmitter and receiver pads is greater than 1.6 the coupling between

them is weakened. A unitary ratio between both transmitter and receiver pads was then

considered as a work basis.

The value of dmax is set by the smallest available installation area of the transmitter

and receiver pads. In most cases, dmax is set by the vehicle’s width. On the other hand,

the value of dmin depends on the working conditions of the IPT system. The normal height

operation (airgap), vertical (vt) and lateral (lt) displacements and, the maximum value of

Pout affect the minimum size admissible for the MC. Non-polarized circular geometries show

a total decoupling between the transmitter and receiver coils if a lateral displacement of

approximately 40 % of the total MC diameter (d) occurs [174]. It was found via 3D FEA

tool that a maximum lateral displacement of approximately 31 % of the value d guarantees

a safe operation and avoids a total decoupling scenario. This translates in a ratio between d

and lt of 3.25.

The power transfer capability of a three coil system, defined in Chapter 3, is written

again in (4.30). The value of uncompensated power (Psu) is commonly used to assert the
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quality of the MC designs. The load quality factor (Q) is set between 4 (Qinf ) and 10 (Qsup)

due to component VA ratios and tolerances [174,183]. The value of Psu in three coil systems

depend on all coupling coefficients and self-inductance values which in turn vary with the

number of turns in each coil, the airgap and lt values. Therefore, the uncompensated power

of the transmitter geometries, depicted in Figure 4.7, was investigated for multiple d sizes

using 3D FEA simulations with the following specifications:

• Air gap (100-300 mm);

• Lateral displacement (0-350 mm);

• Number of turns in all coils (1-14);

• Diameter of the magnetic coupler (300-1000 mm);

• Value of |I1| and |I int| (0-35 A).

Pout = Psu.Q =ω(k2
12.|I1|2.L1 + k2

int2.|I int|2.Lint + 2.k12.kint2.k1int.L1int.|I1|.|I int|).Q (4.30)

Figure 4.8 depicts Psu as a function of the air gap, for MCs with different diameters

obtained, through several FEA simulations. Each colored area corresponds to a MC with

a specific diameter. The lower boundary of each area is defined for |I int| = 25 A and

|I1| = |I int|/1.4 A, whereas the upper boundary is defined for |I1| = |I int| = 25 A. The

1.4 factor between |I1| and |I int| is an average value found through Matlab simulations that

compromises power transfer capabilities with the current shift from the transmitter resonant

network into the intermediate resonant network to reduce the inverter losses. A higher factor

would reduce even further the Psu of the MC, an undesired condition. The solid and dashed

lines correspond to the quality factor of the load for the lower and upper boundaries of the

colored areas, respectively. The MC with a 650 mm is able to transfer 5 kW, assuming the

minimum load quality factor Q = 4, for air gap values up to 213 mm (Point 1) in the lower

boundary and 237 mm in the upper boundary (Point 2). Similar values can be extracted

for the remaining diameters: the 400 mm MC can transfer 5 kW up to 120 mm in the lower

boundary and 142 mm in the upper boundary whereas the 850 mm MC can transfer up to

266 mm in the lower boundary and 289 mm in the upper boundary. Based on these values,

the ratio between d and the airgap value (for a Q = 4) is comprised between 2.74 and 3.33

for Transmitter 1. On the other hand, for a maximum load quality factor Q = 10, the ratio

between d and the airgap is reduced to values between 2.14 and 2.55 for the Transmitter 1.

A similar analysis was carried out for Transmitters 2 and 3, and was found that a ratio of

2.9 between d and the airgap ensures an output power of, at least, 5 kW.
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Figure 4.8: Simulated Psu as a function of the air gap for different MC dimensions and current
values for Transmitter 1.

Figure 4.9(a) shows the impact of increasing the current limits from 25 A to 30 A while

the MC properties remained the same. The air gap limit to transfer 5 kW is increased

between 17 % and 27 % while the current value increases 20 %. In this scenario, the ratio of

2.9 between d and the airgap could be reduced to 2.5, however, the induced voltages at the

coils terminals would surpass the 1000 VRMS limit. The number of turns of the coils also

affects the power transfer capabilities since it alters the self and mutual inductance values.

Figure 4.9(b) illustrates the impact of varying ±2 turns in the receiver coil of the MC used

in Figure 4.8 while the current values are kept constant at |I1|= |I int|= 35 A . The solid lines

represent the quality factor for the MCs with minus two turns in the receiver coil whereas

the dashed lines represent the quality factor for the MCs with two more turns. The results

for the MC with a diameter of 400 mm only consider the scenario with minus two turns

since the addition of two more turns would exceed the receiver limits. The variation of two

turns increases/decreases, in average, the maximum air gap value by 11 %. Against this

result, the air gap ratio of 2.9 would also suffer a variation of ±11 %. Therefore, the ratio

between d and the airgap can be set to 2.9 and it verifies most air gap and number of turns

possibilities with output power levels up to 5 kW and current limits of 25 A.

The impact of lateral displacements depends not only of the current values and number

of turns, but also of the air gap value in which the displacement occurs. This means that

the ratio between d and the displacement, referred in this work as displacement ratio, has

to be evaluated as a function of three variables. Figure 4.10(a) shows the pattern of Psu for

several Transmitter 1 sizes at different air gap and lateral displacement values. The value of
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(a)

(b)

Figure 4.9: Quality factor as a function of the air gap for: (a) current limit of 30 A and (b)
different turns in the receiver coil.

|I1| and |I int| is set to 30 A. As shown, the variation of Psu is highly affected by the air gap

value at low displacement values but it tapers down for higher displacement values. As an

example, the MC with a diameter of 650 mm has a Psu variation around 1.1 kVA at 100 mm

and it decreases to 400 VA at 200 mm. In terms of ratio between d and lateral displacements,

the value ranges between 2.75 and 3.33 for the MC 400 mm, 2.88 and 3.1 for the MC 650

mm and, 3.2 and 3.64 for the MC 850 mm. However, these displacement ratio ranges do

not take into account the effect of different relations between |I1| and |I int|. Figure 4.10(b)

depicts the pattern of Psu for several MC sizes at different displacement and current values

for a fixed air gap value. The results indicate that variations of |I1| impacts the maximum

displacement tolerance between 4 and 7 % when the air gap is set between 25 % and 30 %

of the MC size. The displacement tolerance, however, increases between 7 and 13 % if the
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Figure 4.10: Simulated Psu as a function of lateral displacements for different Transmitter 1 sizes
and: (a) air gap and (b) current values for Transmitter 1.

air gap is set between 20 % and 25 % of the MC size.

The combination of the results in Figure 4.10(a) and Figure 4.10(b) sets the displacement

ratio ranges between 2.51 and 3.63 for the MC 400 mm, 2.58 and 3.48 for the MC 650 mm

and, 2.97 and 3.98 for the MC 850 mm. These intervals guarantee an output power of 5

kW with Q = 4 and maximum current values of 35 A. A similar analysis was carried out for

Transmitters 2 and 3. The displacement ratio of Transmitter 2 is comprised between 2.46

and 3.31 whereas the displacement ratio of Transmitter 3 is set between 2.8 and 3.79. The

absence of a ferromagnetic core in Transmitter 3 together with the 35 A current threshold

limits the tolerance to lateral displacements. Nevertheless, a displacement ratio of 3.25

was identified as a common ratio in all evaluated MC sizes that allows a power transfer

capabilities of 5 kW, if the current limit is set at 45 A for the Transmitter 3.

To summarize, the ratios defined in (4.31) were identified under certain constraints (air
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gap, lateral displacements, number of turns and maximum current values). These ratios

can have variations that can exceed ±25 % if the current and turns limits are changed.

Nevertheless, these guidelines serve as a starting point in the design process and guarantee

an output power of 5 kW within typical electric vehicles batteries charging applications.

• dmin ≥ 3.25 ∗ lt

• dmin ≥ 2.9 ∗ (airgap + vt) (4.31)

• dmin ≤ dmax

4.4.2.2 Self and mutual inductance profiles

The second step of the MC methodology determines the self and mutual inductance

profiles as a function of number of turns, air gap and lateral displacements. The MC charac-

terization methodology, described in Chapter 3, is applied to the MCs shown in Figure 4.7.

Table 4.1 summarizes the fitting equations that best characterize the self (Lx) and mutual

(L12, Lint2 and L1int) inductance profiles as a function of air gap, lateral displacements and

number of turns. Table 4.7 also identifies the minimum required points to fit each equation.

The unknown variables ax, bx and cx are found using the fitting tool from Matlab. The

self-inductance profiles (Lx), within the six charging position values, can be extrapolated as

a function of the air gap and lateral displacements using a first order exponential function.

On the other hand, the value of Lx follows a second order polynomial function for different

number of turns.

The mutual inductance profiles of L12 and Lint2 have the same pattern and only differ

by a scale factor, since both the transmitter and intermediate coils are on the same side.

These mutual inductance profiles follow a first order exponential function for different air

gap values. In terms of lateral displacements, within the six charging positions defined in

Figure 3.20 from Chapter 3, the mutual inductance profiles can be extrapolated using a

Gaussian function. The Gaussian function represents the theoretical pattern of the mutual

inductance between the transmitter and receiver sides from a total misaligned scenario to

a perfect aligned scenario and again to a total misaligned scenario (characteristic curve in

dynamic IPT systems). However, the fitting process of a Gaussian function can have a high

sum of square errors (SSE) using only 3 points, especially if those 3 points do not start

with a lateral displacement of 0. In alternative, second order polynomial functions can fit
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Table 4.1: Fitting functions to extrapolate the self and mutual inductance profiles.

Variable Air gap Points Displacement Points Turns Points
Lx ae.e

b.x 2 ae.e
b.x 2 aq.x

2 3

L12, Lint2 ae.e
be.x 2 ag.e

(
−
(

x−bg
cg

)2
)

3 al.x + bl 2
L1int ae.e

be.x 2 ae.e
be.x 2 al.x + bl 2

the scenarios where the Gaussian function has a poorer fitting. Both fitting processes are

analyzed and it is selected the one with the best fitting results, but it is given preference to

the Gaussian curve. All the mutual inductance values (L12, Lint2 and L1int) vary linearly with

the increase of the number of turns in one coil. For example, L12 increases linearly when N1

is kept constant in the transmitter coil and N2 is increased in the receiver coil. The previous

example is valid for the remaining mutual inductance profiles. The mutual inductance value

of L1int suffers small variations with air gap or lateral displacements due to the presence of

the ferromagnetic material of the receiver case. In either case, these variations can be fitted

using a first order exponential function.

4.4.2.3 Frequencies and number of turns selection

The third step of the MC methodology determines all possible resonant tanks frequencies

combinations that enable the operation of the IPT system as a quasi-load independent CC

or CV modes. An iterative algorithm combines the estimated self and mutual inductance

profiles, determined in step 2, with the circuit model presented in Section 4.2.

First, the algorithm determines all values of b2,1 and bint,1 that meet the condition de-

fined in (4.20) for the desired operating frequency and load conditions. Then, the receiver

and intermediate resonant frequencies are found using (4.5) and the capacitors determined

accordingly. The value of the transmitter capacitor is obtained using (4.21). With all pa-

rameters known, the algorithm determines all electric quantities like voltage, currents, power

and gain transfer functions. Finally, the solution is verified with the system constraints and

added to a list of possible solutions. This process is repeated for every MC with a different

set of turns and for all possible diameters.

Every system has constraints imposed by physical limitations, control restrictions, or

even by government regulations. The main constraints included in the algorithm are:

• The guideline SAE J2954 proposes a operating frequency in the range of 81.38-90 kHz.

The operating frequency under normal charging conditions is set to 85 kHz;
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• The induced voltages in the coils are also limited by government regulations to 1000

V in Europe and 400 V in Asia;

• The maximum current values are imposed by the rated current of the Litz wire and

resonant capacitors. In a series configuration, both the transmitter and receiver max-

imum current values are also limited by the rated current of the inverter switches and

the rectifier diodes, respectively. The maximum current is then set by the smallest

rated current of the components;

• The value of ∆Gi2v1 must be small to have a quasi CC mode. The load conditions

and the self-inductance values affect the error difference. A difference between 2-4 %

provides a good compromise between feasibility and operation.

• The capacitance range of the resonant capacitors is limited by the number of combi-

nations between standard capacitor values. The resonant tank frequencies and/or the

self-inductance values can be adjust to meet a list of available capacitance values since,

it is easier to adjust an inductance rather than a capacitor.

• The operation in ZVS condition is critical for high power applications in order to reduce

the switching losses of the inverter bridge as well as the stress from the commutations

in the switches. The operation under ZVS is verified when the angle between the

fundamental value of i1 and the rising edge of v1, defined as θ1, is greater than zero

(Please refer to Figure 4.3). Assuming a constant transconductance gain, for a desired

value of |I2|, the value of |V 1| can be found using (4.11). The phase-shift angle (α)

and the phase angle between I1,1 and V 1,1, defined as θ11, are then obtained using (4.1)

and (4.4), respectively. Finally, the value of θ1 corresponds to the difference between

θ11 and α/2. In this work, the value of θ1 is used as an additional specification of the

design methodology.

4.4.3 Optimization

The MC design methodology can provide multiple solutions that meet the list of require-

ments. The optimal solution depends on the metric used to sort out the solutions. The

following list of metrics were used in this work:

Metric 1, Frequency - Operation in the tolerance region may require an adjustment

in the operating frequency in order to maintain the system specifications. This metric

selects the solution with the smaller operating frequency variation.

Metric 2, Efficiency - This metric determines the total system efficiency using (4.12),

which includes the conduction losses of the inverter. The values of the coils resistances
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are found using the Archimedean spiral formula to determine the total length of the

Litz wire and considering a value of 0.0154 Ω/m. This value is the mean result of a

series of experimental measurements made at the laboratory and considering different

circular designs at a frequency of 85 kHz. This value includes the proximity, skin and

core losses.

Metric 3, Cost - This metric selects the solution with less material usage. For a fair

comparison between ferrite and ferrite-less geometries, it is assumed that one ferrite

bar with the dimensions of 93x28x16 mm is equal to 6.5 m of Litz wire. This value

was found for the current pricing rates of both materials.

Metric 4, Cost-effectiveness - The aforementioned metrics do not take into ac-

count the built-in tolerances of the capacitors as well as the presence of additional

ferromagnetic material that may affect the self and mutual inductance values. As a

consequence, the ZVS operation of the inverter may not be guaranteed in the entire

region of operation. The cost-effectiveness metric combines the efficiency and cost

metric in a weight function with the tolerance of the passive components.

The impact of each metric in the optimal solution will be addressed in Section 4.5.

4.5 Case study

This section applies the proposed methodology to an electric vehicle batteries charging

system.
4.5.1 Specifications

Table. 4.2 presents the specifications and constraints of the case study. The charger

has to supply a pack of 230 V batteries with a constant current in the range of 10-20 A.

The minimum (Vbatmin
) and maximum (Vbatmax) batteries voltage define the voltage range in

which the batteries are being charged. These values are set to 193 and 230 V, respectively.

The batteries voltage threshold to change from CC to CV modes (VbatCC−CV
) is set at 227

V. The charging process terminates when the current in the batteries drops below 2 A. This

variable is known as cut-off current (Icut−off ).

4.5.2 Methodology

4.5.2.1 Pads sizing

From the specifications in Table. 4.2, the value of dmax is set at 800 mm. The value

of dmin must verify the conditions listed in (4.31). The first condition is verified for a
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Table 4.2: System specifications and constraints.

System specifications
Minimum batteries voltage (V batmin) 193 Vdc
Maximum batteries voltage(V batmax) 230 Vdc

Threshold voltage from CC-CV (V batCC−CV ) 227 Vdc
Batteries current range (Ibat) 10-20 A

Charging cut-off current (Icut−off ) 2 A
Normal frequency operation (fs) 85 kHz

airgap 175 mm
SiC MOSFETs C2M0025120D (ron) 25 mΩ

Constraints
Maximum MC diameter (dmax) 800 mm

Maximum induced voltage in L1(|V L1|) 1000 Vac
Maximum induced voltage in L2(|V L2|) 1000 Vac

Maximum induced voltage in Lint(|V Lint|) 1000 Vac
Operating frequency range SAE J2954 (∆fs) 81.38-90 kHz

Height tolerance (vt) +25 mm
Lateral tolerance (lt) ±200 mm

Maximum |I1|, |I2|, |Iint| 35 A

diameter of 650 mm whereas the second condition is verified for a diameter of 580 mm.

The value of dmin is then set to 650 mm. Since the maximum value of the output power is

Pout = Vbatmax .Ibatmax = 4.6 kW and it is inferior to 5 kW, the conditions listed in (4.31) are

valid.

4.5.2.2 Self and mutual inductance profiling

The self and mutual inductance profiles are estimated using MC characterization method-

ology from Chapter 3. A total of six charging positions, labeled from 1 to 6 in Figure 3.20,

are necessary to characterize a circular geometry. The charging positions 1, 5, 2 and 6 cor-

respond to the boundaries of the operation area, which in Cartesian coordinates (airgap,

lt) correspond to (175,0), (175,200), (200,0) and (200,200), respectively. Positions 3 and

4 are set to (175,80) and (200,80). In each position, the MC is modeled with two sets of

turns: (N1min
,N2min

,Nintmin
) and (N1max ,N2max ,Nintmax). The obtained results are then used

to built the self and mutual inductance profiles. This process is repeated for each MC with

a different diameter.

Figure 4.11(a)-(c) show the mutual inductance profiles as a function of lateral displace-
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Figure 4.11: Mutual inductance profiles of L12 and Lint2 as a function of lateral displacements
with an airgap of 175 mm and d = 650 mm.

ments. As expected, the ferrite-less Transmitter 3 shows lower mutual inductance profiles for

the same number of turns, which reduces the coupling coefficient around 30% when compared

with the Transmitters 1 and 2.

4.5.2.3 Frequencies and number of turns selection

The resonant tanks frequencies and the number of turns are selected using self and mutual

inductance profiles, determined in the previous subsection, and the circuit model described

in Section 4.2. In addition to the specifications listed in Table 4.2, the following constraints

are used:

• ∆Gi2v1 = 2% under normal operation and ∆Gi2v1 = 5% under displacements;

• The value of the DC link (VDC) is adjusted to maintain the α = 0 in order to have a

full square-wave in both charging positions 1 and 6;

• θ1 can vary between 0◦ and 20◦.

A total of 1320 turns combinations were analyzed for each MC with a specific value of d

which produce more than 20000 possible solutions.
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Table 4.3: Optimization results using cost-effectiveness metric for different MC diameters.

Dia [mm] 650 675 700 725 750 775 800
Transmitter 1

N1 N2 9 8 4 8 8 3 7 8 4 8 7 4 7 7 4 7 7 5 6 7 5
f1 f2 [kHz] 87 85.5 87 85.5 87 85.5 86.8 85.5 87 85.5 86.8 85.5 87.1 85.5
fint [kHz] 148.8 145.6 142.6 148.8 142.6 145.6 137
Litz [m] 24 22.5 22.9 23.7 23 24.8 24

η 0.946 0.951 0.95 0.948 0.951 0.945 0.948
Transmitter 2

N1 N2 7 8 4 8 7 4 7 7 3 6 7 4 6 7 4 7 6 4 6 6 4
f1 f2 [kHz] 89.8 86.8 89.6 86.8 90.3 87.3 90.1 87.3 90.1 87.3 89.7 87.3 89.7 87.3
fint [kHz] 127 129.4 124.7 124.7 127 127 127.2
Litz [m] η 24.8 25.1 26.3 27.4 25.4 26.2 25.5

η 0.949 0.952 0.951 0.948 0.949 0.952 0.95
Transmitter 3

N1 N2 9 11 6 10 10 6 9 10 5 9 9 6 9 9 6 8 9 6 7 9 6
f1 f2 [kHz] 88.6 85.5 88.4 85.5 88.3 85.5 88.5 85.5 88.4 85.5 88.7 85.5 89.1 85.5
fint [kHz] 175 179.5 184.3 179.5 184.3 142.6 166.6
Litz [m] 31.9 33 31.3 32.3 33.3 32.8 32.3

η 0.946 0.948 0.949 0.948 0.948 0.946 0.944

4.5.3 Optimization

The optimal transmitter depends on the metric used to sort out all possible solutions.

Table. 4.3 shows the optimal solutions for the three transmitters as a function of their diam-

eters using the cost-effectiveness metric in the charging position 1 (175,0). All transmitters

have an efficiency above 0.95 when transferring an output power of 4 kW. Regarding the

resonant frequencies, all transmitters show an optimal resonant frequency of the receiver

side in the range of 0.5% to 3% above fs. The low mutual inductance values of Transmitter

3, depicted in Figures 4.11(c), are compensated with intermediate resonant tank frequencies

in the range of 62% to 105% above fs. The use of transmitters with larger diameters offer

low improvements and material savings when compared with the 650 mm transmitter pads

in the standard charging position 1. The use of larger transmitters increase the tolerance

to lateral displacements above the specifications listed in Table. 4.2 at the cost of a larger

installation area. Similar conclusions are drawn for transmitters in charging position 6.

In terms of material usage and installation requirements, Transmitter 3 requires a higher

number of turns when compared with its homologous Transmitters 1 and 2 to meet the system
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Table 4.4: Optimization results using the Transmitter 3 geometry with 650 mm for different
selection metrics.

Metric 1 2 3 4
Charging position 1

N1, N2, Nint 14, 13, 2 14, 14, 14 6, 13, 2 9, 11, 6
fs, f1 [kHz] 85, 90.9 85, 92.1 85, 88.6 85, 88.6

f2, fint [kHz] 85.4, 142.6 85.5, 142.6 85.5, 175 85.5, 175
Litz wire [m] 36.5 54.6 25.8 31.9

η 0.952 0.97 0.936 0.946
∆Giv [%] 2.42 0.623 1.97 1.94

θ1 [◦] 0 0 0 0
Charging position 6

N1, N2, Nint 14, 13, 2 14, 13, 14 9, 14, 2 10, 14, 6
fs, f1 [kHz] 85.3, 90.9 85.7, 96.8 85.4, 88.6 85.4, 88.9

f2, fint [kHz] 85.4, 142.6 85.9, 122.5 85.5, 175 85.5 175
Litz wire [m] 36.5 53.1 31 37.5

η 0.926 0.94 0.905 0.909
∆Giv [%] 4.82 2.81 4.81 3.58

θ1 [◦] 3.1 5.6 2.6 2.2

specifications. As a consequence, Transmitter 3 uses, in average, 25 % more of Litz wire in

comparison with Transmitters 1 and 2. Furthermore, the transmitter side is approximately

70 mm taller due to the intermediate’s coil arrangement. However, the ferromagnetic core

equivalence of Transmitters 1 and 2 is not being accounted for in Table. 4.3. In terms

of material cost, Transmitters 1 and 2 far exceed the price of Transmitter 3. Only when

assuming that 1 ferrite bar of 93x28x16 mm is equivalent to 0.7 m of Litz wire, Transmitters

1 and 2 are cheaper than Transmitter 3. At the current rates, 1 ferrite bar corresponds

to 5-6.5 m of Litz wire. Also, the non-rigid configuration of the transmitter pad makes it

suitable for both static and dynamic IPT charging applications. Based on the results from

Table. 4.3 and the aforementioned conclusions, the Transmitter 3 with a 650 mm diameter

was selected for further analysis.

Table 4.4 shows the optimal set of turns and resonant frequencies using different opti-

mization metrics for the 650 mm Transmitter 3 in charging positions 1 and 6. All metrics

provide solutions with similar efficiencies in the same charging position. Although the ef-

ficiency metric (Metric 2) has higher values, the material required to build the MC almost

doubles when compared with the other metric solutions, whilst the efficiency increment is,

in the best case, 3.5 %.

The frequency metric (Metric 1) solution can maintain the quasi CC mode if fs is in-

creased by 300 Hz while θ1 has a maximum variation of 3.1◦. The metrics 2, 3 and 4 can

also maintain CC mode in charging position 6 with increases of fs to 85.7 kHz and 85.4 kHz,
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Figure 4.12: Characteristic curves of SS-IC for: (a) transconductance and (b) phase angle of Zin.

respectively. In these cases, θ1 varies between 1 and 5◦, and ensures ZVS condition during

the entire CC mode. However, the optimization results of metrics 1, 2 and 3 in charging po-

sition 6 can not maintain θ2 < 20◦ and ∆Giv < 6% if the reactive components operate with

5 % tolerance. Only metric 4 solution compensates the built-in tolerances of the reactive

components.

The results of Table. 4.4 also show the impact of vertical and lateral displacements in the

copper usage of the MC. The lower couplings in charging position 6 are compensated with

coils with higher number of turns to ensure that the specifications are met. The increments

in copper usage vary in the range of 15-20 %, by comparing the results in Table. 4.4, between

charging positions 1 and 6. It also shows the importance of having well-defined specifications

to avoid unnecessary costs. The MC with the turns N1 = 10, N2 = 14 and, Nint = 6 from

metric 4 solution was selected for experimental validation.

Figure 4.12 depicts the transconductance and the phase of Zin plots as a function of the

frequency in charging positions 1 (solid line) and 6 (dashed line) with the parameters of the
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selected MC. The value of Req correspond to the batteries minimum and maximum voltages

in CC mode over a charging current (Ibat) of 10 and 20 A, refer to (4.3).

Figure 4.12(a) shows a quasi CC mode in charging positions 1 and 6 with ∆Gi2v1 lower

than 0.7% and 3.6%, respectively. These gain variations are even smaller if only the load

values with the same Ibat are considered (difference between the blue and green lines or

between the red and purple lines). The lateral displacements reduce the reflected impedance

and increases the transconductance gain, that passed from 0.068 (solid line) to 0.123 (dashed

line) in Figure 4.12(a). This patterns causes higher circulating currents in the transmitter

circuit since the value of VDC required to transfer the same amount of power is lower, which

ultimately leads to higher losses in the inverter.

Figure 4.12(b) shows the phase of Zin at the inverter terminals. The characteristic curves

have crossings in the same point around 85 kHz for charging position 1 (solid lines) and,

around 85.4 kHz for charging position 6 (dashed lines). As seen in the magnified rectangle

of Figure 4.12(b), all load characteristics curves operate in ZPA or in the inductive region

(phase of Zin > 0), guaranteeing in both cases the ZVS condition. However, the operation

in the tolerance region of the reactive components can cause a shift of the crossing point to

the capacitive region. To avoid operation in ZCS, the transmitter resonant tank is designed

to operate in the inductive region. The results show a compensated transmitter resonant

tank with θ11 values lower than 4◦ in the entire charging operation area.

4.6 Experimental validation

The proposed design methodology was validated in a prototype built and assembled in the

rear of a converted internal combustion engine vehicle, as illustrated in Figure 4.13(a). The

H-bridge transmitter inverter is controlled using a real-time controller from National Instru-

ments to generate the gate pulses to PT62SCMD12 drivers from Cree with C2M0080120D

SiC MOSFETs. The receiver H-bridge rectifier includes anti-parallel diodes of the C2M0080120D

Sic MOSFETs and it was placed in the vehicle’s trunk, together with the protection relays,

fuses and batteries. The bank of batteries is formed by 69 Lithium Iron Phosphate (LiFePo4)

cells connected in series, each with a nominal voltage of 3.3 V and a capacity of 60 Ah. The

AC voltage signal is measured using high-voltage differential probes P5200A from Tektronix.

The transmitter (i1) current signal is measured using the amplifier TCPA300 with the probe

TCP303 whereas both the receiver (i2) and intermediate (iinv) current signals are measured

using the amplifier TCP300 with the probe TCP312. All current/voltage probes have a
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(a)

(b)

Figure 4.13: (a) Experimental setup and (b) dashboard of the Real-Time controller.

bandwidth superior to 15 MHz.

The signals are acquired by two different systems: the real-time controller (RT) and

an oscilloscope. The real time controller used in this work is the CompactRIO with one

C Module NI9223 and two C Modules NI9401 from National Instruments. This system

has a maximum sampling rate of 1MS/s which is sufficient to determine the RMS values

of the voltage and currents needed by the controller. The cRIO controller uses a Field

Programmable Gate Array (FPGA) to acquire the analog signals at 1MS/s. The data is

then sent via Direct Memory Access Fifos (DMA-FIFOs) to a real time Arm processor where

the control is coded using the programming language Labview RT. The gate pulses resulting

from the control are then sent to the FPGA which then generates a Transistor-Transistor

logic (TTL) digital signal from the C Module NI9401. Figure 4.13(b) depicts the dashboard
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of the RT controller that allows the user to configure not only charging parameters, but also

vehicle protections and status/error messages of the motor controller using controller area

network (CAN) communication. The validation of the estimation algorithm is carried out

by acquiring the voltage and current signals using an oscilloscope Tektronix TPS 2014 with

a sampling rate of 1Gs/s and a bandwidth of 100 MHz. The raw signals are then processed

in either Labview or Matlab/Simulink.

4.6.1 Open-loop controller

One advantage of the proposed work is the operation in a quasi load independent constant

current mode where the value of |I2| is adjusted via the conduction angle (α) of the transmit-

ter inverter. In this operation mode, the conduction angle only needs to be adjusted if the

reference charging current value needs to be modified. The flowchart represented in Figure

4.14 depicts the procedure implemented in the cRIO controller to conduct the experimental

tests. The system starts by identifying the mutual inductances (L12 and Lint2) and the equiv-

alent resistance (Req) using the set of equations (4.8), (4.17) and (4.23). With all systems

parameters known, it is possible to estimate the value of Ibat and Vbat using equations (4.24)

and (4.3), respectively. The controller then determines the operating frequency that ensures

a quasi-load independent transconductance mode using the condition given in (4.20). The

transconductance gain is then determined using (4.11). With the transconductance gain

known, it is possible to calculate the RMS value of the primary voltage (|V 1|) needed to

charge the batteries with a desired current (Ibat) using equation (4.24) and replaced it in

equation (4.11). Finally, the phase shift angle is determined using equation (4.1). During

the charging process, it is not necessary to adjust the phase-shift angle or the operating

frequency, since the system operates in a quasi-load independent transconductance mode.

The stop condition is set when the value Vbat reaches a certain threshold (depends on the

type of battery). The aforementioned procedure is repeated each time the vehicle is parked

to be charged or the system protections (over-current or over-voltage) go off.

4.6.2 Parameter estimation

The correct identification of L12 and Lint2 is fundamental to operate the system in CC

mode. Figure 4.15 compares the fitted curves of L12 and Lint2 obtained in simulation with the

values measured with an LCR meter (BK Precision 889A) and via the estimation algorithm

described in Section. 4.3. The estimation process acquires the signals v1, i1 and iint to

estimate L12, Lint2 and Req. Figure 4.16 depicts the identification algorithm in different
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Figure 4.14: Open-loop controller implementation.

charging positions (identified using different colors). The estimation results are compared

with the measured results of a LCR meter (marked with a circle). The estimation error is

higher at low values of L12 and Lint2 with maximum error values of 4.6 % in the identification

of Req. One cause of the estimation errors is the variation of r1, r2 and rint in different

charging positions. These resistance variations occur between LCR measurements due to

the tightening and loosening of the screws that connect the resonant tanks components.

If the estimation algorithm contemplates a tolerance of 2 % in the values of r1, r2 and

rint, the estimation errors illustrated in Figure 4.16 would decrease to a maximum error of

3.2 %. The estimation errors will solely impact the estimation of |I2| and Req, since the
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Figure 4.15: Comparison of the experimental values of L12 and Lint2 using a LCR meter with
fixed Req and air gap = 175 mm.

operation mode is guaranteed by the design methodology (assuming an operation within

defined specifications). The measured signals in Figure 4.17 show the waveforms used to

identify L12, Lint2 and Req in position 1 while charging a 224 V battery pack with Ibat = 4

A.

The non-linearity and measurement noise error introduced by the voltage and current

probes also increase the estimation error values. A simulation analysis was carried out to

investigate the impact of the non-linearity and measurement noise in the estimation algo-

rithm. The voltage and current probes used in the experimental tests were characterized in

terms of non-linearity and measurement noise and were cross-referenced with the simulation

results.

Figures 4.18(a)-(c) depict the estimation errors of L12, Lint2 and Req for different values

of phase mismatch between the current (I1 and I int) and voltage measurements (V 1) in the

charging positions listed in Table 4.5. The phase angles of I1 and I int were varied in the

range of ± 1◦ from their original values. It was assumed that both current probes are equal

hence, they present the same non-linearity response towards the voltage probe. The results

show that the variables L12 and Lint2 have approximately the same estimation absolute errors

whereas the variable Req shows a larger estimation error. The slope of the estimation error is

also steeper if the values of L12 or Req are lower. This behavior indicates a higher sensibility

of the estimation algorithm to a phase mismatch in charging positions with high air gap or

lateral displacement values. Nevertheless, the estimation errors are inferior to 1 % (with the

exception of condition 1), if the mismatch between the voltage and current measurements is

in the range of −0.5◦ to 0.5◦.

The existing noise in measurement signals also causes a variation in the amplitude value

from its original value. Figures 4.19(a)-(c) illustrate the estimation errors of L12 , Lint2 and
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Figure 4.16: Comparison of the experimental values of L12 and Lint2 using a LCR meter with
different Req and air gap values.

Table 4.5: Charging conditions.

Condition L12[µH] Lint2[µH] Req[Ω]
1 30.97 11.05 21
2 25.4 8.76 14
3 21 6.7 18.4
4 38 18 11.3

Req for different noise percentage values. The amplitude values of V 1, I1 and I int are varied

in the range of ±1% of their original amplitude values. The difference in the estimation

error between the original value (Tolerance = 0%) and the worst value (Tolerance = ± 1%)

is inferior to 0.5% in all charging conditions. Also, the estimation of Req is the least affected

variable with an almost null slope variation in all evaluated charging conditions. Therefore,

the impact of phase errors of the voltage and current probes in the estimation algorithm is

greater than amplitude errors.

The current and voltage probes used in the experimental tests were characterized in terms

of non-linearity and measurement noise. The probes were calibrated using the calibration

equipment Omicron CMC 259 plus. The calibration is made at 3 kHz for voltage probes

and at 1 kHz for current probes. The non-linearity between both voltage and current probes

is also analyzed using the Omicron CMC 259 Plus. The equipment generates a sinusoidal
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Figure 4.17: Waveforms of v1 (yellow), i1 (blue), i2 (green), iint (purple) and, inverter output
instantaneous power (red) in charging position 1 while charging a 224 V battery pack with Ibat = 4.1
A. The fundamental phasors are: V 1 = 86.9 0◦ V, I1 = 11.18 −17.3◦ A and, Iint = 3.35 −31.9◦

A.

(a)
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Figure 4.18: Estimation error as a function of phase mismatch in measurement acquisitions for
(a) L12, (b) Lint2 and (c) Req.

current and voltage signal in phase at 1 kHz (maximum admissible frequency) and the phase

difference was measured in an oscilloscope. A maximum difference angle of 0.15◦ was found

for different voltage and current signal values. The current probes also show a maximum

discrepancy between one another of 0.3◦ when measuring the same current signal at 85 kHz.

Therefore, the selected voltage and current sensors introduce errors inferior to 1 % in the

estimation algorithm.

4.6.3 Load operation

Figure 4.20(a) shows the voltage, currents and power waveforms in charging position

1, when supplying the batteries with a current of 10 A. The system achieved a maximum

efficiency of 94.1 % between the inverter output and the batteries and, an overall efficiency of

88.9 %. Figure 4.20(b) illustrates the total efficiency under different air gap and displacement

values and as a function of different load conditions. The low ηsys values are limited by the

efficiency of the inverter. The operation of the inverter was set with a θ1 around 9◦ to avoid

the 250 ns dead-time zone of the gate drivers and ensure a ZVS operation.
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Figure 4.19: Estimation error as a function of different amplitude tolerance values for: (a) L12,
(b) Lint2 and (c) Req.

(a) (b)

Figure 4.20: (a) Waveforms of v1 (yellow), i1 (blue), i2 (green), iint (purple) and, inverter output
instantaneous power (red) in charging position 1 while charging a 223.5 V battery pack with
Ibat = 10.3 A. (b) Total efficiency (ηsys) as a function of Pout in different charging positions.

Table 4.6 lists the experimental results from existing works in the literature together with

the results from this work (last two lines). The majority of the works conducted experimental

tests with air gaps in the range of 175-200 mm. One of the contributions of the proposed

work is the experimental results under lateral displacements. The power deliver to the load

ranges from 384 W to 6.6 kW while the total efficiency varies from 85.6 % to 95.57 %. The

experimental results presented in [148] show the best efficiencies values between 94.27 % and

95.57 % when transferring power between 1.1 kW and 6.6 kW. The works [149] and [155] show

similar efficiency values around 91 %. The efficiency of the experimental tests conducted

in this work varies from 85.6 %, under displacement conditions, and 88.9 % under aligned

charging position. The total efficiency (ηsys) can be deconstructed in the form of

ηsys = ηinv.ηAC−AC .ηrect (4.32)

where ηinv, ηAC−AC and ηrect is the inverter, resonant tanks and rectifier efficiencies, respec-
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Table 4.6: Comparison of experimental results with the existing literature.

Work Charging Air gap Displacement MC Freq Pout ηinv ηAC−AC* ηsys

Mode [mm] [mm] [kHz] [kW] ηrect

[148] CV 200 0 Rectangular 100 2.2 - - 94.72
[148] CV 200 0 Rectangular 100 6.6 99.26 96.28 95.57
[149] - 100 0 Circular 85 1.01 - - 91.3
[155] CC/CV 200 0 Circular 200 386 99.06 91.62 90.82

- CC 175 0 Circular 86.7 2.2 92.5 95.92 88.9
- CC 175 180 Circular 86.7 2.2 88.6 95.05 85.6

tively. The results listed in column 10 of Table 4.6 show aggregate efficiencies of ηAC−AC .ηrect

between 95.05 % and 95.92 % for the proposed work and in line with the remainder works.

These efficiencies are the result of the high quality factors (Q) in the transmitter, receiver

and intermediate coil designs, with values of Q1 = 210, Q2 = 375 and Qint = 130, respec-

tively. On the other hand, the efficiency of the inverter, listed in column 9 of Table 4.6,

shows a range variation between 88.6 % and 99.26 %. The lower efficiency of the inverter in

the presented work is caused by the phase difference between v1 and i1 to avoid the deadtime

of the drivers. Consequently, the overall efficiency will be inferior to the inverter efficiency.

Table 4.7 compares the experimental results in charging positions 1 and 6. Charging

position 6 exhibits larger Joule losses in the resonant tanks caused by the increase of |I1|.

The value of ηinv decreased 2 %, highly due to shift of θ1 from 9◦ to 13◦. Nevertheless, the

ZVS condition is kept between charging positions 1 and 6. The value of ηsys is similar in

both charging positions. This means that a operation of the inverter with lower θ1 would

increase ηsys to values above 90 % in all charging areas.

Table 4.7: Experimental results in charging positions 1 and 6.

Variable Charging Pos. 1 Charging Pos. 6
|V 1| [V] 258 171
|I1| [A] 13.4 19.5

|Iint| [A] 5.7 6.5
Ibat [A] 10.3 10.5

Pout [kW] 2.3 2.35
ηinv 0.92 0.9

ηinv−bat 0.958 0.949
ηsys 0.889 0.856
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4.7 Summary

This chapter presents a series-series resonant configuration with an intermediate coupler.

A new design methodology is presented and determines the optimal magnetic coupler and

resonant tanks frequencies to operate a series-series IPT system with an intermediate cou-

pler in CC mode. The SS three-coil system exhibits a quasi CC mode when the reflected

reactance from the receiver side is zero and the resonant tanks frequencies are determined

accordingly. The methodology ensures a ZVS operation and a load-independent transcon-

ductance function within the desired system specifications. In this way, the battery charging

process is controlled using only the off-board inverter with an open-loop control strategy,

thus avoiding on-board controllable converters.

The design methodology determines multiple solutions that meet the list of specifications

and constraints. The optimal solution depends on the metric used to sort out the solutions.

A total of four metrics are proposed: Frequency, Efficiency, Cost and Cost-effectiveness.

The first metric ensures that only the solutions that respect the frequency range imposed

by SAE J2954 are admissible. The Efficiency and Cost metrics return the solution with the

highest DC-DC efficiency or with the lower material usage in the magnetic coupler. The

Cost-effectiveness metric combines the Efficiency and Cost metrics using a weighted weight

function.

Three different intermediate coil arrangements in a modified circular MC geometry were

investigated. A total of 2340 FEA simulations allow the extraction of a set of metrics that

correlate the minimum pad diameter as a function of air gap and lateral displacements. A

correlation of 2.9, between the maximum air gap and the MC diameter, and a correlation of

3.25, between maximum lateral displacement and the MC diameter, was found for output

powers up to 5 kW.

The inverter open-loop control strategy requires the values of the mutual inductances

and SOC of the batteries in order to determine the system current gain and the stop charg-

ing condition, respectively. An estimation procedure for L12, Lint2 and Req, using only the

transmitter voltage and current signals together with the intermediate current signal is pre-

sented. Both design and estimation procedure were validated experimentally in a prototype

assembled in a converted combustion engine vehicle. The cost-effectiveness metric offered

efficiency values between 90.9 % and 94.6 % with material savings around 30 % when com-

pared with Efficiency metric. The estimation algorithm shows maximum errors of 4.6 %

in the identification of the load resistance in the worst charging positions. Moreover, the
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estimation of the load resistance is the least affected variable by the existing noise in the

measured signals. The proposed methodology ensures a ZVS operation in the entire opera-

tion range with an almost constant power factor and a maximum efficiency of 88.9 % when

transferring 2.2 kW.

The proposed SS-IC IPT configuration with current source characteristics together with

the estimation procedure creates a low-cost and reliable battery charger. In addition, it

minimizes the commutation losses in the inverter with a ZVS operation in the entire load

range. The presented configuration is applicable to charging scenarios with high air gap val-

ues at the expense of large driven currents. Still, the leakage magnetic fields pose significant

concern in the vicinity of the magnetic coupler and additional detection systems are required

to ensure no living organism or metallic object is placed between the off-board and on-board

sides during the charging process.



Chapter 5

In-Wheel IPT system

The magnetic coupler (MC) optimizations, the proper selection of resonant networks and

the introduction of intermediate couplers in conventional Inductive Power Transfer (IPT)

systems, carried out in the previous sections of this document, mitigate the impact of large

air gap values in the power transfer capability of IPT systems. Unfortunately, the air gap

parameter varies from vehicle to vehicle and the applicability of IPT technology can be,

ultimately, compromised in vehicles with higher ground clearance.

A new in-Wheel IPT (inWIPT) concept that uses the wheel as an intermediary stage

between the off-board and the on-board sides of the vehicle is presented in this chapter. In

this way, the air gap distance between the transmitter and receiver pads of the magnetic

coupler (MC) is minimal and independent of the vehicle class. In addition, the power transfer

requirements can be split, in the best case scenario, by the total number of wheels in the

vehicle, thus reducing the overall magnetic couplers size. The chapter starts with a review of

existing inWIPT configurations in the literature. The new double-coupling inWIPT concept

along with its main advantages, limitations and constructive aspects is presented at the

end of Section 5.1. The design and optimization of different non-polarized and polarized

geometries is carried out in Section 5.2 and Section 5.3 for both magnetic couplers. The use of

two consecutive MCs modify the intrinsic characteristics of resonant network configurations.

Therefore, Section 5.4 derives the circuit model of double coupling IPT systems with different

resonant configurations. A design methodology of the proposed inWIPT concept with voltage

source characteristics is presented in Section 5.4. Experimental validation in a real-size

prototype is carried out in Section 5.5 and the main conclusions are drawn in Section 5.6.

5.1 inWIPT system structure

Recent advancements in EVs traction show a trendline to incorporate the motors in the

wheels [308]. The inclusion of IPT capabilities in the wheels just follows the tendency of
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moving the powertrain and batteries charger from the vehicle into the wheels, leaving only

the batteries itself within the vehicle [309, 310]. An early mention of inWIPT system was

made in [311] and the authors envisioned the placement of several receiver coils in the rubber

surface inside the tire, in replacement of the conventional IPT receiver pad placed under the

vehicle. This configuration reduces the air gap distance to values that only depend on the

height and/or thickness of the tire. In the best case scenario, the receiver coils are placed in

direct contact with the inner rubber surface of the tire (or even within the tire), and both

pads are only separated by the thickness of the rubber tire. The authors then connected each

receiver coil in series with a capacitor and H-bridge rectifier to form a DC bus. All receiver

coils are connected in parallel to guarantee that only the magnetically coupled coils have

current during the charging process. A drawback in the proposed work is the use of slip rings

to transfer the DC bus from the wheel to the on-board side. The low reliability and high

maintenance of carbon brushes makes it an undesired solution. Furthermore, the placement

of power electronic converters inside the tire makes them more prone to mechanical shocks.

The authors in [312] also analyze an inWIPT system with main focus in the optimization of

circular MCs for both transmitter and receiver pads. However, the circular design does not

fully optimize the surface of a tire and no mention is made on how the power is transferred

from the wheel to the vehicle.

One major concern in IPT systems is the possibility of small animals or children moving

under the vehicle while its being charging wirelessly. The strong magnetic fields between the

ground pad and the vehicle pad pose a significant health threat to living organisms and, as

such, foreign object detection (FOD) systems are required to detect both living organisms

and metallic objects in the vicinity of the IPT system. The air gap of the inWIPT system, on

the other hand, is filled by the tire and there is no risk of a living organism going under the

power pads. The only concern are the stray magnetic fields near the power pads, same as in

traditional IPT systems. These stray magnetic fields must comply with ICNIRP guidelines

and they often require the use of shielding materials like aluminum or copper sheets above

the receiver pad (placed under the vehicle). The aluminum rim in inWIPT systems limits

the magnetic stray fields and avoids the use of additional shield materials on the vehicle side.

The perfect positioning between the off-board pad and the vehicle’s receiver pad is critical

in order to achieve the highest energy transfer with optimum efficiency. Since each vehicle

has different dimensions and the receiver pad can be placed in different positions below the

vehicle, optical or magnetic positioning systems are installed together with IPT chargers to

help the driver park the vehicle within a reasonable charging area. The inWIPT configuration
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(a) (b)

Figure 5.1: Illustration of a static inWIPT arrangement in: (a) side view and (b) top view.

avoids entirely the use of positioning systems since the optimum positioning can be met with

a single rubber bumper placed above the transmitter pad. Figure 5.1 depicts the placement

of the off-board transmitter pads to transfer energy using two wheels (from either front or

rear axles). The driver aligns the vehicle using a road marking (illustrated in Figure 5.1 as a

yellow strip) until it reaches the rubber bump placed on top of the transmitter pads. A small

adjustment of the wheel may be required before the driver parks the vehicle. The adjustment

consists on slightly moving the vehicle backwards until an estimation algorithm assesses the

optimal positioning without additional hardware. With the vehicle in the park position, the

other wheel is automatically in the correct position. Unfortunately, each vehicle has different

widths that may exceed the width of the off-board transmitter pad (for the second wheel).

This limitation is overcame using two off-board transmitter pads, next to one another, to

increase the coverage area, as illustrated in Figure 5.1 by the dashed transmitter pad. This

solution minimizes the magnetic stray fields since only the transmitter pad with the wheel

over is activated.

The power transfer capabilities in traditional IPT systems depend on the component’s

rated current and voltage specifications (whose costs drastically increase for higher rated

values). Moreover, some regulations impose limits to the induced voltage across the coils.

The use of segmented coils with capacitors in series overcomes this limitation at the cost

of additional components. One alternative is the use of multiple receivers to transfer the

same amount of power. In this scenario, the VA rating of each receiver pad is n times lower

than the desired output power, where n is the total number of receiver pads. Unfortunately,

the number of receiver pads is limited by the available space area under the vehicle. The

passenger compartment area is usually avoided, leaving only the front and rear sections of
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the vehicle. The literature states the use of a single receiver placed in the front section of

passenger vehicles, like sedans and SUVs, and several receivers in transportation vehicles

like trucks or buses. The inWIPT can be inserted in every wheel without taking additional

installation area. As such, the rated power of the receiver pad can be halved (if only the

front or rear axle is used) or one quarter of the desired output power (if both axles are used).

In transportation vehicles like trucks, the number of axles can vary between 4 and 6, each

containing between two and four wheels. This means, the power rated of each receiver can

be decreased up to 22 times (in 6 axles trucks). For example, a 200 kW IPT charger requires

two 100 kW receiver pads (assuming a two receiver configuration as stated in the literature),

or twenty 10 kW inWIPT receiver pads. The first option uses less components but they

have to support higher voltage and current ratings. The induced voltages and the risk of

arc between turns requires additional safety precautions in the manufacturing of the power

pads. The second option uses more components but offers redundancy and lower risks of

stray magnetic fields in each system.

One factor that limits the power transfer capabilities of inWIPT systems is the config-

uration of the tires. Steel belt tires are the most common tires in the market and, as the

name suggests, they are formed by a series of steel wires in the surface of the tire to provide

better adherence and stability to the vehicle. The steel wires difficult the magnetic flux

passing using traditional double-D coils configuration since they offer better permeability

than the air. As a consequence, they will heat up if exposed to strong magnetic fields over

long periods of time. Alternatively, tires that use nylon wires instead of steel ones eliminate

the risk of heating when exposed to magnetic fields [313]. The only concern is the risk of

pressure increase caused by the rising of the air temperature within the tire. The tempera-

ture rising is caused by the Joule losses in the coils placed within the tire. This parameter

can, however, be taken into account during the design of the inWIPT system in order to

limit the maximum current in the coils. New airless tires designs are almost commercially

available, namely the Uptis model from Michelin, illustrated in Figure 5.2. These new tires

eliminate completely the aforementioned limitations to the inclusion of inWIPT technology

into electric vehicles. Table 5.1 summarizes the main advantages and limitations of inWIPT

systems for static applications.

The purpose of this work is then to improve the wheel to on-board sides energy transfer

by proposing a second coupling structure. In this way, the energy transfer from the off-board

to the on-board sides is made through two consecutive MCs without any physical contact.

This will improve the feasibility and robustness of the proposed system in comparison with
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Figure 5.2: Air-less Uptis tire from Michelin.

the aforementioned alternatives.

Table 5.1: Advantages and limitations of inWIPT systems.

Advantages
✓ Low air gap and almost independent of vehicle class

✓ Natural shield created by the aluminum rim
✓ Does not require vehicle positioning system

✓ Does not require Foreign Object Detection (FOD)
✓ Multiple receivers configuration

Limitations
✗ Limited power transfer capability with steel belt tires

✗ Lower power transfer capability (tens of kW)
✗ Multiple receiver configuration requires more components

5.1.1 Double coupling inWIPT

Figure 5.3 illustrates the proposed circuit where a common H-bridge inverter transfers

energy through two consecutive MCs and respective resonant compensation networks to

the batteries, using the on-board converter. The first MC, referred in this work as Outer

Rim Magnetic Coupler (ORMC), enables the energy transfer between the off-board energy

source and the wheel. The off-board energy system encompasses all components installed

outside the vehicle, including the H-bridge inverter with respective resonant compensation

and the transmitter pad of the ORMC. The wheel energy system, as the name suggests, is

formed with the components attached to the wheel, including the receiver of the ORMC, the

transmitter of the Inner Rim Magnetic Coupler (IRMC) and the resonant compensation that

links both MCs. Finally, the on-board system includes the receiver pad of the IRMC with

its respective resonant compensation, the on-board converter and batteries, as identified in

Figure 5.3.
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Figure 5.3: Proposed double coupling inWIPT.

The transmitter pad of the ORMC is placed underground, similar to a conventional IPT

system, whereas the receiver pad is placed inside the tire, closer to the outer surface of the

rim. The ORMC has the same degrees of freedom as a standard IPT system, including air

gap and lateral displacements. The key difference in the inWIPT system is the lower air gap

range that only depends on the height/thickness of the tire. Typical tire thickness ranges

between 40 and 60 mm and an air gap variation between 20 and 40 mm will be considered

in this work, assuming the placement of the receiver coils closer to the inner surface of the

rubber tire. Figure 5.4 illustrates, in a exploded and assembly view, the placement of the

coils within the tire (receiver pad of the ORMC) coupled to an array of transmitter pads (to

illustrate dynamic charging along a roadway).

The second MC, referred in this work as IRMC, enables the energy transfer between a

rotary component (wheel) and a fixed component (wheel hub and remaining vehicle) without

any contact. The transmitter pad of the IRMC is fixed on the inner side of the rim whereas

the receiver pad is fixed on the wheel hub assembly, which also supports the disk brakes.

Both pads of the IRMC have an aluminum enclosure to mitigate the leakage flux lines while

also acting as a protection barrier against intrusion, dust and water. The air gap between the

transmitter and receiver pads of the IRMC, in such conditions, is constant and independent

of any charging positions, thereby providing a constant coupling factor. Figure 5.4 illustrates

the IRMC placement (without the aluminum case) in a wheel’s hubs. The IRMC design has

a cylindrical hollow shape in order to be incorporated between the breaking system of the

vehicle and the inner side of the rim.

The connection between the receiver pad of the ORMC and the transmitter pad of the

IRMC is made through a capacitor connected in series or parallel. In physical terms it means

that the electrical terminals of the coil(s) that form the receiver of the ORMC have to cross
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Figure 5.4: Proposed double coupling inWIPT.

the rim from the outer side to the inner side. This can be accomplished using two holes filled

with a conductor material (like copper or aluminum) but electrically isolated from the rim

using an insulator material (like plastic or a polymer). This physical connection is envisioned

in the right lower corner of Figure 5.4. In electrical terms, the addition of a new resonant

circuit between both MCs modifies the optimal charging conditions and a detailed analysis

will be carried out later in this chapter. Table 5.2 summarizes the main characteristics of

the ORMC and IRMC including the physical positioning, main MC geometries and degrees

of freedom.

5.2 Outer Rim Magnetic Coupler

A distinctive factor in the ORMC design when compared with the conventional IPT

systems is the placement of the receiver pad around the rim, as illustrated in Figure 5.5.

The cylindrical shape of the rim forces the receiver coils to have a bending shape and they

will be referred in this work as saddle coils. The cylindrical design together with the rotary

movement of the wheels adds complexity to the mutual coupling analysis since it creates a

new movement between the transmitter and receiver pads of the ORMC, besides the air gap

and lateral displacements. Additionally, the geometry, disposition and number of coils in

the receiver pad has direct impact in the coupling factor, interoperability between polarized

and non-polarized transmitter pads and in the applicability of inWIPT to both static and

dynamic charging applications.

An initial study was conducted to assess the best number of receiver coils and their

respective size. A design angle parameter θ is introduced in this work and it relates the

length of a saddle coil (λcoil) with the radius of rim (rrim), through λcoil = 2.π.rrim/θ.
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Table 5.2: Main characteristics of the ORMC and IRMC.

ORMC

• The transmitter pad is placed under the road using typical geometries like the Double-D,
Bipolar, Rectangular and Circular;

• The receiver pad is installed between the inner surface of the tire and the outer surface of
the rim with a cylindrical shape (not studied in the literature) ;

• The degrees of freedom between the transmitter and receiver pads include:
Air gap: Variations between 30 and 60 mm, depending on the height of the tire;
Lateral displacement: Typical variations between 0 and 100 mm;
Rotation: 360◦ degrees coverage of the wheel;

IRMC

• The transmitter pad is placed in the inner side of the rim, inside an aluminum enclosure and
with a cylindrical hollow shape (similar to a solenoid geometry);

• The receiver pad is fixed in the structure that holds the disk brakes with a cylindrical hollow
shape (similar to a solenoid geometry);

• The air gap between the transmitter and receiver pads is fixed between 4 and 10 mm;
• The degrees of freedom between the transmitter and receiver pads include:

Rotation: 360◦ degrees coverage of the wheel;

The range of θ is comprised between 0 and 360◦, which corresponds to a full circle. Two

coil arrangements for the receiver pad were studied in this work with non-polarized and

polarized flux path characteristics. The first, labeled as Sad1 configuration, is formed by a

single saddle coil, as illustrated in Figure 5.5. The second configuration, labeled as Sad2,

consists on two overlapped saddle coils, similar to a Bipolar pad (BPP) design. Previous

studies show the optimal overlap angle in typical IPT systems varies with the size of the

coils and geometry of the transmitter pad [173,191]. The bending shape of the saddle coils

also affect the overlap angle. Yet, an overlap of 20◦ was considered as a work baseline since

it provides deviations from the optimal operation point inferior to 7 % and this value has

little influence in the comparison of Sad1 and Sad2.

The impact of θ in the coupling factor using Sad1 and Sad2 receiver configurations is

also affected by the transmitter pad geometry. Three transmitter pad designs were selected

for this assessment: a rectangular coil, the circular pad (CP) and the Double-D pad (DDP).

The sizing of the CP and DDP took into account the optimizations made in [174,183] while

the rectangular pad has a size of 460 by 220 mm. All transmitter pads are comprised in a

square of 460 mm and with a fixed air gap of 40 mm. The receiver pad, on the other hand, is

inserted in a 18 inches rim (≈ 460 mm) by 220 mm, a common wheel size. The effect of the

aluminum rim, similar to conventional IPT systems, reduces the leakage magnetic flux lines

and, as a consequence, also reduces the mutual coupling. However, the coupling pattern is
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Figure 5.5: Geometry of the ORMC using the transmitter DD pad.

not modified and for that reason the rim effect is not taken into account in the comparison

of Sad1 and Sad2 as a function of θ.

The bending shape of the receiver coils reduce the capabilities of interoperability between

non-polarized and polarized pads. Thereby, the assessment of the best θ value will only

consider the ORMC configurations with the same flux patterns: CP-Sad1, Rectangular-

Sad1 and DDP-Sad2 configurations. Figure 5.6 shows the coupling factor (k12) as a function

of θ with the aforementioned ORMC configurations. Maximum coupling profiles of 0.32 and

0.39 were found for the Sad1 and Sad2 geometries, respectively. These values are obtained

for a θ of 65◦, when using the Sad2 geometry, and for a θ of 110◦ for the sad1 geometry with

the CP transmitter pad. Additionally, k12 decreases for higher values of θ thus, the analysis

is limited to θ = 180◦.

When comparing non-polarized configurations i.e, rectangular and CP pads, they both

exhibit similar peaks of k12, with a difference smaller than 3 %, however, the rectangular pad

does not have a ferromagnetic core. In terms of coil(s) surface area versus coupling factor,

the Sad2 configuration also has the best ratio when compared with the Sad1 configuration.

As an example, a coverage of one third of the rim corresponds to θ = 120◦ when using Sad1

configuration, and to θ = 70◦ in the Sad2 configuration, since the total size of Sad2 is equal

to the sum of both saddle coils size minus the 20◦ of overlap considered in this work. This

analysis shows that, in the total considered range for θ, a wheel’s coverage of 180◦ using the

Sad2 configuration (θ = 100◦) outperforms the Sad1 configuration (θ = 180◦) by 31.5 %.

The surface coil(s) area versus coupling factor ratio is an important metric to identify

the best number of coils around the rim, for a given inWIPT application. Using solely

this metric, the optimal size of each saddle coil would correspond to θ = 65◦ for the Sad2
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Figure 5.6: k12 as a function of θ using different transmitter pads.

geometry. This means, a total of 6 coils (corresponding to 3 Sad2) would be required to have

a full 360◦ coverage. The Sad1 geometry, on the other hand, requires a total of 4 coils with

θ = 105◦. This θ angle creates a slight overlap between consecutive Sad1 coils to reduce the

coupling between them.

The results from Figure 5.6 identify the best θ value for Sad1 and Sad2. Still, the

impact of lateral displacements together with the rotary movement of the wheel has to be

analyzed. The sizing of MCs in conventional IPT systems assume a unitary ratio between

the transmitter and receiver pads. Furthermore, the pre-established lateral tolerance of 150

mm for IPT systems is usually attained by enlarging both transmitter and receiver pads.

Unfortunately, the receiver pad of ORMC is constrained by the rim size and a unitary ratio

between the transmitter and receiver pads of the ORMC may not be feasible. Therefore, and

due to the lack of existing literature on the subject, a comparison of different transmitter

and receiver geometry combinations with different size ratios is carried out. Figure 5.7

illustrates different admissible transmitter geometries and they are divided into two groups:

ferrite and air designs. The first group, as the name suggests, includes the geometries with

ferromagnetic cores like the rectangular pad (Rectferr), the DDPferrx and DDPferry . The

subscript ferr in the acronym identifies the geometries with ferrite cores. The subscript

letters x and y in the DDP geometries indicate the direction of the main flux path between

both D-coils. The second group, on the other hand, enlists air coil designs including a single

rectangular coil with (Rectairpp) or without (Rectair) a pipe coil, the DDPairx and DDPairy .

The subscript air in the acronym stands for air geometries.

Figure 5.8 depicts several receiver pad designs with different coil arrangements. For a fair

comparison, all receiver designs are encompassed in an 18 inches rim with a 220 mm width.
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(c) Rectairpp (d) DDPairx

(e) DDPairy (f) DDPferrx

(g) DDPferry

Figure 5.7: 3D view of different transmitter geometries for inWIPT systems.

Additionally, 12 ferrite bars are displaced equally around the rim to boost the coupling

factor. The aluminum rim is not considered at this stage. The Sad1 geometry, identified in

Figure 5.8(a), is formed by 4 saddle coils equally spaced, decoupled from one another with

θ = 105◦. The Sad2 geometry is subdivided into Sad2x and Sad2y, as illustrated in Figures

5.8(b) and (c), respectively. This division is related with the positioning of the coils and the

direction of the main flux path. The Sad2x geometry has the main flux path along the x axis

which also corresponds to the wheel’s rotation. The geometry is composed by 6 saddle coils,

overlapped and decoupled from one another with θ = 75◦, based on the results from Figure

5.6. The coils are connected in series in sets of 2, forming a total of 3 BPP configurations.
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Figure 5.8: 3D view of different receiver geometries for inWIPT systems.

The Sad2y, on the other hand, has the main flux path along the y axis which corresponds

to lateral displacements of the inWIPT. A total of 8 coils, side by side in groups of 2, each

with θ = 90◦, are required to fully encircle the rim. The coils are overlapped along the y

axis, which means the width of each coil corresponds to half of the rim width (≈ 110 mm)

plus the overlap value (≈ 30 mm). The coils are connected in series to form a total of 4 BPP

configurations. Finally, the solenoid geometry (Sol), illustrated in Figure 5.8(d), is formed

by a single coil that envelops the rim. As stated earlier, the curved shaped of the wheel

affects the interoperability between non-polarized and polarized geometries. Table 5.3 shows

the transmitter and receiver geometries with the same flux patterns.

The coupling profiles under different charging conditions are obtained via 3D Finite

Element Analysis (FEA) software called Flux from Altair. The results discussed in Chapter

3 showed a good accuracy between simulation results and experimental validation, with errors
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Table 5.3: Admissible combinations between different transmitter and receiver geometries with
similar flux patterns.

Transmitter
Geometries Rectair Rectairpp Rectferr DDPairx DDPairy DDPferrx DDPferry

R
ec

ei
ve

r Sad1 ✓ ✓ ✓ ✗ ✗ ✗ ✗

Sad2x ✗ ✗ ✗ ✓ ✗ ✓ ✗

Sad2y ✗ ✗ ✗ ✗ ✓ ✗ ✓
Sol ✗ ✗ ✗ ✗ ✓ ✗ ✓

inferior to 7% in the worst case scenarios. Thereby, the comparison process of the Rect with

the DDPferrx is carried out using 3D models of the ORMC geometries. Furthermore, it is

assumed a constant 20 ARMS sinusoidal current source working at 85 kHz.

5.2.1 Rectangular transmitter

The base dimensions of all Rect transmitter geometries are identified in Table 5.4. The

coil width (Cw) and length (Cl) are varied while the receiver pad remains constant. The

ferromagnetic core parameters of Rectferr, listed in Table 5.4, are varied proportionally to

the parameters of Cw and Cl. Figure 5.9(a) and Figure 5.9(b) illustrate the coupling profiles

(k12) of Rectair and Rectferr as a function of Cw in multiple lateral displacement values,

respectively. All transmitters with low Cw values have little or no coupling values for a

lateral displacement (my) of 150 mm. In these charging scenarios, only 20 % receiver coil

is inside the transmitter coil area and the flux created by the transmitter coil can not link

the receiver coil. The increase of Cw boosts k12 in lateral displacement scenarios at the

expense of a lower peak in a perfect aligned scenario (illustrated by the solid red line). Also,

both geometries exhibit a Cw zone comprised 420 and 480 mm in which the deviation of

k12 between different lateral displacements is minimum and inferior to 11 % and 17 % for

Rectair and Rectferr, respectively. In terms of ferrite usage, k12 is boosted between 11 and

20 % for Rectferr, for a lateral displacement of 150 mm.

The type of inWIPT application, whether static or dynamic, influences the best value

of Cw. In dynamic applications, the tolerance to lateral displacements is essential with

the highest k12 possible. Additionally, a k12 profile as a function of lateral displacements

with low variations would simplify the off-board controller and, at the same time, increase

the energy transfer. The combination of these requirements results in a Cw zone between

420 and 480 mm, as illustrated by the green area in Figures 5.9(a) and (b). In static

applications, system must comply with the ICNIRP rules of stray magnetic fields in the

vicinity of the ORMC. This requirement is met at lower safe distances if compact MCs
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Table 5.4: Dimensions of the Rect transmitter geometry.

Parameter Value [mm]
Cw 220
Cl 460
F1l 30
F2l 150
F1w 120
F2w 15

200 250 300 350 400 450 500 550 600 650
C

w
 [mm]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

k 12

Static Dynamic

(a)

200 250 300 350 400 450 500
C

w
 [mm]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

k 12

m
y
 = 0 mm

m
y
 = 50 mm

m
y
 = 100 mm

m
y
 = 150 mm

Static Dynamic

(b)

Figure 5.9: k12 as a function of Cw for: (a) Rectair and (b) Rectferr.

are employed. This means lower Cw are preferable with the benefit of higher k12 values.

Moreover, as discussed in Section 5.1, a ±50 mm lateral tolerance is sufficient for static

inWIPT applications. Therefore, the Cw zone between 200 and 310 mm offers the best

coupling profiles in the entire charging range. This zone is illustrated in Figure 5.9 by the

orange area. The value Cw = 470 mm was selected as a working basis in the study of Cl, a

parameter with large impact in the power transfer capabilities of dynamic applications.

The use of elongated tracks reduce the coupling, but an assessment of Cl is still needed

because of the wheel’s curvature. Figure 5.10 depicts k12 as a function of Cl for Rectair

and Rectferr, in a perfect aligned scenario (my = 0 mm). Both geometries have similar

decay patterns with a difference in coupling around 17 % due to the ferromagnetic core. A

consequence of larger Cl values is the increase of the transmitter coil self-inductance (L1).

However, this increase is steeper for Rectferr than Rectair. As an example, and considering
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Figure 5.10: k12 as a function of Cl for the Rectair and Rectferr geometries.

the same number of turns in each geometry, the value of L1 = 100 µH is obtained for

Cl = 760 mm and Cl = 500 mm using the Rectair and Rectferr, respectively. The self-

inductance limit can be used as a metric in the selection of Cl. Therefore, Rectair geometry

offers a larger charging area and it’s more suitable for dynamic charging applications whereas

Rectferr geometry offers higher k12 with better applicability in static applications.

The wheel’s rotation translates in a linear movement along x axis (mx), as illustrated

in Figure 5.11. In conventional IPT systems, this movement has a Gaussian shape pattern.

However, in inWIPT systems the wheel’s rotation angle (θr) affects the relative positioning of

the receiver coil towards the transmitter coil, affecting the k12 profile. Figure 5.12 illustrates

k12 as a function of θr in different mx positions, for a Rectferr geometry with the dimensions

(Cl,Cw)=(500,450) mm. The results show that at different mx values, k12 exhibit similar

maximum values, depending on θr. When compared with conventional IPT systems (θ = 0◦),

the optimal charging position can be achieved under different mx displacements, depending

on the θr value. For example, for a mx = 200 mm, a traditional IPT system would exhibit

k12 = 0.86 (purple line with θ = 0◦) whereas in an inWIPT system k12 has maximum value

of 0.153 for θ = −45◦. Unfortunately, the opposite behavior also occurs, i.e, no coupling

values with high values of θr, even when mx = 0 mm. The coupling link is reinforced if the

value of θr guarantees the receiver coil faces the transmitter coil area, otherwise the link is

weakened, as illustrated in Figure 5.11 by the dashed reference lines.

The initial positioning of the receiver coil when entering the transmitter pad area is

responsible for the optimal k12 along the x axis. A new parameter δ is introduced in this

work and identifies the difference angle between the laterals of the transmitter and receiver

coil, when the rim center point is aligned with the lateral of the transmitter coil. A δ = 0◦,

assuming that both transmitter and receiver coils have the same size, corresponds to a perfect
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Figure 5.11: Illustration of the wheel’s movement along the transmitter pad.

Figure 5.12: k12 as a function of θr for a Rectferr in different mx values.

alignment of both pads in the middle position. A positive δ, measured in clockwise direction,

means that part of the receiver coil is out of the transmitter coil limits, as illustrated in

Figure 5.13(a). Figures 5.13(b)-(c) show k12cx in all 4 receiver coils of Rectair for δ equal to

82.5, 52.5 and 22.5◦, respectively. The subscripts c1 to c4 in variables or electric quantities

identify the receiver coil to whom they are associated with. The results show a shift of the

optimum k12c2 (dashed green line) along the x axis while k12c1 (solid red line) exhibits different

coupling patterns. The charging scenario with similar k12c1 and k12c2 patterns, illustrated in

Figure 5.13(d), has lower coupling peaks when compared with other scenarios. The coupling

variation (∆k12) along the transmitter length is the difference between the maximum and

minimum coupling values and in the studied configuration, the minimum corresponds, in

most cases, to the intersection of two k12cx patterns of adjacent receiver coils. For example,

∆k12 is equal to 0.084 in Figure 5.13(b) and it corresponds to the difference between the

maximum of k12c2 and the intersection of k12c1 with k12c2 . This value is reduced to 0.039 if

the charging conditions of Figure 5.13(d) are met.

The impact of Cl in the patterns of k12 with the same δ conditions is depicted in Figure
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Figure 5.13: Effect of different δ in k12 using a Rectair with the dimensions (Cl, Cw)=(600,470)
mm for: (a) δ illustration, (b)δ = 82.5◦, (c) δ = 52.5◦ and (d) δ = 22.5◦.

5.14 using Rectair transmitters with 500 and 800 mm. The results for the Rectair transmitter

with Cl = 600 mm are already presented in Figure 5.13. Longer transmitter coils display

higher ∆k12 and k12 values below the minimum admissible coupling of 0.05. Therefore,

depending on the δ value, the admissible charging length of the 800 mm Rectair is shorten

up to 22 %. In contrast, the 500 mm Rectair offers k12 values above 0.1 between 41 and

86 % of Cl. This interval decreases for the 600 mm Rectair with a range from 48 to 60 %.

In dynamic applications, this feature allows a higher energy transfer rate whereas in static

applications it offers a wider parking tolerance since the top of k12 Gaussian shape is wider.

The coupling patterns of Figure 5.13 and Figure 5.14 are difficult to predict in static

charging applications since δ depend on external factor like the driver and parking maneuvers.

In dynamic applications it adds complexity in the placement of the transmitter pads along

the road to avoid the worst the coupling patterns. Based on the presented simulation results,

the sizing of Rect transmitter geometries differ between static and dynamic applications as

follows:
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(e) δ = 22.5◦
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Figure 5.14: Effect of different δ in k12 using a Rectair with the dimensions (Cl, Cw)=(500,470)
mm for: (a), (c) and (e) and with the dimensions (Cl, Cw)=(800,470) mm for: (b), (d) and (f).

• Static Applications

– The ratio between Cw and the receiver coil width (which corresponds to the width

of the tire) can be set from 1 to 1.45. This range was found by taking into account

the results from Figure 5.9 and assuming a receiver coil width between 180 and

220 mm. Within this range, the ORMC offers k12 above 0.2 and lateral tolerances

of ±50 mm.

– The ratio of Cl with the receiver coil length (which corresponds to θ = 180◦) is set

between 1.16 and 1.33. This range was determined using the results from Figure

5.10 and ensures the maximum k12 admissible with the widest parking tolerance.

• Dynamic Applications
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– Similarly to static applications, the ratio between Cw and the receiver coil width

takes into account the green areas from Figure 5.9 and assuming a receiver coil

width between 180 and 220 mm. A range between 1.9 and 2.36 was found and

ensures a lateral displacement tolerance of 150 mm with similar k12 within the

interval;

– The ratio of Cl with the receiver coil length is set from 1.33 to 1.64. This range

fully utilizes the transmitter coil length with k12 values above 0.05.

The aforementioned ratios provide a ballpark set of sizing rules for Rect transmitter with

Sad1 receiver geometries.

5.2.2 Double D transmitter

The base dimensions of the DDPferrx are identified in Table 5.5. The width of each

transmitter coil (Cw) and length (Cl) are varied proportionally while the receiver coils that

form the Sad2x geometry remain constant. Each receiver coil has a θ = 65◦ with an overlap

of 20◦ and they are inserted in an 18 inches rim with a width of 220 mm.

Table 5.5: Dimensions of the DDPferrx transmitter geometry.

Parameter Value [mm]
Cw 200

Cwint 136
Cl 460
Fl 380
Fw 20

Figure 5.15(a) illustrates k12 as a function of Cw in multiple lateral displacement values.

A distinctive advantage of the DDP geometry in comparison with non-polarized geometries

like the rectangular pad is the better tolerance that offers to lateral displacements (along the

y axis). This benefit is evident when the purple dashed lines (my = 150 mm) of both Figure

5.9(a) and Figure 5.15(a) are compared. In the Rect geometry the value of k12 is 0.012

whereas in the DDP geometry this value increases to 0.076. The maximum k12 value, under

perfect aligned positions (my =0 mm), increases by almost 24 % in the DDP when compared

with the Rect geometry. The increase of Cw in DDP boosts the values of k12 under lateral



168 5.2. OUTER RIM MAGNETIC COUPLER

200 250 300 350 400 450
C

w
 [mm]

0

0.1

0.2

0.3

0.4
k 12

 = 0 mm

 = 50 mm

 = 100 mm

 = 150 mm

y

y
m

y
m

y

m

m

Static Dynamic

(a)

400 500 600 700 800 900
C

l
 [mm]

0

0.1

0.2

0.3

0.4

k 12

C
w
 = 200 mm

C
w
 = 450 mm

(b)

Figure 5.15: k12 as a function of: (a) Cw and (b) Cl.

displacements to values above 0.2. However, in perfect aligned positions (red line in Figure

5.15(a)), the value of k12 decreases in a second order polynomial pattern. Consequently, the

value of k12 decreases 15 % if the ratio between the width of the transmitter and receiver coils

increases by a factor of 2 (Cw increases from 220 to 440 mm). Therefore, and similarly to

the Rect geometry analysis, two zones can be identified for static and dynamic applications.

For static applications, the value of Cw is comprised between 200 and 240 mm when using

a receiver coil with a width of 220 mm. This range ensures a coupling above 0.295 within

the lateral tolerance of ± 50 mm with little variations. These results translate in a ratio

between Cw and the receiver coil width comprised in the range of 0.91 and 1.1. On the other

hand, the value of Cw is set between 340 and 400 mm for dynamic applications, resulting in

a ratio between Cw and the receiver coil width in the range of 1.55 and 1.82.

Figure 5.15(b) shows k12 as a function of Cl with two DDP geometries with different

Cw values in a perfect aligned position (my =0 mm). Both geometries have similar second

order polynomial patterns with smooth decays. In both geometries, the variation of k12 is

inferior to 8 % for Cl values between 460 and 880 mm. This behavior contrasts with the

rapid exponential decay of Rect geometries, illustrated in Figure 5.10. These results show

the DDP geometry as the preferable option for dynamic applications, as it offers higher k12

values for longer transmitter coils when compared with the Rect geometry.

The entry point of the wheel in the transmitter DDP geometry affects the value of k12.

Figure 5.16 illustrates the coupling profiles in the three Sad2 geometries placed around the

wheel with a δ = 55◦. The selected δ corresponds to the middle position of the Sad2c1, as

illustrated in Figure 5.16(a). The k12 profiles, shown in Figure 5.16(b), have similar patterns

to the Rect geometry, illustrated in Figure 5.13(c). The value of k12 from Sad2c1 (red solid
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Figure 5.16: Effect of different δ in k12 using a DDP with the dimensions (Cl, Cw)=(660,400) mm
for: (a) illustration of δ and (b) δ = 55◦.

line) is low as a consequence of the total decoupling of one of the coils that form Sad2c1.

Around 200 mm, the contribution from Sad2c2 exceeds the value from Sad2c1 until the end

of the transmitter pad length, resulting in a k12 variation between 0.088 and 0.267. This

variation can, however, be comprised between a very low value (≈ 0.02) and 0.148 when the

value of δ increases above the center of the Sad2c1 coils (the value of δ depends on the ratio

between Cl and the length of the receiver coils). In this scenario, Sad2c1 is partially above

one of the transmitter coils but they are almost decoupled from one another, resulting in very

low k12 values. In static applications, this limitation is overcome by a small shift along the

transmitter pad length during the park of the vehicle (this process is explained in detailed in

Section 5.5). For dynamic applications, it is more challenging to avoid this scenario entirely,

since it is impossible to predict the entry point of a vehicle along the roadway. A possible

solution would be the shift of β degrees between the Sad2c1 installed in each wheel ( this

solution assumes that inWIPT capabilities are installed in both rear or front axle wheels).

In this way, in the event of a total decoupling in a wheel is compensated by the other one.

Based on the presented simulation results, the sizing of DDP transmitter geometries differ

between static and dynamic applications as follows:

• Static Applications

– The ratio between Cw and the receiver coil width is set between 0.95 to 1.16.

This range was found by taking into account the results from Figure 5.15(a) and

assuming a receiver coil width between 180 and 220 mm. Within this range, the

ORMC offers k12 above 0.28 and lateral tolerances of ±50 mm.

– The ratio of Cl with the receiver coil length (which corresponds to θ = 180◦) is

unitary. This value ensures the maximum k12, as illustrated by Figure 5.15(b).
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• Dynamic Applications

– Similarly to static applications, the ratio between Cw and the receiver coil width

takes into account the green area from Figure 5.15(a) and assuming a receiver

coil width between 180 and 220 mm. A range between 1.62 and 1.92 was found

and ensures a lateral displacement tolerance of 150 mm with minimum k12 above

0.15;

– The ratio of Cl with the receiver coil length is affected by the δ angle and the rim

size to reduce the existence of no coupling scenarios. Nevertheless, this ratio can

be set between 1 and 1.9 as it ensures k12 values above 0.26 in perfect aligned

conditions.

5.3 Inner Rim Magnetic Coupler

The inclusion of the IRMC in a inWIPT system enables the energy transfer between the

wheel and the on-board side without contacts. This means that the IRMC has a rotary

pad, fixed in the wheel, and a fixed pad in the on-board side, using the same structure that

supports the disk brakes. The literature proposes several coupling solutions as replacements

of traditional slip rings systems or in charging underwater autonomous vehicles [314–318] that

also require a contactless energy transfer between movable parts [319–322]. The solutions

presented in [319–321] use pot type configurations that are unsuitable for the proposed

inWIPT since the placement of the IRMC must be between the inner side of the rim and the

disk brakes of the vehicle. The authors in [322] investigate several solenoid geometries with

different core and coil optimizations. The solenoid configuration, illustrated in Figure 5.4, is

a viable IRMC design due to its hollow cylindrical shape. The transmitter and receiver pads

are separated by a small air gap, and each pad is formed by a ferromagnetic core, a coil and

an aluminum enclosure. It was found in [322] that a segmented core, like the one represented

in Figure 5.17, has a better ferrite usage than a full cylindrical ferrite core. Furthermore, the

use of longer ferrite strips is preferable since they have lower saturation levels and the coils

have slightly larger self-inductance values. Therefore, it was selected the geometry in Figure

5.17 as a starting point in the IRMC design, but additional optimizations are required to

assess the effect of different ferrite bars depths and dimension relations between the coils and

the ferrite bars. Furthermore, the ICNIRP guidelines to human exposure of magnetic fields

must be met, hence the aluminum enclosure must be included in the design optimization of

the IRMC.
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Figure 5.17: Geometry of the IRMC (including shield) in different views.

5.3.1 Core arrangement

The optimization process starts with the study of different core arrangements, followed

by the investigation of optimal size relations between the core and coil. As discussed in

Chapter 3, one way to evaluate magnetic couplers is through its coupling coefficient (k34)

and uncompensated power (Psu). The value Psu corresponds to the product of open-circuit

voltage (|V oc| = ω.L34.|I3|) and short-circuit current (|Isc| = L34/L4.|I3|). Table 5.6 shows

four IRMC designs, each with a different core layout and labeled from Type I to Type IV.

The first two types have segmented cores with 12 and 18 ferrite bars in each side, respectively.

Type III has two cylindrical ferromagnetic cores while Type IV enclosures completely the

transmitter and receiver coils in a ferromagnetic case. All designs exhibit k34 above 0.93 and

a maximum coupling of 0.98 is achieved using Type IV core arrangement. In terms of Psu,

all designs show power transfer capabilities above 17 kVA, when driven by a constant current

in the transmitter pad of 20 ARMS. Additionally, Type IV has a Psu that exceeds Type I

by a factor larger than 3.3, in the same working conditions. This difference is a consequence

of the larger increase in the self-inductance values of both the transmitter and receiver coils

caused by the additional ferrite. However, the ratio of ferrite versus Psu is higher in Type I

configuration. This means, a segmented ferromagnetic core makes a better use of the ferrite

than a full ferromagnetic core.
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Table 5.6: Comparison of different core arrangements.

Type I Type II Type III Type IV

k34 0.934 0.945 0.958 0.98
Psu [kVA] 17.867 21.385 28.708 59.413

Ferrite [cm3] 456 684 1322 1759.1
Use (VA/cm3) 39.18 31.26 21.72 33.78

(a) (b)

Figure 5.18: Magnetic parameters as a function of the transmitter rotation for different core
arrangements: (a) self-inductance and (b) mutual coupling.

Figure 5.18 depicts the self-inductance and mutual coupling profiles as a function of the

transmitter rotation for the different core arrangements. A single interval of 30◦ was consid-

ered for analysis since it corresponds to the overlap between two consecutive ferrite bars in

the Type I configuration (360◦/6 = 30◦). The results show a coupling profile almost inde-

pendent of the transmitter rotation for Type III and IV. On the other hand, segmented cores

will undoubtedly exhibit small variations due to the relative positioning of the transmitter

and receiver cores. These variations are, in the worst case scenario, inferior to 0.24 % with

Type I configuration.

Compliance with the ICNIRP guideline limits to human exposure of magnetic fields must

also be verified for IRMC designs. Figure 5.19 shows the simulated flux density from the

center of designs and along the y axis (movement away from the vehicle, as illustrated in

Figure 5.17) for the four studied designs without shields and for Type I with shield. Figure

5.19(a) shows the simulated flux density from a height of z = 0 mm whereas Figure 5.19(b)

shows the simulated flux density for z = 300 mm. The height z = 0 mm corresponds to the
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bottom of the IRMC while z = 300 mm is slightly the geometric center of the IRMC. The

results show that designs without shield have similar flux patterns and amplitudes, especially

for z = 0 mm. However, neither designs comply with the 27.3 µT limit at a distance of 0.5

m, making it impractical for inWIPT applications. Thereby, an aluminum shield must be

integrated in the IRMC. The results from Figure 5.19 also show the flux density for a Type

I with shield. The shield attenuates the flux density by a factor of almost 200 for z = 0 mm

and 10 for z = 300 mm. This means a total compliance at a distance of about 0.12 m from

the center of the design. Considering that the IRMC is placed in the inner side of aluminum

rims, the stray fields are further reduced and compliance is achieved at lower distances.

In conclusion, by taking into account all aforementioned results, the Type I geometry was

selected as a work basis for further optimization.

(a) (b)

Figure 5.19: Simulated flux density along the y axis with |I3| = 20 A for heights of: (a) z = 0 mm
and (b) z = 300 mm .

5.3.2 Coil sizing

The impact of coil width against a ferromagnetic core in the self and mutual inductance

values is shown in Figure 5.20(a). The ferrite bars have a width of 100 mm while the coil

width is varied between 50 and 100 mm, with 10 turns in each pad and a transmitter current

of 20 ARMS. The results show a decrease in the self-inductance of almost 20 % between

the coil width of 50 and 100 mm. This reduction is justified by the wider distance between

two consecutive turns that leads to higher reluctance values. In contrast, wider coils provide

better coupling and optimum results are found for pads with the ratio between coil and core

width in the range of 0.95 to 1. Figure 5.20(b) shows the self-inductance and mutual coupling

profile for different pad sizes, while the ratio between coil and core width remains constant

with a unitary value. The gradient of the mutual coupling curve indicates that wider pads

offer better coupling with values above 0.92 for widths above 75 mm. Additionally, and
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Width Width

(a)

Width Width

(b)

Figure 5.20: Self-inductance and mutual coupling profile as a function of: (a) coil width with a
fixed ferrite core and (b) coil and ferrite core width.

comparing both Figure 5.20(a) and Figure 5.20(b), is visible the coupling benefits of wider

ferromagnetic cores rather than wider coils. By comparing the first coupling values in each

figure, is clearly preferable to have a wider core with a concentrated coil than a smaller core

with a wider coil.

The results from coil sizing, shown in Figure 5.20, indicate that designs with smaller core

sizes have poorer coupling profiles. Furthermore, concentrated coils reduce even further the

mutual coupling than wider coils, as illustrated by the results in Figure 5.20(a). Therefore,

from this point on, the optimization process for the IRMC will consider designs with a

unitary ratio between the core and coil width.

5.3.3 Ferrite strips

The use of ferromagnetic material improves the coupling factor, the uncompensated power

and it can be added to the MC by making the ferrite strips wider or thicker, assuming a

constant MC size. Figure 5.21(a) and Figure 5.21(b) show the effect of adding ferromagnetic

material in k34 and Psu, respectively. The width of the ferrite strips was varied between

20 and 60 mm, in intervals of 5 mm whereas the thickness was varied between 3 and 13

mm, in intervals of 2 mm. The intersection point corresponds to the same volume of the

initial MC. The width parameter shows the steeper variation, which translates in a better

ferromagnetic material utilization. This result is in line with the results from Table 5.6 where

core arrangements with higher coil coverage offered better coupling values. The value of k34

shows increments around 2.2 % when the volume of ferrite increases by a factor of 3. The

thickness parameter, on the other hand, shows coupling increments of only 0.9 % when the

volume of ferrite increases by a factor of almost 6. Therefore, the ferromagnetic core should

be wider rather than thicker to improve the coupling factor.
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Figure 5.21: Volumetric comparison of pads with different ferrite dimensions for:(a) k34 and (b)
Psu with an air gap of 5 mm.
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Figure 5.22: Analysis of different ferrite core thicknesses as a function of |I3| in terms of: (a)
Average RMS magnetic flux density and (b) Pout considering a series resonant configuration.

The use of thinner ferrite strips increases the chances of saturation and, consequently

the iron losses. Figure 5.22(a) depicts the average RMS magnetic flux density in a cross

section of a ferrite strip as a function of the transmitter current and with the receiver pad

short-circuited. The maximum RMS values obtained via 3D FEA simulations occurred in

the edges of the ferrite strips and never exceeded 200 mT with a |I3| = 27 A. The average

magnetic flux density has a linear variation with |I3|. Moreover, and as expected, the ferrite

core with a 3 mm thickness exhibits higher flux density values than the 5 mm ferrite core.

The difference in flux density is 17 % for a |I3| = 27 A, as depicted in the solid green and red

lines from Figure 5.22(a). In terms of power transfer capabilities, the use of thinner ferrite

cores slightly reduces the self and mutual inductance values and consequently, the value of
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Figure 5.23: Magnetic parameters as a function of the transmitter rotation for different rim sizes:
(a) L3 and (b) k34.

Pout. This difference is more significant for higher values of |I3|, with a maximum difference

of 9 % when |I3| = 27 A, by comparing the blue dashed and solid lines in Figure 5.22(b).

Similar results are obtained between the transmitter and receiver currents.

5.3.4 Rim size

One dimension that affects the magnetic properties of the IRMC is the wheel’s radius.

Figure 5.23 illustrates L3 and k34 as a function of the wheel’s rotation with different rim sizes

and assuming the same number of turns. The EV models commercially available have rim

sizes comprised between 17 and 20 inches and for that reason were selected for evaluation.

As expected, coils with larger diameters have higher L3 values. The increase, however, is

proportional and identical between consecutive size tires, with increments of approximately

8 %. In contrast, k34 exhibits identical profiles, regardless of the wheel’s size and position.

This behavior is expected since the comparison is made with the same number of turns in

each transmitter and receiver coils of each rim.

The air gap between the transmitter and receiver pads also affects the magnetic properties

of the IRMC. Under normal operation, this value remains constant and is only affected by

external factors like unbalance between the wheel and the wheel’s hub, or by an eccentricity

in the wheel. Figure 5.24 depicts L3 and k34 as a function of the air gap with different rim

sizes. The self-inductance value is slightly reduced for high air gap values since the effect of

the receiver ferromagnetic core is reduced. This behavior is verified for all evaluated rims.

The coupling factor k34, on the other hand, shows coupling reductions of 16 % when the air

gap increases from 2 to 12 mm. In addition, this reduction is identical for all evaluated rims.
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Figure 5.24: Magnetic parameters as a function of the air gap for different rim sizes: (a) L3 and
(b) k34.
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Figure 5.25: Magnetic parameters as a function of turns in both coils for different rim sizes: (a)
L3 and (b) k34.

The large variation of the coupling factor is a consequence of the solenoid geometry and

impact of having two solenoids with different radius. Therefore, the air gap of the IRMC

should be comprised between 4 and 6 mm in order to keep k34 above 0.87 and minimize the

leakage magnetic fields.

The number of turns in each pad also has different results based on the rim size. Figure

5.25 illustrates L3 and k34 as a function of the number of turns. As expected, L3 exhibits a

second order polynomial pattern. Also, the 20 inches rim has slightly higher L3 values, with

the same number of turns, due to the larger diameter of the coil. The value of k34, on the

other hand, remains approximately constant and independent of the number of turns.



178 5.3. INNER RIM MAGNETIC COUPLER

(a) (b)

Figure 5.26: Simulated magnetic flux density along the z axis as a function of different
aluminum case widths, considering |I3| = 20 A, |I4| = 10 A at heights of (a) y= 0 mm and,
(b) y= 300 mm.

5.3.5 Aluminum case

The aluminum enclosure offers protection against external elements like dust or water

but also to magnetic stray fields. The shield effect depends on the thickness of the aluminum

walls but also in the size of the enclosure. Figure 5.26 illustrates the RMS magnetic flux

density for aluminum enclosures with different widths, in two different heights: z = 0 mm

and z = 300 mm. The 3D FEA simulations considered an air gap of 5 mm and constant

currents values of |I3| = 20 A and |I4| = 10 A. The results show little difference in the pattern

of the magnetic flux density for z = 0 mm after the first 100 mm. A similar behavior occur

for z = 300 mm after the first 120 mm. In terms of compliance with ICNIRP guideline, a

distance of 190 mm from the center of the IRMC ensures a maximum RMS magnetic flux

density below the 27µT limit. Consequently, if the IRMC is placed closer to inner extremity

of the rim (closer to the vehicle) and assuming a rim with a 200 mm width, the minimum

safe distance could be as small as 90 mm from the wheel. The simulation results in Figure

5.26 do not take into account the shield effect of the rim itself including the rim spokes.

All this additional shield material will decrease even further the 90 mm safe distance, most

likely to values closer to 0 mm.

The compliance with the ICNIRP guidelines can be met at different distances depending

mainly in the RMS value of the transmitter current. Figure 5.27 illustrates the RMC mag-

netic flux density with different |I3| values, in two different heights: z = 0 mm and z = 300
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(a) (b)

Figure 5.27: Simulated magnetic flux density along the z axis as a function of different |I3|
values, at heights of (a) y= 0 mm and, (b) y= 300 mm.

Figure 5.28: Pout and |I4| as a function of |I3| of the simulated results shown in Fig. 5.27.

mm. The 3D FEA simulation results considered a 60 mm aluminum enclosure and an air

gap of 5 mm. The results show identical patterns that only differ in amplitude, regardless

of the |I3| value. The aluminum enclosure ensures a complete shield effect for |I3| values up

to 11 A, in the plane z = 0 mm. In the worst condition, for |I3| = 28 A, the compliance

is met at a distance of 234 mm. Once again, the minimum safe charging distance will be

comprised between 0 and 150 mm (considering a middle positioning of the IRMC). In the

plane z = 300 mm, the safe distance is met around 100 mm, meaning the compliance is

achieve within the rim width.

One downside of passive shielding is the reduction of the effective self and mutual in-

ductance values and, consequently the power transfer capability of the system. Figure 5.28
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depicts the output power of the IRMC with an aluminum enclosure of 60 mm as a function of

the transmitter and receiver currents. One clear difference when compared with the results

without an aluminum shield (depicted in Figure 5.22) is the drastic reduction of the output

power capability (more than 55 %). This reduction is caused by a reduction of the self and

mutual inductance values of approximately 40 % and 35 %, respectively. In addition, Eddy

losses in the aluminum enclosure can account between 4 and 9 % of the inWIPT overall

losses. Therefore, the design of the IRMC has to consider the impact of aluminum shielding

in the self and mutual inductance values and desired output power.

5.4 inWIPT Double Coupling System Operational Con-

ditions

The proposed double coupling inWIPT system differs from conventional IPT systems and

the existing designing rules for IPT can not be applied. Thereby, two inWIPT configurations

that ensure a 360◦ wheel coverage are presented and discussed. A circuit model analysis

is carried out for different resonant network configurations. Then, a design methodology

derived from the selected resonant configuration is presented and its outputs include optimal

operation frequency, load independent output voltage conditions and range of admissible

mutual inductance profiles.

5.4.1 ORMC and IRMC connection configurations

The 360◦ wheel coverage with inWIPT capabilities requires three Sad2 ORMC receivers,

according to the analysis carried out in section 5.3. Figure 5.29 shows two possible inWIPT

configurations with different connections for the Sad2 ORMC receivers. The first configu-

ration, illustrated in Figure 5.29(a), connects the three Sad2 receivers in series whereas the

second configuration, illustrated in Figure 5.29(b), has a distinctive IRMC for each Sad2 re-

ceiver. The first option is easier to implement and uses less components. However, the stray

magnetic fields around the no-coupled coils is high due to the current that passes through

all receiver coils.

The second configuration has a dedicated IRMC with respective resonant tanks plus

rectifier with filter for each Sad2 ORMC receiver. This configuration ensures that only

ORMC receivers coupled with the transmitter pad have circulating currents. Therefore, the

stray magnetic fields are contained to the lower part of the wheel. Additionally, the use of

dedicated systems with each ORMC receiver offers fault tolerance capabilities in the event of
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Figure 5.29: Possible inWIPT configurations that ensure a 360◦ wheel coverage.

problems in the IRMCs or resonant capacitors. The downside is the employment of additional

components (rectifiers and capacitors) as well as two IRMC structures. This work chooses

the second configuration and the circuitry model analysis as well as the design methodology

will only take into account Circuit A, illustrated in Figure 5.29 (b), since Circuits B and C

are merely duplicates of Circuit A. Therefore, it is only necessary to consider the coupling

profiles of a single DDP-Sad2 ORMC and solenoid IRMC geometries, since all magnetic

components (ORMCs and IRMCs) are decoupled from one another.

5.4.2 System Specifications and Constraints

Typically, the design of a battery charger has to meet electric specifications such as max-

imum output power (Pout), output voltage and/or current range and, hardware operational

limits like the rated current of the semiconductors (|I inv|) used in the converters. Other elec-
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Figure 5.30: Charging profile of a Lithium battery.

tric specifications, however, are imposed by government restrictions, such as the maximum

voltage of 1000 V across the transmitter and receiver coils, or by guidelines of the Society of

Automotive Engineers (SAE) like the operating frequency (fs) range between 81.2 kHz and

90 kHz.

The charging process of a Lithium battery pack is made in two stages: constant current

(CC) and constant voltage (CV) modes, as depicted in Figure 5.30. Constant current mode

is applied until the batteries state of charge (SOC) reaches 85-90 %, whereas voltage mode

is applied to the remaining 10-15 % with the main function of equalization. Therefore, the

selected resonant configuration must exhibit load-independent current and/or voltage source

characteristics.

In addition to the electric specifications, inWIPT battery chargers also need to comply

with operational requirements, like air gap and lateral displacements, to offer the driver

some driving/parking mobility. These operational requirements have direct impact in the

coupling profiles of the ORMC. Besides the electric and operational requirements, inWIPT

have physical constraints, namely the dimensions of the rim which dictate the size of the

receiver coils in the ORMC, as discussed in Section 5.3.

The energy transfer capability in both static and dynamic conditions is also an important

design specification. Dynamic IPT systems require an on-board battery controller since is not

feasible, in a large scale, to regulate the batteries of each vehicle using the off-board inverter

controller. One way to avoid duplication of on-board converters is by taking advantage of

the plug-in battery charger already available in most commercial EVs. This means that

the proposed inWIPT system has to provide a voltage source characteristic with similar

amplitude values of the grid.
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5.4.3 Double Coupling System Electrical Analysis

The inclusion of a second MC adds a new resonant compensation between the ORMC and

the IRMC and changes the resonant characteristics of the conventional IPT configurations,

described in Chapter 2. Figure 5.31(a) illustrates the fundamental harmonic equivalent cir-

cuit model of Circuit A, illustrated in Figure 5.29(b), using series-series-series (SSS) whereas

Figure 5.31(b) illustrates a series-series-parallel (SSP) double coupling resonant configura-

tion. The series compensation was chosen as a work basis for the off-board and wheel sides

while both S or P compensations are implemented in the on-board side.

The circuit from Figure 5.31 comprises the equivalent voltage supply (V 1) of the off-board

inverter (not depicted in figure), the off-board and wheel sides series compensation networks

interconnected by the ORMC, both S or P compensation networks on the on-board side and

interconnected to the wheel side by the IRMC. The main difference between SSS and SSP is

in the definition of the on-board equivalent resonant impedance and corresponding current

formulation. The equivalent on-board impedance for a series compensation is given by (5.1)

whereas for a parallel compensation takes the form of (5.2).

Z4S ,1 =Z4 + Req = r4,1 + j.ω.L4(1 − 1/b2
4) + Req (5.1)

Z4P ,1 =r4,1 + j.ωL4 + Req − j.ω.Req.C4

1 + (ω.Req.C4)2 (5.2)

The parameters L4 and r4,1 correspond to the self-inductance and equivalent resistance of

the on-board pad. The parameter C4 corresponds to the capacitor placed in series or parallel

with the load and it is defined as C4 = 1/ (ω2
4.L4). The variable b4 is the relation factor

between the system angular frequency (ω) and the on-board (ω4) angular frequency. The

parameter Z4 is the equivalent impedance of the inductor in series with the capacitor. The

variable Req is the equivalent resistance of the batteries (Rbat) before rectifier action and it

is given by

Req = 8.Rbat

π2 = 8.Vbat

π2.Ibat

, (5.3)

where Vbat and Ibat are the voltage and current values in the batteries, respectively.

The root mean square (RMS) output voltage (|V 1,1|) of the inverter, at the fundamental

harmonic, is described as a function of the phase-shift (α) control angle using

|V 1,1| = VDC
2
√

2
π

cos
(

α

2

)
, (5.4)
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Figure 5.31: Equivalent circuit of a double coupling system for: (a) SSS and (b) SSP.

where VDC is the average DC link voltage.

By applying the Kirchhoff laws to the circuit, the following equations are obtained:

V 1,1 =r1,1.I1,1 + j.ω((L1 − 1/(ω2.C1))I1,1 − L12.I2,1) (5.5)

0 =(r2,1 + r3,1).I2,1 + j.ω((L2 + L3 − 1/(ω2.C2))I2,1 − L12.I ,11 − L34.I4,1), (5.6)

0 =(Req + r4,1)I4,1 + j.ω((L4 − 1/(ω2.C4))I4,1 − L34.I2,1), (5.7)

where L1 and L2 are the self-inductances of ORMC and, L3 and L4 are the self-inductances

of the IRMC. The subscript numbers in the variables indicate to which side the variable is

related to, where 1 and 4 stands for off-board and on-board sides, while numbers 2 and 3

stands for wheel side. L12 and L34 quantify the mutual inductance between the transmitter

and receiver pads of the ORMC and IRMC, respectively. The parameters r1,1, r2,1, r3,1 and

r4,1 denote the equivalent resistance of each pad and they include the Joule and Iron (if appli-

cable) losses. The capacitors values are given by C1 = 1/(ω2
1.L1) and C2 = 1/(ω2

2.(L2 + L3)),

where ω1 and ω2 are the natural angular resonant frequencies of the resonant compensation

networks.

Solving (5.5) to (5.7) provides the current equations that accurately define the SSS model:
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I1,1 = V 1,1

Zin,1
= V 1,1

(Z1,1 + ZrORMC ,1)
(5.8)

I2,1 =I1,1
j.ω.L12

Z2,1 + ZrIRMC ,1
(5.9)

I4,1 =I2,1
j.ω.L34

Z4S,1
, (5.10)

where Zin,1 is the equivalent impedance seen by the inverter. The parameters Z1,1 and Z2,1

are the equivalent impedance values of the resonant tanks in the transmitter and wheel sides

and they are given by

Z1,1 =r1,1 + j.ω.L1(1 − 1/b2
1) (5.11)

Z2,1 =(r2,1 + r3,1) + j.ω.(L2 + L3)(1 − 1/b2
2) (5.12)

(5.13)

The variables b1, b2 and b4, described in (5.14), are relation factors between the system

angular operating frequency ω and the natural angular frequencies of the transmitter (ω1),

wheel (ω2) and receiver (ω4) resonant tanks. A unitary relation factor at the fundamental

frequency means ω = ωx.

b1 = ω/ω1, b2 = ω/ω2, b4 = ω/ω4. (5.14)

The concept of reflected impedance in IPT systems refers to the equivalent impedance

of one side referred to the opposite side. The proposed circuit has two reflected impedance

values, as illustrated in Figure 5.31. The reflected impedance from the on-board side onto

the wheel side (ZrIRMC
) is defined in (5.15), while the reflected impedance from the wheel

side onto the transmitter side (ZrORMC
) is described in (5.16).

ZrIRMC ,1 =V 43,1

I3,1
= ω2.L2

34
Z4X,1

(5.15)

ZrORMC ,1 =V 21,1

I1,1
= ω2.L2

12.Z4X,1

Z2,1.Z4X,1 + ω2.L2
34

. (5.16)

The analysis of ZrIRMC ,1 has been extensively made in the literature for perfectly tuned

systems (ω1 = ω2 = ω4 = ω) [98] and in its generic form [107]. One advantage of series

compensation in the receiver side is the absence of reactive component in ZrIRMC ,1 under

perfectly tuned systems, as seen in (5.17). This feature guarantees, in a typical IPT system,

a zero voltage switch (ZVS) of the inverter placed in the transmitter with a fixed fs, even
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Table 5.7: Reflected impedance formulas of ZrIRMC ,1 and ZrORMC ,1 for series and parallel compen-
sation on the on-board side.

Real Imaginary Real Imaginary
Series compensation Parallel compensation

ZrIRMC ,1
ω2.L2

34
Req

0
Req.L2

34
L2

4
−j.ω.L2

34
L4

ZrORMC ,1
Req.L2

12
L2

34
0

L2
12.Req

R2
eq.L2

34
ω.L2

4
+L2

34

ω.L2
12

R2
eq.L2

34
ω.L2

4
+L2

34

in the event of air gap and lateral displacements.

ZrIRMCtun ,1 = ω2.L2
34

Req

+ j0. (5.17)

The value of ZrORMC ,1, on the other hand, is investigated in this work and it depends on

the resonant configuration of the wheel side but also in ZrIRMC ,1. Assuming an ideal and

perfect tuned system, (5.16) can be simplified into the equations described in Table. 5.7.

The value of ZrORMC ,1 for a series configuration in both wheel and on-board sides is purely

resistive and the value of Req is affected by a factor of L2
12/L2

34. This mutual inductance

factor dictates the nominal voltage and current requirements of the power supply and it

must be taken into account during the design of both MCs.

The equivalent mathematical model of the SSP configuration is determined using a similar

analysis as the one used for the SSS configuration. The equivalent circuits of the off-board

and wheel sides are the same for both SSS and SSP configurations, hence, equations (5.8) and

(5.9) are valid for both configurations. The equations that describe the on-board currents

I4,1 and I5,1 for the SSP configuration are found using (5.2) and correspond to

I4,1 =I2,1
j.ω.L34

Z4P ,1
, (5.18)

I5,1 =I4,1
1 − j.ω.Req.C4

1 + (ω.Req.C4)2 , (5.19)

The parallel compensation in the on-board side also modifies the reflected impedance

when compared with the series compensation. Table 5.7 summarizes ZrIRMC ,1 and ZrORMC ,1

in tuned conditions. The first has a real part that depends on the load value but also the

self and mutual inductance values of the IRMC. The imaginary part, contrary to series
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configuration, is not null and it originates a reflected capacitance that depends on the self

and mutual inductance of the IRMC. As a consequence, the imaginary part in the wheel

side is not fully compensated and causes ZrORMC ,1 to also have an imaginary part, as seen in

Table 5.7.

The operation point with constant voltage (CV) characteristics is discover using the

voltage (Gvv) transfer function that correlates the output voltage (V Req ,1) with the input

voltage (V 1,1). The transfer function GvvS
is found by rearranging (5.8)-(5.10) into

GvvS
= −ω2.L34.L12.Req

Z1,1 (Z2,1 (Z4,1 + Req) + ω2.L2
34) + ω2.L2

12 (Z4,1 + Req)
. (5.20)

Equation (5.20) can be further manipulate into the form

GvvS
= 1

Z1,1.Z2,1.Z4,1+ω2.L2
34.Z1+ω2L2

12.Z4,1
−ω2.L12.L34.Req

+ Z1,1.Z2,1+ω2.L2
12

ω2.L12.L34

. (5.21)

If the system losses are neglected (r1,1 = r2,1 = r3,1 = r4,1 = 0), (5.21) is independent of Req

for an operating frequency defined by

Z1,1.Z2,1.Z4,1 + ω2.L2
34.Z1,1 + ω2L2

12.Z4,1 = 0. (5.22)

The condition in (5.22) is verify, at least, when the transmitter and receiver resonant fre-

quencies match the operating frequency (b1 = b4 = 1) and the impedance values of Z1,1

and Z4,1 become null. At this frequency, |GvvS
| is independent of variations that may occur

in Z2,1 and is equal to L34/L12. The switching losses in the transmitter inverter, in such

conditions, are low since both reactive components of ZrIRMC ,1 and ZrORMC ,1 are null and the

inverter operates in ZVS mode. Additionally, the ZVS mode is guaranteed independently of

the relative position between the transmitter and receiver pads of both ORMC and IRMC.

The transconductance function (Giv) correlates the output current (I5,1) with V 1 and for

the SSS is given by

GivS
= −ω2.L12.L34

(Z1,1 + ZrORMC ,1).(Z2,1 + ZrIRMC ,1).(Z4,1 + Req)
. (5.23)



188 5.4. INWIPT DOUBLE COUPLING SYSTEM OPERATIONAL CONDITIONS

Equation (5.23) can be further manipulated into

GivS
= −ω2.L12.L34

(Z4,1 + Req).(Z1,1.Z2,1 + ω2.L2
12) + ω2.L2

34.Z1,1
. (5.24)

In a lossless system, (5.24) is independent of the load conditions when

Z1,1.Z2,1 + ω2.L2
12 = 0 (5.25)

Equation (5.25) can be expanded using (5.11), (5.12) and (5.1) into

L1.(L2 + L3).
(
−ω4.L2

12 + ω2.(ω2
1 + ω2

2) − ω2
1.ω2

2

)
= 0. (5.26)

The roots of (5.26) in order to ω define the operating frequency where the transconductance

gain (|GivS
|) is independent of the load. These ω values, however, will not match the res-

onance frequency of the overall system and the impedance seen by the inverter will have

a reactive component and the switching losses will increase. In short, the operation of the

inverter in ZVS or Zero Current Switch (for a capacitive reactive component), when the fre-

quency matches the load independent |GivS
|, will vary with the selected reactive components

in all resonant compensation networks.

The unconstrained sizing of both ORMC and IRMC offers total control in the system

design. The inWIPT system can, however, be supplied by an existing transmitter pad that

also supplies a conventional IPT system. In this context, it is important to define guidelines

of compatibility between a transmitter pad and both conventional or inWIPT receiver pads.

The transfer function Gi2vS
can be used as requirement in the transmitter pad design and it

is described as

Gi2vS
= I2,1

V 1,1
= j.ωL12

Z1,1.(Z2,1 + ZrIRMC ,1) + ω2.L2
12

. (5.27)

The transfer function in (5.27) has load independent characteristic, neglecting the system

losses, when the system operates at the natural frequency of the transmitter resonant tank

b1 = 1. The transfer function gain (|Gi2vS
|) is then simply the magnetizing susceptance of

the ORMC (1/(ω.L12)). Therefore, (5.27) can be used as a design parameter of transmitter

pads that supply both inWIPT and conventional IPT systems, without losing any power

transfer capabilities.

A similar analysis can be conducted for the SSP configuration. The voltage gain function
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is determined by arranging (5.8), (5.18) and (5.19) into

GvvP
= −ω2.Req.L34.L12

(Req + r4 + jω.(L4 + C4.Req.r4)).V1
(5.28)

where V1 = (Z2,1 + ZrIRMC ,1)(Z1,1 + ZrORMC ,1).

The transconductance gain (GivP
) is given by

GivP
= −ω2.L34.L12

(Req + r4 + jω(L4 + r4.C4.Req)).V1
(5.29)

The analysis of (5.28) and (5.29) is not as straightforward as for the SSS configuration,

being harder to identify possible load independent conditions directly from the equations.

Therefore, in order to compare the most suitable configuration for the inWIPT system, the

resonant compensation behavioral study will be conducted through a graphical function

analysis in the next subsection.

5.4.3.1 Resonant Compensation Behavioral Analysis

The voltage and transconductance functions are analyzed under different load and cou-

pling values to validate or identify the intrinsic CC and CV modes. An output power of 2

kW was consider for both SSS and SSP configurations at resonant operation. In addition,

the input impedance, module and phase, is also analyzed to assess ZPA, ZVS or ZCS mode

capabilities and impact on overall system efficiency.

Figure 5.32 illustrates Zin,1 module and phase as a function of the switching frequency

for different load and k12 values. In the proposed inWheel system, k34 is kept constant for

all plots, since the IRMC design has a constant air gap. In the defined operating conditions

(for the adopted mutual inductance profile), for low k12 and SOC values, SSS needs a higher

primary side current to transfer the same amount of power (lower Zin) than SSP, as illustrated

by the lower |Zin| in Figure 5.32 (a). Nonetheless, with an increasing k12 this effect is reversed

and, the SSS presents a lower input current variation. As the battery charges (higher SOC

values) the previous behavior is reversed again, and SSS allows lower input currents than

SSP. On the other hand, the results in Figure 5.32(b) regarding the phase of Zin show

that both SSS and SSP configurations have a ZPA at resonant frequency (fs = fr = 85

kHz) and this happens independent of SOC and k12 variations. Outside this frequency, both

configurations can operate either in ZCS or ZVS depending on SOC and k12 values.

Figure 5.33 illustrates the voltage and transconductance gain as a function of the switch-
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Figure 5.32: a) Module and b) Phase of Zin as function of switching frequency.
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Figure 5.33: (a) Voltage gain and (b) Transconductance, as function of the switching frequency.

ing frequency for different load and coupling values. As expected from the theoretical anal-

ysis and proven by Figure 5.33 (a), the SSS has a load independent voltage gain function at

resonance (85 kHz), allowing CV mode. Furthermore, for different k12, the |GvvS
| is solely

determined, at resonance, by the ratio L34/L12. This behavior is not replicated in the SSP

configuration and load independent mode is not achieved in the considered frequency range.

As for the transconductance gain, depicted in Figure 5.33 (b), SSP exhibits CC indepen-

dent operation at resonance regardless of k12 values. This behavior is not verified for the

SSS configuration. Consequently, the SSP is preferable for a dedicated inWIPT whereas the

SSS configuration is ideal for plug-in integration.

5.4.4 Design Steps

This subsection combines, in the form of steps, the specifications and constraints defined

in Section 5.4.2 with the SSS equivalent electrical model devised in Section 5.4.3, to find
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fs, L12 and L34 that ensure a constant Gvv at the on-board converter input terminals. The

steps are defined as follows:

1) Frequency selection: According to Section 5.4.3, |GvvS
| exhibits a load indepen-

dent characteristic when the natural frequency of the resonant tanks matches the operating

frequency of the inverter (fs). Assuming the self inductance values are known, the capacitor

values can then be determined using

f = 1
2.π.

√
L1.C1

= 1
2.π.

√
(L2 + L3).C2

= 1
2.π.

√
L4.C4

. (5.30)

The value of fs, under normal IPT conditions, is set to 85 kHz but can vary in the range

defined in Section 5.4.2.

2) Voltage gain limits: In the conditions of Step 1 and assuming a lossless system,

(5.21) is simplified into a ratio of mutual inductances, described as

|GvvS
| = |V Req|

|V 1|
= L34

L12
. (5.31)

The value of L12 depends on the relative positioning of the wheel towards the transmitter

placed under the road whereas L34 remains approximately constant. Since |V Req| is a design

specification, any deviation of L12 must be compensated with a new value of |V 1|. The

minimum value of |V 1| (|V 1min
|) ensures Pout at |I invrated

|. On the other hand, the maximum

value (|V 1max|) is set for α = 0, according to (5.4). Therefore, the range of |V 1| is given by

Pout

|I invrated
|

≤ |V 1| ≤ VDC
2
√

2
π

. (5.32)

This works assumes the VA rating of the inverter (|I invrated
|.|V 1max|) to be larger than Pout,

otherwise, the inverter can’t regulate |V 1|. A range of admissible L34/L12 sets can be found

through the manipulation of (5.31) and (5.32) into
|V Req|
|V 1max|

≤ L34

L12
≤ |V Req|

|V 1min
|
. (5.33)

3) Admissible L12 and L34 sets: The range for the L34/L12 ratio, defined in Step 2, have

infinite combinations between L12 and L34. As stated in Step 2, L34 remains almost constant

and |GvvS
| is only affected by variations in L12. The selection of L34 must then ensure the

widest range of L12 (∆L12) possible while, at the same time, minimizes the value of |I2|.

The minimization of |I2| allows compact and lighter designs for the transmitter and receiver
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Figure 5.34: Intensity plot of |I2| as function of L12 and L34 with the admissible sets of (L12, L34).

pads of the IRMC and ORMC, respectively, with lower cross-section conductors and thinner

cores. The selection of best admissible L12 and L34 set can be expressed as a multi-objective

optimization problem

max ∆L12 && min |I2|. (5.34)

The relation between |I2| and |I4|, given by (5.10), in the conditions of Step 1 is simplify

into

|I2| = |V Req|
ω.L34

. (5.35)

Equation (5.35) shows that |I2| is inversely proportional to L34 therefore, the minimization

of |I2| is related to the selection of L34.

The admissible sets of L12 and L34 that verify (5.34) are found using the limits (5.33)

and (5.35).

4) Selection of L12 and L34: The limits determined in Step 3 for L12 and L34 take

into account all feasible values that meet the requirements, identified in Section 5.4.2.

Figure 5.34 illustrattes, in the form of an intensity plot, |I2| as function of L12 and L34.

The admissible coupling sets, that verify (5.33), are identified by a colored scale, while all

non-admissible coupling sets are identified by the dark blue areas (|I2| = 0 A). Furthermore,

the shape illustrated in Figure 5.34 is inherent to |I2| and |Gvv| equations and not to the

coupling profiles of the ORMC and IRMC. The results show that (5.34) is verified for higher

L34 values. This behavior is beneficial with the working principle of the proposed inWIPT,

since L34 has approximately a constant value. However, the combination sets of L12 and L34
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Start

- Set system specifications and constraints,   
defined in Table II

- Consider coupling values between 0.08-0.25 
for the ORMC and 0.65-0.9 to the IRMC |I2|<limit &&

|VLx| < limit?

- The voltage ratio is simplified into L34/L12 (20)

- Determine the capacitor values using (19)

End

- Add L34 and L12  to the 
list of admissible values

N

- Determine the min and max value of the inverter’s 
output voltage using (21)

Y

- Construct a matrix of L34 and L12 between 5 and 
100 uH and determine all possible combinations 

using (22) 

- Determine all system electric values using (1)-(16) 
and (25) for each combination

Every 
combination 

verified ?

N

Y

-Generate intensity plot, as 
depicted in Fig. 9

Y

Figure 5.35: Flowchart of the design procedure.

that satisfy the requirements are virtually infinite and constraint rules are needed to narrow

down the number of possibilities. The following list enumerates a set possible constraints

based on electrical quantities and governmental directives:

Constraint 1: Rated |I2|: The rule can be applied in systems where |I2| is a constraint

in the system design to avoid large Joule losses in the receiver of the ORMC. In addition,

the minimization of |I2| reduces the required cross-section of the conductors that form the

receiver coils of the ORMC and the transmitter coils of the IRMC to form a more lightweight

inWIPT system. On either case, it sets the minimum combination possible for L12 and L34

and it is marked in Figure 5.34 by the labeled green square with the letter A.

Constraint 2: Induced voltages: Current regulations limit the induced voltages across the

IRMC and ORMC coils to 1000 Vrms in Europe and 400 Vrms in Asia. The use of capacitors

in series with the coils overcomes this limitations but at the cost of additional components.

Thus, these parameters can be used as constraints to find the limit combinations of L12 and
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Figure 5.36: Experimental setup.

L34. The induced voltages across the coils of the proposed inWIPT are given by

|V L1| =|I1.(r1 + jωL1 + ZrORMC
)|

|V L2| =|I2.(r3 + jωL3 + 1/(jω.C2) + ZrIRMC
)|

|V L3| =|I2.(r3 + jωL3 + ZrIRMC
)|

|V L4| =|I4.(Req + 1/(jω.C4))|. (5.36)

The equations listed in (5.36) may depend on the values of the system components like

capacitors, load and, above all, the self inductance values of the coils. However, this last

parameter depends on the geometry of the MC pad, number of turns and current that

passes through the coil. Such profile is plotted during the sizing of the MC along with the

coupling profiles between the transmitter and receiver pads as a function of different physical

parameters, like air gap and lateral displacements. As such, the labeled green squares with

the letters B and C in Figure 5.34, illustrate the down and up admissible sets for L12 and

L34 using the induced voltage constraint.

The combine use of the rated |I2| and induced voltages constraint rules provide an interval

range for L12 and L34. In the example of Figure 5.34, this interval is comprised between

squares A and C and marked with red lines. Finally, the selection of L34 corresponds to the

value that better suits inequation (5.34). Figure 5.35 summarizes the steps of the design

methodology.
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Table 5.8: Experimental specifications and coupling measurements.

Parameter Value
Specifications and constraints
VDC 325 V (from 1ϕ grid)

|V 1min |-|V 1max | 40-290 V
|V Req| 160 V
Pout 2.6 kW

f 85 kHz
|Iinvrated

| 35 A
|V L1 |,|V L2 |,|V L3 |,|V L4 | 1500 V

|I2| 20 A
ORMC: DDP-sad2

Size DDP (length*width) 460*320 mm
Size sad2 (rradius,θ,width) 234 mm, 65◦, 215 mm

Air gap 30-40 mm
Lateral displacement (mx and my) ± 50 mm

Q1, Q2 218, 230
∆k12 0.12-0.22

IRMC
Size (radius*width) 234*70 mm

Air gap 14 mm
Q3, Q4 201, 189
∆k34 0.64-0.69

Components
Req 6.8-50.5 Ω

5.5 Experimental validation

The proposed double coupling system and operational conditions were validated exper-

imentally using a 18 inches wheel prototype, illustrated in Figure 5.36. The system spec-

ifications and constraints are listed in Table 5.8 together with the physical characteristics

and magnetic measurements of the ORMC and IRMC. A single configuration DDP-sad2

with θ = 65◦ was selected for experimental validation. The DDP transmitter pad has the

same length of rim (18 inches) and a width of 320 mm. A wider width of the transmitter

pad reduces the impact of the ± 50 mm lateral tolerance defined for inWIPT systems. The

solenoid geometry with a width of 93 mm in both ferrite core and coils was selected for

the IRMC with a fixed air gap of 14 mm. The higher air gap value is an additional safe

precaution to prevent contacts between both transmitter and receiver sides caused by small

eccentricities in the prototype. As a consequence, the value of k34 drops to values in the

range of 0.62 to 0.63. The coils were made with Litz wire with 1060 strands and a cross

section of 5 mm2. The quality factors of four coils are between 180 and 240. A total of 12

ferrite strips were equally displaced around the outer surface of the rim, each formed by two

I N87 ferrite bars with the dimensions of 93x28x16 mm.
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Figure 5.37: (a) Illustration of the wheel position over the off-board transmitter pad and
(b)experimental k12 profiles as a function of the wheel’s movement with different lateral displace-
ments.

The identification of the admissible intervals for L12 and L34 is carried out using the

designs steps described in Section 5.4.4. The first step identifies the natural frequencies of

the resonant tanks which matches the operating frequency of 85 kHz. The capacitors C1,

C2 and C4 are then determined accordingly using (5.30) and the self-inductance values from

Table 5.8. The interval of |GvvS
| is determined in step 2 using (5.31) for |V 1min

| and |V 1max|,

resulting in the range between 0.492 and 2.162. This range also corresponds to the ratio of

L34/L12 and it is an input parameter of the multi-objective optimization problem, described

in step 3. The use of constraint rules, enumerated in step 4, narrow the admissible sets for

L12 and L34. The rated |I2| constraint limits a minimum set of (L12, L34)=(8 µH, 6 µH),

which corresponds to the green square A in Figure 5.34. The maximum induced voltage

values across the coils, on the other hand, provide a minimum and maximum sets equal to

(5 µH, 7 µH) and (67 µH, 34 µH), respectively. These sets correspond to the green squares

B and C in Figure 5.34. The above limit sets were found using (5.35) and (5.36) with

the worst coupling values listed in Table 5.8. Finally, the combination of both constraints

provides the eligible sets interval between (8 µH, 6 µH) and (67 µH, 34 µH).

One intrinsic degree of freedom of inWIPT systems is the wheel’s rotation. This move-

ment affects the relative positioning of the receiver coils towards the transmitter coils, as

illustrated in Figure 5.37(a) using different wheel rotation angles and different displacements

along the x axis. Figure 5.37(b) shows the measured k12 as a function of the wheel’s rota-

tion in different lateral displacements along the x axis (mx). In a perfect aligned position

(mx = 0 mm), there is a drastic k12 drop between 0◦ and ± 30◦. This is a consequence



CHAPTER 5. IN-WHEEL IPT SYSTEM 197

(a) (b)

(c) (d)

Figure 5.38: Waveforms of v1, i1 and vReq for: (a) load response with L12 = 16 µH, (b) load
response with L12 = 13 µH, (c) L12 = 16 µH with inverter power of 1.4 kW and (d) L12 = 16 µH
with inverter power of 700 W.

of a decoupling of the receiver coils with both transmitter coils. In this charging position,

the system behaves similarly to a DDP with a quadrature coil (Q) in a typical IPT system,

hence the no coupling scenario depicted in Figure 5.37(b). One way to avoid this no-coupling

scenario is to move the vehicle ±50 mm along the x axis to improve k12 to admissible values.

Figure 5.37(b) also shows k12 as a function of the wheel’s rotation for displacement scenarios

along the x axis of ± 50 mm (pink and red lines). The displacement of 50 mm corresponds

to approximately 30◦ wheel’s rotation. Therefore, an initial 30◦ wheel’s rotation (charging

point marked as Pos1 in Figure 5.37(b) for mx = 0 mm) will correspond to Pos2 after a ve-

hicle movement of 50 mm along the x axis. This translates in an increase of k12 from 0.05 to

0.17. The worst k12 variation occurs between 45◦ and 60◦. In such scenarios, the inclination

of the receiver coil in respect to the transmitter coil causes a reduction of almost 22% to a

minimum value of 0.12, corresponding to L12 = 7.8 µH. Therefore, the specifications from

Table 5.8 are met within a tolerance of ± 50 mm along the x axis from the aligned position

(mx = 0 mm), regardless of the relative positioning of the receiver coils. The resulting k12

with displacement adjustment is depicted in Figure 5.37(b) by the black dashed line.

The results of Figure 5.38(a) and Figure 5.38(b) show the dynamic response to Req
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Figure 5.39: Experimental efficiency curves as a function of Pout under different air gap and lateral
displacements.

variations between 20 and 55 Ω in an aligned (L12 = 16 µH) and a 50 mm misaligned

(L12 = 13 µH) position of the ORMC. The yellow and blue signals represent v1 and i1,

respectively, whereas vReq corresponds to the red signal. The red lines indicate the load

transitions. The amplitudes of both v1 and vReq increase in proportion by 7.6 % when

the inverter power passes from 1.4 kW to 0.7 kW. Nevertheless, the voltage gain remains

approximately constant with a error difference between both load conditions inferior to 2

%. The results from Figure 5.38(b) have a smaller voltage gain due to the increase of the

switching frequency from 85.2 kHz to 86.8 kHz in order to avoid free-wheeling currents in

the inverter due to the fixed 250 ns dead time zone of the PT62SCMD120 gate drivers.

Figure 5.38(c) and Figure 5.38(d) show the waveforms of v1, i1, vReq and inverter in-

stantaneous output power (orange signal) for the charging position with 50 mm lateral

displacement, illustrated in Figure 5.38(b). The amplitude value of v1 remains the same in

both scenarios whereas vReq has a small variation of 2.4 %. Moreover, both voltage signals

remain approximately in phase with similar square pattern. The phase angle between the

rising edge of v1 and i1 differs 1.7◦ between the two load conditions. The value of |I2| has also

maximum values around 16 A with low harmonic content. Another characteristic of the SSS

double coupling system is also the low harmonic content in i1 (blue waveform). Additionally,

under no-load operation, the double coupling system limits |I1|, in the worst L12 case, to

12.5 A. In contrast, |I1| would largely exceed |I invrated
| in a conventional series-series IPT

configuration.

Figure 5.39 shows the efficiency as a function of Pout under different air gap and lateral

displacements and a null wheel’s rotation angle. A maximum efficiency of 89.6 % is achieved

when transferring 2.2 kW with an air gap of 30 mm. In the worst charging position the
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efficiency decreases to 88.2 % for the same 2.2 kW. The low difference between the optimal

and worst charging positions is a consequence of the smaller k12 variations when the wheel’s

rotation angle is null. In the worst rotation angle position (60◦ as depicted in Figure 5.37(b)),

k12 drops to 0.12 and the efficiency decreases 86.3 % when transferring 2.2 kW.

Table 5.9 compares the experimental results of the proposed work with recent literature

in IPT systems. The majority of works conducted experimental tests with air gaps between

150 and 200 mm. In terms of lateral displacements, they range between 0 and 150 mm. One

clear distinction between different works is the absence of shielding in the receiver side. The

works with passive shielding (aluminum sheets) tend to have slightly lower overall efficiency

values (≈ 90 %). A global appreciation of the all efficiencies show, with the exception of [133],

all recent works have comparable efficiency values.

Table 5.9: Comparison of experimental results with the existing literature

Work Air gap Displacement Shield Freq Pout ηsys

[mm] [mm] [kHz] [kW]
[302] 200 0 No 85 0.7 93.14
[302] 200 100 No 85 0.7 89
[139] 150 0 No 85 1.09 89.86
[133] 150 0 No 85 3.3 95.2
[133] 150 240 No 85 3.3 93.1
[187] 175 0 Yes 85 6.7 90.8
[187] 175 75 Yes 85 6.7 89.9
[323] 140 0 Yes 85 3.3 91.6
[323] 140 120 Yes 85 3.3 88

- 40 0 Yes 86 2.2 89.6
- 40 50 Yes 86 2.2 88.2

5.6 Summary
This chapter presents a novel double coupling in-wheel IPT system. The inclusion of

a second magnetic coupler enables the energy transfer between the wheel and the vehicle

without the need of slip rings. In this way, the air gap between the off-board and the vehicle

sides is kept to a minimum and almost independent of the vehicle class. Furthermore,

inWIPT avoids the use of vehicle positioning systems and mitigates the risk of exposure to

large magnetic fields.

The wheel curvature and rotation modify the coupling profiles in existing non-polarized

and polarized geometries for the first magnetic coupler. Consequently, a comparative study

using known geometries like the RP, DDP and BPP in the off-board transmitter pad against

a single-coil non-polarized and a double-coil polarized geometries in the wheel receiver pad.
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The maximum coupling is achieved when the correlation between the coil size and the wheel’s

perimeter is 18 % and 30 % for polarized and non-polarized geometries, respectively. The

low air gap between the transmitter and receiver pads offers coupling profiles above 0.2, even

under lateral displacements, for static applications with a unitary size ratio. For dynamic

applications, the width of the transmitter pad is 2-2.2 times larger than the width of the

receiver pad in order to cope with the larger required lateral displacement values (±150

mm). In these scenarios, the coupling profiles are lower, in the range of 0.12-0.16, but with

low variation regardless of the lateral displacement.

A hollow cylindrical design for the new magnetic coupler is also presented based on the

solenoid geometry. The use of a segmented ferromagnetic core with 12 ferrite strips offers

the best use of ferromagnetic material versus uncompensated power. The geometry exhibits

coupling profiles almost independent of the wheel rotation, with variations inferior to 2 %.

The magnetic couplers are connected by a new resonant compensation network, and

the existing designing rules can not be applied to the double coupling configuration. The

intrinsic characteristics like operation with current and/or voltage source characteristics

were examined for a series-series-series (SSS) and series-series-parallel (SSP) configurations.

The SSS configuration exhibits load independent voltage source characteristics when the

operating frequency matches the natural resonance frequency of the three compensation

networks. In addition, the impedance seen at the inverter terminals is purely resistive in

the entire load range, thus ensuring ZPA operation. The SSS configuration also avoids high

circulating currents in the inverter under no-load operation. On the other hand, the SSP

exhibits a load independent transconductance transfer function with ZPA operation when

the operating frequency matches the natural resonance frequency of the three compensation

networks.

The selection of the operating frequency and mutual inductance ranges vary with the

system specifications and constraints. A design methodology that ensures a constant load

independent voltage source characteristic is presented for plug-in integration with the existing

on-board converter. The design combines the desired voltage gain with maximum induced

voltage values across the coils in both magnetic couplers to retrieve the solution that offers

the maximum lateral tolerance with minimum current in the intermediary compensation

network. The presented methodology is validated experimentally in a real-size 18 inches

aluminum rim with a maximum efficiency of 89.6 % when transferring 2.2 kW.
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Conclusions and Future Work

6.1 Conclusions

The greatest benefit of IPT systems is their ability to transfer energy between two sides

without any contacts. It is also responsible for the limiting power transfer capability over

large displacements. This thesis focused on mitigating the effects of vertical and lateral

displacements by proposing new design methodologies, optimized magnetic designs or new

IPT configurations.

Resonant compensation networks were firstly employed in IPT systems to overcome the

low coupling factors caused by vertical and lateral displacements. Still, early magnetic de-

signs had poor tolerance to displacements and a great effort was made in the literature to find

better magnetic designs. Current magnetic couplers have their magnetic properties honed

to the maximum but IPT power transfer capabilities are still limited for high displacements.

A new IPT configuration appeared with intermediate resonators placed between both sides

to boost the effective magnetic coupling. The full capabilities of this configuration, however,

are not achievable as the intermediate resonator is placed closer to the transmitter side.

The work conducted in this thesis made contributions in all the aforementioned solutions,

but these are only half-measures for the displacement constraint. A new double coupling

configuration is presented in this work that keeps vertical displacements to a minimum and

independent of the vehicle class. The main contributions of the thesis are listed below by

chapter.

• Chapter 2 explores IPT concept and past, current and future trends. Here the elon-

gated versus the segmented transmitter pad configurations for dynamic IPT applica-

tions are analyzed. A special emphasis is given to power transfer capabilities under

large air gap and lateral displacements. From here, IPT systems are classified into four

main research areas: circuit analysis, resonant configurations, magnetic coupler and
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controllers & control. The intrinsic characteristics of the basic configurations using a

single coupling are highlighted. The generic reflected impedance equations are derived

to assess the impact of frequency deviations from the resonant point. High order reso-

nant configurations for single and multiple couplings are also presented and their main

benefits detailed. Following this, key aspects of magnetic coupler designs were pre-

sented including the most suitable geometries for static charging applications like the

Circular, Solenoid, Double-D and Bipolar pads. Finally, the most common off-board

and on-board converter topologies and respective control strategies are presented and

compared.

• Chapter 3 presents a vertical double receiver static IPT system based on the solenoid

geometry. The use of a vertical transmitter pad reduces the vertical and lateral dis-

placements to the receiver pad. In addition, such configuration avoids the use of Foreign

Object Detection (FOD) systems to detect metallic objects between the transmitter

and receiver pads. Several solenoid core arrangements were investigated using a 3D

Finite Element Analysis (FEA) tool. The interoperability with both polarized and

non-polarized geometries was also assessed as well as the compliance with ICNIRP

rules of human exposure to stray magnetic fields. The magnetic properties of the

selected geometries were validated experimentally.

• A comparative study of different non-polarized and polarized geometries with ferro-

magnetic cores, "pipe" coils and intermediate coils was also carried out in Chapter 3

for roadway applications. The goal of this study was the procurement of viable ge-

ometry alternatives that avoided the need of a ferromagnetic core. A new Ferrite-less

Circular Pad (FLCP) geometry is proposed. The FLCP uses a cone shaped "pipe" coil

to conduct the magnetic flux lines in the back-end of a Circular Pad (CP) geometry.

The FLCP was optimized using a 3D FEA tool and compared with the remaining

geometries. The simulation results were validated experimentally and showed similar

coupling profiles to the CP but avoiding entirely the use of ferrites.

• Chapter 3 culminates in a new mapping methodology of the self and mutual inductance

profiles as a function of the number of turns, air gap and lateral displacements with

reduced computational effort. The methodology models the effect of vertical and lateral

displacements with decay exponential and Gaussian functions, respectively. The effects

of the number of turns in each coil are modeled using linear and second order functions

for mutual and self-inductance values, respectively.

The mapping methodology avoids new FEA simulations if the charging positioning
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or power requirements are modified. Additionally, the use of fitting functions convert

discrete FEA simulation points in a continuous mapped volume. The methodology

is applicable to non-polarized and polarized geometries including geometries with an

intermediate coupler. A total of 60 FEA simulations are required to fully map circular

geometries whereas non-circular pads like the DDP and the BPP require a total of 180

FEA simulations. A mapping example of the FLCP was carried out and compared

with both FEA simulations and experimental measurements.

• Chapter 4 presents a design methodology to obtain a load-independent constant current

charging mode using an intermediate coupler. The design methodology derives the

fundamental equations for a series-series configuration with an intermediate coupler

to find all capacitor values that guarantee a null reflected reactance from the receiver

side. This condition also ensures an almost ZPA operation, regardless of the mutual and

load values. A set of selection metrics are also presented based on system specifications

like frequency range operation, maximum efficiency, minimum cost or weighted weigh

cost-effectiveness function.

The battery charging process is controlled using the transmitter side inverter. An

estimation algorithm is proposed using only the output inverter voltage and current

signals together with intermediate current signal to estimate the equivalent load re-

sistance and mutual inductance values. Since the algorithm uses only measurements

from the transmitter side the communication link to the vehicle can be avoided. The

estimation algorithm was analyzed against the aging effect in the system capacitors

and the non-linearity of voltage and current sensors, presenting a good performance

even in the worst conditions. Both the design methodology and estimation algorithm

were validated in simulation and experimentally in a converted electric vehicle.

• Chapter 5 introduces a novel double coupling in-Wheel IPT (inWIPT) system. The

proposed system configuration ensures a minimum air gap between the off-board and

the vehicles sides despite the vehicle class. In addition, given the known positioning of

the system in the wheels, the lateral displacement tolerances are also reduced and the

use of vehicle positioning systems are avoided. A set of curve based non-polarized and

polarized geometries are presented and optimized using 3D FEA tools. The optimized

geometries show better coupling profiles than a typical IPT system even under lateral

displacement conditions. In addition, the compliance with ICNIRP guidelines is met

at shorter distances.

A design methodology that determines the operating frequency and mutual induc-
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tance ranges is also presented in Chapter 5 for double coupling IPT configurations.

The design combines the desired voltage gain with the maximum induced voltage val-

ues across the coils in both magnetic couplers to retrieve the solution that offers the

maximum lateral tolerance with minimum current in the wheel side. The method con-

siders a series-series-series resonant configuration but the series-series-parallel was also

analyzed for constant current applications. The inWIPT system is validated experi-

mentally in a real size aluminum rim.

6.2 Future Work

The contributions made in this thesis create new research opportunities. The following

areas of research are considered:

• The literature review showed the existence of numerous resonant network configura-

tions in two-coil, three-coil and double coupling systems. Unfortunately, the selection

of the must suitable configuration for a particular IPT application is not linear and

often inappropriate. Therefore, the existence of a framework that combines the intrin-

sic characteristics of each resonant configuration and selects the best one, based on a

given set of specifications and constraints, would ensure optimal operation far any IPT

application.

• The mapping of the self and mutual inductance profiles provides useful surface areas

to correlate with vehicle positioning algorithms that use off-board measurements. The

presented methodology addresses vertical and lateral displacements for a fixed MC

size. The expansion of the methodology to cope with different MC sizes with minimum

number of FEA simulations would allow the optimal sizing of a MC geometry based

on the system requirements. Initial FEA simulations showed a linear behavior of the

magnetic parameters of a MC in different sizes, if the size ratio of both transmitter

and receiver pads are kept constant. This conclusion together with the work presented

in [305] would serve as a starting point for a generic sizing and mapping methodology.

• Three-coil systems hold benefits over two-coil coil systems, especially under large dis-

placement charging scenarios. The presented methodology in Chapter 4 ensures a CC

mode, regardless of load and coupling values. The same series-series with an IC con-

figuration also exhibits voltage source characteristics. Unfortunately, the frequency

operation is different from the CC mode at a much higher value, falling outside the

operating range defined by the SAE J2954. The use of a variable inductor [107] or
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variable capacitor [247] in the intermediate resonant network would adjust the natural

resonant frequency to fall within acceptable operating frequency range. Therefore, the

study of this new configuration would offer both CC and CV modes using only the

off-board inverter and without communication link to the vehicle.

• The proposed double coupling inWIPT was analyzed with different resonant config-

urations and different geometries in both MCs. Still, the system presents room for

improvement in the following areas:

– The presented work investigated two possible resonant configurations, the series-

series-series and the series-series-parallel. Still, the use of the parallel configura-

tion in the intermediary side could offer benefits not presently known. The same

occurs for the use of other configurations, including an intermediate coupler, in

the transmitter side. Therefore, a comparative analysis of different resonant con-

figurations in double coupling systems would provide invaluable knowledge in the

selection process of the best suitable configuration for a given IPT system.

– The presented work also discussed two possible configurations to interconnect the

ORMC receiver coils with the IRMC transmitter coil(s), and ensure a 360◦ wheel

coverage. In these configurations, the IRMC is assumed to have a solenoid geom-

etry, thus the coupling of the IRMC is constant, regardless of the wheel rotation.

Still, if both ORMC and IRMC geometries are the same, the pattern of both

couplings will be identical. In such working conditions, the system voltage gain,

assuming a series-series-series resonant configuration, would be identical regard-

less of the system positioning. Therefore, such configuration could potentially

ensure a constant voltage gain in dynamic applications.

– The ORMC geometry was optimized in this work using different coil arrange-

ments. Still, the same ferromagnetic core geometry, formed by ferrite strips, was

considered for all coil arrangements in the receiver pad. The investigation of dif-

ferent core arrangements could boost the magnetic link even further between the

transmitter and receiver pads. New 3D printing techniques allow the combine use

of resins with other materials, namely ferromagnetic powder. Consequently, new

receiver core geometries could be investigated including a honeycomb shape to

assess the coupling profiles in different charging positions.

– The presented inWIPT system was investigated in static charging conditions,

but its applicability can be extended to dynamic IPT applications. The optimal

approach for the dynamic off-board transmitter configuration, either segmented
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or elongated, is not clear since each option has merits and limitations. One

major drawback in using the elongated track configuration is the lower coupling

and stray magnetic fields during the vehicle absence. The inWIPT system could

potentially reduce the stray magnetic fields assuming the use of inWIPT in all

wheels. In addition, lower air gaps may translate in longer tracks with similar

coupling factors as in traditional IPT systems. The segmented configuration,

on the other hand, offers better coupling profiles and the magnetic stray fields

are better contained. This approach creates, however, a power fluctuation at the

load terminals since the segmented pads are installed apart from one another. One

solution is reducing the distance between pads to the point where the receiver pad

is coupled simultaneously to two transmitter pads (during the transition between

two consecutive pads). In this way, the total coupling scenario is avoided entirely

and the power fluctuation is mitigated. The downside of moving transmitter

pads closer is the appearance of a mutual coupling between them which will

affect the coupling to the receiver pad. A distributed inWIPT solution could

potentially minimize the power fluctuation with an asymmetric displacement of

the transmitter pads to ensure that the power from all four wheels is almost

constant.

– One of the major steps forward would be the implementation of inWIPT technol-

ogy in multiple wheels with field trials in speeds closer to real EV applications

(around 80 km/h). In this way, the benefits of inWIPT system with both elon-

gated and segmented pads could be investigated.
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