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Chapter 1

Introduction to the work

The “E-mobility Index”, a study realised by fka and the Roland Berger Strategy
Consultant [1], has analysed the current situation of the electro-mobility in the seven
world leading automotive economies!' pointing out as the share of electric cars of the
market in each country is lower than 1%. Despite that, the trend is upward and more
car manufacturers are introducing their electric models into the market. According to
the report, Japan is the leader in electro-mobility penetration to the transportation
market. This is thanks primarily to the lower cost of electric vehicles (EVs) and then
to the more mature charging infrastructure. In fact, battery manufacturers in Japan
and in South Korea dominate the entire battery production value chain resulting in a
competitive advantage for these countries. In the U.S.A., the company Tesla Motors
is trying to follow a similar approach by means of the creation of a “gigafactory”
lithium-ion batteries which is expected to lower the production costs of 30% reducing
hence the EVs cost [2].

These results distinctly indicates as the major barrier to the electro-mobility diffu-
sion is the cost of the batteries. The economic aspect is accompanied by the important
issue of the long time requested for the charge that makes the use of the electric ve-
hicles not practicable on the long distances.

In Europe, the parliament of the Union, passed a resolution in 2013 that requires
to the member states to install a specified number of electric vehicle charging stations
by 2020. Germany has set its target to 86000, Italy will install 72000, and the UK is
planning to build a minimum of 70000 EV recharging points [3]. These actions are re-
lated to the efforts of researchers and manufactures in the development of technologies
able to reduce the charging time and simplify the daily use of the electric cars.

In addition to the plug-in systems for the recharge, the development of a series of
market-ready products for the charge of electric vehicles without any electrical contact
is ongoing. This technology is commonly indicated as wireless power transmission

(WPT) or, more properly, inductive power transmission (IPT). A functional block

!These economies are China, France, Germany, Italy, Japan, Korea and the U.S.



diagram of an IPT system is depicted in Fig. 1.1. It consists basically in the inductive
coupling of a coil fixed on or under the ground pavement, named transmitter, and a
movable second one placed under the vehicle floor called receiver. The transmitter
is powered through a power electronics converter providing a high-frequency current,
the produced field links with the receiver allowing the transfer of electrical power.
The receiver can be connected, by means of a rectification stage, to the battery of
the vehicle allowing its charge. In general, auxiliary material are used to build a
mechanical and magnetic structure for the coils. The resulting objects are frequently

indicated as pads.

Compensation

AC/DC
)\\( On-board

Coaa converter

Receiver

Compensation

Figure 1.1: Scheme of the general components of an IPT system for electric vehicles

Thanks to the absence of electrical contacts, the two part of an IPT system can
be independently enclosed without any requirements of external installations. The
recharge process can be started automatically when the vehicle is over the transmitter
without any human interaction with a relevant increase in the safety of the operations
and being protected against any possibility of act of vandalism. Moreover, the system
is naturally protected and its operations are not effected by environmental conditions
as water, dirt, chemicals etc. etc. This means to have a very robust system that
eliminates other classical problems of the electrical contacts as electrical erosion and
dust deposition strongly reducing the necessity of maintenance.

In the short term, this technology, indicated as static as the vehicle is parked or
stopped during the charge, will probably substitute the conductive systems. However,
the absence of mechanical constraints is leading the possibility to use the inductive
transfer during the motion of the vehicle toward the dynamic IPT.

The installation of dynamic IPT systems into the road infrastructure will eliminate
the necessity of stops for the recharge and, in the near term, this application could
lead to a strong reduction of the on-board installed battery capacity. The success
in the demonstration of the feasibility of this technology can indicate a practicable

way to improve the electric mobility acceptance and solve the most critical aspects
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in the use of electric vehicles. The present thesis illustrates the results of three years
of work dedicated to the study of the physical phenomena involved in the IPT that
have led to the construction of a prototype for the dynamic IPT oriented to private
transports. The analysis of the state of the art summarised in Chapter 2 provided the
background information on the domain of the IPT for automotive applications indi-
cating the current developments and the open issues of this technology. The researcher
activities started with the identification of a circuit model matching the description
of the magnetic field related phenomena and the interface with the power electron-
ics. The results, illustrated in Chapter 3 and Chapter 4, have provided indications
on the main principles of IPT and the topological arrangement of the components
giving the bases for the design of the power electronics and the magnetic structure.
The contributions on the design and testing of the power electronics are presented in
Chapter 5. In Chapter 6 is described the part of the work that has focused on the
design of the magnetic structure and its manufacturing aimed to the integration on an
existent electric vehicle and in the road infrastructure. The activities related to the
integration of the transmitter in the road infrastructure is presented Chapter 7. The
issue of human exposure to the involved electromagnetic fields is presented in Chap-
ter 8 together with the development of a dedicated methodology for the assessment
with respect to the international standards.

The presented research activities have been financed by two european project
eCo-FEV and FABRIC [4, 5] set in the seventh Framework Program for Research
and Technological Development (FP7) and conducted in the Department of Energy
of the Politecnico di Torino. One year of activity has been conducted in the CNRS
laboratory Génie électrique et électronique de Paris (GeePs) in France through a co-

tutelage agreement between the Politecnico di Torino and the Université Paris-Saclay.






Chapter 2

Energy transmission without

contacts: technical evolution

Since the dawn of the electrical engineering and the diffusion of the electrical energy as
the most common vector for the energy carriage, people started to think about a way
to transmit this energy in absence of contacts. This desire is testified by the Farady’s
experiments about the electromagnetic induction and the transmission through differ-
ent fluids [6] followed by the applications of the radio frequencies investigated by Hertz
[7] arriving to the famous Tesla’s experiments about the electric energy transmission
at large distances [8].

In the last decades, the scientific community has indicated the different mecha-
nisms apt for the transfer of energy at distance through the generic expression wireless
power transmission frequently shorten through the acronym WPT. Today this defi-
nition covers several technologies in a widespread range of applications, powers and
distances. Fig. 2.1 schematically shows the most common technologies devoted to
WPT involving electromagnetic mechanisms [9]. The present work is dedicated to a
particular technology on the domain of WPT called resonant inductive power trans-

mission (IPT) in its application oriented to the charge of electric vehicles.

2.1 The birth of the concept

The two fundamental principles that govern the IPT are the Ampere’s law of 1820
and the principle of magnetic induction discovered by Faraday in 1831. While Ampere
proved that a current can produce a magnetic field, Faraday showed the duality be-
tween the magnetic and the electric field demonstrating that a time-varying magnetic
field interacting with an electrical circuit can to induce into it an electromotive force.
These two laws allowed a countless number of applications leading the development
of the modern electric machines.

The first real improvement in the direction of IPT arrived with Tesla’s studies.

)
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Electromagnetic
radiation
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Capacitive . Light waves
coupling Micro waves (Laser, lenses)
(kHz - MHz) (GHz) (>THz)

Resonant IPT
for low power
(<102 W)
(MHz - GHz)

Figure 2.1: Different methods for the WPT using electromagnetic fields and waves.

Tesla coined the definition wireless power transmission [10] and demonstrated a first
example of transmission without contact at the World Exposition of Chicago of 1893.
Seven years later Tesla obtained the patent for a system for the wireless transmission
over long distances (Fig. 2.2) using inductors in which he pointed out two important

cornerstones of the inductive transmission [11]:

1. the necessity to operate at higher frequencies with respect to the tens of hertz

typically adopted for the other electrical machines.

2. the use of capacitors (a Leyden jar in the Tesla’s prototype) connected to the
coils in order to work at the resonance frequency improving the efficiency of the

transmission.

These concepts remained applied uniquely to the Tesla’s prototypes according to his
well know health problems but also due to some practical limitation of the system
as the very high operating voltages of the coils and the related safety problems, the
poor efficiency related to the losses at high frequency (skin effect) but, above all, the
absence of an effective technology able to control and use this wirelessly transmitted

energy.
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No. 649,621, Patented May |
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Figure 2.2: Tllustration extracted from the Tesla patent of 1900.

2.2 The advent of the power electronics

A first real application of the inductive transmission arrived from the soviet electrical
engineer Georgiy Babat. Back in 1943 Babat built an electric car, named HF automo-
bile supplied through IPT! The system was composed by copper tubes forming a series
of paths buried under the asphalt and a receiver placed under the vehicle at about
20 cm from the ground. The system was supplied through an electron-tube oscillator
[12] providing a current of hundreds of ampere with a frequency of 50 kHz. Fig. 2.3
provides an idea about the huge dimensions of the equipment. The induced current
was rectified and used to directly supply a 2 kW motor. This first prototype had only
4% of efficiency but it was the first working implementation of an IPT system for
electric vehicles [9,13].

The first system adopting solid state devices appeared in a patent deposited by
D.V. Otto in 1974 [14]. Otto proposed an IPT system for an electric vehicle supplied
through a silicon controlled rectifier (SCR) inverter currying a current of 2000 A
at 10 kHz. In this case the resonance of the receiver was assured through a series
connected capacitor and connected to a DC motor by means of a rectification stage.

The work was abandoned in the same year [15].
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Figure 2.3: Photography of the electron tube adopted by Babat. In the lower right-hand
corner are visible the two water cooled plates forming the tuning capacitor of the HF feeder.

In the 1980s, a first working IPT system with a moving vehicle was designed within
the PATH project in California [16]. The goal of the project was the development of
a segment of electric roadway to inductively power a small electric bus. The system
operated with a variable air-gap between 5 and 10 cm and provided a power of 200 kW
through a maximum current of 2000 A generated by an electrical machine working
at the fundamental frequency of 400 Hz. The particularity of this prototype was the
way to control the power transmission as variable capacitors were employed to detune
the receiver resonant frequency. The achieved efficiency was of about 60%, but the
prototype presented different critical aspects such as the huge dimensions and weight
of the coils: the receiver was 4.5 m long and 1 m large with a weight of 850 kg [15].
A photography of the components is reported in Fig. 2.4.

Figure 2.4: Cross-section of the buried transmitter and the on board receiver of the PATH
prototype.

In the 90s the massive interest of researchers and industries on the IPT technology
started according to the improved performances of the power electronics devices at

frequencies above the tens of kHz with currents between tens and hundreds of ampere.
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At the end of the last century the diffusion of IPT systems for the charge of hybrid
and electric buses began.

In 1997, the german Wampfler AG implemented a first commercialised IPT system
for public transport based on the patents developed by the University of Auckland [17,
18]. This system was conceived to charge stationary buses and the technology named
static IPT. The system planned the alignment of the receiver through a camera placed
under the vehicle floor and the subsequent swiping down of the receiver obtaining a
gap of about 4 cm with respect to the buried transmitter (Fig. 2.5). Electric buses
wirelessly charged during parking, in an automated fashion, operate in Genoa and
Turin since 2002 [19].

The Wampfler system operates at a frequency of about 15 kHz with a rated current
of 80 A transmitting a rated power of 30 kW. The small air-gap between transmit-
ter and receiver guarantees a good magnetic coupling and reduced stray fields level.
Wampfler continued to work on these applications of the IPT as Conductix and in

January 2014 it spun off as IPT Technology.

Figure 2.5: Position of the receiver in the Conductix system. Lifted receiver (a), receiver
position during the charge (b).

2.3 The state of the art

Over recent years several companies and research centres have proposed their systems
to improve the electrical mobility through the IPT.

WAVE, a startup born within the Utah State University, commercialises its IPT
technology for the recharge of electrical buses. The first demonstration prototype
has been implemented in a campus shuttle equipped with a receiver having the same

dimensions of the transmitter embedded in the pavement of the bus stations. This
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system allows the transfer of 25 kW at 20 kHz at each bus stop. The transfer takes
place over an air-gap of 15-25 cm obtaining an efficiency of 90% [20].

Bombardier has announced in 2015 the development of a suite of solutions for
IPT involving buses, light commercial vehicles and private cars called PRIMOVE.
The implementation of the PRIMOVE IPT system for electric buses is ongoing in the
cities of Mannheim and Berlin (Germany) and in the city of Bruges (Belgium). The
presented solution works during the bus stops transferring a power of about 200 kW
[21].

The only well demonstrated working system of dynamic IPT is the Shaped Mag-
netic Field In Resonance (SMFIR) system developed by the Korea Advanced Institute
of Science and Technology (KAIST) since 2009. The SMFIR concept is based on the
use of a massive quantity of ferrite to force the flux to come across a defined path as

shown in Fig. 2.6.

Oy 04 m

j

Figure 2.6: Road embedded ferrite track of the OLEV system.

This concept was applied to the OLEV (online electric vehicle) bus in 2011 and,
currently, two OLEV buses are active in the KAIST campus in the cities of Daejeonn
and Gumi, both in South Korea [22]. As shown in Fig. 2.7, the system consists of
a roadside power conversion stage that rectifies the power received by the electrical
network and supplies the buried power tracks (i.e. transmitters) at a frequency of
20 kHz. The road embedded power tracks are installed in sections of 122.5 m in length
and each section is divided into segments the length which of can range from 2.5 m
to 24 m [22]. A system of complex active and passive shielding solutions are installed
on the bus with the purposes of confining the magnetic field along the desired path
improving the electromagnetic compatibility (EMC) and reducing the electromagnetic
field (EMF) emissions. An example of shielding system is depicted in Fig. 2.8 where

a series of copper twisted brushes is used to create a closed conductive shielding path
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Figure 2.7: Scheme of the architecture of the OLEV bus IPT system.

KAIST developed different versions of OLEVs. The last one (3G) reached a max-
imum power transfer of about 200 kW with an efficiency of 74% [24].

In the automotive sector several products for the static IPT will be soon available

on the market.

In 2011, Qualcomm acquired HaloIPT, a New Zealand company spun off by the
University of Auckland. The HaloIPT developed IPT solutions in a power range
between 3.3 and 20 kW and in 2011 it became partner with Rolls Royce which proposed
the IPT technology to charge the luxury Phantom EV [25].

A spin off of the Massachusetts Institute of Technology (MIT), WiTricity, that
develops wireless power transfer systems for various industries and applications, pro-
poses also a solution for the static IPT. A 3.3 kW system has been proven to be
functional but it is not yet commercially available. However, Toyota has licensed the
WiTricity wireless system and started trials and verification tests for their Electric
and Hybrid models [26].

Another ready product is the Plugless Power, a 3.3 kW IPT stationary charger
developed by EVATRAN and commercialised in partnership with Bosch. It consists of
a system adaptable to each EV model with a transmitter side composed by a control
panel containing the power electronics directly linked to the electrical LV network and
a transmitter pad that can be placed on a parking or garage floor. The Plugless Power
were successfully tested with the Chevrolet VOLT and the Nissan Leaf EVs [27].



12 2.4 Current standardisation processes

Bottom of the vehicle
|°A°a¢w¢ i.m

Figure 2.8: Illustration of a passive shielding solution applied to the OLEV bus.

2.4 Current standardisation processes

IPT systems, as the electric cars industry, involve several fields of engineering therefore

the related standards and guidelines cover a large number of aspects.

As pointed out in the previous section, several commercial stationary IPT tech-
nologies exist but most of them are not compatible with each other due to the absence
of standards by the time they were developed. Nevertheless, there are several active

groups working now in the standardisation of stationary wireless charging systems.

The U.S. Society of Automotive Engineers (SAE International), a globally active
professional association and standards organisation for engineering principally focused
on transport industries, is providing the standards SAE J2954 and UL 2750 [28] and
pairs them to other related standards as SAE J2847/6, SAE J2931/6 and SAE J2836/6
[29]. SAE published a Technical Information Report (TIR) J2954 for Wireless Power
Transfer for Light-Duty Plug-In/ Electric Vehicles and Alignment Methodology for
stationary charging applications on 2016 that is planned to be standardised within
2018 [30]. The International Electrotechnical Commission (IEC) has created in the 90s
the subcommittee TC69 that is working on a dedicated standard for electric vehicles
equipped with IPT systems which is intended to be published as IEC 61980. The
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IEC 6190 reached the Committee Draft stage in 2000 and, since 2013, the standard
has been in a “circulated as committee draft with vote” phase [31] and his “Part 1:
General Requirement”, is now in the Publication being printed (BPUB) state [32]. ISO
started his activities on a new ISO standard, the ISO/AWI PAS 19363, in February
2014 [33]. The group responsible for the drafting is subcommittee TC22/SC2 “Road
Vehicles-Electrically propelled Road Vehicles” [34]. The main activities of the different

standardisation committees can be summarised as follows:
e Vehicle alignment methods.
e Interoperability of the different solutions.
e Frequency and power levels.
e Location of the receiver or receivers in the vehicle.

e Different aspects of safety such as the obstacle detection, electric shock protec-

tion, reference standard for the magnetic field levels, EMC.
e Communication protocols between power grid, vehicle and IPT infrastructure.
e Testing of the solutions.

Despite these processes evolve very fast, there are no published standards on EV
IPT at the present. The same is for dynamic IPT. On this side, the IEEE Standards
Association Industry Connection Activity has recently approved a working group for
pre-standardisation aimed to be a complement to the activities of the SAE J2954.
This is currently the only group working on dynamic IPT [35].

During the development of the works presented in this thesis, different aspects of
the integration of an dynamic IPT solutions have been taken into account according
to the creation of an on-road test site. A brief list of the adopted reference standards

is reported in the following.

e [SO 15118. This Standard is titled “Road Vehicles-vehicle to grid communica-
tion interface” and specifies the communication between electric vehicles and

power supply equipment.

e SAE J1100, titled “Surface vehicle recommended practice”, represents the refer-
ence for the mechanical integration of the receiver on vehicle board with respect

to the ground clearance.

e ICNIRP Guidelines for limiting exposure to time-varying electric and magnetic
field (1 Hz -100 kHz) in the last version of 2010 has been the reference for the
evaluation of the problem of the human exposure to the magnetic field involved

in the developed application.
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e IEC 61000 Electromagnetic Compatibility (EMC) has been the reference for the

problems of interfacing of the IPT system with respect to the electric network.

e [SO 16750, ISO 26262 and ISO 6469 are all adopted standard related to safety
specifications for electric and electronic devices for electrically propelled road

vehicles.

e Since coils and related electrical components could be part of the road surface,
their installation must follow the same regulations of the road. Regarding these
aspects, the references are dependent on the country in which the system is
installed and the material adopted for the paving. A list of standards can be
found in [36].

This list is far to be exhaustive about the huge amount of standards that can
be involved in a entire process of industrialisation of a dynamic IPT solution but it

provides an idea about the complexity of the problem.

2.5 Current research projects

To respond to the necessity of additional investigations about the broad aspects of
the dynamic IPT, several dedicated research projects are being conducted thanks to
both public and industry funding. While the University of Auckland and the MIT are
trying to extend their static applications toward the dynamic IPT with their spin offs
HaloIPT and WiTricity, other research centres and universities are involved in joint
projects all over the world.

In the United States, the biggest efforts on this domain are being conducted at the
Oak Ridge National Laboratory (ORNL). The ORNL is the largest multi-program,
science and energy laboratory in the U.S., funded mainly by United States Depart-
ment of Energy (DOE). The ORNL has carried out research on static and dynamic
inductive power transfer and is presently developing know-how on coupling coil de-
sign, power flow regulations, leakage field minimisation, misalignment tolerance and
interoperability. The ORNL is stressing on the use of a single power electronics stage
that supplies the different transmitters (as done by KAIST) determining the relative
position of the vehicle by a radio communication system coupled with optical sensors
as backup verification. Transmitters and receiver coil are constituted by the same
circular pad [37]. A picture of the prototype under study is visible in Fig. 2.9.

At the same time, the KAIST is continuing toward the development of the sixth
generation of OLEV trying to improve the efficiency investigating new solutions for
the transmitter section layout and the design of the receiver structure. [31].

In the European Union, a series of research projects are being funded within the
seventh Framework programme of Research (FP7) to investigate possible improve-

ments of the electric mobility by developing solutions for the inductive charge.
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Figure 2.9: Picture of the laboratory prototype developed at ORNL.

The projects Fastincharge and UNPLUGGED, both born in 2012, have been ded-
icated to the investigation of the impact of different charging solutions (i.e. plug-in,
static and dynamic IPT) on the public acceptance of the electric mobility. In both
projects different solutions for the static inductive charge have been proposed inves-
tigating the different aspects of economic feasibility, safety and standardisation. An
analysis of the extension of these solutions toward the dynamic IPT was also per-
formed [38,39]. Both projects demonstrated a good efficiency of about 90% of two
different static IPT solutions in condition of perfect alignment between transmitter
and receiver together with the communication between the different components of
the charging infrastructure. These results indicated as the use of IPT can really rep-
resent an effective way to overcome the actual problems related to range and size of

the on-board storage.

At the end of the 2012 the eCo-FEV project began [4]. eCo-FEV intended to create
an electric mobility platform for the integration of electric vehicles into a cooperative
infrastructure systems. This platform would allow the information exchange between
multiple infrastructure systems including road IT infrastructure, parking infrastruc-
ture, public transportation operators and vehicle charging infrastructure. This would
assist user on trip planning decreasing range anxiety (i.e. the fear that the electric
vehicle has insufficient range to reach its destination). The research leading the de-
velopment of the present thesis is born within eCo-FEV during which the team of the
Department of Energy of the Politecnico di Torino (POLITO) developed a first rough
prototype for the dynamic IPT dedicated to a light commercial vehicle. In the project

contest, a dedicated electrical infrastructure was developed together with a data infras-
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tructure. The IPT prototype was installed without embedding the transmitters that
were installed in cable wireways placed over the road pavement as shown in Fig. 2.10.
The five transmitters have been supplied by a single power electronics supply com-
posed by six inverter legs. The vehicle presence was identified solely through optical
sensors. The system has been tested only for a limited power and limited speed but
has provided important results in terms of management of the charging infrastructure
in presence of a complex environment comprising electric vehicles, energy providers

and data infrastructure [40].

Figure 2.10: Picture of the POLITO system developed inside the e

In Spain the researches on the IPT are continuing through the project Victoria [41].
The project started in 2013 with a consortium that comprises different industrial and
academic partners. The aim is to double the range of electric buses without affecting
operating times adopting IPT in static and dynamic developing a solution directly
applied on an bus in the city of Malaga.

The research started under the eCo-FEV project is now continuing under the
FABRIC project [5]. FABRIC started in 2014 as a systematic feasibility analysis of
different on-road charging technologies for the range extension of electric vehicles. Dif-
ferent technology suppliers, research institutes and industrial partners are developing
their solutions [42]. The POLITO team is improving the functionality of its system

that is the one illustrated in the next chapters of the present thesis.

2.6 Open issues

Although several aspects related to the static IPT are still only roughly solved, it
seems that the standardisation process will lead to an agreement in a short term
period. Differently, in the dynamic IPT, the research activities are just started and
a huge number of technical problems are still open issues. As has happened for the

different solutions for the static, there is not a clear agreement on the shape of the
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transmitter and receiver magnetic structure as well as the position of the receiver
under the vehicle. As example, KAIST is continuing in the direction of a long track
transmitter in the order of a hundred meters [43]; the Auckland team is proposing the
adoption of small pads composed by more overlapped coils practically with the same
dimension for both transmitter and receiver [44]; the ORNL is investigating the use
of small circular pads [45] on both sides; Bombardier is proposing a track forming a
three phase magnetic field distribution [46].

The same also happens for the choice of power levels and frequency. These two
parameters impact the technology of the electronic switches, the relationships between
coils dimension, transmittable power and air-gap [44]. In particular, the value of
the frequency should pass the scrutiny of the electromagnetic compatibility (EMC)
analysis in reference to on-board electric devices and electric power network. This
analysis seems still not specifically investigated.

Another relevant problem for the dynamic IPT is the identification of the vehicle
when it approaches a transmitter and the management of the passage between sub-
sequent transmitters. Also in this case, different techniques are under investigation
such as the use of auxiliary coils for the vehicle detection [47], optical sensors, radio
communications [45] or cable data links between the power electronics converters.

Directly related to all previous issues there is the aspect of the protection against
the exposure to the magnetic fields generated in the IPT applications. Few substantial
studies have been conducted in this domain [48-50] and, in the dynamic IPT, standard
measurement conditions, reference cases and proposed technical standards are still
missing.

Finally there are the huge amount of challenges represented by all the aspects re-
lated to the creation of the road infrastructure, the inclusion of the transmitter section
in the road surface, the choice of the material for the pavement, the handling of rain-
water, the necessity of communication with the related management infrastructure.

The present works has tried to answer some of these problems in the way that will

be explained in the following pages.






Chapter 3
Circuit modelling

This chapter illustrates the basic principles of the IPT technology. An equivalent cir-
cuit representation is derived starting from the different physical laws and components.
This model provides a coupling between magnetic field and circuit also considering

the interface with the power electronics elements.

3.1 Inductive power transmission basics

The physical mechanism at the base of the IPT is the magnetic induction.

With reference to Fig. 3.1, if a coil of V] turns is interested by the flow of a time-
varying current i;(t), it generates a time-varying magnetic flux ®;(¢). The relation
between the generated flux, the current i; and the voltage at the coil terminals is
expressed through equation (3.1) where the parameter L, is the self-inductance of the
coil and is defined as in (3.2):

_ ydeidi _diy
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4

Figure 3.1: Representation of the magnetic induction between two coils.

19
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Figure 3.2: Hlustration of the mechanism of inductive power transmission.

If another coil of Ny turns is placed in the proximity, it links a part ®15(¢) of the flux
®4(t) so, according to Faraday’s law, a time-varying voltage can be measured at the
terminals of the coil. This voltage is here called open-circuit voltage vo.(t) as it can
be directly measured at the coil terminals under no-load conditions. The open-circuit

voltage is expressed as

. deq)lg(t) diq . Md’il

oc(t) = : =M-— 3.3

Voc(t) di;  dt dt (3:3)
M is the mutual inductance between the two coil defined as

M = N 3.4

2dis (34)

If a load Ry, is connected to the receiver, as shown in Fig. 3.2, a current o can flow
through the second coil meaning that a power transfer between the two coils can take
place. A time-dependent model describing the system proposed in Fig. 3.3 can be
formulated through the equations (3.5):

o diy diy
'Ul(t) = Rl'll(t) + Lla ME
(3.5)
Ay diy
Midt = RQlQ(t) + Lo i + Rng(t)

The resistances of the two coils Ry and Ry are introduced. Lo is the self-inductance
of the second coil that can be derived similarly to (3.2) supplying this coil through a
time-varying current is.

It can be proved that the value of the mutual inductance obtained supplying the

second coil is the same as in (3.4) [51,52].

The relation between the mutual inductance and the self-inductances of the two
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Figure 3.3: Circuit representation of the system illustrated in Fig. 3.2.

coils is expressed through the coupling coefficient k:

M
vV IL1Lo

This coefficient expresses the fraction of the flux emanating from one coil that links

k= (3.6)

the other coil, then its value can range from zero to one:
0<k<1 (3.7)

In the following, the first coil is named transmitter and every related parameter is
indicated by the index 1 while the second coil is named receiver and the related

parameters are indicated by the index 2.

3.2 First harmonic approximation

The energy transmitted by an IPT system can be stored in a battery or used to supply
a device by means of power conversion. All these possibilities assume the presence
of a rectifier connected to the receiver. The rectification is usually carried out by a
diode bridge [53-57] or an active synchronous rectifier [58-60]. These components
force the input voltage and the current to be in phase so, with reference to Fig. 3.4,
the ratio between the first harmonic (1h) of the voltage v,(¢) and the current i,(¢) can

be represented through the resistor Ry, defined as

v
Ry, = "th (3.8)
Ur1h
The same approximation can be done for the source v; meaning that the system is
considered as working at one single frequency. These assumptions allow the use of

the phasor representation. This means that the equation set (3.5) can be rewritten as
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iR(t)

vr(t)

\
{

Figure 3.4: Voltage and current at the input of a diode bridge.

(3.9) where w is the angular frequency of the source:

‘71 = lel —{-ijlfl —jWMjQ (39)
jwMI; = Roly + jwLoly + Ryl (3.10)

Expressing I in terms of I; in (3.10) and substituting it into (3.9), it is possible to
find the ratio between the source voltage ‘71 and current [ 1. This ratio describes the
equivalent impedance that the system shows to the source. This impedance is called

total impedance Zr and it is expressed as:

R ‘71 . w2M2

Zr = = = (R + jwL) + : 3.1

T I ( Ly 1) (Rz + jwls + Ry, ( )

The first term of (3.11) is the impedance of only the transmitter in absence of coupling
and it is indicated as:

Zy = Ry + jwl, (3.12)

The second term represents the effect that the coupled receiver has on the transmitter.

It is called reflected impedance and it is defined as:

A w2 M?
ZR = -
Ro + jwls + Ry,

(3.13)

With reference to Fig. 3.5, it is worth noting that the denominator of the reflected
impedance is equivalent to the impedance that the receiver shows to the dependent
source Vi defined in (3.3):

Zy = Ry + jwLy + Ry, (3.14)

The above defined impedances are basic parameters for the study of the system. In
fact, they describe the relationships between currents and voltages on both sides of
the system. By means of these parameters it is possible to express the powers Sy

and Ss that are the apparent power provided by the source and the power inductively
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Figure 3.5: Equivalent representation of the receiver.

transferred to the receiver:

Sy =W = ZyI? (3.15)
52 = VOCIQ = ‘/oc V;)C =
V/(R2 + RL)? + (wL2)?
W2 M2 (3.16)
= I} = ZgI}

v/ (R2 + R1)? + (wL2)?

3.3 Introducing resonance

Thanks to the definitions of supplied and transmitted powers, it is possible to explain
the motivations that lead to the introduction of the capacitive compensation.

On the receiver side, the impedance wLy strongly reduces the current I meaning
a strong limitation in the power transfer capability as shown through (3.16). On the
transmitter side, the presence of the impedance wl; implies to have an apparent power
higher than the provided active power P;. In other words, the condition Sy > P;
means that the power rating of the source has to be much higher than the active
transmitted power. The two directly related implications are a higher cost of the
power electronic switches of the source and the necessity to work in strong hard-
switching conditions decreasing the system efficiency [54,61,62]. These reasons justify
the introduction of capacitors on both sides in order to achieve the cancellation of the
inductive components of the impedances Z1 and Zs.

The capacitors have to be selected in order to obtain the effect of the cancellation
at a common frequency for both sides. Clearly, there are several possibilities to obtain
this result, but the basic ways consist of the simply connection of the capacitors in
series or in parallel with the coils. Fig. 3.6 illustrates the four basic topologies. Each
topology is indicated with two letters. The first letter refers to the transmitter and
the second one to the receiver. The letter S is used for the series connection and the
letter P for the parallel connection. For the sake of simplicity, the relations for the
choice of the compensation capacitors are conducted considering as negligible the coil

losses as commonly done in literature [53-55,63, 64].
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Ry

Figure 3.6: Circuit representation of the four basic compensation topologies.

Since the final goal of the compensation is the maximisation of the power transfer
capability, the capacitive compensation on the receiver side can be interpreted as
a sort of application of the mazimum power transfer theorem to the only reactive
elements. It is possible to demonstrate (see Annex B) that, for both series or parallel
connections, the maximisation of the power transfer leads to the basic definition of a
resonant system:

WlLyCy—1=0 (3.17)

Indicating as wp the angular frequency that allows condition (3.17) to be fulfilled, the

relation for the selection of the capacitor Cy connected to the receiver coil is:

1
(U(2)L2

Coy = (3.18)

wp is called resonance angular frequency. It is related to the resonance frequency fo

through the well known expression wg = 27 fp.

The effect of the coupling of the receiver on the transmitter, can be represented
through the reflected impedance obtaining the representations depicted in Fig. 3.7. In
order to completely cancel the inductive component of the impedance presented by the
circuit, the capacitor C] has to be chosen in order to compensate the self-inductance of
the transmitter plus the imaginary component of Zg at the same resonance frequency

of the receiver. The general definition of the reflected impedance at the resonance is:

2 = 4020
Zo

(3.19)

Its dependence on Zs points out the dependence on the compensation topology of the

receiver.
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(a) Series compensated transmitter (b) Parallel compensated transmitter

Figure 3.7: Transmitter in presence of coupled receiver.

For a parallel compensated receiver, Zs is defined as

Ry,

Zy = jwoLg + ———— 3.20
2 = Jwol2 1 + jooRLCo ( )
then ZR can be written as

. 2M2

T = ] - (3.21)
. L
wolo + —————-
Je0te 1+ jwoRLCo

Finally, (3.21) can be expressed using only the inductive parameters by substituting
(5 through the relation (3.18):

M2
w2M? + jwRy, —
N Lo

T —
" jwLy

(3.22)

It is possible to separate the real and imaginary parts of the impedance obtaining

Re(ZR) = Ry, — (3.23)
Loy
. M?
Im(Zg) = —w— (3.24)
Loy

According to (3.24), if the capacitor C; is placed in parallel with the receiver, its

values has to satisfy the relation

1 .
I jwlL VA =0 3.25
" KjwoC’1> /! (Jw o R>] (3.25)
that means to choose:
M?
Lo=77>
C) = 2 (3.26)
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If 1 is placed in series with the receiver:

1
C = 3.27
1 w2 Ly — %2 | )
0 1 L2
For a series compensated receiver Zs is expressed as:
o= jwls + ——R (3.28)
= W .
2 = Jwihz2 jwCs L
then, again according to (3.18):
R 2M2
Re(Zg) = 0 (3.29)
Ry,
Im(Zg) =0 (3.30)

(3.30) shows an important property of the series compensation of the receiver that is
the ability to cancel the reflected imaginary part of Zr. If the capacitor C} is placed
in parallel with the receiver, it has to satisfy the same condition of (3.25) that means

to choose the capacitor according to:

Cr= (3.31)

If C} is connected in series, it has to simply compensate the self-inductance of the

transmitter independently of the effect of the coupling:

1
Cy = 3.32
! w%Ll ( )

The found relations are here reported as summary:

( 1
cF = 3.33
1
cot = Ve (3.34)
w% (L1 — 7L2 >
L
cbs = ! (3.35)
1 2772\ 2
“o + w2l
RL 0+~2
M2
Ly — —
ofr = —— Ly — (3.36)
My +wd Ly — M
L Lo O\ L
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It is worth noting that (3.33) is the only relation where load and mutual induc-
tance do not appear. This indicates that, for a chosen value of capacitance, in the
case of an SS compensation, the condition of resonance remains stable at the same
frequency independently of the variations of M and Rp. On the other hand, the
parallel compensation on the primary side is effected by both dependencies making
these topologies not advisable for applications with a moving receiver that can cause

frequent variations of the coupling.

3.4 Total impedance

The expressions of the total impedances derived in the previous section are here

grouped:
~ 1 2M2
25 =j(wly - + > (3.37)
wC’1 . 1
Ry +j|wle — —
wCQ
~ 1 2M2
SP— i (wLy — n d (3.38)
wC’1 s + RL
J 2 1 +ijLCQ
-1
ZEs = L jwC' 3.39
T - D22 +wli (3.39)
(jwL1) + 1
N oL — 1
(RLH (w : wCZ))
-1
ZEr — L jwC' 3.40
T = D22 +Jwli (3.40)
(jwL1) + 7
’wL2 + 71‘
J 1+ jwRLCH

The different expressions point out a resulting different behaviour with respect to
the variation of the system parameters. Considering a condition of very weak coupling

(M — 0), the resulting values of Zp are:

755 n 75P ~ jwI +
T T Jwliy jwCh

(3.41)
. . 1 -1
ng ~ ZrZEP ~ (ijl +jw01>

These equations describe the impedances of a series and a parallel LC circuit respec-
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tively. This means that, at the resonance frequency, the series compensated trans-
mitter tends to behave as a short circuit while the parallel one tends to an open
circuit. For a general case with M < 1 but not zero, the topologies with parallel
compensated transmitter need a higher voltage of the source to transmit the same
power with respect to the case with a series compensated transmitter. Two examples
are provided in [65] and [66]. The first work presents a system for static IPT with
parallel compensation. The system transfers a rated power of 2 kW with an air-gap
of 0.2 m. The power supply of the application operates at a voltage level of 1.6 kV.
Conversely, in the second work, a series-series compensated system is presented. It
transfers the same power with an air-gap of 0.15 m but with a rated voltage of the
source of 500 V. The principal benefit of the parallel compensation is represented by
its intrinsic protection against the sudden absence of the receiver. In this case the
system behaves as an open-circuit simply forcing the current of the source to zero.
The difference between SS and SP is understandable by observing the value of the

total impedance at the resonance (w = wy):

2 2
755 woM

- 3.42
Ry, (342)

SP §

zZ8 :RLle2 (3.43)

For a load consisting in a low Ry, the SS compensation presents a higher impedance
than the SP compensation. This suggests that the SP compensation is well suited
for application at high voltage and low currents at the receiver, as in the applications
illustrated in [67-72] that are generally not dedicated to the automotive IPT.

3.5 Hybrid compensation topologies

As conclusive part of this chapter, more complex compensation topologies are briefly
introduced. All these topologies start from the idea to combine the properties of series
and parallel compensation constituting hybrid topologies [73]. Two hybrid topologies
have been proposed in [55] and [56] with the circuit configurations shown in Fig. 3.8.

The combination of the characteristics allow to improve the tolerances with respect
to the misalignment and the regulation of the value of the total impedance through
a proper selection of the capacitors [56,73]. Nevertheless, the dependency of the
resonance condition on coupling and load variations remains due to the presence of
the parallel capacitors. This practically implies the adoption of control techniques at
variable frequency to maintain a high efficiency of the transmission. The variation of
the frequency leads to an increase of the rated power of the power electronics in order
to provide the necessary reactive power when the system works out of resonance [56].

The more critical aspect is represented by the necessity to introduce additional
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Ly ¢y M C5i Loy
| —~ 12
‘71 Ci= L Lo = Céa Ry
(a)
Liy ¥ M (84
]
f/l Cf:: I Lo §RL
(b)

Figure 3.8: Hybrid compensation configurations. Symmetric (a) and only on transmitter side
(b). In the red box the additional filter inductor for the commutation.

inductive elements, L1y and Loy, in order to prevent current peaks during the voltage
transitions since a square voltage source is applied to the group of reactive elements
[56]. The additional inductors and the use of more capacitors, imply an increase of

costs, volumes and complexity of the connections.

3.6 Efficiency

A complete evaluation of an IPT system should consider several components and
phenomena that determine losses (e.g. the capacitor ESRs, the hysteresis losses in the
ferromagnetic elements, the losses in the conductive materials in the vicinity of the
coils, the conductive and switching losses in the power electronic converters etc.). This
clearly indicates that a compete analytical expression of the efficiency is practically
unfeasible. Nevertheless, a simplified expression of the efficiency referred to the coils
is proposed here. It can be derived by using the circuit models shown in Fig. 3.6
where the coil resistances are considered. A general expression of the efficiency can
be derived indicating as I5; and I;o the currents flowing in the inductors and as I,

the current that flows in the load:

RLI2

= 3.44
Rll%l + RQI%Q + RLIE ( )

Ui

According to the compensation topologies on the transmitter side, it is possible to
express the current I as
I =1 (3.45)



30 3.7 Conclusions

for the series compensation and as
le == jl —ij’lf/l (346)

for the parallel compensation.

The same can be done for the currents on the receiver side I75 and Iy

R jwMI
) = JUB - (3.47)
(Rm+RL+j<wL2—>>
wCs
It = I (3.48)

for the series compensated receiver and

- Jjw (14 jwRLC9) A

Ir = I 3.49

> Ry + (Rz + jwLs) (1 + jwRiCy) (3.49)
. 1 .

I = (3.50)

— I
(1+ jwRLCo) "~
for the parallel compensated one.

Substituting the expressions of the currents in (3.44), it is possible to obtain two
expressions of the efficiency that are dependent only on the compensation topology of

the receiver:

Ry,
nSS,pS = (3.51)
’ Ry + Ry
(RL + R2) <1 + le%]\ﬂ)
Ry,
NSp,pp = 3.52
P YOV Y (3:52)

wil3 = wiM? M?

Both expressions indicate that the efficiency of the system can be increased by min-
imising the coil resistances and by increasing the mutual inductance and the resonance
frequency. Naturally, the increase of the frequency has to be managed through the
selection of proper components, materials and constructive techniques in order to min-
imise the losses increase due to phenomena of skin and proximity effect or induced
losses in the nearby components. This considerations provide the basis for the design

of the coils.
3.7 Conclusions
This chapter described the mechanism of inductive power transmission. It explained

the motivations for the introduction of the compensation capacitors that make the

IPT systems resonant systems. Electromagnetic phenomena and components have
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been coupled in an equivalent circuit model that can be used for the study of the
characteristic of the power transfer and for the system design. This model provided

the key results here summarised:

e The behaviour of the system and its matching with the source can be described

by means of the total impedance Zr

e The introduction of the compensation capacitors introduces several benefits that

are:

— Increase of the power transfer capabilities
— Decrease of the VA rating of the power electronics of the system supply

— Possibility to adopt techniques of soft-switching commutations that can
strongly reduce the commutation losses. This aspect is more detailed in
Chapter 5

Finally, the study of the different topologies for the compensation indicates that
each compensation presents different properties in terms of ZT, tolerances to the
variation of the coupling and the load. Each topology is better suited for certain
applications and certain architectures of the power electronics demanding also different

approaches in terms of control and protection.






Chapter 4
Frequency behaviour

In this chapter the study in the frequency domain of the model proposed in the
previous chapter is presented. This study provides the last information useful to the
definition of the power electronics requirements. The analysis is carried out for an
SS compensated system, but the results can be extended to every basic topology by
means of an equivalent series representation [74,75]. Due to the complexity of the

system that contains five reactive elements, the model without losses is considered.

4.1 Quality factor

The description of the coupled resonant systems in the frequency domain can be
usefully represented by means of three main parameters. The first two are the coupling
coefficient k£ and the resonance angular frequency wp already defined in Section 3.3.
The third parameter is the quality factor . This parameter has multiple definitions
[76]. The one adopted in this work is the ratio between the stored energy Freactive and
the dissipated energy F,.tive during each period in a resonant circuit at the angular
frequency wy:

Ereactive
=2r— 4.1
Q " Eactive ( )

The stored energy at the resonance is constant and equivalent to the magnetic energy
stored in the inductor or the electrostatic one stored in the capacitor. In the IPT
system the quality factor for each side, in its own right, is defined as:

- w0L1 1

= 4.2
R1 LU()ClRl ( )

@1

_ woly 1
- Ry + Ry, N woCo (R2 + RL)

Q2 (4.3)

Considering the approximation Ry, > Ry 2, the relation (4.3) can be expressed as:

wolo 1
~ = 4.4
@ R.  woCaRy (44)

33
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and the relation

Q1> Q2 (4.5)

holds true for a general case.

4.2 Amplitude behaviour: the multiple peaks

The coupled resonant circuits were studied for the first time in the radio frequen-
cies domain where these circuits were investigated as band-pass filters. The results
acquired in that domain pointed out as the transfer function between the output
voltage, measured at the output resistor terminals (equivalent to Ry,), and the input
voltage, can present two maxima with respect to different values of angular frequency
and under specific conditions of @ and k [75,77].

This phenomenon can be explained qualitatively by observing the first expression
of the total impedance (3.11) given in Section 3.2. The presence of the coupled induc-
tance Lo leads to a reduction of the inductive reactance of ZT while the presence of
the compensation capacitor C tends to increase this component as one can see from
(3.37). This means that, at frequencies below resonance, Zg is inductive while the
self-impedance of the transmitter 7y is capacitive. The effect of the coupling lowers
the value of Zt that, for a certain value of w = wi, reaches a minimum remaining
inductive. The dual behaviour occurs for frequencies above resonance where Zr is
capacitive and compensates the inductive reactance of 7 reaching another minimum
at w = we. At that point, the behaviour of Zr is capacitive. Two maxima of the
currents correspond then to w; and wy. A detailed analysis was provided by Terman

in [77] that formulates the two angular frequencies as:

1
Wi,2 = Wo (4.6)

1 /1 1
1+ky/1—— +>
o (g

According to (4.5), the same relation can be approximated neglecting the terms in

which @)1 appears:

1
Ww1,2 = Wo (4.7)

1 1
1+k/1— ——
V2K Q3

This expression admits real solutions only if

1
V2Q2

In Fig. 4.1 it is depicted the behaviour of the two angular frequencies versus variations

k> (4.8)
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of the quality factor of the receiver and for different values of coupling. This graph
points out that the values of the two angular frequencies is not symmetric with respect
to the resonance angular frequency and that, for values roughly bigger than 20 it is
possible to introduce the approximation ()2 — oo that means the position of the two

peaks depends only on the coupling according to the relation

1

= wWy— 4.9
w1,2 wom ( )

—k=005—k=01 k=02 —k=03 —k=05
151
1.4 ¢
131
1.2
o
3
Ty
3"1.1 r
1+ —
09
08
| | | |
5 10 15 20 25
Q,

Figure 4.1: Map of angular frequencies wj o for variation of the receiver quality factor at
different couplings.

Finally, in Fig. 4.2a and Fig. 4.2b the effect of the coupling variation on the
transmitter and receiver currents is depicted. It is worth noting that, for an increase
in the coupling, the peaks of I; become lower and the width of the curve remains
practically constant. Conversely, the peaks of the current I> tend to remain at the
same amplitude and the curve tends to become wider.

In correspondence with wi and wo, the phase of Z is far from zero, consequently,
it is impossible to transfer power in optimal condition of efficiency and minimum rated

power from the point of view of the power electronics.

4.3 Phase response: the multiple zero crossing

The behaviour of the phase of Zp is one of the peculiar aspects of IPT systems. In fact,
the phase can rapidly vary for frequencies slightly different from the resonance one,
crossing the zero degrees axes at more than one point. This means that Zp can show a

resistive behaviour in three different points and between them its equivalent behaviour
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Figure 4.2: Effect of the variations of coupling on the transmitter (a) and receiver current (b)
for a receiver quality factor Q2 = 10.

can abruptly change. This phenomenon is here named multiple-zero-crossing and it

appears under certain conditions of coupling and quality factor.

The analysis of this phenomenon starts from the definition of the reflected impedance

by separating real and imaginary part:

Re (Z3) = W MPC3 R (4.10)
R W2 M?2 (w2L202 — 1) + w2R%022
o= 1 B 3M2Cy (w2LyCy — 1
Jwlo + Gy + Ry, Im(ZR) _ w 2 (w 75Cy — ) (4‘11)

(w2L202 - 1)2 + wQR%Cg

Thanks to the previous relations it is easy to express the real and the imaginary part

of the total impedance as

Re (ZT> = Re (ZR) (4.12)
Jp =71+ Zn = ) .
Im (ZT) = <wL1 - 01> + Im (ZR) (4.13)

It is possible to express Zr using the introduced main parameters by providing the
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following substitutions:

1
L1Cy = L0y = — (4.14)
Wo
1 1
M?*C,Cy = M? = —k? 4.15
12 wéLng wé ( )
1
RIC?2 = — 4.16
LY2 W(Q)Q% ( )
finally obtaining
wt 1
A a5y,
Re (Z7) = 0 2 (4.17)
2\ 2 2
P R
< w%) w§ Q3
wt w? 1
) Cu4(1—k2)+w2<QQ—2>+1
Im (Zr) = 20— 9 (4.18)
w w w1
w01 <4—22+22+1>
“o wy  wy @3

Equation (4.17) shows that the real component of the total impedance is always posi-
tive for all values of w, k and Q2. Hence, the analysis can be focused on the imaginary
part only. The denominator of (4.18) is independent of the coupling and its value is
positive for every value of ()9 and w. This means that the search of the frequencies

for which multiple-zero-crossing occurs is limited to the study of the numerator under

e @) g eme e

that is satisfied by

the condition

(2Q3 - 1) + /1 +4Q3 (@32 - 1)
2(1- k%) Q3

w = wp (4.20)

The existence of multiple points at which the phase of Zp becomes zero is dependent
on the existence of real solutions of the equation (4.20). This happens only if the

following conditions are verified:

1+4Q3 (Q3k* —1) >0 (4.21)

(203 — 1) + /1 +4Q3 (Q3h2 — 1) > 0 (4.22)
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18 — Limit for multiple-zero-crossing appearance

0.05 0.1 0.15 0.2 0.25 0.3
k

Figure 4.3: Limits curve for the existence of current peaks (4.8) and multiple-zero-crossings
(4.25).

According to these relations, the intervals where the solutions exist are respectively

SVI-VIZR 1—k2

V2k

Qs < \/1—\/1— 1+k2) A Qg > \/1—1/1—1+k:2 (4.24)

However, it may be observed that the fulfilment of (4.23) also implies the fulfilment

(4.23)

of (4.24). Moreover, the fulfilment of the left conditions implies values of Q2 lower
than unit that are not practically achieved. This means that the only useful relation
is

1++v1—k?

> 4.25
Q2 > oD (4.25)
Considering a value of k < 1, this approximation holds true:
1
Q2 > z (4.26)

The presence of the multiple-zero-crossing is dependent on the values of k and @)o. It
is worth remembering that the same result was obtained for the peaks appearance.
Moreover, observing the condition (4.8) indicating the limit for the peaks appearance,
and the relation (4.25), it is clear that the first phenomenon can exist in absence of
the second one but not vice versa. Fig. 4.3 shows the limits represented by the two
inequalities for a range of values of coupling and quality factor. The graph clearly
shows that the limit represented by (4.8) is always under the red curve of (4.25). The
two limits become coincident for very weak (k — 0) or very high coupling (k — 1).
The behaviour of module and phase of the transmitter current for different values of
coupling is depicted in Fig. 4.4a and Fig. 4.4b. The curves at £k = 0.08 and k = 0.1

show that, although the current peaks are present, the phase crosses the zero degrees
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Figure 4.4: Effect of the variations of coupling on amplitude (a) and phase (b) of the trans-
mitter current for a quality factor Q3 = 10.

axis at a unique point. The appearance of the two additional angular frequencies
w1 and wo starts by deforming the phase and only at higher values of coupling the
phase clearly crosses the zero degrees axis at three different points. In that case the
behaviour of Zt in the proximity of the resonance angular frequency wg becomes very
unstable and it can rapidly vary due to possible variations of the coupling. Fig. 4.5

shows that the behaviour in correspondence of the peaks is not purely resistive.

4.4 Unsymmetrical tuning

So far, the presented phenomena have been analysed under the condition of equal
and perfect tuning of the resonance frequency on both transmitter and receiver side.
This condition is not practically achievable in reality due to the tolerances in the
components manufacturing. This means that the relation (4.14) is not usually valid

and each side of the systems has a specific resonance angular frequency defined as:

1

2 _ 4.27

“o,1 .0y ( )
1

wi (4.28)

27 LoCh
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Figure 4.5: Details of the phase in correspondence of the two current peaks.

This asymmetry changes the behaviour of Zr in amplitude and phase in a way depen-
dent on the difference between wp 1 and wg 2 but also on the relative difference between
these two angular frequencies and the ideal global resonance angular frequency wg. In
the amplitude response the current curve becomes larger and the peaks amplitude
changes dependently on the side where the detuning is predominant. In particular,
as shown in Fig. 4.6a, if the capacitive component on the transmitter side increases
(C1 increases or Cy decreases) the left peak lowers whereas the right one increases.
The effect is exactly dual if the capacitive component is smaller than in the ideal case
(C1 decreases or Cy increases) as shown in Fig. 4.6b. The figures indicate that the
value of the current in correspondence of the original angular frequency wyg is almost
the same. Conversely the phase is not still equal to zero. As shown in Fig. 4.7, the
unequal tuning causes a translation of the phase modifying also the crossing condition
of the zero degree axis. It is possible to reformulate (4.20) through the use of the two

different resonant angular frequencies obtaining a new expression:

(2Q3-1) + \/1 +4Q3 (ngz?ﬁ? - 1)
01
2(1-#%) Q3

W = Wp2

(4.29)

In that case the presence of the multiple-zero-crossing points is also dependent on the

tuning asymmetry.
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Figure 4.6: Effect of relative variations of the compensation capacitances on transmitter side
(a) and receiver side (b) on the shape of the transmitter current.
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Figure 4.8: IPT prototype for the testing the frequency behaviour.
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Figure 4.9: Setup for testing the frequency behaviour.

4.5 A practical demonstration

An experimental demonstration of the effects of the not symmetric tuning is provided
through the simple prototype for IPT depicted in Fig. 4.8. The arranged test scheme
is depicted in Fig. 4.9. The coils are supplied with an H-bridge having adjustable
switching-frequency and both DC sides are connected to a DC voltage source at 27.9 V.

The self-inductance of the coils is 90 pH + 1% and each coil is series compensated.
The tests have been performed through the use of different ceramic capacitors in
order to obtain a precise regulation of the value of compensation capacitance. The
symmetrical tuning condition has been performed with a capacitance of 15 nF on
each side in order to resonate at 137 kHz. In two subsequent tests the capacitance on
the receiver side has been modified obtaining an increase of 10% and a reduction of
7% with respect to the symmetrical case. The resulting measurements are shown in
Fig. 4.10. In this system the phenomenon of the multiple-zero-crossing is not present
whereas it is clear the presence of the two peaks in the currents. These peaks move
dependently on the sign of the mistuning and their value increase as a function of the
mistuning level. The current values are almost constant around the original resonance

frequency, conversely the phase of the transmitter current is not long zero.
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4.6 Conclusions

This chapter illustrated and provided an analytical study of two important phenom-
ena that characterise IPT systems: the current peaks and the multiple- zero-crossing.
It is shown that these phenomena can be avoided, or at least minimised, in the design
phase. Nevertheless, it is not possible to exclude their appearance in the dynamic
applications due to the intrinsic variation of the coupling during the vehicle move-
ment. Moreover, the unavoidable presence of uncertainties on the manufacturing of
the reactive components adds another level of complication that cannot be precisely
predicted. Hence, these phenomena have to be carefully considered during the design
of the power electronics as well as in the control of the commutations. For the sake

of simplicity, the principal implications are here summarised:

e The presence of multiple-zero-crossings introduces a sharp variation in the phase
of Zr. This mirrors in the equivalent behaviour of the system with respect to

the source in the proximity of the resonance frequency.

e The tolerances in the components can amplify this phenomenon increasing the

values of the current peaks.

e A mistuning of the resonance frequency between transmitter and receiver can
cause the increase of the current peaks and a translation in frequency of the

point at zero phase (resistive behaviour).
For the power electronics this opens two possibilities:

e To work at variable frequency at the point with zero phase angle. This allows
to be always in the conditions for the soft-switching but it needs a robust and

fast regulation of the voltages in order to keep the currents at the rated values.

e To work at constant frequency and design the power electronics in order to be

capable to manage both slightly inductive or capacitive commutations.



Chapter 5
Power electronics design

The next two chapters discuss the design process for the realisation of the prototype for
dynamic IPT specifying the basic issues and constraints and illustrating the adopted
choices and methodologies. The complexity of the system has demanded efforts in
different fields of engineering starting from the project of the “electric device” itself
arriving to its installation on vehicle board and the integration into the electrical
network and the road infrastructure. In this chapter the processes that have led to

the development of the power electronics are presented and discussed.

5.1 Adopted vehicle and power level of the application

The IPT system has been oriented to the installation on a full electric light commercial
vehicle shown in Fig. 5.1. The vehicle has been provided by Centro Ricerche FIAT
(CRF) as partner of the eCo-FEV and FABRIC projects. The main dimensions of
the vehicle are reported in Table 5.1. The vehicle characteristics have been used to
identify a proper power rating of the IPT system able to fulfil the power consumption
within a reasonable speed. A parallel analysis has taken into account the possible
employment of the system for an electric passenger car in order to investigate the pos-

sibility to generally extend the use of the developed architecture also for this category

_fT

Figure 5.1: Adopted light commercial vehicle.
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Table 5.1: Main dimensions of the reference light commercial vehicle for the development of
the IPT system (ref. to Fig. 5.1).

Parameter Description Value
W Maximum external width 2m
L Maximum external length 5.6 m
H External height 2.7m (min.) - 2.8 m (max.)
T Height of loading area 735 mm (min.) - 775 mm (max.)

of vehicles.

The main quantities that contribute to the vehicle consumption are the rolling
resistance force F.o; and the aerodynamic force F,e.. Naturally, if the vehicle is
accelerating, an inertial force has to be taken into account as well as the gravitational
force if the vehicle is moving on a certain slope.

Rolling resistance is defined as the energy consumed by a tyre per unit of covered
distance [78,79] and is expressed by means of the rolling resistance coefficient C,.
C, is defined as the sum of two terms, one independent of the vehicle speed v and a
second one that is function of the square of the speed and expressed by two coefficients

indicated as fy and f, respectively:
Cr:f0+fv'v2 (5'1)

These two parameters depend on materials and conditions of the tyres and on the
characteristics of the ground. The global effect on the vehicle consumption depends
on the normal components of the weight with respect to the soil. For a generic slope

angle ¢, the rolling resistance is defined as
Frou = Cy mg COS(SO) (52)

where m is the mass of the vehicle and g is the gravitational acceleration.
The aerodynamic force contribution is due to the movement of the vehicle through
the air so it is dependent on the air density p and the aerodynamic characteristics of

the vehicle. It can be expressed as
1 2
Foer = §pAfov (5.3)

Ay is the frontal area that corresponds to the projection of the frontal vehicle profile
onto a vertical plane [79]. C, is the drag coefficient that correlates the frontal area
and the resistance to the movement through the air. The lower the coefficient, the
more aerodynamic the vehicle. Fge, is strongly dependent on the vehicle speed and it
is the main parameter that influences the consumption.

The evaluation of the consumption has been done in a steady-state condition
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Table 5.2: Aerodynamic parameters of adopted for the power consumption estimation.

Value
Parameter | Commercial Passenger Unit

vehicle car
fo 0.014 0.012
fo 2.3-10e 70?2 | 2.3-10e7 0% | (2)7?
m 2500 1600 kg
Cy 0.6 0.32
Ay 3.8 2.4 m?
Npt 0.8 0.8

(constant speed) and in absence of slope (¢ = 0). Hence, the contribution of the
inertial and gravitational forces have been set equal to zero The sum of F.,; and F,,

indicated as motive force Fy,, is then expressed as
1 2
F,, = mgC, + §pAfov (5.4)

The motive force times the vehicle speed gives the power at the vehicle wheels so, a
parameter of efficiency 7, is introduced to take into account the global efficiency of
the power train (transmission, electric motor, power conversion). Finally the power

consumption can be expressed as

Pyatt = i mU (5'5)
Ner
that is the power demanded to the battery in function of the vehicle speed.

The values adopted for the analysis are reported in Table 5.2. They have been
partially derived by measurements and partially acquired from literature [79-83]. The
resulting power consumption behaviours are shown in Fig. 5.2. According to the
results, a rated power of 20 kW has been chosen for the IPT system. This power
level is sufficient to fulfil the power consumption of the adopted commercial vehicle
up to about 70 km/h but, at the same time, it is the same power rating that could be
adopted for a highway installation oriented to passenger cars.

According to the selected power rating, the vehicle has been equipped with a

lithium-based battery having the main characteristics indicated in Table 5.3.

5.2 Compensation topology

The first choice at the base of the design has been the selection of the compensation
topology. According to the analyses illustrated in Chapter 3, SS compensation has
been considered the more suitable topology for the IPT application in dynamic. This

topology has been preferred according to the following considerations:
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Figure 5.2: Power consumption of the adopted light commercial vehicle and a reference electric
passenger car.

Table 5.3: Main electrical characteristics of the vehicle battery (at 25 °C).

Parameter Value

Nominal capacity 75 Ah
Nominal voltage 370 V
Lower limit voltage 270V
Upper limit voltage 420V
Pulse current max 750 A

e Being the application oriented toward moving vehicles without autonomous guid-
ance or mechanical system for the coil alignment, fluctuations of the coupling are
unavoidably present. The SS compensation is the only one completely unaffected

by the variation of the coupling with respect to the resonance condition.

e According to the selected power level of the applications, the series compensation
allows to reduce the voltage supply at a manageable level. The system presented
in [65] can provide again a good example. In the presented PP compensated
system, a voltage of 1.6 kV is used to transfer about 2 kW. Without any change
in the magnetic structure, that means no changes in the total impedance, the
transfer of 20 kW needs for a voltage source of 5 kV. The use of a lower voltage
allows the use of MOSFET or MOSFET-like components i.e. transistors of dif-
ferent technologies having similar characteristics in terms of operating voltage
and current. This kind of component entails a better efficiency of the commu-
tations and the possibility to operate at a higher frequency According to (3.16)

and (3.51) the increase of the frequency is an effective way to transmit power
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over large air-gaps (low mutual coupling) with a good efficiency.

e The system can be directly supplied with a voltage-source-converter (VSC) with-
out the necessity of additional inductances for the compatibility of the commu-
tations as happens for the hybrid compensations. This means no extra-costs,

lower weight and complexity of the system.

Naturally the SS compensation presents some disadvantages that have to be taken
into account during the design. The most important one is the unavoidably large
voltage drop over the reactive components. This phenomenon is more relevant the
weaker the coupling as the system tends to behave like a simple series resonant circuit
[52,74] (ref. Section 3.4). From a practical point of view, the voltage drop represents
an important limitation for the compensation capacitors as the supported maximum
voltage decreases at high frequencies in comparison to the rated DC value. An example
is reported in Fig. 5.3 for a polypropylene film capacitor. In the design phase this
aspect can be mitigated by reducing the self-inductance of the coils demanding a
smaller impedance to the compensation capacitance then a lower voltage drop for an
equal value of the current.

From the power electronics side, a weak coupling means also the necessity to adopt
a fast and robust control that can react in case of sudden absence of load as the current

in the transmitter becomes equal to a short circuit current.
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Figure 5.3: Maximum AC voltage in function of the frequency for a high voltage polypropylene
film capacitor.

5.3 Power electronics overall architecture and control

The compensation topology influences the behaviour of the system from the points

of view of source and load. The study of this behaviour is necessary to understand
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in which way it is possible to manage the received power and by means of what kind
of power electronics structure. Let’s restart from the two fundamental quantities

introduced in Chapter 3 that are the open-circuit voltage and the total impedance:

Voec = woM I (5.6)
Vi wiM?

T = — — 5.7

" T Ry (5:7)

R;, has been generically defined as the ratio between the current Is that flows in the
receiver and the first harmonic of the voltage V2 over a generic load connected to the

receiver:

_ "
-7

According to the selected topology, the reference basic circuit is the one depicted in

Ry, (5.8)

Fig. 5.4. At the resonance, the impedances of inductors and capacitors reciprocally

Ci M Cs

| || [ -

() Ly L R.Z|V

Figure 5.4: Basic circuit representation of the IPT system.

compensate, then the induced voltage V,. and the voltage over the load are the same.
Substituting (5.6) and (5.7) into (5.8), it is possible to find one of the fundamental

relations of the power transfer:

1
I = .
2 woM (5 9)

This relation indicates two intrinsic properties of the SS compensated IPT systems:
the receiver current is independent of the load and it is possible to control this current
acting on the voltage on the transmitter side. An exactly dual relationship can be
found for the transmitter current rewriting (5.7) by using the definition of Ry, provided
in (5.8):

\%)
I = 5.10
! woM ( )

Finally, (5.9) and (5.10) show that it is possible to control the currents on each side
by regulating the voltage in the opposite side. This characteristics has been used in

order to implement a control without communication loops between the two sides of
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the system as the ones proposed in previous works on dynamic IPT [84-86]. This
characteristic is strongly desirable for the dynamic applications for which the imple-
mentation of a communication between the road side and the vehicle can be difficult.
This is all the more true the higher the speed of the vehicle.

Among the different possible solutions for the supply and control of the system,
the one proposed in Fig. 5.5 has been chosen and implemented. An H-bridge has been
chosen on the transmitter side whose DC bus is powered by an active synchronous
AC/DC converter [87,88] that provides a stabilised voltage Vpc at 630 V. Differently

o

(:'.,'2 "‘i)u\t
= T3

1

Figure 5.5: Block diagram of the overall architecture of the IPT system.

from previous works that adopted an intermediate DC/DC converter to control the
transmitter current [24,54,89], the proposed converter works as a pure voltage source
converter. With this structure the rms value of the voltage Vi can be controlled
through a phase shift technique at fixed frequency [61,90,91]. Each leg of the full-
bridge is modulated with a complementary square wave as depicted in Fig. 5.6. The
rms value of the output voltage is controlled by modulating the phase a between the
complementary signal pairs according to the relation
o 220 i (9> (5.11)
s 2
The frequency of the voltage remains fixed at the resonance frequency of the system
settled at 85 kHz. This value has been chosen to have a continuity with the static
technology that is going to be commercially available. In fact this rated frequency is
the one proposed by the standards SAE J2954 and ISO 19363 that are going to be
the reference standards for the static IPT and the base for the future regulation on
dynamic IPT.

The control of the receiver side is achieved by inserting a boost converter as in-
terface between the diode bridge and the battery. The role of the boost is to control
the voltage at the diode rectifier in order to regulate the voltage V5. According to the
battery parameters reported in Table 5.3, the boost has to operate between the upper
and lower limit voltage of the battery. A rated value of 300 V has been chosen as

rated voltage over the diode bridge in order to avoid operations in condition of deep
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Figure 5.6: Example of waveforms of the phase-shift modulation. Command (gate) signals of
the switches in blue. Output voltage of the DC/AC in green

discharge of the battery. The relationship between the voltage Vo and the battery
voltage depends on the duty cycle D of the switch Sy:

Va

= 72\5 (711 —D) Voatt (5.12)

Finally, the fundamental relationships (5.9) and (5.10) can be rearranged according

to the general system architecture as

2v2

e
I, = mquVDC sin (5) (5.13)
2v/2(1-D
L = M%att (5.14)

TwoM
In the following, some aspects of the design and testing of the converters’ structure

is presented.

5.4 H-bridge design and testing

Several high power converters for IPT have been proposed in literature [54,92,93].
The general approach is to use several devices in parallel together with high current
gate drives. In these applications, operation with zero wvoltage switching (ZVS) is
required to keep the switching losses low if IGBT transistors are used. This applies
also to MOSFET transistors because of the reverse recovery effects and high junction

capacitance [94,95]. This technique takes advantage of the characteristics of resonant
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load of the IPT systems. In that case the transition of the switch in on or off state can
be done when the voltage is practically zero. The technique can also be used to switch
when the current, rather than the voltage, reaches zero. This technique is known as
zero current switching (ZCS). Both ZVS and ZCS allow to reduce the switching losses
practically to zero introducing also benefits in terms of reduction of electromagnetic
interferences due to the hard-commutations [61,62,96,97]. For these reasons these
techniques are commonly called soft-switching techniques. Hard-switching operation
is possible through the use of SiC MOSFETSs, but with an increase in the cost of the
components and the introduction of problems of possible thermal runaway at peak

power [98].

The dedicated DC/AC converter developed in the present project presents several
features that make it attractive for the dynamic IPT as high efficiency, low cost and
small dimensions. In addition, the architecture of the converter has been thought to
operate without ZVS in order to answer to the problem pointed out in Chapter 4 of
the possible translation of the point at zero degrees phase in presence of tolerance
errors in the components. The principle block diagram of the proposed structure is

shown in Fig. 5.7.
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Figure 5.7: Block diagram of the supplying DC/AC H-bridge converter.
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Fach power switch is made with a low on-state voltage IGBT in parallel with a
SiC MOSFET. This is a well known approach commonly indicated as hybrid switch
[99, 100]. In rated conditions, the current is in phase with the transmitter input
voltage so the peak of the current is carried by the IGBT and the turn-off is handled
by the MOSFET. Because there is basically no reverse recovery, the turn-on can be
done at high speed to minimise the losses while the additional capacitance of the
IGBT helps to achieve partial ZVS at turn-off. The IGBT is switched on first with
a high gate current to generate a fast transition. This reduces the power dissipation
in the SiC MOSFET. The necessity to improve the efficiency also in hard-switching
conditions derives also from the decision to control the system at fixed frequency.
With a variable frequency control, the variation of the frequency can allow to follow
the circuit resonance to more easily achieve soft-switching. As already discussed,
the resonance frequency may drift from its nominal value in real conditions causing
frequency stability problems or sharp increases of the currents. With the proposed
fixed frequency control, the power transfer is more robust with respect to load and
circuit parameters variations introducing also an important advantage in terms of
EMC filters that have to be designed for a precise, known fundamental frequency
[101].

According to the fast switching frequency of the circuit, the management of the
circuit parasitics has been strongly considered [102]. Due to layout constraints, the
main bus capacitor, C'pc is placed at a considerable distance from the transistors. In
order to limit the over-voltage at the switching transients, additional ferrite beads,
represented by the inductance Lpp, are placed together with an RCD snubber com-
posed by Rs gr, Cs gr and a SiC diode Dg gp. In this way some of the power
loss is transferred from the transistors to the snubber resistor, increasing the power
handling capability of the converter. As will be detailed in the next chapters, in the
road prototype, the DC/AC converter is supplied by means of a DC distribution line.
When the transfer to the vehicle begins, oscillations are generated between the self-
inductance of the DC line and the input capacitance. To quickly damp and limit the
amplitude of the oscillations, another RCD snubber is realised with Rg rr, Cs LF1,
Cgs ro and the diodes Dg 11 and Dg rpe. An additional low pass filter with the
components Lpc and Cpe s, is implemented to attenuate the high frequency ripple
generated by the sinusoidal output current. The control of the converter is realised
with an MC56F82746 digital signal controller (DSC). The board has been equipped
with an isolated communications interface with CAN and RS485 to allow communi-
cations with other units in the vicinity. The gate drivers, control and communication
circuits are supplied with a push-pull converter through isolation transformers with
low capacitive coupling. The low voltage supply has been obtained from the main
DC input by using two DC/DC converters. The adopted power switches have been
the IGBT IRG7PH46U and the SiC MOSFET SCT2080KE. The realised prototype
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is depicted in Fig. 5.8. The dimension of the board is 19 x 24 cm?.
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Figure 5.8: DC/AC converter prototype. The power switches are not visible as mounted on
the bottom side.

The testing of the converter has been conducted by developing dedicated setups
based on the opposition method [103—-105]. It consists in the connection between
two systems supplied by a common source the first one operating as generator and
the second one as receptor. The aim is to circulate the full power through the two
systems while the source has to supply only the losses of both systems. This technique
presents several advantages. As the source has to provide only the losses, its power
can be widely lower than the rated power of the system under test. The same concept
mirrors on the load side where the introduction of a dissipative load can be avoided.
Lastly, the losses and the efficiency can be directly evaluated with a good accuracy by
measuring voltage and current at the DC source output.

The first test has been based on the configuration shown in Fig. 5.9 supplying
the system at the nominal voltage. In relation to the described principle, one of the
legs operates as a generator, the other as a receptor. A DC current has been imposed
through an inductive load by manually setting the duty cycle and fixing the duty cycle
of the generator leg to 50%. Therefore, the modulation of the generator leg is close
to the modulation of the receptor leg. Nevertheless, a slight difference is required
to compensate for the voltage drop across the inductor and the forward voltages of
switches and diodes. Two conditions in which the IGBT or the MOSFET turns on
first have been investigated. As this test has been used to evaluate the efficiency of the
converter, the inductor L; was a simple air-core inductor that introduced negligible

losses in the system. The measured efficiency in the two cases is shown in Fig. 5.11 for
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Figure 5.9: Test setup for the implementation of the opposition method for an IPT system.

different values of the current. It is worth noting that the system has been tested until
a power level of about 6 kW according to the source limitations. Nevertheless, the
test demonstrated that the converter is able to operate in hard-switching conditions
with an efficiency higher than 98%. As visible through Fig. 5.10, this high efficiency
makes easier to implement the cooling solution: the converter can be mounted over
a very small heat sink preserving the necessity of reduced dimensions of the overall

device.

Figure 5.10: Thermal image of the converter during the test.

For the second test, the converter has been employed in a complete IPT system.
The setup is depicted in Fig. 5.12. It consists of a closed loop where the DC output
of the diode bridge that manages the power of the receiver is connected to the same
DC bus of the DC/AC converter under test. In this way, if the bus voltage is the
nominal one, the system can be tested at nominal power while the DC supply has to
compensate only for the system losses. In general, the application of this method needs
for a strong inductive filtering in the interconnection of the two DC stages in order

to minimise the interferences of the two equivalent voltage source, but, in this case,
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Figure 5.11: Measured efficiency with the opposition method. Case 1: IGBT turns-on first.
Case 2: SiC MOSFET turn-on first.
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Figure 5.12: Test setup for the implementation of the opposition method for an IPT system.
The converter under test is surrounded by the red dashed line.

just a small inductor Ly, is sufficient thanks to the current source behaviour of the
receiver. The inductor Ly and the resistor Ry work as filter for the compatibility of
the connection with the DC bench supply. The waveforms for ZVS and hard-switching
are shown in Fig. 5.13 while the parameters of the main converter and the test benches
components are presented in Table 5.4. The different working conditions have been
obtained by slightly modifying the switching frequency of the converter. This test
demonstrated the capability of the realised converter to handle both soft and hard
switchings verifying the absence of the problem of the conductivity modulation lag
that can be present for IGBT working at high frequencies of the tested application
[106-108].
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Table 5.4: Main parameters of the converter and components of the test bench.

Parameter Reference Value/Model
IGBT SzIGBT IRG7PH46U
SiC MOSFET SeMOS SCT2080KE
DC link filter capacitor Cpc 15 uF

DC input filter capacitor Cpc in 5 uF
Input filter inductor Lpco 900 nF
Ferrite bead inductors Lpp FBMJ4516HS720NT
Snubber resistor AC side Rs yr 100 Q
Snubber capacitor AC side Cs HF 30 nF
Snubber diode AC side Ds gr C4DO02120E
Transmitter inductance Ly 240 puH
Transmitter series capacitor Ch 15 nF
Receiver inductance Lo 120 pH
Receiver series capacitor Cy 30 nF
Interconnection inductor Lo 1 mH
Diode bridge output capacitor Cpca 15 uF

5.5 Hardware protection of the receiver

(5.9) and (5.13) have shown that the receiver can be assimilated to a current source.
This implies that all the components on the receiver side are intrinsically protected
against the short-circuit. On the contrary the open-circuit represents a dangerous
condition especially for the capacitor Cy; at the diode bridge output. In case of
load disconnection, the current flowing in the receiver should continue to charge this
component causing a rapid increase of its voltage until the dielectric breakdown. In
the same time, the absence of load means the absence of the effects of coupling on the
transmitter that becomes a short-circuit.

A protection system has been developed to react against the accidental discon-
nection of the load. It has been inserted between the diode bridge and the boost
converter close to the components that have to be protected. The scheme of the so-
lution is shown in Fig. 5.14. It is based on the use of three Zener diodes D,1, D,s
and D3 and the thyristor 7. The Zener diodes have been chosen in order to obtain
an overall breakdown voltage of 450 V, that is a safe level also for the battery. If the
voltage across the capacitor exceeds the total breakdown threshold, the Zener diodes
start to conduct a certain current that flows also in the thyristor gate inducing the
transition in the conduction state. The thyristor short-circuits the receiver forcing
the discharge of the capacitor lowering the voltage. Additional components are in-
troduced to guarantee the correct functioning of the system in safe conditions. The
resistors R, and R, limit the current flowing in the Zener diodes and in the thyris-
tor gate respectively while the inductor L; limits the variation of the current in the

thyristor to a tolerable level. The diode D, is used to avoid possible inversions of
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Figure 5.13: Waveforms of the DC/AC converter in the IPT system. Commutation for in-
ductive load (ZVS) (a) and capacitive commutation (b). DC/AC output voltage v; in green
100 V/div, output current ¢; in yellow 10 A/div, receiver current is in cyan 20 A /div, collector-
emitter voltage v.. measured at the Sy switches terminals in purple (1 V/div).

the gate current caused by the oscillations established by the capacitor that resonates
with its parasitic self-inductance after the step variation of the voltage. The chosen
components have been three Zener diodes 1N5333B with a breakdown voltage of 50
and 200 V whose current has been limited to 4 A through the resistor R, = 100 2.
The model of thyristors is an MCO150-12i01 that can conduct a steady-state current
of 150 A with a maximum forward surge current of 2 kA. This high value is necessary
to tolerate the peak of current injected by the capacitor in the first instants of the
thyristor activation. The short circuit drastically forces the voltage over Cry to pass
from 450 to 0 V in about 5 us so the capacitor reacts with a current pulse. The vari-
ation of the current in the thyristor is limited to its critical rate of rise of 500 A/us

thanks to the inductor L; having value equal to 2.5 pH.

The system has been tested by means of a DC bench supply as source instead of
the diode bridge and in absence of the filter capacitor. Fig. 5.15 shows as, when the
voltage of the supply reaches the overall breakdown threshold of the Zener diodes, the
protection systems acts as desired short-circuiting the supply. The short-circuit causes

the intervention of the over current protection of the supply whose turn off is followed
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Figure 5.14: Scheme of the protection system in case of load disconnection.

by oscillations due to the discharge of the internal reactive elements of filtering. The
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Figure 5.15: Waveforms of the testing of the receiver protection system with two zener diodes
(breakdown threshold of 250 V). DC bench supply voltage in yellow (100 V/div), current in
the thyristor branch in green (100 A/div), voltage over the diode Dy in purple (5 V/div).
Time axis 5 ps/div.

mechanical realisation of AC/DC converter with the filter capacitors and the tested

protection system is shown in Fig. 5.16.

5.6 Conlusions

In this chapter the methodology and the design choices followed during the devel-
opment of the power electronics of the system have been presented. The developed
system is supplied at a fixed frequency of 85 kHz with a series-series compensation.
A compact, low cost and high efficiency DC/AC converter with soft or hard switching
capabilities has been realised and tested. The preliminary experimental results indi-
cated an efficiency of 98% at about 6 kW. The method for the testing has represented
an important outcome as it provided a generally applicable solution that allows to
operate with a high flexibility and in safer condition eliminating the necessity of a

source able to manage the full power of the system.
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Figure 5.16: Mechanical realisation of the AC/DC converter with filter capacitors and protec-
tion system.






Chapter 6

Magnetic structure design and

electromagnetic modelling

Continuing the description of the design process, in this chapter the development of
the magnetic structure of the IPT system is presented. It concerns the development
of the system of transmitter coils that have to be placed under the ground and the

structure of the receiver that has to be mounted under the vehicle floor.

6.1 Receiver placing

The selected vehicle typology provides the constraints on the dimension of the struc-
ture that has to house the receiver coil. In fact the designed system has been thought
for the installation on an existing vehicle without requiring modifications on the origi-
nal framework. The two available positions for the mounting are located as illustrated
in Fig. 6.1 and the related volumes have dimensions equal to 150 cm x 50 cm x 50 cm.

A ground clearance of 18 cm with respect to the receiver is considered sufficient to

Figure 6.1: Allowed positions for the receiver structure mounting without modification of the
vehicle framework.

guarantee absence of damages during the motion according to the indications provided
in the ISO/DPAS 19363 standard [33].
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6.2 Transmitters characteristics

As introduced in Chapter 1, the shapes of the transmitters presented in literature are
fundamentally of two typologies: the long track coil and the small coil of the same
dimension of the receiver. The principal advantage of the long track coil consists in
a continuous power transfer as the vehicle moves along the track. The track can be
energised when the vehicle is over the coil using a single source converter. Moreover,
if the dimension of the coil is sufficiently long, the detection of the vehicle does not
need to be extremely precise and very fast [109]. However, as the dimension of the
transmitter is much longer than the receiver, the long section of not coupled coil
causes the presence of a strong stray field. The stray field can represent a problem in
terms of electromagnetic compatibility with the on-board electronic devices but also
an important problem in terms of exposure to the people in the vicinity of the vehicle
[110]. Structures with small transmitters reduce these problems but do not allow a
continuos power transfer and require a very fast and precise vehicle detection system
[111].

In the present work, a compromise solution has been implemented. It consists
in the adoption of long transmitters whose dimensions allow that each coil, when
energised, is completely covered by the shape of the vehicle also in conditions of
misalignment. This concept is illustrated in relation to the adopted vehicle in Fig. 6.2,
but it can be applied also to common passenger cars whose typical dimensions are 4.4 m
in length and 1.8 m in width® [112]. According to the developed power electronics, this
solution allows to transfer the power to one vehicle at a time in a more continuous
way than a series of small transmitters but, at the same time, it allows an easier
containment of the stray field with respect to a solution with the coils longer than

the vehicle. The adopted internal dimensions are 1.5 m in length and 0.5 m in width.

Figure 6.2: Comparison of the transmitter and vehicle dimension. Dashed lines represents
different possible positions of the coil corresponding to a misplacement of 100% with respect
to the centred case in red. Only one vehicle can be physically present over the active coil.

Values extracted as average among 30 compact cars and 30 family cars from the reference web
database.
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For the final realisation, it has been decided to place the transmitters on a layer at
5 cm below the pavement surface. This choice has led to a nominal distance between

transmitter and receiver of 25 cm.

6.3 Preliminary data for design and optimisation

Having fixed the geometrical constraints, the fundamental information for the design of
the magnetic structure results from the nominal characteristics of the power electronics
on both sides. The system has been designed in such a way as to transfer the nominal
power Ppom, = 20 kW (nominal voltage and current on both side) in condition of
nominal mutual inductance M with a supply frequency equal to the global resonance
frequency of the system (w = wp). The mutual inductance M has been selected as
main design parameter as it links the two sides of the IPT system and influences the
power transfer. The preliminary design does not consider the losses as typically done

in the first design phase of classical electrical machines.

6.3.1 Nominal mutual inductance

To obtain the desired value of M, the values of total impedance and equivalent load
are evaluated in relation to the respective nominal parameters of the power electronics.
In nominal conditions, the output voltage of the transmitter is a square wave of duty
cycle 50% (o = 0 in (5.11)) and amplitude equal to the nominal voltage of the DC
bus Vpo = 630 V. The rms value I; of the output current is approximately equal to

36 A. These values provide a total impedance

4
—=Vbe
Zp = ? = % ~15.8 Q (6.1)
1 1

The evaluation of Ry, needs for some additional steps in order to reflect the ratio
of voltage and current from the DC to the AC side. The different components of
the receiver and the voltages and currents of interest are reported in Fig. 6.3 and
Fig. 6.4 respectively. The voltage vy at the diode bridge input is a square wave whose
amplitude is equal to Vopc (has similarly happens on the transmitter side at nominal
conditions). The amplitude of Vap is regulated by the boost converter that decouples
the system from the battery voltage Via1t. Then, the relation between the peak of the

first harmonic of vy and the rectified output is:

. 4
Ug,1h = ;Vwo (6.2)

The sinusoidal current 49 induced in the receiver is rectified obtaining the current iy.

The rectified current Ispc is the average value of i, assuming an ideal behaviour of
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the capacitor C'r that filters the harmonic content of the current [61]. This description

can be translated in the following relations:

o = |i] (6.3)

- 2 i
Ipo =gy = —i2 (6.4)
T
At the nominal condition, the boost regulates a nominal voltage Vopc = 300 V that
means a current Iopc of about 67 A. The value of the equivalent load can be then

calculated as: .
v21n 8 Vape

12 w2 Ipc

Ry = =3.65 Q (6.5)

At this point it is possible to reuse the expression of the total impedance (5.7) to find

‘/balt

Figure 6.3: Scheme of the receiver power electronics stages with the reference voltages and
currents.
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Figure 6.4: Waveforms of voltage and current of the series compensated receiver in presence
of rectifier and ideal capacitive filter.



6. Magnetic structure design and electromagnetic modelling 67

the desired value of nominal mutual inductance:

VZ1R
Miom = % ~14.2 yH (6.6)

6.3.2 Cross section and material of the conductors

The values of the currents on the transmitter and receiver provide the starting infor-
mation for the selection of the characteristics of the coil wires. The cross section of
the conductors depends on the selection of a current density in relation to the cooling
system. In the present case the cooling is simply obtained by natural air convection
on both sides so a value of current density of 4 A/mm? is considered an acceptable
reference. This value can be slightly exceeded on the receiver side according to the
vehicle movement that works as air-cooler if the heat is effectively extracted from the
coil. On the other side, lower value can be adopted for the transmitter as it is located
under the ground in a condition that does not allow a good thermal exchange.

The wire cross section influences also the coil resistances and the self-inductance.
As indicated in the two works dedicated to the calculation of self and mutual in-
ductances of wires and coils [113] and [114], the value of self-inductance is inversely
proportional to the cross section of the wire. The minimisation of the values of self-
inductance is an important parameter on which to act in order to minimise the voltage
drop across the reactive elements. Nevertheless, the selection of the section has to
face with related aspects of cost, technical realisation and management of the connec-
tions and space availability. According to these considerations a wire cross-section of
16 mm? has been selected for the coils on both sides. This cross-section leads to a
value of current density of about 2.3 A/mm? on the transmitter and 4.7 A/mm? on
the receiver.

For the realisation of the coils, a particular kind of wire called litz wire has been
adopted. The litz wire is particularly suited for the high-frequency applications where
the presence of skin and proximity effects cause a relevant increase of the AC resis-
tance. As illustrated in Fig. 6.5, the litz wire consists of many enamelled thin copper
strands twisted together often involving several levels (groups of twisted wires are
twisted together, etc.) [115,116]. It strongly reduces the skin effect and decreases the
AC resistance by replacing the mono-wire by numerous smaller single wires resulting
in the same cross section. The winding pattern equalises the proportion of the overall
length over which each strand is at the outside of the conductor. The diameter of the

single strand is chosen to be smaller than the skin depth ¢ at the working frequency:

2
d =14/ ~ 0.25 mm (6.7)
oWo

where o is the copper conductivity equal to about 50 MS/m and p is the magnetic
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Figure 6.5: Illustration of the litz wire construction.

Table 6.1: Parameters of selected litz wire

Parameter Value
Net wire section 16 mm?
Single strand diameter 0.1 mm
Total number of strands 2050
Number of groups 5
Gross wire section 23.8 mm?

permeability that, for the copper, is equal to the one of vacuum pg = 4710~7 H/m.
Finally, the parameters of the selected wire are reported in Table 6.1. Each single
strand is insulated through a solderable enamel in polyurethane having a temperature
class of 180 °C. The external insulation is constituted by two layers of Mylar tape,
a polyethylene film with a dielectric strength of 193 kV /mm, for a total thickness of
24 pm.

Other classical conductor solutions for the reduction of the skin effect are the
conductive hollow pipes with a wall thickness approximately equal to the skin-depth
[117,118] or copper straps [119]. With respect to these possibilities, the litz wire
offers a higher flexibility that translates in a faster realisation at lower cost and a
natural higher resistance to compression that are particularly desirable properties for

the integration under the road pavement.

6.3.3 Preliminary shape of magnetic structure

Although the fixed inner dimensions of the transmitter, the wire section and the
geometrical constraints on vehicle board, the value of M,,,,, can be obtained in many
different ways acting on the dimension of the receiver coil and on the number of turns
on both sides.

A preliminary sizing of the coil has been done by using two air-coupled rectangular
coils as the ones depicted in Fig. 6.6, numerically evaluating the mutual inductance.

Each coil has been treated as a polygon whose sides are subdivided into smaller seg-
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Table 6.2: Coil parameters for the preliminary sizing

Parameter Value
Transmitter width 0.5 m
Transmitter length 1.5 m
Transmitter number of turns (Vi) 9

Receiver width 0.55 m
Receiver length 0.4 m
Receiver number of turns (N2) 9

ments. Each segment forming the transmitter has been considered as a conductor
carrying a current Iy in order to compute its effect in terms of magnetic flux den-
sity over the surface of the receiver coil applying the Biot-Savart law for thin wires
[120]. The surface of the receiver has been split into triangles then he value of M has
been obtained by integrating the normal components of the magnetic flux density B,,
though the 16 points rule Gauss quadrature [121,122]:

(6.8)

The extracted preliminary dimensions are reported in Table 6.2 and the obtained value
of M is 14.6 pH.

0

0.6 0.2

X axis

Figure 6.6: Air-coupled rectangular coils for the preliminary sizing. Transmitter in blue and
receiver in orange.

Nevertheless, the use of simple coils is not suited for the EV applications as they
give rise to a not well penned field that illuminates the vehicle floor and the areas in
the vicinity with related problems in terms of induced losses, EMC and exposure to
people that may be in the proximity of the vehicle. Moreover, the mutual coupling
becomes dependent on the complex geometry of the vehicle that, acting as a conductive
shield, can deform the magnetic field distribution. For all these reasons, a combination

of ferromagnetic and conductive materials has been added in order to confine the
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magnetic flux in a better defined region and lowering the leakage flux independently
of the geometry of the underside of the vehicle. The desired ideal shape of the flux lines
is sketched in Fig. 6.7. They perfectly link the coils remaining in a well defined path on
the underside of the vehicle as happens in the coils of a transformer with an E-shape

core. This is naturally impossible in presence of the large air-gap of the IPT for EVs.

Vebhicle floor

- - .
’, 2 ¥
’ 1 \

R, '
. ool 4

Ground level

Figure 6.7: Ideal shape of the flux lines.

The basic idea of the creation of the auxiliary structure for the receiver consists in
trying to obtain this ideal shape using ferromagnetic materials to create a preferential
low-reluctance path for the flux lines and inserting conductive sheets to mold the
magnetic field distribution tending to the ideal shape. A qualitative representation
of the desired effects is given in Fig. 6.8 where the red lines represent the conductive
elements while the blue ones represent the boundaries of the ferromagnetic elements.
The arrows indicate the desired effect of deformation over the flux lines. The insertion
of ferromagnetic elements is necessary to compensate for the coupling decrease due to
the shielding effect of the conductive elements but also to reduce the induced losses by

lowering the perpendicular component of the flux that invests the conductive surfaces.

The obtained preliminary geometry of the system is depicted in Fig. 6.9. The
different conductive sheets are connected together in order to create a unique shielding
structure that can simplify the mechanical realisation and the mounting. Moreover, it
has been decided to create a contact between the ferromagnetic material and the shield
in order to make the most from this last component using it also as a heat sink. Two
possible materials have been considered for the shield construction: 1100 aluminium
alloy and 304 stainless steel. The principal characteristics of interest are reported in
Table 6.3 [123]. The 1100 aluminium is a wrought alloy in the commercially pure
alloys family. It contains a minimum of 99% of aluminium and it is the mechanically
strongest alloy of the same series. The second one is the most common stainless steel
also know as 18/8 steel. Both materials offer a good resistance to corrosion and a good
workability. With respect to aluminium, steel offers a better mechanical workability

as it can be easily bended and welded but, on the other side, aluminium is three
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Figure 6.8: Desired effect on the shape of transmitter and receiver flux lines by means of the
insertion of ferromagnetic (blue) and conductive materials (red). Only one side is represented
as symmetric with respect to the other one.
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Figure 6.9: Scheme of the preliminary geometry of the magnetic structure

times lighter and offers electrical and thermal resistance of one order of magnitude
lower. Finally, for the prototype realisation, aluminium has been considered the most
suitable material as it can guarantee a lighter solution with a lower value of induced
losses thanks to its high conductivity.

3F3 ferrite has been chosen for the ferromagnetic elements. Although ferrites
have a good magnetic permeability, they are basically non-conductive so they are
particularly appropriate to work at high frequencies. In particular, 3F3 ferrite offers
a stable value of permeability p, = 2000 at the working frequency of the application
and very low specific power losses. The main parameters are summarised in Table 6.4.
The most critical cons of ferrite is its fragility. This characteristic has to be taken
into account during the design providing for adequate housing and damping against

vibrations.
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Table 6.3: Properties of 1100 aluminium and 304 stainless steel.

Value
Parameter 1100 aluminium 304 steel
Electrical conductivity 33.45 MS/m 1.38 MS/m
Magnetic relative permeability 1 1.02
Thermal conductivity 222 W/(mK) 16.2 W/(mK)
Specific Heat Capacity 904 J/(kgK) 500 J/(kgK)
Specific weight 2710 kg/m? 8000 kg/m3

Table 6.4: Properties of 3F3 ferrite

Parameter Value
Relative permeability @85 kHz and 0.25 mT 2000 + 20%
Saturation flux density 80°C ~ 300 mT
Specific losses @100 kHz, 100 mT and 80°C < 80 kW /m3
Electrical conductivity @25°C 0.5 S/m
Thermal conductivity 3.5 — 5 W/(mK)

Specific weight 4750 kg/m3
Curie temperature > 200°C

Differently from the majority of proposed solutions for dynamic IPT, the insertion
of auxiliary materials is only limited to the receiver side. This choice has been made in
order to obtain a strong reduction of the cost per meter of the system. The elimination
of ferrite increases the ease in the road pavement maintenance and the robustness of
the solution against vibration. As secondary relevant effect, the absence of ferrite
helps to maintain a low value of self-inductance in relation to the significant length of
the coil.

6.4 Optimisation process

The qualitative shape of the magnetic structure depicted in Fig. 6.9 has been improved
through an optimisation process. According to the complexity of the geometry and
the considerable number of variables, the optimisation has been carried out using a 2D
simulation based on the finite element method (FEM). The goals of the optimisation
have been the minimisation of the losses per unit of length on the shield, namely
Pioss, and the maximisation of the coupling k. Starting with fixed dimensions of the
transmitter, the maximisation of £ means the maximisation of the ratio M/Ly. This
choice aims then at increasing the system efficiency (ref. Section 3.6) minimising the
voltage stress over the reactive elements on the receiver side. According to the material
properties, the losses in the ferrite cores are neglected and the material considered as
linear. This condition has been verified a posteriori after the optimisation process.

A weight Pyax = 1 kW /m has been introduced to combine the two goals in a single
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objective function defined as:

(6.9)

f(ka 131055) = min |:(1 _ k) + -Ploss:|

Pmax

The adopted variables for the optimisation are depicted in Fig. 6.10. Their description
and the ranges of possible variation are indicated in Table 6.5. Proper constraints have
been inserted in order to guarantee the mechanical feasibility of the solution according
to the available spaces indicated in Section 6.1 and the safety of operations during
the movement. As shown in Fig. 6.10, the presence of the vehicle floor has been
taken into account by simply modelling this part with a steel sheet of 1 mm having
magnetic permeability and conductivity g, = 200 and o = 10 MS/m. This element
is functional to preliminarily consider the exposure constraints already in the design
phase evaluating the magnetic flux density B over a plane coincident to the lateral

side of the vehicle chassis. The adopted reference for the exposure compliance have
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Figure 6.10: Scheme of the geometry to be optimised. Optimisation variables in blue. Fixed
parameters in red. Optimisation constraints in dashed red.

been the ICNIRP guidelines of 2010 [124]. As will be better detailed in Chapter 8,
these guidelines indicate a reference limit of 27 pT for the magnetic flux density at
the frequency of 85 kHz. During the optimisation, the value of B is calculated along
the green plane of Fig. 6.10. If at least one value exceeds the limit, a penalty factor
assigned to the objective function causes the rejection of the current configuration.
The optimisation is carried out using a differential evolutionary strategy algo-

rithm [125,126] with the parameter set up indicated in Table 6.6. This optimisation
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6.4 Optimisation process

Table 6.5: Parameters of the optimised geometry and range of variation. Constraints in bold.

Parameter Description Values and ranges
cl Receiver coil semi-width 0.1—-04m
) Transmitter coil semi-width 0.5m
c3 Coil distance 0.25 m

Ferrite core position with
h respect to the receiver coil center +0.05m
fo Ferrite core width 0.05—-0.2m
f3 Ferrite core thickness 0.075 - 0.1 m
$1 Left shield section 0.02—-0.5m
S9 Center shield section 0.02—-0.5m
S3 Right shield section 0.02—-0.5m
S4 Overal shield height 0.1-0.3m
I} Internal bending angle 0 —80°
o Lateral bending angle 0 — 80°
S5mazx Maximum total shield semi-width 0.7 m
dimin Minimu@ allowed distance 0.19 m
of the shield from the ground
dopmin Minimum allowed distance 0.35 m
of the shield from vehicle floor
U1 Vehicle floor semi-width 1m
V2 Vehicle floor lateral height 0.1 m

algorithm is particularly suited for constrained optimisation among several degrees of
freedom allowing the use of techniques of parallel computing [126,127]. Thanks to
the symmetry of the solution with respect to the y-z plane (Fig. 6.10) it is possible
to simulate only a half of the structure speeding up the computation. The process

has been based on MATLAB and the freeware FEMM software [128]. The overall

Table 6.6: Parameters for the DE strategy optimisation

Parameter Value
DoFs 10
Population size 50
Mutation ratio 0.8
Crossover ratio 0.5
Max. number of iteration 150

optimisation process is illustrated through the flow chart of Fig. 6.11. It starts with
the random creation of the population i.e. fifty candidate solutions (i.e. fifty vectors
that contain the ten variables for the optimisation). Each element of the population
is tested in order to verify the compliance with the geometrical constraints. In case
of not compliant geometry, a value of 10 is automatically assigned to the respective

objective function. The assignment of this penalty naturally leads to the rejection of
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Figure 6.11: Optimisation process flowchart.
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the candidate solution during the selection phase without demanding the immediate

regeneration of the single vector. In case of compliance, the FEM simulation is carried

out. The simulation runs a first time with the currents I; and I fixed at the nominal

values in order to evaluate the magnetic flux density along 300 points of the inspection

lines and the losses per unit of length by integrating the induced current density in

the chassis J.; over its section Sgp:

Pioss = p/ ']c2hdS
Sch

(6.10)
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After this first run, the respect of the limit B < 27 uT is checked. If the check is
negative, the same previous penalty is assigned to the objective function otherwise
the second simulation starts. This simulation is used to evaluate the self-inductance
of the receiver and the mutual inductance so, in this case, the current I is set to the
nominal value while Iy is fixed at zero. The self-inductance is evaluated integrating
the scalar product of magnetic vector potential A, and current density Jo over the
cross section Sy of the receiver and dividing for the square of the current imposed in

the respective coil:
Ay - JodS
Ly = f&# (6.11)
I

The mutual inductance is evaluated over the transmitter coil as

N L L
M= / A, -dS — A, -dS (6.12)
LS\ Js,, Si_

In this case, the magnetic vector potential over the transmitter Ay is due to the
current flowing in the receiver. The first term in brackets is the contribution from the
induced current flowing in the transmitter that points out of the plane of simulation
(in the cross section indicated as S14+) and the second term is the contribution of
the current that points into the plane (in the cross section indicated as S;_). At the
end of the two runs a new generation of candidate solutions is created by combining
existing candidates (crossover) or modifying elements of the population (mutation)
but keeping the candidate solution that has the best fitness (selection). The process
is stopped after 150 iterations. Fig. 6.12 shows the convergence of the algorithm. The
value of the objective function stabilises after the eightieth iteration also if a small
improvement arrives on the last iterations. Its final value has been equal to 0.657 with
a coupling k = 0.344 and a value of losses Poss = 0.463 W/m.
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Figure 6.12: Convergence of the optimisation algorithm.
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Table 6.7: Resulting parameters of the optimised geometry.

Parameter Value ‘Parameter Value

co 0.525 m a 2°

$1 0.23 m I} 4°

S9 0.025 m f1 0.0l m
S3 0.44 m fo 0.2 m

S4 0.15 m f3 0.025 m

0.5

Figure 6.13: 3D model for the structure refinements.

6.5 Post-optimisation refinements

The optimisation process left the dimension in the direction of movement (z axis) as
degree of freedom that has been used to obtain the desired value of mutual induc-
tance together with the refinements of the number of turns. This final step has been
conducted through a 3D model treated again using the finite element method. In
this case the simulation has been conducted using the commercial software COMSOL
[129]. The developed model is depicted in Fig. 6.13. With respect to the results of
the optimisation, the angle o has been fixed at zero for the sake of the mechanical re-
alisation of the structure considering that this operation does not entail a substantial
modification of the result. The coils are treated as ideal massive coils [130] having
height equal to the gross diameter d;.. and width equal to N X dyre Wwhere N is
the number of turns. The mutual inductance is calculated through the integral (6.13)
over the volume of the receiver ()s:

Ay - o

M=
0, lila

an (6.13)
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Table 6.8: Final parameters of the optimised geometry after refinements.

Parameter Value
Transmitter length 1.5 m
Transmitter width 0.5 m
Transmitter num. of turns Ny 10
Receiver length 0.3 m
Receiver width 0.525 m
Receiver num. of turns Ny 10

Transmitter self-inductance Ly 279.5 uH
Receiver self-inductance Lo 120.8 pH
Mutual inductance M 14.3 pH

The self-inductance of each coil has been evaluated through a similar integral over its

own volume setting the current to zero in the coil not interested by the calculation:

Ay T
L = / ! 2‘]1 dQ for I, =0 (6.14)
Q1 Il
Ay Js
Ly = / 2 2‘]2 dQ for I; =0 (6.15)
Qo I2

The aluminium shield is modelled applying the surface impedance boundary conditions
(SIBC) [131,132]. According to the high conductivity of the material and the high
frequency of the application, the penetration of the electromagnetic field is limited
to a very thin layer inside the shield of about the same thickness of the skin dept
defined in (6.7) whose value is about 0.3 mm. The SIBC are particularly indicated in
this case as they approximate the penetration of the magnetic field in the inner part
of the material avoiding to include its domain in the model reducing the calculation
efforts. The SIBC assume that the induced currents flow entirely on the surface
of the material. The effects of the finite value of conductivity and permeability of
the material are taken into account by means of an surface impedance that puts in
relation the electric and magnetic fields on the surface of the object. The chassis is
not considered in this analysis as it has not influence on the values of self and mutual
inductance according to the presence of the receiver structure and the distance from
both coils [57,133]. After few trials, the final length of the receiver has been fixed at
0.3 m and the number of turns increased by one on each side. The final parameters
of the magnetic structure resulted from the simulation are reported in Table 6.8. The
same model has been used to provide a verification of the absence of saturation on
the ferrite cores. As shown in Fig. 6.14 the maximum value of magnetic flux density
inside the ferrite is about 100 mT, a value three times lower than the saturation level.
This confirms the correctness of the hypothesis of linear behaviour of the ferrite done

for the optimisation.
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Figure 6.14: Colormap of the magnetic field density in the plane z-y with zoom over the
section of the ferrite core.

6.6 Mechanical realisation

6.6.1 Receiver

The receiver structure has been reproduced by using a mechanical 3D CAD thanks
to which all the auxiliary components for the realisation and the mounting under
the adopted vehicle have been designed. The basic components are illustrated in
Fig. 6.15. The aluminium of the main structure of the shield has been wrought through
hot bending. The two internal parts have been realised as two aluminium trapezoidal
beams in order to use them as main load-bearing elements for the entire structure. The
receiver coil is placed over a U-shaped plate of Lexan that encloses and protects the
entire active part. Lexan is a particularly tough transparent polycarbonate that can
undergo large plastic deformations without cracking or breaking. The same material
has been used to create a support working as a template to keep the coil and the ferrite
in the right positions (Fig. 6.16a). Both Lexan elements have been thermoformed
and worked through cold milling. The ferrite cores have been realised using twenty
commercially available I-shaped bars, as the one shown in Fig. 6.16b, on each side.
The bars are pressed together using a silicon glue. The same glue has been used to
fix the internal Lexan plate to the external support. The structure is held together
through eight main steel bolts on the frontal sides that fix the Lexan to the beams
and other smaller bolts screwed on the lateral sides. A Sil-Pad has been placed
between the coil and the ferrite bars and between these last and the beam. Sil-Pads
are thermally conductive insulators based on silicon rubber so they can guarantee the
insulation between the different elements creating a good path for the heat flow from
the coil and the ferrite toward the aluminium structure. In order to strengthen the
structure and guarantee a sturdy fastening to the vehicle framework, two C-shaped
aluminium elements have been fixed to the shield and blocked on the underside of

the external Lexan plate through two screwed aluminium bars (Fig. 6.17a). The
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Figure 6.15: CAD model of the main components of the receiver structure.

mounting under the vehicle is provided by means of eight cylindrical stainless steel
anti-vibration dampers, commonly called silent blocks, shown in Fig. 6.17b. These
components protect the structure and the inner components from the vibrations during
the movement of the vehicle. The compensation capacitors are inserted inside the
structure together with the AC/DC stage. In this way the receiver can be connected
directly to the DC/DC converter at a manageable voltage level. The AC/DC converter
has been screwed to a heat sink welded to the aluminium shield and placed in a plastic
case at the top of the structure where the presence of magnetic stray field is negligible
according to the result of the simulations. The structure of the converter and its heat
sink are visible in Fig. 6.18. The resulting assembled structure is visible in Fig. 6.19.
It has been mounted under the vehicle in order to test the correct mechanical assembly
that as been successfully achieved as visible in Fig. 6.20. In Table 6.9 are reported the
weights of the developed components together with the total weight of the structure.

6.6.2 Transmitter

The mechanical realisation of the transmitter has been oriented to the creation of a
light structure able to be carried and placed without risks of damage or deformation.
For these reasons the coil has been formed over a base of fiberglass having a thickness
of 5 mm and fixed through a series of bandages with a special tissue tape typically
used for the construction of high frequency transformers. Additional fixings have been

created by using classical plastic bands. The obtained structure, shown in Fig. 6.21,
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(a) (b)

Figure 6.16: Lexan plate for the coil forming and the ferrite positioning (a) and bar of 3F3
ferrite adopted for the realisation of the ferrite cores (b). Two ferrite bars are visible in the
dedicated housing into the plate.

Table 6.9: Weight of the receiver structure components.

Element Quantity Weight
Aluminium shield x1 5.0 kg
C-shaped reinforcement (big) x1 9.3 kg
C-shaped reinforcement (small) x1 4.6 kg
Aluminium beam X2 8.7 kg
Blocking bar X2 1.0 kg
Receiver coil x1 3.9 kg
Ferrite bar x40 13.4 kg
Lexan plate x1 3.2 kg
U-shaped Lexan plate x1 10.9 kg
AC/DC + case + compensation cap. x1 2.1 kg
AC/DC heat sink x1 0.3 kg
Silent block x8 1.6 kg

Total weight 64.0 kg

is robust and light and then particularly suited to be integrated on the road pavement
as better described in the dedicated Chapter 7.

6.7 Measurements

The final magnetic structure has been tested by measuring the values of self and
mutual inductance by using an HIOKI 3532-50 LCR HiTESTER LCR meter at the
frequency of 85 kHz. This instrument measures the amplitude and the phase of the
object under test applying an AC voltage. With these information it is possible to es-
timate the values of self-inductance and resistance of the coils. The first measurement
has been made on the receiver coil terminals mounted in the magnetic structure and

disconnected from the other electrical components. A self-inductance of 119.8 yH and
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Figure 6.17: Details of the C-shape reinforcement structure with lateral screwing and blocking
bar underside (a). Silent blocks dumpers (b).

Figure 6.18: Final structure of the AC/DC converter with filters and protection circuit placed
into the receiver structure (a). Detail of the AC/DC heat sink welded to the shield structure

(b).

a resistance of 128 m¢) have been measured.

The measurements on the transmitter have been provided over 46 different trans-
mitters realised for the construction of the on-road system. These measurements have
been used also to verify the variability of the adopted manufacturing process. As vis-
ible in Fig. 6.22 and Fig. 6.23 the measurements provide an average value of 281.4 H
with a standard deviation of 0.97 yH which indicates a really good precision and
repeatability of the manufacturing process. The same measurements have provided
an average value of the resistance equal to 359.3 m{) with a standard deviation of
20.2 mf2. The value of the mutual inductance has been extracted through the eval-
uation of the total impedance, as ratio between transmitter voltage and current, by
using the indications provided by an 8 bit Lecroy WaveSurfer 3000 digital oscilloscope

and supplying the system with the developed power electronics. A simple resistive
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Figure 6.21: Transmitter coil fixed over the fiberglass base with the white tissue tape and the
black plastic bands.

load of 4.5 € has been connected at the diode bridge output. A value of M equal to
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Figure 6.22: Measurements of self-inductance over 46 transmitters. Single measurements in
light blue and average in orange.

14.9 pH has been estimated using the complete expression of the total impedance:

w2 M?

Vi , 1
ZT_jl_Rl‘f‘](WLl_wC)‘i‘ 7
wCs

(6.16)

where R; is the sum of the resistances of coil and capacitors on the transmitter side
(0.92 Q) while Rs represents the sum of the contribution of coil and capacitor resistance
plus the resistances of the two diodes of the bridge in conduction at each semi-period
(0.53 Q).

The derived values from the tests are collected in Table 6.10 together with the
relative errors with respect to the values derived from the simulations. The results
show that the developed models result in a really precise estimation of the final values
of the magnetic structure. It is worth noting that the higher relative error in the
estimation of the mutual inductance has to be related also to the test conditions. In
fact, as visible also in Fig. 6.24, the real shape of the voltage is not perfectly square
introducing errors in the estimation of the amplitude of the first harmonic. Another
source of error derives from estimation of the phase relation between the voltage V;
and the current I; by means of the oscilloscope according to the typical problems of

synchronisations of the channels at which the probes are connected.

Table 6.10: Values of self and mutual inductances from measurements and simulation.

Value
Parameter Measured | Simulated | Relative error
Transmitter self-inductance (average) | 281.4 pH 279.5 pH 0.67%
Receiver self-inductance 119.8 uH 120.8 pH 0.83%
Mutual inductance 14.9 uH 14.3 uH 4.3%
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Figure 6.23: Frequency distribution of the measurements of the self-inductance of 46 trans-
mitters.
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Figure 6.24: Wave form in case of supplying voltage (light blue) with duty cycle 50%. Trans-
mitter current in purple and rectified current of the load resistor in yellow. The not perfect
square shape of the voltage is visible.

6.8 Conclusions

The last two chapters presented the complete development of the two main components
of the IPT system: the power electronics and the magnetic structure. Starting from
qualitative observations based on the know-how of the designers and the study of the
characteristics and constraints of the applications together at the future environment
of application the design has been conducted introducing novelties on both fields. The
AC/DC converter presents good characteristics in terms of switching capabilities in not
perfectly resonant conditions preserving an efficiency higher than 98%. Its dimensions
and costs make it perfectly suited for the proposed on-road installation described in
the next chapter. A procedure for the design has been developed and applied to

the creation of the dedicated magnetic structure. The design has used techniques of
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optimisation, the development of precise electromagnetic models and the application of
useful formulations of the magnetic problem. In addition, novel laboratory setups have
been developed for the testing of the solutions without demanding the availability of a
source at the nominal power with a real improvement in the testing time and in safety
of the operations. The developed techniques and methodologies can be generically

applied to the development of future solutions dedicated to the IPT.



Chapter 7

On road installation

The integration of the developed system in the road infrastructure represents a rel-
evant outcome in the perspective of a future diffusion of the IPT technology. The
investigations concerning this aspect has demanded relevant efforts and the synergy
between different competences. The activities have been carried out in a dedicated
test site with the final goal of the creation of a dedicated charging lane. The realisation
of the test site has demanded the creation of a dedicated electric infrastructure for the
supply of the IPT system and the powering of the auxiliary devices. These activities
have been conducted within the two european projects eCo-FEV and FABRIC that
involved also several aspects related to the creation of an electric mobility platform
for the integration of electric vehicles into a cooperative infrastructure systems. In
this chapter the two main aspects of the electric infrastructure and the methods for

the integration in the road infrastructure are presented.

7.1 Test site and electrical infrastructure

The test site has been developed in Val di Susa at the foot of the Alps close to the city
of Turin, thanks to the cooperation with Tecnositaf, owner of the site and partner of
both projects eCo-FEV and FABRIC. The main concept of the implemented system is
depicted in Fig. 7.1. It consists of a series of 50 transmitters placed with an interspace
of 50 cm. Each coil is supplied by a dedicated DC/AC converter. This solution allows
a more flexible management of the recharge and a stronger fault tolerance. The series
of DC/AC converters is supplied through a DC distribution line that constitutes the
DC bus of the overall system. The entire system is powered though an active AC/DC
three-phase converter that provides a stabilised voltage at 630 V. The nominal power
of the AC/DC converter, equal to 50 kW, allows to test the condition of two vehicles
moving over the charging lane and absorbing the rated power of 20 kW at the same
time. The system is directly connected to the LV distribution network through an

ungrounded insulation transformer that electrically separates the utility three-phase

87
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Figure 7.1: Scheme of the general architecture of the IPT system developed for the on road
prototype.

distribution grid from the IPT system, allowing a dedicated IT system [134]. This
solution guarantees the continuity of the power supply also after a first ground-fault
without compromising the safety of the operators. The IT grounding system was
chosen since the protection against indirect contact in TN systems' is challenged by
the presence of active converters. In the case of ground-faults, in fact, converters
positively reduce the fault current to nearly their nominal current, to protect their
circuitry. This limitation of the current would prevent over-current protective devices
from promptly tripping, exposing persons to the risk of electric shock.

The passage of the vehicle from one transmitter to the next one can generate
an abrupt variation of the absorbed power, causing stress at the point of common
coupling (PCC) with the utility network. This stress may cause degradation of the
power quality due to possible voltage fluctuations related also to the injection of high
order current harmonics. To mitigate this problem, the introduction of a capacitive
smoothing made of super capacitors is proposed. The aim of the capacitors bank is to
maintain a constant current at the output of the AC/DC converter thereby reducing
the harmonic content at the PCC. The value of the capacitance has been fixed at 2.6 F
according to the analysis presented in [135].

The AC/DC converter and the transformer have been placed in a dedicated build-

ing that has been named power room. As visible in Fig. 7.2, the DC distribution line

1Systems in which the neutral point of the power supply system is grounded, and enclosures of
equipment are connected by a protective conductor to the main grounding bus of the installation,
which is connected to the grounded point of the power supply.
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comes out from the power room following a path at 50 cm under the ground together
with an auxiliary AC distribution at the standard level of 230 V 50 Hz. This auxiliary
distribution line reaches a shelter were the devices for the monitoring of the charging
lane are placed.

The most important component placed in the shelter is a Single Board Reconfig-
urable I/O (sbRIO-9606 by National Instruments). The sbRIO manages the finite
state machine that governs the different steps of the recharge interacting with the
other components installed in the test site that form the IT infrastructure. This kind
of reconfigurable devices were successfully adopted in several engineering applications
[136-138]. In this case, it has been selected according to its high computing power
provided by a 400 MHz industrial processor and a Xilinx Spartan-6 LX45 FPGA and
the presence of several interfaces as DIO channels, CAN interface, serial RS232 in-
terface, USB ports and a built-in Ethernet port. A complete description of the state
machine and the other components of the I'T infrastructure has been provided in the
co-authored work [40].

The DC/AC converters are installed in dedicated manholes on the side of the road.

Legend

D Power DC distribution
room line
B Transformer @ DC/AC

and AC/DC converters

B Mainshelter === Transmitters

Figure 7.2: Map of the developed test site for the testing of the dynamic IPT infrastructure.

7.2 Coil embedding

The selection of a proper procedure for embedding the coils in the road pavement
has faced significant technical issues. Unexpected phenomena have appeared during
the first practical trial of embedding. Their comprehension and the identification of
a feasible solution has demanded several weeks of work.

The first trial of embedding has been done directly on the test site with a transmit-

ter having inner dimensions 1.25 m x 0.5 m made of 9 turns of litz wire with a diameter
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of 4 mm. Tts values of resistance and self-inductance (in the following simply indicated
as R and L) have been preliminarily measured at the frequency of 85 kHz with an
HIOKI 3532-50 LCR HiTESTER. The obtained values have been R = 303 mf) and
L =211.8 pH. The coil has been embedded in a basement of not reinforced concrete
(i.e. concrete without any reinforcing bars) following the procedure shown in Fig. 7.3.
The coil has been covered with a layer of 2 cm of concrete and another layer of 3 cm

of cold asphalt.

A new set of measurements has been carried out after the complete drying of con-
crete and asphalt. The measurements have been conducted powering the LCR meter
by means of an insulation transformer in order to minimise the capacitive coupling
between the instrument and the ground. The measurement has been automatised
through a serial interface with a PC that has registered the acquired data. The
instrument operates supplying the object under test with a sinusoidal voltage and
calculating the amplitude and the phase of the impedance of the object by measur-
ing the injected current. The instrument has been firstly calibrated on the whole
frequency span through the open and short circuiting of the instrument terminals.
The measurements have been carried out in the frequency range from 5 to 150 kHz.
The resulting behaviour of the coil impedance is shown in Fig. 7.4. Contrary to what
was expected, the behaviour of the impedance of the embedded transmitter was far
from an inductive behaviour. As shown in Fig. 7.4a and Fig. 7.4b, the amplitude
of the impedance is not linear with the frequency and the phase starts to be much
lower than 90° above 60 kHz. The interpretation of the measurements with a series
R-L model has provided a value of resistance and self-inductance equal to 14.7 2 and
293 pH respectively. This discrepancy has been ascribed to the presence of capacitive
coupling between the coil and the ground. The presence of this capacitive component

can explain also the deviation from a linear behaviour of the impedance.

Starting from this hypothesis, a second check has been performed in order to
assure the correctness of the results provided by the LCR meter. This second test
has been carried out supplying the system through a power source and measuring the
quantities of interest with a Teledyne LeCroy Wavesurfer 3024 digital oscilloscope.
The test setup is shown in Fig. 7.5. It is composed by a 60 W linear power amplifier
able to supply up to 2 A rms at 30 V rms. The input signal of the amplifier is provided
by a signal generator. An 8.25 ) low-inductance power resistor has been placed in
series to the amplifier output in order to limit the output current. The role of the
resistor is to protect the amplifier against a sharp increase of the current in case of

presence of phenomena of series resonance in the load (the transimitter under test).

A sinusoidal voltage with a peak of about 18 V and a frequency of 88 kHz has been
applied to the coil. The related waveforms are shown in Fig. 7.6. A phase difference
¢ = 83.9° between current and voltage has been measured and the ratio between the

peaks of the two waveforms revealed an impedance amplitude Zgry of about 180 (2.
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Figure 7.3: First try of embedding procedure. Realisation of the hole for the coil placement
(a). Creation of a first layer of concrete for the placement (b). Coil placed on the semi-wet
concrete layer (c). Coil embedding with a layer of 2 cm of concrete (d). Completed embedding
under concrete (e). Final layer of cold asphalt (f).



92 7.2 Coil embedding

800
700
600
500
400
300
200
100

Impedance amplitude (Q)

0 20 40 60 80 100 120 140 160
Frequency (kHz)

(a)

100
90
80
70
60
50
40
30
20
10

Impadance phase (degrees)

0 20 40 60 80 100 120 140 160
Frequency (kHz)

(b)

Figure 7.4: Amplitude (a) and phase (b) of the coil impedance in the frequency range 5 —
150 kHz.
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Figure 7.5: Test setup with power linear amplifier.
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at the output of the linear power amplifier. Time axis 5 us/div.
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Figure 7.7: Values of self-inductance (a) and series resistance (b) calculated by the LCR meter.

The match of these results with the R-L series model through the equation set (7.1),
has provided an estimation of R = 19.1 2 and L = 323.7 uH.

oL (7.1)

The value of the additional resistance has been subtracted to the value of R obtaining
a value of 10.85 2. These results are consistent with the measurements done with the
LCR meter that indicate a value of R = 17.2 2 and L = 301 pH as shown in Fig. 7.7.

This test confirmed the reliability of the measurements carried out by means of
the LCR meter clearly indicating that the embedding process introduced additional
phenomena that modified the behaviour of the coil moving it away from the inductive

behaviour.
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Figure 7.8: Coil for the laboratory tests.

7.2.1 Tests on laboratory

A series of laboratory experiments have been conducted in order to better understand
the physical mechanisms that caused the underligned phenomena and put them in cor-
relation with the embedding process. Two coils of reduced dimensions 30 cm x 40 cm,
as the one depicted in Fig. 7.8, have been assembled using 6 turns of litz wire with a
diameter of 4 mm. Both coils have been placed into a plastic wire way that helped
to form and to maintain them in the right position. The two identical coils have
been named A and B. Two wooden containers 1 x 1.2 x 0.15 m?, as the one shown in
Fig. 7.9, have been built for the tests. The impedances of both coils have been pre-
liminarily measured placing them in the container. The container has been sustained
by a wooden base with a height of 40 cm. This arrangement has assured a sufficient
distance from possible metallic objects. The results indicate a linear behaviour of
the impedance (inductive behaviour) until 1 MHz. At this impedance corresponded a

value of self-inductance equal to 45 pH.

After these preliminary measurements, the coil A has been placed over a layer
of 5 cm of semi-wet concrete and covered with another layer of the same thickness
as illustrated in Fig. 7.10. New measurements have been conducted after 48 hours
with the concrete completely dry. A more extended frequency range has been chosen
according to the small dimensions of the coil and the small value of self-inductance.
This last assumption can be explained assuming that, in first approximation, the
electric coupling with the concrete (capacitance of the coil with respect to the concrete)
is in some way proportional to the surface of the coil. The smaller the exposed surface
the smaller the capacitance. Smaller values of inductance and capacitance mean a shift
toward higher frequencies of eventual phenomena of resonance. The results shown in
Fig. 7.11 have clearly confirmed the hypothesis of the capacitive coupling with the
ground. In fact, the behaviour shown in Fig. 7.11 is equivalent to a parallel RLC
circuit. The amplitude reaches its maximum at about 1 MHz and in correspondence

of this frequency the phase becomes zero. The results clearly indicate an increase in
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Figure 7.9: Wooden container for the housing of the coil and the testing of the embedding
conditions.

Figure 7.10: First test using coil A placed over a layer of concrete (a) and completely covered
by a second layer (b).
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Figure 7.11: Amplitude and phase of the impedance of coil A buried into concrete.

Figure 7.12: Last layer of cold asphalt for the tests on coil A.

the impedance and a strong modification of the phase as pointed out in the first test
of embedding. A layer of 3 cm of cold asphalt has been superposed to the concrete
in order to reproduce the embedding process used for the first try (Fig. 7.12). The
measurements have been repeated. The results shown in Fig. 7.13 indicate that the
cold asphalt does not affect the behaviour of the coil.

According to what emerged from the tests on coil A, coil B has been used to inves-
tigate a possible solution. The main idea behind the proposed solution has considered
the capacitance between the coil and the ground as inversely proportional to their
distance similarly to a planar capacitor. Hence, a non conductive material acting as
dielectric has been placed between the coil and the surrounding material. The increase
of the distance aimed at the reduction of the capacitance toward the ground moving
the phenomena of resonance at higher frequencies far from the working frequency.

The idea has been implemented by filling the plastic wire way with a bituminous
coating obtaining a layer of about 5 mm all around the coil. The resulting object
is shown in Fig. 7.14. The same embedding steps with the two layers of concrete

(5 cm under and 5 cm above the coil) and the layer of cold asphalt (3 cm) have been
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Figure 7.13: Comparison of amplitude and phase measurements of the impedance of coil A
buried into concrete and coil A buried into concrete with the addiction of a layer of cold
asphalt.

Figure 7.14: Coil B with the plastic wire way filled with bituminous coating.
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Figure 7.15: Impedance measurements on coil B embedded with the bitumen preliminary
layer.

Table 7.1: Parameters of the coils for the embedding tests on the test site.

Coil name Inner dimensions Num. of turns Wire diameter

14 0.5x1.5m 9 4 mm
Lo 0.5x1.5m 9 4 mm
Ls 0.5x1.5m 10 5.5 mm
Ly 0.5x1.5m 9 4 mm
Ls 0.5x1.5m 10 5.5 mm
Lg 0.5x1.5m 9 4 mm

applied to the coil B. Finally, the impedance measurement has been repeated. The
results shown in Fig. 7.15 indicate the success of the adopted process. As expected,
the non linear behaviour of the impedance becomes evident only above 300 kHz. At
the frequency of 1 MHz the phase is equal to about 85° instead of the 0° presented in
absence of the layer of bitumen (Fig. 7.11).

On the base of this result a new series of tests have been conducted on the test

site investigating different materials and embedding processes.

7.2.2 Tests on the real environment

Six different coils labeled as L1, ..., Lg have been built to be tested directly in the
test site. Each coil has been buried following a different procedure or using different
materials. The wire diameter, the number of turns and the dimensions slightly differs
from the final design of Section 6 as the coils have been built using the available
materials. The characteristics of each coil are reported in Table 7.1.

The second goal of the tests has been the individuation of a fast and cheap way
to integrate the transmitters into the road pavement on the base of the knowledge of

the POLITO group and Tecnositaf as expert in the field of road infrastructures. Each
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(b)

Figure 7.16: Embedding procedure on coil L. Placement of the coil with dry layer of bitu-
minous coating (a). Cover with the layer of concrete (b). Final layer of cold asphalt (c).

test is described in the following.

Coil L,

Coil L; has been used to test the same bituminous coating used for the laboratory
test on coil B. It has been placed in a dedicated concrete housing and covered with
a layer of 2 cm of concrete and another layer of 3 cm of cold asphalt. The process
is illustrated in Fig. 7.16. At each step the impedance of the coil has been measured
and the results are shown in Fig. 7.17.

Fig. 7.17a confirms that the bituminous coating does not influence the behaviour of
the coil that remains perfectly inductive. Some modification occurs after the burying
under the concrete layer (Fig. 7.17b) but the impedance remains perfectly inductive
at the frequency of interest of 85 kHz. The strict similarity between Fig. 7.17b and
Fig. 7.19c confirms that the cold asphalt does not create any kind of problem.

This first process has been considered suitable for the coil embedding. Moreover
the bituminous coating is a low cost readily available material. Nevertheless, the use
of concrete for the creation of the housing was strongly time consuming and expensive
in terms of cost of material and cost of human work.

It is worth nothing that, for certain values of frequency, the values of the phase ap-
pear slightly higher than 90°. This is an intrinsic error due to delays in the acquisition

chain of the instrument [139].

Coil Ly

Coil Lo has been embedded with the same method of coil L; but substituting the

bituminous coating with an epoxy resin typically adopted for the realisation of high
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Figure 7.17: Impedance measurements on the coil L; during the different phases of the em-
bedding process. Preliminary measurements after the application of the bituminous coating
(a). After the laying of the concrete layer (b). Final measurement with the cover of cold
asphalt (c).

frequency transformers and inductors. The resin needs several hours to become com-
pletely dry resulting in a rigid and compact object as visible in Fig. 7.18. The mea-
surements referred to each step are shown in Fig. 7.19.  Also this second process
has resulted feasible together with the proposed dielectric material. The only relevant
cons of this process is represented by the higher cost of the resin that is a high-tech

material dedicated to a specific manufacturing process.

Coil L3

A different embedding method avoiding the creation of a concrete housing has been
used for the other coils. Coils L3 and L4 have been placed in a template hole directly
cut on the road pavement (standard asphalt). For Ls, an elastomeric liquid bitumen,
cheaper than the bituminous coating, has been used as dielectric. The coil has been
placed directly into the hole that has been filled with the liquid elastomeric bitumen.
The main steps of the embedding process are illustrated in Fig. 7.20. The embedding
process has not been completed with the last covering layer as the liquid elastomeric
bitumen turned out not to be suited for the application. As pointed out in Fig. 7.21,
the coil has presented a clear phenomenon of resonance around 85 kHz meaning that
the adopted material did not provide the expected effect. Hence, the liquid elastomeric

bitumen has been excluded among the usable materials for the coil embedding.
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Figure 7.18: Coil Lo inserted in the epoxy resin block placed on the concrete housing.
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Figure 7.19: Impedance measurements on the coil Ls during the different phases of the em-
bedding process. Preliminary measurements after the application of the epoxy resin (a). After
the laying of the concrete layer (b). Final measurement with the cover of cold asphalt (c).
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(d)

Figure 7.20: Embedding process of coil L3. Template hole cut in the asphalt (a). Coil placed
in the hole (b). Partial filling with liquid elastomeric bitumen (c) with a detail on the hole
depth in the upper part. Coil completely covered by the liquid elastomeric bitumen (d).
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Figure 7.22: Comparison of the measurements on the impedance of coil Ly for a preliminary
case with the coil far from any external object and the same coil placed in the template hole.

Coil L4

The first measurements on coil Ly has been conducted by simply placing the coil in
another template hole (as for L3 in Fig. 7.20b). This test has been done in order
to exclude the road asphalt as possible cause of the undesired effects pointed out on
coil Ls. The comparison with the preliminary measurement in laboratory is shown in
Fig. 7.22. The difference with respect to the preliminary measurements is completely
negligible. This result confirmed the possibility to create the housing directly in the
road asphalt. This method has been preferred because it was faster and cheaper than
the previous one based on the concrete housing.

The coil Ly has been then used to test, as dielectric, the bituminous emulsion
MAPEI Plastimul. This material has been tested according to the absence of solvents
in its composition. In fact, the presence of solvents has been considered one of the pos-
sible causes of the negative behaviour of the liquid elastomeric bitumen: the solvents

evaporate during the drying process leaving porosities that can lower the dielectric
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Figure 7.23: Measurements of impedance and phase of coil L4 covered with a layer of Plastimul.

Figure 7.24: Test setup with coil Ls placed in the hole and covered with liquid bituminous
coating.

properties of the material.
This hypothesis has not been verified by the test. Fig. 7.23 shows the appearance
of a resonance around 150 kHz that causes anyway a unacceptable modification of the

behaviour of the coil.

Coil Lj

The test on the coil Ls has been done by filling the hole with the same bituminous
coating used for coil Ly (Fig. 7.24). A cold asphalt has been used for the last layer of
3 cm. The results of the measurements are shown in Fig. 7.25 for each phase of the
embedding process. At the end of the process, the amplitude presents a linear trend
until 150 kHz. After this frequency the behaviour starts to slightly deviate from the
linearity. The phase remains stable around 90° until 100 kHz. Above this frequency
it start to decrease. The comparison with the preliminary laboratory measurements
at the frequency of 85 kHz indicated an increase of the self-inductance of about the
2.7% and a negligible variation of the phase (measured phase = 89.96°). The adopted

process is then considered feasible.
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Figure 7.25: Impedance measurements on the coil L5 during the different phases of the em-
bedding process. Preliminary measurements in laboratory (a). After the laying in the asphalt
hole (b). With the first layer of bituminous coating (c¢). Final measurement with the cover of
cold asphalt (d).
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(a)
Figure 7.27: Appearance of the hole filled with cold asphalt (a) and MAPEI Mapegrount (b).

Coil Lg

Despite the cold asphalt appeared to be well suited the necessities of the application,
it presented problems in terms of mechanical resistance. The coils have been stressed
by the passage of different light vehicles during one week of tests. After this week, the
layers of cold asphalt has started to degrade as visible in Fig. 7.26. This inconvenience

forced the investigation of an additional material for the creation of the pavement layer.

The MAPEI Mapegrount SV T has been considered among the possible materials
for the ground pavement permitted by the standard regulations [36]. This material is a
pre-blended mortar based mix with a consistence more compact than the cold asphalt
as visible in Fig. 7.27. FEven though this material presented better characteristics
in terms of simplicity of laying, fast drying, grip and mechanical robustness, the
measurements have pointed out an unacceptable effect on the coil impedance. The
results are depicted in Fig. 7.28 and refer to a condition with the coil Lg covered by

a first layer of bituminous coating and a cover layer of MAPEI Mapegrount.
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Figure 7.28: Measurements of impedance and phase of coil Lg covered with bituminous coating
and last layer of Mapegrount.

Table 7.2: Tested materials, use and suitability on the base of the test results (v' suitable, x
not suitable).

Material Use Test result
Concrete Intermediate layer v
Cold asphalt Pavement v
Bituminous coating  Separation coil-ground v
Epoxy resin Separation coil-ground v
Elastomeric bitumen Separation coil-ground X
MAPEI Mapegrount Pavement X
MAPEI Plastimul Separation coil-ground X

7.3 Final charging lane integration

Table 7.2 summarises the results of the tests with respect to the analysed materials
and methods of embedding. According to these results, a first section of 20 m of the
charging lane has been created adopting the technique tested on the coil Ly but using
the concrete for the cover layer. Concrete has been the only material fitting the main
requirements of low impact on the coil behaviour (in presence of adequate dielectric
layer), simplicity of laying and mechanical robustness. It is worth mentioning that the
characteristics of the concrete in terms of grip are not advisable for any kind of road
pavement. In this first version the concrete has been treated in order to increase its
roughness improving its characteristics in terms of grip guaranteeing safe conditions
for the drivers during the tests. The final developed process for the integration of the
transmitter on the road pavement is illustrated through Fig. 7.29. It starts by cutting
the hole borders in the asphalt by means of an angle grinder and then digging the
inner asphalt using a pneumatic drill. The bottom part of the hole is flatten with
a hand press then the transmitter is placed at a depth of 5 cm under the pavement

level. The hole is filled with bituminous coating until the transmitter is completely
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Figure 7.29: Description of the embedding process. Cut of the template hole borders (a).
Digging of the hole in the road asphalt (d). Filling of the separation material between coil
and ground (c). Last layer of concrete (b).

covered. When the bitumen is completely dry, a layer of about 3 cm of concrete is
used to cover the hole reaching the pavement level.

The distance between the transmitters has been chosen by means of the models
developed in Chapter 6. When a transmitter is active and supplied with the nominal
current, the distance of 50 cm guarantees a coupling with the not active transmitters in
the proximity that gives place to an open-circuit voltage lower than 30 V. This voltage
does not create problems to the DC/AC converter and it is perfectly manageable
during the start-up phase.

The connection between the transmitter, the DC/AC converter and the DC dis-
tribution is done as sketched in Fig. 7.30. The terminals of the coil reach a manhole
placed at 2.2 m far from the transmitter. The two terminals are twisted together
in order to limit the additional self-inductance introduced by the long connection.

Each manhole receives the terminals of two consecutive transmitters then it houses
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Figure 7.30: Plan of the placement of coils, manhole and connection with the DC distribution
line (a) and realisation (b).

two DC/AC converter mounted on two sides of the same heat sink (Fig. 7.31). The
manhole is also the point of connection between the DC distribution line and the con-
verters through a parallel connection (in-out scheme [140]). The final appearance of
the charging lane is shown in Fig. 7.32. The ensamble of two consecutive transmitters
and the related components constitute the basic charging unit of the IPT system. Ac-
cording to the representation of Fig. 7.33, the charging unit is used as reference for the
estimation of the costs of implementation of the charging lane that are summarised
in Table 7.3. The results indicate a cost of about 558 €/m.

7.4 Conclusions

The present chapter has presented the different activities aimed at the creation of
a dedicated infrastructure for the installation of the designed IPT system. The em-

bedding of the transmitters in the road pavement has resulted the most critical and
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Figure 7.31: 3D model of the heat sink in the manhole with the mounting of the two DC/AC
converters. In blue the connectors for the connection to the DC distribution and the trans-
mitter.

Figure 7.32: Final aspect of the charging lane installed in the road infrastructure.
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Figure 7.33: Scheme of a charging unit considered for the estimation of the cost per meter.

Table 7.3: Charging unit components and costs

Description Quantity Cost

DC cables 4.2 m 15.00 €
Data and auxiliary supply cables and pipes 4.2 m 8.00 €
Manhole 1 20.00 €
Power and data connectors 1 40.00 €
Transmitter and comp. capacitors 2 500.00 €
DC/AC converter 2 600.00 €
Materials for transmitter embedding Lump sum 300.00 €

Manpower for DC line and manholes placing Lump sum 320.00 €
and manholes placing
Manpower for transmitters embedding Lump sum 540.00 €

Total cost 2343.00 €
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challenging issue. The carried out tests have demonstrated that the capacitive cou-
pling of the coils with the ground can represent a bottleneck for the future integration
of the IPT systems. This problem becomes strongly relevant for frequencies higher
that 15-20 kHz. The interposition of a dielectric material between the coil and the
ground has seemed an effective solution to mitigate the effect of the capacitive coupling
on the equivalent behaviour of the coil. Nevertheless, the mechanisms that renders
certain materials not suited is not clear and only some first rough hypothesis has been
proposed in this work. The identification of suitable materials for the road pavements
will surely represent a necessary step concerning the future integration in the road

infrastructure.



Chapter 8
Human exposure assessment

The last chapter of the present thesis is dedicated to the relevant problem of the safety
in relation to the protection of people from the electromagnetic fields involved in the
IPT application. In the opinion of the author, this is a mandatory ethical duty that
cannot be omitted in each process of development of a new technology. Moreover, the
possibility to assure the compliance with existent standards related to the safety is an
essential component for the social acceptance and the diffusion of a new commercial
product.

The activities conducted in this field have resulted in the development of a method-
ology for the assessment of the IPT systems applicable to the dynamic case but also
to vehicle parked (static IPT) or temporary stopped above the transmitter i.e. a
particular condition of the dynamic IPT called stationary IPT). In the dynamic case,
the different transmitters have to be sequentially energised for few milliseconds in
correspondence to the passage of the vehicle giving rise to pulsed magnetic fields.
Considering the system presented in this work, a vehicle speed of 40 km/h means
a permanence over a transmitter (then the energisation of the transmitter) for an
interval of about 135 ms.

The presented methodology has been directly applied on the developed IPT sys-

tem.

8.1 Methodology for the exposure assessment

8.1.1 Pulsed magnetic field

The proposed methodology has been developed adopting the 2010 ICNIRP guidelines
as reference for the assessment. These guidelines provides a definition of two different
limits for the assessment. This standard distinguishes the reference values, i.e. values
that can be directly measured like the magnetic flux density, and the basic restrictions
that are based directly on established health effects and biological considerations. This

means that the assessment is based on a two-step approach. Firstly, the compliance

113
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has to be verified considering the magnetic flux density by means of measurements or
calculations. The exposure is compliant if the magnetic flux density does not exceed
the reference levels. If the reference levels are exceeded, a dosimetric analysis has to
be carried out to compute the dosimetric quantities. The exposure is compliant if
these induced quantities are below the basic restrictions. The dosimetric quantity in
the low frequency range is the induced electric field.

The ICNIRP guidelines provides different methods to analyse pulsed magnetic
fields. The one formally adopted in the last guidelines is the weighted peak method
(WPM). The WPM was developed by Prof. Jokela in [141] and the ICNIRP introduced
it in the statement of 2003 [142] and formally adopted it in the latest guidelines related
to low frequency fields [124]. The WPM is summarised by the following expression:

|[W;Ajcos(2mfit+0; + ¢;)| <1 (8.1)

where A; and 0; are the amplitude and the phase of the jth spectral line of the field
under analysis. W, and ¢; are the amplitude and the phase of the weight function
at the same frequency. The amplitude of the weight function at a given frequency is
defined as the inverse of the peak limit at that frequency. The weight function for

the magnetic flux density is shown in Fig. 8.1. The assessment of the magnetic flux

10",

magnitude of WF (T)™’

10° 10° 10* 10° 10°
frequency (Hz)

Figure 8.1: Magnitude of the WF used to weight the magnetic flux density.

density by means of the WPM is, in general, like to filter in time domain the field
waveform by a suitable high pass filter [142]. However, for a waveform whose spectrum
is limited above 10 kHz the WPM corresponds to the application of a scale factor. In
fact, the weight is constant above 10 kHz as shown in Fig. 8.1. For this reason, the
sinusoidal burst related to the activation of the transmitter can be considered as a

continuous sinusoidal waveform. This is shown by comparing the assessment of two
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Figure 8.2: Complete (waveform 1) and incomplete (waveform 2) sinusoidal bursts.

sinusoidal burst at different frequencies, 50 Hz and 85 kHz. For each frequency two

limit conditions are considered:
1. finite number of cycles

2. incomplete cycle at the beginning and at the end in order to simulate a sharp

variation of the field.

Fig. 8.2 shows the two cases for the general waveform at frequency f = 1/T. The
peak of the waveform is always chosen as the ICNIRP limit at the frequency f.

Fig. 8.3a and Fig. 8.3b represent the left hand side of (8.1) for the waveforms at 50
Hz and 85 kHz, respectively. The sharp variation of the field plays a key role because
it corresponds to a high frequency spectral line with respect to the fundamental fre-
quency of the field. For the 50 Hz sinusoidal burst it corresponds also to the maximum
exposure because the high pass filter emphasises them as shown in Fig. 8.3a. Con-
versely, the exposure to a 85 kHz sinusoidal burst is not affected by sharp variations
because the WPM becomes a simple scaling factor as explained earlier and as shown
in Fig. 8.3b. Therefore, the sinusoidal burst of the present application is equivalent
to a continuous sinusoidal waveforms at the same frequency. The same conclusion
can be drawn for more smoothed start up transients (as the real transients are) for
which the components related to the frequencies lower than the fundamental one are
perfectly negligible. These considerations clearly indicate as the compliance of IPT
applications can be analysed in the same way under steady state conditions in both
cases of stopped or moving vehicle. Consequently, the exposure will be assessed by
means of a time-harmonic formulation and the weighted peak method is equivalent to
the computation of an exposure index defined as the ratio of the maximum value of
the F field and the related exposure limit value. This exposure index corresponds to

the maximum value of the right hand side of (8.1).
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Figure 8.3: Weighted waveforms of the complete and incomplete sinusoidal bursts at 50 Hz (a)
and 85 kHz (b). The incomplete burst at 50 Hz is characterised by two peaks in correspondence
with the sharp variations. The second waveform at 85 kHz is not characterised by any peaks.

8.1.2 Identification of the worst case scenario

The exposure assessment of the system must take into account the possible misalign-
ment between transmitter and receiver. This analysis becomes more relevant in the
stationary case where the vehicle can stop over the transmitter with a high misalign-
ment and people can approach the vehicle remaining in its proximity.

The control of the systems tries to maintain both currents constant at the rated
values I1 = 36 A and I» = 67 A on each side by controlling the rms value of the output
voltage of the DC/AC converter and the voltage over the diode bridge by controlling
the boost converter (see Chapter 5) . The control on the transmitter side works within
a value of mutual inductance higher than 5 yH. Lower values of mutual inductance
mean a wider partialisation of the output voltage' in correspondence of which the
control commands the turn-off (Fig. 8.4). As the value of M changes in function of
the relative position between the vehicle and the active transmitter, the map of M
versus the misalignment provides information about the working conditions of the
systems (voltages and currents according to the relations (5.13) and (5.14)) indicating
the points for which the system has to be considered active. In Fig. 8.5 are shown the
curves of mutual induction for positive misalignment of the transmitter coil derived
through the model described in Section 6.5. As demonstrated in [57] and [133], for
distances of the coils larger than 15 c¢m, the vehicle chassis has no effect on the coupling
so the map of M can be considered perfectly symmetric with respect to both x and y
misalignments.

The worst case in terms of exposure is identified by computing the magnetic flux
density in the inspection volume represented in Fig. 8.7. For every possible misalign-

ment, the maximum field value in the volume and the number of points at which the

! Angle « close to 7 rad with ref. to Section 5.3
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Figure 8.4: Shape of the output voltage of the DC/AC converter (cyan) for a condition of
mutual coupling close to the limit of 5 uH. The scope screenshot refers to a test at limited
values of DC voltage. Transmitter current in purple and the current at the diode bridge output
in yellow are presented.
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Figure 8.5: Contour lines representing the mutual inductance M (in microhenry) versus the
misalignment of the coils axes for a gap of 25 cm.

limit is exceeded are registered. At the frequency of 85 kHz this limit is equal to
27 uT (Fig. 8.6). This procedure makes it possible to define the worst case not only
considering the condition that gives place to the maximum magnetic flux density but
also the one that presents the larger volume where B exceeds the limit. When the
worst case is identified, the dosimetric analysis is carried out evaluating the induced
electric field E in the human body. It is worth mentioning that the values of the
currents are increased by 5% in order to take into account the possible transients
in the currents due to the time required by the control to react against the vehicle
misalignment during the motion. This increase is widely conservative as the typical
bandwidth of the mechanical transient of the vehicle are much more slower than the

dynamic of the converters control.

8.1.3 Problem formulation

The typical distances between the vehicle, the coils and the surrounding space where
people could stay is in the order of some meters. For this reason it is necessary to

use a suitable formulation of the 3D electromagnetic problem that does not require
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Figure 8.7: Volume for the evaluation of the magnetic flux density.
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Figure 8.8: 3D CAD model of the complete vehicle (a) and extracted bottom part (b) after
the simplification process already meshed.

to mesh the air and that simplifies the computation of the induced phenomena on
the vehicle chassis. The selected formulation has relies on the surface impedance
boundary conditions (SIBC) applied to the vehicle chassis (Section 6.5) coupled with
the boundary element formulation to account for the magnetic field in the open space
[132,143]. The magnetic flux density is evaluated in the inspection volume represented

in Fig. 8.7. This volume remains in a fixed relative position with respect to the chassis.

The modelling of the vehicle chassis has been restricted to the bottom part only.
This is in fact the part of the vehicle that mainly interacts with the magnetic field
generated by the coils. The inner part of the vehicle has been proven to be not
critical from the point of view of the exposure as the distance of the active parts
from the passengers cabin and the presence of the vehicle framework and chassis
assure safe conditions. The creation of the model for the simulation started from a
complete 3D drawing that has been reduced, as illustrated in Fig. 8.8, eliminating the
non conductive components and simplifying the complexities represented by holes,
extremely thin and sharp objects as bolts, tether hooks etc. After some manual
refinement of the mesh, the model resulted in about 19000 elements. The dosimetric
analysis makes use of the human model Duke, a 34 years old male of the Virtual
Population based on high resolution MRI scans [144]. The voxel resolution of 2 x 2 x

2 mm?

is used. This dimension is indicated by the reference standard as a compromise
that satisfies the computational constraint maintaining a good correlation with the
biological basis. Since the presence of the human body does not modify the external
magnetic field, the exposure is assessed by means of the scalar potential finite difference
technique expressed in its the algebraic form [145]. The compliance is checked at one
representative voxel for each tissue. These voxels are the ones at which the electric

field magnitude is the 99th percentile [124].
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Figure 8.9: Analysed position for the receiver structure mounting. Receiver mounted on the
centre of the chassis (a). Receiver on the rear (b). Receiver structure is coloured in red while
the receiver coil is in blue.

8.2 Results

As already mentioned in Section 6.1, the adopted vehicle presented two possible
mounting positions for the receiver structure, on the centre of the chassis or in the
rear as illustrated in Fig. 8.12. Although the considered position for the design has

been the one in the centre, both cases have been analysed.

8.2.1 Case 1: receiver on the centre

In this case, the active transmitter is always covered by the body of the vehicle. As
shown in Fig. 8.10, the worst case condition in terms of maximum B occurs for a
misalignment of —0.3 cm along x and 0.55 cm along y. The corresponding B value is
72 pT. This condition coincides also with the misalignment with maximum number
of points exceeding the limit as shown in Fig. 8.11. Therefore, it represents the
general worst case. The volume in which the magnetic flux density exceeds the limit
is represented in Fig. 8.12a. The induced electric field is evaluated placing the human
body in this volume (Fig. 8.12b). Fig. 8.13 shows the exposure indexes at some target
tissues (i.e. the tissues in which the highest exposure indexes appear). It is apparent
that the condition (8.1) is satisfied at all tissues. Therefore the exposure is compliant

by a wide margin.
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Figure 8.10: Maximum value of the magnetic flux density versus the coils misalignment in the
case of receiver mounted on the center. Missing points correspond to condition of coupling in
correspondence of which the system is turned off.

Num. of points
n
o
o

100~
0-
0.4 1
02 T~ 05
0 5. il
02 ~__— -05
Misplacement along x (m) 0.4 -1 Misplacement along y (m)

Figure 8.11: Dimension of the volume having magnetic flux density higher then the limit value
of 27 p'T. Missing points refer to conditions of coupling in correspondence of which the system
is turned off.
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Figure 8.12: Surfaces at the limit value of 27 uT of magnetic field density in the worst cases
(a) and positioning of the Duke model in the volumes exceeding the limit of magnetic flux
density (b). Case 1.
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Figure 8.13: Exposure index on the target tissues for the analysed worst case (Case 1).
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Figure 8.14: Maximum value of the magnetic flux density versus the coils misalignment in the
case of receiver mounted on the rear. Missing points correspond to condition of coupling in
correspondence of which the system is turned off.

8.2.2 Case 2: receiver on the rear

As visible in Fig. 8.14, this case is more critical because the transmitter can be com-
pletely uncovered by the vehicle. As shown in Fig. 8.14, after a given misalignment
along y direction, the maximum B in the inspection value remains practically con-
stant. In this case the worst case condition is identified by means of the extension of
the volume where the limit of B is exceeded. The worst case occurs for a misalignment
of 0.1 cm along x and 0.8 cm along y. The related volume where B exceeds the limit
is represented in Fig. 8.15. The human model is placed at the point corresponding to
the maximum intersection between this volume and the body as shown in Fig. 8.16b.

Fig. 8.17 shows the exposure indexes at some target tissues.

In this case the exposure is not compliant (index >1). According to this result,
this last mounting position is not advisable. A proposed way to protect people in
this case is the definition of a safety distance. As depicted in Fig. 8.18, this distance
has been evaluated by considering the borders of the volumes where the limit of B is
exceeded for different positions of the vehicle. The safety distance is then defined as
the minimum distance from the active transmitter along the x axis that guarantees
the respect of the reference level (conservative condition). It has been fixed at 75 cm

far from the transmitter.
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Figure 8.15: Dimension of the volume having magnetic flux density higher then the limit value
of 27 p'T. Missing points refer to conditions of coupling in correspondence of which the system

is turned off.
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Figure 8.16: Surfaces at the limit value of 27 uT of magnetic field density in the worst cases
(a) and positioning of the Duke model in the volumes exceeding the limit of magnetic flux

density (b). Case 2.
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Figure 8.17: Exposure index on the target tissues for the analysed worst case (Case 2).
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Figure 8.18: Definition of the safety area. Different volumes where the limit of B is exceeded
in blue. Transmitters in red. The dashed one represents the subsequent not active transmitter.
The dashed green line represents the border of the safety area.
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Figure 8.19: Positioning of the vehicle on the wooden base for the emulation of a the condition
of transmitter at 5 cm under the ground level.

8.3 Measurements

A test setup has been created in order to verify the consistency of the values of

magnetic flux density provided by the model.

The test has been conducted in an outdoor environment. The adopted transmitter
has been one of the transmitters resulted from the final design. It has been left movable
and directly placed at the ground level. The receiver has been mounted on the vehicle
rear. A measurement has been carried out to verify the inductive behaviour of the coil
with the methods adopted in Chapter 7. The vehicle wheels have been placed over four
wooden bases of height 5 cm (Fig. 8.19) in order to emulate the nominal conditions of
distance between the coils of 25 cm with the transmitter embedded in the road. This
solution is flexible and precise as it did not imply the movement of the vehicle for the
coil positioning. The transmitter has been placed in order to be completely covered
by the vehicle and in absence of lateral misalignment with respect to the receiver. The
system has been supplied at one third of the rated currents (by using one third of the
rated DC bus voltage) in order to guarantee the operation of measurements in safe
conditions with respect to the exposure. The ELT 400 Exposure Level Tester [146]
has been used to measure the rms value of the magnetic flux density. The instrument
has been equipped with the three-axial ELT B-Field-Probe (the instrument is visible
in Fig. 8.20a).

Taking as reference the lateral side of the vehicle and the effective ground floor,
an inspection grid of 3 x 3 x 3 points has been defined according to the representation
of Fig. 8.20. The first point P; lies at 5 cm above the effective ground floor (in orange
in Fig. 8.20) and 1 cm from the plane tangent to the vehicle and perpendicular to
the ground floor (light blue plane in Fig. 8.20). The point P, is aligned with the
centre of symmetry of the receiver structure. The magnetic flux density has been
then measured in correspondence of the 27 inspection points that formes the grid.
Hence, the same condition of test has been repeated in simulation. The measured and
calculated values of magnetic flux density are collected in Table 8.1. The comparison
indicates that the values provided by the model can be considered consistent with

respect to the measured values.
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Figure 8.20: Inspection grid for the measurements of the magnetic flux density. The inter-
distance between each layer is equal to 17.5 cm. The points in the plane are at a distance of
20 cm from each other.
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Table 8.1: Comparison between calculated and measured values over the inspection grid of
Fig. 8.20.

Point Plane height Calculated value Measured value

(cm from the ground) (uT) (uT)
Py 5 6.4 6.1
P 7.2 6.3
P; 7.5 6.3
P, 3.6 3.4
P; 3.9 3.4
Ps 4.0 3.4
P; 2.2 1.9
Py 2.4 2.0
Py 2.4 2.0
P 17.5 6.5 6.6
P, 7.5 6.9
P, 8.0 6.7
P, 3.7 3.2
P 4.0 3.4
Py 4.2 3.4
P, 2.2 1.9
P 2.4 2.2
P, 2.4 2.0
P/ 35 6.3 5.4
Py 7.6 5.3
Py 8.2 5.2
P, 3.5 2.7
P 3.8 2.8
Py 3.9 2.9
P 2.1 1.7
P 2.3 1.8

Py 2.3 1.8
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8.4 Conclusions

In this chapter a methodology suitable to asses the human exposure to the magnetic
fields created by dynamic and static IPT systems has been proposed. This method-
ology has been applied to the IPT system object of the present thesis. It has been
shown that the pulsed magnetic fields can be assessed easily with a time-harmonic
formulation in a way independent of the turn-on transient of the system. Moreover,
two indicators are proposed to identify the worst case exposure scenario: the maxi-
mum value of magnetic flux density and the volume in which a given limit is exceeded.
The use of two indicators has been particularly useful for the assessment in the case
of receiver mounted on the vehicle rear. Finally, a test reproducing the final on-road

system, has shown a good consistency of the results provided in simulation.






Chapter 9

Conclusion and future

developments

The present work has tried to give an answer to some of the open issues in the domain
of the dynamic IPT oriented to the transportation sector. The different activities
aimed at the development of a prototype of IPT and its integration in a real infras-
tructure and on an existing vehicles. In this sense, all the developed methodologies

and the proposed solutions are generally applicable to every IPT system.

The entire work has been based on the development of a simple circuital model
able to describe the phenomena of magnetic induction between the main components
represented by the transmitter and the receiver coils. The first harmonic approxima-
tion has been used to represent the source (a DC/AC converter) and the load (an
AC/DC converter) connected to the coils using common elements of the electrical
circuits theory. The same approximation has allowed the study of the model in the
frequency domain.

The analyses based on this model have indicated the necessity to increase the
frequency and compensate the reactances of the coils in order to improve the power
transfer capability of the system and reduce the power rating of the source. Among the
different possibilities for the connection of the capacitors, the series-series compensa-
tion has been considered the most suited for the application in dynamic IPT systems.
For this compensation topology, both capacitors have to be chosen to resonate with

the respective coil at a common frequency.

In resonance condition, the system shows a resistive behaviour to the source. This
introduces a second advantage represented by the possibility of adopting soft switch-
ing techniques that reduce ideally to zero the commutation losses in the switches of
the DC/AC converter. However, the analysis in the frequency domain has shown
that, according to the tolerances in the components manufacturing, it is practically
impossible to obtain a purely resistive behaviour. Moreover, under specific conditions

of load and coupling, the phase of the systems can abruptly vary in a small interval of

131



132

frequency around the resonance. This phenomenon could be mitigated in the design
phase but it can appear dynamically as a consequence of coupling variations. This

variation is practically unavoidable in the dynamic application.

An H-bridge whose switches are based on the parallel of an IGBT and a SiC
MOSFET has been proposed to overcome this problem. This hybrid architecture
has allowed to handle both soft and hard switching with a good efficiency. A dedi-
cated setup based on the opposition method has been developed and used to test the
converter efficiency and the capability to handle conditions of slightly inductive or
capacitive load. The management of the power on the receiver side has been provided
by a diode bridge and a boost converter acting as voltage regulator toward the diode
bridge. The frequency of switching has been fixed at 85 kHz to keep the compliance
with the SAE J2954 standard as a base for future interoperability between static and

dynamic systems.

A procedure for the design of the coils has been proposed in Chapter 6. It is
based on the evaluation of a desired value of mutual inductance using the resonance
frequency and the rated values of voltage and currents of source and load as prelimi-
nary information. A magnetic structure composed by ferrite and aluminium has been
added to the coil in order to confine the magnetic flux in a better defined region and
lower the leakage flux independently of the geometry of the underside of the vehicle.
The shape of the structure has been optimised through a differential evolution strat-
egy whose goals have been the maximisation of the coupling and the minimisation of

the losses in the aluminium.

The dimensions of the transmitter have been chosen as a compromise between
the stability of the transfer during the vehicle movement and the minimisation of the
stray field. The transmitter has been designed to be placed in the road without the
insertion of ferrite according to the goals of reduction of the costs per meter and the

implementation of an object suited for the direct embedding in the road pavement.

The different tests related to the embedding of the transmitter in the road pave-
ment represent the part of the work that provided the larger amount of information
useful for the integration of the future dynamic IPT systems in the road infrastruc-
ture. The problem of the capacitive coupling of the coil with the ground turned out
to be a challenging issue for systems working at frequencies higher than 15-20 kHz.
A solution to overcome this problem has been proposed based on the insertion of a
non conductive material acting as a dielectric between the coil and the ground. The
insertion of this dielectric layer has allowed the reduction of the capacitance toward
the ground moving the phenomena of resonance at higher frequencies far from the
working frequency.

Finally, the problem of the human exposure to the magnetic field involved in the
IPT has been treated. A methodology suitable to asses the human exposure to the

pulsed magnetic fields created by dynamic IPT systems has been proposed. It has
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been based on the ICNIRP 2010 guidelines and the application of the weighted peak
method. The methodology applied to the developed system indicated the installation
of the receiver on rear of the vehicle as not advisable.

Different aspects have not been analysed in the present work. The more important
is surely the control of the system in dynamic conditions. The researches on this topic
are conducted in parallel by other colleagues of the POLITO team. The results have
been partially published and others will be available in the next months. The tests
on the complete system, that will begin next year, will provide the conclusive results
about the proposed solutions providing also the informations for future refinements

and developments.






Appendix A

Equivalent representations of

coupled inductors

In the present thesis, the magnetic coupling between transmitter and receiver has
been represented through the model of the mutual coupled inductances recalled in
Fig. A.1. However, different models can be used to represent the same phenomenon.
The mainly used models in the literature on IPT are here briefly summarised. The

correlation with the mutual coupled inductances model is pointed out.

A.1 Transformer model

One of the most used two-port representations, treats the coupled inductors as a
transformer. To properly define its parameters it is necessary to chose a transformation
ratio n. The value of n can be chosen arbitrarily among the positive real numbers
that respect the conditions [147]:

Li —nM >0,n?Ly —nM >0 (A1)
M Ly
n@) M )
U1 (t) L1 L2 V2 (t)
[, O

Figure A.1: Representation mutually coupled circuits
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Figure A.2: Equivalent transformer circuit

This partial arbitrariness of the value of n permits different definitions that lead to
different circuit representation. Choosing n as in (A.3), it is possible to express the

transformer ratio as function of the only self-inductances.

n= \/g (A.3)

With this definition of n, it is possible to define two leakage inductances Ly; and Ly
and an inductance of magnetisation L, as in (A.4), with the circuital representation
of Fig. A.2.

Ly =Ly —nM
Ly =n’Ly — nM (A.4)
Ly, =nM

With respect to a classical transformer (for which the coupling factor k is ~ 1), the

coupled inductors of an IPT systems are weekly coupled. This mirrors in the condition
Ly Lgg > Ly, (A.5)

This implies that the voltage drop over the leakage inductances cannot be neglected
and the same happens for the magnetising current. On the contrary this approxima-
tion is practically always possible for classical transformers. Under these conditions,
the transformer ratio n is far from being equal to the ratio of the voltages v; and wvs.
Following the simple steps of (A.6), it is possible to note that, the voltage v, at the

input of the ideal transformer is much lower the lower is the coupling.

Ly, nM nM
() =V _— = v = V)1 — =
™ I\ L + Ly "\nM+ Ly —nM I
Ly M
_ L) - A6
o (Vi1 (A.6)

:’01< ﬂ% Ll>:1)1<M )zkvl
Ly Ly V Ly VvV Lalq
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Figure A.3: Equivalent T circuit

Moreover, for a classical transformer, the transformer ratio can be expressed as in
(A.7) since the reluctance of the primary and the secondary magnetic circuit is the
same.

%; _ 2 (A7)
In the case of IPT systems this assumption is no more generally valid. All these
considerations underline as, in the IPT systems, the turns ratio is far from being
assimilable to a classical transformer ratio loosing the direct correlation between ge-

ometry, magnetic parameters and electrical quantities at the model ports.

A.2 T-model

The T-model is another frequently used way to transform the two distinct circuits of
the mutual coupled inductances model in a single two-port model. It can be directly
derived form the last mentioned model. Moreover, it can be seen as a particular case of
the transformer model for which n = 1. It is represented as in Fig. A.3 and described

by the equation set

Lo=Li—M
Ly=1Ly— M (A.8)
Le=M

This representation is simpler than the previous one as it eliminates the ideal trans-
former component. However, also if the components can be assimilated to leakage
and magnetisation inductances, their meaning is not strictly physical. As example,
let consider a case with a transmitter having much more turns than the receiver. For

equal geometries of the coils, this case leads to the condition
Ly > Lo (AQ)
In the same time, the condition (A.10) can be verified.

M > Lo (AlO)
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Figure A.4: Equivalent II circuit

According to (A.8), this case implies a value of L; < 1 that has no physical meaning.
Nevertheless, nothing changes for the voltages and currents at the system terminals.
This means that, also if the model does not provide physical information about volt-
ages and currents on the real magnetic components, it can provide a good description

about the interface with the other components (power electronics).

A.3 II-model

A third possible representation called m-model is reported for the sake of completeness.
It takes its name from the shape depicted in Fig. A.4. Its correlation with the mutual

coupled inductors model is expressed as:

L_LlLQ—MQ
T Ly—-M
LiLy — M?
[y = "= = A1l
b= L (A.11)
L1Ly — M?

This model is the less used as their parameters are not directly linked to the phys-
ical phenomena of the IPT. As happens for the T-model, one of the cross parameters

can be negative.

A.4 Adopted model

In the present work, the mutual coupled inductors model has been chosen to represent
the IPT system as it has been considered the one more directly linked to the physics
of the problem. Moreover, it provided the higher quantity of informations as the

voltages and currents on the magnetic elements are the quantities really present in the
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components. Its mathematical manipulation has allowed to provide useful parameters

as the total and reflected impedances in a compact way.






Appendix B

Maximum power transfer on the

receiver side

This appendix is dedicated to the demonstration of the relation for the selection of
the compensation capacitor connected receiver. Both cases introduced in Chapter 3
of parallel and series connection are analysed.

Fig. B.1 shows a circuit representation of the series compensated receiver. The
induced voltage Voc and the receiver self-inductance Lo, included in the blue box, can
be seen as the source and the impedance of a Thevenin equivalent circuit. Then, the
impedance of Ly can be indicated as a source impedance Zs. In the same way it is
possible to consider an equivalent load 7L composed by the series of the load resistor

and the compensation capacitance:

1
B, jwC
o= —L52 (B.1)
R
L+ s

In this case, the application of the principle of maximum power transfer to the load

I L 1%
> f666‘ 1]

RN =R

Zr
Figure B.1: Model of the series compensated receiver.
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Figure B.2: Model of the parallel compensated receiver.

Ryp. implies the respect of the relation

that means to operate at the resonance condition

ngQCQ —1=0

(B.2)

(B.3)

In the case of parallel compensation, the Norton representation shown in Fig. B.2

is more useful. In that case the maximum power transfer to the load happens if

the imaginary part of the load admittance Vi, is equal to the source admittance }73.

This implies again the condition (B.3). In the resonance condition, the equivalent

admittance composed by the parallel of Ly and C5 is equal to zero meaning that the

current flows only toward the load.

Both compensations indicate the same condition for the selection of the com-

pensation capacitors indicated in Section 3.3. It is worth noting that the extracted

relationships are approximated and valid under the conditions of negligible resistances

of coils and capacitor.
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Projet et intégration d’un systeme de transfert inductif pour les applications automobiles
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I. INTRODUCTION

La transmission inductive de puissance électrique (connue
sous I’acronyme IPT) pour les véhicules électriques est une
technologie émergente qui semble étre en mesure d’améliorer
I’acceptation d’une mobilité électrique. Au cours des deux
dernieéres décennies, de nombreux chercheurs ont démontré
la faisabilité et la possibilité d’utiliser cette technologie pour
remplacer les systemes conducteurs classiques pour la charge
des batteries a bord du véhicule. Actuellement de nombreux
efforts visent a étendre la technologie IPT vers son utilisation
pour la charge pendant le mouvement du véhicule. Cette
application, généralement indiquée comme IPT dynamique,
vise a surmonter les limites représentées par les arréts pro-
longés nécessaires pour la recharge et présente également la
possibilité de la réduction de la capacité de la batterie installée
a bord du véhicule.

Un diagramme fonctionnel d’un systeme IPT est représenté
a la Fig. 1. Il se base essentiellement sur le couplage inductif
d’une bobine fixée sur ou sous le revétement du sol, désigné
émetteur, et une seconde bobine mobile placé sous le plancher
du véhicule, appelé récepteur. L'émetteur est alimenté par
un convertisseur d’électronique de puissance fournissant un
courant a haute fréquence, le champ magnétique se couple
avec le récepteur permettant le transfert d’énergie électrique.
Le récepteur peut étre relié, au moyen d’un étage de rectifi-
cation, a la batterie du véhicule en permettant la charge. En
général, des matériaux auxiliaires sont utilisées pour construire
une structure mécanique et magnétique pour les bobines.
La theése ici résumée illustre les résultats de trois années
de travail consacrées a 1’étude des phénomenes physiques
impliqués dans le transfert inductive qui ont conduit a la
construction d’un prototype pour I'IPT dynamique orienté

Ac/DC

On-board Load
converter

Receiver

Fig. 1: Schéma générales des composantes d’un systeme IPT
pour véhicules électriques.

vers les transports privés. Dans le chapitre 2 a été analysé
I’état de I’art qui a fourni les informations de base sur le
domaine de I'IPT pour les applications automobiles indiquant
les développements actuels et les questions ouvertes de cette
technologie. Les activités de recherche ont commencé par
I’identification d’un modele de circuit correspondant a la
description des phénomenes liés au champ magnétique et
a l’interface avec 1’électronique de puissance. Les résultats,
illustrés dans les chapitres 3 et 4, ont fourni des indications sur
les principes de I'IPT et I’agencement topologique des com-
posants donnant les bases pour la conception de 1’électronique
de puissance et de la structure magnétique. Les contributions a
la conception et a I’essai de 1’électronique de puissance ont été
présentées dans le chapitre 5. Dans le chapitre 6 a été décrite
la partie du travail qui a porté a la conception de la structure
magnétique et sa fabrication visant a 1’intégration sur un
véhicule électrique existant. Les activités liées a 1’intégration
de I’émetteur dans I’infrastructure routiere ont étés présentées
dans le chapitre 7. Le probleme de 1’exposition humaine
aux champs électromagnétiques impliqués dans le transfert
a été présenté dans le chapitre 8 avec 1’élaboration d’une
méthodologie spécifique pour I’évaluation en accord avec les
normes internationales.

II. TRANSMISSION D’ENERGIE SANS CONTACT:
EVOLUTION TECHNIQUE

Les deux principes fondamentaux qui gouvernent I’IPT sont
la loi d’ Ampere de 1820 et le principe d’induction magnétique
découvert par Faraday en 1831. Alors qu’Ampere prouve
qu’un courant peut produire un champ magnétique, Faraday
montre la dualité entre le champ magnétique et électrique.
Cette loi démontre qu’un champ magnétique variable dans le
temps interagissant avec un circuit électrique peut induire une
force électromotrice.

La premiere véritable amélioration dans la direction de I'IPT
est arrivée avec les études de Tesla. Tesla a inventé la définition
de transmission de puissance sans fil [1] et a démontré la
faisabilité d’un premier exemple de transmission sans contact
a I’Exposition universelle de Chicago du 1893. Sept ans plus
tard Tesla a obtenu le brevet pour un systeme de transmission
sans fil sur de longues distances utilisant des inductances dans
lequel il a souligné deux pierres angulaires importantes de la
transmission inductive:

1) La nécessité de fonctionner a des fréquences plus élevées
pour surmonter 1’entrefer important entre les bobines
2) L’utilisation de condensateurs reliés aux bobines afin



Fig. 2: Section transversale de I’émetteur enterré et du
récepteur embarqué du prototype PATH.

de travailler a la fréquence de résonance améliorant
Iefficacité de la transmission.

N

Le premier systtme adoptant des dispositifs a semi-
conducteurs apparait dans un brevet déposé par D.V. Otto en
1974 [2]. Otto a proposé un systeme IPT pour un véhicule
électrique alimenté par un onduleur a thyristors avec un
courant de 2000 A a 10 kHz. Dans ce cas, la résonance du
récepteur a été assurée par un condensateur connecté en série
et reliée a un moteur a courant continu au moyen d’un étage
de rectification.

Dans les années 1980, un premier systeme IPT fonctionnant
avec un véhicule en mouvement a été congu dans le cadre
du projet PATH en Californie [3]. L’objectif du projet était
le développement d’un segment de route électrique pour
alimenter par induction un petit bus électrique. Le systeme
fonctionnait avec un entrefer variable entre 5 et 10 cm et
fournissait une puissance de 200 kW a travers un courant
maximum de 2000 A a 400 Hz. La particularité de ce prototype
était la facon de contrdler la transmission de puissance avec
des condensateurs variables. Ces condensateurs ont été utilisés
pour désaccorder la fréquence de résonance du récepteur.
Le rendement atteint était d’environ 60%, mais le prototype
présentait différents aspects critiques tels que les dimensions et
le poids considérable des bobines: le récepteur était de 4.5 m
de long et 1 m de large avec un poids de 850 kg (Fig. 2).
Dans les années 90 D'intérét massif des chercheurs et des
industries pour la technologie IPT a commencé en fonction
des performances améliorées des dispositifs électroniques de
puissance a des fréquences au-dessus des dizaines de kHz avec
des courants entre les dizaines et les centaines d’amperes.

Au cours des dernieres années, plusieurs entreprises et
centres de recherche ont proposé leurs systemes IPT. Parmi
eux il y a le systtme WAVE de I’Utah State University, le
systtme PRIMOVE développé par Bombardier et le systeme
OLEV du KAIST (Korea Advanced Institute of Science and
Technology). De nombreux systemes pour la charge statique
ont déja été développés et sont préts a &tre lancés sur le
marché.

Dans un méme temps, plusieurs groupes travaillent actuelle-
ment a la normalisation des systémes stationnaires de charge
sans fil. La société américaine des ingénieurs de 1’automobile
(SAE International) a publié un rapport d’information tech-
nique (TIR) J2954 pour le transfert de puissance sans fil pour
les véhicules électriques et la méthodologie d’alignement pour
les applications de charge stationnaire en 2016 qui devrait

étre normalisé en 2018 [4]. La Commission Electrotechnique
Internationale (CEI) a créé dans les années 90 le sous-
comité TC69 qui travaille sur une norme dédiée aux véhicules
électriques équipés de systemes IPT, qui devrait étre publiée
sous la cote IEC 61980 [5]. L’'ISO a commencé ses activités
sur une nouvelle norme ISO, la norme ISO/AWI PAS 19363,
en février 2014 [6].

Malgré le fait que les technologies IPT évoluent tres rapide-
ment, il n’existe actuellement aucune norme publiée sur I'TPT
pour les applications automobiles. Il en va de méme pour
I’IPT dynamique. Sur cet aspect, 'IEEE Standards association
a récemment approuvé un groupe de travail pour la pré-
standardisation, dans le but de compléter les activités de la
SAE J2954. 11 s’agit actuellement du seul groupe travaillant
sur I'IPT dynamique.

Dans I'IPT dynamique, les activités de recherche viennent
d’étre lancées et un grand nombre de problémes techniques
restent ouverts. Comme pour les différentes solutions pour
la statique, il n’y a pas un accord clair sur la forme de
la structure magnétique de 1’émetteur et du récepteur ainsi
que sur la position du récepteur sous le véhicule. Il en va
de méme pour le choix des niveaux de puissance et de la
fréquence. Ces deux parametres influencent la technologie des
commutateurs électroniques, les relations entre les dimensions
des bobines, la puissance transmissible et la distance du
transfer. Directement lié a tous les problemes précédents, il
y a I’aspect de la protection contre 1’exposition aux champs
magnétiques générés dans les applications IPT. Peu d’études
substantielles ont été menées dans ce domaine et, dans le cadre
de 'IPT dynamique, les conditions de mesure standard, les cas
de référence et les normes techniques proposées sont toujours
absents. Enfin, il y a I’énorme quantité de défis représentés par
tous les aspects liés a la création de 'infrastructure routiere,
I’inclusion de I’émetteur dans le revétement routier, le choix du
matériau pour le revétement, les nécessités de communications
avec l'infrastructure de gestion connexe. La présente theése a
essayé de répondre a certains de ces problémes de la maniere
dans les pages suivantes.

I1I. CIRCUIT DE MODELISATION

Une représentation en circuit équivalent a été dérivée a partir
des différentes lois physiques et composants du systeme. Ce
modele fournit un couplage entre le champ magnétique et le
circuit en considérant également 1’interface avec les éléments
électroniques de puissance. La construction du modele a été
basée sur 1’approximation de la premiere harmonique [7].
Cette approximation consiste a considérer la source comme
une source de tension sinusoidale a une fréquence unique
et la charge, généralement constituée par un redresseur et
une batterie, est représenté par une résistance équivalente. Le
modele développé est présenté sur la Fig. 3. L’approximation
de la premiére harmonique a permis I’utilisation des grandeur
complexes et la description du modele avec les équations
suivantes:

Vi = Rily + jwLi Iy — jwMI, (D

jwMI; = Ryl + jwLals + Ryl 2
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Fig. 3: Représentation de circuit du systéme.

Ry, Rs et Ly, Lo représentent les résistances et les inductances
propres des deux bobines tandis que M est leur inductance
mutuelle. V; modélise le premier harmonique de la source de
tension qui alimente I’émetteur et son courant de sortie est
indiqué par I. La résistance de charge Rj, est la résistance
équivalente du circuit de recharge d’une batterie exprimée

comme
Voatt WL

- 3)

c =
Ibatt I2

Ou Wiatt et Tpast représentent la tension continue et le courant
de la batterie et VL et fg sont les valeurs efficaces de la
premiere harmonique de tension et de courant a I’entrée
de I’étage électronique de puissance relié au récepteur. Le
coefficient h, est utilisé pour tenir compte de la structure de
I’électronique de puissance. En exprimant I en termes de I
dans (2) et en le remplacgant par (1) , il est possible de trouver
le rapport entre la tension de source V1 et le courant I;. Ce
rapport décrit ’impédance équivalente que le systeme montre
a la source. Cette impédance est appelée impédance totale Z
et elle est exprimée comme suit:

Ry, =h

. W

w?M?
T = —=
T

, 4
R2+ij2+RL> @

Le premier terme de (4) est 'impédance du seul émetteur
en absence d’accouplement tandis que le second terme
représente I’effet que le récepteur a sur I’émetteur. Il est appelé
impédance réfléchie et il est défini comme:
2772
—— )
Ry + jwls + Ry,
Les impédances définies ci-dessus sont des parametres de base
pour I’étude du systeme. En fait, ils décrivent les relations
entre les courants et les tensions des deux cotés du systeme.
Au moyen de ces parametres, il est possible d’exprimer les
puissances Sp et S5 qui sont la puissance apparente fournie par
la source et la puissance transférée par induction au récepteur:

= (R1 + jwLy) + <
1

Sy =W, = ZrI? (6)
w2 M?
V(B + R)? + WLo)

Grace aux définitions des puissances fournies et transmises,
il est possible d’expliquer les motivations qui conduisent
a lintroduction de la compensation capacitive. Du c6té du
récepteur, 'impédance wLls réduit fortement le courant I,
ce qui signifie une forte limitation de la capacité de transfert
de puissance comme indiqué par (7). Du coté transmetteur,
la présence de I'impédance wL; implique une puissance

Sy = I? = ZjI? (7

R Ci M R, lci
¢ N
f/l L 1 L, § Ry

Fig. 4: Représentation de circuit du systeme avec les conden-
sateurs de compensation.

apparente supérieure a la puissance active P; fournie au
systeme. Les deux implications directement liées sont un cofit
plus élevé des commutateurs électroniques de puissance de
la source et la nécessité de travailler dans des conditions
de forte commutation dure diminuant I’efficacité du systeme.
Ces raisons justifient I’introduction de condensateurs des deux
coOtés afin d’obtenir I’annulation des termes inductifs.

Les condensateurs doivent étre sélectionnés pour obtenir
I’effet de 1’annulation a une fréquence commune (wq) pour les
deux cotés. De toute évidence, il existe plusieurs possibilités
d’obtenir ce résultat, mais les moyens de base consistent en la
simple connexion des condensateurs en série ou en parallele
avec les bobines. Dans le cas présenté ici, il a été choisi
d’utiliser un condensateur en série sur chaque cdté du systeme
obtenant le circuit de la Fig. 4.

En présence des condensateurs, I’'impédance Zt devient

w2M?

. 1
Zr =] (WLI - ) +
wCl . 1
w02
Si les deux condensateurs sont choisis selon les formules (9)

et (10), a la fréquence de résonance I’'impédance totale devient
purement résistive.

(8)

1

C = m 9
1

Cy = m (10

La compensation série-série permet de maintenir les conditions
de résonance, indépendamment des changements de couplage
des deux bobines et des changements de charge. Ces car-
actéristiques font de la compensation série-série la topologie
la plus adaptée pour des applications en mouvement telle que
celle présentée dans le présent document.

IV. COMPORTEMENT EN FREQUENCE

Le comportement purement résistif dans les conditions de
résonance introduit un deuxieme avantage représenté par la
possibilité d’adopter des techniques de commutation douce
qui réduisent idéalement a zéro les pertes de commutation
dans les commutateurs du convertisseur DC/AC. Cependant,
I’analyse dans le domaine de la fréquence a montré que,
selon les tolérances dans la fabrication des composants, il est
pratiquement impossible d’obtenir un comportement résistif
pur. En outre, dans des conditions spécifiques de charge et
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Fig. 5: Configuration pour tester le comportement en
fréquence.
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Fig. 6: Comportement du systeme par rapport a la fréquence
d’alimentation pour différentes conditions de réglage du con-
densateur connecté au récepteur. La phase du courant de
I’émetteur est montrée en (a) et le pic en (b).

de couplage, la phase des systemes peut brusquement varier
dans un petit intervalle de fréquence autour de la résonance.
Ce phénomene pourrait étre atténué dans la phase de projet
mais il peut apparaitre dynamiquement comme conséquence
des variations de couplage. Cette variation est pratiquement
inévitable dans I’application dynamique. Ce comportement a
été démontré par un test expérimental basé sur la configuration
illustrée sur Fig. 5. Les bobines ont étés alimentées par un
pont en H ayant une fréquence de commutation réglable. Les
deux cotés en courant continu sont connectés a une source de
tension continue a 27.9 V. Les comportements résultant de
I’amplitude et de la phase du courant du c6té de 1’émetteur
sont représentés sur la Fig. 6.

DOC bus +

‘h.m

Fig. 7: Schéma fonctionnel de D’architecture globale du
systeme IPT.

V. ELECTRONIQUE DE PUISSANCE

Larchitecture générale de I’électronique de puissance du
systeme est représentée sur la Fig. 7. Un pont en H a été
choisi du c6té de I’émetteur dont le bus DC est alimenté par un
convertisseur AC/DC synchrone actif qui fournit une tension
stabilisée Vpc a 630 V. Contrairement aux travaux précédents
qui ont adopté un convertisseur DC/DC intermédiaire pour
contrdler le courant de 1’émetteur, le convertisseur proposé
fonctionne avec une tension fixe. Avec cette structure, la
valeur efficace de la tension V; peut étre commandée par
une technique de déphasage a fréquence fixe. La fréquence
de la tension reste fixée a la fréquence de résonance du
systtme réglé a 85 kHz. Cette valeur a été choisie pour
avoir une continuité avec la technologie statique qui va étre
commercialement disponible. En fait cette fréquence nominale
est celle proposée par les normes SAE J2954 et ISO 19363 qui
vont étre les normes de référence pour I’IPT statique et la base
de la future réglementation sur I'IPT dynamique. Le contrdle
du co6té du récepteur est réalisé par un convertisseur boost en
tant qu’interface entre le pont de diodes et la batterie. Le rdle
du boost est de réguler la tension au redresseur de diodes.

Un pont en H dont les commutateurs sont basés sur un
parallele d’'un IGBT et d’un SiC MOSFET a été proposé
pour surmonter les probleémes signalés a partir de I’analyse
dans le domaine de la fréquence. Cette architecture hybride
[8] a permis de gérer a la fois la commutation douce et
dure avec une bonne efficacité. Une configuration d’essai
dédiée basée sur la méthode d’opposition [9], [10] a été
développée et utilisée pour tester 1’efficacité du convertisseur
et la capacité a gérer des conditions de charge légérement
inductive ou capacitive. Les résultats de I’essai sur I’efficacité
sont représentés sur la Fig. 8. Une puissance de 20 kW
a été décidée comme puissance nominale du convertisseur
DC/AC. Ce niveau de puissance permet de fournir la puissance
consommée par un véhicule utilitaire 1éger jusqu’a 70 km/h
et une voiture particuliere jusqu’a 100 km /h.

VI. CONCEPTION DE LA STRUCTURE MAGNETIQUE

Le systeme IPT congu a été pensé pour I’installation sur un
véhicule existant sans nécessiter de modifications du chassis
originel. Les deux positions disponibles pour le montage du
récepteur sont situées comme illustré a la Fig. 9 et les volumes
correspondants ont des dimensions égales & 150 cm x 50 cm X
50 cm. Une garde au sol de 18 cm par rapport au récepteur est
considérée comme suffisante pour garantir 1’absence de dom-
mages pendant le mouvement selon les indications fournies
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Fig. 8: Efficacité mesurée avec la méthode de I’opposition.
Cas 1: IGBT turn-on en premier. Cas 2: SiC MOSFET tun-on
en premier.

Fig. 9: Positions autorisées pour le montage de la structure du
récepteur sans modification du chassis du véhicule.

dans la norme ISO/DPAS 19363. Contrairement aux travaux
antérieurs, 'utilisation de noyaux de ferrite est limitée a la
structure réceptrice afin de limiter le coiit et d’éviter une
augmentation de I’inductance propre de I'émetteur et, par
conséquent, une augmentation de la contrainte sur le condensa-
teur résonant sans avantage comparable dans le couplage. Dans
des travaux antérieurs, les auteurs proposent 1'utilisation d’une
installation multiple de la méme structure magnétique congue
pour I'IPT statique [11], [12]. Ces solutions sont fortement
influencées par le décalage de transmetteur et récepteur en
raison de la petite dimension de la structure magnétique: si le
véhicule se déplace, I’état d’alignement parfait a lieu pendant
un temps tres court. La nécessité de transférer la puissance
dans ce court laps de temps fournit un stress énorme pour
le réseau électrique nécessitant 1’adoption d’un fort lissage
de puissance avec l’utilisation de super condensateurs ou
de condensateurs électrochimiques. D’autres auteurs préférent
I’utilisation de bobines longues constituant des pistes contin-
uellement excitées avec des niveaux de courant élevés [13],
[14]. Cette solution est adaptée pour les transports publics
en tant que tramways ou autobus avec une grande dimension
dans le sens des bobines émettrices qui aident au blindage du
champ magnétique et a protéger contre 1’exposition humaine.
La solution proposée dans la these consiste en 1’adoption de
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Fig. 10: Schéma de la géométrie a optimiser. Les variables
d’optimisation en bleu. Parameétres fixes en rouge. Contraintes
d’optimisation en rouge pointillé.

transmetteurs longs dont les dimensions permettent que chaque
bobine, lorsqu’elle est excitée, soit completement recouverte
par la structure du véhicule également dans des conditions de
décalage. Dans le méme temps, cette forme peut permettre un
certain segment a couplage constant pour lequel le transfert
de puissance se stabilise.

Les dimensions intérieures obtenues sont 1.5 m de longueur
et 0.5 m de largeur. Pour la réalisation finale, il a été décidé
de placer les émetteurs sur une couche a 5 cm sous la surface
du revétement. Ce choix a conduit a une distance nominale
entre I’émetteur et le récepteur de 25 cm.

Pour la structure du récepteur, le matériel adopté était la fer-
rite 3C94 grace a une perméabilité relative élevée (i, = 2300),
la stabilité sur une large gamme de fréquences (0.1—1 MHz) et
sa disponibilité en plusieurs tailles et formes. Une structure en
aluminium a été ajoutée afin de confiner le flux magnétique
dans une région mieux définie et d’abaisser le flux de fuite
indépendamment de la géométrie de la face inférieure du
véhicule. La forme préliminaire de la structure a été optimisée
selon les parametres représentés sur la Fig. 10. Ils ont été
choisis selon une analyse préliminaire visant a maintenir le
blindage en aluminium loin de la bobine pour éviter une
diminution du couplage et pour contraindre les lignes de flux
le long d’un chemin bien défini. Un soin particulier est apporté
pour garantir un bon contact entre le récepteur (ferrite et
cuivre) et le profilé en aluminium afin d’utiliser ce dernier
comme dissipateur de chaleur.

Les objectifs de 1’optimisation ont été la maximisation du
couplage magnétique k, et la minimisation des pertes sur
la structure de blindage Pj,ss. Les contraintes d’exposition
indiquées par le ICNIRP guidelines du 2010 [15] ont été prises
en compte avec un facteur de pénalité qui dépend des valeurs
de la densité de flux magnétique le long de la ligne pointillée
sur Fig. 10. Si au moins une valeur dépasse les limites de
27 pT (limite de référence a 85 kHz), le facteur de pénalité
affecté a la fonction objectif entraine la suppression de la



TABLE I: Parametres pour 1’optimisation

Parameter Value
DoFs 10
Population size 50
Mutation ratio 0.8
Crossover ratio 0.5
Max number of iteration 150

TABLE II: Parametres résultants de la géométrie optimisée.

Parametre Valeur \ Parametre Valeur
co 0.525 m o 20
s1 0.23 m B 4°
S2 0.025 m fi 0.0l m
S3 0.44 m fa 0.2 m
sS4 0.15 m f3 0.025 m

configuration actuelle. En définissant un poids de référence
P approprié pour les pertes, il est possible de combiner les

re

deux objectifs dans une seule fonction objective a minimiser:

HOSS:| (11)

f(k‘, Hoss) = min |:(1 - k) + Prox

La valeur de la fonction objectif est recherchée a 1’aide
d’un differential evolution algorithm avec les parametres de
configuration de Table I. Grice a la symétrie de la solution
par rapport au plan y-z (Fig. 10), il est possible de simuler
seulement la moitié de la structure accélérant le calcul. Le
processus a été basé sur MATLAB et le logiciel gratuit FEMM.
Les parameétres résultants sont rapportés dans Table II. Le
processus d’optimisation a laissé la dimension dans le sens de
déplacement (axe z) comme degré de liberté qui a été utilisé
pour obtenir la valeur souhaitée d’inductance mutuelle avec
les affinements du nombre de tours. Cette derniere étape a
été réalisée avec un modele 3D traité avec la méthode des
éléments finis. Dans ce cas, la simulation a été effectuée a
I’aide du logiciel commercial COMSOL. En ce qui concerne
les résultats de I’optimisation, I’angle o a été fixé a zéro
pour la réalisation mécanique de la structure considérant que
cette opération n’entraine pas une modification substantielle du
résultat. Les parametres nominaux définitifs du systéme congu
ont été résumés dans le Table III. La réalisation mécanique
de I’émetteur et la structure du récepteur ont été réalisées
a l’aide d’un logiciel de modélisation mécanique. Les objets
résultants sont représentés sur les figures Fig. 11, Fig. 12 et
Fig. 13. Les deux bobines ont été construites en fil de litz

TABLE III: Parametres nominaux du systeme IPT développé

Parameter Value
Puissance nominale 20 kW
Tension DC nominale coté transmetteur 630 V
Courant nominale transmetteur 36 A
Tension nominale pont de diodes 300 V
Courant nominale récepteur 75 A
Fréquence de commutation 85 kHz
Distance nominale entre les bobines 25 cm
Inductance mutuelle nominal 14.3 uH
Inductance propre du transmetteur 280 puH
Inductance propre du récepteur 120 pH
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Fig. 11: Bobine de I’émetteur fixée sur la base de fibre de
verre avec du ruban de tissu blanc et des bandes de plastique
(en noir).
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Fig. 12: Modele CAO des principaux composants de la struc-
ture du récepteur.

afin de maintenir faibles les pertes résistives en raison des
effets de peau et de proximité. L’émetteur a été placé sur une
base en fibre de verre résultant en une structure simple et
légere adaptée pour étre enterré dans le revétement routier.
La structure du récepteur a été montée sur véhicule comme
montré sur la Fig. 14. Les objets résultants ont été testés a
I’aide d’un compteur d’impédance qui a confirmé les valeurs
de inductance mutuelle et propre extraites de la simulation 3D
avec une erreur maximale du 3%.

VII. INSTALLATION SUR ROUTE

L’intégration du systeme développé dans I’infrastructure
routiere représente un résultat important dans la perspective

Fig. 13: Structure de réception complete préte a étre montée
sous le véhicule.



Fig. 14: Récepteur monté sous le véhicule.
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Fig. 15: Schéma de I’architecture générale du systeme IPT
développé pour le prototype routier.

d’une future diffusion de la technologie IPT. Les recherches
sur cet aspect ont exigé des efforts considérable et la synergie
entre les différentes compétences. Les activités ont ét€ menées
sur un site d’essais, avec pour objectif final la création d’une
voie de chargement dédiée. La réalisation du site d’essai a
exigé la création d’une infrastructure électrique dédiée pour
I’alimentation du systeéme IPT et I’alimentation des dispositifs
auxiliaires.

A. Infrastructure électrique

Le concept principal du systtme mis en oeuvre est
représenté a la Fig. 15. 11 se compose d’une série de 50
émetteurs placés avec un espace de 50 cm. Chaque bobine est
alimenté par un convertisseur DC/AC dédié. Cette solution per-
met une gestion plus souple de la recharge et une plus grande
tolérance aux pannes. La série de convertisseurs DC/AC est
alimentée par une ligne de distribution DC qui constitue
le bus DC du systeme global. L’ensemble du systeéme est
alimenté par un convertisseur triphasé AC/DC actif qui fournit
une tension stabilisée a 630 V. La puissance nominale du
convertisseur, égale a 50 kW, permet de tester 1’état de deux
émetteurs qui absorbent la puissance nominale (de 20 kW) en
méme temps. Cette condition correspond a la charge de deux
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Fig. 16: Amplitude et phase de I'impédance d’un émetteur
placé directement sur le pavé routier.

véhicules se déplacant sur la voie de chargement. Le systeme
est directement relié au réseau de distribution basse tension
par l'intermédiaire d’un transformateur d’isolation non mis
a la terre qui sépare électriquement le réseau de distribution
triphasée et le systeme IPT permettant un systéme de mise a
la terre IT [16] dédié. Le passage du véhicule d’un émetteur
a ’autre peut générer une variation brutale de la puissance
absorbée provoquant une contrainte au point d’accouplement
commun (PCC) avec le réseau d’utilité. Cette contrainte peut
entrainer une dégradation de la qualité de 1’alimentation due
a des fluctuations de tension éventuelles liées a 1’injection
d’harmoniques de courant. Pour limiter ce probléme, on a
proposé I’introduction d’un lissage capacitif constitué de super
condensateurs. Le but de la batterie de condensateurs est
de maintenir constant le courant a la sortie du convertisseur
AC/DC réduisant ainsi le contenu harmonique au PCC. La
valeur de la capacité a été fixée a 2.6 F.

B. Installation des bobine

Le choix d’une procédure appropriée pour 1’installation
des émetteurs dans le revétement routier a rencontré des
problémes techniques considérables. Des phénomenes non
attendus sont apparus au cours des premiers essais pra-
tiques. Leur compréhension et I’individualisation d’une solu-
tion réalisable ont exigé plusieurs semaines de travail.

Les premiers essais d’installation ont montré un fort
probleme de couplage capacitif de la bobine avec le sol
a la fréquence de travail du systeme. La Fig. 16 montre
le comportement de I’impédance d’une bobine directement
installée sur la route en présence d’un couplage capacitif vers
le sol. Les mesures ont été réalisés au moyen de I’instrument
HIOKI 3532-50 LCR HiTESTER et ont montré un phénomene
de résonance parallele autour de 90 kHz. Une solution pour
surmonter ce probleme a été proposée sur la base de I’insertion
d’un matériau non conducteur agissant comme diélectrique en-
tre la bobine et le sol. L’insertion de cette couche diélectrique a
permis la réduction de la capacitance vers le sol en déplacant
les phénomenes de résonance a des fréquences plus élevées
loin de la fréquence de travail. La Fig. 17 montre un émetteur
installé au moyen de la procédure développée. La mesure de
I’'impédance, dont les résultats sont représentés sur la Fig. 18,
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Fig. 17: Description du processus d’intégration. Coupe des
bordures des trous (a). Creusement du trou dans I’asphalte
routier (d). Remplissage du matériau de séparation entre la
bobine et le sol (c¢). Derni¢re couche de béton (b).
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Fig. 18: Mesure d’amplitude et de phase de I’impédance de la
bobine installée avec la méthode développée.

indique I’absence de phénomenes de résonance aux fréquences
d’intérét.

VIII. EVALUATION DE L’EXPOSITION HUMAINE

Le dernier chapitre du mémoire de thése est consacré
au probleme de la sécurité en relation a la protection
des personnes aux champs électromagnétiques impliqués
dans T’application IPT. Les activités menées dans ce do-
maine ont abouti a I’élaboration d’une méthodologie pour
I’évaluation des systemes IPT applicables au cas dynamique
mais également au véhicule arrété au-dessus de 1’émetteur
actif.

La méthodologie proposée a été élaborée en adoptant les
guidelines du 2010 de I'ICNIRP comme norme de référence
pour I’évaluation. Cette norme distingue les reference values,

xaxis

xaxis

Fig. 19: Position analysée pour le montage de la structure
du récepteur. Structure du récepteur en rouge. Bobine du
récepteur en bleu.

c’est-a-dire les valeurs qui peuvent étre mesurées directement,
comme la densité du flux magnétique B, et les basic restriction
qui sont fondées directement sur les effets sur la santé établis
et les considérations biologiques. Cela signifie que 1’évaluation
repose sur une approche en deux étapes.

Premierement, la conformité doit étre vérifiée en tenant
compte de la densité du flux magnétique au moyen de mesures
de calculs. L’exposition est conforme si la densité de flux
magnétique ne dépasse pas les reference levels. Si les reference
levels sont dépassés, une analyse doit étre effectuée pour
calculer les quantités dosimétriques. L’ exposition est conforme
si ces quantités induites sont inférieures aux basic restriction.
La quantité dosimétrique dans la gamme des basses fréquences
est le champ électrique induit.

A partir d’une formulation intégrale appropriée du probleme
de champ magnétique qui a permis d’éviter le maillage de
I’air autour du chéssis du véhicule, les différentes possibles
conditionnes de décalage ont été analysée. L’analyse a été
utilisée pour individualiser la condition de pire cas en termes
de densité de flux magnétique et I’extension de la partie
d’espace dans laquelle la limite de B est dépassée.

La modélisation du chassis du véhicule n’a été limitée qu’a
la partie inférieure. Il s’agit en fait de la partie du véhicule
qui interagit principalement avec le champ magnétique généré
par les bobines.

L’analyse dosimétrique a utilisé le modele humain Duke
[17], un homme de 34 ans de la Virtual population, avec une
résolution des voxel de 2 x 2 x 2 mm?.

Deux positions de montage possibles pour la structure du
récepteur, au centre du chassis ou a Darriere (illustrées sur la
Fig. 19) ont été analysées.

A. Cas 1: Récepteur au centre du chdssis

Dans ce cas, I’émetteur actif est toujours recouvert par
le corps du véhicule. La pire condition en termes de valeur
maximale de la densité de flux magnétique se produit pour
un décalage de —0.3 cm le long de x et 0.55 cm le long de
y. La valeur B correspondante est de 72 uT. Cette condition
coincide également avec le décalage avec un nombre maximal
de points dépassant la limite. Par conséquent, il représente le
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Fig. 20: Surfaces a la valeur limite de 27 uT de densité
de champ magnétique dans le cas pires. Les deux cas sont
représentés avec la relative position des bobines. Le volume
rouge se réfere au cas 1 avec le récepteur monté sur le centre.
Le volume bleu se réféere au cas 2 avec le récepteur monté a
I’arriere.

cas pire général. Le volume dans lequel la densité de flux
magnétique dépasse la limite est représenté sur la Fig. 20.
Le champ électrique induit est évalué en plagant le corps
humain dans ce volume. Fig. 21 montre (en utilisant la méme
couleur du volume) les indices d’exposition a certains tissus
représentatifs. Il est évident que la limite n’est pas dépassée
pour aucun tissu. Par conséquent, 1’exposition est conforme.

B. Case 2: Récepteur a l'arriére du chdssis

Ce cas est le cas le plus critique, car I’émetteur peut étre
entierement découvert par le véhicule, comme le montre la
Fig. 20. Cela peut se produire pendant le mouvement du
véhicule et, apres un décalage le long de la direction Yy,
le valeur maximum de B dans le volume d’inspection reste
pratiquement constant. Dans ce cas, la condition la plus
défavorable est identifiée par I’extension du volume ou la
limite de B est dépassée. Le pire cas se produit pour un
décalage de 0.1 cm le long de x et 0.8 cm le long de y avec un
valeur de B égal a 1.5 mT. Le volume ou B dépasse la limite
est représenté a la Fig. 20 pour le pire cas. Le modele humain
est placé au point correspondant a l’intersection maximale
entre ce volume et le corps. Fig. 21 montre (en utilisant la
méme couleur du volume) les indices d’exposition a certains
tissus représentatifs. Comme 1’exposition n’est pas conforme
(indice d’exposition > 1), une distance de sécurité est définie
a 75 cm de I’émetteur. Il s’agit d’une distance prudente car
elle se réféere aux niveaux de référence.

IX. DEVELOPPEMENT FUTUR

Différents aspects n’ont pas été analysés dans le présent
travail. Le plus important est sirement le contr6le du systeme
dans des conditions dynamiques. Les recherches de ce coté
sont menées en parallele par d’autres collegues de 1’équipe
du Politecnico di Torino. Les résultats ont été partiellement
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Fig. 21: Indice d’exposition sur les tissus target pour les cas
pires analysés. Cas 1 en rouge et Cas 2 en bleu.

publiés et d’autres seront disponibles dans les prochains mois.
Les tests sur le systtme complet, qui débuteront 1’année
prochaine, fourniront les résultats concluants sur les solutions
proposées fournissant également les informations pour les
futurs affinements et développements.
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Résumé : La transmission inductive de
puissance (IPT) pour les véhicules électriques
est une technologie émergente prometteuse qui
semble capable d'améliorer l'acceptation de la
mobilité électrique. Au cours des deux derniéres
décennies, de nombreux chercheurs ont
démontré la faisabilité et la possibilité de
I'utiliser  pour remplacer les  systémes
conducteurs classiques pour la charge de Ia
batterie & bord du véhicule. Actuellement de
nombreux efforts visent a étendre la technologie
IPT vers son utilisation pour la charge pendant
le mouvement du véhicule. Cette application,
généralement appelée IPT dynamique, vise a
surmonter la limite représentée par les arréts
prolongés nécessaires pour la recharge
introduisant  également la possibilit¢ de
réduction de la capacité de la batterie installée a
bord du véhicule.

Un systeme IPT est essentiellement basé sur la
résonance de deux inducteurs magnétiquement
couplés, I'émetteur, placé sur ou sous le sol, et
le récepteur, placé sous le plancher du véhicule.
La gamme de fréquence de fonctionnement
typique pour les applications automobiles va de
20 kHz a environ 100 kHz.

Le couplage entre les deux inductances
s'effectue a travers un entrefer important,
généralement d'environ 10-30 cm.

Cette thése présente les résultats des activités de
recherche visant a la création d'un prototype
pour I'IPT dynamique orienté vers le transport
privé.

A partir d'une analyse de I'état de l'art et des
projets de recherche en cours dans ce domaine,
ce travail présente le développement d'un
modéle de circuit capable de décrire les
phénomeénes électromagnétiques a la base du
transfert de puissance et l'interface avec
I'électronique de puissance.

Les analyses effectuées a travers le modéle
développé fournissent la base pour Ia
conception et la mise en oeuvre d'un
convertisseur dédié a faible cout et efficacité
¢levée pour l'alimentation du c6té transmetteur.
Une architecture générale de 1'électronique de

puissance qui gére le coté récepteur est
proposée avec les circuits de protection
supplémentaires.

Une méthodologie pour la conception intégrée
de la structure magnétique est illustrée. Cette
méthodologie couvre les aspects de l'interface
avec l'électronique de puissance, l'intégration
sur un véhicule existant et l'installation sur
l'infrastructure routiere.

Une série d'activités visant a la réalisation d'un
site d'essai dédié sont présentées et discutées.
En particulier, les activités liées a la création de
l'infrastructure électrique ainsi que les questions
et les méthodes d'implantation des émetteurs
dans le revétement routier sont présentées.
L'objectif final est la création d'une ligne de
recharge IPT dédiée de 100 métres de long.
Enfin, une méthodologie d'évaluation de
I'exposition humaine est présentée et appliquée
a la solution développée.
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Abstract : Inductive power transmission (IPT)
for electric vehicles (EVs) is a promising
emergent technology that seems able to
improve the electric mobility acceptance. In the
last two decades many researchers have proved
its feasibility and the possibility to use it to
replace the common conductive systems for the
charge of the on-board battery. Many efforts
are currently aimed to extend the IPT
technology towards its use for the charge
during the vehicle motion. This application,
commonly indicated as dynamic IPT, is aimed
to overcome the limit represented by the long
stops needed for the recharge introducing also
the possibility of reducing the battery capacity
installed on vehicle.

An IPT system is essentially based on the
resonance of two magnetically coupled
inductors, the transmitter, placed on or under
the ground, and the receiver, placed under the
vehicle floor. The typical operating frequency
range for the EVs application goes from 20
kHz to approximately 100 kHz. The coupling
between the two inductors takes place through
a large air-gap, usually about 10-30 cm.

This thesis presents the results of the research
activities aimed to the creation of a prototype
for the dynamic IPT oriented to the private
transport. Starting from an analysis of the state
of the art and the current research projects on
this domain, this work presents the
development of a circuit model able to describe
the electro-magnetic phenomena at the base of
the power transfer and the interface with the
power electronics.

This model provides the information at the base
of the design and the implementation of a
dedicated low cost-high efficiency H-bridge
converter for the supply of the transmitter side.
A general architecture of the power electronics
that manages the receiver side is proposed
together with the additional protection circuits.
A methodology for the integrated design of the
magnetic structure is illustrated covering the
aspects of the matching with the power
electronics, the integration on an existing
vehicle and the installation on the road
infrastructure. A series of activities aimed to
the implementation of a dedicated test site are
presented and discussed. In particular, the
activities related to the creation of the electrical
infrastructure and the issues and methods for
the embedding of the transmitters in the road
pavement are presented. The final goal is the
creation of a dedicated IPT charging line one
hundred meters long. Finally, a methodology
for the assessment of the human exposure is
presented and applied to the developed
solution.
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