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Abstract

This Master’s thesis work proposes an analytical study of the effects that
misalignment causes in a wireless power transfer (WPT) system. WPT
systems may become more practical charging solutions in the near future
that will enable more frequent recharging, thus opening up the possibility
of reducing the size of vehicle battery packs. Among the most important
challenges to be faced, however, appear to be those of ensuring high trans-
ferable powers at efficiencies comparable to those of "wired" systems; in
addition to the chosen geometry and electrical characteristics, misalign-
ment is one of the factors that most degrades the performance of such
systems: designing structures with high tolerance to misalignment and en-
suring as much alignment as possible during energy transfer seem to be the
two most important objectives in this regard. This thesis work proposes
a simplified analytical model of a tripolar WPT system, through which a
magnetic analysis is performed on the effects of misalignment between the
two parts of the system. An algorithm based on Biot-Savart’s law was used
to calculate the magnetic couplings matrix for generic positions between
the two pads; this matrix is then used in electrical simulations of the sys-
tem, with the goal of analyzing the effects on the electrical quantities of
the system due to the various possible misalignments. The main objec-
tive turns out to be to recognize the mutual position between the pads
without using accessory systems, using only the electrical quantities easily
measurable in the system.
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Introduction

In the last decade, the development of electric cars has been driven primar-
ily by the environmental issue, the need for the entire mobility and indus-
trial sector to reduce energy consumption and related pollutant emissions.
The electrical transition, in particular, aims to increase the energy effi-
ciency of many human activities, with the goal also of being able to use an
increasing percentage of electricity from RES sources (wind, photovoltaic,
etc.), which will become increasingly central to the energy strategies of all
countries as the years go by, both for environmental and energy security
issues.

Electric cars are actually not a recent idea; in fact, first prototypes of elec-
tric vehicles were already developed almost a century ago, but the techno-
logical limitations were such that this technology could not be developed
properly.

With recent innovations in the areas of electrochemical storage systems,
electric motors and power converters, it has been possible to secure a bet-
ter perspective for this new mobility concept.

Other means of transport have long since relied on electricity for their op-
eration, e.g. trams, trains, and there are other examples of electric vehicles
for the so-called 'micro-mobility’, e.g. logistical handling machines on con-
struction sites, or the well-known golf karts etc., which, however, do not
make a difference in terms of energy consumption and pollutant emissions.
There are many limitations and issues that still need to be resolved for
e-mobility to become more widespread, and the main and most challenging
ones are:

- Technology costs: due to the advanced technologies used, electric cars
are significantly more expensive than their counterparts powered by
ICE powertrains; in particular, the majority of the cost is caused by
the battery storage system.

11
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- Vehicle autonomy: this depends mainly on the technology used for
the batteries. To date, the most widely used technology is lithium-ion
cells, which, however, as already shown, are significantly more expen-
sive than fuel, and have a significantly lower energy density. Compared
to internal combustion engine (ICE) vehicles, electric vehicles tradi-
tionally have a shorter autonomy, and this is due to the difference in
energy density between modern batteries and oil, or other fossil fuel
sources. The energy density of standard oil is about 8200 Wh /kg, more
than 10 times higher than the one of the current Li-lon batteries, and
still not comparable with respect to emerging battery technologies.[6]

- Capillarity of recharging infrastructures and speed of recharging: the
presence of adequate infrastructures for recharging cars is a great issue
for people to be enticed to make an investment in e-mobility; likewise,
the speed of recharging vehicles is a limitation for buyers, as very long
waiting times make this technology impractical for everyday life.

Many of these problems are already being resolved or alleviated; in gen-

eral, the electric car will spread best when cost and practicality will make
it fully equivalent to, if not better than, the internal combustion cars that
still have the largest share of the market.
In this sense, the development of new recharging systems, with higher
power transfer rates and high efficiencies, can make a difference: in par-
ticular, wireless recharging systems could be really useful if they maintain
the characteristics just mentioned, and do not increase the total cost of the
cars.

12



Chapter 1

Literature review

1.1 Classification of WPT systems

Since the second half of the 21st century, numerous experiments have been
conducted on power transfer systems without the use of conductive cables
connecting the source with the load, transferring power using only the air-
gap between the two parts of the system. In general, WP'T systems can be
classified according to the technology they use: the main ones are inductive,
capacitive, and microwave WPT (Fig.1.1) [9].

T R & R
-
g H H - T
Vin | Vin | -
= =
IPT CWPT
Inductive power transfer Capacitive wireless power transfer

) =
)) =

==
A= 0
] —
MPT

Microwave power transfer

Figure 1.1. Types of WPT systems
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Capacitive type systems (CWPT) involve the coupling of two conduct-
ing surfaces to form a capacitor, capable of transferring small amounts of
power over equally small distances. The advantage of these systems is their
size and cost [8]: for these reasons they are used for charging small instru-
ments or in the medical field, in the case of implantable systems that aim
to be minimally invasive.

Microwave systems (MPT), on the other hand, involve the transmission of
energy in the form of electromagnetic waves, at frequencies in the order of
radio frequencies, via a transmitting and a receiving antenna, which then
filters and rectifies the signal appropriately, to feed the load downstream
of the system. To date, these systems are not capable of transmitting large
amounts of energy, and their main problem is that if both sides of the sys-
tem are not in perfect resonance, the performance of the system degrades
very quickly [9].

The IPT (inductive power transfer) systems are certainly the most com-
monly known, and the physical criterion on which they are based is used
in many instruments in the industrial and domestic fields. Apart from
their peculiarities, the basic structure is given by two coupled inductors,
one receiving and one transmitting, between which power transfer takes
place thanks to their magnetic coupling; the transmitting system gener-
ates a high-frequency magnetic flux (80 — 100k H z), which, on the basis of
Faraday’s law of magnetic induction, generates an induced voltage in the
receiving system, and thus an induced current, which is suitably rectified
and filtered to feed a load. Based on the same phenomenon also other kind
of systems work, e.g. induction heating devices, in which a primary circuit
generates an high-frequency magnetic field that induces a temperature rise
in a conductive material due to the hysteresis of the material and the in-
duced eddy currents.

IPT systems are the most suitable for automotive applications, as they can
transfer larger amounts of power, and in practice are quite simple to imple-
ment, with the transmitter system on the ground and the receiver system
fixed under the vehicle, transferring magnetic power through the air-gap
between the two, as visible in Fig.1.2. [7]

1.2 Dynamic and static WPT

Academic research on automotive inductive WPT systems is mainly focus-
ing on two types of systems, called ’Static power Charge’ and 'Dynamic

14



1.2 — Dynamic and static WPT
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Figure 1.2. Typical position of an EV IPT system

power Charge’.

Static power charge consists on the transfer of power between two pads
without any relative movement between the two. The main advantage of
this type of system is that higher magnetic coupling can be achieved, lim-
ited only due to the air-gap between the two parts. The main challenge for
the implementation of these systems is to achieve "Ultra-Fast WPT" [4]:
manage the transfer of high powers (> 100kW) for ultra-fast charging of
the battery pack. From the public transportation power line, the DC power
supply can be derived to connect the high-frequency converters which feed
the charging stations [4].

The operating principle of 'Dynamic power Charge’ systems, on the other
hand, is to have a structure placed on the ground that allows power to be
transferred even while the vehicle is in motion, i.e. in the OLEV (On-line
Electric Vehicle) phase. This charging method can in turn be divided into
two types, depending on the type of transmitting structure used:

- "Single Coil Track": In this version, the transmitter track is composed
of a single inductor circuit, like a sort of track that transfers power
to the receiver pad on the vehicle. The main problem with this type
of system is the presence of only one converter on the transmitter
side, which must have an oversized current rating in order to provide
power for the simultaneous charging of vehicles. In addition, due to
the structure of the transmitter "track’; there are large leakage fluxes
that decrease the efficiency of the system.[4]
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Figure 1.3. Typical DWPT structures

- "Multi-Coil System": in order to overcome the problems of the previ-
ous system, an alternative solution is to provide a road route with a
sequence of separate transmitting coils, powered by separate convert-
ers, which are in turn connected to the same power source. In this
way, I do not need to oversize the ground-side converters, as each pad
will be magnetically coupled to only one vehicle at a time; with such

a structure, we can also ensure the maximum possible energy transfer
to all vehicles.[4]

The downside of the dynamic charge is in any case performance; the
reciprocal movement between the transmitter and receiver system does not
guarantee a stable magnetic coupling between the two, generating a de-
crease in performance compared to corresponding static charging systems.
Secondly, these systems are more complex and involve much higher invest-
ment costs, thus limiting their deployment.
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Chapter 2

Fundamentals of WPT
systems for EV

2.1 Typical system configuration

A typical inductive WPT system for EV charging purposes can be schema-
tized as in the equivalent single-phase representation in Fig.2.1.

______________________________________________________________

i ] ! | i
1 ,___\___;_ ______ T —— _‘__I____| 1
I = N = o - _ | i
1 I Incy | — L L ! I — | z | Iy : o I, 'Ipce L |
| — % — ] =l Eg!lal=do H={g | — LB !
| GRID g o [ i|Ex s (1 8ll8 E5i || B | - .
1o 4 Ely I E|ilg 1|25 E | 2l (3B 1l & v | E ; !
! Ve g | Y= g1V |z El @l £1|Vr |& HI R | Ve = Vi :
i o 2 | ez =l 8B PE-{ N = i
1 i || =11 "&u “1| EIll & gd|! 1| 8 | “ 1
1 " . H o Z v = O H W !
! —) e | =l gl | H— I — :
! L
i | _ TRANSMITTING SECTION 1 E| RECEIVINGISECTION | !
1 Ry T e . A —r—

| i |
: SUPPLY | | OOUPLING SYSTEM ] ' LOAD |

Figure 2.1. Generic structure of a WPT system for EV charging

The system consists of magnetically coupled windings that transmit
power through a certain air-gap. The two pads, transmitter and receiver,
may be composed by one or more coils, depending on the type of system
used, and on both sides of the system there is usually a compensation
circuit to minimize the effect of the inductive impedance of windings and
maximize the power transfer capability.

On the transmitter side, the pad is powered by an inverter, which includes
a PFC stage for power factor correction in the case of grid power supply, to
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minimize the power absorbed. The inverter’s task is to supply the trans-
mitting coils with high-frequency voltages in order to generate variable
magnetic fields that induce high-frequency voltages at the receiving coils.
The induced voltages on the Rx pad side are then appropriately rectified
by means of a stage that can be controlled or uncontrolled; in cascade with
the rectifier, a possible DC-DC converter can be considered to adapt the
output voltage to the load.

The choice of the right system topology is today a topic under investigation
and depends on various factors, including the function of the system itself.
In recent years in particular, with the increased popularity of RES, people
have begun to talk about possible V2G functions for electric vehicles, with
vehicles with electrochemical accumulators being able to exchange electri-
cal energy bi-directionally with the power grid. This can be achieved by
replacing the uncontrolled rectifier stage with a full bridge inverter [6], as
shown in Fig.2.2.

=t e JE}JEE
O s -
N=i

N _|H.}
l—
Figure 2.2. Bi-directional IPT system topology

In any case, one of the main objectives in making these systems simpler
and more economical is undoubtedly to reduce the number of converters
required for their operation, with consequent advantages also in terms of
total system performance.

18



2.2 — Main electrical parameters

2.2 Main electrical parameters

Coupling coefficient

The most significant problem with WPT systems lies mainly in their phys-
ical attribute: they do not transmit power via conductive material, as in
"wired" systems, nor are the two inductors magnetically coupled via a fer-
romagnetic core as in the case of capacitors. Power is transmitted only
through air, which implies that the magnetic coupling between the two
systems cannot be optimal.

I Ry Li{l — k) - M

/5000

Figure 2.3. Basic simplified circuit of a single-phase WPT system

Considering the simplified schematic of an inductive WPT system in

Fig.2.3, the coupling of the two inductors in the system can be represented
via the mutual inductance M, but each of them also has a resistance, which
dissipates power, and a self-inductance L; and L.
The presence of the air-gap causes high leakage fluxes, represented in the
circuit as leakage inductances; the parameter indicating the degree of mag-
netic coupling between the two components of the system is called coupling
coefficient k and is given by:

- (2.1)
VL1 Loy
To have positive power transfer between the two circuits, permitted val-
ues of k are 0 < k < 1, where the unitary factor indicates perfect coupling
between the two circuits, and a null one means complete decoupling.
Transformers are able to achieve coupling coefficients close to unity due to

19
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the presence of the ferromagnetic core; in the case of inductive WPT sys-
tems, with magnetic fluxes concatenated in air, typical k-values are around
k=~02-04.

In order to increase the coupling coefficient of the system as much as pos-
sible, it is necessary to increase the share of mutual inductance M with
the same self-inductance of the coils: for this purpose, the choice of the
right coil geometry of the system is crucial and can significantly improve
the misalignment tolerance.

Mutual inductance and power transfer capability

Maximizing M is of crucial importance, both to increase power transfer
capability and to reduce power losses, increasing the efficiency.
Considering the simplified system of Fig.2.3, I can define the maximum
apparent transferable power as:

g = (jwalaC)2 Ra=0 WM2f12ac (2 2)
w2 RQ + jCULQ L2 )

The term in the numerator represents the induced voltage at the end

of the receiving coil, while R5 is the resistance of the secondary coil. The
term MTQ is known as power transfer capability, i.e. the ability of the system
to transfer power; it represents the coupling between the two systems, and
does not depend on the electrical quantities, but only on its geometry: it
must be optimized to limit flux leakage and increase M and consequently
the coupling factor k. Since the transferable power depends quadratically
on M, as the mutual inductance increases, the transferable power also in-
creases.
For systems working at high frequencies, the inductive impedance of the
coils limits the transferable power, which is why compensation networks are
used. With series-series capacitive compensation, the simplest to represent
in analytical relations, I will have that:

B (jWMj_lac)2
Ry + [jwLs + 7]

Sea (2.3)

At the resonance frequency wy, if the capacitance has been chosen ap-
propriately, there will be perfect compensation of the coil inductance, and
the system will be able to transfer the maximum possible power, given by:

20



2.2 — Main electrical parameters

P _a (jWOMjlaC)Q ~ M(Q)M2j12ac . WOM2j12ac WOLQ
mar T T Ry + [wola + 5] Ry Ly R,

JwoC

- |Su2| *gs
(2.4)

The term qg is called secondary quality factor, and it is recommended
that it should have values no higher than 10, in order to have a system
that is well controllable and to reduce its apparent power rating [5].

As can be seen from the equations, the factors that have the greatest im-
pact on P, are those with quadratic dependence, M and I,: however, to
increase the transferred power, it is more advisable to work on the mutual
inductance rather than on the current, since increasing the primary cur-
rent implies the use of larger converters and reactive elements, with higher
temperature ratings, and thus greater economic expenditure.

A capacitive compensation network can also be used at the primary, with
the aim of decreasing power ratings at the primary; in this way, two quality
factors can thus be defined, for primary and secondary respectively:

WOLI WOLQ
- = 2.5
ap R ds Ry (2.5)
Using the coupling coefficient k I can rewrite the equation 2.2:
woM2T? -
P, .. = % cqs=wo- Ly -T2, k- qs (2.6)
2

where P, is quadratically dependent on the factor k, and it is also
proportional to the operating frequency chosen for the system.

Frequency choice and efficiency

The operating frequency of a WPT system is perhaps the most important
parameter to choose at the design stage. Indeed, it has an impact on almost
all the most important parameters considered for wireless power transfer
systems.

It has already been shown through the relations previously presented for
the power transfer in a compensated WPT system (2.2), that increasing
the operating frequency of the system also increases the power that can
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be transferred from it. The benefits of using high frequencies do not stop
there; if we consider the reference single-phase model, with the secondary
perfectly compensated, the efficiency of the system will be proportional to
the chosen frequency, and will be:

Py Swqsqy  wo-Li-If. - K- qsqp
=2 = = (2.7)
Py @1 (@1
By increasing the operative frequency, I can also reduce the size of reac-
tive components of the compensation network: as will be discussed below,
it can be seen from the relations in Tab.2.1 that, as a first approximation,
in all capacitive compensation topologies the value of the required capaci-
tances are inversely proportional to the term w?.
Increasing the frequency, however, has also negative effects, limiting its
increase beyond certain limits:

Ui

- Increasing winding resistance due to skin effect and proximity effect
- Increasing switching losses

- Health Issues

The best way to overcome the first problem is to use Litz-type conduc-
tors; it is known that the penetration thickness of the current in a conductor
is related to its frequency by the relationship:

5= 2P (2.8)
W

it tends to decrease as the frequency increases. The Litz wire is com-
posed by many conductors of small cross-sectional area and insulated from
each other so that the penetration thickness is not less than the radius of
the individual conductor strands.
As far as switching losses are concerned, the appropriate choice of power
electronics, and thus of the kind of switch used, can limit the problem,
ensuring that they have as little impact as possible on the total system
performance.
Over the years in experiments on WPT systems, there has been a tendency
to increase the operating frequency of the system from 20kHz to the cur-
rent range of 75-90kHz: to date, the frequency used for this type of system
is around 85kHz [1].
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2.3 — Compensation circuit

As far as the protection of people is concerned, there are constantly up-
dated standards that impose precise exposure limits for these systems; on
WPT systems for EV charging, the main reference standard is the ICNIRP
for LFA (1 Hz-100 kHz) [1].

2.3 Compensation circuit

In an inductive WPT system, compensation of coil self-inductances is nec-
essary mainly due to the high leakage fluxes present due to air coupling.
The effect of perfect compensation is precisely to make the impedance at
both sides of the system equal to the phase resistance alone, thus putting
phase voltages and currents in phase, minimizing the power rating of the
system|8].

In systems with a coupling factor £ > 0.5, such as a conventional ferro-
magnetic core transformer, the compensation capacitance should resonate
with the leakage inductance. Whereas in an air-core system with £ < 0.5,
the compensation capacitance must resonate with the self-inductance to
achieve a resistive impedance [6].

The most commonly used methods of compensation are those involving
capacitors in series or in parallel, on both sides of the system: depending
on the case, there are 4 basic structures of compensation, SS, SP, PS, and
PP (Fig.2.4), with "S" and "P" indicating the position of the capacitors on
the Tx and Rx sides. The values of the capacitances required to ensure
resonance at both sides of the system are shown in Tab.2.1 [4].

SS topology

Series-to-series compensation is the simplest topology to implement in a
WPT system. It involves two capacitors in series, one at the input of the Tx
coil and the other at the output of the Rx. The compensation capacitance
is chosen with the aim of canceling out the inductive reactance of the single
coil, and depends both on the operating frequency of the system and the
self-inductances of the coils.

With the series connection, the current flowing in the capacitor will be
the same as the one flowing in the coils, which can make the capacitors
vulnerable in case of high misalignment in the system, as currents would
be very high and components could be damaged [6].
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Figure 2.4. Compensation topologies, single-phase WPT system

Undoubtedly, the greatest advantage of this compensation topology is that
the required capacitance value does not depend on either the load or the
coupling of the system, so I will have a verified resonance condition in every
possible situation.

SP topology

With SP compensation, the resonance capacitors are connected in series
with the coils in the primary circuit, in parallel to the secondary. With
the SP connection, in fact, the primary can be considered an equivalent
current generator, the secondary a voltage generator, and this would allow
for a stable voltage to the load downstream of the system.

As in the previous case, the main disadvantage of this topology is that at
high misalignments the primary impedance becomes very low, thus leading
to very high and potentially damaging currents. Another characteristic of
this topology is the dependence of the compensation capacitance on the
mutual inductance, which causes the loss of perfect resonance condition in
case of misalignment.

PP e PS topologies

The PP and PS types are linked by the parallel compensation at the pri-
mary circuit, with the secondary connected in parallel or series, respec-
tively.
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2.4 — Design choice for Pads and Coils

In these topologies, the calculation of the resonating capacitance is more
complex, since it depends on both the mutual and the downstream load.
Furthermore, since the capacitors are connected in parallel on the Tx side,
the power supply circuit must act as an equivalent current generator, in
order to prevent overvoltages [1].

Primary capacitance Secondary capacitance
N _ 1
SS Cp = w2-Lyp Cs = w3-Ls
SP C,=—1 Cy=
P W (L= H2) ST Wil
L 1
PS CP = ToZm? . Cs = w2-L
(2 )2+w2-L2 0 s
Rioad 0P
L,— 2 L
PP C,= L Cs = =+
p MZ2R 2 S 2. L
( Léoad )2_’_“}(2)([/?_%)2 wo s

Table 2.1. Capacitance values for primary and secondary circuits for
different compensation topologies

2.4 Design choice for Pads and Coils

There are many pad configurations in the literature, with well-known char-
acteristics and peculiarities. The choice of the right coil and pad geometries
is made according to various objectives:

- Increasing power transfer capacity;

- Maximise the mutual useful inductance, hence the coupling coefficient
k, to reduce leakage fluxes during operation;

- Ensuring greater misalignment tolerance.
These objectives are not mutually exclusive; in fact, one of the major re-

search efforts is to find the best configurations that make the system more
efficient, flexible and power-dense.
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Fundamentals of WPT systems for EV

2.4.1 Single-phase systems

The first system configurations to be tested in the academic field were
single-phase circular coils (CP), rectangular coils (RP) and also double-D
configuration (DDP), shown in Fig.2.5 [9].

CP RP DDP
Circular pad Rectangular pad DD pad

Figure 2.5. Typical single-phase coil structures for WPT

The main problem with these structures is that they suffer from a
low coupling coefficient, which decreases dramatically as misalignment in-
creases. Although the DDP structure allows greater tolerance to misalign-
ment, the single-phase excitation generates a fixed magnetic field, and can-
not be horizontally directed to compensate misalignments of the receiving
pad [9].

Such easy-to-implement structures are used for charging small devices, such
as wireless chargers for mobile phones.

2.4.2 Multi-phase systems

The advantage of using multi-phase structures is mainly that it is possible
to direct the magnetic field at will, while adequately powering the trans-
mitter pad. Double-D configurations with a quadrature coil (DDQP) and
bipolar coil (BP) are based on the same criterion and have the advantage of
being able to direct the magnetic field along the horizontal axis to compen-
sate for Rx misalignments along it. In addition, by overlapping the coils, a
complete magnetic decoupling between them can be achieved, making the
system work as two separate single-phase systems [6] [9].

Given the results achieved with the addition of an additional phase,
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2.4 — Design choice for Pads and Coils

TP1 TP2

DDQP BP
DD quadrature pad Bipolar pad Trifoliate pad Tripolar pad

Figure 2.6. Typical multi-phase coil and pad structures for WPT systems

three-phase systems have been proposed in recent years, with further in-
vestigation into systems with a higher phase number.

Structures such as TP1 (Fig.2.6) have a higher power density and toler-
ance to misalignment than the structures seen above, but the coils of the
same pad suffer from reciprocal parasitic coupling that does not allow for
optimized power transfer.

For this reason, structures with overlapping co-planar coils have been pro-
posed, as in DDQP and BP, in order to eliminate mutual co-planar in-
ductances and have three electrically independent phases. Variants of this
structure can be distinguished on the basis of the external shape of the
pad, among which is the so-called "pizza shape" type, which will be taken
as a reference for the thesis work [2] [3].

27



28



Chapter 3

TPP Sistem Overview

3.1 TPP overlapped WPT

As already mentioned in the previous chapter, the system taken as refer-
ence for the analysis and studies in this thesis work is a WPT TPP system
of the "pizza shape” type [3][2][4], developed within the PEIC laboratories
of the Politecnico di Torino; this particular appellation is due to its char-
acteristic shape: both the pads have a circular shape, with the individual
windings arranged around and slightly overlapping each other.

The use of this characteristic geometry is possible because the system is
designed to be used with a three-phase power supply so that both the trans-
ferable powers and the power density itself (kW/m?) are high; the structure
is also designed to be completely symmetrical on both sides, receiver (Rx)
and transmitter (Tx): this makes its design simpler, limits leakage fluxes
and potentially allows the system to be used in bi-directional mode (V2G)

14].

The most important feature of the system examined, however, is the
overlap between the co-planar coils, which allows for improved efficiency
and transferable power.

To introduce the concept, we can consider the system as six mutually cou-
pled coils; all mutual induction coefficients between the elements of the
system can be represented by a matrix [M]gxe:
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TPP Sistem Overview

Air-gap (zo) I

phase € verlapping

angle

Figure 3.1. Tripolar ’pizza shape’ WPT

a1 G122 13 414 Q15 Gi1g
Q21 (22 (23 A4 QA25 G2
Mij _ | @31 d32 a3z a3z4 Az d36

G41 Q42 Q43 Q44 Q45 (46
as1 G52 (As53 As4 G55 (56
a1 Ag2 (3 Ae4 A5 66

30

(3.1)

This matrix is symmetrical, since the mutual induction coefficients be-
tween two individual coils are unique, so it will be identical to its transpose.
Furthermore, in the case of a coil structure that is symmetrical on both
sides of the system, the elements of the main diagonal are all identical. The
other elements, outside the main diagonal, represent the couplings between
the coils in the system.
By appropriately overlapping the co-planar pads, it is possible to make the
co-planar mutual inductance coefficients of the matrix negligible, and not
only that: even the non-homologous coupling coefficients are, in the case
of perfect alignment between the two pads of the system, completely neg-
ligible, making the matrix considerably simplified.

The matrix, with these adjustments, will take the following form:



3.1 — TPP overlapped WPT

ai 0 0 a14 0 0
0 29 0 0 Q95 0
. 0 0 as3 0 0 a3e
Mw - aqq 0 0 Q44 0 0 <32)
0 592 0 0 Q55 0
0 0 ags 0 0 a6 |

Where the coefficients along the minor diagonals represent the homolo-
gous mutual inductances of the system, i.e. coupling coefficients between
coils belonging to the same phases.

On an electrical level, the simplification implemented means that the elec-
trical equations of the system are also simplified, and can be represented
by the matrix equation 3.1:

B 0 0 0 —Muyu 0 0 1 [L]
v 0 0 0 0 —Ms 0 I
| 0 0 0 0 0 —Mec | | L
N :ij . A
7, Mia 0 0 0 0 0 i,

Vi 0 Mg, O 0 0 0 [s
" 0 0 Mo 0 0 o | |
(3.3)

Where the voltages used are those supplying the coils, and the currents
those flowing through them.
The system, under these conditions, can be treated as the union of three
completely decoupled single-phase systems [2], with the homologous cou-
pling coefficients identical under the assumption of a symmetrical system;
the equations describing it will be:

; (3.4)

Vph = —Jjwo - MjPH
Vpu = jwo - M1y,

And M turns out to be the only coupling factor to be considered for
power transfer between the two pads.
The cancellation of coupling coefficients between overlapping coils can be
explained in a simplified way by considering the case of two coils placed on
parallel planes, at a distance between them fixed at zy (Fig.3.2).
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TPP Sistem Overview

0@

Figure 3.2. Linkage flux between mutually coupled coils

In the case in which the two loops are perfectly aligned, with the bot-
tom loop active and the top loop completely passive, the flux generated by
the current flowing in the first will be concatenated by the second in the
positive 2" direction; in case of complete misalignment, on the other hand,
the part of the flux that is concatenated by the passive loop does so in the
opposite direction, in negative 2.

Thus, in the first case the mutual inductance between the two loops will be
positive, in the second a negative mutual inductance will be experienced
[5]. With a partial superposition of the two loops, it is therefore possible to
make the mutual coupling between them perfectly null, canceling the flux
in both directions.

These turn out to be ideal conditions for the system: in practical cases
difficult to achieve; in the case of misalignment between the two pads, the
coefficients simplified in 3.2 will not be negligible, so the coupling system
will be more complex.

The main objectives of this thesis are to study these couplings as the mis-
alignment between the two pads of the system varies, trying to identify
the system misalignment during operations, and to be able to correct it, to
maximize efficiency and the transferred power, as well as minimize leakage
fluxes.
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Chapter 4
Analytical model

In order to create an analytical model of the WPT system considered, it is
necessary to consider a system with simplified geometry. This is because the
real geometry is difficult to be represented with closed geometric formulas,
due to its strong irregularity.

For this reason, the analysis will be performed by considering the coils of
the system with a circular shape, as depicted in Fig.4.1

5
Air-gap (zp)
+

\-’/:Jverlapping

angle

phase €

Figure 4.1. Simplified TPP-WPT geometry

Above all, this geometry makes it possible to simplify the calculation of
the integrals of the relations used to calculate the magnetic couplings, as
we shall see later in the chapter.
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Analytical model

4.1 Mutual inductance between circular wind-
ings

In a system of coupled inductors, the calculation of the magnetic coupling
coefficients is derived from well-known analytical formulas. The mutual
inductance between two coupled inductors is calculated using the relation:
P12

M12 = (41)

1

In which fl is the current flowing in the active inductor, while 512 is
the magnetic flux concatenated by the second inductor and produced by
the first; this flux can in turn be calculated using the integral form of the
corresponding Maxwell’s law:

(1_512 - fgél : dg (42)

With él magnetic flux density generated by I_i, and S the closed inte-
gration surface.
In the case of WPT systems, the magnetic induction is generated by
current-carrying windings, so it is possible to use Biot-Savart’s law for
the calculation of é, a special case of Laplace’s much more general first
formula on magnetic fields generated by electric currents; it states that a
conductor, through which a current flows, generates a magnetic induction
field given by:

S
= Mo dl - Ar
B(r)= 2% .T. j{ &=
=1 IGE
Where A7 identifies the position of the point P at which the field is

calculated, while dl’ is the infinitesimal stretch of conductor that generates
it.

(4.3)

By combining the relationships just written, it becomes possible to cal-
culate the mutual inductance between two coupled windings, which be-
comes:

1o dly - dl;
My = M. :—-/ / . 44
12 21 47{' o Jey ‘R’ ( )
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4.1 — Mutual inductance between circular windings

Figure 4.2. Magnetic flux density induced by a current, Biot-Savart’s law

With dl: and dl; infinitesimal segments relating to the circular coils

considered, while \ﬁ\, representing the modulus of the vector joining the
two infinitesimal segments dl: and d@ of the coils considered, at each step
of integration.
The use of the simplified model presented in the introduction to the chapter
has a crucial role for the development of this formula: the circular geometry
of the coils allows a closed form to be developed, integrating the function
in the circumferences of the coils C; and Cs. .
Using the cylindrical coordinates, I can write the infinitesimal segment dl
as a function of the coordinates of a generic point on the circumference:

dl =dx +dy = a- (cosp — seng)do (4.5)

where a is the radius of the winding, ¢ the angle. I can therefore rewrite
the product dl; - dly as:

dll . de =qa-b- (COS(¢1 - qbg) — 867’L<¢1 — ¢2))d¢1 . dd)g (46)

a and b are the radii of the two windings, while ¢; and ¢, are the

angles required to define the cylindrical coordinates [4]. At this point, the

integral formula for calculating the mutual inductance between two circular
windings can be modified to its final form:

M, = = - 4.7

Chosen the radii a, b of the two coils, the only element that remains to
be evaluated is |R|; however, it varies depending on the kind of structure

Ho /27r /27r a-b-[cos(pr — g2) — sen(p1 — ¢2)|dpy - doo
T Jo Jo
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Analytical model

and the reference system, so it is necessary to carry out a more in-depth
analysis in this regard. In particular, starting from the simple case of two
mutually coupled coils, the right relations for calculating |]§| in the more
complex case of the tripolar system under consideration will be derived
later.

4.1.1 Two Coils System Analysis

Consider the case of two perfectly parallel windings in the axis Z, with
their centers aligned; let us take as reference for the system the axes Ty
passing through the center of the lower coil, while the upper coil, placed
at a distance z, has its own reference axes &7 ; the distance |fi| between
two generic points of the two circumferences can be calculated as:

R| = \JAz? + Ay? + Az2 = V202 + [acosn — beosa]? + [asendy — bsengo]® =
— \/202 + a? + b — 2abcos(¢p — ¢9)

(4.8)

In the case of coils with multiple windings placed side by side, the for-
mula can be adapted by modifying the relations describing the radii a and
b to represent the generic winding:

a; =ag+ (1 —1)-dg
bj=0bo+(j—1)-ds,

with dg, » diameters of the conductors, a, and b; radii of the coils con-
sidered, 7 and j representing the number of coils, while a, and b, are the
maximum radii of the windings of the two windings [4].
The calculation of the coupling coefficients will then become:

(4.9)

Ng; Nay

Moy = Z Z M, (4.10)

i=1j=1

It is possible to consider a simplified version in which the loops are ide-
ally overlapping and concentric: in that case, the total mutual inductance
of 4.1.1 is given by the product of that of the individual loop by the total
number considered.

In the case of non-aligned coils, in order to calculate the distance ]13@| be-
tween two generic points of the two coils, the misalignment must be taken
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4.1 — Mutual inductance between circular windings

into account: it consists on the displacement of the Z'y/ references with
respect to the 7y one, with the axes that in this first analysis can be con-
sidered respectively parallel.

The new parameters to be considered will be |7i|, the modulus of the vector
joining the centres of the circumferences, and « the angle between ¥ and
the projection of the vector m onto the plane ¥y. In this way, I will be able
to write:

|§w| = \/,202 + [mcosa + a;cospr — bjcosps)? + [msena + a;seng; — bjsengs|? =

_ \/202 + a? + b2 — 2abcos(¢py — ¢9)

(4.11)

It should be noted that in the simplified case of only two mutually
coupled circular windings, the parameter « is irrelevant since once m is
fixed, all the possible positioning points of the upper winding will guarantee
the same magnetic coupling with the counterpart.

Its definition, as well as that of the two Cartesian references, is however
really important for the study of more complex cases, with more windings
to be considered as in the case of the tripolar WPT under consideration.

4.1.2 Tripolar System Analysis

The TPP system under study has a geometry that is certainly more com-
plex than the simple case of two coupled coils, but we can still start from
the relations previously found to derive those useful here.

The simplified tripolar system to be parameterized is composed, as already
known, by three circular windings for each pad, perfectly equidistant from
each other and with the same radius r.,;. We can therefore consider a co-
planar coil system with reference axes xy, in which the origin of the axes
also corresponds to the center of gravity of the tripolar system.

The distance between the centers of the individual coils and the center of
gravity of the respective pad is the same for all of them and is indicated
by the parameter rp,,., while the axes on which the centers lie are half-lines
starting from the origin and displaced by 120° mechanically between them.
For each pad, I can therefore define 3 fixed angles, with respect to the axis
i/, which allow to calculate the Cartesian coordinates of the centers of the
coils:
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ﬁa,A =0

Bop = 2m (4.12)
2

/BC,C - _§7T

_ With these data, it is possible to calculate the modulus of the generic
R vector joining two points belonging to coil of the two pads, with the
formula:

|R;;| = \/Aaﬂ + Ay? 4+ Az?

Az = mcosa + rpgco8(5; + g) + Teoicos(Pg) — 1parsen(B; + g) — Teoirsen®d

Ay = msena + 1y sen(B; + g) + Teoirsen(Pe) — rpgrsen(B; + g) — Teoirsen®d,

Az =z
(4.13)

where i, j are reference indices for the coils considered. It is also possible
to parameterize a possible rotation of the receiving pad with respect to the
transmitter: this rotation consists of the rotation of the reference system
Z 7 of the receiving pad, with the active elements belonging to it moving
in solidarity with the relative reference system. For this reason, we can
introduce the angular parameter A, which represents the angle between the
Z axis of the receiver and the fixed reference Z.
The equations for calculating R will be adapted as follows:

Az = mcosa + Tpgrcos(5; + g — A) + Teoinc08(Po — X) — 1parsen( B + g) — reoisen®d

Ay = msena + ryg-sen(f; + g — A) + reousen(®a — A) — rpgpsen(B; + g) — Teoirsen®dy

Az = 2z
(4.14)

The relations found will be further adapted in case of coupling between
co-planar windings, with the necessary adjustments. The final goal is to
have only one equation, through which it is possible to calculate the totality
of the magnetic couplings, and thus all the coefficients of the coupling
matrix.
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4.1 — Mutual inductance between circular windings

Overlapping angle

As we know, in order to make parasitic couplings between non-homologous
coils negligible, the coils of the same pad are overlapped by an angle ayye;-.
This angle is directly related to 144, and the radius of the coils 7., and
if considered as a parameter of the system, it is possible to choose its
optimal value by studying the trend of co-planar couplings with respect to
its variation.

Figure 4.3. Overlapped coils overview

Consider the tripolar system with the coils displaced by 120 mechanical
degrees between them; as 7, changes, the co-planar coils will reciprocally
approach or recede, which may lead to partial overlap between them.

It is possible to calculate 7y, as a function of the angle of overlap between
two coils and their radius, with the relation:

. Qover
Poay = 2 cos( %) (4.15)

sen(g)

where 3 is the angular distance between the two circumferences, thus
known for the geometry of the system, i.e. = %W.
This relation will be very useful to implement the calculation of the coupling
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coefficients via MatLab for the system under consideration: knowing the
value of, ayye, Wwhich minimizes the co-planar couplings, I consequently also
know the radius 7., hence the dimensions of the optimized system.
From the information on the overlapping angle between the coils, another
useful quantity can be derived, the overlap area between the two co-planar
couplings:

2
oner = Teoil * (a0ver —2- SENQoyer - Cosaover) (416)

From this relationship, it can be deduced that for a hypothetical over-
lapping angle of 180° (qwer = ), the area of the coil that is overlapped

will be the total area of the coil 7 - 72 ,,.
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Chapter 5

Magnetic Analysis

5.1 Geometrical definition

The complete magnetic model of the system can be defined through the
matrix [M e of the magnetic couplings related to the coils composing it.
The aim is to be able to define it for any reciprocal position between the
two pads, so that the effects of misalignment on the coupling coefficients
can be analyzed.

To do this, the well-known Matlab numerical calculation software was used,
in which an algorithm was developed to calculate the coefficients of [M],
giving as input all the geometrical parameters of the system and the mu-
tual position between pads, but also between coils belonging to the same
subsystem (Tx-Rx).

The angles 3,4 and B4 p ¢ are considered as constants since the angular
position of the coils, with respect to the reference system to which they
belong, is considered fixed. The first parameters required for the geometric
definition of the system are r.,; and qgye; through the radius of the coils
and the § angle it is indeed possible to calculate ry,, but also Ay, as seen
in 4.15 and 4.16 respectively.

The radius of the individual coils was chosen on the basis of the limits im-
posed for the WPT system taken as reference, i.e. maximum dimensions of
85x85x7.5 cm. In an approximate way, it is possible to write the maximum
dimensions x4, and Y. as a function of the radius r..; only, considering
the hypothesis of ., null, and circumferences of the coils simply tangent
to each other:
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Lmax = 2- Tbar * 5277/(1) +2- T coil

3 5.1
™ (5.1)
Ymaz = 2- Tbar * COS(g) +2- T coil

With ager not explicitly appearing in the equation, but already con-
sidered as 7, is dependent on it. Having set the geometric constraints, a
suitable radius value that allows these constraints to be met is r..; = 20cm,
and will be the one used for the simulations.

5.2 Coupling matrix calculation

Having known the parameters defining the geometry of the system, what
is needed to calculate the coupling coefficients through the algorithm are
the relative position parameters between the pads.

Knowing the exact position of the center of gravity O of the pad Rx with
respect to Tx, uniquely determined by the coordinates (Zpos, Ypos; 20), it is
possible to determine the two cylindrical coordinates of the position of Rx
on the plane ¥ — ¢/, namely m and the angle «, with the following relations:

m = /T2, + Y2 o= sin_l(%) o= cos_l(xTZ:S) (5.2)

Note, however, that using only one of the relations for the calculation of
a would not allow the exact angle to be determined: this is because, as is
well known, for each value of the sine and cosine functions there are always
two corresponding angles, and not just one. By using both, however, this
ambiguity is completely resolved.
To overcome this issue, the strategy used was to exploit the signs of the
coordinates provided as input: in this way, by using a if - elseif type
structure for comparing the signs, we can choose which of the two relations
of 5.2 is the most suitable for calculation. In particular:

- Af Zpos > 0 A Ypos >0 = a = sin_l(%)
1 J— —1 Ypos
- if Tpos <O A Ypos >0 — o = cos™(#2)

- i Tpos <O A Ypos <0 = v = sin™ 1 (Z22) + 1

m
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5.2 — Coupling matrix calculation

=i Tpos > 0 A Ypos < 0 v = sz’n_l(y”—nf)
The conditions for the cases of k7 angles are also included:

- it Tpos > 0 A Ypos = 0=ax =0

=it Tpos =0 A Ypos > 0 = =

(MIE]

i Tpos KON Ypos =0 =7

=i Tpos =0 A Ypos <0 —a =

N

Knowing the two cylindrical parameters, it is only necessary to know
the angle of rotation of the receiving pad, referred to as A, in order to have
all the parameters required to calculate all the coupling matrix coefficients,
with the general equation already identified:

_ Mo 20 2w a - b [cos(d1 — ¢2) — sen(Pr — ¢o)|dor - dy
M=o (53)

B

With |ﬁ| distance between two generic points of the two windings i, j

taken into consideration, which can be calculated with the known param-
eters via the equations 4.1.2.
It is possible to use the same formula to calculate all the coefficients of the
matrix, and this can be done by changing the value of the geometric param-
eters of the system while keeping the equations identical. The equations
are adapted as follows:

- For the co-planar coupling terms, Az ~ 0 and also the terms m, A = 0
are considered negligible;

- For the self-inductance terms, the same criterion is used as for co-
planar couplings, with Az ~ 0 and m, A = 0, but in addition, we have
also that 3; = §;: the self-inductances can be calculated as the mutual
inductance between two identical and concentric windings, placed at
almost zero distance from each other;

- For non co-planar mutual inductances, zy = 50cm is considered.
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It can be noticed that, for the calculation of the self-inductance of in-

dividual coils, the equation 5.2 is used as if it were a co-planar mutual
inductance between two perfectly overlapped coils [4].
Formally, if the mutual inductance Mg, between two coils is defined as the
ratio between the flux linkage of coil b and the current I, that generated
it, similarly the self-inductance L of a single coil is defined as the ratio
between the total flux produced by it and the current flowing through it:

&
I
It was decided to use the dimension z = 2.5¢m for the calculation of all

self-inductances, since in accordance with the definition made above, it can
represent the real thickness of a coil used in the system.

5.3 Perfect alignment and optimal o,

In case of perfect alignment, given the symmetries of the system, the mutual
inductance coefficients between co-planar coils will be of equal value, as will
be the mutual inductances between non-homologous coils (Tx-Rx); this
aspect simplifies a lot the research for the ideal angle aye, that minimizes
the parasitic coupling coefficients, since it is possible to study the trend
of only two coefficients as the overlap between the windings varies: one
represents the co-planar ones, the other the non co-planar ones; the results
of the analytical study of this trend are shown in Fig.5.1.

The trends have been reported for an angle variation of [0 — 7]. As
can be seen, mutual inductances in both cases increase while the angle
increases: for small angles they will have negative values, due to the fact
that the windings would in that case concatenate the source flux with
negative direction.

The range of e in which parasitic couplings are minimized is:

76° < igpey < 81° (5.5)

where the two extremes are the values that minimize non co-planar and
co-planar coeflicients respectively.
As nominal value for the simulations, it was chosen an angle equal to ape, =
79°, from which 7, is derived, allowing to calculate the magnetic coupling
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Figure 5.1. Non-homologous and co-planar coupling coefficients trends
for overlapping angle variations, perfect alignment case

matrix of the system in case of perfect alignment and maximum decoupling
between the phases:

6.728 —0.038 —0.038 2.265 0.034 0.034
—-0.038 6.728 —0.038 0.034  2.265 0.034
—-0.038 —0.038 6.728 0.034 0.034  2.265

M 2265 0.034 0.034 6.728 —0.038 —0.038 CpH
0.034 2265 0.034 —0.038 6.728 —0.038
0.034 0.034 2.265 —0.038 —0.038 6.728

(5.6)

As can be seen, the value of parasitic couplings is two orders of magni-
tude lower than the self-inductances and homologous ones, and therefore
negligible in this configuration.

It can be observed that, in the case of ., = 7, the co-planar coupling
coefficients will be equal to the self-inductance of the coils, while the cross-
coupling coefficients will be equal to the direct mutual inductance, i.e. the
maximum coupling achievable by two non co-planar coils of the system.

A very interesting behavior can be noticed regarding the overlapping angle
definition. By plotting the trend of the mutual couplings between coils as
Qover and also 7., change, as depicted in Fig.5.2, for circular coils the op-
timal overlapping angle to minimize co-planar couplings is basically fixed:
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it is equivalent to e ~ 81° as seen above, and is equivalent to a mis-
alignment between the two coils of approximately 76% of the coil radius,
as already found by [5]. For non co-planar inductances, on the other hand,
for the same distance zy between the two coils, there is no fixed value, but
different optimal angles as the coil radius vary.

Non co-planar coupling coefficient Co-planar coupling coefficient
10 at different & 10 at different i
4.5 T 12 -
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Figure 5.2. Non-homologous coupling coefficients trends for ayer
and r.,; variations

It is also possible to see two other aspects of the system through its
coupling matrix:

- [M] is a symmetrical matrix, as each pair of coils is linked by the same
flux linkage;

- The optimum point of cross-coupling inductances, both co-planar and
non co-planar, is not equal since the latter is influenced by the distance
2o between the windings of different pads [4]; however, their values are
not so distant from each other.

Assuming negligible parasitic couplings between phases, the simplified ma-
trix will have the same structure as that seen in 3.2:
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6.728 0 0 2205 0 0
0 6728 0 0 2205 0
0 0 6728 0 0 2265
Mij =1 9965 0 0 6728 0 o | HH (5.7)
0 2205 0 0 6728 0
0 0 225 0 0 6.728 |

In real-life cases, however, perfect alignment between the two pads of the
charging system is an ideal set-up that is difficult to achieve: the rela-
tive displacement between the two pads makes the couplings between the
different phases no longer negligible, and also causes the value of the mu-
tual homologous inductances to change, with a consequent effect on the
transferable power, and not only that.

5.4 Misalignment effects

Misalignment, as already mentioned, is a real condition in the system, as
in practical cases the system is never perfectly aligned. It can take various
forms:

- r-axis misalignment: typically due to the driver’s lack of accuracy
in positioning the vehicle due to his limited viewpoint, i.e. from the
driving position; can be resolved almost completely if the vehicle loca-
tion where the WPT system is located is marked by vertical boundary
lines.

- y~axis misalignment: also due to the driver’s inaccuracy due to his
limited viewpoint; it is the easiest to correct, as it does not require
maneuvering.

- Rotation of the receiving pad with respect to the transmitting pad:
this situation can also be avoided by the use of delimiting lines.

The case of non-parallel pads, with a variable z' distance between them, has
not been considered in the analysis performed: it is assumed that this kind
of situation is already avoided with a correct fixation of Tx to the ground
and a correct positioning of the Rx pad in the vehicle underbody.

With the right measures, it is possible to limit such misalignments, but
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not always completely eliminate them. In the following chapter, the effects
that these displacements have on the magnetic couplings will be studied,
evaluating the three basic situations described above, as well as possible
combinations.

Figure 5.3. Misalignment of Rx pad with respect to Tx in a vehicle
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5.4.1 ¥ axis misalignment

<

22

Figure 5.4. Z axis misalignment

Given the structure and characteristics of the individual pads, we can
use the analytical formulas previously found. Given the structure of the
pads and their size, it is realistic to expect a maximum misalignment in
the horizontal axis between them of £20cm.

From the Matlab code, the trends of the coupling coefficients were extrapo-
lated for horizontal misalignment changes, as visible in the plots in Fig.5.5.

It can be seen from the graph on the left that the non-homologous
inductances, in the case of misalignment along the ¥ axis, do not assume
different values at all, but some of them have the same trend: this occurs
due to symmetries generated during movement, such that the following
equalities will occur:

(5.8)
MaB = MCA

{MaC = My

and since [M]gz is symmetrical, the same will apply to the reciprocal
coefficients.

All the direct mutual inductances, on the other hand, have the same trend,

as can be seen in the second plot of Fig.5.5: this is because, in absence of

receiver pad rotation, the misalignment will result in a displacement of the
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<107 Cross coupling terms, x misalignment
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Figure 5.5. Direct and cross-coupling inductances trends for Z-
axis misalignment

Z 7 reference, but the axes remain parallel to the fixed reference system;
thus, the relative position between all the homologous coils is the same.
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5.4.2 ¢ axis misalignment

» <L

Figure 5.6. ¢ axis misalignment

To study the trend of the coupling coefficients for y-axis misalignments,
we use the same extremes as before, with a maximum displacement limit
of £20cm. The results are plotted in Fig.5.7.

In this case, the displacement along the g axis generates more symme-
tries than in the previous case, and these equalities can be found:

Mys = M.y
MaB - MaC (59)
MCB = MbC

All the cross-coupling coefficients assume only 3 different values, and
this happens because ¥ represents an axis of symmetry for the Tx system,;
moving along the other two axes of symmetry of the system I would have
similar conditions, but with different mutualities.

As it was expected, the direct mutual inductances have the same trend, for
the same reason previously exposed.
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4y 2 107 Cross coupling terms, y misalignment
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Figure 5.7. Direct and cross-coupling inductances trends for -
axis misalignment
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Mutual coupling terms, x-y misalignment

%1078

2.5

Ay =20 -20 Ax

Mutual coupling terms, x-y misalignment

-10

-15 1

20 | | | | | | | |

Figure 5.8. Surface plot of direct mutual inductances for Z — ¢ misalign-
ment of the Rx pad, 3D and 2D view

5.4.3 Mutual inductances in x-y misalignment

Consider the case of generic misalignment in @ — g of the receiving pad,

without rotation of the pad itself; it is possible to draw a three-dimensional
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plot of the magnetic couplings, for all the possible displacement of Rx.

Fig.5.8 shows the plot of homologous mutual inductances as the position
of Rx changes, with the same displacement limits assumed in the previous
cases.

From the plots, it is possible to notice that the value of direct inductances
is equal along concentric circles, with respect to the center of Tx, i.e. the
point of perfect alignment between the two pads.

With the analytical notation used in the previous chapters, we can therefore
state that direct mutual inductances vary as m varies, and decrease as this
radius increases since the receiving system tends to move away from the
transmitting one.

5.4.4 Rx pad rotation

|
> L

Figure 5.9. Rx pad rotation

The rotation of the receiver was simulated under the assumption of
perfect alignment of the two Tx-Rx centers of gravity. The simulation
results are shown in the graphs in Fig.5.10

Also in this case there are several equalities between cross-coupling coef-
ficients, due to the symmetries generated in the system by the mere rotation
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(5.10)

My = Mys = Mg
Mg = Myc = Mca

The second plot, on the other hand, represents direct mutual induc-
tances, which are equal to each other again due to symmetries. The case
examined, however, is largely simplified due to the assumptions considered:
the rotation around the origin of the fixed reference system, i.e. in 2| gen-
erates symmetries between the movements of the coils that I would not find
in case of rotation around another generic axis.

5.4.5 x-y-A misalignment

i
<

Figure 5.11. Generic x-y-A misalignment

The addition of the possible rotation of Rx in generic cases makes the
coupling matrix more complex.
Using always a Matlab code, an analysis of magnetic couplings was carried
out in case of mixed misalignment, considering both rotation of Rx pad
and Rx center of gravity displacement: in this regard, it was considered
the position (x = 5em, y = 5em) for the Rx pad, and the direct inductances
have been mapped as the angle of rotation varies. The results obtained are
depicted in Fig.5.12.
In this case, the trends of direct inductances are not the same of the pre-
vious case; they all have different behavior, intersecting only at the points
where they are null, i.e. at ager = 7 + k7, and at the initial position

56



5.4 — Misalignment effects

10 Mutual coupling terms, Rx reference rotation
*
MAa
25| Mgy | 1
MCC h
2 / ya\
/ /
i /
"o '\ / |
4 /
ERY / .
f'f .-";
051 \ ’ A o ]
0F \‘___ y /’/,_————_,____::--~ — g
b \H___’/_/.
05 1
0 50 100 150 200 250 300 350

Figure 5.12. Direct inductances trends for different angular positions of
the receiving pad, generic x-y misalignment case

(Qoper = 0, 2kT).
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Chapter 6

Electrical Analisys

In the various cases of misalignment analyzed, the matrix [M] turns out to
be more complex than in the case of perfect alignment.

In the case of generic (z,y, A) displacement, all the non co-planar coeffi-
cients are different. The matrix begin simplified when simmetries occur:

- In the case of F-axis displacement, there are 4 different values for the
6 cross-coupling coefficients;

- In the case of y-axis displacement, there are only 3 different values for
the 6 cross-coupling coefficients;

- In the case of rotation of Rx around Zz-axis, the matrix would be
even more simplified, with only 2 different values between the 6 non-
homologous coupling terms;

- In a generic case of x-y misalignment with rotation of Rx, the matrix
becomes more complex: if in fact the rotation of Rx is combined with
a displacement of its center of gravity, no symmetry is maintained,
and all 6 non-homologous coefficients will be different.

The complexity of the coupling matrix translates also into complexity
of the electrical system behavior; if I consider a generic system of 6 mutu-
ally coupled inductors, whose coupling matrix structure has already been
identified in the previous chapters, they will be electrically representable
by this matrix equation:
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Va L 0 0 —Mua —Myp —Myo | Iy
‘/b 0 L 0 _MbA _MbB _MbC Ib
‘70 . . 0 0 L —ileA  TIMeB T VO jc
Ve | 7 Maw My Mae L 0 0 iy
Vs Mp, Mpy Mp. 0 L 0 I
R7ZN | Moo Mcy, Mce 0 0 L1 |i,
(6.1)

The vector [V] represents the Voltages apphed to the ends of the indi-

vidual coils, with the voltages VA, Vs and Vo being zero if the receiver is
assumed to act only as a passive load; [f | is instead the vector of currents
flowing through the coils themselves.
In the case of the optimal overlap angle a,.,, and with the reactive com-
pensation of the self-inductances, the coupling matrix and the system of
equations undergo a simplification; thanks to this, the electrical equations
of the coils are only dependent on the currents of the other pad, and the
system can be described by two decoupled sub-systems of equations:

V., = —jwg (MaAfA + Muplp+ MaCfC)
Vi, = —jwg - (MbAjA + Myplp + MijC) (6.2)
V.= —jwo (McAfA + M,plp + MchC>
0 = jwo - (Magla + Mpaly + Meol.)
{O = jwo - (Maply + Mgyl + Myl (6.3)
0 = jwo - (Macl, + Mp.Ly, + Mc.l.)

These equations, in the case of perfect alignment between the two tripo-
lar systems, are further simplified:

A,

Vi = —jwo - (Myala) 0=
b = —jwo - (Myplp) 0 = jwo - (Mpyy) (6.4)
V. = —jwo - (Meclc) 0= ]
In this case, the induced voltages on the Rx-side coils will only be due
to the homologous Tx-currents and the respective coupling coefficients.

In the general case, the induced voltages will depend on all three transmit-
ter pad currents and the mutual couplings.
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It is from these analytical relationships that one starts for the analytical
representation of any circuit model of the system, whatever the electrical
connection between the coils.

In order to be able to study the effects of misalignment in the electrical sys-
tem, the idea is to utilize the results obtained from the previous magnetic
analysis, thus using the magnetic couplings obtained from the algorithm in
Matlab as parameters within the simulated circuit.

The final objective is to find methods with which to recognize the mis-
alignment between the two pads that make up the system using only the
electrical information that can be extracted from the system. This would
make it possible both to correct the position 'online’, even when charging,
and above all to avoid having to use additional systems, optimizing power
transfer in the simplest way possible.

The types of structures in which a three-pole WPT system can be found
fall into three categories, based on the mutual connections between the
coils:

- Star connection

- Delta connection

- Independent coil system

Of the three, the star connection is particularly disadvantageous: in
fact, in this case, the compensation capacitors would have to withstand
all the voltage applied to the windings; in addition to this, since the star
center is isolated, any voltage unbalances generated by the feeding inverter
would lead to non-zero star-center voltages, resulting in undesirable EMI
emissions.

The independent phase structure appears to have the same problem as
the star connection with regard to the sizing of the resonance capacitors:
however, it will be dealt with as it is the simplest to implement and, as will
be seen, the one from which it is easier to obtain the information on the
system’s misalignment.

Finally, the model with a delta connected topology will be analyzed, the
same one used to build the reference prototype.
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6.1 Independent coil system

A tripolar WPT system with independent phases requires that all the co-
planar coils, although connected to the same power supply, are feeded and
controlled independently. This can occur if each coil is individually con-
nected to a single-phase power converter supplying it, with all DC-Links
connected in parallel.

Such a system model was proposed by Yuan Song et al. [10], as depicted
in Fig.6.1.

Lon Tou
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Full Bridge Full Bridge
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My M
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Figure 6.1. TPP-type WPT system with indipendent
windings proposed by [10]

As already mentioned, this topology is the easiest to analyse: this is
because the coils in the system are individually powered, and electrically
disconnected from each other.

The simplified electrical equations describing the system are always those
represented by 6, and in the case of resonance, the simplifications made
above can be applied:

= —jwo - (Maala + Muplp + Muole)
= —jwo - (Mpala + Myplp + Myclc)
= —jwo - (Meala + Mcplp + Moclc)
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6.1 — Independent coil system

jwo ' (MAaja + MBajb + MC’ajc)
Jwo - (Maply + Mpyly + Mcyl.) (6.6)
jwo : (MAc]a + MBc]b + MCC]C)

o o o
|

The voltages applied to the coils and the currents flowing through them,
used in the matrix system, are easily measurable quantities: the currents
from the output of Tx-side converters and the input of Rx-side ones, and
the same for the voltages applied to the coils.

6.1.1 Regular three-phase power supply

The first tests performed are those with a regular three-phase system power
supply. The simplified circuit model used is shown in Fig.6.2 and was
realized using the circuital simulation software PLECS, by Plexim.

|
L AN—

Figure 6.2. Circuit diagram of the WPT system with independent phases

The circuit provides separate power supplies for the transmitter phases,
with the six inductors coupled and compensated on each side perfectly.
Downstream of the receiver coils and compensation capacitors there are
three diode non-controlled rectifiers, connected in parallel to the same re-
sistive load. To reduce the output current ripple, a simple C-filter has been
adopted.

Tab.6.1 shows the main data of the simulated system.

Since the system appears to be geometrically symmetrical, it was decided
to start with this important information. Both pads, as known, are con-
structed by overlapping three circular coils, each one equidistant from the
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Vin 48V
[ 80 kHz
L 6728 pH

Cres 588  puF
Reap 2 ms
Rind 20 mS
Crar 300 pF
Rload 200 mS

Table 6.1. Main parameters of the indipendent phases system simulation

center of gravity of the structure and from each other, by an angle of 120°.
Thanks to this structure, we can distinguish three symmetry axes for the
pad, each one passing through the origin (center of gravity of the pad) and
through the center of one of the coils.

In the previous analysis concerning the magnetic interactions between coils,
it was verified how a displacement along ¥ axis would generate a simpli-
fication in the coupling matrix, with only three different values for the 6
cross-coupling terms, and this happens because symmetry plays a funda-
mental role on the misalignment effect. The same thing would happen, for
the same reasons, if I move the receiving pad along the other two symmetry
axes of the system.

The tests with regular three-phase power supply were first carried out along
these symmetry axes; Fig.6.3 shows the measures of phase currents form
the receiver, for 6 different misalignment positions along the symmetry axes
of the system. The 6 positions chosen for the simulations share the same
distance from the center of the Tx reference frame, set at m = 10cm. In
the cases considered, there is no rotation of the receiving pad with respect
to the reference axes, hence \ = 0.

Of the six graphs in the figure, the 2 at the top represents the case of
misalignment along ¢; in the middle the case of displacement along the
symmetry axis passing through coil b, while at the bottom the misalign-
ment on the symmetry axis trough coil c; the left ones and the right ones,
respectively, are measures in points with y > 0 and y < 0.

From the graphs, it can be seen how, for displacements along the symmetry
axis passing through a certain coil of the transmitter system, the current
for that winding varies independently, while the other two always have the
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Figure 6.3. Phase currents for misalignments along the Tx
pad symmetry axes

same modulus.

From further tests carried out for generic misalignments, it was possible to
deduce that the receiver-side currents are strongly influenced by the behav-
ior of the system along these axes: in particular, it is possible to subdivide
the displacement field of the receiving pad into three areas of influence,
each having one of the three symmetry axes of the pad as its bisector, and
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each area, in turn, can be subdivided into two sub-areas delimited by the
axes themselves. It was therefore possible to construct an empirical map
of the displacements of the receiving pad, shown in Fig.6.4, which allows
the position of the Rx pad to be recognized.

Figure 6.4.

Assuming a generic misalignment of the Rx pad with respect to the Tx
reference, excluding the possibility of rotation, the map can be used in this
way:

- By measuring the output currents from the receiving pad, the one with
the highest modulus indicates in which of the three possible macro-
zones of displacement the Rx pad is: each encompasses an angular
amplitude of % -m, and has as its bisector one of the axes of symmetry
of the geometric structure, on the side with the positive direction, in
Fig.6.4 indicated with a dotted line.

- Finally, the second current with a higher modulus defines the exact
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sextant in which the shift of Rx occurred, from among the two possible
for each macro area.

The main advantage of this system is that it is unambiguous: knowing
the three currents and their respective modules, althought it is not possible
to recognise the exact position in coordinates, we can identify the area in
which the pad Rx has positioned, by simply comparing the modules of the
currents.

6.1.2 Single-coil supply

In order to recognize the precise position of the Rx pad, the technique de-
vised is to feed the phases of the Tx pad individually, and alternately: in
this way I can individually analyze the effects of the magnetic coupling of
the fed phase with the three receiving coils.

To do this, a simplified circuit model of the system was prepared in PLECS
environment (Fig.6.5). Compared to the previously used model, for simpli-
fication the three rectifiers downstream of the Rx pad have been replaced
by simple phase resistors, the same for all three phases.

The six decoupled circuits of the system are individually compensated, con-
sidering the self-inductance found during numerical simulations in Matlab
(L = 6.728;1H) and the switching frequency set at 80kHz. Switches have
been provided in the Tx-side circuit, so that the phases are fed one at a
time. Simple discharge circuits are provided for the transmitter-side induc-
tors, to allow them to discharge once disconnected from the main circuit;
downstream of the Rx inductor system, simple resistive loads are provided.

The system, consisting of six electrically decoupled circuits, can be de-
scribed by the matrix of electrical equations shown above; the complete
system of equations must also take into account the contribution of the
resistance of the individual phases, the sum of the winding resistances, the
parasitic resistances of the capacitors and the load:
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Figure 6.5. Simplified Plecs model of WPT TPP system with indepen-

dent phases for alternating power supply
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(6.7)
(6.8)

Rph = Rcond + Rcoil + Rload

The switch control on Tx-side is designed to have three separate feeding
steps:

- Step 1: Only coil a on the Tx side is powered, with the Rx-side wind-
ings all connected to the main circuit. By doing this I will derive the

modulus of My,, Mp,, Mc, from the system:
68
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6.1 — Independent coil system

A A

|MAa| = 7ph . | AA| |MBa| — 7ph . | AB| ’MCQ| _ 7ph . | ,\Cl
“Wo o |L] wo  |La Wo |1,
(6.9)

- Step 2: Only coil b on the Tx side is powered, with the Rx-side wind-
ings all connected to the main circuit. By doing this I will derive the
modulus of My, Mgy, My from the system:

Ry, |1 Ry |1 Ry |1
M| = Do Hal B sl B ]
wWo |1y Wo |1l wo ||
(6.10)

- Step 3: Only coil ¢ on the Tx side is powered, with the Rx-side wind-
ings all connected to the main circuit. By doing this I will derive the
modulus of M., Mp., Mc. from the system:

Ry |1 R, I R
Mol = o Mal = B el B[]
Wo o |L] wo 1] wo |1

(6.11)

In the case where there is no rotation of the receiving pad, the number

of calculations to be performed can be reduced by calculating only one of
the homologous mutual inductance coefficients, as the other two will be
identical, for the reasons explained previously.
These analytical results are confirmed by the circuit simulations performed.
Fig.6.6 shows the trends of the currents on the Tx side (top) and Rx side
(bottom), with the steady-state operation of the charging system at the
end of the simulation.

Having found the moduli of the coupling coefficients, however, the signs
are still unknown. This means that it is not yet possible to determine the
exact position of the receiving pad, as the inductance matrix is not known
unambiguously.

Here again, we can make analytical considerations, generalising the formu-
las just used to calculate [M], returning to phasor notation:

R, Ig
Mpp = — 22 . 22 6.12
RT w I (6.12)
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Figure 6.6. Tx coils currents (top) and Rx (bottom) during 3-step test

Where subscript T identifies a coil of Tx, R an Rx one. Assuming
that the area of possible mismatch is limited, I can assume that the mu-
tual homologous inductances do not change significantly but always remain
positive. This means that, since the three receiver-side circuits are resistive-
inductive loads, the phasors of the currents on the Rx-side will lag behind
the V phasor of the voltage induced on the single coil, by a generic angle
¢ (Fig.6.7).

Since the system is perfectly compensated on both sides, the three induced
voltages on the Rx side differ only in the modulus but will have the same
phase. Consequently, I will have that:

- If the non-homologous phase currents are in phase with the homolo-
gous phase current, then their respective mutual inductances are pos-
itive;

- If the non-homologous phase currents are in phase opposition to the
homologous one, then their coupling coefficients are negative.

An idea to implement it could be to measure the modules of currents
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Figure 6.7. Phasor representation of homologous (I,, in red) and

-

non-homologous (I,,, in yellow) Rx-side currents in case of positive
or negative mutual coupling.

and at the same time also detect the presence of their peaks, verifying
whether the maximum and minimum values of the compared signals occur
at different times or at the same time; in any case, the implementation of
such a system is not taken into account for this thesis work, and could be
investigated in future works.

As an example, Fig.6.8 shows the current waveforms of the system in the
test case with pad Rx positioned at y = 10cm: at the bottom the waveforms
of the output currents on the Rx side, at the top that of the current of the
only active phase, I,. The receiving phase with the largest current is the
homologous one, while the other two are the non-homologous ones, and
both are in phase opposition respect to the first, due to the negative sign
of the coupling coefficients (Mp, = 1.49uH, My, = —216nH, Mg, =
—38nH).
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Figure 6.8. Detail of the Tx current of the active phase (coil b) and the
induced currents on the Rx side.

6.1.3 Practical issues

The system configuration just used, although it is optimal for mismatch de-
tection, appears to have limitations from a practical point of view: firstly,
such a solution requires the use of no less than three transmitter-side ac-
tive power converters, most likely Full Bridge Inverters, to enable the three
phases to be supplied separately, when it would be possible to supply the
system with a single three-phase Full Bridge Inverter. This implies higher
costs, but also presumably lower efficiency, as 12 power switches would be
used instead of 6 in the case of a three-phase power inverter.
Furthermore, the filter capacitors will be subjected to the same voltage of
the coils, which makes them bulky and difficult to be sourced.

6.2 Delta connected topology

The second circuit configuration considered in our study is the one used for
the reference WPT TPP prototype, developed in the PEIC laboratories at
the Politecnico di Torino. The circuit model proposed in Fig.6.9 reproduces
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6.2 — Delta connected topology

its main characteristics in detail.
It is powered by a DC voltage source to which the DC-link of the three-
phase inverter is connected and which powers the transmitter pad.

Figure 6.9. WPT circuit diagram with delta coil connection [4]

The inverter has the task of generating the three line voltages at the in-
put to the transmitter pad, using a six-step control with phase-shifted mod-
ulators, so that the three line voltages are perfectly balanced and phased

by 120°.
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Figure 6.10. Y C — AL circuit diagram

The compensation capacitors for the resonance are connected in a star
configuration, outside the coil triangle (Fig.6.11): in this way, they will
be subjected to approximately 70% less stress in terms of peak voltage,
compared to a connection in series to the windings and inside the triangle
[3]. For this reason, we can define the system as YC' — AL [2]. The only
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negative note of this connection is the necessary compensation capacity,
which is increased, as for Eq. 6.13 [4]:

3

Cph,ext = 3Cph = 5 I
wp + Liph

(6.13)
where wy is the switching frequency chosen for the system, which is
80k H z, while the term L, is the self-inductance of each individual coil.
The mutually coupled coil system was represented with 6 mutually coupled
inductors, with the coupling coefficients represented by the well-known ma-
trix [M]ez6-
At the output of the Rx pad, an undriven diode rectifier, a filter stage for
the rectified current, and finally a DC voltage generator as a simplified
battery model are cascaded.

6.2.1 System simulation

As mentioned before, this system topology has many advantages from a
practical and implementation point of view, especially compared to the
one previously considered.

At the same time, however, this configuration is more disadvantageous for
the detection of misalignment: it is not possible in this case to power one
coil at a time of the transmitter and thus driving the windings individually.
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Figure 6.11. Equivalent circuit model with line and phase currents
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6.2 — Delta connected topology

Fig.6.11 shows the connection diagram between coils and resonance ca-
pacitors on the Tx and Rx side in the system under consideration. The
system again can be described with the matrix equation 6, but the cur-
rents vector [f | indicates the currents flowing through the individual coils,
i.e. those within the triangle in both pads; the voltages applied to each
coil are precisely the line voltages applied by the three-phase inverter to
the transmitting system.

Since it is a three-phase system, the relationships linking the line currents
to those of the individual coils result:

lezja—"fc jL4:jA+jC
Ipo=1,—1, Is=1g—14 (6.14)
Iy=—1,— I Ing=—Ip—Ic

Furthermore, since it is a balanced three-phase system, the line currents
will have zero-sum at each instant of time, thus:

(6.15)

I+ I+ 1I5=0
Ipa+1Ips+116=0

The main problem with the delta connection can be deduced from the

relations just written: coil currents cannot be derived from line currents,
whereas it is possible to do the opposite; in practice, however, the only
currents that can be measured are those outside the pads.
The consequence of these two problems is that it will not be possible to
solve the system of electrical equations analytically as in the previous case.
In order to analyze the effects of misalignment on the system’s electrical
quantities, it was therefore decided to start with the analysis in the case of
a regular three-phase supply, and then to study an alternative supply case,
referred to as ‘opposing voltages’

6.2.2 Regular three-phase power supply

As is already known, it is not possible to analytically derive from the mag-
netic equations the values of the mutual inductances at a generic position
of the receiving pad with respect to the transmitter.

However, it is well known that the system under study has three symmetry
axes, and displacements along these straight lines can provide useful in-
formation on electrical quantities. It was therefore decided to analyze the
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trends of Tx and Rx line currents for displacements along these character-
istics.
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Figure 6.12. Simulated circuit, regular three-phase power supply

The system used in the simulation is depicted in Fig.6.14: the trans-

mitting pad, represented by three of the six mutually coupled inductors,
is powered by three separate single-phase generators which impose the set
voltage on each magnetic winding.
As in the real system, the compensation capacitors have been placed in a
Y C — AL configuration, although it is not influent for the simulation pur-
pose; on the Rx side, the system is connected to an uncontrolled three-phase
rectifier, with a purely resistive load downstream, preceded by a filtering
capacitor, in order to minimize the current ripple on the load. Tab.6.2
shows the main values used for the simulation.

Vi 20 V
f 80 kHz
L 6728 puH

Cres 3-588 pF

Reap 2 ms
Ofilt 300 ,uF
Rload 200 mS?

Table 6.2. Main parameters, delta connected system

In particular, the first six tests were all performed at a distance m =
10cm from the center of gravity of Tk, each at the six corresponding points
of the three lines of symmetry. Fig.6.14 shows the trends of the Rx-side line
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6.2 — Delta connected topology

currents for the chosen misalignment points: at the top the points along
the symmetry axis for coil b, in the middle those along the axis for c, at the
bottom those along 3. The graphs on the right are for the misalignment
points with positive ordinate, and those on the left are those with a negative
coordinate.
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Figure 6.13. Rx-side line currents for misalignments along symmetry
axes, regular three-phase supply
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What is noticeable is that for points belonging to the same axis of sym-
metry and in mirrored position, the course of the currents is identical; this
means that, in the case of misalignment of the receiving pad along these
axes, it is not possible to recognize the position unambiguously by know-
ing only the currents outgoing from the receiving pad, with the three-phase
regular supply. It is possible to determine the specific axis in which the
pad’s displacement occurred; however, this type of information is not deci-
sive from a practical point of view, since typical misalignment in a WPT
system occurs at generic positions in the ¥ — ¢/ plane, so it is necessary to
investigate the effects of misalignment at generic positions.

In this regard, several simulations have been carried out considering the
positioning of the center of gravity of Rx at generic points on the plane,
under the simplifying hypothesis of non-rotation of the receiver system; by
collecting the related data, an interesting behaviour of the system could be
outlined: also in this case, as for the system with independent phases, the
currents at the output of the receiver, in case of misalignment, are influ-
enced by the behavior in the closest symmetry axes.

In particular, the closer the pad’s stationary point is to one of the two de-
limiting symmetry axes, the closer the modules of the three output currents
will be to those experienced on the axis, on the point at equal distance from
the origin of the reference system.

In this case too, it was possible to represent a map (Fig.6.14), similar to
the one used previously for the system with independent phases, but with
different usage criteria.

The map in question can be used in the following way:

- The lowest measurable output current on the Rx side is the same
that can be experienced moving along the closest symmetry axis; the
proximity to one of the two axes delimiting the six areas is considered
in angular terms;

- The second lowest output current is the lowest that can be experienced
moving along the other symmetry axes delimiting the area.

By doing so, it is possible to divide the displacement area of Rx into 12
sub-areas, 2 for each "sextant” delimited by the axes.
This behavior was also verified for the currents entering the transmitter
pad, which were included in the map represented.

However, some problems remain open with this strategy:
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6.2 — Delta connected topology

il

Figure 6.14. Displacement map with Tx-Rx line currents, regular
three-phase power supply

- Possibility to recognise the precise positioning point

- Eliminating ambiguity between equivalent points

Setting aside the first problem, which is left to possible future investi-
gations, the second stems from the fact that, knowing any set of three line
Tx and Rx currents, there is no univocal area of possible displacement, but
two possible areas mirroring each other with respect to the origin of the
system’s reference axes. The correct stationing area of the receiving pad,
therefore, cannot be determined by the line currents of the system only.
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6.2.3 Opposing voltages supply

The main constraint to be observed when supplying a three-phase delta
load, as is well known, is that the sum of the line voltages at each instant
of time must be zero: this is because the KVL (Kirchhoff Voltage Law)
must be valid in the closed circuit bounded by the triangle of the three
interconnected coils.

The system can therefore only be powered by voltages whose phasors have
zero-sum. With the regular three-phase supply this is verified, but its
limitations in recognizing the relative mismatch between the pads are well
known. An alternative method can then be to supply the system with
‘opposing voltages’.

o~

=

Figure 6.15. Line voltages phasor representation: regular three-phase
supply (left) and opposing voltages supply (right)

The phasor diagram of this kind of power supply is depicted in Fig.6.15.
It requires that two of the concatenated input voltages are imposed with
the same modulus but in phase opposition: thus the two voltages have a
zero sum, and the third voltage is zero in turn.
The simulation schematic is shown in Fig.6.16 and is identical to that used
for the three-phase power supply, with the only difference being the voltage
generators used at the input; in the previous case, three voltage generators
were used with a phase offset of %71’; in this case, two input generators with
voltages of the same module and the same phase are used to reproduce the
proposed phasor scheme. The moduli of the voltages also remain unchanged
from the previous case.

Of the three possible combinations, we choose in simulation to make V.
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Figure 6.16. Simulation diagram, power supply with opposing voltages

null. In the case of perfect alignment between the two pads, imposing null
supply voltage to the coil means that no current will flow in it, and the
same thing happens to its homologous counterpart on the receiving pad.
This phenomenon can be explained by the electrical equations for the two
coils considered:

V. = —jwp - (McAfA + M.plp + MchC)

N . R . (6.16)
VC’ = ij : (MCaIa + MCb[b + MCCIC)
V., and Vi are both null, one because of the power supply hypothesis
made, the other because it is connected to a purely passive load; more-
over, all the cross-coupling coefficients are null in perfect alignment, so the
currents flowing through those branches are negligible; as a direct conse-
quence, among the line currents measurable both on the Tx and Rx side,
two of them will be identical in magnitude and phase, while the other will
be of the same magnitude but in phase opposition, as visible in Fig.6.17.
In the case of misalignment, the system behavior will be different: the
supply voltages applied to the two branches will always be null, but the
mutual coupling coefficients will be non-null. In the Rx-side coil, this will
cause an induced voltage, and a non-zero current will consequently flow
through it. In turn, the homologous coil on the Tx side will also be affected
by variable fluxes, which generate an induced voltage and current.
It can be interesting to analyze the trend of the current flowing into the
non-fed coil, in order to find the degree of misalignment of the system: for
this reason, it was decided to carry out simulations on the equivalent circuit
with this alternative supply. The analysis was carried out for displacements
along the axes of symmetry in the first instance, and then other generic
displacements were considered.
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Figure 6.17. Line currents and voltages on Tx (left) and Rx (right) side
of WPT system with delta connection

Misalignment along symmetry axes

The first tests performed are those along the symmetry axes of the system.
To perform the simulations along the axes, the circuit of Fig.6.16 was used,
with Va = —Vb and Vc null respectively.

The graphs in Fig.6.19 show the line currents on the transmitter and re-
ceiver side; note that only 2 of the 3 have been graphed, as the third is the
sum of them. In Fig.6.18, on the other hand, the currents of the non-fed
coils have been graphed.

As far as the line currents are concerned, it can be seen from the graphs

in Fig.6.19 that with respect to the position of perfect alignment, the neg-
ative and positive ordinate trends are perfectly mirror-imaged: this means
that as with the regular three-phase power supply, it is not possible to
distinguish between two mirror-image positioning points belonging to the
same axis.
For displacements along the symmetry axis passing through coil b, analyz-
ing the results it is possible to notice a system behavior quite similar to the
one in perfect alignment condition: the current of the two non-fed coils is
zero, while the two measured line currents have the same modulus. This
condition can be explained by the electrical equation for the excluded coil
on the Rx side:

0= jwo - (Mcalo + Moply) = Mealy = =My 1, (6.17)

The currents flowing in the other two coils are in phase opposition and
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Figure 6.18. I, and I trends for misalignments along the three
symimetry axes

with the same modulus, while the coupling coefficients My, and Mg, are
equal because the displacement occurs along the symmetry axis passing
through coil b.

In general, by choosing one of the three possible feeds with opposing volt-
ages, there will always be one of the axes of symmetry that will allow this
result, with two homologous coil currents being null. In Fig.6.20, a sim-
plified representation of the effects of changing the non-fed coil has been
shown: the axis along which a null current is measured corresponds to the
one passing through the excluded coil.

The tests of misalignment along ¢ show instead that it is possible to dis-
criminate between points of misalignment with positive ordinate and those
with a negative one: in the first case, the magnitude difference Al be-
tween the current on Tx-side coil and the one on Rx-side, is negative; in
the second case instead the AI is positive.
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Figure 6.19. Line currents on Tx and Rx-side for misalignments along
the three symmetry axes

Figure 6.20. Variation of the axis (in black) where null coil current is
experienced, changing the non-fed coil (in red)
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Knowing the currents of the homologous coils, in case of vertical mis-
alignment between the two pads of the system, it is possible to discriminate
between the two possible directions of misalignment.

The real difficulty, however, is to exploit the results just found in prac-
tice: as already mentioned in the introduction to the chapter, the currents
within the pads are in fact difficult to measure in practice, so a method
to recognize the position obtained by means of them is only theoretically
possible.

Since misalignment in the ¥ axis is generally considered to be the most
common, due to errors in a driver’s visual assessment, it is in any case
interesting to note that, knowing the modules of the line currents exiting
the Rx pad, it becomes simple to implement an 'on-line’ correction of the
incorrect position of the receiving system; in case of misalignment, in fact,
the two measured currents do not have the same modulus, while in the
aligned case they are identical, as can be seen in Fig.6.19.

Generic ¥ — ¢ misalignment

Given the results extrapolated from the previous tests, for misalignments
along symmetry axes, same tests were carried out for general misalign-
ments.

Since the purpose of this test is to find methods to recognize the exact area
of displacement of the Rx pad, between the two possible, circuit simulations
were carried out for misalignments along generic lines passing through the
origin of the reference system. As done for the previous cases, the trends
of the currents passing through the coils (inner currents) were analyzed.
Being outside the symmetry axes, it is possible to neglect the analysis of
line currents: they possess perfectly mirror-image trends with respect to
the origin, so they are not useful for the intended purpose.

Fig.6.21 shows the results of the analyses performed: the first chart relates
to displacements along y = x, the second one along y = —x, while the third
one analyzes the trends for displacements along the x-axis.

As can be seen, in the first case, the Al between the homologous currents
Tx-Rx has a different sign depending on whether the point has positive or
negative ordinate; in the second case, on the other hand, for displacements
with small positive ordinate, the Al remains negative, but then becomes
positive as the ordinate increases. In case of displacement along the 7 axis
instead, the A remains negative in both directions of displacement.
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Coil currents, y=x misalignment Coil currents, y=-x misalignment
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Figure 6.21. Non-fed coil currents for misalignments along y = z,
y=—-xzand y=20

Further tests have not allowed to found a general correlation for the iden-
tification of the excluded coil currents as the positioning changes. For this
reason, an even more detailed analysis of this phenomenon is left to future
researches.
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Using the magnetic model of the system presented in the first part of this
thesis, it was possible to analyze the effects that misalignments of various
kinds have on the magnetic and electrical points of view. Symmetries play
a key role, as they reduce the complexity of the coupling matrix, which
also has an effect on the electrical quantities of the system.

Only in the case of an independent supply of the 6 windings is it possible
to unambiguously find the reciprocal position between the two pads, mea-
suring only the output currents magnitudes and phases from the Rx pad.
In the case of delta connection, the coils are not electrically independent, so
an analytical solution to the problem is not possible; however, through the
tests performed, it was possible to elaborate a map, which for each triplet
of line current modules on the Rx side, is able to identify two possible areas
of the positioning of the Rx pad, which are mirrored with respect to the
axes at the origin.

The power method with opposing phases was therefore designed to uniquely
find a displacement area. Although no general solution was found, specific
solutions were found in the case of symmetrical misalignments, including
one for displacements along the ¢ axis. However, these results have limi-
tations from an application point of view, since the data required are the
coil currents and not the line ones, which are difficult to be measured.
These results showed that the delta connection, while optimal from an im-
plementation point of view, is not the most convenient for misalignment
recognition purposes. In fact, the real advantage of the independent phase
system is that the transmitting windings can be supplied independently
and their effects on the receiving windings can be studied by decoupling
the other Tx-side coils effects.

Possible future studies could focus on new feeding testing procedures so
that misalignment can be easily recognized, but also on laboratory exper-
imentation of the tests carried out in the simulations, in order to verify
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discrepancies from the simplified model considered, and to make possible
modifications.
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