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Abstract

It is possible to considerably decrease the fossil fuel consumption and reduce
the pollution created by the conventional vehicles by employing Electric Vehicles
(EVs) and wireless charging techniques. The EV wireless charging systems can be
divided into two categories based on the vehicle’s position during charging, namely,
Stationary Wireless Charging (SWC) and Dynamic Wireless Charging (DWC). DWC
has more advantages as compared to SWC, in terms of charging time and reducing
battery’s size. Despite of the fact that it provides more benefits, there are various issues
related to the passenger safety and the system’s efficiency due to the fact that the
vehicle is charged in motion. In addition, the issue of pulsations at the receiving coil
mounted on the vehicle presents a significant challenge. Hence, this thesis specifically
focuses on, discusses and analyzes the effect of distance between the adjacent
transmitting coils, shape of the coils and distance between the transmitting as well as
the receiving coils on the DWC system’s output. In this thesis, mathematical modeling
of a multi-channel DWC system is conducted, simulation and experimental studies
for different distances between the transmitting coils are performed, and the results
are discussed in detail. A possible solution to reduce the pulsations is provided and a
future work on the subject of DWC systems for EVs is discussed. Moreover, the issue
related to the electromagnetic safety of the system is considered and studied by means

of a simulating the magnetic flux density around the coils.
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Chapter 1 — Introduction

1.1 Background

Nowadays, dramatic degradation of the environment is the consequence of the
significant amount of pollution produced by conventional vehicles. Moreover,
intensive depletion of fossil fuels encourages international scientific and engineering
community to investigate an alternative for conventional vehicles with internal
combustion engines [1]-[5]. Therefore, different electric vehicles, namely Battery
Electric Vehicles (BEV), Hybrid Electric Vehicles (HEV), Fuel Cell Electric Vehicles
(FCEV) and Fuel Cell Hybrid Vehicles (FCHV), have been recommended to address
the problem [1], [6], [7], [59]. Despite the fact that the pollution problem has been
partially mitigated by these feasible solutions, hybrid vehicles are not widely used due
to their main disadvantages related to the battery, such as its large size and long
charging time [1], [8], [36]. In order to address these problems, a wireless charging
technique is recommended [50], [51]. Wireless charging technique or Wireless Power
Transfer (WPT) is a transmission of electrical power from a source to a load without
a physical connector [6]. It can be divided into two classes, namely static and dynamic
charging systems [9]. Both of the methods transfer power without employing charging
cords, which ensures safety, isolation of power and reliability [10], [11], [45]. The
main difference among them is that in case of the Static Wireless Charging (SWC)

the power is transferred via a transmitting and receiving coils, which are both
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stationary [46]. On the other hand, in case of Dynamic Wireless Charging (DWC) the
transmitter is stationary, while the receiver is in motion [1], [12]-[15]. The main
advantage of the Electric Vehicles (EVs) utilizing DWC, compared to those using
SWC technique is that their battery can be charged while in motion [58],[60]. This, in
turn, means that there is no idle time, and longer travelling distance can be achieved
[42], [43]. Moreover, people usually charge their EV overnight during off-peak
periods, which creates overloading of the network. Therefore, charging vehicles using
DWC system will prevent network overloading and voltage excursions due to
redistribution of load to different periods of time [62]. In addition, a smaller battery
can potentially be employed, due to the fact that the energy is available on the road
[16]. The method named inductive coupling is utilized to charge EVs under this
concept. It allows transferring electrical energy between the coils via an oscillating
magnetic field [17], [18], [33], [52]. Precisely, a primary or transmitting coil
positioned at some distance from and magnetically coupled to a secondary or
receiving coil can induce a certain voltage into it wirelessly [47]. Thus, the electric
vehicle equipped with such system can be charged in motion without any cables [19].
However, the main limitation of the dynamic wireless charging system is the
efficiency of the power transfer, which is significantly reduced by the fact that the
charging procedure happens in dynamic circumstances. In other words, a constant

lateral misalignment between the coils compromises the power transfer’s efficiency
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[1]-[3], [55]. This misalignment occurs due to the fact that as the EV moves along the
road, its receiving coil installed under the cabin is constantly changing position with
respect to the transmitting coils embedded into the road’s track [56]. This
phenomenon significantly degrades the quality of the received signal at the secondary
side. Precisely, the induced voltage is not ideally constant, but experiences significant
fluctuations in amplitude. This in turn affects the system’s efficiency and reduces the
battery’s lifetime. Other factors affecting efficiency include the material used to
manufacture the coils, which should not produce significant losses and should be able
to carry provided amount of current without deteriorating the overall system’s
performance. In addition, the shape of the coils plays considerable role in forming
their self and mutual inductances, which in turn has a direct effect on the efficiency
[20]. Moreover, relative position of the coils on the track is also important [48]. In
other words, large spacing between the coils reduces the quality of the output signal
at the secondary side. This, in turn, results in considerable pulsations of the signal at
the receiver [22]-[24], [54]. Pulsations are referred to as transient variations in the
signal’s amplitude followed by its return to the initial value and they have a significant
impact on the efficiency [25], [26]. This thesis investigates a way to eliminate the
pulsations by varying the distance between the transmitters [49]. Inadequate relative
position between the transmitting coils deteriorates the quality of the received signal.

In this thesis, the pulsations are estimated as the difference between the maximum and
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the minimum values, namely signal variation, which is then divided by the maximum
recorded amplitude to get the percentage of the signal’s reduction. At the same time,
however, the effect of the distance between the transmitter and the receiver as well as
the impact of the rectangular coils on the pulsations are considered [27]. Therefore,
one of the solutions to increase the efficiency and at the same time improve the
charging process of the DWC system is to decrease the distance between the adjacent

transmitting coils [21], [53].

1.2 Problem definition

The main and the most significant problem of the entire system of dynamic
wireless charging of electric vehicles is its low efficiency, which is caused by
pulsation of output power signal. Generally, pulsations are created due to dynamic
behavior of the system, in other words, when vehicle passes transmitters and gaps
between them, it faces fluctuations of output power signal in receiver side. These
pulsations considerably decrease overall efficiency of the system and can damage
battery. To solve this issue, it is necessary to make the output power signal more
constant and stable, which consequently means increase in efficiency. So, it is
Important to decrease the level of pulsations and overcome the problem with
efficiency by investigating different cases with shape of coils and distance between

coils.
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1.3 Objective
Thus, the main aim of the given thesis is to analyze the behavior of the DWC system
at different types of coils and distances between coils, compare simulation outputs

with the practical results retrieved from the laboratory setup.

1.4 Contribution

The personal contribution to this thesis:

e Investigation and simulation of mutual inductance on ANSYS Maxwell for
different cases.

e Study on mathematical model and simulation of entire Dynamic Wireless
Charging System of Electric Vehicles on Simulink.

e Investigation of behavior of magnetic flux density and its simulation on
ANSYS Maxwell.

e Simulation of several cases for reduction of output power pulsations.
Generally, different types of coils and different distances between coils were
examined on ANSYS Maxwell.

e Experimental results were obtained from the prototype of dynamic wireless

charging system and compared with simulation outputs.
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1.5 Thesis outline

Chapter 2 discusses different cases of mutual and self-inductances depending on
number of coils. In addition, this chapter compares the simulation and practical
results of mutual inductances obtained from ANSYS Maxwell and LCR-8105G
Precision LCR Meter respectively. Dynamic Wireless Charging System design, its
mathematical model and behavior of magnetic flux density are discussed in Chapter
3. Experimental results of the entire system are presented in Chapter 4. Retrieved
experimental results are discussed and compared with simulation outputs in Chapter
5. Finally, Chapter 6 provides conclusion of main points of the thesis and suggests

future work.
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Chapter 2 — Mutual Inductance
Measurement Technique

Chapter 2 presents the method used to estimate self- and mutual inductances of the
coils in different conditions as well as provides a comparison of the mutual
inductances obtained from the simulation results and their practical measurements

produced using LCR-8105G Precision LCR Meter.

In this thesis it is very important to analyze the self-inductance and mutual
inductance between coils because it has significant influence on efficiency of the
system and power transmission characteristics. In addition, since the system is
dynamic, the mutual inductance becomes variable and it is necessary to investigate

the factors affecting to the change of mutual inductance.

2.1 Determination of self- and mutual inductances

Figure 1 illustrates the winding model of the two coils (A and B) with an air-core.
According to [28], the self- and mutual inductances of the coils depend only on the

geometric parameters of the windings.
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Figure 2.1.1: Winding model of two coils with an air core

The term Mag in Figure 2.1.1 is the mutual inductance between the discs A and B,
M is the turn to turn mutual inductance between the turns 1 and 2. Considering
Figure 2.1.1, the inductance matrix of the disc A and mutual inductance matrix of the

discs A and B are obtained as:

Ll M 12 M 13 M 14 M 15 M 16 M 17 M 18

I—A= MZl L2 M23 M24 ,MAB_ I\/|25 M26 I\/|27 M28
M31 MSZ L3 M34 M35 M36 M37 M38 (211)

M 41 M 42 M 43 I_4 M 45 M 46 M 47 M 48

where L; is the turn’s inductance.

The total self-inductance of the disc A, Laisc IS found via the integration of all the

mutual and self-inductances of each turn. Thus,

LA-disc = L1+L2+|~3+L4+2 M12+M13+M23 (2.1.2)
+MM+MM+MM
MA-disc =2(M12+M13+M23+M14+M24+M34) (2.1.3)
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Equations (2.1.2), (2.1.3) can be extended for different number of turns and
discs [21].

2.2 Case of one transmitter and one receiver

It is important to understand the methodology employed to estimate the mutual
inductance in different systems. In order to determine its value, it is critical to estimate
the self-inductance of the coils. Figure 2.2.1 demonstrates two mutually coupled coils,
which are connected in series and have their self-inductances denoted as L; and Lo.
The inductors are connected in such a way that their magnetic fields are oriented in

the same direction. Hence, the voltages across the inductors can be obtained as:

V=V, 4V, +V,+V,, (2.2.1)
where Vm1 and V2 are the voltages created by the mutual inductance M between
the coils, while L; and L, induce the voltages Vi and Vs, respectively. Taking into
account the fact that the magnetic fields of the coils are in the same direction, all of
the voltages are positive terms. In addition, Vm 1 and Vw2 should be equal due to the
identical dimensions of the coils. Applying Lenz’s law, the voltage, V induced into

the system becomes:

dldl . dl o dl (2.2.2)

dl
V=-_ —-M—-L —-M—=-(L +L, +2M)—
dt o dt Cdt dt L+l )dt

According to (2.2.2), the self-inductance of the system, L is then obtained as:
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L=L, +L, +2M (2.2.3)

Solving (2.2.3) in terms of M, would result in:

M=(L-(L, +L,))/2 (2.2.4)
Also, the mutual inductance can be determined if the inductors have the magnetic

fields of the opposing direction.

e

2

Figure 2.2.2: Series connected coils with the opposing magnetic field direction

According to Figure 2.2.2, the voltage, V, induced into the system can be found as:

V=V, -V, +V, -V, = (2.2.5)
di dl dl dl

dl
L —+M—-L —+M—=-(L +L, -2M)—
let dt ° dt dt Lk )dt
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From (2.2.5), the self-inductance, L of the system with the opposing magnetic fields

becomes:

L=L, +L, -2M (2.2.6)

Then, the mutual inductance is obtained as:

M=(( +L,)-L)/2 (2.2.7)

2.3 Case with several transmitters and one receiver

In case of DWC systems for EVs, several transmitting coils interact with the
receiving one. Thus, Figure 2.3.1 depicts the case of four transmitters and one
receiver. From Figure 2.3.1, it is clearly observed that there are four mutual

inductances formed in such configuration, i.e. Mis, Mas, Mss, Mas.

Figure 2.3.1: System with four transmitters and one receiver
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Therefore, the voltage induced into the receiver, Vi, can be obtained as:

dl, di
Vind :'Ls dt '(M15+M25+M35+M45)E

(2.3.1)

As it can be noted from (2.3.1), Ving Is formed by the self-induced electromotive
force and the mutual coupling between the transmitters and the receiver. Therefore,
the total mutual inductance in the system with multiple transmitters would be
determined by the summation of the individual mutual inductances between the coils

[20], [21].

2.4 Simulation and experimental result of the mutual inductance estimation

for one transmitter and one receiver

The dimensions provided in Table 2.4.1, are utilized in modeling, simulation and

experimental analysis.

Table 2.4.1: Transmitting and receiving coils parameters

Parameter Transmitting and receiving coils
Number of turns 18
Inner diameter 140 mm
Conductor diameter 4 mm
Interturn spacing 3 mm
Outer diameter 400 mm

21



The distance between the transmitting and the receiving coils was taken to be equal
to 6 cm and the coils were excited by a 6 A current source. The circular planar coils
were manufactured using copper wires with circular cross section. Their self-
Iinductances were estimated to be 86.8 puH at the design stage. Figure 2.4.1 illustrates

isometric and top views of the simulated coils.

() (b)
Figure 2.4.1: Simulated coils in perfect alignment: (a) isometric view, (b) top view
For the experimental results, the distance between the transmitting and the receiving
coils remained equal to 6 cm, and the parameters of the fabricated coils were taken to
be as presented in Table 2.4.1. Experimental self-inductances for the transmitting and
the receiving coils were measured to be 93.3 uH and 90.8 pH, respectively. A possible
reason for higher values in experimental results compared to the simulation output can
be extra wirings and conductors, which were used to connect the circuit. The variable
mutual inductance was obtained by considering different positions of the receiver with

respect to the transmitters. Precisely, the former was moved, strictly parallel to the
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latter, along 11 positions, which correspond to -50 cm, -40 cm, -30 cm, -20 cm, -10
cm, 0 cm, 10 cm, 20 cm, 30 cm, 40 cm, and 50 cm between the centers of the
transmitter and the receiver, respectively. In other words, this means that the receiving
coil moves above the transmitting coil’s center for 100 cm along the x-axis. Table
2.4.2 and Figure 2.4.2 demonstrate the simulation and experimental results of this

movement.

Table 2.4.2: Simulation and experiment results of mutual inductance for different receiver

positions
Simulated . Simulated Experimental
Position Mutual Experimental Position Mutual Mutual

# inductance in dux;r:ggl(pH) # inductance inductance

(LH) (kH) (1H)
1 -1.11 -1.32 7 27.9 29.7
2 -2.23 -2.69 8 6.63 6.33
3 -2.64 -3.04 9 -2.63 -3.77
4 6.62 475 10 -2.21 -3.18
5 27.9 28.3 11 -1.12 -2.20
6 41.1 40.4

E ——Simulation

=2 )

> —— Experiment

2

E

3

=}

=

=

=

5

S5 10 Nyp———"5

-10

Distance (cm)

Figure 2.4.2: Comparison of experimental and simulated mutual inductances for different
positions of receiving coil
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According to Figure 2.4.2, it is clearly observed that the experimental and
simulation results are in a desirable agreement. In both cases, as the receiving coil
moves away from the perfect alignment position, the mutual inductance of the system

decreases significantly.

2.5 Simulation of mutual inductance for one receiver and several

transmitters

A 3D simulation for the case of one receiver and several transmitters is presented
in Figure 2.5.1. It should be stated that the radius of the simulated coils was taken to
be 20 cm. The mutual inductance of the system is directly related to the overall power
transfer’s efficiency. Thus, in order to analyze the behavior of the system’s mutual
inductance, the distances between the transmitters’ sides were taken to be 10 cm and
0 cm. Moreover, the mutual inductance variation at 10 cm overlap was also examined.
From Figure 2.5.2, it can be observed that the minimum mutual inductance between
the transmitter and the receiver occurs when the former passes the gap between the
latter. In addition, due to this gap the overall behavior of the system’s mutual

inductance (red line) demonstrates severe fluctuations.
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(a) (b)

Figure 2.5.1. Simulation of a multi transmitter system for 0 cm gap between them: (a) top
view, (b) 3D view

Mutual Inductance between
first transmitter and receiver

== == Mutual Inductance between
second transmitter and
receiver

= == Mutual Inductance between
third transmitter and receiver

(nH)

= = Mutual Inductance between
fourth transmitter and receiver

Mutual Inductance

b
=

\_\J 1;“ — .\_/‘3'0 ~ /.};'e’ —_ ’}.:4&' — 1\60’_,-'— Total mutual inductance

Distance (¢m)

Figure 2.5.2: Mutual inductance between transmitting and receiving coils for a 10 cm gap
between transmitters

If the gap between the transmitters is decreased, the mutual inductance at the times
when the receiver crosses it, tends to increase and stabilize. Precisely, in case of 0 cm
gap and 10 cm overlap between the transmitters depicted in Figure 2.5.3 and Figure
2.5.4, respectively, the mutual inductance of the system experiences less drastic drops

as compared to the results in Figure 2.5.2.
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Figure 2.5.3: Mutual inductance between transmitting and receiving coils for a 0 cm gap
between transmitters
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Figure 2.5.4: Mutual inductance between transmitting and receiving coils for a 10 cm overlap
between transmitters

In addition, it can also be observed that the system's mutual inductance is higher at
the first and the last coils. This happens due to the fact that there is no opposing
magnetic flux created by the neighboring transmitting coil, since when the receiver
passes the first or the last coil only one transmitter is active. The simulation has shown

that the smaller the distance between the transmitters, the higher the mutual
26



inductance between the coils is obtained. By applying this knowledge, the problem
with the power pulsations of the system can be mitigated. However, it is projected that

the case when transmitting coils overlap each other may be unfeasible.
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Chapter 3 — EV Dynamic Wireless
Charging System Model

Chapter 3 concentrates on a DWC system’s design, mathematical modeling and
demonstrates the emulation results. The electromagnetic flux density, which is one of
the indicators of the WPT system’s safety, is also simulated and discussed in this

section.

Generally, this chapter focuses on entire system of Dynamic Wireless Charging
with all of the components, which is explained in detail. Furthermore, the simulation
results of mutual inductance as well as output voltage and power for different cases
such as: several distances between transmitter and receiver, rectangular and circular
coil shapes have been shown in this chapter. The idea of simulations was to compare

factors which influence the output voltage and power the most.

3.1 Description of dynamic wireless charging system’s layout

The DWC system’s model, illustrated in Figure 3.1.1, consists of an inverter,

compensation circuits, one receiving coil, four transmitting coils and switches.

Inverter converts the input DC voltage to the AC signal. The benefit of using AC
signal is higher efficiency in coupling, otherwise, for DC signal there is no voltage

induced on receiver side [34], [61].
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Switches are employed to minimize losses and therefore increase the efficiency

by turning on and off the transmitters when it is required [38], [41].

Compensation circuit is utilized to filter undesired noises from the input signal
and tune it to a resonant frequency [32], [35]. In addition, the compensation circuit
decreases the reactive power in the circuit model, which significantly increases the

efficiency [40].

Transmitting coils installed into the road’s surface generate the magnetic field

and radiate it for the receiver to pick up [39].

Receiving coil is magnetically coupled to the transmitting ones and receives the

energy from them using WPT [37].

The modeled system works at 20 kHz with the 18 V DC source used as an input.
Other circuit’s parameters are shown in Table 3.1.1. It should be highlighted that the
values for inductors Li1, L2, L33, Laga and capacitors Ciz, C22, C32 and Cy; are selected
In such a way that ensures a perfect resonant condition at 20 kHz [44], [57]. This in
turn allows to achieve higher efficiency by cancelling reactance of the power
electronic components. In addition, resistances such as Ri, Rz, R3, Ra, Ri1, Ro1, Ray,
Ra1, Ri2, R22, Rs2, Rsz and capacitances such as Ci, Cy, Cs, C4, Cs are specific
parameters of used wire. In other words, the values were taken after measuring wire
parameters with LCR meter and implemented in simulation.
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Table 3.1.1: Circuit parameter values

Parameter Value
L1, Lo, Ls, Ly, Ls 90 pH
R1, Rz, R3, Ra, 250 mQ
Cy, Co, C3, C4, Cs 690 nF
L1, Log, La1, Laa 13 uH
Ri2, R22, R32, Raz 15 mQ
Ci2, Ca2, Cs2, Ca2 6 uF
Ri1, R21, Rs1, Ra1 40 mQ
RL 15Q

3.2 Mathematical model

In order to model the behavior of the system, mesh current analysis was applied
to the circuit illustrated in Figure 3.1.1. The following matrix describes the system

in terms of impedances Z, currents, | and voltages, U:

Z, Z, 0 0 Z, Z, 0 0 L) (0
ZZl ZZZ Z23 0 Z25 0 ZZ7 0 I2 0
O ZSZ Z33 Z34 ZSS O 0 Z38 O |3 0
0 0 Zy Zy Zg 0 0 0 Zg|ll,| |0
Ly Ly Ly Ly L 00 0 0l |=]0
Z, 0 0 0 0 2z, 0 0 0 |1,] |u, 32.1)
0z, 0 0 0 0 Z, 0 0|1,| |u,
0 0 Z, 0 0 0 0 Zg 0 |1,] |U,
0 0z, 0 0 0 0 Zg\l,) U,
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where Iy, I2, I3, 14 are the transmitting coils’ currents, Is is the receiving coil’s current,
l11, I21, ls1, la1 are the resonators’ input currents, and U1, Uzi, Usi, Uar are the
resonators’ input voltages. Equations (3.2.2-3.2.19) estimate the impedances used in

(3.2.1).

Z,=R +R,+ jwL +1/(GwC,)+1/(GwC,) (322
Z,,=R,+R,, + jwL, +1/(wC, )+1/(jwC,,) (3.2.3)
Z,=R,+R,, + jwL, +1/(jwC,)+1/(wC,,) (3.24)
Z,,=R,+R,+jwL,+1/(wC, )+1/(jwC,,) (3.25)
Z,. =R +R + jwL +1/(wC,) (3.2.6)
Zes=R,+R,+ jwL,+1/(jwC,)+1/(jwC,) (3.2.7)
Z,=R,+R,+jwL,, +1/(jwC, )+1/(wC,,) (3.2.8)
Ze =R, +R, +jwL,, +1/(GwC,, )+1/(jwC,,) (329)
Z,=R,+R,+jwL, +1/(GwC, )+1/(GwC,,) (3.2.10)

Z,=2,, = jWM; (3.2.11)

Z,, =2, = JWM,; (3.2.12)
Z,=2Z,=JjwM,, (3.2.13)
Z.=2Z,=-WM;;Z,.=2Z,=-WM,; (3.2.14)
Lo =2y =-WMy;Z, =2, =-WM,; (3.2.15)
Zis=2Zy=-(R,+1/(wC,)); (3.2.16)
Z,,=2,=-(R,+1/({wC,,)); (3.2.17)
Ly =2Zg =-(Ry, +1/(wWCy;,)); (3.2.18)
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Z49 = Z94 = '(R42 +1/ (jWC42 )) (3'2'19)

3.3 Simulation of dynamic wireless charging system

Figure 3.3.1 depicts a circuit used in the simulation. The system was built in
MATLAB Simulink. As it can be observed, the mutual coupling between the coils
of the system was modeled by means of controlled voltage sources. Each of the
transmitting coils has a mutual coupling with the neighboring transmitter as well as
with the receiver [30]. The first transmitting coil is coupled with the receiving one
via a variable mutual inductance, Mis. At the same time, its wireless connection to
the second transmitting coil is described by a mutual inductance term, Mi. In case
of the second transmitter, apart from being coupled with the first transmitting coil
and the receiver via the mutual inductances My and M1, respectively, it is also
connected to the third transmitter via a mutual inductance term, Ma,s. The system was
simulated at 20kH with 18 V DC source as input. Also, for compensation circuit was
taken LCC circuitry due to its higher efficiency and better power characteristics.
Generally, values for inductors Lii, L2, Lss, Lag and capacitors Cia, Caz, Ca2, Cap are
chosen to resonate at 20kHz. Selecting proper values is important because it helps
to cut out unnecessary frequencies from inverter and increases the fundamental
frequency. Additionally, by choosing proper values for components the reactive

power flowing in the system can be significantly decreased. In addition, there are
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some specific resistance and capacitance values of wire which were measured using

LCR meter and mentioned in Section 3.1. All of the component values are shown on

Table 3.1.1.
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Figure 3.3.1: Mutual coupling of the system simulated in Simulink
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3.4 Simulation results of dynamic wireless charging system

In this simulation, three cases for adjacent transmitting coils’ distances were
considered. The transmitters were situated with 10 cm and 0 cm gaps as well as
placed with a 10 cm overlap between each other. From Figures 3.4.1-3.4.3 the
behavior of the receiver’s voltage can be clearly observed. One can conclude that
the recorded pulsations can be decreased by reducing the distances between the

transmitting coils.

In fact, since the receiver’s load is represented by a resistance, the power
received at the secondary side of the system is directly proportional to the voltage.
This, in turn, means, that such plunges in the voltage’s amplitude at the receiver, will
lead to significant power amplitude’s variations as well as to losses. Consequently,
the overall efficiency of the system can potentially be increased by means of

compensating the discussed pulsations.

In order to assess the level of the output signal’s pulsations at different
distances between the transmitters, the method proposed in Section | is employed. It
implies that the difference between the maximum and the minimum points retrieved
from the Figures 3.4.1-3.4.3 is divided by the peak value. Thus, from Figure 3.4.1
(b) representing the case of 10 cm distance between the transmitters, the pulsation

percentage is equal to (70-23)/70=0.672, which corresponds to 67.2%; from Figure
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3.4.2 (b) representing the case of 0 cm gap the percentage is given as (65-
29)/65=0.554 which accounts for 55.4%; from Figure 3.4.3 (b) representing the case
of 10 cm overlap, the pulsation percentage is calculated as (72-58)/72=0.194 which
amounts in 19.4%. Hence, the method of placing transmitting coils close to each
other considerably decreases the pulsations and makes the output voltage and power
signals smoother. Additionally, the system was simulated with one and four

transmitting coils to investigate the behavior of the magnetic flux density.

In fact, the magnetic flux has a direct influence onto the excitation of the
receiving coil and the power transfer. Therefore, it is important to consider the
performance of the system in terms of magnetic flux density. From Figure 3.4.4, it
can be seen that the solid red lines at the bottom of the graph represent the
transmitting coils’ positions. The receiving coil moves over them, and its magnetic
flux density is recorded. Generally, the behavior of the magnetic flux density is

similar to the one of the mutual inductances in Figures 2.4.2 and 2.5.2,
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Figure 3.4.1: Output Voltage (a) and Output Power (b) of the system with 10 cm gap between
transmitting coils
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Figure 3.4.2: Output Voltage (a) and Output Power (b) of the system with 0 cm gap between
transmitting coils

38



Output Voltage (V)
mw = a8 & g8 O

=]

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
Time (s)

Output Power (W)
=t -2 L#%] Lo n [=a] = | =]
= = = = = (=] = = =

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16
Time (s)

(b)

Figure 3.4.3: Output Voltage (a) and Output Power (b) of the system with 10 cm overlap
between transmitting coils
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The only difference which can be highlighted is the small oscillations at the
peak of each pulsation. In Figure 3.4.4 (a), the small decrease in magnetic flux
happened due to the nature of the flux lines. Precisely, they are created by the excited
coil and tend to curve to the right or left, depending on the direction of the current.
Thus, at the point of perfect alignment between any transmitter and the receiver the
magnetic flux density reduces due to the geometry of the flux lines. One of the
possible reasons for the drop at the first pulsation and increase at the last one in
Figure 3.4.4 (b) can be switching between the coils. It implies that when only one
coil is activated, it has higher magnetic flux density because there is no opposing
flux created by another coil. This pattern does not occur at the second and third
pulsations due to the fact that while passing that region, at least two coils remain
activated at the same time. Thus, the magnetic flux density’s magnitude at the second

and the third pulsations in Figure 3.4.4 (b) is less than at the first and the last ones.

The system was also modelled in a simulator to identify a safe distance from
the coils at which the magnetic flux will be tolerable to a human body. The coils
were placed in a box with the parameters of 50 cm, 170 cm and 20 ¢cm in x-, y-, and
z-axis respectively. According to the International Commission on Non-lonizing
Radiation Protection (ICNIRP) [22], the allowable magnetic flux for the frequency

range 3 kHz-10 MHz is 27 uT at the distances of maximum 20 cm.
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Figure 3.4.5: Transmitting and receiving coils’ magnetic flux visualization and assessment

In other words, if the magnetic flux exceeds 27 uT at the distances greater
than 20 cm from its source, it is considered harmful for a human health. From Figure
3.4.5, it is clearly seen that the value of the magnetic flux produced by the given

DWC system for EV is less than 27 uT even at 20 cm distance from the excited coils.

Alternatively, there are two other methods to decrease the output power
pulsations, namely changing the distance between the transmitting and the receiving

coils as well as selecting a different coils’ shape.

As it was mentioned in Chapter I, the distance between the transmitter and
the receiver was chosen to be 6 cm. In addition, the system has been simulated at the

distances of 1 cmand 11 cm in order to assess the feasibility of the first approach.

According to Figure 3.4.6, as it was expected the high level of mutual

inductance was reached when the coils were positioned close to each other.
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Moreover, Figures 3.4.7-3.4.8 show that positioning transmitting and receiving coils
closer increases the output voltage and power. In order to estimate the output power
pulsation’s level mathematically, the difference between the maximum and the
minimum points on the pulsations’ plot are divided by the amplitude. Thus, from
Figure 3.4.8, it can be observed that at the distance of 11 cm the percentage of
pulsation is equal to (48-14)/48=0.708, which corresponds to 70.8%. Moreover, at
the distance of 6 cm the percentage can be calculated as (70-23)/70=0.671 which
results in 67.1%. Finally, for the distance of 1 cm the percentage is estimated as
(120-41)/120=0.658, which amounts in 65.8%. Thus, one can conclude that the
percentage of the pulsations reduces as the transmitting and the receiving coils
become closer. However, the improvement is not as significant as it was expected.
In fact, the pulsations reduce by 5%, due to the 10 cm reduction of the distance
between the receiver and the transmitter. In practical terms this means decreasing
the clearance of the EV, which will complicate their utilization by the end users.
Precisely, the vehicle with a 1 cm clearance will be very problematic to employ at

the regular roads.
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The second method aiming to reduce the pulsations at the receiver side implies
replacing the circular shaped coils employed in the given system with the rectangular
ones. According to Figure 3.4.9, the mutual inductance of the rectangular coils is
less in terms of the maximum achieved magnitude compared to the circular ones.
However, the pulsations are notably reduced for the rectangular coils. Figures
3.4.10-3.4.11 illustrate the output voltage and power, respectively. So, it can be said
that the output voltage and power of rectangular coils are less in magnitude
compared to circular coils. In terms of pulsations, the method to estimate the
pulsations’ percentage is also applied in this case in order to quantify the difference
in the coils’ performance. Hence, from Figure 3.4.11 for the circular coils the output

power pulsations’ percentage is calculated as (70-23)/70=0.671, which corresponds

45



to 67.1%. On the other hand, for the rectangular coils, it can be estimated as (37-

19)/37=0.487, which amounts in 48.7%.
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Thus, one can easily conclude that the pulsations’ percentage is less for the
rectangular coils. However, despite of the fact that they show better performance in
terms of pulsation, the transmitted power for them is significantly less compared to
the circular coils. Precisely, the maximum power values are 37 W and 70 W,
respectively. It means that the rectangular coils provide more stable output power

than the circular ones, but the level of that power is considerably less.
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Chapter 4 — Experiment Results

The experimental setup along with the practical results obtained is presented in this

chapter.

The DWC system presented in this thesis was fabricated with all the components

and in accordance with the parameters as well as dimensions presented in Chapter 3.

Receiver Coil

with compensation circuit s
and load

Figure 4.1: Experimental Setup of DWC EV

There are four identical transmitting coils and one receiving coil, which is located
on a portable vehicle made of Plexiglas. The practical setup equipped with high

definition Teledyne oscilloscope is illustrated in Figure 4.1. Figures 4.2-4.4 illustrate
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the output voltage and output power which were obtained by experimental setup in

laboratory conditions.
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Figure 4.2: Output Voltage (a) and Output Power (b) of the system with 10 cm gap between
the transmitting coils
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Figure 4.3: Output Voltage (a) and Output Power (b) of the system with 0 cm gap between
transmitting coils
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Chapter 5 — Discussion on Practical
Results

The simulated and experimental results are discussed in Chapter 5. Mainly, this
chapter discusses the level of pulsation in each of the results and compares it with

simulation outputs.

In this section of the thesis the simulation and experimental results of the system,
namely the output voltage and power, depicted in Figures 3.4.1-3.4.3 and Figures
4.2-4.4, respectively, for different distances between the transmitters are compared.
As it was mentioned in Chapter 3 the load is purely resistive meaning that the current
is directly proportional to the voltage, therefore the results for the output current
were neglected and only the measurements of the voltage were collected. According
to Figures 3.4.1-3.4.3 and Figures 4.2-4.4, the pulsation reduction occurs with the
decrease in the gap between the transmitting coils, as it was expected. Moreover, it
should be highlighted that the behavior of the voltage is similar to the one

demonstrated by the mutual inductance in Figures 2.5.2-2.5.4.

In addition, considering the behavior of the voltage, the maximum value was
achieved when the transmitting and the receiving coils were in perfect alignment

with one another. Furthermore, the range of the voltage and the power values in
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simulation was the same as in the practical measurements, which means that the

results are in desirable agreement.

From Figure 4.2 (b) a 10 cm gap between the transmitting coils has shown (72-
0)/72=1, which is 100% of the pulsations’ percentage. This, in turn, means that, it
reduced from its maximum to OW. According to Figure 4.3 (b), the power pulsations’
percentage for the case of 0 cm distance is calculated as (72-14)/72=0.806 and
corresponds to 80.6% pulsations. In case of the 10 cm overlap between the
transmitters, from Figure 4.4. (b) one can calculate the pulsations’ percentage as (70-
35)/70=0.5 which amounts in 50%. These estimations prove that as the distance
between the transmitting coils decrease, the pulsations’ percentage of output power

reduces, and the system becomes more stable.

Despite of the fact that the theoretical and practical results are similar, some minor
discrepancies can be observed. The most visible one implies that the experimental
results are not as smooth as compared to the simulation outcomes. In other words,
there are some additional harmonics in the retrieved waveform. Since the experiment
was performed in the laboratory conditions, speed of the portable vehicle was not
uniform. Therefore, one of the possible reasons for such oscillations can be a
deviating speed of the vehicle. In addition, from the experimental results, the voltage
iIs rapidly decreasing and the experimental values of the voltage at the points when

the receiver passes the gaps between the transmitters are less compared to the
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simulation results. This can be explained by the internal resistance of the capacitors,

which influences the time constant and result in fast decline.

Moreover, the behavior of the voltage waveform is the same as the one produced
by the mutual inductance. Figures 2.5.2-2.5.4, demonstrate that the outer coils’
mutual inductances are higher than those of the inner ones. The possible reason for
this observation can be an opposing magnetic flux created once the adjacent
transmitting coils are turned on. This consequently leads to the reduction of the

mutual inductance and its relation to the voltage discussed in Chapter 2.

It can be also stated that the power output graphs for the simulation and the
practical results demonstrate a desirable agreement except for the regions where the
gaps occur. In case of these regions, the experimental results start to sharply
decrease, whereas the simulations’ output declines less steeply. A possible technical
reason for this can be internal resistances of the components, which were not

considered in the simulation.

Thus, the pulsations at the receiver side of the DWC system for EV can be
improved by means of reducing the distance between the transmitting coils.
However, bringing them closer together may not become economically attractive as
the number of the coils per one meter of the road will become high at the same time

increasing the material intensity of the system and its price. Hence, a combination
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of adjusting the distance between the transmitters and changing the shape of the coils
may be recommended. It should be also highlighted, however, that the rectangular
coils have a worse performance in DWC applications as compared to the circular

coils, which are very effective in terms of mutual coupling.
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Chapter 6 — Conclusion and Future
work

6.1 Conclusion

The main aim of this thesis is to analyze and discuss the effect of the distance
between the adjacent circular transmitting coils, their shape and the distance between
the transmitting and the receiving coils on the output power pulsations in Dynamic
Wireless Charging system for Electric Vehicles. These pulsations are undesirable due
to their destructive effect on the total system’s efficiency. In this thesis, an estimation
of the mutual inductance for different cases, such as one transmitter and one receiver
as well as four transmitters and one receiver, rectangular and circular coils were
discussed. Furthermore, the mutual inductances for different distances between the
transmitters were investigated. In both cases experimental and simulation results were
obtained and they revealed a decent agreement. In addition, an analytical model of the
dynamic wireless charging was discussed. The voltage and the power values for
different distances between the transmitting coils were retrieved. Moreover, an
experimental setup was created and explained in detail. It was also practically and
mathematically proven that the output power and voltage pulsations decline when the
distance between the transmitters decrease. It is worth noting that the mutual
inductance between the coils plays a significant role in mitigating the problem with

output power pulsations. In other words, by decreasing the mutual inductance’s
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fluctuations, the power pulsations can be improved. Despite of the fact that
experimental and simulation’s results were in reasonable agreement, the voltage and
power waveforms in experimental results experienced significant oscillations. This
thesis demonstrated that the reduction of the gap between the transmitting coils can
significantly decrease the pulsations of the voltage and improve the power waveforms.
However, bringing the transmitting coils closer together may not be feasible.
Therefore, alternative solutions such as rectangular coils and different distance
between the transmitting and the receiving coils were suggested and investigated. As
a result of the experiments, it was recommended to employ a combination of different
techniques to improve efficiency, such as utilizing rectangular coils and adjusting
distances between the transmitters. Moreover, this thesis discussed the effect of the
magnetic flux of the simulated coils on a human body and it was shown that the
magnetic flux of the proposed dynamic wireless charging system is in the permitted

range.

6.2 Future work

The future work on the topic include developing a more comprehensive circuit of
the dynamic wireless charging system which will incorporate more efficient rectifiers
and other types of compensation circuits. In addition, different types of cores for the
coils can be considered to improve the efficiency of the system. Furthermore, the

system should be tested with battery to monitor the behavior of the energy storage
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system. Moreover, combination of supercapacitor with battery will significantly

improve charging speed of the electric vehicle.
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Figure A.1: Detailed schematic of DWC System
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