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ABSTRACT

Wireless battery charging technology has the potential to enhance the ease and
sustainability of electric vehicles (EVs) by eliminating the requirement for physical
connection to charge. This study presents a new wireless battery charger specifically
built for electric vehicle (EV) applications. The charger obtains electricity from the
AC grid to perform power factor correction and enable wireless charging. The charger
utilizes a complex procedure to convert alternating current (AC) to direct current (DC),
then transforms it back to high-frequency AC for wireless power transfer, and lastly
rectifies it back to DC. This ensures the charging process is stable and efficient. An
Active Front Rectifier is a key component of its operation. It utilizes the three-phase
synchronous reference frame theory to effectively maintain voltage stability. This
design enables the charger to operate autonomously without a local controller on the
vehicle, seamlessly integrating into current infrastructures and improving
convenience. The fundamental principle of wireless charging is the utilization of
Inductive Power Transfer (IPT) technology, which efficiently transfers power by
means of magnetic connection between the charger and the car. Nevertheless, the
system's efficiency can be affected by issues such as misalignment of magnetic
couplers, which can lead to swings in output power and mutual inductance. In order
to tackle these difficulties, scientists have investigated several configurations that have
a higher tolerance for misalignment. This has been achieved by making adjustments
to the magnetic couplers, compensation networks, and control methods. Each of these
alterations has its own benefits, which rely on criteria like as reliability, efficiency, and
cost. The research has made major contributions to the area by demonstrating the
potential of wireless charging technology to improve the experience of charging
electric vehicles. This technology offers increased adaptability, reliability, and

efficiency.
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Chapter 1

INTRODUCTION

1.1. Background

An outline of WPT systems, their uses, and their accomplishments are presented
in this chapter. Additionally, this thesis highlights its objectives, scope, and
contributions.

1.1.1. Introduction to Wireless power Transfer

Over a century ago, Nikola Tesla showcased the initial instance of wireless power
transmission (WPT) by utilizing electrostatic induction [1]. Progress and
developments were limited during that period due to the prevailing technical limits
of semiconductor technology. The development of sophisticated semiconductor
and winding technology has led to a recent increase in interest in WPT. As shown
in Fig. 1.1, a wireless power transfer (WPT) device has two main parts: a
transmitting (Tx) unit and a receiving (Rx) unit. The power source for direct
current (DC) or alternating current (AC) is connected to the power electronic
converter on the sending side. Because of this, the high-frequency AC current is
produced. In order to make the Tx coil magnetic, high frequency alternating current
is utilized. This ultimately results in the Tx coil being magnetically connected to
the Rx coil.

The Tx coil generates a magnetic field that causes voltage to be induced in the Rx
coil, allowing electrical energy to be transferred across a predetermined distance
through the air. The energy that is delivered wirelessly can be transformed into a
form that is appropriate for powering a load. In wireless power transfer (WPT), the
conFiguration is akin to that of transformers, In a wireless power transfer (WPT)
system, the coils involved have a loose coupling because they are significantly
separated. However, a magnetic core is used to enhance the robustness of the
coupling between these coils. Due to the low coupling and the inductive nature of
the Tx and Rx coils, there is a substantial amount of leakage inductance.

Consequently, the total impedance of the system rises. In order to minimize this



impact, It is possible to connect correction circuits to both the sending (Tx) and
receiving (Rx) coils. The goal of these circuits is to reduce or get rid of any
reactance that isn't needed so that the magnetizing current and magnetic field are

as strong as possible.
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Fig 1.1 A conventional wireless power transfer (WPT) system

1.1.2. Applications of WPT

An important use of wireless power transfer (WPT) is demonstrated in Fig. 1.2,
namely in the context of electric vehicles (EV). Given the phenomenon of climate
change, there is a general consensus that it is imperative to decrease the release of
greenhouse gases and transition towards the utilization of renewable energy
sources. Therefore, Given the worldwide shift towards renewable energy sources,
electric vehicles (EVs) are positioned to decrease our reliance on petroleum and
facilitate the utilization of domestically sourced and renewable electricity. Several
governments have provided incentives to electric vehicles (EVs), leading to a
significant increase in EV sales in recent years. According to projections, the
number of electric vehicles (EV) on the road worldwide is expected to reach 20
million by 2020 [2]. Nevertheless, electric cars (EVs) still fall short in terms of
driving range and charging time when compared to traditional gasoline vehicles.
Manufacturers have been compelled to enlarge the battery size due to the restricted

driving range. Tesla's EV Model S P100D, which holds the title for being the



production EV with the longest range in the world, can surpass 300 miles on a single
charge. On the other hand, this long range comes at a price: the 100-kWh battery
pack makes the EV very expensive at $134,500 [3]. Moreover, the Tesla
supercharger, recognized as the swiftest charger globally, can deliver a range of 170
miles within a 30-minute charging session [4]. However, this falls significantly
short when compared to the mere minutes required for recharging a traditional
gasoline vehicle. By employing dynamic wireless power transfer (D-WPT), the
aforementioned concerns can be alleviated by the wireless charging of electric
vehicles (EVs) while they are in motion. This can enhance the EV's total driving
distance, decrease the required battery capacity, and minimize the necessity for
recharging.

Static wireless power transfer (WPT) can enhance dependability, usability, and
safety by eliminating the need for users to physically connect and disconnect
connectors. Additionally, the adoption of contactless technology allows for greater

weatherproofing of charging points.
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Fig 1.2 Wireless Power Transfer (WPT) for Electric Vehicles (EV) charging
Implantable biomedical devices offer another potential application for wireless
power transfer (WPT). To suit operational needs, these devices are commonly
placed inside the body (Fig.1.3). Historically, implanted batteries or percutaneous
wires powered these gadgets. Current power distribution techniques limit

implantable device functioning and put users at risk of infections owing to cables



or invasive battery replacement surgeries. Alternatively, transcutaneous power
transmission can be accomplished through the use of WPT technology. WPT
provides an inexhaustible energy supply for these biological implanted devices and
changes the established standards of their operation. Traditional pacemakers require
surgery to change the battery every 5 to 15 years, depending on the patient. This
can be easily prevented by incorporating Wireless Power Transfer (WPT)
technology [6]. The occurrence of infections caused by the wires used to transmit

electricity to the implantable device or battery can also be minimized.
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Fig 1.3 Biomedical devices that can be implanted into the body

Mobile consumer devices like phones are another challenging use case. Because
to their widespread use, mobile phones now outnumber people [9]. However, the
technical challenges of adopting wireless power transfer (WPT) in smartphones
have hindered its adoption. High misalignment, large gap distances, small coil
diameters, metallic phone housings, and excessive-powered charging are these
challenges. The wired option, on the other hand, has undergone major
advancements in terms of ease, particularly concerning the creation of bidirectional
connectors such as USB type C, Apple's lightning connectors, and Qualcomm's
QC3.0. When it comes to the rate at which electrical power is transferred, WPC Qi
wireless fast charging permits a maximum of 15 W, which is the same as the QC2.0
wired standard that Qualcomm has developed [10]. The QC3.0 and USB type C
wired protocols developed by Qualcomm, on the other hand, are capable of

delivering power of up to 18 W [11] and 100 W [12] accordingly.



Consequently, the integration of the Wireless Power Transfer (WPT) technology
into mobile phones has experienced a notable decline in pace in recent years. In

order to increase traction, WPT must enhance its alignment, gap distance, and

charging power.

Fig 1.4 Wireless Power Transfer (WPT) technology enables the simultaneous
charging of several mobile devices.

1.2. Motivation

The utilization of WPT will further expand in tandem with the advancement of

contemporary technology. Wireless Power Transfer (WPT) has the capacity to

surpass the physical constraints of traditional cable power in the following

domains:

e Operational versatility
Wireless Power Transfer (WPT) has the advantage of being able to function in
conditions that were previously not feasible due to the inflexibility of wired
power systems. WPT technology enables the operation of a mobile robot in
hard-to-reach areas and the charging of electric vehicles while they are moving.
Wireless Power Transfer (WPT) technology would allow self-driving electric
vehicles (EVs) to be charged automatically, eliminating the need for human
involvement. This would result in the creation of a fully autonomous

transportation solution.



e Convenience
The wireless power transfer technology allows for effortless operation,
eliminating the need for connected power. This enables the convenient
charging of electric vehicles, implantable biomedical devices, mobile devices,
and other similar gadgets. Such advancements have the potential to bring about
a profound transformation in our daily lives.

e Protection
Wireless Power Transfer (WPT) enables the transmission of electrical power
without the need for physical connections. This mitigates the potential hazard
of electric shock for the user. Wireless power transfer (WPT) ensures the safety
of users of implantable biomedical devices by eliminating the risk of infections
caused by charging cords or invasive battery replacement procedures.

e Isolation
In addition to providing physical isolation by totally insulating the system from
the environment, WPT also gives the benefit of electrical safety by providing
electrical isolation between the transmitter (Tx) and receiver (Rx) sides.

e Designing with freedom
Wireless charging technology enables the creation of creative designs that

would be unattainable with traditional conventional conductors.

The aforementioned potentials have spurred Wireless Power Transfer (WPT) to
become a highly attractive research area. While wireless charging has been used in
various applications of different power levels, research is still ongoing to improve its
performance. This includes the optimization of power transfer efficiency, the
resolution of coil misalignment concerns, and the development of strategies to
optimize coupling, among other factors. Furthermore, the D-WPT system makes it
possible for wireless power transfer (WPT) to remain in place even when the receiver
(Rx) is in motion. The system's functionality and adaptability are both significantly
enhanced as a result of this. By way of illustration, electric vehicles are no longer
required to be static in order to receive power wirelessly any longer. In spite of this, it

is still possible to charge electric vehicles wirelessly by utilizing transmitters that are



positioned along the path of the vehicle through a process known as flexible wireless

power transfer (WPT).

1.3. Objective and Scope

Within the scope of this thesis, the objective is to improve the total effectiveness of a
wireless power transfer (WPT) system by employing a design technique for
compensating circuits that are capable of adjusting to a variety of load conditions.
Efficiency in power transfer, gap distance, and tolerance for misalignment are all
included in the modifications. Furthermore, a control approach is proposed for the
administration of WPT. This control method minimizes communication and WPT

system complexity by controlling on the transmitting (Tx) side.
Contribution of the Thesis

The thesis addresses:

Chapter 1 This thesis provides an explanation as to why this study was carried out, as

well as a description of the aims and objectives of this dissertation.

Chapter 2 examines the research regarding WPT systems in the literature. Static and
dynamic WPT systems are the two types of WPT systems that are separated from one
another. Other topics that are covered include the various kinds of compensating

circuits that are utilized in WPT systems.

Chapter 3 explains, application-specific, the design principles and compensation

circuits of WPT systems.

Chapter 4 presents a detailed explanation of a proposed three-phase wireless power
transmission system with an active front-end rectifier. The system is designed

specifically for battery charging applications.

Chapter 5 presents a Performance of wireless power transfer using a diode bridge
rectifier, specifically designed for charging batteries. The simulation also takes into

account the misalignment of the coils.

Chapter 6 evaluation of the Performance of a Three-phase Active Front End PWM
Rectifier in the Configuration of an Air-Core Two-Coil WPT System and Investigating



Inductive Power Transfer Technology to Improve Electric Vehicle Charging Efficiency

and Tolerance.

Chapter 7 Concludes the thesis and suggests potential avenues for future research that

can be further investigated.



Chapter 2

Literature Review

There are many different kinds of WPT systems, including static WPT systems
and dynamic WPT systems, and the purpose of this chapter is to provide a
comprehensive literature review on it. The development of WPT is being driven
by a variety of applications, including but not limited to electric vehicles,
biomedical implants, and consumer electronics, the like. In addition, WPT
compensation circuits are discussed quite briefly. In conclusion, a discussion is

held regarding the performance indices for the WPT system.

2.1 Description of Wireless Power Transfer (WPT) Systems

The technique known as wireless power transfer (WPT) makes it possible to
transmit electrical energy without the requirement for any physical connections first
being established. A number of different techniques, Wireless power transfer can
use RF waves, microwaves, lasers, capacitive coupling, and magnetic resonance,
inductive coupling. Although capacitive coupling is an exception, most of these
technologies rely on electromagnetic wave principles. However, they vary in terms
of their operation principles and methods. In general, these technologies can be
classified into two main categories based on their transmission range: near field and
far field. RF waves, microwaves, and lasers are classified as far-field wireless
power transmission (WPT) methods because they often operate over distances that
are much greater than the wavelength of their electromagnetic waves. These
technologies have the capability to transmit power without the need for wires over
distances of tens of thousands of kilometres. This is achieved by transferring power
from solar satellites to ground rectenna. The wavelengths used in these technologies
are very short, with operational frequencies ranging from megahertz to gigahertz.
Nevertheless, the far field wireless power transfer (WPT) methods encounter low
efficiency and exhibit directionality, necessitating accurate alignment for

successful power transmission. Near field wireless power transfer (WPT) methods



are also known as inductive coupling, capacitive coupling, and magnetic resonance
coupling. This is due to the fact that these methods function at shorter distances in
comparison to the wavelengths that are utilized. On the other hand, methods of near
field wireless power transfer (WPT) do not necessitate precise alignment and are
capable of transmitting enormous volumes of power while maintaining a high level
of efficiency. However, the effectiveness of the near field wireless power transfer
(WPT) methods declines quickly as the distance of transfer increases. A wireless
power transfer (WPT) system that relies on inductive coupling must employ high-
frequency electric currents to excite the Tx's main coil. The frequency range
between 10 kilohertz and megahertz is the operational frequency [24]. An
electromagnetic field is generated by the high-frequency electric current that is
transmitted from the transmitter (Tx) to the receiver (Rx) or secondary coil. This
electromagnetic field inductively links with the receiver, which enables power
transmission. Due to the fact that the induced impedances of the primary and
secondary coils are large, this technique is considered to be uncompensated. Due to
the high frequency of operation, there are large magnetic impedances at both the
input and output of the WPT system [25].

Both main and secondary coils feature compensating capacitors to lower
impedances. By adding externally lumped capacitors [26], the magnetic resonance
method changes the inductive and capacitive impedances of both fields. Operating
the WPT system at its resonance frequency improves power transfer, efficiency,
and transfer gap compared to uncompensated inductive coupling [14]. One can also
use parasitic coil capacitance to correct coil inductance. The coil parasitic
capacitance-dependent operating frequency must be substantially higher to reach

the coil self-resonance frequency [27], [28].

2.1.1 Static WPT system

Conventional wireless power transfer (WPT) systems don't move the electricity
loads while power is being sent. Electric vehicles (EVs) [29-31], biomedical
implants [32-35], consumer electronics [36—43], and other related items are
included in the loads. You can use electromagnetic pairing between two or more

electromagnetic couplers (or coils) to send power remotely through a separation

10



gap. The way that inductive coupled wireless power transfer (WPT) works is shown
in Fig. 2.1.In this setup, the transmitter coil carries a high-frequency electric current,
which generates a magnetic field (B). The transmitter coil generates a magnetic
field (B) that interacts with the receiver, which is separated by a distance of z [44].
The transmitter coil generates an electromagnetic field that causes an electric
current to be created in the reception coil. Through the use of electromagnetic
coupling, the wireless power transfer (WPT) system can transmit power ranging
from microwatts to kilowatts with efficiencies above 90% [45]—-[47]. The inductive
coupled wireless power transfer (WPT) technology is resistant to dust, grime, water,
and damage, unlike cables and connectors that can be affected by their
surroundings.

EV charging is a promising application of static wireless power transfer
(WPT). By utilizing static wireless power transfer (WPT) systems, it is possible to
replace the charging cables and connectors, resulting in a significant reduction in
running expenses associated with maintenance, theft, and other factors. A stationary
wireless power transfer (WPT) system can charge Autonomous Vehicles (AVs)
without human intervention. Despite its benefits, static wireless power transfer
(WPT) fails to solve electric vehicle (EV) operating range and charges slower.

Additional solutions include Dynamic Wireless Power Transfer (D-WPT) systems.

Receiver

Transmitter
coil

l

Fig 2.1 Inductively Coupled WPT system



2.1.2 Dynamic WPT system

A D-WPT system has electrical loads that can move and are in motion while the
electricity is being sent. For instance, this would let electric vehicles (EVs),
biomedical monitors that can be swallowed, and consumer electronics keep getting
power while they're moving. Implementing D-WPT infrastructure in EVs enables
the possibility of 'opportunistic charging' while the vehicles are in motion. This
would effectively mitigate the issue of 'distance anxiety' experienced by numerous
electric vehicle (EV) owners and substantially enhance the driving range of EVs
beyond current battery capacities. 'Opportunistic charging' also decreases the
required charging time for the electric vehicle through the static wireless power
transfer technology, if needed. D-WPT systems can be broadly classified into two
categories: Coils that are based on tracks and segments. The track-based D-WPT
system has one long transmitter track that links to a receiver track that is much
shorter. UC Berkeley and the Korea Advanced Institute of Science and Technology
(KAIST) are two well-known places that use track-based D-WPT systems. KAIST
has successfully showcased a track-based wireless power transfer (D-WPT) system
using the online electric vehicle (OLEV).

It took 20 cm for this system to send 20 kW of power over that distance, and it
did it 83% of the time. It was possible to send power because the emitter rails create
a Shaped Magnetic Field in Resonance (SMFIR). The rails are between 5 and 60
meters long, and the pickup section is 80 cm long [48]. This results in drastically
reduced coupling levels and a minimal distance between the transmitter and pickup
modules, known as the relative transfer gap. The existence of large transmitter rails
significantly contributes to both the challenges of electromagnetic
interference/electromagnetic compatibility and the undesired exposure of humans
to magnetic fields. The segmented coil-based D-WPT system, on the other hand,
uses a group of transmitter coils that are linked to high frequency power sources, as
shown in Figure 2.2. Oakridge National Laboratory (ORNL) showed that they could
efficiently send 2 kW of electricity over a 10 cm distance using 33 cm-diameter

coils. The device had a maximum efficiency of 85% [54].
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The implementation of a segmented coil-based D-WPT system presents extra
hurdles, Even though it can fix the connection and electromagnetic interference
(EMI/EMC) issues that the track-based D-WPT system. Segmented coil-based
systems in D-WPT are susceptible to the relative movement of the coils. The
interaction between the electromagnetic fields would be influenced, leading to
changes in the efficiency and power levels that are transmitted. ORNL has
demonstrated the efficacy of electrochemical capacitors in mitigating power
fluctuations [51], aiming to eliminate power variations and enhance the stability of
power flow. Furthermore, it is necessary to exert control over each individual coil
segment to optimize the efficiency of the operation and ensure the absence of any
undesired magnetic field when the movable load is not there. In accordance with
the information provided in reference 55, segmented coils that are coupled to a
single high frequency power source are provided with the capability to achieve
automatic power distribution by making use of an auxiliary LCC adjustment.
Utilizing the auxiliary circuit allows for the regulation of the current that is going
through the coils. Because of this, there is no longer a need for any kind of external

controller or sensor network.
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Fig. 2.2 A conventional D-WPT system

2.2 WPT Compensation Circuits

It is possible for WPT adjustment circuits to lower the VA rating of the WPT system,
which raises the power transfer level and makes the system work more
efficiently.Standard WPT compensation circuits make use of capacitors and are
capable of being interconnected in a variety of configurations to cater to a wide
range of requirements and standards. Fig. 2.3 to Fig. 2.6 displays the four distinct
fundamental arrangements, specifically series-series (S-S), series-parallel (S-P),
parallel-series (P-S), and parallel-parallel (P-P). The system input impedance
equations can be determined using Kirchhoff's law, as shown in equations (2.1) -

(2.8) [56].
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Series-Series Compensation circuit:
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Fig.2.3 S-S compensation

(wM)?

Zin = Zey + Zpqg + ——2—
mn C1 L1 Zca+Zia+Z)

(wM)?
Zip ~
Zy

Parallel-Series Compensation Circuit:

—
M

Fig.2.4 P-S compensation

z%,(Zs+Z1)
Zp(Zs+ZL)+(wM)2

Zin =1Zcy +

2
ZeoZ],

15

2.1)

(2.3)

(2.4)



Series-Parallel Compensation circuit:
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Fig.2.5 S-P compensation
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Fig.2.6 P-P compensation
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People usually choose these basic compensation circuits because they are easy to

understand and can work with a range of sources and loads. For example, voltage
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sources with low input impedances (as shown in equations (2.1) and (2.5)) can be
used in WPT systems with series transmission compensation circuits (S-S and S-P).
On the other hand, equations (2.3) and (2.7) show that parallel transmission
correction circuits can work with current sources that have high input impedances. It
is best to use series compensation circuits for loads that have higher power (lower
load resistances) and parallel compensation circuits for loads that have lower power
(higher load resistances). This is because series compensation circuits are designed
to compensate for higher power loads. It's important to note that the S-S
compensation circuit is the only one whose resonance frequency stays the same no
matter what the coupling and load conditions are. In spite of this, there is a very high
voltage between the adjusting capacitors that are connected in series. Therefore, in
high powered applications like electric vehicles and transportation, parallel
compensation circuits are preferred due to their ability to limit current. This

preference is supported by references [56] and [57].

2.2.1 Other Compensation Circuits

It is advised that alternate compensation circuits be utilized in addition to the
fundamental compensation circuits in order to improve the overall performance of the
WPT system. A parallel capacitor and a serial inductor are the components that make
up the LCL compensation circuit, as shown in Figure 2.7 (a). It is a widely held belief
that the LCL has a negative impact on VA ratings. The major goal is to improve the
system's power and efficiency levels as much as possible. In addition, it is essential for
the system to be able to act as a source of current while it is functioning at its resonance
frequency [58—60]. The WPT system can control the flow of power because of this
behaviour. It can change the emitter current by using a current source or a current
source. Because it works better, the CLCL compensation circuit is used with the LCL
compensation circuit. This circuit, shown in Fig. 2.7(b), lowers the amount of
distortion in the input current [61]. The negative impacts of higher switching losses
and decreased efficiency in the LCL adjusted WPT system are mitigated as a result of
this action [62]. In spite of this, the regulation of the high-order CLCL compensated
wireless power transfer (WPT) system is a complicated and expensive process. A

significant reduction in the influence of the loading effect brought about by the S-S
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compensation circuit is achieved by the utilization of the load transformation
compensation circuit, which is illustrated in Figure 2.7 (c). Although the load
transformation compensation circuit is more efficient than the S-S compensation
circuit when applied to greater loads [35], the incorporation of an additional inductor
would result in an increase in the required space, and the parasitic resistance of the
inductor would have an effect on the efficiency of the circuit. As a result, the design
and configuration of the load transformation compensation circuit must primarily be
determined by the particular application and the operational conditions of the
application. Through the incorporation of an extra capacitor, the LCC compensation
circuit makes the LCL compensation circuit work better with harmonics, which leads
to a power factor of one. The picture that shows this is Fig. 2.7(d) [29]. The LCC
compensation circuit keeps the current source powers of the LCL compensation

circuit.

This means the high-frequency power supply can manage transmitter coil current
regardless of coupling and load. This simplifies transmitter power regulation, which
benefits D-WPT systems. Coupling and load conditions differ in these systems [18],
[55], [63]. In standby, when the receiver is far from the transmitter, the transmitter

coil's constant current causes efficiency and EMI issues
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Fig. 2.7 WPT system with other compensation circuits: (a) LCL, (b) CLCL, (c) Load
transformation and (d) LCC

2.3 Circuit Analysis

It is possible to conduct circuit analysis using a straightforward and precise modelling
approach in order to assess the corresponding compensated WPT systems. In addition
to helping with optimization and component selection, the circuit analysis would
provide quantitative system performance indexes. Fig. 2.8 depicts the fundamental S-
S compensated WPT system that is driven by an AC source operating at high

frequencies. Power amplifiers (PAs) or inverters (PECs) are two examples of high-
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frequency AC sources. The mutual inductance of M allows for the wireless
transmission of electricity by coupling the transmitter and reception coils together. On
the flip side, a circuit for charging batteries can be linked to the receiver coil and its
compensating circuit. With respect to the state-of-charge (SoC) of the battery, the
resistive AC load, RL, can be considered as an approximation of the charging circuitry

load.

ACO § R

—
M

Fig. 2.8 Series-series compensated WPT system

As seen in Fig. 2.9 a two-port network equivalent circuit can be used to mimic the
leakages and mutual inductances in loosely linked WPT systems. You may see the S-
S compensated WPT system's circuit equations here:

[Vin] _ [Zc1 +Z1+ Ry joM ] [ ] (2.9)

2.3.1 Performance Indices

Wireless power transfer (WPT) system performance indices can be calculated using
the two-port network equivalent circuit. WPT performance is measured by power
transfer efficiency (PTE) and transmitted power. Fig. 2.9 shows the S-S compensated
wireless power transfer (WPT) system's PTE:

F 12
o p— {2 (2.10)

lir|2R1+]ir|?(R2+RL)
Next, TP will explain the procedure that is used to normalize the output power of the
WPT system with its input voltage, which is denoted by vin. With regard to the S-S
compensated WPT system, the following is a definition of the TP:

Pout = IiRlzRL (2.11)
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Tp = fout (2.12)

Vin
By means of the lumped components, coupling coefficient, and loading resistance,

the performance indices enable WPT system optimization.

Fig. 2.9 The circuit model representing a wireless power transfer (WPT) system with
series-series compensation and accounting for leakage inductances.
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Chapter 3
COMPENSATION CIRCUITS FOR WPT

The compensating circuits used by WPT systems are diverse. In different
environments, these compensatory circuits work differently. In this chapter, we use
induced and reflected load equivalent circuits to find the operation frequency of the
compensation circuits that maximizes efficiency. In the next part, we will conduct an
in-depth analysis of the efficiency of the basic compensation circuits (series-series,
series-parallel, and series-LCL) in relation to load variation, making use of the ideal
frequency. The inclusion of crossover resistance, the load resistance points at where
the efficiencies of the individual circuits meet, enhances the efficiency study.
These circuits are further distinguished by resonant frequency response analysis. This
chapter presents the theoretical analysis that is used to develop the efficiency-oriented
design flow chart. Then, a few circuits are examined for voltage gain,
transconductance, and transferred power. Finally, the results of the series-LCL and
series-series experiments corroborate the given analysis, this illustrates a voltage gain
and a constant transconductance, and it also indicates that the efficiency of the device
is dependent on the equivalent load resistance. As load resistances increase, the
difference in efficiency between the two compensation circuits may become more

pronounced, reaching a high of 28% at a resistance of 500 Q during the process.

2.1 Introduction

The WPT system relies on the Tx and Rx coils, which are its most important parts.
These two coils are able to wirelessly transmit electrical power due to their mutual
inductance (M). Adding compensating reactive components to both sides optimize and
increases the power transfer. A typical WPT setup is shown in Fig. 3.1. For building
the Tx side, you need a high-frequency AC source, a balancing circuit, and the Tx coil.
On the Rx side of the circuit are the load, the rectifier, the adjusting circuit, and the Rx
coil. To regulate the Tx current [65] or maximize power transfer [75], more
complicated circuits have been employed; however, most WPT designs use basic

circuits like series or parallel compensations. The load resistance (RL), which might
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change, determines the RO, or equivalent output resistance, of the coils and
compensation circuits. Charging batteries, driving motors, and dynamic WPT systems
with numerous loads are all real-world instances of load variation. This variance will
impact the overall performance and efficiency of the circuit, depending on the

compensating circuit utilized.

c [
RS, o
4(‘75' + "r_g +
S v S
@Vm % ht Ll L2 CICJ o = |:|
g' O g— O Cr Ry
o (o) L
@) ~——— )]
M

RO = 8RL/752

Fig. 3.1 Typical WPT system

Consequently, the chapter examines the series-parallel (S-P), series-LCL (S-LCL), and
series-series (S-S) compensation circuits to find the ideal operating frequency for each
type of efficiency. With the use of this frequency, which has been optimized for
efficiency, we will investigate the ideal efficiency range in relation to the
corresponding output resistance. Furthermore, differentiating the system can be
accomplished by doing an analysis of the response of the resonance frequencies of the
system with regard to coupling. Systems that use front-end power electronic converters
with soft switching rely on the resonance frequency response. The next step is to
present the detailed design flow chart that was derived from the aforementioned
analyses. There will be coverage of other noteworthy evaluations as well, including
transferred power (TP), output current, and voltage gains. Finally, a 2-coil WPT

system's efficiency vs output resistance characteristic is shown, and the experimental
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findings confirm that the circuits can achieve uniform transconductance and voltage

gains.

2.2 Optimum Operating frequency

The resonance frequencies of the Tx and Rx in a standard WPT system can differ. The
overall analysis of the compensation circuits will be carried out using both reflected
and induced source models [17,19], with an emphasis on the efficiency-optimized

frequency in this section.

2.2.1 Series Receiving Compensation

It is the S-S compensation circuit that is qualified to receive compensation for its
component series. A representation of the compensating circuit can be created by
modelling the equivalent circuits for the reflected load and the induced source, as
shown in Figure 3.2. The formulae for the reflected impedance are presented in the

following format:

Vin = (Z15s + Zrefs)ilss (3.1)

(wM)?

Where Zys = Z¢ys + Zpy + Ry and Zy o =

(ZcastZp2+R2+Ro)

Iiss

(a) (b)

Fig.3.2 S-S compensation circuit: (a) Reflected impedance and (b) induced source

models for S-S compensation circuit

It is feasible to treat R1 and the projected impedances of both circuits as being in series
when evaluating efficiency. This is something that can be determined. The reason for
this is that the reactive components, Clp and L1, do not require any actual power to
function. For this reason, the only component of the reflected impedance that is taken

into consideration in equation (3.1) is the real part. Through the utilization of the
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comparable models of both compensation circuits, it is possible to illustrate the overall

efficiency of the system:

_ SR(Zrefs) Ro
SR(Zrefs)+R1 Ro+R>

(3.2)

The primary focus of our interest lies in the compensation circuit, specifically on the
component of reflected impedance, Z,.ss. In order to optimize efficiency, it is necessary
to maximize Z.s and minimize R;. To determine the maximum point of Z.s with
respect to frequency, a differential technique is applied. The differential equation is
solved in order to determine the optimal frequency. In order to create an
approximation, the terms with higher orders of Cxs (Cos <<L><<R3) are neglected. The
resulting approximation is shown below:

iv2 1

CZR%+2C2,RyRo+C2,R3—2L,Cos VI2C;

Wss—eff = \/ (3.3)
Based on equation (3.3), we can say that the frequency that works best for efficiency
is the same as the resonance frequency of both the Rx coil and the S-S correction

circuit.

2.2.2 Series Transmitting compensations (S-S, S-P and S-LCL)

The simplicity of the S-S compensating circuit is one of the reasons why it is so widely
utilized. On both the transmitting and receiving sides of the circuit, the capacitors,
which are represented by the letters C1 and C2, are linked in series with the coils that
correspond to them. Assuming that the skin and proximity effects of the coils are taken
into consideration in the respective coil resistances (R1 and R2) and that the coils are
connected to one another, the following equations can be used to describe the circuit

for this system:
Vin = ilss(Z61s + R, + ZLl) - iZSS(ZM) (3-4)
lssZm = lpss(Z12 + Ry + Zcas + Ry) (3.5)

Where ZClS,CZS = 1/(].(‘)61525)’21'1'1'2 =j(1)L1’2 and ZM =](1)M
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During the study, the fundamental harmonic approximation (FHA) will be employed
to streamline the analysis. The simplified current equations at resonance frequency

are derived from equations (3.6) and (3.7).

. R2+Ro

l = i .
1SS ™ RyR,+RyRo+A1A,k2 Vin 3.6)
. _ j(A)(]M

lyes = V; (3.7)

RyRy+RyRo+A1Azk2 = 1

Where coupling coefficient k = M , Ao = ’Ll’z / C
‘/LlLZ ’ 1s,2s

_1
Wy = 3.8
0 /\/ Ll,chs,Zs ( )

The efficiency of the S-S compensating circuit is determined from equations (3.8)

and (3.9).

" (Rz+Ro)(A1A2k2+R1Ra+R1Rg)

Ns-s 3.9

Exhibits a nonlinear correlation with RO. By taking the derivative of equation (3.10)
with respect to RO and utilizing coils of superior quality, the point of maximum

efficiency is estimated to be:

_ JR1R2(A122k2+R1R5) -

Ro(ss)n=max = R, ~ [ 111, k? (3.10)

According to research, WPT systems with S-S compensation work best at low load
resistance. This is especially true for WPT systems that are loosely linked and have a
coupling coefficient (k) of less than 0.2. It's also important to look at the load resistance
at high efficiency along with the coupling coefficient.
The maximum value of Royss),,=max 18 also influenced by the ratio between the coil (Tx
or Rx) and the compensating capacitance. This ratio can be modified as a design
parameter for the WPT system in order to optimize its maximum value of Ro(ss), which

is denoted by the symbol n=max.
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Table 3.1 Summary of circuit efficiency analysis

R O,n=max napprox
S \/RlRZ (All‘{zkz + Rle) /11/12k2
_S Rl Allzkz + R1R2 + RlRO
S | 2Ry (M Ak? + RiR) (AR, + A1 A,R,k? + RiR MA3k?
- > 4 3p 1]
P /1112R2k2 + R]_Rz Allgkz + AZRl +I./—1?'(1)12R2k
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Fig 3.3 Load resistance efficiency for compensated S-S, S-P, S-LCL, and LCC WPT
systems
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Chapter 4
THREE PHASE WIRELESS POWER TRANSFER
WITH ACTIVE FRONT END RECTIFIER

3.1 Introduction

During the preliminary stage of the wireless electric vehicle (EV) charger that is being
proposed, an AC-DC converter is utilized to provide direct current (DC) power to the
high-frequency (HF) inverter. A converter is integrated into the following component
of the charging system under consideration, facilitating the conversion of Direct
Current (DC) to High Frequency Alternating Current (HFAC). By facilitating the
conversion of DC current to HFAC, this converter supplies the principal (Tx) coil with
HFAC energy for the purpose of cordless power distribution. The wireless power
transfer (WPT) system is constructed to employ Inductive Power Transfer (IPT), a
widely recognized method for transmitting power over long distances between the
transmitter (Tx) and receiver (Rx) coils without requiring a physical connection. The
terminal module of the charger integrates an advanced capacitive filter mechanism
with a wave diode converter to accomplish the primary goal of recharging the electric
vehicles (EV) battery pack.

The Active Front End (AFE) rectifier is widely recognized within the power
electronics industry for its remarkable efficiency in enabling the transmission of power
in both directions. The seamless conversion of alternating current (AC) to direct
current (DC) and vice versa is a characteristic that earns this device significant acclaim.
The device exhibits outstanding power factor correction capabilities, which are evident
in the load circuit's characteristics resembling those of a resistive load. Furthermore, it
ensures that the voltage and current waveforms are in alignment. With an exceptional
capacity for regeneration, it is capable of rerouting energy towards the initial power
source, thus significantly improving energy efficiency. Furthermore, the introduction
of the AFE rectifier greatly reduces the impact of harmonic distortions.
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3.2 3-phase Active Front End Rectifier

Activity in Active Front-End (AFE) rectifiers has increased in tandem with the demand
for high-power EV charging infrastructure. By operating in close proximity to the
Unity Power Factor (UPF) and mitigating harmonic distortion, AFE rectifiers
effectively restrict potential disruptions that may arise from the functioning of EV
charging systems. They also provide exceptional dependability and efficiency.
Component availability: as power levels increase, the variety of available components
may become more limited and potentially more costly.

Consequences for the electrical grid: with the proliferation of rapid chargers, there is
a corresponding escalation in harmonic distortion, leading to detrimental effects on
sensitive equipment.

Due to the increased power consumption of rapid converters, their components are
more susceptible to failure. Furthermore, in comparison to personal on-board chargers,
commercial off-board chargers may undergo more frequent cycling, which could
potentially shorten their operational longevity. As illustrate in Fig. 2. A three-phase AC
power source provides the 415(V)-input power supply utilized by the AFE (Active
Front End). The power source utilized for this purpose is frequently derived from a
generator or the electrical utility. LCL filters diminish the magnitude of noise and
harmonics. By means of a 6-switch Bridge rectifier, the transformation of alternating
current (AC) voltage to pulsating direct current (DC) voltage is accomplished. The
bridge configuration of power electronic switches, such as Insulated Gate Bipolar
Transistors (IGBTSs), is utilized in this rectifier. The function of the DC-link capacitor
is to reduce ripple and stabilize the 800V DC voltage, which is characterised by its

fluctuating nature.
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3.2.1 Control Methodology

SRFT Control theory [13], also known as d-q theory, is a framework that operates in
the time domain. As shown in block diagram Fig.4.3, the three-phase abc component
is converted to a two-phase component within the rotating reference frame. In addition
to a rotation, the control algorithm integrates Park's transformation, which is an
offshoot of Clark's transformation [12]. The evaluation of the direct and quadrature (d-

g) components is conducted using Park's transformation.

The control methodology for adjustable speed drive systems and grid-connected
converters can be applied identically due to their similarities. The literature describes
three primary potential reference frame models that serve as the foundation for the
control paradigm of these systems. The natural abc-reference frame, the stationary of3-
reference frame, and the synchronous dg-reference frame comprise these control

structures. The orientations of the entities are visually represented in Fig. 4.2.
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Fig. 4.2 The natural abc-reference frame, the stationary af3-reference frame, and the
synchronous d g-reference frame are oriented in this manner.

3.2.1.1 Synchronous d g-Reference Frame Control
In synchronization with a system quantity, the Park transformation, also known as the
d g-transformation, converts a stationary system to a rotating orthogonal system. The

process of transforming the stationary of-frame of into the d g-reference frame is

illustrated in Eq. (4.1). [18]

cos (wt) sin(wt) 0
[ ] [—Sln(a)t) cos(wt) 0] [ ] 4.1)
With the corresponding inverse transform of Eq. (4.2)
a cos (wt) —sin(wt) 0
[.3] = [sin(wt) cos(wt) ] [ ] (4.2)
14 1

Alternatively, the natural abc-reference frame can be transformed directly to the

synchronous reference frame via Park transformation Eq. (4.3), [19].

cos (wt)  cos(wt—120) cos(wt+120)7 ,

—sm(a)t) —sin(wt —120) —sin(wt + 120)| |p (4.3)
1 1

= - c

2 2

2
3

With the inverse transform as indicated in Eq. (4.4).
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a cos (wt) —sin(wt) 1| 1d
lbl = |cos(wt — 120) —sin(wt —120) 1{. [q] 4.4)
c cos(wt +120) —sin(wt+120) 1 L0

By employing synchronous reference frame (SRF) control, the d g-reference frame can
be utilized; in this case, the d g-axis of Fig. 4.2 is synchronized with the grid-frequency
as shown in Fig.4.3. Consequently, the fundamental frequency steady-state control
variables of SRF controllers will be represented by DC values, in contrast to the
stationary reference frame-based control systems which utilize sinusoidal quantities.
This is a crucial characteristic of the SRF control, as the majority of stationary
reference frame linear controllers that track AC components introduce significant

stationary phase errors at fundamental and harmonic frequencies [20].
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Fig.4.3 Block diagram of initial stage of control scheme.

3.2.1.1.1 Voltage loop control

As Fig.4.4 depicted that voltage-loop control refers to the process of regulating the
DC-link voltage of a power converter, which is crucial for ensuring the converter
operates correctly. The design of control systems frequently employs a Proportional-
Integral (PI) controller in order to effectively regulate the DC-link voltage to its

intended point of reference. By minimising voltage errors, this approach enhances
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voltage stability in the presence of load fluctuations. The value of Kp & Kj for voltage

control loop (Fig.4) are determined by the equation below.

TCl == 220#5
C; = 100uF
_ 3x(Cy _1s
PTe T
3% (20%1073)
;= =300
Tcq

3.2.1.1.2 Current loop control

The inner control loop is designed to control the active and reactive current
components (i, ig) within the grid's synchronous reference frame. In an ideal situation,
the current of the converter should follow its reference value, which is adjusted by the
outer voltage control loop. The determination of the values of Kp and Kj for the current

control loop (Fig.4.4) is achieved through the use of the following equation.

Tc1 = 220us
C, = 100uF
Kp =24 _ 15
P T '
3% (20%1073)
K, = =300
Tex

abc

I.

nnan:

Fig.4.4 Voltage and Current loop Controlled Scheme
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The activation of the voltage control loop of the AFE converter occurs when there is a
modification in the voltage reference. The control loop functions by minimising the
discrepancy between the actual voltage and the reference voltage, thereby aiming to

sustain the output voltage at its desired magnitude as represented in Fig. 4.5.

In the represented Fig. 4.5, the reference voltage is augmented from 700V to 900V, the
voltage control loop will detect an error between the reference voltage and the actual
output voltage. The control loop, commonly employing a Proportional-Integral (PI)
controller, is intended to drive the system towards augmenting the output voltage in
order to align with the updated reference of 900V.

In a similar manner, when the reference voltage is diminished from 800V to 600V, the
voltage control loop will instruct the system to correspondingly decrease the output
voltage to the 600V.The parameters of the Active front end rectifier is in the table no.1
given below. The parameters of the AFE are in the table.4.1.

T T T T T T T
1200 Vdc link
- ref
= 1000
z A .
o0 "4
_'_,: 800 A Av‘ 5
o
S 'Qf“‘_
600 f™ 1
400 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (seconds)

Fig.4.5 Output of AFE (V) at different VVoltage reference

Table.4.1 Active front End rectifier parameters

AFE Parameter Value
Grid Voltage 415 Vpp
DC Link Voltage 800V
Grid Freq 50Hz
Switching Frequency 10kHz
Inductance (L1 =L>) 0.5mH
Capacitance(C1) 100uF
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3.3 Components of AFE Rectifiers

3.3.1 Power Semiconductor Selection

The majority of the AFE rectifier is made up of switches. The effectiveness of the AFE
system as a whole depends on the dependability and efficiency of these switching
elements. The performance of AFE rectifiers can be significantly enhanced by the
introduction of new and enhanced devices, such as Wide Bandgap (WBG)
semiconductor switches. The WBG devices can function at higher switching
frequencies, block larger voltages, and tolerate higher junction temperatures.
Furthermore, WBG devices have reduced conduction and switching losses. WBG
active switches enable off-board chargers to run at even greater power levels while
permitting increased power density within the weight and volume restrictions of the

on-board charger. WBG chargers can have an efficiency of up to 98.5%.
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Fig.4.6 Application of power semiconductors by type.
3.3.2 DC Link Capacitor Selection

One of the key parts of power electronic converters is the DC link capacitor.
Aluminium electrolytic capacitors metallized polypropylene film (MPPF) capacitors,
and high-capacitance Multi-Layer Ceramic (MLC) capacitors are the three primary
types of capacitors used in automotive applications. The highest energy density and

capacitance are found in electrolytic capacitors, which are also more reasonably
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priced. When it comes to fast charging applications, AFE DC link capacitors often
have lower necessary capacitance values than single-phase charger capacitors. But

these capacitors' current rating needs to match the rapid chargers' high-power rating.

3.3.3 Grid Side Filters Selection

For frequencies above resonant frequency, the third order LCL filter can attenuate by
60 dB per decade. It is made up of a parallel capacitor, a second series inductor on the
grid side, and a series inductor on the inverter side. Furthermore, a dampening resistor
is connected in series with the capacitor in order to reduce the resonance peak. An LCL
filter can be used to obtain good attenuation across various load actions without being
overly large or expensive. It is noteworthy that the grid side inductor in the LCL filter

has lower harmonic current stress than the inverter-side inductor.

3.4 Active Front End Rectifier fed Air-Core Two-Coil WPT System

3.4.1 System Description

In this study, the proposed wireless electric vehicle (EV) charger as shown in Fig.4.6
encompasses four primary components, aimed at ensuring effective and dependable
wireless power transmission. Beginning with the AC-DC Converter, it serves as the
source of DC power and converts incoming Alternating Current (AC) into Direct
Current (DC). The DC output is then channelled into a High-Frequency AC Inverter
(HFAC), which transforms the DC into High Frequency Alternating Current (HFAC)
for more efficient wireless power delivery. The subsequent stage consists of Wireless
Power Transmission (WPT) utilizing Inductive Power Transfer (IPT) and involves a
transmitting (Tx) and a receiving (Rx) coil. Powering the Tx coil with HFAC enables
efficient energy transfer to the Rx coil in the EV via IPT, across the "air gap." Finally,
the system incorporates a Full Wave Diode Rectifier, working in tandem with a
Capacitive Filter, to convert the received HFAC back into DC. With the capacitive
filter smoothing out irregularities, a consistent and refined DC output charges the EV

battery.
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Fig.4.7 Electric vehicle charger topology with primary side charging station and

secondary side charger circuit diagram

3.4.2 HFAC Inverter

The high-frequency alternating current (HFAC) inverter is configured with an open-
loop control system [4]. It operates by switching at a frequency of 30kHz with a duty
cycle of 50%. The input voltage, denoted as Vdc, is set at 800V.The inverter derives
advantages from a decrease in size and weight, as well as enhanced response times.
Despite the potential limitations in dynamic performance caused by the absence of
feedback, the open-loop control system can still prove effective in a range of
applications that prioritise stability and controlled conditions. The inverter produces

an output of 800V AC voltage with a peak-to-peak amplitude, as illustrated in Fig.4.7.

Voltage (V)

-1000 1 L Il Il

0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time( Seconds)

Fig.4.8 Output voltage of HFAC Inverter
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3.4.3 Inductive Coil and Diode Bridge Rectifier
Wireless Charging Based on Inductive Power Transfer (IPT) [6]. IPT relies on the

magnetic induction concept to deliver power without the use of a medium. It is based
on Lenz's and Faraday's laws, according to which a conductor's time-varying current
creates a magnetic field around it and a secondary loop's (receiver) time-varying

magnetic flux generates voltage.

50) /

v ; s \.
136

Fig.4.9 LC based multi-resonant Compensation.

M

According to the illustration in Fig.4.9, it can be observed that the 800V AC voltage,
initially in the form of a square wave AC, undergoes compensation [7],[8] through an
LC circuit (Fig.4.8), resulting in an output of 800V sinusoidal AC voltage. This
compensated voltage is then supplied to the primary coil (vp) and subsequently
transmitted to the secondary coil, where it is transformed into a 1000V AC voltage

(vs), as depicted in Fig.4.10.

v l’,(\')
o
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Time (seconds)

Fig.4.10 Voltage and current on the primary coil.
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Fig.4.11 Voltage and current on the secondary coil.

Table.4.2 Inductive Coil parameters

Coil Parameter Value

Roadside Winding Turns N, =28

Vehicle side Winding Turns N, =28

Diameter of Roadside Coil D, =19cm

Diameter of Vehicle side Coil D, =19cm
Self-Inductance of Roadside Coil L primary =155.243uH
Self-Inductance of Vehicle side Coil Lecongary =110.313H
Resistance of Roadside Coil R, =0.23213Q
Resistance of Vehicle side Coil R, =0.20755Q
Operating frequency f, =30kHz

The Diode Bridge Rectifier with Capacitive Filter is a power electronic circuit utilised
for the conversion of alternating current (AC) power to direct current (DC) power, with
the added benefit of enhancing the quality of the output voltage waveform. The system
comprises a complete bridge rectifier configuration incorporating four diodes to rectify
the alternating current (AC) voltage. Subsequently, the rectified voltage is directed
through a capacitive filter, thereby mitigating ripple, and yielding a more consistent
direct current (DC) output voltage. The diode bridge rectifier is connected to the 48V
lead-acid battery, which is being charged by its output as shown Fig.1of the proposed

circuit diagram.
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Chapter 5

SINGLE PHASE WIRELESS POWER TRANSFER
WITH DIODE BRIDGE RECTIFIER

4.1 Introduction

The advancement and widespread usage of battery-powered devices are being impeded
by a number of basic problems, including the low energy density, short lifespan, and
high starting cost of electricity storage technologies [1]. The outstanding positional
and mobile capabilities of inductive power transfer (IPT) technology have led to its
proposal as a remedy to the unsolved problems associated with energy storage. This
new technology has been under intense scrutiny from both the business and academic
worlds. The device's battery life is significantly improved because it enables regular
charging without a physical connection. A variety of battery-operated gadgets can have
their energy storage limitations lifted with the help of modern wireless charging
technology. It is possible to classify the uses of IPT technology as either low-power or
high-power [2]. Things that fall under the high-power tier umbrella include power
systems, electric vehicles (EVs), and manufacturing automation. In contrast, low-
power level devices include things like consumer electronics, implanted medical

devices, integrated circuits, and similar ones.

One of the main issues with conductive charging is the difficulty of handling high
power wires while plugging in an electric vehicle (EV). Inappropriate handling or
broken cables could cause hazards. Both theft and vandalism can occur with
conductive charging techniques. Wireless power transfer, or WPT, was initially
proposed in the 1800s by Nikola Tesla. It has developed into a competitive option and
a practical substitute for cable charging systems over time. Instead of using the
conventional plug-in interface, this technology allows for the transmission of
electricity by electromagnetic or static waves, as shown in Fig. 5.1. This eliminates the

need for physical contact. Wireless power transfer (WPT) systems rely on power
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electronic converters to enable the transfer of power from the receiver to the drive

system or batteries.
The WPT system possesses the following key features:

e The system can be categorized into various categories according to the transmit
power ranges [5]. The WPT system functions within three distinct power ranges:
low power, which is less than 1 kilowatt (kW); medium power, ranging from 1 to

100 kW; and high power, beyond 100 kW.

e The WPT system is capable of bidirectional (between the vehicle and the grid) and
unidirectional (from the grid to the automobile) power transfer. Comparatively, the
implementation of conductive charging via Vehicle-to-Grid (V2G) technology is
more intricate than that of wireless charging. Vehicles can engage in vehicle-to-

vehicle (V2V) charging both when they are moving and when they are stationary.

e Power can be transmitted over short distances, ranging from a few centimeters to

kilometers, as well as over long distances.
e Power can be transferred using several types of media.

e The efficiency of the system depends on the medium employed for power

transmission. Substantial losses have occurred in this area.

As an illustration, the author of the research asserted that an air-gap system, which
uses air as the medium, exhibited a 5% greater efficiency compared to an underwater

WPT system that uses water as the medium.

Power Power Power

Source Transmitter Receiver

Fig.5.1 Basic Power flow diagram of Wireless Power Transfer
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4.2 System Description

A wireless power transfer (WPT) system comprises three primary components: a high-
frequency inverter, compensation networks, and magnetic couplers. The load in the
EV charging application can be seen as having a uniform resistance at every level of
output power. Fig.2 displays the circuit diagram of a typical Wireless Power Transfer
(WPT) system, featuring a full-bridge inverter and a basic diode rectifier. The Fig.5.2
illustrates the self-inductances of the primary and secondary coils, denoted as L, and
Ls, respectively. The mutual coupling between the couplers is denoted by M. The
coupling factor for the coils is defined as the ratio of M to the product of the inductance
of the primary coil (Lp) and the inductance of the secondary coil (Ls). This coupling
factor is represented by the symbol k. Furthermore, 1, and rs represent the parasitic
alternating current resistance of the coils [12]. The presence of AC resistance in the
coils decreases their intrinsic quality factor, hence significantly impacting the
theoretical efficiency of the system.

Increasing the distance between the coils increases the importance of improving the
quality factor (Q) and coupling coefficient (k) in the architecture of both the primary
and secondary coils for wireless power transfer (WPT) systems [11]. Ferromagnetic
cores assist in directing flux, hence improving coupling, whereas losses occur due to
ferrite core and coil ohmic losses caused by skin effect. Strategies such as employing
Litz wire and maintaining flux density below saturation levels aid in reducing losses.
Notwithstanding progress, the constraints of power and space pose substantial

obstacles.
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|
|

. > —y
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Fig.5.2 Proposed circuit of the wireless charging of Electric Vehicles
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The operating frequency (), coil self-inductance (L), and coupling coefficient (k) are
crucial factors that impact efficiency. Although the secondary coil voltage is
theoretically capable of being increased at higher frequencies, the losses associated
with such an increase are also higher [8]. The space available under the electric
vehicle's chassis dictates the coil's maximum allowable dimensions. Nevertheless, the
self-inductance of the coil can be enhanced by adding more turns to it. Coils of the
same size, a larger diameter, and a shorter air gap are all ways to improve coupling [4].
Energy transfer efficiency, coil Q factor, size, and pairing coefficient are all crucial
design parameters that must be carefully considered using the appropriate equations

[5.2]-[5.10].
dy, = dy; +2.[N.d,, + (N — 1).7y] (5.1)

This is where N stands for the number of turns in the coil, dw for the diameter of the
wire, dxo for the diameter of the coil outside, and y for the distance between successive

turns.

k_M

T LyLy

(5.2)

The equation involves the following variables: M denotes the mutual inductance, S
denotes the self-inductance of the secondary coil, L is the self-inductance of the main

coil, and K denotes the coupling coefficient.
Q=— (5.3)

where Q, 7, and R stand for coil inductance, resistance, and the quality factor, Hz, res
pectively.

1

Nmax =
2 2 [k2Q1Q2+1

14 +
k2Q1Q2 k?Q1Q2

(5.4)

The value of #max represents the highest energy transfer efficiency (%) and is determi
ned by the connecting coefficient k. The transmitting coil’s quality factor is Q1. A

second quality indicator for the receiving coil is Qo.

43



4.2.1 Series compensation

Both the primary and secondary compensation networks [9] in this design consist of a
straightforward series capacitor, as seen in Fig.5.3. The impedance observed by the

secondary coil, Zsec, is represented in this circuit [15].

Y Iin > IO
<

Primary Side

Fig.5.3 Resonant networks using series-series WPT technology
Zs = Zsec — M j (5.5)
where

Lsee = Req trst (Lsa) - l/w Cs)] (56)

The inverter perceives the input impedance of the circuit as

Zin:Zr+Zp:rp +J (pr_]/a)CP)+Zr (5.7)

The input and primary- and secondary-side currents are determined based on the
specified impedances of the circuit.

Iin = Ip = Vin Zin (58)

Given that the output current (Io) is equivalent to the current flowing through the
secondary-side coil, the output voltage can be mathematically represented as:

VO :Reqls :Ip]a) MReq/Zsec (5.10)
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4.2.2 Circular Coil simulation
The Circular coil's specifications were provided in Table 5.1. The Simulation model
and magnetic field of the Circular coil [3] are shown in Fig.5.4 and 5.5, respectively
[17].

Table.5.1 Specifications of Circular Coil

Name Value Unit Evaluated Type
Value

mis_ang 0 deg 0 Design

Dist 10 Cm 10 Design

R_out 20 Cm 20 Design

R in 10 Cm 10 Design
MisSXaxis 0 Deg 0 Design

Current 10 A 10 Design

N1 38 38 Post Processing
N2 38 38 Post Processing
H_miss 0 cm 0 Design

N2 38 38 Post Processing
H_miss 0 cm 0 Design
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Fig.5.5 The magnetic field produced by circular coils.

Fig.5.6 and 5.7 Relationship between misalignment in centimetres and angles
compared to the coupling coefficient of a circular coil [10]. In Fig.5.6, the curve
exhibits a linear decrease as the misalignment rises. In Fig.5.7, when the angular
displacement rises, the coupling coefficient changes within a range from lower to
higher bounds. The simulation model of a circular coil with varying numbers of turns

for both the transmitting and receiving coils [14].

Misaliqnment vs Cqupling Coefficient(Circular coil)
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Fig.5.6. Circular coil coupling coefficient vs. misalignment.
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Fig.5.7 The relationship between misalignment in degrees and the coupling
coefficient of a circular coil.
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Chapter 6

Results and Discussion

5.1 Three Phase WPT system with Active Front End Rectifier

In order to validate the simulated results, the proposed topology of the Wireless
EV charging as depicted in the Fig.6.1 having the waveform of the grid voltage
(Fig.6.2a) exhibits a consistent sinusoidal pattern with a frequency of 50Hz, which
varies depending on the geographical location. This observation suggests that the

power supply grid is delivering a reliable and steady source of electricity.

Il il
- ?‘gﬂ N
o K JH | al = e

A —
Active Front End Rectifier HFAC Inverter Full Bridge
Rectifier

1+
Oll
N
—
1

Fig.6.1 EV charger topology with primary and secondary charging stations
The current waveform (Fig.6.2b) exhibits the consumption of reactive power.
Ideally, the system should monitor the grid voltage in order to enhance Power Factor
(PF) and mitigate harmonic distortion. The Vpc link of AFE as shown in Fig.6.2c the
DC link voltage waveform. A stable flat line indicates a well-regulated voltage,
matching the 800V desired DC voltage. Any changes in the AFE output might point to

variations in the load or input grid supply.
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Fig.6.2(a) Grid voltage(top), (b)grid current, (c) Vpc -link (AFE), (d) battery voltage,
(e)battery current, (f) State of charge of battery(bottom)

The battery voltage waveform (Fig.6.2d) initially rises as the battery starts to charge,

then becomes stable once it reaches its rated voltage of 48V. This behaviour is expected

as most batteries employ a constant voltage charging methodology.

The battery charging simulation offered successful and efficient charging of the lead-
acid battery. The results of the simulation indicate that the charging voltage remains
within the recommended range of 48V. Fig.6.2 illustrates the State of Charge (SoC%)
of the battery, which serves as an indicator for the charging operation of the electric

vehicle (EV) battery using the proposed topology of a wireless charger.

5.2 Single phase WPT System with Diode bridge Rectifier
The proposed circuit diagram's simulation indicates that power is transferred via the
coil's inductive coupling. Fig. 6.3 shows a single-phase power supply that is fed from

the grid.
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Fig.6.3 Input Voltage and Input current

The circuit diagram depicts the input of a single-phase power supply into the diode
bridge rectifier, accompanied by an LC filter at the output. This configuration
transforms the alternating current (AC) voltage into direct current (DC) voltage. In
addition, a high-frequency inverter is linked to the dc-link capacitor of the diode bridge
rectifier. The high frequency inverter converts the direct current (DC) input into
alternating current (AC) with a frequency of 40 kHz. The AC signal is subsequently
provided to the primary inductive coil, as depicted in Fig. 6.4

49



600 -
400

200

V_primary(Volts)
o

-400

-600

30

20

10

I_primary(Amps)
o

0.05 0.1 0.15 0. 3 0.35 0.4 0.45 0.5

2_ 025 0.
Time (seconds)

Fig.6.4 Primary Side coil voltage and Current

The primary inductive coil initiates the transfer of power using magnetic means,

whereas the secondary inductive coil receives this power without the need for physical

wiring, as depicted in Fig 6.5
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Fig. 6.5 Secondary Side coil voltage and Current

High frequency alternating current (HFAC) is the form of wireless power received by

the primary coil. A diode bridge rectifier is used to transform it into DC, or direct

current. Finally, the battery is connected to the DC power source via the bridge
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rectifier's DC-link capacitor. The battery's charge level is increased during this

charging procedure, as seen in Fig. 6.6 and Fig. 6.7.
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Fig.6.6 Battery Voltage and current
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Fig.6.7 State of charge (SOC) of the Battery
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Chapter 7

Conclusions and Future Scope

The investigation of wireless Electric Vehicle (EV) charging methods highlights a
groundbreaking advancement in our approach to powering our automobiles. This new
three-phase wireless charging system exemplifies a harmonious integration of
effectiveness, security, and ease, establishing it as a leading contender in the
forthcoming realm of electric vehicle charging solutions. The core of this
groundbreaking method is in its capacity to sustain a consistent link to the energy
supply, guaranteeing a seamless transformation from alternating current (AC) to direct
current (DC) power. Ensuring a dependable DC connection voltage is crucial since it

directly affects the efficiency of battery charging operations.

The success of this system relies on the implementation of the Active Front End (AFE)
technology, which has a crucial function in maintaining the stability of the DC voltage.
This steadiness is not just a technological accomplishment, but also the fundamental
basis on which the entire charging process is improved. The detectable patterns of
voltage and current in the battery during the process of charging provide support for
the notion that the system is functioning as intended. An unmistakable indication of
this achievement is the State of Charge (SoC) reaching 100%, which unequivocally
demonstrates a battery that has been fully charged using effective and deliberate

procedures.

This paper explores the intricacies of wireless power transfer (WPT), with a specific
emphasis on the significant influence of coil design. By analyzing factors such as coil
form, number of turns, frequency, distance between coils, and material qualities, one
can get insights into the complex process of optimizing efficiency while minimizing
loss. The results indicate that square coils, despite their straightforward design, may
encounter efficiency difficulties as a result of alignment problems. On the other hand,
circular coils, albeit having a higher inductance, are similarly susceptible to decreased

efficiency in the event of misalignment.

An impressive accomplishment of this novel charging topology is its capacity to

transfer SkW of power wirelessly, showcasing an outstanding coil efficiency of
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94.09%. The amount of efficiency demonstrated by the system not only emphasizes
its usefulness, but also showcases its ability to minimize environmental impacts by

lowering energy waste.

Nevertheless, the task of aligning coils remains a continuous domain for pioneering
advancements. Enhancing alignment technology could greatly improve the overall
efficiency of the charging system, as electric vehicles (EVs) may not always be
perfectly positioned in relation to the charging infrastructure. Further research and
development should focus on exploring the potential of incorporating dynamic

alignment solutions that can adapt to different vehicle orientations.

In addition to its technical advantages, the sociological advantages of this wireless
charging technology are significant. By providing a plug-and-charge solution, this
technology streamlines the process of charging electric vehicles, which might
potentially expedite the widespread use of electric vehicles by making them more
attractive to a wider range of people. The simplicity and ease of this technology could
serve as a decisive factor for numerous prospective EV consumers, transforming it into
more than merely a charging development, but also a driving force for altering vehicle

usage and ownership patterns.

Overall, the creation of the three-phase wireless EV charging system is a noteworthy
achievement in the pursuit of improved, user-centric electric vehicle infrastructure.
This technology overcomes significant obstacles such as power stability, coil
efficiency, and alignment, while simultaneously meeting the practical requirements of
users. As a result, it facilitates the broader adoption and utilization of electric vehicles.
The quest for optimum wireless charging solutions encompasses not only
technological progress but also the advancement of a sustainable future in

transportation.
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