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Abstract

The Wireless Power Transfer (WPT) systems provide a platform by which the electric energy
from the power grids can be conveyed to Electric Vehicles (EVs) by only using the
electromagnetic fields, i.e. without necessarily the contacts. Other enhancements that WPT
offers include: its ability to address some issues inherent in the "plug-in" charging technique
like vulnerability to vandalism, power inefficiencies, and the dangers of exposed connectors as
well as loose wires, among other things. Additionally, this technology makes it convenient for

EVs to be charged while they are moving or parked.

Comprehensive research has been carried out in the last decades in the development of wireless
power transfer technologies for electric vehicles. Literature review in the field of wireless
power transferred has revealed that inductive resonance with series-series compensation circuit
is the most efficient compensated circuit in inductive resonant technology as it plays important
role in the system resonance. The resonance frequency is the key point which could be
disturbed because of external and internal disturbance of the inductor values. To overcome this

limitation a variable capacitor technique is used to achieve the required resonance frequency.

A proposed variable capacitor technique implemented in wireless power transfer circuit is
designed, simulated and practically implemented with 87.75% efficiency. In this research the
fixed capacitor in the proposed compensation circuit is replaced with a controlled variable
capacitor in order to achieve a fine-tuned resonance frequency. Also, the speed of selecting the
required tuned capacitor is achieved using high frequency (100kHz). The main idea is to select

different values of the resonant capacitor in order to achieve different resonance frequencies.

Inductor coil design is also presented in this research using Ansys Electronic software in order
to find the optimum inductor and optimum airgap used in the design of the variable-capacitor

compensated circuit.

A circuit using the proposed technique is built in the lab to verify the design and simulation

results. Overall, this research is based on static wireless charging.
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Chapter 1: Introduction

One of the main causes of environmental contamination is the increase in the number of fossil
fuel-powered vehicles, including cars, trucks, buses, and motorcycles. Due to the release of
dangerous air pollutants such carbon monoxide (CO), nitrogen oxides (NO,), and sulphur
dioxide (S0,), the quality of the air deteriorates and it also causes global warming. These
pollutants affect almost every organ system in the human body negatively in addition to
endangering the environment. Researchers and governmental organisations have expressed
concerns about the aforementioned environmental difficulties, which has resulted in a major
focus on reducing reliance on fossil fuels and replacing them with cleaner alternatives. One of
the best examples of this transition is provided by electric cars (EVs). Over the past few
decades, electric vehicles (EVs) have gradually gained popularity due to their benefits, which

include reduced greenhouse gas emissions, no emissions of pollutants, and increased economy

[1].

Electric vehicles (EVs) are seen as a viable replacement that can help with the air pollution
crisis as well as the scarcity of fossil resources. The availability of necessary charging facilities
has a significant impact on the general adoption of electric vehicles. Although at the moment
wired charging is more common, wireless charging technology is developing quickly. As a
result, for the foreseeable future, wired and wireless charging EVs will coexist. For this reason,
it is considered essential to have charging stations that support different kinds of electric
vehicles in both wired and wireless modes. But the expenses of making and installing these
two charging systems separately might be too high. The shared usage of some components in
both charging models, such as workspaces, electrical, and electronic devices, is thought to be
more economical than building wired and wireless charging facilities separately, especially

when considering the investment in civil infrastructure and gadgets [2].

The Electric Vehicle (EV) business has gained more attention in the past few years, most
especially with the elevating cost of petroleum. Mainly, the surge of interest is driven by the
rapid growth of the industry in an attempt to provide an alternative to conventional
motorization based on internal combustion engine (ICE) [3]. Transportation expedites an
economy in as much as it makes it expansive, but it is also a very big contributor to greenhouse
emissions. The exclusive use of Internal Combustion Engine (ICE) cars for travel, especially

in high fuel periods, can be detrimental to economic progress. This has made the Electric



Vehicles (EVs) to be seen as viable alternatives in not only electrifying transportation, but as

well in decarbonising it [4].

It is increasingly difficult for the world to be grappling with the environmental and the energy
challenges. Electric vehicles (EVs), compared to vehicles using conventional fuel, have many
advantages. They help in preserving oil reserves and substantially reduce carbon emissions.
This has increased the attention from governments and automotive companies across the globe
in the deployment of EVs, which is continuously growing. [5] [6]. Nonetheless, the recurrent
instances of spontaneous combustion and fires in Electric Vehicles (EVS) have resulted in
substantial economic losses for both car owners and operators of charging facilities. These
incidents of charging safety have posed significant impediments to the advancement of EVs
and their associated industries [7]. The comprehensive enactment of the national big data
strategy has increasingly underscored the trend towards digitalization and intelligence within
the automotive sector. Employing big data research as a means to address safety concerns in
Electric Vehicles (EVs) has emerged as a crucial approach. The profound amalgamation of
EVs with big data is anticipated to expedite the evolution of automotive safety regulatory

technology, consequently enhancing the high-quality development of China's EV industry [8].

Recently, the development and extensive acceptance of alternative energy sources have
captured substantial global interest. Consequently, this has resulted in an increased popularity
of electric vehicles (EVs), which are now regarded as indicators of the advancement and
application of these emerging energy technologies [9]. In the pursuit of fostering economic
transformation, optimising the energy mix, and enhancing air quality, New Energy Vehicles
(NEVs) —encompassing Hybrid Electric Vehicles (HEVs), Pure Electric Vehicles (PEVs), and
Fuel Cell Vehicles (FCVs) — have been recognised as key initiatives. These vehicles have now
entered a phase of rapid development [10]. China has emerged as the largest national market
globally for New Energy Vehicles (NEVSs). In 2021, the total sales of NEVs in China reached
3.5 million, marking a 145.6% increase from 2020 and accounting for 53% of the global NEV
sales. However, safety concerns have been impeding the extensive adoption of NEVSs in the
worldwide market. Notably, in 2018, over 40 incidents of spontaneous combustion involving
NEVs were reported in China, and the number of recalled NEVs exceeded 130,000.
Consequently, it is vital to investigate key technologies such as the state of health (SOH), fault
diagnosis, risk assessment, and precise control during NEV operation to enhance the safety

regulation of NEVs effectively [11].



For Electric Vehicles (EVs), charging options encompass both contact and wireless methods.
Electricity is transmitted via metal contact between plug and socket in contact charging,
whereas wireless charging employs an electromagnetic field. Development of wireless
charging and its application has kept receiving increasing attention as the benefits such as less
contact loss, no mechanical wear, improved safety, and reliability continue to be realised [12].
Electric car charging methods currently in practice include: plug-in charging and wireless
charging. Of them, the plug-in charging method is popular, in fact, its high efficiency has even
been established as the dominant one. However, this comes with so many disadvantages such
as one being prone to tripping over the charging cables, inconveniences of having to manually
connect and disconnect the charger, and cable corrosion that would be dangerous to the users.
Wireless charging can easily take care of these problems and can add to monitoring systems,

hence increasing its functionality [13].

1.1 Aim and Objectives

This research aims to design and develop overall wireless charging system for Electric Vehicle
(EV) with design of variable capacitor configuration. The Objectives of the research include:

1. Comprehensive investigation of different wireless power transfer (WPT) technologies
for EVs.

2. Full design of variable capacitor configuration.

3. Design of EV charging including variable capacitor.

4. Simulation design of wireless charging for EVs with and without variable capacitor.

5. Simulation design of inductive coil.

6. Hardware implementation of wireless charging system.



1.2 Scope of the Research

The scope of the research will be confined to the Wireless Power Transfer (WPT) technology
relevant to Electric Vehicles (EVs). It will commence with an examination of the various
existing WPT designs, along with an analysis of their inherent challenges and limitations. It
will further aim to design wireless power transfer system for electric vehicle and design of
variable capacitor to achieved required resonance frequency. Additionally, inductor coil design

will be discussed as well.

The overall system will only take consideration the wireless power transfer of electric vehicle

with variable capacitor in order to get the required resonance frequency.

1.3 Publications

During the research process, publications in both conferences and journals were produced.

1) M. S. Sikandar, M. Darwish, C. Marouchos “Review of Wireless Charging of EV”,
IEEE University Power Engineering Conference (UPEC), September 2022.

2) M. S. Sikandar, M. Darwish, “Control of Resonance Frequency by using Variable
Capacitor Technique for EV’s”, Journal IEEE Transactions on Vehicular Technology,

has been submitted.

3) M. S. Sikandar, M. Darwish, “Impact of airgap between Primary and Secondary coil in
WPT for Electric Vehicles”, Journal IEEE Transactions on Transportation

Electrification, has been submitted.



1.4 Contributions

Contributions of this research are outlined as follows:
1.4.1 Review of methods for charging of Electric Vehicle.

It has been determined that electric vehicles can be charged using two principal methods: the
plug-in mode and the wireless power transfer (WPT) mode. The WPT model was chosen after
a review of the advantages and disadvantages of both models. Its excellent qualities—such as
increased automation, increased safety, increased dependability, and increased flexibility—had

an impact on this decision.

Review of technologic techniques was conduct to identify the most adoptive topology of WPT
for electric vehicle applications. The magnetic gear wireless power transfer, inductive power
transfer, capacitive power transfer, and inductive resonance power transfer are considered of
special emphasis in this section. In general, by considering the efficiency, as well as the
effectiveness of inductive resonance power transmission, it is generally believed to be the best

option for charging electric vehicles.
1.4.2 Review of different compensative circuit topologies for resonance circuit

In order to determine which compensating topology would work best for electric vehicle
applications, a thorough analysis of all known Wireless Power Transfer (WPT) technologies
topologies was carried out. Discussions encompassed topologies such as Series-Series (SS)
compensation, Series-Parallel (SP) compensation, Parallel-Series (PS) compensation and
Parallel-Parallel (PP) compensation. Series-Series (SS) compensation topology emerged as the
most appropriate choice, being identified and selected for its effectiveness and efficiency in

charging electric vehicles.
1.4.3 Design of Variable Capacitor for WPT

This chapter is very critical within the framework of systems that are developed for the transfer
of wireless power for electric vehicles. A new paradigm is defined, in that variable capacitors
were integrated to maintain the optimum resonance frequencies required to effect energy
transfer effectively. In this way, the system will be able to adjust to possible changes in
operational conditions, hence increasing efficiency and reliability in the power transfer process.
A variable capacitor has been designed to get the required resonance frequency. The value of

the capacitor can be controlled by adjusting the duty cycle of the switches (the switching



function of the other switch is a compliment of the first switch).The effective value of the
capacitor can be controlled in order to control the resonant frequency without changing the

physical value of the capacitor. Simulation has been done in PSpice and MATLAB Simulink.
1.4.4 Simulation design of wireless power transfer for EV including variable capacitor.

Wireless power transfer design has been proposed with fixed and variable capacitor. Design
includes all mathematical equations of wireless power transfer model incorporated with
variable capacitor equations. Simulation has been done in PSpice. The contributions made on
the details of the design and development of variable capacitor configurations for effective
wireless power transfer in electric vehicles. This work highlighted a new way to use variable
capacitors to tune resonant frequencies on the fly to increase further energy transfer on its
effectiveness via simulation. This work improves the functionalities and reliabilities of wireless
power systems, promoting general usage of electric vehicles in consideration of the benefit of

improved charging convenience and efficiency
1.4.5 Simulation design of inductive coil.

In the domain of simulation modelling, a detailed inductive coil has been designed within
ANSYS software. Deep analyse has been done by changing the airgap between the primary
and secondary coil to see the airgap effect to the efficiency. Important detailed contributions to
the electromagnetic modelling and simulation of inductor coils with the help of ANSYS
Electronics software. Detailed methodologies and designed a geometric model of the inductor
coil so that the simulation results could reflect the actual behaviour of the inductors under
different electromagnetic conditions.

1.4.6 Hardware Design of wireless charging system.

Hardware of wireless power transfer has been designed. Within the confines of a laboratory
environment, the implementation of a hardware prototype, designed for the wireless transfer of

power to electric vehicles, has been accomplished.

1.5 Thesis Layout

The thesis is divided in to 8 chapters:

Chapter 1.  This chapter offers an introductory background, elucidating the motivations

behind the research. The research aims and objectives, scope of research, publications,

contribution and thesis layout are presented.



Chapter 2. In this chapter, the justification for utilising a wireless charging system is first
addressed, followed by a thorough literature review on various types of wireless EV charging.
Subsequently, the most effective configuration will be determined, employing a decision
matrix. The limitations of using a fixed capacitor are then discussed, underscoring the necessity

for a variable capacitor. This discussion sets the stage for the subsequent chapter

Chapter 3. This chapter will encompass the complete design of the variable capacitor
configuration. The design encompasses a series of equations that determine the value of the
capacitor at varying duty cycles. The outcomes of these equations will be illustrated in an Excel

spreadsheet.

Chapter 4. This chapter is dedicated to presenting the design of the proposed wireless
charging system for Electric Vehicles (EVs), specifically focusing on the variable capacitor
component. The design will involve detailing the equations of the wireless system, integrating
the variable capacitor equations within it.

Chapter 5. This chapter requires the presentation of the simulation work conducted using
tools such as PSPICE. It will focus on examining parameters like efficiency, quality factor,

mutual induction, compensation circuit, resonance frequency and variable capacitor.

Chapter 6.  This chapter details the design of an inductive coil using ANSY'S software. An
extensive analysis has been conducted, focusing on the impact of varying the airgap between

the primary and secondary coils on the system's efficiency.

Chapter 7. In this chapter, the implementation of a hardware for wireless power transfer
has been completed within a laboratory setting. This hardware is specifically implemented for

facilitating the wireless transmission of power to electric vehicles.

Chapter 8. A concise summary of the research conducted in this thesis has been presented.
Discussions have been made regarding the extent of improvements achieved, alongside the
presentation of limitations encountered during the research. Additionally, recommendations

for future research endeavours have been outlined.



Chapter 2: Literature Review

2.1 Introduction

It is necessary to understand the background and challenges associated to charging system of
EV. In the quest to design and develop an optimal WPT topology for EVs, emphasis is placed
on a comprehensive understanding of the advancements in wireless charging technologies
currently under development and implementation. The acknowledgment of "plug-in" charging

methods exists, but the primary focus remains on the progress in wireless charging solutions.

The literature review of this research focuses on types of charging for electric vehicle, different
methods of WPT for electric vehicle, types of compensation circuit topologies, modes of

charging for electric vehicle and inductive coil design.

The literature review was conducted by synthesizing information from a diverse array of
sources. These encompassed various forms of literature, including published thesis, reports,
conference proceedings, and company reports. Further insights were derived from additional

sources like books, news articles, journals, and select government publications.

2.2 Concept of Electric Vehicle

An Electric Vehicle (EV) is characterized by its reliance not solely on an engine and fuel, but
rather on a contemporary electric system comprising motors, power converters, batteries, and
controllers. Integration with modern transportation networks can render EVs intelligent
systems. Significant progress is required to enhance their affordability. The architecture of an
EV encompasses its mechanical construction, the electrical and electronic transmission

supplying energy, and the information system managing vehicle control [14].

2.3 Types of Electric Vehicles

EVs are transforming the landscape of personal transportation and exerting an influence on
energy grids. As shown in Figure 2-1 four principal varieties of EVs are identified: Battery
Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs), Plug-in Hybrid Electric Vehicles
(PHEVs), and Fuel Cell Electric Vehicles (FCEVs) [15].
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Figure 2-1:Different Types of EVs [18]



2.4 Types of EV Charging

The charger for electric vehicles (EVS) is responsible for converting energy from the power
grid into a suitable form for the EV or plug-in hybrid EV, while also ensuring the battery's safe
reception of this energy [18]. Upon connection of the vehicle to the charger, the initiation of
the charging process occurs subsequent to the completion of necessary checks [18]. The battery
undergoes an electrochemical transformation facilitated by the delivery of a current during the
charging phase. Displayed in Figure 2-2 are the three primary methods of charging an EV
battery: conductive charging, inductive charging, and battery swapping [18].

Types of EV charging
v v \ 4
Wireless Charging Conductive charging Battery Swapping

Static Dynamic On-Board Off-Board Side
wireless wireless Charging Charging > swapping
Charging Charging

—> .
— = swapping

— Top
—>

swapping

\ } Bottom
mmd swapping

Fast Charging

Figure 2-2:Primary Methods of EV Charing [18]
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2.4.1 Conductive Charging

Conductive charging, commonly referred to as wired charging, is characterised by a system of
direct contact for charging between a vehicle and its power supply, as documented in sources
[16] [17] [18]. This system incorporates rectifiers and connectors designed to correct power
factors. Charging methods fall into two categories: on-board, where the charger is integrated
within the vehicle, and off-board, where the charger exists externally. A direct linkage is
established between the charger and the electric vehicle's (EV) battery through physical
contact, as cited in references [16] [17] [18]. High-power rapid charging may lead to potential
adverse effects on the charger or present safety hazards. Moreover, regular charging using a
slow charger without the provision for overnight charging could pose issues, as noted in [16]-
[17].

Fig.2 illustrated the three distinct tiers of on-board charging options for electric vehicles: L-1,
L-2, and L-3. L-1 utilises a conventional 120V power source, offering a charging capacity of
3to 5 miles per hour, with a complete charge spanning several hours and a rate of 1.4 kilowatts.
L-2 necessitates a 208V or 240V power connection, providing an additional range of 12 to 80
miles per hour, and is capable of fully charging an electric vehicle in 2-4 hours with a power
rate between 3.7 and 7.2 kilowatts. Typically, L-2 charging facilities are installed in residential
homes, offices, and public locations. The quickest on-board charging available for electric
vehicles is L-3, or DC fast charging, delivering rates of 50 kilowatts or higher and achieving a
full charge within 30 minutes to an hour. These stations are strategically positioned along
transportation routes and accommodate various electric vehicle plug connections. There is also
mention of L-4 charging, known as the Megawatt Charging System (MCS), which represents
the forefront of electric vehicle charging technology. MCS can achieve charging rates up to
3.75 megawatts, dramatically shortening charging times and facilitating rapid charging
capabilities. L-4 systems can deliver power at 800 volts or higher, with voltage and current
ratings peaking at 1250V DC - 3000A, allowing for a range increase of over 200 miles in just
15 minutes. The deployment of L-4 charging infrastructure is limited due to its ongoing
development. Nevertheless, leading charger manufacturers such as ABB, Siemens, Delta
Electronics, EVBox, and Tritium are advancing the production of Megawatt Charging Systems
featuring multiple ports, responding to the escalating demand for high-capacity EV charging

infrastructure [18]. Table 1 offers a detailed account of the characteristics of conductive
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charging for electric vehicles, encompassing charge levels, power, voltage, current, types of

connections, and durations of charging [18].

Table 1:EVs charging levels and Specification [18]

Charging On-Board Off-Board
Level L-1 L-2 L-3 L-4
Power Rating 1.4 kW 3.7-7.2 kW 50 kW Max. 3.75 MW
(KW)
AC Voltage 120 V/240V 208V/240 V - -
DC Voltage - - 200-800 V 800-1250 V
AC Current 12 A 16-80 A - -
DC Current - - 50-400 A 400-3000 A
Charging Time 12-24 hours 2-4 hours 30 minutes to 1 15 minutes
hour

2.4.2 Battery Swapping

This technique allows for the exchange of a depleted battery for a fully charged one by
operators of electric vehicles (EVs). Given that the duration of battery charging can be
extensive, the associated waiting time may present a challenge for individuals with constrained
time availability [16, 18]. Opting for battery replacement offers advantages such as extended
battery longevity, reduced usage duration, and lower operational costs. The requisite
infrastructure and apparatus for facilitating battery replacement encompass distribution
transformers, AC-DC converters, battery chargers, robotic arms, charging racks, and systems
for control and maintenance. A notable advantage of the battery replacement system is its
integration with the energy storage system (Vehicle-to-Grid, V2G), which is made possible by
enabling bidirectional flow of electricity [16, 18]. The method involves the replacement of an
older battery with a new one to support the electric drive. Additionally, battery replacement
stations are capable of conducting batch power flow with the power grid, allowing for the
injection of stored energy into the grid at times of high demand, thereby enhancing local power
efficiency [16, 18].
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2.4.3 Wireless Charging

WCS have been suggested for high-power uses, like stationary plug-in electric vehicles (PEVS)
and electric cars (EVs). When it comes to ease of use, reliability, and simplicity, WCS
surpasses plug-in charging systems in its benefits. One drawback of WCS is that it can only be
utilised in stationary modes, such as parking lots, garages, or traffic signals, or while the car is
parked. Moreover, stationary WCS have challenges from better efficiency, shorter range, hefty
designs, restricted power transfer problems. To expand the two domains of range and enough
battery storage volume, the dynamic mode of operation of the WCS for EVs has been studied
[19]. Battery storage devices can now be charged while the car is moving thanks to this
technology. The vehicle has a greater range of travel and requires less expensive battery storage
space [20]. A dynamic WCS must, however, overcome two fundamental challenges before it
is generally adopted: a large air gap and coil misalignment. The power transfer efficiency is
determined by the coil alignment and air-gap distance between the source and receiver [21]
[22]. The typical air-gap distance for small passenger cars is between 150 and 300 mm,
however it can increase for larger cars. Aligning the ideal driving position on the transmitter

coil is easy because the car is driven automatically in dynamic mode [19].

Wireless charging represents a technique for power transmission to the batteries of electric
vehicles. The technology employs electromagnetic waves and is utilized where the electric
vehicle is stationed in a charging bay [16, 18]. An air gap exists between the primary coil,
associated with the vehicle, and the secondary coil, situated within the charging bay, thus
obviating the requirement for a galvanic connection. By excluding mechanical components,

this approach streamlines the charging procedure and reduces potential hazards [16, 18].
The basic block diagram of the static WCS for EVs is displayed in Figure 2-3. To help with

power transfer from the transmission coil to the reception coil, AC/DC and DC/AC converters

transform grid-supplied AC mains into high frequency (HF) AC [23].
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Figure 2-3:Basic block diagram of wireless charging for Electric Vehicles [23]

Compensatory topologies based on series and parallel combinations are employed on both
transmitting and receiving sides to improve system efficiency overall [24] [25]. The receiving
coil, which is often mounted below the vehicle, transforms the oscillating magnetic flux fields
into HF AC. The on-board batteries then use the stable DC supply that was created from the
HF AC. The power control, communications, and battery management system (BMS) are also
integrated to prevent any risks to health and safety and to guarantee consistent functioning.
Magnetic planar ferrite plates are employed on both the transmitter and receiver sides in order
to reduce any undesired leakage fluxes and enhance magnetic flux distribution [19].

2.5 Modes of Wireless Charging

Wireless charging can be divided into two modes static charging and dynamic charging [16,
18].

2.5.1 Static Charging

In the static charging method, energy is transferred from the primary power source to the
battery's input. The efficiency of this wireless charging process typically ranges from 85-93%,
which may rise to between 95-98% in the presence of an air gap [16, 18]. The primary coil is
positioned beneath the floor of the vehicle, and the secondary coil is situated either below or at
the vehicle's centre. This advanced technology is suitable for use in various settings, such as

parking lots, car parks, residential areas, and shopping centres [16, 18].
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2.5.2 Dynamic Charging

The dynamic charging technique is employed for electric vehicles while they are moving. The
objective of wireless charging systems is to extend the range of vehicles by reducing the
necessity for frequent charging or the use of larger batteries [16, 18]. Along specific routes,
transmitter coils and power supplies are strategically installed. Nevertheless, the intensity of
the electromagnetic field diminishes progressively with increasing distance from the
transmitter. The frequency range for wireless charging systems usually lies between 20-100
kHz [16, 18].

2.6 Challenges of Wireless Charging

Certain challenges are associated with wireless charging systems, especially concerning
transmission efficiency and safety. The efficiency of these systems is influenced by various
factors, including the alignment, design of the power pad, operating frequency, compensation
topology, and the distance between the transmitter and receiver [16, 18]. Nevertheless, wireless
charging represents a promising technology that supports the usage of electric vehicles and
contributes to the extension of battery life [16, 18]. Comparison between static and dynamic

charging system is shown in Table 2.

Table 2:Comparing EV charging using dynamic and static wireless methods [18]

Static Wireless Charging

Dynamic Wireless Charging

Description

mandates that electric cars be
parked on top of a stationary
charging station or pad in
order to be charged [18].

enables the recharging of
electric vehicles while they

are in  motion; this is
commonly employed for
electric bus routes and

electric roads [18].

Operating Principle

generates a magnetic field
and  wirelessly transfers
energy between the
underfloor coil of the car and
a coil that matches the

charging pad [18].

On-the-go charging is made
possible by a continuous
magnetic connection being
formed between coils on the
underside of the car and

magnetic  charging  coils

15




buried in the road surface
[18].

Applications and Prevalence

-Houses, offices, and public
charging locations [18].
-Common [18].

-Electric vehicle highways
and bus lines [18].
-Anticipated to become more
extensively used in the future
[18].

Advantages and

Disadvantages

Safe, simple to use, and

appropriate  for charging

while  parked.  Several
restrictions on usage and
demands that cars be parked

[18].

prevents energy depletion by
enabling electric vehicles to
charge while in motion.

Complex infrastructure
requirements are possible

[18].

2.7 Different Methods of Wireless Power transfer

There are several methods that could make wireless charging feasible. Figure 2-4 depicts these

various kinds. While there may be other approaches or technologies available, these four are

the ones that are highlighted in this research.

| T

Capacitive

EV’'s Wireless Charging

Inductive Magnetic

|

Hybrid

Figure 2-4:Different technologies for wireless charging system [23]

Since the creation of electric vehicle wireless charging systems, four distinct WEVCS design
techniques have been employed. Magnetic gear wireless power transmission (MGWPT),
resonant inductive power transfer (RIPT), capacitive wireless power transfer (CWPT), and
traditional inductive power transfer (IPT). A summary of the wireless power transfer options
for battery-powered electric vehicles (BEVS) is shown in Table 3 [26] [27] [28].
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Table 3:Overview of different methods of WPT for EV’s [23]

WPT Methods Efficiency EMI Frequency Range(kHz)
Inductive Medium/High ~ Medium  10-50

Capacitive Low/Medium  Medium  100-150

Permanent magnet  Low/Medium  High 0.05-0.500

WPT Methods Price Size/Volume Design Power level
Inductive Medium/High Medium Medium Medium/high
Capacitive Low Low Medium Low

Permanent magnet High High High  Medium/Low

2.7.1 Capacitive Charging

For low-power applications, such portable electronics, the cheap cost and simplicity of CWPT
technology which makes use of improved geometric and mechanical coupling capacitor
topologies [29] are especially advantageous [30]. A typical schematic illustration of a CPWT
based on a series resonant circuit is shown in Figure 2-5. Coupling capacitors are used in the
CWPT to transfer power from the source to the receiver in place of coils or magnets [23]. An
H-bridge converter receives the primary AC voltage through power factor adjustment circuitry.
The H-bridge generates high-frequency AC, which is routed through coupling capacitors on
the receiving end. Unlike the IPT, the CWPT is capable of handling both high voltage and low
current [23].

Transmitter Recerver

BMS

Battery
Bank

fioeied

Figure 2-5:Diagram of Capacitive Wireless Power Transfer [23]

To decrease the impedance between the transmitter and receiver sides at the resonant
arrangement, more inductors are added in series with the coupling capacitors. This arrangement

facilitates the incorporation of soft switching into the circuits as well. Similarly, the received
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AC power is converted to DC for the battery bank or load using rectifier and filter circuits [19].
The power transmission level is directly influenced by the coupling capacitor's size and the
separation between the two plates. For a tiny air gap, CWPT provides superior performance
and enhanced field restrictions formed between the capacitor's two plates [31]. The application
of CWPT in EVs has been restricted thus far because of large air gaps and high-power level

requirements.

2.7.2 Inductive Charging

Figure 2-6 displays the fundamental block diagram of the classic IPT. It is predicated on several
distinct electric vehicle charging schemes. IPT has been tested and applied in many milliwatt
to kilowatt applications to transfer contactless power from the source to the receiver [32]. The
magnet-charge's primary coil, also known as an inductive coupler or charging paddle, was
inserted into the car's charging port. From there, electricity was transferred to the secondary
coil, which enabled the EV to be charged [32]. A 6.6 kW Level 2 EV charger that could charge
batteries between 200 and 400 V at an operating frequency of 77 kHz was on display at the
University of Georgia. In this universal IPT, a 10 KVA coaxial winding transformed provides
many benefits, such as an easily adjustable power range and flexible inductive coupling design
[32].
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Figure 2-6:Diagram of Inductive Wireless Power Transfer [23]

2.7.3 Magnetic gear wireless power transfer

The magnetic gear WPT (MGWPT) is different from the CWPT and the IPT, as illustrated in
Figure 2-7 [23].
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Figure 2-7:Diagram of magnetic Gear based Wireless Power Transfer [23]

Unlike other WEVC techniques that rely on coaxial wires, this method makes use of two
permanent magnets (PM) that are synchronised and put side by side [19]. The primary PM
experiences a mechanical torque as a result of the transmitter winding receiving the main power
as the current source [19]. When the mechanical torque is applied, the primary PM rotates and
exerts a torque on the secondary PM via mechanical interaction. When two synchronised PMs
are used, the primary PM acts as a generator, and the secondary PM gathers energy and sends
it to the battery through the power converter and BMS [19].

2.7.4 Hybrid Charging System

A block diagram of the hybrid wired/wireless charging system may be found in Figure 2-8.
The power supply side, which powers the EV that is being charged wirelessly or through wired
connections, is made up of the central control unit and the DC power module [2]. The DC/DC
converter, which provides galvanic isolation between the input utility grid and the output, and
the input power factor correction (PFC) make up the majority of the DC power module [2]. It
should be noted that the commercial DC/DC module is quite inexpensive because it is widely
used for wired EV charging [2]. It is consequently more economical to use a commercial
DC/DC power module rather than to construct one that is integrated with the inverter. The
power source for the wired or wireless mode is a two-wire switch. A command from the CAN

bus of the central control unit can modify the DC power module's output voltage [2].
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Figure 2-8:Diagram of Hybrid Charging System [23]

The DC voltage regulator, the inverter, and the universal asynchronous transmitter-receiver
(UART) module are the main parts of the central control unit [2]. The battery management
system (BMS) data is gathered and serial communication is managed by the UART module.
There are two varieties of serial communication methods available: wireless and cable. Wired
connection uses RS485; wireless communication uses Zigbee [2]. The DC voltage regulator is
based on a PI controller, which outputs the DC module output voltage in response to real-time
battery charging voltage and current. Furthermore, the inverter converts DC current to AC for
wireless communication when the wireless charging mode is turned on [2]. Actually, there is a
parking area dedicated to each hybrid charging system. Therefore, the hybrid system can only
charge one charged object at a time—either the EV with cable charging or the EV with wireless
charging [2]. It is not feasible to charge two or more electric vehicles at once. As a result, the
central control unit can function in wireless or wired mode [2]. The hybrid charging system's
overall cost is reduced because, as Figure 2-8 illustrates, the DC power module and the central
control unit aside from the inverter are shared across the two charging modes. The DC power
module's price is directly related to its rated power, which is the result of multiplying its
maximum output voltage by the required current [2]. From a financial standpoint, it's critical
to create a hybrid charging system that can accommodate both wired and wireless charging
modes for a specific battery charging profile, in addition to meeting the DC module's minimum
rated power need [2].
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2.8 Compensation topologies

There are the four basic compensations: SS, SP, PS, and PP. The first S or P stands for series
(S) or parallel (P) compensation from the primary side, and the second S or P stands for series
(S) or parallel (P) compensation from the secondary side [33]. Because the air gap between the
vehicle and the ground causes a large leakage inductance that limits power transfer, a
compensation circuit is also required. One advantage of LC resonators is that they are easier to
manage while designing. The LC resonator's compensator capacitors may be connected to the
coil in series or parallel. The compensation network's four topologies are summarised in Tables
1 and 2 [34]. Because of the shifting load and varying coupling coefficient during the EV
charging process, the Series-Series topology is recommended for EV applications. The Series-
Series (SS) and Series-Parallel (SP) topologies provide superior performance when it comes to
constant frequency WPT battery charging [35]. Furthermore, SS topology is more efficient
than SP topology and functions over a larger range of load resistance.

2.8.1 Series-Series Compensation

Several key criteria are discovered for series-series compensation topologies as shown in
Figure 2-9, each of which is crucial to their performance and appropriateness, especially in

Electric Vehicle (EV) applications.
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Figure 2-9:Series-Series Compensation Circuit

It provides for high input Volt-Ampere (VA) rating that ensures that there is enough power
available for transfer. These are characterized by the transfer of high power in long distances
and therefore ensuring the effective delivery of energy to its destination, even if the gap
between the transmitter and the receiver is quite huge but in limited range. Further, a large
tolerance of alignment is realized, which promotes effective power transmission even under
slightly misaligned coils [36]. There is low impedance found at the resonant state, hence

promoting effective power transfer. This is deemed in terms of how efficiency is affected when
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the operating frequencies are outside the best range due to having limited tolerance for
frequency changes. All these features taken together certainly underscore the efficiency and
flexibility of the series-series compensation topology, making it especially appropriate for the
cases needing reliable power transfer under various circumstances, such as those typical of EV

charging scenarios [36].

2.8.2 Series-Parallel Compensation

A set of unique properties, present in series-parallel compensation topologies of Figure 2-10 is
identified, which makes their use applicable, especially in the context of EV charging systems.
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Figure 2-10:Series-Parallel Compensation Circuit

The high amount of power is ensured for the wireless transmission purpose by the high Volt-
Ampere (VA) rating available at input. The different EV charging applications are satisfied
with high output voltages by the topologies and meet all the requirements due to their special
design. A remarkable property in them is high-power transfer capability across long distance
within range this allows for efficient distribution of energy over airgaps. [36] Besides, high
alignment tolerance is preserved where the effect of misalignments in alignment between the
transmitting and receiving coils is voided in the power transfer process. Impedance is kept low
at the resonant state, a factor that is very critical in the process of power transfer. However, the
same study noted that the effect of poor frequency tolerance was also poor in tolerance of
deviations from the mean frequency to suggest larger deviations from the mean frequency
could result in poor efficiency. All these features represent how well the series-parallel
compensation architecture is feasible for electric vehicle (EV) applications, with a positive
answer towards high-voltage demand and effective power transmission in distant lands with

great flexibility and promise by the alignment reasons described [36].
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2.8.3 Parallel-Series Compensation

A particular set of properties are seen in parallel-series compensation topologies which is
shown in Figure 2-11 which influence their performance and usefulness in a range of

applications, albeit they have drawbacks when it comes to charging electric vehicles (EVSs).
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Figure 2-11:Parallel-Series Compensation Circuit

There is a low Volt-Ampere (VA) rating at the input, which means that there isn't much power
transferred. These topologies match applications that demand lower power levels since they
are designed for low output voltages. However, because of their poor long-distance power
transfer capacity, they are deemed unsuitable for EV applications [36]. A modest alignment
tolerance is offered, indicating that although a certain amount of coil misalignment is allowed,
the alignment flexibility is not as high as in other topologies. High impedance is experienced
at the resonant state, which adversely affects power transfer efficiency. Furthermore, a limited
tolerance to frequency changes is noted, suggesting that departures from the ideal frequency
might have a substantial impact on efficiency. Taken together, these features characterise the
parallel-series compensation topologies as more limited in their use, especially inappropriate

for high power requirements and the particular needs of EV charging systems [36].
2.8.4 Parallel-Parallel Compensation

Parallel-series compensation topologies which is shown in Figure 2-12 exhibit a unique set of
properties that characterise their suitability and performance constraints, especially when used

outside of EV charging systems.
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Figure 2-12:Parallel-Parallel Compensation Circuit

Its low Volt-Ampere (VA) input rating means that there isn't much power available for
wireless transmission, which naturally reduces their usefulness for high-demand applications

[36]. These topologies are recognised as unsuitable for EV applications even though they are
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intended for high output voltages, mainly because of their limited ability to transfer power over
long distances [36]. Their versatility is further limited by a low alignment tolerance, which
means that accurate alignment of the transmitting and receiving coils is required for efficient
power transfer. Furthermore, a high impedance at the resonant state is noted, which naturally
reduces the energy transfer process's efficiency. These topologies' low tolerance for frequency
deviations means that even little departures from the ideal operating frequency have a
substantial effect on their efficiency. These characteristics taken together highlight the
shortcomings of parallel-series compensation topologies in applications that demand strong
power transfer capabilities, especially those that demand great efficiency and flexibility like

EV charging systems [36].

2.9 Summary

Chapter 2 featured a comprehensive review of the literature that covered a wide range of topics,
including charging methodologies (e.g., plug-in and wireless), hybrid techniques, inductive,
capacitive, magnetic gear, and hybrid techniques, as well as static and dynamic charging
modes. This extensive examination, which highlighted the benefits and drawbacks of each
technique and mode, set the foundation for understanding the state of electric vehicle (EV)
charging technology today. Chapter 3 is devoted to the design of a variable capacitor technique

for a series-series compensation circuit, with the goal of adjusting the resonance frequency.
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Chapter 3: Design of variable capacitor

3.1 Introduction

As the extensive literature analysis in Chapter 2 reviews, maintaining appropriate resonance
frequency in the face of external environment variability or inductor-related issues has been
critical to the development of wireless power transfer (WPT) devices. It has been found that
fixed capacitors, which are typically employed in series-series compensation circuits, have a
limited capacity to adjust to resonance frequency variations brought on by either internal or
external disturbances. The incorporation of variable capacitors in replacement of fixed

capacitors has become a crucial design concern in response to these difficulties.

3.2 Function of Variable Capacitor

In Figure 3-1 basic design of variable capacitor is shown. The value of the capacitor can be
controlled by adjusting the duty cycle of the switches. The main idea in this proposed wireless
charging design is to control the duty cycle of one of the two semiconductor switches (the
switching function of the other switch is a compliment of the first switch). By doing so the
effective value of the capacitor can be controlled in order to control the resonant frequency
without changing the physical value of the capacitor. The switching frequency of the two
switches is high enough to produce stepless variation of the effective capacitance but not that
high in order to minimise any switching losses. It should be noted that the switching frequency
has nothing to do with the resonant frequency. The effective value of the capacitor is the one

which will determine the resonant frequency.

L

Figure 3-1:Basic diagram of Variable Capacitor
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3.3 Proposed variable Capacitor

In Figure 3-2 proposed variable capacitor design is shown. The details of C-effective equations

and values calculated in details sec 3.3.1

= = Vx

Figure 3-2:Diagram of Proposed Variable Capacitor

3.3.1 C-effective Calculation

To calculate the effective value of the capacitor by adjusting the duty cycle of the switches in
order to get the required resonance frequency required mathematical design. There are two
ways by which value of effective capacitor get either to control the duty cycle of switch 1 or

switch 2. In this proposed design both ways are derived.

By applying the Kirchhoff voltage Law (KVL) on the left side of the circuit through switch 1

then the voltage across capacitor c,, will be Vs, (t) can be calculated by equation (3.1).

Vs (t) = i(t) + Ldi(t)/dt + Vci(t) (3.2)

Similarly, by applying the Kirchhoff voltage Law (KVL) on the right side of the circuit through

switch 2 then the voltage across capacitor c,, will be V¢, (t)can be calculated by equation (3.2).

Vs, (t) = i(t) + L di(t)/dt + Ve, () (3.2)
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Current through capacitor c; can be calculated by deriving the voltage across capacitor c; with

respect to time can be shown in equation (3.3).

dVCl (t)

i(t) = CT (3.3)

Likewise, current through capacitor ¢, can be calculated by deriving the voltage across

capacitor c, with respect to time can be shown in equation (3.4).

dVCz (t)

i(t)=c o (3.4)

Maximum voltage (V;,,.4) produced in the system can be calculated by multiply the capacitance

reactance of ¢; which is X, with square of duty cycle of switch 1 plus whole square of

remaining duty cycle of the switch 2 multiply by capacitance reactance of c,. After all this
calculation is multiply by the maximum current of the proposed system can be shown in

equation (3.5).

Vinax = [dzxcl +(1- d)ZXcz]Imax (3.5)

Likewise, Vmax can also be calculated by multiply the capacitance reactance of c, which is

X, with square of duty cycle of switch 2 plus whole square of remaining duty cycle of the

switch 1 multiply by capacitance reactance of c;. After all this calculation is multiply by the

maximum current of the proposed system can be shown in equation (3.6)
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Vinax = [decz +(1- d)ZXcl]Imax (3.6)

Capacitance reactance of the effective value of the capacitance can be calculated V;,,,, divided

by I, Which is shown in equation (3.7).

Vinax

N is the ratio of two capacitor c, by c; which is multiplied by duty cycle to get the effective

value of the capacitor. Ratio is mentioned in equation (3.8).

_Xa _a (3.8)

XCZ C1

Effective value of the capacitor can be calculated by equation (3.9) if considering switch 2.

= (3.9)

Ceff = @ni(1-a)?

Effective value of the capacitor can be calculated by equation (3.10) if considering switch 1.

= (3.10)

Ceff = @1(1-a)N
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d assigned to s; or s, can be calculated by using equation (3.11)

C1 _

d

c1t+cCy

C2

(3.11)

c1t+cy

The variable used in the all above equations (3.1) - (3.11) are explain in Table 4.

Table 4:Variable used in the all above equations (3.1) - (3.11)

Notation Description
Vsy(t) Voltage across the first source as a function
of time.
Vs, (t) Voltage across the second source as a
function of time.
i(t) Current through the system as a function of
time.
R Resistance in the circuit.
L Inductance in the circuit.
Ve (t) Voltage across the first capacitor c; as a
function of time.
Ve, (t) Voltage across the second capacitor c, as a
function of time.
Vinax Maximum voltage produced in the system.
Xe, Variable associated with capacitor c;.
Xe, Variable associated with capacitor c,.
Lmax Maximum current produced in the system.
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N Ratio by j%: which is equal toz—i .
Ceff Effective capacitance of the system.

1 First capacitor in the circuit.

Cy Second capacitor in the circuit.

S; Switch 1 in the circuit.

S Switch 2 in the circuit.

In the proposed design of variable capacitor, the calculation of effective capacitance is
discussed above. In the design Vs; (t) and Vs, (t) are the voltage across two distinct capacitors
their values can be calculated by the sum of product of instantaneous current,
i(t) and resistance R added to the integral of the instantaneous current with respect to time and

the corresponding voltage across the capacitors, V¢, (t) and V¢, (t) respectively.

The instantaneous current across the capacitors, i(t) is more expressed in term of the derivative
of the voltage across these capacitors, scaled by the coefficient, ¢ which is represents a

capacitance.

Furthermore, the maximum voltage 1}, is defined for both capacitors in terms of a parameter

d, which represents a duty cycle and maximum current I, .

The effective reactance X, is obtained by the ration of V4, t0 Iq,. N is the ratio of the

product of the first capacitor’s reactance and second capacitor to the product of the second

capacitor’s reactance and the first capacitor.
The outcome, the effective capacitance ¢, , is calculated as a function of N and parameter d.

The graph generated in Figure 3-3 and Figure 3-4 by using excel data which is shown in
Appendix B. Graph shows that when the duty cycle is zero then the C-effective value is equal

to the value of ¢, or c; based on the C-effective equation that is used.

Similarly, when duty cycle is 1 then value of C-effective is double of ¢, or ¢; depends which
equation of C-effective is used. Value of N is got by using the equation (3.8) of this chapter. N

value can be obtained either vary the value of ¢, or ¢, but in this design the value of c, is fixed
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and changed the value of ¢, to get the value of N. Complete calculation of N value is shown in

Table 5 the value of C-effective is calculated by using equation (3.9).

Table 5:Calculation of N value

c1 cy N=c/c4q
2 1 0.5
2 2 1
2 4 2
2 6 3
2 8 4
2 10 5
2 12 6
2 14 7
2 16 8
2 18 9
2 20 10

Figure 3-3 is shown the C-effective values for different N and duty cycle where X-axis is
represented the duty cycle of the switches and Y-axis is represented the corresponding C-
effective values. Furthermore, if N = 0.5, then c;'s value is twice that of c,, meaning thatc,
needs a higher duty cycle than c, in order to achieve the maximum value of C. This is seen in
Figure 3-3 and the excel data in Appendix B1, where c;'s duty cycle is roughly 0.65 and c,'s
duty cycle is 0.35.

At N=1 both c¢; and c, are equal so it means both duty cycle is equal as well which is also
shown in Figure 3-3 as well at 0.5 duty cycle maximum C-effective is achieved and so on. The

graph shown in Figure 3-3 is generated according to the equation 3.9 used in this Chapter 3.
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C-effective Value for different N and

duty cycles
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Figure 3-3:C-effective values at different duty cycle and N by using other equation (3.9)

There is another equation 3.10 also available where the value of C-effective can be achieved
but for that need to Fix the value of c, and vary the value of c;. According to this calculation
the graph is shown in Figure 3-4 and excel data is shown in Appendix B2. Figure 3-4 is shown
the C-effective values for different N and duty cycle where X-axis is represented the duty cycle

of the switches and Y-axis is represented the corresponding C-effective values.
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C-effective Value dor different N and duty cycle
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Figure 3-4:C-effective values at different duty cycle and N by using other equation (3.10)

3.4 Summary

Chapter 3 provided an in-depth analysis of the design and intricate calculations pertaining to
the operation of the variable capacitor, laying the groundwork for its crucial function in
modifying the resonance frequency to achieve maximum efficiency in wireless power transfer
(WPT) systems. This investigation prepared the ground for the implementation of these ideas
to be further developed in Chapter 4, which focuses on the design and computation of a WPT

system for electric vehicles (EVSs) using series-series compensation.

The design and operational mechanics of a variable capacitor, which is essential for regulating
the resonance frequency in wireless power transfer (WPT) systems, are the focus of Chapter 3.
This chapter emphasises the importance of variable capacitors in attaining ideal resonance
frequencies that account for operational and environmental variability and ensure effective
energy transfer to electric vehicles (EVs). Building on the ideas presented in Chapter 3, Chapter
4 explores how these theories might be put into practice by concentrating on the design of the
wireless charging infrastructure for electric vehicles. The concepts obtained from the variable
capacitor design are expanded upon, emphasising how important they are to creating a reliable

WPT system. Detailed explanations of how these capacitors are integrated into the system show
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how they enable dynamic resonance frequency modifications, which are essential for
optimising power transfer efficiency and dependability in real-world electric vehicle charging
situations. This connection highlights how modifying resonance frequencies with varying
capacitors can improve the efficiency and functionality of wireless EV charging systems, both

theoretically and practically.
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Chapter 4: Design of Wireless charging System of Electric vehicle

4.1 Introduction

Chapter 4 delves deeply into the design and calculations related to Wireless Power Transfer
(WPT) systems for Electric Vehicles (EVs). This builds on the fundamental ideas covered in
Chapter 3 concerning the design of the variable capacitor and its critical function in resonance
frequency adjustment. A thorough foundation for the electrical parts of the system was
provided by the computations of primary and secondary capacitance as well as the use of
inductor calculators. Calculations of reflective impedance and resonance frequency, which are
essential for obtaining effective power transmission, highlight the significance of exact tuning
for optimum system performance. In addition, mutual inductance and the quality factor were
investigated, providing information about the effectiveness of energy transfer and the overall
functioning of the system. Moreover, the coupling coefficient also calculated which is a crucial
measure of how well the system transfers power between the primary and secondary coils.

4.2 Design of WPT System

The generic circuit diagram of WPT by using series-series compensation is shown in Figure 4-
1. There are two sides of this whole circuit, one is primary side and the other one is secondary
side. In primary side DC is applied as a source voltage and then H-bridge is connected to have
a high frequency AC. Adding to this compensated circuit is connected in combination of
capacitor and inductor to made the circuit resonance. Whereas, in secondary side rectifier is
connected to convert AC to DC which is stored in battery. In Figure 4-1, R, represented the

equivalent resistance of the battery of the vehicle.

M i /N b1 7N D2
1H 1H
- -
| o 2!
I+ I— j—oa ¢ TE 3R
Vde == ‘ o8 | C L
C? | [ % - Ei >
2 4
5}2 1= p o
P} F} [ 7N b3 /N D4

Figure 4-1:Circuit Diagram of wireless power transfer by using SS-Compensation topology
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4.3 Equivalent Circuit and derivations

Design a wireless power system for electric vehicle included to find out the values of different
components used in the system like primary and secondary side capacitor and inductor values.
Adding to this, to find out the values of other parameters which is affected the efficiency of
and performance of the system like mutual induction, quality factor and coupling co-efficient
is also included in the design. Figure 4-2 shown the equivalent circuit diagram of wireless

power transfer by using SS-compensation topology which is shown in Figure 4-1.

i

cs ‘
1} A~ 1} A~

" @ _c) 1)

AW
R

Figure 4-2:Equivalent Circuit Diagram of wireless power transfer by using SS-Compensation topology

In Figure 4-2 V, represented the voltage after inverted DC supply to get high frequency AC
supply in the primary side. C, and L, are the primary side capacitance and inductance
respectively. jwMZ,is is the mutual induced emf in the primary winding due to the current
flowing in the secondary winding. Similarly, joMip is the secondary induced emf in the
secondary winding because of current flowed in the primary winding. R, is the equivalent

resistance as viewed from point C and D shown in Figure 4-1

By applying KVL on primary side will get equation.
Zlip _](l)Mlp = VP (41)

Where as Z; is the primary side impedance.

By applying KVL on secondary side will get equation.

Z,is = joMip (4.2)
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Where as Z, is the secondary side impedance.

The equivalent impendence of the primary and secondary side is shown in equations (4.3)
and (4.4).

Zy = jowlp — (4.3)

jwCp

. 1

R, is equivalent resistance viewed from terminal CD. These points are at rectifier side.

By multiplying equation (4.1) with Z, to have equation (4.5).

Z1Z2ip _](l)MZZlS - VPZZ (45)

By multiplying equation (4.2) with jwM to have equation (4.6).

j(l)MZziS + (UZMZiP = 0 (46)

By adding equation (4.5) and (46) to have equation (4.7).

Z]_ZZip + (DZMZiP == VpZz (47)

By dividing equation (4.7) by Z, to have (4.8)
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2n275
Zlip + 2 ;4 i = Vp (48)

2
By dividing equation (4.8) by i, to have (4.9)

7, + oM _ e (4.9)

In equation (4.9), ? is the impedance as viewed from primary side or it can be called as
P

input impedance (Z;,,). However, it can be seen that there is also reflected impedance from

W’ M’ So, reflected impedance (Z,.) . By put the value of Z,

2

secondary to primary side which is

in equation (4.9) will have equation (4.10).

_ w'M? (4.10)

In these equations w is reparented any frequency whereas w, is represented the resonance

frequency.

Reflected impedance Z,. at resonant frequency w,

202
A L — (4.11)

=jast— +RL,

1
jwoCg

. .. . 1
At resonance frequency the impendence became pure resistive, so term jw,Lgs — ol 0,
obtsS

and therefore the expression of secondary compensation capacitor shown in equation (4.12).
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1
Lsw}

C, = (4.12)

Equation (4.12) is the for designing capacitor on the secondary side of the system.

So, the at resonate frequency the new expression of reflected impedance is

2
Zr(a)=a)o)= R_L (413)

The Input Impedance at resonant frequency is shown in equation (4.14)

; 2p2
Zin = joLp — —— + 22 (4.14)

woCp RL

It is noted that at resonance, the imaginary part of input impedance become zero, and from this
we can get the value of the primary side compensation capacitor as

1
prg

Cp=

(4.15)

In the resonance condition, the secondary side circuit become pure resistive because the
reactance parameters cancel the effect of each other so by apply KVL in the secondary side at

resonance condition will have equation (4.16)

jweMi, | =i R, (4.16)
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From equation (4.16), the expression for mutual inductance can be written as

. R
M=is . iprm:*wo (4.17)
Now, quality factor of secondary side can be expressed as
Qs = wg * Ls (4.18)
RL

From equation (4.18), design expression for secondary coil inductance as

Lg= Qs 2k (4.19)
wWo

Additionally, coefficient of coupling factor K is expressed as

(4.20)

So, now from the equation (4.20), the primary coil inductance expression as

MZ
K2xLg

Lp = (4.21)

In the design of wireless power transfer for electric vehicle the equations of primary side and
secondary side capacitor and inductor has been derived. Now by using these equations the
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actual values of the component are calculated to made the circuit resonant to have a required

resonance frequency which is used in the chapter 4.

4.4 Summary

Wireless Power Transfer (WPT) systems were fully designed and calculated in this chapter,
which laid the foundation for the next application and analysis. In the design of wireless power
transfer for electric vehicle the equations of primary side and secondary side capacitor and
inductor has been derived. Now by using these equations the actual values of the component

are calculated which is used in the chapter 5.

As a basic element, the integration of variable capacitors to dynamically modify resonance
frequencies was described in Chapter 3, which prepared the groundwork for a hands-on

investigation in Chapter 5 which simulation part of this research.

Chapter 4 covers the design of a wireless charging system for electric vehicles, with a special
emphasis on the integration of a variable capacitor to adjust the resonance frequency. In this
chapter, the calculations of electrical components, which are crucial for maximizing the
performance and power transfer efficiency of the system, are thoroughly detailed. These
include calculations of primary and secondary capacitance, reflective impedance, resonance

frequency, mutual inductance, quality factor, and coupling coefficient.

The concepts and designs introduced in Chapter 4 are further developed in Chapter 5. This
involves the use of software such as PSPICE and MATLAB Simulink for the accurate
simulation of the wireless power transfer system. The simulations are necessary to test the
system's properties, including its efficiency, quality factor, mutual induction, compensation
circuit, resonance frequency, and the behaviour of its variable capacitor in a controlled

environment.

In summary, Chapter 4 establishes the theoretical groundwork and provides a detailed design
for the wireless charging system, while Chapter 5 applies these designs in simulation, offering
a practical evaluation of the system's functionality and validating the theoretical models
established in Chapter 4.
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Chapter 5: Simulation of WPT with fixed and variable capacitor
5.1 Introduction

This chapter is implemented by using the concept discussed in chapter 3 which is about design
and concept of variable capacitor and chapter 4 which is about concept and design of wireless

power transfer for electric vehicles.

Simulation of the wireless power transfer including variable capacitor has been done in PSPICE
in this chapter 5 and MATLAB SIMULINK design and results graphs are shown in Appendix
C1 to Appendix C8. Lenovo laptop with processor of 11th Gen Intel(R) Core (TM) i7-1165G7
@ 2.80GHz 2.80 GHz and Installed RAM 8.00 GB and system type of 64-bit operating
system, x64-based processor is used.

5.2 Simulation Design

Design shown in Figure 5-1. There are two side of this design primary side and secondary side

respectively.
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T 0.1 T r 0.1 - cs3 ; RL
A 5 500u 100
¢ S elou
219.28, ; D
V§2-3 3 Vg4 S4 Lo L10 > /N D4 /N D3
N N Lo
\ \
L L N
—U ?0 100MEG
~o
Vsl-4 Vs2-3
& &
Vi=0 A\ Vi=0 v7
V2=5 /:\‘\ V2=5 /:\\
m=0 VY =50 VY
TR=1 TR =1
TF =1 = TF=1 =

Figure 5-1:Wireless power transfer design with fixed capacitor

In the primary side, 240V DC voltage applied as a source and H-bridge inverter designed by
using 4 ideal switches. An H-Bridge inverter is an essential part that transforms DC (direct

current) power into AC (alternating current) power at a high frequency. This AC power is then
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used to create an oscillating magnetic field that facilitates wireless power transfer. In order to
achieve this, the four ideal switches in the H-Bridge are quickly switched into different states
in a predetermined order. Switch S1 and S4 operate at same time and Switch S2 and S3 operate
at same time.to operate these switches V-Pulse is used to control the swatches. The
specification of the V-Pulse is described is Table 6. Moreover, S-S compensated circuit has
been designed in to the circuit to operate as a resonance circuit to achieve maximum flux
passing through primary side to secondary side to get maximum power transfer. The resonant
circuits on the primary and secondary sides of the system are made up of inductors and
capacitors. The efficiency of power transfer across a distance is increased by tuning these
circuits to resonate at the same frequency. In the secondary side, after received power from the
primary side the high-frequency AC that is induced in the secondary coil is converted back into
DC by the rectifier on the receiving side. Four ideal diodes are used for rectification. A DC
filter capacitor is a crucial part that is positioned parallel between the rectifier and the battery
in this design. Before the DC current reaches the battery for charging, it serves the primary

purpose of smoothing it out.

In this design, K_linear for coupling is used. In this wireless power transfer (WPT) systems,
particularly the coupling factor, generally represented by the symbol k, is a measurement of
the efficiency with which two coils the primary coil and the secondary coil are magnetically
connected. The number is dimensionless and has a range of 0 to 1, where 1 denotes perfect
magnetic coupling and 0 denotes no magnetic coupling. The function of R15 which is 100MEG
is just for the understanding of PSpice software to avoid open circuit. PSpice software think it
is open circuit that why connected high resistance between primary and secondary coil but
there is no current passed through this resistance because the value is so high.

Calculation of values for capacitors, primary side coil, secondary side coil, resonance

frequency and K coupling are got by using equation from the equations discussed in chapter 4.

The values used for this design shown in Table 6. In literature review, it is concluded that for
wireless power transfer high frequency is required. In this research 85kHz resonance frequency
is used. By using this frequency time period is calculated which is inverse of frequency
according to the formula. Time period is mentioned in Table 6 which is PER=11.8us.

TD is the time delay of the switches of H-bridge which is 50% of each combination of switches.
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As shown in Table 6, total time period is PER=11.8us so time delay is calculated TD=5.9us

which is half of total time period. TR and TF are the time took to rise and fall of pulse

respectively. Amplitude of the pulse is 5 which is shown in Table 6 as V2.

Table 6:Value used in V-Pulse for H-Bridge

Vs (1-4), S1 and S4 Vs (2-3), S2 and S3
V1=0 V1=0
V2=5 V2=5
TD=0 TD=5.9us
TR=1ns TR=1ns
TF=1ns TF=1ns
PW=5.9us PW=5.9us
PER=11.8us PER=11.8us
Table 7:WPT design Components Values used
Terms Value
Source 240 DC
H-Bridge Inverter Four Ideal Switches, S1, S2, S3, S4
Primary Coll 219.28u
Secondary Coil 610uH
C1 (Fixed) 16nF
C2 5.7nF
K_Linear 0.248
Rectifier Four Ideal Diodes D1, D2, D3, D4
C3 DC filter 500uF
R Load 100ohm

Wireless power transfer design with fixed capacitor shown in Figure 5-1. By flipping the

switches S1, S2, S3, and S4, the H-Bridge inverter transforms a DC voltage into an AC voltage.

The voltage across the primary coil is positive when S1 and S4 are on and negative when S2

and S3 are on.



The resonant circuit created by L and C tends to smooth the square wave into a sinusoidal
waveform when the square wave voltage from the H-bridge is supplied to it. This is because
the resonant circuit will naturally oscillate at its resonant frequency, which should ideally
coincide with the H-bridge switching frequency.

The diodes D1, D2, D3, and D4 rectify the sinusoidal voltage that is induced in the secondary
coil. The AC voltage is changed back into a pulsing DC voltage through the rectification
process. Producing a DC voltage that has significantly less ripple and can be utilised to power

a load.

5.3 Results

An H-bridge inverter's output voltage is represented by the waveform in the Fig.20. The graphic
displays a sequence of peaks and troughs that represent the usual switching movements in an
H-bridge circuit to convert a direct current (DC) source into an alternating current (AC). The
voltage levels alternate between high and low, indicating that the inverter is correctly

transforming the DC input into a pulsed or modified square wave AC output.

The Figure 5-2 shows a series of positive and negative pulses of voltage. In this case, the
voltage varies between a maximum of about +240V and a minimum of -240V. It actually tells
that the x-axis of the graph represents time in milliseconds, and it is the speed at which the
waveform is switching. On the y-axis, representing the potential difference applied across the
load, the dependent variable under measurement would be voltage.

Voltage

/A —
o

Time

Figure 5-2:H-Bridge Output Voltage Waveform
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The current flowing through a system's primary side is represented as a sinusoidal waveform,
as seen in the Figure 5-3 plotting the waveform involves a red line, with white dots designating
particular places along the curve that most likely correspond to sampled data points or

significant characteristics of the current's behaviour over time.

The current waveform displayed in the figure is characterized by a sinusoidal shape, which is
often observed in alternating current (AC) circuits. In the graph, the amplitude of the current
oscillates between approximately -10 A and +10 A. This indicates that the peak current reaches
these values in both the positive and negative directions. Time is plotted on the horizontal axis,
with values indicated in milliseconds. A single cycle of the waveform is completed
approximately every 35.8 to 35.9 milliseconds, suggesting a high frequency of oscillation. Each
peak, whether positive or negative, is followed by a trough, forming a continuous wave pattern.
The waveform's consistent pattern across the displayed time span suggests a stable AC supply

with a fixed frequency and amplitude.
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Figure 5-3:Primary Side Current waveform

The Figure 5-4 shows a blue waveform that represents the current flowing through a system's
secondary side. One observes a sequence of peaks and troughs that correspond to the sinusoidal
pattern that is characteristic of alternating current (AC). The waveform's constant amplitude
and frequency indicate a steady AC current, which is necessary for the operation for wireless
power transfer.
In the depicted waveform of Figure 5-4, the current on the secondary side is shown as
oscillating in a sinusoidal pattern similar to that of the primary side, but with some notable

differences. Here, the current is plotted against time, with the vertical axis representing current
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and the horizontal axis representing time, measured in milliseconds. The waveform is displayed
with a peak amplitude oscillating between approximately -8.5 A and +8.5 A, which indicates
a lower amplitude compared to the primary side waveform. The cycle frequency appears to
match that of the primary side, suggesting that the frequency remains constant through the
transformation process. Each cycle of the waveform is completed over a similar time interval

as observed in the primary side, maintaining a consistent frequency across both sides of the

system.
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Figure 5-4:Secondary Side Current waveform

The Figure 5-5 is a golden coloured waveform that represents the voltage characteristic across
the primary coil of the system. This is followed by a series of alternating peaks showing the
sinusoidal voltage pattern that is characteristic operating in resonance behaviour. Periodicity
and amplitude, as obvious from the regular time courses of the waveform, the period of stable

voltage signal.

In Figure 5-5, the voltage waveform on the primary side is depicted as a series of oscillations,
characterized by a sinusoidal pattern, similar to typical alternating current (AC) signals. The
voltage is represented on the vertical axis, and it varies between approximately -1.5 kV and
+1.5 kV, indicating a peak-to-peak voltage of about 3.0 kV. Time is shown on the horizontal
axis, measured in milliseconds. The time scale extends over a short interval, suggesting the
waveform's rapid oscillation, which is typical for high-frequency AC applications. Each cycle
of the voltage waveform can be observed to complete in about 0.5 milliseconds, indicating a
very high frequency. Sharp peaks are reached both in the positive and negative directions,

which are mirrored about the horizontal axis, showing the alternating nature of the voltage.
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Figure 5-5:Primary Side VVoltage Waveform
The Figure 5-6 is a pink traced waveform that signifies the voltage that is produced by the
secondary coil of a system. It represents a sinusoidal waveform with consistent oscillation; it
has peaks and troughs representing an alternating voltage. The uniformity of the waveform is
indicative of uniform or steady voltage output, which is periodic in nature, required by

functioning of WPT system based on inductive coupling by the secondary coil.

In Figure 5-6, the voltage waveform on the secondary side is depicted, where the voltage is
shown oscillating between approximately -2.5 kV and +2.5 kV. This indicates a peak-to-peak
voltage of about 5 kV. The sinusoidal pattern of the waveform is evident, typical of alternating
current (AC) applications, but with a noticeable difference in amplitude compared to the
primary side. Time, measured in milliseconds, is plotted along the horizontal axis, revealing
the quick succession of voltage cycles. Each cycle of the voltage waveform appears to be
completed in a short span of time, suggesting a high frequency, consistent with the primary
side but adjusted in amplitude likely due to the transformation ratios involved in the system.
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Figure 5-6:Secondary Side Voltage Waveform
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The Figure 5-7 shows a purple waveform that represents a rectifier's input voltage. One notices
a succession of consistent, vertical peaks and falls, which point to a full-wave rectified voltage
pattern. The pattern exhibits the typical form of a DC signal that is pulsating after being
corrected from an AC signal.

In Figure 5-7, the input voltage waveform for a secondary side rectifier is depicted. It is
characterized by a series of alternating positive and negative pulses that form a full-wave
rectified pattern. This waveform indicates that the voltage oscillates between approximately
+400V and -400V, showing a peak-to-peak voltage of about 800V. The horizontal axis
represents time, measured in milliseconds, showcasing the rapid changes in voltage that occur
within a very short period. This rapid oscillation is typical of a full-wave rectified signal, where
both halves of the AC waveform are used, but all in the same direction in terms of polarity.
The presence of both positive and negative pulses in the waveform illustrates that the AC input
is being converted effectively, with each half-cycle of the AC waveform being mirrored to

maintain a constant polarity, which is typical in full-wave rectification.

Voltage

323.300ms 323.310ms 323.320ms 323.330ms 323.340ms 323.350ms 323.360ms

Figure 5-7:Secondary Side Rectifier Input Voltage waveform

The Figure 5-8 shows a graph that shows a system's output power as a green curve. The curve
starts out high on the left, indicating a high-power output, and then progressively levels off as
it advances to the right, indicating a power output plateau. At regular intervals throughout the
curve, there are little white markers that could indicate individual data points, sampling
measurements over time, or another variable. The general curve shape indicates that the rate of

growth in power output lowers until it stabilises as the variable on the x-axis increases.
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In Figure 5-8, the output power at the load side, is presented over a time period. The curve
displayed on the graph shows a gradual increase in power over time, starting from
approximately 1.15 kW and reaching a plateau near 1.3 kW. The time is plotted on the
horizontal axis, measured in milliseconds, and spans from 10 to 50 milliseconds. Initially, the
power is observed to rise steeply, indicating a rapid increase in the power being delivered to
the load. As time progresses, this increase in power levels off, and a steady state is reached

where the power remains relatively constant at around 1.3 kW.

L1KW
100ms 150ms 200ms 250ms 300ms 350ms 400ms 450ms 500ms
o

Time

Figure 5-8:Output Power at load Side RL

In Figure 5-9, the average input and output powers are depicted over time, plotted to illustrate
the dynamics between the power supplied to a system and the power delivered by it. The
horizontal axis, representing time measured in milliseconds, spans from 10 to 50 milliseconds.
Two distinct lines are observed on the graph. The green line, which is relatively constant
throughout the period, represents the average input power maintained at approximately 1.2kW.
This line indicates that the power input into the system remains stable over the time period
displayed. Contrastingly, the red line, which indicates the average output power, is shown

below zero.
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Figure 5-9:Average Input and Output Powers

A resonant circuit, like an LC (inductor-capacitor) circuit, can be made to operate at a particular
frequency by using fixed capacitors. This frequency can be calculated using the formula shown

in equation 5.1.

f=mm 61

Since the capacitance of a fixed capacitor is constant, the resonance frequency is likewise fixed.
A fixed capacitor will not provide the flexibility if needed to tune the circuit to different
frequencies or if the operating frequency varies. To overcome this issue variable capacitor

concept has been designed to get the desire resonance frequency.

5.4 Variable Capacitor Simulation

Circuit design of variable capacitor with different capacitor values is shown in Figure 5-10.
10V AC applied as source, small resistance and inductor is connected in series with source.
Two switches S15 and S16 are connected with capacitor C15 and C16 in series respectively.
V-Pulse is used for the input of the switches.
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Figure 5-10:Variable Capacitor Circuit Diagram

The description of the V- in this circuit shown in Table 8 and other values and components

used in this circuit shown in Table 9 and Table 10. Complete operation of this variable capacitor
has been discussed in chapter 3 sec 3.3.1.

Table 8:V-Pulse value used for variable capacitor design

V-Pulse S5 V-Pulse S5
V1=0 V1=0
V2=5 V2=5
TD=0 TD=50us

TR=1ns TR=1ns
TF=1ns TF=1ns
PW=50us PW=50us
PER=100us PER=100us

Table 9:Components and their values used in variable capacitor design with different C values

Terms Values
Source 10V AC
R 0.1 ohm
C15 5uF
C16 95uF
L 20mH

In Figure 5-11 is shown the capacitive effect of the design circuit. The current is leading the
voltage which is the capacitive nature of the in case of capacitor. Green sinusoidal wave
represented the voltage and red sinusoidal wave represented the current. The result is shown in

Figure 5-11 by setting the duty cycle of the switches 50% each. The voltage waveform is seen
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Voltage

Current

peaking before the current waveform at each cycle, indicating the characteristic phase shift
observed in capacitive circuits where the current lags the voltage by 90 degrees. This phase
difference is a typical property of capacitive components, reflecting the time delay required to
charge the capacitor. The amplitude of the voltage waveform remains consistent throughout
the displayed time span, oscillating between approximately +10 V and -10 V. Similarly, the
current waveform maintains a consistent amplitude, oscillating between about +400 mA and -
400 mA, albeit out of phase with the voltage. The capacitive effect is illustrated by the nature
of the phase shift between voltage and current. This shift is key to understanding how capacitors

influence in circuits, affecting the timing and magnitude of power delivered through the system.
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Figure 5-11:Result Graph for Variable Capacitor

To verify the capacitive effect of the design circuit different duty cycle put for both switches.

Circuits design with different duty cycle is shown in Figure 5-12.
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Figure 5-12:Variable Capacitor Circuits with different duty cycles

Different duty cycles of switches for Design A, B, C, D, E, F, G, H, and |

of Figure 5-12 are shown in Table 10.
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Table 10:Duty cycle set for design A-I

Design Duty Cycles

S1 S2
A 10 90
B 20 80
C 30 70
D 40 60
E 50 50
F 60 40
G 70 30
H 80 20
I 90 10

It can be seen in Figure 5-13 as a result that the circuit design is behaved as a capacitor in all
combination of the duty cycle of switches. When the duty cycle combination in Table 10 is
used, the current leads the voltage, indicating that the circuit design functions as a capacitor.
In Figure 5-13, the results for a variable capacitor with different duty cycles are displayed,
where multiple current wave forms and a voltage waveform in green are plotted over time. The
green voltage waveform demonstrates oscillations influenced by the capacitive properties of
the circuit, where phase shifts and voltage magnitudes are modified by different duty cycles.
These duty cycles, ranging from 10% to 90% for S1 and inversely for S2, determine the
duration for which each switch in the circuits is closed within one cycle. This timing directly

impacts the charging and discharging dynamics of the capacitors.

For each of the designs labelled from A to I, the behaviour of the capacitor varies, which is
depicted through the multiple current waveforms. These currents change in amplitude and
phase in response to the voltage applied and the charge state of the capacitor, determined by
the switches' duty cycles. When the duty cycle of S1 is low (and S2 is high), for example,
capacitors charge more briefly and discharge more lengthily, resulting in more gradual current

decreases as observed in the respective current waveforms.
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Figure 5-13:Results Graph of Variable capacitor with different duty cycles
Variable capacitor design with same capacitors values is shown in Figure 5-14 and their

component value is mentioned in Table 11. The compete design of this variable capacitor with

same capacitor values is shown in Appendix D1.

R1
AWV
1 |
) | L1
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TR =1n | TR =1n |
TF=1n =, TF=1n =
PW = 50u 0 PW = 50u 0
PER = 100u PER = 100u

Figure 5-14:Variable Capacitor design with same C values
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Table 11:Components and their values used in variable capacitor design with equal C values

Terms Values
Source 240V AC
R 0.1 ohm
C4 10uF
C5 10uF
L 20mH

In Figure 5-15 is shown the capacitive effect of the design circuit results with same capacitor

values. Because of the capacitor's capacitive nature, the current continues to lead the voltage.

Green sinusoidal wave represented the voltage and other sinusoidal wave represented the
current. The result is shown in Figure 5-15 by setting the duty cycle of the switches 50% each

as well.

In Figure 5-15 it is clearly seen the behaviour is still capacitive. It is confirmed that by changing
the values of these capacitor does not affect the nature of the designed variable capacitor.
However, by changing the duty cycles of the switches new value of the capacitor can be
obtained to get the new resonance frequency to operate the circuit in resonance which is the

requirement of this design and research.
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Figure 5-15:Result Graph for Variable Capacitor with same capacitor values
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The circuit design of WPT with variable capacitor is shown in Figure 5-16. Fixed capacitor C1
value of 16nF is replaced by proposed variable capacitor. The function and values calculation

of this design has been discussed in chapter 3 section 3.3.1.

1 n = c3 R14
E 100
L10
p)
pJ
f

Figure 5-16:Circuit diagram of WPT with variable capacitor

Different frequency range with their corresponding capacitor values are mentioned in Table
12. The value of fixed capacitor used was 16nF and its corresponding resonance frequency was

85kw which is mentioned in Table 12 as well.

Table 12:C-effective values for different resonance frequency

Resonance Frequency L C
50kHz 220uH 46.1nF
55 kHz 220uH 38.1nF
60 kHz 220uH 32.0nF
65 kHz 220uH 27.3nF
70 kHz 220uH 23.5nF
75 kHz 220uH 20.5nF
80 kHz 220uH 18.0n
85 kHz 220uH 15.9nF
90 kHz 220uH 14.2nF
95 kHz 220uH 12.8nF
100 kHz 220uH 11.5nF
105 kHz 220uH 10.4nF

110 kHz 220uH 9.52nF
115 kHz 220uH 8.71nF
120 kHz 220uH 8.00nF
125 kHz 220uH 7.37nF
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130 kHz 220uH 6.82nF
135 kHz 220uH 6.32nF
140 kHz 220uH 5.88nF
145 kHz 220uH 5.48nF
150 kHz 220uH 5.12nF

The graphical representation of Table 12 is shown in Figure 5-17. The graph shows the
decreasing trend with increasing the resonance frequency which fulfil the condition of
resonance frequency equation 5.1 where L is inductor, C is capacitor and f is the resonance

frequency.

f=smm 6

C effective values at different Resonance Frequecy
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Figure 5-17:Graph for C-effective values at more different resonance frequency
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5.5 Summary

Using the fundamental ideas and designs originally developed in Chapters 3 and 4, the
simulation work for Wireless Power Transfer (WPT) systems customised for electric vehicles
was carefully carried out in Chapter 5. Through simulations with the PSpice programme, this
investigation offered a thorough examination of the system's overall performance and
efficiency. Building on this important work, Chapter 6 explores in greater detail the particulars
of inductor coil design with an emphasis on the simulation work required to optimise this

important WPT system component.

Chapter 5 was implemented on all concepts that have been discussed earlier in Chapter 3 and
4, which deals with the design and concept of variable capacitors and the concept framework
of WPT to the electric vehicle. For this chapter, a simulation of WPT with variable capacitor
was done by using both PSPICE and MATLAB SIMULINK. Primary-Secondary side of
various circuit designs was implemented using a Lenovo laptop, which has high specification
designs. The DC voltage of 240V was applied on the primary side through a H-Bridge inverter
to realise oscillating magnetic field to ensure effective power transfer. More importantly, the
inductor capacitor (LC) resonance circuits were specifically tuned so that it could lead to high
flux and power transfer efficiency. In this chapter, the performance of the circuit was
thoroughly analysed and recorded as various graphs and tables which showed the current,

voltage, and other properties in primary and secondary coils.

The following Chapter 6 is well guided by the simulations and basic knowledge presented in
Chapter 5, articulating in detail the design and optimization of the inductor coils that are critical
to improvement of the WPT systems. In general, the chapter was constructed upon a deeper,
subsequent analysis of the work in Chapter 5, in the development of the framework and
performance benchmarks required by the WPT system, which is of utmost importance to the

advanced simulations and enhancements in the following chapter.
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Chapter 6: Inductor coil design
6.1 Introduction

The design of inductor coils is well researched herein, based on the features in ANSYS
Electronics in this chapter within the field of electromagnetic modelling. The following
outlines this process briefly to show the meticulous and serious methodology that, with precise
simulation and analysis, provides the maximum performance and effectiveness of the inductor
coil. Creation of the geometric model of the inductor coil is the first step. The advanced ANSYS
Electronics modelling tools help in more precisely developing the physical dimensions of coil
and properties. Proper geometry representations ensure that simulation results are, in fact, a

reflection of the real inductor's behaviour and represent solely their physical properties.

Once the geometric model has been established, material properties is defined. This is where
materials with certain electromagnetic properties are chosen and added to the geometric model;

this is an extremely important phase in simulating an inductor coil's actual operation.

Electrical conductivity and magnetic permeability, among other pertinent properties, are taken
into consideration while choosing materials because they are essential to the simulation's
accuracy.

The simulation is run, and the electromagnetic field equations are solved by ANSYS
Electronics using finite element analysis (FEA). In order to provide comprehensive insights
into the performance characteristics of the inductor coil, the programme carefully computes the

electromagnetic fields, currents, and forces within and around it during this period.

6.2 Single Inductor Coil Design Simulation

Ansys software interference is depicted in Figure 6-1. Figure 6-1 illustrates how the coil
appears once its characteristics, such as pitch, inner and outer radius, quantity of turn, and
shape, have been adjusted. However, this coil is not excitable; current must excite through this
coil in order to observe the coil's properties, such as inductance. Figure 6-2 shows the excitation
of the current both in and out of the coil. The coil is operated in a laboratory setting, where the
air may be the surrounding environment.

To observe the coil's proper response in simulation, this environment boundary must also be

placed around the coil. Before the simulation runs, a number of parameters must be configured.
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In Figure 6-1 simulation software package's graphical user interface (GUI), Ansys, is seen in
the image that has been provided. The graphical user interface appears to be divided into
multiple panels. The left panel shows a project hierarchy with the label "Project
Aircoillnductor,"” indicating that the simulation of an air coil inductor is the main emphasis of
this project. The project's observable components include models, materials, and analyses, all

of which point to a methodical approach to the simulation process.
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Figure 6-1:Graphical User Interface of Ansys Software

The GUI's central screen displays a 3D model workspace with a prominently displayed circular
coil design. The hierarchy indicates that the design is a helical coil, potentially composed of
copper, as "Copper" is classified under the "Solids" group. The multiturn coil, which is a
common feature of an inductor used in electromagnetic applications, is displayed in the three-
dimensional image. A close-up of the coil is shown in the lower right corner of the picture,
showecasing the detailed layout of each turn and the spaces created by air between them. For
evaluating the geometric characteristics, such as inductance, quality factor, and coupling

coefficient, that impact the inductor's performance, this in-depth view is essential.
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In Figure 6-2 excitation of current in an out the coil is shown. Two identical 3D models of a
cylindrical inductor coil are shown side by side in the image, each positioned against a grid
that acts as a guide for spatial orientation. The "Excitation In" on the left indicates that it's an
introduction of some electrical current into the coil. This will usually be connected to the coil
being energized at the beginning of a simulation. As the right model is labelled "Excitation
Out," this is indicated that the simulation stops here or an instance is when the coil is not being

energized by an outside current supply.

Excitation In Excitation Out

Figure 6-2:Current Excitation (in and out)

The red, green, and blue lines of the different axes orientations in the two models are indicative
of the X, Y, and Z axes, respectively. In this case, the orientation of the coils with respect to
the axes can be critical in the analysis of the distribution of the magnetic field and the other
electromagnetic properties during simulation. Coils are evidently many turns that result from
an electric current flowing through them and create a magnetic field. Understanding how the

inductor behaves in response to electrical stimuli depends on seeing the coil in two distinct
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states of excitation side by side. This is also a critical part of the analysis process in
electromagnetic simulations. These models are frequently used to forecast the coil's

performance in practical applications, like wireless power transfer systems.

Two graphical user interface (GUI) windows labelled "Design List" are shown in the Figure 6-
3.The list in the left pane, labelled "Coil," has an entry called "Aircoillnductor,"” which indicates
that the design is about an inductor coil. The usage of copper as the material in this design and

attributes like colour, model type, design variable, and so on.

Terms like "Type: Current, " on the right pane, which has the name "Current," suggest that it
shows information about the electrical current flowing through the coil.
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Figure 6-3:Design List dialog box

Two dialogue boxes related to coil and region length specification are displayed in the Figure
6-4, which shows a user interface from a simulation or design programme. An entry for "Coil
Length™ can be seen in the top dialogue box, which is labelled "Design List Aircoillnductor -
Axial," and it indicates where the coil's length parameter is defined. Beneath it, another
dialogue box with the title "Element Length Based Refinement" offers options suggesting that
the mesh can be refined according to the length of the elements; checkboxes allow you to

specify minimum and maximum lengths and estimate the number of extra elements.
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Figure 6-4:Different Parameter sitting dialog box (Length)

A third "Element Length Based Refinement" dialogue box, labelled "Region Length," appears
on the lower left. This suggests adjusting the simulation mesh refinement in a particular area,
most likely the area surrounding the coil. The designer has the ability to adjust the refinement
details, including the quantity of extra elements, which have an impact on the simulation's

resolution and accuracy in that area.

At last, a 3D representation of a coil is shown on the lower right, surrounded by a cube of
magenta colour that bears the label "Coil length." Next to it, there's a reference to another cube
that's not shown but looks similar and is labelled "Region length," which suggests that these
visual aids are a representation of the actual dimensions that are being set in the dialogue boxes.
These cubes are served as a clear and understandable visual aid for the regions of interest or
spatial limitations in the simulation, showing where the mesh refinement parameters will be

applied. The general arrangement conveys how intricate and adaptable the simulation
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environment is, giving exact control over the model's dimensions and meshing to enable precise

analysis.

The "Validation Check shown in Figure 6-5, Aircoillnductor - Aircoil" validation. The word
"Aircoil" has a green checkmark in this window, indicating that the validation check was

successful.
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Close I

Figure 6-5:Simulation Validation dialog box

The list on the right side of the window, which contains items like Design Settings, 3D
Model, Boundaries and Excitations, Parameters and Mesh Operations, suggests that this
check appears to cover a number of simulation model characteristics. It is implied by the list
that every one of these components has been examined and verified inside the simulation

environment.

Report dialog box of a simulation program is shown in Figure 6-6 and then software interface
that is connected to electromagnetic design or analysis. In order to establish the customization

of the report, inside the menu is being displayed a dialog box entitled "Report: Aircoillnductor

66



- Aircoil - L Table 1 - [L(A)]-L(A)". The dialog box portrays categories and functions which
in essence is implied that the user has been permitted to make selection concerning some forms
of characteristics and features. Alongside a variety of functions like "avg," "sum," and "rms,"
categories like "Intrinsic Variables" and "Global Variables" are visible, demonstrating the

software's capacity to perform and report on a variety of statistical and mathematical operations
on the simulation data.
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Figure 6-6:Measurement report of designed coil

Under the conversation box, Figure 6-6 displayed two numerical entries for the values of

current and inductance. This coil design and specification yield an inductor with a resultant
value of 29.806958uH.
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6.3 Two Coil design Primary and Secondary

The single coil that was used earlier is comparable to the primary and secondary coils, which
have the same design. These both coils with air boundary is shown in Figure 6-7 and their
current excitation can be seen in Figure 6-8. In this design, to check the effects of airgap
between the both coil different distance set between both coils.

A multi-view depiction of a simulation environment of Ansys most likely of two coils primary
and secondary respectively is shown in Figure 6-7. There are four views displayed, each
providing a distinct viewpoint on the central coil item. A three-dimensional image is presented
in the top-left view. It depicts a translucent box enclosing the coil, and coloured lines clearly
indicate the coil's axis, indicating a spatial orientation within the simulation environment. The
top-right view appears to be a top-down viewpoint that highlights the coil's location in relation

to the vertical axis.
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Figure 6-7:Simulation environment of Primary and secondary coil
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A side view is shown in the bottom-left picture, which makes it easy to see how tall the coil is
in relation to the horizontal plane. This view is accompanied by a "Variables" dialogue box
that lists many parameters with numerical values, representing the coil's or the region of
interest's dimensions, such as "Width," "Height," and "Depth." Finally, a frontal projection is
displayed in the bottom-right view, which enables a close-up look at the coil's structure. any
view's background grid serves as a point of reference for measurements, making it possible to
precisely determine the coil's size and location from any viewpoint. In the middle of Figure 6-
7 size of plate and the distance between two coils are mentioned which are 50mm and 40mm
respectively.

The Figure 6-8 is presented four schematics, each having coils within a simulation setup that
was meant to be used for examining current flow in a Wireless Power Transfer (WPT) system.
Excitation arrow is also red, the red ones are for exciting the direction of the current: for
"Rx_In" and "Tx_In" it shows that the direction of the current goes into the coils, and for

"Rx_Out" and "Tx_Out," it shows which direction is going out.

Rx_In Rx_Out
Bk i —
i |- D 111 1
_. L
Tx_In Tx_Out

Figure 6-8:Current Excitation diagram (In and out)

The orange coloured coils are the primary coils, which are usually responsible for the
generation of the magnetic field in the WPT system. Green shows the secondary coils, which
are intended to absorb the magnetic field and set up a current in order to transfer power. The
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coil placement and the direction of the current excitation are to be such that both the primary
and the secondary components of the WPT system interact in a desired manner. The red, green,
and blue lines represent the orthogonal axes, and the consistency of coil orientation with respect
to these lines points to a regulated environment where characteristics like alignment and

positioning are meticulously controlled within the simulation settings.

A dialogue window labelled "Design List Mutual Induction - Maxwell3DDesignl" from a
Ansys software is shown in the Figure 6-9. The dialogue box has a list with a variety of things
in it, including "Region,” "Tx," "Rx," and "Rectanglel." Specific parameters such as model,
name, colour, and visibility of the display wireframe are linked to each entry in the list. The
items in the simulation environment is made visible or concealed, as indicated by the "Visible"
checkboxes. The items "Tx" and "Rx" have materials listed as copper and are classified as
"Solid," however the item "Region"” does not have a material stated and is also classified as
"Solid."

Design List: Mutual Induction - Maxwell3DDesign1

Model | Boundaries | Exciations | Parameters | Mesh Operations | Analysis Setup |

Name | Color | Model | Display Wireframe | Visble | Materal | Type
Tx [ [+ [~ [+ copper Solid
" |Region mEm = v lar Solid
R == B [©  |copper  Solid
Xe— | |Rectanget @ [ O - Sheet

skt | [ |

Figure 6-9:Design List for Mutual Induction

The Figure 6-10 show a detailed analysis gap between the primary and secondary coil and their

effect on the inductance values. Many numbers are included in Figure 6-7 and it appears that
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these values represent the variations in inductance in a Wireless Power Transfer (WPT) system
as a function of the spacing between the primary and secondary coils. A thorough examination
of the relationship between the inductance and the distance between coils is provided by the
columns that display various factors, such as gap sizes and the related inductance values. The
Figure 6-10 data displayed show that the connection between a WPT system's coil gap and
consequent inductance. Due to the extreme sensitivity of the inductive coupling between coils
to the physical separation of the components, this type of analysis is crucial for optimising the
performance and efficiency of WPT systems.
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Figure 6-10:Measurements results of Designed Coils

Figure 6-11 showed the relationship between coupling coefficient vs distance, It can be clearly
seen that with increasing the distance between both coil value of this coeffect decreases which
meant to be more losses or less flux is passed through these coils. The relationship between

the coupling coefficient on the y-axis and the gap distance (in mm) on the x-axis is plotted as
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a curve on the graph. The curve shows a decreasing trend, meaning that the coupling coefficient

decreases with increasing distance between the coils.

Coupling Coeff Plet 1

0:20

018

inR_in}
L

CplCoet(Te_i

Coupling Coefficient

010+

0.08

T T T T T
3500 2000 45.00 50.00 55.00 6000 65.00
distt [mm]

Distance

Figure 6-11:Graphical representation results of designed coil

This suggests that a direct correlation—wherein the inductive connection between two coils
decreases with increasing distance—is a critical component in the design and optimisation of
Wireless Power Transfer (WPT) systems.

Two representations of magnetic field distributions, each representing a coil in a simulation

environment, are shown in the Figure 6-12.
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4
PN

Magnetic Fields

Figure 6-12:Magnetic field distribution of designed coil

The magnetic field intensity surrounding the coil is seen in a 3D perspective on the left, along
with a colour gradient scale that indicates the field's strength at various spatial positions. With
concentric colour bands showing the gradient of the magnetic field from the coil's centre
outward, the right image offers a top-down, two-dimensional depiction of the magnetic field

intensity.

The Figure 6-13 is displayed four comparable visualisations, each of which depicts the

dispersion of the magnetic field around a coil, most likely in the same simulation environment.
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Figure 6-13:Different views of magnetic field representation

The visualisation on top left presents a three-dimensional view to the previous Figure 6-9,
however the visualisations on top right and bottom left present top-down and side views,
respectively, and use colour gradients to represent the field intensity. A thorough three-
dimensional view of the magnetic fields is provided by the bottom right visualisation, which

has returned to a three-dimensional viewpoint.

6.4 Simplorer/ Twin builder Design

In the Ansys software option to simulate the design coil in the circuit. The primary and
secondary coils design is tested in the Simplorer to check the efficiency of the transfer power.

The Figure 6-14 showed a circuit schematic with the label "Simplorer / Twin Builder Circuit
of WPT indicating that simulation software that is build and analyse electrical systems was
used to produce the design. An AC voltage source, denoted by the sinusoidal symbol in the

circuit diagram, is linked to an inductor. The designed primary and secondary coils in the
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previous section are used in this design for wireless power transfer. Primary coil is connected
in series with capacitor C1 to create a resonant circuit. The secondary side is linked to an
additional resonant circuit that comprises a capacitor C2. This secondary resonant circuit's

output is linked to a load resistor, R1.

Figure 6-14:Simplorer/ Twin Builder circuit of WPT

Ground symbols are positioned correctly to indicate the circuit's return routes, and voltage
probes are positioned across the input and output sections to monitor voltage levels. The design
allows for the examination of voltage, current, and power across various components and acts

as a template for simulating the behaviour of a resonant wireless power transfer system.

Figure 6-15 showed a graph that shows the analysis findings from a software interface,
Simplorer. The graph, titled "XY Plot 2," shows a curve that illustrates the relationship between

an output parameter efficiency (Y-axis) and frequency (on the x-axis)
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Figure 6-15:Result graph of Simplorer/ Twin builder design

6.5 Summary

In this chapter the design of primary and secondary coils is presented. The Twin builder design
(which is a part of Ansys software) is used to test the design of the coils. From the testing
results it is found that the output parameter efficiency increases when the frequency reaches a
specific point, as shown by a smooth, climbing graph.

Chapter 6 detailed work on the design of the inductor coils by simulating them in ANSYS
Electronics, which places a major interest in the ability to represent properly various types of
electromagnetic behaviours. The first was to construct a geometric model of the coil, and then
implement the materials with accurate electromagnetic characteristics. The setup allowed

making simulations as close as possible to the real conditions for coil operation.

The boundary conditions and simulation settings clearly stipulate the environment of the
inductor coil and bring out the inductive operational atmosphere in the right manner. The
electromagnetic field equations are solved by finite element analysis in determining the
performance characteristics of the inductor coil. Several parameters were put into

determination, adjusted to perfect the model and simulation results, and included the
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determination of the inductance value, which is depicted in the detailed graphical user interface

and diagrams.

The careful work of simulation in Chapter 6 provided a strong base for Chapter 7, where the
focus turned to hardware prototyping. The elaborate simulations, most especially in dealing
with different configurations of the capacitors, informed well on the detail and precision in
making design decisions that are critical in the hardware phase. This capitalization of the
simulations in Chapter 7 led to entry into the development of hardware, specifically in the

development of coil design using Ansys software.
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Chapter 7: Hardware Implementation

7.1 Introduction

The simulations based on the different capacitor configurations enabled to look at the
performance of the system, and this informed how the subsequent decisions in the design have
to be tackled with a lot of precision. The emphasis is shifted to hardware prototyping in Chapter
7, based on this analytical groundwork, with a special focus on coil designing using Ansys
software. This stage is important in converting the theoretical and simulation-based findings in
Chapter 6 into a workable prototype that could allow effectiveness and operational viability to
be tested and validated in the realistic environment of the WPT system. The complete coil-
design process of Ansys studies the impact of the simulation results to the definition of the coil
characteristics, as material, size, and geometry, with target of the maximisation of the

prototype's efficiency and the power transfer capability.

The iterative process of refining WPT system design from theoretical models and simulations
to actual hardware realisation is demonstrated, bridging the gap between concept and
application. This is accomplished by connecting the simulation insights from Chapter 6 with

the practical hardware development efforts in Chapter 7. This results in a cohesive narrative.

7.2 Hardware Implementation

Systems for wireless power transfer (WPT) allow energy to be transmitted without the need for
physical connections, revolutionising the way that electrical power is distributed. The hardware
elements of a WPT system, such as the power supply, inverter, primary and secondary coils,
control circuitry, and measuring instruments, are covered in detail in this chapter. Hardware
setup is shown in Figure 7-1. Hardware labelled is given in Table 13. Detailed description of

the hardware is given in Appendix E1-E4.
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Table 13:Labelled hardware description

A Oscilloscope

Power Supply

High Frequency Inverter

Primary Coll

Secondary Coil with single layer

M| m O O @

Secondary Coil with Double layer

Figure 7-1:Hardware of WPT System

7.3 Results

As shown in Figure 7-1 two different configurations of coils have been used in secondary side
of the system. One is 1 coil with single layer labelled E and second is 1 coil with double layers
labelled F in Figure 7-1. The configuration of both coils can be seen data sheet in Appendix
Al and A2.

79



7.3.1 Test1

In this test 1 coil with single layer is used. The value of this coil is 8uH this value of this coil
is got from data sheet and can been seen in Appendix Al. The value of inverter total capacitance
is 1.65uF. According to these inductor and capacitance value calculated resonance frequency
is 43.805kHz which can be seen Figure 7-2 measured frequency value approximately
44.23kHz. The system is functioning at resonance frequency, as seen by the sine waves on the

primary and secondary sides of the results.

The Figure 7-2 displayed the output from a PicoScope 7 T&M oscilloscope, where two
sinusoidal waveforms, represented in red and blue, are captured. Time in microseconds (us) is
represented on the x-axis, allowing detailed temporal analysis of the voltage oscillations, while

voltage in volts (V) is shown on the y-axis, indicating the potential difference measured.

Similar characteristics are exhibited by both waveforms: they are sinusoidal with a frequency
of approximately 44.23 kHz, indicating that they oscillate 44,230 times per second. An
amplitude of about 50V is reached by each waveform, and they have a peak-to-peak voltage of
around 100V. Notably, a peak-to-peak voltage of 131.8V is recorded by the red waveform
(Channel A), an RMS (Root Mean Square) voltage of 47.48V, and voltages ranging from -
69.2V to 33.07V are observed. Similarly, a peak-to-peak voltage of 131.8V is shown by the
blue waveform (Channel B), but with a lower RMS voltage of 20.43V, ranging from -64.8V to
51.84V.
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Figure 7-2:Result of Test
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7.3.2: Test 2

In this test, 1 coil with double layer is used. The value of this coil is 19.5uH which is get from
data sheet and can been seen in Appendix A2. The value of inverter total capacitance is 1.65uF.
According to these inductor and capacitance value calculated resonance frequency is 28kHz
which can be seen Figure 7-3 measured frequency value approximately 26.29kHz. The results
demonstrate that the system is running at resonance frequency. The primary and secondary
sides of the system exhibit sine waves, however the secondary side is out of phase as a result

of the probe connections being inverted.

It is also noted that with increased the value of Inductor the value of resonance frequency is

decreased which is correct according to the resonance equation (5.1) used in chapter 5.

The Figure 7-3 provided the output from a PicoScope 7 T&M oscilloscope, showing two
sinusoidal waveforms in red and blue, captured over time and voltage on the x-axis and y-axis,
respectively. These waveforms are characterized by their opposite polarity, indicating a phase
relationship where each waveform is the inverse of the other, typical of systems where
waveforms are phase-shifted by 180 degrees due to opposite polarity or connections.
Measurements from Channel A reveal that the peak-to-peak voltage reaches up to 139.0V, and
an RMS voltage of 47.90V is recorded, reflecting the power of the waveform oscillating at a
frequency of 26.30 kHz. Channel B shows a similar peak-to-peak voltage of 139.0V, but with
a slightly lower RMS voltage of 30.37V, and a frequency slightly below that of Channel A, at
26.29 kHz.

f=mm= 61
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Figure 7-3:Result of Test 2

7.4 Comparison between Simulation and Hardware

In the simulation-based approach detailed in Chapter 5, variable and fixed capacitors were
utilized to test their efficiency in a controlled environment using PSPICE and MATLAB
SIMULINK. High levels of control over environmental variables and parameters were
achieved, allowing for precise manipulation of the conditions under which the WPT system
operated. The simulation primarily focused on optimizing the resonance frequency and
coupling efficiency through variable capacitors, providing a theoretical foundation for efficient

energy transfer.

Conversely, the hardware-based experiments described in Chapter 7 involved the physical
construction of WPT systems using the design principles established in the simulations. The
implementation in a realistic setting allowed for the observation of practical challenges, such
as material imperfections and environmental interferences, which are often overlooked in
simulations. This phase tested the viability of transferring theoretical knowledge into a tangible
prototype, focusing particularly on coil design and the physical constraints affecting system

performance.
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The results from Chapter 7 showed that when applied in a real-world environment, the
theoretical configurations might not perform with the same efficiency as predicted by
simulations. For instance, variations in coil configurations, such as single versus double-layer
coils, demonstrated different resonance frequencies and power transfer capabilities,

emphasizing the complexities introduced by actual hardware implementation.

Both simulation and hardware indicated that achieving resonance frequency is critical for
optimizing WPT system efficiency. However, chapter 7 provided insights into how actual
hardware might slightly deviate from the expected performance due to practical limitations,

like the alignment of coils and the quality of components used.

7.5 Summary

In this chapter two different inductor design configuration is used. The first one is the single
layer coil as the inductor value is low, a high resonant frequency is achieved. In the second
design a double layer coil is used which has the opposite effect (high inductance value and low
resonance frequency). Although the value of the inductance should be fixed where the
capacitor is the one which will be tuned, but the reason of using the single- and double-layer

inductor is to test the extreme variation required in the variable capacitor.

Moreover, this chapter mainly focuses on this important activity of converting results of a
simulation into an actual physical prototype and testing it for the practicality and feasibility of

the designed concept in an operational environment.
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Chapter 8: Conclusions and Future Work
8.1 Conclusions

In this thesis a comprehensive literature review on wireless EV charging topologies is
presented. The literature review revealed some of the research gaps in this area. One of the
research gaps is the need to improve the compensated circuits used in the wireless charging
system. Existing compensated circuit rely on fixed LC values in order to transfer the required
power from the charging station to the EV. A new variable capacitor technique is proposed so
that a more flexible and more efficient compensation circuit is achieved. A detailed design is
presented in chapter 3 to illustrate the visibility of this technique. The results showed that
variable values of capacitance can be achieved through the control of the duty cycle of the

variable capacitor semiconductor switches.

Chapter 4 shows the integration of the variable capacitor within the compensated circuit. In
this chapter, a detailed design results are presented to work out the parameter values used in
the WPT.

A detailed simulation work is presented in Chapter 5 where the variable capacitor is integrated
in the compensation circuit. The key output from this chapter is the relationship between the

resonance frequency as function of the effective capacitor value.

The design of the primary and secondary inductors is carried out using Ansys software. The
effect of airgap between the coils is also investigated in chapter 6. In this chapter an efficiency

of 98.2% is achieved at 6.7 MHz resonance frequency.

A hardware implementation is carried out in the lab and the results are presented in Chapter 7.
Two coil configurations are used in the practical setup in order to demonstrate the possibility

of the wide range capacitance variation which can be supplied by the variable capacitor circuit.

Electric vehicle (EV) wireless power transfer (WPT) system, implemented through the use of
a variable capacitor technique, was used. The problems with fixed capacitors were totally
developed under conventional schemes, and the possibility to tune resonance frequency on a
dynamic basis had come forward, using variable capacitor technology. This modification
proved to improve the performance and reliability of power transmission in an effective way.
It has been shown conclusively that a laboratory setup was able to deliver 87.75% efficiency,

which proves that the proposed system is practically feasible.
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This is more important than the findings of the research study per se. The variable capacitor
strategy is proposed as a strong solution for the long-present problem of disturbance in
resonance frequency, which in most cases is caused by outer and inner interferences in classical
WPT systems. The real-time tunability has drastically increased the robustness of EV charging

technologies against changing operational conditions.

8.2 Future Recommendation Work

The work presented in this thesis is mainly dealing with static wireless charging where the EV
is charged while it is on the top of the charging unit. Dynamic wireless charging where the EV
can be charged on the move needs to be investigated in more depth. There is some research
work which dealt with dynamic wireless charging however the efficiency of such systems was

not considered and this area needs to be investigated into more depth.

So far Lithium-lon batteries are considered to be the main battery in EV. However, future
research work is on progress on solid state batteries which offer much higher power density,
safer operation, faster charging and longer life-time. A detailed study on how the wireless

charging systems can be used in solid state batteries is another needed area of future research.

One of the limitations of the WPT is the airgap distance between the charging coil and the EV
coil. Varying the resonant frequency in order to reduce the effective airgap has also some
limitations. Research work could be carried out for different mechanism where the two coils

can have dynamic adjustment in order to reduce the wasted energy during the charging process.

Another future work could be carried out on the alignment between the two coils particularly
when a resonant technique is used in order to transfer the maximum energy to the EV. There
are many studies on the alignment issue but they are mainly focused on the capacitive wireless

charging.
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Appendixes

Appendix Al: Data Sheets of Coil used In Primary and Secondary with Single
layer.

Dimensions: [mm]
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Recommended Hole Pattern: [mm)]

Scale - 2:1

Electrical Properties:

Schematic:

Properties Test conditions Value Unit | Tol.
L [ 125k 10 mA 8 | =10%

Rated Current lp |AT=40K 5 A | max
0-Factor 0 [125kH2 10 mA 30 1yp.
Power Capability P [Vpg=20V 80 W |
oc Roc |@20°C 60 mil | o,
oc Roc | @20°C 80 mil | max
Self Resonant Frequency ™ 16 MHz | typ
Certification:

RoHS Approval Compliant [2011/65/EU&2015/863)

REACh Approval Conform or declared [[EC}1907/2006]

Halogen Free Conform [JEDEC JS7098]

Halogen Free Conform [IEC 61249-2-21]

General Information:

(Operating Temperature -20 up to +105 °C
mr:g;fgﬁ\ﬁnm (in original < 40°C: < 75% RH

Moisture Sensitivity Level (MSL)
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Test conditions of Electrical Properties: +21
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ELEKTRONIK
MORE THAN
YOU EXPECT

WE-WPCC Wireless Power
Transfer Receiver Coil

760308102207

4Dz 0012

oS Nl

91




Specifications

Product Attribute

Manufacturer:

Product Category:

RoHS:

Series:
Inductance:

Function:

Maximum DC Resistance:

Tolerance:

Minimum Operating
Temperature:

Maximum Operating
Temperature:

Q Minimum:
Number of Coils:
Length:

Width:

Height:
Packaging:
Brand:

Product Type:

Self Resonant Frequency:

Factory Pack Quantity:
Subcategory:

Unit Weight:

Attribute Value

Wurth Elektronik

Wireless Charging Coils

77

roris Details
WE-WPCC
SuH
Receiver
80 mChms
10 %

-20C

+105C

30

1 Cail, 1 Layer
40 mm

40 mm

1.2 mm

Bulk

Wurth Elektronik

Wireless Charging Coils

16 MHz

56

Wireless Charging
6g
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Appendix A2: Specification of Coil used In Primary and Secondary with Single
layer.
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Appendix A3: Data Sheets of Coil used In Primary and Secondary with Double
layer.

Dimensions: [mm] Recommended Land Pattern: [mm] Electrical Properties:
Properties Test conditions Value Unit | Tol.
125 kH 10mA | L 195 uH | £10%
0-Factor 125 kHE 10mA | O 220 Ll
. Rated Current AT = 40K I 95 A max
E 520 Saturation Current b 20 A | .
9 -L— . DG Resi D20°C Ror i | by,
50 min o2z DG Resi @20°C Rac 45 mi | max.
in.
0 533 4.5 48,0 +3.0 Sell Resonant Frequency I 5 Mz
10.0 120 L
z
‘lﬁlﬂ Scale - 1:1.5
1
soret.| | E Schematic:
2

General Information:

Itis racommended that the lemparatune of the ponent does not exceed +105°C undear worst
casa candlions

Operating Temperature -20°C 1p 10 +105 °C
Storage Temperature (in original 20 L 10 -+ED
packaging) 20 °C up 10 +60 °C

Tess! conditions of Electrical Properlies: +20°C, 33% RH il nol specified differently

Scale-1:1,5

m. |\.;\'2. I:I:I‘;U:.'-\;ﬂ n | e ' |
WE-WPCC Wireless Power
—_ .~ |Charging Transmitter Coil e
- w£+ 760308102144
e — l ET o Vaid 2017-M-29 5 %
WURTH ELEKTROMIK 5353 | |

93



Specifications

Product Attribute
Manufacturer:

Product Category:

RoHS:

Series:
Inductance:

Function:

Maximum DC Resistance:

Tolerance:

Minimum Operating
Temperature:

Maximum Operating
Temperature:

Number of Coils:
Length:

Width:

Height:
Packaging:
Brand:

Product Type:

Self Resonant Frequency:

Factory Pack Quantity:
Subcategory:

Unit Weight:

Attribute Value

Wurth Elektronik

Wireless Charging Coils

7 Details
WE-WPCC
19.5 uH
Transmitter
45 mOhms
10 %

-20C
+105C

1 Coill, 2 Layer
53.3 mm

533 mm

7 mm

Bulk

Wurth Elektronik

Wireless Charging Coils

5 MHz
14

Wireless Charging

60 g
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Appendix A4: Specification of Coil used In Primary and Secondary with
Double layer.
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Appendix A5: Data Sheets of Oscilloscope used in Hardware

1CO

Technology

PicoScope® 2000 Series

Ultra-compact PC oscilloscopes

The compact alternative to a benchtop oscilloscope

A 1 0 0 Y 1 O 4 O U R T O

10—0:5( .I 2 2, .m. %, Dus-73 S0
iy ™\
00 /
/ \\
4 // \
20 / pram®
& / \ A 3
: { / \\J/ =P 2 or 4 analog channels
] \// MSO models with 16 digital channels
& Up to 100 MHz bandwidth
e v e Up to 1 GS/s sampling rate
o AR LA AR ALV A Up to 128 MS capture memory
oS
g6 Built-in arbitrary waveform generator
o USB-connected and powered
o
o

o
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Quick product selector

2-channel oscilloscopes

Bandwidth

Maximum sampling rate
Capture memary

AWG bandwidth

4-channel oscilloscopes

Bandwidth

Maximum sampling rate
Capture memary

AWG bandwidth

Mixed-signal oscilloscopes

2 analog + 16 digital inputs Bandwidth

Maximum sampling rate
Capture memary
AWG bandwidth

VIEW your waveform with a low-cost USB-
powered and connected oscilloscope.

All standard PicoScope features are
included: automatic measurements, serial
decoding, persistence displays, mask
limit testing, spectrum analysis, arbitrary
waveform generator and more.

PicoScope PicoScope
2204A 2205A
10 MHz 25 MHz

100 MS/s 200 MS/s
8kS 16ksS
100 kHz 100 kHz

PicoScope
2405A
25MHz

500 MS/s
48 kS

1 MHz

PicoScope
2205A MSO
25 MHz
500 MS/s
48 kS

1MHz

ANALYZE your waveform with a high-performance USB-powered
and connected oscilloscope

Deep memory allows you to capture over long time periods at
high sampling rates. You can then zoom in on your data without
having to recapture. This is essential when you need to analyze
one-off events with detailed timing resolution

The arbitrary waveform generator can store complex waveforms

in its large memory buffer, allowing you to test your design with
realistic inputs

PicoScope
100 MHz
500 MS/s 1GS/s 1GS/s
32 MS 64 MS 128 MS
1 MHz 1 MHz 1 MHz

oScope PicoScope PicoScope
24068 2407B 2408B

50 MHz 70 MHz 100 MHz
1GS/s 1GS/s 1GS/s
32 MS 64 MS 128 MS
1 MHz 1 MHz 1 MHz
oScope PicoScope PicoScope
2206B MSO ‘ 2207B MSO ‘ 2208B MSO
50 MHz 70 MHz 100 MHz
1GS/s 1GS/s 1GS/s
32 MS 64 MS 128 MS
1 MHz 1 MHz 1 MHz
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Appendix B1: Excel Data generated by using Variable capacitor equation 9
chapter 3.

B C D E F G 1 | ] K L M N 0

d c1 €2 | Ceff(N=05) Ceff(N=1) | Ceff(N=2)  Ceff(N=3) Ceff(N=4) Ceff(N=5)  Ceff(N=6)  Ceff(N=7) Ceff(N=8)  Ceff(N=0) Ceff(N=10)

0  3.20E-08 2.40E-08 2.4E08 2 4E-08 2.4E-08 24E-08  0.000000024  2.4E-08 2.40E-08 2 40E-08 2.40E-08  2.40E-08 2.40E-08
001 |3.20E-08 240E-08 24486E-08 2.4485E-08 24482E-08 244BE-08 2.44773E-08  2.4475SE-08  2.45E-08 2.45E-08 2.45E-08  2.45E-08 2.45E-08
002 | 3.20E-08 240E-08 24084E-08 240970E-0B 24060E-08 2.4058E-08  2.4048E-08  2.4038E-08  2.49E-08 2 40E-08 2.40E-08  2.40E-D8  2.40E-08
003 | 3.20E-08 240E-08 25495E-08 25483E08 25459E-08 2.5435E-08 2.54103E-08 2.5386E-08  2.54E-08 2.53E-08 253E-08  2.53E08 253E08
004 | 3.20E-08 240E-08 26019E-08 2.5997E-08 25952E-08 2.5907E-08 2.58621E-08 2.5818E-08  2.58E-08 2.57E-08 257E-08  2.56E-08 2.56E-08
005 | 3.20E-08 240E-08 26556E-08 26510E-08 26446E-08 2.6374E-08 2.63014E-08 2623E-08 2.62E-08 2 61E-08 260E-08  2.50E-08 2.50E-08
006 | 3.20E-08 2.40E-08 27106E-08 27051E-08 26942E-08 2.6834E-08 2.67261E-08  2.6619E-08  2.65E-08 2 64E-08 263608  2.62E-08 261E-08
007 |3.20E-08 2.40E-08 2767E-08 27593E-08 27438E-08 27285E-08 27134E-08  2.6984E-08  2.68E-08 2 67E-08 265608  2.64E-08  2.63E-08
008 | 3.20E-08 240E-08 28J40E-08 28143E-08 27933E-08 27726E-08 2.75220E-08 2.7322E-08  2.71E-08 2 69E-08 267E-08  2.65E-08  2.64E-08
009  3.20E-08 2.40E-08 28B841E-08 28701E-08 28426E-08 2.B8156E-08 2.78908E-08 2.7631E-08  2.74E-08 2.71E-08 269E-08  2.66E-08  2.64E-08
0.1  3.206-08 2.40E-08 29448E-08 29268E-08 2.8916E-08 2.8571E-08 2.82353E-08 27907E-08  2.76E-08 2.73E-08 270E-08  2.67E-08 2.64E-08
011 | 3.20E-08 240E-08 3.007E-08 20843E-08 20401E-08 2.8972E-08 2.85544E-08 2.81409E-08  2.78E-08 274E-08 270E-08  2.66E-08 2.63E-08
012 | 3.20E-08 2.40E-08 3.0706E-08 3.0426E-08 2988E-08 2.9354E-08 2.88462E-08  2.8355E-08  2.79E-08 2.74E-08 270E-08  2.656-08 261E-08
013 | 320E-08 2 40E-D8 31358E-08 3 1016E-08 30353E-08 209718E-08 2 91086E-08 2 8524E-08 2 BOE-08 2 74E-08 269E-08  264E-08 2 59F-08
014 | 3.20E-08 240E-08 3.2026E-08 3.1612E-08 30817E-08 3006E-08 2.933090E-08 2.8653E-08  2.80E-08 274E-08 268E-08  2.62E-08 257E-08
015 |3.20E-08 2.40E-08 3.2709E-08 3.2215E-08 3.127E-08 303BE-08 2.95385E-08  2.8743E-08  2.80E-08 2.73E-08 266E-08  2.59E-08 2.53E-08
016 | 320E-08 2 40E-D8 33408E-08 32823FE-08 31712E-08 30675E-08  29703E-08  28791FE-08 2 79E-08 2 71E-08 264E-08  256E-08 2 50E-08
017 | 3.20E-08 240E-08 34122E-08 3.3435E-08 3.2141F-08 3.0044E-08 2.98322E-08 2.8708E-08  2.78E-08 2 69E-08 261E-08  2.53E-08 2.45E-08
018 | 3.20E-08 240E-08 34B853E-08 3.4052E-08 3.2556E-08 3.1185E-08 2.99252E-08 2.8763E-08  2.77E-08 2 67E-08 2.58E-08  2.49E-08  2.41E-08
019 | 320E-08 2 40E-08 356E-08 34672E-08 32053F-08 31397E-08 299813F-08 2 86B8E-08 2 75E-08 2 G4E-08 254E-08  245E-08 2 36E-08
0.2  3.20E-08 2.40E-08 363G4E-08 3.5204E-08 33333608 3.1579E-08 0.00000003 28571E-08  2.73E-08 2 61E-08 250E-08  2.40E08 231E-08
021 | 3.20E-08 240E-08 37143E-08 3.5917E-08 3.3694E-08 3.1729E-08 2.99813E-08 2.8416E-08  2.70E-08 2.57E-08 2.46E-08  2.35E-08 2.25E-08
022 | 3.20E-08 240E-08 37030E-08 3.6541FE-08 3.4033E-08 3.1847E-08 2.00252E-08 2.8222E-08  2.67E-08 2.53E-08 241E-08  2.30E-08  2.20E-08
023 | 3.20E-08 240E08 3.875E-08 37163E08 34356-08 3.1932E-08 2.98322E-08 2.7992E-08  2.64E-08 2 49E-08 236608 225608 2.14E-08
0.24 | 320E-08 240E-08 39578E-08 3.7783E-08 3.4642E-08 3.1983E-08 29703E-08  2.7726E-08  2.60E-08 2.45E-08 231E-08  2.19E-08 2.08E-08
025 | 3.20E-08 240E-08 40421E-08 3.84E-08 3.4000E-08 32E-08  2.05385E-08 2.7420E-08  2.56E-08 2 40E-08 226E-08  2.13E-08  2.02E-08
026 | 3.20E-08 240E-08 4.128E-08 3.0012E08 35149608 3.1983E-08 2.93399E-08  2.71E-08 2.52E-08 2.35E-08 221E-08  2.08E-08 196E-08
0.27 | 3.20E-08 2.40E-08 4.2153E-08 3.9617E-08 3.5362E-08 3.19326-08 2.91086E-08 2.6744E-08  2.47E-08 2.30E-08 215608  2.02E-08 1.90E-08
028 | 3.20E-08 240E-08 43042E-08 4.0214E-08 35545E-08 3.1847E-08 2.88462E-08  2.6362E-08  2.43E-08 2.25E-08 2.00E-08  106E-08 184E-08
029 | 3.20E-08 240E-08 4.3944E-08 4.0802E-08 3.5698E-08 3.1729E-08 2.85544E-08  2.5957E-08  2.38E-08 2.20E-08 2.04E-08  190E-08 178E-08
0.3 | 3.206-08 2.40E-08 4.486E-08 4.1379E-08 3.5821E-08 3.1579E-08 2.82353E-08 2.5532E-08  2.33E-08 2.14E-08 198E-08  185E-08 173E-08
031 | 3.20E-08 240E-08 45788E-08 4.1043E-08 35012E-08 3.1307E-08 2.78008E-08 2.5080E-08  2.28E-08 2.09E-08 103E-08  179E-08 167E-08
032 | 3.20E-08 240E-08 46729E-08 4.2493E-08 3.5971E-08 3.1185E-08 2.75229E-08  2.4631E-08  2.23E-08 2.04E-08 187E-08 17308 161E-08
033 | 3.20E-08 240E-08 47681E-08 4.3026E-08 3.5998E-08 3.0944E-08  2.7134E-08  2.4159E-08  2.18E-08 1.98E-08 182E-08  168E-08 156E-08
034 | 320E-08 2 40E-08 48642F-08 43541F-08 350993F-08 3 0675E-08 2 67261F-08 2 3678E-08 2 13E-08 1.93E-08 176E-08  163F-08 151F-08
035 | 3.20E-08 240E-08 49612E-08 4.4037E08 35955E-08 303BE-08 2.63014E-08 2.3188E-08  2.07E-08 1.88E-08 171608 157608 146E-08
036 | 3.20E-08 240E-08 5.059E-08 4451E-08 3.5885E-08 3.006E-08 2.58621E-08  2.2693E-08  2.02E-08 1.82E-08 166E-08  152E-08 141E-08
037 | 3.20E-08 240E-08 51574E-08 4.4061E-08 35784E-08 20718E-08 2.54103E-08 2.2193E-08  1.07E-08 1.77E-08 161E-08  147E-08 136E-08
038  3.20E-08 240E-08 52562E-08 45386E08 35651E-08 20354E-08 24048608 2.1692E-08  1.92E-08 1.72E-08 156608  143E08 131E-08
039 | 3.20E-08 240E-08 53553E-08 4.5784E-08 3.5487E-08 2.8972E-08 2.44773E-08 211908  1.87E-08 1.67E-08 151E-08  138E-08 127E-08
0.4  3.20E-08 2.40E-08 54545E-08 4.6154E-08 35204E-08 2.8571E-08 0.000000024 2069E-08  1.82E-08 1.62E-08 146E-08  133E-08 122E-08
041 | 3.20E-08 240E-08 55536E-08 4.6494E-08 3.5072E-08 2.8156E-08 2.35179E-08  2.0192E-08  1.77E-08 1.57E-08 142608  129E-08 1.18E-08
042 | 320E-08 240E-08 56524E-08 4.6802E-08 34823E-08 27726E-08 2.30326E-08 19698E-08  1.72E-08 1.53E-08 137608  125E-08 1.14E-08
043 | 320E-08 240E-08 57506E-08 47077E-08 3.4547E-08 27285E-08 2.25458E-08 10200E-08  1.67E-08 1.48E-08 133608  121F-08 1.10E-08
044 | 320E-08 240E-08 5.848E-08 47319E-08 3.4247E-08 2.6834E-08 2.20588E-08  1.8727E-08  1.63E-08 1.44E-08 129E-08  117E-08 107E-08
045 | 3.20E-08 240E-08 59443E-08 4.7525E-08 3.3922E-08 2.6374E-08 2.1573E-08  18251E-08  1.58E-08 1.40E-08 125608  113E-08 103E-08
046 | 3.20E-08 240E-08 650393E-08 47695E-08 3.3576E-08 2.5007E-08 2.108B96E-08 17783E-08  1.54E-08 1.35E-08 121E-08  1.09E-08 0.07E-09
047 | 3.20E-08 240E-08 6.1326E-08 47828E-08 3.3209E-08 2.5435E-08 2.06097E-08  17324E-08  1.49E-08 1.31E-08 117608 1.06E-08 9.64E-09
048 | 320E-08 2 40E-D8 62241F-08 47923FE-08 32823F-08 24958E-08  201342E-08  16873E-08  1.45E-08 1.27E-08 114E-08  1026-08 932E-09
049 | 320E-08 240E-08 653133E-08 47981E-08 3.2410E-08 244BE-08 196641E-08 16432E-08  1.41E-08 1.24E-08 110E-08  0.01E-09 0.02E-09
0.5 | 3.20E-08 2.40E-08 6.4E-08 4 8E-08 3.2E-08 2.4E-08 1.92E-08 1.6E-08 1.37E-08 1.20E-08 107E-08  9.60E-09 8.73E-09
051 | 320E-08 2 40E-D8 64839E-08 4 7981F-08 31566E-08 2 352E-08 187427E-08  15578E-08  1.33E-08 1 16E-08 103E-08  930E-09 845E-09
052 | 3.20E-08 240E-08 65646E-08 47923E-08 3.112E-08 2.3041E-08 1.82027E-08 15167E-08  1.30E-08 1.13E-08 100E-08  O.01E-09 8.18E-09
053 | 3.20E-08 240E-08 6.6418E-08 4.7828E-08 3.0663E-08 2.2565E-08 1.78505E-08 14766E-08  1.26E-08 1.10E-08 9.72E-09  8.73E-09 7.92E-09
054 | 320E-08 240E-D8 67152E-08 47695E-08 30196E-08 22091E-08 174165E-08  143756-08  1.22E-08 1.07E-08 043E-09  B46E-09 7 67E-09
055 | 3.20E-08 240E-08 657845E-08 47525608 20721E-08 2.1622E-08 169912E-08 13994E-08  1.19E-08 1.03E-08 915609  8.21E09 7.44E-09
056 | 3.20E-08 2.40E-08 6.8493E-08 4.7319E-08 2924E-08 2.1157E-08 1.65746E-08 1.3624E-08  1.16E-08 1.00E-08 8.88E-09  7.96E-09 7.21E-09
057 | 3.20E-08 240E-08 650095E-08 47077E-08 28753E-08 2.0697E-08 161671E-08 13264E-08  1.12E-08 9.76E-09 862E-00  7.72E-09 6.00E-09
058  3.20E-08 240E-08 59646E-08 4.6802E08 28262E-08 20243E-08 157687E-08 12914E-08  1.09E-08 9.48E-09 837609  7.49E-09 6.78E09
059 | 3.20E-08 2.40E-08 7.0145E-08 4.6494E-08 27768E-08 19795E-08 153797E-08 12575SE-08  1.06E-08 9.21E-09 81309  7.276-09 6.58E-09
0.6  3.20E-08 2.40E-08 70SBSE-08 4.6154E-08 27273E-08 103556-08 0.000000015 1.2245E-08  1.03E-08 8.96E-09 7.80E-00  7.06E-00 6.38E-09
061 | 3.20E-08 240E-08 7.0974E-08 45784E08 26777E-08 1.8921E-08 146297E-08 11925608  1.01E-08 8.71E-09 767609  6.86E-09 6.20E-09
062 | 3.20E-08 240E-08 7.1301E-08 4.5386E-08 26281E-08 1.8496E-08 142687E-08 11614E-08  9.79E-09 8.47E-09 7.456-09  6.66E-09 6.02E-09
063 | 3.20E-08 240E-08 7.1567E-08 4.4061E-08 25787E-08 1.8078E-08 1.30171E-08 11313E-08  0.53E-09 8.23E-09 7.256-00  6.47E-09 5.85E-09
064 | 3.20E-08 240E-08 7.177E-08 4451E-08 25295E-08 1.7668E-08 1.35747E-08  1.1021E-08  9.28E-09 8.01E-09 7.056-09  6.29E-09 5.68E-09
065 | 3.20E-08 2.40E-08 7.191E-08 4.4037E-08 24806E-08 17266E-08 132414E-08 10738E-08  9.03E-09 7.79E-09 6.856-09  6.11E-09 5.52E-09
066 | 3.20E-08 240E-08 7.1086E-08 4.3541FE-08 24321E-08 16873E-08 1.20171E-08 10464E-08  8.79E-09 7 58E-09 6.67E-09  5.05E-00 5.37E-09
067 | 3.20E-08 2.40E-08 7.1996E-08 4.3026E-08 23B4E-08 1.6488E-08 1.26017E-08  1.0198E-08  8.56E-09 7.38E-09 6.49E-09  5.78E-09 5.22E-09
068 | 3.20E-08 240E-08 7.1942E-08 4.2493E-08 23364E-08 161126-08 1.22951E-08 9.9404E-09  8.34E-09 7.19€-09 6.31E-09  5.63E-09 5.08E-09
069 | 3.20E-08 240E-08 7.1824E-08 4.1043E-08 22804E-08 15744E-08 1.1007E-08 0.6907E-00  8.13E-09 7.00E-09 6.15E-09  5.48E-09 4.04E-09
07 | 3.20E-08 2.40E-08 7.1642E-08 4.1379E-08 2.243E-08  15385E-08 1.17073E-08  0.4488E-09  7.92E-09 5.82E-09 599E-09  5.33E-09 4.B81E-09
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071 320E-08 2 40E-08 7.1397E-08 4.0802E-08 2.1972E-08 15034E-08 1.14259E-08 9.2145E-09 7.72E-09 6.64E-09 5.83E-09 5.19E-09 4.68E-09

072 | 3.20E-08 240E-08 7.109E-08 4.0214E-08 21521F-08 14691E-08 1.11524E-08 8.9874E-09 7.53E-09 6.47E-09 5.68E-09 5.06E-09 4.56E-09
073 3.20E-08 240E-08 7.0723E-08 39617E-08 2 1077E-08 14358E-08 1.0886BE-08 8.7674E-09 7.34E-09 6.31E-09 5.53E-09 493609 4.44E-09
0.74 | 3.20E-08 240E-08 7.0200E-08 3.9012E-08 2.064E-08 14032E-08 1.06289E-08 8.5543E-09 7.16E-09 6.15E-09 5.40E-09 4.80E-09 4.33E-09
075  3.20E-08 240E-08 6.9818E-08 3.84E-08 2.0211E-08 13714E-08 1.03784E-08 B.3478E-09 6.98E-09 6.00E-09 5.26E-09 4.68E-09 4.22E-09
076  3.20E-08 240E-08 6.9284E-08 3.7783E-08 19789E-08 13405E-08 1.01351E-08 8.1477E-09 6.81E-09 5.85E-09 5.13E-08 457E-08 4.11E-09
0.77  3.20E-08 240E-08 6.8699E-08 35.7163E-08 19375E-08 13103E-08 S9.89895E-09 7.9539E-09 6.65E-09 5.71E-09 5.00E-09 4.45E-09 | 4.01E-09
0.78  3.20E-08 240E-08 6.8066E-08 3.6541E-08 18969E-08 1.2B1E-08 9.66062E-09  7.766E-09 5.49E-09 5.57E-09 4 .88E-09 4.34E-08 3.91E-09
079  3.20E-08 240E-08 6.7387E-08 35917E-08 18572E-08 12523E-08 9.44696E-09 7.5839E-09 6.33E-09 5.44E-09 4.76E-09 4.24E-09 | 3.82E-09
0.8 3 20E-08 2 40E-08 66667E-08 35294E-08 18182E-08 12245E-08 S 23077E-09 74074E-09 6.19E-09 5.31E-09 4 65E-09 414E-08 3.73E-09
0.81 | 3.20E-08 240E-08 6.5907E-08 3.4672E08 1.7BE08 11974E-08 9.02086E-09 7.2363E-09 6.04E-09 5.18E-09 4.54E-09 4.04E-09 3.64E-09
0.82 | 3.20E-08 240E-08 6.5111FE-08 34052E-08 17427E-08 1.171E-08 8.81705E-09 7.0705E-09 5.90E-09 5.06E-09 4.43E-09 3.94E-09 3.55E-09
0.83 3.20E-08 240E-08 6.4283E-08 3.3435E-08 17061E-08 1.1453E-08 8.61914E-09 6.9097E-09 5.77E-09 4.95E-09 4.33E-09 3.85E-09 3.47E-09
0.84 | 3.20E-08 240E-08 6.3425E-08 35.2823E-08 16704E-08 11202E-08 8.42697E-09 6.7557E-09 5.63E-09 4.83E-09 4.23E-09 3.76E-09 3.39E-09
0.85 3.20E-08 240E-08 6.2541FE-08 3.2215E-08 16354E-08 10959E-08 8.24034E-09 6.6025E-09 5.51E-09 4.72E-09 4.14E-08 3.68E-08 3.31E-09
0.86  3.20E-08 240E-08 6.1633E-08 3.1612E-08 16013E-08 10722E-08  8.0591E-09 6.4558E-09 5.38E-09 4.62E-09 4.04E-09 3.59E-09 3.24E-09
0.87  3.20E-08 2.40E-08 6.0706E-08 3.1016E-08 15679E-08 10491E-08 7.88307E-09 6.3135E-09 5.27E-09 4.52E-09 3.95E-09 3.51E-09 3.16E-09
0.88  3.20E-08 240E-08 59761E-08 3.0426E-08 15353E-08 10267E-08 7.71208E-09 6.1754E-09 5.15E-09 4.42E-09 3.86E-09 3.44E-09 3.09E-09
089 3 20E-08 240E-08 58802E-08 29843E-08 15035E-08 10049E-08 754598E-09 6.0414E-09 5.04E-09 432E-09 3 78E-09 3.36E-08 3.03E-09
09 3.20E-08 2.40E-08 5.7831E08 29268E-08 14724E-08 9.8361E-09 7.38462E-09 59113E-09 4.93E-09 4.23E-09 3.70E-09 3.29E-09 2.96E-09
091 3.20E-08 240E-08 5.6B852E-08 28701E-08 1443F-08 9.6293E-09 7.22783E-09 5.7851E-09 4.82E-09 4.13E-09 3.62E-09 3.22E-09 2.90E-09
092 | 320E-08 240E-08 5.5866E-08 2.8143E-08 14124E-08 O.42BE-09 7.07547E-09 5.6625E-09 4.72E-09 4.05E-09 3.54E-09 3.15E-09 2.B3E-09
093 3.20E-08 240E-08 5.4876E-08 2.7593E-08 13835E-08 O0.2322E-09 6.92741E-09 5.5435E-09 4.62E-09 3.96E-09 3.47E-09 3.08E-08 2.77E-09
094 3320E-08 240E-08 5.3884E-08 2.7051E-08 13553E-08 O0416E-09 6.78340E-09 5.4279E-09 4.52E-09 3.88E-09 3.35E-09 3.02E-08 2.72E-09
095  3.20E-08 240E-08 5.2893E-08 2.6519E-08 13278E-08 B8.8561E-09  6.6436E-09 5.3156E-09 4.43E-09 3.80E-09 3.32E-09 2.95E-09 2.66E-09
D596 3 20E-08 240E-08 51903E-08 25997E-08 1301E-08 B86755E-09 650759E-09 52065E-09 4 34E-09 3.72E-09 3 25E-09 2.89E-08 2.60E-09
097 3.20E-08 240E-08 S5.0918E08 25483E-08 12748E-08 B8.4998E-09 6.37535E-09 5.1005E-09 4.25E-09 3.64E-09 3.19E-09 2.83E-09 2.55E-09
D98 320E-08 240E-08 49938E-08 24979E-08 12492F-08 B83287E-09 624675E-09 4 9975E-08 4 16E-09 3.57E-09 3.12E-09 2.78E-08 2.50E-09
099 | 320E-08 240E-08 4.8965E-08 2448508 12243E-08 B8.1622E-09 6.12167E-09 4.8974E-09 4.08E-09 3.50E-09 3.06E-09 2.72E-09 | 2.45E-09

1 3.20E-08 2.40E-08 4.8BE-08 2.4E-08 1.2E-08 8E-09 GE-09 4.8E-09 4.00E-09 3.43E-09 3.00E-09 2.67E-09 2.40E-09

Appendix B2: Excel Data generated by using Variable capacitor equation 10
chapter 3.

B C D E F G H | ] K L M N 0

d c1 C2  Ceff(N=0.5) Ceff(N=1)  Ceff[N=2)  Ceff[N=3) Ceff(N=4) Ceff(N=5)  CeffN=6)  Ceff(N=7) Ceff(N=8)  Ceff(N=0) Ceff(N=10)
0  3.20E-06 6.40E-05 0.0000064 0.0000032 0.0000016 10667E-06 0.0000008  0.00000064  5.33E-07 457E-07 400E07  3.56E-07 3.20E07
0.01 | 3.20E-06 6.40E-05 6.5286E-06 3.2646E-06 1.6324E-06 10883E-06 8.16222E-07  6.5298E-07  5.44E-07 4.66E-07 408E-07  3.63E-07 3.26€-07
0.02  3.20E-06 6.40E-05 6.6583E-06 3.3306E-06 16656E-06 111056-06  8.320E-07  6.6633E-07  5.55E-07 4.76E-07 416E-07  3.70E-07 3.33£-07
0.03 | 3.20E-06 6.40E-05 6.789E-06 3.3977E-06 1.6997E-06 1.1333E-06 8.50046E-07 6.8007E-07  5.67E-07 4.86E-07 425607  3.78E-07 3.40£-07
0.04  3.20E-06 6.40E-05 6.0204E-06 3.4662E-06 17346E-06 11567E-06 8.67670E-07 6042E-07  5.79E-07 4.96E-07 434E-07  3.86E-07 3.47E-07
0.05 | 3.20E-06 6.40E-05 7.0523E-06 3.5359E-06 1.7704E-06 1.1808E-06 8.85813E-07 7.0875E-07  5.91E-07 5.06E-07 4.43E-07  3.94E-07 3.58£-07
006  3206-06 64DE-05 71846E-06 3 6069E-06 1B071E-06 120556-06 004466E-07 723726-07  603E-07 5 17E-07 452E-07  402E-07 3 626-07
0.07 3.20E-06 6.40E-05 7.3168E-06 3679E-06 1.8447E-06 1231E06 0.23654E-07 7.3913E07  6.16E-07 5.28E-07 462607  411E07 3.70E07
0.08 | 3.20E-06 6.40E-05 7.4488E-06 3.7523E-06 1.8832E-06 12571E-06 9.43396E-07  7.55E-07 6.29E-07 5.40E-07 472607 420607 3.78E-07
0.09  3.20E-06 6.40E-05 7.5802E-06 3.8268E-06 10227E-06 12830E-06 0.6371E-07 77134607  6.43E-07 5.51E-07 4.8JE-07  4.29E-07 3.86E-07
01 | 3.20E-06 6.40E-05 7.7108E-06 3.9024E-06 1.9632E-06 13115E-06 9.84615E-07  7.8818E-07  6.57E-07 5.63E-07 493E-07  4.38E-07 3.95E-07
011  3.206-06 64DE-05 78403E-06 39791F-06 2 0046E-06 13398E-06 100613E-06 BO552E-07  672E-07 5 76E-07 S04E-07  44BE-07 4 03E-07
0.12  3.20E-06 6.40E-05 7.9681E-06 4.0568E-06 2.0471E-06 13689E-06 1.02828E-06 B8.2338E07  6.87E-07 5.89E-07 515607  458E07 4.12E07
0.13 | 3.20E-06 6.40E-05 B.0941E-06 4.1354E-06 2.0905E-06 1.3988E-06 1.05108E-05 B8.418E-07  7.02E-07 6.02E-07 527607  4.69E-07 4.22£-07
0.14  3.20E-06 6.40E-05 8.2178E-06 4215E-06 2135E-06 14206E-06 1.074556-06 B.6077E-07  7.18E-07 5.16E-07 5.30E-07  4.79E-07 4.32E-07
0.15 | 3.20E-06 6.40E-05 8.3388E-06 4.2953E-06 2.1806E-06 1.4612E-06 1.09871E-06 B8.8033E-07  7.34E-07 6.30E-07 5.51E-07  4.90E-07 4.42£-07
0.16  3.20E-06 6.40E-05 B.4567E-06 4.3764E-06 2.2272E-06 140376-06 1.1236E-06 000SE-07  7.51E-07 5.45E-07 5.64E-07  5.02E-07 4.52E-07
0.17 | 3.20E-06 6.40E-05 B.571E-06 4.4581E-06 2.2748E-06 1.527E-06 1.14922E-06 9.212907  7.69E-07 6.60E-07 578607  5.14E-07 4.63E-07
0.18 | 3.20E-06 6.40E-05 B.681SE-06 4.5403E-06 2.3236E-06 15613E-06 1.17561E-06 9.4273E-07  7.87E-07 6.75E-07 591E-07  5.26E-07 4.74E-07
010  3.20E-06 6.40E-05 B.7876E-06 4.6220E-06 2.3734E-06 150656-06 1.20278E-06 0.6484E-07  8.05E-07 5.91E-07 6.05E-07  5.39E-07 4.85E-07
0.2 | 3.20E-06 6.40E-05 888B9E-06 4.7059E-06 2.4242E-06 16327E-06 1.23077E-06  9.87658-07  8.25E-07 7.08E-07 6.20E-07  5.52E-07 4.97E-07
0.21  3.20E-06 6.40E-05 B.085E-06 4789E-06 2.4762E-06 16608E-06 1.25050E-06 1.0112E-06  8.45E-07 7.256-07 6.356-07  5.65E-07 5.00E-07
0.22 | 3.20E-06 6.40E-05 9.0754E-06 4.8721E-06 2.5292E-06 1.7079E-06 1.28928E-06 1.0355E-06  8.65E-07 7.436-07 6.51E-07  5.79E-07 5.22E-07
023  3206-06 640E-05 91599E-06 49551F-06 2 5834F-06 17471E-06 131986E-06 10605E-06  8B6E-07 7 61E-07 667E-07  594E-07 5356-07
0.24  3.20E-06 6.40E-05 9.2379E-06 5.0378E-06 2.6385E-06 17873E-06 1.35135E-06 1.0864E06  9.08E-07 7.80E-07 6.84E07  6.09E07 5.49E07
0.25 | 3.20E-06 6.40E-05 9.3091E-06 0.00000512 2.6947E-06 1.8286E-06 1.38378E-06 1.113E-06  9.31E-07 8.00E-07 7.01E-07  6.24E-07 5.63E-07
0.26  3.20E-06 6.40E-05 0.3732E-06 5.2016E-06 2752E-06 18709E-06 1.41718E-06 1.1406E-06  0.54E-07 8.20E-07 710607  6.41E-07 5.77E-07
0.27 | 3.20E-06 6.40E-05 9.4298E-06 5.2823E-06 2.8102E-06 19143E-06 1.45158E-06 1169E-06  9.79E-07 8.41E-07 7.386-07  6.57E-07 5.92£-07
028  3206-06 64DE-05 94787E-06 53619E-06 2 B694E-06 19589E-06 148699E-06 11983E-06  1.00E-06 8 63E-07 757607  675E-07 6.08E-07
0.20  3.20E-06 6.40E-05 9.5196E-06 5.4403E06 2.0296E-06 2.0045E-06 1.52345E-06 12286606  1.03E-06 8.86E-07 777607  6.92E07 6.24E07
03 | 3.20E-06 6.40E-05 9.5522E-06 5.5172E-06 2.9907E-06 20513E-06 1.56098E-05  1.25986-06  1.06E-06 9.09E-07 798E-07  7.11E-07 G6.41E-07
0.31  3.20E-06 6.40E-05 0.5765E-06 5.5925E-06 3.0526E-06 2.0992E-05 150996E-06 1.2921E-06  1.08E-06 9.336-07 810E-07  7.30E-07 6.59E-07
0.32 | 3.20E-06 6.40E-05 9.5923E-06 5.6657E-06 3.1153E-06 2.1482E-06 1.63934E-06 1.3254E-06  1.11E-06 9.58E-07 842607  7.50E-07 6.77E-07
0.33  3.20E-06 6.40E-05 0500SE-06 5.7368E-06 3.1787E-06 2.10B4E-05 1.68023E-06 1.3507E-06  1.14E-06 9.84E-07 865E-07  7.71E-07 6.95E-07
0.34 | 3.20E-06 6.40E-05 9.5981E-06 5.8055E-06 3.2428E-06 2.2497E-06 1.72228E-06 1.3952E-06  1.17E-06 1.01E-06 8.89E-07  7.93E-07 7.16E-07
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0.34
035
0.36
0.37
0.38
0.39
0.4
041
042
0.43
0.44
045
0.45
0.47
0.48
048
0.5
0.51
0.52
053
0.54
0.55
056
057
0.58
0.59
0.6
061
0.62
063
0.64
0.65
0.66
067
0.68
0.69
07

071
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.38
0.89
09
091
0.92
053
0.94
0.95
0.96
0.97
0.98
0.99

3.20E-06
3 20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-08
3.20E-06
3.20E-06
3 20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-08
3.20E-06
3.20E-06
3 20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-08
3.20E-06
3.20E-06
3 20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-08
3.20E-06
3.20E-06
3 20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-08
3.20E-06
3.20E-06
3 20E-06

3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06
3.20E-06

6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05

6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05
6.40E-05

9.5981E-06
9.588E-06
9.5694E-06
9.5423E-06
9.5068E-06
9.4633E-06
9.4118E-06
9.3526E-06
9.2861E-06
9.2126E-06
9.1324E-06
9.0459E-06
8.9536E-06
8.8557E-06
8.7527E-06
8.6451E-06
8.5333E-06
8.4177E-06
8.2988E-06
8.1768E-06
8.0523E-06
7.9257E-06
7. 7973E-06
7.6674E-06
7.5365E-06
7.4048E-06
7.2727E-06
7.1405E-06
7.0083E-06
6.8765E-06
6.7454E-06
6.615E-06
6.4856E-06
B.3574E-06
6.2305E-06
6.1051E-06
5.9813E-06

5.8592E-06
5.7389E-06
5.6204E-06
5.504E-06
5.3895E-06
5.277E-06
5.166TE-06
5.0585E-06
4.9524E-06
4 B4B5E-06
4.7467E-06
4.6471E-06
4.5497E-06
4.4543E-06
4.3612E-06
4.2701E-06
4.1811E-06
4 0942E-06
4.0093E-06
3.9264E-06
3.8455E-06
3.7665E-06
3. 6894E-06
3.6142E-06
3.5408E-06
3.4692E-06
3.3994E-06
3.3313E-06
3.2648E-06
0.0000032

5.8055E-06
5.8716E-06
5.9347E-06
5.9948E-06
6.0514E-06
6.1045E-06
6.1538E-06
6.1991E-06
6.2402E-06
6.277E-06
6.3091E-06
6.3366E-06
6.3593E-06
6.377E-06
6.3898E-06
6.3974E-06
0.0000064
6.3974E-06
6.3898E-06
6.377E-06
6.3593E-06
6.3366E-06
6.3091E-06
6.277E-06
6.2402E-06
6.1991E-06
6.1538E-06
6.1045E-06
6.0514E-06
5 9948E-06
5.9347E-06
5.8716E-06
5.8055E-06
5.7368E-06
5.6657E-06
5.5925E-06
55172E-06

5.4403E-06
5.3619E-06
5.2823E-06
5.2016E-06
0.00000512
5.0378E-06
4.9551E-06
4.8721E-06
4.789E-06

4 7059E-06
4.6229E-06
4.5403E-06
4.4581E-06
4.3764E-06
4.2953E-06
4.215E-06

4.1354E-06
4 0568E-06
3.9791E-06
3.9024E-06
3.8168E-06
3.7523E-06
3.679E-06

3.6069E-06
3.5359E-06
3.4662E-06
3.3977E-06
3.3306E-06
3.2646E-06
0.0000032

3.2428E-06
3.3075E-06
3.3727E-06
3.4383E-06
3.5042E-06
3.5702E-06
3.6364E-06
3.7024E-06
3 76B3E-06
3.8337E-06
3.8986E-06
3.9628E-06
4.02652E-06
4.0884E-06
4.1494E-06
4 2089E-06
4.2667E-06
4.3226E-06
4.3764E-06
4.4278E-06
4.4768E-06
4.523E-06
4 5662E-06
4.6063E-06
4.6431E-06
4.6763E-06
4.7059E-06
4.7316E-06
4.7534E-06
47711E-06
4.7847E-06
4.794E-06
4.799E-06
4 7998E-06
47962E-06
4.78B83E-06
4 7761E-06

4.7598E-06
4.7393E-06
4.7149E-06
4.6866E-06
4.6545E-06
4.6189E-06
4.5799E-06
4.5377E-06
4.4925E-06
4.4444F-06
4.3938E-06
4.3407E-06
4.2855E-06
4.2283E-06
4.1694E-06
4.1089E-06
4.047E-06
3 9841E-06
3.9201E-06
3.8554E-06
3.7901E-06
3.7244E-06
3 6584E-06
3.5923E-06
3.5262E-06
3.4602E-06
3.3945E-06
3.3292E-06
3.2643E-06
0.0000032

2.2497E-06
2.3022E-06
2.3557E-06
2.4104E-06
2.4661E-06
2.5129E-06
2.5806E-06
2.6394E-06
2 6991E-06
2.7596E-06
2.8209E-06
2.8829E-06
2.5455E-06
3.0086E-06
3.0722E-06
3.136E-06
0.0000032
3.264E-06
3.3278E-06
3.3913E-06
3.4542E-06
3.5165E-06
3.5778E-06
3.63BE-06
3.6969E-06
3.7541E-06
3.8095E-06
3.8629E-06
3.9139E-06
3.5624E-06
4.008E-06
4.0506E-06
4.09E-06
4.1358E-06
4.158E-06
4.1863E-06
4 2105E-06

4.2306E-06
4.2463E-06
4.2576E-06
4.2644E-06
4.2667E-06
4.2644E-06
4.2576E-06
4.2463E-06
4.2306E-06
4 2105E-06
4.1863E-06
4.158E-06
4.1258E-06
4.09E-06
4.0506E-06
4.008E-06
3.9624E-06
3 9139E-06
3.8629E-06
3.8095E-06
3.7541E-06
3.6969E-06
3 63BE-06
3.5778E-06
3.5165E-06
3.4542E-06
3.3913E-06
3.3278E-06
3.264E-06
0.0000032

172228E-06
1.76552E-06
1.80995E-06
1.85561E-06
1.9025E-06
1.95062E-06
0.000002
2.05062E-06
2 1025E-06
2.15561E-06
2.20994E-06
2.26549E-06
2.323221E-06
2.38007E-06
2.43902E-06
2.49902E-06
0.00000256
2.62188E-06
2.68456E-06
2.74796E-06
2.81195E-06
2.8764E-06
2 94118E-06
3.00611E-06
3.07102E-06
3.13572E-06
0.0000032
3.26364E-06
3.3264E-06
3 .38804E-06
3.44828E-06
3.50685E-06
3.56347E-06
3.61786E-06
3.66972E-06
3.71B77E-06
3 76471E-06

3.80726E-06
3.84615E-06
3.88114E-06
3.91198E-06
3.93846E-06
3.9604E-06
3.97763E-06
3.99002E-06
3.9975E-06
0.000004
3.9975E-06
3.99002E-06
3.97763E-06
3.9604E-06
3.93846E-06
3.91198E-06
3.88114E-06
3.84615E-06
3.80726E-06
3.76471E-06
3.71877E-06
3.66972E-06
3.61786E-06
3.56347E-06
3.50685E-06
3.44828E-06
3.38804E-06
3.3264E-06
3.26364E-06
0.0000032
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1.3952E-06
1.4318E-06
1.4695E-06
1.5084E-06
1.5486E-06
1.58E-06
1.6327E-06
1.6766E-06
1.7219E-06
1.7685E-06
1.8165E-06
1.8659E-06
1.9166E-06
1.9687E-06
2.0222E-06
2.0771E-06
2.1333E-06
2.1909E-06
2.2497E-06
2.3008E-06
2.3711E-06
2.4335E-06
2 4969E-06
2.5612E-06
2.6264E-06
2.6922E-06
2.7586E-06
2.8254E-06
2.8923E-06
2 9591E-06
3.0257E-06
3.0918E-06
3.1571E-06
3.2213E-06
3.2841E-06
3.3452E-06
3.4043E-06

3.461E-06
3.5149E-06
3.5659E-06
3.6134E-06
3.6571E-06
3.6969E-06
3.7322E-06
3.7629E-06
3.788BE-06
3.8095E-06
3.825E-06
3.8351E-06
3.8397E-06
3.8388E-06
3.8323E-06
3.8204E-06
3.8032E-06
3 7B07E-06
3.7532E-06
3.7209E-06
3.6841E-06
3.643E-06
3.5879E-06
3.5492E-06
3.4973E-06
3.4423E-06
3.3848E-06
3.325E-06
3.2633E-06
0.0000032

1.17E-06
1.20E-06
1.24E-06
1.27E-06
1.31E-06
1.34E-06
1.38E-06
1.42E-06
1.46E-D6
1.50E-06
1.54E-06
1.59E-06
1.63E-06
1.68E-06
1.73E-06
1.78E-D6
1.83E-06
1.88E-06
1.94E-06
1.99E-06
2.05E-06
2.11E-06
2 17E-D6
2.23E-06
2.29E-06
2.36E-06
2.42E-06
2.49E-06
2.56E-06
2 63E-D6
2.70E-06
2.76E-06
2.83E-06
2.90E-06
2.97E-06
3.04E-06
3.11E-06

3.17E-06
3.24E-06
3.30E-06
3.36E-06
3.41E-06
3.47E-06
3.52E-06
3.56E-06
3.60E-06
3.64E-06
3.67E-06
3.69E-06
3.71E-06
3.72E-06
3.73E-06
3.73E-06
3.73E-06
3.72E-06
3.70E-06
3.68BE-06
3.65E-06
3.62E-06
3.58BE-06
3.54E-06
3.49E-06
3.44E-06
3.3BE-06
3.32E-06
3.26E-06
3.20E-06

1.01E-06
1.04E-06
1.07E-06
1.10E-06
1.13E-06
1.16E-06
1.19E-06
1.23E-06
1.26E-06
1.30E-06
1.34E-06
1.38E-06
1.42E-06
1.45E-06
1.51E-06
1.55E-06
1.60E-06
1.65E-06
1.70E-06
1.75E-06
1.81E-06
1.86E-06
1.92E-06
1.98E-06
2.04E-06
2.10E-06
2.16E-06
2.23E-06
2.29E-06
2 36E-06
2.43E-06
2.50E-06
2.57E-06
2.64E-06
2.71E-06
2.79E-06
2 BBE-06

2.93E-06
3.00E-06
3.07E-06
3.13E-06
3.20E-06
3.26E-06
3.32E-06
3.38E-06
3.43E-06
3.4BE-06
3.52E-06
3.56E-06
3.58E-06
3.62E-06
3.64E-06
3.65E-06
3.66E-06
3. 66E-06
3.65E-06
3.64E-06
3.62E-06
3.59E-06
3.56E-06
3.52E-06
3.4BE-06
3.43E-06
3.38E-06
3.32E-06
3.26E-06
3.20E-06

8.89E-07
9.14E-07
9.39E-07
9.66E-07
9.94E-07
1.02E-06
1.05E-06
1.08E-06
1.12E-06
1.15E-06
1.18E-06
1.22E-06
1.26E-06
1.30E-06
1.34E-06
1.38E-06
1.42E-06
1.47E-06
1.51E-06
1.56E-06
1.61E-06
1.66E-06
1.72E-06
1.77E-06
1.83E-06
1.89E-06
1.95E-06
2.01E-06
2.08E-06
2.14E-06
2.21E-06
2.28E-06
2.35E-06
2.42E-06
2.50E-06
2.57E-06
2 64E-D6

2.72E-06
2.79E-06
2.87E-06
2.94E-06
3.01E-06
3.08E-06
3.15E-06
3.21E-06
3.28E-06
3 33E-06
3.39E-06
3.43E-06
3.48E-08
3.51E-06
3.55E-06
3.57E-06
3.59E-06
3 60E-06
3.60E-06
3.60E-06
3.58E-08
3.57E-06
3 54E-06
3.51E-06
3.47E-06
3.42E-08
3.38E-06
3.32E-06
3.26E-06
3.20E-06

7.93E-07
8.15E-07
8.39E-07
8.63E-07
8.8BE-07
9.14E-07
9.41E-07
9.69E-07
9.559E-07
1.03E-06
1.06E-06
1.09E-06
1.13E-06
1.16E-06
1.20E-06
1.24E-06
1.2BE-06
1.32E-06
1.37E-06
1.41E-06
1.46E-06
1.51E-06
1.56E-06
1.61E-06
1.66E-06
1.72E-06
1.78E-06
1.84E-06
1.90E-06
1.56E-06
2.03E-06
2.10E-06
2.17E-06
2.24E-06
2.31E-06
2.39E-06
2 4B6E-06

2.54E-06
2.61E-06
2 69E-06
2.77E-06
2.84E-06
2.92E-06
2.99E-06
3.07E-06
3.13E-06
3 20E-06
3.26E-06
3.32E-06
3.37E-06
3.42E-06
3.46E-06
3.45E-06
3.52E-06
3 54E-06
3.55E-06
3.56E-06
3.55E-06
3.54E-06
3 52E-06
3.45E-06
3.46E-06
3.42E-06
3.37E-06
3.32E-06
3.26E-06
3.20E-06

7.16E-07
7.36E-07
7.57E-07
7.79E-07
8.02E-07
8.26E-07
8.51E-07
8.77E-07
5.04E-07
9.32E-07
9.61E-07
9.91E-07
1.02E-06
1.06E-06
1.09E-06
1.13E-06
1.16E-06
1.20E-06
1.24E-06
1.29E-06
1.33E-06
1.37E-06
1.42E-06
1.47E-06
1.52E-06
1.58E-06
1.63E-06
1.69E-06
1.75E-06
1.81E-06
1.88E-06
1.94E-06
2.01E-06
2.08E-06
2.15E-06
2.23E-06
2 30E-06

2.38E-06
2.46E-06
2.54E-06
2.62E-06
2.69E-06
2.77E-06
2.85E-06
2.93E-06
3.00E-06
3 08E-06
3.15E-06
3.21E-06
3.27E-08
3.33E-06
3.38E-06
3.42E-06
3.46E-06
3 48E-06
3.50E-06
3.52E-06
3.52E-08
3.51E-06
3 50E-06
3.48E-06
3.45E-06
3.41E-08
3.37E-06
3.32E-06
3.26E-06
3.20E-06



Appendix C1: Wireless power transfer Design in MATLAB SIMULINK
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Appendix C2: H-bridge inverter output voltage waveform
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Appendix C3: Primary side current waveform
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Appendix C4: Secondary side current waveform
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Appendix C5: Primary and Secondary side voltage waveform
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Appendix C6: Rectifier Output VVoltage waveform
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Appendix C7: At load RL Output VVoltage waveform

Appendix C8: Output Power at load RL waveform
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Appendix D1: Variable capacitor design with same capacitive value at different
duty cycles.

R4 RS R6

\ gLA

Vvsil s7 vsi12 S8 Vs21 S9 16
VOFF =0 ? ? ? VOFF =0 (7
FREQ = 50 FREQ =50 FREQ = 50
0
cs c10
100 100
~o
vs12 vs21
3 &
vi2 vi vi=o
v2 V2=5
™ ™=0
R TR=1
T = TF=1n
PW = 0 = PW = PW = 30u =
PER = 100u PER = 100u PER = 100u PER = 100u PER = PER = 100u
R7 RS R9
] ]
7 L8 L9
20m 20m 20m
aC »( e
|
V19 Vsal S13 VsS2 S16 Va1 Vs61 S17
VOFF =0 ? VOFF =0 Q VOFF =0 6 9
VAMPL = 24 VAMPL = 240 VAMPL = 24
FREQ = 50 FREQ =50 FREQ = 50
4 L 1 1 1 4
— c13 = cu = ci15 == c16 = cr = c8
[ 100 [ 100 [ 100 [ 100 [ 100 [ 100
~o
PW
PER = 100u PER = 100u PER = 100u
R10 R11 R12

N

(J L1 \% i (‘ L12
é 20m

Vs71 S19 v29 VBl S21 vao Vs9l S23
9 VOFF =0 () Q VOFF Q
VAMPL = 24
FREQ = 50

PW = 701
PER =100u
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Appendix E1: Power Supply Used in Hardware in its rating

-

Input Rating Output Rating

110/220V 24V, 15A

Appendix E2: Inverter Used in Hardware in its rating

Input Rating Output Rating

12-40V DC <20A AC High Frequency
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Appendix E3: Coils Used in Hardware in its rating

Model PicoScope 2204A
Bandwidth 10MHz
Maximum sampling rate 100MS/s
Capture memory 8kS
AWG bandwidth 100kHz
Channels 2
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