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Abstract

Abstract

Wireless Power Transfer (WPT) has gained significant attention as a promising technol-
ogy for electric vehicle (EV) charging, offering convenience, safety, and the potential for
widespread adoption of electrified transportation. Achieving high efficiency and long-term
reliability, however, remains a major challenge due to the strong dependence on coil design,
resonant compensation, and the robustness of soft-switching operation under component
degradation.

This thesis presents the design and experimental validation of a 2 kW series-compensated
WPT system for EV charging applications. A systematic methodology was developed to
optimize Archimedean spiral coil, focusing on maximizing power transfer efficiency while
avoiding bifurcation. The proposed design approach is novel in that it simultaneously ensures
high efficiency and bifurcation-free operation, enabling the selection of coil turn count and
load resistance that achieve optimal performance under the provided design constraints.

The 2 kW prototype was experimentally tested, demonstrating high efficiency and stable,
bifurcation-free operation across the studied operating conditions. These results validate the
effectiveness of the coil design methodology and highlight the advantages of the proposed
approach compared with conventional design guidelines.

The thesis specifically examines how capacitor aging and manufacturing tolerances affect
Zero-Voltage Switching (ZVS) and overall system efficiency. Experiments demonstrated
that deviations in primary capacitance reduce the ZVS window and can lead to additional
switching losses if dead time is selected based only on nominal conditions. A dead-time
selection strategy that accounts for these deviations—along with careful capacitor selection
to minimize tolerance and aging drift—was proposed and experimentally validated. This
ensures that ZVS is preserved and high efficiency is maintained even as component values

shift over time.

-1 -



Overall, this work provides a practical framework for the design and experimental eval-
uation of efficient, bifurcation-free, and reliable WPT systems for electric vehicle charging,

addressing both immediate performance optimization and long-term operational stability.
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Chapter 1

Introduction

1.1 Background

Among the various innovations being explored, wireless charging has emerged as a promising
solution to address the limitations of conventional wired charging. First, range anxiety—
stemming from the comparatively limited driving range of Electric vehicles (EVs) relative
to internal combustion engine vehicles—can be mitigated through opportunity charging,
which enables brief, frequent energy top-ups at strategic locations such as intersections,
bus stops, or parking lots. Second, by enabling opportunity charging, the required battery
capacity can be reduced without sacrificing driving range, leading to lower upfront costs
for end users. Third, wireless charging eliminates the need for manual plug-in connections,
significantly improving safety and operational reliability [1]. As there are no exposed cables
or connectors and the primary components can be installed underground, the system is less
susceptible to environmental hazards such as rain or snow, thereby reducing maintenance

needs and enhancing long-term durability [2-4].




1.1 Background

Although wireless power transfer (WPT) has been demonstrated using various methods
[5]—including acoustic 6], optical [7], capacitive [§], inductive [9], laser [10], and microwave-
based systems [11]—literature consistently identifies inductive WPT as the most suitable
approach for medium- to high-power applications |12]. Consequently, this thesis will focus
exclusively on inductive WPT, and the term “WPT” used henceforth will refer specifically
to this method.

WPT is a well-established concept with historical roots dating back to the late 19th and
early 20th centuries. One of the earliest and most notable pioneers in wireless power trans-
mission was Nikola Tesla, who conducted numerous experiments involving high-frequency
oscillators, particularly for therapeutic and medical applications [13]. Tesla’s work was
influenced by Heinrich Hertz, whose experiments in 1888 provided the first empirical confir-
mation of electromagnetic wave propagation. These early experiments were among the first
to demonstrate power transfer through a resonant inductive link, laying the foundational
principles for most modern WPT systems. Although the fundamental technology has been
known for over a century, it was only with recent advancements in materials science, power
electronics, and semiconductor technology that its practical and widespread implementation
became feasible. In response to the 1970s energy crisis, academic interest in EVs and in-
ductive power systems was renewed, leading to initiatives such as the PATH program at the
University of California, Berkeley during the 1980s [14]. In 1991, a research team at the
University of Auckland, New Zealand, led by Boys and Green, directed their efforts toward
high-power inductive power transfer (IPT) applications, particularly for powering movable
systems [15]. Their work encompassed a comprehensive investigation into key aspects of IPT,
including primary resonant converter topologies, compensation techniques for both primary

and secondary circuits, optimal control strategies for the pickup unit, and the development
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of multi-phase elongated primary tracks. They also examined complex dynamic behaviors
in a WPT system, such as bifurcation phenomena [16}/17], where multiple zero phase an-
gle (ZPA) frequencies can occur due to small variations in system parameters, leading to
sudden qualitative changes in system behavior. More recently, the group has contributed
significantly to the design of optimized charging pads for stationary EV applications [18].

The commercialization of stationary charging systems began between 1997 and 1998,
initiated by the German company Conductix-Wampfler [19]. Following these foundational
efforts, research in WPT has expanded substantially, with a focus on enhancing efficiency,
reducing system costs, enabling dynamic charging, improving misalignment tolerance, opti-
mizing charging pad geometries, exploring various compensation topologies, and developing
advanced control strategies.

All WPT systems consist of a transmitter and a receiver separated by a gap. The trans-
mitter is typically interfaced with power electronic circuitry that regulates power delivery,
while the receiver is connected to secondary electronics that condition the received power
before supplying it to the load. WPT operates fundamentally based on Ampere’s circuital
law and Faraday’s law of electromagnetic induction. According to Ampere’s law, an electric
current flowing through a coil generates a magnetic field along a closed path surrounding
the conductor. When the current in the primary coupler (transmitter) varies with time,
it produces a time-varying magnetic flux that links with the secondary coupler (receiver).

Faraday’s law states that this changing magnetic flux induces an electromotive force (EMF)

dd

in the secondary coupler. The magnitude of the induced EMF can be expressed as & = —7,

where & = M I, is the magnetic flux linked with the secondary coil, M is the mutual induc-
tance between the primary and secondary coils, and I; is the current in the primary coil.

The rate of change of magnetic flux is proportional to the operating frequency of the pri-
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mary coupler. Unlike conventional transformers, WPT systems operate under loose coupling
conditions. In transformers, the primary and secondary windings are tightly wound around
a shared magnetic core, resulting in minimal leakage flux and a high coupling coefficient.
In contrast, WPT systems, especially for EV applications, typically feature a significant air
gap between the transmitter and receiver coils, which increases leakage flux and reduces the
mutual inductance M, generally resulting in a coupling coefficient of less than 0.5 [4]. Conse-
quently, a high-frequency current is required in the primary coupler to generate a sufficiently
high induced EMF in the secondary coupler.

Due to the inherently loose coupling in WPT systems, power transfer efficiency is often
reduced. To mitigate this, capacitive compensation networks are employed on both the pri-
mary and secondary sides to offset the effects of leakage inductance, thereby enhancing the
overall efficiency of power transfer as seen in Fig.2.1 [20]. The primary-side compensation cir-
cuit is designed to align the voltage and current phases at the input, thereby minimizing the
apparent power (VA) rating and reducing the size requirements of the high-frequency power
converter. Additionally, this compensation network serves as a band-pass filter, attenuating
unwanted frequency components produced by the converter. As a result, the current in the
primary coil approaches a near-sinusoidal waveform, which facilitates soft-switching opera-
tion of the primary-side converter and improves overall system efficiency. On the secondary
side, compensation is also employed to counteract the inductive reactance of the receiver
coil, thereby maximizing power transfer capability and improving overall efficiency [21-23].

Based on the configuration of compensation capacitors in the primary and secondary
circuits, four fundamental compensation topologies are commonly used in WPT systems.
These configurations are denoted using two-letter abbreviations, where the first letter repre-

sents the compensation type on the primary side and the second letter denotes the secondary
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side. The four standard topologies are Series-Series (SS), Series-Parallel (SP), Parallel-Series
(PS), and Parallel-Parallel (PP) [24]. Among these compensation strategies used in WPT
systems, series compensation on the primary side—particularly in the SS topology—offers
notable advantages. It eliminates the need for additional inductive components, reduces the
voltage stress on the power supply by compensating the coil voltage drop, and maintains
compensation characteristics independent of load variations [19]. This results in a simpler,
more compact, and cost-effective system with high efficiency and minimal control complexity,
making SS topology a preferred choice for many applications. On the other hand, topolo-
gies employing primary-side parallel compensation, such as PP and PS, enable high primary
current operation with reduced semiconductor current stress. Despite this advantage, they
introduce several practical challenges. These include the necessity for an external series
inductor to regulate inverter current, leading to increased system size and cost [25]. Further-
more, the presence of circulating currents in the resonant tank diminishes efficiency under
partial load conditions. Another critical drawback of PP and PS is the variability of the
primary compensation capacitance with changes in mutual inductance and load, requiring
advanced control techniques to maintain power factor correction [26]. While the SP topology
can be advantageous in dynamic scenarios due to its flexibility, it demands higher capaci-
tance under strong coupling conditions and typically achieves lower peak efficiency compared
to the SS configuration [27]. Therefore, considering trade-offs between performance, com-
plexity, and cost, the SS topology stands out as the most balanced and efficient approach
for practical WPT system design and hence would be adopted in this study.

In recent years, several standards have been introduced to support the deployment of
WPT technologies for EVs, among them, SAE J2954 [28] provides a comprehensive frame-

work for light-duty plug-in EVs, specifying industry-accepted guidelines for interoperability,
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electromagnetic compatibility (EMC), electromagnetic field (EMF) exposure, safety, per-
formance benchmarks, and testing procedures. This standard specifically covers stationary
charging scenarios, where the vehicle remains parked during power transfer. For wireless
charging of heavy-duty vehicles, the SAE J2954/2 extension applies [29], while dynamic
wireless charging—where vehicles receive power while in motion—is being addressed under

the forthcoming SAE J2954/3 standard.

1.2 Problem Definition

Efficiency enhancement in WPT systems can be achieved through several approaches, with
two primary focus areas: reducing transmission losses associated with the WPT coils; min-
imizing losses in power electronic components and converters Reducing transmission losses
in WPT coils primarily involves optimizing key coil design parameters— such as geometry,
size, and inter-coil spacing—to enhance magnetic coupling efficiency [30,31]. In addition, the
use of appropriately selected litz wire is critical to minimizing AC resistance by mitigating
both skin and proximity effects. Thoughtful design and implementation of electromagnetic
shielding materials further reduce interference and related losses, contributing to improved
overall performance [32].

Although considerable research has been devoted to the optimal design of coils for WPT-
systems [33], [34], these studies generally overlook the impact of bifurcation, a phenomenon
that can significantly reduce both efficiency and power transfer capability. In contrast, one
widely referenced design approach focuses primarily on avoiding bifurcation, but does not
explicitly aim to maximize efficiency [35]. Consequently, there remains a noticeable gap in

the literature regarding coil design strategies that simultaneously address both objectives:
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maximizing efficiency and avoiding bifurcation.

To bridge this gap, the present study proposes a design methodology that incorporates
both efficiency optimization and bifurcation avoidance. Furthermore, this work compares
the proposed approach with the widely adopted bifurcation-avoidance strategy to evaluate
whether higher efficiency can be achieved while still preventing bifurcation.

To minimize losses in power electronic systems, several key strategies are employed, in-
cluding the selection of components with low equivalent series resistance (ESR) and the
reduction of switching losses. The latter can be achieved through soft-switching techniques
such as zero-voltage switching (ZVS), zero-current switching (ZCS), and the adoption of
advanced control methodologies [36,[37]. Among these, ZVS is particularly effective, as
it significantly reduces switching losses in high-frequency converters—commonly used to
achieve high power density—making it a preferred technique in modern high-efficiency de-
signs. Consequently, significant research has been devoted to ensuring ZVS across the entire
operational range of power converters. In this study, existing dead-time setting techniques
are first experimentally verified on a high-power WPT setup to evaluate their effectiveness
in sustaining ZVS and maximizing efficiency. Beyond this, the impact of capacitor toler-
ance and long-term aging in the primary compensation network is examined, with particular
attention to how these variations influence both efficiency and the robustness of dead-time

selection.

1.3 Research objectives

The primary goal of this thesis is to design and implement a 2 kW WPT prototype with a

focus on enhancing overall power transfer efficiency. Given the broad range of factors that
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influence efficiency in WPT systems—including coil design, power converter topology, control
strategy, and magnetic shielding—it is impractical to address all these aspects within the
scope of a single study. Therefore, this work focuses on two key areas: optimizing coil design
and ensuring ZVS in the power electronic converters. These aspects are explored in detail

in the subsequent chapters. To achieve this goal, the following objectives are formulated:

e Formulate and validate a systematic design approach for Archimedean spiral coils that

optimizes power transfer efficiency while inherently mitigating bifurcation effects.

e Develop an experimental evaluation platform based on a 2kW series-compensated WPT
system, facilitating detailed assessment of coil performance, efficiency enhancement

strategies, and overall system behavior.

e Experimentally verify ZVS performance, examining the impact of capacitor tolerance
and aging on efficiency and dead-time settings to provide actionable insights for main-

taining reliable ZVS operation.

1.4 Thesis Organization

This thesis is organized into five chapters, structured to address the stated objectives and
provide a logical progression from theoretical foundations to experimental validation and

long-term reliability considerations.

e Chapter 1: Introduction
This chapter introduces the motivation, scope, and objectives of the research. It out-
lines the challenges in achieving high-efficiency WPT and highlights the specific fo-

cus of this work on coil optimization and on the experimental verification of ZVS

- 8-



1.4 Thesis Organization

performance, including the effects of capacitor tolerance and aging on efficiency and

dead-time selection.

e Chapter 2: Theoretical Background of Resonant Wireless Power Transfer
This chapter presents the fundamental principles of inductively coupled resonant WPT
systems. It summarizes existing models and relationships for power transfer and ef-
ficiency under ideal conditions, establishing the theoretical foundation for subsequent

coil design and performance studies.

e Chapter 3: Coil Optimization and Experimental Verification Platform De-
velopment
This chapter details the design and optimization of identical Archimedean spiral coils
with series compensation. The methodology focuses on selecting coil parameters to
maximize efficiency while avoiding bifurcation. The proposed design approach is novel
in that it simultaneously achieves high efficiency and bifurcation-free operation, ad-
dressing a gap in conventional coil design methods. The chapter also describes the
development of a 2 kW experimental platform that allows detailed evaluation of coil

performance and overall system behavior under realistic operating conditions.

e Chapter 4: Zero-Voltage Switching Performance under Capacitor Aging
and Tolerance Effects
This chapter develops a methodology to ensure reliable ZVS in resonant converters
by explicitly considering the impacts of capacitor aging and manufacturing tolerances.
Experimental investigations are used to evaluate dead-time selection and compensation

design, ensuring sustained ZVS and efficient operation throughout the system’s lifetime.

e Chapter 5: Concluding Remarks

9.
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The final chapter summarizes the key contributions and findings of the thesis. It
reflects on the effectiveness of the proposed novel coil optimization approach and
aging/tolerance-aware ZVS methodology, and outlines potential directions for future

research to further improve the efficiency, robustness, and scalability of WPT systems.

- 10 -



Chapter 2

Theoretical Background of Resonant

Wireless Power Transfer

2.1 Overview of Common Coil Geometries

In recent years, WPT has gained considerable traction as a viable solution for EV charging,
offering the potential for safe, efficient, and user-friendly energy transfer without the need
for physical connectors. A critical component in any WPT system is the pair of charging
pads—comprising transmitter and receiver coils—that form the wireless link. The geometry,
structure, and placement of these coils directly impact the overall system efficiency, coupling
strength, misalignment tolerance, and suitability for vehicular integration. Earlier WPT
designs often relied on magnetically structured cores, such as EE type cores, UU type cores,
and pot cores, to enhance magnetic coupling [38-40]. While these core-based configurations
can deliver strong coupling performance, they introduce several challenges in the context of

EV applications. Notably, achieving sufficient magnetic flux with these structures typically

- 11 -
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requires increased core thickness, which compromises the ground clearance of the vehicle
and may necessitate significant structural modifications to the EV chassis. Moreover, such
cores are generally heavy, expensive, and mechanically fragile, making them unsuitable for
practical deployment in dynamic or mobile environments. They are also highly sensitive to
horizontal misalignments, leading to degraded performance under real-world usage conditions
[41].

In contrast, WPT systems for transportation applications predominantly use planar coils,
as they offer clear advantages over core-based designs. Because planar coils are lightweight
and structurally simple, they typically forego bulky magnetic cores, and their distributed
winding geometry provides improved tolerance to lateral and angular misalignment. The
absence of a magnetic core, together with the inherently flat coil structure, enables a low-
profile design that preserves vehicle ground clearance—an important secondary advantage
in EVs. As a result, planar WPT coils have become the preferred solution in modern EV
charging systems, addressing many of the shortcomings of earlier core-based designs while
aligning with the demands of mass-market electric mobility.

Planar coils are typically categorized into two main types: non-polarized pads (NPoPs)
and polarized pads (PoPs). Each category has unique characteristics that affect coupling
behavior and system performance. NPoPs, such as circular and square coil structures, use
a single coil to produce magnetic flux primarily in the vertical direction. These designs are
structurally straightforward and less costly to implement. While NPoPs may have limited
tolerance to misalignment, they are generally sufficient for stationary charging setups, where
vehicles are parked within a predictable alignment window.

On the other hand, PoPs incorporate multiple coils to create flux components in both

vertical and horizontal directions, enhancing their ability to maintain power transfer under
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2.2 Electrical Modeling of a Series-Compensated WPT System

misalignment. Designs like the Double D (DDP), Double D Quadrature (DDQP), and Bipo-
lar (BP) pads fall into this category [42,43]. These configurations offer improved lateral and
longitudinal misalignment performance, making them better suited for dynamic charging
scenarios.

However, PoPs introduce several design challenges. They typically require complex con-
trol schemes, dual inverter/rectifier circuits, and precise synchronization, all of which add
cost and system complexity. Additionally, their performance is more sensitive to angular
misalignments, which can significantly reduce coupling efficiency [44].

For static EV charging, where the vehicle is stationary and alignment can be controlled to
a reasonable degree (though not perfectly), using manual guidance aids or assisted parking
systems, NPoPs offer a practical and cost-effective solution. Their simplicity, adequate
performance, and ease of integration make them ideal for such applications, despite having

a narrower tolerance for positional errors.

2.2 Electrical Modeling of a Series-Compensated WPT
System

Fig. 2.1 illustrates the system model of a single-phase SS compensated WPT system. The
primary side is typically powered by a DC source, which may be derived through a power
factor correction (PFC) stage interfaced with the AC grid. This DC link voltage is then
modulated using a high-frequency inverter, which drives the series-compensated primary
coil. The magnetic field generated is wirelessly coupled to the series-compensated secondary
coil, where the induced AC voltage is subsequently rectified by a full-bridge rectifier and

filtered by a capacitor, C,.. The resulting DC power is then supplied to the load—typically
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Fig. 2.1: Series—Series compensated wireless power transfer model
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Fig. 2.2: Equivalent circuit of the Series—Series compensated wireless power transfer model

the EV battery—either directly or through an additional power conversion stage, depending
on system requirements. Fig. 2.2 shows it’s equivalent circuit. The variables in Fig. 2.1 are
presented in Table 2.1. Subscripts “1”7 and “2” denote the primary and secondary sides,
respectively.

The DC voltage on the primary side is typically modulated by an inverter, resulting
in a square-wave voltage waveform at the switching frequency, as illustrated in Fig. 2.1.
This waveform contains an infinite number of harmonics, as described by its Fourier series

representation.
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Table 2.1: Variables used in WPT model

Symbol | Description
Vie Primary DC supply voltage

v High-frequency primary input voltage

Vo High-frequency secondary output voltage

Ch Primary compensation capacitance

Co Secondary compensation capacitance

Ly Primary coil self-inductance

Lo Secondary coil self-inductance

Ry AC equivalent series resistance (ESR) of primary coil
Ry AC equivalent series resistance (ESR) of secondary coil
M Mutual inductance between coils

I Primary resonant tank current

Iy Secondary resonant tank current

C, DC output filter capacitance
14 Output DC current

Ry 4 Load resistance

Vo_de DC output voltage

Ry AC equivalent load resistance

As discussed in Section 1.1, a series compensation capacitor is introduced on the primary
side to align the voltage and current phases, thus minimizing the apparent power (VA)
requirement. This is achieved by selecting a capacitor bank such that the self-inductance of

the primary coil is fully compensated at the chosen switching frequency, as defined by ({2.1)).

1
v L,Ch

In other words, the compensation capacitance is selected so that the primary coil and the

Ws = (2.1)

compensation network form a resonant circuit tuned to the switching frequency. Additionally,

this primary-side compensation capacitance attenuates the unwanted harmonics generated
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by the inverter, effectively functioning as a sharply tuned band-pass filter. As a result, the
current in the primary-side resonant tank becomes nearly sinusoidal.

Similarly, on the secondary side, the self-inductance of the secondary coil is tuned to
resonate at the switching frequency using compensation capacitor banks. This resonance
removes reactive impedance at the selected switching frequency, thereby maximizing power
transfer capability. The relationship between the self-inductance of the secondary coil and

the secondary-side compensation capacitance is defined by (12.2)).

1
vV LsCo

For the purpose of simplifying the analytical derivation process, the following set of

Wg =

(2.2)

assumptions has been adopted. These assumptions, which are widely recognized and well-
established within the existing body of literature, facilitate the formulation of the governing

equations while maintaining sufficient accuracy for the intended analysis.

e Both the primary and secondary sides operate at ideal resonance; that is, for the
fundamental frequency, the impedance on each side is purely resistive, as the reactive

impedance of the coils is fully compensated by the respective compensation capacitors.

e Only the fundamental component of the voltage waveforms v and v, is considered,

while the influence of all higher-order harmonics are neglected.

e All switching devices are ideal, exhibiting zero on-state resistance (no conduction
losses) and instantaneous switching with no commutation delay. Furthermore, par-

asitic capacitances across the switches are neglected.

e All diodes within the rectifier bridge, as well as the output filter capacitor, are consid-
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ered ideal components without any parasitic resistance, resulting in a lossless operation.

From Fourier series analysis, the high-frequency primary input voltage can be derived as

@),

4Vac L.
— - J 2.3
. 2 asm(aw ) (2.3)

v

Therefore, the root mean square (RMS) value of the fundamental component of the

primary voltage, v,.,s, can be derived as ([2.4)).

(2.4)

Ve
Urms = 2\/5 a
™

As outlined in [46], when a DC resistive load is supplied through a diode rectifier followed
by a capacitive output filter, its AC equivalent can be represented by ([2.5). This equivalent
corresponds to the effective resistance observed from the secondary side of the WPT system,

as shown in Fig. 2.2.

8
RL = FRL@C (25)

Furthermore, for a given output power P,, this can be expressed as (12.6)).

8 V2,
R o_dc 2.
L= 2 P, (2.6)

Under the assumption wg = and applying Kirchhoft’s voltage law to the

11
VL1Cy VL2202
equivalent circuit shown in Fig. 2.2, we obtain equations (2.7)) and ([2.8)).

v = [1R1 — jUJMIQ (27)

- 17 -



2.2 Electrical Modeling of a Series-Compensated WPT System

jth = IQ(RQ + RL> (28)
Solving (2.7) and (2.8) to find I3, we derive

wMwv
R1(R2 + RL) + w2M?

|| = (2.9)

Based on the aforementioned assumptions, for a given output power P,, (2.10) holds
true.
Py = |LI*Ry (2.10)
From ([2.9) and (2.10) we can derive (2.11]

w2 M?v?

P =
0 [R1<R2 + RL) + WQMQ]

SRy (2.11)

In a similar manner, by making use of the relationships expressed in (2.7) and ([2.8)), the

expression for the primary current, I1, can be derived and is shown in (2.12]).

(RQ + RL)’U
Ry(Ry+ Rp) + w?M?

|| = (2.12)

Referring to the equivalent circuit illustrated in Fig. 2.2, the expression for the input
power drawn from the DC source can be derived. This resulting formulation is presented in

@.13).
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From ([2.12)) and ({2.13]), the expression in (2.14)) is obtained.

(RQ + RL>’U2
R1(R2 + RL) + w2M?

P, = (2.14)

By utilizing the derived mathematical expressions for both the input power supplied to
the system and the output power delivered to the load, the overall system efficiency (7) can

be formally defined. In this context, efficiency is expressed as the ratio of output power to

input power as presented in ([2.15)).

I
P

n= (2.15)

By substituting the expressions from (2.11) and (2.14) into the efficiency formulation,

the resulting relationship is obtained and presented in (2.16]).

R
n= L (2.16)

[Rp, + Ry + Ry Lt

From (2.11)), it can be observed that, for a fixed switching frequency w, mutual induc-
tance M, and AC-equivalent load resistance Ry, the output power is governed primarily by
the magnitude of the input high-frequency voltage. This is due to the fact that the para-
sitic resistances Ry and Ry are considered constant throughout the power transfer process,
thereby not influencing the variability of the output power under these operating conditions.
Consequently, the output power becomes a function of the input DC voltage V. and the
duty ratio of the inverter, since these parameters directly determine the amplitude of the
high-frequency voltage applied to the primary side of the WPT system.

Furthermore, from the relationship expressed in , it can be observed that the system

efficiency is independent of the input voltage. Accordingly, when considered alongside the
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previously discussed findings, it can be concluded that the efficiency is also independent of
the amount of power transferred. This implies that, under the stated assumptions, variations
in the transferred power—resulting from changes in the input voltage—do not influence the

efficiency of the WPT system.

2.2.1 Optimal Load Resistance for Efficiency Maximization

In a typical WPT system, the switching frequency and the mutual inductance are generally
fixed during the power transfer process. Under these conditions, as indicated by the relation-
ship in , the system efficiency becomes predominantly dependent on the load resistance
Ry. To determine the specific value of R that maximizes efficiency, the standard approach
involves differentiating the efficiency expression in with respect to Ry and setting this
derivative equal to zero. This optimization condition is mathematically expressed in ,
which yields the load resistance value corresponding to the peak efficiency of the system

Ry, ,m as presented in (12.18]).

dn
Ty 2.17
iR, (2.17)
Row? M?
Ry = \/% + R (2.18)
1

By substituting (2.18)) into (2.16|), the maximum efficiency attainable for a given switch-

ing frequency and mutual inductance, 7,, can be obtained as shown in (2.19).

RL nm
N = - (2.19)
[Riym + Ry + Ry Sty

The variation of output power delivered to the selected load resistance, corresponding
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to the maximum efficiency Ry ,m, as a function of v,w,M,Ry,R, can be expressed as ([2.20)).

w2 M?v?
Rrym
[Ri(Rz + Rpym) +w2M22

Poym = (2.20)

Based on ([2.20) and (2.4)), DC input voltage required for a set output power can be given
by (4.9)

7 [Ri(Roy + Rpym) + w*M?] | Poym
V= 2.21
d 2\/5 wM RL,nm ( )

2.2.2 Optimal Load Resistance for Output Power Maximization

To determine the value of Ry, that yields the maximum output power, a similar procedure to
the efficiency optimization process can be employed. In this approach, the standard method
involves differentiating the output power expression given in with respect to the load
resistance, Ry. For convenience in simplifying the mathematical operations, a new variable
A is defined as in ([2.23)), allowing to be reformulated into the equivalent form shown
in . Differentiating this reformulated expression with respect to R results in the
derivative presented in ([2.25)). To determine the condition for maximum output power, this
derivative is then set equal to zero. By solving the resulting equation for R; and carrying
out the algebraic simplifications, as illustrated in (7), the final expression for the

load resistance that maximizes the output power, Ry , ., is obtained, as presented in (2.29)).

A= Ri(Ry+ Rp) + w*M? (2.22)

B = w*M** (2.23)
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B

o=

Ry (2.24)

dP, A’B— BR;2AR,

IR T (2.25)
A2B — ifLQARl 0 (2.26)
A=2RR, (2.27)

RiRy + R\ Ry, +w?M? = 2R Ry, (2.28)
Ry pom = Ry + wjf (2.29)

Substituting (2.29)) in (2.11]), the maximum output power obtainable for a given switching

frequency, mutual inductance, and voltage, Py_, can be expressed as ([2.30)).
W2 M202
PO,m = 2 212 RL,pom
[R1(R2 + R pom) + w?M?

By comparing Ry p,m and Ry ., as presented in (2.29) and (2.18) respectively, it is

evident that the value of load resistance that maximizes the output power transfer is not

(2.30)

the same as the load resistance that maximizes efficiency. This distinction highlights that
the optimal load resistance is dependent on the design objective. In practice, the designer

must select the appropriate R; value based on the specific performance target—whether
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the priority is maximizing power transfer or achieving the highest possible efficiency. Since
one of the primary objectives of this thesis is to maximize efficiency, the load resistance
corresponding to the efficiency-maximizing condition has been selected, as determined from

(2.18)), for use in the design process described in the following chapter.

2.2.3 Efficiency Maximization with Identical Archimedean Spiral
Coils

Starting from the load resistance expression given in (2.18)), it can be reformulated as (2.31)).

/ W2 M2
R; = Ryt /1 2.31
L 2 + iRy ( )

Introducing a normalized variable u as defined in (2.32)), the load resistance can be

expressed more compactly as (2.33)).

w2 M?
" RiR

u (2.32)

RL = RQ\/ 1+u (233)

The denominator of the efficiency expression in (2.16|) can be rearranged into the form

given in ([2.34]).
Ry 4
D= (RL+ Ry) |1+ W(RL + Rs) (2.34)
Furthermore, (2.31)) can be manipulated to yield the quadratic relation in ({2.35]), which
in turn gives the simplified form of ([2.36]).
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2M2
(Rr — R2)(Rp + Rp) = szR (2.35)
1
R1 . R2

Substituting ([2.36)) into ([2.34)), the efficiency expression simplifies to the well-known form
in (2.37)), and in terms of u, as ([2.38)).

Ry — R

BB 2.37

=% (2.37)
VFa—1

u (2.38)

T Aru

For planar Archimedean spiral coils, the inductance and resistance can be approximated

as

Li~aN?, R;~pN; (i=1,2) (2.39)

The mutual inductance is expressed as

M = k\/ LlLQ = k’aNlNg (240)
which gives
M? = K*a®* NN} (2.41)

and
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RiRy = p>Ni N, (2.42)

Thus, the normalized variable u© becomes

w?k?a?
2
D

u =

NiN, = CN; N, (2.43)

Defining t = v/1 + u > 0, the efficiency can be rewritten as

t—1
oot 2.44
= (2:44)

The derivative of efficiency with respect to w is

dnm 1

= 0 2.45
du  t(t+1)? ~ (2.45)

indicating that efficiency is a strictly increasing function of w.

Now, imposing the constraint of a fixed total turn count

and applying the AM—GM inequality, we obtain

(255 - (5)

with equality if and only if Ny = Ny = T'/2. Since u = C'NN», it follows that u is

N1 N,

IN

maximized when N; = Nj, thereby maximizing efficiency.
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e when Ny = Ny (2.48)

It can therefore be concluded that, under the assumptions of fixed coil geometry, planar
Archimedean spiral layout, linear resistance scaling with turn count, and constant coupling
coefficient k, maximum power transfer efficiency is achieved when the coils are identical,
i.e., N = N,. In particular, identical Archimedean spiral coils maximize the product N;Ns
and thereby the coupling-dependent parameter u, yielding superior efficiency compared to
asymmetric coil configurations. This derivation provides a novel analytical proof of a prin-
ciple that is often assumed in WPT literature but rarely formally justified, and it forms the

theoretical basis for the coil optimization adopted in this thesis.

2.3 Summary

This chapter laid out the theoretical groundwork and analytical models essential for un-
derstanding an inductively coupled WPT system. The analysis was built around an ideal
resonant system where the reactive components of both the primary and secondary sides are
perfectly compensated, so that only resistive elements affect power transfer. To simplify the
study, parasitic resistances were treated as fixed, and only the fundamental frequency of the
inverter’s output voltage was considered, disregarding higher harmonics.

The discussion focused on two primary metrics: system efficiency and output power.
Under stable operating conditions—specifically a fixed switching frequency and mutual in-
ductance—it was demonstrated that efficiency depends mainly on the load resistance, not
on the input voltage or the absolute power level. By analyzing how efficiency varies with

load resistance, the value that leads to peak efficiency was determined. Similarly, the load
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resistance that maximizes output power was identified by examining how power changes with
load.

This comparison revealed an important design consideration: the load resistance that
maximizes power transfer is different from the one that optimizes efficiency. Therefore,
the selection of load resistance must align with the system’s intended goal. If the priority
is maximizing efficiency, the load resistance should be set accordingly, even if this means
sacrificing some power delivery. Conversely, if the main goal is to maximize power output, a
different load resistance value should be chosen.

In addition, by analyzing the dependence of efficiency on coil parameters, it was shown
that for a fixed total number of turns, efficiency is maximized when the transmitting and
receiving coils are identical. This is because identical coils maximize the product of turn
numbers, thereby maximizing the coupling-dependent parameter and improving efficiency.
Consequently, this thesis adopts identical Archimedean spiral coils as the foundation for
optimization. Notably, while the principle of using identical coils is often assumed in WPT
literature, the analytical proof presented here provides a novel formal justification that has
not been explicitly demonstrated before.

The standard equations presented in this chapter have been extensively validated in
existing literature, while the analytical derivation showing that identical coils maximize ef-
ficiency under a fixed total turn constraint is a novel contribution. Together, these results
establish a solid theoretical foundation that supports the analysis and design decisions dis-
cussed in the next chapter, ensuring that the system is optimized according to the specified

performance criteria.
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Chapter 3

Coil Optimization and Experimental

Verification Platform Development

3.1 Bifurcation Phenomena and Existing Approaches

for Coil Optimization in WPT Systems

3.1.1 Bifurcation Phenomena

A SS WPT arrangement constitutes for doubly tuned network, formed by placing reactive
compensation capacitors across both the primary and secondary coils to create two distinct
resonant tanks. In such dual-resonant systems it is possible for the input impedance phase to
cross zero at more than one frequency; this multiplicity of zero-phase-angle (ZPA) frequencies
is commonly referred to as bifurcation or pole splitting [16], [17], [47], [48]. Because the
theory and derivation of pole splitting are well established in existing literature, they are

not reproduced in detail here. Practically, however, avoiding bifurcation is important for
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preserving both stable power transfer and high efficiency. A commonly used design constraint

to prevent pole splitting is to keep the coupling coefficient below a threshold value [35], i.e.

k < kcrit

where,
M

k pu—
Ly Ly

which for SS resonant systems can be expressed in terms of the secondary quality factor

as (3.1]), where @) is the loaded quality factor of the secondary circuit, defined as (3.2)).

1 1
k< — 1 — — 3.1
2\ 1 (3.1)
WLQ
e 3.2
@ Ry + Ry, (3:2)

Designing to satisfy these inequalities helps ensure a single, well-defined resonant re-

sponse and thus reliable power-transfer performance.

3.1.2 Review of Existing Coil Optimization Approaches

[34] presents a coil—coil efficiency maximization framework based on a particle swarm opti-
mization (PSO) algorithm, supported by analytical expressions for AC resistance and mutual
inductance tailored to identical coil geometries. The optimization enforces practical design
limits such as required output power, specified load resistance, and a fixed outer coil di-
ameter. [33] proposes a complementary strategy that maximizes the receiver quality factor

under constraints on the receive-coil size. By prioritizing a high @) in the receiver, this latter
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approach effectively reduces the critical coupling threshold, increasing the likelihood that
the operating coupling exceeds ke, and thereby induces pole splitting (bifurcation) at lower
overall efficiency. Neither work, however, explicitly incorporates bifurcation avoidance as
an objective during the design phase; consequently, both methods may yield designs that
are vulnerable to reduced power-transfer capability and degraded efficiency when operated
beyond the critical coupling coefficient.

In contrast, the design procedure proposed in [35] emphasizes bifurcation avoidance
rather than explicit maximization of power-transfer efficiency. In this method the input
and output voltages and the required output power are prescribed, and the load resistance is
determined based on . A receiver quality factor ()5 is then selected—typically between 2
and 10—and the secondary inductance Lo is computed from the chosen () and the calculated
load, determined based on . The target mutual inductance M is subsequently obtained
using —, and the critical coupling k.. corresponding to the selected @) is evaluated
using . A working coupling satisfying k < k¢ is then prescribed to avoid pole splitting,
and the primary inductance L; is chosen so that the required mutual coupling M can be

realized, as given by (43.8]).

Ry = e (3.3)
L, = @ B (3.4)
Wo
Uo,rms
Iy ims = 3.5
2. = (35)
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I

I s = (3.6)
IQ,TmSRL
M = “2rmslTL .
Il,'rms(fu (3 7)
M2
L, = 3.8
1 szg ( )

In practice, coils are fabricated to the specified inductances and the intercoil air gap is
adjusted post-fabrication to achieve the computed mutual inductance, with the air gap serv-
ing as the principal degree of freedom [35]. While this workflow reliably prevents bifurcation
by design, it does not directly optimize for maximum efficiency and can therefore yield con-
servative designs with suboptimal power-transfer performance. Additionally, in the context
of EV charging—where the intercoil spacing is often constrained by vehicle ground clearance
rather than by coil design—the air gap required to ensure k < kg (i.e., the minimum spac-
ing that guarantees bifurcation-free operation) may exceed the vehicle’s available clearance.
Consequently, the charger may be forced to operate in the over-coupled (bifurcation) regime,
resulting in reduced power-transfer capability and lower efficiency.

Therefore, it is evident that existing approaches either emphasize efficiency or focus on
bifurcation avoidance, but rarely address both objectives concurrently. This highlights a
gap in the current literature for coil design methodologies that simultaneously maximize

efficiency while ensuring bifurcation-free operation at the design stage.
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3.2 Proposed Efficiency Optimization Approach Sub-

ject to Bifurcation Avoidance (k/kent < 1)

3.2.1 Parameter Sensitivity Analysis for Bifurcation Avoidance

From the relationships in and , it is clear that in optimization approaches where
the coupling coefficient k£ cannot be directly controlled, bifurcation can still be suppressed
by increasing the critical coupling k., which corresponds to reducing the quality factor
Q2. Examining , four parameters influence ();. In practice, the operating frequency
w is fixed to meet system specifications, while the secondary inductance L, is difficult to
adjust after coil fabrication. In contrast, Ry and R can be easily modified by adding series
resistance, making them the practical variables for adjusting Q5.

Increasing either of these resistances, however, comes at the cost of reduced efficiency.
A higher R, increases conduction losses, thereby lowering efficiency as indicated in ([2.16]).
Conversely, increasing Ry, shifts the operating point away from the optimal load resistance
Ry, .., which is typically selected in efficiency-oriented design methodologies, thus also re-
ducing efficiency.

Consequently, to achieve a balance between bifurcation avoidance and efficiency maxi-
mization, it is necessary to evaluate the relative impact of varying R, versus R; on system
performance. The parameter with the lesser adverse effect on efficiency should then be

selected as the adjustment variable to suppress bifurcation while maintaining high efficiency.

From ([2.16), let us define

S=Rp+ Ry fB= (3.9)

w2M?’
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Then the denominator of the efficiency expression can be written as
D =S+ 3S*=S(1+ p89),

so that the efficiency becomes
_ R R
=D T Ssa+8S)

The derivative of n with respect to Ry is

dR;, D2 D2 D2
and the derivative with respect to R is

dy  Rp(1+28S)

dRy D2

(3.10)

(3.11)

. (3.12)

(3.13)

To compare the relative impact of Ry, and R, on efficiency, the derivatives are normalized

using the relative sensitivity,
xd
s, ==
n dx

Hence, the relative sensitivities are

g, _ B dn _ Ry + BS(R, — Ry)
B ARy D ’

n dRy D

Sk,

Comparing the magnitudes of the sensitivities gives

SRL _ R2 + /BS(RQ — RL)
—Skg, Ry(1+42585)

_ Ry dy _ Ry(1+288)

(3.14)

(3.15)

(3.16)

- 33 -



3.2 Proposed Efficiency Optimization Approach Subject to Bifurcation Avoidance (k/keit < 1)

Subtracting numerator from denominator yields

Ry(1+4283S) — [Ry + BS(Ry — Ry)] = 5S* > 0, (3.17)

with equality only if 5 = 0, i.e., Ry = 0. For any physical system where Ry > 0 (8 > 0), it

follows that

<l = |SRQ‘ > SRL' (318)
_SR2

Therefore, efficiency is more sensitive to changes in Ry than to changes in Ry. Conse-
quently, in order to minimize the impact on efficiency while ensuring bifurcation is avoided,

it is preferable to increase Ry rather than Rj.

3.2.2 Proposed Efficiency Optimization Approach Incorporating

Bifurcation Avoidance

In EV WPT systems, the load resistance Ry is typically much larger than the primary
and secondary coil resistances (R; and Ry), reflecting the high-power delivery requirements
relative to coil losses. Furthermore, as established in Section 2.2.3, the use of identical coils
for efficiency maximization leads to R = Rs. Under these conditions, simplifies to
, and similarly, (2.19)) reduces to (3.20]).

Ry, ~wM (3.19)
1
T, =2 (3.20)
1+ Ra(Z5)]

By substituting (3.19) into (3.20]), (3.21]) is derived.
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1

R
14 L

(3.21)

NMm =

From , it can be observed that, within a specified operational frequency range,
system efficiency varies with the switching frequency. Selecting the upper end of this range,
i.e., maximizing the switching frequency, further enhances efficiency. For a fixed frequency,
efficiency is also improved when the ratio Ry /M is minimized. After minimizing this term and
selecting the optimal frequency within the design constraints, it is necessary to verify that
bifurcation is avoided by ensuring the operating coupling satisfies k < k. If this condition
is not met, as discussed in Section 3.2.1, the load resistance R; can be increased to suppress
bifurcation, thereby enabling both maximum efficiency and bifurcation-free operation by
design. In the context of WPT systems for EV charging, increasing R for a fixed output
power corresponds to raising the output voltage, which can be readily achieved and fine-tuned

through a supervisory control loop if required.

3.2.3 Fixed parameter selection

Typically, when designing a WPT system for an EV, some parameters are predetermined and
fixed, while others can be selected based on the design objectives. In the design procedure
proposed in [35], which emphasizes bifurcation avoidance, the input and output voltages
are treated as fixed parameters, while the intercoil air gap is adjusted to achieve the desired
coupling. For practical applications such as EV wireless charging, it is more effective to treat
the minimum air gap as a fixed design parameter and allow the input and output voltages to
vary within safe limits. This approach is preferable because adjusting the voltages via power

converters is significantly easier than altering the physical air gap — which is constrained by
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vehicle ground clearance — to ensure bifurcation-free operation.
Based on the considerations outlined above, the following parameters were selected as

fixed for the design:

e Rated output power — SAE J2954, which covers WPT for light-duty vehicles,
defines Power Class WPT1 as ranging from 0 to 3.7 kVA. For this work, an input
power level of 2 kW was selected to align with the WPT1 class while balancing safety
and practicality in the laboratory. This level is sufficient to demonstrate meaningful
performance characteristics—such as efficiency variation and magnetic coupling behav-
ior—without requiring specialized high-power test equipment or introducing excessive

electrical hazards to personnel.

e Air gap between coils — An air gap of 15¢m was selected to align with typical
ground clearances observed in light-duty EVs. For instance, the Tesla Model 3 has
a ground clearance of approximately 140mm [49], and the BYD Atto 3 reports a
ground clearance of around 175mm [50]. Selecting 150mm ensures compatibility with
most vehicle platforms while maintaining efficient magnetic coupling under realistic

installation constraints.

e Switching frequency — SAE J2954 for light duty vehicles recommends a switching
frequency range of 79 kHz to 90 kHz for WPT systems [28]. Typically, switching losses
remain low because of soft switching implemented through ZVS or ZCS. Therefore,
the efficiency improvement gained by increasing the switching frequency according to
, outweighs the efficiency loss due to switching losses. Consequently, a switch-
ing frequency of 90 kHz was selected to maximize efficiency while staying within the

standard’s specified limits.
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DOU'(

Fig. 3.1: Archimedean spiral coil arrangement for WPT setup

e Maximum DC input voltage — Typical DC fast-charging stations for EVs operate
with DC bus voltages in the range of approximately 400V to 1000V . In this
work, the maximum DC voltage was conservatively limited to 600V ensuring a safe
margin below the upper extreme. Nonetheless, the system design permits operation at
any input voltage up to this maximum threshold, providing flexibility in adapting to

varying conditions.

After selecting the fundamental fixed parameters, the next step is to choose the design-
specific fixed parameters. This thesis focuses on the optimization of non-polarized planar
identical Archimedean spiral coils. Identical coils were selected, as they have been shown to
maximize efficiency, as demonstrated in Section 2.2.3.

As illustrated in Fig. 3.1, several key geometrical parameters define Archimedean spiral
coils. These include the outer diameter D,,;, inner diameter D,,, air gap between coils d,
diameter of the wire w, number of turns N, and the spacing between each turn G,,. Each
of these parameters influences the ratio R;/M, which directly impacts system efficiency,

and must therefore be carefully considered in the design process. Since it is impractical to
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vary all geometrical parameters simultaneously to observe their effects, this study focuses
on determining the number of turns N that minimizes the R;/M ratio, thereby maximizing
efficiency. The remaining parameters were selected to support efficiency maximization while
satisfying additional constraints, including adherence to voltage safety margins and physical
limits.

[18] and |52] report that, for circular pads, the fundamental flux path height is approx-
imately one-quarter of the pad’s outer diameter. This implies that, in order to maintain
adequate coupling at larger air gaps, the pad diameter should generally be at least four
times greater than the air gap distance. In this work, a pad diameter of 78 cm was selected
to satisfy this requirement and to ensure sufficient coupling even at larger air gaps, thereby
accommodating potential experimental verifications.

The selection of Litz wire diameter is typically guided by the methodology outlined
in [53]. The process begins by estimating the maximum RMS current expected in both the
primary and secondary coils. This current can be approximated using the desired maximum
output power P,, the anticipated DC-to-DC system efficiency 74., and the minimum oper-
ational RMS input and output voltages, vymsm and Vo rms.m, as constrained by the design
specifications. These estimates do not require extreme precision; a safety margin, Mar,
is generally incorporated to account for potential future system upgrades and to provide
operational reliability.

Once these quantities are determined, the required input power can be computed using:

P,
JR———) (3.22)
Nde

The corresponding RMS currents in the primary and secondary coils are then obtained
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as:
Pin
]ers = (323)
b,
IQ,rms = (324)
The larger of these two currents is selected:
]maa; = max(jl:r‘msy ]2,7"7715) (325)

Finally, the expected maximum current for the conductor is determined by applying the
safety margin:

Ifinal - Imax X MCL’I"S (326)

For conventional cooling conditions, the recommended range of average current den-
sity—based on continuous operation and allowable temperature rise—is typically between
3A/mm” and 6 A/mm? [54]. A conservative value of 4 A/mm? is selected in this study. Using

this current density, the required wire cross-sectional area can be calculated as:

I ina
Cross-sectional area of wire (mm?*) = f—l2 (3.27)
4 A/mm
From this calculated area, the appropriate American Wire Gauge (AWG) can then be
chosen for the Litz conductor.
Applying this methodology with an assumed system efficiency of 74, = 90%, a minimum

RMS input voltage vpms.m equal to 50% of the maximum voltage, and a safety margin

Mars = 1.5, results in a minimum required conductor diameter of 1.83mm (13 AWG).
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Consequently, the Litz wire already available in the laboratory, with a diameter of 2.7 mm,
was selected for use in the experiments.

Previous studies have consistently shown that increasing the spacing between adjacent
coil turns G, leads to a reduction in mutual inductance [18,41]. This reduction occurs be-
cause wider gaps allow more magnetic flux to disperse between turns, which in turn weakens
the net magnetomotive force (MMF) linking the coils.

Therefore, the turn spacing G, should be minimized as much as possible. To achieve this
while also ensuring geometric accuracy during coil winding, a coil track was designed and
3D printed as a guide. Maintaining precise spacing reduces flux dispersion between turns,
thereby contributing to higher mutual inductance. However, the minimum achievable turn
spacing G, was limited to 0.8 mm due to the 3D printer’s nozzle size, which restricts the
minimum printable layer thickness.

Once chosen through the process described in this section, all selected parameters are
treated as fixed parameters during the optimization process. A summary of these fixed

parameters is provided in Table 3.1

Table 3.1: Fixed parameters selected for WPT coil design

Parameter Value
Dot 78 cm
d 15cm
Gy 0.8 mm
w 2.7 mm
P, 2kW
Switching frequency (w) | 90kHz

With all other parameters fixed, the inner diameter becomes a function of N. With

the outer diameter held constant, the number of turns is increased inward, starting from an
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initial condition where the outer diameter equals the inner diameter at N = 0 (D;;, = Doye)-

The relationship between the inner diameter and the number of turns is described by (3.28]).

Din(N) = Dt — [2(Gy + w)N] (3.28)

Using these fixed parameters as a foundation, the optimization process seeks to evaluate
how the number of turns in identical Archimedean coils influences the ratio R;/M and
thereby the overall efficiency, with the goal of establishing a criterion for determining the
optimal turn count. The approach begins with analytical calculations and simulation studies
to define the selection rule that yields the maximum efficiency, followed by experimental

validation to confirm the results.

3.3 Formulation of coil turn count optimization condi-
tions

For any given design of Archimedean spiral coils, the parasitic AC resistance Ry, Ry can
typically be expressed as [55]. Here, 7, is the AC resistance factor, which is considered
constant for a selected conductor at a given frequency, and Ry is the DC resistance of the
conductor, which is proportional to its total length, L;... Based on , the relationship
between L. and N can be estimated using and further simplified to yield .
It is evident from that the first term N D, increases linearly with N, while the
second term, —(Gy, + w)N (N — 1), varies quadratically with N and is subtracted from the
total length. Therefore, for smaller values of N, the total length increases approximately

linearly, whereas for larger N, the negative quadratic grows rapidly, reducing the rate of
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increase from what would otherwise be a linear trend. In both cases, however, the total
length still increases with N. As the conductor length increases with the number of turns /V,
Ry, increases, and consequently Ri, Ry also increases. Therefore, it can be concluded that
Ry and R, will always increase with N, as expressed in , where R, denotes the per

unit length AC resistance of the selected conductor at the specified switching frequency.

Rl - RQ - (1 + '7ac)Rdc (329)
N N

Liotat 7Y Dy =7 Y [Dout — 2(Gy + w)(n — 1)] (3.30)
n=1 n=1

Ltotal ~ W[NDO’U,t — (Gw + w)N(N — 1)] (331)

Rl == RQ ~ puﬂ-[NDout - (Gw + U))N(N - 1)] (332>

The mutual inductance M may either increase or eventually saturate with the number
of turns N, depending on the selected geometrical design parameters of the coil such as the
turn spacing G,, and the ratio % [31]. When M saturates with N, the series resistance R
continues to increase with additional turns, causing the ratio R;/M to rise. According to
, this increase in Ry /M directly reduces the achievable efficiency at a fixed switching
frequency.

However, for a design in which M continues to increase with the number of turns N,
examining shows that, for a set switching frequency w, if the ratio R;/M decreases

from turn 7 to turn i+ 7, where j is the step size between simulations, then the overall system
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efficiency 7,, will improve. In other words, as long as Ry /M continues to decrease with each

additional turn, it remains beneficial to increase the number of turns.

R1(Niy;) - Ri(V;)
M(Niyj) — M(N;)

(3.33)

Therefore, it can be concluded that increasing the number of turns as long as the condi-
tion in (3.33)) holds will improve the efficiency of the system.

Under the same assumptions as Section 3.2.2, namely Ry > R;, Ry, Ry = R, and using

(3.19), (2.11)) can be simplified as (3.34)

'U2

Py~ — 3.34
07 oM ( )

From , it follows that for a fixed output power and switching frequency, an increase
in mutual inductance M requires a proportional increase in the input voltage. Thus, in a
design where M increases with the number of turns N, achieving the same output power
demands a higher input voltage. As a result, increasing the number of turns also raises the
required input voltage and voltage ratings of all components in the WPT system.

Based on these observations, it can be concluded that, for a design objective of maximiz-
ing efficiency, a higher number of turns N is generally preferable. The designer can increase
N until one of the following conditions is reached:

Condition 1: The maximum /N beyond which the requirement stated in is vio-
lated.

Condition 2: The maximum value of N beyond which the system’s maximum input
voltage is exceeded.

This approach can be summarized as shown in the flowchart in Fig. 3.2.
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Determine fixed parameters summarized in Table
3.1, following the approach in Section 3.2.3

Set i=0 for N;; SelectJ based on simulation
limitations

Y

—>( Increase N such that N; = Njy;

Obtain simulated values for M(N;), M(N;,;) and
Calculate Ry(N;), R1(Ni,) based on assumed Ry,

R1(Nis;) Ry(N;)
M(Nis)) M(N;)

( Calculate Vec(Niy;) )

Vdc( Ni+j) < Vdcﬁmax

Fig. 3.2: Flowchart summarizing the proposed approach for selecting the optimal N for
identical Archimedean spiral coils.

3.4 Optimization of Coil Turns and Efficiency Analysis

Using the geometrical parameters of the coil described in Section 3.2.3, an identical Archimedean
spiral coil pair was modeled in ANSYS Maxwell. The software was primarily employed to
simulate the self-inductance of each coil (L1, Ls) and the mutual inductance between the
coils (M) at a fixed air gap of 15¢m, while varying the number of turns.

The Magnetostatic simulation mode in ANSYS Maxwell provides sufficiently accurate
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Fig. 3.3: ANSYS simulation results for self inductance variation with N

estimates of self-inductance and mutual inductance, and was hence employed for the simula-
tions. Given the significant computational time required for ANSY'S simulations, and consid-
ering that the primary goal was to observe the general trend of mutual inductance—whether
it increases or reaches saturation with varying turn counts—the simulations were performed
only for select discrete values of N, specifically N = 3,6,9,10,12,15,18,21,24 and 27. This
approach allowed for efficient analysis while capturing the essential behavior of the system

without exhaustive simulation of every possible turn count.
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%104 Mutual Inductance vs Number of Turns N
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Fig. 3.4: ANSYS simulation results for mutual inductance variation with N

The results showing the variation of self-inductance with respect to the number of turns
N based on ANSYS simulation is presented in Fig. 3.3. Since the coils are identical, the
self-inductance values for a given number of turns are equal; that is, Ly = Lo for each
corresponding N.

Fig. 3.4 illustrates the variation of mutual inductance as a function of the number of
turns, based on results obtained from ANSYS simulations. As observed, both self-inductance

and mutual inductance increase with the number of turns for the chosen design parameters.
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Furthermore, the rate at which they increase also grows as the number of turns becomes
larger.

Next, based on these simulation results and the analytical equations derived in Sec-
tion 2.2, the efficiency was calculated for each simulated value of M. Since it is difficult to
accurately determine the per-unit-length AC resistance R,, in , an estimated value was
used to compute Ry for each N. This approach is justifiable because the primary objective
of the analytical expressions is to identify the trend of efficiency variation—i.e., whether the
efficiency increases, decreases, or saturates with N. This reasoning is further supported by
Fig. 3.5, where efficiency is calculated using different R, values. The results clearly show
that, although the absolute efficiency values change, the overall trend of efficiency variation
with /V remains consistent for all selected R,, values.

MATLAB was used to solve the analytical equations and generate the plots in Fig. 3.5.
First, the coil resistances R; and R, were calculated using with the estimated value
of Rp,. Next, the load resistance that maximizes efficiency Ry, was calculated based on
; this was done to obtain comparable values, ensuring that the maximum efficiency
attainable for each corresponding N could be calculated and fairly compared. If the load
resistance were selected arbitrarily, the comparison across different numbers of turns would
not be meaningful. Finally, the efficiency was determined using . This procedure was
repeated for each number of turns N, using the simulated mutual inductance values M.

As the efficiency increases with the number of turns N, as observed in Fig. 3.5, it is
evident that Condition 1 is not violated. To verify this, the variation of the R;/M ratio
with N was examined. Fig. 3.6 illustrates this variation, confirming that Condition 1 is not
reached across the entire range of NV considered. Consequently, the limiting factor for further

optimization is determined by Condition 2, which will be analyzed next.
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Efficiency vs Number of Turns N for different Rpu values
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Fig. 3.5: Efficiency variation with number of turns for different per-unit-length resistances
using ANSYS simulated mutual inductance and analytical calculations.

To identify the limiting factor based on Condition 2 discussed in Section 3.3, the variation

of the DC input voltage with the number of turns for different R,, values was plotted in

Fig. 3.7 for 2 kW output power, using the simulated mutual inductance values and the

analytical expression in ([4.9). It can be observed that the influence of R, on the required

input voltage is minimal. This is because R; > R;, R, for the selected Ry, values.

Therefore, based on the maximum input DC voltage limit of 600 V detailed in Sec-

tion 3.2.3 and as specified in Condition 2 of Section 3.3, the maximum number of turns for
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Fig. 3.6: Variation of the R;/M ratio with the number of turns N for different per-unit
resistances

the given design was selected as 24 to enable practical implementation.

Next, the WPT model was implemented in PLECS, as shown in Fig. 3.8. For ease of
modeling, the transformer was represented using the T-model simplification. Accordingly,
the inductance values in the model were set as and . A pulse generator operating
at the switching frequency with a 50% duty ratio was used to invert the DC voltage. The
primary and secondary compensation capacitors were chosen such that the self-inductance

values were fully compensated at the given switching frequency, as described by equations

- 49 -



3.4 Optimization of Coil Turns and Efficiency Analysis

DC Input Voltage vs N for Different Rpu
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Fig. 3.7: DC input voltage variation with number of turns for different per-unit-length
resistances using ANSYS simulated mutual inductance and analytical calculations

and (E38).

The simulation results obtained from the PLECS model were used to verify the ana-
lytically derived efficiency values and to determine the voltage ratings of the primary and
secondary compensation capacitors.

Since the procedure for comparing PLECS-simulated and analytically calculated values
is identical for all R, values, the comparison was performed only for R,, = 0.044 Q/m.

Using this R, value, R; and Ry were calculated for each value of N. The simulated mutual
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Fig. 3.8: Simulation model in PLECS

inductance values M obtained from ANSYS for each N were then used, along with the
calculated Ry, ,, from and V. from , to perform PLECS simulations and determine
the efficiency. The results are presented in Fig. 3.9. The case for N = 3 is not shown, as
the current rating of the SiC MOSFET was exceeded and the configuration was therefore
omitted.

Fig. 3.10 compares efficiencies obtained for ANSYS + PLECS simulation results and
ANSYS + Analytical calculations. The close agreement between the two sets of results

confirms the validity of the analytical equations.

L1=IL—M (3.35)
L2=Ly—M (3.36)
Ch— (3.37)

! w2L1 ’
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Fig. 3.9: Efficiency variation with number of turns using ANSYS simulated mutual induc-
tance and PLECS simulation
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Efficiency vs Number of Turns N
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Fig. 3.10: Efficiency variation with number of turns for ANSYS + PLECS simulation
results and ANSYS + Analytical calculations

3.5 Proposed Bifurcation Avoidance Strategy and Com-

parative Analysis

3.5.1 Proposed Bifurcation avoidance strategy

Once the optimum number of turns is determined using the procedure detailed in the pre-

ceding sections, the critical coupling coefficient k;; should be adjusted to achieve the desired
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operating ratio k/kei. This ratio can be selected based on the specific design requirements,
such as required safety margin to ensure bifurcation-free operation.

First, R; and Ry are calculated based on the selected per-unit-length resistance 2, and
the optimum number of turns N using .

Next, the load resistance that maximizes efficiency, Ry ,m, is determined using
along with the simulated mutual inductance M.

The coupling coefficient k is then obtained from the simulated self-inductances and mu-

tual inductance as
M

VLiLy

Based on the design-specified k/kqit ratio, the required ke is computed.

k= (3.39)

To achieve the desired k/ke;; ratio while minimizing the impact on efficiency, an addi-
tional load resistance Ry, aqq is added to Ry ., as highlighted in Section 3.2.1. The required

Ry .4q is determined iteratively by solving

L 1 ]
it ket = =11 — —— (3.40)

©= Rpym + Ro + Rp adaa’ Q 4Q%

This procedure ensures that the selected k/ke ratio is achieved while maintaining high
system efficiency.

Following this procedure, the efficiency was evaluated for different per-unit resistance
values and different k/k.; ratios. The obtained results are shown in Fig. 3.11. As can
be observed, the efficiency deviates slightly from the optimum value when the k/k.;; ratio
is lower, i.e., when the operating coupling k is well below the critical coupling k.. which
grantees bifurcation free operation.

In the experimental setup, a similar iterative process as in (3.40|) should be followed,
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Fig. 3.11: Proposed method: efficiency variation with per-unit resistance for different
k/kerit ratios, based on ANSYS simulation results + analytical calculations.

on the measured parameters, in order to obtain the desired k/ke;; ratio.

3.5.2 Efficiency Assessment:Proposed Optimization Approach vs.

Existing Bifurcation Avoidance Design guideline

Following the well-referenced design guidelines for bifurcation-free coil design in [35], the

efficiency was estimated for a comparable setup in order to verify which method provides
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superior performance.

First, the input and output DC voltages were both fixed at 600 V. This adheres to the
DC voltage limits defined in Section 3.2.3 and ensures that the primary and secondary coils
remain nearly identical, since for identical coils the input and output voltages are expected
to be similar. Considering a 2 kW output power, the load resistance R; was determined
according to . Using this value, the mutual inductance M was calculated as 258 yH
based on , , and .

The next step is to determine the quality factor ). Although this relationship is not
explicitly discussed in [35], it can be inferred that @5 directly influences the minimum airgap
required between the coils. For a given load resistance R; and switching frequency, () is
proportional to the coil inductance Ly. Therefore, a higher ()5 corresponds to a larger Lo,
which allows the same mutual inductance M to be achieved at a greater coil separation.

To ensure a meaningful comparison with the proposed method, the airgap must be
kept similar between the two designs. From simulation results in Fig. 3.3, Fig. 3.4, it was
observed that for identical coils at N = 24 turns the self-inductance is 756 ©H and the mutual
inductance is 247 pH at an airgap of 15 cm. Based on the preceding analytical calculation,
the design requires a mutual inductance of 258 pH. Using linear interpolation between the
simulated values, the required self-inductance was estimated as Ly ~ 789 pH, which yields
a quality factor of Q3 =~ 3.06. Hence, (2 = 3.06 was selected for the comparison.

With @), specified, k. was determined, and the operating coupling k was calculated
from the desired k/kqit ratio. Using this value and , the required L, was obtained. The
coil resistances R; and Ry were then evaluated by estimating the number of turns for L,
and Ls through linear interpolation of the simulated self-inductance values. From these turn

counts and the per-unit resistance I2,,, the winding resistances were computed. Based on
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Efficiency vs Rpu for Proposed and Existing approaches at Different Idkcr.
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Fig. 3.12: Comparison of efficiency between the proposed optimization method and existing
bifurcation avoidance guidelines across varying k/kcyix ratios.

these parameters, the final efficiency of the design was estimated.

Fig. 3.12 shows the comparison of efficiency between the proposed optimization method

and the existing bifurcation avoidance guideline as per [35] across varying k/kei ratios,

based on this approach. It can be seen that the proposed method provides better efficiency.
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3.5.3 Impact of Coil Inductance Deviations on Bifurcation and

Efficiency

In practice, it is generally difficult to achieve the exact simulated self-inductance values due
to parasitic effects, manufacturing non-idealities, and the influence of surrounding metallic
structures, particularly for unshielded coils or coils constructed without ferrite materials.
Therefore, in addition to reducing efficiency, such deviations can cause the system to operate
in the bifurcation region, significantly impacting power transfer capability, overall efficiency,
and controllability.

In the proposed method, any variation in the self-inductance values can be accommo-
dated by adjusting the load resistance R according to , thereby preventing operation
in the bifurcation region. In contrast, the design approach presented in [35] does not provide
a mechanism to mitigate bifurcation once the system is physically implemented. Conse-
quently, if the operational coupling is designed close to the critical coupling, i.e., k/key near
1, and L; decreases from its simulated value during experimental implementation while Lo
remains unchanged, the effective coupling k increases while k..;; remains constant. This can
result in k/kei exceeding 1, causing the system to enter the bifurcation region. The value
of k.t remains constant because, in this design methodology, the input and output voltages
are fixed, and for a given output power the load resistance Ry, is therefore also fixed. Hence,
according to , (> remains constant, leading to a constant k. On the other hand,
k increases because, in this approach, the mutual inductance M is maintained at a fixed
value determined by the required input and output voltages and power. This value of M
is achieved experimentally by adjusting the air gap. Therefore, according to , when Lo
and M are constant, a decrease in L; results in an increase in k.

For example, as shown in Fig. 3.13, a 9.8% reduction in L; relative to the simulated
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Impact of L1 Reduction on Coupling Ratio
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Fig. 3.13: Impact of L; deviation from simulated value on the coupling ratio k/kcit.

value, with Ly held constant and an initial k/keq of 0.95, can lead to k/kei = 1. Therefore,

to ensure bifurcation-free operation while accounting for self-inductance tolerances, the ap-

proach in [35] requires that the design k/ke include a sufficient margin below 1. However,

as observed in Fig. 3.12, efficiency is maximized when k/k.; is close to 1. This implies that,

under this method, a trade-off must be made by intentionally operating at a lower coupling

ratio to maintain bifurcation-free operation, resulting in reduced efficiency by design.

In contrast, the proposed method allows operation near the optimal k/ke;i, by simply
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Table 3.2: Comparison between the proposed approach and existing bifurcation-avoidance

design guidelines.

Aspect

Proposed Approach

Existing Bifurcation-
Avoidance Guidelines [35]

Bifurcation Avoidance

Achieved via load resistance Ry,
adjustment, either during design
or post-implementation, ensuring
bifurcation-free operation.

Achieved by adjusting primary
self-inductance L; during design;
post-fabrication tuning is con-
strained by the physical coil

design setting.

structure, making adjustments
impractical.
Airgap Fixed airgap design is possible. Considered a degree of freedom;
depends on other set parameters.
Efficiency Higher efficiency in a comparable | Lower efficiency in a comparable

design setting.

Robustness to Parameter
Variations

Can tolerate variations in self-
inductances without entering the
bifurcation region, by adjusting
Ry if necessary.

Highly sensitive to variations in
L1 or Ls; such deviations can in-
duce bifurcation. A conservative
design margin for k/keq is re-
quired, which reduces achievable
efficiency.

adjusting Ry, providing greater flexibility and improved overall performance.

Table

presents a comparative summary of the proposed approach and the existing bifurcation-

avoidance design guidelines, highlighting key aspects.

3.6 Hardware implementation and experimental results

Based on the analytical and simulated results obtained in the previous sections, it is evident

that high efficiency can be achieved for identical Archimedean spiral coils with the selected

geometrical parameters when using 24 turns. Furthermore, the analysis indicates that a

maximum input voltage of 600 V will be applied. Therefore, special attention must be given

to component voltage ratings and insulation requirements. In light of these considerations,
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the experimental setup was carefully designed and fabricated to ensure safe operation while

maintaining the desired performance.

3.6.1 Coil design and fabrication

In order to ensure consistency of the fabricated coil with the fixed parameters specified in
Table 3.1, and to maintain a sufficient gap between each turn—thereby avoiding unintended
turn-to-turn short circuits (a potential risk given the high operational voltage)—a decision
was made to 3D print a track to guide the litz wire in place. The 3D model was designed
in SolidWorks, with each coil track divided into four segments, as shown in Fig. 3.14, to
accommodate the limitations of the 3D printer. Once printed, the segments were assembled
to form the complete coil track. Once the tracks were fabricated, the coils were inserted
into the tracks and securely fastened to prevent deformation after assembly. This ensured
that the coil remained in place and fully adhered to the parameters listed in Table 3.1, as
illustrated in Fig. 3.15.

Litz wire is made up of numerous fine conductors as seen in Fig. 3.16, each coated with its
own layer of insulation and bundled together to form a single composite wire. The diameter
of each strand is chosen to be smaller than the skin depth [56], allowing the conductor’s
cross-section to be utilized effectively at high frequencies. The strands are braided or woven
in such a way that their positions periodically shift between the wire’s core and its outer
surface. This weaving pattern equalizes the influence of the proximity effect and skin effect
on all strands, enabling them to share the current uniformly:.

Once coil fabrication has been completed, the next critical step is to carefully remove
the insulation from each individual strand of the litz wire. It is essential to perform this task

with great caution, as any damage to the strands or incomplete removal of the insulation

- 61 -



3.6 Hardware implementation and experimental results

Fig. 3.14: SolidWorks 3D model of the coil track, segmented into four parts for fabrication
due to 3D printer size limitations.

can lead to an increase in the AC resistance of the coil. Such an increase in resistance
would, in turn, result in a reduction in the overall efficiency of the WPT system, potentially
undermining the performance gains achieved through careful coil design and fabrication.
There are three primary approaches for removing the insulation from conductors: me-
chanical, chemical, and thermal methods [57]. Mechanical techniques, such as using brushes
or cutters, carry a high risk of damaging the delicate strands and were therefore not con-
sidered. Chemical methods involve the use of acids or bases to strip the enamel coating;
however, limited access to appropriate chemicals prevented the adoption of this approach.
Thermal methods, which include the use of gas burners or laser processing, can also poten-
tially harm individual strands. For these reasons, a specialized thermal technique known as

tinning was selected for this work. In this process, a solder pot was used to contain molten
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Fig. 3.15: Fabricated 3D-printed coil track with the litz-wire coil secured in place to
maintain geometry and turn spacing.

solder, and the insulated end of the litz wire was dipped into the pot until the enamel was
burned off. This not only removes the insulation from each strand but also bonds them
together at the tip to form a solid conductor as shown in Fig. 3.17. This method was found
to be the most effective by the author, as it ensures minimal strand damage while completely

removing the insulation from all strands.
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Fig. 3.16: Litz wire made of numerous individually insulated thin conductors

3.6.2 Compensation capacitor bank design and fabrication

As mentioned in Chapter 2, series compensation was selected for the experimental setup due
to its advantages. Several key parameters must be carefully considered when designing the
capacitor bank. The capacitance value is critical, as it primarily determines the resonant
frequency, making it essential to use capacitors with stable capacitance. The ESR is another
important factor, since higher ESR increases conduction losses in the primary and secondary
resonant tanks, reducing overall efficiency. Finally, the voltage rating of the capacitor bank
must account for the high voltage stress experienced at or near the resonant frequency.
Capacitors should therefore be selected with a sufficient safety margin to ensure reliable and
safe operation. In addition to these factors it should be noted that the maximum rms AC
withstand voltage of capacitors drops significantly with higher frequency, this should also be
taken into consideration when designing the capacitor banks.

The first step in designing capacitor banks is to select the capacitance values for the pri-
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Fig. 3.17: Tinned end of the litz wire after the enamel insulation has been removed, with
all strands bonded together to form a solid conductor

mary and secondary compensation banks. The self-inductances of the primary and secondary
coils were measured as described in Section 3.6.3. Although, in the initial design phase, both
capacitances are chosen to resonate at the switching frequency, typically only the secondary
is tuned to the switching frequency. The primary is selected to resonate slightly below the
switching frequency, providing an inductive reactance that facilitates ZVS, as discussed in
Chapter 4. This is done to minimize the switching losses, thus improving the efficiency. For
experimental verification, multiple primary compensation banks and one secondary capaci-
tor bank were designed and fabricated. Once the capacitance values were determined, the
maximum voltage stress across the capacitor banks was evaluated using PLECS simulations.
However, caution is required when interpreting these results, as PLECS reports the stress
across the entire capacitor bank and does not account for individual capacitor variation. In
practice, the smallest capacitor in a series string can experience a disproportionately higher
voltage, meaning that PLECS may systematically underestimate the true worst-case voltage
stress, particularly under large component tolerances.

The three primary capacitor banks were designed to resonate at 88 kHz, 86.5 kHz,

and 80.5 kHz, respectively, while the secondary capacitor bank was tuned to the switching
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frequency of 90 kHz. The voltage across the primary and secondary capacitor banks was
evaluated under the worst-case scenario, corresponding to a coupling coefficient of 0.2 (for
increased air gap testing) and the largest Ry that produces the maximum output voltage
at the rated output power, calculated as 800?/2000 = 320 Q2. The resulting waveforms are
shown in Fig. 3.18, Fig. 3.19 and Fig. 3.20.
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Fig. 3.18: Simulated capacitor voltages with primary tuned to 88kH z and secondary to
90k H z under worst-case operating conditions.
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Fig. 3.19: Simulated capacitor voltages with primary tuned to 86.5kH z and secondary to
90k H z under worst-case operating conditions.
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Fig. 3.20: Simulated capacitor voltages with primary tuned to 80.5kH z and secondary to
90k H z under worst-case operating conditions.
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From the simulation results, the first two primary capacitor banks (88 kHz and 86.5 kHz)
and the secondary capacitor bank experience peak voltages approaching 5 kV. With a 50%
safety margin, these banks should be rated for at least 7.5 kV. The final primary capacitor
bank (80.5 kHz) experiences a peak voltage of approximately 4 kV, requiring a rating of
at least 6 kV with the same safety margin. Accordingly, all capacitor banks were designed
to safely operate above these calculated voltage levels, ensuring sufficient margin during

operation. A single capacitor bank is shown in Fig. 3.21.

3.6.3 Component characterization and measurement procedures

After fabricating the coils and compensation capacitors, they were characterized using an
R&S HMS8118 LCR meter. Mutual inductance was measured following the technique illus-
trated in Fig. 3.22. The coils were first connected in series with their magnetic flux aligned
in the same direction to measure the series aiding inductance, Laiqing. They were then con-
nected in series with opposing flux directions to measure the series opposing inductance,

Lopposing- The mutual inductance, M, was subsequently calculated using Fig. 3.22.

M= Laiding _4L0Pp08ing (341)

Table 3.3 summarizes the simulated and measured values for the self- and mutual induc-
tances of the coils. The measured values deviate from the simulated results due to limitations
in simulation accuracy caused by time constraints: the finite region defined around the coil
in ANSYS was restricted in size and the maximum element size in the mesh was not suffi-
ciently small to achieve very high accuracy. This deviation is acceptable, since the primary

objective of the simulation, as discussed earlier, was to study the directional variation of
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Fig. 3.21: Primary capacitor bank fabricated for 88k H z resonance, rated for over 7.7kV
RMS voltage at 100k H z.

mutual inductance with the number of turns rather than to obtain exact values of M.

The two measured self-inductance values also differ, even though the coils are geometri-
cally identical. This is mainly because no shielding or ferrite was incorporated, making the
coils more susceptible to environmental influences such as nearby rebars in the building’s
concrete structure and the metallic parts of the XYZ positioning table. In practice, ferrite
bars are often used to minimize such variations; however, they were not included in this
study in order to focus on the intrinsic behavior of unshielded air-core coils, which better

isolates the impact of geometry on the coupling characteristics.
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Fig. 3.22: Measurement setup for determining mutual inductance using series aiding and
opposing coil connections.

Based on the measured self-inductance values, the primary and secondary compensation
capacitor banks were designed with the objective of achieving a resonant frequency of 90 kHz
on the secondary side, and 88 kHz, 86.5 kHz, and 80.5 kHz for the three primary capac-
itor banks. Since each capacitor has a capacitance of 44 nF and an AC voltage rating of
550 Vs at 100 kHz, the capacitor bank values were determined through appropriate series
and parallel combinations of these capacitors. These combinations were selected based on
two design objectives: (1) achieving a resonant frequency as close as possible to the target

values, and (2) ensuring that the capacitor banks could withstand the anticipated voltage
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Table 3.3: Comparison of simulated and experimental self and mutual inductance values

Parameter Simulated Value | Experimental Value
Ly (Self-inductance of primary coil ) 756.2 nH 669.5 nH
Lo (Self-inductance of secondary coil) 756.2 uH 729.0 uH
M (Mutual inductance at 15 cm air gap) 247.3 nH 207.0 pnH

stress, as explained in Section 3.6.2. The selected series and parallel configurations yielded
capacitance values that resulted in resonant frequencies closely matching the design targets,

as summarized in Table [3.4]

Table 3.4: Designed and measured parameters of compensation capacitor banks.

Capacitor Target Resonant Measured Experimental Resonant
Bank Frequency (kHz) | Capacitance (nF) Frequency (kHz)
Primary Capacitor Bank 1 88.0 4.89 87.96
Primary Capacitor Bank 2 86.5 5.03 86.73
Primary Capacitor Bank 3 80.5 5.86 80.30
Secondary Capacitor Bank 90.0 4.36 89.27

3.6.4 Experimental results

Using the designed and fabricated primary and secondary coils together with the corre-
sponding compensation capacitor banks, the experimental setup was constructed as shown
in Fig. 3.23. The primary coil was positioned on the bottom surface of the XYZ table, while
the secondary coil was mounted on the movable arm of the same table, thereby emulating
the motion of a vehicle carrying the secondary coil as it approaches a stationary primary coil
installed on the ground. Once the coils were positioned, the compensation capacitor banks
were connected in series configuration, a choice made to enhance the overall power transfer

capability and to maximize the system efficiency.
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On the primary side, the coil was interfaced with a Taraz Technologies SPM-FB-SIC
single-phase inverter, which is equipped with GeneSiC G3R75MT12D SiC MOSFETs and
responsible for carrying out the voltage inversion. The inverter was powered by a Chroma
62050H-600S programmable DC power supply, which provided a stable DC link voltage
necessary for reliable inverter operation. The secondary side, in turn, was connected to
another Taraz Technologies SPM-FB-SIC single-phase inverter. In this case, the rectification
of the received AC power was carried out through the body diode of the GeneSiC SiC
MOSFET. Following rectification, the output was directed to a resistive load designed to
dissipate the transferred power as heat.

The switching signals required to operate the inverters were generated using a Texas
Instruments LAUNCHXL-F28379D development board. For performance evaluation, input
and output DC power values, along with the overall DC-DC system efficiency, were recorded
using a YOKOGAWA WT332E digital power analyzer. Furthermore, the voltage and current
waveforms at critical nodes in the system were captured and analyzed using a Tektronix
MDO3024 mixed-domain oscilloscope.

Components used and their ratings are summarized in Table 3.5. Switching pulses were
provided to the inverter through the onboard gate driver integrated within the inverter. The
gate driver supports two distinct modes of operation, which can be selected via a switch
embedded on the driver board. The first mode is the PWM mode, in which the user is
required to provide only the UH and VH signals; the UL and VL signals are automatically
generated by the dead time generation logic. In this mode, the dead time can be adjusted
within the range of 0.39579 us to 8.3 us using the onboard dead time programming trimmer,
which varies from 1 kQ to 21 k2.

The second mode is the dual-input mode, where all four switching signals—UL, VL, UH,
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Table 3.5: Components and their technical specifications for 2 kW charger.

single-phase inverter

Circuit Configura- | Component Ratings
tion
Full-Bridge Inverter Taraz Technologies SPM-FB-SIC | 800V, 41A

Full-Bridge Rectifier | Body  diodes of  GeneSiC | 800V, 20A (per MOSFET)
G3R75MT12D SiC MOSFETSs

Primary Compensa- | KEMET 4.89nF, T7.7kV (AC), 23.8kV
tion Capacitor Bank 1 | KC33C443KJGLCAUTO (DC)

Primary Compensa- | KEMET 5.03nF, T7.7kV (AC), 23.8kV
tion Capacitor Bank 2 | KC33C443KJGLCAUTO (DC)

Primary Compensa- | KEMET 5.86nF, 6.6kV (AC), 20.4kV
tion Capacitor Bank 3 | KC33C443KJGLCAUTO (DC)

Secondary Compensa- | KEMET 4.36nF, 8.25kV (AC), 25.5kV
tion Capacitor Bank | KC33C443KJGLCAUTO (DC)

Gate Drivers for In-
verter Switches

Integrated in SPM-FB-SIC in-
verter

+18V / 0V, peak drive current
= 2A, Isolation voltage = 1.2kV,
fast switching

DC Power Supply

Chroma  62050H-600S  Pro-
grammable DC Power Supply

600V, 8.5A, 5kW

Power Analyzer

YOKOGAWA WT332E Digital
Power Analyzer

600V RMS, 20A RMS, 12kW

and VH—must be provided by the user. This mode was selected during implementation be-

cause, through adjustment of the CCS (Code Composer Studio) code for the LAUNCHXIL-

F28379D development board, the dead time could be easily and accurately controlled, pro-

viding greater flexibility and precision in operation.

Based on the above-described setup, a 2 kW power transfer was demonstrated at an air

gap of 15 em, resulting in a maximum DC-DC efficiency of 94.86%, measured using the power

analyzer as shown in Fig. 3.24, and a maximum AC-AC (resonant tank) efficiency of 97.09%,
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Table 3.6: Comparison between simulated and measured coil parameters.

Parameter | Simulated / Estimated Value | Measured Value
Ry 232 Q 1.5 Q
Ry 232 Q 1.8 Q
M 247 pH 207 pH

as illustrated in Fig. 3.27. Furthermore, to verify that the maximum efficiency is achieved at
the calculated Ry, of 158 Q (based on and measured values), experimental efficiency
was evaluated for different R; values, as shown in Fig. 3.25. The results confirm that
efficiency is maximized at the calculated value of 158 €. Additionally, the k/ke ratio
remains well below 1 for all considered load conditions, as calculated from experimental
measurements (see Fig. 3.26), ensuring bifurcation-free operation.

The efficiency in Fig. 3.10 is calculated considering only the resonant tank, without ac-
counting for switching losses. Accordingly, it is compared with the resonant tank efficiency
obtained experimentally for N = 24, as shown in Fig. 3.27. A discrepancy is observed be-
tween the experimental and simulated results, since the simulated value of M and estimated
values of R, and R, differ from the measured values as shown in Table 3.6. When the
efficiency is recalculated using the measured parameters, the results align closely with the
experimental values, as shown in Fig. 3.28.

The results clearly demonstrate that the proposed optimization approach enables sub-

stantially higher efficiency while maintaining bifurcation-free operation.

3.7 Summary

This chapter details the design, optimization, and experimental validation of a 2 kW WPT

system operating across a 15 cm air gap, using identical Archimedean spiral coils with series
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compensation. The focus is on achieving high efficiency while maintaining bifurcation-free
operation.

The chapter introduces a novel design methodology for Archimedean spiral coils that
simultaneously maximizes efficiency and ensures bifurcation-free behavior. The methodol-
ogy guides the selection of coil parameters and compensation capacitances, supported by
simulation and experimental studies. ANSYS Maxwell and PLECS simulations were used
to evaluate coil performance, while the experimental platform enabled detailed assessment
under realistic operating conditions.

Primary and secondary coils were fabricated using litz wire and 3D-printed tracks to
ensure precise turn spacing and consistent geometry. Compensation capacitor banks were
designed to resonate at the desired frequency while accounting for voltage stresses and ESR.
The experimental platform allowed measurement of coil characteristics, resonant frequency,
and voltage stresses, verifying the efficacy of the proposed coil design methodology.

The results confirm that the proposed design approach achieves high DC-DC efficiency,
maximizes power transfer, and avoids bifurcation across the tested load and air-gap condi-
tions. Unlike existing bifurcation-avoidance design guidelines, which often reduce efficiency
or lack a systematic approach, the proposed methodology provides a practical, repeatable

framework for optimizing coil design in high-power WPT systems.
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Fig. 3.23: Experimental wireless power transfer system incorporating primary and sec-
ondary coils, compensation capacitor banks, power electronics interfaces, and measurement

instruments.
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Fig. 3.24: Power analyzer output showing DC-DC efficiency and power delivery at 2 kW
output power for a 15 cm air gap.
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15 c¢m air gap.
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Fig. 3.27: Experimental resonant tank maximum efficiency at Ry nm.
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Fig. 3.28: Comparison of resonant tank efficiency variation with coil turn number N,
showing simulated and analytically obtained results alongside experimental measurement
and recalculated efficiency based on measured coil parameters.
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Chapter 4

Zero-Voltage Switching Performance

under Capacitor Aging and Tolerance

Effects

4.1 Theoretical Background of ZVS for Full-Bridge Wire-
less Power Transfer

WPT systems designed for high-power applications frequently require high power density
to enable more compact power electronic components and to promote improved as well
as more cost-effective manufacturability. Achieving this objective is commonly facilitated
by the use of elevated switching frequencies [58]. However, the use of higher switching
frequencies inherently increases switching losses, necessitating the implementation of soft
switching techniques. These techniques help minimize losses and mitigate the limitations

on operating frequency imposed by the power dissipated during the on/off transitions of the
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Fig. 4.1: Detailed Series - Series compensated WPT circuit representation with inclusion
of MOSFET output capacitances

switches at elevated frequencies.

Soft-switching in power electronic converters is commonly achieved through techniques
such as ZCS or ZVS. In this thesis, ZVS operation was adopted, as it is particularly well-
suited for MOSFET-based inverters, reducing switching losses and stress on the devices [59].

In order to realize ZVS, the inverter must operate with an effective inductive load [60].
This condition is obtained by choosing the switching frequency slightly above the natural
resonant frequency of the system. Accordingly, the secondary coil is tuned to match the
switching frequency, while the primary coil remains tuned to the fundamental resonant
frequency. Under this arrangement, the overall impedance of the WPT network appears
inductive to the inverter.

Fig. 4.1 shows the detailed SS compensated WPT circuit representation including the
MOSFET output capacitances. All components retain the same definitions as in Section 2.2.

In addition, Cys, Coss2, Cossz, and Cygey denote the nonlinear, voltage-dependent parasitic
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Fig. 4.2: Series - Series compensated equivalent WPT circuit representation with inclusion
of MOSFET output capacitances

capacitances of MOSFETS 1, 2, 3, and 4, respectively. Similarly, Vas1, Vase, Vasz, and Vg
represent the drain-to-source voltages across MOSFETS 1, 2, 3, and 4 at any given instant.

With the assumption that the secondary side is tuned to the switching frequency, while
the primary side remains slightly inductive at this frequency, the equivalent circuit shown in
Fig. 4.2 can be derived. In this representation, Le, denotes the equivalent self-inductance of
the primary side at the selected switching frequency, and R, represents the combined effect
of the AC ESR of the primary coil together with the reflected AC ESR of the secondary coil

at the set switching frequency.
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In a conventional full-bridge (FB) modulation scheme, switches S; and S, are turned on
and off simultaneously, while Sy and S3 operate in a complementary manner with respect to
S1 and Sy. This switching strategy is typically employed to avoid shoot-through faults (short
circuits within a phase leg) and to minimize conduction losses that would otherwise arise
if both the upper and lower switches in the same leg, such as S; and Sy, were conducting
simultaneously.

With this type of switching scheme, the drain-to-source voltage of the non-conducting
MOSFET pair increases toward the DC-link voltage V. as their parasitic output capaci-
tances are charged. In order to minimize significant turn-on switching losses, these parasitic
capacitances must be fully discharged prior to the next turn-on transition, ensuring that
the voltage across the switches becomes zero. This condition, known as ZVS, effectively re-
duces power dissipation during the turn-on event. ZVS is typically achieved by introducing
a sufficient dead time t; during the switching transition period, during which both the up-
per and lower devices of a phase-leg are kept OFF. During this interval, the current flowing
through the equivalent inductance L., discharges the parasitic capacitances of the previously
non-conducting switch pair to zero, while simultaneously charging the capacitances of the
previously conducting pair up to the DC-link voltage V..

In this switching scheme, the drain-to-source voltage of the non-conducting MOSFET
pair rises toward the DC-link voltage V. as their parasitic output capacitances are charged.
To avoid significant turn-on switching losses, these capacitances must be completely dis-
charged before the devices are turned on again, ensuring that the voltage across the switches
is zero at the instant of turn on. This condition, referred to as ZVS, minimizes power dissi-
pation at turn-on. ZVS is realized by introducing a sufficient dead time ¢, in the switching

transition interval, where both the upper and lower devices of a phase-leg remain OFF. In
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this interval, the current flowing through the equivalent inductance L., forces the parasitic
capacitances of the non-conducting switch pair to discharge to zero, while at the same time
charging the capacitances of the previously conducting pair up to the DC-link voltage V..

The time required for the parasitic capacitance to fully discharge is denoted as t4s in
this thesis. In general, to ensure ZVS operation, the applied dead time t; must be greater
than tg4s at each switching transition. Furthermore, t7y s is defined as the interval between
the falling edge of the control signal and the instant when I; = 0. These definitions are
illustrated in Fig. 4.3, which presents the typical operational waveforms of the WPT system.

When the dead time is excessively long, i.e., t; > tzyg, a voltage notch can occur, a
phenomenon also referred to as voltage polarity reversal [61,/62]. This phenomenon occurs
when current reversal forces the discharged parasitic capacitors to recharge, resulting in a
temporary voltage reversal across the load. This appears as a notch in the waveform and
leads to distortion, extra switching losses, and increased device stress.

Considering these factors, it can be concluded that achieving ZVS without encounter-
ing the voltage notch phenomenon requires maintaining the dead time t; within the limits

specified in (4.1)) for each switching transition.

tais < tqg < tlzvs (4.1)
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Fig. 4.3: Typical operational waveforms of the WPT system illustrating dead time (t4),
discharge time (t4;5), and ZVS interval (tzvs).
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4.2 Review of dead time selection Techniques

4.2.1 Theoretical Background and dead time Selection Principles

tais and tzyg are not fixed, but vary with operating conditions, including M, Vpe and Ry _ge.
This implies that a ¢, value chosen for a particular operating condition may not be universally
valid. Under different conditions, it can either be too short, leading to incomplete discharge
of the parasitic capacitance and loss of ZVS, or too long, resulting in the voltage notch
phenomenon when t; exceeds the ZVS interval. Therefore, careful consideration is required
when selecting the t; to ensure reliable ZVS operation across the entire operating range.
Given this necessity, extensive research has been conducted to determine optimal methods
for selecting the dead time.

The existing literature on dead time selection can be broadly categorized into two main
approaches: fized dead time and wvariable dead time schemes. Fixed dead time schemes
account for the variation of ¢4, over the entire operating range and select a constant dead
time value slightly greater than ¢4 3/, the maximum discharge time across all operating
conditions. In contrast, in variable dead time schemes, the dead time is adaptively adjusted
at each switching instance based on measured parameters such as the input DC voltage and
the turn-off current, I;(tp), which corresponds to the current in the WPT circuit at the
instant of switch turn-off.

Fixed dead time strategies differ primarily in the way tg4, is estimated. Two main
analytical approaches are commonly reported in the literature: charge-based and energy-
based methods [63]. In [64] a charge-based analytical approach is employed for dead time
determination. Within this method, it is assumed that the stored charge in the parasitic

capacitance must be completely discharged by the turn-off current, I(ty), within the dead
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time interval. To simplify the analysis, both the turn-off current I;(¢y) and the MOSFET
output capacitance, C,, are treated as constants throughout the dead time duration. Based
on these assumptions, the discharge time ¢4 can be derived, as shown in (4.2]). However,
practical operation deviates from these simplifications. As illustrated in Fig. 4.3, the turn-off
current [ (o) does not remain constant during the dead time but instead varies dynamically.
Furthermore, C,,, is inherently nonlinear and strongly dependent on the drain-to-source
voltage of the MOSFETSs [65,66]. As a result, these assumptions introduce inaccuracies, and
the ZVS condition cannot be reliably evaluated using this method.
2C0s5 Ve

AN 42

tdis
In [63], a modified energy-based analytical approach is proposed for determining the
dead time. This method assumes that the energy stored in the equivalent inductance L.,

of the WPT system is sufficient to completely discharge the parasitic output capacitances

of the MOSFET switches. The relationship can be mathematically expressed as shown in

E3).

%Leq[lf(to) — Il2(t1>] 2 QQOSS(VdC)‘/O (43>

Here, Q,ss(Vye) denotes the total charge stored in the parasitic output capacitance of a
MOSFET for a given V.. When switches S; and Sy are operated simultaneously, their output
capacitances C,,s1 and Cys.4 appear in series. As a result, the total charge stored across Cl,1
and Clgsyq 18 equal to Qoss(Vie). In the same manner, C\g50 and Cpe3 undergo an equivalent
discharge process. As discussed in [67], for the purpose of simplifying MOSFET modeling,

a linear charge-equivalent capacitance C, can be defined. This capacitance corresponds to
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the same stored charge as that of the nonlinear C,,, at a particular drain—source voltage Vs,

and is represented mathematically in (4.4).

0SS VS
Ceq(‘/ds) — w (44)
ds
Based on (4.4)), (4.3 can be updated to obtain (4.5).
1
5 Lealli(to) = I (t1)] = 2VacCog(Vie) Vo (4.5)

With established, and referring to Fig. 4.2 and Fig. 4.3, the discharge time for
a given operating condition can be determined using and ZVS interval tzy ¢ can be
determined by . In this context, w represents the switching frequency, which is consid-
ered constant, while [; . denotes the peak instantaneous value of the primary current I,
as defined in . The input voltage V. corresponding to a given output power P,,; can
be obtained from (4.9). Furthermore, I;(ty) and I;(¢;) are derived using and (4.11)),

respectively.

Il(t1) Il(to)

arcsin|+=-| — arcsin[ "]
tdis — I _maz - I1_maz (46)
arcsm[ I Lilio) |
tzvs = |—— (4.7)
Vc
I oz = \/_ < (48)
R1+ R +R +JWLeq

| FoulBat ROPI(B + i)+ W L] (4.9)

© V2 w?M?R? '

- 90 -



4.2 Review of dead time selection Techniques

_ Wl ) (4.10)

Li(to) = I_mazsin|arctan( n
1 Ro+Rp,

L(t) = \/2[§Leqf%<to) — 2ViClg(Vae) Vi) (@11)

Le,

This method provides a more accurate estimation compared to the charge-based ap-
proach. However, it is not entirely precise, as practical factors such as parasitic effects in
the experimental setup introduce deviations. In addition, the estimation of parasitic capaci-
tances is typically derived from datasheet specifications, which may not accurately represent
the actual device behavior under operating conditions.

In the variable dead time strategy presented in [68], the discharge time of the parasitic
capacitance, tg;,, is experimentally determined offline for various operating points, defined by
the drain-to-source voltage Vs and the turn-off current I; (). These experimentally obtained
values are then stored in the microcontroller’s memory. During real-time operation, Vy, and
I(ty) are sampled in every switching cycle using sensors. The controller determines the
appropriate dead time by referencing a preconstructed lookup table. Since it is impractical
to experimentally measure the optimal dead time for every possible combination of Vy, and
I(to), linear interpolation is employed to estimate the minimum required dead time for
intermediate operating points.

This method is adopted to achieve higher accuracy, as demonstrated in [68], where it is
shown that selecting the dead time solely from analytically estimated t4, can result in either
underestimation or overestimation. Such inaccuracies may cause efficiency degradation, ei-
ther through the loss of ZVS or the occurrence of the voltage notch phenomenon. Although

this approach improves precision, it requires more sophisticated control and incurs higher
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implementation costs compared to fixed dead time schemes.

4.2.2 Experimental Verification of dead time Selection Methods

The claims presented in the existing dead time selection approaches were subsequently ver-
ified experimentally. First, the Energy-based analytical dead time estimation, as described
in [63], was implemented to assess whether it provides reasonably accurate dead time val-
ues that closely align with experimental measurements. Next, the assertion from 68| that
the dead time should be minimized at all times to reduce efficiency loss was experimentally
verified. Specifically, it was examined whether excessive dead time leads to increased losses
due to conduction in the diodes, as opposed to conduction losses across the MOSFETs at
higher power levels, thereby confirming the practical impact of dead time selection on overall

system efficiency.

Experimental Verification of Energy-Based Analytical dead time Estimation

To evaluate the accuracy of the Energy-based analytical dead time estimation, both analyt-
ical and experimental assessments were conducted for an air gap of 15 c¢m, representing the
nominal operating distance, as well as for reduced gaps of 14 cm and 13 cm to simulate the
effects of vehicle loading or decreased tire pressure. The evaluations were performed using
load resistances of 175 €2, 200 €2, and 225 €2, corresponding to different operational regions
of the system.

Analytical equations from to were employed to calculate the dissipation time
tais under the various operating conditions described above. The equivalent capacitance,
Ceq, required for these calculations was estimated based on the nonlinear variation of the

parasitic capacitance (Cygs) with Vg, as shown in Fig. 4.4 of the G3R75MT12D SiC MOSFET
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Fig. 4.4:

Nonlinear variation of the parasitic capacitance Cyss with Vpg for the
G3R75MT12D Si MOSFET, as provided in the datasheet.

datasheet, which was used for experimental verification. To facilitate analytical modeling,

the charge-equivalent capacitance Ceq shown in Fig. 4.5 was derived using

V.
a4 COSS d
J (v) dv (4.12)
Vas

Ceq ( Vas )

as described in [67].

The experimental setup described in Section 3.6 was used to experimentally obtain the
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Fig. 4.5: Charge-equivalent capacitance C¢q used for analytical calculations, derived from

the C\yss characteristics

discharge times tqi5, which were then compared with the energy-based analytical values, as

shown in Fig. 4.6. Consistent with the observations reported in [68], noticeable deviations

were observed. The primary cause of these deviations is that the Cyq estimated from the

datasheet information is not sufficiently accurate. Therefore, it can be concluded that relying

solely on this method to estimate the dead time may result in insufficient duration to fully

discharge the capacitance, potentially leading to a loss of ZVS.
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Fig. 4.6: Analytical and experimental capacitor discharge time tg4;s versus load resistance
for different airgaps.

Experimental Verification of Efficiency Impact of Excessive Dead Time

highlights the importance of minimizing dead time to maximize efficiency. Beyond the
obvious efficiency loss caused by ZVS violation when the condition in is not satisfied,
the study also claims that excessive dead time can lead to additional losses. This is because,
during excessive dead time, current flows through the body diodes instead of the MOSFETS,

and since body diodes generally have higher conduction losses, the total loss increases. While
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this claim is theoretically valid, it has not been experimentally quantified to assess the prac-
tical impact on efficiency. To investigate this, experimental measurements were conducted
under the same conditions as the preceding section. Two dead times, 220 ns and 310 ns, both
ensuring ZVS is maintained, were tested. As shown in Fig. 4.7 and Table 4.1, the impact on
efficiency is minimal. Therefore, for the conditions investigated in this study, it can be con-
cluded as a novel finding that, as long as ZVS is maintained, operating with a slightly longer
dead time does not significantly reduce efficiency. This result indicates that the commonly
stated assumption in the literature—that dead time must always be minimized—does not
hold in all cases. Consequently, the primary focus should be on ensuring ZVS rather than

minimizing dead time at the cost of increased control complexity.
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Efficiency vs Load Resistance for Different Airgaps and Deadtimes
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Fig. 4.7: Experimental comparison of system efficiency (DC-DC) for two dead time settings
(220 ns and 310 ns) evaluated across multiple air-gap distances and load conditions.

- 97 -



4.3 Experimental Investigation of Capacitor Tolerance and Aging Effects on ZVS

Airgap (cm) Deadtime (ns) 175 Q2 200 Q2 225 Q

13 220 95.23% 95.21% 95.12%
310 95.23% 95.20% 95.12%
14 220 94.96 % 94.90% 94.77 %
310 94.95% 94.90% 94.78 %
15 220 94.68 % 94.58 % 94.42 %
310 94.67% 94.58 % 94.42%

Table 4.1: Summary of measured efficiencies (DC-DC) for different air-gap distances, load
conditions, and dead time settings.

4.3 Experimental Investigation of Capacitor Tolerance
and Aging Effects on ZVS

As discussed in Section 4.2, conventional methods of selecting the optimum dead time gen-
erally assume that the values of the primary and secondary compensation capacitors remain
constant. In practice, however, this assumption is not valid. Compensation capacitors are
subjected to high voltage stress, as demonstrated in Section 3.6, which accelerates aging and
leads to changes in their capacitance values. Furthermore, practical factors such as manu-
facturing tolerance and long-term aging both contribute to variations in capacitance, which
can significantly influence the resonant conditions and the corresponding ZVS behavior.

To evaluate the impact of capacitance tolerance and aging on the discharge time (tg4;s)
and ZVS interval (tzys), this study considers a scenario where only the primary compensa-
tion capacitance is affected. The secondary capacitance is assumed to remain unchanged;
however, in practice, both primary and secondary capacitors would be influenced. This sim-
plification is made to isolate and clearly illustrate the effect on tg4;s and tzyvs, acknowledging
that in a practical system the combined impact would be more pronounced.

The degree of capacitance variation arising from tolerance and aging can differ sub-

stantially depending on the capacitor technology, dielectric material, and operational stress
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conditions. While stable Class I or II ceramic capacitors generally exhibit only moderate
degradation, more pronounced variations can occur under prolonged high-voltage and high-
temperature operation, as well as across different capacitor types.

Capacitors with highly stable dielectrics, such as the KEMET CKC33C103GJGACT7210,
which uses a COG (NPO0) dielectric, demonstrate minimal combined aging and tolerance ef-
fects of less than 3% [69]. These capacitors are particularly well suited for WPT applications,
where resonant network performance and efficiency are highly sensitive to capacitance devi-
ations. As noted in industry literature, high-stability COG MLCCs are commonly employed
in magnetic resonance-based WPT systems to maintain precise resonance conditions and
ensure reliable power transfer [70].

In practical WPT systems, however, general-purpose ceramic or film capacitors may also
be used, which typically exhibit considerably higher tolerance and aging effects compared to
high-stability COG types. To ensure a comprehensive assessment of system robustness, two
representative scenarios were examined: one reflecting a realistic case, where tolerance and
aging effects are modest (3% for the purposes of this study), and another representing an
extreme condition, where a combined impact of 19.8% is considered. This approach allows
the evaluation of WPT performance, capturing the potential effects of both modest and

severe variations in the compensation capacitance.

4.3.1 Analysis Under Moderate Capacitance Deviation ( 3%)

Primary capacitor bank 2, with a capacitance of 5.03 nF, was considered as the baseline
design value (nominal), while primary capacitor bank 1, with a capacitance of 4.89 nF,
represented the condition after the combined effects of capacitor tolerance and aging, cor-

responding to an approximate 3% reduction. In this context, the chosen margin provides
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Fig. 4.8: Experimental variation of t4is under different operating conditions, illustrating
the impact of aging and tolerance.

a practical and conservative allowance, ensuring robust system performance under realistic
operating conditions. The same operating regions considered in Section 4.2.2 were used for
this analytical evaluation.

tzvs and tqs were measured from oscilloscope waveforms under various operating con-
ditions. The variation of tg;s across different operating points and with different primary
capacitor banks, emulating the combined effects of aging and tolerance, is presented in

Fig. 4.8. Similarly, the variation of tzyg under the same conditions is shown in Fig. 4.9.
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Variation of tzvs with Load Resistance
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Fig. 4.9: Experimental variation of fzyg under different operating conditions, illustrating
the impact of aging and tolerance.

Given that tzys and tgs vary with the operating conditions, (4.1) can be modified as
(4.13)), where t4;s 1 denotes the maximum tq; over the entire operational range, and tzys_m

denotes the minimum tzyg interval across the full operational region.

taism < la <tzvsm (4.13)

Based on the experimental results presented in Fig. 4.8 and Fig. 4.9, along with (4.13)), it
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Fig. 4.10: Shrinking of the dead time band with aging and tolerance, as determined from
experimental results under different operating conditions.

is evident that the lowest load and smallest air gap correspond to both t4is v and tyvs ., under
both aging and tolerance conditions. Additionally, for each operating point, tq;s increases
with aging and tolerance while tzyg decreases. Therefore, it can be concluded that the dead
time band defined by shrinks with aging and tolerance, as illustrated in Fig. 4.10.
tais.v_a corresponds to the tgi v value after aging and tolerance, and tzys m_» corresponds to
the tzvs.m value after aging and tolerance.

The observations in Fig. 4.10 indicate that, due to the combined effects of aging and
tolerance, a dead time that ensured ZVS (yellow region) before these effects may no longer

maintain it afterward. Likewise, a dead time that initially achieved ZVS (orange region)
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prior to aging and tolerance may result in voltage notches and increased switching losses
once these effects take place.

From the preceding findings, it can be inferred that setting the dead time equal to or
close to the t4; value calculated using nominal capacitance value, while assuming no impact
of aging or tolerance as suggested in [63,68], may result in loss of ZVS in practical operation
where aging and tolerance effects are present. To quantify the resulting efficiency loss,
experimental verification was performed to compare the system efficiency when the dead
time is set according to the methods in [63}68] versus when the dead time is adjusted to
account for the effects of aging and tolerance, i.e., set slightly longer within the dead time
band that remains valid after considering aging and tolerance (green region in the lower
subplot of Fig. 4.10).

To ensure a fair comparison, the critical operating point that defines the dead time
boundary, as expressed in (4.13)), was considered. This operating point corresponds to the
minimum load and minimum air gap, namely 175 2 and 13 cm, respectively.

The dead time estimated using the Energy-based analytical method from [63] was 154 ns.
The experimentally measured minimum discharge time for this operating point, which cor-
responds to the recommended dead time according to [68], was 150 ns. Both values were
obtained assuming the nominal primary capacitance of 5.03 nF remains fixed. In contrast,
when the dead time is set considering the effects of tolerance and aging, the dead time band
was identified experimentally using the aged primary capacitor (Primary capacitor bank 1)
with a capacitance of 4.89 nF. From this experimental evaluation, the resulting dead time

band was determined as

247 ns < ty < 345 ns. (4.14)
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Fig. 4.11: Experimental waveforms for the aged and tolerance-affected capacitance case

(C1 = 4.89 nF) under a dead time of 150 ns, illustrating the impact of aging and tolerance
on ZVS behavior.

Since the microcontroller resolution was insufficient to reliably distinguish between the

150 ns dead time and the 154 ns dead time —and given that these values are very close—

experimental testing was performed only at 150 ns, representing both cases. The correspond-

ing waveforms for this case are presented in Fig. 4.11, while the power analyzer output is

shown in Fig. 4.12.

In Fig. 4.11, S; and Sj represent the measured gate-to-source voltages of switches 1 and

4, while S5 and S5 correspond to the gate-to-source voltages of switches 2 and 3. Vys3 denotes

the drain-to-source voltage across switch 3, and I; represents the measured primary current.

From the waveforms, it can be observed that when all switches are turned off, V.3 begins
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Fig. 4.12: Power analyzer measurements for the capacitance case affected by aging and
tolerance (C; = 4.89 nF) with 150 ns dead time.

to rise due to the charging of its parasitic capacitance, while simultaneously the parasitic
capacitances of switches 1 and 4 are being discharged. However, before Vi3 maximum is
reached—meaning the parasitic capacitances across switches 1 and 4 are not completely
discharged and the voltage across them has not yet reached zero—switches S; and S; are
turned on. As a result, ZVS is not achieved, leading to switching losses that reduce the
overall efficiency.

The measured DC-DC efficiency under this condition is 95.13%, as shown in Fig. 4.12.
For the method considering the impact of aging and tolerance, since the viable dead time
range was found as indicated in , a dead time of 308 ns was chosen for experimental
verification. The corresponding waveforms for this case are presented in Fig. 4.13, while the
power analyzer output is shown in Fig. 4.14.

As observed from the waveforms in Fig. 4.13, Vj reaches its maximum—indicating
that the parasitic capacitances across switches 1 and 4 are fully discharged and the voltage

across them has reached zero—before switches 1 and 4 are turned on. Therefore, ZVS is
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Fig. 4.13: Experimental waveforms for the method considering the impact of aging and
tolerance with a dead time of 308 ns, demonstrating ZVS under the tolerance and aging
affected primary capacitance condition.

maintained, resulting in lower switching losses and a higher DC-DC efficiency of 95.23% as
shown in Fig. 4.14.

Table 4.2 summarizes the dead time selection methods, the corresponding estimated
dead times t4, and the measured efficiencies for the critical operating point (Ry_ 4. = 175 Q
and 13 cm air gap). It can be seen that the method accounting for the impact of aging and
tolerance achieves the highest efficiency, emphasizing the importance of considering these
effects when setting dead time.

It follows that a buffer can be incorporated in the nominal primary capacitance to account

for worst-case tolerance and aging effects. Specifically, the primary capacitance can be
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Fig. 4.14: Power analyzer measurements for the method considering the impact of aging
and tolerance with 308 ns dead time.

Table 4.2: Comparison of dead time Selection Methods and Resulting Efficiencies after
aging and tolerance effects, for Ry, 4. = 175 £ and 13 cm air gap

tq based on tq (ns) | Measured Efficiency
This study | Tolerance and aging reflected measured values | 308 95.23%
[68] Measured values 150 95.13%
63 Analytical values (energy based) 154 95.13%

selected with a slightly higher nominal value, ensuring that even after degradation due

to aging and variations caused by component tolerances, ZVS operation is still reliably

maintained.

4.3.2 Analysis Under Severe Capacitance Deviation (19.8%)

It is important to note that the margin introduced to account for aging and tolerance should
be relatively small, similar to the previously considered case of approximately 3%. If the
combined tolerance and aging margin is excessively large—such as when general-purpose

ceramic or film capacitors are used, which typically exhibit considerably higher variation—it
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Fig. 4.15: Power analyzer measurements for the primary capacitor bank with increased
nominal capacitance (5.86 nF) under nominal operating conditions, illustrating the impact
on output power and DC-DC efficiency.

can adversely affect the power transfer capability and efficiency even under nominal operat-
ing conditions. To experimentally investigate this, a primary capacitor bank with 5.86 nF
(capacitor bank 3) was selected, corresponding to a margin of approximately 19.8% over the
expected final aged and tolerance-impacted capacitance of 4.89 nF (capacitor bank 1). This
allows assessment of the impact of an intentionally oversized primary capacitance on ZVS
maintenance, power transfer, and overall system efficiency.

Fig. 4.15 shows the power analyzer output for this capacitor bank under nominal oper-
ating conditions. It can be observed that at the maximum allowable DC input voltage of
600 V, the output power is limited to 1.7 kW and the DC-DC efficiency decreases to 94.57%.

These results indicate that while accounting for the effects of capacitance aging and
tolerance is essential when setting dead time to prevent loss of ZVS, the use of capacitors with
minimal aging and tolerance variations is equally critical to achieving maximum efficiency

during WPT operation, both at the implementation stage and over the long term.
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4.4 Summary

This chapter first reviewed the theoretical background of ZVS for full-bridge, SS resonant
WPT systems, including the mechanism by which the parasitic MOSFET output capaci-
tances are discharged during the dead time interval and the definitions of the discharge time
tais and the available ZVS interval tzys. The importance of maintaining ZVS to minimise
switching losses and device stress was emphasised, together with the basic condition for safe
dead time selection (tgs < tq < tzvg).

Established analytical dead time method (energy-based formulations, using a charge-
equivalent capacitance derived from the device Cois(Vys) characteristic) was then evaluated
experimentally across representative operating points (air gaps and load resistances). Exper-
imental verification showed systematic deviations between analytically predicted and mea-
sured discharge times. The dominant source of discrepancy was identified as inaccuracies
in the datasheet-derived charge-equivalent capacitance: the nonlinear Cog(Vys) behaviour in
practice does not match the simplified equivalent used in the analytical models, leading to
under- or over-estimation of tg;s.

The chapter also experimentally tested the recurring recommendation to minimise dead
time wherever possible. A mnovel aspect of this study is that measurements at multiple
air gaps and loads indicate that, provided the applied dead time lies inside the dead time
band that guarantees ZVS, modest increases in dead time have negligible effect on DC-DC
efficiency. In other words, once ZVS is preserved, operating with a somewhat longer dead
time (within the valid band) does not always produce a significant efficiency penalty.

A focused experimental investigation then examined the impact of manufacturing toler-
ance and long-term aging on ZVS. For clarity, only degradation of the primary compensation

capacitor was studied (the combined primary and secondary case would be more severe in
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practice). Even a small reduction (3%) in primary capacitance due to tolerance and aging
was shown to increase tqi, reduce tyzys, and therefore shrink the viable dead time band.
At a representative critical operating point (minimum load, minimum air gap), dead time
settings derived from nominal (pre-aging/tolerance) methods failed to ensure full ZVS after
aging/tolerance effects; in contrast, selecting the dead time from the experimentally deter-
mined post-aging/tolerance dead time band restored ZVS and produced a small measured
improvement in DC-DC efficiency.

The trade-off between adding a capacitance margin (to ensure post aging/tolerance ZVS)
and its impact on nominal performance was also examined. An intentionally oversized pri-
mary bank (representing a capacitor with large manufacturing tolerance and aging degra-
dation) reduced the maximum deliverable power and lowered DC-DC efficiency at nominal
conditions. This demonstrates that large nominal oversizing to preclude future tolerance and
aging effects can be detrimental to power-transfer capability and power transfer efficiency.

From these findings, the chapter draws practical recommendations consistent with the
experimental results: (i) dead time selection should explicitly account for post-aging and tol-
erance conditions to ensure ZVS is maintained throughout the system’s lifetime; in practice,
this means selecting a slightly longer dead time within the valid post-aging/tolerance band,
as moderate excess dead time does not cause measurable efficiency loss; and (ii) capacitor se-
lection should prioritise components with low tolerance and minimal aging drift, rather than
relying on large nominal capacitance margins to ensure post-aging/tolerance ZVS is main-
tained, since excessive oversizing can reduce power-transfer capability and power transfer

efficiency.
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Chapter 5

Concluding Remarks

5.1 Conclusions

This thesis presented the design, experimental validation, and performance evaluation of a
2 kW WPT system, focusing on maximizing power transfer efficiency and ensuring reliable
operation over the system’s lifetime. The study concentrated on two key aspects: (i) coil
design optimization under realistic design constraints and (ii) maintaining robust ZVS in the
presence of capacitor aging and manufacturing tolerances.

A systematic methodology was developed to optimize Archimedean spiral coils for high
efficiency while avoiding bifurcation. Analytical expressions from existing literature for self-
inductance, mutual inductance, and AC resistance were employed to guide coil design, and
the resulting coils were validated experimentally for efficiency and bifurcation-free opera-
tion. The results demonstrated that identical primary and secondary coils maximize cou-
pling and overall system efficiency, providing a practical foundation for coil design in series-

compensated WPT systems.
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5.1 Conclusions

The 2 kW series-compensated prototype was experimentally validated, confirming the
accuracy of analytical and simulation-based predictions. The system achieved a maximum
DC-DC efficiency of 94.86% at a 15 cm air gap while maintaining bifurcation-free operation.
This experimental platform enabled detailed assessment of coil performance, compensation
design, and overall system behavior, fulfilling the objectives of validating the proposed design
methodology.

The work further addressed the long-term reliability challenge of maintaining ZVS under
the effects of capacitor aging and manufacturing tolerances. Experimental investigation
revealed that even small deviations in primary capacitance reduce the available ZVS interval,
potentially causing voltage notches and increased switching losses. To mitigate these effects,
the study proposes two key strategies: (i) Selecting the dead time based on expected post-
aging and component tolerance levels from manufacturer datasheets, in order to preserve ZVS
throughout the system’s lifetime, while allowing a slightly longer dead time within the valid
band without measurable efficiency loss; and (ii) choosing capacitors with low tolerance and
minimal aging drift, rather than relying on large nominal capacitance margins, to prevent
reductions in power-transfer capability and efficiency.

In summary, the contributions of this thesis directly align with the research objectives

and are threefold:

1. A validated methodology for optimizing Archimedean spiral coils to maximize WPT

efficiency while avoiding bifurcation under realistic design constraints.

2. Experimental validation of a 2 kW series-compensated WPT platform, enabling as-
sessment of coil performance, efficiency enhancement strategies, and overall system

behavior.
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3. An approach for maintaining ZVS under capacitor aging and manufacturing tolerances,
including practical guidelines for dead time selection and capacitor choice to ensure

long-term reliable operation.

Collectively, these outcomes provide a systematic foundation for designing high-efficiency,
robust WPT systems, offering both theoretical insights and practical techniques applicable

to academic research and industrial deployment.

5.2 Future Work

This thesis experimentally validated a 2 kW WPT system for EV charging, with a focus on
optimizing Archimedean spiral coil design for high efficiency and bifurcation-free operation,
and ensuring robust ZVS under capacitor aging and manufacturing tolerances. While the
study provides significant insights into efficient and reliable WPT operation, further research

can extend these findings and explore additional aspects of system performance:

e Higher power levels: Experimental investigation of WPT systems beyond 2 kW, ex-
ploring challenges related to higher current stress, thermal management, and efficiency

scaling.

e Misalignment tolerance: Study the effect of lateral and angular misalignment be-
tween primary and secondary coils on power transfer efficiency, voltage stresses, and

ZVS performance.

¢ Dynamic load conditions: Evaluate system performance under variable load scenar-
ios representative of real EV battery charging profiles, including start-stop conditions

and rapid load changes.
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e Impact of ferrite integration: Investigate the effect of adding ferrite materials
to the coils on optimal turn count, efficiency, and leakage inductance, and validate

improvements experimentally.

e Impact of shielding: Examine the influence of magnetic or conductive shielding on

coil performance, efficiency, and stray field reduction in practical deployment scenarios.

e Bidirectional power transfer: Extend the WPT system to support bidirectional en-
ergy flow, enabling vehicle-to-grid (V2G) applications, and assess efficiency and control

challenges.

e Integration with EV systems: Evaluate real-world deployment scenarios, including
vehicle-side integration, ground coil design, and coupling with battery management

systems to validate system feasibility and reliability in operational conditions.

These studies can provide deeper understanding and practical guidance for designing

robust, high-efficiency WPT systems suitable for commercial EV charging applications.
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