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Abstract

Wireless Power Transfer (WPT) technology is an innovative method for powering devices
without physical wires, which has been used here to provide power to bioimplantable devices.
The main design constraints are to achieve maximum transfer efficiency while keeping the
implant size small enough to be suitable for the living subject’s body. Magnetic Resonant
Coupling Wireless Power Transfer (MRCWPT), which uses pairs of inductor coils in the
external and implant circuits, is a method actively researched for this type of power
transmission.

The objective of this thesis is to design and optimize a high-efficiency WPT receiving coil for
biomedical applications. Traditionally, optimizing WPT systems based on mathematical
equations or numerical models is often time-consuming and may not yield optimal designs. To
address these limitations, this thesis introduces a novel approach that integrates a machine-
learning model with metaheuristic methods for design and optimization.

The primary goal is to maximize the transfer efficiency for an implantable coil with dimensions
of 20 mm and a transfer distance of 30 mm, operating at a frequency of 13.56 MHz. To achieve
this goal, we firstly identified the critical geometric coil parameters that significantly influence
the WPT system’s efficiency. A model-based Artificial Neural Network (ANN) was then
constructed and trained on a comprehensive dataset generated through Finite Element Method
(FEM) simulations. This model predicts efficiency based on geometric coil parameters,
eliminating the need for complex calculations. Subsequently, two metaheuristic algorithms: the
Genetic Algorithm (GA) and the Coyote Optimization Algorithm (COA), were employed to
find the optimal parameters that maximize efficiency.

The proposed ANN model demonstrates exceptional accuracy, exceeding 97%. Furthermore,
this WPT coil design approach significantly enhances transfer efficiency by up to 76% while
drastically reducing computation time compared to conventional methods.

Keywords: wireless power transfer; magnetic resonant coupling; coil design; neural networks;

metaheuristic algorithms; biomedical implants.



Résumé

La technologie de transfert d'énergie sans fil (WPT) est une méthode innovante pour alimenter
des appareils sans fils, utilisée pour fournir de I'énergie a des dispositifs bio-implantables.
Cependant, la contrainte majeure pour de telles techniques est de maximiser I'efficacité du
transfert tout en gardant la taille de I'implant suffisamment petite pour étre adaptée au corps du
sujet vivant. En effet, le transfert d'énergie sans fil par couplage résonant magnétique
(MRCWPT), qui utilise des paires de bobines inductrices dans les circuits externes et
implantables, est une méthode activement recherchée pour ce type de transmission d'énergie.

Ainsi, I'objectif de cette thése est de concevoir et d'optimiser une bobine réceptrice WPT a haute
efficacité pour des applications biomeédicales. Traditionnellement, I'optimisation des systémes
WPT basée sur des équations mathématiques ou des modeles numériques est souvent lente et
peut ne pas produire des conceptions optimales. Pour surmonter ces limitations, cette these
propose une approche novatrice intégrant un modéle d'apprentissage automatique avec des
méthodes métaheuristiques pour la conception et I'optimisation.

Le but principal est de maximiser I'efficacité du transfert pour une bobine implantable de
dimensions 20 mm et une distance de transfert de 30 mm, opérant a une fréquence de 13,56
MHz. Pour atteindre cet objectif, nous avons d'abord identifié les paramétres géométriques
critiques des bobines qui influencent de maniere significative I'efficacité du systeme WPT. Un
modele basé sur le réseau de neurones artificiels (ANN) est ensuite construit et entrainé sur un
ensemble de données génére par des simulations utilisant la méthode des éléments finis (FEM).
Ce modele ainsi congu, permet la prédication de Il'efficacité en fonction des parametres
géométriques des bobines, et évite tout besoin de calculs complexes. Ensuite, deux algorithmes
métaheuristiques: I'algorithme génétique (GA) et I'algorithme d'optimisation par coyote (COA),
ont été impliqués pour trouver les parametres optimaux maximisant I'efficacité.

Les résultats obtenu a base de ce modele ANN, démontre une précision exceptionnelle,
dépassant 97%. De plus, cette approche de conception de bobine WPT améliore
considérablement I'efficacité du transfert pour atteindre une valeur de 76% tout en réduisant
drastiqguement le temps de calcul par rapport aux méthodes conventionnelles.

Mots clés : Transfert de puissance sans fil; couplage par résonance magnétique; conception
de bobines; réseaux neuronaux; algorithmes méta-heuristiques; implants biomédicaux
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Introduction Chapter 1

1.1. Background and motivation

In today’s world, technology is crucial to comfort and lifestyle. We rely on sophisticated
electronic devices, such as implanted medical devices, electric cars, drones, and smart phones.
These devices require a stable and reliable power source. Traditionally, these devices are
powered through wired connections or built-in batteries. However, using wires limits mobility
and flexibility, while built-in batteries have a limited lifespan and require periodic
replacements, leading to financial burdens, patient surgeries, and potential mission failures.
Fortunately, WPT technology offers a more convenient and reliable solution to these
challenges. By eliminating cables and batteries, wireless power transfer (WPT) reduces
associated problems and provides seamless charging for electronic devices.

This thesis proposes a new approach based on artificial intelligence to optimize the power
transfer efficiency (PTE) to increase power transfer while also reducing latency and cost in the

manufacturing process.

In inductively coupled WPT systems, the power transfer efficiency depends on factors such as
the coil quality factor (Q) and coupling coefficient (K) [1]. These factors are directly related to
the power transfer efficiency and are fundamentally connected to the geometric characteristics
of the coils. The geometric characteristics of the coils are among the most important criteria for
determining efficiency. Therefore, optimizing the geometric parameters of the coils is crucial
for achieving higher efficiency [2]. Additionally, the choice of frequency, such as 6.78 MHz or
13.56 MHz, affects system advantages like size, weight, and long-distance transmission

capabilities [3]. When dealing with frequencies in the MHz
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range, accurately representing the coils using mathematical expressions for lumped elements

becomes challenging due to factors such as proximity, skin effects, and other hidden sources

of loss, including resistance (R), self-inductance (L), mutual inductance (M), and capacitance

(C), which determine the quality factor Q and coupling coefficient K of the coils [4].

The use of finite element method (FEM) solvers, namely Ansys Maxwell and COMSOL, has
emerged as a promising approach for optimizing coil design in high-frequency scenarios. This
method facilitates a more precise and realistic calculation of the parameters associated with the
system. . However, the design optimization process based on FEM simulations requires a
substantial amount of time to calculate the parameters and determine the best design [5]. To
address this issue, machine learning has recently emerged as a promising approach for
designing and optimizing electromagnetic devices. With machine learning models, the design
process can be accelerated significantly. Recently, there is a growing interest in utilizing
machine learning to design WPT systems [6].

[7] Published the first comprehensive research paper on artificial neural networks (ANNSs) for
optimizing (WPT) systems. Their review covers a wide range of aspects related to WPT
optimization, including system design, coil design, and power control. The authors thoroughly
examined various techniques, providing a comparative analysis while addressing the challenges
and constraints associated with employing ANN methodologies in this field. Initially, machine
learning techniques were used to predict parameters and performance metrics, such as the
quality factor and coupling coefficient, for coil design in WPT systems [4, 8-11]. [4, 8, 9]
characterized the quality factor in spiral coil designs for high-frequency WPT systems using
machine learning. The proposed approach used a feed-forward neural network (FNN) to predict
the quality factor, which is a critical parameter in coil design optimization for WPT systems.
The proposed approach achieved an impressive accuracy exceeding 98%, and the coil design
method notably reduced the computation time, resulting in decreased analysis
complexity. Moreover, the authors recently presented a cutting-edge design method based on
machine learning for spiral coils in WPT systems operating at high frequencies. This innovative

method offers superior performance, with significant computational time savings [8].

A novel approach has recently emerged to farther expedite the design process, explore the
design space more efficiently, and reduce the computation time. This approach combines
machine learning techniques with metaheuristic methods [3, 12-14]. [12] Proposed a
computational approach for WPT link design optimization that considers electromagnetic

compatibility. They used a neural network-based genetic algorithm to minimize the field

2
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signature around each design while maintaining high efficiency. This process significantly
reduced the computational time by nearly 90%. Another notable work is by [3], who proposed
a fused helical-spiral coil design using combined neural networks and genetic algorithms. The
proposed approach used a neural network to predict the initial coil structure, and a genetic
algorithm was applied to optimize the design for maximum power transfer efficiency. This
method reduced the computational time by more than 90%. [13] Proposed a fast design
optimization method for dynamic inductive power transfer systems. The proposed approach
combines an ANN and a GA to optimize the system design. The results show that the proposed
approach significantly improves system efficiency compared to conventional methods. In their
study, [14] proposed an optimal design approach for a tram wireless power charging system
using a machine learning regression model associated with the No dominated Sorting Genetic
Algorithm Il (NSGA-II). The proposed approach achieved high efficiency in terms of the

coupling coefficient and coil shape.

Most of the papers above focused on predicting the coupling coefficient and quality factor to
calculate the efficiency, extending the design process’s time. This thesis proposes a new design
optimization approach for WPT systems by leveraging the power of machine learning (ML)
and metaheuristic methods. Instead of first calculating the coupling coefficient and quality
factor to estimate the efficiency, we predict the efficiency of the WPT system directly, and then
we use metaheuristic algorithms to find the optimal coil parameters to maximize the transfer

efficiency.

1.2. Thesis objective and approach

As mentioned in the previous section, improving the transfer efficiency is one of the major
technical challenges in WPT. Therefore, this research proposes a new design optimization
approach based on machine learning (ML) combined with metaheuristic methods. The approach
involves developing and training a machine learning model using artificial neural networks
(ANNSs) to predict WPT efficiency based on geometric coil parameters. Additionally,
metaheuristic algorithms, such as the genetic algorithm (GA) and coyote optimization
algorithm (COA), are employed to identify optimal parameters and achieve maximum
efficiency. Compared with classical methods the new approach aims to enhance power transfer
efficiency and reduce computation time. This research covers the scope of emerging WPT
technology which is applied to medical implants or other implementations where there are
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constraints on the receiving coil. Specifically, the, following issues will be discussed in this

thesis:

X/

We intend to establish a step-by-step design process for modeling the coils essential to
the power transfer system. This process aims to automate the design of a WPT system
based on predefined design constraints and application requirements.

Our research will conduct an in-depth analytical investigation of the parameters of WPT
coils and their impact on efficiency. This analysis aims to optimize the physical
specifications of the coils to maximize the power transfer efficiency. We will validate

our findings through simulations using finite element methods (FEMS).

We utilize a parametric model generated through the finite element method (FEM) to
calculate efficiency as design parameters vary. By collecting a substantial dataset of
33,210 designs, we support machine learning techniques for accurate predictions of the
WPT system’s efficiency. This approach eliminates the need for complex mathematical
equations and significantly reduces computational time during the optimization

process.

1.3. Contributions

The main contributions of this thesis are summarized as follows:

Direct efficiency prediction: The proposed approach based on machine learning can
predict WPT system efficiency directly, eliminating the need to predict the coupling
coefficient and quality factor. This eliminates the need for complex mathematical
equations and reduces the computation time for the design and optimization of the WPT
system.

Exploration of medical applications: The proposed approach explores, for the first time,
the design challenges of WPT systems for medical applications, particularly for
powering implantable medical devices.

Innovative optimization algorithm: For the first time, we introduce the use of the coyote
optimization algorithm to determine the optimal geometric parameters of a WPT

system.
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Introduction

1.4. Thesis Outline

The thesis is organized into five chapters, as follows:

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Introduces the background, motivation, and objectives of the research and the
contribution of the thesis.

An overview of wireless power transfer

We Introduce WPT fundamentals and discuss WPT methods. A range of WPT
applications is briefly explained, with particular attention given to WPT for
biomedical implants, and the literature concerning WPT systems in this area is

reviewed.

Modeling of a resonant inductive wireless power transfer

The operating principle of inductively coupled WPT systems is discussed, and a
detailed theoretical framework for analytical modeling of WPT systems is provided.
Then, a thorough analysis is conducted to identify the key geometrical parameters
influencing the WPT efficiency. Other performance metrics such as the quality

factor and coupling coefficient are also explained in this chapter.

Coil design and optimization for high efficiency wireless power transfer

This chapter presents the optimization of the geometric parameters of circular spiral
coils with a planar shape, designed for a series-parallel (SP) inductive coupling
WPT system specifically for biomedical applications. To achieve this, we propose
two approaches. First, an analytical approach implementing either iterative or
metaheuristic optimization methods is proposed. Second, a numerical approach
called the GA-FEM is used. The GA-FEM integrates the finite element method with

a genetic algorithm, allowing accurate WPT efficiency calculations via coil design.

Artificial intelligence based optimization techniques for WPT systems

This chapter presents a novel approach for optimizing resonant inductively coupled
spiral coils to maximize the transfer efficiency of WPT system. First, we train an
artificial neural network (ANN) model to accurately predict the efficiency of a WPT
system based on its geometric parameters, using a big dataset generated through 3D
finite element method (FEM) simulations. Second, we combine the trained ANN
model with metaheuristic algorithms (GA and COA) to efficiently determine the

optimal coil design that maximizes the transfer efficiency.
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Chapter 6: Conclusion and future work
In this chapter, the thesis aims and outcomes are summarized. We also cite future

works to advance WPT technology and our publications resulting from this
research.



An overview of wireless power transfer
Chapter 2

2.1. Introduction

Wireless power transfer (WPT) has gained significant attention due to its potential applications
in various fields, such as electric vehicles, biomedical implants, and consumer electronics. This
chapter provides an overview of the basics and methods of WPT and explores its applications
in different domains. Additionally, we review previous studies on WPT in implanted

biomedical devices.

2.2. History of wireless power transfer

Based on the literature reviewed [15-24], the history of wireless power transfer can be broadly
divided into three distinct eras. The initial era commenced with H.C. Rsted's discovery that an
electric current flowing through a metallic conductor produces a magnetic field surrounding it.
James Clerk Maxwell demonstrated how electric and magnetic fields are created, laying the
foundation for the principles of electromagnetism. Subsequently, in 1888, H.R. Hertz
constructed a setup using induction coils linked to an alternating current generator, which
enabled the transmission of electricity to a receiving coil over a short distance, thereby proving
the existence of electromagnetic waves.

The era in question was significantly shaped by the endeavors of Nikola Tesla, particularly in
his pioneering work with WPT for practical use. In 1896, Tesla took a monumental stride in
transferring energy across vast distances, culminating in the wireless transmission of a radio-

frequency signal over a remarkable distance of approximately 50 km.

By 1899, he furthered his experiments by wirelessly transferring an exceptionally high voltage,
which proved powerful enough to supply electrical energy to 200 light bulbs and drive an

7
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electric motor more than 40 kilometers away. Despite the major achievements of his
experiments, the high voltage involved resulted in the creation of electric arcs that posed a
significant risk to those nearby. Among Tesla's most prominent visions was the construction of
the Wardenclyffe Tower, referred to in Figure 2.1, with the ambitious goal of wirelessly
conveying power through the ionosphere. However, the technological and fiscal constraints of

the time ultimately hindered the practical realization of Tesla's concepts.

(@) (b)

Figure 2.1: lllustrations of the main wireless energy transfer systems: a) Nikola Tesla in his

Colorado Laboratory, b) Wardenclyffe.

The third era of WPT development began following World War Il when dedicated researchers
managed to generate considerable quantities of power at microwave frequencies using parabolic
reflectors. This era saw the application of WPT in various fields. In 1961, John Schuder
proposed the concept of a transcutaneous energy transfer system. William C. Brown reached
an important landmark in 1964 by wirelessly transmitting power to an aircraft Figure 2.2. The
year 1969 marked the start of WPT technology utilizing magnetic induction. The 1980s
experienced a significant proliferation of magnetic induction WPT systems in domestic
appliances, altering our conventional use of electricity. In the latter part of the 1990s, SONY

led the way with the innovation of the 'FeliCa’ wireless integrated circuit card.

Figure 2.2: W. C. Brown's microwave-powered airplane.
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Notable progress occurred when a group of researchers at MIT (Figure 2.3) discovered resonant
coupling in WPT in 2006, laying the groundwork for new technological prospects. By 2007,
this team had achieved the milestone of successfully transmitting power over long distances.

v JIES BN

Figure 2.3: MIT team experimentally demonstrating WPT.

Research is currently being conducted to refine systems for transmitting and receiving power
through magnetic induction, which is emerging as a particularly auspicious field. To facilitate
widespread interoperability, consortia have been established to standardize these technologies
and ensure their compatibility across various devices, laying a foundation for the seamless
integration of future WPT. The movement towards standardization began with the inception of
the Qi standard, introduced by the Wireless Power Consortium (WPC) in 2009 [25],
complemented by the development of the Rezence standard by the Alliance for Wireless Power
(A4WP), and the Power Matters Alliance (PMA) standard, which predominantly adhered to
North America, and was slated for unification in 2015 [26]. The industry consensus is leaning
towards the idea that it is far more advantageous for manufacturers to produce mutually
compatible systems, rather than continuing to develop and market proprietary technologies that
are limited in their scale and reach. This strategy is expected to not only enhance consumer
accessibility but also drive progress within the industry itself.

2.3. Wireless power transfer technologies

Generally, the WPT concept presented in Figure 2.4 is based on transmitting electrical energy

from a power source to a receiving device “receiver” for charging batteries without needing
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tangible connections such as wires or cables. Despite the straightforward nature of its

description, WPT is a sophisticated process that consists of three main steps [27]:

» AC or DC electrical power is provided to a high-frequency converter. The role of
this converter is to transform the initial electrical input into a much higher frequency
output and then feed it to the transmitting apparatus.

» Subsequently, the electromagnetic energy propagates from the transmitter toward
the receiving structure.

» Upon arrival, the receiver captures the radiated electromagnetic energy, typically as
an alternating voltage. It then employs a rectifier to convert this energy into direct
current (DC). The rectifier is an electronic component tasked with the $conversion

of AC into DC, ultimately supplying power to an electrical load.

l('mlpling '

Power Source Transmitter 1 Devices Receiver Load

Figure 2.4: Schematic block diagram of the WPT system.

2.4. Types of wireless power transfer

This section discusses various methods of WPT, categorizing this technology into two main
segments based on their operational proximity, which includes near and far fields.
Predominantly utilized in low-power applications, inductive coupling is the most prevalent
method. An alternative technique, magnetic resonance coupling, is used for higher power
demands and characteristically sustains transmission distances ranging from a few millimeters
to several meters. Far-field methods extend to microwave and laser transmission techniques,
which are potent enough to transfer several kilowatts of energy. The diagram in Figure 2.5 is
designed to highlight WPT technologies [28].

10
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Wireless power transfer system

Non-Radiative Near-Field WPT Radiative Far-Field WPT

Capacitive coupling Inductive coupling | |

Laser power transfer

Microwaves power transfer

=
Resonant Capacitive Inductive Resonant THz GHz
Capacitive power power Inductive
power transfer transfer transfer power transfer
(RCPT) (ce1) (1eT) (RIPT)
KHz - GHz KHz - MHz Hz KHz - GHz

Figure 2.5: Wireless power transfer techniques.

2.4.1. Radiative Far-Field WPT
2.4.1.1. Microwave Power Transfer (MPT)

Wireless power transfer via microwaves represents the leading technique for energy
transmission across extensive distances, known as far-field regions, as shown in Figure 2.6.
This method leverages electromagnetic waves within the microwave spectrum, ranging from 1
GHz to an upper limit of 1000 GHz. A fundamental aspect of long-distance power conveyance
in both microwave and optical systems is the utilization of antennas with a high degree of
directivity [29].

The process begins with the generation of high-frequency electromagnetic waves by a
microwave power source. Following this step, the transmitter unit transforms the electric power
harnessed from the microwave generator into microwaves in the form of radio waves. These
waves then traverse through a coax to a waveguide adapter, leading them further to a waveguide
circulator. The circulator functions to isolate the microwave source, thus safeguarding against
any frequency detuning. After this, a tuner along with a directional coupler is utilized, the latter's
role being to segregate the waves based on the direction they are propagating, thereafter
projecting them into the open space. Culminating the process, the receiving end apparatus
receives the microwave signals, converting them back into usable electrical power. Specifically,
the terminal translates microwave energy into direct current (DC) power [30]. MPT systems
are engineered with specificity for their intended applications and necessitate meticulous design

alongside rigorous examination to guarantee their secure and efficacious functionality. It is of

11
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paramount importance to verify that such systems do not exert any undue interference upon the
surrounding electronic apparatus. The applications of microwave power transfer are prevalent
in diverse fields, encompassing radar systems, microwave heating appliances such as ovens,

electromagnetic pulse (EMP) weaponry, and wirelessly powered aircraft [31].

Long distance large power MWPT

Receving

Cassegrain
antenna

Transmitting
Cassegrain
antenna

Figure 2.6: Microwave power transfer.

2.4.1.2. Laser Power Transfer (LPT)

LPT stands out as one of the most promising contenders in the realm of WPT technologies.
Despite its potential, it is still a relatively inexperienced technology and faces several hurdles
that must be surmounted before it can achieve widespread implementation. In the case of high-
intensity laser power beam systems (HILPBS), the typical transmission range extends to several
hundred meters, with comparatively modest efficiency levels. As illustrated schematically in
Figure 2.7, a HILPB system operates by transforming electrical energy derived from a power
source into a laser beam. This laser beam is projected towards the destination device. A
photovoltaic cell or a designated receiver, positioned at the receiving end, captures the laser
beam. It then harnesses the beam's energy and translates it into electric power that can be
utilized. This mechanism mirrors that of solar panels, which convert sunlight into electricity;
however, the HILPB system substitutes sunlight with intense laser beams to serve as the source
of energy [32]. Ongoing research within this domain continues, and it is anticipated that laser
power transfer (LPT) will assume an increasingly integral role in the field of WPT. As stated
by the Russian Academy of Cosmonautics, it is foreseen that LPTs will be deployed for the

energization of sophisticated satellites and military vehicles [33].

12
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Figure 2.7: Block diagrams of the HILPB system.

2.4.2. Non-Radiative Near-Field WPT
2.4.2.1. Capacitive Power Transfer (CPT)

A capacitive power transfer system (CPT) converts electrical power between the transmitter
and receiver using the principle of capacitive coupling, as shown in Figure 2.8. This principle
revolves around the transfer of electric charge across two entities that are separated by an
intervening substrate that could be air, water, or even an insulator such as wood. In instances
where the plates are a mere millimeters to centimeters apart, the CPT harnesses high-frequency
electric fields. There are three notable benefits to the CPT technology: it allows for minimal
eddy-current losses, it is characterized by relatively inexpensive costs and lightweight
components, and it provides exceptional performance even under conditions of misalignment.
Within a CPT arrangement, a capacitor coupler typically referred to as a unipolar structure, is
composed of at least two metallic plates; one of these plates functions as the transmitter and is
located on the primary side, while the other plate operates as the power receiver on the

secondary side.

electric field (capacitive) coupling
A

~ ~

Figure 2.8: Capacitive power transfer (CPT) system.

AC power
8
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The electrical current flows to the load via the mutual capacitance established between these
plates. To ensure the completion of the electrical circuit, there must be a conductive route

through which the current can percolate back to the primary side [34].

Integrating a compensation circuit constitutes one of the most efficacious strategies for
augmenting the performance of a CPT system, as shown in Figure 2.9. This approach aims to
generate an electric field that is in harmonious resonance with the grid, thereby achieving a
heightened voltage on the transmitter plate(s). An elevated voltage results in a robust electric
field, which is potent enough to facilitate capacitive charging. Moreover, this enhancement also

contributes to doubling the feasible transmission distance [35].

electric field (capacitive) coupling
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Figure 2.9: CPT system configuration with a resonator circuit.

2.4.2.2. Inductive power transfer (IPT)

Inductive coupling is based on the physical principle of magnetic induction between two coils
[36]. Wireless inductive power transfer occurs when a transmitting coil generates a varying
magnetic field near a receiving coil, as shown in Figure 2.10. These two coils will couple
magnetically and exchange a magnetic flux, generating a voltage at the terminals of the
receiving coil. This voltage will then cause a current to flow through the receiver coil, which,

once rectified, will be used to power the battery of an electronic device [37].

The frequency of application of such systems is generally between 50 and 500 kHz, and the
separation distance between the transmitting and receiving coils is typically between a few

millimeters and a few centimeters [38].
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X Load

= m

Tx coil Rx coil

Figure 2.10: Inductive coupling wireless power transfer

WPT systems using inductive coupling are sensitive to the reduction in magnetic coupling that
can occur when the coil is too far apart. This results in either a decrease in power efficiency
(the transmitter will need to supply more power to provide the same power to the receiver) or a
reduction in power to the receiver (the transmitter supplies a fixed power and moves further
away from the receiver, resulting in a reduction in the power available to recharge the battery).
The advantages of inductive magnetic coupling are its ease of implementation, low system
complexity, and energy efficiency, which can be significant when the inductive transmitting

and receiving antennas are close [39].

2.4.3. Advantages and disadvantages of different WPT techniques

A summary of the advantages and disadvantages of different WPT technologies is presented in
Table 2.1 [39-41]

Table 2.1: Advantages and disadvantages of WPT systems.

WPT technologies type | Advantages Disadvantages
Capacitive e Offers Medium power transfer | e Power transfer capabilities depend upon
Near (several kilowatts). the gap between the transmitter and
Field e Power transfer is possible through receiver.
metallic objects. e Parasitic capacitance forms.

e  Cheap because it relies on aluminum o Efficiency is approximately 70 -80%.
plates for power transfer.

e  Suitable for air gaps up to 10 cm.

e Restricted electric field: shielding is

not needed for EMI control.
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Inductive

Implementation is simple.
Galvanic isolation provided.
Simple control.

High efficiency in the low air gap

(Typically less than a coil diameter).

Safe operation compared to resonant
mode.
Bidirectional power transfer s

possible.

A short air gap of a few millimeters to
centimeters.

EMI shielding is needed.

Very low efficiency at larger air gaps.
Heating effect in the presence of metal
objects.

Tight alignment is needed between the
transmitter and receiver to achieve good

efficiency.

Resonance

Offers high power transfer compared
to other methods.

Commercialized technology for EV
charging.

Able to transfer power in misaligned
conditions.

Provides galvanic isolation.
Bi-directional power transfer is

possible.

The cost of the system increases with
power.

Extremely sensitive to the obstacles in
between coupler coils. (Especially the
metallic ones).

Shielding is needed for EMI.

Far-field

Micro

Wave

Power can be transferred up to
several km.

Dynamic power transfer is possible
(for moving loads).

Possible to transfer power up to
several kilowatts.

Higher efficiency achieved at beam
forming.

Compatibility with the existing

communication system.

Low efficiency compared to inductive and
capacitive methods.

Very difficult to implement.
Unidirectional power flow.

Unsafe for living things when exposed to
the microwave beam.

The size of the antennas increases when

power transfer capability increases.

Optical

The effective gap in km.

Dynamic power transfer is possible
(for moving loads).

Capacity to transfer several kilowatts
of power.

The transmitter size is small

compared to MPT.

Low efficiency (approximately 20%
depends upon the air gap).

Unidirectional power flow.

Difficult to operate.

No obstacles are allowed in the wag of the
light beam.

Unsafe operation for living beings, if

exposed to radiation.
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2.5. Applications of wireless power transfer

WPT has gained significant traction in high-power and low-power applications due to its
exceptional flexibility, position-free operation, and movability. WPT plays a pivotal role in
powering electric vehicles (EVs) in high-power applications, offering convenient and efficient
charging without physical connectors or cables. Additionally, WPT has extensive utility in
diverse low-power applications, including portable consumer electronics such as smartphones,
tablets, and wireless headphones. Moreover, WPT technology has revolutionized healthcare by
facilitating the wireless charging of implantable medical devices (IMDs), such as pacemakers,
neuro-stimulators, and hearing aids, thereby eliminating frequent battery replacements.
Furthermore, WPT enables wireless charging of drone batteries, extending flight durations and

simplifying the charging process for uncrewed aerial vehicles (drones) [42].

Even in challenging underwater environments, WPT has shown promise in enabling efficient
and reliable charging of underwater electronic devices, including sensors and underwater
robots. The versatility and wide-ranging applications of WPT have demonstrated its potential
to revolutionize power delivery across various industries [43]. Wireless power transmission

applications are summarized as follows:

2.5.1. Consumer electronics

With the growing popularity of smart home devices and cordless appliances, WPT technologies
becoming mainstream in consumer electronics , as shown in Figure 2.11. Wireless power allows
for more seamless, convenient experiences for users. To operate domestic appliances, motors,
heaters, and other systems require several kilowatts of power. Future wireless products such as
LED TVs may require more than 2kW of power. Portable device charging requires
approximately 1-20W. Products used in houses, especially in the kitchen, must meet strict safety
standards by limiting the intensity, frequency, and other aspects of electromagnetic radiation

and fields employed in wireless applications[44].
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Figure 2.11: Wireless power transfer for consumer electronics.

The transmission distance is typically short; it requires only 10 cm to enable high-efficiency
power transfer between couplers or coils. While ensuring safety and electromagnetic
compatibility, consumer wireless power solutions will likely be optimized for necessary power
levels, component selection within practical frequency ranges, and short transmission distances

to enable compact, convenient product designs [45].

2.5.2. Electric vehicles

Electric vehicles have large batteries with a relatively limited range, which must be recharged.
In 2008, the Canadian company Bombardier presented a system that enables electric vehicles
such as trams, buses, and Lorries to be recharged while in operation and when stationary, using
the power transfer principle by induction. Figure 2.12 shows the wireless recharging of an
electric vehicle. Currently, studies are underway to construct stretches of roads equipped with

antennas that will enable the batteries of all-electric cars to be charged while in motion [27].
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Figure 2.12: The wireless power transfer (WPT) system for electric vehicles (EVS).

2.5.3. Industrial automation

Recent technological advancements have paved the way for using mobile robots in hazardous
environments , as shown in Figure 2.13, where they can undertake remote inspections and

interventions.

(e) (® () (h)
Figure 2.13:Industrial automation application of WPT:(a) Husky, (b) ANYmal, (c) CARMA
2, (d) Corin, (e) Phantom Pro 4, (f) Matrice 600 Pro, (g) AVEXIS, (h) BlueROV.

However, these robots often require long-lasting batteries to ensure extended operation. With
the advent of WPT, the need for batteries or wired power can be eliminated, revolutionizing the
way these robots are charged [46]. WPT enables robots to receive power without the constraints

of traditional battery systems or wired connections. By employing this technology, robots can
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be charged during the execution of their intended processes. This flexibility allows for
continuous operation without interruptions for battery replacements or the limitations of wired

power sources [47].

2.5.4. Aerospace and defense

WPT systems play a crucial role in the advancement of aerospace and defense: WPT for
unmanned aerial vehicles (UAVS), spacecraft, and military applications, enabling a remote

power supply and reducing reliance on physical connectors [48].
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Figure 2.14: The topology of a wireless energy transmission system on a battlefield.

2.5.5. Biomedical devices

Extensive research efforts have been dedicated to healthcare, particularly in the medical
applications of health monitoring and treating dysfunctional organs. Over the past few decades,
remarkable progress has been made in developing implantable medical devices (IMDs) with
the necessary functionality and packaging for successful biological implantation. One of the
essential technologies that have contributed to the development of IMDs is WPT. This
technology allows power transmission through the air and multilayer tissue, facilitating the
functionality of biomedical implants. WPT methods can be classified into near-field and far-
field methods based on the operating frequency and the distance between the transmitter and
receiver [24]. In the case of lossy dielectric materials such as skin, fat, and muscle, far-field
waves experience significant path loss due to high energy absorption [35]. Additionally, the use
of higher-frequency waves in far-field transmission, while potentially more harmful to the
human body, is subject to strict limitations imposed by standard regulations due to the increased

energy absorption in human tissue. These considerations highlight the challenges and trade-offs
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involved in designing and implementing WPT systems for biomedical implants. The field of
power transfer must arbitrage between achieving efficient power transfer and ensuring the

safety and well-being of the human body [49].
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Figure 2.15: The WPT system for capsule endoscopy.

IMDs (implantable medical devices) that can be recharged and powered wirelessly have
received considerable attention due to their ability to improve patient quality of life, which we

can classify into three applications [50].

2.5.5.1. Nerve stimulation

Stimulation of the nerves is an effective method for alleviating the adverse effects of
neurodegeneration. Although they are of different types, as shown in Figure 2.16, they all
require an initial electrical input and follow electrical waves or light illumination. According to
nerve category, nerve stimulation can be divided into three types: deep brain stimulation is a
therapy that aims to ameliorate the impacts of neurodegeneration, which can cause neuronal
death and a series of diseases such as Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis [51]. Peripheral stimulation, such as VVagus Nerve Stimulation, is
similar to cortical stimulation in that it aims to rehabilitate dysfunctional limbs and sensors.
Finally, retinal nerve stimulation and retinal prostheses are widely adopted and promising
therapies for eye-handicapped patients suffering from degenerative conditions of the outer

retina, such as age-related macular degeneration (AMD) and retinitis pigmentosa (RP).
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Figure 2.16: The WPT system for different nerve stimulations.

2.5.5.2. Spinal cord stimulation

Spinal cord stimulation (ESCS) has emerged as an established and effective treatment for
chronic pain relief, with expanding applications in various neurological conditions. Previous
studies have explored the impact of the ESCS on motor performance. Regrettably, current
stimulator devices possess technical limitations such as voltage, waveform, and frequency,

which hinder their application.

Figure 2.17: The WPT system for spinal cord stimulation.

A notable advancement in this field is the integration of wireless charging capability into
implantable stimulators, which offers significant improvements, as shown in Figure 2.17. WPT
technology has considerable benefits, eliminating invasive battery replacement or recharging

procedures in traditional stimulator devices. With wireless charging, physical connections and
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direct contact with the implantable device are no longer necessary. This provides patients with
a safer and more convenient charging method [52].

2.5.5.3. Assistant devices

Assistant devices are implanted chargers designed to increase the operating duration.
Biomedical implants , as shown in Figure 2.18. The charging component of these devices is
separate from that of biomedical appliances. As medical devices move during operation, the
charging coil remains fixed in a nearby area, ensuring relative efficiency. Among the assistant
devices, implanted permanent pacemakers (PPMs) are the most notable. Presently, users of
these devices have to undergo regular pacemaker replacement surgeries due to the depletion of
the pacemaker's battery within 5-10 years. Although PPMs have been proven to decrease deaths
in various patient populations, surgery still poses risks for PPM users. This is especially
important considering that most users are elderly. Furthermore, replacement surgery for PPMs
is also financially burdensome [53]. WPT technology may mitigate some of these

complications, such as eliminating battery replacement surgery.

Figure 2.18: The WPT system for pacemakers
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2.6. Literature review on wireless power transfer for implantable devices

WPT is an attractive technology that satisfies the power needs of implantable devices.
Nevertheless, as implants decrease, so do their antennas/transducers, causing the efficiency of
the power transfer link to decrease and forcing the use of high frequencies, which suffer more
attenuation as they propagate through the tissue. In this section, we provide a literature
review of WPT in biomedical devices such as that of Shoulder et al, who were among the first
to propose WPT for biomedical applications. In 1961, they detailed the theoretical rationale for
believing that inductive coupling between a simple pancake-shaped coil on the body's surface
and a similar coil within the body was an efficient method of transporting power [54]. In the
1970s, IPT was used in other biomedical applications. As early as 1985, Cochran et al,
accomplished prototype testing on an electromechanical internal fixation plate. This device
combines a piezoelectric material with an internal fixation device as an integrated structure that
provides mechanical stability and self-generated electrical stimulation for treating fractures and
nonunion. Once that was done, it was later optimized in 1988. The intent was to deliver this
current to electrodes at a fracture or osteotomy site to aid nonunion prevention or treatment.
This study quantitatively examined the ability of external ultrasound to generate current from
small piezoelectric ceramic elements placed in tissue [55]. Since then, many implantable
devices have used similar power transfer methods. However, designing an implantable antenna
poses several challenges that must meet specific requirements. Complex structures and large-
area inductors often make them unsuitable for implant applications [32]. Several key factors
need to be considered when developing a high-efficiency charging strategy for medical
implants, including the transmission distance, coil structure, and resonance frequency [56].
Achieving a balance among these factors is crucial for optimizing the WPT system [51].
Alternative approaches, such as higher frequencies, have been proposed to reduce the coil size.
However, it is imperative to note that higher frequencies can enhance energy coupling with
biological tissues, which can cause harm. Therefore, a careful balance must be achieved
between size reduction and the potential risks associated with higher-frequency operation [34].
To achieve this goal, several studies have examined the potential of WPT in implantable devices

in light of the interests above. These papers are summarized in Table 2.2.
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Table 2.2: Literature on wireless power transfer for implantable devices
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2.7. Conclusion

This chapter provides an overview of WPT technology, including its historical evolution,

diverse methods, and promising applications. We mentioned the advantages and disadvantages

of various WPT techniques; this technique has the potential to revolutionize power delivery

across various applications, from consumer electronics to electrical vehicles and biomedical

devices. A literature review of various studies on WPT for IMDs was presented. In the next

chapter, we will present the principle of resonant inductive coupling, providing a detailed

modeling and analysis.
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3.1. Introduction

In recent years, bioimplantable devices have been predominantly powered by implanted
batteries. However, this technique poses several significant risks to patients, such as
susceptibility to infections and potential adverse health effects. Furthermore, these batteries can
produce chemical by products and are limited by a finite lifespan, necessitating recurrent
replacements. Researchers have investigated safer alternatives using magnetic inductive links
for electrical energy transmission to address these issues. This cutting-edge approach mitigates
the risks associated with implanted batteries and offers several advantages. By leveraging
magnetic induction, implantable devices can continuously tap into a robust stream of high-
energy resources conveniently controlled by an external apparatus through a magnetic link.
Crucially, this decouples the battery's lifespan from that of the medical implant, ensuring

sustained durability and functionality even in the face of the patient's daily routine.

In this chapter, the detailed modeling of the WPT using resonant inductive coupling is
discussed. Initially, we described the operating principle of the inductive coupling WPT.
Subsequently, we review WPT via a resonant inductive link and its topologies. An analytical
model of the series-parallel (SP) resonant inductive link is then introduced to calculate the
power transfer efficiency (PTE). Finally, a thorough analysis is conducted to identify the key

geometrical coil parameters that impact the efficiency of the WPT system.
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3.2. Inductive coupling architecture for bioimplanted devices

Typically, the structure of the inductive coupling link for bioimplanted devices depicted in
Figure 3.1 consists of two coils: an extracorporeal coil (primary coil) placed outside the human
body and an internal coil (secondary coil) implanted inside the human body at a short distance

from the external coil [76].

External power source
External coil I

I Implanted coil I

2

| The implanted device |

Tissue

s G"‘{" sadand

Figure 3.1: The illustration of an inductive link for bioimplanted devices

Bioimplantable devices optimized to the smallest feasible size should be implanted according
to the functional depth in human biological tissues. This depth is generally less than 10 mm, for
instance, microsystems implanted into the human body are inserted at depths ranging from 1 to
4 mm. Cochlear implants are usually situated at depths between 3 and 6 mm, while retinal
implants require a depth of 5 mm[85]. Currently, the study of a wireless energy transfer system
for bio-implantable devices primarily concentrates on the design and enhancement of

transmitter and receiver coils (the implants) [86].

3.3. The operating principle of inductive coupling

The principle behind inductive coupling is that a source linked to a primary coil generates a
magnetic field, which in turn induces a voltage across the secondary coil of the receiver, as

illustrated in Figure 3.2.
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Figure 3.2: Inductive coupling WPT

The electrical equivalent circuit for inductive coupling is depicted in Figure 3.3, where Ry, R;,
and L, L, are the resistances and inductances of the transmitting and receiving coils,
respectively. M12 represents the mutual inductance between the two coils, and R, represents the

equivalent AC load resistance [87].

Figure 3.3: Equivalent circuit of inductive coupling

The transmission coil is excited with a sinusoidal voltage (V;) of angular frequency w.
According to the electrical equivalent circuit model, the steady-state equations for the

transmitter and receiver are as follows:

Vl = R1]1 +](A)L111 - ](,UMIZ (31)

_](,l)MIl == Rz[z +](1)L2[2 + RLIZ (32)
_ joM _ joM

I, = Ry+jwly+ Ry, L= h (34)

12 _ j(,()M
Iy Zy

(3.5)
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with I;and I, are the currents flowing in the transmitting and receiving coils, respectively.

Z, represents the equivalent impedance on the receiver side.

Substituting equation (3.4) into equation (3.1) gives:

(wM)?

V1 ES Rlll +](1)L111 + 11 (36)

From the transmitter side, the total impedance Z can be expressed as follows:

(wM)?

2
ZT = Zl + ZR (38)

Z, represents the equivalent impedance on the transmitter side, and the reflected impedance Zg

at the transmitter side is given by[88]:

(wM)?

ZR = Z (39)
From equations (3.4) and (3.7), the efficiency can be expressed as [87]:
15:33 RL
= = 3.10
n 1,%Re{Z7} R1+l;—22+(R2+RL)[1+R1((212\;§L) ( )

3.4. Resonant inductive coupling

Magnetic resonance WPT operates on the same principle as inductive coupling, but it involves
the addition of resonant circuits , as shown in Figure 3.4. This enhancement significantly
increases the efficiency and the range of power transfer, allowing for greater distances between
the transmitter and receiver coils. Unlike traditional inductive coupling, which requires precise
coil alignment, magnetic resonance WPT offers more flexibility in positioning. Power transfer

can occur then as long as the receiver coil is within the transmitter's magnetic field range [89].
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Figure 3.4: Circuit of magnetic resonance inductive coupling-WPT.

The operational frequency for these systems ranges from 5 to 15 MHz, and the spatial separation
between the transmitter and receiver extends from a few to multiple tens of centimeters. Owing
to the elevated operational frequency, the quality factor of the antenna in resonant magnetic
coupling technology surpasses that of inductive magnetic coupling. High-quality factors
indicate that energy efficiency is preserved even as the distance between antennas increases
[90].

Increasing the air gap between two inductive coils increases the leakage inductance and
magnetizing current, weakening the coupling between them. To compensate for the effects of

leakage inductance and enhance the coupling, the circuit operates at a resonant frequency [91].

3.4.1.Different topologies for resonant inductive coupling

Resonant circuits are essential components of WPT systems [92]. A basic resonant circuit
consists of a resistor, an inductor, and a capacitor, which can be arranged in either series or
parallel configurations. These circuits operate at a resonant frequency to compensate for
leakage inductance and enhance coupling between coils [93]. Compensating the secondary coil
can also increase the pick-up coil's capability [94]. In magnetic resonance coupling for wireless
power systems, electrical energy is transmitted by magnetic resonance on the transmitter
(primary) and receiver (secondary) sides. When the primary inductance and capacitance are
tuned to the resonant frequency, a strongly enhanced magnetic field develops in the transmitter
coil due to resonance [95]. Multiple resonant circuit topologies can be used, including series-
series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel (PP)topologies. Each
topology affects parameters such as the coupling coefficient, load voltage, and load resistance,

as shown in Figure 3.5.
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Figure 3.5: The basic topologies: (a) Series-Series (SS); (b) Series-Parallel (SP); (c) Parallel-
Series (PS); (d) Parallel-Parallel (PP).

The values of the compensation capacitors are typically set at a predetermined fixed
frequency f,. This frequency is chosen to be equal to one of the primary or secondary resonant

frequencies. The values of the compensation capacitors for each topology are shown in Table

3.1[76, 97]

(d)

Table 3.1 The compensation capacitors for different topologies.

Topology Primary capacitance (C1)

SS

SP

PS

PP

1
wil,
1

MZ
wg(Ly — L_z)

34

1
wiL,
1

2
wg L,
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2
wy L,
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It is important to note that SS and SP compensation are most commonly utilized in actual
applications and implementation because they have the highest efficiency [43, 98, 99]. In SP,
regardless of the load, some impedances are transferred to the primary, and at resonance, there
is still a short circuit if the load is absent, which facilitates the need for a current limiting control
[100, 101]

3.4.2.Circuit model and efficiency of a series-parallel (SP) resonant inductive link

In this section, we present the coupling of an inductive link with a series-to-parallel (SP)
topology used to power implantable biomedical devices. Typically, the system consists of two
resonant RLC circuits: the transmitter circuit, which represents the external circuit, and the
receiver circuit, which represents the implanted circuit[101]. We use the primary circuit in
series resonance to provide a low impedance load, and the secondary circuit is almost invariably
parallel. Figure 3.6 illustrates the intricate nature of a general WPT system with series-parallel

compensation.

\Cm 14 I,
c'\
C 1
Cl__ KM\ 1 CTZ:-: RL
AL - o o c C'
L1 LZ L
N1 N2

Figure 3.6: Series-parallel resonant inductive link.

The efficiency is maximized when the LC tanks are precisely tuned at the working frequency
(m).Assuming that w equals both wiand w> [102], in an inductive power link, the L, and L,
coils are meticulously tuned with Cy; and Cr,, respectively, and the efficiency of the
transmitted power from source to load is dominated by the receiver side efficiency (n1) and tag

side efficiency (12) and can be demonstrated by:

1
JjwCrq

1= Il + R]_Il +](1)L111 - ](l)MIZ (311)

](UMIl = Rzlz +](,I)L2]2 + (RL // ZC)IZ (312)
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jwMIy = Ry, + joLyl, + (R, + jwCr))I, (3.13)
joMI; = I,(R, + Ry + jwl, + jwCry) (3.14)
I = Ry+ RL:;:UI\ZLZMTZ) I = j(;zM L (3.15)

j—j = % (3.16)

Z, represents the equivalent impedance on the receiving side with SP compensation.

Substituting equation (3.15) into equation (3.10) gives:

2
L ¥R+ jold, + &

V, = L (3.17)

JjwCr

From the transmitter side, the total impedance Z; can be expressed as follows:

_ . 1 (wM)?
Zr =Ry +jwL; + wet T (3.18)
ZT = Zl + ZR (319)

Z,represents the equivalent impedance on the transmitter side with SP compensation. The

reflected impedance Zj at the transmitter side is given by [88]:

(wM)?

Zp = Z (3.20)
At resonance frequency, the coil-to-coil efficiency can be expressed by:

Ry

2L (3.21)

n= R R R
82, w22 L2
(1+RL+XRL)(1+RL)

2,.2
Where: X =M—“’, or X = K?Q.0p
R1R>

Qr, Qr.and K represent the quality factors of the primary and secondary coils, and the coupling
coefficient, respectively. By taking R; as optimum, the maximum efficiency can be calculated
as [5, 104]:

K?QrQg
= 3.22
Nmax (1+ 1+K2QTQR)2 ( )
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The coupling coefficient (K) measures the strength of the magnetic linkage between primary
and secondary coils within a WPT system. A higher coupling coefficient corresponds to a more
efficient power transfer process, minimizing magnetic flux loss and generating heat [104]. The
coupling coefficient operates within the range of 0 to 1 (1 signifies a perfectly coupled system).
The mathematical expression of K is given by:

My,

K =—=
vLiLz

(3.23)

The most significant aspect of this process is the role of mutual inductance, which ensures WPT
between the two coils. Various methods, including Maxwell's formula, Neumann's formula, and
the Biot-Savart law, have been used to calculate the mutual [105]. The total mutual inductance

between the external and implanted circuits is defined by [106]:
My = 0307 208 M(x;, vy, drg) (3.24)

Where 6 is a constant that varies with the shape of the coil and is empirically, between 0.8 and
1.8 for a circular spiral coil. This depends on the number of turns, the pitch, and the diameter
of the coil. The parameters N; and Ny represent the number of turns in the primary and
secondary coils, respectively. The variables x;, and y; denote the radius of the it" turn in the
primary coil and the radius of the j* turn in the secondary coil, respectively, and dry is the
relative distance between coils [76]. The mutual inductance between the i*" turn of the primary

coil and the j¢" turn of the secondary coil is expressed by:

M (douer, doutrs A1) = 5 Honldouer-dourr | (3= ¥) k) = 2E ()| (3.25)

Where: y = \/ 4 douerXdoutr (3.26)

( doutT"‘doutR)2 +dTR2

where, k(y) and E (y) are elliptic integrals of the first and second order; respectively and i, is

the permeability of the free space equal to 4T x 10~9H/cm.

The geometrical approximation of the mutual inductance M between the external and implanted

spiral circular coils is given by the expression[107]:

INTNRAouer>doutr>
M12 — HoTtNTINRAoutT AoutR (327)

3
(doutr®+ drgr?)
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3.4.3. Modeling and design of circular spiral coils

3.4.3.1. Design using analytical expressions

In the field of WPT, the scientific literature has introduced different spiral coil shapes for
optimal performance, such as circular, square, and octagonal coil shapes. The shape of the coil
is an important factor to consider when designing WPT systems. These models are shown in

Figure 3.7.
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Figure 3.7: Different coil shapes: (a) square, (b) circular, (c) octagonal, and (d) hexagonal.

In this work, we used circular spiral coils. Such coils are suitable for biomedical devices due to
their uniformity, ease of fabrication, compactness, symmetry, and high Q factor. The choice of
using a circular coil as opposed to other coil shapes in a specific biomedical application depends

on various factors and design considerations, including the following:
- Circular coils can generate a more uniform magnetic field than other coil shapes.

- Circular coils are relatively easy to fabricate. Their shape is simple, and winding wire in a

circular fashion is often straightforward.

- Circular coils can be designed to be compact and space-efficient. This can be crucial in

biomedical applications where size constraints are a concern.
The geometric parameters of the flat circular coils are:

e The inner diameter d;,

e The outer diameter d

e The number of turns N

e The width of conductor W

e The spacing between the turns S
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Figure 3.8: Geometry of a circular coil.

The equivalent circuit for this coil configuration is represented by a resistor (R) in series with

an inductor (L), both of which are in parallel with a capacitor (C), as depicted in Figure 3.9.

dout

Figure 3.9: Circular coil and its equivalent electrical circuit.

Considering the illustrated coil in Figure 3.9, which encompasses all previously discussed
parameters; it becomes evident that they are interrelated through the following formula:

Aoyt =din +2XW+(N—-1) xS (3.28)

Correctly modeling coils requires understanding their lumped elements, such as capacitance,

inductance, and resistance. These parameters are related to WPT efficiency.

* The self-inductance L
For circular coils, self-inductance mainly depends on their size and winding method and is

generally unaffected by their relative positions to other coils [108]. Nonetheless, magnetizer
and shielding layers can alter the natural magnetic field distribution, enhancing coupler
performance and introducing self-inductance variability. the following formula is used to
determine the self-inductance for circular spiral coils based on their geometric parameters
[109]:
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_ ClﬂOdeavg
2

L [ln% + Cyp + C4<p2] (3.29)

. _ din+dout . _ din_dout
Where: davg == Q= m (330)

Inductance is determined by factors such as the number of coil turns (N), average coil diameter
(davg), and permeability constant (), as shown in the equation above, ¢ is the fill factor,
ranging from O (turns concentrated on the perimeter) to 1 (turns spiraling toward the center).
Using the values from Table 3.2, we can determine the most appropriate coefficients for our

specific geometric configuration.

Table 3.2: The coefficients for various coil shapes in a geometric arrangement.

Shape C1 C2 Cs Cs
Square 1.27 2.0 0.18 0.13
Hexagonal 1.09 2.23 0 0.17
Octagonal 1.07 2.29 0 0.2
Circular 1 2.46 0 0.2

» The quality factor Q
In the context of magnetic resonance wireless power transfer (MR-WPT), the efficiency
calculation relies not only on the coupling coefficient (K) but also on the quality factor (Q-
factor) [110]. The quality factor is a critical parameter in the power transfer efficiency equation

and is calculated using the following formula:
Q== (3.31)

Where w represents the angular frequency, L is the self-inductance, and R is the total parasitic
resistance of the coil.

Taking the skin effect into consideration, the total parasitic resistance R, is computed as follows
[100]:

R =Rge— (3.32)
8(1-€%)
where Rqc represents the DC resistance: Rgy. = pcv\ll—‘; ; 6= Tf—:f ; L= WMo, and
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l. =4N[dgyt —(N—1)s =N x W] —s, t.: Thickness of the conductor; f: operating
frequency; p.: resistivity of the conductor; p: permeability constant; . relative permeability;
l.: length of the conductor; &: depth of skin.

The angular frequency of resonance w is calculated as follows:

(3.33)

ﬁ|~
(@]

w =

To enhance a coil's efficiency in the megahertz (MHz) frequency range, it is imperative to
design coils with increased self-inductance and lower losses. The quality factor is directly
linked to the WPT efficiency. Achieving a high transfer quality factor in a constrained space
involves optimizing the geometric parameters of the coil. While larger coils can facilitate higher
power transfer efficiency by inducing more magnetic fields between transmitter and receiver
coils, they tend to be bulky and unsuitable for smaller applications [111]. Tuning the Q-factor
of a coil is a strategy for improving both distance and power transfer efficiency. A higher Q-
factor allows the coils to reach maximum amplitude and resonance, minimizing energy loss and
contributing to efficient power transfer. Thus, maintaining the same resonant frequency in the
transmitter-receiver coil pair reduces energy loss, alongside considerations such as the number
of coil turns and coil diameter. It is crucial to understand the influence of the coil's geometric
parameters on the quality factors to improve the effectiveness of WPT. By recognizing how
these factors impact the overall performance of the system, we can enhance efficiency and
ensure optimal results [112].

3.4.3.2. Design in 3D Ansys Maxwell using FEM

The efficiency of WPT systems, as well as the performance of other electromagnetic devices,
relies on accurate estimations of flux linkage and core loss [103]. However, these measures are
highly nonlinear concerning input parameters, often due to saturation effects. This can make it
difficult and inaccurate to predict the relationship between a WPT system's efficiency and
geometric parameters using analytical expressions. Numerical methods such as the finite
element method (FEMSs) can create complex models that accurately determine the magnetic
field distribution [5].

Various software tools are available for coil simulation based on the finite element method, and
Ansys Maxwell 3D software is the most commonly used in electromagnetic field simulation.

By using Maxwell's 3D design, we can simulate the behaviour of coils under various conditions
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and analyze their performance. This section presents the step-by-step simulation coils for WPT

using Maxwell 3D.

Step 1: Step 1: First, we begin preparing the workspace by selecting the menu item Project after
that, we select the magnetic eddy currents as our solution type.

Step 2: We draw a parametric coil using the Draw tool, and we need to select User Defined
Primitive, followed by SegmentedHelix, and then PolygonHelix. After this, we define all the
coil parameters, such as the spacing between the turns (S), width of conductor (W), number of
turns (N), inner diameter (d;,), frequency (f), and distance between the primary and the
secondary coil (drg) , as shown in Figure 3.10. We declare these parameters as variables and
the outer diameter as a function, which makes the coil parametric and variable. This means that
we can easily vary its characteristics by adjusting a single parameter. This approach simplifies
the process of modifying the coil's properties, making it easy to analyse and

optimize.Additionally, we chose the coil material.
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Figure 3.10: Modeling of the primary coil in 3DMaxwell.

Step 3: In this step, we create the secondary coil using the same process as the primary coil and
move it to a distance of d; from the primary coil as shown in Figure 3.11. To simulate wireless
power transfer (WPT), it is important to enclose the coils within a box. This box defines the
simulation boundary, which helps to establish the appropriate boundary conditions for the
propagation of electromagnetic fields. It also physically contains and isolates the coils, ensuring
accurate modeling without external interference. Furthermore, the box helps in efficient

meshing and analysis, simplifying the visualization and interpretation of the electromagnetic
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field distribution and energy transfer characteristics within the simulation space. Using a box

enhances the accuracy, efficiency, and ease of analysis in simulating WPT systems.

[ |
] 50 100 (mm)

Figure 3.11: Final WPT coil design.

Step 4: We establish the boundary conditions by configuring the boundaries of each coil as
insulating. Given that the coils overlap on both sides of the transmitter and receiver, practical
scenarios necessitate the use of Litz wire, which inherently comes with insulation. Therefore,
ensuring insulation at the coil boundaries replicates real-world conditions and facilitates

accurate modeling of the electromagnetic behavior in our analysis , as shown in Figure 3.12.

0 50 100 (mm)

Figure 3.12: Coil boundaries.

Step 5: We model the coils using windings and coil terminals to analyse the eddy current
phenomena in this system. The number of turns is represented by the number of conductors,
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which we treat as a variable for each coil. In our setup, we have a total of 'N' windings, each
connected to a corresponding coil on both the transmitter and receiver sides. Each winding is
then individually linked to its respective coil terminal excitation.

3.5. Impact of coil parameters on WPT performance

In this section, we evaluate the characteristics of coils and analyze the impact of various
parameter sets on the WPT efficiency. By systematically varying a particular parameter while
keeping others fixed, we can investigate the influence of geometric parameters on electrical
parameters and efficiency. Table 3.3 shows the specific parameters that remained constant

during the analysis.

Table 3.3: Constant parameters of coil design.

The coils parameters Values
Distance between coils (drg) 30 mm
The inner diameter of the secondary coil (ding) 8 mm
The inner diameter of a primary coil (diny) 10 mm
Operating frequency (f) 13.56 Mhz
Substrate thickness (t) 1.5 mm
Conductor thickness (t,.) 38 um

When two coils are positioned close to each other on a surface with no air gap separating them,
the degree of coupling between them is likely to increase. This means that the magnetic field
produced by one coil will have a greater effect on the other, resulting in a stronger electrical
connection. As illustrated in Figure 3.13, this phenomenon and shows the impact of coil
positioning on the coupling strength and efficiency. It is important to consider the effects of

coupling when designing coils to optimize their performance and minimize interference.

Several constraints, such as application and manufacturing constraints exist in biomedical
applications when implementing inductive power transfer. To optimize the power transfer
efficiency while minimizing the risk to human skin, we specifically chose a transfer distance of
30 mm and a frequency of 13.56 MHz. This specific frequency is ideal for biomedical
applications because it is compatible with most existing medical devices and can penetrate
human tissue without causing any harm. By selecting these parameters, we can ensure that the

IPT system operates safely and effectively in a healthcare environment.
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Figure 3.13: The Effect of the distance between coils on the efficiency and coupling
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Figure 3.14: WPT performances versus the number of turns in (a) primary coil and (b)

secondary coil.
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Figure 3.14, shows the relationships between the power transfer efficiency, coupling
coefficient, and quality factor and the variations in the number of turns in the primary and
secondary coils. The graph indicates an increasing relation between these factors and Ny. For
the number of turns in the primary coil, we noted that with a single turn (N;=1), the efficiency
is smallest 2%. After that, as the number of turns increases, the efficiency improves, reaching
a peak of 14.8% with five turns (N-=5). Beyond this value, further increasing the number of

turns results in a decrease in efficiency.

Conductors are critical to an inductive power transfer (IPT) system. They carry the current
between the transmitter and receiver coils. A conductor with a larger width can significantly
reduce the resistance, skin effect, and proximity effect. Figure 3.15 shows how the efficiency
varies withthe conductor width of the primary and secondary coils (W, Wy) and reveals that

increasing the conductor width (W;, Wy) directly enhances the power transfer efficiency.
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Figure 3.15: WPT performance versus conductor width: (a) primary coil and (b) secondary

coil.

The spacing between conductors within each coil is a significant factor in determining the

strength and coupling of the magnetic field. Therefore, determining its optimal value is
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important for achieving higher efficiency. Figure 3.16 shows the effect of the spacing between
the turns (S7, Sg) of the primary and secondary coils on the efficiency. The maximum efficiency
is obtained for small values of S and decreases with increasing Sy for the primary coil. For the

secondary coil, it is the opposite of S;. We note that the efficiency is higher for large values of
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Figure 3.16: WPT performances versus the spacing between turns for the (a) primary coil and

(b) secondary coil

The coupling coefficient (K) and quality factors ( Q, Q) are fundamental to efficiency. Higher
K and Q generally translate to greater efficiency. However, their impact is not always
straightforward, as Figure 3.15a demonstrates. Q; can effectively compensate for decreased K,
highlighting its crucial role in maintaining efficiency. Furthermore, a reduction in Qg with
decreasing Sy can still lead to increased efficiency as depicted in Figure 3.16b, emphasizing the
complex relationships between efficiency and the quality factor and coefficient coupling.
Maximizing IPT efficiency is not about maximizing one factor but about finding a balance
between them. This can be achieved through a joint optimization strategy targeting

Qr X Qr X K?or by directly optimizing the efficiency itself.
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Figure 3.17 shows the variation in efficiency according to two geometric parameters, including
the number of turns between the coils (N, Ng), the width of the conductor (W, W), and the

spacing between the turns (S, Sg). The aim is to show how the efficiency can be improved by
combining two geometric parameters.
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As seen in the afreomentionned study, it is revealed that changes in geometric coil parameters
significantly impact efficiency. While enhancing certain parameters results in higher efficiency,
others may lead to a decrease. Therefore, achieving peak efficiency requires careful

optimization of these parameters.

3.6. Conclusion

This chapter explored the modeling of resonant inductive WPT systems, particularly for
bioimplantable devices. First, we presented the fundamental principles of inductive coupling,
examined various topologies, and delved into the series-parallel (SP) resonant inductive link,
providing a detailed analytical model to calculate the power transfer efficiency. Then, we
presented both analytical and numerical models of coil structures. Finally, we studied the
impact of geometric coil parameters on the coupling coefficient, quality factor, and power
transfer efficiency, demonstrating the need to optimize the coil parameters of the WPT for
maximum efficiency.

In next chapter, we will present optimization methods based on analytical and numerical models

to determine the optimal geometric parameters for maximizing transfer efficiency.
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Coil design for high efficiency

: Chapter 4
wireless power transfer

4.1. Introduction

when designing a WPT system via inductive coupling, the power transfer efficiency (PTE)
emerges as the most important critical factor to consider. The design of a highly efficient WPT
system is notably challenging due to the specific design constraints required for its application.
For instance, the WPT systems applied in biomedical implants, sensor applications, or loT
devices necessitate compact receiver coils while also maintaining a high PTE. The optimal PTE
is achieved when both coupling and quality factors of the coils are maximized. This chapter
addresses the geometric design and optimization of resonant inductively coupled spiral coils to
power a biomedical implant. Coil optimization is a potent means to significantly boost WPT
efficiency. Therefore, achieving maximum efficiency requires optimizing the coils' geometric
parameters. For this purpose, within this chapter, the detail procedure of the coil design and
optimization of the WPT system is discussed. The focal point is the optimization of the
geometric parameters of the circular spiral coil with a planar shape, which is designed for a
series-parallel (SP) inductive coupling WPT system intended for biomedical use. Initially, an
analytical approach implementing either iterative or metaheuristic optimization methods was
proposed. This approach utilizes simple mathematical models to approximate the coil
parameters and link efficiency values. Subsequently, a numerical simulation based optimization
approach (GA-FEM) is presented; the GA-FEM integrates the finite element method (FEM)
with a genetic algorithm (GA) as a search strategy.
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4.2. Geometric coil design of a WPT system based on an analytical approach

The performance of a WPT depends on various design aspects, including the WPT coil size,
transfer distance, frequency, and coil characteristics. The coils notably impact the WPT
efficiency. To enhance this, the primary optimization targets are the quality factor of the coils
and the coupling coefficient between them, assuming an optimum load state. High-quality
factor coils benefit from a low AC resistance while maintaining a high inductance. In certain
WPT applications, such as for biomedical implants, the receiving coil needs to be compact.
This necessitates a coil design methodology that accommodates constraints on coil size. This
thesis aims to develop a method for identifying the optimal coil parameters for WPT
applications to maximize efficiency while considering the constraints on the receiving coil size.
To this end, we have employed various optimization methods: iterative and metaheuristic
methods.

The optimization problem can be formulated as follows:

{ n = max( f (N1, Ng, St, Sr, Wy, WR)) (4.1)

Subject to: dyyuer = f(Ng,Sg, Wg) < 20mm
Within such design approaches, specific parameters are governed by the application's

constraints, while others must be meticulously selected to guarantee optimal values of inductive

link efficiency. The design constraints and initial values are given in Table 4.1.

Table 4.1: Design constraints and initial values

Parameters Symbol Design value

Design constraints f 13.56 MHz

Operating frequency

Implanted coil outer diameter doutr <20mm
The relative distance between coils drgr 30 mm
Secondary loading resistance R, 300 Q
Conductor thickness t. 38 um
Substrate thickness ‘ 1.5 mm
N
Initial values Receiver inner diameter ding 8 mm
Transmitter inner diameter dinr 10 mm
Transmitter conductor spacing Sr [4mm to 8 mm]
Receiver conductor spacing Sr [0.35mm to 0.9 mm]
Transmitter conductor width Wy [0.15mm to 3 mm]

Receiver conductor width W, [0.15mm to 0.35 mm]
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4.2.1. Optimization by the iterative method (IP)

The iterative method refers to a broad spectrum of techniques that use successive
approximations to obtain more accurate solutions to a linear system at each iteration. An
optimization algorithm repeatedly evaluates and enhances the solutions as part of these iterative
processes, progressively converging closer to an optimal or significantly improved result. This
iterative characteristic permits incremental improvements and adjustments, catering to the
fulfillment of the set optimization objectives. The iterations persist until a predefined condition
is met [113].

This section presents a novel strategy for the iterative optimization process, aimed at
determining the optimal parametric geometries for a pair of circular spiral coils. In this
optimization strategy, some parameters are limited by application constraints, whereas others
require deliberate selection to ensure the most favorable coil parameters and attain maximum
efficiency. The figure 4.1 summarizes the steps and procedures of the proposed iterative

method.

Step 01: Applvina desian constraints
v

Sten 02: Aoolvina of initial values

v

Step 03: Optimizing turn’s (N1, Nr)

v

Efficiency > 15%

Step 04: Optimizing Spaicing between the turns (Sr, Sgr)

@

Step 05: Optimizing Width of the conductors (W, Wr)

@

Step 06: Validation

\ 4

\ 4

v

Figure 4.1: Flowchart of the iterative procedure (IP) for WPT design

52



Chapter 4 Coil design for high efficiency wireless power transfer

Step 01: Applying design constraints

The factors associated with the chosen application impose a set of parameters affecting the
power transfer efficiency. This step entails defining the design constraints of the primary and
secondary coils. In our study, we focus on biomedical applications with constraints on the size
of the secondary coil (the external diameter does not exceed d,,;zk=20 mm) and other factors
are related to the manufacturing technology. These are the minimum sizes yielding acceptable

for manufacture (such as minimum internal diameters d;,,»=10 mm and d;,,z=8 mm.

Step 02: Applying the initial values

In this step, we initialize the design parameters, as given in Table 4.1. For this study, the number
of turns (N, Ng), the spacing between the turns (Sy, Sg), and the width of the conductors
(W, Wy) for the primary and secondary coils are the selected variables to be optimized. These
parameters are directly related to the outer diameter, defined according to equation (3.28). It is
worth noticing that we have meticulously chosen the minimum width and spacing to be the
minimum achievable values based on the fabrication resolution, ensuring the utmost precision
in our study. These values are set as follows: Ny= 2, Ny= 2, S; =4 mm, Sz = 0.35 mm, and
Wr, = Wg =0.15 mm.

Step 03: Optimize the number of turns of the primary and secondary coils.

In this step, we will optimize the number of turns of the primary and secondary coils with a
fixed width of the conductor and the spacing between the turns of the transmitter and receiver
coil. equations (3.22) to (3.32) are applied using initial values from the previous two steps to
determine the efficiency when N, and Nyare in the ranges [2 to 13] and [2 to12], respectively.
We observe a substantial increase in the optimum efficiency by 44% , as shown in Figure 4 .2,
corresponding to primary and secondary coil turns number of 6 and 9, respectively. Following
this, optimization turns numbers yielding an efficiency exceeding 15% are retained for the

subsequent optimization step.
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Figure 4.2: Optimization of the number of turns of primary and secondary coil.

Step 04: Optimize the spacing between the turns of the primary and secondary coil. After
determining the number of turns in step 3, we focus on the spacing between the turns of the
primary and secondary coils ( Sy and S;). We optimize it within the intervals [4mm, 8mm] and

[0.35mm, 0.9mm], respectively.
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Figure 4.3: Results after optimization of spacing between the turns of primary and secondary

coil.
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Figure 4.3 shows that the maximum efficiency is achieved at the minimum value of the spacing
between the turns, defined by Sy =4 mm and Siz= 0.35 mm, with an efficiency of 48%. The
results show an improvement of 4% compared to the previous step because the values optimal
of S and Sitakes their initial values. After that, as the spacing between the turns increases,
the value of efficiency decreases. We passe to the next step, if the efficiency was greater than
30%.

Step 05: Optimize the width of the conductor of the primary and secondary coils.

In this step, we optimize the width of the conductor W, and Wy in the intervals [0.15 mm,
3mm] and [0.15 mm, 0.35 mm], respectively. For this step, we applied the optimal values
resulting from steps 3 and 4 (N; = 6, Ng=9, S; = 4mm, S; = 0.35mm). The obtained values
are Wr = 3 mm and Wx= 0.25 mm, with an efficiency of 78% , as shown in Figure 4.4. The
results show an improvement of 177% compared to step 3.
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Figure 4.4: Results after optimization of the width of the conductor of the primary and

secondary coils

Step 06: Improvement of the efficiency

The efficiency values from step 5 have been significantly improved compared to those from
step 3. However, we can achieve further improvement by iterating through steps (3 and 5).
Iterations continue until the objective of less than 0.1% improvement per iteration is reached.

Finally, the optimal parameters obtained using the IP method is summarized in Table 4.2.
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Table 4.2: Optimal inductive link coil designs using an iterative procedure.

Parameters Initial value Optimal value
Ny 2 6
Npg 2 9
Wy;  [mm] 0.15 3
Wy [mm] 0.15 0.25
Sy [mm] 4 4
Sg [mm] 0.35 0.35
douer [MmM] 10 20
dyyer [Mm] 32 90
Efficiency () 3% 78%
Validation by FEM 0.8% 70%

4.2.2. Optimization by metaheuristic methods

Metaheuristics, such as genetic algorithms (GAs) and coyote optimization algorithms (COA),
have proven highly effective in optimizing WPT systems, addressing the significant challenge
of achieving efficient designs and higher levels of efficiency in this field.

These algorithms involve three fundamental processes. First, we define the problem we aim to
solve by establishing the fitness function, calculating the efficiency of the inductive link from
equations 3.22 to 3.33, and identifying the number of variables. Second, setting the algorithm
parameters is highly important. This includes determining the number of iterations, a critical
factor in configuring the optimization algorithm. Third, a new population is generated by
changing the existing solutions, which helps explore potential solutions. In this optimization
process, the number of turns (N, Ng), the spacing between the turns (S, Sg), and the conductor

width (W;, Wy) are the variables. The algorithms that are used in this process as follows:

4.2.2.1. Genetic Algorithm (GA)

The genetic algorithm (GA) is a powerful metaheuristic search method that utilizes the
principles of natural evolution to generate optimized solutions for a wide range of complex
problems. The algorithm involves creating a diverse population of individuals, each with its
own unique set of chromosomes representing optimized parameters[114]. These chromosomes
are subject to three primary genetic operators: selection, crossover, and mutation. Individuals
with higher fitness scores are more likely to survive and reproduce in the selection process. The
crossover operator then combines the genetic material of two individuals to create offspring
that inherit traits from both parents[115]. Finally, the mutation operator randomly alters some

of an individual's genetic material to introduce new variations into the population. Repeating
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these steps gradually makes the population more refined and eventually converges to an optimal
solution. This is achieved by gradually weeding out individuals with lower fitness scores and
retaining those who perform better. As the population evolves, it becomes increasingly
specialized and better suited to the problem[116]. The flowchart in Figure 4.5 describes the
optimization process based on genetic algorithms (GAs). As the design criterion is to maximize
the transfer efficiency constrained by the limited size of the secondary coil, the fitness function

+ Initialize the number of population.
4 Set upper and lower bound of each
parameters.

Genetic Algorithms + Set the objective function, calculating
(Crossover , Mutation ) —> the wireless power transfer efficiency
using equation (3.22).

A + Set the constraint function

is defined as equation (4.1).

v

Evaluate an individual’s fitness

No

Termination criterion satisfied

Optimal design was achieved

Figure 4.5: Flowchart of genetic algorithms for WPT design.

Step 01: In this step, we configure the optimization process by defining the population
size(Npp), the number of iterations ((N;.), and the number of variables (N,,q,-), which in this
case are six: the number of turns (Ng, Ng), the spacing between turns (Sr,Sg), and the
conductor width (W, Wy) for both the primary and secondary coils. Furthermore, we establish

minimum and maximum values for each variable, as detailed in Table 4.1.
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Step 02: When using a genetic algorithm, the first and foremost step is understanding and
clearly defining the problem we aim to optimize. We must precisely define the objective
function to be optimized. In fact, this objective function is based on the calculating of the WPT

efficiency using equations 3.22 to 3.33.

Step 03: To ensure the proper functioning of an implantable medical device, several factors
related to the size of the device's secondary coil must be considered. The secondary coil must
be as small as possible to minimize the device's overall size. Additionally, we must respect a
fabrication constraint requiring the spacing between turns to be greater than the conductor
width. These constraints are all outlined in detail in Table 4.1.

Step 04: In this step, we evaluate the fitness of each chromosome within the population using
the objective function, which serves as its efficiency.

Step 05: Select the fittest chromosomes in a population to parent the next generation through a
fitness-proportionate or rank-based selection method. The selected parents are combined using
a crossover operator that swaps genes between parent chromosomes to create new solutions. To
add diversity to the population, a mutation operator is applied to some offspring by randomly
changing some genes on the chromosome. The offspring's fitness is evaluated using the
objective function, and the fittest offspring are selected to form the next generation.
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Figure 4.6: Efficiency optimization by GA.

This process is repeated until a specified stopping criterons is met, such as a maximum number
of generations or a fitness level. In this optimization, the process is terminated after 1000

generations, and the final optimal values of the geometric characteristics and maximum
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efficiency are provided in Figure 4.6 and Table 4.3. Figure 4.6 demonstrates the effectiveness
of genetic algorithms in optimizing coil parameters, achieving 79% efficiency in a WPT system.

Table 4.3: Optimal inductive link coil designs using GA

Parameters AnalzticaI-GA

Ny 6

Np 10
Wy  [mm] 3

Wy [mm] 0.25
Sy [mm] 4

Sg [mm] 0.35
doutR [mm] 20
doutT [mm] 920
Efficiency (i) 79%
Validation by FEM 70%
Computational time 95 s

The evolution of the geometric coil parameters over generations is illustrated in Figure 4.7.
Clearly, it shows the rapid convergence of the GA algorithm, finding optimal coil parameters

within approximately 40 generations.
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Figure 4.7: Geometric parameters versus the number of generation: (a) number of turns, (b)

spacing between conductors, and (c) width of conductors.

4.2.2.2.The Coyote Optimization Algorithm (COA)

The coyote optimization algorithm (COA) is a nature-inspired optimization algorithm inspired
by the hunting behavior of a coyote. Researchers in the optimization field first introduced the
COA in their study published in 2018 [117]. The COA algorithm begins by initializing a
population of coyote agents randomly generated at the start. Once the fitness function has been
defined, each coyote's fitness is evaluated based on the given parameter. The coyote with the
highest fitness value is then updated, and based on its position and each coyote's position; the
position of each coyote is calculated. The algorithm continues to iterate through this process
until a stopping criterion is met; at this point, the algorithm terminates. The stopping criterion
can be any predefined condition, such as reaching a certain number of iterations or achieving a

satisfactory fitness level [118].

This process starts by assigning the birth rate of coyotes (x), The social state (SOC ) of the c!"

coyote in the p"pack of the j" dimension, can be initialized in the following ways [7]:

x = (%1, %2, X3, e e Xj) = SOCP* (4.2)
SOCZj = by +1(ubj — lby) (43)

where 7; is a random variable such as r; € [0,1], Ib; and ub; represent lower and upper limits
respectively. The fitness function that describes the coyotes' adaptability to the social

environment can be calculated as follows:

2t = fP(soct) (4.4)
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Coyotes are known to form packs (N.) during the beginning of their reproductive process, with

a certain probability (P,) of leaving their existing groupings.
P, = 0.005 * N2 (4.5)

The act of transferring coyotes between packs helps to enhance relationships and promote
diversity within populations. One of the three alphas in COA (alp?*!) is selected and presented

in the following manner:
alpPt = {SOCg’t |argc=(1’2’___.__,v) min f(SOCg't)} (4.6)

In the field of COA, it is assumed that every coyote has a similar level of social organization
and culture. Therefore, the information gathered from coyotes is analyzed and interpreted as a

collective cultural tendency, as described below [119]:

.t .
(O(NC+1)]_ N¢isold
==,
Culture?t ={ pt  pt 4.7
J Ong *Ovg+y) (47)
z otherwise

2

The coyote population's organized social structure at a specific moment in park P is represented
as OPt. The creation of a young coyote will be portrayed by taking into account the social

circumstances of two randomly selected parents and the influence of the environment.

The social conditions of r; and r, at time t are denoted by soc?’ andinthe pt" pack. The two

rlf

ends of the problem are identified as j;and j,, where R; is the random number within the set

limits. COA calculates the ages of coyotes, known as CP'* using the following method:

SOCrpl’{frndj < Psc or j=j;
Pupjz?’t = SOCrpz’{'f d; < Psc + Pac OT j = J2 (4.8)
R; Otherwise

J

Finally, p,. and p,. represent the probabilities of scattering and association, respectively, which

are computed as follows:

(4.9)

(ol

Psc =

1-psc
Pac = G- Pse) (4.10)
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with D is the task dimension. The different rules are enforced to govern the birth and death of
coyotes. Algorithm 1 shows the synchronism of the birth and death of coyote (where o is the
group that adjusts least to the environment than young ones, and ¢ is the group of coyote that
adjusts less to the group size) [120].

Algorithm1. Synchronism of the birth and death of the coyotes.
Calculate w and ¢
If o =1 then

Retain the young coyote and eliminate the only coyote in ¢
else if ¢ >1 then

Retain the young coyote and eliminate the oldest coyote in ®

Else
Eliminate the young coyote
End if

Assuming that the coyotes are subject to the alpha impact (6/) and group effect (62), the

calculation can be recalculated as:
8, = alpP* —SOCP" (4.11)
8, = CultP* — SOCY" (4.12)

The equilibrium point of a coyote is altered based on the alpha and pack influences, where C,,

and C,, are representative of random coyotes.
SOCE™™ = SOCE™™' + 7, X 8, + 15, X 8, (4.13)

Random numbers within the range of [0,1] are generated by a uniform probability distribution
to represent the alpha and pack influence weights, denoted by r; and r,, respectively. The next
step involves assessing the feasibility of the new positions, followed by evaluating the fitness
function under the latest social conditions.

fithtmew = f(socktmey (4.14)
To update the social situation, the conditions mentioned below must be fulfilled:

SOCg,t,nEWfitg,t,nEW < fltg,t

socktt = {
¢ sock* Otherwise

(4.15)
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Accordingly, algorithm 2 outlines the steps of the coyote optimization algorithm (COA). This
algorithm repeatedly simulates a pack of "coyotes" (representing potential solutions) until a

stopping condition is met.

Algorithm 2. Pseudo code of coyote

Create Np packs with Nc coyotes in each pack using equation (4.3)

Assess the adaptation of each coyote equation (4.4)

while stopping criteria satisfied do

for each P pach do

find the pack’s alpha coyote equation (4.6)

for each cth coyote of pth packdo
Generate new social conditions equation (4.13)
Check the boundary condictions equation (4.16)
Estimate the new social conditions equation (4.14)
Decide whether to move or not equation (4.15)

end for
Simulate the brith and death of the coyotes using equation (4.8) and algorithm 1
end for
Transition between packs equation (4.5)
Update the coyotes’ ages
end while
Select the coyote with most potential to adapt to the environment

The flowchart shown in Figure 4.8 summarizes the steps involved in the COA process for

+ Initialize the number of population.
+ Set upper and lower bound of each
parameters.

+ Set the objective function, calculating
the wireless power transfer efficiency
using equation (3.22).

Set the constraint function

WPT optimization.

Updating the best
coyote and the position >
of each coyote

A +

v

Evaluate an individual’s fitness

No

Termination criterion satisfied

Optimal design was achieved

Figure 4.8: Flowchart of coyote algorithm for WPT design.

63



Chapter 4 Coil design for high efficiency wireless power transfer

Figure 4.9 represents the optimization process results for the WPT efficiency using the coyote
optimization algorithm (COA). The algorithm achieved the highest efficiency of 79.2% after
100 iterations. This presents a significant improvement over previous optimization attempts,
demonstrating the effectiveness of the COA algorithm in enhancing WPT efficiency. Figure
4.10 shows the convergence curves of the individual parameters, demonstrating the exploration
of the solution space by the coyote. We noted that the coyote remains active in its search for
the first 200 iterations, after which it gradually stabilizes around the optimal solution. However,
the stabilities of the parameters are different. For instance, the number of turns of the primary
coil stabilizes approximately 800 iterations, while the other parameters reach stability before
400 iterations.
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Figure 4.9: Optimization of WPT efficiency by COA algorithm
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Figure 4.10: Geometric parameters versus the number of iterations: (a) number of turns, (b)

width of conductors, and (c) spacing between conductors

By comparing the results from Tables 4.2, 4.3, and Table 4.4, it is evident that metaheuristic
methods such as the GA and COA offer the potential for greater efficiency and faster
convergence than iterative method. However, all three methods may need more accuracy. This

problem can be addressed by applying metaheuristic algorithms within a numerical model.

Table 4.4: Optimal inductive link coil designs using COA algorithms.

Parameters Analytical-COA

Ny 3
Npg 10
Wy [mm] 3
Wgp [mm] 0.25
Sy [mm] 35
Sg [mm] 0.35
dyuer [MmM] 19.8
doutT [mm] 115
Efficiency (#) 79.3%
Validation by FEM 71.77%

Computational time 2 min
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4.3.Geometric coil design of the WPT system based on FEM

Optimization results based on analytical models often need more accuracy because they are
based on mathematical expression. Calculating the objective function (efficiency) based on
these models typically involves a series of complex equations, which can introduce errors and
limit the precision of the optimization, such as mutual inductance. This section discusses step
by step numerical GA-FEM optimization approach implemented using the Ansys Maxwell
FEM simulator. It combines the finite element numerical simulation method with a GA-based

search strategy, which calculates the efficiency directly from the coil geometry.

Based on Figure 4.11 and Table 4.5, we can summarize that numerical methods such as the
finite element method (FEM) accurately determine the PTE and directly relate efficiency to coil

geometry, offering highly precise results.
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Figure 4.11: Wireless power transfer optimization using FEM-GA

However, as noted the FEM is time-consuming, which poses a significant problem in the

fabrication field, where both time and accuracy are critical.

Table 4.5: Optimal inductive link coil designs using FEM-GA

Parameters FEM-GA
Np 8
Ngp 10
Wy [mm] 2.956
Wgp [mm] 0.2313
Sy [mm] 4.083
Sg [mm] 0.3792
doutR [mm] 20
dyyer [Mm] 120.5
Efficiency () 74%
Validation by FEM 74%
ComEUtationaI time 4 months
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4.4. Conclusion

This chapter demonstrates the effectiveness of metaheuristic algorithms such as GA and COA
in achieving high WPT efficiency (around 79%), comparable to iterative methods (around
78%). However, the validation through FEM simulation gives an efficiency of 70%, indicating
a discrepancy of approximately 9% between analytical results and simulation results. This
discrepancy highlights the need of applying metaheuristic algorithms to numerical model.

FEM-based optimization using GA provides high accuracy; it has slightly lower efficiency
(74%) and takes a long time compared to previous methods. This discrepancy emphasizes the
need for a novel approach that integrates the strengths of both analytical and numerical methods
(rapidity and accuracy). In the next chapter, we propose a novel optimization approach that
fuses metaheuristic algorithms with a machine-learning model trained based on FEM data. This

hybrid approach aims to overcome the problem of analytical and numerical methods.
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Optimization of wireless power transfer

using artificial intelligence Chapter 5

5.1. Introduction

Traditional design methods for WPT systems suffer from numerous drawbacks, such as time-
consuming computations and high error due to inaccurate model parameters. As artificial
intelligence (Al) continues to gain traction across industries, its ability to provide quick
decisions and solutions makes it highly attractive for system optimizations. In this thesis, a new
approach for optimizing WPT parameters based on machine learning (ML) combined with
metaheuristic methods is proposed. The artificial neural network is adapted for training and
predicting the performance of coupled coils under a set of input parameters. The proposed
approach directly predicts the efficiency of the WPT system without the need to calculate the
coupling coefficient and quality factor, which can reduce the time for the optimization process.
In this chapter, the basic idea of the proposed method will be described in detail. First, we give
an overview of machine learning. Second, we describe the proposed machine learning approach
for predicting the WPT efficiency directly from the geometric parameters of the coils. Next, a
proposed optimization procedure is constructed, combining the machine learning model and
meta-heuristic methods. The procedure finds optimal geometric coil parameters. Finally, we

compare our approach with the existing methods.

5.2. Artificial intelligence (Al)

Avrtificial Intelligence (Al) is a broad field encompassing technologies and methodologies that
empower machines to mimic human intelligence by learning, reasoning, and problem-solving.
Al systems utilize advanced algorithms, machine learning techniques, and data analytics to
analyze vast datasets, identify patterns, and optimize various processes[121].
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Data Science

Artificial Intelligence

Artifical Neural
Networks

Figure 5.1: The close connection and overlap between the Artificial Intelligence fields.

Several techniques are used in artificial intelligence (Al), and the choice of technique often
depends on the problem being addressed. Some of the most often used techniques in Al include
[122]:

5.2.1. Machine learning

Machine learning is a subset of artificial intelligence that teaches machines to learn from data
without explicit programming. It uses computational techniques to learn directly from data and
improve performance over time. Machine learning approaches include supervised,

unsupervised, and reinforcement learning [125, 126].

Unsupervised Learning

)

ﬂ Machine Learning (ML)

Supervised Learning \
]

Reinforcement
Learning

Neural Networks

Figure 5.2: Flowchart of machine learning methods.
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5.2.1.1. Supervised machine learning(SML)

Supervised learning is a machine learning method. The idea is to train the algorithm to learn
based on pre-labeled examples of expected outcomes. Artificial intelligence then learns from
each example by adjusting parameters to reduce the gap between the achieved and expected
results. As a result, the error rate decreases throughout training so that new cases can be

predicted and learning can be generalized [125].

5.2.1.2. Unsupervised machine learning (USML)

Unsupervised Learning (USML) is a type of machine learning that involves the creation of
models from unlabeled datasets. This technique identifies similarities among data points and
groups them into categories without any prior knowledge of the categories. There are two
primary USML techniques: clustering and association rule mining. Clustering involves
grouping similar items, and the features of the data determine the number of clusters. If the data
items have varied features, there will be more clusters, and vice versa. Association rule mining

involves finding patterns in a sequence of activities that may occur one after another [126].

5.2.1.3. Reinforcement learning

Reinforcement Learning is a powerful machine-learning technique that allows algorithms to
learn from their mistakes. It can learn how to make the best decisions by directly presenting the
Al program with choices. It is penalized if it makes an incorrect choice, while correct choices
are rewarded. The Al strives to optimize its decision-making abilities to achieve more rewards

continually[127].

5.2.1.4. Artificial neural network

The basis of artificial neural networks (ANNS) is the artificial neuron, also known as a node.
The operation performed by each neuron is relatively simple: it sums its weighted inputs,
applies a non-linear activation function, and then outputs the result. These processes are
illustrated in Figure 5.3. Although each unit executes a straightforward operation, they can
represent highly complex functions when densely arranged. The weights of each neuron,
determined during training, define these functions [128].

The multilayer perceptron (MLP) constitutes the basic structure of ANNSs, as depicted in Figure
5.4. It comprises three nodes and one or more hidden layers [129]. The input layer distributes
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the inputs to the next layer without performing any operation. The number of neurons in the
input layer corresponds to the number of inputs in the model. The hidden layers accept the
output of the previous layer's neurons and pass it on to the next layer [130]. These layers can
have any number of neurons. Finally, the output layer receives the output of the last hidden
layer, which corresponds to the model's output. Designing just an input and output layer without

hidden layers is also possible.

Dendrites

Linear Activation
function function

Nucleus

Figure 5.3: Representation of an artificial neuron

As depicted in Figure 5.4, fully connected layers are the most common layer structure in earlier
models, where each neuron's output is an input to every neuron in the next layer. Other
configurations are possible, such as convolutional layers where the nodes' output is connected
only to some nodes in the next layer or residual layers where the outputs of some layer are
passed over the next layer and added before the activation function of the following layer. The
MLP is not the only type of ANN, and different neural networks, such as convolutional and
recurrent, have been shown to perform well for specific types of problems [131]. For instance,

CNNs are particularly well-suited for classification problems.
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Figure 5.4: Fully connected ANN with hidden layers.

Acrtificial neural networks have four fundamental characteristics[132]:

e Nonlinear

Nonlinear relationships are universal. The human brain is intelligent due to its nonlinear
processing capabilities. ANNs simulate this behavior using artificial neurons that can be
activated or inhibited, resulting in a nonlinear relationship. ANNs that consist of neurons with

thresholds perform better and are more fault-tolerant with increased storage capacity.

e Non-limited

ANN s consist of multiple interconnected neurons. The overall behavior of the network depends
not only on the individual neuron's characteristics but also on the interaction and connection of
all neurons. This modeling approach simulates the non-limited nature of the human brain.

ANNSs can exhibit non-limited associative memory.

e Non-qualitative

ANNSs have self-adaptive, self-organizing, and self-learning abilities. They process information
and can undergo various changes. The dynamic nature of ANNs means that they constantly
change when processing information, and the iterative process is often used to describe this

evolution.

e Non-convexity

The evolution of an ANN depends on a particular state function under certain conditions. For

example, the energy function corresponds to the system's most stable state. Non-convexity
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means that this function has multiple extrema, leading to the diversity of system evolution. As

a result, ANNs have multiple stable equilibrium states.

5.2.1.5. Deep learning

In the past, neural network algorithms were limited by computing power and data volume,
resulting in shallow networks with only one to four layers, which restricted their expression
ability. However, with the advancement of computing power and data volumes, highly
parallelized graphics processing units (GPUs) and massive data made it possible to train large-

scale neural networks.
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Figure 5.5: Deep Learning.

Geoffrey Hinton proposed the concept of deep learning in 2006, and in 2012, the eight-layer
deep neural network called AlexNet achieved significant performance improvements,
specifically in classification. Since then, neural network models with dozens, hundreds, and
even thousands of layers have been developed, demonstrating strong learning ability. Deep
learning models refer to algorithms implemented using deep neural networks. Unlike other

algorithms, rule-based systems generally use explicit logic specific to certain tasks and
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unsuitable for others. Deep learning algorithms allow neural networks to learn and improve

over time by adjusting the weights and biases of the neurons [134-137].

5.2.2. The fundamental concepts of machine learning

Building a machine learning model requires selecting training sets, target functions, function
approximation algorithms, and minimization of error by optimization of the model. In this

section, we will describe the fundamental concepts of machine learning[136].

5.2.2.1. Dataset

The dataset is the key to ML procedures. Generating a high-quality dataset is crucial for
developing and executing accurate machine-learning models [137], so datasets are usually large
and obtained differently [138]. Also, the data can be collected, organized, and stored for easy
access and analysis. In supervised learning, the dataset contains two types of variables: the

target variable (y) and the features (x).

v' The target variable (y) is the ultimate goal of any machine learning model. The model's
accuracy depends on how well it can predict this objective.

v The features (x) are the factors that influence the value of y.

In machine learning, the number of examples in the data set is denoted by m, and the number

of features is denoted by n.

5.2.2.2. Models

Models in machine learning are functions that can predict outputs based on inputs. Various
functions exist, each suited to different tasks and datasets. Examples of such models include
neural networks, support vector machines (SVM), regression functions, Gaussian functions,
and more. Each type of model has its strengths and weaknesses, and the choice of the model
depends on the specific characteristics of the data and the nature of the prediction task at hand
[139].

= Linear Regression

A linear regression model is an easy-to-interpret model used when there is a linear relationship

between input features and output labels. 1t works well for continuous variables, but there may
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be better options if the relationship between features and output is nonlinear. In such cases, the

model may need to be improved [140].
= Logistic Regression

This algorithm classifies categorical output labels. It is a good choice when dealing with binary
classification problems. Implementation and interpretation are relatively straightforward but

must improve when the relationship between the features and the output is nonlinear[141].

=  Decision tree

A decision tree is an algorithm that can be used for regression and classification. They are
instrumental as they are easy to interpret and can handle nonlinear relationships between the
features and the output. However, one should be careful of overfitting, especially when the tree
is deep[142].

= Random Forests

A random forest combines multiple decision trees to improve the model's performance. They
are less prone to overfitting and can handle nonlinear features-output relationships[143].
However, they may be more difficult to interpret than a single decision tree.

= Support Vector Machines (SVMs)

SVM is an algorithm that can be used for regression and classification tasks. They are
instrumental when dealing with high-dimensional data and can handle nonlinear relationships
between the features and the output. However, they may be computationally expensive and

challenging to interpret [144].

= Neural Networks

An algorithm that performs regression or classification can be called a neural network. They
are instrumental when dealing with complex features and output relationships. However, they

may be computationally expensive and challenging to interpret[145].

5.2.2.3. Cost function

Each machine learning model results in a biased solution to the learning problem, so evaluating

how well the algorithm is learned is important. Cost function in machine learning refers to the
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mathematical function used to measure the performance of a machine learning model. It
quantifies the difference between the predicted and actual output, allowing the model to adjust
its parameters and improve its accuracy. Different methods are used to calculate the cost
function, such as gradient-based methods and penalty parameters tuning [148, 149]. In quantum
computation, embedding the cost function into a quantum circuit is necessary to manipulate it
directly by a quantum computer [148]. Cost-sensitive learning methods, like the modified Stein
loss function, have been proposed to address class imbalance learning and improve the
performance of machine learning models [149]. Additionally, adjusting the cost function
coefficients is crucial for training machine learning interatomic potentials, as it affects the

reproducibility of physical properties [150].

5.3. Proposed machine learning approach for optimal wireless power transfer

In this section, we will outline our proposed approach for utilizing machine learning to predict
the efficiency based solely on the geometric parameters of the coils. Figure 5.6 provides an
overview of the entire process for optimizing and designing a spiral coil using machine learning,
including data collection, ML model training, and optimization using meta-heuristic algorithms.
To determine the most efficient design using meta-heuristic algorithms, the fitness of each
potential solution must be evaluated, which entails solving the 3D Maxwell problem for many

designs.
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Figure 5.6: The system architecture used for the spiral coil design using ML optimization

This process is time-consuming and computationally intensive. As a solution, an ML-based

model is created to predict efficiency based on the geometric parameters of the coil. In
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conjunction with a meta-heuristic algorithm, this model is used to identify the optimal coil
design for maximum efficiency. Using this approach has resulted in a significant reduction in
the overall optimization time. In this work, a neural network model is used to predict the

efficiency, as this approach is well-suited for solving nonlinear problems.

5.3.1. Neural network model for efficiency prediction

The proposed neural network model is used to predict the transfer efficiency. The neural
network is chosen due to its potential to mimic the nonlinear relationship between the input and
the output [151]. The input to the NN is the geometric parameters of the primary and secondary
coils. The proposed NN have six inputs (N, Ng, W, Wg, Sz, Sg) and one output (») to be
generated. The ranges of the design parameters are defined in Table 4.1. The used NN is based
on feed-forward architecture. A specific structure is employed to enhance the predictive
accuracy of the neural network. Each neural network comprises an input layer with six neurons,

a hidden layer with 60 neurons, and an output layer, as illustrated in Figure 5.7.
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Figure 5.7: Architecture of neural network model.

To clarify the employed methodology, we provide a concise overview of the sequential steps:

Step 1: Begin by creating a parametric FEM model of the WPT system using Maxwell 3D.
This model is defined by six key geometric parameters: Ny, Nz, Wy, Wy, St, and Sg

Step 2: Run the FEM model with a sweep of the six geometric parameters, extracting the
lumped parameters R, L, C and M. These parameters are used to assess the quality factors for

primary and secondary coils using equation (3.31).
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Step 3: Evaluate the transfer efficiency using the analytical expression given by equation
(3.22).

Step 4: Collect the simulation data generated by FEM model, including the geometric
parameters and power transfer efficiency.

Step 5: Employ the collected data to train a neural network model for predicting the power
transfer efficiency.

Step 6: Employ the trained model as a fitness function for the meta-heuristic algorithms (GA
and COA\) to optimize the power transfer efficiency.

Step 7: To validate the results, use the optimized geometric parameters to re-simulate the WPT

system with Maxwell 3D.

5.3.2.Neural network model training

The Ansys-Maxwell 3D simulator and neural network Matlab toolbox were used to prepare the
training and evaluation data [152]. First, we created a spiral coil model dictated by eight
geometric parameters, including the outer diameters (douty, doutg), the number of turns (N,
Np), the spacing between conductors (S, Sg), and the width of the conductors (W, Wy) of

primary and secondary coils, respectively as shown in Figure 5.8.

Figure 5.8: Parametric circular spiral coil designed by Ansys-3D Maxwell.

The numerical model was analyzed by the 3D eddy current solver at selected operating
frequency (13.56 MHz) to extract the lumped parameters (the inductance L, the parasitic
resistance R, and the capacitance C) of the designed spiral coils. Then, the efficiency is

calculated by using analytical equation (3.22). Simulations were performed on a desktop
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computer with an Intel Core 17 10700K processor, 16 GB of RAM, and a 64-bit operating
system, specified by Windows 10 professional version 21H2, each design required
approximately (3~ 10 minutes) and (7 ~ 17 hour) for 100 designs.

The dataset involved in this work was prepared by evaluating 35211 different designs over a
period of 210 days and 10 hours by using Ansys-Maxwell 3D as shown in Figure 5.8. The
datasets consist of six inputs which are the design parameters (Ny, Ng, Wy, Wg, St, Sg), and a
single output which is the transfer efficiency (). Building a predictive model requires

appropriate evaluation techniques to ensure accuracy and robustness.
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Figure 5.9: The dataset used for the NN model: (a) training points (b) testing points

In this case, we performed two evaluations: For the first evaluation, we divided the dataset
comprising 33,211 designs into three subsets: training, validation, and test. We randomly mixed
the samples and used 80% for training, 10% for validation, and 10% for testing. This division
ensures that the model is not biased towards one subset. The training set is the data used to train
our predictive model. The validation set optimizes model parameters and prevents over fitting.
Finally, the test set evaluates the model's performance after training and validation. Once a
predictive model is developed, it is essential to ensure its reliability and accuracy by testing its
ability to make precise predictions with updated data. To evaluate our model’s robustness, we
subjected it to a second round of testing using a fresh dataset of 2,000 designs, as depicted in

Figures 5.9.
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5.3.3. Performance evaluation of the neural network model
To assess the prediction accuracy of the NN model, we used two performance evaluation
indices, mean squared error (MSE), and R-squared (R?) defined as [35, 36]:

1 "
MSE = — %2, (v — 90)* (5.1)

2 = q _ 25090
R*=1 i i v)? (5-2)

m is the number of data samples, is the predicted output value, y is the actual output value,

andy is the mean value.

The graph in Figure 5.10 displays the mean square error (MSE) for the training, validation, and
test sets as a function of the number of training epochs. The graph illustrates that the neural
network model is learning as the MSE starts from a high value and decreases gradually over
time. As depicted in the figure, the training process was terminated at epoch 335 when the
validation error increased. The final MSE is small, and the test and validation errors exhibit
similar trends. No noticeable over-fitting was observed at epoch 335, which had the highest
validation performance. The training data were learned with a very good accuracy, with an MSE

value of 0.000096. A low MSE implies that the model is making accurate predictions.

Best Validation Performance is 9.6572e-05 at epoch 335
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Figure 5.10: Training performance analysis of the NN model

80



Chapter 5 Optimization of wireless power transfer using artificial intelligence

Training: R=0.99731 Validation: R=0.99669
. : - . v e
0.8+ Data 0.8 = Data b
Fit

S Y=T

0.6

0.6
0.4} 0.4

0.2} 0.2

Output ~= 1*Target + 0.002

Output ~= 0.99*Target + 0.0032

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Target Target
Test: R=0.99688 All: R=0.99723

08| e Data 0.8} °  Data

Output ~= 0.99*Target + 0.0031

Output ~= 0.99*Target + 0.0032

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Target Target

Figure 5.11: Regression performance analysis of the NN model

A regression analysis with training, validation, test, and all data is shown in Figure 5.11. The
theoretical and predicted values at epoch 335 almost coincide, and all data points are scattered
on the prediction line. R is close to 1, indicating the model achieves high prediction accuracy.
The designed ANN model is stable and reliable, making it a suitable tool for efficient power
transfer prediction.

To verify the accuracy of our model, we assessed its performance using a new dataset that was
not utilized during the training and validation phases. The dataset is presented in Figure 5.9.c.
Our analysis revealed a robust correlation between the predicted and actual values, as evidenced
by a high correlation coefficient (R) value of 0.996, as shown in Figure 5.12.a Additionally, we
plotted the error distribution using the new dataset, as depicted in Figure 5.12.b. Remarkably,

the majority of the error values fell within the narrow range of [-0.03 and 0.03], indicating a
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low error rate of only 3% and

an impressive accuracy of over 97%. These results underscore

our model’s high accuracy and generalization ability.
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Figure 5.12: NN model performance analysis for 2000 designs: (a) Correlation coefficient, (b)

Error rate

Figure 5.13 (a)-(f) compare actual and predicted efficiency versus geometric parameters,

demonstrating that the predicted efficiency closely matches the actual efficiency. This analysis

selected random efficiency values for testing using the NN model. This approach enhances the

generalizability of our findings and underscores the model's versatility across diverse real-world

situations.
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Figure 5.13: True and predicted efficiency versus geometric parameters for randomly selected

test dataset

5.3.4. Neural network and meta-heuristic optimization

Many WPT applications must be realized with a space restriction for receiving coil. For
example, WPT for biomedical implants must be realized with a miniaturized receiving coil
because the available space for the implantable Rx is minimal. On the other hand, a Tx coil can
be substantially larger for such an application. Therefore, there is a requirement for the
derivation of a coil design approach when coil size constraints are imposed. This section utilizes
the methodology described to investigate coil geometric parameter optimization for WPT with
miniaturized Rx coil. Specifically, we employ two meta-heuristic algorithms: the genetic

algorithm (GA) and the coyote algorithm (COA) to extract the optimal design point. Before
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optimizing, a preliminary study must identify the critical geometric parameters influencing

efficiency. This objective will be the focus of the upcoming section.

5.3.5. Exploring the impact of geometric parameters on efficiency

Figure 5.14 illustrates the correlation between the efficiency of the coil and its geometric
parameters. The analysis indicates that the efficiency of the coil is positively correlated with
the parameters of the secondary coil (Ng, Wy, and Sg) and the width of the conductors in the
primary coil (Wy). Conversely, an increase in the number of turns of the primary coil (N;) and
the spacing between the conductors of the primary coil (S;) results in a decrease in efficiency.
Therefore, a balance between the geometric parameters of the coils must be determined to
achieve maximum efficiency while considering the constraints of biomedical applications at a

specific coupling distance. This is the aim of the next section.
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Figure 5.14: The efficiency versus the geometric parameters of the coils

5.3.6. Optimization algorithms
The aim of this optimization is to find the optimal geometric parameters of the coils that

maximize transfer efficiency.
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Figure 5.15: Flowchart of ML-metaheuristic based coil optimization.
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The flowchart in Figure 5.15 describes the optimization process based on meta-heuristic
algorithms (GA, COA). For a biomedical application, the limited size of the secondary coil
(external diameter doutr which does not exceed 20mm) is defined as a constraint for the
optimization problem formulated by equation (4.1). Different methods can be used to solve the
optimization problem. In this study, we have chosen two meta-heuristic algorithms, the genetic
algorithm (GA) and coyote algorithm (COA), to find the optimal solutions for this problem.
The neural network model is called by the meta-heuristic algorithms in each iteration to evaluate

the objective function.

5.3.7. Optimization results and discussion

In this section, we study the proposed GA and COA algorithms' performance in solving the
optimization problem to achieve high efficiency. The optimization process is stopped when the
average change in the fitness value and constraint violation drops below a set tolerance value.
The objective function's variation against the number of iterations for GA and COA algorithms
is depicted in Figure 5.16 The corresponding geometric parameters versus the iterations are
shown in Figure 5.17 and summarized in Table 5.2. As depicted in Figure 5.17, the NN-GA
algorithm requires only a few cycles to reach optimal values, making it significantly faster than
the NN-COA algorithm. As reported in Table 5.2, both algorithms (GA and COA) yield almost
identical optimal parameters, resulting in a high efficiency of 76%, which validates our

proposed approach.
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Figure 5.16: Efficiency versus number of iterations
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Figure 5.17: Geometric parameters versus the number of iterations

By comparing the efficiency achieved using the initial values listed in Table 4.1 to the efficiency
attained with the optimal values listed in Table 5.1, it becomes evident that there has been a

remarkable increase in efficiency from n = 0.2% to n = 76%. This represents an improvement

87



Chapter 5 Optimization of wireless power transfer using artificial intelligence

in efficiency of 76%. Moreover, while both algorithms exhibit similar efficiency levels,
noteworthy differences are observed in their convergence behavior. The genetic algorithm
reaches convergence within 80 iterations, whereas the coyote algorithm requires approximately

200 iterations to achieve a stable efficiency state.

Table 5.1: Optimization results of NN-metaheuristic approach

Geometric parameters NN-COA NN-GA

Primary coil  Secondary coil  Primary coil Secondary coil

Number of turns (N) 7.9660 10.14 7.6568 10.291
Width of a conductor (W) [mm] 3 0.25 3 0.25
Spacing between conductors (S) [mm] 4 0.35 4 0.35
Outer diameter coil (dg,;) [Mm] 120 19.8 115 19.8
Efficiency (n) 76.01% 76.36%

Iteration 200 80

Validation (FEM model) 76.22% 76%

Table 5.2 highlights the effectiveness of utilizing the ML-based approach in the design
optimization process compared to traditional methods (analytical and numerical). This table
clearly shows that the validation results are in close agreement with those of analytical and
numerical methods. When comparing the different approaches, it becomes evident that NN-GA
and FEM-GA exhibit high accuracy. This accuracy can be attributed to numerical-based
optimization considering real resistances, parasitic capacitances, and all types of coil losses. In
contrast, the analytical-GA approach demonstrates higher efficiency than NN-GA and FEM-
GA but lower accuracy than validation results; it exhibits a 9% error. This reasonable error
originates from our use of simplified mathematical models to approximate coil electrical
parameters, disregarding various losses such as capacitive, proximity and eddy current losses.
Additionally, the results indicate that the ML-based approach significantly reduces the
computational time needed for the optimization process, with a 99% decrease compared to
traditional FEM-based optimization methods. While FEM-based optimization takes four
months, the ML-based approach takes only few seconds. Although the initial computational
cost for acquiring and training the algorithm was seven months, the prediction and optimization
are very fast and accurate once completed. As demonstrated in this study, the incorporation of
machine learning techniques in the design optimization process can lead to faster and more

efficient design iterations.
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Table 5.2. Comparison of characteristics

Parameters Analytical-GA NN-GA FEM-GA
Np 6 7.6568 8

Ng 10.2 10.291 10

Wy [mm] 3 3 2.956
Wg [mm] 0.25 0.25 0.2313
Sy [mm] 4 4 4.083

Sg  [mm] 0.35 0.35 0.3792
dyuir [MM] 20 19.8 20

d gyer [Mmm] 90 115 120.5
Efficiency (1) 79% 76.36 % 74%
Validation by FEM 70% 76% 74%
Computational time 95 23s 4 months

5.4. Comparative analysis of the NN technique with respect to other methods

One of the appealing features of our proposed ML-based coil design method is its notable
reduction in computation time for coil design. As depicted in Figure 5.18.a, the proposed
method requires only 0.005 seconds to predict 1000 sample designs. In contrast, simulation
tools like Ansys-3D Maxwell demand 3~10 minutes for each sample design on a standard
desktop computer. This means that it takes 50~170 hours to explore 1000 sample designs.
Furthermore, the proposed method reach optimal efficiency within 3 seconds for 100 iterations,
while Ansys-3D Maxwell takes 14 hours for the same iterations, as depicted in Figure 5.18.b.
Consequently, our proposed approach to coil design not only enhances efficiency but also

results in significant time savings during the design and optimization process.
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Figure 5.18: Comparison of the computation time for the coil design: (a) Prediction, (b)
Optimization.
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Remarkably, our ML-based coil design approach offers several advantages over traditional
approaches, as outlined in Table 5.3. The proposed approach enables the efficient design of
coils of varying sizes with high efficiency, eliminating the need for complex analyses or lengthy
simulations. Notably, our design approach not only ensures exceptional prediction accuracy but
also achieves this with minimal computational intensity and reduced resource requirements.
While analytical approaches can optimize a design quickly, they often rely on simplified
equations that may be inaccurate. In contrast, our ML-based approach utilizes a data-trained
model for optimization instead of analytical equations. Particularly, our optimization method
employs metaheuristic algorithms to efficiently yield optimal designs without the need for
calculating lumped elements. Consequently, our proposed method is adaptable to design
changes, fast, and provides high accuracy. Additionally, finite elements methods (FEM)
simulators produce accurate results and explore various configurations. However, the accuracy
of FEM simulations comes at the expense of increased computational time, as demonstrated in

Figure 5.18. This trade-off could result in reduced productivity in industrial applications.

Table 5.3: Performance comparison of design methods of WPT coils

Methods Preparation Accuracy Latency Design Industrial
flexibility applications
Analytical method Lumped elements (R, L Low Fast Poor Bad

[21, 701, [111] and C), equations

FEM method [2], Simulators (3D Maxwell,  Very high Slow Moderate Moderate
[103] HFSS.)
ML method [7], [9], Data set and trained High Fast Good Good
[14],[153] models
Proposed method Data set and trained Very Faster Good Very Good
[154] models High
e Validation

As shown in figure 5.19, we can see the optimal geometric shape of both primary and secondary
coils, as determined by using Ansys Maxwell. These designs, derived from an extensive design

and optimization process, yield a remarkable efficiency of 76.22%.
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Figure 5.19: 3D model of coils designed with optimal parameters: (a) Initial coil geometry

(before optimization), (b) Optimal coil geometry (after optimization)

Additionally, the observed variations in magnetic field distribution provide valuable insights
into the characteristics that differentiate these two designs. Notably, in the case of the initial
coil shape, the flux lines originating from the first coil fail to reach the second coil due to their
nearly identical sizes, leading to a weak coupling coefficient. Conversely, in the case of the
optimal coil shape, the flux lines successfully reach the second coil, resulting in a strengthened
coupling coefficient and enhanced efficiency.

5.5. Conclusion

In this chapter, we introduced a novel approach to optimize the design of miniaturized, high-
efficiency WPT coils for biomedical implants. Our approach combines machine learning and
meta-heuristic algorithms to optimize the geometric coil parameters to maximize transfer
efficiency. We meticulously trained a neural network model, leveraging an extensive dataset of
over 35,000 samples of geometric parameters. This rigorous training resulted in a remarkable
model accuracy rate exceeding 97%. Furthermore, we employed meta-heuristic methods to
expedite searching for optimal coil parameters that maximize transfer efficiency. Our approach
has demonstrated impressive effectiveness in WPT coil design optimization, leading to notable
enhancements in transfer efficiency and significantly reducing the required processing time
compared to traditional optimization methods. The satisfactory obtained results were validated

using finite element simulation based on Ansys Maxwell 3D.
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6.1. Conclusion

This thesis investigated the optimization of wireless power transfer (WPT) systems for
biomedical implants, focusing on maximizing efficiency while minimizing the size of the
receiving coil. The transfer distance was also increased to 30 mm. This research presented a
comprehensive approach that combines metaheuristic algorithms with machine learning to

achieve maximum WPT efficiency.

First, we thoroughly analyzed and identified the geometric coil parameters that impact the
efficiency of the WPT system. Then, we proposed an analytical approach incorporating iterative
or metaheuristic optimization methods. However, the optimization results derived from
analytical models may lack accuracy, as they are based on calculating the objective function
(efficiency) using a series of simplified equations. This can introduce errors and limit the

precision of the optimization.

To overcome the limitations of analytical models, this work incorporated numerical simulations
using the finite element method (FEM) based on Ansys Maxwell 3D. This approach allowed
more precise efficiency calculations, leading to highly accurate results. However, the time-
consuming nature of FEM simulations presents a significant challenge for fabrication design

iterations.

Recognizing the need for a tradeoff between accuracy and speed, this thesis introduced a novel
machine learning-based approach. This approach employed an artificial neural network (ANN)
model trained on a large dataset of FEM simulation results. The trained model
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achieved remarkable accuracy, exceeding 97%, in predicting efficiency based on geometric coil

parameters.

To further enhance the optimization process, this thesis integrated the trained ANN model with
metaheuristic algorithms, namely the genetic algorithm (GA) and the coyote optimization
algorithm (COA). These algorithms efficiently identified optimal coil designs that maximized

efficiency while adhering to size constraints.

This research demonstrated the significant advantages of machine learning-based approaches
compared to traditional methods. It achieved high accuracy, comparable to FEM-based
optimization, but with a remarkable reduction in computational time, exceeding 99% faster
compared with GA-FEM optimization. Additionally, we have established the feasibility of
using machine learning for rapid and accurate WPT coil design optimization. The proposed
approach offers a powerful tool for accelerating the development of high-performance WPT

systems for various applications, particularly in biomedical implants.

6.2.Future Works
Our future research will aim to significantly advance WPT technology, particularly for

biomedical applications.

e We will be actively engaged in developing and implementing a WPT circuit.

e We will address coil misalignment, and an Al-driven system will be developed to
precisely determine the primary coil's position and enable real-time adjustments.

e We will further enhance the machine learning model by incorporating additional factors
such as tissue properties and electromagnetic interference. This will further improve the
model's accuracy and robustness in the biomedical field.

e We propose to study the possibility of sticking the coil on a plate to increase the
magnetic field. The plate material will be selected after a study about its effect on human

skin to ensure that there aren’t adverse effects.
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