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Chapter 1  

Introduction 

1.1. Background 
Nonradiative wireless power transfer (WPT) systems have evolved significantly and now find 

applications across various industries, promising a revolution in electrical energy utilization. 

However, because these systems use electromagnetic fields (EMFs) for energy transfer, concerns 

have emerged regarding the potential risks associated with EMF exposure. Given the increasing 

prevalence of WPT systems, comprehending their safety implications is essential, particularly 

focusing on the interaction between humans and EMFs. 

Human activities in proximity to these systems might disrupt their efficiency, whereas the 

EMFs generated can interact with biological tissues. Furthermore, WPT systems operate across a 

broad spectrum of frequencies, ranging from low to high. Low-frequency exposure (below 100 

kHz) primarily results in electrostimulation due to induced electric fields within the body, whereas 

exposure to radiofrequency (above 100 kHz) may lead to thermal effects associated with 

temperature increase. 

It is crucial to ensure optimal transmission efficiency, minimize human-system interaction, and 

address concerns about EMF exposure, particularly within diverse realistic scenarios. 

1.1.1. Development of Wireless Power Transfer Technology 

The roots of induction charging can be traced back to the pioneering work of eminent English 

physicist Michael Faraday in 1831 [1]. Heinrich Rudolf Hertz’s discovery of radio waves in 1888 
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confirmed the electromagnetic propagation forecast by Maxwell [2]. Hertz’s experiments 

demonstrated that electromagnetic waves could be produced in transmitter coils and wirelessly 

detected by a receiver coil [3]. Nikola Tesla’s groundbreaking experiments in the late 1800s 

leveraged inductive coupling principles with Tesla coils, facilitating substantial alternating 

current (AC) [4]. Induction heating, which has been used since the early 1900s, has also been 

employed in induction cooking. In 2007, Soljačić et al. [5] theoretically demonstrated the 

feasibility of a four-coil configuration for wireless power transmission using the coupled mode 

theory, achieving a transfer of 60 watts with almost 40% efficiency over distances exceeding 2 

m. Additionally, in 2011, Christopher et al. recreated Tesla’s 1900 patent in miniature, 

demonstrating power transmission over 4 m with a coil diameter of 10 cm at a resonant frequency 

of 27.5 MHz and an effective efficiency of 60%. Currently, WPT technology is extensively 

applied in electric vehicle (EV) charging [6]–[8], consumer electronics [9], [10] , and biomedical 

implants [11], [12]. As the scientific community continues to refine this technology and address 

the associated challenges in high-efficiency and safety, future prospects for WPT remain 

promising. 

In general, WPT can be classified into two primary types: radiative and non-radiative, each 

presenting distinct advantages in the realm of wireless power delivery. In radiative techniques, 

power is transferred by beams of electromagnetic radiation beyond about 1 wavelength (λ) of the 

antenna, like microwaves [13]. These techniques can transport energy longer distances but must 

be aimed at the receiver [14]. Proposed applications for this type include solar power satellites 

[15] and wireless powered drone aircraft [16].  

The main focus of this thesis will solely be on non-radiative WPT techniques, which refers to 

energy transfer within the wavelength (λ) of the transmitter antenna. Extensive research has been 

conducted on various nonradiative WPT systems, each based on different coupling mechanisms, 

as follows: 

• Inductive wireless power transfer (IPT): This technology transmits energy by inductively 

coupling the coils of a transmitter and receiver over a short distance using a magnetic field. 

Operating within the kilohertz range, this solution typically maintains a distance of no 

more than 40 mm between the transmitter and receiver. IPT technology is versatile and 

capable of transmitting energy from single watts to kilowatts [17]; 
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• Capacitive wireless power transfer (CPT): CPT technology relies on capacitive coupling, 

utilizing transmitter and receiver capacitive electrodes shaped like metal plates. The 

transmitter system, powered by an alternating voltage source, generates an alternating 

potential displayed as a load on the receiver cover [18]; 

• Magnetic resonant coupling-type WPT (MRC-WPT): This technology operates through 

magnetic resonance coupling, employing resonant coils to facilitate wireless power 

transfer. Utilizing multiple coils, power transfer occurs through the interaction of magnetic 

fields between the transmitting and receiving unit. These units generally consist of 

resonant coils tuned to the same frequency, enabling efficient energy transfer over short 

to medium distances [19]. A significant advantage of MRC-WPT systems is their capacity 

to transfer power over larger air gaps compared with traditional inductive coupling. 

IPT and CPT are typically suitable for relatively short distance energy transfer, while MRC-

WPT excels in medium-range applications. Capacitive coupling increases energy transfer with 

heightened interplate capacitance and frequency. Consequently, this necessitates an increase in 

the total surface area of capacitors, an expansion in volume, and a requirement for high voltage 

across the capacitor plates [13]. For practical applications, magnetic resonance coupling and 

inductive coupling are considered the most suitable methods. This rationale underscores the in-

depth examination of these methods in Chapters 3 and 4 of this thesis. 

1.1.2. Related Standards and Guidelines 

The rapid advancement of WPT technologies has led to the emergence of corresponding 

international standards and guidelines. They play an integral role in the development and safety 

of these technologies, establishing norms and best practices to ensure efficiency, interoperability, 

and compliance with safety regulations. These standards encompass various aspects of WPT, 

from power levels and frequency bands to limits of electromagnetic field exposure, providing a 

foundation for manufacturers, researchers, and regulatory authorities to coordinate efforts, 

encourage innovation, and uphold stringent safety protocols within the evolving realm of WPT 

technology. 
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Wireless Charging Standards 

Numerous standards and guidelines have been introduced to address power transmission 

efficiency, maximum allowable transmission power, and frequency bands. These protocols are 

designed to ensure the safe and effective operation of WPT systems in industrial contexts. 

One prominent standard, introduced by the Wireless Power Consortium in 2008, is the Qi 

Standard, primarily tailored for inductive charging within a 4 cm range [20]. This standard has 

become the leading choice for wireless power transmission, particularly in the smartphone 

industry. It stipulates power requirements in two categories: within 5W in the 110 to 205 kHz 

frequency range and up to 120W in the 80 to 300 kHz frequency range [21]. 

Another well-known wireless charging standard was introduced by the AirFuel Alliance in 

2021, amalgamating the Alliance for Wireless Power (A4WP) and Power Matters Alliance [22]. 

The AirFuel standard employs magnetic resonance charging technology to power multiple 

devices simultaneously at speeds comparable to wired charging without necessitating precise 

placement on the charging surface. The AirFuel resonant standard requires 15 or 50W in the 6.78 

MHz band, with a transmission distance request of 60 cm. 

AirFuel emphasizes “magnetic resonance” technology, setting it apart from Qi’s “inductive” 

technology. While the former offers lower transmission efficiency, it enables wireless charging 

over slightly longer distances, offering greater flexibility. In contrast, the latter requires proximity, 

such as placing a smartphone on a charging pad, allowing contactless inductive charging with 

higher efficiency. 

For WPT systems in EVs, stringent safety regulations are essential owing to the generation of 

high-power fields. In 2016, SAE International published SAE J2954, defining acceptable criteria 

for interoperability, electromagnetic compatibility, EMF, minimum performance, safety, and 

testing of wireless charging of light-duty electric and plug-in EVs. This standard categorizes four 

levels of charging power up to 22 kW, requiring more than 80% transmission efficiency at the 85 

kHz frequency band [23]. Moreover, the International Electrotechnical Commission (IEC) 

publishes international standards IEC 61980-1, 2, and 3, specifically addressing the supply of 

devices for charging electric road vehicles wirelessly [24]–[26]. IEC 61980 categorizes power 

levels of up to 22 kW and limits the air gap to 24 cm. Another standard, ISO 19363, by the 

International Organization for Standardization (ISO), outlines the specifications and functionality 
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of onboard vehicle equipment facilitating magnetic field WPT for charging EV traction batteries 

[27]. This standard, tailored for use in passenger cars and light-duty vehicles, covers various 

aspects, including the transferred power, ground clearance of the EV device, and more. 

In addition, several countries, such as China, Japan, Europe, and the USA, have comprehensive 

testing methods and management solutions for wireless charging devices [28]. 

Human Exposure Standards and Guidelines 

Various regulatory bodies have established guidelines and standards to prevent human 

overexposure to EMFs. The International Commission on Nonionizing Radiation Protection 

(ICNIRP) [29] and the IEEE International Committee on Electromagnetic Safety [30] are two 

international bodies mentioned by the World Health Organization. The ICNIRP guidelines set 

two types of limits: the basic restriction (BR) and the reference level (RL). These are indicated as 

Table 1.1 Basic restrictions in different guidelines/standards for general public exposure, f in Hz. 

Quantity 
Induced electric field; Eind 

[V/m] 
Localized SAR [W/kg] 

Whole-body SAR 

[W/kg] 

Spatial Average 2 × 2 × 2 mm3 (cube) 1g 10g - 

Frequency range 1 Hz–3 kHz 3 kHz–10 MHz 100 kHz–6 GHz 

Value 0.4 1.35 × 10−4f 

1.6  

(head & torso) 

2 

(head & torso) 0.08 

4 (limbs) 

 
Table 1.2 Reference levels in in different guidelines/standards for general public exposure, f in Hz 

Frequency range 
Magnetic flux density 

[T] 

Magnetic field strength 

[A/m] 

Electric field strength 

[V/m] 

1–8 Hz 4 × 10−2/f2 3.2 × 104/f2 5 

8–25 Hz 5 × 10−3/f 4 × 103/f 5 

25–50 Hz 
2 × 10−4 1.6 × 102 

5 

50–400 Hz 
2.5 × 102/f 

400 Hz–3 kHz 8 × 10−2/f 6.4 × 104/f 

3 kHz–10 MHz 2.7 × 10−5 21 8.3 × 10−2 

10–30 MHz - 0.073 - 
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the dosimetry reference limit (DRL) and exposure RL (ERL) in the IEEE C95.1 standard. BRs 

concern internal-field quantities associated with adverse health effects and are characterized by 

certain reduction factors. Conversely, RL signifies the permissible external-field strength without 

the presence of a human body for practical compliance assessments. The limitations of exposure 

based directly on physical quantities linked to established health effects are termed basic 

restrictions, which can be challenging to assess. Hence, they are conservatively derived from the 

RL. RL is generally derived under the assumption that a standing human is exposed to a uniform 

field in a worst case scenario [31]. However, in specific scenarios with relatively strong local 

exposure, such as holding a mobile phone close to the head, the RL may not be applicable [32]. 

In such cases, a compliance assessment with the basic restrictions should be directly evaluated. 

Low-frequency exposure (below 100 kHz) primarily causes electrostimulation owing to the 

induced electric field in the body, while radiofrequency (RF) exposure (above 100 kHz) leads to 

thermal effects associated with a rise in body temperature due to power absorption. For near-field 

exposure scenarios at frequencies around the MHz range, compliance estimation was evaluated 

using the specific absorption rate (SAR) rather than the induced electric field. The BRs and RLs, 

listed in Tables 1.1 and 1.2, serve as optimization limits in this thesis, depending on the frequency. 

However, consideration of implantable devices falls beyond the scope of this thesis. 

1.1.3. Previous Related Studies and Research Scope 

Human-system Interaction 

In previous studies, it was observed that the proximity of the human body to WPT systems 

could cause a mismatch between the input impedance of the transmitting and receiving coils, 

resulting in reduced transmission efficiency [33]. The transmitting power of a WPT system can 

fluctuate owing to changes in the input impedance caused by human-system interaction, as 

evidenced in previous research [34]. Other related studies have highlighted how minimizing 

impedance-mismatch conditions could impact compliance assessments for human protection 

[35]–[37]. 
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Reducing Leakage of Electromagnetic Field 

Because WPT operates via electromagnetic fields, reducing its impact on the human body 

becomes crucial. Sometimes, the most restrictive factor reported is human protection rather than 

electromagnetic interference with nearby electric or electronic devices [38], [39]. Frequency-

splitting phenomena owing to the presence of multiple coils also raise concerns in WPT systems 

[40]. Additionally, at low frequencies, the human body acts as a poor conductor [41]. 

Consequently, the electric field on the body surface must be perpendicular to it, inducing an 

electric field in the human body owing to the accumulation of electric charge on the surface of 

the body [42]. 

Increasing magnetic field leakage can compromise human safety. Methods such as 

compensation topology and passive shielding have been proposed to reduce the leakage magnetic 

field of WPT systems [43]–[45]. Although these studies have largely focused on the compliance 

assessment aspects of WPT systems, they have not thoroughly investigated the effects of the 

human body on WPT performance. 

Initially, ferrite cores, such as E- and U-type cores, were proposed to reshape the magnetic path 

and reduce leakage, which are primarily used in EV applications [46]. However, owing to their 

high cost, large weight, and poor misalignment tolerance, alternate ferrite cores with different 

structures and materials were suggested. For instance, a circular core structure was proposed to 

reduce the core thickness and magnetic flux leakage [47], [48]. Additionally, variations such as 

the double-D quadrature [49], H-shaped [50], and tripolar pad core [51] structures were 

introduced to address misalignment issues. Tapered cores were explored owing to their good 

alignment tolerance and coupling coefficients [52]. Furthermore, some studies [53]–[55] have 

discussed the use of optimal core thickness and coil shape to enhance system performance and 

misalignment resilience. However, these studies concentrated on the system design and paid 

limited attention to the adverse effects of magnetic field leakage on humans. 

Numerical Dosimetry Study 

The presence of a human body significantly impacts the transfer performance of WPT systems 

[56]. Assessing the induced electric field strength in the human body is a common method used 
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to evaluate EMF safety in WPT systems [57]. Numerical dosimetry, which frequently employs 

anatomically realistic human voxel models [58] based on magnetic resonance imaging data [59]–

[61], is utilized to explore electromagnetic field effects during WPT, particularly concerning 

human health and safety. Numerous studies have focused on WPT-oriented numerical dosimetry. 

Laakso et al.[62] and Arduino et al. [63] investigated exposure to the magnetic fields of EV 

wireless charging systems. S. Park et al. [64] calculated the internal electric fields induced by a 

four-coil MRC-WPT system in the human body. Additionally, other studies evaluated the 

exposure of misaligned WPT systems to the human body and assessed the induced field amounts 

due to time-varying magnetic fields generated by various WPT systems [37], [65]. These studies 

extensively evaluated the variations in the induced electric field within the human body using 

different human models [66], postures [67], [68], and body positions [42], [60], [69]. Some studies 

have specifically focused on determining the coupling factor to establish the relationship between 

the peak in-situ electric field and the applied nonuniform magnetic field [70], [71]. 

This study is dedicated to the comprehensive safety evaluation of WPT systems, emphasizing 

their implications for the human body. This research focuses on two key points: human interaction 

with WPT systems and the health risks associated with EMF exposure. It explores innovative 

techniques, such as loop structures, aimed at reducing human exposure during WPT operations. 

Additionally, within realistic scenarios, this study investigates the feasibility of using composite 

cores to shield against leakage magnetic fields, safeguarding the health of bystanders in EV 

charging applications. The ultimate goal of this study was to enhance WPT technology for 

efficient utilization without compromising human health.  
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1.2. Content of Thesis 
This study focuses on simulating the performance and EMF distribution of a nonradiative WPT 

system while computationally evaluating the physical quantities in a human model exposed to 

this system. It introduces two designs, the grounded loop and composite core, aimed at different 

coupling types in the WPT system. The primary goal is to establish efficient and safe systems for 

various realistic scenarios. The motivations for this study are as follows: 

1. Minimizing human interaction with WPT systems to enhance system safety while 

maintaining high efficiency across different application scenarios. This study utilizes full-

wave simulations and a simplified homogeneous human body model to analyze the 

system’s performance. 

2. Mitigating the health risks associated with EMF exposure by reduce the leakage 

electromagnetic field. Calculations of physical exposure quantities have been conducted 

in a numerical human model under the magneto-quasi-static assumption. 

3. Carrying out compliance assessments of the proposed systems, considering various 

limitations of international guidelines and standards. 

The thesis comprises the following chapters: 

Chapter 1 introduces the background and motivation of this study. 

Chapter 2 explains the models and computational methods used in this study. It begins by 

presenting the theoretical WPT system model and two human body models. The chapter then 

details the full-wave simulation using COMSOL software and describes the scalar potential finite 

difference (SPFD) method for computing the induced electric field strength in numerical human 

models. The SAR equation, utilizing the electric field obtained in SPFD, is also presented. 

Chapter 3 proposes a grounded loop in the four-coil MRC-WPT system to reduce the external 

electric field and enhance the transmission efficiency. It investigates the system’s performance 

under the influence of the human body via simulations. Calculations of the induced electric field 

strength and SAR in a worst case exposure scenario for the numerical human body model are 

conducted. Additionally, compliance assessments are performed, considering various 

international codes and standards’ limitations. 
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Chapter 4 explores the effectiveness of using a composite magnetic core in an inductive WPT 

system for EV to reduce external magnetic field emissions and improve transmission efficiency. 

Three different shapes of intermediate insert blocks are considered for the core design. The 

chapter evaluates the efficiency and leakage magnetic field strength of these core structures 

against a coreless system. It investigates the induced electric field strength concerning the vehicle 

model and discusses the effect on the human model under perfectly aligned and misaligned 

conditions. For compliance assessment, a common exposure scenario involving a human model 

standing near an EV was considered. 

Chapter 5 summarizes the main conclusions of this study.  
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Chapter 2  

Modeling and Methodology 

2.1. Overview 
First, the theoretical model and the equivalent circuit of the WPT system and its details are 

introduced. The commercial software COMSOL Multiphysics (COMSOL Inc., Burlington, MA, 

USA) [72] is used, employing a field-circuit co-simulation approach to evaluate the transmission 

efficiency of the WPT system. Following that, a detailed description of the two-stage computation 

method used how to compute physical quantities will be provided [42]. In the first stage, magneto-

quasi-static computation has been performed for the magnetic field distribution. In the second 

stage, the physical quantities are computed using the quasi-static dosimetry method-scalar 

potential finite difference (SPFD), which has been widely used in previous research on human 

exposure [73]. The proposed computational approach has been validated by intercomparison with 

[62] and [74]. In addition, When the human body is exposed to radio waves at frequencies above 

100 kHz, some of the energy is absorbed by the body and converted into heat. The specific 

absorption rate (SAR) equation is the most commonly used equation to express the amount of 

heat absorbed [29]. 

This chapter describes the WPT system model, homogeneous axial-symmetric human model, 

anatomical human body model, and the associated computation methods. 
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2.2. Models 

2.2.1. Theoretical Wireless Power Transfer System Model 

According to Oersted's law, a steady current produces a magnetic field around it. The magnetic 

flux passing through the receiver will be expressed as: 

where B is the magnetic flux density generated by the transmitter and S is the area of the receiver 

coil surface. Since the time-dependent current of the transmitter coil produces magnetic flux 

variation in the receiver coil, electromotive force is induced in the receiver coil, which we can 

derive by applying Faraday’s law [1]: 

Self-inductance L is the property of the circuit when its own magnetic field is opposing the 
current change in the circuit. Self-inductance of the coil can be defined as: 

where N is the number of turns, 𝜙	is magnetic flux and I is the current of the coil [3]. By 
combining (2.11) and (2.12) , the following equation can be obtained: 

where M is the mutual inductance of two coils. Obviously, the EMF induced on the coil is directly 
proportional to the self- or mutual-inductance of the coils and the rate at which the current is 
changing [5]. Another representation of mutual inductance is the following: 

𝜙 =) 𝑩𝑑𝑆
!

				 (2.1) 

 

𝛆 = −
𝑑𝜙
𝑑𝑡
				 (2.2) 

 

𝐿 =
𝑁𝜙
𝐼
				 (2.3) 

 

𝛆 = −𝐿
𝑑𝐼
𝑑𝑡
			or	 − 𝑀

𝑑𝐼
𝑑𝑡
	 (2.4) 

 

𝑀 = 𝑘7𝐿"𝐿#	 (2.5) 
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where k is the coupling factor and L1/2 is the inductance of the transmitter/receiver coil. The 
coupling factor defines the grade of the coupling, i.e., how much flux of the total flux actually 
penetrated the receiver coil. It can have a value from 0 to 1 (from zero to perfect coupling). 

Figure 2.1 depicted a simplified representation of the WPT system. The transmitter/receiver 

coil can be represented by series inductor L1/2 and resistances R1/2. The R1 and R2 represent the 

resistances due to the ohmic and radiation losses of the transmitter and receiver [75]. The RL is 

the load resistance. The function M represents the mutual inductance. Capacitors C1 and C2 are 

used to tweak the transmitter and receiver resonance to the desired frequency [76]. V is the input 

voltage and VRL is the output voltage. When the transmitter and receiver are in resonance, the 

transmission efficiency of the WPT system can be calculated using the following equation based 

on the coupled-mode theory [5], [77].  

The overall transmission efficiency is then can be depends on the transmission frequency, 

mutual inductance, coils’ parasitic resistances and load resistance, as shown in the following 

equation: 

where the transmission efficiency 𝜂 is defined as a ratio of input to output power, 𝜔 is the 
operating frequency of the system, M represents the mutual inductance, The resistances R1, R2 
and RL represent the resistance of the transmitter coil, receiver coil and the load, respectively.  

 

Figure 2.1 Simplified representation of the two-coil coupling WPT system. 

 

𝑃$! =	
𝑉"#𝜔#𝑀#𝑅%

(𝑅"(𝑅# + 𝑅%) + 𝜔#𝑀#)#
 (2.6) 

 

𝜂 = 	
𝜔#𝑀#𝑅%

𝑅"(𝑅# + 𝑅%)# +𝜔#𝑀#(𝑅# + 𝑅%)
 (2.7) 
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Q factor (Quality factor) is defined by the ratio of the inductance to the resistance of the coil. 

A higher Q factor means a lower energy loss and so better transmission efficiency. It can be 

defined as: 

where L is the inductance of the coil, R is its resistance and 𝜔 is the operating frequency of the 

system. Obviously, Q factor increases when the operating frequency increases. However, when it 

reaches its peak values, it will decrease as the operating frequency continues to rise. What is more, 

a higher Q factor means a narrower bandwidth, which results in dropped coupling efficiency and 

the need of a tuning circuit.  

Now the maximum transfer efficiency is defined by the following equation: 

where k is the coupling factor between two coils and 𝑄" and 𝑄# are the quality factors of the 

transmitter and receiver coils. 

𝑄 =
𝜔𝐿
𝑅
				 (2.8) 

 

𝜂 =
𝑘#𝑄"𝑄#

(1 + 71 + 𝑘#𝑄"𝑄#)#
				 (2.9) 
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2.2.2. Human Models 

Simplified Homogeneous Human Body Model 

The human-body models adopted are shown in Figure 2.5. A simplified homogeneous human 

body model was adopted from the IEC62233 standard [78]. Its height and maximum diameters 

were 1.528 and 0.35 m, respectively, which approximated the size of an adult human body. In 

addition, the dielectric properties of the homogeneous model were set to two-thirds of those of a 

muscle, an approach which is often used to represent the average electrical properties of a human 

body [35]. This model is used to evaluate the human-system interaction in Chapter 3. 

Anatomical Human Body Model 

Anatomical body models have been widely adopted in dosimetry studies and have been 

considered by ICNIRP to relate RL with BR. In the present work, the Japanese adult male model, 

TARO [58], shown in Figure 2.5, developed by the National Institute of Information and 

Communication Technology, Tokyo, Japan, was adopted for a detailed assessment of the 

exposure dose in a realistic human body. This voxel-based model consisted of 51 tissues and 

 
Figure 2.2 Simplified homogeneous human body model. 
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organs, and its spatial resolution was 2 mm. The dielectric properties of the tissues were obtained 

from the four-Cole–Cole dispersion model [79]. This model is used in Chapter 3 and 4. While 

other research has explored various human models, including those for children model [80] and 

female model [58], [81], this thesis exclusively employs TARO model to calculate exposure doses.  

 
Figure 2.3 Anatomical human body model. 
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2.2.3. Vehicle Cabin Model 

A simplified vehicle cabin model based on the Toyota Motor Corporation Prius [82] for which 

the WPT system is implemented, is depicted in Figure 2.4. The vehicle body is assumed to be 

placed in free space. As the relative permeability of a window is 1, glass windows in the vehicle 

were not considered in the evaluation because of their negligible impact on the magnetic field 

[74]. The vehicle body is fabricated using aluminum with 2.0 mm thickness. 

  

 

 
Figure 2.4 Cross-section of the electric vehicle (EV) cabin model (xz-plane and xy-plane). 
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2.3. Methods 

Quasi-static approximations are often used in the frequency range below about a few hundred 

kHz without validation. In contrast, full-wave analyses are typically used for frequencies above 

10 MHz. Based on the wide distribution of operating frequencies of WPT systems and the purpose 

of this study, one full-wave analysis method and one quasi-static analysis method are considered. 

2.3.1. Finite Element Method 

Finite element analysis is a method used to solve general systems of partial differential 

equations (PDEs), which are expressed in a discrete and approximate form [42]. This method 

allows us to solve field problems defined by complex geometries and constraints. Therefore, it 

enables the definition of more governing equations, allowing us to deal with coupled physical 

problems in electromagnetics. The analysis can be divided into three parts: 

l Pre-processing: Development of the model (geometry, mesh, material, solver). 

l Solver: Solution of linear or nonlinear systems. 

l Post-processing: Elaboration and management of results. 

In FEM, Failure to correctly impose all these conditions can result in the solving algorithm not 

converging to the solution or producing inaccurate results. Boundary conditions and sources 

      
Figure 2.5 Basic steps to perform a finite element analysis in COMSOL Multiphysics®. 
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become the known terms vector. When the unknown values are found (usually scalar and vector 

potentials), it is possible to obtain the field functions by applying approximate differential 

operators (curl, gradient, divergence). The simulations conducted in this study were performed 

using COMSOL 5.6a and 6.0. 

In classical physics, electromagnetic phenomena are described by a system of four partial 

differential equations, synthesized by James Clerk Maxwell. Maxwell unifies the Ampere law 

(2.10), the Faraday-Lenz law (2.11) and the Gauss laws of electric (2.12) and magnetic fields 

(2.13).  

In these equations, E is the electric field [V/m], H is the magnetic field [A/m], 𝜀	is the ratio of 

electric displacement to the electric field intensity (electric permittivity) [F/m], 𝜇	is the magnetic 

permeability [H/m] and 𝜎	is the electric conductivity.  

Maxwell-Ampere's law and Faraday's law can be combined into a second-order wave equation 

by substituting the curl values of one equation into the other. In other words, the system formed 

by these two first-order equations represents an electromagnetic wave. These equations are 

topological relations that impose the geometry of the fields and their evolution over time. 

Therefore, starting from the following relations, we can obtain a general expression of the radiated 

∇ × 𝑯 = 𝜎𝑬 +
∂(𝜀𝑬)
∂𝒕

				 (2.10) 

∇ × 𝑬 =	−
∂(𝜇𝑯)
∂𝒕

								 (2.11) 

∇ × 𝑬 = 	0 (2.12) 

∇ × 𝑯 = 	0 (2.13) 
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fields:  

In these equations, E is the electric field [V/ m], D is the electric flux density [C/m], B is the 

magnetic flux density [W/bm2], H is the magnetic field [A/m] and J is the electric current density 

[A/m2]. These equations are most important equations for electromagnetic wave.  

Equation (2.14), (2.15), and (2.17) are also can be writing as integral form, as the following: 

Here, 𝜙 is the magnetic flux through the closed contour C.  

Assume that the material properties are homogeneous and isotropic (this assumption is valid 

only to obtain a general expression of propagation, but we will have to make into account the 

inhomogeneity for the propagation into the tissues). The permeability 𝜇  can then be taken 

outside of the time derivative in Faraday's law (2.2) and the take the curl of this equation: 

Collecting terms on one side gives as the following: 

∇ × (𝜇&"∇ × 𝑬) = 	−
∂(∇ × 𝑯)

∂𝒕
			= −

∂
∂𝒕
	L𝜎𝑬 +

∂(𝜀𝑬)
∂𝒕

	M = 	−𝜎
∂𝑬
∂𝒕
− 𝜀

∂#𝑬
∂𝒕#

 (2.21) 

 

N 𝑩 ∙ 𝑛𝑑𝑠
!

= 𝟎				 (2.18) 

N 𝑯 ∙ 𝑑𝑙
'

= 𝑰 +N
𝜕𝑫
𝜕𝒕

∙ 𝑑𝑠
'

		 (2.19) 

N 𝑬 ∙ 𝑑𝑙
'

= −N
∂𝑩
∂𝒕'

∙ 𝑑𝑠 = −
∂𝝓
∂𝒕

 (2.20) 

 

∇ ∙ 𝑩 = 𝟎				 (2.14) 

∇ × 𝑯 = 𝑱 +
∂𝑫
∂𝒕
								 (2.15) 

𝑱 = 𝜎𝑬 (2.16) 

∇ × 𝑬 = −
∂𝑩
∂𝒕

 (2.17) 
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A similar derivation gives the following equation in terms of the magnetic field as shown in 
the following equation: 

While in free space, 𝜎 = 0, 𝜇 = 	𝜇( , and  𝜀 = 	 𝜀(. The equation for the electric field can be 

put on the form:  

Or it can be written as: 

where the 𝑐( =
"

)	+","
. 

Considering the Gauss’s law (2.3) in the free space and together with the vector identity: 

gives the following, and perhaps more familiar, form of the wave equation: 

and similarly gives the following form for the magnetic field: 

∇ × (𝜇&"∇ × 𝑬) + 𝜎
∂𝑬
∂𝒕
+ 𝜀

∂#𝑬
∂𝒕#

= 𝟎 (2.22) 

 

∇ × (∇ × 𝑯) + 𝜎𝜇
∂𝑯
∂𝒕

+ 𝜀𝜇
∂#𝑯
∂𝒕#

= 𝟎 (2.23) 

 

∇ × (∇ × 𝑬) + 𝜀(𝜇(
∂#𝑬
∂𝒕#

= 𝟎 (2.24) 

 

∇ × (∇ × 𝑬) +
1
𝑐(#

∂#𝑬
∂𝒕#

= 𝟎 (2.25) 

 

∇ × ∇ × 𝑬 = ∇ ∙ (∇ ∙ 𝑬) − ∇#𝑬 = −∇#𝑬 (2.26) 

 

∇#𝑬 −
1
𝑐(#

∂#𝑬
∂𝒕#

= 𝟎 (2.27) 

 

∇#𝑯−
1
𝑐(#

∂#𝑯
∂𝒕#

= 𝟎 (2.28) 
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It is possible to derive a second-order wave equation by means of the magnetic vector potential. 

To do so, start by assuming the temporal gauge, 

together with the definition of the vector potential, 

and substitute them into Maxwell–Ampère's law: 

Note that this formulation is for a time-independent material. For a time-dependent material, the 

permittivity cannot be taken outside of the time derivative. 
  

𝑬 =	−
∂𝑨
∂𝒕
			 (2.29) 

 

𝑩 =	∇ × 𝑨				 (2.30) 

 

∇ × (𝜇&"(∇ × 𝑨)) = −𝜎
∂𝑨
∂𝒕
−
∂
∂𝒕
(𝜀
∂𝑨
∂𝒕
) = −𝜎

∂𝑨
∂𝒕
− 𝜀

∂#𝑨
∂𝒕#

 (2.31) 
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2.3.2. Computer Method 

Scalar Potential Finite Difference (SPFD) Method 

There are various analysis methods such as the moment method and the finite element method 

in EM computation. In this study, we analyzed using the SPFD method [83], which has a 

comparatively small computational capacity and is suitable for computation of EM fields in 

anatomical numerical models with inhomogeneous properties. The EM field in the analytical 

region can be solved by Maxwell's equations discretized in the time and the spatial domain.  

The SPFD method sets the branch current instead of the loop current. The unknowns in this 

method are the scalar potential values at the nodes (corners) of each voxel. Branch currents 

flowing along the edges of the voxels are then derived from the potential difference between 

neighboring nodes and the conductivity of the voxels. The branch current calculation also takes 

into account magnetic vector potential of the applied magnetic field. By applying Kirchhoff’s 

current law at all nodes, simultaneous equations are thereafter established. The potential is 

subsequently solved iteratively. The electric field along the side of the voxel is obtained by 

dividing the difference of the potentials between the nodes of the voxel by the distance across the 

nodes and then adding the vector potential, 
 

Z𝑆-𝜙- − [Z𝑆-

.

-/"

\𝜙( = 𝑗𝜔Z(−1)-𝑆-𝑙-𝐴(-

.

-/"

.

-/"

 (2.32) 

𝑬 = −𝛻𝜑 − 𝑗𝜔𝑨(- (2.33) 

where Sn, 𝜙n, ln, ω, and A0n denote the edge conductance derived from tissue conductivity, scalar 

potential, length between nodes, angular frequency, and magnetic vector potential, respectively. 

Specific Absorption Rate (SAR) Equation 

Squared values of E, H, and I are considered for time or spatial integration, or where summation 

of multiple frequencies is applied. The following equation is an example of the spatial average of 

E over a volume V: 
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𝐸0123425_27892:8 = b1
𝑉
c |𝑬|#
7

𝑑𝑣 (2.34) 

where V is the volume of the integration (𝑉 = ∫ 𝑑𝑣7 ). 

Dielectric properties of biological tissues or organs are generally considered as dielectric lossy 

material and magnetically transparent because the relative magnetic permeability (μr) is 1.There- 

fore, the SAR is usually can be related to the electric field at a point by the following equation: 
 

𝑆𝐴𝑅 =
𝜎|𝑬|#

𝜌
 (2.35) 

 

where E is the internal electric field, and the parameters σ and ρ are the conductivity and mass 

density, respectively. 

The dielectric properties of the tissues were determined with 4-Cole–Cole dispersion model, 

where the upper frequency at which the measured data were considered is 20 GHz [84]. For 

frequencies higher than 20 GHz, the expansion of the Cole–Cole dispersion model was verified 

using the measurement and parametric model in [85]. The variation in the temperature rise in 

tissue thickness is more dominant than in dielectric properties [86]. In addition, heating factors 

for multi-layered models with skin tissue were consistent with those for models consisting of the 

epidermis and dermis tissue instead of the skin at 30 GHz [87]. Therefore, in this study, the tissue 

dielectric and conductivity parameters of dry skin were modeled using a four-layer Cole–Cole 

dispersion model based on [84].  

Definition of Physical Quantities 

SAR is used as a basic restriction in the two international standards and guidelines [29], [30], 

defined as spatially averaged values: whole-body average SAR and SAR10g. The whole-body 

average SAR is the total power absorbed in the whole body divided by the body mass. 10-g SAR 

is defined as the total absorbed power averaged over 10-g, corresponding to a cube with a side 

length of 21.5 mm.  
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𝑆𝐴𝑅"(: =
(𝑇𝑜𝑡𝑎𝑙	𝑝𝑜𝑤𝑒𝑟);#"$
(𝑇𝑜𝑡𝑙𝑎	𝑚𝑎𝑠𝑠);#"$

=
	∫ 𝜎|𝐄|#𝑑𝑣;#"%

∫ 𝜌𝑑𝑣;#"%

 (2.36) 

Whole-body average SAR = (=>325	1>?89)&'
(=>352	A2!!)&'

=
	B∫ D|𝐄|(G7&' H

&'
∫ IG7&'

 (2.37) 

 

Note that the cubic averaging shape for the computation of 10-g SAR, the algorithm specified in 

[88] was applied to clarify the treatment of the air region and the pinna.  
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Chapter 3  

Reduction of Leakage Electric field 

with Grounded Loop  

3.1. Overview 
This study investigates the reduction of leakage electric field and human interaction with MRC-

WPT systems using grounded loops. The performances of the two WPT systems with and without 

the presence of a human body were first determined using the finite-element method (FEM) in 

COMSOL Multiphysics 5.6a (COMSOL Inc., Burlington, MA, USA). Next, the induced electric 

field in a human body was computed for two WPT systems using the scalar-potential finite 

difference (SPFD) method. This study also compares the SAR and the induced electric fields in 

the human-body model when the WPT is used with and without the grounded loop. Finally, the 

related SAR limits of the ICNIRP guidelines for the general public are discussed in the worst-

case exposure scenario. 

 

3.2. Models and Methods 

3.2.1. Geometric Structure of the MRC-WPT System 

This chapter discusses the variations of an MRC-WPT system using different resonators. As 

shown in Figure 3.1, in this study we adopted a four-coil MRC-WPT system. The transmitter and 

receiver are composed of a single-loop coil and a resonator. The distance between the single-loop 

coil and resonator was set to 4 cm, where the quality factor of the two resonators is most equal. 
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Two types of resonators were considered: a conventional resonator and our proposed resonator 

structure. The conventional resonator consisted of a spiral coil, referred to here as a non-grounded 

resonator. The proposed resonator aims to reduce the coupling between the WPT system and the 

human body, using a grounded single-loop coil around the spiral coil. The spiral coil and grounded 

loop were coaxially located on the same plane. This resonator is hereafter referred to as a 

“grounded resonator” for simplicity. To achieve a grounded condition, we set the potential at the 

bottom end of each loop to zero to simulate a grounded state. It should be noted that this is an 

idealized scenario. The receiver structure of the MRC-WPT system was identical to that of the 

transmitter [89]. The geometric parameters of the spiral resonator were determined using its self-

resonant frequency and quality factor [90]. κTR represents the coupling coefficient between the 

transmitter (denoted as T) and receiver (denoted as R). Resistance is connected to the receiving 

coil, imitating the load. All coils used in this study were made of 1-mm-diameter copper wire [75]. 

 
(a) 

 
 

(b) (c) 

Figure 3.1 Geometrical structure of the proposed MRC-WPT system. (a) Four-coil MRC-WPT 

system. (b) Non-grounded resonator. (c) Proposed resonator with a grounded loop. 
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Although in realistic scenario, the WPT system with loop structure is able to fit many frequencies 

[91], [92], the working frequency was set to 13.56 MHz in this study since this is a promising 

frequency for WPT applications in industrial, scientific, and medical fields [37], [93], [94]. 

When the transmitter and receiver are in resonance, the transmission efficiency of the WPT 

system can be calculated using Equation (3.1) based on the coupled-mode theory [5], [77]. 

 

 

(3.1) 

where κTR is the coupling coefficient, ΓT/R denotes the attenuation rates of the transmitter and 

receiver due to ohmic and radiation losses, and ΓW refers to the attenuation rates of the load [5]. 

Thus, efficient transmission occurs when the MRC-WPT system operates in a strongly coupled 

system, i.e., κTR2/ΓTΓR > 1. The variables ΓT and ΓR can be calculated using Equation (3.2). 

 

 (3.2) 

where ω0 is the resonant angular frequency of the resonator and Q = ω0 L/R is the quality factor 

of the transmitter or receiver. 

𝜂 =

𝛤𝑊𝜅𝑇𝑅2
𝛤𝑅2𝛤𝑇

)*1 + 𝛤𝑊𝛤𝑅
- 𝜅𝑇𝑅

2

𝛤𝑇𝛤𝑅
. + *1 + 𝛤𝑊𝛤𝑅

-
2  

𝛤 = 𝜔0 2𝑄⁄   
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Figure 3.2 shows the equivalent lumped-circuit model of the four-coil MRC-WPT system [5]. 

The signal power of the transmitter part generated by voltage source VS is transferred to the 

receiver part at resonant frequency f0 and is then delivered to load RL. The transmitter and receiver 

can be represented by series inductors (L1 and L2) and resistances (R1 and R2). The parameter R1 

and R2 represent the resistances due to the ohmic and radiation losses of the transmitter and 

receiver [75]. The function M = κTR (L1 × L2)1/2 represents the mutual inductance. Capacitors C1 

and C2 are used to tweak the transmitter and receiver resonance to the desired frequency [76]. 

In this study, the voltage source is applied without considering impedance matching [95]. 

Therefore, the transmission efficiency η of the entire WPT system (blue dashed box in Figure 2) 

can be calculated as the ratio between the actual input power at port 1–1′, i.e., Pin, and actual 

output power PRL, which is expressed as follows: 

 

 

𝜂 =
𝑃!!
𝑃"#

× 100	 (3.3) 

 

Figure 3.2 Equivalent lumped-circuit model of the four-coil MRC-WPT system. 
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3.2.2. Human Body Models and Exposure Scenario of the Simulation 

Exposure Scenarios 

The WPT system was installed at the body model’s chest level, as shown in Figure 3.3 (a). The 

separation between the grounded loops and the body model was 2 mm. Different locations of the 

 

 
(a) (b) 

 

(c) 

Figure 3.3 The MRC-WPT with respect to the (a) homogeneous body and (b) TARO models. (c) 
Top view of the MRC-WPT and homogenous human model. 
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human-body model were considered in this study to analyze the mutual interaction between the 

human body and the WPT system. Three exposure cases, corresponding to three body locations 

relative to the WPT system, were considered for each WPT system. These are Case A (human 

model standing near the transmission unit), Case B (human model standing near the center part 

of the system), and Case C (human model standing near the receiving unit), where d is the distance 

between the transmitter and receiver, as shown in Figure 3.3 (c). 

Simulation of Mutual Interaction 

The finite-element method in COMSOL commercial software was used [72] to evaluate the 

mutual interactions between the human body and the MRC-WPT system. The circuit shown in 

Figure 3.2 was coupled using the COMSOL field-circuit co-simulation method to evaluate the 

transmission efficiency [72], [96], [97]. The simulation domain was a 1.2-m-diameter sphere, 

which enclosed the WPT system. An absorbing boundary condition was applied to the surface of 

the sphere. The coil materials were set to copper, which came with the software.  

The parameters L, ω0, and R were calculated using the frequency domain solver of the full-

wave electromagnetic simulation package COMSOL. Compensation capacitors C1 and C2 were 

used to make the transmitter and receiver resonant at the desired frequency [76], in which the 

lumped inductances were numerically extracted using COMSOL Multiphysics 5.6a. The 

theoretical maximum transmission efficiency was obtained by adjusting the load impedance RL 

[5]. The dependence of transmission efficiency on the transmission distance d for the matched 

state of the MRC-WPT system with grounded and non-grounded resonators was evaluated using 

Equation (3.3) based on the processes mentioned above. The stray magnetic field was also 

evaluated at the same time. 

To simulate the human-system interaction, the simplified homogeneous human body, as shown 

in Figure 3.3 (a), was adopted in this analysis due to the difficulties in handling fine-resolution 

voxel-based body models. Tetrahedral meshes were used to discretize the simulation domain, and 

the software automatically determined the mesh sizes. We compared the results using finer 

settings, and the calculations indicated that the applied discretization resolution did not affect the 

results. 
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Simulation of Exposure Dose in the TARO Model  

To assess the impact of the exposure dose in a realistic anatomical human-body model (TARO), 

the magnetic vector potential values were first calculated using the stray magnetic fields simulated 

using COMSOL in the absence of a body model [68], [73]. Next, the induced electric field was 

computed by means of an in-house-developed solver using the SPFD method. The convergence 

was accelerated using the geometric multigrid method [73]. The magnetic vector potential values 

were used as the source of the SPFD computation, which represented the scenario of exposure to 

the external WPT magnetic field. The applicability of this two-step approach was confirmed by 

[42].  

The presence of the human body did not perturb the external magnetic field distribution, and 

the displacement current could be neglected at low frequency. Subsequently, the specific 

absorption rate (SAR) in each voxel was evaluated from the electric field using the “mid-ordinate” 

algorithm [98]. The spatial-average SAR value was determined by averaging the local SAR with 

more than 10 g of cubical volume using the method described in [65]. The peak spatial-average 

SAR (psSAR) averaged over 10 g of tissues and the whole-body average SAR were computed. 

All computational results were normalized to an input power of 1 W in the MRC-WPT system.  
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3.3. Results 

3.3.1. Validation of the MRC-WPT System Computation  

We compared the calculated transmission efficiency with our experimental results [89] to 

validate our computational model. The experiment result was expressed as Equation (3.4) [99], 

 

 

(3.4) 

 

and the COMSOL results were evaluated using Equation (3.3). In the experimental study, the 
resonant frequency of the WPT system was set to 10 MHz. Therefore, the operating frequency of 
the computational model was adjusted to 10 MHz. This may not violate the generality principle 
as the frequency and coil length are inversely proportional to each other.  

 𝜂𝐸𝑥 =
10

⎢𝑆21⎢
10

1−10
⎢𝑆11⎢
10

× 100	[%]	 

 

Figure 3.4 Experimental validation of transmission efficiency of MRC-WPTs’ two resonator types (10 

MHz). 
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Figure 3.4 shows the differences between the computation and measurement results. The 

transmission efficiency was within approximately 5% of the difference (the change was most 

significant when using non-grounded resonators with a transmission distance of 0.21 m), which 

validated the computational methods used in the current study. 

 

3.3.2. Interactions between the Human Body and MRC-WPT System 

The frequency characteristics of the S parameter of the two WPT systems, with and without 

the presence of a human body, are shown in Figure 3.5. Assuming a source and load impedance of 

50 Ω, the WPT reflection coefficient (S11) for a grounded resonator, both with and without a 

human-body model, consistently demonstrated lower values compared to the WPT with a non-

grounded resonator. Additionally, the bandwidth characteristics of the two resonator types 

exhibited notable distinctions. 

Table 3.1 enumerates the S11 values for both WPT systems, with and without a human model, 

precisely at their resonant frequencies set to 13.56 ± 0.01 MHz. Notably, when considering the 

human model, the S11 values for the WPT with a non-grounded resonator exhibited variability 

within the range of -8.16 to -6.06 dB. In stark contrast, the S11 values for the WPT with a grounded 

resonator showcased a significantly narrower range, varying from -14.97 to -14.1 dB. This 

nuanced exploration of the S parameter highlights the impact of human presence on the reflection 

characteristics of the WPT systems, emphasizing the efficacy of a grounded resonator in 

mitigating reflection coefficients.  

Table 3.1 S11 (dB) of the two WPT systems with and without a human-body model at resonant 

frequency. 

Resonator Type Frequency  
(MHz) Without Human Body With Human Body 

Non-grounded 13.55 −8.16 −6.06 

Grounded 13.57 −14.97 −14.10 
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Figure 3.5 S parameter (S11) for the two resonators. 
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Figure 3.6 shows the transmission efficiencies at different transmission distances d. The solid 

curves in Figure 3.6 show that the transmission efficiency gradually decreased with increasing the 

transmission distance d without considering the human model. In addition, the transmission 

efficiency of the MRC-WPT system with a grounded resonator exhibited slightly better 

 
(a) 

 
(b) 

Figure 3.6 Dependence of transmission efficiency of (a) non-grounded and (b) grounded resonator with d 

at 13.56 MHz. 
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performance than the non-grounded resonator at d < 23 cm. Next, we considered the effects of 

the presence of a human body on the transmission efficiencies of the two types of MRC-WPT 

 
(a) 

 

(b) 
Figure 3.7 Electromagnetic-field distribution of two 13.56-MHz MRC-WPT systems without a human 

model when the input power is 1 W and the transmission distance d = 9 cm. (a) Electric and magnetic 

field distributions around the WPT systems. (b) Electric field on a horizontal line. The gray circle 

illustrates the location of the grounded loop. 
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systems at different body locations with the increase in the transmission distance. The markers in 

Figure 3.6 showed small increases in the transmission efficiencies when the human body was close 

to both systems. For example, at d < 10 cm, the variations in transmission efficiencies were 

marginal for the two systems. However, the influence of the human body reduced the transmission 

efficiency by up to 10 percentage points at a maximum distance of 25 cm. Altogether, the variation 

in transmission efficiency is marginal at different body locations (i.e., cases A, B, and C), mainly 

due to the size of the human body being larger than the transmission distance. 

 The quality factors and coupling coefficients of the two MRC-WPT systems with and without a 

human-body model at d = 9 cm are listed in Table 3.2. The presence of a human body caused an 

approximately 3% variation in the quality factor in the non-grounded resonator, whereas it was 

around 0.5% in the grounded resonator. For the coupling coefficients, the presence of a human 

body caused a nearly 11.4% variation in the non-grounded resonator and a 26.2% approximated 

variation in the grounded resonator.  

The electric field distributions of the two MRC-WPT systems were also calculated. Figure 3.7 

(a) shows that the grounded loop concentrated the electromagnetic fields around the MRC-WPT 

systems. A section of the data line is shown in Figure 3.7 (b) to illustrate the electric field’s 

strength inside and outside the grounded loop. The origin of the coordinates in Figure 3.7 (b) was 

set to a point in the grounded loop. In addition, Figure 3.7 (b) confirmed that the electric field 

outside the grounded loop was reduced compared with that in the WPT system with a non-

grounded resonator. The electric field distribution results were also consistent with those derived 

from S11 [100]. 

 

Table 3.2 Quality factor and coupling coefficient of the transmitter in the MRC-WPT systems 

for the two types of resonators. d = 9 cm. 

Resonator 

Quality factor Coupling coefficient 

Without human 

body 
With human body 

Without human 

body 
With human body 

Non-grounded 215.4 222.7 0.128 0.144 

Grounded 234.2 235.3 0.146 0.198 
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3.3.3. Exposure Doses in the TARO Model  

Induced Electric Field  

An in-house-developed SPFD solver was used to calculate the induced electric field in the 

TARO model. This analysis utilized a 1-W transmission power, applied to two distinct resonators 

operating at 13.56 MHz. The transmitter-receiver separation, denoted as 'd,' was fixed at 9 cm, 

representing the distance conducive to maximum system efficiency. The spatial relationships 

between the MRC-WPT system and TARO are visually depicted in Figure 3.3. Furthermore, 

Figure 3.8 provides detailed visualizations of the induced electric field and local Specific 

Absorption Rate (SAR) distributions. Across all scenarios, pronounced hotspots manifested 

around the chest region in the TARO model, notably the body part in closest proximity to the 

WPT system.   

Of particular significance, the effectiveness of the grounded resonator in diminishing the 

induced electric field within TARO was observed. The maximum induced electric field strengths 

for simulated cases (A, B, and C) are systematically detailed in Table 3.3. Critically, the induced 

electric fields across various body model locations within the grounded resonator exhibited a 

notable degree of comparability. Notably, the grounded resonator, integrated into the MRC-WPT 

system, showcased a capacity to reduce internal doses within the TARO model. 

Table 3.3 Maximum induced electric field strength (V/m). RD refers to relative difference. 

Model Displacement Non-Grounded Grounded RD 

Case A 3.44 1.94 43.6% 

Case B 3.22 2.02 37.3% 

Case C 2.98 1.85 37.9% 
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(a) 

 
(b)  

Figure 3.8 Induced electric field distribution on TARO. (a) Body surface. (b) Cross-sectional plane of 

input power 1 W, and transmission distance d = 9 cm. 
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Specific Absorption Rate  

The local Specific Absorption Rate (SAR) within the TARO model was assessed using a 1-W 

transmission power for two types of resonators operating at 13.56 MHz. This evaluation employed 

the SPFD method, mirroring the approach used for the induced electric field analysis. The 

distance (d) between the transmitter and receiver was set at 9 cm, representing the distance at 

which the system achieves maximum efficiency. The local SAR distributions, depicted in Figure 

3.9 revealed distinct hotspots around the chest region in the TARO model, aligning with the 

induced electric field distribution—consistent with the proximity of the chest to the WPT system. 

 Reductions in SAR within the TARO model were observed when utilizing a grounded 

resonator in the WPT system. Notably, the maximum peak spatial SAR (psSAR) and whole-body 

average SAR for all simulated cases (A, B, and C) are detailed in Table 3.4 and 

Table 3.5. respectively. The SAR values across different body model locations in the grounded 

resonator demonstrated comparability. These outcomes suggest that the grounded resonator 

configuration in the MRC-WPT system effectively diminished internal doses within the TARO 

model. The SARs of the different body model locations in the grounded resonator were 

Table 3.4 Maximum psSAR10g (W/kg). RD refers to relative difference. 

Model Displacement Non-Grounded Grounded RD 

Case A 1.88 E-4 0.57 E-4 69.7% 

Case B 2.04 E-4 0.67 E-4 67.1% 

Case C 1.35 E-4 0.50 E-4 63.0% 

 

Table 3.5 Whole-body average SAR (W/kg). RD refers to relative difference. 

Model Displacement Non-Grounded Grounded RD 

Case A 8.34 E-6 2.87 E-6 65.6% 

Case B 7.94 E-6 3.48 E-6 56.1% 

Case C 6.12 E-6 2.39 E-6 61.0% 
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comparable. Results shows that the grounded resonator of the MRC-WPT system reduced the 

internal doses in the TARO model. 

Remarkably, the grounded resonator exhibited an approximately 60% reduction in both psSAR 

and whole-body average SAR, confirming a substantial decrease in human body exposure doses 

achieved through the implementation of the proposed grounded resonator.  
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(a) 

 
(b)  

Figure 3.9 Local SAR distributions on TARO. (a) Body surface. (b) Cross-sectional plane of input 

power 1 W, and transmission distance d = 9 cm. 
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3.4. Discussion  
The narrower peak for the grounded resonator is a clear indicator that the Q value is higher 

than that of the non-grounded resonator, indicating an increase in transmission efficiency. The 

simulation results in Figure 3.5 suggest that the grounded loop could mitigate the reflection 

coefficient changes and suppress the electric field strength. The results of S-parameter implied 

that the grounded resonator suppressed the interaction of the human model with the WPT 

performance. As a result, with the presence of human models, the bandwidths of the curves in 

Figure 3.5 became wider, indicating reduced quality factors with human models. 

Results in Figure 3.6 shows that the transmission efficiency of both two systems decreased with 

increasing the transmission distance d, this is because of the decreasing coupling coefficient 

between the transmitter and receiver. The variation in transmission efficiency is marginal at 

different body locations (i.e., cases A, B, and C), which mainly occurred because the size of the 

human body was larger than the transmission distance. In general, the proposed grounded 

resonator increased the quality factors and coupling coefficients of the MRC-WPT system, which 

led to slightly improved transmission efficiency compared with the system with a non-grounded 

resonator. The results listed in Table 3.1 and Table 3.2 indicate that the presence of a human body 

significantly affects the coupling coefficients of both WPT systems in short-range transmission. 

The presence of a human body model results in a decrease in S parameter, an increase in the 

quality factor, and a higher coupling coefficient. This could be attributed to the alteration in the 

direction of the surrounding electromagnetic field caused by the presence of the human model, 

thus leading to an overall improvement in transmission efficiency.  

The simulation results shown in Figure 3.8 and Figure 3.9 indicate that the induced electric field 

and SAR in the human body were reduced in the MRC-WPT system with a grounded resonator. 

This was mainly caused by the grounded loop that suppressed the leakage of the electromagnetic 

field around the MRC-WPT system, resulting in interaction with the human-body model. 

According to the ICNIRP guidelines, the general public’s psSAR and whole-body average SAR 

limits are 2 and 0.08 W/kg, respectively [29], [30]. The results listed in Table 3.4 and 

Table 3.5 show that the whole-body average SAR was more restrictive than psSAR in the 

MRC-WPT system and the exposure scenarios considered in the present study. By applying the 
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psSAR limit, the maximum permissible input power of the grounded MRC-WPT was 40.0 kW, 

whereas it was 14.8 kW for the non-grounded MRC-WPT system. By applying the whole-body 

average SAR limit, the maximum permissible transmission power values were found to be 33.5 

and 13.1 kW for the MRC-WPT systems with grounded and non-grounded resonators, 

respectively. 

Existing WPT systems are based on the magnetic coupling of several tens of kilohertz to tens 

of megahertz frequency ranges. According to the different working frequencies, the desired 

physical quantities of BRs differed. At over 100 kHz, psSAR and whole-body SAR were used as 

BRs to protect against adverse heating effects. Below 10 MHz, BR was defined as the induced 

electric field to shield from the stimulation effect. Therefore, the induced electric field and SARs 

must be considered within the range of 100 kHz to 10 MHz. The computation results for the 

magnetic-coupled WPT [101] suggested that under approximately 300–400 kHz, the induced 

electric field was more restrictive than psSAR. Another study showed that the average whole-

body SAR could be more dominant at higher frequencies [102]. However, variations in the whole- 

body average SAR could be high because it depends on the body weight, posture, the volume of 

the exposed body, coil size, materials, and source configuration [58], [103]. These issues require 

further investigations. 

In our simulations, the separation between the torso and border of the resonator was set to 2 

mm, which was much smaller than the generally used measurement distance (mostly 20 or 30 cm) 

specified in IEC 62233 for determining the electromagnetic field around household appliances 

[104]. Such standardization is currently being performed for WPT. Nonetheless, the calculated 

values could provide a rough (more conservative) estimate of the exposure doses of a WPT device 

with similar configurations.  
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3.5. Conclusion 
In this study we proposed a modified resonator with a grounded loop for an MRC-WPT system 

to suppress electrical and magnetic stray field around WPT system and in consequence mitigate 

the interaction with the human body and obtain efficient short-range power transfers. The two 

systems’ electromagnetic field distributions, performance, and human safety assessments were 

discussed and compared.  

The full-wave simulation results demonstrated that the transmission efficiency improved in the 

proposed grounded resonator, which is a positive effect thanks to avoiding losses in human body. 

The strength of the stray electric field outside the grounded loop was reduced. The transmission 

efficiency was also insensitive to the proximity of the human body. Considering the interaction 

between the human body and the system, the grounded resonator reduced the exposure doses in 

the human body compared with the MRC-WPT with a non-grounded resonator.  

The maximum induced electric field strength and the SAR values in the human body were 

reduced by 43.6% and 69.7%, respectively, using the proposed resonator. In the worst-case 

exposure scenario considered in this work, the maximum allowable input power was 33.5 kW 

when the grounded resonator was used in compliance with the prescribed ICNIRP limit for the 

whole-body averaged SAR, compared with 13.1 kW for the MRC-WPT with non-grounded 

resonators. The proposed resonators mentioned in the paper provide further information on the 

safe design of WPT systems. The resonator could be used in the future for electric vehicles and 

household applications.  
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Chapter 4  

Reduction of Leakage Magnetic Field 

with Composite Core  

4.1. Overview 
The transmitting and receiving coils used in wireless power transfer (WPT) systems in electric 

vehicles (EVs) have a larger air gap (~300 mm) and higher transmission power (kW) than those 

in typical WPT systems used in electrical appliances. However, this could weaken the magnetic 

field, reduce transfer efficiency, and lead to public concern regarding potential adverse health 

effects related to electromagnetic field (EMF) exposure. Therefore, the assessment of compliance 

with product safety standards, based on international exposure guidelines such as the International 

Commission on Non-Ionizing Radiation Protection (ICNIRP), is crucial. The main goal of this 

study is to evaluate the performance of WPT systems used in EVs by using composite core 

materials and changing the core centre part design simultaneously to achieve improved transfer 

efficiency and enhanced magnetic field shielding. This study considers three types of planar 

ferrite cores for designing IPT systems for EVs. First, the transmission efficiency of the proposed 

WPT systems is calculated using the finite element method (FEM), where the vehicle body is not 

considered. Second, the magnetic field distribution of the system is compared with and without 

the vehicle model. In the exposure scenario of a human body standing near the vehicle, the scalar-

potential-finite-difference (SPFD) method is used to assess the induced electric field in an 

anatomical human body to determine the assessed margin of exposure limits. 
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4.2. Method and Model 

4.2.1. Geometric Structure of the EV-WPT System 

Core-less system 

In this Chapter, WPT system includes transmitting and receiving coils with identical structures. 

The transmitting and receiving coils form a “core-less” system, as shown in Figure 4.1 (a). Each 

comprises a double-layer coil made of Φ 4.6-mm copper litz wires with 20 (10 × 2) turns. The 

coils using litz wires can achieve high efficiency that can help mitigate skin and proximity effects, 

thereby minimizing losses owing to eddy AC currents [105]. The inner diameter of the coil is set 

to din_coil = 82 mm, and the outer diameter is set to dout_coil = 174 mm. Also, when the coil is tightly 

wound, the minimum channel width of adjacent wires is zero. Moreover, the primary and 

secondary coils are initially separated by a distance of h = 100 mm, corresponding to the typical 

vehicle chassis height [106]. The system operational frequency is 85 kHz, which is in accordance 

with the EV wireless charging standard [23]. 
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Core-based WPT system  

 
(a) 

      
(b)   

      
(c) 

   
(d) 

 
Figure 4.1 Geometry structure of the four wireless power transfer (WPT) systems and their insert 
structures (cross-section, unit: mm): (a) core-less, (b) core-based I, (c) core-based II, and (d) core-

based III. 
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The pot core (core-based I), as shown in Figure 4.1 (b) was simulated and evaluated herein. Litz 

wires were used for fabricating transmitting and receiving coils, similar to those in the core-less 

system. The pot core shield is placed over the transmitting/receiving coils to reduce unwanted 

magnetic leakages [107]. To improve the mutual coefficient between the coils and divert magnetic 

flux lines from potential victims, flexible ferrite sheets were used as inserts and then embedded 

in the primary and secondary pot cores [108], [109]. The insert parts match the slots of the pot 

structures. In addition, the inserts can effectively improve the transfer efficiency [110]. The pot 

core and coils formed the primary and secondary parts of the system, respectively, and were of 

equal size [23]. The size of the cores was determined based on their geometry. To symmetrically 

and tightly settle the coils on the core surface, the core height is set to hcore = 14.4 mm. The 

protrusion with a width of wcore_1 = 5.5 mm on the outside of each core constrains the leakage field 

outside the coil and serves to collect the field and reduce leakage. For the core to cover the entire 

surface of the coils, the core notch width wcore_2 should be larger than the ring widths of the coils 

((dout _coil - din _coil)/2) and equal to 70.4 mm. Also, the core diameter is larger than the outer diameter 

of the coils and is set to dcore = 270 mm.  

Figure 4.1 (b) and (c) depicts the core-based II and III systems, respectively, showcasing their 

distinct center components compared to the core-based I system. The secondary part of the core-

Table 4.1 Size Values of the WPT System (Unit: mm) 

dcore dblock din_coil dout_coil wcore_1 

270 41 82 174 70.4 

hcore hblock h hcoil wcore_2 

20 20.5 100 9.2 23.6 

 
Table 4.2 Electromagnetic Properties of the Different Material Using in Simulation 

Parameter Relative Permittivity Relative Permeability Electrical Conductivity [S/m] 

Coil 1 1 5.998×107 

Core 2.8 9.5 5×10-13 

Insert 6.9 230 5×10-5 
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based II system incorporates a hemispherical intermediate block, whereas the corresponding 

primary part has a hemispherical void. Similarly, the secondary part of the core-based III system 

uses a conical intermediate block, whereas the corresponding primary part has a conical void. The 

intermediate block diameter is set to dblock = 41 mm (= din_coil/2). The intermediate block height is 

set to hblock = 20.5 mm, which is the same as the intermediate block radius (dblock/2). These 

complementary intermediate blocks are designed to alter the direction of magnetic flux lines. Also, 

using these specific geometric shapes, the core-based II and III systems aim at reducing magnetic 

field leakage and improving system performance. In addition, the system misalignment condition 

is also considered, as the scenario could possibly result in leaked magnetic field strength, 

corresponding to the worst-case exposure. The power loss in each proposed core has been 

computed as shown in Figure 4.2. The transferred power is set to 1 kW and the transmission 

distance to 100 mm. Table 4.1 summarizes the geometrical parameters of the four WPT systems. 

Moreover, Table 4.2 lists their electromagnetic parameters. The relative permittivity, relative 

permeability, and electrical conductivity with respect to the core along with the insert material 

 
Figure 4.2 Power loss in each core of the 3 core-based WPT systems. 
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were measured at the LVSP Institute of Polymer Materials, Friedrich-Alexander-Universität 

Erlangen-Nürnberg (FAU) [111], [112]. In [111], the detailed production process of the core 

material is explained. From the paper, the hysteresis curves of the core material show almost 

perfect linear relation up to 9000 A/m at 50 Hz. In addition, the effectiveness of the material at 

100 kHz is also shown at least up to 4000 A/m [111]. The computational results shown below 

will be within this range. 

Equivalent Circuit of the WPT System with the Matching Circuit 

In this study, the field-circuit co-simulation method was used to evaluate the proposed WPT 

system transfer efficiency using the commercial software COMSOL Multiphysics 6.0 [72], [74]. 

As shown in Figure 4.3, the power source can be modeled as a voltage source with internal 

resistance R0 based on the Davidinan’s theorem [113]. The transmitting and receiving coils in the 

system are characterized by internal resistance RPri/Sec and self-inductances LPri/Sec [5]. Furthermore, 

RPri/Sec represents the ohmic losses of the coils. LPri/Sec and RPri/Sec are calculated using the frequency 

domain solver of the full-wave electromagnetic simulation package. The mutual inductance 

between the two coils is denoted as M, which connects the transmitter and receiver. The load 

resistance is set to 5 Ω [101]. Capacitors CPri/Sec are introduced to resonate the transmitter and 

receiver at the desired frequency f0, contributing to improved transfer efficiency [114]. CPri/Sec is 

calculated as follows [45]: 

 

CPri/Sec = $
%"#&$%&/()*

 (4.1) 

where ω0 = 2πf0, and LPri/Sec is directly calculated using COMSOL.  

In addition, one of the main challenges for WPT systems is to achieve an adequate level of 

power transfer efficiency as the distance between the transmitter and receiver varies. The L-

shaped matching network, as the simplest network matching structure, is always used to overcome 

the mismatch problem [62]. As shown in Figure 4.3, an arbitrary complex load at port 1–1' 

(𝑍4- = 𝑅4- + 𝑗𝑋4-) can be matched to the characteristic impedance R0 (shown in Equation (4.2) 

by adjusting the parallel inductance Lm and the series capacitor Cm of matching network to achieve 

the maximum wireless power transfer efficiency. 
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The whole transfer efficiency η of the WPT system can be calculated can be expressed as follows:  

𝜂	= 
J)!
J*+

 (4.3) 

 

Where Pin and 𝑃$! are the input power (at port 1–1') and load power (at port 2–2'), respectively. 

In practical applications, the system is more intricate, and other components are in [54].  

  

 
Figure 4.3 Equivalent circuit of the WPT system with the matching circuit (𝑹𝒊𝒏 < 𝑹𝟎). 
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4.2.2. Models and Exposure Scenario of the Simulation 

Exposure Scenario 

The light-blue rectangular as shown in Figure 4.4 is mentioned the exposure scenario in this 

study, where TARO was placed near the center of the vehicle with its lowermost point (feet) 

aligned with the horizontal position of the system transmitting coil. The front-facing aspect of 

TARO was directed toward the vehicle model while maintaining a separation distance of 200 mm 

[115]. All computational analyses were performed with respect to a constant power transfer of 1 

kW at 85 kHz. For post-processing, the induced electric field of a 2 mm cube was evaluated, 

which is a metric described in the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP) guidelines [116].  

    
(a)                                   (c) 

                                      
                             (b) 

 
Figure 4.4 WPT location with respect to the vehicle cabin and TARO model: (a) xz-plane (b) xy-

plane and (c) yz-plane. In Fig 5 (c), the point O represents the core-based system edge; point V 

represents the vehicle model location edge; and point T represents the start of the TARO model 

exposure scenario. 
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Simulation for Magnetic Field  

Utilizing the methodology detailed in Section III-A, this investigation meticulously assessed 

both the transfer efficiency and magnetic field distribution of the proposed WPT system. To create 

a comprehensive simulation environment, the study defined the simulation domain as a sphere 

with a precisely specified radius of 2.5 meters. The discretization of this domain was achieved 

using tetrahedral meshes, and the mesh sizes were dynamically determined by the COMSOL 

software, ensuring an adaptive and accurate representation of the system. 

Throughout the simulation runs, the chosen parameters remained constant, thereby ensuring 

the reproducibility and consistency of results in each calculation performed using COMSOL. 

Additionally, to examine the potential impact of increased granularity, finer settings were tested, 

revealing a negligible deviation of less than 1% from the original results. This experimentation 

underscores the robustness and reliability of the chosen discretization resolution. 

Furthermore, to effectively confine the computational region, a perfectly matched layer was 

employed. This additional layer, implemented to truncate the computational domain, contributes 

to refining the simulation accuracy and maintaining computational stability throughout the 

evaluations. 

The values of matching circuits Lm and Cm were calculated based on input and load resistances 

[113]. For the core-based I–III systems at the transmission distance h = 100 mm, Cm = 22.1, 25.7, 

and 26.4 μF, Lm = 26.6, 28.1, and 28.1 μH, respectively. By using the matching network, the 

power conversion efficiency of each system is 99.7%, 99.8%, and 99.8%, respectively. 

As shown in Figure 4.4 [74], [117], the WPT system is installed below the vehicle body center 

with the receiving coil positioned at the end closest to the car chassis. At a transmission distance 

of 100 mm, the magnetic field distribution for each system with and without the vehicle model 

was initially compared with the perfectly aligned coils. Then, the effect of misalignment on the 

system with the vehicle model has been studied where the offset is set to ∆y along the y-axis, 

positive direction.   
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Simulation of Exposure Doses in the TARO Model 

A realistic anatomical human body model (TARO) was used to evaluate the induced electric 

field generated by stray magnetic fields using the proposed WPT systems. The magneto-quasi-

static approximation can be used to compute the in-situ electric field when the frequency is lower 

than 10 MHz [36], [42]. 

Stray magnetic fields around the system and vehicle model were simulated using the FEM in 

the presence of the vehicle model. The resulting magnetic vector potential values were then 

calculated using COMSOL. Next, an in-house-developed solver created by Nagoya Institute of 

Technology (NITECH) based on the SPFD method was used to compute the induced electric field 

using the magnetic vector potential values serving as the source for computation [73]. This 

represented exposure to the external WPT magnetic field, wherein the presence of the human 

body model did not retroact on the external magnetic field distribution [26]. In addition, at low 

frequencies, the displacement current could be disregarded. This approach involves discretizing 

the computational target with cubical voxels and creating simultaneous linear equations for all 

contacts with the electric scalar potential serving as the unknown variable. The internal electric 

field is derived through matrix calculations, and the resulting matrix equation is solved using the 

geometric multigrid method.  
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4.3. Results 

4.3.1. WPT System Performance  

This research meticulously examines the transmission efficiency of each WPT system across 

varied transmission distances, spanning from 100 to 300 mm. For the sake of foundational 

discussion, the influence of the vehicle body is deliberately excluded from consideration in this 

section. As depicted in Figure 4.5 (a), the transmission efficiency of all WPT systems experiences 

a consistent decline with the augmentation of the transmission distance h. Notably, the outcomes 

reveal that WPT systems utilizing ferrite cores manifest superior transmission efficiency 

compared to their core-less counterparts. 

The disparity in transmission efficiencies between the proposed system types becomes more 

pronounced as the transmission distance increases. Specifically, at a transmission distance of 300 

mm, the transfer efficiency of core-based systems peaks at a level 34% higher than that of the 

core-less system. Simultaneously, a 4% elevation in maximum transmission efficiency is 

observed in core-based II and III systems relative to the core-based I system. Interestingly, despite 

having distinct intermediate blocks, core-based II and III systems exhibit nearly identical 

transmission efficiencies. 

Considering the misalignment condition, Figure 4.5 (b) provides a comprehensive overview of 

the four systems under examination. Meanwhile, transmission distance is set to h = 100 mm and 

the offset of the primary part ∆y is set from 0 to 250 mm, positive direction through the y-axis. 

As the misalignment distance widens, the transfer efficiency of the core-less system initially 

decreases and then experiences a temporary increase. Examining the core-based system, a 

discernible "valley" emerges in the proposed coil array between 120 to 180 mm misalignment 

distances. Beyond 200 mm misalignment distances, the transmission efficiency of the core-based 

I system is observed to be 5% lower than that of the core-based II and III systems. 
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(a) 

 

(b) 

Figure 4.5 Transmission efficiency of four WPT systems variation with (a) transmission distance h 

and (b) misalignment distance ∆y. 
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4.3.2. Magnetic Field Distribution 

Herein, the magnetic field distributions of the four WPT systems are compared without 

considering the vehicle model. The results shown in Figure 4.6 indicate that the magnetic field 

distribution produced by the core-less WPT system has a wider range than that of the core-based 

systems. The core-less WPT system moderately exhibited strong magnetic field strength at the 

front and back sides of each coil. However, magnetic flux in the core-based systems is guided by 

the high magnetic permeability of the two cores, resulting in a substantial increase of magnetic 

field intensity between the two coils. In the three core-based WPT systems, the magnetic flux at 

the rear of the coils is restricted, indicating that the added core acts as a shield. Compared with 

the core-based I system, changes in the structural composition of the center part of the core-based 

II and III systems increase magnetic field intensity in the central region of the systems and the 

convergence of the external magnetic field range.  

Figure 4.7 illustrates the magnetic field distribution of the four WPT systems in the presence of 

the vehicle model while the coils are perfectly aligned. The core-less WPT system produced the 

widest magnetic field distribution range underneath the vehicle model. Furthermore, the presence 

of cores in the core-based WPT systems reduced the magnetic field leakage range, with the core-

based II and III systems exhibiting a smaller leakage range than the core-based I system. 

Figure 4.8 shows the magnetic field strength of each system along the y-axis from point O as 

the coordinate origin (Figure 4.4 (b)) to the outside of the system while the transmission part and 

the receiving part are perfectly aligned. The results show that the magnetic field strength decreases 

gradually increasing the distance from the system, regardless of the presence or absence of the 

vehicle model. When only considering the system, the external magnetic field strength is initially 

nearly identical. However, as distance from the system increases, the magnetic field strength 

values with respect to the core-less and core-based I systems remain relatively consistent and 

higher than those with respect to the core-based II and III systems. The external magnetic field 

strength of the core-based II is marginally higher than that of the III system. Compared with the 

core-less and core-based I systems, the core-based II and III systems can reduce the external 

magnetic field intensity by 77.4% and 81.9% at point T, respectively. Although the core-based II 
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and III systems have intermediate blocks, the magnetic field intensity of the core-based III system 

is lower than that of the core-based II system, demonstrating that modifications in the intermediate 

 
Figure 4.7 Magnetic field distribution (H [A/m]) for the cross-section of the perfectly aligned WPT 

models with the vehicle model. The transferred power was set to 1 kW. 

 
Figure 4.6 Magnetic field distribution (H [A/m]) for the cross-section of the perfectly aligned WPT 

models. The transferred power was set to 1 kW. 
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block structure can reduce magnetic field leakage. 

As depicted in the figure, the core-less system external magnetic field strength remains 

consistently higher than that of the other three core-based systems when considering the system 

with the vehicle model. Comparing the external magnetic field strength of the three core-based 

systems, core-based I exhibits higher values than the nearly identical values of core-based II and 

III. Comparatively, the core-based I–III systems can reduce the external magnetic field strength 

by a maximum of 64.8%, 91.5%, and 91.6%, respectively, compared with the core-less system at 

point T. According to the ICNIRP 2010 guidelines, the magnetic field limit for 3–100 kHz is 27 

µT for public exposure. Following the magnetic field limit of ICNIRP, the maximum permissible 

 

Figure 4.8 Comparison of the external magnetic flux density of four WPT systems with the limit of 

ICNIRP guidelines. 
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transferred power of the core-less and core-based I–III systems is 36, 108, 450, and 450 kW, 

respectively. 

The magnetic field distribution of the three core-based systems were also studied with the 

misalignment condition. It was found that the misaligned distance ∆y corresponds to a transfer 

efficiency of 95% in each core-based system [81]. Figure 4.9 illustrates the magnetic field 

distribution of the three core-based WPT systems, in the presence of the vehicle model. The value 

of ∆y with core-based I–III systems is 96, 100, and 100 mm, respectively. As can be observed, 

the misalignment condition leads to an increase in the magnetic field strength. 

Considering the perfectly aligned and misaligned conditions, Figure 4.10 shows the magnetic 

field strength of each core-based system along the y-axis from point O. The results show that 

magnetic field strength decreases gradually with increasing distance, observing nearly identical 

values for all three systems. The core-based I–III systems at the misalignment condition increased 

the external magnetic field strength by 81.5%, 93.3%, and 93.3%, respectively, compared with 

the perfectly aligned condition at point T. Following the magnetic field reference level of ICNIRP, 

 
Figure 4.9 Magnetic field distribution (H [A/m]) on the misaligned WPT models with the 

vehicle cabin model cross-section. The transferred power was set to 1 kW and the misalignment 

distance ∆y corresponds to a transfer efficiency of 95%. 
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the maximum permissible transferred power of the core-based I–III systems was 20, 24.3, and 

24.3 kW, respectively. 

 
Figure 4.10 Comparison of the external magnetic flux density of three core-based WPT systems 

for the perfectly aligned and misaligned conditions with the limit of ICNIRP. 

0.01

0.1

1

10

100

1000

10000

0 150 300 450 600 750 900 1050 1200 1350

M
ag

ne
tic

 fl
ux

 d
en

sit
y 

[μ
T]

Distance [mm]

Core-based I, 95% Core-based II, 95%

Core-based III, 95% Core-based I, perfectly aligned

Core-based II, perfectly aligned Core-based III, perfectly aligned

ICNIRP limit

Point O Point V Point T

Human 
body 

position



64 
 

4.3.3. Induced Electric Field in the TARO Model  

Figure 4.4 illustrates the WPT locations relative to TARO, where the distance in considering 

the vehicle model is set to 200 mm [115]. The simulation results, as shown in Figure 4.11 for the 

aligned and misaligned coil position, revealed that the WPT system with a core structure reduced 

the distribution and strength of the induced electric field in the TARO model. In all four perfectly 

aligned systems, being the parts of the body closest to the vehicle, hotspots appeared around the 

feet/lower legs, calves, and between the legs of TARO. However, when considering the three 

 
(a) 

 

(b) 

Figure 4.11 Distributions of induced electric field strength on the TARO model body surface (a) 

nearby the perfectly aligned system and (b) nearby the misalignment system. 
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core-based systems at the misalignment condition, hotspots appeared around the upper body. 

Furthermore, the WPT system with a core structure effectively reduced the intensity and spatial 

distribution of the electric field induced within the human body model. The WPT system core 

structure effectiveness varies, with the core-based II and III designs exhibiting greater reductions 

than the core-based I design in the induced electric field.  

Table 4.3 lists the maximum induced electric field strength averaged over a 2 mm cube within 

the TARO model for the four WPT systems, with evaluations made for the perfectly aligned and 

misaligned cases. The results demonstrate superior performance by the three core-based WPT 

systems over the core-less WPT system in terms of reducing the induced electric field strength. 

Meanwhile, when considering the four systems at the perfectly aligned case, the core-based I–III 

systems exhibit reductions of 93.6%, 90.5%, and 98.3%, respectively, in the induced electric field 

strength compared with the core-less system. This reduction is primarily attributed to the core 

structure, which effectively suppresses electromagnetic field leakage around the WPT system.  

Our computational value with 1 kW is scalable multiplying the induced electric field by 

multiply the ratio of the target transmitted power (kW value) to 1 kW. Considering the transferred 

power at 3.7 kW for the perfectly aligned case, the maximum induced electric field strength in 

this exposure scenario is 0.61 V/m for core-less, 0.038 V/m for core-based I, 0.011 V/m for core-

based II, and 0.01 V/m for core-based III. Considering the transferred power at 11 kW for the 

perfectly aligned case, the maximum induced electric field strength in this exposure scenario is 

1.82 V/m for core-less, 0.11 V/m for core-based I, 0.03 V/m for core-based II and core-based III. 

According to the ICNIRP 2010 guidelines, the induced electric field limit is 11.48 V/m for public 

exposure; the induced electric field in the body caused by the four systems is below 1% of the 

basic restriction when considering these two transferred power levels. Following this limit, the 

maximum permissible transferred power of the core-less was 69.6 kW, while core-based I–III 

system can be up to kW-level. 
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Considering the transferred power at 3.7 kW in the misalignment condition, the maximum 

induced electric field strength in this exposure scenario is 0.24 V/m for core-based I, 0.21 V/m 

for core-based II, and 0.2 V/m for core-based III. Considering the transferred power at 11 kW in 

the misalignment condition, the maximum induced electric field strength in this exposure scenario 

is 0.72 V/m for core-based I, 0.61 V/m for core-based II and core-based III. The induced electric 

field in the body caused by the three misaligned systems is below 1% of the basic restriction. 

Following the ICNIRP limit, the maximum permissible transferred power of the core-based I–III 

systems was 173, 206, and 207 kW, respectively. 

  

Table 4.3 Maximum Values of the Induced Electric Field Strength (Unit: mV/m), the 

Misalignment Distance Corresponds to a Transfer Efficiency of 95%. 

Case Core-less Core-based I Core-based II Core-based III 

Perfectly aligned 165 10.4 3.13 2.83 

Misaligned N/A 66.2 55.7 55.6 
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4.4. Discussion 
This study evaluated one core-less and three core-based WPT systems used for charging EVs. 

The evaluation criteria for these systems included transmission efficiency, leaked magnetic field 

intensity, and induced electric field in the anatomical human model placed near the vehicle. 

Moreover, this study considers two positional cases: perfectly aligned and misaligned. 

Computational results obtained from full-wave simulations demonstrated that for the perfectly 

aligned case the transmission efficiency of these WPT systems decreased with increasing 

transmission distance, without considering the vehicle body model. This reduction in efficiency 

can be primarily attributed to the decrease in the coupling coefficient [118]. Furthermore, the 

core-based systems exhibited higher transmission efficiency than the core-less system. This is 

because the ferrite core in core-based systems can greatly divert magnetic flux lines, resulting in 

magnetic field concentration around the coils (Fig. 7) [112]. Moreover, the incorporation of 

hemispherical and conical intermediate blocks enhanced the ability of the systems to divert flux 

lines and reshape the magnetic distribution. Hence, these blocks reduce unwanted emissions and 

increase transmission efficiencies of the core-based II and III systems that are higher than that of 

the core-based I system. Overall, the proposed core system exhibits good performance, with a 

transmission efficiency exceeding 89% at a coil distance of 300 mm despite the core diameter of 

270 mm. These results indicate that the proposed core design has been adapted to the system, as 

reducing core size is a critical factor in improving system efficiency while maintaining high-

power transfer capability [47]. In addition, previous research has also been compared with this 

study, as shown in Table IV.  

A transmission efficiency of 95% is often used as a misalignment condition that accounts for 

the above losses and uncertainties in practical EV-WPT systems [81]. It provides a margin for 

variations in alignment, environmental conditions, and system imperfections, ensuring that the 

system can still effectively function even under less-than-optimal conditions. In studying the 

variation of transmission efficiency in the presence of misalignment, we found that the proposed 

system is sensitive to misalignment. The “valley” phenomenon is generally owing to the varying 

effects of magnetic flux cancellation at different lateral displacements coupled with changes in 

the coupling coefficient. 
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Considering the perfectly aligned condition, the external magnetic field distribution and 

strength of the core-based systems were lower than the core-less system. The maximum magnetic 

field strength generated by the systems near the feet does not exceed the ICNIRP reference level, 

wherein the core-based systems achieved a maximum reduction of 91.6%, which is substantially 

lower than that of the core-less system. Hence, the induced electric field value generated by the 

external magnetic field in the TARO model is reduced by a maximum of 98.3%. These results 

indicate that the proposed core structure can reduce the adverse effects of EMFs generated by IPT 

systems on human health.  

The magnetic field intensity range in the central region of the core-based II and III systems is 

enhanced compared to that of the core-based I system. This is because the direction of magnetic 

fluxes between the two coils is altered in the cases of systems II and III, causing external stray 

fluxes (especially around the core structures) to be substantially redirected toward the middle part 

of the system. Hence, the magnetic field strength between the coils increases, the magnetic field 

distribution range in the system central region expands, and the external magnetic field range 

converges, reducing magnetic field leakage. When considering the vehicle in studying the 

magnetic field distribution of the systems, structural changes in the center region of the core-

based II and III systems altered the direction of magnetic fluxes toward the center of the system, 

reducing external magnetic field leakage. This finding is consistent with results related to the 

magnetic field distribution of the system without the vehicle model. Results in this study also 

reveal that the misalignment condition leads to the magnetic field level increase when compared 

to the perfectly aligned system. This finding is consistent with the observations in [98]. Moreover, 

core-based II and III shows more reduced this effect more than core-based I system for the 

misalignment condition.  

Furthermore, even with similar magnetic field distributions and transmission efficiencies, the 

core-based III system exhibits greater reduction in external magnetic field strength and induced 

electric field value than the core-based II system, suggesting that core structure modifications can 

facilitate the design of safe WPT systems to improve safety during practical applications.  

In the exposure scenario considered in this study, the maximum permissible transferred power 

calculated based on the ICNIRP limits of the induced electric field is 9.1 times higher than the 

maximum permissible transferred power calculated based on the magnetic field strength limits. 
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This disparity highlights the importance of evaluating induced electric fields when calculating 

permissible power transfer, which is also highlighted in the intercomparison of [105]. Moreover, 

the result obtained herein agrees with the result presented in that study.  

The core structure presented herein can minimize the overall system volume and streamline the 

installation process compared with other shielding devices using WPT systems for charging EVs 

[38]. The primary reason for the differences among the core-based systems I–III is the distinct 

design of the core center. Although modifying the core center can reduce adverse effects on 

human health, this modification increases the weight and cost of the systems. 

While it is beyond the scope of this study to discuss how implantable devices are affected, 

Hikage et al. [31] mentioned that the observed characteristics of the maximum interference 

distance of implantable devices depend upon the magnetic field distribution close to resonant 

WPT antennas and coil size. In addition, previous studies founded that the use of different 

materials/models can affect the magnetic field distribution inside and outside the vehicle body 

[56], [102], and the exposure conditions of child model deserve a separate discussion [121]. 

Moreover, the system operational frequency of this study is set to 85 kHz in accordance with the 

EV wireless charging standard [23], it should be mentioned that this material can be using at other 

frequency such as 110 kHz [112]. 

Despite the advantages of using IPT systems for charging EVs, some of its limitations need to 

be addressed in future research. For example, transmission distance may vary under different 

environmental conditions. Furthermore, considering the installation surroundings such as the 

possibility of uneven terrain or other equipment being simultaneously installed in the vehicle may 

affect the performance and safety of the system. A detector may also need to be considered in the 

system for animal protection from the application.  
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Table 4.4 Comparison of the Related Research 

Year 
2013 

[100] 

2015 

[81] 

2017 

[48] 

2018 

[110] 

2018 

[65] 

2018 

[122] 

2019 

[43] 
This study 

Shield 
type 

Rectangular 
core N/A 

Ferrite core + 
Aluminum 

plate 

Ferromagnetic 
core + 

Aluminum 
plate 

N/A 

Ferrites 
tiles + 
Metal 
plate 

Ferrite core 
+ Aluminum 

shielding 
plate 

Pot core + 
Magnetic 
material 

insert 
block 

Operating 
Frequency 85 [kHz] 85 [kHz] 85 [kHz] 85 [kHz] 85 [kHz] 125 [kHz] 85 [kHz] 85 [kHz] 

Max. Tx 
diameter 
/Length 
[mm] 

405 405 600 600 500 600 500 270 

Air gap 
[mm] 150 120 150 200 200 200 150 100 

Transferred 
power 
[kW] 

7 7 5 3.5 7.7 7.7 5 3.7 

Efficiency 
at aligned 
case [%] 

97.1 97.1 k = 0.298 96 k = 0.07 96 78 99.6 

Magnetic 
field 

discussion 

The 
averaged 
magnetic 

field 
strength that 

the model 
occupies is 
at most one 
half (adult 
models) or 

equal to 
(child) the 
reference 

level for the 
general 
public. 

N/A 

The magnetic 
flux density 
reduces by 
25% for the 
optimized 

core 
configuration. 

Reduced the 
magnetic flux 
density on the 

Rx core by 
about 44%. 

Misalignment 
condition 

leads to an 
important 
increase of 

the magnetic 
field level. 

The 
maximum 
magnetic 

field 
strength 
of the 
WPT 

system 
equipped 
with the 
ferrites 
was 28 
A/m. 

Reduced 
about 81% 
and 95% of 

the EMF 
average for 
the z-axis 

and x-axis, 
respectively. 

Reduced 
the 

magnetic 
flux 

density on 
the human 
position 

up to 
34%. 

Human 
safety 

calculation  

The 
maximal 
induced 
electric 

field in the 
body is at 
most 25% 

of the basic 
restriction. 

The 
maximal 
induced 
electric 
field is 

0.4 V/m. 

N/A N/A 

Normalized to 
the peak 
value of 
induced 

electric field 
is 13.3 V/m 

for the 
aligned case; 
19.9 V/m for 
misaligned 

case. 

The 
maximal 
induced 
electric 
field is 

0.42 V/m 

N/A 

The 
maximal 
induced 
electric 
field is 

0.12 V/m 

Considered 
exposure 
scenario 

Human 
model is 
standing 
near to a 
vehicle 
model. 

Human 
model is 
standing 
near to a 
vehicle 
model. 

Human model 
inside the 
vehicle as 

driving 
passenger.  

Human 
model is 
standing 
near the 

coil, 
human-

coil 
distance is 
235 mm. 

Human 
model is 
standing 
near the 
vehicle, 
human-
vehicle 

distance is 
200 mm 
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4.5. Conclusion 
In this study, three core structures with respect to efficient inductive WPT systems were 

considered to minimize magnetic field leakage. These core structures were evaluated against a 

core-less system in terms of efficiency without considering the vehicle model, leaked magnetic 

field strength, and induced electric field strength. Scenarios considering perfectly aligned and 

misaligned condition have been discussed. By concentrating on the magnetic field within the core 

structure and reducing its diffusion outside the system, EMF exposure was effectively reduced. 

For compliance assessment, a common exposure scenario, in which a human model stands near 

an EV, was considered. Using the proposed core structures, the results revealed a substantial 

reduction in the exposure doses of up to 90% with respect to the human body. The induced electric 

field within the body resulting from the proposed systems, under perfectly aligned and misaligned 

conditions, is below 1% of the basic restriction. Furthermore, the computation of this study 

showed that the proposed intermediate block within the core can further reduce magnetic field 

leakage and resultant adverse effects on the human body. This demonstrates the importance of 

designing a core structure with the aim of reducing EMF exposure from WPT systems to humans. 

However, the tradeoff between the improvements achieved and the associated increase in cost 

and weight owing to the core material used needs to be considered. Therefore, future research 

must focus on the proposed core structures for specific applications and consider the tradeoffs 

among efficiency, safety, cost, and weight. Experimental validation of the simulation results is 

also recommended to further improve the accuracy and reliability of the proposed WPT systems.  
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Chapter 5  

Summary 

In the realm of wireless power transfer (WPT) systems, particularly those adopting a non-

radiative approach, their applications span a wide spectrum – from powering small devices to 

facilitating the energy needs of larger-scale equipment. Despite their evident advantages, these 

systems present challenges, notably in terms of ensuring human safety concerning 

electromagnetic fields (EMF) exposure and electromagnetic immunity. These concerns arise due 

to the potential health risks associated with the interaction between humans and the EMFs 

generated by these systems. As a response, international standards and guidelines have been 

established to address safety considerations, encompassing both industrial and human aspects. 

However, the dynamic nature of WPT technology necessitates ongoing research to evaluate and 

compare results against safety standards, ensuring continuous effectiveness while enabling 

efficient transmission. 

This study leverages computer simulations to propose innovative WPT system designs, 

emphasizing high transmission efficiency, minimal human-system interaction, and reduced 

leakage field intensity. A magnetic resonant coupling WPT system, featuring a grounded loop, is 

introduced to enhance power transfer efficiency and mitigate human-system interaction. The 

simulation results demonstrate a transmission efficiency exceeding 70% at a transmission 

distance of approximately 25 cm, accompanied by a reduction in the electric field strength outside 

the grounded loop. Under conditions of maximum efficiency, the proposed loop achieves a 

noteworthy 43.6% reduction in induced electric field strength and a 69.7% reduction in SAR 

values. Importantly, the system complies with ICNIRP limits, even in worst-case exposure 

scenarios. 

In the context of inductive coupling WPT systems for EV applications, a novel composite 

magnetic core is introduced to mitigate the impact of system magnetic field radiation on the 
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surrounding environment while ensuring high efficiency. The study proposes three types of planar 

composite magnetic cores and evaluates their performances through finite-element method (FEM) 

simulations. Considerations extend to scenarios involving a misaligned EV model, where 

transmission efficiency and magnetic field distribution are assessed. Additionally, the study 

evaluates exposure scenarios for a human body near the vehicle, using the scalar-potential finite 

difference (SPFD) method to assess in-situ electric field exposure. The findings showcase a 34% 

improvement in transmission efficiency within a 30 cm air gap at perfect alignment, alongside 

substantial reductions of up to 91.6% in magnetic field leakage and 98.3% in induced electric 

field exposure. The proposed design enhances transmission efficiency and significantly mitigates 

human exposure to EMFs, aligning with ICNIRP limits for induced electric field exposure. 

In total, the research underscores the importance of addressing not only the efficiency of 

wireless power transfer systems but also their impact on the surrounding environment and, 

crucially, human safety. The proposed magnetic resonant coupling and inductive coupling WPT 

systems, each with innovative design features, demonstrate significant improvements in 

efficiency and safety metrics. 

The MRC-WPT system, incorporating a grounded loop, stands out for its ability to not only 

enhance power transfer efficiency but also to minimize human exposure to electromagnetic fields. 

The grounding of the loop contributes to a noteworthy reduction in electric field strength outside 

the loop, mitigating potential health risks associated with exposure. The systematic evaluation of 

induced electric field strength and SAR values showcases a substantial decrease under maximum 

efficiency conditions, aligning with stringent international safety standards. 

On the other hand, the inductive coupling system, featuring a composite magnetic core, excels 

in mitigating the impact of magnetic field radiation on the environment. The proposed core 

structure, with an intermediate insert block, significantly reduces both magnetic field leakage and 

in-situ electric field exposure. This not only enhances transmission efficiency but also ensures 

compliance with exposure limits, emphasizing the safety of individuals in proximity to the system. 

Furthermore, this research investigates scenarios involving misalignment, providing insights into 

system performance under real-world conditions. The evaluation of transmission efficiency and 

magnetic field distribution during misalignment scenarios is crucial for practical applications, 

especially in the context of electric vehicles where perfect alignment is not always guaranteed. 
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In conclusion, the proposed designs present promising advancements in wireless power transfer 

technology, combining heightened efficiency with a steadfast commitment to environmental 

impact mitigation and human safety. These findings contribute to the ongoing discourse on 

shaping future WPT systems that not only meet energy transfer demands but also prioritize safety, 

sustainability, and compatibility with realistic conditions. 

While significant progress has been made in WPT technology, applying these innovations to 

real-world scenarios requires deeper research to address a range of challenges. Enhancing system 

efficiency and minimizing human exposure considerations become more intricate, especially 

when accounting for various working conditions and environmental variables, such as different 

types of vehicles, complex road conditions, and diverse usage scenarios. 

Furthermore, although existing international standards and guidelines provide safety 

benchmarks for WPT technology, the constant introduction and exploration of new materials 

necessitate a more thorough evaluation of the trade-off between technological advancements and 

factors such as material costs and weight. The introduction of new materials may bring 

performance improvements but could also lead to increased costs and weight, requiring a 

comprehensive consideration of these factors to find the optimal balance. 

On the other hand, wireless charging systems can induce temperature increases in both devices 

and the human body. Future research should delve into understanding and addressing potential 

temperature dynamics issues, particularly in emerging technologies. Effectively managing 

temperature, preventing overheating, and mitigating adverse effects on devices and human health 

represent crucial directions for future research. 

Lastly, as technology evolves, comprehensive research is needed to understand potential 

interference issues that wireless power transfer systems may cause to other electronic devices and 

communication systems. This encompasses ensuring the coexistence and interoperability of the 

system with surrounding devices to prevent conflicts or performance degradation in practical 

applications. Therefore, future research directions should focus on practical application details, 

utilizing in-depth field testing and validation to ensure the feasibility and reliability of these 

technologies in complex, real-world environments. This comprehensive research approach will 

further propel the development of wireless power transfer technology, ensuring its safety, high-

efficiency, and practicality in real-world applications.  
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