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Abstract: Electric vehicles (EVs) wireless charging is enabled by inductive power transfer
(IPT) technology, which eliminates the need for physical connections between the vehicle
and the charging station, allowing power to be transmitted without the use of cables.
However, in the present wireless charging equipment, the power transfer still needs to be
improved. In this work, we present a power transfer structure using a unique “DD circular
(DDC) power pad”, which mitigates the two major obstacles of wireless EV charging, due to
the mitigating power of electromagnetic field (EMF) leakage emissions and the increase in
misalignment tolerance. We present a DDC power pad structure, which integrates features
from both double D(DD) and circular power pads. We first build a three-dimensional
electromagnetic model based on the DDC structure. A detailed analysis is performed of the
electromagnetic characteristics, and the device parameters regarding the power transfer
efficiency, coupling coefficient, and mutual inductance are also presented to evaluate the
overall performance. Then, we examine the performance of the DDC power pad under
various horizontal and vertical misalignment circumstances. The coupling coefficients and
mutual inductance, as two essential factors for effective power transmission under dynamic
circumstances, are investigated. The findings of misalignment effects on coupling efficiency
indicate that the misalignment does not compromise the DDC pad’s robust performance.
Therefore, our DDC power pad structure has a better electromagnetic characteristic and
a higher misalignment tolerance than conventional circular and DD pads. In general, the
DDC structure we present makes it a promising solution for wireless EV charging systems
and has good application prospects.

Keywords: simulation; electric vehicle; wireless charging; power transfer pad; coupling
coefficient

1. Introduction

Battery-powered electric vehicles (EVs) serve as a superior alternative to conventional
modes of transportation, as they diminish pollution, reduce expenses, and exempt users
from congestion charges [1-3]. The primary obstacle to widespread adoption includes
insufficient charging capacity, significant costs, and limited battery longevity [4-8]. Ad-
ditionally, wired charging technologies suffer from challenges related to their complexity,
obsolescence, spatial requirements, and maintenance expenses. Wireless power transfer
(WPT) technology facilitates the convenience of charging anytime and anywhere [9]. The
advancement of electric vehicles is the focus of H2020 INCIT-EV, which aims to enhance
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charging devices through converters across various energy levels and implement both sta-
tionary and dynamic charging solutions [10]. Electro-Motive Force (EMF) leakage denotes
the emission of force surrounding the WPT system during power transmission [4,11,12].
Such leakage can have detrimental effects on both equipment performance and human
health, potentially inducing currents and generating heat [13], [14]. To enhance charging
speed, it is essential to augment the capacity of the WPT system; however, this enhancement
can also lead to increased EMF leakage [15]. Furthermore, the coupling coefficient can
diminish from 1.6 to 0.2 when vehicles are in motion, owing to misalignment issues that
reduce efficiency within the energy transfer system [16].

The growing prevalence of EVs represents a pivotal advancement toward sustainable
transportation, contributing to reduced greenhouse gas emissions and diminishing reliance
on fossil fuels. As the EV market flourishes, addressing the challenges of efficient and con-
venient charging becomes imperative. IPT technology has emerged as a viable solution for
wireless EV charging, enabling cable-free power transmission and eliminating the necessity
of physical connections between the vehicle and charging infrastructure. Moreover, EVs
are acknowledged as being 30% more efficient than traditional vehicles [17]. Most com-
mercially available EVs, including hybrid EVs (HEVs) and plug-in EVs (PHEVs), employ
plug-in charging systems to replenish their internal batteries [17,18]. The optimization
of charging efficiency is crucial, as the design and simulation of inductive power pads
for EV charging systems significantly enhance user experience and ensure safety. These
pads function as the interface between ground assembly (GA) and vehicle assembly (VA),
facilitating the transfer of power through electromagnetic induction [17,19,20]. The WPT
system is a promising alternative for charging EVs due to its advantages such as safety,
automation, efficiency, and ease of use [21]. The design and analysis of the AVPC provided
new insights into how coil geometry influences current flow patterns and the resulting
characteristics of the electromagnetic field [22]. Through meticulous design and simulation,
researchers can optimize the performance of the pads, minimize energy losses, and ensure
compatibility with various EV models.

Wireless charging systems for EVs are predominantly categorized into two types:
stationary charging and dynamic charging. The fundamental technology employed in these
systems is IPT, which utilizes electromagnetic induction for power transmission [21-25].
Power pads are crucial for efficient power transfer, and research has yielded various de-
signs, including circular, double D (DD), and DD quadrature (DDQ) power pads aimed
at enhancing efficiency [17,25,26]. Inspired by DDQ power pads, this article presents an
innovative power pad structure known as the “DD circular (DDC) power pad” which
integrates features from both circular and DD power pads [17,27]. The design adheres to
the specifications established by the Society of Automotive Engineers (SAE) J2954, with
performance assessed through electromagnetic analysis tools [28-30]. WPT technology
has evolved and can be categorized into three types: radiative coupling, non-radiative
capacitive coupling, and non-radiative magnetic coupling [31-35]. Various coil designs,
including the double D (DD) coil, have been proposed to enhance misalignment tolerance
and improve charging efficiency. Addressing safety concerns related to EMF emissions in
practical applications is imperative. Proposed shielding methods, including aluminum
(Al) plates and optimized core structures, aim to mitigate EMF leakage. However, their
effectiveness across various coil parameters requires further research. An IPT system may
fail to operate at resonant frequency, resulting in suboptimal load conditions that can dimin-
ish efficiency, as discrepancies between inductive components and operating conditions
lead to energy losses, thereby impacting overall performance and power transfer effec-
tiveness. As equivalent load resistance increases, charging current diminishes, prompting
dynamic fluctuations in current and efficiency, which are further influenced by variations
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in mutual inductance, ultimately influencing the system’s overall efficacy in energy transfer
and utilization.

Overall, WPT employs various control strategies for power transfer. Frequency track-
ing may diminish power capability and induce instability if the frequencies deviate from
optimal ranges. Dynamic impedance matching is utilized in high-frequency and low-power
scenarios, but it introduces added complexity and weight due to the necessity for multiple
capacitors. Uniform energy distribution in WPT can enhance rectifier circuit efficiency.
General issues encompass inadequate charging capacity, high expenses, and limited battery
life, with traditional wired systems complicating the charging process. On a technical level,
EMF emissions and misalignment significantly affect performance, resulting in reduced
coupling coefficients and efficiency. Additionally, discrepancies in inductive components
can lead to energy losses, while intricate control schemes complicate implementations.

This article delineates a design methodology for a double-delta (DD) coil, aimed at
enhancing its resilience to misalignment and reducing EMF emissions. The DDC power
pad is examined in terms of design strategies, performance assessment, electromagnetic
assessment, and power transfer efficiency evaluation. This study also investigates the
impact of ferrite material on power pads. Furthermore, this article outlines a method for
optimizing the design of a WPT system for light-duty EV applications. This technique
emphasizes and covers many aspects such as determining the best size of the coils, verifying
the magnetic design, selecting the appropriate power electronics converter architecture,
and formulating control strategies. The experimental findings substantiate the efficacy of
the system’s design.

The geometry of a WPT coil typically uncompressed several key parameters that signif-
icantly impact its performance and constitute the fundamental element of coil design. This
article represents a DDC coil, engineered to generate uniform magnetic fields, incorporating
19 turns to enhance the inductance and optimize the energy transfer efficiency. The entire
design was executed using Ansys Maxwell 3D (2024 R2), comprehensive software used
for engineering simulation. This design yielded an elevated coupling coefficient, mutual
inductance, minimal copper consumption in the coil, a heightened magnetic flux density,
and a peak magnetic field intensity. This work not only enhances energy transfer efficiency
but also reduces material costs and improves the overall performance of the system.

2. Design of Inductive Power Pad

Wireless charging systems for electric vehicles utilize power pads positioned either
on the ground or on the vehicle’s sides. The ground-mounted transmitting power pad
connects to the vehicle’s receiving pad via a time-varying magnetic field produced by high-
frequency alternating currents. These pads are engineered to transfer energy effectively
in regions with significant overlap, ensuring a high coupling coefficient (k) for efficient
power transmission [36]. While their effectiveness can be affected by the air gap, circular
power pads are frequently utilized in electric vehicle wireless charging systems due to their
compact design and minimal leakage flux [17]. Electric vehicles use power rails, which only
turn on when an EV drives over them; nevertheless, dynamic wireless charging systems
may be difficult to set up and maintain.

2.1. Geometry Structure Design

DDC power pads are chosen for their design as they offer superior electromagnetic
characteristics and greater tolerance for misalignment compared to traditional circular
DD pads. The DDC configuration allows for various coil designs to enhance charging
efficiency and adaptability in different environments, ensuring compatibility and safety in
automotive applications. The power pad has two coils: one is a receiver coil (RX) and the
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other is a transmitter coil (TX). There are 19 turns both in the TX and RX. The 3D design
with proper dimensions and material of the respective coils is given in Figure 1. The given
dimensions describe the components of a wireless power transfer system. The RX (receiver)
coil has an inner radius (Ri) of 50 mm, an outer radius (Ro) of 125 mm, and a thickness
(h) of 0.5 mm, while the TX (transmitter) coil has an inner radius (Ri) of 50 mm, an outer
radius (Ro) of 200 mm, and the same thickness (h) of 0.5 mm. Both the TX and RX are
equipped with ferrite cores (RX_Fe) that measure 250 mm by 250 mm with a thickness of
2 mm. (TX_Fe) surrounds both components, each measuring 400 mm by 400 mm with a
thickness of 2 mm. The following dimensions are given in Table 1.

Ansys
2024 R2
STUDENT

p—N

o

“x

l I
0 200 400 (mm)

Figure 1. Prospective 3D-designed power pad created in Ansys Maxwell 3D (2024 R2).

Table 1. Parameters for design of IPT coils.

Materials Inner Dimension Outer Dimension Hight
RX_Coil 50 mm 125 mm 0.5 mm
TX_Coil 50 mm 200 mm 0.5 mm

RX_Fe 250 mm 250 mm 2 mm
TX_Fe 400 mm 400 mm 2 mm

The self-inductance, coupling coefficient, and Ac resistance are 150 puH, 0.26 k, and
0.1 uQ), respectively. In this study, there were two designs used with varying thicknesses:
2 mm and 0.5 mm. In Figure 1, the 3D design with a 0.5 mm thick plate is shown.

2.2. Finite Element Analysis (FEA) Tools

The 3D design was carried out using Ansys 2024 R2 (student version) software. Ansys
is used for WPT systems to simulate and optimize the electromagnetic fields, coupling
efficiency, and power transfer performance. It enables the precise modeling of coil geome-
tries, materials, and operating conditions, helping engineers analyze factors like mutual
inductance, resonance, and power losses. By providing detailed insights into electromag-
netic behavior, thermal effects, and system efficiency, Ansys allows for the design and
validation of WPT systems without the need for extensive physical prototyping, improving
performance, reducing costs, and ensuring reliability in real-world applications.

A 15 kW wireless power transfer system is developed for electric vehicle battery
charging, featuring high-frequency operation and a large air gap. Advanced co-simulations
are conducted using ANSYS Maxwell (ELECTRONICS_STUDENT_2024R2) and Simplorer
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software to ensure precise design and performance evaluation. This modern solution
aims to address the growing demand for efficient and seamless energy transfer in electric
mobility applications [21].

The necessary WPT simulations were carried out by following the circuit diagram, as
shown in Figure 2, which was generated by using Simplorer. Simplorer is used to calculate
the efficiency of wireless power transfer systems because it accurately models complicated
electrical, magnetic, and mechanical interactions. It offers system-level simulations, which
allow for precise performance and efficiency assessments. The circuit diagram represents
a WPT system consisting of a transmitter (Tx) and receiver (Rx) circuit. The transmitter
includes a voltage source (E1), capacitors (C1), resistors (R1, R2), and the transmitting coil
(Tx_Coil), while the receiver features the receiving coil (Rx_Coil), capacitors (C2), resistors
(R3, R4), and load resistance (RL). Wattmeters (WM1 to WM4) are positioned at key points
to measure power at different stages. The Tx and Rx coils enable inductive coupling for
energy transfer between the circuits.

WM1 a R1 R2

Tx_Coil RL

E1

|

Figure 2. Circuit diagram for simulation.

3. Performance Evaluation

Simulating the power pad allowed us to assess its functionality. The standard design
criteria found in the literature were used to validate the simulation result through com-
parison. In the wireless charging system, a higher coupling coefficient (k), which ranges
from 0 to 1, signifies better coupling and improved power transfer efficiency [37]. The
coils experienced two types of misalignments: vertical and horizontal. The evaluation of
the electromagnetic properties, coupling coefficient, and efficiency of the proposed power
pad was conducted by varying the frequency between 85 kHz and 100 kHz. In this study,
vertical misalignments ranging from 0 to 100 mm and horizontal misalignments from 100
to 250 mm were taken into account for the power pad coils.

The efficiency of the coil was determined by considering a few parameters. The
necessary parameter was taken according to Equation (1). The coils’ efficiency is computed
as follows when C, is linked in series with L, regardless of how L; and C; are coupled [38]:

! 1)

Heoil =

gt LRV Y
L L (wM/Ry)
where the receiver coil’s self-inductance, resonant capacitor, and equivalent series resistance
(ESR) are represented by the values L, rp, and Cp; the equivalent load resistance is denoted
by Ry ; and M is the mutual inductance between the transmitter and receiver coils.
The resonance frequency of the WPT system can be determined by the condition when
the reactance of the inductive and capacitive components cancels each other out. This is
when the system achieves resonance, typically given by the following formula:
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where
L> = The inductance of the receiver coil;
C, = The resonant capacitance.

3.1. Electromagnetic Properties

The electromagnetic properties of a power pad were analyzed using Ansys Maxwell
3D, with simulations providing values for magnetic flux density (B) and magnetic field
intensity (H), as depicted in Figures 3 and 4. The results revealed a maximum magnetic
flux density of 23,700.13 uT for a 0.5 mm thick pad and 24,211.15 puT for a 2 mm thick pad.
Correspondingly, the maximum magnetic field had an intensity of 4.13 x 10° A/m for the
0.5 mm thickness and 3.75 x 10 A/m for the 2 mm thickness. These findings indicate that
both magnetic flux and magnetic field intensity change with the pad’s thickness, decreasing
as the thickness reduces. This study suggests that optimal electromagnetic performance
occurs when vertical and horizontal misalignments between the ground assembly (GA)
and vehicle assembly (VA) are minimized. Misalignment can arise both vertically and
horizontally, influenced by the dimensions of the power pads and the vehicle’s ground
clearance. Reducing these misalignments improves the efficiency of the energy transfer.
This underscores the importance of precise alignment in optimizing the electromagnetic
performance of the power pad system, which is crucial for effective wireless power transfer
between the GA and VA.

B [mTesla]
Max: 37,700.150

B 24000

21,600
19,200

16.800
- 14,400
12,000

5600

Ansys
2024 R2
STUDENT

B [mTesla]
Max: 24,211.140

P 2s.000

22.500
20,000
17,500

- 15,000
12,500

Min: 1.764

(b)

Figure 3. Electromagnetic properties: (a) magnetic flux density (B) for 0.5 mm thickness; (b) magnetic
flux density (B) for power pads for 2 mm thickness.
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Figure 4. Electromagnetic properties: (a) magnetic field intensity (H) for 0.5 mm thickness; (b) mag-

netic field intensity (H) for 2 mm thickness.

3.2. Coupling Coefficient (k)

The coupling coefficients for various vertical awry were obtained, and the simulation
results are illustrated in Figure 5. The coupling coefficient varied with the variation in
the misalignments. The simulation was conducted by changing the frequency to 75 kHz
and 95 kHz, and the step size was 1 kHz and the value was 0.26 k for a 2 mm thickness
coil. From the simulation result, it was observed that the coupling coefficient (k) was
not changed by changing frequency, and the same coupling coefficient was obtained for
different frequencies. The adaptive frequency was obtained in 85 kHz.

0.26 +
N — -f=75kHz

0244 N - - f=80kHz

éo - N\ — - f=85kHz

=Rl N — - -f=90kHz

S 0204 N - = = f=95kHz

= N\

3 1 N

O 0.18 - G

(@)) g -~

c N >

= 0.16 1 ~

> 1 .

S 0.14- ~~—
4 -~ N ~

0.121 ~
100 110 120 130 140 150

vertical misalignments (mm)
Figure 5. Variation of 2 mm coil thickness coupling coefficient (k) with varying misalignments.
A similar result was obtained for horizontal misalignments, which are shown in

Figure 6. The horizontal misalignment ranged from 100 to 250 mm. The maximum
coupling coefficient was obtained for 100 mm horizontal misalignment, and the value was
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0.30 k for 0.5 mm thickness coil. A different coupling coefficient was observed between the
100 mm vertical and 250 mm horizontal misalignments; both were the lowest values of the
respective misalignments. In this scenario, the coupling coefficient for various horizontal
misalignments is significantly higher for the proposed DDC power pad than for the circular

and DD power pads [39].
0.50 0.50
dz=100mm, f=85kHz dz=100mm, f=100kHz
0.45 4 = dz=125mm, f=85kHz 0.45 = dz=125mm, f=100kHz
—_ =dz=150mm, f=85kHz —_ =dz=150mm, f=100kHz
& 0.401 - dz=175mm, £=85kHz = 040 = dz=175mm, £~100kHz
£ 0354 dz=200mm, f=85kHz 5 0354 ~ = =dz=200mm, f=100kHz
5 dz=225mm, f=85kHz 5 dz=225mm, f=100kHz
030 t= = — =« =dz=250mm, £=85kHz E030t— — * =dz=250mm, f=100kHz
%) = - D -
o} - =] -~
O 0.254 -~ - O 0.25 -~
8 P e e e e o =~ ~ en P ® o o o = -~
£ 0.20 - £ 0.20 R -
[ S e ~ -y S e o ~
BOIS{ " T T e — e T e ] 2015 " T T e — e T s e LT
O b e e e L _ —_—. - - &) b e o = = o —_ - s
o10L 0T et — e T T o104 LTI T =T~
0.05 - LTI LTI, 0,05 = IS NIl v S T
0 20 40 60 80 100 0 20 40 60 80 100
Horizontal Misalignments (mm) horizontal misalignments(mm)
(@) (b)
Figure 6. Variation of 0.5 mm coil thickness coupling coefficient (k) with varying horizontal misalign-
ments when frequency was (a) 85 kHz and (b) 100 kHz.
3.3. Mutual Inductance
Ansys Maxwell 3D was used for the mutual inductance of the power pads, which was
evaluated under 85 kHz and 100 kHz for both the vertical and horizontal misalignments.
In vertical misalignments, maximum mutual inductance was observed for 0 mm vertical
misalignments. The mutual inductance was decreased by increasing vertical misalignments;
also, for this case, the values of the mutual inductance were not changed by changing the
frequency from 85 kHz to 100 kHz in Figure 7.
45 45
dy=0mm, f=85kHz === dy=0mm, f=100kHz
40D = = dy=20mm, f=85kHz 40 —\‘ Foe gy=igmm, i:ggtgz
— * =dy=40mm, f=85kHz — \ = =dy=40mm, {= z
L 35 —\-\ — = dy=60mm, £=85kHz T 354 .\ = = dy=60mm, f=100kHz
SN - = -dy=80mm, f=85ki1z STNNN -- >3y=zlzgomm, &fl?ggss
6304 -~ dy=100mm, f=85kHz 9304 o ° y=100mm, f=100kHz
RN : g AN
8251 “- 3 251 R\
E E SN
=204 = 20+ OO
£ s g D
= b =154 TS LS :'§
NS
g 10 = \.33
10 S,
100 120 140 160 180 200 220 240 100 120 140 160 180 200 220 240
vertical misalignments (mm) vertical misalignments (mm)
(a) (b)

Figure 7. Mutual inductance (uH) with varying vertical misalignments when frequency was
(a) 85 kHz and (b) 100 kHz.

For horizontal misalignments, similarly in Figure 8, the mutual inductance was not
changed by changing the frequency. The existence of ferrite materials and the shielding
effect are not included in the simulation. The mutual inductance and coupling coefficient
data demonstrate that DD power pads outperform circular power pads in terms of misalign-
ment tolerance. The proposed DDC power pads still show outstanding electromagnetic
performance when both horizontal and vertical misalignments are included [40,41].
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Figure 8. Mutual inductance (uH) with varying horizontal misalignments when frequency was
(a) 85 kHz and (b) 100 kHz.

3.4. Efficiency

Simplorer software was used to analyze the WPT system’s efficiency. Figure 9 depicts
the WPT system’s efficiency curve, which reaches a maximum of 90%. According to the
simulation findings, the thickness of the WPT system influences its effectiveness. Thicker
or thinner layers might affect the system’s performance, resulting in variances in efficiency.
The simulation was run in Ansys 2024 R2 (student version), and the findings may be
impacted by the student version’s constraints, such as limited access to sophisticated
simulation capabilities or a lower degree of accuracy. Despite these constraints, this
analysis provides valuable insights into the relationship between WPT thickness and
system efficiency, although further investigation using the full version of the software may
yield more accurate and comprehensive results.

1.0

_——0.085,0.90)

0.8
> 0.6
(%)
c
2
=
=
1 0.4+

0.2

0.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0

Figure 9. Power transfer efficiency curve of the WPT.

Figure 10 illustrates the relationship between efficiency (%) and the distance between
the receiving and transmitting coils in a wireless power transfer (WPT) system. The
efficiency remains high, close to 90%, when the distance is minimal (around 100 mm). As
the distance increases, efficiency gradually decreases, showing a slight decline from 90% to
about 85% as the coils move farther apart (approximately 140-200 mm). Beyond this range,
a more significant drop in efficiency is observed, especially when the distance exceeds
200 mm. At 240 mm, the efficiency decreases sharply to around 60%.
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Efficiency (%)

~
o
1

[o2]
o
!

60

T T T T T T T
100 120 140 160 180 200 220 240
Distance between the receiving and transmitting coils

Figure 10. Power transfer efficiency curve with variation in distance between the receiving and
transmitting coils of the WPT.

This trend indicates that the system performs optimally at shorter distances, where
the coupling between the coils is stronger. As the distance increases, the coupling weakens,
resulting in reduced efficiency. The sharp decline in efficiency beyond a critical distance
highlights the system’s limitations in handling greater coil separation. This graph under-
scores the importance of maintaining optimal coil alignment and distance to ensure efficient
power transfer in practical WPT applications.

3.5. Relationship Between Geometry and Performance

In WPT systems, the geometry of the coil plays a crucial role in determining perfor-
mance. Key factors affecting coil efficiency and effectiveness include coupling coefficient,
inductance, resonance frequency, magnetic field distribution, losses, factors, and multi-coil
systems. The proposed geometry in this article features a coil thickness of 0.5 mm, which
achieves a higher efficiency of 90%, a magnetic field intensity of 4.13 x 10° A/m, and a
coupling coefficient of 0.30 k, surpassing the performance of a 2 mm thick coil. Overall,
optimizing WPT coil geometry is essential for maximizing efficiency, minimizing losses,
and ensuring performance in practical applications.

4. Conclusions

This investigation focused on the design and analysis of a WPT system for electric
vehicles (EVs), particularly exploring the performance of a newly developed double-delta
circular (DDC) power pad. This research highlighted the significance of power pad ge-
ometry, material properties, and misalignment tolerances in optimizing electromagnetic
performance and power transfer efficiency. Despite modeling software restrictions, this
research also assesses electromagnetic characteristics, coupling, and efficiency, reaching
a maximum efficiency of 90%. Using Ansys Maxwell 3D and Simplorer for the simula-
tion, this study evaluated key electromagnetic parameters, such as magnetic flux density,
magnetic field intensity, coupling coefficient, mutual inductance, and efficiency under
various vertical and horizontal misalignments. It was found that the coupling coefficient
remained stable across different frequencies, with optimal performance observed at 85 kHz.
Misalignment was shown to reduce the mutual inductance and coupling efficiency, but
the DDC power pad demonstrated superior tolerance to misalignment compared to other
designs like circular and double-D (DD) power pads. Additionally, shielding methods,
such as the use of ferrite materials and aluminum plates, were recommended for mitigating
electromagnetic field (EMF) leakage, though further analysis is needed to fully validate
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their effectiveness. The results also indicated that the system’s thickness impacts efficiency,
with thicker power pads yielding higher magnetic field intensity but requiring careful
optimization to avoid energy losses. While the student version of Ansys imposed certain
limitations in the aspects of simulating a bigger physical model, these findings contribute
valuable insights for improving WPT systems, particularly in enhancing charging efficiency,
misalignment tolerance, and EMF safety, which are crucial for the advancement of wireless
EV charging technologies. As global copper reserves continue to diminish, this model will
become increasingly suitable. Future research should focus on validating these findings
using unrestricted software to enhance accuracy in modeling complex systems. This in-
cludes exploring advanced coil designs, optimizing shielding methods, and conducting
comprehensive analyses of misalignment and efficiency under real-world conditions.
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