World Electric
Vehicle Journal

Article

Improving Coil Misalignment Performance in Wireless Power
Transfer for Electric Vehicles Using Magnetic Flux
Density Analysis

Pharida Jeebklum 107, Takehiro Imura 2

W) Check for updates

Academic Editor: Vladimir Katic

Received: 8 December 2025
Revised: 23 January 2026

Accepted: 2 February 2026
Published: 6 February 2026
Copyright: © 2026 by the authors.
Published by MDPI on behalf of the
World Electric Vehicle Association.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Chaiyut Sumpavakup 1-3*

Department of Power Engineering Technology, College of Industrial Technology, King Mongkut’s University
of Technology North Bangkok, Bangkok 10800, Thailand; pharida.je@gmail.com

Faculty of Science and Technology, Tokyo University of Science, Chiba 278-8510, Japan;
imura.takehiro@rs.tus.acjp

Operations Center of Modern Automotive Technology and Innovation, KMUTNB Techno Park, King
Mongkut’s University of Technology North Bangkok, Bangkok 10800, Thailand

*  Correspondence: chaiyut.s@cit.kmutnb.ac.th

Abstract

The efficiency of power transfer is a critical issue for wireless charging applications in
electric vehicles. The misalignment between the transmitter coil and the receiver coil in
wireless charging leads to a significant reduction in efficiency. This article investigates
improving coil misalignment performance in wireless power transfer for electric vehicles
using magnetic flux density analysis. The objective is to study the effect of the automatic
alignment transmitter system’s movement on error distance. The automatic alignment
transmitter system was integrated with a wireless power transfer system to realign the
transmitter coil whenever lateral misalignment occurred between the transmitter and re-
ceiver coils. The experiment was performed with a horizontal misalignment of 0.35 m and
was repeated three times. The gap between the coils was held constant at 0.15 m. The
wireless charging system was designed according to the Society of Automotive Engineers
(SAE) standard. The experimental results demonstrated that the movement error distance
was 0.001 m, with an average error of 0.33%. These findings indicate that the automatic
alignment transmitter system achieved an operational effectiveness of 99.67%. The maxi-
mum wireless charging efficiencies of 75.78% and 75.59% were recorded for the X-axis and
Y-axis adjustments, respectively.

Keywords: automatic alignment transmitter system; electric vehicle; magnetic flux density;
wireless charging; wireless power transfer efficiency

1. Introduction

Wireless charging of electric vehicles employs a transmitter coil positioned on the
floor, while a power receiver coil is installed beneath the vehicle. The activation of the
ground assembly generates electromagnetic flux that induces power in the vehicle assembly,
thereby enabling wireless power transfer. Such systems offer both convenience and safety to
users. The vehicle charging is initiated when the user parks within the designated charging
area, whereupon the system initiates automatically. X. Zhang et al. [1] proposed a wireless
charging system that achieved a maximum power transfer efficiency of 71% when the
transmitter and receiver coils were perfectly aligned. The efficiency diminished as the gap
or misalignment between the coils increased, with a minimum efficiency of 5% observed
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under significant misalignment. Similarly, C. Anyapo et al. [2] designed a configuration in
which the transmitter coil and receiver coil were identical in size. The result demonstrated
that power transfer efficiency declines with greater gaps and misalignments between the
coils. S. Ghazizadeh et al. [3] simulated the coupling coefficient effect when misalignment
occurs between the coils. The result was found that as the misalignment increased, the
coupling coefficient decreased.

Wireless charging exhibits greater power loss within the power transfer system than
wired charging. Such loss can arise from parking misalignment between the transmitter
coil and the receiver coil or from an excessive air gap between the transmitter and receiver
coil [1,2]. These conditions increase the magnetic flux leakage and thereby degrade wireless
charging performance. Enhancing the efficiency of wireless charging systems can be effec-
tively achieved by increasing the number of inductive coils and optimizing the associated
circuitry. Y. Jia et al. [4] proposed an auxiliary coil on the receiving side. The result was
found that the mutual inductance decreases under misalignment. However, the auxiliary
coil keeps a higher level of mutual inductance in such conditions. A. R. Galib et al. [5]
studied maximum efficiency using three coils. The result was found that the low coupling
coefficient between coils affects the low power transfer efficiency. C. Fu [6] proposed the
structure of the magnetic coupler. The transmitter coil is a double-D (DD). The receiver
coil is a compact dual-coil. The result was found that a greater misalignment between the
transmitter coil and receiver coil results in lower power transfer efficiency. S. Kodeeswaran
et al. [7] proposed a two-transmitter coil design to minimize misalignment and enhance
the performance of the static inductive wireless power transfer system. Both transmitter
coils are designed with identical dimensions, and their inner and outer terminals are inter-
connected. The simulation results from LTspice and experimental data indicate that the
proposed system transfers 1.95 kW of power with an efficiency of 93.07% when the gap
between the coils is 150 mm. D. Ferdous et al. [8] developed a resonance-based inductive
power transfer system for the wireless charging of autonomous underwater vehicles. Fur-
ther, the performance of the wireless charging system was validated through simulation
in the MATLAB/Simulink platform and verified through preliminary experimentation
carried out in a 1 kW laboratory-scale hardware prototype. The experimental results in a
saline water environment showcased a power transfer efficiency of 85-86% considering a
gap of 3 cm between the transmitter and receiver coils. N. Rajamanickam et al. [9] proposed
a simple nonlinear resonant circuit on the receiver side that enables misalignment-tolerant
charging of these nodes without requiring precise positioning of the unmanned aerial vehi-
cle. An unmanned aerial vehicle prototype with a power rating of 200 W and an operating
frequency of 85 kHz was designed. The results illustrated that the power transfer efficiency
remained stable over coupling distances from 5 cm to 10 cm. However, the efficiency
of wireless power transfer decreased as lateral and angular misalignments increased. Y.
Zhang et al. [10] simulated a hybrid topology to achieve misalignment tolerance using
MATLAB/Simulink. As the receiver coil was displaced from 0 mm to 150 mm, the simula-
tion results showed that the transfer efficiency remained steady despite the misalignment.
This characteristic provides the wireless power transfer system with improved misalign-
ment tolerance. Moreover, supplementary materials such as ferrite and metamaterials
have been incorporated to suppress magnetic flux leakage and enhance wireless power
transfer efficiency. S. Jaafari et al. [11] proposed optimizes circular coils with ferrite cores
for inductive power transfer in electric cars. The circular coils were analyzed using ANSYS
Electronics Suite R2-202 and the finite element method, focusing on the influence of the
number of turns, inner radius, air gap, and misalignment on the coupling coefficient. The
result was found that equivalent coils with ferrite boxes achieve the 95% efficiency target
while producing a strong and more focused magnetic field at a lower cost. In contrast,
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inequivalent coils demonstrate superior capability in strengthening and centralizing the
field while enhancing tolerance to misalignment through distinct mechanisms. S. Pahlavan
et al. [12] presented the power transmission array configuration designed for moving
objects in animal behavior research applications. The array addresses the challenges of
receiver rotation and interruptions in power transfer. The results demonstrated that the
system increased the received power to 146 mW and improved the transmitted power by
92 mW under receiver rotation. The transmitter array achieves an average power transfer
efficiency of 18.2% and 11.5% under a 90° angular misalignment. In contrast, the conven-
tional structure delivers no power to a perpendicular receiver coil and provides almost no
power during rotation. W. O. Adepoju et al. [13] presented the ferrite-core metamaterial
wireless power transfer model. Finite element Analysis (FEA) of the proposed design
was conducted in the ANSYS simulation environment. The simulation results show that
the proposed ferrite-core metamaterial generates higher mutual inductance and received
power than a conventional wireless power transfer design. C. Lu et al. [14] proposed the
model of a 3 x 3 matrix metasurface shield with resonance frequencies of 65 kHz and
190 kHz. The metasurface shield is located above the receiver coil. The gap between
the receiver coil and metasurface shield is 10 cm. The results show that the metasurface
shield can reduce the fundamental and harmonic magnetic flux density by 7.425 dB and
9.14 dB. The efficiency of the wireless power transfer system with the metasurface shield is
87.29%. M. Simonazzi et al. [15] investigate the use of a metamaterial slab for magnetic field
shielding at a resonance frequency of 85 kHz. The comparison was between three different
configurations. The result was found that the maximum values of the average shielding
efficiency are almost 20 dB. P. Jeebklum et al. [16] proposed the design and development of
the metamaterial slabs for a wireless charging system based on the Society of Automotive
Engineers standard. The results illustrated that the edge metamaterial slab over the receiver
coil reached a maximum efficiency of 75.87% at a misalignment of 0.10 m. In addition,
the metamaterial slab over the receiver coil provided an efficiency 8.00% higher than the
system without the metamaterial slab at a misalignment of 0.20 m. This proved that the
metamaterial slab is important for increasing efficiency when misalignment occurs and for
shielding the magnetic fields over the receiver coil. However, the misalignment between
the transmitter and receiver coils affects the power transfer efficiency. One approach to
improving the wireless charging efficiency is the automatic alignment of the transmitter
and receiver coils. Vatsala et al. [17] proposed automatic adjustment of the receiver coil
position and simulated the distribution effect of the magnetic field. The result was found
that the coupling coefficient was varied by changing the alignment between the transmitter
coil and receiver coil. The coupling coefficient is highest in the middle of the receiver
coil when there is no misalignment, resulting in the highest power transfer efficiency. R.
Chabaan [18] patented a method for the automatic adjustment of receiver coil position. The
result was observed that the system can reduce the coils’ misalignment and increase the
efficiency of wireless power transfer. The highest efficiency is when the coils are aligned.
The efficiency is decreased with increasing misalignment in the horizontal plane. A. Ahmad
et al. [19] proposed using a misalighment sensor between the transmitter coil and receiver
coil. The result found that the misalignment between the coils reduced the coupling coeffi-
cient and mutual inductance. This can be solved by aligning the coils, thus, maximizing
the efficiency of wireless power transfer. Y. Zhang et al. [20] proposed a wireless battery
charging system in which the power transfer position can be automatically moved to the
optimal charging placement for mobile devices. The wireless charging receiver and wireless
charging transmitter are communicated by the Bluetooth module. As a result, the wireless
charging receiver is adjusted to the optimal battery charging position. For this reason,
the misalignment between the transmitter coil and the receiver coil must be minimized.
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In conventional wireless charging systems for electric vehicles, automatic alignment of
the receiver coil requires the installation of dedicated hardware on every vehicle. This
article instead proposes shifting the alignment mechanism to the infrastructure side by
enabling autonomous adjustment of the transmitter coil in order to reduce overall costs,
minimize the number of onboard components, and alleviate payload penalties. In addition,
the automatic coil positioning system contributes to the efficient operation of the wireless
power transfer.
The following are the major contributions of the proposed article:

(1) This article designs methods for the automatic adjustment of the transmitter coil
position in the event of misalignment with magnetic flux density analysis.

(2) The automatic alignment transmitter system is employed in electric vehicle wireless
charging applications that are designed in accordance with the SAE standard J2954 [21].

This article proposes improving coil misalignment performance in wireless power
transfer for electric vehicles using magnetic flux density analysis. The content is organized
into five main sections. Section 2 examines the effect of misalignment on wireless charging
systems. Section 3 shows the simulation of wireless charging. Section 4 presents the design
of the proposed automatic alignment transmitter system. Section 5 provides the results and
discussion. Finally, Section 6 concludes the study.

2. Effect of Misalignment on Wireless Charging System

The standard of wireless power transfer for light-duty plug-in/electric vehicles and
alignment methodology is determined by the SAE [21]. In the ]2954 standard, power classes
and frequency ranges are defined. The maximum input volt-amps that can be obtained
from the grid connection determines the power classes for wireless power transfer. In
power class WPT 1, the maximum input volt-amps is 3.7 kVA. For wireless power transfer,
the frequency range of 79 kHz to 90 kHz specified in SAE no. J2954 must be utilized. For
design, the frequency range and power classes will be decided. The ground assembly (GA)
controls the frequency. A commonly used frequency is 85 kHz [22-24], and a minimum
efficiency of 85% or higher is expected [25,26]. The design of a wireless power transfer
system using a resonant circuit is one of the most effective methods for maximizing the
efficiency of wireless power transfer [27-29].

The induction principle is employed between the power transmitter and receiver
sections of the wireless charging system for electric vehicles, as illustrated in Figure 1.
The ground assembly and vehicle assembly constitute the two primary components of
the wireless charging system. An AC power source from the grid connection supplies
power to the ground assembly. The input power (Ppy) is measured at the grid connection
and can be calculated for three-phase electrical systems using Equation (1). The rectifier
circuit subsequently converts the input electricity into DC power. The inverter circuit then
performs a high-frequency conversion back to AC power. A series-connected inductor and
capacitor form a resonant circuit that enables power transmission. Subsequently, power is
transferred via the inductor coil. The power in the transmitter coil generates a magnetic
field and induces the inductor coil of the receiver. The receiver coil connected in series with
a capacitor thus constitutes the resonant circuit of the power receiver. Finally, the charger
replenishes the battery by converting the high-frequency AC power into DC power. The
output power (Poyr) is measured at the battery and can be calculated from Equation (2).
The wireless charging efficiency (#) is expressed in Equation (3) [22].

Py = V/3VICOSH 1)

Pour = VI ()
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where V is voltage, I is current, and COS8 is the power factor.

i Power Vehicle Assembly
!|  Receiver

il Receiver
i Coil i1» Charger |+ Battery

| i '
i,| Rectifier | | Inverter | |i Transmitter :
i'| Circuit Circuit [ Coil :

. |
Grid | Ground Assembly Power
Connectioni Transmission

Figure 1. Wireless charging system for electric vehicles.

A. M. Gebril et al. [30] designed procedure of a non-conventional high-efficiency
wireless power transfer system with great tolerance to lateral misalignment conditions.
The result was found that the coupling coefficient affects the power transfer efficiency. As
the coupling coefficient increases, the power transfer efficiency also increases. B. Annasel-
varaj et al. [31] investigated the mutual inductance between the transmitter and receiver
coils under various coil structures and misalignment conditions. Circular, square, and
rectangular coil configurations were proposed. The result was found that the mutual
inductance in the wireless power transfer system decreases as misalignment between the
coils increases. The misalignment between the transmitter and receiver coils limits the
efficient design of wireless power transfer circuits for recharging wireless sensor nodes. T.
Debnath et al. [32] investigate the impact of misalignment on energy coupling between
coils and propose a low-cost solution to address the issue. The results indicate that the
pentagon coil achieves over 99% energy transfer efficiency, with tolerances of up to 15°
angular and 0.02 m horizontal misalignment. Furthermore, the pentagon coil exhibits a
high degree of stability. The variation in the coupling coefficient under misaligned con-
ditions is only 5%. This low variation makes the pentagon coil a promising solution for
robust wireless power transfer systems in transportation. S. Viqar et al. [33] proposed a
highly efficient series—series compensation topology wireless power transfer system using
a rectangular coil. The system operates at a resonant frequency of 85 kHz. Simulations with
Ansys Maxwell 14.0 show that vertical misalignment between the transmitter and receiver
coils reduces the coupling coefficient and mutual inductance. These two parameters exert
the most significant influence on the wireless power transfer efficiency. The maximum
efficiency is expressed in Equation (4) [33,34].

_ K2QpQs

MAX = 5 4

(1+ V1+K2QpQs)

M
K= 5
VLo ©
o wLp o CLJLS

QP = TP’ QS = R75 (6)
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where K is the coupling coefficient that is expressed in Equation (5), Qp and Qs are the
quality factors of the transmitter and receiver sides that can be calculated from Equation (6),
M is mutual inductance, Lp and Lg are inductances of the transmitter and receiver coils,
respectively, w is resonant frequency, and Rp and Rg are the resistance of the transmitter
and receiver coils, respectively.

From Equation (4), the product of the coupling coefficient and the quality factor deter-
mines the maximum wireless power transfer efficiency. These two critical characteristics
depend on the position of the transmitter and receiver coils and the gap between the coils,
as well as the coil size and shape. The main objective of wireless power transfer design
is to achieve maximum efficiency. Therefore, the transmitter and receiver coils should be
perfectly aligned to maximize the transferred power [27,33,35].

The misalignment between the transmitter and receiver coils significantly impacts both
power transfer and efficiency. Figure 2 shows that when the coils are laterally misaligned,
the distance between arbitrary points on the coils changes. The variation affects the mutual
inductance, as described in Equation (7) [36]. The mutual inductance influences both
the coupling coefficient and the inductance of the coils. The inductance and current are
directly related to magnetic flux, as shown in Equation (8). The inductance serves as
a coefficient indicating the amount of magnetic flux generated by the current [34]. The
magnetic flux density is calculated based on the magnetic flux per unit surface area, as
shown in Equation (9) [19]. The misalignment between the transmitter and receiver coils
leads to a non-uniform distribution of magnetic flux density across the receiver coil.

_ﬂof]{ 1
M= —dldl 7
i Py P, ghdl (7)
@ =1LI (8)

@
B_Z )

where y is vacuum permeability, R is the distance between dl; and dl,, § dI expresses a
line integral, ¢ is magnetic flux, L is inductance, B is magnetic flux density, and A is area.

()

Figure 2. Coil arrangements: (a) perfect axial alignment; (b) lateral offset misalignment.

2.1. Designing Wireless Charging for Electric Vehicles

The circuit for a wireless charger is illustrated in Figure 3, which is separated into
two sections: the transmitter and the receiver. The proposed stationary wireless charger
complies with the SAE no. J2954 power classes WPT 1 that the maximum input volt-amps is
3.7 kVA. The transmitter section consists of a grid connection, a rectifier circuit, an inverter
circuit, and a resonant power transmission circuit. A resonance circuit power receiver,
charger, and battery with a 380 V 75 Ah rating for light-duty electric vehicles constitute the

https:/ /doi.org/10.3390/wevj17020081
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receiver part. The wireless charging system is installed to operate with conversion electric
vehicles with a width and length of 1.72 m and 3.84 m, respectively.

Transmitter Section I Receiver Section

Resonant || Resonant
Grid Rectifier ~ Inverter = Circuit H Circuit
Circuit Circuit Power || Power Charger  Battery

Transmitter || Receiver

p, y; [l — @O

O (3D, 1D, 1D; A 52 Cr % H gCR AD; 4D
D v Lpi i EL lo,i = @
Yo 1 . S S, T'QH( R 2
o2 % S;| s, EHE |

- D, &D;5 Dy WHH WH\‘ I \; ADg D

[l

. Py I Poyr |

Figure 3. Wireless charging circuit.

2.1.1. Transmitter Section

The induction between the transmitter and receiver coils is a principle of wireless
power transfer. Power generation and transfer to the receiver section are the responsibilities
of the transmitter section. The AC grid connection is three-phase 380 V 50 Hz. Then, the
rectifier circuit converted the power of the AC grid connection to direct-current power.
After that, the inverter converted the direct-current power to alternating-current power
with high frequencies so that power can be transferred. The frequency of wireless charging
for light-duty electric vehicles according to the SAE No. J2954 is in the range of 79 kHz
to 90 kHz. The resonance circuit power transmitter is responsible for transferring power
to the receiver section. The resonance circuit has an S-S topology. The capacitance of the
resonance circuit power transmitter is 2 nF. The inductance of the transmitter coil can be
calculated from Equation (10) to be equal to 1900 uH [16,37]. The resonance frequency can
be calculated to be 81.64 kHz. The transmitter coil is circular with a diameter of 0.72 m,
which can be calculated from Equation (11) [16]. This diameter is selected to maintain
compatibility with the electric vehicle’s suspension while providing adequate surface area
for effective power reception. The parameters of the coils are summarized in Table 1.

(0.0196N(D; + (W + S)N))?

L = 01574(D; + (W + S)N) + 04323(W + S)N (19

Do =D;+2S(N — 1)+2WN (11)

where N is the number of turns of the coil, Dj is the internal width of the coil, W is the
conductor width of the coil, and S is the conductor spacing of the coil.

Table 1. Parameters of coils.

Symbol Parameter Quantity
Dyr internal diameter of the transmitter coil 0.10 m
Nt number of turns in the transmitter coil 77 turns
Dor outer diameter of the transmitter coil 0.72m
Dir internal diameter of the receiver coil 0.25m
Ng number of turns in the receiver coil 61 turns
Dor outer diameter of the receiver coil 0.74m
Lt inductance of the transmitter coil 1900 uH
Cr capacitance of the transmitter coil 2nF
Lr inductance of the receiver coil 1900 uH
Cr capacitance of the receiver coil 2nF

144 conductor diameter 3 mm
G air gap distance between the coils 0.15m
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2.1.2. Receiver Section

The resonance circuit power receiver receives power from the transmitter section.
Since the resonance circuit uses an S-S topology, the capacitance and inductance values
are set to match those of the resonance circuit power transmitter. K. Aditya et al. [38]
investigated five diverse unsymmetrical coil pairs to identify the configuration that is
least sensitive to misalignment. The position of the magnetic null shifts as the separation
between the unsymmetrical coils changes. This shift moves the null position further away
from the coil center, thereby increasing the effective area. To achieve an optimal coupling
profile, the results indicate that the inner radius of the receiver coil should be larger than
that of the transmitter coil. The charger converts the alternating current received from the
transmitter section into direct current for the battery.

2.1.3. Efficiency of Wireless Charging

Wireless charging is configured to evaluate the effects of lateral misalignment along
the x- and y-axes of the coil in the horizontal plane, as illustrated in Figure 4. The input
power is measured at the grid connection, while the output power is measured at the
battery terminal (See Figure 3). The input and output power of the wireless power transfer
system are presented in Figure 5a,b, respectively. Figure 6 illustrates the efficiency of the
wireless power transfer system, as calculated using Equation (3).

Electric Vehicle

B Receiver B l
ower Transmitter Coil ower
Transmitter Coil Receiver

Section Section

— Sensor
Power - )
Analyzer | E Magnetic Flux
- Density Monitoring

Figure 4. Wireless charging system under lateral misalignment.

=
=
S
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N w
n = i
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Misalignment Distance (m) Misalignment Distance (m)
(a) (b)

Figure 5. Power of wireless charging: (a) input power; (b) output power.
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— Along X Axis
- Along Y Axis

Efficiency (%)
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Figure 6. Efficiency of wireless charging.

The power values of wireless charging, as measured by the Power Analyzer (Hioki
E.E. Corporation, Nagano, Japan), are presented in Figure 5. According to the experimental
results of the wireless charging, the maximum input power at the alignment position was
3.29 kW and 3.30 kW for the x-axis and y-axis, respectively. The maximum output power at
the alignment position was 2.50 kW and 2.49 kW for the x-axis and y-axis, respectively. At
the misalignment position of 0.05 m, the input power was recorded as 3.18 kW and 3.06 kW
for the x-axis and y-axis, respectively. The output power at the same misalignment position
was 2.39 kW and 2.30 kW for the x-axis and y-axis, respectively. In relation to the diameter
of the coil, the misalignment of 0.05 m is relatively small. Therefore, the power of the
wireless charging remains high. As the transmitter and receiver coils are aligned, the power
reaches the maximum of the wireless charging. The increase in the misalignment distance
results in a significant decrease in power. The power is lowest at misalignment positions
greater than 0.25 m, which shows that the wireless charging could hardly transfer power.

The efficiency values of the wireless charging are presented in Figure 6. According to
the experimental results of the wireless charging, the maximum efficiency at the alignment
position was 75.78% and 75.60% for the x-axis and y-axis, respectively. At the misalignment
position of 0.05 m, the efficiency was recorded as 74.94% and 75.12% for the x-axis and
y-axis, respectively. As the misalignment distance increases, the efficiency of the wireless
charging decreases significantly. At misalignment distances greater than 0.25 m, the wireless
charging efficiency decreases to below 10%. Table 2 illustrates the power and efficiency
values of the wireless charging.

Table 2. Power and efficiency of wireless charging.

Along x-Axis Along y-Axis
Misalignment
Distance (m) PN Pour nx Pin Pour Ny
(kW) (kW) (%) (kW) (kW) (%)
0.00 3.29 2.50 75.78 3.30 2.49 75.60
0.05 3.18 2.39 74.95 3.06 2.30 75.12
0.10 1.65 1.20 72.53 1.61 121 74.92
0.15 0.94 0.59 62.38 0.92 0.60 64.70
0.20 0.52 0.26 48.89 0.58 0.27 46.01
0.25 0.30 0.01 3.80 0.30 0.01 4.51
0.30 0.30 0.01 4.32 0.28 0.02 5.37
0.35 0.30 0.02 5.31 0.30 0.02 6.10

The results of the wireless charging experiments demonstrated that when the trans-
mitter and receiver coils are properly aligned, the efficiency of the wireless charging is as
high as possible. A misalignment between the transmitter and receiver coils significantly

https://doi.org/10.3390 /wevj17020081
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affects both power transfer and efficiency. This effect is directly related to the misalignment
distance, with larger misalignment distances resulting in a greater reduction in efficiency. In
practical applications where wireless charging is integrated with electric vehicles, charging
may be inefficient due to the excessive misalignment distance between the coils. Therefore,
minimizing the misalignment distance between the coils should be considered to ensure
effective power transfer.

3. Simulation of Wireless Charging

The magnetic flux density of the transmitter and receiver coils is simulated using
finite element analysis on Ansys Maxwell (v2020R1). The parameters of the coils are those
considered in Table 1. The current used in the simulation is consistent with the experimental
results of wireless charging. The finite element analysis model of the transmitter and
receiver coils is illustrated in Figure 7.

zZ

Figure 7. The simulation model of the transmitter and receiver coils.

The finite element analysis result is shown in Table 3. The magnetic flux density on
the receiver coil under the coil’s alignment and misalignment conditions are illustrated
in Figures 8a and 8b, respectively. The magnetic flux density when the coil is misaligned
along the positive X-axis with measurement in each coil zone is summarized in Figure 8c.
The simulation result with a misalignment condition along the positive X-axis is shown
in Table 4.

Table 3. Calculated parameters of the transmitter and receiver coils.

Symbol Parameter Quantity
Lt Inductance of the transmitter coil 1916 uH
Lr Inductance of the receiver coil 1916 uH
M Mutual inductance 776.60 nH
K Coupling coefficient 0.4063
or Magnetic flux of transmitter coil 0.0185 Wb
R Magnetic flux of receiver coil 0.0183 Wb

https://doi.org/10.3390 /wevj17020081
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Figure 8. The magnetic flux density results: (a) the coils” alignment condition; (b) The coils” misalign-
ment condition; (c) The coils” misalignment along the positive X-axis.

Table 4. Calculated parameters with misalignment condition along the positive x-axis.

Distaneo tm M GH K bTWB)  dr (WD)
0.00 776.60 0.4063 0.0185 0.0183
0.05 759.64 0.3975 0.0179 0.0176
0.10 710.82 0.3717 0.0176 0.0173
0.15 635.43 0.3325 0.0063 0.0057
0.20 541.08 0.2831 0.0036 0.0028
0.25 436.45 0.2282 0.0024 0.0008
0.30 330.29 0.1728 0.0024 0.0008
0.35 230.29 0.1202 0.0024 0.0006

From the simulation results, the finite element analysis result presented in Table 3
shows the parameters of the transmitter and receiver coils under aligned conditions. The
simulation result found that the inductance of the coils is close to the designed value, with
the magnetic flux of the receiver coil being approximately 0.0183 Wb. The magnetic flux
density at the receiver coil was measured at a height of 0.05 m above the coil to illustrate
variations in the magnetic flux density in four directions around the receiver. Figure 8a,b
compare the magnetic flux density on the receiver coil under aligned conditions and under
a misalignment of 0.25 m. The result can be observed that misalignment between the
transmitter and receiver coils causes a reduction in the magnetic flux density on the receiver
coil. Figure 8c shows the magnetic flux density when the coils are misaligned along the
positive X-axis, with measurements taken across each coil zone. The results indicate a clear
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decrease in magnetic flux density as the degree of misalignment increases. In addition, coil
misalignment leads to a reduction in mutual inductance and the coupling coefficient, as
shown in Table 4. This reduction ultimately affects wireless power transfer efficiency.

4. Designing Automatic Alignment Transmitter System

For different misalignment distances, the magnetic flux density at each position of the
coil has a different value. As shown in Figure 9, the magnetic flux density of the receiver
coil is measured across four zones to represent all possible coil misalignment conditions.
The change in magnetic flux density is measured by the hall effect sensor model SS49E
Series (Honeywell International Inc., Charlotte, NC, USA). The 16 sensors are employed
because the receiver coil has a relatively large area and the hall effect sensors have a limited
measurement range. The four sets of hall effect sensors are installed in each zone, as
illustrated in Figure 9. The measurements of magnetic flux density changes by the 16 sets
of hall effect sensors are conducted during wireless power transfer when misalignment
occurs along the positive X-axis, negative X-axis, positive Y-axis, and negative Y-axis, with
misalignment distances ranging from 0.05 m to 0.35 m. In each zone, four sets of hall effect
sensors are employed to characterize the relative misalignment distance of two neighboring
zones. Therefore, the sensor may determine the distance of coil misalignment at different
positions. The measurements of the magnetic flux density along the positive X-axis, positive
Y-axis, negative X-axis, and negative Y-axis of the receiver coil zone in Figure 8c correspond
to Zone 1, Zone 2, Zone 3, and Zone 4 of the hall effect sensor area, respectively. The
magnetic flux density reaches a maximum value in the positive X-axis zone when the
coils are misaligned along the positive X-axis, as the transmitter coil is oriented in the
same direction as the misalignment. Conversely, the magnetic flux density in the negative
X-axis zone under the same misalignment condition reaches a minimum value because the
transmitter coil is oriented in the opposite direction to the misalighment. The misalignment
along the positive X-axis results in a non-uniform magnetic flux density distribution in
the positive and negative Y-axis zones, with higher values occurring in regions closer to
the misalignment direction. The changes in magnetic flux density measured using the hall
effect sensors are presented in Figure 10.

Zone2 AY
76 5

8

\
‘ vm* : Rece@;/er‘ 3
ool o |Mrensmitter IS [ Transmitter [ - coll 1. px

Zone3 1M Zone 3’ nm ) 2 Zone 1

12

(a)
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Receiver !

N3 14 15 16/
1 T Transmitter
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e e e | . ——
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Figure 9. The magnetic flux density measurement area using the hall effect sensor: (a) positive X-axis;
(b) negative X-axis; (c) positive Y-axis; (d) negative Y-axis.
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Figure 10. The changes in magnetic flux density during wireless power transfer when
misalignment occurs.

Figure 10 shows the changes in magnetic flux density when there is misalignment
between the transmitter coil and the receiver coil along the positive X-axis, negative X-axis,
positive Y-axis, and negative Y-axis, with a misalignment distance ranging from 0.05 m
to 0.35 m. The values shown in Figure 10 present analog readings obtained from the
microcontroller rather than actual magnetic flux density values. These readings reflect
variations in magnetic flux density caused by coil misalignment. These values are used
to adjust the position of the transmitter coil. The misalignment causes the magnetic flux
density to increase in the zone corresponding to the direction of misalignment, while the
opposite zone exhibits the lowest magnetic flux density. Therefore, the automatic alignment
transmitter system moves in the direction with the lowest magnetic flux density value.

The automatic alignment transmitter system is illustrated in Figure 11. A total of
16 magnetic flux density sensor sets is installed on the frame of the receiver coil, as shown
in Figure 9. When misalignment occurs in the plane and at different distances, the magnetic
flux density values of each set of magnetic flux density sensors will be different. The
division of the magnetic flux density measurement area for each set of magnetic flux
density sensors during misalignment is shown in Figure 9. The categorization includes
misalignments along the positive X-axis, negative X-axis, positive Y-axis, and negative
Y-axis, with misalignment distances ranging from 0.05 m to 0.35 m. Microcontroller number
2 reads the magnetic flux density values and processes the data before transmitting the
information to microcontroller number 1 via the wireless data transmission unit or wireless
RF. Microcontroller number 1 estimates the required movement in both planes and controls
the movement of the transmitter coil. The operation diagram of the automatic alignment
transmitter system is shown in Figure 12.
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Figure 11. Automatic alignment transmitter system.
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Figure 12. Diagram of automatic alignment transmitter system.

The operation of the automatic alignment transmitter system is illustrated in Figure 11.

First, the user commands the wireless charging. The transmitter section supplies electricity

to the wireless power transfer system. The magnetic flux density sensors attached to the

receiver coil receive the magnetic flux density values. Then, the magnetic flux density

values are calculated by microcontroller number 2 to determine the direction and position of

the receiver coil. After that, microcontroller number 2 sends the direction and position data
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to microcontroller number 1 via the wireless RF data transmission unit. Microcontroller
number 1 evaluates whether the transmitter coil is aligned with the receiver coil. In
cases where misalignment is detected, the received direction and position data of the
receiver coil are utilized to estimate the position in the two-dimensional plane and to
control the movement of the transmitter coil. The system then re-evaluates the alignment
condition. If the transmitter coil and the receiver coil are aligned, the wireless charging
system starts transferring power to the battery. Once the battery is fully charged, the
wireless charging system ceases operation. The automatic alignment transmitter system
also stops accordingly.

The direction and position in which the automatic alignment transmitter system
moved were estimated through experimental testing. The wireless power transfer system
integrated with the automatic alignment transmitter system was used in the experimental
testing. The testing involved introducing intentional misalignments between the trans-
mitter and the receiver coils. The misalignments were applied along four directions: the
positive X-axis, negative X-axis, positive Y-axis, and negative Y-axis. The misalignment
distances ranged from 0.05 m to 0.35 m. The gap between the transmitter and receiver coils
was fixed at 0.15 m throughout the experiments. The estimation of the movement direction
and position of the automatic alignment transmitter system was performed to investigate
the effects of the transmitter coil’s weight and size. These physical characteristics may
influence both the movement distance and the positioning error of the automatic alignment
transmitter system. The transmitter coil was placed on the stand of the automatic align-
ment transmitter system, and misalignment between the coils in the horizontal plane was
simulated. The experiment was repeated three times for accuracy. The movement distance
values of the automatic alignment transmitter system are shown in Figure 13. The error
values of the movement distance are shown in Figure 14.
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Figure 13. Movement distance of the automatic alignment transmitter system.
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Figure 14. Error of the movement distance.
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The movement distance of the automatic alignment transmitter system in Figure 13
shows that the movement of the automatic alignment transmitter system at every mis-
alignment distance between the transmitter and receiver coils has a deviation from the
proper position. In the case where the misalignment distance is 0.350 m, the automatic
alignment transmitter system achieves a movement of 0.315 m. The corresponding maxi-
mum movement error is 0.035 m. At a misalignment distance of 0.050 m, the automatic
alignment transmitter system can move a distance of 0.045 m. This results in a minimum
movement error of 0.005 m. The experiment found that in every movement of the automatic
alignment transmitter system, there was always a deviation. The deviation increases as the
misalignment distance between the transmitter and receiver coils increases.

The error values of the movement distance in Figure 14 show that when the mis-
alignment between the transmitter and receiver coils is 0.05 m, the automatic alignment
transmitter system has the highest error value of 12%. This condition also results in the
highest average error value of 10.67%. The experiment found that in all cases where mis-
alignment occurs between the transmitter and receiver coils, an error in the movement
distance always exists. The average movement distance of each misalignment position
was processed through regression analysis to estimate the movement distance with the
highest possible accuracy. Therefore, the movement distance value must be adjusted using
the equation calculated from the average movement distance of the automatic alignment
transmitter system, as shown in (12). This equation is used to estimate the new movement
direction and position of the automatic alignment transmitter system.

Zn = Zop — 0.0003 4+ 0.1201Zp — 0.0466 (12)
where Zy is new movement distance and Z is old movement distance.

5. Result and Discussion

The wireless power transfer system with the automatic alignment transmitter has a
gap of 0.15 m between the transmitter and receiver coils, operating at a resonance frequency
of 81.64 kHz. The experiment was performed with a horizontal misalignment of 0.35 m and
was repeated three times. The movement distance values of the automatic alignment trans-
mitter system and the corresponding error values along the positive X-axis are illustrated
in Figures 15 and 16, respectively. Similarly, Figures 17 and 18 illustrate the movement
distance values of the automatic alignment transmitter system and the corresponding error
values along the negative X-axis, respectively. In addition, the movement distance values of
the automatic alignment transmitter system and the corresponding error values along the
positive Y-axis are illustrated in Figures 19 and 20, respectively. Finally, Figures 21 and 22
illustrate the movement distance values of the automatic alignment transmitter system and
the corresponding error values along the negative Y-axis, respectively.
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Figure 15. Movement distance values of the automatic alignment transmitter system along the
positive X-axis.
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Figure 16. Error values of the movement distance along the positive X-axis.
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Figure 17. Movement distance values of the automatic alignment transmitter system along the
negative X-axis.
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Figure 18. Error values of the movement distance along the negative X-axis.
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Figure 19. Movement distance values of the automatic alignment transmitter system along the
positive Y-axis.
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Figure 20. Error values of the movement distance along the positive Y-axis.
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Figure 21. Movement distance values of the automatic alignment transmitter system along the
negative Y-axis.
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Figure 22. Error values of the movement distance along the negative Y-axis.

The movement distance values of the automatic alignment transmitter system along
the positive X-axis are shown in Figure 15. The result indicates that the system can move
along the positive X-axis to realign the coils. For misalignments of 0.05, 0.15, 0.25, and
0.30 m, the maximum movement error was found to be only 0.001 m. The experimental
results demonstrate that the movement error distance is minor compared to the misalign-
ment distance, which indicates that the automatic alignment transmitter system performs
with high efficiency along the positive X-axis.

The error values of the movement distance along the positive X-axis are shown in
Figure 16. These values indicate that when the misalignment between the transmitter and
receiver coils is 0.05 m, the automatic alignment transmitter system exhibits the highest error
value of 2%. This results in an average error of 0.67%. The results show that the error value
is lower than that obtained before applying Equation (12) for misalignment adjustment.
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This indicates that Equation (12) is highly effective. The experiment further reveals that
movement error occurs at specific positions, which affects the error value. Additionally, the
error value decreases as the misalignment distance between the transmitter and receiver
coils increases.

The movement distance values of the automatic alignment transmitter system along
the negative X-axis are shown in Figure 17. The results indicated that when a misalignment
occurs between the transmitter and receiver coils, the automatic alignment transmitter
system can move along the negative X-axis to align the transmitter coil with the receiver
coil. For misalignments of 0.05, 0.15, 0.20, and 0.30 m, the maximum movement error
was found to be 0.001 m. The experimental results demonstrate that the movement error
distance is small compared to the misalignment distance between the coils, indicating
that the automatic alignment transmitter system along the negative X-axis operates with
high efficiency.

The movement error values along the negative X-axis are illustrated in Figure 18. The
error values indicate that when a misalignment of 0.05 m occurs between the transmitter
and receiver coils, the automatic alignment transmitter system has the highest error value
of 2%. The highest average error is 1.33%. The experiment found that the movement error
value tends to occur at specific misalignment positions along the movement error distance.
The error value decreases as the misalignment distance increases.

The experimental results indicate that the movement error distance of the automatic
alignment transmitter system is 0.001 m for both the positive and negative X-axis directions.
The maximum error value along both the positive and negative X-axis directions is 2%,
while the highest average error along the negative X-axis is 1.33%. The results indicate that
the average error along the negative X-axis is higher than that along the positive X-axis,
which is caused by a greater number of occurrences of movement error distance in the
negative X-axis experiments. The difference between the average error values along the
positive and negative X-axis directions is 0.66%.

The movement distance values of the automatic alignment transmitter system along
the positive Y-axis are illustrated in Figure 19. The values show that when a misalignment
occurs between the transmitter and the receiver coils, the automatic alignment transmitter
system is able to move along the positive Y-axis. This movement allows the transmitter coil
to align with the receiver coil. For misalignments of 0.20, 0.25, and 0.35 m, the maximum
movement error distance is 0.001 m. The experimental results demonstrate that the move-
ment error distance is insignificant compared to the misalignment distance between the
transmitter and receiver coils, which indicates that the automatic alignment transmitter
system performs effectively along the positive Y-axis.

The movement error values along the positive Y-axis are illustrated in Figure 20. The
error values indicate that when a misalignment of 0.20 m occurs between the transmitter
and receiver coils, the automatic alignment transmitter system exhibits a maximum error of
0.50%. This results in a maximum average error of 0.33%. The experimental results indicate
that at certain misalignment positions, the movement error distance leads to the occurrence
of error values. The error values decrease as the misalignment distance increases.

The movement distance values of the automatic alignment transmitter system along
the negative Y-axis are illustrated in Figure 21. The movement distance value observed
that when a misalignment occurs between the transmitter and receiver coils, the automatic
alignment transmitter system can move along the negative Y-axis to align the transmitter
coil with the receiver coil. For misalignments of 0.15, 0.20, 0.25, and 0.30 m, the maxi-
mum movement error distance is 0.001 m. The experimental results demonstrate that the
movement error distance is small compared to the misalignment distance between the
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transmitter and receiver coils. The results indicate that the automatic alighment transmitter
system performs efficiently along the negative Y-axis.

The movement error values along the negative Y-axis are illustrated in Figure 22. The
error values indicate that when a misalignment of 0.15 m occurs between the transmitter
and receiver coils, the automatic alignment transmitter system has the highest error value
of 0.67%. The highest average error is 0.22%. The experimental results show that at mis-
alignment positions where the movement error distance occurs, error values are generated.
As the misalignment distance increases, the error values decrease.

The experimental results of the movement distance and error values of the automatic
alignment transmitter system along the positive and negative Y-axes show that the move-
ment error distance is the same at 0.001 m. The maximum error value along the negative
Y-axis is 0.67%, while the maximum average error along the positive Y-axis is 0.33%. The
experimental results indicate that the average error along the positive Y-axis is greater than
that along the negative Y-axis. This is due to a higher number of occurrences of movement
error distance along the positive Y-axis compared to the negative Y-axis. The difference
in average error values between the positive and negative Y-axes is 0.11%. Tables 5 and 6
illustrate the summary of movement distance values and error values of the automatic
alignment transmitter system, respectively.

Table 5. Movement distance values of the automatic alignment transmitter system.

Movement Distance Values with Misalignment Distance (m)

Axis Iteration
0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500
1 0.0500 0.1000 0.1500 0.2000 0.2500 0.3010 0.3500
2 0.0500 0.1000 0.1510 0.2000 0.2500 0.2990 0.3500
positive x 3 0.0490 0.1000 0.1500 0.2000 0.2490 0.3000 0.3500
average 0.0497 0.1000 0.1503 0.2000 0.2497 0.3000 0.3500
SD 0.0006 0.0000 0.0006 0.0000 0.0006 0.0010 0.0000
1 0.0500 0.1000 0.1510 0.2010 0.2500 0.3010 0.3500
2 0.0490 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500
negative x 3 0.0490 0.1000 0.1500 0.2000 0.2500 0.2990 0.3500
average 0.0493 0.1000 0.1503 0.2003 0.2500 0.3000 0.3500
SD 0.0006 0.0000 0.0006 0.0006 0.0000 0.0010 0.0000
1 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3490
2 0.0500 0.1000 0.1500 0.1990 0.2490 0.3000 0.3490
positive y 3 0.0500 0.1000 0.1500 0.1990 0.2490 0.3000 0.3490
average 0.0500 0.1000 0.1500 0.1993 0.2493 0.3000 0.3490
SD 0.0000 0.0000 0.0000 0.0006 0.0006 0.0000 0.0000
1 0.0500 0.1000 0.1510 0.2000 0.2500 0.3010 0.3500
2 0.0500 0.1000 0.1500 0.2010 0.2500 0.3000 0.3500
negative y 3 0.0500 0.1000 0.1500 0.2000 0.2510 0.3010 0.3500
average 0.0500 0.1000 0.1503 0.2003 0.2503 0.3006 0.3500
SD 0.0000 0.0000 0.0006 0.0006 0.0006 0.0006 0.0000

The experimental results of the movement distance and error values of the automatic
alignment transmitter system along the X-axis and Y-axis indicate that the movement error
distance is the same at 0.001 m. The maximum error value along the X-axis is 2% in both
the positive and negative directions. The maximum average error value along the X-axis
is 1.33% in the negative direction. The maximum error value along the Y-axis is 0.67%
in the negative direction. The maximum average error value along the Y-axis is 0.33%
in the positive direction. The experimental results indicate that the error values along
the X-axis are greater than those along the Y-axis. This may be due to the occurrence
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of errors at low misalignment distances, a higher number of occurrences of movement
error compared to the Y-axis experiments, and possibly the performance of the automatic

alignment transmitter system.

Table 6. Error values of the automatic alignment transmitter system.

Error Values with Misalignment Distance (%)

Axis Iteration

0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500

1 0.00 0.00 0.00 0.00 0.00 0.33 0.00

» 2 0.00 0.00 0.67 0.00 0.00 0.33 0.00

positive x 3 2.00 0.00 0.00 0.00 0.40 0.00 0.00

average 0.67 0.00 0.22 0.00 0.13 0.00 0.00

1 0.00 0.00 0.67 0.50 0.00 0.33 0.00

negative x 2 2.00 0.00 0.00 0.00 0.00 0.00 0.00

3 2.00 0.00 0.00 0.00 0.00 0.33 0.00

average 1.33 0.00 0.22 0.17 0.00 0.00 0.00

1 0.00 0.00 0.00 0.00 0.00 0.00 0.29

. 2 0.00 0.00 0.00 0.50 0.40 0.00 0.29

positivey 3 0.00 0.00 0.00 0.50 0.40 0.00 0.29

average 0.00 0.00 0.00 0.33 0.27 0.00 0.29

1 0.00 0.00 0.67 0.00 0.00 0.33 0.00

negative y 2 0.00 0.00 0.00 0.50 0.00 0.00 0.00

3 0.00 0.00 0.00 0.00 0.40 0.33 0.00

average 0.00 0.00 0.22 0.17 0.13 0.22 0.00

The experimental results indicate that the movement error distance of the automatic
alignment transmitter system has a standard deviation of 0.001 m, which is significantly
smaller than the misalignment distance between the transmitter and receiver coils. There-
fore, the results suggest that the efficiency of the wireless power transfer system integrated
with the automatic alignment transmitter system is equal to the efficiency of the wireless
power transfer system in the case where the transmitter and receiver coils are perfectly
aligned. The efficiency reaches a maximum of 75.78% and 75.59% for the X-axis and Y-
axis, respectively. The efficiency of the wireless charging system is illustrated in Figure 6,
showing that the wireless power transfer efficiency falls below 10% when the misalignment
exceeds 0.25 m. The automatic alignment transmitter system was configured for a mis-
alignment distance of 0.35 m to demonstrate the capability to operate beyond the effective
charging range, provided that the sensors can still detect the magnetic flux density. Table 7
gives a comparison of the related works and proposed system.

Table 7. Comparison of related works and the proposed system.

Parameter

[17]

[18]

[19]

[20]

This Work

Power

3.7 kVA

Coil adjustment

receiver coil

receiver coil

receiver coil

transmitter coil

transmitter coil

Air gap between

the coils 0.10 m - 0.10 m - 0.15m
magnetic flux
Determining magnetic flux WPT efficiency magnetic fux communication den§1ty and
density density wireless
communication
Application EV EV AEV mobile devices EV
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From Table 7, the comparison with other studies indicates that the coil adjustment in
this work and in [20] influences the transmitter coil. The air gap between the coils in this
work has the highest value, which is consistent with the SAE standard for light-duty electric
vehicles. Furthermore, the design of the operating frequency and power is in accordance
with the SAE standard. The coil position determination method employed in this work
is similar to those reported in [17] and [19], which are also applied in EV applications.
However, wireless communication has been incorporated into the automatic alignment
transmitter system to enhance the performance of transmitter coil alignment.

6. Conclusions

The automatic alignment transmitter system was integrated with a wireless power
transfer system to realign the transmitter coil whenever lateral misalignment occurred
between the transmitter and receiver coils. The experiment was performed with a horizontal
misalignment of 0.35 m and was repeated three times. The gap between the coils was held
constant at 0.15 m. The experimental results illustrated that the movement error distance
was the same at 0.001 m along both the X- and Y-axes. The maximum error value along
the X-axis was 2%, with the maximum average error value of 1.33%. On the Y-axis, the
maximum and mean errors were 0.67% and 0.33%, respectively. As these deviations are
small compared to the misalignment distance, the efficiency of the combined wireless power
transfer system and automatic alignment transmitter system is effectively the same as that
obtained under perfect coil alignment. The maximum efficiencies of 75.78% and 75.59%
were recorded for the X-axis and Y-axis adjustments, respectively. The proposed method
provides an improved alignment strategy compared with conventional approaches. The
analysis of the magnetic flux density enables accurate identification of both the direction
and the position of misalignment between the coils. The direction and position information
of the receiver coil is transmitted to the transmitter section, enabling the alignment system
to adjust the transmitter coil accordingly and achieve optimal power transfer efficiency.

From the experimental results, the automatic alignment transmitter system is impor-
tant for achieving maximum wireless charging efficiency. This article focuses on a method
for adjusting the coil position, whereas angular misalignment may be addressed in future
investigations. Angular misalignment may result from uneven loading conditions of the
electric vehicle. Further consideration can be given to the possible range of angular devia-
tions, including the maximum angle at which the wireless charging system can continue
to operate efficiently. However, further studies on methods to enhance wireless charging
performance are still required. The misalignment between the coils affects not only mag-
netic flux density but also other parameters such as voltage, current, power, and efficiency.
Therefore, these parameters should be further studied to find the optimal solutions. The use
of cameras in conjunction with artificial intelligence to determine the location of charging
coils should be further investigated. In addition, incorporating materials to increase effi-
ciency and mitigate magnetic field leakage represents a potential approach to improving the
overall efficiency of wireless charging applications. However, the integration of additional
materials into the system may necessitate consideration of the resulting load variation.
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