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Abstract: The topology and parameter characteristics of the wireless energy transmission system are
the main factors affecting the system’s performance. A series—parallel-series—parallel (spsp) topology
for magnetically coupled wireless energy transmission is proposed to address the problems of low
efficiency and low output power when transmitting electrical energy in the conventional magnetically
coupled topology. The spsp topology is compared with the conventional topology based on circuit
theory, and the two structures are modeled, characterized, and verified in detail. Simulations and
tests are performed for the transmission conditions, an improved Gray Wolf optimization algorithm
is proposed, and a physical system is built. Experiments show that the spsp structure is superior
near the designed circuit parameters when the network works in a resonant state. The improved
Gray Wolf optimization algorithm is then used to find the optimal parameters, and the transmission
efficiency reaches 90.53%, which effectively improves the transmission performance of the system.
The established physical system utilizes the optimized parameters for coil structure and coil offset
experiments, and the average transmission efficiency is 83.75%, with an error of 6.78% calculated by
data measurement. The rationality of the proposed structure and the correctness of the simulation
parameter design method are verified, and it is hoped that the proposed system and circuit structure
in this paper will provide a reference for the design of a magnetically coupled wireless energy
transmission system.

Keywords: magnetically coupled resonance; wireless energy transmission; transmission characteristics;
efficiency optimization; improved Gray Wolf optimization algorithm

1. Introduction

In today’s world, due to atmospheric pollution, global warming, and energy security,
various countries emphasize the extraction and use of clean energy to conserve resources
and protect the environment. To reduce energy consumption and CO, emissions, the
Chinese government has enacted a series of policies to guide and support the healthy
development of new energy vehicles, electrochemical energy storage, and battery material
technologies, providing financial subsidies, supplementary promotion, and infrastructure
support for the current electric vehicle wireless charging sector.

The most basic charging method for charging electric vehicles is plug-in charging,
which is divided into AC slow charging and DC fast charging methods. Plug-in charging
connection cables transmit energy, all using a fixed power charging mode, which poses
a negative impact on the safe and stable operation of the power grid and forms a super-
imposed load spike in case of electricity stress. The charging pile connection cables are
thick and heavy, with aging and deterioration, cold weather and hardening safety hazards,
uneven quality of sockets, and waste of land resources in terms of site occupation. The
wireless charging mode does not require charging piles and has a high safety factor and
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a low level of danger, which is the trend of electric vehicle charging and the potential
practical value is becoming more and more prominent.

There are numerous studies on resonant coil structures both nationally and inter-
nationally. Kurs et al. (2007) [1] presented a paper on magnetically coupled resonant
wireless energy transfer technology, showing a four-coil model with the middle two coils
dedicated to generating magnetic field resonance. This technology lit a 60 W light bulb
two meters away. Karalis et al. (2008) [2] proposed a theoretical and experimental study
of wireless charging coils during the movement of electric vehicles at Oak Ridge National
Laboratory in the United States. They developed a wireless charging system with a trans-
mission efficiency of 80%. Liu et al. (2020) [3] proposed a new magnetically coupled
resonant wireless power transmission (MCR-WPT) system with good out-of-tune fault
tolerance. Liu et al. (2018) [4] proposed a reconfigurable modular magnetically coupled
resonant wireless power transfer array system with energy transfer efficiency above 78%.
Wang et al. (2021) [5] proposed a near-field wireless power transmission (WPT) system for
implantable medical devices, such as pacemakers. Operating at 403 MHz in the Medical
Implant Communication Service (MICS) band, the WPT link constitutes an in vitro primary
loop as a transmitter and a single-turn implantable loop as a receiver. Lu et al. (2021) [6]
proposed a dual-band omnidirectional 3-D WPT system. The power emitted by the trans-
mitter can be received by any receiver operating at 13.56 and 27.12 MHz located at any
position. Dual-band 3-D square and circular transmitters are designed and demonstrated.
The performance of the WPT system in concrete structures was verified for real-world
situations. Cheng et al. (2019) [7] proposed a novel wireless transmission system with
relay coils suitable for multiple loads. They used a series—parallel-series (SPS) compen-
sation method for each relay coil unit to verify the effectiveness of the multi-load system.
Fu et al. (2018) [8] proposed a 6.78 MHz multi-receiver wireless power transmission system
driven by a Class E power amplifier that allows fast voltage regulation with an overall
optimal system efficiency of 66.6%. Zhang et al. (2018) [9] presented a novel view of
wireless technology, using science, technology, materials, classical application techniques,
and new systems to understand better what is happening in life. Zheng et al. (2020) [10]
proposed a fuzzy PL composite controller adaptive frequency tracking control method that
can obtain higher output power and system efficiency. Peng et al. (2019) [11] proposed a
simple T-shaped network inserted in a magnetically coupled resonant system to achieve
load independence. Zhao et al. (2021) [12] proposed a four coil circuit model, introduced
a genetic algorithm to optimize the solution for transmission efficiency, and performed a
simulation to verify it. Yan et al. (2022) [13] proposed that the order of magnitude mismatch
between the output power and transmission efficiency of magnetically coupled resonance
(MCR) radio energy transmission (WPT) system and the efficiency synchronization opti-
mization strategy needed feature fusion Pareto optimal solution, and proposed the entropy
method of power efficiency feature scaling to calculate the weight of feature fusion of Pareto
solution set. The synchronization optimization objective function of improving efficiency
under an out-of-step state is obtained, and the synchronous improvement of output power
and transmission efficiency is realized. Yang et al. (2020) [14] proposed an improved
standard artificial bee colony algorithm to improve the frequency splitting phenomenon
in the magnetic coupling system. Through calculation and experiments, it is proved that
the output power of the system in the over-coupling state can be improved and stabilized
on the premise of ensuring transmission efficiency. Zhang et al. (2020) [15] proposed a
multi-objective optimization method based on analytic expression and NSGA-II algorithm.
This design method does not need repeated finite element simulation calculation, which
greatly reduces the calculation time. The optimization results prove the effectiveness of
this method. Zhang et al. (2020) [16] proposed the expression of transmission efficiency of
a four-coil magnetically coupled resonant radio energy transmission system and analyzed
the main factors affecting transmission efficiency. The differential evolution algorithm is
used to optimize the influence factors, and the correctness of this method is verified by
simulation. Cui et al. (2022) [17] proposed the development history of dynamic wireless
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power supply systems for electric vehicles, and then combined with the classification
of the magnetic coupling mechanism, analyzed the structure types and characteristics
of the main research at present, and introduced the key problems and status quo of the
main research on magnetic coupling mechanism in detail. Finally, the key issues that
need to be studied in the future are discussed. Ni et al. (2020) [18] proposed the conical
magnetically coupled resonant coil and compared the power transmission efficiency of
the conical resonant coil and the spiral resonant coil. The results show that when the axial
spacing is within a certain range, the power transmission efficiency of conical resonant
coil is higher. Therefore, the study of magnetically coupled resonant systems is of great
practical importance. Zhang et al. (2021) [19] proposed a novel multiple-input multiple-
output (MIMO) ICPT system. The effect of cross-coupling of coils on the same side was
analyzed, based on which a circuit was designed, a parameter configuration method for
resonance compensation was proposed, and finally a single-input, single-output system
was constructed. The results show that the co-directional connection of the coils of the
E- and UE-shaped magnetic coupling structures has an enhanced effect on the secondary
side coupling. Nakamura et al. (2021) [20] proposed an automatic resonance compensation
system that uses a circuit capable of electronically controlling the equivalent capacitance to
automatically compensate for changes in inductance caused by coil deformation, thereby
maintaining resonance. The results show that the system has highly responsive control.
BilandZija et al. (2021) [21] proposed a three-dimensional transmitting coil (TX) with a
uniform magnetic field distribution. The proposed coil structure consists of two layers,
each with a different number of turns, i.e., with a different current distribution. The
optimal layer placement and current distribution were optimized using a genetic algo-
rithm (GA). The measured results agree with the simulation results by more than 95%.
Jawad et al. (2021) [22] proposed techniques to address power transfer optimization and
improve efficiency. Simulation and experimental results show that the transmission dis-
tance improves when the UAV battery load is 100 (). The magnetic resonance coupling
(MRC) based circuit is demonstrated to be an effective technique to improve the power
transfer efficiency for different remote and person-less Internet (IoT) applications, including
UAVs for radiation monitoring and smart agriculture. Feng et al. (2021) [23] proposed to im-
plement a parameter-optimized control strategy for the circuit. Finally, through simulations
and experiments, it is concluded that the efficiency of the parameter optimization strategy
proposed in this study is as high as 91.86% at different power levels, with an increment of
approximately 1%, which is of some practical significance. Sato et al. (2022) [24] proposed
a novel function for efficient magnetically coupled resonant wireless power transmission
while suppressing the magnetic field absorption of metallic foreign bodies. An algorithm is
proposed to find the optimal combination of coil input voltage phase and amplitude with
coil arrangement using particle swarm optimization (PSO) in terms of magnetic field sup-
pression and transmission efficiency. The results show that the magnetic field suppression
effect increases with the number of transmission coils, demonstrating the effectiveness of
the proposed algorithm.

The wireless charging method can effectively avoid the disadvantages of the traditional
method, so the wireless charging method has become the main way to change the charging
method of electric vehicles. The research scheme of magnetically coupled resonant wireless
electric vehicle charging is designed for realistic scenarios. The research content of the
above literature review mainly investigates a single influencing factor or a single target,
without taking into account the variation in system transmission characteristics of multiple
factors and targets in realistic situations. In contrast, this paper explores and studies the
mechanism of magnetically coupled resonant wireless charging technology, and analyzes
the key parameters affecting the transmission system. The key influencing factors are the
resonant frequency, coupling coefficient, load resistance, transmission distance, coil wire
diameter, coil radius, and other parameters. Additionally, some corresponding optimization
methods are proposed to discuss the relationship between the transmission characteristics
of the system and the inductance-capacitance of the resonant coil, and the design of the coil
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at different offset distances to maximize the transmission efficiency. Therefore, it is of great
practical importance to study magnetically coupled resonant systems.

In this paper, a new magnetically coupled resonant series—parallel-series—parallel
(spsp) topology is firstly proposed, which allows higher output power and transmission
efficiency compared to conventional topologies. It is implemented based on circuit theory
analysis, where the imaginary part of the parallel network varies less at resonance when
the load of the parallel network on the secondary side changes. Under the same parameter
conditions, it has superior transmission performance than the conventional sp topology.

This thesis is organized as follows. Firstly, the traditional topology and the new topol-
ogy are introduced. By comparing them, a mathematical model for the multi-objective
optimization of the magnetically coupled mechanism is established with the parameters of
resonant frequency, coupling coefficient, load resistance, coil radius, and coil wire diameter
as the independent variables and the transmission efficiency as the objective. Then, the
mathematical model is solved using the improved grey wolf optimization algorithm, and
the optimal parameters are found as design parameters in the optimal solution by analyz-
ing the objective function. Finally, a physical prototype of the prototype was produced
and tested to demonstrate the effectiveness of the proposed system. The system is well
suited for practical wireless power transmission (WPT) applications with multi-objective
parameter optimization.

2. Fundamentals

The actual use of the principle of electromagnetic induction to realize the principle
of wireless energy transfer needs to be satisfied: long-range transmission and high-power
transmission. Figure 1 shows a typical space-carrying coil with a radius of r, Current is i,
a point p of the receiving coil is chosen and the distance between the point p and the xy
plane is z. The coordinates of the point p in the spherical coordinate system are (r,a,6).
Without considering the mutual inductance between the coils, the magnetic induction at
point p, using Biosavers’ law, is:
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Figure 1. Model of the spatial magnetic field distribution in the coil.

The magnetic induction generated at the point p is only perpendicular to the plane
of the in-flow coil, forming an effective magnetic flux b. When b is changed, the coil
1y generates an induced electric potential, thus doing work on the load resistance, the
expression for the effective magnetic flux is:
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Let the excitation current in the coil r; be:
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According to the above equation, the induced electric potential generated by the coil
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The above equation shows that the induced electromotive force r; is proportional
to the resonant frequency of the source and inversely proportional to the square of the
distance. Based on the above analysis, the resonant frequency of the source coil should
be large enough to generate a large induced electric potential at a certain distance, and
according to the law of flutters, the rapid change of magnetic flux will hinder the change of
the induced current, so the compensation structure needs to be added to offset the effect of
flux change on the induced current.

3. Analysis of Magnetically Coupled Resonant Transmission Structures

In order to increase the induced electric potential of the coil #; in the above model, as
well as to effectively improve the transmission efficiency of the system, and the transmis-
sion power and to achieve good transmission performance even at longer distances, it is
necessary to add compensation capacitors to the transmitting and receiving coils so that
they work in the resonant This is why it is necessary to add compensation capacitors to the
transmitting and receiving coils so that they operate in resonance.

Four conventional compensation structures are currently available: ss structure (series
primary-series secondary), sp structure (series primary-parallel secondary), pp structure
(parallel primary-parallel secondary), ps (parallel primary-series secondary). As this system
utilizes a magnetically coupled resonant structure for wireless charging of electric vehicles,
the primary side power supply is a constant voltage source, i.e., this paper only develops
detailed modeling, characterization, and verification using electromagnetic coupling theory
for the new spsp structure (series—parallel-series—parallel) and the traditional classical
structure sp (series—parallel).

3.1. Modelling of SPSP Magnetically Coupled Resonant Structures

The series—parallel-series—parallel (spsp) compensation structure is shown in Figure 2,
where U, is the voltage source, the primary resonant transmitting coil is Lo, the secondary
resonant receiving coil is Ly, My(d) is the mutual inductance of the two coils, I, is the
current at the supply, I;; is the current at the transmitting coil, I, is the current at the
receiving coil and I, is the current at the load. According to the circuit principle analysis,
the KVL equation can be obtained as follows:

1
=1, R jwL — I,1(jwLy) — jwM,, * I, 7
Uy, a( s+ jw 01+ij01> + L1 (jwLlo) — jwMp * Inp (7)
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Figure 2. Structure of spsp magnetically coupled resonant circuit.

According to Kirchhoff’s law and the relation of the matrix, there are:

ZI=U (11)

From I = [I;1;11,01,)", U = [Ug Us 00]7, the impedance expression for this structure
is introduced as:

s + jwLo + Jw}f(n jwLy jwM 0

70— s 4+ jwLoy + ]wC01 + ]w%o jwlC'gl 0 0 (12)
0 — jwM  jwLq + [ 0
0 — jwM jwLy + jw1C1 + e ]u%cu

The output power of the power supply, the output power of the load, the transmission
efficiency, the capacitance, and the coupling coefficient are:

Py = Re((Up — 15 % Iy) x I) (13)
Pout = Re(IaL2 * RL) (14)
Pout

= 15
P, (15)

Co1Co
= — 16
Co1 + G (16)

2

M = ky/LoL; = "W N (17)

3.2. Modelling of SP Magnetically Coupled Resonant Structures

The series—parallel (sp) compensation structure is shown in Figure 3, where U, is the
voltage source, the primary resonant transmit coil is L, the secondary resonant receive
coil is Ly, Mp(d) is the mutual inductance of the two coils, I is the current at the transmit
coil end, I; is the current at the receive coil end, and I,; is the current at the load end. The
equivalent impedance of the primary and secondary sides are:

1
Zo = Ry + jwLy + -
0 0 T JWLo jwCor

Ry +Rp
1 +ij11 (RL + Rz)

Zy =Zn tjwly (20)

(18)

Z11 = (19)
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Figure 3. Structure of the sp magnetically coupled resonant circuit.
The KVL equation for a series—parallel (sp) compensation structure is:
Zo * I() - ]ZUMD * 11 = Uy (21)
Zl*Il —jWMD*IO =0
Solving from Equation (21) yields:
Uy *xZ
Iy = # (22)
(ZUMD) + ZoZq
jwMp * U
= LEEp (23)
(wMp)” + ZoZ4
The input power is:
Un) +Z
Py = Up+Ip= % (24)
(ZUMD) + ZoZq
By noting the current through the load as I,;, the following equation is:
1
I = - * ] 25
LT T (Ry + Rp)jwCyy ! 25
The output power is:
2R}
Pout = aL2 * Ry, = ; (26)
(14 (Ry + Rp)jwCyy)?
Transmission efficiency is:
2 2
P (wMD) + ZoZ1 )R I
h= out — ( ) (27)

Pin (14 (Ro + Rp)jwCi1)*(Unm)*Zy

4. Research and Analysis of Magnetically Coupled Resonant Systems

In the wireless charging operation of electric vehicles, the system resonant frequency
changes with the charging current and charging voltage. When the system’s equivalent
resonant frequency is 70-100 kHz, two compensated resonant structures will be studied
for the system transmission characteristics. To compare the two system structures, the
system supply voltage is set to 220 V, the coupling coefficient k is 0.35, the load resistance
Ry is 10 ), and the internal resistance of the power supply R; is taken as 1 . The choice
of coupling coefficient is not bigger or smaller, but the proper coupling coefficient can
make the overall wireless energy transmission system work in the best condition. Through
several simulations, when the coupling coefficient of 0.35 is chosen, the transmission
efficiency of the magnetically coupled resonant system reaches the maximum and is almost
independent of the resonant frequency. The experiments are simulated via MATLAB R2017a
with a Windows 10 operating system running on an Intel(R) Core (TM) i5-6300HQ CPU
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@ 2.30 GHz processor with 16.0 GB of running memory. The parameters in Table 1 were
designed by reading many references and combining them with the prototype physical
magnetically coupled wireless energy transfer system below. In this way, the correctness of
the theoretical simulation analysis and the reliability of the real object is verified. Table 1
shows the detailed parameters for the modeling of the design.

Table 1. Detailed parameters for modeling.

Uy, (V) k R (©Y) Rs () Lo (nH) Co1 (1F) Ry ()
220 0.35 10 1 1.96 33.3 0.02
Ly (uH) Lo1 (nH) L1 (0H) Cy (nF) Co (1F) C11 (uF) Cp (uF)
218 2.2 27 20.8 3.33 10 3

4.1. Frequency Characteristics Study

For the two resonant structures in the above design conditions, Figure 4a studies the
effect of the resonant frequency of magnetically coupled structures on the transmission
efficiency. With the sp structure working in the frequency range of 70-100 kHz, the
efficiency curve changes similar to the sine function half cycle change trend. As the
resonant frequency increases, the curve of the sp structure rises and then falls, and the
transmission efficiency is maximum at a resonant frequency of 87 kHz. It can be seen
that the sp structure has better transmission characteristics between 77 and 92 kHz, the sp
structure works in the frequency range of 70-100 kHz, the transmission characteristics are
better between 75 and 100 kHz, and the transmission efficiency is always greater than The
reason for the unstable efficiency between 79 and 92 kHz is the small internal resistance or
the oscillatory drift of the frequency. Figure 4b shows the variation curve of transmission
power versus resonant frequency for the two magnetically coupled structures. It can be
seen that when the operating frequency is between 70 and 100 kHz, the output power of
the spsp structure first increases and then remains stable at 11 kW, with the input power
oscillating as a result of larger losses, while the output power of the sp structure first
increases and then decreases, with a maximum power of approximately 5.8 kW, indicating
that the sp structure transmission power is on the low side.
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Figure 4. (a) Plot of efficiency versus resonant frequency for the spsp magnetically coupled structure
and the sp magnetically coupled structure; (b) plot of power versus resonant frequency for the spsp
magnetically coupled structure and the sp magnetically coupled structure.

4.2. Characterization of the Coupling Coefficient

From Figure 4, it can be seen that both magnetically coupled resonant structures
have good transmission characteristics in the frequency interval 77-92 kHz, and this
frequency band will be used for the research and analysis of magnetically coupled systems
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in the following. As can be seen from Figure 5a,c, the coupling coefficient varies from
0 to 1, and when the load resistance is constant, the transmission efficiency of the spsp
resonant structure system remains stable after growth, and the transmission efficiency
is high and almost unaffected by the power supply frequency. While the sp structure
with the coupling coefficient increases, the transmission efficiency first increases and then
decreases, and the transmission efficiency is lower. The overall transmission efficiency
of the spsp structure is higher than the sp structure, the spsp structure is more suitable
for long-distance transmission, and the use of the spsp structure has more advantages in
improving the transmission efficiency. From Figure 5b,d, it can be seen that the overall
output power of the system is higher in the spsp structure, with a maximum output power
of 15 kW when the coupling coefficient is 0.35, while the output power of the sp structure
is significantly affected by the resonant frequency, with a maximum output power of 6 kW,
i.e., the frequency stability of the spsp structure is better than that of the sp structure.

A 1=19KHz|
v F=82KHz
e f=85kHz,
O f=88kHz
O =81KkHz

v

t=82KHz]
O t=88KHz|
[+ O =91k Hz|

0.3 0.4
The coupling coefficient (k)

1 | |
03 04 05 08 07 08 08 1
The coupling coefficient (k)

(b)

0.5 06 0.7 0.8 0.9 1
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0 0.1 0.2 03 04 05 0.6 07 08 [X] 1 04 05 0.6 07 0.8 09
The coupling coefficient (k) The coupling cocfficient (k)
(©) (d)

Figure 5. (a) Plot of coupling coefficient versus transmission efficiency for the spsp magnetically
coupled structures; (b) plot of coupling coefficient versus transmission power for the spsp magnet-
ically coupled structures; (c) plot of coupling coefficient versus transmission efficiency for the sp
magnetically coupled structures; (d) plot of coupling coefficient versus transmission power for the sp
magnetically coupled structures.

4.3. Load Resistance Characteristics Study

When most systems in real life are formed, the corresponding impedance values are
determined. The load resistance value corresponding to the highest transmission efficiency
of the system is the impedance matching value of the system. However, in the practical
application of wireless energy transmission systems, the load resistance value varies within
a certain range. In order to ensure that the magnetically coupled resonant structure can
be flexibly adapted to the load, the relationship between load resistance and transmission
efficiency, and transmission power will be investigated. As seen in Figure 6a,c, the spsp
structure has a transmission efficiency above 75% at operating frequencies of 70-92 kHz
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under different load resistance values, while the sp structure has a large fluctuation in
the transmission efficiency curve as the load resistance value changes, with a maximum
transmission efficiency of 71%. As seen in Figure 6b,d, the power curve of the sp structure
fluctuates more with the change in load resistance, and the change in load has less impact
on the performance of the spsp structure than the sp structure. It indicates that the spsp
structure is superior to the sp structure. The spsp topology is suitable for long-distance
transmission and does not require high power supply stability, and the load variation has
little effect on the performance of the structure.

Efficiency (%)

Power (KW)

2 T T T T T 1
° 75 % Frequencﬂf (kHz)

(b)

Power (KW)

Efficiency (%)

2 T T
90 95 100 70 75 80

20 95 100

. 85
Frequendy (kHz) Frequency (kHz)

(0 (d)

Figure 6. (a) Plot of load resistance versus transmission efficiency for the spsp magnetically cou-
pled structures; (b) plot of load resistance versus transmission power for the spsp magnetically
coupled structures; (c) plot of load resistance versus transmission efficiency for the sp magnetically
coupled structures; (d) plot of load resistance versus transmission power for the sp magnetically
coupled structures.

5. Multi-Objective Parameter Optimization of Systems Based on the Improved Grey
Wolf Optimization Algorithm

The design of magnetically coupled structural systems is a multi-parameter, multi-
objective optimization problem, and the multiple objectives are often coordinated with each
other. In this paper, the resonant frequency, coupling coefficient, and load resistance are
used as optimization variables, and the degree of adaptation is defined as the transmission
efficiency, and then a multi-objective optimization mathematical model of the system is
established by integrating the constraint function and the optimization objective function.
The spsp topology magnetic coupling structure is used for optimization, and the multiple
objective functions are given different weights in combination with the actual applica-
tion requirements, and then a set of optimal solutions is calculated for design reference,
providing a basis for the comprehensive performance of the system to be optimized.

The strong convergence performance of the Gray Wolf optimization algorithm, simple
structure, less parameters to be adjusted, the existence of convergence factors and infor-
mation feedback mechanisms that can be adaptively adjusted, and the ability to achieve
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a balance between local search and global search, so that the solution accuracy and con-
vergence speed of the magnetically coupled resonant radio energy transmission system
have good performance, so the following will use the Gray Wolf optimization algorithm
for parameter optimization.

5.1. Grey Wolf Optimization Algorithm Model

Mirjalili et al. (2014) [25] proposed a new intelligent optimization algorithm, inspired
by the grey wolf in the animal world, called the Grey Wolf Optimizer (GWO), which is
inspired by the grey wolf in the animal world. Mimicking the leadership hierarchy and
hunting mechanisms of the grey wolf in nature, four types of grey wolves are used to
simulate the leadership hierarchy. There are also three main components: hunting prey,
rounding up prey, and attacking prey. The algorithm has a relatively simple structure,
requires relatively few parameters to be tuned, and can be tuned to find global and local
optimal solutions. Three parameters are considered in the implementation of the algorithm,
which is designed to calculate the fitness of individual grey wolves. In this paper, the Gray
Wolf optimization algorithm, which can effectively avoid local optima, is applied to the
transmission characteristics of magnetically coupled resonant electric vehicles by adjusting
the parameters to achieve the optimal value of efficiency.

Social hierarchy: the first leader rank is A, the test rank is B, the rank of the scape-
goating wolf is D, and the remaining candidate solution ranks are X. The optimal solution
is a(A) according to the hierarchy. The pack prey poses the following equation for the
roundup behavior:

D= |Cxxp(t) - x(t) (28)

— —
where t is the current iteration, A and C are the coefficient vectors, ?p(t) is the position
H

—
vector of the prey and ¥ is the position vector of the grey wolf, the A and C vectors are
calculated as follows:

R
A=2d%r—a (30)
—
C=2x%n (31)

N
where A decreases from 2 to 0 and r_{, r_2> are random vectors of [0, 1]. The grey wolf uses the
—

position of its prey to update its position and adjusts Z and C to achieve the best current
position, and the grey wolf is also able to update its position in the multi-dimensional space
based on the position vector.

Grey wolves of class A generally make decisions to select their prey, and grey wolves
of class B and D are involved in hunting activities, also using agent position vectors to
update their positions in the mathematical model built.

— — — — — —
Dy = |Cy-Xa— x|, Dp = |Cp-xp— x|, Ds = |C3- x5 — x (32)
— - -\ — — - >\ = = = g
xlzxtx_Al'<sz>/x2:xB_ 2'<DB>/x3:x5_ 3'(135) (33)
X1+ x5 + x3
X(t+1) =22 32 3 (34)
H

The grey wolf completes the hunt by attacking the prey when it stops moving. A is a
random vector that takes values between [—2a, 2a] and the value of a is decreasing during

N
the iteration, taking values in the range [0, 2]. A can find any current position that suits
itself based on its current position and the position of its prey, in the range of values [—1, 1].
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Prey search: mostly separate prey searches based on A, B, and D, converging to attack
—
prey, using random values greater than 1 or less than 1; to force the A search to deviate
—
from the prey, and allowing a global search when A is greater than 1, forcing the grey

5

wolf to deviate from prey and find better prey, while C contains random values of [0, 2],

also component to provide random weights for prey. There is more random selectivity

throughout the optimization process, facilitating exploration and avoidance of local optima,
— —

in contrast to A, where C is not linearly decreasing and can provide random values to
facilitate search during iterations, which makes it easy to lift stagnation under conditions
of local optima. In nature too, when wolves encounter an obstacle, it still hinders or stalls
the pack’s pursuit of prey.

5.2. Ideas for Improving the Grey Wolf Optimization Algorithm Model

Mirjalili et al. (2016) [26] proposed a novel multi-objective algorithm called the multi-
objective grey wolf optimizer in 2016. Ten challenging multi-objective test problems
are used as benchmarks. Experimental results show that the multi-objective grey wolf
optimization algorithm has superior convergence and coverage, and the coverage capability
is confirmed by qualitative results. Hu et al. (2020) [27] proposed an improved binary
grey wolf optimizer and an application for function selection. The Binary Grey Wolf
Optimizer (BGWO) extends the application of the GWO algorithm and applies it to binary
optimization problems. In this paper, the transmission characteristics of magnetically
coupled electric vehicles are optimized using the grey wolf optimization algorithm. First,
a random population of grey wolves (candidate solutions) is created in the grey wolf
optimization algorithm GWO. During the iteration process, the possible locations of the
estimated prey using the three wolves A, B, and D can be used to find the optimal value
of efficiency by resistance, coupling coefficient, and frequency. The position is updated
for each candidate solution. To explore and consider the optimal value, the parameter a is

5
decreased from 2 to 0. When A is greater than 1, the candidate solution diverges from the

target value and converges to the target value when Z is less than 1.

Grey wolf packs have a very strict social hierarchy, similar to a pyramid. Using a
modified binary grey wolf optimizer (BGWO) using a hierarchy, search and hunt prey
mechanism, similar to that used by real wolves in nature, with positions located at any point
in continuous space and selection constraints set to coupling coefficients, transmission
efficiency, and load resistance, the optimizer aims to improve the system transmission
efficiency of magnetically coupled resonant electric vehicles.

Using the same strategy to obtain the values of A, B and D, using the Eq function and
then using the Sigmoid function, the following equation is obtained:

s =1/ (147 10(ATDI=03)) (35)
$§ =1/ (147104 P5=09) (36)
$§ =1/ (1+e104°0}-09) (37)

where the DTH dimension of the grey wolf of d, using the following values, rather than
continuous values, is switched using the transfer function Equations (35)—(37), requiring
values of 0 and 1 to be compared with random numbers.

Lif(s¢ > rand
mﬁ:{oﬁ@mnge (38)

1,if(s? > rand
ppd = { 74 2 o) @
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1,if(s? > rand
ph = { T4 2 o) @0

where randn is a random number between [0, 1], and bstp?, bstpd and bstp? are the
distances moved relative to A, B, D. Next calculate:

i [ Lif(X4+bstpi >1)
X1 = { 0, else (41)
: d d >
xd = l,zf(Xﬁ +bstps > 1) (12)
0, else
: d d >
X — 1,zf(Xﬁ + bstp§ > 1) 43)
0, else

A random crossover is used in the iteration to update the position of X. The position
of the next iteration is:
X{if (rand < 1/3)
X¢(nt) = { XJelseif(1/3 < rand < 2/3) (44)
X4 else

5.3. Improving the Grey Wolf Algorithm for Multi-Objective Parameter Optimization

In the Grey Wolf optimization algorithm, the magnetically coupled radio transmission
system utilizes constraints for better optimization seeking efficiency, and at each iteration,
the global optimum position is perturbed using the optimizer, increasing the probability of
the algorithm jumping out of the local optimum. Secondly, adaptive step sizes are intro-
duced to improve the algorithm’s optimization finding accuracy. The update mechanism
of the position in the case of finding the optimal efficiency avoids the blindness of the
current individual position update and enables a better search for the optimal solution
transmission efficiency. The improvement strategy in this paper is to use the creation of a
random grey wolf population as the candidate solution, use the Sigmoid function to find
the position, use the transfer function to switch, provide random weights for the prey, and
then disperse the candidate solution with the target value and select the constraints as the
coupling coefficient, resonant frequency, and load resistance in the magnetically coupled
electric vehicle WPT system. The test functions are carried out independently during the
simulation tests. The stopping condition is set as follows: when the global optimum or
local optimum corresponds to the number of iterations to find the optimal parameter value
of the key parameter or to get the parameter value corresponding to the optimal solution.

5.3.1. Optimal Constraints

For the previous spsp topology system choosing the coupling coefficient, resonant
frequency, and load resistance as the most constraining conditions, the following equation
is obtained:

disp = [(k, f,RL)] (45)

5.3.2. Adaptation Function

In order to improve the transmission efficiency of the system, the fitness function is
the transmission efficiency, which gives:

Max(f) = Hgu (46)

n

This relationship is the objective function, which represents the ratio of the power
obtained by the load to the power provided by the power supply. The following equation
can be calculated:
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U, =1, (1’5 + jwLoy + m%(ﬂ) + (Iu - Ial) * (]w%o)

jM s Iy = I (J0L1 + ) + Lot (jolis + Rp) (47)
; _ ; 1 1 1
JoM * I = I (]le + fizen + ]me) — I (]‘wcn)
70,000 < f < 100,000
3 < RL <20 (48)
0<k<1

5.4. Optimization Simulation of Magnetically Coupled Resonant Systems

Because the previous simulation is only a single objective parameter obtained spsp
structure and sp structure of the transmission curve graph, to study the three parameters
optimal matching problem, the following improved grey wolf optimization algorithm is
used with the purpose of multi-objective optimization, so that the transmission efficiency
increases, and hopefully has some reference value for the selection of parameters of the
magnetically coupled resonant wireless transmission system. Figure 7 shows the curve of
the system adaptation (transmission efficiency). Table 2 shows the results of the comparison
between the experimental analysis and the experimental optimization.

09

0.8

07

08

Transmission efficiency

05

. . . . L . N L .
0 2 4 6 8 10 12 14 16 18 20
The number of iterations

Figure 7. Transmission efficiency adaptation curve.

Table 2. Results of the experimental analysis and experimental optimization.

Svstem Architecture Parameter Optimization Conditions
Y Conditions before Optimization  after Optimization
Population size 30 \
spsp magnetically Tteration 20 \
coupled rescnant Load resistance 10 12
" Frequency 70-100 kHz 80 kHz
system Coupling factor 0.35 0.33447
Efficiency 60-78% 90.53%

The grey wolf optimization algorithm uses the improved mathematical model working
parameters as shown in Table 2. The results from Figure 7 and Table 2 show that the
transmission efficiency of the system can be improved simultaneously with the improved
grey wolf optimization algorithm when f = 80 kHz, k = 0.33447 and RL = 12 (). The
transmission efficiency of the system is stable at 90.53%. Compared with the unimproved
spsp structure model, the transmission efficiency is improved by 12%, thus demonstrating
that in magnetically coupled resonant radio energy and parametric systems, the use of
the improved grey wolf optimization algorithm can bring optimization to the system and
that the transmission efficiency of the system can be optimized relatively quickly using
this method.
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6. Experimental Validation

In order to verify the effectiveness of the improved Grey Wolf optimization algorithm
for the improved magnetic coupling model, a magnetically coupled resonant coil system
with an spsp structure was designed for verification. The parameters of the experimental
platform were selected from the system parameters obtained through algorithm optimiza-
tion. A coil with a diameter of 8.62 cm surrounded by copper wire of 2.5 mm diameter and
a number of turns of 5 was selected for the experiment. The resonant frequency set by the
spectrum analyzer was 80 kHz and the output voltage of the power supply was 220 V. The
experimental platform built is shown in Figure 8. The main components of the prototype
and the values of the coil circuit parameters are shown in Table 3.

Figure 8. Experimental platform for magnetically coupled resonant systems (1—DC power sup-
ply, 2—digital oscilloscope, 3—signal generator, 4—inverter circuit, 5—power amplifier, 6—load,
7—spectrum analyzer, 8—digital frequency meter, 9—filter circuit, 10—regulator circuit module,
11—transmitting resonant coil, and 12—receiving resonant coil).

Table 3. Parameter values for the main components and coil circuit of the prototype.

Parameters Value/Model Parameters Value/Model Parameters Value/Model
Digital Oscilloscopes SDS1102X-E Ry 120 Ci1 10.4 uF
DC MN-3205D Lo 2.2 uH Cp 3 uF
Signal generators SDG1025 Cor 33 uF Coupling factor 0.33
Spectrum Analyzer GA40XX Ly 220 uH Resonant 80 kHz
frequency
Voltage regulator modules LM2596 Lo 22 uH Rs 10
Power amplifiers LM1875 L1 27 uH G 22 nF
Load Light source load ~ Di8ital frequency OPAG615 Co 33 uH
meters

6.1. System Coil Structure Simulation Experiments

Based on the previous study, experiments will be carried out to optimize the mag-
netically coupled resonant coil. Different radii, number of turns, wire diameters, and
lateral spacing between the receiving coil and the transmitting coil will be experimentally
analyzed. The influence of structural parameters in the resonant coil on the transmission
efficiency of the magnetically coupled system will be investigated to optimize the reso-
nant coil structure, in the hope of contributing to the transmission and optimization of
wireless energy.

Next, the parameters optimized by the grey wolf optimization algorithm were selected
for coil simulation experiments, with the power supply frequency fixed at the frequency
optimized by the grey wolf optimization algorithm. As can be seen from Figure 9, the effect
of the number of turns, coil radius, and coil wire diameter on the transmission efficiency
of the magnetically coupled structural system coil is investigated. r represents the radius
and d represents the wire diameter. From Figure 9a, the graph shows that as the number of
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turns of the coil increases from 1 to 20, the transmission efficiency continues to increase as
the coil radius increases from 5 to 30 cm. The reason for this is that an increase in radius
increases the amount of flux transmitted from the transmitting coil to the receiving coil,
and at a certain effective transmission distance, increasing the number of turns of the coil
increases the transmission efficiency. From Figure 9b, the graph shows that at a certain
effective distance, the transmission efficiency increases as the number of turns of the coil
and the diameter of the coil wire continue to increase. The reason for this is that the larger
the coil diameter d is, the lower the losses in the coil itself and the higher the conductivity,
thus increasing the transmission efficiency.
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Figure 9. (a) Transmission efficiency curve of the system with different coil radii for different coil turns;
(b) transmission efficiency of the system with different coil wire diameters for different coil turns.

As seen in Figure 10a, the greater the transmission distance, the different coil radii
have different effects on the transmission efficiency. By choosing different coil radii, the
efficiency can be kept at a higher level when the transmission distance is longer. Figure 10b
shows the efficiency curve resulting from optimizing the coils. The coil radius is optimized
first and then the number of turns is optimized. If the transmission distance is long, the
appropriate coil radius is chosen, the optimum number of turns is found after the coil
radius has been determined, and then the coil radius is optimized a second time.

T3

Efficiency (%)

0.15

02 0.25 03 0.05 0.1 0.15 0z 0.25

Coil distance (m) Coil distance (m)

(a) (b)

Figure 10. (a) Transmission efficiency curves obtained with different coil radii for different transmis-
sion distances before system optimization; (b) transmission distances obtained with different coil
radii for different distances after system optimization.

6.2. Experiments with Offset Distances between Coils

Because in magnetically coupled systems, the transmission efficiency can be made
higher at the right transmission distance. The following physical experiments will be
carried out based on the offset distance between the transmitting and receiving coils. The
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receiving resonant coil will be offset left to right and longitudinal to the transmitting coil,
the transmission efficiency decreases as the transmission distance increases and the actual
measured data will be shown in the form of a figure.

Figure 11a shows the graph of the transmission efficiency obtained by shifting the
secondary receiving coil around the primary transmitting coil left and right. The coil
diameter of the primary and secondary compensation coils is 8.62 cm, and when the left
and right offset distance is greater than 8.62 cm, the transmission efficiency is 0. The reason
is that the two coils cannot reach a resonant state for energy transmission. As can be seen
from Figure 11a, the blue 1 bar graph shows the left offset of the receiving coil, with the
transmission efficiency dropping from 100% to approximately 70% as the left offset distance
goes from 0 to 5 cm. With the left offset from 5 to 8.62 cm, the misalignment between the
two coils is so large that the only way to transmit energy is to compensate for the coil,
and the transmission efficiency drops continuously to approximately 20%. Additionally,
the yellow No. 2 bar graph shows the right offset of the receiving coil, the transmission
efficiency drops from 100% to approximately 75% when the offset distance is (0-5 cm), and
gradually decreases when the offset distance is from 5 to 8.62 cm, the reason is that the two
coils are offset too much and the magnetic coupling resonance area is too small and already
close to completely misaligned.

et offiet 100 7 T

£

»
E

ney (%)
2

w
3

b3

Transmission effici

12

(b)
Figure 11. (a) The left-right offset of the receiver coil; (b) the longitudinal offset of the receiver coil.

Figure 11b plots the transmission efficiency obtained by offsetting the receiving coil
longitudinally around the transmitting coil by a distance. The blue bars show the analysis
of the data measured in the prototype experiment, while the red bars show the analysis of
the data from the theoretical simulation experiment. The transmission efficiency decreases
as the longitudinal offset distance from 0 to 15 cm in the theoretical simulation experiment,
dropping from 99% to approximately 87% as the longitudinal offset goes from 0 to 5 cm.
When the longitudinal offset is from 5 to 12.5 cm, the efficiency keeps changing steadily
with less variation and the system is more stable. At longitudinal offsets from 12.5 to 15 cm,
the transmission efficiency gradually decreases and varies in magnitude. The reason for
this is that the offset distance is too large, the coil itself has losses or the material of the coil
is a problem.

The theoretical simulation experimental efficiency is 90.53%. In contrast, the average
transmission efficiency in the physical experimental diagram of the prototype, calculated
from data measurements, is 83.75%. The error is 6.78%. The error is due to the spectrum
analyzer frequency variation in the experimental platform, the vertical distance between
the coils and the distance of the coil center point in the horizontal direction (the so-called
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degrees of freedom), the degree of heating of the entire magnetically coupled system and the
ambient temperature. The errors also remain within acceptable limits, verifying the validity
of the application in magnetically coupled resonant wireless energy transmission systems.

A large amount of data was generated using the prototype experiments and the
experimental data were measured in the laboratory in real time. As the experimental data
were too large to be conveniently placed in the manuscript, the experimental data were
uploaded in the form of an attached table. The experimental flowchart for this paper is
shown in Figure 12.
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parameters demonstrates the
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Figure 12. Experimental flowchart.

7. Conclusions

In this paper, we aim to improve the transmission efficiency of the magnetically cou-
pled resonant wireless energy transmission systems and optimize the system structure
and multi-parameter matching problems. The principle of the transmission method is
theoretically analyzed by using circuit coupling theory to make the wireless energy trans-
mission system work in the best condition as a whole. Firstly, the spsp resonant topology
applicable to the wireless energy transmission system is proposed, as well as the three key
parameters affecting the system efficiency of the magnetically coupled resonant wireless
energy transmission system: resonant frequency, coupling coefficient, and load resistance
are studied by using Matlab simulation software. Then, with the aim of improving the
system transmission efficiency, the key parameters are multi-objective optimized by using
the improved Gray Wolf optimization algorithm to find the optimal matching values of the
key parameters. Finally, a prototype physical system is established, and coil structure and
coil offset experiments are conducted using the optimal matching parameters to verify the
correctness of the theory and reliability of the experiments.

This study has certain advantages in the optimization of wireless energy transmission
parameters and improvement of transmission efficiency. Based on the literature review
and the problems raised by the school-enterprise cooperation project, a study of the
magnetically coupled resonant wireless energy transmission system is carried out. Based
on the review of a large number of references, the idea, structure and optimization method
of this research paper are proposed, the theoretical structure is simulated and analyzed, and
the experimental system is built to verify and conform to the scope of the literature review.

Most of the previous studies were aimed at optimizing a single determined parameter,
while the research in this paper is aimed at managing the new structure, multi-objective
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influencing factors, by multiple key parameters and correlated with the actual electric
vehicle, simulating the actual electric vehicle subject to multiple factors scenarios, in order
to reach the optimal system transmission efficiency faster.

The present study only completes simulation experiments and prototype experiments
in the laboratory, without considering the influence of temperature on the system perfor-
mance, and without large-scale practical application. Future research will further improve
the reliability of the system and ensure the stability of the experimental system under
different temperatures. It is hoped that this paper will provide some guidance for the
realization of magnetically coupled resonant radio energy transmission and optimization
for electric vehicles.

8. Patents
Patent—A rotatable variable position wireless charging device for electric vehicles.
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