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Abstract — Targeting the issues of electromagnetic expo-
sure safety in the application of an electric vehicle’s
wireless power transmission (WPT), this study proposes
a surrounding active shield coils structure, laying on the
four sides of the WPT system, which effectively reduces
the lateral magnetic leakage field while supplementing
the magnetic field inside the transmission channel. At
the same time, this study proposes a ferrite groove
structure as the passive shielding, achieving reduction
of the vertical magnetic leakage field. On this basis, the
paper takes system transfer efficiency and surrounding
magnetic leakage field density as the optimization objec-
tives, combining the extreme learning machine (ELM)
surrogate model with multi-objective optimization algo-
rithm for hybrid shielding structural design, realizing the
further improvement of power transfer and electromag-
netic shielding capability. A numerical simulation test
is carried out and the results show that the proposed
shielding scheme can ensure the system transfer effi-
ciency, meanwhile reducing the magnetic leakage from
all directions, and providing effective electromagnetic
exposure safety protection for the human body.

Index Terms - Electromagnetic exposure safety,
extreme learning machine, hybrid shielding structural
design, multi-objective optimization algorithm, wireless
power transmission.

I. INTRODUCTION

Developing the electric vehicles industry is
an essential strategy for protecting the ecological
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environment as well as saving fossil energy. In recent
years, charging technology has been research hotspot in
the field of electric vehicles. With the development of
electric vehicles gradually moving towards intelligent
networking, the commonly used wired charging station
is hardly able to meet the needs of intelligent driving in
the future [1, 2]. In contrast, wireless power transmission
(WPT) brings convenience and features strong environ-
mental adaptability in its practical application, which
makes it a highly suitable charging form for intelligent
driving [3, 4]. However, electromagnetic exposure safety
issues of the WPT process are gradually emerging as
the technology enters the market, which becomes the
focus of attention for researchers [5]. To alleviate the
electromagnetic fields (EMFs) caused by WPT systems,
most existing methods focus on the two categories of
active and passive shielding.

Regarding active shielding methods, Cruciani et al.
proposed a method to identify the suitable excitation of
active coils. The proposed method permits the mitigation
of the magnetic leakage in a specific point, the shielding
effectiveness (SE) can achieve 20 dB on the considered
area with minor losses of efficiency [6]. Cruciani et al.
proposed a shielding structure composed of multiple
active coils to mitigate the magnetic leakage field of
WPT systems, then used a gradient descent algorithm
to obtain the most suitable excitation for the active coils.
Thus, the magnetic leakage field in the protection area
was reduced by nearly half [7]. Mi et al. proposed
a double-loop active shield coil directly connected in
series with the primary side coil, which reduced the
leakage level of the WPT system while eliminating
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the additional coupling between the shield coil and
secondary side coil [8]. Campi et al. proposed a novel
design of active coil to reduce the magnetic leakage
field generated by the WPT system, which consists of
two separate shield coils with independent source. The
shielding method was proved to have a minor impact
on system transmission performance [9]. Li et al. pro-
posed a double-coil dynamic shielding scheme based
on active shielding technology, which adopts two half-
loop structures set on the outside of the transmitting side
coil, achieving dynamic shielding of EMF leakage while
ensuring high transmission efficiency [10].

Passive shielding achieves a reduction of magnetic
leakage field mainly by using high permeability ferro-
magnetic materials or high conductivity metal materials.
The method is also widely used in electromagnetic
exposure safety protection of WPT systems. Budhia
et al. proposed a ferrite shielding composite structure
consisting of six parts: plastic cover plate, coupling
coil, frame, ferrite magnetic core, aluminum ring, and
aluminum backplate, which features satisfactory perfor-
mance of magnetic leakage shielding [11]. Zhu et al.
proposed a shielding method that used aluminum strips
applied on the outer side of the transmitting side coils,
which reduces the negative impact of eddy current losses
on system transmission performance [12]. Mohammad
et al. discovered that ferromagnetic materials can effec-
tively suppress the electromagnetic exposure of Double
D coil based WPT systems. The experiment result shows
that the peripheral magnetic leakage field can be effec-
tively suppressed [13]. Gu et al. proposed combining
soft magnetic materials and ferrite as the passive shield-
ing structure of WPT, while retaining the electromag-
netic shielding performance. The mechanical stability
and thermal conductivity of the shielding structure also
improved [14].

Let us now turn to research on hybrid active-passive
shielding for WPT systems. Dai et al. proposed the
active shielding structure of reverse-wound magnetic
shielding coils in series with the main coil, as well as
the passive shielding structure based on ferrite, which
improved magnetic field distribution around the WPT
system [15]. Li et al. proposed a composite electro-
magnetic shielding structure for WPT, which is com-
posed of Tian-font magnetic shielding and anti-series
active coils. The proposed hybrid structure minimizes
material use while maintaining safe magnetic leakage
levels [16]. Zhang et al. proposed a hybrid shielding
system composed of single-source topology-integrated
active suppression coils and adjustable ferrites, which
generated canceling flux opposite to leakage flux as well
as compensation flux consistent with the main flux [17].
Li et al. proposed a hybrid shielding structure consisting
of a surrounding coil with a ring-shaped aluminum plate,
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effectively weakening the magnetic leakage in the edge
position of the WPT system [18].

In order to further enhance the overall performance
of the WPT system, many scholars conducted research
on the application of optimization algorithms for the
design of structure of WPT systems. Zhao et al. used
a genetic algorithm to optimize metal aluminum shield-
ing structural parameters, reducing the energy losses
produced in the aluminum shielding plate of the WPT
system [19]. Luo et al. proposed a multi-objective opti-
mization method of a primary side ferrite layer for a
Double D coil based WPT system, using the NSGA-
IT algorithm to optimize the geometrical parameters of
ferrite, realizing the improvement of system coupling
coefficient and the reduction of stray magnetic leakage
fields [20]. Pei et al. proposed a multi-objective opti-
mization method based on particle swarms coupled with
the polynomial chaos expansion model to determine
the optimal design parameters in the practical shielding
design, which increases the system coupling coefficient
while also reducing the shielding costs [21].

Compared to the existing literatures, this study
effectively combines both active and passive shielding
methods, realizing the reduction of the magnetic leakage
field in the full place as well as transmission efficiency
of the WPT system. This paper skillfully combines
extreme learning machine (ELM) neural networks with
multi-objective optimization algorithms to improving
the overall performance of the WPT system. ELM is
used to quickly construct a surrogate model of the
optimization variables and objective functions in the
shielding structure, and the multi-objective algorithm is
used to search for the optimal solution of shielding struc-
tural parameters. This paper considers system transfer
efficiency as well as the surrounding magnetic leakage
flux density as the optimization objective, ultimately
improving the overall performance of the WPT system.

The contents of the paper can be expressed as
follows. Section II introduces the spatial magnetic field
distribution of the studied coil type (circular coil), giving
the mathematical model of magnetic induction intensity.
Section III introduces the design idea of hybrid shielding
structure and introduces the shielding principle of the
proposed active and passive method. Section IV intro-
duces the proposed optimization method, discussing
the overall optimization design process of shielding
structure. Section V is the specific numerical simulation
part, verifying the feasibility of the proposed scheme.
Section VI summarizes the research work of this paper.

II. ANALYSIS OF SPATIAL MAGNETIC
FIELD OF WPT

The magnetic energy coil group is the main device
for transmitting electricity in the WPT system, which
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relies on a spatial alternating magnetic field to achieve
WPT. Thus, the magnetic energy coil group determines
magnetic field distribution in the transmitting channel
as well as magnetic leakage field distribution in the
surrounding environment to a large extent [22, 23].

The coil groups applied in the WPT system are
usually composed of multiple independently insulated
twisted wires wound together, which can be divided
into the two categories of unipolar coil and bipolar
coil according to the mode of magnetic field distribu-
tion [24]. The unipolar coil features only single magnetic
pole direction, generating the magnetic flux component
vertical to the plane of the coil. This type of coil usually
features a relatively simple structure, such as circular
and rectangular coils [25]. Different from a unipolar coil,
the bipolar coil features two directions of magnetic pole,
which produces two magnetic flux components that are
respectively parallel and vertical to the plane of the coil.
This type of coil usually features a complex structure,
such as Double D coil or Bipolar coil [26]. The magnetic
flux lines of the two types of coil structure are shown as
Fig. 1.

Receiving side

Receiving side

\ /
!
Yo [

Transmitting side
(@) (b)

Fig. 1. Magnetic flux distributions of different types of
coils. (a) Unipolar coil and (b) bipolar coil.

Transmitting side

This paper takes the circular coil as the research
object. In the Cartesian coordinate system, the total
magnetic field density of a certain spatial position can
be composed of magnetic flux components in the x, y, z
directions. As shown in Fig. 2, assuming that there exists
a circular line current / on the plane of XQY, whose
radius is R, P(r, 0, @) is the spherical coordinate value
of any point in the spatial domain.

Taking the center of the circular line current as coor-
dinate origin, the magnetic vector potential of the circu-
lar line current at any spatial point can be expressed as:

dl

=]

po-I [
A(r0,9) = E2 f (1)
where o represents vacuum permeability 47 X
10~7 H/m. dI represents the differential line element of
the current element /- dl, whose spherical coordinate
value can be expressed as (#,¢’,0). According to the
relationship between magnetic flux density and mag-
netic vector potential, the component of the magnetic
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Fig. 2. Basic model of circular line current.

field density of a circular coil at any point in the
Cartesian coordinate system can be calculated as [27]:
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In the above equation, p, K, E, and k can be further
expressed as:
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If we assume that the turns of the transmitting and
receiving side coil groups are respectively n and m, the
magnetic field generated by each single turn coil at the
spatial point P can be expressed as B;1,B:2,...,B:,

“4)

(6)



as well as B..1,B;2,...,By;. The magnetic flux density
generated by a single-turn coil is the basis for calculating
the total field strength:

n m
Biow =Y Bi+ Y Bj. ©)
i=1 j=1

III. PROPOSED HYBRID SHIELDING FOR
MAGNETIC LEAKAGE FIELD
MITIGATION

This section proposes a hybrid electromagnetic
shielding structure that combines active and passive
shielding methods, cutting off the EMF leakage path of
the WPT system, while improving the magnetic field
distribution in the system transmission region. As shown
in Fig. 3, the purpose of the proposed hybrid shielding
structure in this paper is to reduce the magnetic flux in
regions (2) and (3), while maintaining the magnetic flux
in region (1).

S [y @ 4 «

® | © @ ®

Transmitting

‘ ground ‘

Fig. 3. Electromagnetic field distribution diagram of
WPT.

A. Magnetic guidance of lightweight ferrite

Passive shielding achieves constraint of the mag-
netic field mainly through using a ferromagnetic or metal
material. Ferromagnetic materials can construct a low
magnetic resistance path for magnetic flux, to guide the
magnetic flux lines to converge towards the transmission
channel [28], i.e. region () in Fig. 3. Calculation of
a magnetic path can be solved using Ohm’s law of
magnetic paths [29]:

d=— ®)

where @ is magnetic flux volume, F is magnetomotive
force, and R,, is resistance of the magnetic path. If we
assume that the magnetic circuit interface is uniform,
then R,, can be expressed as:

l

Ry = ﬁv &)
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where U is magnetic permeability, / is length of magnetic
circuit, and S is cross-section area of the magnetic
circuit. From Equation (9), the higher the magnetic
permeability, the lower the magnetic resistance. The
magnetic flux would mainly pass through the path with
lower resistance. Thus, priority should be given to using
high magnetic permeability materials for shielding. At
present, ferrite is widely used for passive shielding
of WPT systems, due to its high permeability, high
saturation magnetic density, and high resistivity [30].

This paper suggests a novel passive shielding struc-
ture based on ferrite materials. The central part is hol-
lowed out to form the groove architecture. The WPT coil
groups are embedded inside the ferrite magnetic core
in the actual application. The coil groups are enclosed
by the ferrite ring, shown in Fig. 4. Compared with an
entire ferrite disk, the new structure saves on materials,
effectively reducing costs.

Ferrite

-

(b)

Fig. 4. Proposed ferrite groove structure. (a) Basic
appearance of the ferrite groove and (b) assembly of the
ferrite groove and WPT coils.

In Fig. 4, H is width of the ferrite groove, D is depth
of ferrite groove. The special structure facilitates the
practical placement of the coil groups. The paper applies
the ferrite groove structure to the receiving side of the
WPT system, which can concentrate the magnetic in
region (1) and reduce the magnetic leakage in region (3).

B. Magnetic flux interaction of the shield coil

The principle of an active shielding method is to
use auxiliary coils to generate a reverse magnetic field,
thereby offsetting magnetic leakage field at the target
position [7]. A traditional active shielding system usu-
ally consists of a main coil of WPT and a shield coil,
where the current direction of the shield coil is opposite
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to that of the main coil, thereby forming a magnetic
field direction opposite to that of the main coil [31].
Though the magnetic leakage field in the protective area
is weakened, the direction of shielding current remains
constant, which reduces the transmission efficiency of
the WPT system [32, 33].

This study proposes laying the four shield coils on
the transmitting side of the WPT system, which all have
independent power supply. A top-down perspective is
shown in Fig. 5.

1|=||]
B

Fig. 5. Diagram of the surrounding shield coil.

Here, L and W represent the length and width of
the shield coil. By adjusting the power supply of the
shield coil, the current of the shield coil is in phase
opposition to the current of the WPT transmitting main
coil. Adjacent to the main coil, the shield coil can
generate a magnetic field in phase with the main coil.
Outside the main coil, the shield coil can generate a
magnetic field in phase opposition to the main coil.

Taking a cross-section of the WPT system as the
observation plane, Fig. 6 represents the magnetic super-
position after adding the shield coils. Figure 6 divides
the overall area into energy transmission area and mag-
netic leakage protection area. The lines in Fig. 6 repre-
sent the distribution of magnetic flux lines produced by
the main coils and the shield coils.

Protective area Energy transmission area Protective area

Q) D o w P o
@ q)lv Y (I.)z ;l (D4v Y(I)s

RR OO IR ®6

) S G )

Fig. 6. Cross-section diagram of shield coil and main
coil.
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Assuming that the magnetic flux components gen-
erated by the WPT coil are ®3,P¢, the magnetic flux
components generated by the shield coil on two sides
are O, Py, Py, Ps5. It can be seen that the magnetic
flux caused by the shield and WPT coil are mutually
cancelled out in the outer region, which can effectively
weaken the magnetic leakage, while the magnetic flux
caused by shield and WPT coil are mutually super-
imposed in the middle region, which can improve the
transmission performance of the WPT system. Magnetic
flux in the different regions can be expressed as:

Dy = D3+ D,
D = Dg + Py
Dy = P3 — Dy ’
Pour = Po — Ps

(10)

where ®;, and P, represent the total magnetic flux
in the middle and outer regions. Combining the initial
design idea of electromagnetic shielding structures men-
tioned in section III, it can be theoretically concluded
that the active coil structure can reduce the magnetic flux
in region (2) while supplementing the magnetic flux in
region (1), achieving the dual effect of electromagnetic
shielding and transfer performance.

The passive and active shielding structures in this
study are made of Mn-Zn ferrite and copper, respec-
tively. The general price range of Mn-Zn ferrite is
US$10-30 per kilogram. Due to the lightweight nature
of ferrites and the groove shape designed in this study
saving on material usage, the cost is not high. The cost
of active shielding depends on the volume of copper
material, which can be reduced by reducing the number
of turns and reducing the wire diameter of the shield
coils; the cost range for cheaper copper material is
generally US$10-20.

IV. MULTI OBJECTIVE OPTIMIZATION
SURROGATE MODEL FOR SHIELD
STRUCTURE

A. Extreme learning surrogate model

In the numerical simulation model of electromag-
netic shielding structures there exists a stronger non-
linearity relationship between the shielding structural
parameters and system optimization objectives [34]. To
build the mapping relationship between the two for rapid
optimization, this study establishes a surrogate model
based on ELM, whose input variables are the optimiza-
tion parameters of the electromagnetic shielding struc-
ture. The output variables are the objectives that need to
be optimized including system transfer efficiency as well
as magnetic leakage flux density. As shown in Fig. 7, this
paper sets two observation planes of magnetic leakage,



which are at the side and back of the WPT system,
namely regions (2) and (3) in Fig. 3.

observation plane 1 "~

observation

plane 2

R —
‘ transmitter
) A

< .
receiver

Fig. 7. Target plane of magnetic leakage around the
vehicle.

Different from the back propagation neural net-
work, the weight values on the hidden layer of ELM
do not need to be adjusted during the training process,
featuring high solution efficiency and satisfactory per-
formance of generalization [35]. The principle of ELM
can be described as follows. For each input sample x;,
the activation values of the neurons on the hidden layer
can be expressed as:

hy = g(a] xi+by), (11)

where g(-) represents the activation function, a; repre-
sents the input weight vector of the /-th neuron, and b;
represents the corresponding bias term, which are all
randomly initialized and remaining constant during the
training process of the model. The main task of ELM is
to calculate the optimal weight values from hidden layer
to output layer. Output can be expressed as a form of
linear combination:

B =1[B1,B2;---,BLl, (12)
L

Y=Y Bihi= B h;. (13)
=1

To minimize the overall prediction error of the
samples, the optimal weight matrix § can be derived as:

Bopr = (H'H)'H'T, (14)

where H = [hy,hy,...,hy]T represents the matrix of
hidden layer activation values and T = [t,t2,...,ty]7
represents the target output matrix. In the ELM surrogate
model established in this paper, the length of the shield
coil L, the width of the shield coil W, the ring width of
the ferrite groove H, and the depth of the ferrite groove
D are taken as the input variables of the neural network
model. The output variables include system transmission
efficiency as well as maximum leakage flux density on
observation planes 1 and 2. Thus, the number of nodes
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of the input and output layers of the neural network are
set as 4 and 3. The modeling of ELM is the first step in
the optimization design process of the electromagnetic
shielding structure, which lays the foundation for the
subsequent use of the optimization algorithm.

B. Multi-objective optimization process

As mentioned in the previous section, due to the
multiple optimization objectives analyzed, this paper
uses the multi-objective algorithm to solve the opti-
mization design issue of the electromagnetic shielding
structure.

The multi-objective particle swarm optimization
(MOPSO) is an evolutionary algorithm improved on the
basis of ordinary PSO, featuring better global search
and convergence performance, which has been widely
used in the solution of complex engineering problems.
In this study, MOPSO is used for the optimization
design of active and passive shielding structures. The
basic idea of MOPSO is to divide the solution space
into multiple sub-regions and search within each sub-
region. Different from traditional PSO, MOPSO uses
the relationship of Pareto dominance to evaluate the
fitness of a particle [36, 37]. One particle is defined as
dominating another particle if it outperforms the other
particle on all objective functions. Only non-dominated
particles can enter into the Pareto front. The solution
process of MOPSO can be described as follows:

(1) Randomly initialize the position of the individual
particles.

(2) Calculate the fitness of each individual particle and
determine the non-dominated individuals according
to the relationship of Pareto dominance. For a certain
individual particle, the dominated set indicates the
set of particles with worst fitness, and the non-
dominated set indicates the set of particles with best
fitness.

(3) Update the step size and position of each individual
particle. The new step size and position of each parti-
cle is calculated according to the current status, then
the fitness of particles and Pareto front are updated
according to the relationship of Pareto dominance. If
one certain particle becomes the new Pareto optimal
solution, it will be added to the Pareto front; the
solutions dominated will be removed.

(4) Repeat steps (2) and (3) until termination conditions
are reached.

In summary, the steps of the optimization method
can be described as follows. First, the optimization
variables of shielding structure as well as the system
optimization objectives are sampled through numerical
simulation, which are taken as the training samples for
the ELM surrogate model. When the training accuracy
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of the model reaches the requirements, the optimiza-
tion objective value can be accurately predicted. The
MOPSO algorithm is combined to search the optimal
shielding structural variables under the premise of con-
sidering system transfer efficiency as well as the mag-
netic leakage flux density as the optimization target.
We will eventually obtain the ideal optimization design
parameters of the shielding structure. The overall proce-
dure of the optimization method is depicted in Fig. 8.

specifications, optimization
variables and objectives

Determine the design
Stepl:

Step4:

Collect the training and validation
Step2: samples by finite element
simulation

I

‘ Obtain the optimal design point

f

Output the Pareto front solution
of shield design parameters

T

‘ Multi-objective PSO algorithm ‘

f
N I Poveet onF o v Obtain the nonlinear relationship

< e 4
~accuracy by between {iy, By, g}l} and {L, W, H,

1
Training the ELM model: {y, B,
Byy=AL, W, H,D}
1

Test the model accuracy using

Stepd: validation samples

Fig. 8. Overall optimization framework of hybrid shield-
ing structure.

V. PERFORMANCE VERIFICATION

This paper establishes the finite element method
(FEM) numerical simulation model of an electric vehi-
cle’s WPT system in COMSOL software, which is
shown in Fig. 9. The parameters of the vehicle’s body
size are as follows: length of 4.5 m, width of 2 m, height
of 1.5 m, which are consistent with the volume size
of common domestic vehicles on the market [38]. The
material of the vehicle’s body is set as aluminum, the
materials of the tires and windows of the vehicle are
respectively set as rubber and tempered glass, and the
material of the coil groups is set as copper.

This paper establishes the human body model of
adult male for analyzing the impact of the WPT sys-
tem on human electromagnetic exposure safety, whose
height and weight are respectively set as 1.8 m and
75 kg. The working frequency of the electric vehi-
cle’s WPT system is set as 85 kHz, corresponding to
human body tissue’s conductivity and relative permittiv-
ity respectively as 0.27 S/m and 5400 [39]. The elec-
tromagnetic exposure dose of human body is quantified
using multi-physics field FEM, which is used to evaluate
whether there exists potential threats to human health.

According to the relevant test standards specified in
SAETIRJ954, the test plane of magnetic leakage field is
set on the side and above the WPT system in the practical
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WPT system

Fig. 9. Simulation model of wireless power transmission
scenario of electric vehicle.

scenario, respectively as 0.8 m away from the central
WPT system coupling mechanism [40], whose position
is shown in Fig. 7.

To verify the electromagnetic shielding effect of the
proposed active and passive shielding structure in this
study, this section arbitrarily sets the initial structural
design parameters of the shielding structure as shown in
Table 1. It should be noted that the structural parameters
in Table 1 are not the eventual optimized design results,
just for verifying whether the proposed shielding struc-
ture has the effect of weakening the magnetic leakage
field for the WPT system.

Table 1: Initial structural parameters of active and pas-
sive shielding

Active Shielding | L | 273 mm
W | 38mm
Passive Shielding | D 23 mm
| H | 127 mm

The simulation results of the magnetic leakage field
distribution are as follows. On observation plane 1,
comparison results of magnetic flux with and without
ferrite groove passive shielding are depicted in Fig. 10.

()
60

(uT)
i2

10
50

40 8

30 6

20 4

10 2

(a) (b)

Fig. 10. Comparison of magnetic leakage flux on plane
1 (a) without ferrite and (b) with ferrite.

It can be seen that the magnetic flux density of
observation plane 1 is decreased by 80%, thus the
ferrite groove can weaken the leaking electromagnetic



magnetic field of the area above the WPT system. When
passengers sit in the back seats of the vehicle, the
electromagnetic exposure safety issues are alleviated.
On the observation plane 2, the comparison results of
magnetic leakage flux with and without active shielding
coils are shown in Fig. 11.

(uT) (uT)
30 10

70

60

o 9 *®

50
40
30
20
10

T

(a) (b)

Fig. 11. Comparison of magnetic leakage flux on plane
2 (a) without shield coil and (b) with shield coil.

It can be seen that the magnetic leakage flux density
of observation plane 2 is decreased by 87.5%. Thus, the
shield coils can effectively suppress the lateral leaking
EMF. Combined with actual scenarios, when passengers
stand at the side of the vehicle, electromagnetic radiation
hazards are reduced.

Considering that the varying environmental tem-
peratures in real situations may affect the performance
of the shielding structure, this paper builds a tempera-
ture coupled physical field in the numerical simulation,
analyzing the varying characteristics of the maximum
magnetic leakage flux density on the target plane with
changes of temperature, shown in Fig. 12.

It can be concluded that the change of external tem-
perature has minimal impact on the performance of the
proposed electromagnetic shielding structures, reflecting
robustness for change of environment conditions. In the
analysis of shielding structure optimization design, ELM
is used for predicting the optimization objectives. To
verify the performance of the trained ELM model, this
paper uses the test sample to obtain the output values
of the model and comparing it with the FEM results, as
shown in Fig. 13.

This paper takes the determination coefficient (R%)
as an evaluation indicator for ELM model performance,
which can intuitively reflect regression quality and pre-
diction error distribution of the surrogate model [41].
A total of 30 sample points were tested and it can be
seen that FEM and ELM have almost the same solution
accuracy for each optimization objective, demonstrating
the effectiveness of the ELM prediction method.

On this basis, the MOPSO algorithm was adopted
for optimization of electromagnetic shielding structural
parameters. The intervals of the selected optimization
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Fig. 12. Analysis of the influence of environmental tem-
perature on electromagnetic shielding performance. (a)
Varying magnetic leakage with the temperature on plane
1 and (b) varying magnetic leakage with the temperature
on plane 2.

variables L, W, D, and H were set as [270 mm, 280 mm],
[35 mm, 45 mm], [15 mm, 25 mm], and [120 mm,
130 mm], respectively. This paper set population size
and maximum iteration times of the algorithm as 30
and 50. Implementing the optimization calculation can
obtain the Pareto front solution results of each objective,
shown in Fig. 14.

The optimal solution of shielding design parameters
is marked by a cross in Fig. 14, which features higher
transfer efficiency and lower electromagnetic exposure
indicators, which is more in line with the needs of elec-
tric vehicle users. Table 2 shows the shielding structural
parameter groups before and after optimization as well
as the corresponding optimization target values.

In practical situations, there exist factors that could
affect the electrical performance of the WPT system.
Thus, it is necessary to carry out uncertainty quan-
tification analysis for the work scenario of the WPT
system [42]. Considering the spatial dislocation scenario
of the coil groups of the WPT coupling mechanism,
this study lists the relevant random variables as follows:
transmission distance d, horizontal displacement of the
coil groups Ax, Ay, and deviation angle of the coil groups
a, which are shown in Table 3. U represents uniform
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Fig. 13. Comparison of ELM prediction and FEM simu-
lation results. (a) Comparison results of system transfer
efficiency, (b) comparison results of leakage flux on
plane 1, and (c) comparison results of leakage flux on
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Table 2: Comparison of various parameter indicators
before and after optimization

L W | D H | n | B, | B2
(mm) | (mm) | (mm) | (mm) (uT) | (wT)
Original 273 38 23 127 1 0.79 | 11.3 9.7
Optimized | 275 36 19 124 {091 | 75 6.2

distribution, the Latin hypercube method is used for
sampling the uncertain variables in this study, and the
comparison results of various optimization objective’s
probability distribution before and after optimization are
shown in Fig. 15.

Table 3: Uncertain variables considered in the practical
application of the WPT system

Variables | Distribution Range | Unit
d U (0.19, 0.21) m
Ax U (0, 0.02) m
Ay U (0, 0.02) m
o U (0, 90) °

It can be concluded that under the interference of
external uncertain factors, the transfer efficiency of the
WPT system is more likely to be at a higher level
after optimization. Meanwhile the risk of electromag-
netic exposure is also decreased. Average transfer effi-
ciency before and after optimization is 0.78 and 0.93,
respectively, which is enhanced by 19.2%. Maximum
magnetic leakage field density on observation plane 1
is 11.37 uT and 7.66 uT, respectively, before and after
optimization, which is reduced by 35.1%. Maximum
magnetic leakage field density on observation plane 2
is 9.35 uT and 6.07 uT, respectively, before and after
optimization, which is reduced by 32.6%. Intensity of
magnetic leakage field around the vehicle body are far
less than the threshold (27 uT) specified by ICNIRP
guidelines, which improves the electromagnetic expo-
sure safety protection effect.

In addition, this study takes the scene of a pas-
senger standing near the vehicle as the research case,
calculating the specific absorption ratio (SAR) value
distribution of the whole human body by finite element
numerical simulation Comparison results before and
after optimization are depicted in Fig. 16.

SAR value can accurately reflect the electromag-
netic radiation dose absorbed by unit mass of human
tissue in unit time [43]. Taking SAR value as the evalu-
ation indicator can more scientifically reflect the impact
of external EMFs on human health.

From the above comparison results, it can be seen
that the negative impact of a WPT system on the elec-
tromagnetic exposure safety of a human body is reduced
after optimization, which features practical significance
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netic leakage flux density on plane 2.

for electromagnetic safety protection of drivers or pas-
sengers in daily situations.

Thus, the proposed active and passive shielding
structure and its multi-objective optimization method
can effectively improve the comprehensive performance
of the WPT system, which provides efficient solutions
for the design of shielding structures of electric vehi-
cle’s WPT systems. In the long term, improvement of
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Fig. 16. SAR value distribution of human body near the
WPT system (a) non-optimized and (b) optimized.

electromagnetic shielding measures can promote faster
development of WPT technology of electric vehicle,
which is in line with the future trend of intelligent
transportation developments.

VI. CONCLUSION

This paper proposes a hybrid active and passive
shielding method for mitigating the leaking magnetic
field from an electric vehicle’s WPT system. The ferrite
grooves are covered on the back of the WPT receiving
coil, realizing reduction of the vertical magnetic leak-
age field above the coupling mechanism. The shield
coils are placed on four sides of the WPT transmitter,
effectively reducing the lateral magnetic leakage field
outside the coupling mechanism. Moreover, this paper
establishes the optimization framework based on multi-
objective particle swarm and ELM surrogate model,
carrying out the optimization of hybrid shielding struc-
tural parameters, realizing the enhancement of transfer
capability and electromagnetic shielding performance.
In addition, combined with practical scenarios of electric
vehicle charging, the paper also conducts uncertainty
quantification analysis for the electrical performance
of the WPT system, comparing the probability density
distribution of various target values before and after
optimization. Average transfer efficiency is improved by
19.2%, average value of vertical and lateral magnetic
leakage field density are reduced by 35.1% and 32.6%,
respectively, and the electromagnetic exposure indicator
of a human body near the WPT system is significantly
reduced.
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