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ABSTRACT: In the wireless power transfer (WPT) system of electric vehicles, the system leakage magnetic field and transmission effi-
ciency depend on the coil structure, and the traditional unipolar coil has high transmission efficiency but generates high leakage magnetic
field. In order to maintain the transmission efficiency while reducing the magnetic leakage and improve the safety index of the WPT
system, this paper proposes a bidirectional inverse series coil of four meshes structure (FBISC), which maintains the high transmission
efficiency of the WPT system only by the advantages of the coil structure without applying any metal materials and shielding coils. At
the same time, the leakage field produced by the coil structure of the target area is less than the safety limit value, which makes the
traditional shielding coils no longer necessary, and is light, clean, and highly efficient. First, the leakage magnetic field generated by the
coil in the target region after energization is analytically calculated using a vector potential-based method for calculating the magnetic
induction strength of rectangular coils. Secondly, a coil parameter assignment optimization method that weighs two structural perfor-
mance indexes, namely, transmission efficiency and leakage magnetic field, is given to obtain the coil parameters that satisfy the given
conditions. Furthermore, the proposed coil structure is compared with the conventional coil structure. Compared with the conventional
unipolar coil, the bidirectional inverse series coil of four meshes reduces the leakage magnetic field by 56.4% and sacrifices only 2.38%
of the transmission efficiency. Compared with the reverse double D coil (DD coil), the bidirectional inverse series coils of four meshes
reduces the leakage magnetic field in the target region by 48.5% and sacrifices only 1.3% of the transmission efficiency. Finally, an
electric vehicle WPT system with shielding is built to verify the correctness of the proposed structure. The results show that the leakage
magnetic field of the FBISC coil structure in the target region is only 5.22µT, and the transmission efficiency is more than 95% at an
output power of 4 kW.

1. INTRODUCTION

The rapid development of today’s industry has put forward
higher requirements for the energy technology industry. In

order to realize the strategic goal of green, low-carbon and
high-efficiency energy, wireless power transfer technology has
emerged. Magnetic Coupling Resonant Wireless Power Trans-
fer (MCRWPT) is a technology that has significant advan-
tages such as convenient charging, safety, and high degree of
freedom, and is widely used in electric vehicles, rail trans-
portation, medical devices, portable electronic products, and
other fields [1–4]. This technology has produced far-reaching
changes in the field of electrical charging, making the transi-
tion from wired to wireless and breaking the boundaries of tra-
ditional wired charging. However, at the same time, as the
charging power increases, the leakage magnetic field of the
traditional unipolar coil also increases, which can jeopardize
the safety of the users [5, 6]. Therefore, in order to reduce the
leakage magnetic field of WPT systems, three types of typical
shielding methods are usually used: passive shielding, reactive
resonance shielding, and active shielding.

* Corresponding author: Zhongqi Li (my3eee@126.com).

Passive shielding can be divided into three categories
through the shielding method: ferromagnetic core shielding,
non-ferromagnetic metal shielding, and electromagnetic
superconducting material shielding.
Ferrite is mainly used as a shielding material in ferromag-

netic core shielding, which has advantages of high resistivity,
easy magnetization, and it is suitable for high-frequency field.
The traditional ferrite material, which is brittle, having poor
mechanical properties, is not usable in this scenario, and find-
ing new shielding materials adapted to the high-frequency en-
vironment has become a new goal for scholars. Long T team
at the University of Cambridge, UK, took the lead in the appli-
cation of nanocrystals in magnetic core shielding research [7].
However, it was found that the eddy current loss and high con-
ductivity of nanocrystals led to the addition of extra losses in
the system, which in turn reduced the transmission efficiency
of thewhole system, and thuswere not enough to completely re-
place ferrite materials. Nanocrystals have good magnetic prop-
erties but poor energy efficiency performance, and ferrite has
poor magnetic properties but good energy efficiency, so there
is a complementary relationship between these two materials.
Based on this, [8] proposes a core shielding method combining
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nanocrystals and ferrite, and the effectiveness of the proposed
method is verified by experiment and simulation.
Non-ferromagnetic metal shielding uses non-ferromagnetic

metal materials to suppress the high-frequency alternating leak-
age electromagnetic field generated by the coupling coil. The
Hebei University of Technology team used aluminum and cop-
per materials to apply shielding to the WPT system, and the
study showed that the shielding performance of aluminum and
copper materials is related to its position, and the shielding ef-
fect is better when the metal plate is located in the middle of
the transmitter-receiver coil and close to the receiver coil [9].
Zhu’s teamwhich come from the Chinese Academy of Sciences
did some research on the impact of aluminum shielding plate in
theWPT system, and they found that the whole aluminum plate
has a good shielding effect, but reduces the power density of the
system, which will produce a lot of eddy current losses [10].
Electromagnetic superconducting material is a new type of

artificial composite material with excellent performance in
magnetic field regulation, which can be used for leakage shield-
ing inWPT system [11]. A large number of studies have shown
that superconducting material shielding can improve the shield-
ing and transmission performance of the system, but the place-
ment requirements are strict, limiting the flexibility of theWPT
system to be used in practical applications [12–16].
The shielding of reactive resonance can be used forWPT sys-

tem. Reactive resonant shielding uses reactive resonant coils to
suppress the high-frequency alternating magnetic field gener-
ated in WPT systems, mainly through the leakage of magnetic
field generated in the shielding coil to offset the original mag-
netic field to achieve the shielding effect [17–19]. The Korea
Advanced Institute of Science and Technology (KAIST) team
has achieved this by tuning the capacitor reactive shielding
method to cancel themagnetic field at a specific efficiency [20].
However, the design of parameters and capacitance is demand-
ing, and the control method is complex.
Active shielding is achieved by applying additional excita-

tion or inverting the shielding coil in series above the main coil
to generate a reverse canceling magnetic field. Ref. [21] pro-
posed a double-loop active shielding coil directly connected in
series with the primary coil to reduce the leakage level of the
WPT system, while realizing additional coupling decoupling
between the shielding and the receiving coil, but the structure is
complicated, which affects the coupling performance between
the receiving and transmitting coils. Lee and other scholars,
from the Korea Advanced Institute of Science and Technol-
ogy (KAIST), proposed a novel hybrid loop array structure that
combines a shielding coil and an amplifying coil. In this struc-
ture, the shielding coil reduces the leakage field strength, and
the amplifying coil enhances the magnetic field strength be-
tween the coupling coils, but the additional shielding coil also
further increases the size of the system and sacrifices the high
transmission efficiency [22]. However, the additional shield-
ing coils further increase the size of the system and sacrifice
the high transmission efficiency.
In this paper, a four bidirectional inverse series coil of four

meshes for electric vehicle wireless charging system is pro-
posed. This structure is the main component of the WPT sys-

tem, maintains the high transmission efficiency of the system
through the structural advantages of the main coil alone, with-
out the application of anymetallic materials and shielding coils,
and keeps the leakage magnetic field in the target area below
the safety limit, making the conventional shielding coils un-
necessary. Its receiving and transmitting coils are identical, and
both consist of four coil units of the same size and number of
turns, each of which is connected in reverse series with neigh-
boring coils in both the transverse and longitudinal directions.
The structure improves the safety index during electric vehicle
charging and maintains a high transmission efficiency. This
paper analyzes the shielding principle of the bidirectional in-
verse series coils of four meshes and proposes a coil parameter
assignment optimization method to trade off the transmission
efficiency and shielding effect. Finally, the rationality of the
proposed structure is verified through theoretical calculation,
simulation, and experiment.

2. FBISC STRUCTURE

2.1. Calculation of Coil Magnetic Induction
In this paper, the method of calculating the magnetic induction
strength of a rectangular coil based on vector magnetic poten-
tial mentioned in the literature [23, 24] is used to calculate the
magnetic induction strength generated by the coil in the target
region. The calculation method is described as follows in rela-
tion to the coil structure mentioned in this paper.
Figure 1 shows a set of coil cells. Coil1 length-width is de-

noted as a1, a2; Coil2 length-width is denoted as b1, b2; O1 and
O2 are the centers of the two coil cells, and the perpendicular
distance between them is denoted as h. Let an arbitrary point P
(x, y, z) in the space of Figure 1, and its vector magnetic poten-
tial expression is as follows:

→
A (x, y, z) =

µ0

4π

∫
v

→
J (x′, y′, z′) dv′

→
R

(1)

where J⃗ denotes the current density, and v denotes the current
distribution in Coil1. Based on the vector magnetic potential,
the expression for the magnetic induction B⃗ can be obtained as:

→
B = ∇×

→
A=

(
∂Az

∂y
− ∂Ay

∂z

)
→
ax +

(
∂Ax

∂z
− ∂Az

∂y

)
→
ay

+

(
∂Ay

∂x
− ∂Ax

∂y

)
→
az (2)

where Ax, Ay, and Az are represented as the components of the
vector magnetic potential A⃗ in the X -axis, Y -axis, and Z-axis,
respectively. According to the method of calculating the mag-
netic induction strength of a rectangular coil based on the vec-
tor magnetic potential, the magnetic induction strength compo-
nents of a single coil in the X -axis, Y -axis, and Z-axis can be
obtained

•
Bx =

1

4π2

∫ ∞

−∞

∫ ∞

−∞

−j2µ0I sin (ξa1) sin (ηa2)
η
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FIGURE 1. Schematic diagram of coil unit.
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FIGURE 2. Target region of electric vehicles.

·es1k · e−kz · ej(xξ+yη)dξdη (3)

•
By =

1

4π2

∫ ∞

−∞

∫ ∞

−∞

−j2µ0I sin (ξa1) sin (ηa2)
ξ

·es1k · e−kz · ej(xξ+yη)dξdη (4)

•
Bz =

1

4π2

∫ ∞

−∞

∫ ∞

−∞

−2µ0Ik sin (ξa1) sin (ηa2)
ξη

·es1k · e−kz · ej(xξ+yη)dξdη (5)

where ξ and η are the double Fourier integral variables; I is the
current flowing through the coil; and the total magnetic induc-
tion of a single coil unit is

B =
∣∣∣ •B∣∣∣ =

√∣∣∣∣ •
Bx

∣∣∣∣2 + ∣∣∣∣ •
By

∣∣∣∣2 + ∣∣∣∣ •
Bz

∣∣∣∣2 (6)

2.2. FBISC Structure
In order to minimize the leakagemagnetism of the system in the
target region while maintaining a high transmission efficiency,
it is necessary to analyze the active coil shielding principle. Ac-
cording to SAEJ2954 on electric vehicle leakage measurement,

the leakage magnetic field measurement area should be at a dis-
tance of 0.8m from the center of the charging coil. As shown in
Figure 2, this paper defines the measurement area as the target
area, which is located at a distance of 800mm from the center
of the coil, and at a height of 700mm from the ground.
As shown in Figure 3, the target region is exposed to the

unweakened leakage radiation from the conventional unipolar
coil, which results in a large leakage; as shown in Figure 4, the
reverse DD coil splits the unipolar coil into two coils and con-
nects them in series in the reverse direction, and the magnetic
potentials of two coils are in opposite directions, which greatly
weaken the leakage on the target region. By observing the flux
distributions of the conventional coil and the reverse DD coil,
it can be seen that the reverse DD coil weakens the flux in the
Y direction compared to the conventional coil by the reverse
series connection. Based on this principle, this paper proposes
a bidirectional inverse series coils of four meshes structure to
further reduce the magnetic leakage in the area of the human
body’s activity range during the charging process of an electric
vehicle while maintaining a high transmission efficiency. This
structure further divides the reverse DD coil into meshes, which
reduces the Y -direction flux in the Y -direction more efficiently
while canceling out the X-direction flux as well. As shown in
Figure 5, the FBISC structure splits the DD coil into four coils
in the observation plane direction.
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FIGURE 3. Flux distribution of conventional air-core coils. (a) Distribution of magnetic inductance of the air-core coils. (b) Magnetic flux distribution
in the target area.
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FIGURE 4. Flux distribution of the reverse DD coil. (a) Distribution of magnetic inductance of the reverse DD coil. (b) Magnetic flux distribution in
the target area.
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FIGURE 5. Flux distribution of the FBISC coil. (a) Distribution of magnetic inductance of the FBISC coil. (b) Magnetic flux distribution in the target
area.

As shown in Figure 1, both the transmitting and receiving
coils of the FBISC structure consist of four coil units, each of
which is connected in reverse series with the neighboring coils
in both the transverse and longitudinal directions. The FBISC
structure greatly attenuates the magnetic flux in both the X-
direction (the forward direction of the vehicle) and Y -direction
(the door-side direction) through the quadruple division of the
unipolar coils, which increases the safety index of the leakage
radiation of the charging process of the electric vehicle.
According to the structure schematic shown in Figure 1, the

equivalent circuit model of the FBISC structure can be ob-
tained, as shown in Figure 6. The FBISC coil structure can
be equated to two circuits with coils shown in Figure 7. Tx is
the transmitting coil; Rx is the receiving coil; C1, L1, and R1 are

the resonant capacitance, self-inductance, and equivalent resis-
tance of the transmitting coil; C2, L2, and R2 are the resonant
capacitance, self-inductance, and equivalent resistance of the
receiving coil; and M is the mutual inductance of Coil1 and
Coil2, respectively. Based on the equivalent circuit model the
following matrix of Kirchhoff voltage equations can be estab-
lished.  •

Z1 jωM

jωM
•
Z2

 •
IT x
•

IRx

 =

[ •
VS

0

]
(7)

Since the structure is in resonance, where impedance Z1 = R1+
RS, impedance Z2 = R2+RL, andRS is the internal resistance of
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FIGURE 6. Equivalent circuit model of FBISC coil structure.
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FIGURE 7. Schematic diagram of FBISC structure.

the power supply VS. The resulting expressions for the currents
I1 and I2 are given by

•
I1 =

•
Z2

•
VS

•
Z1

•
Z2+(ωM)2

•
I2 = − jωM

•
VS

•
Z1

•
Z2+(ωM)2

(8)

According to Eq. (8), an expression for the transmission effi-
ciency can be obtained

η =

∣∣∣∣∣∣
•

I2RxRL
•
V S

•
ITx

∣∣∣∣∣∣ =
∣∣∣∣∣∣− (ωM)

2
RL

•
Z1

•
Z2
2 + (ωM)

2
•
Z2

∣∣∣∣∣∣ (9)

Bringing the impedance values Z1 = Rs + R1, Z2 = RL + R2
into (10), we get

η =
(ωM)

2
RL

(Rs +R1) (R2 +RL)
2
+ (ωM)

2
(R2 +RL)

(10)

Based on Equation (10), the derivation of RL yields the optimal
load expression for this structure at maximum transmission ef-
ficiency as

RLopt =

√
(Rs +R1)R2

2 + (ωM)
2
R2

(Rs +R1)
(11)

2.3. Structural Optimization
Figure 7 shows the physical model of the FBISC structure,
where the four coil units that make up the transmitting and re-
ceiving coils, respectively, have the same length and width pa-
rameters, and the distances between neighboring two coils are
equal in the transverse and longitudinal directions. Calculation
of the magnetic induction strength between the transmitting and
receiving coils of the FBISC coil requires the calculation of the
magnetic induction strength of each small coil unit, which is
then vectorially superimposed. The magnetic induction inten-
sity components in each direction of the eight coil units of the
FBISC coil structure are calculated by Equations (3), (4), and

(5) to obtain the total magnetic induction intensity components
in each direction, and the total magnetic induction intensity is
found by Equation (6).
The FBISC structure proposed in this paper aims to maintain

a high transmission efficiency of the electric vehicle wireless
energy transmission system while reducing the magnetic leak-
age within the range of human activity. According to the lat-
est EN 62233 test standard issued by the Electrotechnical Stan-
dardization Committee (ESC), which states that the value of the
magnetic field basically harmless to the human body should be
less than 6.25µT, the following structure optimization process
is designed in this paper. Under the premise of determining
the coil structure, according to the magnetic induction strength
calculation and transmission efficiency calculation method pro-
posed in Subsection 2.1, it can be found that the two important
parameters of measuring the structure, the transmission effi-
ciency η and the maximum leakage magnetization Bmax, are re-
lated to the coil inner diameter and the number of turns. There-
fore, the following optimization process, which is shown in Fig-
ure 8, is designed to seek the optimal parameters while ensur-
ing that the transmission efficiency is higher than 95% and the
maximum magnetic leakage in the target region lower than the
human body safety value of 6.25µT. The scope and results of
parameter optimization are shown in Table 1.
(1) Parameter initial value setting: the wire selection of

3.96mm outside diameter Litz copper wire, the composition of
the transmitter coil and receiver coil of the eight small coil unit
length, width, number of turns are set to a uniform initial value:
the inner length of a is set to 20 cm to 28 cm; the step is 1 cm;
the inner width of b is set to 12 cm to 18 cm; the step is 1 cm;
the number of turns n is set to 10 turns to 20 turns; the step is 1
turn.
(2) Selection of output power and calculation of coil param-

eters: Considering the actual demand and the existing technol-
ogy level, the output power is set to 4 kW, and according to
Eqs. (7)–(10) and (13), the mutual inductance of the coilM, the
optimal load RL, the receiving current I2, and the input voltage
VS can be calculated.
(3) Calculate the coil transmission efficiency η and the max-

imum magnetic leakage of the observation surface Bmax: The
transmission efficiency is obtained by Eqs. (11) and (12); the
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FIGURE 8. Optimization flow chart.

TABLE 1. Optimized parameter ranges and results.

Parameter Optimization range Optimization results

a 20 cm–28 cm 24 cm

b 12 cm–18 cm 14 cm

n 10 turns–20 turns 20 turns

range of the target area is set as X -axis (−1000mm, 1000mm),
Y -axis (700mm), Z-axis (0mm, 700mm); and the distribution
of magnetic leakage of the target area and the maximum mag-
netic leakage coordinates can be obtained in Matlab according
to Eqs. (1)–(6).
(4) Data screening: the transmission efficiency obtained for

each parameter group is compared and screened against the
magnetic leakage, and if η ≥ 95% and Bmax ≤ 6.25µT, the pa-
rameter group is retained in the parameter matrix; otherwise,
the coil parameters continue to be optimized, and the optimiza-
tion procedure is ended when the upper limit of the parameter
settings is reached, and the process is jumped to the next step.
(5) Output optimal parameters: in order to make the structure

achieve better magnetic shielding performance while maintain-
ing high transmission efficiency, the parameter group with the
smallest Bmax is screened out of the parameter group with η
≥ 95% and Bmax ≤ 6.25µT retained in the previous step, and
the parameter group obtained by screening maintains high ef-
ficiency and ensures the best shielding effect. The number of

parameters output by screening is the optimal parameters ob-
tained by optimization. The final coil parameters obtained are:
the inner length a is 24 cm; the inner width b is 14 cm; the num-
ber of turns n is 20; and all coil unit parameters are consistent.

3. EXPERIMENTAL VERIFICATION
In this section, in order to validate the proposed and optimized
magnetic shielding structure, a set of electric vehicle wire-
less energy transmission system with shielding is constructed,
and the feasibility and correctness of the proposed structure is
proved through experimental analysis comparing the proposed
structure with the conventional coils, the maximum leakage
point leakage of the target area of the inverted DD coils, and
the transmission efficiency, which is mutually confirmed from
the theoretical calculations, simulations, and experiments. Fig-
ure 9(a) shows the WPT experimental bench built in this paper,
and Figures 9(b), (c), (d) show the FBISC coil, conventional
coil, and DD coil configurations, respectively, which have the
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FIGURE 9. Experimental setup. (a) Experimental system diagram. (b) FBISC coil configuration. (c) Conventional coil configuration. (d) DD coil
configuration.

same size and number of turns for both their transmitting and
receiving coils.

3.1. Experimental Setup
In this section, an experimental platform is set up as shown in
Figure 9(a). The electric vehicle wireless energy transmission
system used in the experiment consists of a DC source, an in-
verter module, a wireless energy transmission system, a recti-
fier module, and a load. The DC power output from the DC
source is transferred to the transmitting side of the WPT sys-
tem through the inverter module, transferred to the receiving
side through the wireless transmission, and then flows through
the rectifier module to the load. The inverter module and recti-
fier module both use SiC power devices with a maximum with-
stand current of 30A, model C3M0075120D. TheWPT system
mainly consists of a coil model of the FBISC coil structure,
which has a mesh arrangement of the transmitter and receiver
poles, and consists of four small coil units, which are connected
in series in the longitudinal direction and transverse direction,
with the following dimensions: inner length of 24 cm, inner

width of 14 cm, and number of turns of 20. The sizes of the
four coil units are 24 cm inner length, 14 cm inner width, 20
turns, wound by 0.1 mm ∗ 800 strands of Litz wire with an
outer diameter of 3.96mm. In addition to this the coil model is
equipped with a resonant capacitor; the magnetic induction is
measured using NF-5035S electromagnetic radiation analyzer;
and the transmission efficiency of the system is measured us-
ing the WT5000 power analyzer. The physical parameters of
the coil are shown in Table 2.

3.2. Magnetic Leakage and Transmission Efficiency of the Pro-
posed Structure
In order to accurately obtain the leakage magnetic field of the
FBISC coil structure in the target area, firstly, a mathematical
model is built in Matlab platform according to the magnetic in-
duction intensity calculation method for rectangular coils based
on vector magnetic potential given in Eqs. (1) to (13). The
three-dimensional leakage magnetic field Bc of the FBISC coil
structure in the target area at the maximum offset of 100mm
in the direction of Y -axis when the output power is constant at
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TABLE 2. Physical parameters of the coils.

Parameter Physical meaning Value
LTx Self-inductance of transmitting coil 712/µH
LRx Self-inductance of receiving coil 714/µH
CTx Compensation capacitance of transmitting coil 5/nF
CRx Compensation capacitance of receiving coil 5/nF
R1 Parasitic resistance of transmitting coil 489/mΩ

R2 Parasitic resistance of receiving coil 490/mΩ

f0 Operating frequency 85/kHz
RL Load 35/Ω

- 1 0 0 0- 8 0 0- 6 0 0- 4 0 0- 2 0 0 0 2 0 0 4 0 0 6 0 0 8 0 0
1 0 0 0 0 1 0 0
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FIGURE 10. Distribution of theoretically calculated values of leakage flux on the target region.

5.22μT

FIGURE 11. Simulation value distribution of leakage flux on the target region.

4 kW is calculated, and themaximummagnetic leakage point of
100mm in the direction of Y -axis is obtained. The 3D coordi-
nates of the maximum leakage point are obtained, followed by
building a simulation model in Ansys Maxwell finite element
simulation software, and the maximum leakage field Bs is ob-
tained through system simulation. Finally, the leakage field Be
of the maximum leakage point is measured by using an electro-
magnetic radiation analyzer, NF-5035S, on the built physical
platform.

Figure 10 shows the distribution of the theoretical values
of the leakage magnetic field on the observation surface of
the FBISC coil structure at the maximum offset of 100mm.
The coordinates of the maximum leakage point are (−300mm,
800mm, 160mm), (300mm, 800mm, 160mm), and the maxi-
mum leakage flux is 5.22µT. The simulation model is built in
Ansys Maxwell as shown in Figure 11, and the maximum leak-
age flux obtained is Bs. The magnitude of the maximum leak-
age magnetic field in the target region at an offset of 0–100mm
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FIGURE 12. Leakage magnetic field and efficiency of FBISC structure at different offset distances. (a) Leakage magnetic field of FBISC coil
structure. (b) Transmission efficiency of FBISC structure system.
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FIGURE 13. Theoretical value distribution of magnetic leakage of conventional coils on the target region.

of the receiver coil was recorded. Figure 10 shows the simu-
lation model at an offset of 100mm with a maximum leakage
magnetic field of 5.257µT in the target region. Finally, based
on the built electric vehicle wireless energy transmission sys-
temwith shielding, themeasured leakage flux of the FBISC coil
structure at the maximum leakage point at the observation sur-
face is measured using the NF-5035S electromagnetic radiation
analyzer.
Figure 12(a) demonstrates the theoretically calculated, sim-

ulated, and experimental values of the leakage magnetic field
of the FBISC coil structure at offsets of 0–100mm. It is ob-
served that the error in the theoretically calculated, simulated,
and measured values at each offset remains below 7%.
Figure 12(b) shows the system transmission efficiency of the

FBISC coil structure system at offsets from 0 to 100mm. The
transmission efficiency of this structure is higher than 95% at all
offsets from 0 to 100mm and decreases with increasing offset
distance.

3.3. Magnetic Leakage and Transmission Efficiency of Conven-
tional Coil

Figure 13 shows the distribution of theoretical values on the
target area of the conventional rectangular coil at the maximum
offset of 100mm. It can be seen that the leakage magnetic field
at the maximum leakage point is 13.2µT.
Figure 14 shows the distribution of the leakage simulation

values of the conventional rectangular coil on the target region
at the maximum offset of 100mm, and the maximum leakage
magnetization in the target area is 13.1µT. The leakage field
is mainly distributed between the transmitting coil and receiv-
ing coil, which is consistent with the distribution of the leakage
field in Figure 13.
Figure 15(a) shows the theoretically calculated, simulated,

and experimental values of the leakage magnetic field of the
traditional rectangular coil at an offset of 0–100mm. The er-
ror in the theoretically calculated, simulated, and experimental
values is less than 5% at each offset.
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13.1μT

FIGURE 14. Simulated value distribution of magnetic leakage of conventional coil on the target region.
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FIGURE 15. Leakage magnetic field and efficiency of conventional coils at different offset distances.
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FIGURE 16. Theoretical value distribution of magnetic leakage of reverse DD coil on the target region.
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10.42μT

FIGURE 17. Simulated value distribution of leakage flux on the target region for reverse DD coil.
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FIGURE 18. Leakage magnetic field and efficiency of conventional coils at different offset distances. (a) Leakage magnetic field of the inverted DD
coil. (b) Transmission efficiency of the reverse DD coil system.

Figure 15(b) shows the system transmission efficiency of
conventional coil system at offset 0–100mm. The efficiency of
this structure is higher than 95% at all offsets from 0 to 100mm
and decreases with increasing offset distance. Through this
subsection, it can be seen that the FBISC structure proposed
in this paper reduces the leakage magnetic field by 56.4% com-
pared to the conventional coil with the same outer diameter and
maintains a transmission efficiency higher than 95% while sac-
rificing only 2.38% transmission efficiency.

3.4. Magnetic Leakage and Transmission Efficiency of Reverse
DD Coil

Figure 16 shows the theoretical value distribution of the reverse
DD coil on the observation surface at the maximum offset of
100mm. It can be seen that the magnitude of leakage flux at
the maximum leakage point is 10.5µT.

Figure 17 shows the distribution of the leakage simulation
value of the conventional rectangular coil on the target region
at the maximum offset of 100mm, and the maximum leakage
magnetization in the target area is 10.42µT. The leakage mag-
netic field is mainly distributed near the transmitting coil, which
is consistent with the distribution of the leakage magnetic field
in Figure 16.
Figure 18(a) shows the theoretically calculated, simulated,

and experimental values of the leakage magnetic field of the
traditional rectangular coil at an offset of 0–100mm. The er-
ror of the theoretically calculated, simulated, and experimental
values is less than 5% at each offset.
Figure 18(b) shows the system transmission efficiency of the

reverse DD coil system at offset 0–100mm. The efficiency of
this structure is higher than 95% at all offsets from 0 to 100mm
and decreases with increasing offset distance Through this sub-
section, it can be seen that the FBISC structure proposed in this
paper reduces the leakage flux by 48.5% compared to conven-
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TABLE 3. Performance comparison table.

Documentary sources Shielding methods Shielding efficiency Transmission efficiency
[18] Reactive resonance shielding 30.8% /
[20] Without source coils 45% 70%
[25] Source coils 51% 92.8%

This paper Source coils 56.4% 96.31%

tional coils with the same outer diameter and maintains a high
transmission efficiency at the same time.

3.5. Performance Comparison

This subsection compares the shieldingmethod proposed in this
paper with other studies. It includes shielding method, shield-
ing efficiency, and transmission efficiency. The results are
shown in Table 3. It shows that the structure proposed in this
paper has good magnetic shielding performance and transmis-
sion efficiency.

4. CONCLUSION
In this paper, a bidirectional inverse series coils of four meshes
coil structure is proposed, which greatly reduces the leakage
magnetic field in the target region while maintaining high trans-
mission efficiency. The structure is characterized by splitting
the transmitting and receiving coils into four meshes, and the
four small meshes units are connected in reverse series with
each other, so that when the current passes through, the cur-
rent direction of the adjacent coils is reversed, and the leakage
magnetic field around the electric vehicle during charging is
shielded by this structure. In addition, a coil parameter opti-
mization method is proposed, in which the optimal parameters
of the coil that satisfy the conditions are obtained by setting
the target values for the dual optimization objectives (magnetic
leakage and transmission efficiency). Finally, a physical ex-
perimental platform is built based on the optimal parameters,
and it is found that the FBISC coil structure reduces the leakage
magnetic field in the target area by 56.4% and 48.5% compared
with the conventional unipolar and DD coils, respectively, at
the maximum offset of 100mm, and at the same time main-
tains more than 95% of the transmission efficiency. It can be
seen that the FBISC coil structure has higher safety and prac-
ticability for the electric vehicle wireless energy transmission
system, and future research should tend to simplify the struc-
ture, reduce the material, and lower the cost of use while ensur-
ing the human body safety and the transmission efficiency of
the system.
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