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ABSTRACT: In the field of wireless power transmission (WPT) for electric vehicles, the challenge of magnetic shielding technology is
particularly prominent. Achieving effective magnetic shielding often comes at the cost of transmission efficiency, creating a significant
technical bottleneck. As a result, research into improving transmission efficiency while minimizing magnetic leakage has become a
primary focus in the industry. This is seen as critical for driving the sustainable development of the electric vehicle sector. In response to
this challenge, this paper presents the construction of an active magnetic shield using an isotropic coil configuration, which not only op-
timizes system efficiency but also significantly reduces magnetic leakage in WPT systems. The paper begins by introducing the concept
of an active magnetically shielded isotropic coil structure for wireless power transmission. Next, it details the design methodology and
operational principles of the structure, followed by the derivation of the mathematical model and equivalent circuit. The effectiveness
of the magnetic shielding mechanism is examined from a theoretical standpoint, and the influence of coil parameters on both shielding
performance and transmission efficiency is analyzed. Finally, based on the optimized coil parameters, the design of the wireless charging
system incorporating the magnetic shielding structure is completed. This includes relevant theoretical calculations, simulation analy-
ses, and experimental validation to confirm the feasibility of the design. The results demonstrate that the active magnetically shielded
isotropic coil significantly reduces magnetic leakage, lowering it by approximately 95.68% compared to traditional coils, while achieving
a transmission efficiency of 95.68% in experiments.

1. INTRODUCTION

China’s new energy vehicle industry has entered a phase of
rapid growth and development [1–3]. According to data

released by China’s automotive industry authorities, the coun-
try has emerged as a global leader in both the production and
sales of new energy vehicles [4]. Before the rise of Wireless
Power Transfer (WPT), charging stations were the core com-
ponent of China’s electric vehicle charging system. Wireless
charging technology presents new opportunities for the auto-
matic charging of electric vehicles, playing a crucial role in
achieving fully autonomous driving throughout the entire vehi-
cle lifecycle [5], and currently, China’s technology companies
and research institutes such as Huawei, ZTE New Energy, and
Zhonghui Chuangzhi are actively involved in the field of wire-
less charging for electric vehicles. In addition, several main-
stream automakers are also developing wireless charging sys-
tems for electric vehicles [6]. However, as the power increases,
wireless charging systems generate high-frequency magnetic
fields in the surrounding space during the charging process,
posing potential risks to human health [7] and causing inter-
ference with the surrounding ecological environment and elec-
tronic equipment. This makes the study of electromagnetic
shielding technology for wireless charging systems in new en-
ergy vehicles particularly necessary and crucial.

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

In the field of electromagnetic shielding for wireless charg-
ing systems in new energy vehicles, the primary methods cur-
rently employed include both passive [8] and active shield-
ing [9] strategies. In the passive shielding approach, the choice
of shielding materials is particularly crucial, typically falling
into two categories: metallic materials [10] and magnetic mate-
rials [11]. The shielding principle of metallic materials involves
generating a high-frequency interference field within the shield,
which induces eddy-current losses and creates reflections at the
interface between the shield and protected area, thereby effec-
tively attenuating the electromagnetic field. The core principle
behind magnetic materials’ shielding lies in their high perme-
ability. This property allows magnetic flux to be effectively
confined within the material, increasing the mutual inductance
between coils and enhancing the coupling coefficient, while
also optimizing the distribution of the magnetic field. Com-
pared to incorporatingmagneticmaterials into theWPT system,
the use of metal shielding materials is the primary approach
for reducing magnetic leakage. Metal shielding is highly effec-
tive in suppressing magnetic field leakage, with fully enclosed
conductive shells providing even better shielding. However,
the presence of eddy current effects can impact the overall sys-
tem performance. In 2018, Cruciani’s team at the University of
L’Aquila in Italy used COMSOL [12] performed a finite ele-
ment simulation analysis of a WPT system equipped with alu-
minum plate shielding. The results showed that the magnetic
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field strengths on both sides of the car met international stan-
dards, regardless of coil alignment or offset. However, since
the team designed coils with a small radius of only 25 cm, their
conclusions are mainly applicable to small-sized transmission
coils. For high-power coils with a radius greater than 25 cm, the
safety of electromagnetic radiation still requires further valida-
tion. Magnetic material shielding can significantly increase the
mutual inductance coefficient, but its shielding effect is limited
and prone to magnetic saturation. Active shielding is achieved
by applying additional excitation or inverting the shielding coil
in series above the main coil to generate a reverse canceling
magnetic field [13, 14]. Notably, Cruciani and his team at the
University of L’Aquila, Italy, proposed a novel active shield-
ing technique, which involves placing a shielding coil in series
with the transmitting coil on the same horizontal plane [12].
While this structure effectively reduces the magnetic field in lo-
calized areas, its overall shielding effect on system-wide mag-
netic leakage remains limited. Kim and his team at the Ko-
rea Advanced Institute of Science and Technology (KAIST)
observed in their study [15] that placing shielding coils verti-
cally at a distance from both sides helped minimize the interfer-
ence with the magnetic circuits of the transmitting and receiv-
ing coils. However, the shielding effect of this approach was
not satisfactory. To improve it, the shielding coils were posi-
tioned closer [16], which enhanced the shielding performance
to some extent. However, the relationship between equivalent
inductance and the shielding effect was not thoroughlymodeled
or analyzed.
Currently, although extensive research on magnetic shield-

ing methods has been conducted, the challenge of balancing
shielding effectiveness with transmission efficiency remains an
unsolved issue.
In this paper, an active magnetically shielded isotropic coil

structure is proposed to reduce magnetic leakage in WPT sys-
tem. The transmitter and receiver share the same coil structure,
where the main coil consists of two identical coils connected
in series in a forward direction. The shielding coil generates
opposing magnetic flux by being connected in series in the re-
verse direction to the main coil, significantly reducing mag-
netic leakage in the WPT system while maintaining high en-
ergy transfer efficiency. The magnetic shielding principle of
the proposed coil structure is analyzed in detail, and a coil opti-
mization method is presented to ensure both high transmission
efficiency and minimal magnetic leakage. Finally, an experi-
mental platform is successfully constructed, and the reliability
of this method is verified.

2. ACTIVE COAXIAL MAGNETIC SHIELDING STRUC-
TURE AND MAGNETIC SHIELDING PRINCIPLE
In the field of magnetic shielding research, there is often a
trade-off between transmission efficiency and shielding effec-
tiveness. The current challenge is how to optimize transmis-
sion efficiency while maintaining effective magnetic shielding.
Overcoming this technical hurdle is essential for the advance-
ment of wireless energy transmission systems. To address this
issue, both unshielded and passive magnetically shielded coax-
ial coil structures have been introduced as improvements over

traditional coils. While these designs provide some level of
magnetic shielding, their effectiveness is still limited. As a re-
sult, a novel and simplified activemagnetically shielded coaxial
coil structure has been developed. This new structure is fur-
ther analyzed using its equivalent circuit model, representing
a continued enhancement of previous designs. From a mathe-
matical perspective, the limitations of conventional coil struc-
tures, unshielded coaxial coil structures, and passive magneti-
cally shielded coaxial coil structures — namely their inability
to balance transmission efficiency and shielding effectiveness
— are experimentally demonstrated. The results indicate that
the proposed active magnetically shielded coaxial coil struc-
ture overcomes these shortcomings, ensuring both high trans-
mission efficiency and reduced magnetic leakage.

2.1. Active Magnetically Shielded Isotropic Coil Structure
The active magnetically shielded isotropic coil structure at the
transmitting end consists of two main coils, T x1 and T x2, con-
nected in series in the forward direction, along with a shielding
coil, TSh, connected in series in the reverse direction. The re-
ceiving end is configured similarly, with coils Rx1, Rx2, and
RSh arranged in the same manner as the transmitting end. As
shown in Figure 1, the transmitting and receiving coils are
aligned along the same axis, with a transmission distance of
15 cm between them. The current I direction in TSh and RSh

is opposite to that in T x1, T x2 and Rx1, Rx2. However, the
current direction within T x1 and T x2, as well as within Rx1

and Rx2, remains the same.
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O1

O2

TX1
TX2

TSh

RX1

RX2

RSh

FIGURE 1. Magnetic shielding structure diagram.

Based on the coil structure shown in Figure 1, the corre-
sponding equivalent circuit model can be developed, as illus-
trated in Figure 2.
In the circuit diagram shown in Figure 2, L1 and L2 repre-

sent the self-inductance of the transmitting and receiving coils,
respectively, whileR1 andR2 denote their corresponding inter-
nal resistances. The resonant capacitances at the transmitter and
receiver are denoted by CTx and CRx, respectively. M12 rep-
resents the mutual inductance between the two, andRs denotes
the internal resistance of the power supply V s at the transmitter.
Based on these parameters, the following matrix of Kirchhoff
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FIGURE 2. Equivalent circuit model of two coils.

voltage equations can be derived:

[
Z1 jωM12

jωM12 Z2

] [
I1
I2

]
=

[
Vs

0

]
(1)

Equation (2) represents the currents in the transmitting and
receiving coils, respectively.

{
I1 = Z2VS

Z1Z2+(ωM12)
2

I2 = − jωM12VS

Z1Z2+(ωM12)
2

(2)

Z1 represents the impedance of the coil at the transmitter end,
while Z2 refers to the impedance of the coil at the receiver end.

{
Z1 = RS +R1 + jωL1 − j 1

ωCTx

Z2 = R2 +RL + jωL2 − j 1
ωCRx

(3)

From Equation (4), the system transmission efficiency, de-
noted as η, can be determined.

η =

∣∣∣∣I22RL

VSI1

∣∣∣∣ =
∣∣∣∣∣− (ωM12)

2
RL

Z1Z2
2 + (ωM12)

2
Z2

∣∣∣∣∣ (4)

At system resonance, Z1 = R1 + Rs, Z2 = R2 + RL, from
which the updated expression for transmission efficiency is de-
rived:

η =
(ωM12)

2
RL

(RS +R1) (R2 +RL)
2
+ (ωM12)

2
(R2 +RL)

(5)

At the maximum transmission efficiency, the optimal load
RLopt can be calculated using the following expression:

RLopt =

√
(RS +R1)R2

2 + (ωM12)
2
R2

(RS +R1)
(6)

BTx1-2=BTx1+BTx2

BWPT
BRx1-2=BRx1+BRx2

BSh

BTotal

BSh2

BSh1

FIGURE 3. Magnetic field vector superposition schematic.

2.2. Principle of Magnetic Shielding
To more intuitively illustrate the magnetic field weakening ef-
fect of this structure, it can be demonstrated using the magnetic
field vector superposition diagram, as shown in Figure 3.
Here,BTx1 andBTx2 represent the magnetic field vectors of

the transmitting coils Tx1 and Tx2, respectively. Since T x1 and
T x2 are connected in series in the same direction, their magnetic
field vectors align. The resulting combined magnetic field vec-
tor is denoted as BTx1−2, where BTx1−2=BTx1 + BTx2. The
TSh coil is connected in reverse series with TTx1−2, causing the
magnetic field vector BSh1 of TSh to oppose BTx1−2. The re-
ceiving coils are configured similarly to the transmitting coils,
with RSh and Rx1−2 connected in reverse series, producing
magnetic field vectorsBSh2 that opposes BRx1−2. As a result,
the magnetic field formed by the shielding coil is canceled with
the magnetic field BWPT (consisting of BTx1−2 − BRx1−2)
in the wireless energy transmission system. By adjusting the
parameters of the shielding coil, it helps to significantly reduce
the overall magnetic field BTotal.
In this section, the magnetic flux density is derived using the

method for calculating the magnetic field of a rectangular coil,
as outlined in [18]:

BX =
1

4π2

∫ ∞

−∞

∫ ∞

−∞

j2µ0I sin (ξa1) sin (ηa2)
η

ej(xξ+yη)dξdη (7)

BY =
1

4π2

∫ ∞

−∞

∫ ∞

−∞

j2µ0I sin (ξa2) sin (ηa1)
ξ

ej(xξ+yη)dξdη (8)

BZ =
1

4π2

∫ ∞

−∞

∫ ∞

−∞

−2µ0Iq sin (ξa1) sin (ηa2)
ξη

ej(xξ+yη)dξdη (9)

B =
√

B2
X +BY

2 +BZ
2 (10)

Here, ξ and η are the variables of the double Fourier integral;
a1 and a2 represent the half-length and half-width of the coil at
the transmitter end; I denotes the current flowing through the
transmitter coil, q =

√
ξ2 + η2.
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The mutual inductance between multi-turn coils can be cal-
culated from (11):

M =

N1∑
m=1

N2∑
n=1

Mmn (11)

where N1 represents the number of turns in the transmitting
coil, N2 the number of turns in the receiving coil, m the m-th
turn of the transmitting coil, and n the n-th turn of the receiving
coil.

3. DESIGN OF A NEW ACTIVE ISOTROPIC SHIELDED
COIL
This section provides a detailed description of the design
scheme for the entire shielding system, including the design
of the source and shielding coils, as well as the selection of
shielding coil parameters. Additionally, the distance between
the shielding coil and main coil is discussed to ensure the
safety of the overall system. Finally, the system parameters
are determined to facilitate experimental validation.

3.1. Optimization of Magnetic Leakage
The active magnetically shielded isotropic coil structure pre-
sented in this paper is designed to reduce magnetic field leak-
age in the horizontal direction. In vehicle applications, the coils
are typically placed in parking spaces and at the center of the
vehicle chassis. The magnetic field leakage is measured at an
observation point approximately 80 cm horizontally from the
vehicle’s center and perpendicular to the ground. To ensure
system safety, the magnetic field leakage at 80 cm and beyond
must remain within safe limits. Therefore, during system op-
eration, it is crucial to monitor the magnetic field distribution
at the 80 cm horizontal plane to accurately identify any new
maximum leakage points and ensure that the system operates
stably within safety standards. The coil optimization flowchart
is shown in Figure 4.
In this section, the coil parameters of the magnetic shield-

ing system are optimized using the formula for calculating the
magnetic field of a rectangular coil. The goal is to ensure that
the magnetic leakage at the system’s maximum leakage point
remains within safe limits at an output power of 4 kW. The op-
timization steps are as follows:
(1) Parameter Setting and Initialization: The vertical distance

between the transmitting and receiving coils is set to 15 cm. The
wire is copper with a cross-sectional diameter of 0.39 cm. The
maximum magnetic induction strength is limited to 27µT, the
output power is fixed at 4 kW, and the transmission efficiency
is set to 95%.
(2) Setting Constraints: The parameters are defined based on

actual conditions. The dimensional parameters of the receiving
and transmitting coils are kept the same. The inner edge lengths
of Tx1 and Tx2 are set between 25 and 35 cm, and the number
of turns is set between 18 and 25. The distances of the shielding
coil TSh from the main coils Tx1 and Tx2 are set between 5 and
10 cm, with the number of turns ranging from 3 to 8. The step

Start
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size of transmitting and 

receiving coils, number of 

turns

Adjustment of shielding 

coil parameters: height, 

size, number of turns

No

Yes

Coil Current

Less than power device

Rated current

End
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Select the optimal 

parameter matrix and 

output

Yes

No

Calculation of leakage 

B, transmission 

efficiency ƞ

ƞ >95%

B≤27µT

P is set to 4kW

ƞ >95%

Save the matrix of 

parameters that satisfy the 

conditions

No

FIGURE 4. Optimization flowchart.

size for the number of turns is 1 turn, and the step size for both
the inner edge length and distance is set to 1 cm.
(3) Calculation ofMagnetic LeakageB: Themaximum leak-

age at the critical point is calculated using Equation (10), with
the receiving coil offset in 2 cm increments, up to a total offset
of 10 cm. The maximum leakage point is identified on the ob-
servation plane, defined by anX-axis range of (−100, 100) cm,
a Z-axis range of (0, 70) cm, and a Y -axis value of 80 cm.
(4) Conditions: The magnetic leakage B must be less than

27µT to ensure the safety of the magnetic field, and the trans-
mission efficiency must reach 95% to maintain efficient system
operation. Only when both conditions are satisfied can the sys-
tem proceed to the next step. If these conditions are not met,
the coil parameters are adjusted, and the optimization process
continues until all parameters have been evaluated.
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FIGURE 5. System experimental framework diagram.

(5) Output of Optimal Matrix Parameters: The magnetic
leakage B on the observation surface is minimized while en-
suring a transmission efficiency η > 95%.

3.2. Optimization Results

By applying the parameter optimization strategy outlined in the
previous subsection, the optimal coil parameters that meet the
system requirements are selected. Table 1 provides the detailed
number of turns and sizes for each coil in the system.

TABLE 1. Size and number of turns of each coil.

Coil Inner
length/cm

Inner
width/cm

Outer
length/cm

Outer
width/cm

Number
of turns

Tx1 30.0 30.0 45.2 45.2 20
Tx2 30.0 300 45.2 45.2 20
TSh 107.6 61.2 110.8 64.8 5
Rx1 30.0 30.0 45.2 45.2 20
Rx2 30.0 30.0 45.2 45.2 20
RSh 107.6 61.2 110.8 64.8 5

4. EXPERIMENTAL VERIFICATION
To verify the effectiveness of the proposed structure and its
safety for the human body, this section presents experimental
validation. The magnetic leakage B at the system’s maximum
leakage point on the observation surface and the transmission
efficiency η are obtained through three methods: theoretical
calculations, Ansys Maxwell electromagnetic simulation data,
and physical experimental measurements.

4.1. Experimental Setup

Some of the experimental equipment used in the experiment,
along with the framework of the experimental system, is shown
in Figure 5.
In Figure 5, the DC power source is converted into high-

frequency AC by inverter module, which is then supplied to
the transmitting coil. Energy is transferred from the transmit-
ting coil to the receiving coil, and finally, the rectifier module
converts the AC from the receiving coil back into DC for the
load. Both the inverter and rectifier modules are single-phase
full-bridge circuits utilizing SiC power devices. The SiCmodel
used is C3M0075120D, with a maximum allowable current of
30A.

Figure 6 shows the laboratory setup of a 4 kW test platform,
which includes: an oscilloscope, a load, a DC power supply, an
RT-unit inverter-rectifier module, a WT5000 power analyzer,
an NF-5035S electromagnetic radiation analyzer, and a physi-
cal model of the coil.

Load

NF-5035S 

Oscillograph

WT5000 Inverter Rectifier 

Receiver coil

Transmitter coil

FIGURE 6. Experimental platform.

First, the physical parameters of the coil structure are mea-
sured in detail using the IM3536 impedance analyzer to ensure
data accuracy. Next, an oscilloscope is used to monitor the
voltage and current waveforms of the coil in real time, ensur-
ing that the system reaches resonance. The voltage of the DC
power supply is then adjusted, and the system’s transmission
efficiency is measured using the WT5000 power analyzer. Fi-
nally, the NF-5035S electromagnetic radiation analyzer, com-
bined with MCS electromagnetic radiation analysis software,
efficiently detects magnetic field changes on the target surface
to ensure the system’s safety and performance.
Table 2 provides the detailed physical parameters of the

experimentally measured active magnetically shielded coaxial
coil structure. During the experimental phase, the transmit-
ting and receiving coils (Tx and Rx) had identical structures
to enable a comparison of the differential performance of vari-
ous configurations in terms of magnetic leakage and transmis-
sion efficiency. This was done to evaluate the effectiveness of
the active magnetically shielded coaxial coils. All coils were
wound with 0.1m × 800 strands of Litz wire, and the maxi-
mum current carrying capacity of the coils was 31.415A.
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TABLE 2. Measurement parameters of coil.

Physical meaning Parameter Value
Resonant capacitance of the transmitting coil CTx/nF 7.31
Resonant capacitance of the receiving coil CRx/nF 7.31
Self-inductance of the transmitting coil L1/µH 479.31
Self-inductance of the receiving coil L2/µH 479.49

Parasitic resistance of the transmitting coil R1/mΩ 290
Parasitic resistance of the receiving coil R2/mΩ 280

Operating frequency f0/kHz 85
Load RL/Ω 33.17

4.2. Leakage Magnetic Field of the System

The effectiveness of active isotropic magnetic shielding struc-
tures in reducing magnetic leakage is verified by comparing the
maximum magnetic leakage on the target surface across four
different structures, all measured at the same offset distance, as
shown in Figure 7.

Conventional 

coil 

Unshielded 

Isotropic Coil 

Structure

Passive coaxial 

magnetically 

shielded coil

Active 

coaxial 

magnetically 

shielded coil

FIGURE 7. Physical diagram of the coil.

For data comparison, Matlab software was first used to ac-
curately calculate the system’s leakage magnetic field, yielding
the theoretical value Bc. Next, coil models for both the ex-
perimental and control groups were constructed and simulated
using Ansys Maxwell software, providing the simulation value
Bs. Finally, the leakage magnetic field of each structure was
measured precisely using an NF-5035S electromagnetic radia-
tion analyzer, resulting in the experimental value Bc.

εc is defined as the deviation between the magnetic field
value obtained from theoretical calculations and the value ob-
tained from experimental measurements, while εs represents
the error between the magnetic field values derived from the
simulation and experimental measurements. They are com-
puted as follows:

εs =
|Bs −Be|

Be
(12)

εc =
|Bc −Be|

Be
(13)

The theoretical, simulated, experimental values, and error
rates of the magnetic field when the receiver end of various coil
configurations is deflected along theY -axis are presented in Ta-
bles 3, 4, 5, and 6, respectively. Based on the data, none of the
error rates exceed 5%, indicating a strong correlation between
the theoretical and simulated results.
Table 3 presents the calculated, simulated, and measured val-

ues of the magnetic field, along with the corresponding er-
ror rates, when the system is offset along the Y -axis by 0–
10 cm in the conventional coil structure. Notably, the maxi-
mum measured magnetic leakage at an offset distance of 10 cm
is 16.699µT. After comparison, the maximum error between
the theoretical and experimental values is controlled to be less
than 3.38%, while the maximum error between the simulated
and experimental values is 3.26%.
Table 4 presents the theoretical, simulated, and measured

values of the magnetic field, along with the corresponding er-

TABLE 3. Theoretical predictions, simulation results, experimental
data and error rates of receiving coils with conventional coil structure
in Y -axis magnetic field.

Offset
distance/cm

Bc/µT Bs/µT Be/µT
εs

(%)
εc

(%)
0 14.591 14.614 14.377 1.65 1.49
2 14.803 15.055 15.321 1.74 3.38
4 15.132 15.235 15.506 1.75 2.41
6 15.552 15.562 16.086 3.26 3.32
8 16.097 16.232 16.275 0.26 1.09
10 16.966 16.875 16.699 1.06 1.60

TABLE 4. Theoretical predictions, simulation results, experimental
measurements and error rates of the magnetic field in the Y -axis di-
rection of an unshielded receiving coil.

Offset
distance/cm

Bc/µT Bs/µT Be/µT
εs

(%)

εc

(%)

0 13.432 13.505 13.169 2.55 2.00
2 13.824 13.860 14.277 2.92 3.17
4 14.104 14.134 14.302 1.17 1.38
6 14.610 14.672 14.937 1.77 2.19
8 15.265 15.376 15.073 2.01 1.27
10 16.257 16.481 16.684 1.22 2.56
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TABLE 5. Theoretical, simulated, experimental values and magnetic
field error rate of the receiving coil along the Y -axis in the case of a
passive isotropic magnetic shield structure.

Offset
distance /cm

Bc/µT Bs/µT Be/µT
εs

(%)
εc

(%)
0 9.515 9.502 9.693 1.97 1.84
2 9.534 9.574 9.611 0.38 0.80
4 10.156 10.169 10.513 3.27 3.40
6 10.585 10.612 10.628 1.08 1.33
8 11.437 11.468 11.633 1.42 1.68
10 12.525 12.568 12.643 0.59 0.93

TABLE 6. Theoretical, simulated, and experimental values andmagnetic
field error rates of the receiving coil magnetic field of an active isotropic
magnetic shield structure at offset along the Y -axis.

Offset
distance /cm

Bc/µT Bs/µT Be/µT
εs

(%)
εc

(%)

0 5.744 5.736 5.859 2.10 1.96
2 5.754 5.847 5.881 0.58 2.16
4 6.225 6.262 6.077 3.04 2.44
6 6.624 6.815 6.826 0.16 2.96
8 7.475 7.668 7.315 4.83 2.19
10 8.782 8.865 8.694 1.97 1.01

TABLE 7. Theoretical predictions, simulation results, experimental data,
and error rates for the transmission efficiency of receiving coils in the
Y -axis direction for conventional coil structures.

Offset distance/cm ηc (%) ηs (%) ηe (%)

0 98.81 98.62 96.51
2 98.80 98.61 96.37
4 98.78 98.59 95.23
6 98.76 98.55 95.19
8 98.74 98.53 95.16
10 98.70 98.47 94.37

TABLE 8. Theoretical Predictions, Simulation Results, Experimental
Measurements, and Error Rates for Transmission Efficiency of Un-
shielded Receiving Coils in the Y -axis Direction.

Offset distance/cm ηc (%) ηs (%) ηe (%)

0 98.24 98.02 97.01
2 98.23 98.00 95.11
4 98.20 97.97 94.73
6 98.16 97.93 94.53
8 98.12 97.89 93.82
10 98.00 97.80 93.68

ror rates, when the system is offset along the Y -axis by 0 to
10 cm under the unshielded isotropic coil structure. At an offset
distance of 10 cm, the maximum measured magnetic leakage
is 16.684µT, slightly lower than that of the conventional coil
structure. However, the effect is not yet significant. The data
show that the maximum error between the theoretical and ex-
perimental values is 3.17%, while the maximum error between
the simulated and experimental values is reduced to 2.92%.
Table 5 presents the calculated, simulated, and measured val-

ues of the magnetic field, along with the corresponding error
rates, for the passive magnetically shielded isotropic coil struc-
ture when the system is offset along the Y -axis from 0 to 10 cm.
At the maximum offset of 10 cm, the measured magnetic leak-
age is 12.643µT, further reduced compared to the previous two
configurations. The maximum error between the theoretical
and experimental values is 3.40%, while the maximum error
between the simulated and experimental values is only 3.27%.
Table 6 presents the calculated, simulated, and measured

magnetic field values, along with the error rates, for the active
magnetically shielded isotropic coil structure when the system
is offset from 0 to 10 cm along the Y -axis. At a 10 cm offset, the
measured maximum leakage field is 8.694µT, which is 59.25%
lower than the maximum leakage field of the conventional coil
structure, 55.51% lower than that of the unshielded isotropic
structure, and 39.55% lower than the unshielded coaxial mag-
netically shielded structure. Additionally, the maximum devia-
tion between the theoretical and experimental magnetic field
measurements is only 2.96%, while the maximum error be-

tween the simulated and experimental measurements is 4.83%.
Both errors are controlled within 5%. These results demon-
strate that the active isotropic magnetic shielding structure re-
duces nearly half of the magnetic leakage on the target surface
and provides superior shielding performance compared to the
other three coil structures of the same size.
Figure 8 illustrates the variation curve of magnetic leakage

with offset, based on data from Tables 3 to 6. It is evident
that the magnetic leakage of the active isotropic magnetically
shielded coil is significantly reduced across all offset condi-
tions. Moreover, the convergence of the calculated, simulated,
andmeasured values confirms the effectiveness of the proposed
coil design.

4.3. Transmission Efficiency of the System

To analyze and verify the effectiveness of the active coaxial
shielding structure, this study compares its transmission effi-
ciency with that of a conventional coil structure, an unshielded
coaxial structure, and a passive coaxial coil structure, all at the
same offset distance.
Firstly, the theoretical transmission efficiency, denoted as ηc,

can be calculated. Additionally, the simulation value, ηs, is ob-
tained using Matlab/Simulink. Finally, the actual measurement
is performed using a WT5000 power analyzer to obtain the ex-
perimental value, ηe.
The data in Tables 7 through 10 reveal significant variations

in transmission efficiency across different coil configurations,

183 www.jpier.org



Long et al.

(a) (b)

(c) (d)

FIGURE 8. Magnetic field leakage with different shielding configurations. (a) Traditional coil structure. (b) Unshielded codirectional coil structure.
(c) Passive codirectional magnetic shielding coil structure. (d) Active codirectional magnetic shielding coil structure.

TABLE 9. Theoretical, simulated, experimental values and error rates
of receiving coil transmission efficiency along the Y -axis for passive
isotropic magnetic shielding structures.

Offset distance/cm ηc (%) ηs (%) ηe (%)

0 97.42 97.22 96.34
2 97.40 97.19 95.04
4 97.36 97.16 94.82
6 97.29 97.03 94.75
8 97.11 96.89 93.71
10 96.80 96.51 93.62

TABLE 10. Theoretical, simulated, and experimental values and error
rates of the transmission efficiency of the receiving coil along the Y -
axis for active isotropic magnetically shielded structures.

Offset distance/cm ηc (%) ηs (%) ηe (%)

0 96.71 96.45 95.68
2 96.67 96.41 95.33
4 96.54 96.27 95.26
6 96.26 95.98 94.75
8 95.85 95.55 93.68
10 95.18 94.88 93.57

including conventional, unshielded coaxial, passive coaxial,
and active coaxial structures. As the offset distance increases,
a clear decreasing trend in system efficiency is observed, high-
lighting the substantial impact of offset distance on overall sys-
tem performance.
Table 10 demonstrates that the transmission efficiency of the

active isotropic structure remains high even when the coil is
offset, indicating that this structure maintains efficient perfor-
mance under offset conditions.

Tables 7 through 10 show that the minimum transmission ef-
ficiency observed in real measurements is slightly lower for the
active coaxial magnetically shielded coils — 0.8% lower than
conventional coils, 0.11% lower than unshielded coaxial coils,
and 0.05% lower than passive coaxial magnetically shielded
coils. This indicates that, while the active coaxial magnetic
shielding results in a slight reduction in transmission efficiency,
it significantly improves magnetic shielding, achieving the goal
of high-efficiency transmission with reduced magnetic leakage.
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(a) (b)

(c) (d)

FIGURE 9. Transfer efficiency under different shielding conditions. (a) Traditional coil structure. (b) Unshielded codirectional coil structure. (c)
Active codirectional magnetic shielding coil structure. (d) Active codirectional magnetic shielding coil structure.

By analyzing the magnetic leakage and transmission effi-
ciency of different structures, it is evident that the active mag-
netically shielded isotropic coil structure proposed in this paper
maintains high transmission efficiency. While its transmission
efficiency is comparable to that of the traditional coil structure,
it reduces magnetic leakage by 59.25%, demonstrating a highly
effective magnetic shielding performance.
Finally, as shown in Figure 9, the curve illustrating the

change in transmission efficiency with offset distance is plot-
ted based on the data from Tables 7 through 10. This visual-
izes the calculated, simulated, and measured transmission ef-
ficiencies, revealing consistent trends across different shield-
ing environments. The active isotropic magnetic shielding coils
significantly improve the magnetic shielding effect while only
slightly reducing transmission efficiency. This further confirms
the high transmission efficiency characteristics of the proposed
coil.

5. CONCLUSION

This paper proposes a novel active isotropic magnetic shield-
ing structure that effectively reduces magnetic leakage while
maintaining high transmission efficiency, demonstrating excel-
lent safety and reliability. By utilizing the optimal parameter
sizes determined through the proposed optimization method,
the magnetic leakage at the target surface meets the safety cri-
teria for a magnetic leakage field at a transmission power of
4 kW. Experimental results show that the active isotropic mag-
netic shielding structure achieves a safe magnetic leakage level
of 5.74µTwhen the coil is not offset, while maintaining a trans-
mission efficiency of 95.68%. Comparative analysis of theoret-
ical, simulated, and experimental data reveals that, compared to
conventional coils, unshielded coaxial coils, and passive coax-
ial coils, the active isotropic coil structure reduces the maxi-
mummeasured leakagemagnetic field by 59.25%, 55.51%, and
39.55%, respectively, while preserving high efficiency. This
demonstrates the structure’s ability to synchronize high trans-
mission efficiency with low magnetic leakage.
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Even without the use of a ferrite core, the structure effec-
tively reduces the maximummagnetic leakage in the target area
to a safe level, significantly lowering the cost of the wireless
energy transmission system and enhancing its practical appli-
cation value. Future research should focus on simplifying this
structure to further reduce magnetic leakage above the coil, de-
crease material costs, and improve transmission efficiency.
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