Progress In Electromagnetics Research M, Vol. 129, 53-64, 2024

PIERM

(Received 8 August 2024, Accepted 14 September 2024, Scheduled 30 September 2024)

Study of an Electric Vehicle WPT System with Ring-Series
Passive Magnetic Shielding Based on Dual Transmitting Goils

Xueyi Zhang', Zhibang Luo!, Sai Zhang', Bin Li!,

Ziyue Gan!, and Zhongqi Li

1,2,3,*

ICollege of Electrical and Information Engineering, Hunan University of Technology, Zhuzhou 412007, China
2College of Electrical and Information Engineering, Hunan University, Changsha 412008, China
3 College of Railway Transportation, Hunan University of Technology, Zhuzhou 412007, China

ABSTRACT: In the design of wireless power transfer (WPT) systems for electric vehicles, minimizing magnetic leakage while maintaining
high transmission efficiency is a challenging problem. To this end, a novel structure featuring dual transmitting coils and a ring-series
magnetic shielding coil (RMSDT) is proposed to reduce magnetic leakage during system charging, thereby enhancing system safety
performance. Additionally, the Particle Swarm Optimization (PSO) algorithm is employed to optimize system parameters, aiming to
achieve high transmission efficiency while maintaining low magnetic leakage. To validate the effectiveness of the proposed design,
a shielded WPT system for electric vehicles has been developed. Its performance is verified through a combination of experiments
and simulations. The results demonstrate that the PSO algorithm significantly enhances transmission efficiency compared to traditional
optimization methods. At an output power of 3.7 kW, the peak transmission efficiency exceeds 95%, representing an improvement of
4.63% compared to the conventional for-loop algorithm. Furthermore, the leakage magnetic field of the RMSDT structure in the target
region is only 16.08 nuT, which is effectively reduced by 41.8% compared to the conventional WPT structure and sacrifices only 0.21%
transmission efficiency. In summary, this paper can provide some references to the safety and efficiency of electric vehicle WPT.

1. INTRODUCTION

s science and technology progress, the world is moving

towards more convenient and efficient operations. In the
21st century, the electric power industry has been constantly
industrializing, marking the beginning of a new era of electric
power. Traditional contact-based power transmission methods
have many drawbacks, such as safety issues and inconvenience
in practical application. To address these problems, wireless
power transfer (WPT) technology has emerged [1-4]. As WPT
technology matures and becomes more integrated into our lives,
the potential applications are expanding rapidly. WPT technol-
ogy has been recognized by the World Economic Forum (WEF)
as one of the top ten emerging technologies for two consec-
utive years. It has been highlighted for its significant impact
on the world and its potential to offer solutions to global chal-
lenges. [5—8]. Usually, WPT technology is used in electric ve-
hicles, cell phones, medical devices, drones, and other appli-
cations [9—-12]. However, magnetic leakage is an inevitable is-
sue when using WPT technology, which can be harmful to the
human body and devices. In the charging process of electric
vehicles, large power requirements can lead to more signifi-
cant magnetic leakage than other scenarios. As new energy
technologies continue to advance, electric vehicles are likely
to become the mainstream choice, making it crucial to limit
magnetic leakage during charging. However, simply reducing
magnetic leakage can negatively impact charging efficiency, af-
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fecting the convenience for users. Therefore, it is important to
focus on minimizing magnetic leakage while maintaining high
transmission efficiency.

Electromagnetic shielding technology has emerged as a
prominent research hotspot in the field of magnetic coupling
resonant wireless power transfer (MCRWPT) [13,14]. Re-
searchers have extensively explored and made significant
contributions to the development of electromagnetic shielding
for WPT systems.

As early as 2000, the Dickinson team at the Jet Propulsion
Laboratory in the U.S. began to pay attention to the safety of
electromagnetic applications [15]. Subsequently, in 2007, for
the safety of MCRWPT electromagnetic environment, an MIT
team was very forward-looking to assess and analyze it [16].
The Hirayama team of Nagoya Institute of Technology (NIT),
Japan, was precisely influenced by the former and also studied
the experiments on the safety of human electromagnetic envi-
ronment in 2012 [17]. By 2019, the KAIST (Korea Advanced
Institute of Science and Technology) team improved the safety
of the WPT system of smartwatches for the human body by
studying electromagnetic shielding, and in 2020 and 2022, the
team continued to make further improvements in reducing the
magnetic leakage of drones and proposed a shielding method
for independent power supplies [18-20]. In China, the research
on electromagnetic shielding has also been gradually devel-
oping in recent years, with teams from Southeast University,
South China University of Technology, and Southwest Jiaotong
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University conducting comprehensive research on electromag-
netic environments and electromagnetic compatibility [21,22].

For MCRWPT systems, there are two typical shielding meth-
ods: passive shielding and active shielding. Active shielding
involves a more complex structure and circuit design, as it re-
quires an excitation source for the suppression coil to generate
an opposing magnetic field that offsets the leakage field. This
method demands intricate coordination between the suppres-
sion coil and the main circuit. Meanwhile, the coupling of the
suppression coil with the main circuit can lead to a reduction in
the coupling coefficient between the transmitting and receiv-
ing coils, thereby affecting the system’s transmission perfor-
mance. When the suppression coil is not directly involved in the
main magnetic circuit, its impact on transmission performance
is minimized, leading to a more efficient overall system, hence
passive shielding does not directly interfere with the main mag-
netic circuit of the WPT system. This approach relies on ma-
terials and configurations, which naturally block or redirect the
unwanted magnetic fields without requiring additional power
or active components. As a result, passive shielding may be
a more effective magnetic field shielding method while main-
taining the maneuverability of the power transfer system. This
makes passive shielding a preferable option in many scenarios
where reliability is paramount [23, 24].

A passive shielding structure was proposed in [25], which
is very innovative and commercial, but its effectiveness in re-
ducing magnetic leakage is limited due to the predominant use
of aluminum to cut costs. Therefore, it is necessary to design
the system structure to strengthen the counteracting magnetic
field between coils. Lee and other scholars, from the KAIST,
proposed a novel hybrid loop array structure that combines a
reactive shielding coil and an amplifying coil. Although this
structure can effectively carry out magnetic leakage shielding
and also strengthen the magnetic coupling reaction between the
transmitting coil and receiving coil, it sacrifices a lot of trans-
mission efficiency, which will be difficult to apply to the actual
scene [26]. Thus, it can be seen that although the multi-coil
array can be better designed structurally, it needs to be used
in appropriate aspects to take into account the transmission ef-
ficiency. A dual shielding coils structure is proposed in [27],
and the adopted multi-coil active shield significantly reduce the
magnetic field in critical areas. However, since there are two
active shielding coils and one transmitting coil, and each of the
three requires a power supply. A plurality of external power
supplies are formed, which will make the system circuit become
unstable and complex, and the system parameters become dif-
ficult to optimize.

In this paper, a novel structure with ring-series magnetic
shielding based on dual transmitting (RMSDT) coils is pro-
posed. This strong coupling coil structure can effectively re-
duce the magnetic leakage compared to traditional WPT sys-
tems. The use of multiple transmitting coils provides more de-
sign freedom to the system, offering greater flexibility in array
arrangement and combination [28,29]. This, in turn, can pro-
vide a broader solution space for realizing high efficiency and
low magnetic leakage. Compared with the design of multiple
active shielding coils, multi-transmitting coils can still main-
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tain design diversity, but the circuit does not become overly
complicated due to too many voltage sources. To optimize the
RMSDT system, the Particle Swarm Optimization (PSO) al-
gorithm is utilized. The PSO algorithm is an evolutionary opti-
mization technique inspired by the random foraging behavior of
bird flocks. It is simple to implement, highly accurate, and con-
verges quickly, making it well suited for function optimization
and various engineering design problems [30]. In this work, the
PSO algorithm is utilized to determine the shielding coil match-
ing capacitance and the load at the receiving end, thereby im-
proving the transmission efficiency of the system. Finally, the
accuracy of the results and the validity of the method are veri-
fied through simulation and experiment. Compared to the con-
ventional WPT system, the RMSDT system achieves a 41.8%
reduction in magnetic leakage with virtually no reduction in
transmission efficiency. Compared to the traditional for-loop
algorithm, the PSO algorithm can improve the transmission
efficiency by 4.63% under the same structure. This demon-
strates the RMSDT system’s ability to be more environmentally
friendly than conventional WPT systems, and the PSO algo-
rithm can improve the transmission efficiency more remarkably
than for-loop algorithm. Therefore, this paper provides ideas
for the multi-coil design of electric vehicle WPT charging sys-
tem structures and the optimization of system parameters. Fu-
ture WPT research can also be expanded to multi-coil arrays
and optimization algorithms, making the methods to achieve
the goals more diversely.

2. COIL MAGNETIC FIELD CALCULATION

To calculate the magnetic field distribution in space, a vec-
tor magnetic potential-based approach for rectangular coils is
introduced [31]. Figure 1 illustrates the spatial position, and
a; and a; denote the half-length and half-width of the coil.
Therefore, the perpendicular distance between receiving coil
and transmitting coil is denoted as Z, and the current flowing
through the receiving coil as 1.
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FIGURE 1. Schematic diagram of coil unit.

Assuming that the current density of the current-carrying
conductor in air is J, the magnetic vector potential expression
generated at any point P(z,y, 2) is as follows:

!/ !/ ! !
Afsyz) =0 [LE0 2D

CAr R )

where V is the current distribution in the conductor, and R is
the distance between any point P(x, y, z) and the point source
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(2',y’,2"), which can be expressed as:

R=y/(x— a4y — o)z — ) @)

the above equation is solved by the double Fourier transform as

follows:
b(&,m 2 / / (2., 2)- @ azdy  (3)
Bl = [ [ bena-d=smigy @

where ¢ and 7 are double Fourier integral variables, and the
magnetic induction strength components of a single coil are ob-
tained:
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therefore, the magnetic induction can be expressed as:
B= \/Bﬁ + B2+ B.? )

3. RMSDT STRUCTURE

As mentioned earlier, multiple transmitting coils are used in
this paper. For the shielding coil, four coils are connected in se-
ries. Compared with the traditional single rectangular coil, the
shielding coil in this paper offers greater flexibility in place-
ment. However, since the four coils are connected in series,
they still function as a single coil in the system. Therefore, the
shielding coil in this paper does not complicate the circuit while
increasing the spatial design dimension.

An RMSDT structure consists of two identical transmitting
coils, denoted as Ty and Ty,, a receiving coil (Ry), and a sin-
gle shielding coil (S;). The transmitting coils are positioned
at the same level, as the shielding coil, and the specific struc-
tural model is depicted in Figures 2 and 3. In Figure 2, S, is
divided into four components: S¢i, Sc2, Sc3, and Seq, and these
four components are connected in series to form a complete S,
structure. The distance between a single transmitting coil and
the shielding coil in the Y'-axis direction is denoted as b;; the
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FIGURE 2. Schematic diagram of RMSDT Structure top view.
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FIGURE 3. Schematic diagram of RMSDT structure.

distance between the transmitting coil and shielding coil in the
X -axis direction is denoted as b,; and the distance between the
two transmitting coils is denoted as b;. In Figure 3, the cur-
rents flowing through these coils are designated as I, I, I3,
and I, corresponding to the currents in Ty;, Tx», S¢, and Ry,
respectively.

The shielding principle of the RMSDT system is illustrated
in Figure 4. In this configuration, T§; and T, are surrounded by
Sc. When the transmitting and receiving coils produce a leak-
age flux, the shielding coil intercepts this flux. As a result, an
induced voltage (Vinq) is generated in the shielding coil, which
can be expressed as:

_d¢  dB.S
a= | E.dl = -
Vina / dat - dt

(10)

where B is the time-varying leakage magnetic field generated
by the transmitting and receiving coils, which can be expressed
as:

B = Bye’*t = By coswt + j By sinwt (11)

Magnetic Leakage

Eliminate
Magnetic Leakage

FIGURE 4. Magnetic shielding schematic.
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The shielding coil internal resistance R3 could be considered
negligible,so the current in .S; can be expressed as:

B —jwBgel“ts

Ix =
° 7 jwLs —

(12)

According to Biot-Savart’s law, the counteracting magnetic
field generated by the shielding coil can be expressed as:

LojwS d7 X ﬁ

B =-B.—
dmj(wls — 5&7) Jo Rs®

(13)

It is not difficult to see that when the matching capacitance
of S, is greater than the resonant capacitance, the leakage mag-
netic field and counteracting magnetic field are reversed, which
can have a shielding effect.

3.1. Equivalent Circuit and Mathematical Model of the RMSDT
System

The equivalent circuit of the RMSDT structure in Figure 3 is de-
picted in Figure 5. In this equivalent circuit: the self-inductance
of each coil is denoted as L;, L,, L3, Ls; the equivalent resis-
tance of each coil is denoted as R, R,,R3, R4; the load of Ry

is denoted as R ; the mutual inductance between the coils is
denoted as My, M3, M4, Moz, M4, Msy; the resonant ca-
pacitance of the transmitting coils is denoted as C'j, Cy; the res-
onant capacitance of Ry is denoted as Cy; the applied matching
capacitance of S; is denoted as C3. Based on the equivalent
circuit model in Figure 5, the Kirchhoff voltage matrix of the
system can be expressed as follows:

Zy  jwMiz jwMiz jwMig| (L Vs1
JwMay Zy  jwMas juMas| |Ip| _ |Vs2 (14)
jwMszy  jwMsy  Zz  jwMsy| |13 0
jwM41 jwM42 jwM43 Z4 I4 0

Where the input voltages of Ty, Tx, are denoted as Vy;, Vo,
respectively, and R; is the internal resistance of power supply.
Since the two transmitting coils have the same dimensional pa-
rameters and are in a perfectly symmetrical position in the sys-
tem, let V5 = Vi = V4, and the impedance of T, Tx, S., and
Ry isdenoted as 71, Z,, Z3, and Z4, respectively, when the sys-
tem is in the resonance state, 71 = Ry + R, Zo = Ry + R,
Z3 = R3s + jwLs — 1/ij3, Z4= R4+ Ry.

It is known that I, I, I3, and I denote the currents in 7y,
T2, Se, and Ry, respectively, so the currents and transmission
efficiency can be expressed as Eq. (15) according to Eq. (14):

Vs
= JwMiz(14 AB) + Ry — [jwMy3(Myy + May) + AM13(BjwMay + Ry + Rp)]/Mss + AjwMiy
L (1+ AB)Vs
JwMia(1+ AB) + Ry — [juMi3(M14 + May) + AMi3(BjwMay + Ry + Rp)]/Mzs + AjwMyy
I = . [jw(Ma + Msy) +.A(BJ'WM24 + Ry + Ry)|Vs
w2MioM34(1 + AB) — jwMss Ry + [AjwMi3(BjwMay + Ry + Ry) — w?Mys(Myy + May)] + Aw? M4 M3y
I AVs

2jwM3 — Z3(Mia + May)/Ms3a

= jwMiy(1+ AB) + Ry — [jwMys(Mys + May) + AMys(BjwMayy + Ry + Rp)]/Mss + AjwMyy

(15)

_ JwMsy — jwMiy
JwMia — Ry

IRy
T Vel + 1)

3.2. Equivalent Circuit and Mathematical Model of Conven-
tional WPT System

A conventional WPT system generally consists of a single
transmitting coil equipped with a receiving coil, as shown in
the coil structure in Figure 6. In this configuration, 7T} is the
transmitting coil, and R, is the receiving coil. The equivalent
circuit model of this coil structure is depicted in Figure 7, where
L}, R} denote the self-inductance and the equivalent resistance
of T}; L), R} denote the self-inductance and equivalent resis-
tance of R, respectively; M denotes the mutual inductance be-
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B(jwMss — ZzMay/Msy) — Z3(Ry + Rp)/jwMsys + jwMsy

tween the coils; and Ry denotes the receiving coil load. Based
on the equivalent circuit, it can be concluded that the Kirchhoff
voltage matrix of the conventional WPT system is as follows:

le jwM Ill _ VS,
jwM ZQI IQ/ 0

where V{ denotes the input voltage; Z| and Z} denote the
impedance of T, and R}, respectively, and Z| = R} + R,
Z} = Rj, when the system is in the resonance state.

It is known that I, I’ represent the currents in the coils, and
the currents expression and transmission efficiency can be ob-

(16)
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FIGURE 7. Equivalent circuit model of conventional WPT structure.

tained as:
7'Vl
L' = a7
71 Zy' + (wM)
N lA
R — L R— (18)
Z1/ZQI—|—(0.)M)
L"*R;,
W = 2 (19)

ViL'

4. PARAMETERS OPTIMIZATION OF THE RMSDT
SYSTEM

In this paper, the RMSDT system is proposed to solve the prob-
lem of magnetic field leakage in the vertical direction. Nor-
mally, if there is a metal shielding device in the system, the
observation point of magnetic leakage is set at about 800 mm
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horizontally from the center of the vehicle. The receiving and
transmitting coils of the system are set at the center of the vehi-
cle’s landing gear and parking space accordingly. At the same
time, according to the electric vehicle wireless charging stan-
dard GB/T 38775 part 4 electromagnetic field safety specifi-
cation for electric vehicles, the vertical magnetic leakage stan-
dard, the vertical height of 700 mm outside the vehicle is taken
as the dividing line. The magnetic leakage in the range of
700 mm and above should not exceed 27 uT [32]. Therefore,
from the two aspects mentioned above, the maximum leakage
observation point of this paper is found out from the magnetic
field distribution of the 700-mm height horizontal plane. The
target region of electric vehicles is shown in Figure 8.

FIGURE 8. Target region of electric vehicles.

4.1. Optimization of the RMSDT Structure

In this subsection, a new optimization method is proposed to
improve the system, and the optimization flowchart is shown
in Figure 9. The specific steps are as follows:

(1) Setting of each coil size: Firstly, the wire selection of
3.96 mm outside diameter Litz copper wire and the size range of
each coil are set, where the inner width and length of T, and T,
range from 15 cmto 25 cm and 45 cm to 55 cm, respectively; the
inner width and length of Ry both range from 45 cm to 55 cm;
the inner width and length of the four parts of .S, are that the
inner width of all the four ranges from 5 cm to 15 cm, and the
inner length of S;;, S¢; ranges from 60 cm to 70 cm, while the
inner length of Sc3, S¢4 ranges from 75 cm to 85 cm. Then, the
number of turns for Ty, Ty, and R, are set between 10 and
20 turns, and the numbers of turns of S;;, Sco, Sc3, Scs are set
between 1 and 5 turns. The step of the number of turns is 1, and
the step of widths and lengths is 1 cm.

(2) Setting of distance between coils: On the basis of the
general electric vehicle charging device, the transmission dis-
tance between the transmitting coils and Ry is determined to be
15 cm. According to the RMSDT structure with strong symme-
try, Sc is fixed in the same horizontal plane as the transmitting
coils. The distance between Ty, Ty, and S. in the Y -axis di-
rection (b;), the distance between Tk, Ty, and S, in the X -axis
direction (b,), as well as the distance between Ty, Tx, (b3) as
shown in Figure 2, are all set in the range of 1 cm to 5 cm with
steps for 1 cm.

(3) Setting of the optimal capacitance of S, and the optimal
load of Ry: In this paper, the reasonable ranges for the load at
R, (Ry) and the capacitance of S, (C3) are from 10Q to 40Q
and 1 nF to 1 mF, respectively. The transmission efficiency is
calculated using Egs. (6) to (9). If it is lower than 90%, the
coil size and distance should be re-optimized in the previous

WWwWw.jpier.org



rPIERM

Zhang et al.

Setting parameters: diameter of conductor
cross section, distance between Transmitting
coils and receiving coil

v

Size, number of turns, distance between
Txl, sz_ Rx and SC

7>90%

Yes
v

Optimal C3 R,

<«

Adjustment

NO_f

n>96%
B<27uT

Yes
v
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FIGURE 9. Overall optimization flowchart.

step; otherwise, Ry, and Cj are further optimized to continu-
ously improve transmission efficiency. From Egs. (6) to (9)
and Eq. (15), it can be seen that the transmission efficiency and
magnetic leakage are highly correlated with the R and C5, so
the transmission efficiency and magnetic leakage of the system
could be ensured by controlling these two variables at the opti-
mal values.

In this paper, the PSO algorithm is used to optimize C5 and
Ry Firstly, the parameters of the PSO algorithm need to be ini-
tialized. The PSO algorithm is initialized with a group of ran-
dom particles, and the optimal solution is then found through
iteration. In each iteration, the particle updates itself by track-
ing two extreme values: body speed and position information.
Since the independent variables in this paper are Ry and C5, the
particle dimension is set to 2. The number of iterations depends
on the complexity of the problem, and with too few iterations
the solution is unstable, while too many will waste time. Gener-
ally, it ranges from 100 to 4000 iterations, so this paper chooses
200. The inertia weight reflects the degree of influence of pre-
vious individuals on the present. In order to make the influence
reasonable for each iteration, the inertia weight is set at 0.7.
The learning factor depends on the value range of the indepen-
dent variable. In this paper, the value ranges are not very large,
and a learning factor ranging from 0 to 4 is generally suitable;

58

therefore, a value of 1.5 is chosen for this study. The objective
is to approach and converge to the solution of Eq. (14) through-
out the iteration process in order to satisfy the voltage equation
of the system. Additionally, a penalty function is introduced
based on the output power, where a minimum output power of
3.7kW must be achieved to proceed to the next iteration. The
process is illustrated in Figure 10.

Initializing of PSO parameters: the particle
dimension is 2, the number of iterations is
200, the inertia weight is 0.7, and the learning
factor is 1.5

|

Initializing of position
and speed

l

Calculation of the global
optimal solution

l No
Update position and
speed

Maximum efficiency in this
region

Yes

End

FIGURE 10. Matching capacitance and load optimization flow chart.

At the end of the iterative optimization search process, a set
of 5, Ry, and other parameter sets are obtained, along with the
maximum transmission efficiency within this range. Addition-
ally, the magnetic leakage at this point is derived by substituting
the above parameters into Egs. (6) to (9).

(4) Setting of judgment conditions: If the transmission effi-
ciency is greater than 96% and the maximum magnetic leakage
B on the observation surface less than 27 uT, save the result
output; otherwise return to step (1) Re-optimize.

4.2. Optimization Results

According to the optimization in Subsection 4.1, the coil sizing
parameters of the RMSDT structure are derived as shown in
Table 1, and by, by, and b; are all 2 cm.

Using the parameters in Table 1, the coil model simulation
diagram is drawn in Ansys Maxwell software. Simultaneously,
the PSO process detailed in Subsection 4.1 is utilized to deter-
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FIGURE 11. RMSDT system theoretically value distribution of magnetic
leakage.

TABLE 1. Parameters of coils.

Coils Inner length/cm  Inner width/em  Turns
T 48.00 19.00 15
T 48.00 19.00 15
Sci 63.00 7.00 2
Sca 63.00 7.00
Scs 80.00 7.00
Sca 80.00 7.00 2
R 52.00 48.00 15
Ty 68.00 68.00 15
R} 68.00 68.00 15

mine the optimal C5 and Ry, which are found to be 1nF and
30, respectively. The transmission efficiency of the RMSDT
system is calculated to be 97.81%. In contrast, the traditional
optimization method using a for-loop algorithm yields a peak
transmission efficiency of 93.24%. Therefore, it is concluded
that the PSO algorithm is highly effective in maintaining high
transmission efficiency.

In order to visualize the shielding effect of the RMSDT struc-
ture, this paper compares it with a conventional WPT structure.
To control variables, the number of turns is kept constant at 15
for both systems. Additionally, the inner width and length of
the comparison group’s coils are adjusted to 68 cm, ensuring
that the overall coil structure size closely matches that of the
RMSDT system, as shown in Table 1.

After finalizing the coil size parameters of the two struc-
tures, R is connected to a 302 load, and the output power
is controlled to be 3.7 kw, matching that of the RMSDT sys-
tem. The magnetic leakage is observed on the same observa-
tion surface to assess the effect of the shielding system dis-
cussed in this paper. Both sets of parameters are substituted
into Eqgs. (6) to (9) to obtain the theoretical values of the sys-
tems’ magnetic leakage. The three-dimensional magnetic field
distribution of the RMSDT system is shown in Figure 11, and
the three-dimensional magnetic field distribution of the conven-
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FIGURE 12. Conventional system theoretically value distribution of
magnetic leakage.

tional WPT system is shown in Figure 12. It can be observed
that the maximum magnetic leakage of the RMSDT system is
16.2 uT, whereas the maximum magnetic leakage of the con-
ventional WPT system is 26.3 uT. This demonstrates that the
RMSDT structure can effectively reduce magnetic leakage.

5. EXPERIMENTAL VERIFICATION

To verify the safety and correctness of the proposed structure,
two sets of 3.7 kW experimental platforms were built in the lab-
oratory: an RMSDT system platform and a traditional WPT
system platform, as shown in Figures 13(a) and (b). The main
components of the experimental platforms include loads, a
WT5000 power analyzer, an RT unitary inverter-rectifier mod-
ule, oscilloscope, a physical model of the coil, a DC power sup-
ply, and an NF-5035S electromagnetic radiation analyzer.

5.1. Experimental Setup

Based on the parameters in Table 1, the coil structures of the
RMSDT system and conventional WPT system are derived, and
the physical drawing of these coils is shown in Figure 14. The
transmission efficiency and magnetic leakage are experimen-
tally compared to verify the effectiveness of the RMSDT sys-
tem. The Litz copper wire used in this study consists of 800
strands of 0.1 mm wire, with a maximum current capacity of
3141 A.

The experimental steps are specified as follows: firstly, the
physical parameters of the coil structure are measured using
an IM3536 impedance analyzer. The detailed physical param-
eters obtained from the experiment are presented in Table 2.
Secondly, the current and voltage waveforms at the transmit-
ting and receiving ends of the coil are observed using an oscil-
loscope to determine the resonance state. The voltage of the
direct current source is then adjusted until the output power
reaches 3.7 kW. The transmission efficiency of the system us-
ing a WT5000 power analyzer and the magnetic leakage on the
target surface are measured using an NF-5035S EMF analyzer
along with its accompanying MCS EMF analyzer software.
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FIGURE 13. Experimental platforms. (a) RMSDT system platform. (b) Traditional WPT system platform.

FIGURE 14. Physical diagram of coils.

5.2. Magnetic Leakage of Systems

To test the effectiveness of the RMSDT system in reducing
magnetic leakage, this subsection compares the magnetic leak-
age of the RMSDT system with that of the conventional WPT
system.

When the output power of the system is constant at 3.7 kW,
the following steps are performed to evaluate the leakage field
condition: the distribution of the maximum magnetic leakage
theoretical value B, is obtained according to Subsection 4.2;
the maximum magnetic leakage simulation value B is obtained
using the finite element simulation software Ansys Maxwell;
the results are shown in Figures 15(a) and (b); the maximum
magnetic leakage experimental value B, is measured using an
EMR analyzer NF-5035S.

When parking, an electric vehicle may not be fully aligned
with the parking space due to various reasons. This misalign-
ment causes a change in the position of the coils, affecting their
mutual inductance, weakening the effectiveness of magnetic
leakage shielding. Therefore, it is necessary for us to study sit-
uations where the electric vehicle is offset from the charging
device. In this experiment, the receiving coil is moved with the
Y -axis direction to simulate the offset. Figures 16(a) and (b)
show the variations of B, B, and B, for the RMSDT system
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TABLE 2. Physical parameters of the coils.

Parameter Physical meaning Value
Li/uH Self-inductance of T, 176
Ly/uH Self-inductance of T}, 179
Ls/uH Self-inductance of S, 17
L4/pH Self-inductance of Ry 292
L:'/uH Self-inductance of T} 424
Ly'/uH Self-inductance of Ry, 429
Cy1/nF Resonant capacitance of Tx; 20
Cao/nF Resonant capacitance of T}, 20
Cs/nF Optimal shielded coil matching capacitance 1
Cy/nF Resonant capacitance of Ry 12
C1'/nF Resonant capacitance of T} 8
Co'/nF Resonant capacitance of Ry 8
Ry{/mQ2 Parasitic resistance of 7, 188
Ro/mQ2 Parasitic resistance of Ty, 189
R3/mQ Parasitic resistance of S. 80
R4/mQ Parasitic resistance of Ry 226
R1'/mQ Parasitic resistance of Ty 273
Ry'/mQ Parasitic resistance of R} 274
fo/kHz Operating frequency 85

RL/Q Load 30

and conventional WPT system, respectively, when the receiv-
ing coil is shifted with the Y -axis direction. The error rates of
both systems are below 7%, verifying the correctness of B, and
B.

Based on experimental results, when the system is aligned,
the magnetic leakage of the RMSDT system is 16.08 uT, while
the conventional WPT system exhibits a magnetic leakage of
27.36 uT. This indicates that the magnetic leakage is reduced
by 41.8%. Furthermore, when the receiving coil is at different
offsets, the magnetic leakage of the RMSDT system will still be
significantly reduced compared to the conventional WPT sys-
tem. Even at an offset of 100 mm, the magnetic leakage of the

Www.jpier.org



Progress In Electromagnetics Research M, Vol. 129, 53-64, 2024

PIERM

(a)

B [uTesla]

159012
l 15.0327
14.1642
13.2957
124272

11.5587
10.6902
9.8217
8.9532

8.0847
72162
6.3477
5.4792
46107
37422
28737

(b)

B [uTesla]

27.1603
l 25.6707
241812

226917
212021
19.7126

18.2231
16.7335
15.2440
13.7544

12.2649
10.7754

9.2858
7.7963
6.3067
438172

FIGURE 15. System simulation diagrams. (a) RMSDT system simulation value distribution of magnetic leakage. (b) Conventional system simulation

value distribution of magnetic leakage.
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FIGURE 16. Magnetic leakage comparisons. (a) Magnetic leakage of the RMSDT system at different offset distances. (b) Magnetic leakage of the

conventional system at different offset distances.

RMSDT system is 20.82 uT, representing a decrease of 38.4%,
whereas the magnetic leakage of conventional WPT system is
3391 uT.

Therefore, it can be found that the measured maximum mag-
netic leakage of the RMSDT system at any offset still meets the
safety standard for human body, and it is substantially better
than the measured maximum magnetic leakage of the conven-
tional WPT system at the same distance of offset. As a con-
sequence, it can be concluded that the structure has good anti-
offset ability in reducing leakage magnetic field.

5.3. Transmission Efficiency of Systems

In order to measure system transmission efficiency when the
receiving coil receives a constant power of 3.7 kW, the follow-
ing steps are performed: the theoretical value of the transmis-
sion efficiency 7, is obtained through calculation; the simula-
tion value 75 is obtained using Matlab/Simulink; and the ex-
perimental value of the transmission efficiency 7). is obtained
using a Yokogawa WT5000 power analyzer.
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As mentioned in Subsection 5.2, when the electric vehicle
is parked, it will cause an offset which will cause a change in
mutual inductance. As known by Eq. (15) and Eq. (19), mutual
inductance will also cause changes in system transmission effi-
ciency, so this subsection will study the performance of system
transmission efficiency under the offset condition. To be spe-
cific, this subsection verifies the effectiveness of the RMSDT
system by comparing its transmission efficiency with that of the
conventional WPT system while offsetting the same distance.

Experiments show that when the system is aligned, transmis-
sion efficiency of the RMSDT system can reach 95.82%, and
compared with the conventional WPT system, the RMSDT sys-
tem effectively reduces 41.8% of magnetic leakage while sac-
rificing only 0.21% of transmission efficiency. This indicates
that the coil structure of the RMSDT system can significantly
reduce magnetic leakage while maintaining high transmission
efficiency. Even with a 100 mm offset, the RMSDT system
maintains a high transmission efficiency of 93.68%. Com-
pared to the conventional WPT system with a 100 mm offset,
the RMSDT system greatly reduces magnetic field leakage by
38.44%, and the efficiency loss of 0.29% is negligible.
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TABLE 3. Comparison of different existing magnetic shielding solutions.

Documentary sources Shielding method

Shielding efficiency Transmission efficiency

[26] Reactive resonance shielding

[25] Passive shieding+Al

[33] Reactive resonance shielding
This paper Without source coils

21% 68.46%
21% 92.09%

30.8% \

41.8% 95.82%

As mentioned in Subsection 4.2, this paper employs the PSO
algorithm for optimization, which can improve transmission
efficiency by 4.63% compared to the traditional for-loop op-
timization process. Therefore, this subsection compares the
transmission efficiency of the RMSDT system structure under
the PSO algorithm and the for-loop optimization process, re-
spectively, when offsetting the same distance, to validate the
efficacy of the PSO algorithm in enhancing transmission effi-
ciency.

Specifically, in this paper, the for-loop algorithm is utilized
to play a role of comparison. To control the variables, both the
PSO algorithm and for-loop algorithm optimize the same pa-
rameters, namely the optimal matching capacitance of shield-
ing coil and the optimal load at receiving end. Meanwhile, the
coil structure also uses the RMSDT structure to ensure that
the two algorithms can be better compared. Then, the opti-
mized transmission efficiency is calculated according to the
same method as in Section 4. From the experiment, when the
system is without offset, it is observed that the transmission effi-
ciency of the system after the for-loop algorithm optimization is
91.06%, while another can reach 95.82% as mentioned before,
so the PSO optimization can improve transmission efficiency
by 4.76% compared with the for-loop optimization. Even with
a 100 mm offset, the PSO algorithm can make the transmission
efficiency reach 93.68% as mentioned before, which means in-
creasing the transmission efficiency by 5.01% while the opti-
mized transmission efficiency by the for-loop algorithm is only
88.67%. This demonstrates that the PSO algorithm is highly ef-
fective in improving the transmission efficiency of the system
during optimization process.
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Consequently, without offset, the transmission efficiency of
the RMSDT system optimized by the PSO algorithm can reach
95.82%. Even with a 100 mm offset, the system can still
achieve a high transmission efficiency of 93.68%, which shows
that the RMSDT system has a good ability to cope with the
impact of offset on maintaining high transmission efficiency.
Compared to the conventional coil structure, the RMSDT struc-
ture significantly reduces magnetic leakage with almost no loss
in transmission efficiency, so the RMSDT structure is clearly a
better choice. Additionally, compared to the for-loop optimiza-
tion method, the PSO algorithm improves the transmission ef-
ficiency of the same coil structure by 4.76% when the system
is aligned, and there are also considerable improvements in dif-
ferent distances of offset, hence the PSO algorithm is a good
way for optimization. The above efficiency change curves are
shown in Figures 17(a), (b) and 18.

5.4. Performance Comparison

In summary, after comparing the RMSDT structure and con-
ventional structure through experiments, this paper concludes
that the RMSDT system mechanism presented here can achieve
better shielding effects; then, after comparing the PSO algo-
rithm and for-loop algorithm through experiments, it is also
concluded that the WPT system can achieve a higher transmis-
sion efficiency when being optimized using the PSO algorithm.

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

6. CONCLUSION

In this paper, a dual-transmitter coil ring-series magnetic
shielding structure is proposed. The main feature of this
structure is a dual-transmitting coil system, which incorporates
a ring-series passive shielding coil that generates a reversed
counteracting magnetic field to attenuate leakage magnetism in
the region. For comparison, a conventional WPT system model
is introduced, with the number of turns and overall dimensions
set to match those of the proposed system (RMSDT system).
Additionally, a coil parameter optimization method based
on the PSO algorithm is applied to optimize the shielding
coil matching capacitance as well as the load at the receiving
end. This optimization ensures that transmission efficiency is
maximized while the system leakage remains within human
body safety standards. The optimized parameters are then
used to determine the transmission efficiency and magnetic
leakage values at the target transmission power. Experiments
demonstrate that, compared to the conventional WPT system
structure, the RMSDT structure reduces magnetic leakage by
41.8%, while maintaining a system transmission efficiency
of over 95%. Furthermore, the PSO algorithm improves
transmission efficiency by more than 4% compared with the
traditional for-loop optimization method. Considering the
vehicle’s offset within a parking space, this paper investigates
the shielding effect and transmission efficiency when the
vehicle is offset along the Y -axis by up to 100 mm. Results
show that even at the maximum offset, the magnetic leakage
complies with human safety standards and maintains over
93% transmission efficiency. In conclusion, the RMSDT
structure and the optimization method based on PSO algorithm
effectively enhance the safety and efficiency of the system.
Future research should prioritize simplifying the structural
design and reducing the costs of wireless power transfer
systems, and these advancements should be achieved without
compromising the safety and efficiency of the systems.
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