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Abstract: This paper proposes a shielding sensor (SS) coil to solve the misalignment issue and the
leakage magnetic field issue of the wireless power transfer (WPT) system for electric vehicles (EVs).
The misalignment issue and leakage magnetic field issue must be solved because they can cause
problems with power transfer efficiency reduction and electronic device malfunction. To solve these
problems, the proposed SS coils are located over the Tx coil. The newly created mutual inductance
between the Tx coil and the SS coil is used to detect the misalignment of the receiver in the Tx coil.
In addition, the current phase of the SS coil is adjusted through impedance control of the SS coil to
reduce the leakage magnetic field. The proposed SS coils were applied to the standard SAE J2954
model for the wireless charging of an EV. The WPT3/Z2 model of SAE J2954 with output power of
10 kW was simulated to compare the shielding effect according to the power transfer efficiency, and
it was confirmed that a shielding effect of 76% was shown under the condition of a 3% reduction in
the power transfer efficiency. In addition, the occurrence and direction of the misalignment between
the receiver and the Tx coil were confirmed by using the tendency of mutual inductance between
each SS coil and the Tx coil. In addition, as in the simulation result, the shielding effect and tendency
were confirmed in an experiment conducted with the output power downscaled to 500 W.

Keywords: wireless power transfer; leakage magnetic field; misalignment; shielding; position detec-
tion; shielding sensor coil

1. Introduction

Electric vehicles (EVs), which have emerged to solve various problems, such as envi-
ronmental pollution caused by the internal combustion engine, provide users and society
with many advantages [1]. Therefore, EV sales continue to increase every year, and it is
expected that the EV market share will surpass that of internal combustion engine vehicles
by 2040. Most of the currently released EVs use the plug-in charging method. The plug-in
charging method has a weakness in that it requires a free hand by the driver after parking,
as the cable of the charger must be inserted into the charging terminal of the vehicle. Other
drawbacks include the uncomfortable contact when handling a much-handled cable, and
the fact that large vehicles such as buses require thick and heavy charging cables. In order
to address these drawbacks related to plug-in charging, wireless power transfer (WPT)
technology is being applied to EV [2–4]. Currently, several universities and automakers
have released or have plans to release wireless charging EVs, and the standard SAE J2954
for wireless charging EVs has also been published [5]. As an example, the Korea Advanced
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Institute of Science and Technology (KAIST) has developed a wireless charging electric bus,
operating it as a shuttle bus on campus [6].

The inductive power transfer method adopted in the SAE J2954 standard is suitable
for application to vehicles due to its high efficiency, stability, and small volume among
several WPT methods [7]. As shown in Figure 1, the WPT system, which applies the
inductive power transfer method, operates by inducing voltage to the receiving (Rx) coil as
a time-varying magnetic field generated from the transmitting (Tx) coil passes through the
Rx coil in accordance with Faraday’s law. Compensation circuits are additionally used for
high power transfer efficiency, and there are various types of compensation circuits. In the
SAE J2954 standard, an LCC–LCC topology with constant current characteristics is used.
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input power of 11.1 kW, a severe leakage magnetic field problem may arise due to a low 
coupling coefficient. The leakage magnetic field may adversely affect the human body and 
any medical devices inserted into the human body as well as other electronic equipment 
in the EV [8]. In addition, there may be a misalignment problem, in which the Tx coil in 
the charging pad and the Rx coil attached to the vehicle cannot be accurately aligned in 
the WPT system of the EV. Due to this misalignment, the coupling coefficient decreases, 
not only reducing the power transfer efficiency but also increasing the leakage magnetic 
field in a specific direction [9]. 

Previous studies have proposed various methods by which to solve the leakage mag-
netic field problem and misalignment problem [10–20]. In the case of a leakage magnetic 
field problem, a passive shield method using a metal material and a shielding coil method 
were mainly used. The shielding coil method was divided into an active shield method 
and a reactive shield method according to the presence or absence of an additional power 
source of the shielding coil. Paper [10] is a representative paper of the passive shield 
method using ferrite and aluminum metal to suppress the leakage magnetic field gener-
ated in the WPT system. Although the leakage magnetic field is reduced by using metallic 
materials, the added ferrite and aluminum increase the cost and weight of the WPT sys-
tem. In paper [11], the active shielding coils with additional inverters were applied to the 
WPT system to reduce the leakage magnetic field. Although the active shielding method 
showed the shielding effect, the volume of the system increased due to the arrangement 
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Magnetic coupling occurs between the Tx coil and the Rx coil due to a power transfer
by using a magnetic field and generally has a low magnetic coupling coefficient k in a
WPT system. Therefore, for the WPT3 class of the SAE J2954 standard with a maximum
input power of 11.1 kW, a severe leakage magnetic field problem may arise due to a low
coupling coefficient. The leakage magnetic field may adversely affect the human body and
any medical devices inserted into the human body as well as other electronic equipment in
the EV [8]. In addition, there may be a misalignment problem, in which the Tx coil in the
charging pad and the Rx coil attached to the vehicle cannot be accurately aligned in the
WPT system of the EV. Due to this misalignment, the coupling coefficient decreases, not
only reducing the power transfer efficiency but also increasing the leakage magnetic field
in a specific direction [9].

Previous studies have proposed various methods by which to solve the leakage mag-
netic field problem and misalignment problem [10–20]. In the case of a leakage magnetic
field problem, a passive shield method using a metal material and a shielding coil method
were mainly used. The shielding coil method was divided into an active shield method
and a reactive shield method according to the presence or absence of an additional power
source of the shielding coil. Paper [10] is a representative paper of the passive shield
method using ferrite and aluminum metal to suppress the leakage magnetic field generated
in the WPT system. Although the leakage magnetic field is reduced by using metallic
materials, the added ferrite and aluminum increase the cost and weight of the WPT system.
In paper [11], the active shielding coils with additional inverters were applied to the WPT
system to reduce the leakage magnetic field. Although the active shielding method showed
the shielding effect, the volume of the system increased due to the arrangement of the
shielding coil, and the complexity of the system increased due to the additional inverter
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control. In paper [12], the concept and design method of a resonant reactive shield were
proposed. However, the leakage magnetic field was reduced only in a specific region to
which the shielding coils were attached, and the volume of the system increased due to
the attachment position. A planar resonant reactive shield was proposed a few years later
to complement the limitations of the conventional reactive shield [13]. Because the planar
resonant reactive shield was located on the WPT coil, the volume of the system is small
and the leakage magnetic field is reduced over a wide area. In addition to these methods,
various shielding methods have been proposed, but all papers have proposed a method of
using the added coil only for one purposed: shielding. Therefore, additional methods are
needed to solve the misalignment problem of the WPT system.

In the case of the misalignment problem of WPT system, a sensor coil method was
mainly used. In paper [17], the concept of sensor coil was proposed, and it was applied to
a dynamic wireless charging system to detect lateral misalignment. In papers [18,19], the
position of the Rx coil as well as lateral misalignment was detected accurately by increasing
the number of sensor coils. In addition to these papers, various papers have detected the
misalignment by using sensor coils. However, sensor coils were also used for only one
purposed: misalignment detection. Therefore, both the shielding coil and the sensor coil
are required to solve the two problems (leakage magnetic field, misalignment) of the WPT
system. This complicates the operation of the WPT system due to several additional coils
present in the system and causes problems of increasing cost and volume.

In this paper, we propose a shielding sensor (SS) coil with two functions: a position-
detecting function of a receiver for detecting misalignment and a leakage magnetic field
reduction function. Unlike previous studies, one additional coil performs two functions,
allowing it to solve both problems arising in an EV wireless charging system. The proposed
SS coil is used by dividing the conventional one shielding coil into small pieces. Each
coil not only reduces the leakage magnetic field in a reactive method, but also detects the
position of the receiver by using the mutual inductance between each SS coil and the Tx
coil. That is, the proposed SS coil has advantages such as simplicity and low cost compared
to previous papers, in which one coil played only one role, by performing two roles.

The proposed SS coil was applied to standard SAE J2954 models to verify its feasibility.
The models were designed by using an ANSYS Maxwell 3D simulation and a PSIM simu-
lation, and the shielding function according to the power transfer efficiency and receiver
position detection function were confirmed. In addition, the performance of the SS coil was
proved through experiments.

This paper is organized as follows. A circuit analysis and an equation analysis are
conducted to explain the principle of the proposed SS coil in Section 2. In Section 3, the
proposed SS coil is applied to the EV wireless charging standard SAE J2954 model to
perform the leakage magnetic reduction simulation and the receiver position detection
simulation. In Section 4, the performances of the proposed SS coil are verified through
experiments. Finally, Section 5 provides the conclusion.

2. Proposed Shielding Sensor Coil to Reduce the Leakage Magnetic Field and Detect
the Receiver Position in a Wireless Power Transfer System

Figure 2 shows the WPT system with SS coils added to reduce the leakage magnetic
field and detect the receiver position. Only SS coils are added to the conventional WPT
system, and the added SS coils are located on the Tx coil.

Figure 3 shows the equivalent circuit of the WPT system without the receiver and
when charging is not yet underway. At this time, mutual inductance occurs between the Tx
coil and each SS coil due to the linkage magnetic flux. The corresponding magnitude is
calculated as follows:

MTx−SS = k
√

LTxLSS. (1)
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As shown in Figure 2, when each SS coil is symmetrically positioned over the Tx
coil, the calculation of the mutual inductance between the Tx coil and each SS coil shows
identical values,

MTx−SS1 = MTx−SS2 = MTx−SS3 = MTx−SS4. (2)

Unlike the situation without a receiver, when the receiver is in place for charging, new
mutual inductance occurs between the Tx coil and the receiver, and between the SS coil
and the receiver. Due to symmetry, Figure 4 shows the equivalent circuit when only one SS
coil exists; in order to calculate the mutual inductance difference, Kirchhoff’s voltage law
(KVL) is applied to the equivalent circuit as follows:

0 = (RReceiver + jωLReceiver)IReceiver − jωMTx−Receiver ITx + jωMSS−Receiver ISS (3)

VTx =

(
RTx + jωLTx +

1
jωCTx

)
ITx − jωMTx−SS ISS − jωMTx−Receiver IReceiver (4)

0 =

(
RSS + jωLSS +

1
jωCSS

)
ISS − jωMTx−SS ITx + jωMSS−Receiver IReceiver. (5)
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From Equations (3)–(5), the original mutual inductance between the Tx coil and the SS
coil changes, as follows:

M = MTx−SS − j
ωMTx−Receiver MSS−Receiver

RReceiver + jωLReceiver
. (6)

The mutual inductance between the Tx coil and each SS coil changes depending on the
location of the receiver, as expressed in Equation (6), meaning that the mutual inductance
difference between the Tx coil and each SS coil is used to detect the receiver. By detecting
the position of the receiver, it is possible to detect the direction of the misalignment and the
direction to be moved to be aligned.

In addition, as shown in Figure 3, voltage is induced in each SS coil by Faraday’s
law, and the induced voltage magnitudes for each SS coil also have identical values due
to symmetry.

The magnetic field generated in the WPT system is expressed as follows:

BWPT = µ0µr HWPT . (7)

The induced voltage of the SS coil is expressed as follows:

Vinduced = −jωBWPTejωt·S. (8)

And the current of the SS coil in Figure 3 is then calculated as follows:

ISS =
Vinduced

ZSS
= − jωBWPTejωt·S(

jωLSS +
1

jωCSS

)
+ RSS

(9)

The impedance of the SS coil determines the relationship between the resonance
frequency of the SS coil and the operating frequency of the system, as shown in Figure 5.
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frequency > resonance frequency of the SS coil).

As shown in Figure 5a, where the impedance of the capacitance of the SS coil (CSS) is
larger than the impedance of the inductance of the SS coil (LSS), the resonance frequency of
the SS coil becomes larger than the system operating frequency, and the SS coil operates
in the capacitive region. The current of the SS coil operating in the capacitive region is
calculated from [12] as follows:

ISS = − jωBWPTejωt·S(
jωLSS +

1
jωCSS

)
+ RSS

∼= − jωBWPTejωt·S
1

jωCeq
+ RSS

∼=
ω2BWPTejωt·S

1
Ceq

(10)

where
1

ωCSS
� ωLSS,

1
Ceq

=
1

CSS
− ω2LSS.

The current of the SS coil in the capacitive region is in phase with the magnetic field
generated by the WPT system, as expressed by Equation (7). As a result, the leakage
magnetic field increases. However, as shown in Figure 5b, where the impedance of the
capacitance (CSS) of the SS coil is smaller than the impedance of the inductance (LSS) of the
SS coil, the resonance frequency of the SS coil becomes smaller than the system operating
frequency, and the SS coil operates in the inductive region. The current of the SS coil
operating in the inductive region is calculated from [12] as follows:

ISS = − jωBWPTejωt·S(
jωLSS +

1
jωCSS

)
+ RSS

∼= − jωBWPTejωt·S
jωLeq + RSS

∼= −BWPTejωt·S
Leq

(11)

where
1

ωCSS
� ωLSS, Leq = LSS −

1
ω2CSS

.

As a result, as indicated in Equation (11), the shielding coil operating in the inductive
region has a phase difference of 180 degrees from the magnetic field generated by the WPT
system, thereby reducing the leakage magnetic field.

Figure 6 shows the magnetic field by the WPT system and the current of the SS coil
operating in the inductive region. The current phase of the SS coil operating in the inductive
region has a phase difference of 180 degrees from the magnetic field generated by the WPT
system, resulting in a magnetic field shielding effect.
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Figure 6. Induced voltage and current phases of the SS coil whose impedance has been adjusted to
operate in an inductive region for leakage magnetic field shielding.

3. Application and Simulation of the Shielding Sensor Coil
3.1. Application of a Shielding Sensor Coil to the SAE J2954 Standard

Figure 7 shows the SS coil system applied to the WPT3/Z2 model of the standard
SAE J2954 for wireless charging of an EV. The WPT3/Z2 model used in the simulation is
designed according to the standard, and the structural and electrical parameter values of
the model with the SS coils are shown in Tables 1 and 2.
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Table 1. Structural parameters.

Parameter Value

Tx Turns 8 [turns]
Rx Turns 9 [turns]
SS Turns 2 [turns]
Air Gap 132 [mm]

Table 2. Electrical parameters (Inductance).

Tx Rx SS 1 SS 2 SS 3 SS 4

Tx 37.68 [µH] 6.86 [µH] 0.65 [µH] 0.65 [µH] 0.65 [µH] 0.65 [µH]
Rx 43.81 [µH] 0.69 [µH] 0.69 [µH] 0.69 [µH] 0.69 [µH]

SS 1 4.10 [µH] 1.08 [µH] 0.73 [µH] 0.15 [µH]
SS 2 4.10 [µH] 0.15 [µH] 0.73 [µH]
SS 3 4.10 [µH] 1.08 [µH]
SS 4 4.10 [µH]

3.2. Simulation Verification of the Shielding Sensor Coil
3.2.1. Simulation of the Position-Detection Performance

By detecting the position of the receiver, it is possible to detect whether a misalignment
occurs and the direction of the misalignment. Therefore, the simulations were conducted
by locating the receiver at 3484 points on the Tx coil to verify the position detection
performance as shown in Figure 8. At each point, the tendency of the mutual inductance
difference between each SS coil and the Tx coil was confirmed, and through this, it was
confirmed that misalignment detection was possible.

Energies 2022, 15, 2493 8 of 15 
 

 

Table 1. Structural parameters. 

Parameter Value 
Tx Turns 8 [turns] 
Rx Turns 9 [turns] 
SS Turns 2 [turns] 
Air Gap 132 [mm] 

Table 2. Electrical parameters (Inductance). 

 Tx Rx SS 1 SS 2 SS 3 SS 4 
Tx 37.68 [μH] 6.86 [μH] 0.65 [μH] 0.65 [μH] 0.65 [μH] 0.65 [μH] 
Rx  43.81 [μH] 0.69 [μH] 0.69 [μH] 0.69 [μH] 0.69 [μH] 

SS 1   4.10 [μH] 1.08 [μH]  0.73 [μH] 0.15 [μH] 
SS 2    4.10 [μH] 0.15 [μH] 0.73 [μH] 
SS 3     4.10 [μH] 1.08 [μH] 
SS 4      4.10 [μH] 

3.2. Simulation Verification of the Shielding Sensor Coil 
3.2.1. Simulation of the Position-Detection Performance 

By detecting the position of the receiver, it is possible to detect whether a misalign-
ment occurs and the direction of the misalignment. Therefore, the simulations were con-
ducted by locating the receiver at 3484 points on the Tx coil to verify the position detection 
performance as shown in Figure 8. At each point, the tendency of the mutual inductance 
difference between each SS coil and the Tx coil was confirmed, and through this, it was 
confirmed that misalignment detection was possible. 

 
Figure 8. Simulation method of the position-detection performance. 

Figure 9 shows the mutual inductance difference between each SS coil and the Tx coil 
according to the x and y positions of the receiver. It can be confirmed that the mutual 
inductance of each SS coil changes depending on the location of the receiver and that the 
mutual inductance difference of the SS coil located close to the receiver is significant. In 
other words, if the mutual inductance of SS coil 1 changes by approximately 40%, as 
shown in Figure 9a, the receiver is located near SS coil 1. 
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Figure 9 shows the mutual inductance difference between each SS coil and the Tx
coil according to the x and y positions of the receiver. It can be confirmed that the mutual
inductance of each SS coil changes depending on the location of the receiver and that the
mutual inductance difference of the SS coil located close to the receiver is significant. In
other words, if the mutual inductance of SS coil 1 changes by approximately 40%, as shown
in Figure 9a, the receiver is located near SS coil 1.



Energies 2022, 15, 2493 9 of 15Energies 2022, 15, 2493 9 of 15 
 

 

(a) (b) (c) (d) 

Figure 9. Tendency of the mutual inductance difference of each SS coil according to the position of 
the receiver. (a) SS coil 1. (b) SS coil 2. (c) SS coil 3. (d) SS coil 4. 

Figure 10 shows the mutual inductance difference of each SS coil according to the 
position of the receiver for three cases. Figure 10a shows that the receiver is located at the 
(−100,50) position, that is, toward the SS coil 2, and the mutual inductance difference of SS 
coil 2 is largest compared to other SS coils. Figure 10b shows that the mutual inductance 
difference of all SS coils is identical when the receiver is precisely aligned with the Tx coil. 
Figure 10c shows that the mutual inductance difference of the SS coil 3 and SS coil 4 is 
large when the receiver is biased toward SS coil 3 and SS coil 4. That is, Figures 9 and 10 
demonstrate that if the mutual inductance difference of a specific SS coil is relatively large, 
the receiver is located at the corresponding position. In other words, the receiver is aligned 
with the Tx coil when the mutual inductance difference of all SS coils is equal, and in order 
to align with the Tx coil, the receiver must move to the SS coil that has a small mutual 
inductance difference. 

 
(a) (b) (c) 

Figure 10. Mutual inductance difference of each SS coil according to the position of the receiver. (a) 
Receiver position: (−100,50). (b) Receiver position: (0,0). (c) Receiver position: (150,0). 

3.2.2. Simulation of the Leakage Magnetic Field Reduction Performance 
As shown in Figure 11, in order to verify the leakage magnetic field reduction per-

formance, the simulation was conducted by applying SS coils to the WPT3/Z2 model of 
the SAE J2954 standard. The electrical parameters of the circuit are designed according to 
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the receiver. (a) SS coil 1. (b) SS coil 2. (c) SS coil 3. (d) SS coil 4.

Figure 10 shows the mutual inductance difference of each SS coil according to the
position of the receiver for three cases. Figure 10a shows that the receiver is located at the
(−100,50) position, that is, toward the SS coil 2, and the mutual inductance difference of SS
coil 2 is largest compared to other SS coils. Figure 10b shows that the mutual inductance
difference of all SS coils is identical when the receiver is precisely aligned with the Tx coil.
Figure 10c shows that the mutual inductance difference of the SS coil 3 and SS coil 4 is
large when the receiver is biased toward SS coil 3 and SS coil 4. That is, Figures 9 and 10
demonstrate that if the mutual inductance difference of a specific SS coil is relatively large,
the receiver is located at the corresponding position. In other words, the receiver is aligned
with the Tx coil when the mutual inductance difference of all SS coils is equal, and in order
to align with the Tx coil, the receiver must move to the SS coil that has a small mutual
inductance difference.
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3.2.2. Simulation of the Leakage Magnetic Field Reduction Performance

As shown in Figure 11, in order to verify the leakage magnetic field reduction perfor-
mance, the simulation was conducted by applying SS coils to the WPT3/Z2 model of the
SAE J2954 standard. The electrical parameters of the circuit are designed according to the
standard, and their values are shown in Table 3.
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Figure 11. SAE J2954 WPT3/Z2 simulation circuit to which SS coils are applied.

Table 3. Electrical parameters of the circuit.

Parameter Value

LTx 37.68 [µH ]
LRx 43.81 [µH ]
LSS 4.1 [µH ]

jXTx 5.3 [Ω]
jXRx −1.4 [Ω]

Operating Frequency 85 [kHz]

A PSIM simulation was used to confirm the current flowing in each coil and the
efficiency, and an ANSYS Maxwell 3D simulation was used to confirm the effect of reducing
the leakage magnetic field.

Current flowing in the SS coil reduces the power transfer efficiency of the system due
to the loss in the SS coil. When the current magnitude of the SS coil is large, the shielding
effect increases, but the power transfer efficiency decreases further. As shown in Figure 12,
the current magnitude of the SS coil changes according to the resonance frequency of the
SS coil. The resonance frequency of the SS coil must be less than the operating frequency of
the system in order to operate in the inductive region, as expressed in Equation (6).
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When the resonance frequency is low, as in case (1) of Figure 12, the impedance at the
operating frequency is large, meaning that the current magnitude of the SS coil is small.
Conversely, when the resonance frequency is high, as in case (3) of Figure 12, the impedance
at the operating frequency is small, and thus the current magnitude of the SS coil is large.
In this paper, three cases that cause a decrease in the power transfer efficiency of 1%, 2%,
and 3% were analyzed to confirm the shielding effect. For the reference model to which SS
coils are not applied and for the three cases to which the SS coils are applied, the output
power, power transfer efficiency, and current magnitude are shown in Table 4.

Table 4. Output power, power transfer efficiency, and current of the comparison models.

Reference Model
Proposed Model

Case (1) Case (2) Case (3)

Pout 10 [kW]
ηsystem 93.24 [%] 92.12 [%] 91.31 [%] 89.96 [%]
ITx,peak 81.88∠0

◦
82.95∠0

◦
82.99∠0

◦
87.00∠0

◦

IRx,peak 72.74∠− 90
◦

71.95∠− 90
◦

71.57∠− 90
◦

72.82∠− 90
◦

ISS,peak - 56.44∠180
◦

70.90∠180
◦

124.77∠180
◦

Figure 13 shows the leakage magnetic field of the reference model and the models to
which the SS coils are applied. Compared to the reference model, the leakage magnetic
field of the models to which the SS coils are applied was reduced. In addition, a greater
shielding effect (SE) appeared due to the increased current from case (1) to case (3),

Shielding e f f ect (SE) =

(
1 −

BProposed

BRe f erence

)
× 100%. (12)
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To compare the magnitude of the leakage magnetic field and numerically confirm the
SE, the leakage magnetic field was measured 150 mm away from the end of the Tx ferrite
to 350 mm away, as shown in Figure 14.
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4. Experiment of Shielding Sensor Coil 
4.1. Experimental Setup 

As shown in Figure 16, the experiments were conducted to confirm the position-de-
tection performance and leakage magnetic field reduction performance of the proposed 
SS coil. The SAE J2954 standard model was used in the experiment, and all structural and 
electrical parameters were designed to meet the standard. 

 
Figure 16. Experimental setup for the measurement using the SAE J2954 model. 

  

Figure 14. Leakage magnetic field measurement line for numerical comparison.

The magnitude of the leakage magnetic field measured in the reference model and the
proposed model are shown in Figure 15a. The models to which the proposed SS coils are
applied are confirmed to have a smaller leakage magnetic field than the reference model. In
addition, it is confirmed that the magnitude of the leakage magnetic field further decreases
from Case (1) to Case (3). In Case (3), which had the smallest leakage magnetic field, SE up
to 76% was shown compared to the reference model, as shown in Figure 15b.
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4. Experiment of Shielding Sensor Coil
4.1. Experimental Setup

As shown in Figure 16, the experiments were conducted to confirm the position-
detection performance and leakage magnetic field reduction performance of the proposed
SS coil. The SAE J2954 standard model was used in the experiment, and all structural and
electrical parameters were designed to meet the standard.
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4.2. Experiment of Position-Detection Performance

As shown in Figure 17, the experiment was conducted on three cases, as in the
simulation. As shown in Figure 17a, when the receiver is biased toward the SS coil 2,
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mutual inductance difference of the SS coil 2 is largest compared to other SS coils. In
addition, when the receiver is aligned with the Tx coil as shown in Figure 17b, the mutual
inductance differences of all SS coils are identical, and when the receiver is biased toward
SS coil 3 and SS coil 4, as shown in Figure 17c, the mutual inductance difference of SS coil
3 and SS coil 4 is large. Through the experiments, it was confirmed that results similar
to those of the simulation came out. In other words, the experiments demonstrated, that
when the receiver is aligned, the mutual inductance differences of all SS coils are similar,
and when biased to a specific location, the mutual inductance differences of SS coils located
in a biased location are large.
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(−100,50); (b) Receiver position: (0,0); (c) Receiver position: (150,0).

4.3. Experiment of Leakage Magnetic Field Reduction Performance

The experiment to assess the leakage magnetic field reduction performance focused
on a case that caused an efficiency reduction of 3% and output power of 500 W. The input
power, output power, and power transfer efficiency according to the presence or absence of
SS coils are shown in Table 5.

Table 5. Power transfer efficiency without and with SS coils.

Pin Pout ηsystem

w/o SS coil 582.85 [W] 500 [W] 85.79 [%]
w/ SS coil 605.16 [W] 500 [W] 82.62 [%]

Figure 18 shows the magnitude of the leakage magnetic field and the shielding effect
depending on the presence or absence of SS coils. The leakage magnetic field was measured
15 cm away from the end of the Tx coil ferrite to 55 cm in units of 10 cm. As shown in
Figure 18a, due to the application of the SS coil, the magnitude of the leakage magnetic
field decreased at all points; moreover, as shown in Figure 18b, the SE was confirmed to
be as high as 44.5%. Unlike the simulation, there is a change in the magnitude and SE
of the leakage magnetic field because it was downscaled by 1/20 at 500 W. However, the
proposed SS coil still shows excellent SE in the 500 W system.
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5. Conclusions

In this paper, an SS coil capable of reducing the leakage magnetic field and detecting
the position of a receiver has been proposed. The proposed SS coil was applied to an EV
WPT system of the type where leakage magnetic field problems and misalignment prob-
lems are likely to occur together. For practical use, a simulation and an experiment were
conducted on an EV wireless charging standard SAE J2954 model, and the performance
capabilities with regard to the two roles of the SS coil were confirmed in the simulation and
experiment. The location of the receiver could be confirmed through the mutual inductance
difference between the SS coil and the Tx coil, and the tendency of the mutual inductance
difference depending on the location of the receiver was confirmed. In addition, the magni-
tude of the leakage magnetic field and the SE according to the magnitude of the shielding
current were confirmed, and the tendency of the SE according to the reduction in power
transfer efficiency was confirmed. The proposed SS coil can be applied to various systems
with WPT technology, which allows the system to operate more safely and efficiently.
Particularly, the added coil has an excellent advantage not only in terms of cost but also in
terms of function by solving two major issues occurring in the WPT system.
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