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Abstract: In the wireless power transmission (WPT) to electric vehicles (EVs) in parking lots, there
is a risk of abnormal heat generation due to the absorption of the magnetic field in metallic foreign
objects. Accordingly, currently available products are equipped with a function that automatically
halts power transmission when a metallic foreign object is detected. However, if possible, continuing
power transmission while suppressing the magnetic field absorption may be an another solution.
Therefore, this paper proposes a novel function which enables wireless power transmission with high
efficiency while suppressing the magnetic field absorption of metallic foreign objects. In this study, it
was assumed that a metallic foreign body was present in an arbitrary point in a two-dimensional
plane and the power transmission was conducted by the phased array WPT. An algorithm using
particle swarm optimization (PSO) to search for the optimal combination of the phase and amplitude
of the coil input voltages together with coil arrangements, in terms of both magnetic field suppression
and transmission efficiency, is proposed. The simulation was performed with the lower efficiency
boundary set as 85% and the load power set as 11 kW, in reference to the SAE J2954 standard.
As a result, it was confirmed that the magnetic field suppression effect increased in accordance
with the increase in the number of transmission (Tx) coils, thus indicating the effectiveness of the
proposed algorithm.

Keywords: wireless power transfer; magnetic resonance coupling; magnetic field suppression;
phased array

1. Introduction

In recent years, the use of electric vehicles (EVs) has increased and is expected to
be more widespread in the future due to changes in the social climate. The charging
units currently installed in EVs charge the vehicle battery by the connection between the
charger and the charging port of the vehicle. However, batteries installed in EVs have
a relatively low capacity and require frequent recharging. Hence, the burden of manual
power transmission and the risk of electric shock [1] should be minimized.

Wireless power transfer (WPT) has attracted considerable attention as a potential
solution to the above-mentioned problem. As a WPT method for EVs, the magnetic
resonance coupling (MRC) method [2] has attracted significant research attention due to its
long transmission distance and low risk of harmful exposure to humans [3–6].

However, with wireless power transfer via magnetic resonance coupling (MRC-WPT),
energy is transmitted by the coupling of magnetic fields between coils, which causes the
excessive heating of interfering objects such as conductors and magnetic materials in the
vicinity of the coils. This leads to a reduction in the efficiency of the WPT. The losses
due to these interferents are eddy current losses for conductors and hysteresis losses for
magnetic materials.

Therefore, the SAE J2954 standard, which is an international standard for the WPT
of EVs, specifies that metal object detection (MOD) should be performed to ensure safe
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operation considering foreign objects and WPT should be stopped if necessary [7]. This is
shown in Figure 1a,b.

MOD methods could be categorized in three types [8,9], system parameter-based
detection, wave detection and field-based detection methods; the use of search coil ar-
rays [10,11], thermal cameras [12] and tunneling magnetoresistive (TMR) sensors [13] as
the main sensors has been proposed. Currently available products are also equipped
with functionality designed to halt WPT when a metallic foreign body is detected, e.g.,
WiTricity [14], DAIHEN D-Broad EV [15] and Qualcomm Halo [16].

On the other hand, as per the SAE J2954 standard, the prevention of dangerous
increases in the temperature of the foreign object by appropriately controlling the magnetic
field in the transmission (Tx) coil is allowed as an alternative approach. In particular, this
approach can be characterized by continuous WPT with the maximum suppression of the
magnetic field absorption of the foreign object. This is shown in Figure 1c,d. However,
such an approach has not been extensively investigated, as discussed below.

First, we clarify the problem settings. We considered WPT from the Tx coil to the
EV on a flat road surface, such as a parking lot. To control the magnetic field distribution
in MRC-WPT, the use of a phased array coil, as the Tx coil, is effective. Therefore, this is
the problem of (1) suppressing the magnetic field at the position of the metallic foreign
object and (2) maintaining high transmission efficiency of wireless power transmission,
supposing that the metallic foreign object exists in an arbitrary point on the road surface
between the Tx coil array and the Rx coil. As follows, there is no existing study on magnetic
field control using phased array WPT that deals with such problem settings.

Existing studies on magnetic field control using phased array WPT can be categorized
into two types. First, there are studies on suppressing the magnetic field in the surrounding
space while transferring power by focusing the magnetic field to the Rx coil [17–20].
Unlike the case where the magnetic field is suppressed only at an arbitrary point on a
two-dimensional plane, the magnetic field is suppressed in the entire space, in the cases.
Second, there are studies on selective power transfer to multiple Rx coils by controlling
the magnetic field [21–24]. In these studies, the position of the untargeted Rx coil where
the magnetic field should be suppressed is given, so the problem setting is different from
the case where the position of the point where the magnetic field should be suppressed is
unknown in the two-dimensional plane. A comparison with existing studies on magnetic
field control using phased array WPT is summarized in Table 1.

Table 1. Comparison among existing studies on magnetic Field control using phased array WPT.

Focusing the Magnetic Field Selective Power Transfer This Study

References [17] [18] [19] [20] [21] [22] [23] [24] –
Number of Tx coils 2 3 2 5 2 4 10 10 2–5

Dimensions of
the Tx coil array

3D 3D 1D 2D 1D 1D 1D 1D 2D

Magnetic field
suppression in the
surrounding space

yes yes yes yes no no no no no

Magnetic field
suppression at

single point

no no no no yes yes yes yes yes

The point where
magnetic field

should be suppressed

– – – – definite definite definite definite indefinite

Magnetic field
suppression at any

point in the 2D plane

– – – – no no no no yes

Therefore, it could be said that the problem settings of phased array WPT that en-
able efficient WPT while suppressing the magnetic field at an arbitrary point in the two-
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dimensional plane assuming a road surface, where the metallic foreign object may exist,
are a novelty.

1

Foreign object
Tx coil

Rx coil

(a) Image of the magnetic field distri-
bution of the typical method widely
used in commercial products. Since
the magnetic field distribution cannot
be controlled, wireless power trans-
mission (WPT) should be stopped
when a metallic foreign object is de-
tected.

2

Start the WPT

Stop the WPTForeign Object

Detection

Undetected

Detected

(b) Flowchart of the typical method. When
a metallic foreign object is detected, WPT is
stopped.

3

Foreign object
Phased array coils

Rx coil

(c) Image of the magnetic field distribution
of the proposed method. WPT is continued
while suppressing the magnetic field in the
area of the metallic foreign object.

4

Start the WPT

Foreign Object

Detection

Undetected

Detected

Obtain the coordinates of the foreign object

Input the voltage to each Tx coil that can 

suppress the magnetic field at the 

specified coordinates

(d) Flowchart of the proposed method. When a metallic foreign body
is detected, WPT is continued with high transmission efficiency while
suppressing the magnetic field absorption of the metallic foreign
object as much as possible. In this paper, we focus on the subsequent
processes, presuming that the existing MOD method can detect the
metallic foreign object.

Figure 1. Simplified image of magnetic field distribution and flowchart.

In summary, this study makes two academic contributions. First, the problem of highly
efficient WPT with magnetic field suppression at an arbitrary point in a two-dimensional
plane using phased array WPT is addressed. Second, to solve this new problem, particle
swarm optimization (PSO) was applied with an evaluation function that considered both
the power transmission efficiency and magnetic field suppression. The proposed algorithm
searches for the optimal combination of the phase and amplitude of the input voltage of
each Tx coil with respect to each coil arrangement and magnetic field suppression position.
It should be noted that the arrangement of the Tx coil array has rarely been addressed in
previous studies.

To make the problem simple, the detection of metallic foreign objects and Rx coil
was presumed to be implemented and is not addressed in this paper. The detection of
metallic foreign objects could be realized by previously mentioned methods [10–13]. On
the other hand, the detection of the Rx coil could be realized by, for instance, using the
most promising method whereby the Tx coils are also used as sensors [25,26], on which the
authors have been also working [27,28]. This method has also been applied to EVs [29].

In addition, we plan to reference a database of various input voltage combinations
according to the positions of the Rx coil and the metallic foreign object, in order to respond
in real time by simply switching the input voltage.

2. Methodology
2.1. Directivity Control of Magnetic Field by Phased Array Coils

In the case of a phased array Tx coil, the magnetic field distribution can be regarded
as a superposition of the magnetic field distribution generated by a single coil and the
magnetic field distribution can be controlled by controlling the current flowing through the
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coil. Therefore, the magnetic field can be suppressed at the target position by appropriately
setting the number and arrangement of Tx coils and controlling the phase and amplitude
of the current flowing through each Tx coil.

2.2. Calculation of Transmission Efficiency and Magnetic Field Strength
2.2.1. Transmission Efficiency

In MRC-WPT, the efficiency of WPT is most commonly derived from electric circuit
theory using an equivalent circuit. However, it is difficult to incorporate the effects of
mutual interference between the interferents and coils into the circuit model when deriving
the efficiency. Therefore, we assumed that the magnetic field in the area of the interfering
object was reduced by the magnetic field control, to eliminate the effect of mutual inter-
ference. Then, we derived the efficiency approximately from the general circuit equation.
The equivalent circuit of the phased array WPT is shown in Figure 2. Here, n− 1 Tx coils,
one Rx coil and n total number of coils are displayed. Ri is the coil resistance, ZL is the
load resistance, Ci is the capacitance of the capacitor, Li is the self-inductance of the coil
and Lij is the mutual inductance between the coils. The input voltage of each coil is Vi and
the current is Ii. It should be noted that i, j = 1, 2, . . . , n.

Figure 2. Equivalent circuit of wireless power transfer via magnetic resonance coupling (MRC-WPT)
using phased array transmission (Tx) coils. Since the magnetic field at the position of the interfering
object was assumed to be suppressed, their effect was ignored (approximation).

The circuit equation of the phased array WPT shown in Figure 2 can be expressed
as Equation (1).

V1
...

Vn−1
0

=


R1+j(ωL1− 1
ωC1

) · · · jωL1n
...

. . .
...

jωLn−11 · · · jωLn−1n
jωLn1 · · · Rn+ZL+j(ωLn− 1

ωCn
)




I1
...

In−1
In

 (1)

Given that MRC-WPT assumes a resonance state of each coil, the reactance arising
from Li and Ci is nullified and the circuit equation is Equation (2).

V1
...

Vn−1
0

 =


R1 . . . jωL1n
...

. . .
...

jωLn−11 . . . jωLn−1n
jωLn1 . . . Rn + ZL




I1
...

In−1
In

 (2)

To simplify the equation, the input voltage of each coil is represented by V , the impedance
matrix as Z and the current of each coil as I. Thus, Equation (2) can be expressed as
Equation (3).

V = ZI (3)



Energies 2022, 15, 1028 5 of 21

In this study, it was assumed that the phase and amplitude of the input voltage of each Tx
coil could be independently controlled. The current I can be obtained from Equation (4) by
multiplying both sides by the inverse matrix Z−1 of the impedance matrix Z.

I = Z−1V (4)

Thereafter, the power of each coil is derived from Equation (5) using the calculated current
values and the power transmission efficiency from all Tx coils to Rx coil is calculated with
Equation (6). Moreover, PTx is the sum of the input power of each Tx coil and PRx is the
load power of the Rx coil. Neumann’s formula is used to calculate the mutual inductance.

PRx =
1
2

ZL|In|2 , PTx =
1
2

n−1

∑
k=1

Re[Vk · Ik] (5)

η =
PRx
PTx

(6)

2.2.2. Magnetic Field Strength

The magnetic field generated by the coil can be obtained with the Biot–Savart law. The
calculation of the Biot–Savart law is approximated by numerical integration as follows: the
current Iik flowing through coil i is represented by Equation (7), where Ai is the amplitude
of the current and θi is the phase difference of the current. Tdiv is the number of divisions in
one cycle of the time-varying magnetic field, where k = 1, 2, . . . , Tdiv.

Iik = Ai cos
(

2π

Tdiv
k + θi

)
+ jAi sin

(
2π

Tdiv
k + θi

)
(7)

As shown in Figure 3, if the coordinates of the magnetic field calculation point are (xr, yr, zr)
and the coordinates of the center of the coil i are (xi, yi, zi), the distance ri from the coordi-
nates of the current element of coil i to the magnetic field calculation point can be calculated
using Equation (9).

43

H

i

r
a

(xr, yr, zr)
Calculation point

x

y

z

(xi, yi, zi) Calculation point 
H(xr,yr,zr)

Tx1
(x1,y1,z1)

I2kTx2
(x2,y2,z2)

Txi
(xi...,yi…,zi…)

I1k

Ii…k

Rx
(xn,yn,zn)

Ink

a1

a2
ai…

an

r1

ri…r2

rn

x
y

z

Figure 3. The magnetic field strength at the calculation point generated by each coil. It is calculated
as the composite of the magnetic fields generated by all of the coils.

X = xr − xi , Y = yr − yi , Z = zr − zi (8)

ri =

[
X2 + Y2 + Z2 + ai

2 − 2ai

{
X cos

(
2π

m
l
)
+ Y sin

(
2π

m
l
)}] 1

2

(9)

where ai is the radius of the coil i, in the case of n− 1 Tx coils, one Rx coil and a total of n
coils; i = 1, 2, . . . , n . In addition, m is the number of divisions of the magnetic field integral
and l = 1, 2, . . . , m.

Given that multiple coils were here used, the magnetic fields generated by each coil
were composited. Therefore, the magnetic fields generated by each coil were calculated
using Equations (10)–(12) and the composite vector in each of the x-, y- and z-directions
was obtained. Moreover, N is the number of turns generated by the coil.
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Hx k =
n

∑
i=1

N
Iik
4π

[
m

∑
l=1

Zai cos
( 2π

m l
)
· 2π

m
r3

i

]
(10)

Hy k =
n

∑
i=1

N
Iik
4π

[
m

∑
l=1

Zai sin
( 2π

m l
)
· 2π

m
r3

i

]
(11)

Hz k =
n

∑
i=1

N
Iik
4π

[
m

∑
l=1

ai
{

ai−Xcos
( 2π

m l
)
−Ysin

( 2π
m l
)}
· 2π

m
r3

i

]
(12)

The norm of the 3D vector, which is the composite vector of the x-, y- and z-direction
magnetic fields at time k, is then calculated using Equation (13).

HNorm k =

√
Re(Hx k)

2 + Re
(

Hy k

)2
+ Re(Hz k)

2 (13)

Since the magnetic field generated by the MRC-WPT is time-varying due to the fact
that the input voltage is an alternating current (AC), we calculated the root mean square of
the time series data in each direction of the magnetic field composite vector and obtained
the effective value represented as magnetic field strength HRMS.

HRMS =

√
∑Tdiv

k=1 HNorm k
2

Tdiv
(14)

2.3. Parameter Optimization of Phased Array WPT Function

In this study, we assumed a case wherein a single metallic foreign body was detected
in a specified area on a two-dimensional plane during WPT to an EV in a parking lot.
The metallic foreign object was presumed to be located directly above the ground at a
certain height from the buried Tx coil which is a specified area on a two-dimensional
plane. Moreover, it was assumed that a single metallic foreign body could be detected
using existing methods, thus allowing the coordinate information of that single point to
be obtained. Therefore, the proposed function made possible highly efficient WPT while
realizing magnetic field suppression at any single point in the two-dimensional plane.

To realize the proposed functionality, it is necessary to determine the input voltage
according to the coordinates of the metallic foreign body within the arrangement of the
Tx coils that constitutes the phased array coil, given the specifications of the Tx and
Rx coils. The input voltage to each coil are controllable parameters that can be freely
selected according to the coordinate information of the metallic foreign body, while the
coil configuration is a fixed and uncontrollable parameter that is determined at the design
stage. Considering these facts, the methods to determine these parameters are described as
follows.

The Tx coil is arranged in the position where the center coordinates of each Tx coil
correspond to one of the grid points of grid spacing dLTx in a planar area with a side length
LTx centered at (0, 0, 0) mm, as shown in Figure 4.

EXPERIMENTAL RESULTS 32

Tx coils LTxLTx

Tx coils arrangement plane

Tx coils
LTx

LTx
Tx coil configuration plane

dLTx

x
y

z

Figure 4. Transmission (Tx) coil configuration plane.

The Tx coil configuration is evaluated in terms of the power transmission efficiency
and magnetic field suppression (in the planar area where suppression is performed). The
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evaluation of the transmission efficiency and the magnetic field suppression is performed
for the grid points in the planar area with a grid spacing of dLEv and a side length of LEv
centered at (0, 0, hEv) mm, as shown in Figure 5.

EXPERIMENTAL RESULTS 31

Tx coils

hRx
LEv

Evaluation plane

Rx coil

x
y

z
hEv

LEv

Tx coil configuration plane

dLEv

Figure 5. Evaluation points in the evaluation plane.

In this paper, this plane is referred to as the evaluation plane and the grid points are
referred to as evaluation points.

In particular, for a given Tx coil configuration, a combination of the phase and ampli-
tude of the input voltage to each coil that achieves both high transmission efficiency and
magnetic field suppression is obtained for each evaluation point on the evaluation plane
and the sum of the transmission efficiency and magnetic field strength obtained for all
evaluation points is used as the evaluation value for the given Tx coil configuration. By
iteratively performing these optimization processes, the optimal Tx coil configuration and
appropriate combination of the phase and amplitude of the input voltage to each coil for
every evaluation point can be derived.

However, it is difficult to perform such an optimization analytically. Therefore, the use
of PSO [30], which is a common technique for determining the quasi-optimal solution
in multi-objective optimization within a short time-period, could be effective. The PSO
algorithm uses multiple particles to perform the search. Based on the information of the
shared particles, the update values are obtained from Equations (15) and (16) and the
search is repeated to obtain the quasi-optimal solution of the evaluation function. The
inertia constant Wk+1 decreases linearly at the end of the search according to Equation (17)
and local search is performed. Moreover, Wmax is the inertia constant at the start of the
search; Wmin is the inertia constant at the end of the search; i(= 1, 2, . . . , Pn) is the particle
number; j(= 1, 2, . . . , n) is the coil number; k is the number of search updates; and kmax is
the number of searches.

vij
k+1 = Wk+1·vij

k−C1·rand1ij·(pbestij
k−xij

k)

−C2·rand2ij·(gbestj
k−xij

k) (15)

xij
k+1 = xij

k + vij
k+1 (16)

Wk+1 =
kmax − (k + 1)

kmax
· (Wmax −Wmin) + Wmin (17)

The parameter optimization algorithm using PSO is shown in Figure 6 and the details
are described as follows. The detailed procedure of the Tx coil configuration optimization
algorithm is shown in the pseudo code of Algorithm 1. The detailed procedure of the input
voltage optimization algorithm to each Tx coil is shown in the pseudo code of Algorithm 2.

A Tx coil configuration is assigned to each particle (i.e., coil configuration particle).
Then, the coil configuration particle is evaluated in terms of both transmission efficiency
and magnetic field suppression over the evaluation plane. This could be realized by
following process.

First, a combination of the input voltage to each coil is also assigned to each particle
(i.e., input voltage combination particle). Specifically, the input voltage assigned to each
particle corresponds to V , the input voltage of each Tx coil in Equation (3) and the power
transmission efficiency η is calculated using Equations (3)–(6). The magnetic field strength
HRMS at a single evaluation point on the evaluation plane is calculated from the current I of
each coil using Equations (7)–(14). Then, at each evaluation point on the evaluation plane,
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each input voltage combination particle is evaluated as the weighted sum of the inverse of
the corresponding transmission efficiency η and the magnetic field strength HRMS from the
evaluation function (18). Here, α is the weight factor determining the balance between the
magnetic field strength and transmission efficiency and β is the weight used to normalize
the efficiency and field strength weights. The power transmission efficiency η is required to
be greater than or equal to the lower efficiency limit ηlimit; otherwise, a penalty is imposed
and no particle is selected.

ΦPA = (1− α) · β · 1
η
+ α · HRMS (18)

Considering the evaluation results, the input voltage to each coil of the particle with the
best value in the group after a specified number of searches kmax is selected for power
transmission. This optimization is repeated for all evaluation points on the evaluation plane.

Figure 6. Flowchart of the optimization process using particle swarm optimization (PSO). This simu-
lation program has a double-loop structure that consists of the optimization of the coil configuration
and that of the phase and amplitude of the input voltage to each coil at each evaluation point in the
evaluation plane.

Finally, each coil configuration particle is evaluated as the sum of all evaluation values
of the selected input voltage combination particles at all evaluation points. This is expressed
as (19). Here, En is the total number of evaluation points e = 1, 2, . . . , En; and ηe and HRMS, e
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refer to the power transmission efficiency η and magnetic field strength HRMS at the e-th
evaluation point, respectively.

ΦTx = (1− α) · β ·
En

∑
e=1

1
ηe

+ α ·
En

∑
e=1

HRMS, e (19)

The Tx coil configuration of the particle with the best value in the group after a specified
number of searches kmax is selected as the Tx coil configuration of the WPT function.

The pseudo code for Tx coil configuration optimization using PSO is shown in Algo-
rithm 1. The pseudo code for input voltage optimization using PSO is shown in Algorithm
2.

Algorithm 1 Pseudo code of Tx coil configuration optimization using PSO.

Input: Simulation parameters
Output: Best Tx coil configuration, the optimal input voltage Ve to each Tx coil at the

e-th evaluation point, the power transmission efficiency ηe at the e-th evaluation
point and the magnetic field strength HRMS, e at the e-th evaluation point;
e(= 1 . . . En) is the evaluation point number

1: The center coordinates of each Tx coil are assigned to each particle; i(= 1 . . . Pn) is the
particle number; j(= 1 . . . n) is the coil number; k(= 1 . . . kmax) is the number of
search updates

2: Initialize particle swarm vij
0, xij

0, pbesti
0 and gbest0

3: for k = 1 . . . kmax do
4: Calculate inertia according to (17)
5: for i = 1 . . . Pn do
6: for j = 1 . . . n do
7: Calculate particle velocity in x-coordinate according to (15)
8: Calculate particle velocity in y-coordinate according to (15)
9: Calculate particle position in x-coordinate according to (16)

10: Calculate particle position in y-coordinate according to (16)
11: end for
12: Calculate the mutual inductance according to Neumann’s formula
13: Calculate the impedance matrix Z according to (2) and its inverse Z−1

14: for e = 1 . . . En do
15: Optimization of the phase and amplitude of input voltage to the coil configura-

tion at each evaluation point according to Algorithm 2
16: Algorithm 2 returns the optimal input voltage V to each Tx coil, the power trans-

mission efficiency η and the magnetic field strength HRMS at the e-th evaluation
point.

17: The optimal input voltage V to each Tx coil, the power transmission efficiency η
and the magnetic field strength HRMS at the e-th evaluation point are named Ve,
ηe and HRMS, e, respectively

18: end for
19: Calculate the value of the Tx coil configuration evaluation function ΦTx according

to (19)
20: if ΦTx(xi

k+1) < ΦTx(pbesti
k) then

21: pbesti
k+1 = xi

k+1

22: else
22: pbesti

k+1 = pbesti
k

23: end if
24: end for
25: gbestk+1 = pbestig

k+1

26: where ig = arg min
i

ΦTx(pbestig
k+1)

27: end for
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Algorithm 2 Pseudo code of the input voltage optimization using PSO.

Input: Coordinates of all coils, coordinates of an evaluation point and inverse of impedance
matrix Z−1; these are given by Algorithm 1

Output: Best combination of the phase and amplitude of input voltage V to each Tx coil,
the power transmission efficiency η and the magnetic field strength HRMS

1: The phase and the amplitude of input voltage to each coil are assigned to each particle;
i(= 1 . . . Pn) is the particle number; j(= 1 . . . n) is the coil number; k(= 1 . . . kmax) is
the number of search updates

2: Initialize particle swarm vij
0, xij

0, pbesti
0 and gbest0

3: for k = 1 . . . kmax do
4: Calculate inertia according to (17)
5: for i = 1 . . . Pn do
6: for j = 1 . . . n do
7: Calculate particle velocity of the phase of the input voltage according to (15)
8: Calculate particle velocity of the amplitude of the input voltage according to (15)

9: Calculate particle position of the phase of the input voltage according to (16)
10: Calculate particle position of the amplitude of the input voltage according to

(16)
11: end for
12: Calculate the input voltage V according to (3)
13: Calculate the input current I according to (4)
14: Calculate the load power of the Rx coil PRx according to (5)
15: Adjust the amplitude of the input voltage so that the load power PRx becomes

equal to the set value PL
16: Calculate the input power PTx, the load power PRx(= PL) and the power transmis-

sion efficiency η according to (5), (6)
17: Calculate the magnetic field strength HRMS according to (7)–(14)
18: Calculate the value of the phase and amplitude of the input voltage evaluation

function ΦPA according to (18)
19: if η < ηlimit then
20: ΦPA(xi

k+1) += penalty
21: end if
22: if ΦPA(xi

k+1) < ΦPA(pbesti
k) then

23: pbesti
k+1 = xi

k+1

24: else
24: pbesti

k+1 = pbesti
k

25: end if
26: end for
27: gbestk+1 = pbestig

k+1

28: where ig = arg min
i

ΦPA(pbestig
k+1)

29: end for
30: return gbest (best combination of the phase and amplitude of input voltage V to each

Tx coil), the power transmission efficiency η and the magnetic field strength HRMS

3. Simulation
3.1. Simulation Conditions

First, the height hEv from the plane of the Tx coil to the evaluation plane was set
as 10 mm. Thereafter, the grid spacing dLEv of the evaluation plane was set as 100 mm,
the length of one side LEv was set as 600 mm and the total number of evaluation points En
was set as 49 for input voltage optimization. Here, the total number of evaluation points
was 49 because each side had 7 evaluation points due to the fact that the length of one side
of the evaluation plane LEv was 600 mm. In addition, the grid spacing dLTx of the Tx coil
configuration plane was 10 mm and the length of one side LTx was 200 mm.
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From two to five Tx coils and one Rx coil were installed, the load power PL was 11
kW and the lower efficiency limit ηlimit was set as 85%. The load power and the lower
efficiency limit were based on the values specified in the SAE J2954 standard [7]. Note that
SAE J2954 actually sets the efficiency of the entire system at 85%. Therefore, efficiency loss
in the power electronics converter also had to be considered. However, since this study
is still in the proof-of-principle stage, the efficiency losses appearing other than from coil
to coil were neglected as approximation. We think this would not cause many problems
because the latest version of the commercial converter had a sufficient efficiency of about
96% [31,32]. The conditions including these neglected losses will be considered in the
future when the actual system will be developed. The height hRx from the plane of the
Tx coil to the Rx coil was 150 mm and the Rx coil was fixed at (0, 0, 150) mm. The coils
used in this study had the same shape with radius a of 150 mm and 70 turns N. The coil
material was copper wire and litz wire was not used. Moreover, the resonance frequency
f was 85 kHz, R = R1 = . . . Rn, L = L1 = . . . Ln and C = C1 = . . . Cn were satisfied. The
parameters of the coils were simulated by IE3D, a three-dimensional electromagnetic field
analysis simulator. The overlap of the Tx coils was allowed assuming the solution such as
slightly bending either coil where the coils were overlapping [33].

The weights α determining the weighting balance between the magnetic field strength
and transmission efficiency in the evaluation function for Tx coil arrangement and input
voltage optimization were set as α = 0.1, 0.5 and 0.9, which correspond to the efficiency
prioritization, same prioritization and magnetic field suppression prioritization, respec-
tively. The weight β for normalizing the weights of the efficiency and field strength was set
as β = 1000.

The simulation parameters are listed in Table 2.

Table 2. Simulation parameters.

Parameter Value Dimension

Grid spacing of the Tx coil configuration plane dLTx 10 mm
Side length of the Tx coil configuration plane LTx 200 mm

Grid spacing of the evaluation plane dLEv 100 mm
Side length of the evaluation plane LEv 600 mm

Evaluation plane height hEv 10 mm
Tx–Rx Gap hRx 150 mm

Frequency f 85 kHz
Coil material (copper wire) 1.3 × 10−6 H/m

Coil radius a 150 mm
Coil turn N 70 turn

Coil resistance R 5 Ω
Coil inductance L 2.0 mH
Coil capacitance C 1.7 nF

Coil Q-value 213
Load resistance ZL 50 Ω

Load power PL 11 kW
Lower transmission efficiency limit ηlimit 85 %

Number of Tx coils 2–5 number
Weight between magnetic field strength

and power transmission efficiency α
0.1, 0.5, 0.9

Weight for normalization β 1000

Table 3 lists the parameters of PSO used in the optimization.
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Table 3. Parameters of PSO.

Parameter Value
Coil Configuration Phase and Amplitude

Number of particles Pn 200 200
Number of loops kmax 300 200

Maximum inertia 0.6 0.6Factor Wmax
Minimum inertia 0.3 0.3Factor Wmin

Weighting factor C1 2.0 1.0
Weighting factor C2 1.5 1.7

3.2. Simulation Results

A comparison of the magnetic field strength and transmission efficiency for each num-
ber of Tx coils at a field strength weight of α = 0.1, which prioritizes transmission efficiency,
is shown in Figure 7. This figure compares the results with the optimal configuration for
each number of Tx coils, as searched by PSO.
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Figure 7. Comparison of magnetic field strength and transmission efficiency for each number of
transmission (Tx) coils (α = 0.1).

The red-line graph reveals that the maximum efficiency among all evaluation points
increased slightly with the number of Tx coils from 90.2% with one Tx to 90.7% with five
Tx coils. The results are consistent with those of previous studies [34–39]. The minimum
efficiency value shown in the blue-line graph was higher than the lower efficiency limit
ηlimit of 85%. In particular, it was greater than 89.3% for each number of Tx coils. In
addition, the sum of the magnetic field strengths at all evaluation points indicated by
the bar graph and the maximum value of the magnetic field strength indicated by the
orange-line graph decreased inversely with the number of Tx coils. Compared with one Tx
coil, the total magnetic field strength and the maximum strength were suppressed by 83.0%
and 94.4%, respectively, with five Tx coils. These results indicate that the suppression effect
was not negligible, thus confirming the effectiveness of the evaluation functions, namely,
Equations (18) and (19).

Figure 8 presents a comparison of the magnetic field strength and efficiency for
each number of Tx coils with a weight of α = 0.9, which gives priority to magnetic
field suppression.
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Figure 8. Comparison of magnetic field strength and transmission efficiency for each number of
transmission (Tx) coils (α = 0.9).

The maximum efficiency did not increase with the increase in the number of Tx coils.
The minimum efficiency value was within with the lower efficiency limit ηlimit of 85%.
The total magnetic field strength and the maximum magnetic field strength decreased
as the number of Tx coils increased and the total magnetic field strength and maximum
magnetic field strength were suppressed by 87.8% and 95.1%, respectively, with five Tx
coils, when compared with one Tx coil. These results indicate that α = 0.1, which was
superior for transmission efficiency, whereas α = 0.9, which was superior for magnetic field
suppression. The difference in characteristics was the most significant when the number of
Tx coils was the largest, with five Tx coils.

Figure 9 presents the influence of α on the transmission efficiency and the magnetic
field suppression effect with five Tx coils, where the difference in characteristics was more
significant; the total magnetic field strength, maximum transmission efficiency and mini-
mum transmission efficiency at α = 0.5 were observed within the range α = 0.1–0.9.
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Figure 9. Effect of magnetic field strength weight α on the transmission efficiency and magnetic field
suppression for 5 Tx.

Hence, the sum of the magnetic field strength, maximum transmission efficiency
and minimum transmission efficiency decreased with the increase in the value of α and the
characteristics changed in priority from efficiency to magnetic field suppression. However,
the same trend was not observed for the maximum magnetic field strength. This is because
the maximum magnetic field strength is not directly evaluated by Equations (18) and (19),
which are evaluation functions.

Next, we focused on the evaluation points at which the magnetic field suppression
effect was enhanced using a phased array Tx coil in reference to the color map of the
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magnetic field strength and transmission efficiency. Figure 10 presents a color map of the
magnetic field strength and efficiency for a typical configuration (one Tx coil) with a single
Tx coil and an opposing Rx coil.

74

(a)
77

(b)

Figure 10. Color map (1 Tx): (a) transmission (Tx) coil configuration and magnetic field strength map
and (b) transmission efficiency map. At the evaluation point (center of each cell), with the decrease in
the magnetic field strength HRMS, the blue shading in the cell becomes darker and, with the increase
in the power transmission efficiency η, the red shading in the cell becomes darker.

Moreover, one Tx coil was found to have a significantly large magnetic field strength
near the origin (located in the vicinity of the coil), with a value of 3.49 kA/m at four points
where the strength was maximum. In contrast, a color map of the magnetic field strength
and efficiency at α = 0.9 and five Tx coils, where the magnetic field suppression effect was
greatest, is shown in Figure 11.

First, we explain how to read the color maps shown in Figures 10–12. For example,
with five Tx coils shown in Figure 11, the input voltage of the Tx coil with high magnetic
field suppression effect at (0, 0, 10) mm, which is the evaluation point at the center of the
evaluation plane, is as follows. For example, the phase and amplitude of the input voltage
of each Tx coil with high magnetic field suppression effect at (0, 0, 10) mm, the evaluation
point at the center of the evaluation plane for five Tx coils shown in Figure 11, are the values
shown in the fifth row of Table 4. The magnetic field strength at the evaluation point was
5.0×10−6 and the transmission efficiency was 90.3% when the power was transmitted with
these optimal input voltages. Therefore, the center of the color map in Figure 11a is shown in
blue and the center of the color map in Figure 11b is shown in red. As shown above, the color
maps show the magnetic field strength and transmission efficiency of the optimized Tx coil
configuration when wireless power transfer was performed at the optimum input voltage
with a high magnetic field suppression effect at each evaluation point.

Here, the magnetic field strength near the origin, where the field strength was par-
ticularly large with one Tx coil, could be significantly suppressed while maintaining an
efficiency of more than 85%. This indicates that the magnetic field strength at the evaluation
point directly below the Rx coil can be significantly suppressed.

Finally, the input voltage values suitable for suppressing the magnetic field at each
evaluation point were selected. Nine points at intervals of 200 mm in each x- and y-direction
centered at the origin were chosen as representative points among the 49 points for coil
arrangement and the phase and amplitude of the input voltage at those points are shown
in Table 4.
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86

(a)
93

(b)

Figure 11. Color map (α = 0.9, 5 Tx coils): (a) transmission (Tx) coil configuration and magnetic
field strength map and (b) transmission efficiency map. The Tx coil configuration was as follows:
Tx1, (30, −100, 0) mm; Tx2, (−40, −100, 0) mm; Tx3, (−100, 10, 0) mm; Tx4, (20, 100, 0) mm; Tx5,
(20, 10, 0) mm.

Table 4. Coordinates of evaluation points and transmission (Tx) coil arrangement and phase and
amplitude of input voltage (α = 0.9, 5 Tx coils).

Coordinates of
Evaluation
Point (mm)

Transmission
Efficiency

η (%)

Magnetic Field
Strength

HRMS (A/m)

Tx1 (mm)
(30, −100, 0)

Tx2 (mm)
(−40, −100, 0)

Tx3 (mm)
(−100, 10, 0)

Tx4 (mm)
(20, 100, 0)

Tx5 (mm)
(20, 10, 0)

Phase
(degree)

Amp
(V)

Phase
(degree)

Amp
(V)

Phase
(degree)

Amp
(V)

Phase
(degree)

Amp
(V)

Phase
(degree)

Amp
(V)

(−200, 200,
10) 90.2 78.8 257.1 3094 247.8 3406 259.4 2956 239.5 2837 237.8 2712

(−200, 0, 10) 87.0 22.4 276.3 3842 128.1 202 304.6 3079 336.2 2715 277.2 3897
(−200, −200,

10) 89.4 76.6 184.0 3822 276.4 2055 196.3 3779 211.4 2686 209.0 2454

(0, 200, 10) 87.7 38.9 274.8 4446 252.0 1934 273.8 4546 222.9 2939 256.4 2097
(0, 0, 10) 90.3 5.0 × 10−6 224.3 1778 273.3 3473 246.1 2265 256.9 1557 250.3 4740

(0, −200, 10) 86.3 30.0 207.2 1346 296.5 1066 201.3 4166 320.7 46 236.0 5848
(200, 200, 10) 90.4 79.1 328.2 3248 336.0 3034 315.9 2491 325.3 2498 310.0 3451

(200, 0, 10) 88.2 170.3 320.3 3187 287.0 3880 278.7 2116 277.7 4799 359.9 2586
(200,−200,10) 90.1 78.4 186.0 2107 124.6 3066 153.9 2011 144.7 2898 139.3 3320

Different combinations of the phase and amplitude were selected for each evalua-
tion point.

3.3. State of Magnetic Field Suppression

This section discusses the magnetic field suppression effect for two representative
evaluation points in each coil arrangement of different numbers of Tx coils.

As mentioned previously, the magnetic field suppression effect was found to improve
as the number of Tx coils increased. This section discusses and focuses on two specific
evaluation points to examine changes in the behavior of the field generated by each coil and
its associated composite field with an increase in the number of coils. The color maps of the
magnetic field strength and efficiency for three Tx coils (α = 0.9) are shown in Figure 12.
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(a)
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Figure 12. Color map (α = 0.9, 3 Tx coils): (a) transmission (Tx) coil configuration and magnetic field
strength map and (b) transmission efficiency map. The Tx coil configuration was as follows: Tx1,
(−50, −50, 0) mm; Tx2, (50, 50, 0) mm; Tx3, (0, 0, 0) mm.

To examine the step-wise improvement of the magnetic field suppression effect be-
tween three Tx and five Tx coils, we selected two points such that only one of the points was
sufficiently suppressed with three Tx coils and both points were sufficiently suppressed
with five Tx coils. Here, the evaluation points A (0, 0, 10) mm and B (100, −100, 10) mm
were selected by referring to Figures 11 and 12. With three Tx coils, only the magnetic field
of A was suppressed and, with five Tx coils, the magnetic fields of both A and B were
suppressed.

Here, we focus on each component of the magnetic field, i.e., the magnetic field
generated by each coil displayed as a phasor, as well as their composite vector.

The phasor display of each component of the magnetic field with three Tx coils is
shown in Figure 13.

Figure 13a–f presents the phasor display of the each component of magnetic field
at A and B. The composite vector is the combination of vectors generated by all coils.
Hence, with a decrease in the norm of this vector, it could be said that the magnetic field
suppression increased in that direction. The phasor diagram presented in this paper is for
time t = 0, which corresponds to the state of k = 1 in Equations (10)–(12). As k increased,
all vectors were rotated counterclockwise without changing their lengths. Figure 13a–c
confirms that the composite vector was significantly small in each direction, which shows
that the magnetic field suppression effect was high at A.

At A, the input power to each Tx coil was Tx1 = −944 W, Tx2 = −944 W and
Tx3 = 14, 596 W. This indicates that Tx3 contributed the most to the power transmission to
Rx and that Tx1 and Tx2 worked to suppress the magnetic field. The negative power of Tx1
and Tx2 acted as the regenerative energy. Given that the x–y coordinates of Tx3 and Rx were
x = y = 0, which were the same for point A, the vectors generated in the x- and y-directions
by Tx3 and Rx were zero vectors. The phases and amplitudes of the input voltages and
currents of Tx1 and Tx2 were completely matched; therefore, vectors generated by Tx1 and
Tx2 canceled each other in the x- and y-direction as shown in Figure 13a,b and generated
the same vector in the z-direction as shown in Figure 13c, to eliminate the vectors generated
by Tx3 and Rx.

At B, the input power to each Tx coil was Tx1 = 26, 045 W, Tx2 = 26, 196 W and Tx3 =
−39, 299 W. This suggests that Tx1 and Tx2 contributed to the power transmission to Rx
and that only Tx3 worked to suppress the magnetic field. Hence, Figure 13d–f reveals
that the vector of Tx3 was at an angle close to the opposite direction of the composite
vectors of Rx, Tx1 and Tx2. However, the composite vector remained, because the magnetic
field vectors did not cancel each other, which may be because only a single coil worked
to suppress the magnetic field. Same as in the case in Figure 13c, Tx1 and Tx2 generated
almost identical vectors in the z-direction.
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Figure 13. Phasor representation of the magnetic field in each direction (α = 0.9, three Tx coils, k = 1):
(a–c) magnetic field at A; (d–f) magnetic field at B.

The phasor display of the magnetic field in each direction with five Tx coils is shown
in Figure 14.
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Figure 14. Phasor representation of the magnetic field in each direction (α = 0.9, five Tx coils, k = 1):
(a–c) magnetic field at A; (d–f) magnetic field at B.

The composite vector in each direction became almost zero at not only A, where the
magnetic field suppression effect was high with three Tx coils, but also at B, where the
magnetic field suppression effect was insufficient with three Tx coils.

The power input to each Tx coil at B was Tx1 = 79 W, Tx2 = −216 W, Tx3 = 11, 191 W,
Tx4 = 24, 243 W and Tx5 = −22, 575 W. This indicates that Tx3 and Tx4 mainly contributed
to the power transmission. However, since these coils were located a distance away from
B, they had little effect on the magnetic field in each direction, as shown in Figure 14d–f.
Therefore, Tx3 and Tx4 were mainly used for power transmission; the other three Tx coils,
including Rx, were mainly used for magnetic field suppression. Compared with three
Tx coils, the number of coils that could be used mainly for magnetic field suppression
increased, thus leading to a more effective suppression. Here, the vectors generated by Rx
in Figure 14a,b and the Tx1 and Tx2 in Figure 14e were zero vectors and the other vectors
were non-zero, although several were difficult to recognize due to their small size.
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4. Conclusions

In this paper, we propose a novel WPT function for EVs in parking lots, which enables
continuous high-efficiency WPT while minimizing magnetic field absorption by metallic
foreign objects. In this study, this issue was considered as a problem where a metallic
foreign object is present at an arbitrary point in a two-dimensional plane and the solution
was investigated assuming the usage of phased array WPT. A searching algorithm using
PSO is proposed to search for the optimal coil configuration and the optimal input voltage
of each coil for each magnetic field suppression position in that coil configuration.

The simulation results show the following. First, an increase in the number of Tx
coils contributed significantly to the improvement of the magnetic field suppression ef-
fect and, with five Tx coils, the magnetic field suppression effect improved significantly
compared to one Tx coil. Here, for the same number of Tx coils, the simulation parameter
α, which corresponds to the weight factor of transmission efficiency and magnetic field
suppression in the evaluation function, functioned appropriately due to the fact that the
transmission efficiency increased when given priority and vice versa in case of the magnetic
field suppression.

Next, by analyzing the phasor display of the magnetic field in each direction, it was
found that using a large number of Tx coils led to utilizing Tx coils for different main
purposes, such as power transmission and magnetic field suppression, depending on the
evaluation point, which contributed to both maintaining efficiency and improving the
magnetic field suppression effect. In addition, it should be noted that a transmission
efficiency of more than 85% was maintained in all simulations.

In the proof-of-principle stage, it was confirmed that the proposed method of high
efficiency WPT with magnetic field suppression was possible for at least a single point

We consider the following as possible future works. The development of a control
circuit to share the single power supply would be expected, because, currently, each Tx
coil requires a separate inverter. Since there are cases where more than one metal object is
scattered, we would like to continue to study the effect of magnetic field suppression in the
case of two or more points. Furthermore, we would like to consider suppression not only
by points but also by shapes, such as lines. Finally, we would like to conduct simulations
and actual experiments considering the influence of power electronic converters.
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