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Abstract—Several problems remain in the practical  wireless power transfer that leaks to the outside without

application of dynamic wireless power transfer to electric vehicles.
It creates the leakage magnetic field that can be bad for people and
devices nearby. There are some ways to make the leakage
magnetic field smaller, like adding extra coils or materials, but
they also add extra weight and cost. This paper proposes a new
method to make the far-field leakage magnetic field at 10 m from
the reference point smaller without additional equipment. This is
a method of reducing the far-field leakage magnetic field by
controlling the adjacent power transfer coils in the direction of
travel of the power transfer coil that is transmitting power in a
double LCC circuit. The currents flowing in the two transfer coils
and the receiver coil are derived from the calculation of equivalent
circuits considering the coupling between the coils. The
effectiveness of the proposed method is confirmed by theoretical
calculations using MATLAB and electromagnetic field analysis
using Altair FEKO, and it is found that the far-field leakage
magnetic field can be reduced below the regulated value without
additional equipment.
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1. INTRODUCTION

Dynamic wireless power transfer is attracting as a
technology to promote the transition from internal combustion
engine vehicles to electric vehicles, which is one of the ways to
solve global environmental problems. Problems with using
electric vehicles are that they have a shorter cruising range than
internal combustion engine vehicles and take more time to
recharge. Dynamic wireless power transfer can solve this
problem. In addition, dynamic wireless power transfer can
ensure a sufficient cruising range while reducing the battery
capacity of the electric vehicle, thus contributing to weight
reduction and price reduction. However, there are various
problems involved in the practical application of dynamic
wireless power transfer. One of them is the problem of leakage
magnetic field, which is the magnetic field generated during

coupling. The leakage magnetic field is concerned to have bad
effects on the human body and electronic devices, and the
CISPR and ICNIRP[1] have established the regulation values.

Leakage magnetic field reduction methods proposed so far
can be roughly classified into two types: active shielding and
passive shielding. In the active shield [2]-[6], a loop coil with a
power supply is added to the circuit configuration, or the wiring
method of the transfer coil is devised. Passive shielding [7]-[8]
suggests the addition of ferrite or aluminum plates. In all these
methods, most of them target the near-field leakage magnetic
field. In addition, previous studies have shown that the proposed
method reduces the leakage magnetic field from experimental
and electromagnetic field analysis results, Not shown using
theoretical equations. This paper proposes a new method to
make the far-field leakage magnetic field at 10 m from the
reference point smaller without additional equipment. This is a
method of reducing the far-field leakage magnetic field by
controlling the adjacent power transfer coils in the direction of
travel of the power transfer coil that is transmitting power in a
double LCC circuit. Verifying its effectiveness through
theoretical calculations and electromagnetic field analysis. The
validity of the theoretical equation is verified by comparison
with the results of electromagnetic field analysis.

II. OVERVIEW OF LEAKAGE MAGNETIC FIELD REDUCTION
METHOD

Magnetic field resonance method is used as a wireless power
transmission method, which is high power and high efficiency.
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Fig.1 Diagram of the proposed method



Also, the double-LCC method with an air core was adopted as
the resonance method. The same power transfer coils are
assumed to be installed in a straight line on the roadway with a
50% installation ratio. In this situation, the adjacent power
transfer coil in the direction of travel that is transmitting power
to the receiver coil attached to the vehicle body is used as a coil
for reducing the leakage magnetic field. By adjusting the
magnitude and phase of the voltage applied to the adjacent
power transfer coil in the direction of travel to an appropriate
value, obtain the leakage magnetic field reduction effect. In this
paper, this coil is called an adjacent power transfer coil. Fig. 1
shows an illustration of this coil. Also, the case where the
receiver coil is located on the center of the transfer coil is
considered.

III. CURRENT DERIVATION BY EQUIVALENT CIRCUIT

In this chapter, the magnitude and phase of the current
flowing through each coil are derived from the equivalent circuit

when there are three coils. The equivalent circuit is shown in Fig.

2. The power transfer coil is L;, the adjacent transfer coil is L,
and the receiver coil is L3. V; and V, are the voltages applied to
the transfer coil and the adjacent transfer coil. R, is the load
attached to the receiver coil. Ly, for each coil is a resonant
inductor, C, is a series capacitor, and Cy,, is a parallel capacitor,
and the relationship between their magnitudes is expressed by
equation (1) using the resonant angular frequency w,.

Cxp + Cxs
LxCxp st

(x=123) 1

R, is the internal resistance of L,, and R, is the internal
resistance of the resonant inductor L, .

As for the mutual inductance, L,,, is between the transfer
coil and the receiver coil, L,,; is between the adjacent transfer
coil and the receiver coil, and L,,, is between the transfer coil
and the adjacent transfer coil. These are obtained from
Neumann's equation expressed in equation (2). The parameters
are shown in Fig. 3.
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When all coils are in resonance, the circuit equations are
expressed in matrix form as equation (3). By obtaining the
inverse matrix of equation (3), the currents flowing in each coil
can be derived. Since the value of each current is obtained in
complex number form, its magnitude and phase can be obtained.
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Fig.2 Equivalent circuit of two transfer coils and one receiver
coil

Fig.3 Parameters of Neumann's equation

IV. MAGNETIC FIELD DERIVATION BY VECTOR POTENTIAL

After The magnetic field is derived from the vector potential
[9]. The magnetic fields generated by the transfer coil L;, the
adjacent transfer coil L,, and the receiver coil L5 to an arbitrary
point P(x,y, z) shown in Fig.4 are denoted as H;, H,, and H;,
respectively, and are expressed by equations (4), (5), and (6),
respectively. Here, the distances ry, 15, and 13 to point P are
sufficiently longer than the lengths ay, by, ¢, dy, €y, and f; of
each side.
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Fig.4 Magnetic field derivation using vector potentials

In addition, I; , I, , and I3 have magnitude and phase,
respectively. Denoting I, I,, and I3 as magnitudes and 64, 9,,
and 65 as phases, respectively, the equation (7) is expressed as
follows.

I, =1.cosb, +jl,sin6, (x=123) (7)

The magnitude H of the magnetic field at an arbitrary point
P can be derived by composing Hy, H,, and H;. From equations
4), (5), (6), and (7), the magnitude of the magnetic field H is
expressed by equation (8).

(Hy, cos 0, + H,, cos 8, + Hs, cos 65)?
+(Hy, sin @, + H,, sin 6, + Hs, sin 65)?
+(H1y cos 8, + Hj,, cos 8, + Hj,, cos 93)2

2 (8)
+(H,, sin 6, + H,,, sin 6, + Ha, sin 63)

+(H;, cos 6; + H,, cos 6, + Hs, cos 65)?
\ +(H,,sin6; + H,, sin 0, + H;, sin 63)?

V. MAGNETIC FIELD DERIVATION BY VECTOR POTENTIAL

After The validity of the theoretical equations and the
effectiveness of the far-field leakage magnetic field reduction
method are verified by comparing the results of the theoretical
calculations and the electromagnetic field analysis. Theoretical
calculations are performed using MATLAB by MathWorks.
The electromagnetic field analysis is performed by the MoM
method using Altair FEKO. The analytical model is shown in
Fig. 5, and the values of each parameter are shown in Table 1.
The self-inductance L, and internal resistance R, of each coil
are the values obtained by electromagnetic field analysis. The
measured values are also used in the case of the actual device.
The resistance R, of each resonant inductor is designed so that
the Q value of the resonant inductor is 500.

Fig.5 Analysis Model

Tablel Analysis Set Up

Ly L, Ly
Size[mm] 1300 x 600 580 x 420
Pitch[mm)] 14.85 10.85
Turn 7 16
Vi [V] 1100 —
Gap[mm] — — 200
Spacing[mm] — 2600 —
Ry, [mQ] 15.9 379
R, [mQ] 77.5 69.7
Lo, [1H] 14.9 35.5
L, [uH] 89.3 97.4
Cyp [nF] 235 98.8
Cys [nF] 471 56.6
R; [Q] — — 10
A. Current

Fig.6 shows the magnitude and phase of each current when
V1 is 1100 V 0 deg and V;, is 1180 V and the phase is varied, and
Fig.7 shows the magnitude and phase of each current when V,
is 175 deg and the phase is varied, which are obtained from
electromagnetic field analysis and theoretical calculation. Fig.6
and 7 show that the magnitude and phase of each current are
obtained both when the magnitude of V;, is varied and when the
phase is varied. This shows the validity of the theoretical
equation for the current derivation.
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Fig.6 Magnitude and phase of each current when the magnitude

of V/, is varied

30
B e R
= — .
EDZO
S15
=10
8 ) ——Analysis
—=—Calculation
0
120 150 180 210 240
V2Phase[deg]
140
_ 138
<
E 136
= 134
= —=—Analysis
130
120 150 180 210 240
V2Phase[deg]
3
_25 /
= —
2 ‘
S 15 e
ol ] Sl
5 - -+ Analysis
03
0
120 150 180 210 240
V2Phase[deg]
150
_ 148
<
E‘D 146
E 144
1] —=—Analysis
140
120 150 180 210 240
V2Phase[deg]
30
25 ¢—
<20
215
E 10 i
«a —=—Analysis
;
0

120 150 180 210 240
V2Phase[deg]

'
@

I3Phase[deg]
0

!
EN

—=—Analysis
——Calculation
1140 1160 1180 1200 1220
V2Mag[V]

'
[y

)
o S
S W

%
o O
S

ILPhase[deg]

%
o0
n

-+ Analysis
—+Calculation
1140 1160 1180 1200 1220
V2Mag[V]

o0
&

N

—=—Analysis
~+—Calculation

lin1Phase[deg]

120150 180 210 240
V2Phase[deg]
90.5
= 90
3
Z 89.5
5 89
) —=—Analysis
88
120 150 180 210 240
V2Phase[deg]
-100
F-120
=
g -140
&
£ -160
a ->-Analysis
=200

120 150 180 210 240
V2Phase[deg]

&
S

v
=)

12Phase[deg]
=
(=]

=o=Analysis

—=—Calculatio:

120 150 180 210 240
V2Phase[deg]

)
=
S

) N S s c—

o

2 ——Analysis
- ——Calculation|
120 150 180 210 240
V2Phase[deg]

I3Phase

60 90.5
HSO ————————————— = 90
<40 3
= =895
30 2
520 £ 8 .
- ——Analysis ; 885 +Ana]y31§

10 —Calculation i —+Calculation

0 88
120 150 180 210 240 120 150 180 210 240

V2Phase[deg] V2Phase[deg]

Fig.7 Magnitude and phase of each current when the phase of V,,
is varied

B. Far-Field Leakage Magnetic Field

]) VERIFICATION OF SUPPRESSION EFFECt

The magnetic field measurement points are x=0 m, y=11.9
m, and z=1 m in the coordinate system which origin is the center
of L; shown in Fig. 8. The reason for this 11.9 m is that the SAE
standard defines a radius of 1.9 m from the center of the
receiving coil as the WPT Measurement Boundary where the
power supply and other devices are installed, and the analysis
point is 10 m away from this radius, which is far-field leakage
magnetic field. The leakage magnetic field at the measurement
point was compared with the regulation value of 82.8 dBpA/m
(13.8 mA/m) given in SAE J2954.

Theoretical calculations show that the magnetic leakage
field at the measurement point reaches its minimum at 1180 V
175 deg for V, when the voltage V; applied to L; is 1100 V 0
deg. Fig.9 shows the magnitude of the magnetic field when the
magnitude of V;, is varied, and Fig.10 shows when the phase of
V, is varied. From Figs.9 and 10, it was possible to obtain the
leakage magnetic field at the measurement point both when the
magnitude of V, was varied and when the phase was varied.
The maximum error is 1.4 %. This shows the validity of the
theoretical equation for the current derivation. "No Cancel"
indicates a situation where adjacent transfer coil L, is present
but power is not applied. In this situation, the magnetic field
generated at the measurement point is 29.3 mA/m, which is
higher than the regulated value of 13.8 mA/m. When V, is 1100
V 175 deg, which is the point where the leakage magnetic field
is most suppressed, the magnetic field is 1.58 mA/m, which is
27.7 mA/m (88.9 dBpA/m) less than the regulation value.
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Fig.8 Magnetic Field Analyzing Point
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2) MAGNETIC FIELD AT MAXIMUM REDUCTION OUTSIDE OF
THE MEASUREMENT POINT

The magnitude of the magnetic field generated outside the
measurement point is shown for the condition that the leakage
magnetic field at the measurement point is reduced the most.
First, Fig.12 shows the results for a radius of 11.9 m and a
height of 1 m around the transfer coil L; shown in Fig.11. Most
of the areas are below the limited value, and the limited value
is exceeded only in the direction of travel. The values are also
lower than those without reduction only in the presence of
adjacent transfer coils over a wide range. From this result, it can
be said that there is an effect of leakage magnetic field reduction
except in the region of about 60° in the direction of travel.
However, this is not considered to be a problem because it is
considered possible to reduce the leakage magnetic field by
using a coil further ahead of the adjacent transfer coil, and
because no one can enter the area because it is in the direction
of travel. From Fig.9, there is a certain range of the magnitude
of V, that can reduce the leakage magnetic field at the
measurement point below the regulated value. Since the
magnitude of the magnetic field is linear with the magnitude of
the current, and the magnitude of the current is linear with the
magnitude of the voltage, it is considered possible to reduce the
surrounding leakage magnetic field while keeping the
measurement point below the regulation value by reducing V.
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Fig.12 Leakage magnetic field around the transmission coil

Fig.14, 15, and 16 show the results at locations where the x,
y, and z directions were changed from the measurement points
shown in Fig.13. In the coordinate system with the center of L,
as the origin, the x side of Fig.13 is (-15m, 11.9 m, 1 m) ~ (15
m, 11.9m, 1 m), the y side is (0 m, 0 m, 1 m) ~ (0 m, 15 m, 1
m), and the z side is (0 m, 11.9 m, 0 m) ~ (0 m, 11.9 m, 2 m).
From Fig.15, the error in the y direction from y=0 to 2 m is
larger. This is due to the approximation that the distance to the
measurement point is sufficiently longer than the coil edge
when the magnetic field is calculated from the vector potential.
When the distance to the measurement point becomes shorter,
the approximation no longer holds, and this is the reason for the
error. As for the x-side and z-side, it can be said that the
magnetic field can be derived from the theoretical calculation
from Fig.14 and 16.

Fig.13 Analyzing Line
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VI. CONCLUSION

The magnitude and phase of the current flowing through
each coil during dynamic wireless power transfer in double-
LCC circuit can be derived from the input power and coil
configuration. Using the currents, the far-field leakage
magnetic field can be derived from the theoretical equation of
vector potential, which agrees with the electromagnetic field
analysis, showing the validity of the theoretical calculations.
The current and magnetic field can be derived in the same way
when the number of coils is increased further. The availability
of the theoretical calculations will be useful for system design
since it will allow to examine various conditions earlier than by
electromagnetic field analysis. One of the future issues is to

develop a theoretical equation that considers the effects of the
real environment, such as the car body and the ground.

As a method to reduce the leakage magnetic field, this paper
proposed the method of using adjacent transfer coil in the
direction of travel. The leakage magnetic field reduction is
achieved by adjusting the magnitude and phase of the voltage
of the adjacent transfer coil. By applying a voltage of 1180 V
175 deg to the adjacent transfer coil when the input voltage of
the transfer coil is 1100 V 0 deg, the far-field leakage magnetic
field at 11.9 m from the transfer coil can be reduced by a
maximum of 27.7 mA/m (88.9 dBuA/m). It was also confirmed
that this method can reduce the leakage magnetic field over a
wide range. The advantage of this method is that it can be
performed without any additional equipment. One of the future
issues is how to change the magnitude and phase of the input
voltage to each transfer coil.
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