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Abstract: Wireless power transfer for electric and plug-in hybrid vehicles has been developed to
facilitate battery charging. In a wireless power transfer system, because the magnetic field leaks
to the surroundings of the vehicle, it is important to evaluate the quantitative human exposure.
The International Commission on Non-Ionizing Radiation Protection provides guidelines for human
exposure assessment. In this study, we evaluate the magnetic field leakage under two parking
configurations and current phase differences for two vehicles being simultaneously charged (3.7 kW
at 85 kHz per vehicle). The results of the analysis show that the magnetic field leakage is lower than
the reference level of the guidelines for all cases and that the leakage could be reduced by controlling
the phase difference between the two wireless power transfer systems equally distributed from the
single high-frequency power source for each parking configuration.
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1. Introduction

To mitigate environmental problems such as global warming and air pollution, electric vehicles
(EVs) and plug-in hybrid vehicles (PHVs), which have lower CO2 emissions compared to conventional
gasoline vehicles, have been developed. Wireless power transfer (WPT), which can conveniently
charge batteries, is being developed to popularize such vehicles. Among the various methods for
WPT [1–5], magnetic resonance coupling is most commonly used for EV and PHV charging due
to its high transmission power and long-distance transmission. However, when a large amount of
power is transmitted using this method, there is concern that exposure to the magnetic field leakage
may affect the human body. In the guidelines [6] on human body protection against electromagnetic
field exposure established by the International Commission on Non-Ionizing Radiation Protection
(ICNIRP), a physical quantity called basic restriction is defined as an evaluation standard for safety.
It is desirable to design systems that do not exceed this standard. The induced electric field is used as
the physical quantity that defines the basic restriction for exposure to a magnetic field in the frequency
band considered for use in WPT systems. The induced electric fields in WPT systems have been
analyzed [7–10]. In one study [7,8], the induced electric field was analyzed in various situations,
such as when a person is standing upright beside an EV or picking up an object from the ground
during wireless charging. It was found that the induced electric field was below the basic restriction.
In another study [9], the exposure to the induced electric field for a person standing upright beside
an EV was analyzed with the mounting position of the secondary coil as a parameter. The induced
electric field was largest when the secondary coil was mounted at the center of an EV. The induced
electric field has also been analyzed for various gap sizes between the primary and secondary coils [10].
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It was found that the induced electric field decreased with increasing gap size. In these evaluations,
it was assumed that power was transmitted to only one vehicle. However, with the spread of WPT,
it is expected that multiple vehicles would be charged at the same time in a commercial facility. In this
paper, we consider the simultaneous charging of two vehicles from a single power source. We examine
how the parking configuration of the two vehicles and the current phase difference between coils affect
magnetic field leakage.

2. Analysis Method and Conditions

2.1. Outline of Analysis Method

For the analysis of the induced electric field in the body, a two-step analysis method, which
independently calculates the magnetic field distribution and the induced electric field, was used. In the
first step, the magnetic field leakage around the WPT system was calculated using a commercially
available electromagnetic simulator, and a vector potential was calculated from the result. In the
second step, the induced electric field was calculated from the vector potential obtained in the first
step using the scalar-potential finite difference method [11]. The scholar potencial finite difference
(SPFD) method is a calculation method based on a quasi-static approximation, which calculates without
considering the electric field induced by the fluctuating magnetic field and the magnetic field caused
by a sufficiently small induced current.

For analyzing the in-body induced electric field, the ICNIRP guidelines recommend using a
numerical human body model created with cells made of 2-mm squares (voxels) for muscles and fat [6].
In this analysis, we used whole-body voxel human model named TARO, developed by the National
Institute of Information and Communications Technology, and the average body size of a Japanese
adult male [12]. In this model, the human body occupied a space of 640 × 320 × 1732 mm; this space
was divided into 2 mm voxels; and each voxel was distinguished by material flags, such as skin, blood
vessels, and organs. The physical properties such as conductivity and relative permittivity for each of
these flags are given by Gabriel et al. [13]. The high frequency electromagnetic field simulator named
HFSSTM [14] using the finite element method was used for the first step, and our original code was
used for the second step.

2.2. Analysis Conditions

In this evaluation, we analyzed the magnetic field leakage between two vehicles that were charged
simultaneously using a single power supply. Figure 1 shows an overview and the coordinate system
for the vehicle model used in this analysis. The shapes of the vehicles, primary coils, and secondary
coils were the same for both vehicles. The vehicles equipped with secondary coils represent ordinary
passenger cars (size shown in Figure 1). The secondary coil was mounted at the center bottom of the
vehicle, and the primary coil was installed on the floor below it. The floor was a conductor, which
previous studies have found to be the worst case [9]. The primary and secondary coils were both
circular, and their sizes were the same as those in a previous study [9,10]. The gap size (z-direction)
between the coils was 150 mm. Two configurations were set assuming that the positional relationship
between the two vehicles depends on their parking positions. Figure 2 shows the positional relationship
between the primary and secondary coils of the two vehicles for the two configurations. Misalignments
in the x- and y-directions of the secondary coil center from the primary coil center are denoted as ∆xA,B

and ∆yA,B, respectively. For vehicle A, ∆xA = −100 mm and ∆yA = −75 mm for both configurations;
for vehicle B, ∆xB = −100 mm and ∆yB = −75 mm for configuration 1, and ∆xB = 100 mm and
∆yB = −75 mm for configuration 2. The center-to-center distance between the primary coils of the two
vehicles was fixed at 2500 mm for both parking configurations. The distance between the secondary
coils was 2500 mm for configuration 1 and 2700 mm for configuration 2. The distance between the
sides of vehicles A and B was 800 mm for configuration 1 and 1000 mm for configuration 2.
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Figure 1. Analysis model of vehicles A and B.

When the shapes of the primary and secondary coils are the same, as in this analysis, the absolute
values of the primary current I1 and the secondary current I2 when transmitting power P are given by
Equation (1) [9,10]; the phase relationship is expressed by Equation (2) [10]:

∣∣∣I1A,B
∣∣∣ ≈ √

P
2π f kLs1

,
∣∣∣I2A,B

∣∣∣ ≈ √
P

2π f kLs2
, (1)

I2A,B ≈ − jI1A,B. (2)

Here, the subscripts A and B for I1 and I2 indicate the values for vehicles A and B, respectively.
The parameters Ls1, Ls2, and k in Equation (1) are the self-inductance of the primary coil, that of the
secondary coil, and the coupling coefficient between the coils, respectively. P and f are the transmission
power and transmission frequency, respectively; f was 85 kHz and P was 3.7 kW. The currents in
the primary and secondary coils of vehicle A are denoted as I1A and I2A, and those of vehicle B are
denoted as I1B and I2B, respectively. The currents, obtained using a previously reported method [9,10],
are |I1A| = |I2A| = |I1B| = |I2B| = 20.3 A. Equation (2) indicates that the phase of I2A,B is delayed by 90◦

compared to that of I1A,B.
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Figure 2. Two parking patterns of two vehicles A and B: (a) Parking pattern 1; (b) Parking pattern 2.

When the two adjacent vehicles were charged simultaneously, the magnetic field leakage
distribution around the WPT system changed due to the change in the phase difference between the
current of vehicle A and that of vehicle B. The magnetic field leakage was analyzed with a phase
difference θ of 0◦ and 180◦. In this analysis, it was assumed that a human was standing between
vehicles A and B at a position 200 mm away from vehicle A, as shown in Figure 3. The magnetic



World Electric Vehicle Journal 2019, 10, 41 4 of 8

field analysis region is a rectangular parallelepiped with dimensions of 400 mm × 700 mm × 800 mm
(x × y × z), which was set to surround the human. The average magnetic field strength in this region
was analyzed.
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Figure 3. Positional relation between the human model and vehicles A and B.

3. Results and Discussion

The magnetic field distributions in the middle position (height from floor: 120 mm) in the gap
between the primary and secondary coils where only vehicle A is charged and where both vehicles are
charged are shown in Figure 4a,b, respectively. The solid rectangle between the two vehicles is the
cross section of the analysis region. In both cases, the magnetic field strength increases around the
side of the coil. When the two vehicles are simultaneously charged, the strong magnetic field region
is enlarged.

The average magnetic field strength H in the analysis region defined in the previous section is
shown in Figure 5. The bars show the magnetic field strength for the two vehicles being charged
simultaneously, and the broken line shows that for only vehicle A being charged. For only one vehicle
being charged, H is 1.00 A/m. For the simultaneous charging of two vehicles, H is 1.15 and 1.43 A/m
for phase differences θ of 0◦ and 180◦ for configuration 1, respectively. The increase in the magnetic
field strength is larger for the antiphase configuration (θ = 180◦). H is 1.31 and 1.08 A/m for phase
differences θ of 0◦ and 180◦ for configuration 2, respectively. The increase in the magnetic field strength
is larger for the in-phase configuration (θ = 0◦). For all conditions, the magnetic field strength is at
most 1/14 of the reference level defined in the ICNIRP guidelines (21 A/m) [6].
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Figure 4. Distribution of leakage magnetic field in x-y place at z = 120 mm for (a) only vehicle A being
charged and (b) both vehicles being charged.
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The computed results for the induced electric field 99.9th percentile value of Ein in the human
model are shown in Figure 6. Here, the broken line is the induced electric field when only vehicle A
is charged. In this case, Ein is 0.055 V/m. For the simultaneous charging of two vehicles, Ein is 0.066
and 0.089 V/m for phase differences θ of 0◦ and 180◦ for configuration 1, respectively. The increase
of the magnetic field strength is larger in the antiphase configuration (θ = 180◦). Ein is 0.082 and
0.062 V/m for phase differences θ of 0◦ and 180◦ for configuration 2, respectively. The increase in the
magnetic field strength is larger for the in-phase configuration (θ = 0◦). For all conditions, the induced
electric field 99.9th percentile value is at most 1/100 of the basic restriction defined in the ICNIRP
guidelines (11.475 V/m) [6]. The magnetic field strength H shown in Figure 5 and the induced electric
field strength 99.9th percentile value shown in Figure 6 show the same trends for the effects of parking
configuration and phase difference θ.
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These results indicate that the effects of different conditions can be understood by analyzing the
magnetic field distribution in detail.

Spatially averaged values |Hx|, |Hy|, and |Hz| of the x, y, and z components in the analysis region,
expressed in Equation (3), were obtained:

H =

√
|Hx|

2 +
∣∣∣Hy

∣∣∣2 + |Hz|
2 (3)

|Hx|, |Hy|, and |Hz| are shown in Figure 7a,b. For configuration 1, |Hx|= 0.97 A/m and H = 1.15 A/m at
θ = 0◦, and, thus, the |Hx| component is dominant. |Hz| = 1.39 A/m and H = 1.43 A/m for θ = 180◦, and,
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thus, the |Hz| component is dominant. This is because the x and z components of the magnetic field
leakage vectors for vehicles A and B strengthen and weaken each other, respectively, at θ = 0. Because
the direction of the magnetic field vector for vehicle B is reversed, the x component is weakened and
the z component is strengthened at θ = 180◦.
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Figure 7. Values of |Hx|, |Hy|, and |Hz |in the analysis area for parking configurations (a) 1 and (b) 2.

For configuration 2, |Hz| = 1.26 A/m and H = 1.31 A/m at θ = 0◦, and, thus, the |Hz| component is
dominant. |Hz| = 1.05 A/m and H = 1.08 A/m at θ = 180◦, and, thus, the |Hz| component is dominant.
This is because the x and z components of the magnetic field leakage vectors for vehicles A and B
weaken and strengthen each other, respectively, at θ = 0◦. Because the direction of the magnetic field
vector of vehicle B is reversed, the x component is strengthened and the z component is weakened
at θ = 180◦. Therefore, the strength of the induced electric field in the human body depends on the
distribution of the magnetic field component during exposure to the non-uniform magnetic field
leakage from the WPT system.



World Electric Vehicle Journal 2019, 10, 41 7 of 8

4. Conclusions

We analyzed the magnetic field leakage generated around a WPT system for two vehicles charged
simultaneously using one power source. It was found that the magnetic field strength in the case of
simultaneously charging two vehicles was less than 1.5 times that in the case of one vehicle charging
and was lower than the reference level given in the ICNIRP guidelines. It was also found that the
leaked magnetic field strength can be reduced by changing the phase difference θ between the two
systems. Furthermore, it was found that when the human body is exposed to the non-uniform magnetic
field leakage around this system, the magnitude of the internal induced electric field depends on the
intensity distribution of the magnetic field component.
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