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Abstract: This study computationally evaluates the effect of loudspeakers on the in situ electric field
in a driver body model exposed to the magnetic field from a wireless power transfer (WPT) system in
an electric vehicle (EV), one with a body made of carbon fiber reinforced plastic (CFRP) and the
other made with aluminum. A quasi-static two-step approach was applied to compute the in situ
electric field. The computational results showed that the magnetic field distribution generated by
the WPT is significantly altered around the loudspeakers, and shows obvious discontinuity and
local enhancement. The maximum spatial-average magnetic field strength in the driver’s body was
increased by 11% in the CFRP vehicle. It was 2.25 times larger than the reference levels (RL) prescribed
in the International Commission of Non-Ionizing Radiation Protection (ICNIRP) guidelines in 2010.
In addition, we found that the in situ electric field computed by the line- and volume-averaging
methods were stable if the top 0.1% voxels are excluded. The maximum value was well below the
basic restriction (BR) of the ICNIRP guidelines. Nevertheless, the presence of the loudspeaker led to
increments in the electric field strength in parts of the human body, suggesting the potential influence
of permissible transmitting power in the WPT system. The maximum electric field strength in the
thigh and buttock with the woofer, increased by 27% in the CFRP vehicle. The arm value was up to
3 times higher than that obtained without the tweeter in the aluminum vehicle. Moreover, this study
found that the maximum electric field strength depended on the location of the loudspeaker with
respect to the WPT system and the separation from the driver model. Therefore, the loudspeaker
should be considered when evaluating the maximum in situ electric field strength in the vehicle body
design stage.
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1. Introduction

Recently, there has been increased interest in wireless power transfer (WPT) systems owing to their
convenience in charging wireless devices such as mobile phones, household appliances, and electric
vehicles (EVs) (e.g., [1]). Furthermore, EVs have attracted significant attention as an alternative for
reducing the air pollution produced by diesel powered vehicles. Electric vehicles with a WPT system
do not require power transmission wiring, hence, the possibility of electrical leakage from the plug
under wet conditions is reduced [2]. However, electromagnetic field leakage from the WPT system,
which is the main source of leakage in the EV, may pose potential health risks to humans. Another
potential field source is the motor. However, the field leakage from the motor is very localized [3]
and quite small [4] because the EV motor has a metallic housing (see Figure A1 in Appendix A) that is
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usually made of aluminum alloy and can effectively shield the electromagnetic field from the motor.
In addition, EVs usually use a front- or rear-motor design. On the other hand, magnetic field leakage
from the WPT system should not be ignored because the WPT system operates in an open environment
and its transmitting power is on the order of several kilowatts or higher [5]. The induced in situ electric
field might have adverse health effects on humans. Thus, it is crucial to assess human exposure to
electromagnetic fields from EV WPT system.

The international exposure guidelines/standards, including the International Commission of
Non-Ionizing Radiation Protection (ICNIRP) guidelines [6–8] and the standards set by the IEEE
International Committee on Electromagnetic Safety (ICES) Technical Committee (TC-95) [9] were issued
to protect humans from adverse health effects, electrostimulation (<100 kHz) and radiofrequency
heating effects (>5 or 10 MHz). The International Electrotechnical Commission (IEC) also established a
working group for computational assessment and its guidelines/standards prescribe a computational
method for assessing the internal field. The limits for electrostimulation and heating effects are defined
by the in situ (internal) electric field strength and specific absorption rate (SAR), respectively. To assess
the compliance of WPT systems in EVs with these exposure standards, the measured maximum external
field strength should be compared to the reference levels (RL) of the ICNIRP guidelines, which is the
maximum permissible exposure strength in a free space. However, the RL is derived based on the
assumption of a human body exposed to a uniform magnetic field in the open air, which is typically
considered to be the worst-case exposure and results in conservativeness [8,9]. The magnetic field
leaked from the WPT system is non-uniform. Therefore, the assessment defined by the spatial peak
magnetic field strength may be conservative, as reported previously [10–15]. Limits for the in situ
electric field- basic restriction (BR) for the ICNIRP and dosimetric reference levels (DRL) for the IEEE
are needed. The IEC TC106 [16,17] introduces a coupling factor, which may compensate for the field
distribution non-uniformity, although it is not generalized.

To date, no measurement has been performed because it is impossible to assess the induced electric
field in the human body in a non-invasive manner. Therefore, numerical approaches to electromagnetic
dosimetry assessment have been widely adopted [15,18–23], as even discussed in the product safety
standard [16,17]. For example, Miwa et al. [15] evaluated the internal electric field induced by EV WPT
systems with different types of vehicle body materials. Shimamoto et al. [18] studied the influence of
the WPT coil structure on the internal electric field for different human models. They [19] also studied
the influence of human posture outside the vehicle cabin. De Santis et al. [20] performed dosimetry
analysis for a carbon fiber reinforced plastic (CFRP) vehicle. Shah and Yoo [21] evaluated the effects
of implant metal on the SAR induced by the EV WPT system. Park [22] assessed electromagnetic
dosimetry for different exposure scenarios. In [23], Cimala et al. evaluated a human body exposed
to the magnetic field from the inductive power transfer systems in an electric or hybrid vehicle,
including the finite conductivity of the vehicle body. However, these studies considered the effect of the
vehicle body without considering the details of the interior structure. Ferrite materials (loudspeakers,
electromotors, etc.) may affect the magnetic field distribution inside the vehicle. For example, the soft
iron in loudspeakers has high permeability, and thus it can significantly affect the magnetic field
distribution by guiding the magnetic flux [24,25]. Meanwhile, the loudspeakers, such as the woofer
under the driver’s seat and the tweeter in the vehicle door are close to the driver’s body. Therefore,
they modify the in situ electric field in the human body, which could have a potential influence
on the EV design. However, the effect of such equipment inside the vehicle body has not yet been
studied. Such investigation is clearly necessary for product development and to provide a conservative
estimation of the effects of such interior equipment. Previously, the influence of accessories on the
distribution of SAR due to mobile phone usage has been extensively studied [26–28].

This study investigates the effects of loudspeakers on the in situ electric field in a driver’s body
exposed to EV WPT systems, where the vehicle body is made of CFRP or aluminum. The transmitted
power and operating frequency of the WPT systems were 3.7 kW and 85 kHz, respectively. Different
loudspeakers including the woofer under the seat and the tweeter in the vehicle door were considered.
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According to the magneto-quasi-static (MQS) approximation, the magnetic field was first determined
using COMSOL Multiphysics 5.3a without including a driver model. Next, the in situ electric field in a
driver’s body was computed using the scalar potential finite-difference (SPFD) method. This study
compares the external magnetic field and the in situ electric field in a driver’s body when the vehicle is
assembled with and without the loudspeakers. We also evaluated the difference in the effects of the
loudspeakers calculated by two different post-processing methods for computing the average in situ
electric field. Finally, the dependence of the maximum in situ electric field strength on the separation
between the driver and the loudspeakers was also evaluated.

2. Numerical Model and Method

To perform the evaluation in a standardized and/or worst-case scenario, we first developed a vehicle
model (including the loudspeaker and WPT system) based on a realistic exposure scenario. Note that
in real life, expected exposure would be less than the values reported in this study. The loudspeakers
(woofer under the driver seat and tweeter in the vehicle gate) evaluated in this study are close to
the driver’s body. The WPT system follows the SAE J2954 and ISO 19363 standards. In addition,
the post-processing of the magnetic field strength and in situ electric field were all strictly based on
international safety guidelines/standards. Moreover, we evaluated the magnetic field and in situ
electric field in four measurement positions as defined by the IEC TS 62764 standard, which helped us
to compare our results with the safety standards.

2.1. Vehicle Model with WPT System

The WPT system was implemented in a simplified vehicle model (shown in Figure 1) based on
the Toyota Motor Corporation Prius. We chose aluminum or CFRP as the body material. The relative
permittivity, relative permeability, and conductivity of aluminum and CFRP are (1, 1, and 3.8 × 107 S/m)
and (1, 1, and 2.5 × 105 S/m), respectively. The thickness of the vehicle body for aluminum and
CFRP were 1 mm and 2 mm, respectively. The data in this study is not normalized. The source of
the electromagnetic field is the EV WPT system, which is composed of a ferrite core, shield plate,
and transmitting and receiving coils. Figure 2 shows the detailed structure of the WPT system according
to SAE J2954 and ISO 19363 standards [29]. The thickness of the ferrite core and shield plate is 3 mm
and 2 mm, respectively. The transmitting and receiving coils are installed below the central part of
the vehicle chassis. The number of turns and thickness for the transmitting and receiving coils are
15 turns, 3 mm, and 20 turns, 2 mm, respectively. The transmission distance between the transmitting
and receiving coils is 150 mm. Misaligned coils rather than the face to face type were used because
the larger coil current at the misaligned position could cause a larger leaked magnetic field strength.
The misalignment along the x and y directions are 75 mm and 100 mm, respectively [30]. In [30],
the magnetic field strength is in agreement (within 20%) though the experimental vehicle body was
simplified. To transfer 3.7 kW power at 85 kHz (SAE J2954 standards and ISO 19363 standards [29]),
the current sources at the Port T and port R were 16 A and 17 A, respectively. The phase difference
between Ports 1 and 2 was −90◦. The fixed current for the transmitting and receiving coils can eliminate
the interference of surrounding objects on the transmitting power and efficiency of the WPT system.
Although the simultaneous exposure to multiple frequencies is also an important topic in numerical
dosimetry, the strongest external electromagnetic field source in this study is from the WPT system
operating at 85 kHz. Furthermore, it was assumed that the peak in situ electric field would appear
in different places. Thus, based on the above reasons, the summation effect was not considered in
this study.



Energies 2020, 13, 3635 4 of 15

 

Figure 1. Cross-section of the electric vehicle (EV) model (unit: mm), (a) xz plane, (b) xy plane
(O: origin of coordinate system, W (Xw, Yw): woofer center point, D (Xd, Yd): driver’s buttocks center
point, T (Xt, Zt): tweeter center point, A (Xa, Za): right arm center point).
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2.2. Loudspeaker Configuration

A simplified soft iron model is used to represent the woofer and tweeter, which have similar
structures but different sizes [31]. As shown in Figure 3, the loudspeaker includes the front plate,
central pole, and back plate, which are made of low-carbon steel. The detailed sizes for the woofer and
tweeter are shown in Table 1.
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Table 1. Details of the size of the woofer and tweeter (unit: mm).

Structure Name Woofer Tweeter

Ra 107.5 50
Rb 5 5
Rc 25 25
h1 70 60
h2 20 30

gap 10 5

2.3. Numerical Human Body Model

This study used an adult male model (TARO) developed by the National Institute of Information
and Communications Technology. The TARO model includes 51 tissues and has a resolution of
2 mm × 2 mm × 2 mm. The dielectric properties of tissues and organs are modeled by the fourth-order
Cole–Cole model of [32]. The TARO model was adjusted to have the driver sitting on the seat.
The distance between the driver and the receiving coils was set at 150 mm, which represents a realistic
vehicle environment. The whole body is divided into four parts as shown in Figure 4 according to the
IEC TS 62764 [33], which defines the position of the measurement.
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2.4. Computational Methods

The MQS approximation is applicable for computing the in situ electric field when the frequency
is lower than 10 MHz [12,34]. Under the MQS approximation, the external electric field and magnetic
field are decoupled. Meanwhile, the effects of a human body on the magnetic field distribution
are marginal. Therefore, we first computed the external magnetic field and magnetic potential
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vector induced by the WPT system using the commercial software (COMSOL Multiphysics 5.3a)
without including the human model in the vehicle (shown in Figure 1). Then the in situ electric field in
the driver body was computed by the SPFD method, which substitutes the magnetic vector potential
into an electromagnetic solver. The original TARO model has a spatial resolution of 2 mm, which is
based on the MR images. In addition, according to the ICNIRP guidelines, the dose metric for BR
compliance assessment is defined as the electric field vector average in a contiguous tissue volume of
2 mm × 2 mm × 2 mm. Therefore, cubical grids with a side length of 2 mm were used in this study.
The total computational volume (shown in Figure 1) is 1262 mm × 508 mm × 1012 mm, which includes
the driver model (1242 mm × 488 mm × 992 mm). The SPFD linear equation system was iteratively
solved by the six-level multigrid method, which was developed by the Nagoya Institute of Technology.
The rotation number per layer is (3, 8, 15, 25, 40, 60). The iteration does not stop until the relative
residual is less than 10−6. The estimated error for the electric field was less than 0.5% [35].

2.5. Post-Processing of External Magnetic Field Strength

To adopt the 100 cm2 loop antenna in accordance with the IEC standard [17], we computed the
peak spatial-average magnetic field strength, which is the averaged value of the vector summation of
the x, y, and z components averaged over 100 cm2 in the computational region.

2.6. Post-Processing of In Situ Electric Field by Volume- and Line-Averaging Method

The ICNIRP guidelines define the dose metric for BR compliance assessment as the electric field
strength averaged over a contiguous tissue volume of 2 mm × 2 mm × 2 mm. The 99th percentile value
of the electric field is used as the dose metric for uniform electromagnetic exposure, which removes the
highest 1% of internal electric field data from the entire evaluated volumes. This process contributes
to the suppression of computational artifacts. However, this metric is known to underestimate
the maximum internal electric field, especially for localized exposure scenarios [6,7,36]. Therefore,
methods such as the 99.9th percentile value (the top 0.1% maximum field strength values for the entire
body are eliminated) [15] or smoothing tissue conductivities [37] have been used by different groups.

From the IEEE standard, “the in situ electric field DRL applies to the rms electric field
strength measured in the direction and location providing the maximum in situ electric field vector
(vector magnitude) over a 5 mm linear distance.” However, the method for computing the line-averaging
value is not presented in the IEEE standard. This is primarily because the ellipsoidal model rather
than an anatomical model is used to determine the coupling between the magnetic field and tissue.
Meanwhile, the IEEE standard does not use the percentile value because the underlying dosimetry is
based on the closed-form solution of the uniform isotropic ellipsoidal model. This study computed the
line-averaging in situ electric field by Equation (1) [38],

EL =

 max

 1
L1

∥∥∥∥∑
⇀
r

l
(⇀

r
)⇀
E
(⇀

r
)∥∥∥∥∥∥∥) p < pmax

0 V/m otherwise

, (1)

where EL is the maximum averaging value of a 5-mm line about different directions, which takes the
target voxel

⇀
r as the center voxel. L1 is the length of the segment within the same tissue. l

(⇀
r
)

is
the length of the segment intersected about the 5-mm line. The parameter p defined by Equation (2)
represents the ratio between air and other tissues.

p =
L− L1

L
, (2)

This proposed line-averaging method could be applied to the voxels at the tissue boundaries.
A detailed description can be found in [38].
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3. Results and Discussion

3.1. Effects of Loudspeakers on the External Magnetic Field in the Vehicle

Firstly, this section compares the external magnetic field distribution in the vehicle with and
without considering the glass windows in the vehicle gate (the relative permeability is 4.2 and
conductivity is 1 × 10−14 S/m). The results are shown in the Figure 5. We found that the windows in the
vehicle gate have less effect on the magnetic field distribution. This is because glass is a non-magnetic
material and has low relative permeability and conductivity. Therefore, we did not consider the
vehicle glass window in the following evaluations. Then, we evaluated the loudspeaker effects on
the magnetic field distribution in the CFRP and the aluminum vehicle without the presence of the
driver model. Figure 6a shows the leaked magnetic field from the WPT system entering the CFRP
vehicle directly from the chassis. However, as shown in Figure 6b, the magnetic field in the aluminum
vehicle is primarily leaked from the windows. The strength of the magnetic field in the CFRP vehicle is
higher than that of the aluminum vehicle. Meanwhile, the WPT-generated magnetic field distribution
is significantly altered around the woofer in the CFRP vehicle and around the tweeter in the aluminum
vehicle where obvious discontinuity and local enhancement can be observed. This is caused by the
high permeability of the woofer and tweeter, which results in the magnetic field concentration around
them. In contrast, the influence of the tweeter in the CFRP vehicle and the woofer in the aluminum
vehicle on the magnetic field can be ignored because the magnetic field around them is relatively weak.

Table 2 shows the peak spatial-average magnetic field strength in different driver body
measurement positions, which were compared with the RL in the ICNIRP guidelines. We found that
the woofer in the CFRP vehicle resulted in an increase of 11% in the peak spatial-average magnetic
field strength in the thigh and buttocks. This is 2.25 times higher than the RL of the 2010 ICNIRP
guidelines. The above results demonstrate that the loudspeaker (magnetic materials in the vehicle)
might enhance the internal electric field and should be considered in the electromagnetic dosimetry for
EV WPT systems.

3.2. Effects of the Loudspeaker on the Difference between Volume- and Line-Averaging Methods

In this section, we evaluate the loudspeaker effects on the difference between the volume-averaging
and line-averaging methods in terms of relative difference dr, which is defined by Equation (3) [38].

dr =
EV − EL

1
2 (EV + EL)

× 100, (3)

where EV and EL are the maximum volume- and line-averaging of the in situ electric field strength,
respectively. We compared the relative difference between these two averaging methods at different
driver body positions when the vehicle is assembled with and without loudspeakers. The results are
shown in Table 3 for the CFRP vehicle and Table 4 for the aluminum vehicle. The largest relative
difference between the volume- and line-averaging were 27.6% (thigh and buttocks) and 42.9% (trunk)
for the CFRP and aluminum vehicle, respectively. In comparison, the relative difference increased by
77% in the driver model shin for the CFRP vehicle, and decreased by 27% in the driver model trunk for
the aluminum vehicle under the effects of the loudspeaker. However, the maximal relative difference is
less than 5% if the highest top 0.1% electric fields are excluded.

In general, the averaging values computed by the line- and volume-averaging methods are stable
for different driver model measurement positions for exposure to the WPT system magnetic field for
EVs, excluding the top 0.1% voxels. For this reason, the following study mainly concentrated on the
99.9th percentile values from the volume-averaging method.
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Table 2. Comparison of the peak spatial-average magnetic field strength (A/m) in different driver
model measurement positions with and without loudspeakers in the vehicle.

Exposure Scenario A: Trunk B: Arm C: Thigh and Buttocks D: Shin

CFRP vehicle with loudspeakers 2.45 0.652 46.5 1.098
CFRP vehicle without loudspeakers 2.60 0.665 41.7 1.070

Aluminum vehicle with loudspeakers 0.0286 0.0355 0.0087 0.427
Aluminum vehicle without loudspeakers 0.0284 0.0354 0.0085 0.427
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Table 3. Averaging values of in situ electric field strength (V/m) in different driver model measurement positions with and without the loudspeakers (both woofer and
tweeter) in the CFRP vehicle.

A: Trunk B: Arm C: Thigh and Buttocks D: Shin

Percentile (%) EV EL dr (%) EV EL dr (%) EV EL dr (%) EV EL dr (%)

With
Loudspeaker

Max 0.421 0.355 16.9 0.06 0.051 14.8 2.274 1.763 25.3 0.035 0.029 16.5

99.9 0.155 0.15 3.1 0.0243 0.0236 2.8 0.610 0.588 3.6 0.0144 0.014 2.7

99 0.091 0.09 1.8 0.013 0.0129 1 0.304 0.299 1.6 0.009 0.008 1.6

Without
Loudspeaker

Max 0.435 0.367 17.1 0.059 0.051 14.3 2.187 1.656 27.6 0.027 0.025 9.3

99.9 0.161 0.156 3.3 0.0244 0.0239 2.2 0.483 0.46 4.9 0.014 0.013 2.3

99 0.093 0.091 1.8 0.0129 0.0128 1.2 0.264 0.26 1.3 0.008 0.0078 1.5

Table 4. Averaging values of in situ electric field strength (mV/m) in different driver body measurement positions with and without the loudspeakers (both woofer
and tweeter) in the aluminum vehicle.

A: Trunk B: Arm C: Thigh and Buttocks D: Shin

Percentile (%) EV EL dr (%) EV EL dr (%) EV EL dr (%) EV EL dr (%)

With
Loudspeaker

Max 9.055 7.719 15.9 22.376 16.387 30.9 2.011 1.76 13.3 0.294 0.256 13.9

99.9 2.365 2.258 4.6 1.386 1.363 1.7 0.767 0.745 2.9 0.107 0.104 2.7

99 1.154 1.128 2.3 0.356 0.352 1 0.446 0.44 1.4 0.058 0.057 1.4

Without
Loudspeaker

Max 10.635 6.875 42.9 1.425 1.082 27.4 2.04 1.777 13.8 0.305 0.268 12.9

99.9 2.333 2.228 4.6 0.433 0.422 2.6 0.737 0.715 3 0.11 0.107 2.7

99 1.16 1.134 2.2 0.206 0.204 1.1 0.424 0.418 1.3 0.059 0.058 1.4
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3.3. Loudspeaker Effects on the In Situ Induced Electric Field

This section evaluates the loudspeaker effects on the in situ electric field when the driver’s body
is exposed to the WPT system of CFRP and aluminum EVs. The electric field distribution and the
maximum electric field strength were compared when the CFRP and aluminum vehicle were with and
without the loudspeakers. For the CFRP vehicle, the electric field strength in the thigh and buttocks
increased significantly, as can be seen in Figure 7. This is attributable to the increase in the external
magnetic field around the woofer, which is close to the thigh and buttock. Figure 8 demonstrates that
the woofer may cause an increase in the maximum electric field strength in the thigh and buttock.
The spatial peak value is 0.6 V/m, which is an increase of 27% compared to the case without the woofer.
For the aluminum vehicle, obvious increments appear on the right arm (shown in Figure 9), which is
close to the tweeter. Figure 10 shows that the maximum electric field strength in the arm with the
tweeter is approximately 3 times larger than that without it.

To conduct the compliance assessment against the exposure standards, we compared the maximum
electric field with the BR (11.5 V/m) prescribed in the 2010 ICNIRP guidelines at 85 kHz. The in
situ electric field is well below the BR in the ICNIRP guidelines. It is difficult to carry out a precise
quantitative comparison between our computational results and those of other studies due to differences
in the models, for example, in the EV (structure, materials etc.), WPT system (coil structure, location,
power, etc.), and human body (dielectric properties, morphology, location, gesture, etc.). Nonetheless,
similar findings were reported in [15,20]. For example, the results of [15] (wherein the EV and WPT
system are identical to those shown in Figure 1) showed that the maximum averaged magnetic field
was 1.1 times more than the RL in the ICNIRP guidelines. The maximum internal electric field was
only 0.04 times that of the ICNIRP BR. The difference between our computational results and those
in [15] is relatively small, which may be attributable to the use of a different model (human model with
different location and gestures; loudspeaker close to the human body). In [20], the ICNIRP RL and BR
are exceeded by 24.2 dB and 4.8 dB under the misaligned condition, respectively. Compared to the
BR, the overexposure is primarily due to the high transmission power (7.7 kW) and extremely small
separation between the driver’s feet and the WPT coils. However, overexposure was found only in a
small part of the driver’s feet. In general, these results prove that the spatial-average magnetic field
strength might be a conservative exposure metric for EV WPT systems. Additionally, the loudspeaker
might change the permissible WPT transmitting power by affecting the coupling between the magnetic
field and the human body [39]. Therefore, the loudspeaker effects should be considered in the design
of EV systems.
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3.4. Dependence of the Maximum Electric Field Strength on Separation between the Driver Model and Loudspeakers

To evaluate the dependence of the maximum induced electric field strength on the separation
between the driver model and the loudspeakers, the woofer in the CFRP vehicle (shown in Figure 1)
was moved along the x and y directions while the driver model was fixed. Tables 5 and 6 show the
variation in the maximum electric field strength at different measurement positions with the adjusted
woofer in the CFRP vehicle. XS (Xw-Xd) and YS (Yw-Yd) are the coordinate difference values between
the woofer and driver model along the x and y directions (shown in Figure 1b). These results show
that the maximum electric field strength fluctuates with varying XS and YS. Those in the thigh and
buttocks have the largest relative variation with ranges of 43.6% and 20.8%, respectively. This is
because the magnetic field distribution in the thigh and buttocks is significantly altered by the nearby
woofer, which guide the magnetic flux, and result in the concentration of the magnetic field around it.
In addition, the peak value appears when the XS (in Table 5) and YS (in Table 6) are equal to −50 mm
and −100 mm, rather than the minimum separation (XS = YS = 0). When the woofer is away from the
WPT system (XS = 100 mm in Table 5, YS = 150 mm in Table 6), the maximum electric field strength is
reduced to that without the woofer. This is due to the non-uniform magnetic field distribution in the
EV (shown in Figure 6). The larger the separation between the woofer and WPT system, the weaker
the magnetic field strength around the woofer. Table 7 shows the maximum electric field strength
variation when the tweeter is adjusted along the z direction in the aluminum vehicle. ZS (Zt-Zd)
represents the difference in the coordinates between the tweeter and the arm (shown in Figure 1a).
As can be observed, the maximum electric field strength in the arm has the largest relative variation
range, which goes up to 325%. In addition, the maximum electric field strength is predominantly
affected by the separation between the tweeter and the arm. The peak value appears when the
separation between the tweeter and arm is minimal (ZS = 0). When ZS is equal to 150 mm,
the maximum electric field strength is reduced to that without the tweeter. The reason for this
result is that the tweeter is close to the arm and the magnetic field is concentrated in the arm.
In contrast, the nonuniformity of the magnetic field has a smaller effect on the peak value as the
magnetic field gradient around the tweeter (shown in Figure 6b) is smaller than that around the woofer
(shown in Figure 6a). In summary, the abovementioned results reveal that the maximum electric field
strength is influenced not only by the separation between the driver model and the loudspeakers,
but also the location of the loudspeaker with respect to the WPT system. The maximum electric field
strength could be induced by moving the loudspeaker location.

Table 5. Maximum electric field strength (V/m) variation in different measurement positions with the
x-direction-adjusted woofer in the CFRP vehicle (YS = 0).

XS A: Trunk B: Arm C: Thigh and Buttocks D: Shin

−100 mm 0.1593 0.0264 0.5502 0.0137
−50 mm 0.1621 0.0269 0.6375 0.0135

0 mm 0.1570 0.0267 0.5819 0.0142
50 mm 0.1534 0.0258 0.4870 0.0143

100 mm 0.1506 0.0258 0.4438 0.0152
Without woofer 0.1612 0.0244 0.4833 0.0135

Table 6. Maximum electric field strength (V/m) variation in different measurement positions with the
y-direction-adjusted woofer in the CFRP vehicle (XS = 0).

YS A: Trunk B: Arm C: Thigh and Buttocks D: Shin

−150 mm 0.1569 0.0257 0.5994 0.0136
−100 mm 0.1546 0.0243 0.6096 0.0144
−50 mm 0.1557 0.0237 0.5996 0.0142

0 mm 0.1570 0.0267 0.5819 0.0142
50 mm 0.1615 0.0267 0.5695 0.0135

100 mm 0.1608 0.0256 0.5444 0.0138
150 mm 0.1612 0.0247 0.5048 0.0138

Without woofer 0.1612 0.0244 0.4833 0.0135
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Table 7. Maximum electric field strength (mV/m) variation in different measurement positions with the
z-direction=adjusted tweeter in the aluminum vehicle.

ZS A: Trunk B: Arm C: Thigh and Buttocks D: Shin

−50 mm 2.303 1.575 0.774 0.108
0 mm 2.310 1.711 0.773 0.109
50 mm 2.365 1.386 0.767 0.107

100 mm 2.253 0.394 0.768 0.109
Without tweeter 2.333 0.433 0.737 0.110

4. Conclusions

The computational results of this study showed that loudspeakers have a significant influence on
the magnetic field distribution in an electric vehicle. The peak spatial-average magnetic field strength in
the driver’s body in the CFRP vehicle increased by 11%, and exceeded the RL recommended in the 2010
ICNIRP guidelines by 1.15 times. In addition, we found that the difference in the loudspeaker effect
calculated by the volume- and line-averaging methods could be neglected if the top 0.1% voxels were
excluded when evaluating the averaged in situ electric field. The maximum electric field strength in the
driver’s body is not only influenced by the separation between the driver model and the loudspeakers,
but also its location with respect to the WPT system. The loudspeaker can enhance the maximum
electric field strength in localized parts of the driver’s body, which suggests the potential influence
of permissible transmitting power in the WPT system. The largest relative increments were more
than 200%, which appeared in the arm close to the tweeter in the aluminum vehicle. Although the
maximum electric field strength was well below the BR in the 2010 ICNIRP guidelines, it was still
within the same order of magnitude. Therefore, the loudspeaker effects should be considered in the
design of EV systems, especially for highly and efficiently powered WPT systems.

Author Contributions: J.L. established the EV model with a WPT system and carried out the simulation.
A.H. and J.L. analyzed the simulation results and wrote the paper. All authors have read and agreed to the
published version of the manuscript.
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