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Abstract: Wireless power transfer (WPT) via magnetic resonance offers efficient electrical power
transfer, making it an increasingly attractive option for charging electric vehicles (EVs) without
conventional plugs. However, EV charging requires a transfer power in order of kW or higher,
resulting in a higher-leaked magnetic field than conventional wireless systems. The leaked magnetic
field is nonuniform, and the assessment in terms of the limit prescribed in the guideline is highly
conservative because it assumes that a person standing in free space is exposed to a uniform field. In
such cases, an assessment should be performed using the limits of the internal electric field, as it is
more relevant to the adverse health effects, whereas its evaluation is time-consuming. To mitigate
this over-conservativeness, international product standards introduce a spatial averaging method for
nonuniform exposure assessment. In this study, we investigate assessment methods, especially for
measurement points of nonuniform magnetic field strength leaked from the WPT system. Various
spatial averaging methods are correlated with the internal electric field derived from electromagnetic
field analysis using an anatomically based human body model. Our computational results confirm a
good correlation between the spatially averaged magnetic and internal electric fields. Additionally,
these methods provide an appropriate compliance assessment with the exposure guidelines. This
study advances our understanding of the suitability of spatial averaging methods for nonuniform
exposure and contributes to the smooth assessment in WPT systems.

Keywords: compliance assessment; electric vehicles; human protection from electromagnetic field;
wireless power transfer

1. Introduction

Wireless power transfer (WPT) technology relies on the principle of magnetic resonant
coupling between two coils, enabling the efficient transmission of electrical power over
distances ranging from several tens of centimeters to a few meters [1–5]. This technology is
increasingly gaining interest as a streamlined method for charging electric vehicles (EVs)
without conventional plugs [6]. However, EV charging requires a significant amount of
power, reaching several kilowatts, leading to the leakage of strong electromagnetic fields
during charging [7]. Concerns about the potential adverse effects for WPT continue to exist,
which require further investigation [8].

The International Commission on Non-Ionizing Radiation Protection (ICNIRP) [9–11]
and IEEE International Committee on Electromagnetic Safety Technical Committee 95 [12,13]
have published international guidelines and standards (hereafter referred to as “guidelines”)
limiting exposures to electromagnetic fields for human protection. These guidelines were de-
signed to protect humans from electrostimulation up to 5–10 MHz and heating above 100 kHz.
In these guidelines, the operational threshold for adverse health effects is identified [9–12]. A
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reduction (safety) factor [11], basic restriction (BR) [9,10], or dosimetric reference limit [12]
(hereafter referred to as BR), which is the electrical quantity related to the health effect, is then
derived. For practical assessment, permissible external field strength (hereafter referred to as
reference level (RL)) [10] or exposure RL is derived under a worst-case exposure scenario.
In the IEEE C95.6-2002 standard [13], the RL, permissible external field strength is derived
based on an analytical formula using homogeneous ellipsoidal induction models, which
differ between the limb and trunk [13].

International standards for product conformity [14], such as International Electrotech-
nical Commission (IEC) 61980-1 [15], SAE J2954 [16], and ISO 19363 [17], have been es-
tablished for WPT in EVs, all of which consider the international exposure guidelines.
Computational assessments using human body models have been widely used, including
international standardization, because in vivo measurements cannot be performed for the
assessment of an induced electric field (e.g., IEC 61980 and SAE J2954). Numerous studies
have pointed out the limitation of RL in highly nonuniform environments, such as those
emitted from WPT [18–21]. These results consistently showed that, although the spatial
peak magnetic fields at the human body parts exceeded RL, the internal electric fields in
the human body were one or two orders of magnitude smaller than the limit of induced
physical quantities (see Section 2).

The IEC Technical Committee 106 is an international standardization body that pro-
vides compliance assessment methods corresponding to international exposure guide-
lines/standards. The spatially averaged method defined in IEC 62110 was discussed
and extended to assess nonuniform fields [22]. The spatial averaging for the magnetic
field strength measured (computed) at some points confirms compliance with RL. The
assessment of the spatial averaging method is also included in IEC TR 62905 and IEC
PAS 63184 [23,24], wherein various measurement points inside and outside the vehicle
are considered.

Several studies have evaluated the location of the magnetic field measurement point
in realistic vehicle models [25–32]. As summarized in Section 2, recent studies conducted
measurements at designated test points near the vehicle and within the driver’s seat.
However, the relationship between these measurement points and the internal electric
field, which should be assessed computationally, has not been clarified. Appropriate
measurement locations that can effectively capture their coupling quantities have not
been considered in the current product standards. In addition, the exposure scenarios are
different for different studies, and thus, straightforward comparison was difficult.

At the IEC JWG 63184 meeting, the methods for assessing EV WPT are discussed. For
practical assessment, the correlation between the spatially averaged magnetic field strength
and permissible exposure levels defined by ICNIRP and IEEE is required for justification.
However, in [18], this correlation was only discussed between the spatially averaged
magnetic field value and internal electric fields assuming a standing posture. Additionally,
there has been no study discussed measurement point for compliance assessment to relate
the induced electric field and magnetic field in the cabin for realistic postures such as those
of a driver situated inside the vehicle. Scientific data considering the scenarios discussed in
the standardization meeting would provide insight for reliable measurement procedure.

This study aims to clarify the measurement (evaluation) points for nonuniform mag-
netic field strength leaked from the WPT system for a realistic EV cabin environment. To
provide the rationale for the averaging points, we considered different spatial averaging
methods to correlate with the internal electric field, which is the metric in the human
exposure guidelines.

2. Related Studies
2.1. Evaluation of Leaked Magnetic Field

Laakso validated the leaked magnetic field from WPT coil for a simplified vehicle
model [33]. Che et al. evaluated the conformity at several measurement points inside and
outside the vehicle according to the electromagnetic field test procedure in SAE J2954 [25].
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Mohamed et al. conducted testing on a WPT system installed in a heavy-duty electric
shuttle [26]. El-Shahat evaluated the external magnetic field from different WPT coils and
derive a distance compliant with the ICNIRP guidelines [27]. The magnetic field inside
and outside the vehicle cabin has been measured [28]. The magnetic field leaked from the
wireless power transfer system is analyzed for heavy duty vehicles [29].

2.2. Computational Dosimetric Study for EV WPT Systems

Numerous compliance assessments have been conducted for exposure resulting from
the WPT system. For example, Laakso et al. evaluated the compliance of three human
body models beside a vehicle at different human–vehicle angles [18]. Shimamoto et al.
considered various postures, such as lying on the ground with the right arm extended
toward the coils, to consider worst-case scenarios [19]. Wen et al. predicted the magnetic
field leakage generated from parallel WPT systems operating with a phase difference,
including assessing the internal electric field and the specific absorption rate in a human
body near these systems [34]. De Santis et al. investigated the influence of vehicle materials
and human body posture on compliance assessment in compact EVs [21,35,36]. Liorni et al.
developed and validated a numerical model of inductive power transfer systems in a heavy
vehicle and compared the exposure of passengers in public vehicles with light vehicles [37].
Lan et al. investigated the effect of ferrite materials, such as loudspeakers and electromotors,
on the magnetic field distribution inside the vehicle [38]. Wang et al. conducted uncertainty
analysis on dosimetric measures, i.e., quantified the impact of different parameters on
power absorption [39]. In most studies, the number of scenarios and conditions considered
were less than 25 cases, except for [18] (144 cases) and [34] (120 cases). To discuss the
measurement methods in the product safety standardization, enough number of cases
should be considered to ensure the safety based on the human exposure guidelines [9–11].

2.3. Exposure Assessment Method for Nonuniform Magnetic Field

Several studies have investigated methodologies for a realistic and comprehensive
assessment of nonuniform magnetic fields resulting from the WPT system. Wake et al.
derived coupling factors for EVs and home appliances with WPT to assess compliance with
BR equivalently in terms of the measured external field strengths. They also compared
these factors across multiple institutions [40]. Chakarothai et al. proposed an experimental
approach for determining the internal electric field without prior knowledge of the WPT
system’s design using measured magnetic near-field data [41]. Miwa et al. assessed
adherence to international standards using a coupling factor, focusing on the exposure of
human subjects positioned in both the driver’s seat and the rear passenger compartment
of a vehicle [20]. Park et al. examined WPT using the minimum accessible distances in
compliance with RL in instances of proximity exposure, considering various exposure
patterns [42]. Ahn et al. proposed an improved coupling factor calculation method for
removing computational artifacts to achieve uniform assessment results in various human
body models [43]. These studies assessed compliance procedures under these specific
conditions, making it challenging to make overarching generalizations.

2.4. Comparison of Exposure Assessment in Human Exposure Inside and Outside the Vehicle

As listed in above subsections, several studies have been conducted to assess the
relationship between the leaked magnetic field and induced electric field. The frequency
for WPT has been now standardized at 85 kHz [16]. The limit of induced electric field (BR)
and external magnetic field (RL) in the international guidelines are (11.5 V/m, 21 A/m) and
(17.8 V/m, 163 A/m) for ICNIRP and IEEE, respectively. Thus, their relationship and over-
conservativeness are assessed in different manners. Table 1a,b lists the key computational
results in previous studies for scenarios outside and inside the vehicles. In these studies,
the number of vehicle models was one. For proper comparison, the coupling factor [44]
was derived.



Appl. Sci. 2024, 14, 2672 4 of 19

Table 1. Comparison of the related research (a) outside and (b) inside the vehicle.

(a)

Year 2015 [19] 2017 [40] 2018 [41] 2022 [43]

Considered
exposure
scenario

Standing near
to a vehicle

model.
Standing 650 mm away from coils. Standing near the coil, human-coil

distance is 235 mm *.

Standing near
to a vehicle
mimic steel

plate *.

Operating
frequency

[kHz]
85 85 125 85

Transferred
power [kW] 7 7 7.7 7.7

Exposed
magnetic field
strength (max)

[A/m]

56.7
excluding the
region under
the vehicle

N/A 28 N/A

Maximum
electric field

[V/m]
0.4 (ankle) N/A 0.42 (leg) N/A

Coupling
factor [44] for
the ICNIRP
guidelines

[V/A]

0.013
(99.9th

percentile)

0.038–0.054 ** for different coil
positions of a vehicle model

0.027
(averaged over 2 × 2 × 2 mm3

cube and 99.9th percentile)

0.018
(99.9th

percentile)

(b)

Year 2018 [36] 2019 [20] 2020 [38]

Considered
exposure
scenario

driving passenger. driving passenger and other
passenger. driving passenger.

Operating
frequency

[kHz]
85 85 85

Transferred
power [kW] 7.7 3.7 3.7

Exposed
magnetic field
strength (max)

[A/m]

347.4

16.3
(driver’s buttocks)

23.6
(passenger’s feet)

46.5

Maximum
electric field

[V/m]
19.9 (feet)

0.53
(driver’s buttocks)

0.35
(passenger’s feet)

0.61 (buttocks)

Coupling
factor [44] for
the ICNIRP
guidelines

[V/A]

0.105
(averaged over 2 × 2 × 2 mm3 cube)

0.060 (driver)
0.027 (passenger)
(99.9th percentile)

0.024
(averaged over 2 × 2 × 2 mm3

cube and 99.9th percentile)

* Ferrite tiles and a metal plate as a vehicle body are considered. ** No clear definition for the method processing
the electric field induced in the body.

3. Models and Methods

Our computational approach to compute the external magnetic field and induced
electric field (Section 3.3), as well as human body models (Section 3.1), is the same as in our
previous studies [19,20]. Our approach is briefly summarized below.
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3.1. Human Body Models

In this study, we employed an anatomical human body model TARO developed at
the National Institute of Information and Communications Technology (NICT) [45]. The
height and mass of the model is 173.2 cm and 65 kg, respectively. The number of tissues
considered in TARO is 51. The voxel resolution of the human model was set at 2.0 mm. Two
distinct postures were considered for the models, including the original standing posture
and a seated posture simulating a driver’s position, as illustrated in Figure 1. The seated
model was created utilizing software provided by NICT [46]. The posture of the driving
seat has been generated considering [47].
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3.2. Exposure Scenarios

SAE J2954 [16] recommends three standard power levels: WPT1 at 3.7 kW, WPT2 at
7.7 kW, and WPT3 at 11 kW. In this study, the WPT system integrated into the vehicle
adhered to the specifications outlined in SAE J2954 at 3.7 kW (WPT1). Note that the
computational results are scalable to other transfer power. Figure 2 shows a detailed
schematic of the WPT coils. The transmitting coil was rectangular, with a length of 580 mm
and a width of 420 mm following to SAE J2954 [16]. It consisted of 15 turns, with a width of
3 mm. The receiving coil was a 320 mm square. It equipped with 20 turns and had a width of
2 mm. The distance between the top of the transmitting coil and the bottom of the receiving
coil was 150 mm, which is in accordance with WPT1. The two coils were assumed to be
composed of a perfect conductor for conservative assessment. The thicknesses of shield
plate and ferrite core are 2 mm and 3 mm, respectively. The transmitter and receiver current
sources I1 and I2, were set to 16 and 17 A, respectively, to achieve a transmitting power of
3.7 kW. The phase difference of the currents between the transmitting and receiving coils
was 90◦. The frequency of the WPT system was 85 kHz. The following relationship holds
for current source I1 and I2 [48].

I2 ≈ −j

√
L1

L2
I1 (1)

where L1 and L2 represent the inductance of the transmitter and receiver coils, respectively.
Note that the assumption of coil material as perfect conductor would result in a slightly
larger leaked magnetic field of 1% or less, under the condition that the transmitting power
is fixed at 3.7 kW [49].
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Figure 3 shows a vehicle model and two realistic exposure scenarios for the assessment.
The simplified vehicle’s geometry was developed using the Toyota Motor Corporation’s
Prius model and was positioned in free space. Note that the effect of the ground and
surrounding objects marginally influences the magnetic field where the quasi-magnetostatic
approximation is valid. The receiving coil was positioned beneath the center of the vehicle
body. Misalignment between the receiving and transmitting coils were chosen as 75 mm
and 100 mm in the x and y directions, respectively, following SAE J2954 [16]. We considered
two vehicle body materials, including iron and carbon fiber-reinforced plastic (CFRP). The
relative permittivity, permeability, and conductivity values for iron and CFRP were 1, 4000,
and 10.3 × 106 S/m and 1, 1, and 0.25 × 106 S/m, respectively. The thicknesses of iron
and CFRP were 0.5 and 2.0 mm, respectively. In this study, two scenarios discussed in IEC
JWG 63184 were considered. In the first scenario, a human body model stands outside
the vehicle body where the highest exposure to the magnetic field from the WPT system
was computed. Meanwhile, the human body in the second scenario was located in the
driver’s seat, where the distance from the floor to the driver’s buttocks was 200 mm. Note
that the position of the human body in the vehicle cabin has been standardized for such
purposes [23,24,50].
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3.3. Computational Methods

In a frequency range lower than the MHz range, it is feasible to utilize a quasi-static
approximation to calculate the internal electric field within biological tissue [51–53]. In the
regime in which the quasi-static approximation is valid, the conduction current in the body
is dominant rather than the displacement current. This assumption causes the external
electromagnetic fields to be decoupled into electric and magnetic fields. Additionally,
the external magnetic field can be assumed to be unperturbed by the presence of the
human body.

The magnetic field leaked from the WPT system was computed using a commercial
electromagnetic simulator (HFSS, Ver. 2023 (R1), ANSYS, Canonsburg, PA, USA) without
considering the human body model. The magnetic field was extracted from HFSS in several
rectangular volumes with a grid resolution of 50 mm × 50 mm × 50 mm. These data were
used to construct a magnetic vector potential with a grid resolution of 2 mm × 2 mm × 2 mm.

The next step involves computing the internal electric field by substituting the vector
potential distribution into an electromagnetic solver developed at the Nagoya Institute
of Technology [54]. The solver used to compute the internal electric field is based on the
scalar-potential finite-difference (SPFD) method [55].

The SPFD method discretizes the human model using cubical voxels and generates
simultaneous linear equations for all contacts, with the electric scalar potential as an un-
known variable. The internal electric field is then computed through matrix calculation.
To accelerate computation, the geometric multigrid method is employed as a precondi-
tioner [54]. In the SPFD method, tissue conductivities in the human body model are taken
from a technical report in [56], which is consistent with [57,58]. In addition, the leaked
magnetic field from WPT coil has been validated for the simplified vehicle model with
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same computational approach [33]. Our computational approach here has been validated
by intercomparison [40].

3.4. Compliance Assessment Procedure

Several product assessment standards and technical reports define spatial averaging
methods for exposure to nonuniform magnetic fields. The spatial averaging method
involves averaging the magnetic field strength measured (computed) at specific spatial
points. For instance, IEC TR 62905 [23] specified the measurement of magnetic fields on a
plane located 20 cm from three points at different heights (0.5, 1, and 1.5 m) for humans
standing by the side of the vehicle. This reference is derived from IEC 62110 [22]. IEC PAS
63184 [24] extended this by including the closest accessible point to the three points. IEC
PAS 63184 also outlined the measurement of the magnetic field at the center position of the
floor flat surface and the points at the center position of the headrest, backrest, and seat for
sitting on the driver’s seat.

We outlined three definitions for each posture, as shown in Table 2 and Figure 4. In
Definition 1 for outside the vehicle, the measurement point was defined at the heights of 0.5,
1.0, and 1.5 m from the ground based on IEC TR 62905. In Definition 1 for inside the vehicle,
the measurement heights are 0.5, 1.0, and 1.2 m from the floor, corresponding to the cushion,
chest, and head of the seat, respectively. In Definition 2, the closest accessible point was
incorporated into Definition 1 based on IEC PAS 63184, considering the foot. In Definition
3, the measurement point was defined at the heights of the closest accessible point and two
points, each 25 cm higher from it, aiming to be more stringent than Definitions 1 and 2. The
measurement points of 0.35, 0.6, 1.0, and 1.2 were defined along a 15-degree angle of the
seat to align with the central axis of the human body, considering the human body model
sits in the driver’s seat in a realistic posture.

Table 2. Definition of the heights of magnetic field strength measurement used for averaging.

Definitions Heights from The
Ground [m] Heights from The Floor [m]

1: TR 62905 0.5, 1.0, 1.5 0.5, 1.0, 1.2
2: Maximum point + PAS 63184 0.06, 0.5, 1.0, 1.5 0.1, 0.5, 1.0, 1.2
3: Every 25 cm from
maximum point 0.06, 0.31, 0.56 0.1, 0.35, 0.6
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Using these definitions, we calculated the spatial average of the magnetic fields (Have)
and compared them with the limit prescribed in the exposure guidelines [7,9]. In this
study, we compared the ratio of Have to RL (HRL) and that of the maximum internal
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electric field (Emax) to BR (EBR). The spatial averaged method was evaluated using the
following equation:

ac =

(
Emax

EBR

)/(
Have

HRL

)
(2)

where ac represents an index of the conformity ratio of external magnetic and internal
electric fields to the guideline. If ac is less than 1, it indicates that the assessment based on
the spatial average of the magnetic field in the corresponding definition is more stringent
than that based on the maximum electric field.

The magnetic field strength was computed in the domain averaged over 100 cm2,
assuming the 100 cm2 loop antenna prescribed in the IEC standard [44,59]. This averaging
area was considered as a postprocessing step for the computed field distribution.

In the evaluation of the internal electric field in anatomical models, the skin-to-skin
contact is not negligible [12], which is inherent to the discretization of a real human model
into a finite-resolution model. This computational weakness results in a higher internal
electric field at the corresponding part. Therefore, the electric field at skin-to-skin contact
was excluded, as mentioned in IEEE C95.1 standard [12]. Different postprocessing method
has been proposed to reduce numerical artifacts. This study employed the peak voxel value
for 99.9th percentile values for body parts in the anatomical human body as a conservative
approach. We express the external magnetic and internal electric fields in root-mean-square
values for comparison with international standards.

4. Results

In this section, the internal electric field computation has been evaluated for exposure
scenarios in which the human stands outside and sits inside the vehicle (Sections 4.1 and 4.2).
Then, we have evaluated the averaging method of magnetic field for the scenario outside
(Section 4.3) and inside the vehicle (Sections 4.4 and 4.5). For the exposure scenario inside
the vehicle, the correlation between the averaged magnetic field and internal electric field is
evaluated to provide the scientific rationale for the measurement point in the standardization.

4.1. Distribution of Magnetic Field Outside and Inside the Vehicle

Figures 5 and 6 show the magnetic field strength distributions outside and inside
the vehicle, as viewed from the side of the vehicle, for different vehicle body materials.
The computational domain is illustrated in Figure 3. As shown in Figure 5, there was no
significant difference in the distribution between iron and CFRP outside the vehicle. In
contrast, the magnetic field inside the vehicle was scarcely distributed for a body made
of iron due to the shielding effect shown in Figure 6. In the case of the CFRP body, the
magnetic field generated by the WPT system leaks directly into the cabin beneath the floor.
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Figure 6. Distributions of the magnetic field inside the vehicle with different materials: (a) iron and
(b) CFRP.

4.2. Internal Electric Field in the Human Body

Figures 7 and 8 show the distributions of the internal electric field in the human body
models corresponding to outside and inside the vehicle for different vehicle body materials,
respectively. As shown in Figure 7, the maximum internal electric field was observed in the
lower limb near the WPT system for both materials when humans were standing outside
the vehicle. The 99.9th percentile values of the electric field were 0.05 V/m. Figure 8 shows
that the electric field was primarily induced in the torso and head due to the magnetic
field leakage from the window, albeit with a 99.9th percentile value of 1.6 × 10−3 V/m. In
contrast, a high internal electric field was distributed in the buttocks for the CFRP body,
with the 99.9th percentile value of 0.20 V/m.
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Figure 8. Internal electric field distributions in human body model inside the vehicle sitting on the
driver’s seat for different materials: (a) iron and (b) CFRP.

4.3. Assessment with Spatial Averaged Magnetic Field Outside the Vehicle

The relationship between the external magnetic and internal electric fields was evalu-
ated outside the vehicle [18]. The averaged magnetic field strength (Have) was calculated
based on the measurement points and averaging scenario defined in Table 2. Table 3
presents the magnetic field strength outside the vehicle at the measurement points and
Have for vehicle body with different materials. As shown in Table 3, the magnetic field
strengths for different materials are consistent. Figure 9 shows the conformity assessment
in each definition against the ICNIRP guidelines and IEEE standard in terms of ac outside
the vehicle. As shown in the figure, the stringer assessment methods were in the order
of Definitions 3, 2, and 1 because a high magnetic field was distributed near the ground.
All definitions exhibited a conservativeness with more than a margin of a factor of four
with respect to the ICNIRP guidelines, whereas only Definition 1 was an unconservative
assessment for the IEEE standard. The magnetic field limits for the ICNIRP guidelines and
IEEE standard are 21 and 163 A/m for public exposure.

Table 3. Heights of magnetic field strength measurement points and average magnetic field strength
averaged for each definition with outside the vehicle body made of (a) iron and (b) CFRP.

(a)

Setting
Magnetic Field Strength [A/m]

Measurement Points Have

Definition 1
0.5 m 1.0 m 1.5 m - 0.400.78 0.28 0.13

Definition 2
0.06 m 0.5 m 1.0 m 1.5 m

0.681.54 0.78 0.28 0.13

Definition 3
0.06 m 0.31 m 0.56 m - 1.151.54 1.23 0.67

(b)

Setting
Magnetic Field Strength [A/m]

MeasurementPoints Have

Definition 1
0.5 m 1.0 m 1.5 m - 0.410.82 0.27 0.13

Definition 2
0.06 m 0.5 m 1.0 m 1.5 m

0.691.55 0.82 0.27 0.13

Definition 3
0.06 m 0.31 m 0.56 m - 1.181.55 1.27 0.72
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outside the vehicle with different materials.

4.4. Correlation between Emax and Have Inside the Vehicle Made of CFRP

The average of three or more measurement points can provide a reliable estimate of
the internal electric field when the human body model stands by the side of the vehicle [18].
However, we did not consider a scenario in which a person sat in the driver’s seat [18]. We
evaluated the relationship between the external magnetic and internal electric fields for
different vehicle seat positions. The seat position was varied by ys = ±100 mm (in 20-mm
increments) in the y-direction based on the adjustment range of a typical seat. This section
focuses on the CFRP body since the magnetic field was almost shielded for an iron body.

Figure 10a shows the relationship between the average magnetic field strength within
the volume containing the human body model and the internal electric field. The average
magnetic field was determined by calculating the arithmetic mean of the absolute magnetic
field values over the whole body. The correlation has been evaluated in terms of coefficient
of determination (R2) [60,61] assuming the linear relationship. If they are correlated linearly,
the induced electric field can be equivalently evaluated in terms of average magnetic field
without detailed computation. There was a strong correlation between the whole-body
Have and the internal electric field. Figure 10b shows the relationship between the magnetic
field strength at a single measurement point defined in Table 2 and the internal electric field.
As shown in Figure 10b, good correlations were observed at specific points, such as 0.1,
0.5, and 1.2 m. However, there was no consistent trend for the other measurement points.
Figure 10c shows the relationship between the average magnetic and internal electric fields
at three or four points outlined for each definition. As shown in Figure 10c, the average
magnetic field reasonably correlates with the internal electric field across all definitions. In
Definitions 2 and 3, Emax reached its peak because the exposure area from the buttocks to
the feet approaches a certain level when the seat is moved backward.
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Figure 10. Correlation between the maximum internal electric field and magnetic field strength
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R2 represents the coefficient of determination. (a) was evaluated in the volume where the human
body model exists in realistic posture (the number of voxels was 8,193,397).

4.5. Assessment with Spatial Averaged Magnetic Field Inside the Vehicle

Table 4 presents the magnetic field strength inside the vehicle at the measurement
points and Have for different materials (ys = 0). As shown in Table 4, the magnetic field
strength within the iron body was two orders of magnitude lower than that within the
CFRP body. Figure 11 shows the conformity assessment in each definition for the ICNIRP
guidelines and IEEE standard in terms of ac inside the vehicle (ys = 0). As shown in the
figure, all definitions in the case of the iron body exhibited a conservativeness with more
than a margin of a factor of four with respect to the ICNIRP guidelines, whereas they
were either comparable or unconservative with respect to the IEEE standard. In contrast,
for the CFRP body, Definition 1 provided a level of protection equivalent to the ICNIRP
guidelines. Definitions 2 and 3 displayed a conservativeness with more than a margin of a
factor of 3.4 with respect to the ICNIRP guidelines. In the IEEE standard, Definitions 1 and
2 were unconservative, whereas Definition 3 exhibited a conservativeness with more than a
margin of a factor of 1.2.
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Table 4. Heights of magnetic field strength measurement points and average magnetic field strength
averaged for each definition with inside the vehicle body made of (a) iron and (b) CFRP.

(a)

Setting
Magnetic Field Strength [A/m]

Measurement Points Have

Definition 1
0.5 m 1.0 m 1.2 m - 0.0150.015 0.017 0.013

Definition 2
0.1 m 0.5 m 1.0 m 1.2 m

0.0130.009 0.015 0.017 0.013

Definition 3
0.1 m 0.35 m 0.6 m - 0.0120.009 0.011 0.016

(b)

Setting
Magnetic Field Strength [A/m]

Measurement Points Have

Definition 1
0.5 m 1.0 m 1.2 m - 0.400.94 0.15 0.11

Definition 2
0.1 m 0.5 m 1.0 m 1.2 m

1.253.81 0.94 0.15 0.11

Definition 3
0.1 m 0.35 m 0.6 m - 2.143.81 2.03 0.60
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Figure 11. Assessment of three definitions for the ICNIRP guidelines and IEEE standard in terms of
ac inside the vehicle with different materials.

Figure 12 shows the assessment of each definition for compliance with the ICNIRP
guidelines and IEEE standard using ac when the vehicle seat position was changed in the
front–back direction (ys = ±100 mm). As shown in Figure 12, the variation in ac in the case
of the iron body remained relatively insignificant due to the weak nonuniformity of the
magnetic field distribution. In contrast, for the CFRP body, ac varied from approximately
−0.1% to 3%, −27% to 36%, and −21% to 18% in Definitions 1, 2, and 3, respectively,
regardless of the target guidelines. The variability in Definitions 2 and 3 is influenced by
the observation that the variation in Have considering the measurement point at the lower
limb is larger than that of Emax appearing at the buttocks. However, by adding a reduction
factor smaller than two, such an effect of variations is sufficiently avoided.
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Figure 12. Variation of the compliance assessment for each definition when the vehicle seat position
was changed in the front–back direction with the vehicle body made of (a) iron and (b) CFRP.

5. Discussion

This study evaluated compliance assessment using the spatial averaging method
as a scheme to evaluate human exposure to nonuniform fields at low frequencies. The
evaluation index for this method was the spatially averaged magnetic field strength at three
or four heights from the ground or floor and the internal electric field in the anatomical
human model placed near or inside the vehicle.

As shown in Figures 5 and 6, the distributions of the magnetic field were not signifi-
cantly different between iron and CFRP outside the vehicle. However, the magnetic field
was scarcely distributed for a body made of iron placed inside the vehicle. This is because
the conductive chassis shields the magnetic field. In contrast, the magnetic field generated
by the WPT system for a body made of CFRP leaks directly into the cabin beneath the
floor. This resulted in a marginal difference in the internal electric field in the human
body outside the vehicle because of the body material, but a significant difference inside
the vehicle.

We calculated the magnetic field averaged over the heights defined in this study and
compared it with the ICNIRP guidelines and IEEE standard in terms of ac. When ac is less
than one, the BR would still be satisfied even with an increased coil output, provided that
Have of the definition satisfies the RL. Laakso et al. reported a ratio of the internal electric
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field to the three-point average magnetic field strength of 0.20 V/A with three human body
models at several angles outside the vehicle [18], which is close to 0.13 V/A obtained for a
similar averaging definition in this study. These values are close but somewhat different
from other studies (see Table 1), which is attributable to different postures and target areas
discussed in previous studies. Note that the discussion here follows the discussion for the
product safety standard (See Section 3.4). As shown in Figure 9, Definition 1 provided
a conservative assessment of the ICNIRP guidelines with each body material. However,
Definition 1 did not meet the requirements of the IEEE standard, whereas Definitions 2 and
3 were satisfied. This is because RL prescribed in the IEEE standard are relatively tolerant
of a permissible external magnetic field. Using Definition 1 and following the ICNIRP
guidelines, the maximum permissible transferred power for outside the vehicle made of
iron and CFRP was 196 and 191 kW, respectively. Moreover, it was 884 and 871 kW using
Definition 2 and the IEEE standard, respectively.

The whole-body Have, H at specific points, and three- or four-point Have provided good
correlation for the scenario inside the vehicle, whereas no consistent trend was discernible
for the other one-point measurement points (Figure 10). This can be attributed to the
difficulty of capturing the electric field at a single point in a highly nonuniform environment
with a realistic human body shape, such as the driver’s posture. Additionally, measuring
the magnetic field over the volume of the human body is practically difficult. Therefore,
the spatially averaged method is a good index to reasonably simplify the compliance
assessment procedure inside the vehicle. As shown in Figure 11, all definitions for the iron
body provided a sufficiently conservative assessment of the ICNIRP guidelines, whereas
they were either comparable or unconservative with respect to the IEEE standard. In
contrast, for the CFRP body, Definition 1 provided an equivalent level of protection in the
ICNIRP guidelines. However, Definitions 1 and 2 did not meet the requirements of the IEEE
standard, whereas Definition 3 met this requirement. When the vehicle seat position was
changed in the front–back direction, the absolute changes in ac with respect to the ICNIRP
guidelines were quite small, and the impacts on the conformity assessment were marginal
(Figure 12). However, some reduction factors may need to be applied to Definition 1 for
the iron body and Definition 3 for the CFRP body as they may not meet the IEEE standard.
Even considering additional reduction factor, its magnitude is two, which is much smaller
than the one order of magnitude or more, which is inherent to apply the RL in the exposure
guidelines to nonuniform field exposure such as electric vehicle (Section 2). Although it is
necessary to introduce an additional reduction factor for the IEEE standard, Definition 1
for the ICNIRP guidelines is satisfied. Using Definition 2, following the ICNIRP guidelines
and IEEE standard, the maximum permissible transferred power for inside the vehicle
made of CFRP was 62 and 241 kW, respectively.

6. Conclusions

The current product safety standards for WPT have not well considered the induced
electric field in the human body for compliance assessment, which is more essential metric
for human protection. Instead, the external magnetic field is used for practical purpose.
To fill this gap, different scenarios were considered to correlate the induced electric field
and external magnetic field in realistic scenarios. As the exposure scenarios can be limited
around the vehicle cabin, different practical definitions were considered for assessment.
From our finding, compliance assessment with exposure guidelines can be performed using
appropriate definitions and averaging of magnetic field under realistic conditions discussed
in the product safety standards. Spatial averaging of the magnetic field rather than single-
point measurement is appropriate when considering the correlation with the internal
electric field. In general, conservativeness is confirmed for most definitions considered
here. If it is not satisfied, some adjustments should be introduced, such as an additional
reduction factor of two to comply with the IEEE standard. Overconservativeness (by the
one order of magnitude or more) may be avoided unlike the measurement of peak magnetic
field for nonuniform field exposures.
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