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Chapter 1

Introduction

1.1. Background

Studies on human dosimetry and compliance assessment for low-frequency (LF)
electromagnetic fields recently have attracted attention because of the emergence of wireless
technology, including wireless power transfer for zero emission vehicles. In LF field exposure
(below 100 kHz), electrostimulation caused by an induced electric field in the human body is a
dominant factor. In actual scenarios of human exposure to LF near fields, a limb of the human
body is mainly exposed (local exposure). The field distribution is then nonuniform. Therefore,

the assessment of local and nonuniform exposures is essential.

1.1.1. International Guidelines and Standards for Human
to Electromagnetic Field Exposure

Two international guidelines and standards have been mentioned in the documents of the
World Health Organization: published by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP)[1] [2] and Institute of Electrical and Electronics Engineers
(IEEE) International Committee on Electromagnetic Safety Technical Committee 95 [3], [4].

They were designed to protect humans from electrostimulation caused by the induced electric



field up to 5-10 MHz. Table 1.1 shows the internal physical quantities and basic restrictions in
ICNIRP 2010. However, assessing the internal physical quantities in humans at lower
frequencies (LFs) in a straightforward manner is difficult. Therefore, permissible external field
strength, named the reference level, is derived as shown in Table 1.2 for practical assessments.
The permissible external field strength is derived assuming that the human standing in free space
is exposed to uniform field over the body. Thus, the induced electric field for exposure at the
reference level is much lower than the basic restriction.

In the ICNIRP radiofrequency (RF) guidelines [1] and the IEEE C95.1-2019 standard [4], the
reference level for local exposure was newly introduced. Thus, considering the consistency
between LF and RF guidelines, setting a permissible field strength for nonuniform and local
exposures would be preferable, even in the LF range. However, the relaxation of the reference
level for local exposure in the IEEE C95.6-2002 standard [5] was based on uniform exposure in
a homogeneous ellipsoidal model whose major and minor were determined by representing body
parts. In contrast, anatomical models were considered in the ICNIRP LF guidelines [2], whereas
no limit for local exposure has been prescribed. However, the ICNIRP LF guidelines will be

revised in the near future.
Table 1.1 Basic restrictions in the ICNIRP 2010 guidelines.

Frequency Basic restriction (V/m)
All tissue of heads 1 Hz-3 kHz 0.4
and body 3 kHz — 10 MHz 1.35 x 10*f

f: Frequency in Hz

Table 1.2 Reference level in the ICNIRP 2010 guidelines.

Frequency Reference level (A/m)
1-8 Hz 3.2x10%/f2
8-25 Hz 4x10°/f

25-400 Hz 1.6 x 10?

400 Hz-3 kHz 6.4x10*/f
3 kHz-10 MHz 21

f: Frequency in Hz



1.1.2. Compliance Assessment Standard

The International Electrotechnical Commission (IEC) is an international standard body that
publishes compliance assessment standards for electrical and electric technologies. The IEC is
composed of some technical committees (TC) for technology specialties—TC47 (semiconductor
devices) and TC69 (electric road vehicles and electric industrial trucks)—to discuss compliance
assessment standards. TC106 has discussed some compliance assessment standards for human
exposure to LF fields. Regarding human exposure, manufacturers refer to the compliance
assessment standards for the assessment methods and the ICNIRP or IEEE for the limit of the
reference level and the basic restriction to guarantee product safety. A typical compliance
assessment procedure for LF field exposure has three steps (Fig. 1.1) for local and nonuniform
exposures.

In the first step, manufacturers measure the external magnetic field at the area defined in the
compliance assessment standards (i.e., IEC Technical Specification (TS) 62764-1 defines 20 cm
as the measurement distance from the surface of the equipment under study) using a loop coil.
Then, the external magnetic field strength is compared with the reference level defined in the
ICNIRP or IEEE. If the external magnetic field strength exceeds the reference level, the second
step should be performed.

In the second step, the value of the external magnetic field, which is multiplied by a coupling
factor, is compared with the reference level. A coupling factor is a scheme developed to analyze
human exposure to nonuniform fields at LFs. The formula of the coupling factor is shown in
Section 2.4.3. If the strength of the external magnetic field, which is multiplied by a coupling
factor, exceeds the reference level, the third step should be performed.

In the third step, the induced electric field is compared with the basic restriction. As described
in Section 1.1.1, manufacturers should calculate the induced electric field from the magnetic
field distribution, which is measured or calculated using a computational method.

Manufacturers mainly perform the first and second steps. Although the induced electric field
in the human body can be calculated at research institutions, compliance assessments for

manufacturers should be easier and more practical in the third step. Therefore, the assessment



procedure using a coupling factor for nonuniform exposure was defined in the IEC 62233
(measurement methods for electromagnetic fields of household appliances and similar apparatus
regarding human exposure) in the second step [6], [7]. Recently, some IEC standards, i.e., IEC
Publicly Available Specification 63184 [8], refer to compliance with a coupling factor.
Assessments using a coupling factor can be easily performed since they are performed only by
multiplying the external magnetic field by the coupling factor. However, the method for
calculating the coupling factor is not considered in the ICNIRP guidelines and IEEE standards,
and then, the method for predicting the induced electric field from the external magnetic field

distribution for local and nonuniform exposures is needed in a straightforward manner.

exceeds reference levels?

@ Yes
No

(2)Value of External field strength times
. )oK
coupling factor exceeds reference levels?

@ Yes

No
(3)Induced electric field
exceeds basic restrictions? [>OK

No
(1)External field strength
.

No good

Figure 1.1 Assessment procedure for low-frequency exposure



1.1.3. Review of Previous Studies and Research

Necessity

Concerns on human protection in vehicles

The number of zero-emission vehicles (ZEVs), that is, battery electric vehicles and fuel cell
electric vehicles, has increased worldwide. The leaked electromagnetic field in these types of
vehicles is larger than that in conventional gasoline/diesel vehicles because of electronization.
The frequency of emission from ZEVs ranges from almost direct current to several kHz [9], [10].
Moreover, wireless power transfer (WPT) systems are attractive in the automotive industry, and
the frequency of transfer power is 78 kHz. Restrictions against stimulation should therefore be
considered. The IEC TC106 decided to establish Project Team (PT) 62764-1 to determine the
measurement procedure for the magnetic field levels generated by electronic and electrical
equipment in the automotive environment [11] and PT 63184 to determine the methods for
assessing human exposure to electric and magnetic fields from WPT systems [8]. Therefore,
there have been increasing concerns throughout the vehicle industry about human protection

according to IEC trends.

Over-conservativeness in practical scenarios for LF compliance

The external magnetic field strength is measured and compared with the reference level [1] -
[4]. However, the external magnetic field generated from sources in practical scenarios is
nonuniform, and several studies have shown that the assessment of the spatial peak field strength
may be over-conservative [12], [13]. This conservativeness may be because the reference is
derived assuming human exposure to a uniform field in free space. The compliance assessment
of the basic restriction is thus needed. In the assessment, assessing the induced electric field at
LFs is not straightforward. Therefore, IEC 62233 introduced the coupling factor [6] for practical
assessment. Regarding the ICNIRP RF guidelines [1] and the IEEE C95.1-2019 standards [4],
the reference level for local exposure was newly introduced. However, the relaxation of the

reference level for local exposure in the IEEE C95.6-2002 standards [5] was based on uniform



exposure in a homogeneous ellipsoidal model whose major and minor were determined by
representing body parts. In contrast, anatomical models were considered in the ICNIRP LF
guidelines [2], whereas no limit for local exposure has been prescribed. Therefore, the variation
in the induced electric field due to differences in the shape of human body models and model

inhomogeneity should be evaluated.

Relationship between external magnetic field and induced electric field

The coupling factor varies depending on the magnetic field distribution and human posture,
which is exposed [14], [15], [16]. However, the IEC standards defined one value of the coupling
factor for local and nonuniform exposures [8]. Therefore, the method for calculating the
coupling factor from the external magnetic field distribution or for predicting the induced
electric field from the external magnetic field distribution is needed for local and nonuniform
exposures. The relationship between the induced electric field and the basic restrictions for
exposure at the reference level has also been discussed in several studies [16] - [24]. However,
no study has attempted to calculate the induced electric field from the external magnetic field.
This study helps assess local and nonuniform exposure compliance in the ICNIRP, IEEE, and
IEC.

Effect of post-processing of the induced electric field

The effects of post-processing of the induced electric field should be evaluated. In
computational dosimetry to calculate the induced electric field in the third step in Figure 1.1, the
stair-casing approximation of human models, which may include segmentation error, may result
in a significant error if pre-/post-processing is not appropriately performed [25]. Therefore, a
statistical approach, that is, 99th percentile value of uniform exposure in the ICNIRP or 99.9th
percentile of our previous proposal [26], is needed for nonuniform exposure, which is to suppress
computational artifacts that are inherent when using voxelized anatomical models. Furthermore,
skin-to-skin contact, which is caused by the finite resolution of human models, also produces a
locally high electric field [27], whereas it is unessential to cause the stimulation. This is

attributed partly to the stair-casing approximation or finite discretization resolution and to the



low conductivity of the skin. In 2019, the revised IEEE C95.1 standards recommend excluding
part of skin-to-skin contact [4]. Clarifying the difference in the combination of the post-
processing (99.9th percentile and skin-to-skin contact exclusion) for nonuniform and local

exposures in realistic postures is necessity.

1.2. Contents of Thesis

This study evaluated the external magnetic field, the electric field induced in the human body
and the coupling factor defined in IEC 62233 using an electromagnetic solver from the viewpoint

of LF compliance assessment. The motivations of this study were as follows:

1. To propose a method for predicting the induced electric field from the relationship
between the uniform external magnetic field and the induced electric field in different

body part models to help set the permissible field strength for local exposure.

2. To investigate the relationship between the external magnetic field, the induced electric
field, and the coupling factor in the human body for WPT systems, which are
implemented on a vehicle body, and discuss the current compliance assessment for local

and nonuniform exposures in practical exposure scenarios.

3. To evaluate the effects of post-processing for calculating the induced electric field to
clarify the differences between the combination of the post-processing (99.9th percentile
and skin-to-skin contact exclusion) for local and non-uniform exposure scenarios in

realistic postures.

The contents of this thesis were as follows

Chapter 1 introduces the background and motivation of this study.

Chapter 2 explains the numerical human models, WPT system, and computational methods.
First, the cuboid, ellipsoidal, and anatomical human models and WPT systems, which are

implemented on the vehicle, are presented. Next, the scalar potential finite difference method



and COMSOL for calculating the induced electric field in numerical models and the coupling
factor, respectively, are explained.

Chapter 3 proposes a formula for estimating the induced electric field from the uniform
external magnetic field for local exposure. First, a uniform LF magnetic exposure is considered
for different body parts to propose a formula in which an induced electric field can be derived
in a scenario where the cuboid body part model is exposed to a uniform LF magnetic field. Then,
the effectiveness of the formula for homogeneous ellipsoidal models is examined. Finally, the
variation in the induced electric field due to differences in the shape of the human body model
and model inhomogeneity is calculated.

Chapter 4 computes the external magnetic field, the induced electric fields, and the coupling
factor to assess compliance for a WPT system. The vehicle body is composed of iron, aluminum,
and carbon fiber-reinforced plastic. This chapter clarifies over-conservativeness for local and
nonuniform exposures in practical exposure scenarios and confirms the necessity of this study.

Chapter 5 computes the induced electric field and the coupling factor when the exclusion of
skin-to-skin contact defined in IEEE C95.1-2019 is added to the 99.9th percentile value post-
processing to clarify the effects of skin-to-skin contact on the induced electric field and the
coupling factor.

Chapter 6 shows the summary of this study.



Chapter 2
Models and Methods

2.1. Overview

In this study, we compute the magnetic field, the induced electric field, and the coupling factor
for LF exposure. In general, at frequencies lower than the MHz range, a magneto-quasi-static
approximation is applicable for the computation of the induced electric field in biological tissues
[28]. Under this assumption, the external electric and magnetic fields can be decoupled, and the
magnetic field is assumed to be unperturbed by the existence of the human body. Therefore, a
two-staged computational approach can then be applied.

In the first stage, the magnetic field is computed by a commercial electromagnetic simulator
without considering the human body model for actual scenario. In this study, HFSS (High
Frequency Electromagnetic Field Simulation, ANSYS) is used at Chapter. 4 and 5 because of
the complex magnetic field distribution generated from WPT system. The distribution of the
magnetic vector potential is obtained, and then used as a wave source in the second stage.

In the second stage, the induced electric field is computed by substituting the vector potential
distribution into an electromagnetic solver. The solver we use for computing the induced electric
field is based on the Scalar-potential finite difference (SPFD) method. At chapter 3, we also use
the commercial COMSOL software (COMSOL AB, Stockholm) for computing the induced
electric field.

This chapter describes the numerical human models, the WPT system, and computational

methods.



2.2.  Numerical Human Body Model

2.2.1. Cuboid and Ellipsoidal Model

We use cuboid and ellipsoidal models at Chapter 3 in this study. Figure 2.1 shows a two-layer
cuboid model. The cuboid model consists of skin and muscle because the skin of human body
model was chosen as worst case target tissue in ICNIRP guideline. The size of the cuboid model
was (a, §,v)=(0.4 m, 0.4 m, 0.1-2.0 m) in Figure 2.1.

Homogeneous ellipsoidal model (two dimensional) are defined in IEEE C95.6-2002 [5],
wherein the major and minor axes are determined for the corresponding body parts. Three sizes
of the homogeneous ellipsoidal model were considered Figure 2.1 (c). The sizes of the major
and minor axes were (a, b) = (0.90 m, 0.17 m) for the whole body, (0.40 m, 0.17 m) for the trunk
and head, and (0.42 m, 0.09 m) for the leg.

2mm .
. £ 2mm
muscle

14 skin

z
y | ___
L.x /B
s, 4
a
(a) (b) (c)

Figure 2.1 Schematic explanation of model: (a) cuboid model, (b) tissue composition of cuboid

model and (c) ellipsoidal model © 2021 IEEE
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2.2.2. Anatomical Model

TARO and Duke models which were developed at the National Institute of Information and
Communications Technology (NICT) and IT’IS Foundation, respectively, are used as numerical
anatomical human body. Duke model is used at Chapter 3 to compare the induced electric fields
of TARO model. The inhomogeneous and homogeneous anatomical models are also used.

The original inhomogeneous TARO and Duke model consist of 51 and 77 tissues, respectively.
The electrical conductivity of the homogeneous anatomical model is set to 2/3 of muscle based
on an approximate ratio of high and low water content tissue of 2 : 1 [29], which is also used at
Chapter 3.

The whole body of the original inhomogeneous TARO model is also divided into the trunk
and head, arm, and leg in Chapter 4 and 5 as shown in Figure 2.3 to assess the compliance

assessment method (IEC TS 62764-1) [11].

™

\t oL !
. |
(¥
| > x |
y \ '
s
(@ (b) © (d)
Figure 2.2 Schematics of anatomical human body model: (a) whole body, (b) head and trunk, (c)
arm and (d) leg. © 2021 IEEE
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(C)Trunk

(F)Trunk | / (G)Arm

(D)Shin VM shin

(E)Thigh and buttocks  (B)Thigh and buttocks

Figure 2.3 Definition of body parts of the model: (a) passenger and (b) driver.
© 2019 IEEE

2.3.  WPT System

2.3.1. Schematic Diagram of WPT System

A vehicle model for which the WPT system is implemented is shown in Figure 2.4, which is
used at Chapter 4. As shown in Figure 2.4, the geometry of the simplified vehicle is developed
based on Prius of Toyota Motor Corporation. The vehicle is placed in free space. A receiving
coil is installed below the center of the vehicle body. The transmitting coil is modeled assuming
that it is installed in the parking area. The misalignment of the receiving and transmitting coils
were chosen as 75 mm and 100 mm in the x and y directions, respectively, based on Society of
Automotive Engineers (SAE) J2954 [30]. The reason for the misalignment is that the leaked
magnetic field strength has a larger value than that in the face-to-face position, which is
attributable to the increment of the coil current [31].

We compare the effects of three materials for the vehicle body: iron, aluminum, and carbon

fiber reinforced plastic (CFRP). The relative permittivity, permeability, and conductivity of iron,

12



aluminum, and CFRP are (1, 4000, 10.3 x 10° S/m), (1.000021, 1.000021, 38 x 10° S/m),
and (1, 1,0.25 x 10° S/m), respectively. The thickness of iron, aluminum and CFRP is 0.5 mm,
1.0 mm, and 2.0 mm, respectively. The iron permeability of 4000 is assumed as constant because
the magnetic field strength at vehicle body is less than 1000A/m where the iron is considered as
linear material [32]. Finite conductivity boundary for vehicle body, perfect conductor boundary

for ground floor and coils, perfect matched layer in free space is used.

4500mm

Vehicle

1250mm Door inn?r panel

& Receiving coil

Yo \L
| . + 150 mm

Transmitting coil

Figure 2.4 Schematic diagram of WPT vehicle
© 2020 IEEE

2.3.2. WPT Coil

A detailed schematic diagram for the WPT coils is shown in Figure 2.5. The shape and
dimension of each coil is modeled based on [30]. The transmitting coil has a rectangular shape
with a length of 640 mm and a width of 500 mm. The number of turns of the transmitting coil is
15 and the width is 3 mm. The receiving coil is a 320 mm square. The receiving coil has 20 turns
and a width of 2 mm. The transmitting distance is 150 mm between the top of transmitting coil
and the bottom of the receiving coil. These parameters are based on the definition in the
documents of SAE J2954 [30]. Each coil is composed of a perfect conductor. The transmitting
coil and the receiving coil have just current sources of 16 A and 17 A, respectively, to transfer a
transmitting power of 3.7 kW. The current phase difference is 90 deg. The frequency of the WPT

system is 85 kHz. The current sources are calculated with equation (8) in [33].
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Top view pgr¢ 1 Bottom view s m

Side view : Shield plate
/Conls Ferrite core . 310
\ Ferrite core
Shield plate Coils
(a) (b)

Figure 2.5 Schematic diagram of WPT coils: (a) transmitting and (b) receiving coils

©2020 IEEE
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2.4.  Computational Methods

2.4.1. Induced Electric Field

SPFD

In this study, we use SPFD method [34] to calculate the induced electric field. The SPFD
which was developed at Nagoya Institute of Technology is widely adopted LF magnetic
exposure dosimetry [34], [35]. The induced electric field can be calculated by follows:

E=-V¢—jwA (2.1)
where ¢ is the unknown scalar potential and 4 is the vector potential which is satisfied with
follows:

B=VxA (2.2)
We use the magnetic flux density B which is calculated by the commercial electromagnetic
simulator (HFSS) which uses the finite element method (FEM) using tetrahedral meshes,
because of the practical exposure scenarios at Chapter 4 and 5. At Chapter 3, we defined the
vector potential because of simple uniform exposure scenario (See 3.3.1).
We then calculate the scalar potential by solving simultaneous linear equations using the SPFD

method as follows:

6 6 6
2 SnPn — (2 Sn) Yo = jw 2(_1)nsnlnA0n (2.3)
n=1 n=1 n=1

where s, is edge conductance, ¢, is Scalar potential at each node, [, is edge length of the
voxel, and n is node position label. The geometric multigrid method was used to accelerate the

convergence [35]. The size of the cubical voxels was 2 mm in this study.
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COMSOL

In this study, we also use COMSOL at Chapter 3 to compare the induced electric field of
Cuboid and ellipsoidal models, which is calculated by SPFD method. The COSMOL software
uses the FEM in calculating the induced electric field using tetrahedral meshes [36]. Notably,
although the models based on tetrahedral meshes are insensitive to stair-casing errors, the quality
of the meshes affects the computations of the maximum induced electric fields. In this study, the
body model was automatically meshed, determined by workstation memory. The mesh sizes of
the cuboid and homogeneous ellipsoidal models were less than 1.8 (nonuniform mesh

distribution) and 1.2 cm, respectively, which was determined by the limited workstation memory.

2.4.2. Post-processing Algorithm

In computational dosimetry, the stair-casing approximation of human models, which may
include segmentation error, may result in a significant error if pre-/post-processing is not
appropriately performed [25]. In addition, the skin-to-skin contact also produces a locally high
electric field [27], whereas it is not essential to cause the stimulation. This is attributed partly to
the stair-casing approximation or finite discretization resolution, and partly to the low
conductivity of the skin. A previous computational study also suggested that the
electrostimulation threshold was not almost changed for scenarios in which the enhancement of
the induced electric field due to the skin-to-skin contact is expected in computation, and that the
weakness of the skin modeling is the primary reason [37]. Therefore, skin-to-skin contact was
excluded in this study according to the revised IEEE C95.1 standard in 2019, which
recommended that the parts of skin-to-skin contact, or corresponding the induced electric field,
should be excluded. The effect of the exclusion of skin-to-skin contacts shows in Chapter 5.

We firstly exclude the locally high induced electric field at skin-to-skin contact from the
induced electric field distribution on the surface of the human body model, and then employ the

99%ile which is defined in ICNIRP 2010 [2] or 99.9%ile values which is proposed previous
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study [26]. Chapter 3 employs the peak voxel value for the cuboid and homogeneous ellipsoidal
models and the 99%ile and 99.9%ile values for each body part in the anatomical human body.
Chapter 4 and 5 employs 99.9%ile values for each body part in the anatomical human body

because the previous proposal for nonuniform exposure [26] is adopted.

2.4.3. Coupling Factor

We use the coupling factor for analyzing human exposure to nonuniform fields at Chapter 4
and 5. The general idea behind the coupling factor is defined in IEC 62233. The spatial-peak
magnetic field strength which is measured or calculated is multiplied by the coupling factor
which value is defined in the compliance assessment standards, is compared with the reference
level in the second step of the compliance assessment. The coupling factor can be calculated by

follows:

Emax

ac = () /GE) (24)

Hmax

Where Emax is the peak value of the induced electric field which is calculated from the SPFD.
Egr and Hp; is the basic restriction and the reference level prescribed in the ICNIRP or IEEE.
In this study, the basic restrictions and the reference level of ICNIRP 2010 is used, respectively,
as shown in Table 1.1 and Table.1.2. Hmax is the spatial maximum value of the magnetic field
strength. In this study, the magnetic field is computed in the computational domain averaged
over 100 cm?. The area of 100 cm? assumes the 100 cm?loop antenna which is used to

measure the magnetic field in the first step of the compliance assessment (See Figure 1.1).
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Chapter 3
A Method for Predicting the Induced

Electric Field for Local Exposure

3.1. Overview

In this chapter, we discuss the relationship between uniform external magnetic field strength
and induced electric field in different body part models to help set the permissible field strength
for the local exposure. We proposed a formula for predicting the induced electric field from
electromotive force from cuboid models based on Faraday’s law. Then, we applied the formula
to homogeneous ellipsoidal and homogeneous realistically shaped models to examine the
effectiveness of the proposed formula. Further, we investigated the effect of model
inhomogeneity to confirm the difference in the induced electric field in anatomical body models.
The computational results show that the homogeneous ellipsoidal model was comparable to the
homogeneous realistically shaped model, whereas the model inhomogeneity led to
approximately 1.5 times increase in the computed maximum electric field strength.

The results presented here were published in [38].
© 2021 IEEE. Reprinted, with permission, from K. Miwa, “A Novel Method to Predict the

Maximum Electric Fields in Different Body Parts Exposed to Uniform Low-Frequency Magnetic

Field”, IEEE Transactions on Electromagnetic Compatibility, Aug. 2021.
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3.2.  Exposure Scenario

The magnetic field was a spatially uniform field of 0.1 mT at 100 Hz, and was in the anterior
posterior direction (y direction in Figure 2.1 and Figure 2.2) for all scenarios considered in this
chapter. Thus, the cross-sectional area perpendicular to the magnetic field was the largest,
resulting in the highest induced electric field strength, based on Faraday’s law as well as from
[39]. For anatomical models, highest induced electric field were also consistently found for this
exposure scenario [40]. This scenario is the same as considered in the international guidelines

and standard.

3.3. Results

3.3.1. Derivation of Empirical Formula

In this section, cuboids were used to determine the relationship between the external magnetic
field and the induced electric field in different body parts to develop an empirical formula by

which the induced electric field can be simply estimated from the external magnetic field.

Maximum Induced Voltage

For LF exposure, using Faraday’s law, the total induced voltage, i.e., the electromotive force

is expressed as follows:
Vin=waB-ndS=wBS 3.

where w= (2rf) is the angular frequency of the magnetic field, B is the magnetic flux density,

S is the projection area wherein the magnetic field flows into a human body, and n is the unit
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vector on S. Then, the maximum induced voltage in the body model is determined by the

projected area of the human body in the same direction because w and B are constant.

Distributions of Scalar Potential and Electric Field

The induced electric field can be determined by eq. (2.1) in chapter 2. In this scenario in

Chapter 3, vector potential 4 of eq. (2. 2) was defined as follows:

A =Bz
A, =0 3.2)
A-=0

The computed distributions of the scalar potential ¢ inside the cuboid model are shown in Figure

3.1 (a). The induced electric field shown in Figure 3.1 (b) are obtained by the following:

E=- -4 (3.3)

As seen from Figure 3.1 (b), the maximum induced electric field is dominated by z component
and appeared at the center of the two long edges of the model. In addition, the maximum induced
electric field, E, is only related to scalar potential ¢. The induced electric field distribution

shows the same tendency as experimental results [41].
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Figure 3.1 Distribution of (a) scalar potential and (b) electric field electric field computed
using the SPFD method; a = 0.4 m, y =1.2 m.
© 2021 IEEE

Then, we examined the relationship between V;, and maximum induced electric field using
the cuboid model with varying side lengths, y. The normalized scalar potential (normalized to
Vi») along the long side of the cuboid model is shown in Figure 3.2; the scalar potential was close
to a linear function of z, especially for models with large aspect ratios. The maximum electric
field was equal to the slope of the orange dashed line in Figure 3.2, i.e., £w= AV/y, where AV
is the difference in scalar potential between the two ends of the edge (Figure 3.2 (b)). In addition,
AV was slightly lower than Vi, / 2 and approached V;,/ 2 with the increase in the slide length of

the cuboid model, y.
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Figure 3.2 Normalized scalar potentials on the long edge of the cuboid model for (a) y = 0.4
m,(b)y=0.8m,(c)y=12m,and (d) y=1.6 m. a=0.4 m.
© 2021 IEEE

Formula of Induced Electric Field

The above analysis suggested that the maximum electric field, which appeared at the longer
edge of the cuboid, can be estimated with a simple formula in terms of V.. This approach consists
of two steps.

Step 1: Obtain the maximum induced voltage based on Faraday’s law.

Step 2: The maximum voltage at the long side of the cuboid model was calculated as half of
Vin, the maximum electric field was estimated to be the ratio of 0.5V, to the length of the long
edge of the cuboid.

In step 2, the maximum induced electric field are obtained by follows;
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a)y < a
Emax:Vln/2: (J)BS/ZCZ (34)
b)y =2«

Epax =Vin/2 = wBS/2y (3.5

3.3.2. Comparison Between Formula and SPFD & FEM

for Cuboid Model

The calculated induced electric field strengths in the cuboid are listed in Table 3.1 for different
values of y. In Table 3.1, EZL, represents the estimated maximum electric field by the
proposed formula, E™™ represents the electric field numerically obtained by SPFD or FEM.
The “num/est” represents the ratio of the maximum electric obtained by SPFD or FEM to that
estimated by the proposed formula.

From Table 3.1 when the aspect ratio of the cubic is not less than 2:1, the difference in the
maximum electric fields obtained from the proposed formula and SPFD was less than 8%, and
that from the FEM results was less than 7%. When the two side lengths were comparable, the

difference increased to approximately 33%.
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Table 3.1 Comparison of induced electric field obtained using the proposed formula and SPFD & FEM
(cuboid model)

a B 4 E® [mV/m] SPFD FEM
E™m™ mV/m] num/est | E™™ [mV/m] num/est

0.4 0.4 0.1 3.14 3.07 0.98 3.19 1.01

0.2 6.28 5.79 0.92 5.85 0.93

0.4 12.6 8.42 0.67 8.51 0.68

0.8 12.6 11.6 0.92 11.7 0.93

1.6 12.6 12.5 0.99 12.5 0.99

2.0 12.6 12.5 0.99 12.6 1.00

© 2021 IEEE

To determine the cause of this difference, the distributions of the induced electric field and
scalar potential for these parameters are analyzed (Figure 3.3). As shown in Figure 3.3 (a), the
induced electric field had a maximum value at the center of each side of the cuboid. The scalar
potential distributions were similar to those for the rectangle model in Figure 3.1 (a), as the
electromotive force was evenly distributed on the four edges of the rectangular model. Therefore,
the induced electric field obtained from SPFD or FEM for y = 0.4 m was lower than that of the
proposed formula, which would be a limitation of the formula under specific conditions. These

results verified the proposed formula and the computation using the SPFD and FEM.

Induced

. Scalar
Electric field potential
— a w '—max max
R |
® /_.\ | L
— min min

(2) (b)

Figure 3.3 Distribution for cuboid with ¢ =y = 0.4 m (SPFD); (a) IEF and (b) scalar potential.
© 2021 IEEE
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3.3.3. Effect of Model Shape

The induced electric fields calculated from the proposed formula, SPFD, and FEM were
compared in the homogeneous ellipsoidal and homogeneous realistically shaped models. The
distributions of the scalar potential and the induced electric field in the homogeneous ellipsoidal
model are shown in Figure 3.4; the results for the induced electric field in the homogeneous
ellipsoidal model are shown in Table 3.2 (a). In Figure 3.4, the distributions of the scalar
potential and the induced electric field are similar to those of the cuboids (see Figure 3.1). In
Table 3.2 (a), the S is the projection area that the magnetic field flows through the model. o and
y in eq. (3.4) and (3.5) were simply defined as the side lengths of the minimum bounding
rectangle of the homogeneous ellipsoidal model (Figure 3.4 (a)). Because a < 7, the induced
electric field could be obtained by eq. (3.5). As shown in Table 3.2 (a), the difference in the
induced electric field between the SPFD and proposed formula was less than 40% and 31% for
100%ile and 99.9%ile, respectively. Similar tendencies were found compared with FEM results.
Therefore, to improve the results of the proposed formula, we defined y,, as the intersections
of the ellipsoidal circumference and two diagonals of the bounding rectangle (see the yellow
solid and dashed lines in Figure 3.4 (a)), which coincide with the maximum and minimum scalar
potentials (indicated by orange circles in Figure 3.4 (a)). As shown in Table 3.2 (b), the
difference in the induced electric field between the SPFD and proposed formula was less than
9% and 15% for 100%ile and 99.9%ile, respectively. The induced electric field from the FEM
was less than that of the SPFD for both 100%ile and 99.9%ile values because the FEM solution

did not result in the staircasing error.
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Figure 3.4 Distribution of (a) scalar potential and (b) IEF in ellipsoidal model.

© 2021 IEEE
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Table 3.2 Comparison of induced electric fields in the ellipsoidal model from the proposed
formula and the SPFD (Ellipsoidal); (a) definition of y and (b) ¥,

(a)
SPFD FEM
Enum Enum
. . num/est num/est
Model y[m] S[m?] Ejy [mV/m] [mV/m]

[mV/m] | 100 | 99.9 | 100 | 99.9 | 100 | 99.9 | 100 | 99.9
%ile | %ile | %ile | %ile | %ile | %ile | %ile | %ile

Whole body 1.80 0.481 8.36 11.7 | 10.6 | 1.40 | 1.26 | 10.3 | 10.1 | 1.23 | 1.20

Trunk and head 0.90 0.214 8.26 10.2 | 9.56 | 1.23 | 1.15 | 9.05 | 890 | 1.10 | 1.08

Left leg 0.84 0.119 4.31 595 | 5.66 | 1.36 | 1.31 | 541 | 520 | 1.26 | 1.21
(b)
SPFD FEM
Enum Enum
Yn ES num/est num/est
Model S[m?] [mV/m] [mV/m]
[m] [mV/m]

100 | 99.9 | 100 | 99.9 | 100 | 99.9 | 100 | 99.9
Y%ile | %ile | %ile | %ile | %ile | %ile | %ile | %ile

Whole body 1.32 | 0.481 11.4 11.7 | 10.6 | 1.03 | 093 | 10.3 | 10.1 | 0.90 | 0.89

Trunk and

0.59 0.214 11.2 102 | 9.56 | 091 | 0.85 | 9.05 | 890 | 0.81 | 0.79
head
Left leg 0.60 0.119 6.03 595 | 566 | 099 | 094 | 541 | 520 | 0.90 | 0.86

© 2021 IEEE

The distributions of the scalar potential and the induced electric field in the homogeneous
TARO model are shown in Figure 3.5 and Figure 3.6, respectively. The results for the induced

electric field in the homogeneous TARO and Duke models are listed in Table 3.3, wherein S is
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the projection area that the magnetic field through the model. Because of the complex shape of
the anatomical models, a and y in eq. (3.4) and (3.5) were also defined for simplicity and clarity
as the side lengths of the minimum bounding rectangle of the anatomical model (Figure 3.5).
Because a < y, the induced electric field could be obtained by eq. (3.5). In Table 3.3 (a), the
induced electric field obtained using the proposed formula for the TARO model showed a similar
trend to that of the SPFD. The largest induced electric field was observed for the whole body,
followed by the trunk and head, left leg, and left arm. The difference in the results obtained from
the proposed formula and SPFD was less than 29% and 12% for 99.9%ile and 99%ile,
respectively.

As shown in Table 3.3 (b), the difference in the results obtained from the proposed formula and
SPFD for the Duke model was less than 27% and 9% for 99.9%ile and 99%ile, respectively.
Therefore, we confirmed that the proposed formula could be used to calculate the 99%ile value
of the induced electric field in the homogeneous part model. In addition, as shown in Table 3.2
and Table 3.3, the 99.9%ile values in the homogeneous ellipsoidal model were similar to those

in the homogeneous model.

. a
__A__" > a. . a Scalar .
> « > potential
XY Ry I 'y max
|4 14 14 14
v Rl min
v
(a) (b) (c) (d)
Figure 3.5 Distribution of scalar potential in the homogeneous models; (a) whole body, (b) arm, (c)
leg and (d) trunk and head. © 2021 IEEE
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Figure 3.6 Distribution of the IEF in homogeneous models; (a) whole body, (b) arm, (c) leg and (d)
trunk and head. © 2021 IEEE

Table 3.3 Comparison of induced electric field from the formula and the SPFD (homogeneous
realistic-shaped model); (a) TARO model and (b) Duke model.

(a)
Model Model Size ES E™™ [mV/m)] num/est
y [m] S [m?] [mV/m] | 99.9%ile | 99%ile | 99.9%ile | 99%ile
Whole body | 1.732 0.542 9.83 11.5 8.79 1.17 1.09
Trunk and | 0.930 0.248 8.37 9.49 8.13 1.13 0.97
head

Left leg 0.710 0.086 3.73 434 3.84 1.16 1.03
Left arm 0.732 0.053 2.28 2.93 2.54 1.29 1.12
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(b)

Model Model Size ES E™™  [mV/m)] num/est
y[m] S [m?] [mV/m] 99.9%ile 99%ile 99.9%ile 99%ile
Whole body | 1.804 0.560 9.76 11.7 9.16 1.20 0.94
Trunk and 1.020 0.290 8.92 11.2 9.17 1.27 1.03
head
Leftleg 0.784 0.085 3.40 4.03 3.66 1.19 1.08
Left arm 0.768 0.055 2.23 2.77 2.43 1.24 1.09
© 2021 IEEE

3.3.4. Effect of Tissue Inhomogeneity

The induced electric fields calculated from the proposed formula, SPFD, and FEM in the
inhomogeneous model were compared to confirm the applicability of the proposed formula. The
induced electric field in the inhomogeneous model is presented in Table 3.4.

In Table 3.4 (a), the difference between the results obtained from the proposed formula and
SPFD for the TARO model was less than 76% and 23% for 99.9%ile and 99%ile, respectively.
In Table 3.4 (b), the difference in the results obtained from the proposed formula and SPFD for
the Duke model was less than 103% and 29% for 99.9%ile and 99%ile, respectively. Therefore,
the proposed formula could produce a relatively good estimation for the 99%ile value of induced
electric field for the inhomogeneous part model.

As shown in Table 3.3 and Table 3.4, the 99.9%ile and 99%ile values for E™™ in the
inhomogeneous model were higher than those in the homogeneous model. The induced electric
fields in the inhomogeneous model were approximately 1.5 and 1.2 times higher than that in the

homogeneous model for 99.9%ile and 99%ile, respectively.
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Table 3.4 Comparison of induced electric field obtained using the formula and SPFD

(inhomogeneous model): (a) Taro model and (b) Duke model.

(a)
Model Model Size ES E™™ [mV/m)] num/est
[m] | S[m? [mV/m] 99.9%ile | 99%ile | 99.9%ile | 99%ile
Whole body | 1.732 | 0.542 9.83 17.3 10.6 1.76 1.08
Trunkand | 0.930 | 0.248 8.37 1.69 1.23
14.1 10.3
head
Left leg 0.710 | 0.086 373 5.14 4.11 1.38 1.10
Left arm 0.732 | 0.053 2.28 3.67 2.82 1.61 1.23
(b)
Model Model Size ES E™™ [mV/m] num/est
[m] | S[m?3 [mV/m] 99.9%ile | 99%ile | 99.9%ile | 99%ile
Whole body | 1.804 | 0.560 9.76 18.0 11.1 1.84 1.13
Trunkand | 1.020 | 0.290 8.92
18.1 115 2.03 1.29
head
Leftleg | 0.784 | 0.085 3.40 4.80 3.88 1.41 1.14
Leftarm | 0.768 | 0.055 2.23 3.20 2.62 1.43 1.17
© 2021 IEEE

3.4. Discussion & Conclusion

This chapter derived a formula to relate the external magnetic field and the induced electric
field in human body parts for local exposure. Conservatively, the magnetic field was assumed
to be uniform for each body part. Such exposure scenario was adopted by IEEE C95.1 to derive
the magnetic field limits from the induced electric field threshold for nonuniform environmental
magnetic field. However, such a limit has not been prescribed in the ICNIRP LF guidelines,
whereas it was set in the RF guidelines revised in 2020. The motivation for this chapter was to
resolve the discrepancy between the two international guidelines and standards and those in the

RF. From the computation for the cuboid model, the maximum induced electric field appeared
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at the center of the two long edges of the cuboid. The difference in scalar potential between the
two ends of the edge was half of the total induced voltage, and the scalar potential on the long
edge of the cuboid model was close to a linear function of z. Therefore, the induced electric field
could be calculated by dividing half of the total induced voltage with the long side length of the
model. Then, we confirmed that the difference between the electric field computed by the
proposed formula and SPFD was less than 8%, except for the case where the long and short side
lengths were comparable. We evaluated whether the proposed formula could be applied to the
homogeneous ellipsoidal model defined in IEEE C95.6-2002. The differences in the induced
electric fields —calculated using the proposed formula and SPFD— were less than 9% and 15%
for the maximum and 99.9%ile values, respectively.

The induced electric field computed using the FEM showed a similar tendency as that of the
SPFD, but the percentile values were approximately 6% less than those of the SPFD, which was
due to a smaller mesh number in the FEM than in the SPFD, as the mesh size of the FEM was
larger than that of the SPFD due to the limited workstation memory (See 2.4.1). Thus, the
volume, excluding the tetrahedral in the FEM, was larger than that of the SPFD. Similarly, the
differences in the induced electric field, which was calculated using the proposed formula and
FEM, were less than 19% and 21% for the maximum and 99.9%ile values, respectively.

In the realistically shaped homogeneous TARO model, the induced electric fields calculated
using the SPFD were larger than those of the analytical estimates by 29% and 12% for 99.9%ile
and 99%ile, respectively. In the inhomogeneous model, the induced electric field obtained using
the SPFD were 76% and 23% larger than those of 99.9%ile and 99%ile, respectively. Similar
results were observed for the Duke model. Therefore, we confirmed that the proposed formula
could be used to calculate the 99%ile induced electric field consistently when the size of the
human body part is exposed to the external magnetic field, and the external magnetic field
strength could be obtained.

In addition, we compared the induced electric fields in the homogeneous ellipsoidal,
homogeneous realistically shaped, and inhomogeneous models for the 99.9%ile value. We found
that the induced electric field in the homogeneous ellipsoidal model, defined in IEEE C95.6,
was similar to that in the homogeneous model, and the induced electric field in the
inhomogeneous model was 1.5 times higher than that of the homogeneous model.

Finally, we discuss the coupling factor of eq. (2.4) at left leg of the homogeneous TARO model
by using the induced electric field which is obtained from the proposed formula. We found that
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the reference level which is defined in ICNIRP 2010 can be relaxed approx. by 50 times because
the value of the coupling factor is 0.02 at left leg of the homogeneous TARO model.

These results suggested that the homogeneous ellipsoidal model could be extended for
deriving a limit in terms of the induced electric field considering these factors. Thus, a minor
revision of the exposure reference level for limbs (partial body) in the IEEE C95.6 standard
would provide a more consistent limit. In addition, the ratio will be helpful in deriving the

reference level of the ICNIRP guidelines if consistency with the RF guidelines is considered.
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Chapter 4
Compliance Assessment for Wireless
Power Transfer Systems in Vehicle

for Local and Nonuniform Exposure

4.1. Overview

This chapter investigates the relationship between the external magnetic field, the induced
electric field, and the coupling factor in human body for WPT systems (3.7 kW) implemented
on a vehicle for local and nonuniform exposure. The vehicle body is composed of iron,
aluminum, and carbon fiber reinforced plastic (CFRP) to assess the current compliance
assessment in practical exposure scenario.

The computational results revealed that when the body of the vehicle is composed of CFRP,
the magnetic field strength leaking into the vehicle is higher than that with other materials. The
averaged value of the magnetic field strength at the passenger’s feet was 1.1 times higher than
the reference level of ICNIRP 2010. However, the internal electric field was less than the basic
restriction until the magnetic field strength was 11.1 times higher than the reference level. This
means that a transmitting power of 370 kW is permitted to comply with the ICNIRP guideline.
The coupling factor in the limb (excluding the thigh and buttocks and the trunk) ranged from
0.027 t0 0.076. Therefore, nonuniformity of the field is difficult to generalize, and a conservative
(larger) coupling factor would be essential.

The results presented here were published in [39].

34



© 2019 IEEE. Reprinted, with permission, from K. Miwa, “Electromagnetic Dosimetry and
Compliance for Wireless Power Transfer Systems in Vehicles”, IEEE Transactions on

Electromagnetic Compatibility, Nov. 2019.

4.2. Exposure Scenario

Two positions of realistically postured models were considered: sitting in the driver’s seat and
sitting in the passenger’s seat, as shown in Figure 4.1. The distance from the top surface of the
receiving coil to the driver’s and the passenger’s buttock was 140 mm. This value assumes a
realistic environment of the vehicle, i.e., the feet are on the floor and the thigh and buttocks are
on the seat of the vehicle. In this Chapter, we define the body parts as shown in Figure 2.3 which
is same definition of IEC TS 62764-1 [11].

Computational region Computational region
for passenger seat for driver seat

1381 mm

1116.1 mm

Figure 4.1 Configuration of the human models in vehicle cabin
© 2020 IEEE
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4.3. Results

4.3.1. Distribution of Magnetic Field

The distribution of the magnetic field, viewed from the front of the vehicle at y = 0 mm (Figure
4.1), is shown in Figure 4.2. The magnetic field leaks from the window into the interior for
vehicle bodies made of iron and aluminum. On the other hand, for bodies made of CFRP, the
magnetic field generated by the WPT leaks directly into the cabin under the floor. The value of
the magnetic field strength is computed in the computational domain of 100 cm?2. The value of
the magnetic field strength is the averaged value of 100 cm? and a vector summation of the x, v,
and z components. According to Table 4.1, the averaged value of the magnetic field strength at
the passenger’s feet was 1.1 times higher than the reference level of ICNIRP 2010 in Table 1.2,
even for CFRP in which the magnetic field strength at the human model position was the highest

among the three materials.
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Figure 4.2 Distribution of the magnetic field around the vehicle with different materials: (a)

iron, (b) aluminum, and (c) CFRP. © 2019 IEEE

Table 4.1 Comparison between calculated magnetic field strength for WPT systems with a
transmitting power of 3.7 kW when the body material of the vehicle is composed of (a) Iron,
(b) Aluminum, and (c) CFRP

Position Calculated magnetic field [A/m]
(Figure 2.3) (a) (b) (©

Driver (A) 0.026 0.026 2.068
(B) 0.026 0.026 16.34

© 0.058 0.060 4.047

(€)) 0.065 0.060 4.047

Passenger D) 0.016 0.017 23.59
(E) 0.016 0.017 1.382

(F) 0.047 0.048 1.023

© 2019 IEEE
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4.3.2. Induced Electric Field in Human Body

Figure 4.4 (a) and (b) show the distributions of the induced electric field in the human body
models as they correspond to the driver and passenger, respectively. When the body material of
the vehicle was CFRP, the maximum induced electric field value was 0.52 V/m in the cabin
position of (B) (the thigh and buttocks of the model in the driving seat), while it was 0.345 V/m
for the model in the rear seat, appearing in the right foot. Both positions of the maximum field
strength were close to the WPT system, due to the higher magnetic field strength. When the
body material of the vehicle was aluminum and iron, the maximum induced electric field values
for the models in the driving seat and rear seat were 0.003 V/m at (C) and (F), corresponding to
the trunk and head. The calculated induced electric field is compared to the basic restriction
prescribed in the ICNIRP guidelines [2]. Table 4.2 shows the maximum induced electric field
value in each body part, along with the basic restriction from the ICNIRP guidelines. Table 4.2
shows that the induced electric fields of all body parts were 0.04 times those of the basic ICNIRP

restrictions in Table 1.1.
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Figure 4.4 Distribution of induced electric field in the models of (a) driver and (b) passenger in

the vehicle made of (i) iron, (ii) aluminum, and (iii) CFRP. © 2019 IEEE

Table 4.2 Computed induced electric field value for WPT systems with a transmitting power

of 3.7 kW when the body material of the vehicle is composed of (a) Iron, (b) Aluminum, and

(c) CFRP.
Position Calculated induced electric field [V/m]
(Figure 2.3) (a) (b) (©)

Driver (A) 0.001 0.001 0.058
(B) 0.002 0.002 0.525

© 0.003 0.003 0.188

(G) 0.002 0.002 0.027

Passenger D) 0.001 0.001 0.345
(E) 0.002 0.002 0.074

(F) 0.003 0.003 0.024

© 2019 IEEE
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4.3.3. Coupling Factor

Table 4.3 shows the computed coupling factors for different body parts derived from eq. (2.4).
The coupling factors were comparable for aluminum and iron materials, and lower for CFRP.
The coupling factors at the shin and arm were lower than at other body parts with different
vehicle body materials. According to the obtained coupling factor and eq. (2.4), an empirical
estimate of the permissible magnetic field strength can be calculated. For example, using a
maximum coupling factor 0.179 at the passenger’s thigh and buttocks in Table 4.3 with
aluminum or iron vehicle body material, the maximum magnetic field strength in the probe
dimension (100 crn2) was 5.5 times higher than the reference level. Similarly, the permissible
magnetic field strength was about 10 times higher than the reference level with a coupling factor
of 0.10 for CFRP.

Table 4.3 Value of coupling factor for different body parts when the body material of the
vehicle is composed of (a) Iron, (b) Aluminum, and (c) CFRP

Position Coupling factor
(Figure 2.3) (a) (b) (©)

Driver (A) 0.075 0.076 0.051
(B) 0.129 0.126 0.059

© 0.095 0.094 0.085

(€)) 0.048 0.049 0.045

Passenger (D) 0.079 0.080 0.027
(E) 0.172 0.172 0.098

(F) 0.121 0.117 0.044

© 2019 IEEE

40



4.4. Discussion & Conclusion

This chapter evaluated the induced electric field in the human body model positioned at the
driver and passenger seats of a vehicle body using a WPT system operating at 3.7 kW for local
and nonuniform exposure. In particular, different materials were considered for the vehicle body.
The coupling factor, which relates the external magnetic field and the induced electric field, was
then derived for simple safety assessment of local and nonuniform exposure in vehicle cabins.
The main feature of the coupling factor derived in this chapter is that the body is separated into
parts for consistency with IEC TS 62764-1. It was also found that when the body material of the
vehicle was CFRP, the magnetic field strength leaking into the vehicle was higher than when
other materials (iron and aluminum) were used. When the body material of the vehicle was iron
or aluminum, the magnetic field leaked from the window into the vehicle interior. The induced
electric field strength for CFRP was higher than for other materials. It was confirmed that the
induced electric field values were highest at the position where the magnetic fields generated by
the WPT system leaked into the vehicle, and that the induced field values of the body parts of
both driver and passenger, considered in [IEC TS 62764-1, complied with the ICNIRP guidelines
[2]. The coupling factors for different body parts were also calculated in this chapter. The
coupling factor in the limb (excluding the thigh and buttocks and the trunk) ranged from 0.027
to 0.076, which are comparable to the results of inter-comparison studies on the coupling factor
of the human body outside the vehicle cabin [14]. The previous study [14] showed that the
coupling factor was less than 0.1 for all cases. The difference from [14] was attributed to the
difference in the magnetic field distribution. The induced field is governed by Faraday’s law,
and thus the field in the leg, where cross- sectional area is smaller than that of the body.
Nonuniformity of the field is difficult to generalize, and therefore a conservative (larger)
coupling factor would be essential. According to Figure 4.3, the magnetic field strength
generated by the WPT leaked directly into the cabin under the floor. The magnetic fields at the
case of CFRP has thus more uniformity than that of iron and aluminum where only the diffracted
field from windows exists. The coupling factor for CFRP should be higher than that of the iron
and aluminum, considering the concept of the coupling factor. However, the coupling factor
obtained for CFRP was smaller. The reason for this is that the cross-sectional area of the human
body part relative to the magnetic field component. For CFRP the field component perpendicular

to the floor is dominant. The projected area of the human body to the vehicle floor is smaller
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than that for from the windows. Therefore, the coupling factor for CFRP is smaller than that of
iron and aluminum even for higher field uniformity. It was confirmed that when the maximum
coupling factor was used in cases with an iron or aluminum vehicle body, the induced electric
field was less than the basic restriction described in the ICNIRP guideline, until the magnetic
field strength was about 5.9 times higher than the reference level. When the vehicle material was
CFRP, the induced electric field was less than the basic restriction until the magnetic field
strength was 11.1 times higher than the reference level. This means that a transmitting power of
370 kW is permitted to comply with the ICNIRP guideline. Therefore, the compliance
assessment of this scenario became over-conservative, and we need to propose the formula of
the induced electric field calculated from the magnetic field strength by use of our proposal in

Chapter 3.
In future work, the proposed formula will be applied to nonuniform fields. The future study

should be helpful for nonuniform assessment compliance in ICNIRP, IEEE and IEC
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Chapter 5
Effects of Skin-to-Skin Contact for

Post-processing Algorithm

5.1. Overview

Chapter 3 and 4 employed 99%ile, 99.9%ile value and exclusion of skin-skin contact for post-
processing algorithm of the induced electric field. When the induced electric field is computed,
segmentation error and the skin-to-skin contact produce locally high electric fields which is not
essential to cause the stimulation. We then performed some pre/post-processing which is defined
in ICINRP [2] and proposed in previous study[26], [42], [43] to compute the induced electric
fields. This Chapter 5 discusses the effects of post-processing of the internal electric field, which
is not applied with current crossing skin layers which has been mentioned in the IEEE C95.1

The computational results show that when skin-to-skin contact voxels were excluded, the effect
of skin-to-skin contact was also somewhat suppressed and the induced electric field value
decrease to from one third to one tenth. However, the coupling factor value of using only
99.9%ile is almost same value as that of using both exclusion of skin-to-skin contact and
99.9%ile. Therefore, we confirmed that the exclusion of skin-to-skin contact which is suggested
in the IEEE C95.1- 2019 standard, is not much conservative method in case of considering the

different body part in Chapter 3 and 4.

The results presented here were presented in [44].
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© 2020 IEEE. Reprinted, with permission, from K. Miwa, “Dosimetry and Compliance for

Wireless Power Transfer Systems in Vehicles”, EMC Europe, Nov. 2020.

5.2.  Exposure Scenario

The exposure scenario is same as that of Chapter 4. The vehicle model is composed of Iron and
CFRP which has different magnetic field distribution according to Figure 4.2 (a) and (c) in
Chapter 4. Two positions of realistically postured models are considered: sitting in the driver’s

seat and sitting in the passenger’s seat, which is same exposure as Figure 4.1 in Chapter 4.

5.3. Results

5.3.1. Induced Electric Field

This section evaluates the effects of skin-to-skin contact on the induced electric field for a
vehicle with iron and CFRP body material. According to IEEE C95.1-2019 standard, dosimetric
reference limit (DRLs) do not apply to current crossing skin layers. Figure 5.1 shows the induced
electric fields of driver and passenger. As showing in Figure 5.1 (a) and (b), for bodies made of
iron and CFRP, this suggests that the voxels with non-negligible computational error may
exceed 0.1%ile. Specifically, the effect of skin-to-skin contact was obvious at armpit, the
boundary between thigh and buttocks, and that at buttocks for both materials, and passenger’s
feet for CFRP. Driver and passenger’s face has also high induced electric field. However, they
are not influence of skin-to-skin contact, and attributable to complex structure or the stair-casing
error. Therefore, the 99.9%ile for post-processing were also needed. We evaluated the difference
with or without exclusion of skin-to-skin contact voxels at passenger’s feet. As shown in Figure
5.2, when skin-to-skin contact voxels were excluded, the influence of skin-to-skin contact

between the passenger’s armpit was somewhat suppressed and the induced electric field value
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decrease to one tenth (0.74 V/m to 0.08 V/m). In case of driver’s thigh and between thigh and
buttocks in Figure 5.3 and Figure 5.4 when skin-to-skin contact voxels were excluded, the effects
of skin-to-skin contact was also somewhat suppressed and the induced electric field value

decrease.

Induced electric
field [V/m]

. 0.01

N

Induced electric
. field [V/m]

. 0.5

]

\*

Figure 5.1 Induced electric field in (right) passenger and (left) driver without post-processing:
the vehicle body is comprised of (a) iron and (b) CFRP. © 2020 IEEE
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Figure 5.2 Induced electric field of driver’s armpit. (a) without post-processing and (b) voxels for skin-
to-skin contact is excluded. © 2020 IEEE
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Figure 5.3 Induced electric field of driver’s armpit. (a) without post- processing and (b) voxels for

skin-to-skin contact is excluded. © 2020 IEEE
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Figure 5.4 Induced electric field of driver’s thigh and buttocks. (a) without post-processing and
(b) voxels for skin-to-skin contact is excluded. © 2020 IEEE
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5.3.2. Coupling Factor

This section evaluates the coupling factor in case of considering skin-to-skin contact or not.
The coupling factor is calculated by eq. (2.4). The value of the magnetic field H,,,, ineq. (2.4)
used the magnetic field strength in Table 4.1. Table 5.1 shows coupling factors in case of using
only 99.9%ile and both exclusion of skin-to-skin contact and 99.9%ile. According to Table 5.1,
the coupling factor value of using only 99.9%ile is almost same value as that of using both
exclusion of skin-to-skin contact and 99.9%ile. For anatomical human model, which is based on
IEC TS 62764, the 99.9%ile of the electric field is enough for different body parts. However, it
is also confirmed that the exclusion of skin-to-skin contact is not much different. The values

obtained here is consistent with those reported in the intercomparison [14].

Table 5.1 Value of coupling factor for different body parts (a) 99.9%ile and (b) exclusion of

skin-to-skin contact and 99.9%ile

Position Coupling factor
(Figure 2.3) (a) (b)

Driver (A) 0.051 0.051
B) 0.059 0.058

© 0.085 0.085

(€)) 0.048 0.045

Passenger (D) 0.027 0.027
(E) 0.098 0.097

(F) 0.044 0.044

© 2020 IEEE
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5.4. Discussion and Conclusion

This chapter evaluated the induced electric field in the human body model positioned at the
driver and passenger seats of a vehicle body using a WPT system operating at 3.7 kW, which is
same exposure scenario as chapter.4. In particular, the effect of post-processing of the induced
electric field which is not applied with current crossing skin layers were considered for each
body parts. The computational results show that the influence of skin-to-skin contact causes at
armpit, buttocks and between thigh and buttocks of the human body. When skin-to-skin contact
voxels were excluded, the effect of skin-to-skin contact was also somewhat suppressed and the
induced electric field value decrease to from one third to one tenth. However, the coupling factor
value of using only 99.9%ile is almost same value as that of using both exclusion of skin-to-skin
contact and 99.9%ile. Therefore, we confirm that the exclusion of skin-to-skin contact which is
suggested in the IEEE C95.1-2019 standard, is not much conservative method in case of

considering the different body part in Chapter 3 and 4.

49



Chapter 6

Summary

Studies on human dosimetry and compliance assessment for LF electromagnetic fields
recently have attracted attention because of the emergence of wireless technology. In the LF
fields exposure (below 100 kHz), electrostimulation caused by an induced electric field in the
human body is a dominant factor. In actual scenarios of the human exposure to LF near fields, a
limb of the human body is mainly exposed (local exposure). The field distribution is then
nonuniform. Therefore, the assessment of local and nonuniform exposure is essential.

Regarding to ICNIRP and IEEE guidelines / standards, the reference level is derived assuming
that the human exposed to the uniform field stands in free space. Several studies show that the
assessment in terms of the spatial peak field strength may become over-conservativeness
because the predicted exposure scenario of the guidelines/ standards may not match that of
practical scenarios. The compliance assessment of the basic restriction is thus needed. Regarding
to the compliance assessment standards which is published by IEC, although the induced electric
field in human body can be calculated at research institutions, compliance assessments for
manufacturers should be easier and more practical. Therefore, some compliance assessment
standards introduced the coupling factor. However, the method to calculate the coupling factor
is not considered in ICNIRP guideline and IEEE standard, and we then should theoretically show
the relationship between the magnetic field and the induced electric fields in practical scenarios

to help set the permissible external field strength in ICNIRP and IEEE.

First, we proposed a formula in which an induced electric field can be derived in a scenario
where the cuboid body part model is exposed to a uniform LF magnetic field for local exposure.
When the aspect ratio of the cuboid model as human model is not less than 2:1, the difference

in the maximum electric fields obtained from the proposed formula and SPFD was less than 8%,
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and that from the FEM results was less than 7%, and we can confirm that the induced electric
field can be estimated from the magnetic field strength which flows into the human body. In
addition, we compared the induced electric fields in the homogeneous ellipsoidal, homogeneous
realistically shaped, and inhomogeneous models for the 99.9%ile value. We also found that the
induced electric field in the homogeneous ellipsoidal model defined in IEEE C95.6, was similar
to that in the homogeneous model, and the induced electric field in the inhomogeneous model
was 1.5 times higher than that of the homogeneous model. These results suggested that the
homogeneous ellipsoidal model could be extended for deriving a limit in terms of the induced
electric field considering these factors. Thus, a minor revision of the exposure reference level
for limbs (partial body) in the IEEE C95.6 standard would provide a more consistent limit. In
addition, the ratio will be helpful in deriving the reference level of the ICNIRP guidelines if
consistency with the RF guidelines is considered.

Next, we discussed the investigation of the relationship between the external magnetic field,
the induced electric field, and the coupling factor for WPT system in local and nonuniform
exposure scenario. The WPT system is implemented on a vehicle body which is composed of
iron, aluminum, and CFRP. The computational results showed that when the body material of
the vehicle was CFRP, the magnetic field strength leaking into the vehicle was higher than when
other materials (iron and aluminum) were used. When the body material of the vehicle was iron
or aluminum, the magnetic field leaked from the window into the vehicle interior. The magnetic
field strength is highest value at passenger’s shin when the vehicle boy is composed of CFRP,
and 1.1 times higher than the reference level of ICNIRP 2010. However, the induced field values
of the body parts of passenger complied with the ICNIRP 2010 [2]. Therefore, the compliance
assessment of this local and nonuniform scenario became over-conservative. The coupling factor
in the limb (excluding the thigh and buttocks and the trunk) ranged from 0.027 to 0.076, The
previous study [ 14] showed that the coupling factor was less than 0.1 for all cases. The difference
from [14] was attributed to the difference in the magnetic field distribution. The induced field is
governed by Faraday’s law, and thus the field in the leg, where cross-sectional area is smaller
than that of the body. We then found that nonuniformity of the field is difficult to generalize,
and therefore a conservative (larger) coupling factor would be essential.

Finally, we discussed the effects of post-processing of the internal electric field, which is not
applied with current crossing skin layers which has been mentioned in the IEEE C95.1 standard-

2019. In case of WPT system in practical scenario, the effect of skin-to-skin contact was obvious
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at armpit, the boundary between thigh and buttocks, and that at buttocks for both materials, and
passenger’s feet for CFRP. Driver and passenger’s face has also high induced electric field.
However, they are not influence of skin-to-skin contact, and attributable to complex structure or
the stair-casing error. Therefore, the 99.9%ile for post-processing was also needed. The coupling
factor value of using only 99.9%ile is almost same value as that of using both exclusion of skin-
to-skin contact and 99.9%ile. Then, we confirmed that the exclusion of skin-to-skin contact
which is suggested in the IEEE C95.1- 2019 standard is not much conservative method in case
of considering the different body part.

In future work, the proposed formula in Chapter 3 will be applied to nonuniform fields such as
human exposure scenario for WPT system. The future study should be helpful for local and
nonuniform assessment compliance in ICNIRP, IEEE and IEC The final goal is to bridge the
gap between the exposure and product standards, which are discussed separately, as well as to
calculate the induced electric field from nonuniform external magnetic field distribution and the

size of the human model that is exposed using the proposed formula.
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