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Summary

To study and evaluate the electromagnetic radiation problems of the wireless charging system for electric
vehicles, a circular coil was established to analyze the electromagnetic field distribution around the car body
using finite element software COMSOL™. In this paper, an adult’s height is designed according to Human
Engineering especially for Chinese people and then the six organ models were established, representing sole,
liver, spleen, heart, lung and kidney. Then the electromagnetic safety of the human body is analyzed under the
different scenarios of only coils, coils with ferrite cores and coils with ferrite cores and aluminum plates at the
resonant frequency of 85 kHz and the transmission power of 3.7 kW, respectively. This study indicates that
electromagnetic safety indexes of each organ meet the International Commission on Non-lonizing Radiation
Protection (ICNIRP) standard. Besides, the maximum magnetic field intensity value of the sole is biggest
which indicates that the feet should be prevented from touching the part of being close to a normally working

WPT system.

Keywords: Wireless Power Transfer Systems, Inductive Charging, Electromagnetic Environment, Safety

Evaluation, Electric Vehicles

1 Introduction

In recent years, wireless power transfer (WPT) technology has got more and more attention among car
manufacturers and consumers because it is contributing to solving the time-consuming charging process and
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short cruising range of electric vehicles (EVs) in the case of dynamic WPT [1-3]. However, in the WPT system,
the phenomena of vertical offset and horizontal offset between the primary coil and the secondary coil are
inevitable, resulting in a decrease in the output power and transmission efficiency. The coupling coefficient
between the two coils is a vital factor that influences the output power and system transmission efficiency. In
order to improve the coupling coefficient, an optimization topology of the WPT system was proposed in  [4, 5]
and different shapes of the coil were designed and the ferrite cores were added to the coils in [6, 7]. However,
one can not ignore the problems of electromagnetic environment radiation and safety issues for the human body
especially for important organs with the WPT system. When the electromagnetic radiation in the biological
activity area exceeds the standard for safety levels with respect to human exposure to electric and magnetic
fields, biological safety will be threatened. Therefore, it is necessary to study electromagnetic radiation and
safety issues in the WPT system. In this paper, the EV model and the human body with five important organs
were established to evaluate electromagnetic environment safety. In addition, the influence of ferrite cores on
coupling coefficient and magnetic induction is analyzed and compared. Then the shielding effect using
aluminum plates is studied on the electromagnetic radiation.

2 Mathematical model analysis

2.1 Wireless power transfer system

A WPT system can be divided into two main parts:the magnetic coupling mechanism and the power electronics
system, which is shown in Fig.1. The magnetic coupling mechanism is made of a primary coil (under the
ground) and a secondary coil (installed on the chassis of an Electric Vehicle). The Direct Current (DC) from the
power supply is converted to Alternating Current (AC) with high frequency by the power electronics inverter.
The power is then transmitted from the primary coil to the secondary coil through the electromagnetic field,
using the AC/DC rectifier and energy management system to charge the battery.

Figurel: A WPT system diagram of an electric vehicle

2.2 WPT system model

An equivalent circuit model of a WPT system with compensation capacitors arranged in an SS topology is
shown in Fig. 2. For simplification, the equivalent source resistance is neglected. Here, the subscripts “1”” and
“2” refer to the “primary” and “secondary” coil values of inductor L, resistance R, and capacitance C,
respectively. V1 is the fundamental sinusoidal component of the source voltage of the primary circuit. Ry is the
equivalent load resistance of the secondary side AC/DC converter. I; is the source current flowing through the
primary coil, and I, is the load current flowing through the secondary coil.
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Figure2:Equivalent circuit model for SS topology [8].

The degree of the coupling between two coils can be expressed with the coupling coefficient k, which has a
value ranging from 0 to 1, and is defined by Eq. (1). M represents the mutual inductance between primary and
secondary coils.

M

k=——
L L, (1)

The voltage equations in Fig. 2. can be written using the mutual inductance, M. w is the frequency of V1.
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The resonance frequencies g at the primary coil and the secondary coil are assumed to be equal to
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At the resonance frequency Wq, Eq. (2) can be rewritten as Eq. (4).
V, = Rul, — jwoMI,
4

Va2 = jwoeML, —Rsl,

In Fig. 2, the delivered power to the load Pr, and the transfer efficiency N at the resonant frequency wg, can be
obtained as follows in Eq. (5) and Eq. (6) .

WiM2VIR,
PL= > (5)
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2.3 Principle of the numerical method

The finite element method, whose principle is to solve Maxwell equations under given boundary conditions, is
used to analyze the electromagnetic field of the WPT system. The differential forms of Maxwell equations from
Eq. (7) to Eq. (10) are shown as follows.

VxH =)+ (7)
OB
VxE=-Z2 (8)
V.-D=p ©)
V.B=0 (10)

When applying Maxwell equations, it is necessary to consider the influence of the medium on the
electromagnetic field. In a uniform isotropic medium, the relationships between the physical quantities of the
electromagnetic field and the characteristic quantities of the medium are calculated by Eq. (11), Eq. (12), and
Eq. (13) below.

B=pH (11)
D=¢g E (12)
J=0oF (13)

Where H is the magnetic field intensity (4/m), J is the current density (4/m"), D is the electric flux density
(C/m*), E is the electric field intensity (¥ /), B is the magnetic induction intensity (T), £ is the charge density

(C/m*), His the magnetic permeability (H/m), o is the dielectric constant of vacuum ( £'/7 ), the value is

8.85x107" , & s the dielectric permittivity, ¢ is the electric conductivity (S/m ). Maxwell equations
provide a theoretical basis for simulating the electromagnetic field environment by COMSOL.

3 Modeling and design of magnetic coils, human body model and organs in
WPT systems

The magnetic coupling structure is a vital factor affecting the transmission power and efficiency of a WPT
system. A typical magnetic coupling system is composed of three components: coils, ferrite cores, and
aluminum shielding. In this system, the coil is made of isolated Litz wire. The ferrite core is made of
ferromagnetic materials, and the shielding part is made of conducting materials. Because of the low coupling
coefficient between transmitting and receiving coils, the ferrite cores are usually used to improve coupling
ability and transmission efficiency. However, ferrite cores will also improve magnetic induction intensity and
increase the stray field around the coil, which will threaten biological safety. Therefore, the aluminum shielding
is added to the ferrite cores with coils.

3.1 WPT magnetic coil model

The WPT system typical coil shapes include circular, square, rectangular and double D (DD) coil
configurations. The circular coil is studied and shown that it has a high coupling coefficient when the
misalignment is small [9]. Therefore, the circular coil is modeled by the 3D FEM software COMSOL to
compare magnetic field distributions under different models of only coils, coils with ferrite cores, and coils
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with ferrites and aluminum plates. The different magnetic coil models are presented in Fig. 3. The parameters
of the circular coil, ferrite cores and aluminum plate are listed in Table 1. During the simulation, the parameters
of the primary coil and secondary coil are set as the same value. The air-gap distance is fixed at 180 mm.

(a) (b) (©

Figure3: Magnetic coil models. (a) Only coils. (b) Coils with ferrite cores.(c) Coils with ferrite cores and aluminum plates.

Tablel: Parameters of the circular coils, the ferrite cores and the aluminum plates.

Symbol Quantity Value
R; inner hole radius 146 mm
Ro outer radius 186 mm
N the number of the coil turns 22
S wire cross-sectional area 2.6 mm?

axbxt dimension of ferrite core 200 mm x 40 mm x 7 mm

Ur relative magnetic permeability 800

cxdxh dimension of aluminum plate 500 mm x 500 mm x 10 mm

3.2 Simulation results of magnetic coil model

In this part, the magnetic field distributions are analyzed by COMSOL based on the impact on only coils, coils
with ferrite cores and coils with ferrite cores and aluminum plates. The simulation results are shown in Fig. 4.

(a) (b) (c)

Figure4: Magnetic field distributions. (a) Only coils. (b) Coils with ferrite cores. (c¢) Coils with ferrite cores and
aluminum plates.
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From the above simulation results, it can be concluded that the magnetic field induction is mainly concentrated
between the two coils with additional ferrite cores, which is beneficial to improve the coupling coefficient.
However, it may lead to the coil magnetic field exceeding the standard for safety levels regarding human
exposure magnetic field induction. Therefore, two aluminum plates are placed on the primary and secondary
sides in Fig. 4 (c), which indicates that aluminum plates can effectively reduce the diffusion of the magnetic
field to the surrounding.

3.3 EV model

To make the simulation software COMSOL calculation fast and accurately, and the grid breakage is simple, the
EV model is simplified and then built using SolidWorks. According to the typical size of the electric vehicle
model, the length, width and height of this EV model are 4110 mm,1590 mm,1517 mm in Fig.5.

Figure5: The diagram of the EV model.

3.4 Human body model in different postures

To anlyze the influence of the electromagnetic fields on the human body, a 3D human body model is
established in Fig. 6. According to the Human Engineering for Chinese people, the standing and sitting model's
height is set to 177.5 cm and 125.3 mm, respectively. In the literature [10], the relative permeability of the
human body model is 3100, the electrical conductivity sets to 0.129 S/m  and human body density is 1033

kg/m* The sitting human body model is used to study the magnetic exposure of an adult sitting in the drive’s
seat, while the standing human body model is used to explore the magnetic exposure of an adult standing near
the WPT coils around the EV.

There are four measurement points, which represent one adult’s foot (A), leg (B), chest (C) and head (D) are
illustrated in Fig. 6. In Fig 6 (a), the secondary coil is placed under the driver's seat and the distance from the
foot to the chassis of the EV is 10 cm. In Fig.6 (b), the distance between the measurement point and the y-axis
is 70 cm. Moreover, the position of the primary coil and the secondary coil is kept in the same position. In
addition, the air gap between the primary and secondary coil is set to 18 cm, and the primary coil is embedded
under the ground. The standard of the International Commission on Non-lonizing Radiation Protection
(ICNIRP) is used to limit human exposure to electromagnetic fields.
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Figure6: An adult body model in different postures in the WPT system. (a) an adult body model sitting in the driver’s seat.
(b) an adult body model standing around the EV.

Based on the EV model and human body model, the position of the important human organs is designed
including the feet, liver, spleen, heart, lung and kidney. Table 2 shows the Electromagnetic parameters of the
SiX organs.

Table2: Electromagnetic parameters of the human body at the frequency 85 kHz.

Organs Relative permittivity Conductivity (s/m)
feet 3100 0.129
liver 10120 0.08848
spleen 5022 0.1098
heart 14350 0.74
lung 3025 0.3
kidney 10019 0.2018

In order to simplify the calculation, only the chassis of the EV model is retained, and other parts are removed in
the simulation. Moreover, the human body is divided into different parts according to the needs of the analysis
and the material of the chassis is steel.

4 Analysis and simulation results

4.1 Electromagnetic safety standards

Table 3 shows the public exposure control limit values at 85 kHz, including the standard of Electrical and
Electronics Engineers (IEEE) [11], the International Commission on Non-lonizing Radiation Protection
(ICNIRP) [12] and Chinese Standard GB/T 38775.4-2020 In this study, the standard of ICNIRP is used to limit
human exposure to electromagnetic fields.
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Table3:The standard for safety levels for human exposure of electric and magnetic fields at the frequency 85 kHz.

Standard Magnetic flux density Electric fields (V/m)
ICNIRP 27 83
IEEE 205 614
GB/T 38775.4-2020 27 83

4.2 Simulation results of the magnetic flux density in different postures

Considering the influence of different magnetic coupling mechanisms and can metal body on the
electromagnetic field, this section discusses the electromagnetic field distribution in the human body when the
adult is sitting in the car and standing near the charging coil outside the car. In this section, the cases of the
circular coil with or without ferrite cores and aluminum plate are analyzed. Moreover, the magnetic flux density
of the human body mode under the different scenarios with a car metal body is analyzed, which is illustrated in
Fig. 7 and Fig. 8.
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Figure7: The magnetic flux density in the adult sitting model: (a) Only coils; (b) Coil with ferrite cores and aluminum
plates; (c) Coil with ferrite cores, aluminum plate and car metal body.

Fig. 7 shows the magnetic flux density of a sitting human body model when only circular coils, coils with
ferrite cores and aluminum plate, and car metal body are added to the model. The simulation results prove that
the ferrite core and aluminum plate can effectively reduce the sitting human's magnetic flux density in the WPT
system. In the coils with ferrite cores and aluminum plate, the maximum magnetic flux density is 7.34 uT,
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which is 86.63% reduction compared with 54.9 uT when only coils are used. However, the maximum magnetic
flux density is only 0.04 uT when the car metal body is added.

The standing human body model with a metal car body, the ferrite cores and the aluminum plate is similar to
the sitting human body in Fig. 8. The ferrite core and aluminum plate have a certain shielding effect on the
electromagnetic field and protect the human body. Compared with only the coils, in the coils with ferrite cores
and aluminum plate, the maximum magnetic flux density is reduced from 23.8 uT to 7.91 uT, a 66.76%
reduction. Compared with the human sitting outside the car, the protective effect of the ferrite cores and
aluminum plate on the human body standing next to the coil is reduced. Therefore, each case's magnetic flux
density is far less than the limit value specified in the ICNIRP guideline.
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Figure8: The magnetic flux density in the adult standing model: (a) Only coils; (b) Coil with ferrite cores and aluminum
plates; (c) Coil with ferrite cores, aluminum plate and car metal body.

To further study the magnetic flux density of the adult model in different locations, four different body parts are
chosen to get corresponding values using COMSOL. The magnetic induction intensity of the four body parts in
the adult model is shown in Table 4.
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Table4: Magnetic induction intensity of four body parts in the adult model (uT).

Coil with ferrite cores and Coil with ferrite cores,

Body Only coils aluminum aluminum plate and car
metal body

parts

sitting standing sitting standing sitting standing
foot 110.61 46.15 7.71 13.71 0.051 14.62
leg 17.51 5.16 2.8 1.29 0.0092 1.1
chest 1.89 1.02 0.39 0.21 0.0038 0.073
head 1.12 0.59 0.23 0.12 0.0038 0.048

From the simulation results in Table 4 it can be seen that the magnetic flux density is up to 110.61 uT at the part
representing the foot without considering the car metal body and the aluminum plate. It is three times more
than the ICNIRP standard 27 uT. It can be concluded that it is essential to pay attention to the magnetic field
shielding in designing the WPT system. Moreover, by comparing the simulation results for the sitting body and
standing body with the car metal body, it is revealed since the metal car body itself has a shielding effect, the
magnetic induction intensity in the car is small, so it is more important to suppress electromagnetic radiation
around the body. Besides, it is urgent to pay more attention to electromagnetic protection on the feet.

4.3 Simulation results of the electric field density in different postures

As a similar analysis in the Section 4.3, the electric field distribution in the human body when the adult is
sitting in the car and standing near the charging coil outside the car is discussed and analyzed in this part. In
this section, the impact of different magnetic coupling mechanisms, including the only circular coil , the
circular coil with ferrite cores and aluminum plate, and car metal body on the electric fields are considered. At
the same time, the electric field density under the different scenarios with a car metal body is analyzed, which
is illustrated in Fig. 9 and Fig. 10.
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Figure9: The electric field density in the adult sitting model: (a) Only coils; (b) Coil with ferrite cores and aluminum plates;
(c) Coil with ferrite cores, aluminum plate and car metal body.

The electric field density of a sitting human body under the condition of the circular coil with or without ferrite
cores, aluminum plate and car metal body is presented in Fig. 9. From the simulation results, the electric field
density is all small in all scenarios, even if the maximum electric field density of the adult sitting model with
only coils is only 1.16 V/m, which is far less than the standard of ICNIRP, 83 V/m.

A similar study is catried out on the standing human model under the different scenarios of only magnetic coils,
coil with ferrite cores and aluminum plate, and a metal car body, shown in Fig. 10, respectively. From the
simulation results, it can be seen that the electric field density under the different scenarios is all small when an
adult stands around the car.
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Figure10: The electric field density in the adult standing model: (a) Only coils; (b) Coil with ferrite cores and aluminum
plates; (c) Coil with ferrite cores, aluminum plate and car metal body.

To further study the electric field density of the adult model in different locations, four different body parts are
chosen to get corresponding values by COMSOL. The electric field density of the four body parts in the adult

model is shown in Table 5.

Table5: Electric field intensity of four body parts in the adult model (V/m).

Coil with ferrite cores and Coil with ferrite cores,

Body Only coils aluminum aluminum plate and car
metal body

parts

sitting standing sitting standing sitting standing
foot 1.53 0.26 0.22 0.078 0.0011 0.074
leg 0.155 0.032 0.021 0.079 0.000079 0.006
chest 0.044 0.03 0.0083 0.0062 0.00008 0.0013
head 0.045 0.01 0.0068 0.0021 0.00024 0.00081

From the simulation results in Table 5, it can be seen that the maximum value reach 1.53 V/m, which is far less
than the value specified in the ICNIRP guideline, 87 V/m. Compared with the simulation of magnetic flux
density, it can be concluded that in the electromagnetic safety of a WPT system, it should pay more attention to
the magnetic field exposure on the human body.

4.4 Simulation results of the magnetic flux density and electric field in human body

organs

The study of section 4.3 proves that people standing outside the car are more exposed to electromagnetic
radiation and human body is more exposed to magnetic field radiation. Fig.11 and Fig.12 show the magnetic
flux and electric field strength distribution of the human organs under the condition of only coils, coils with
ferrite bars and coils with ferrite bars and aluminum plates, respectively.
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Figurel1: Magnetic flux distribution of other organs. (a) Only coils. (b) Coils with ferrite cores. (c) Coils with ferrite cores
and aluminum plates.
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Figure12: Electric field strength of other organs. (a) Only coils. (b) Coils with ferrite cores. (¢) Coils with ferrite cores
and aluminum plates.

Table 6 and Table 7 show the maximum value of magnetic induction density and electric field intensity of each
human body organs, respectively.
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Table 6: The maximum value of magnetic induction density (uT) for human body parts at the frequency 85 kHz.

Organs Only coils Coils with ferrite Coils with ferrite cores and aluminum
liver 0.77 0.5 0.21

spleen 0.16 0.62 0.1
heart 0.46 0.44 0.0001

Lung 0.42 0.41 0.0009

kidney 0.67 0.72 0.14

Table 7: The maximum value of electric field strength (V/m) for human body parts at the frequency 85 kHz.

Organs Only coils Coils with ferrite cores  Coils with ferrite cores and aluminum plates
liver 0.0079 0.0077 0.0017

spleen 0.0127 0.0124 0.0027

heart 0.0113 0.011 0.0024

Lung 0.0137 0.0133 0.003

kidney 0.0121 0.012 0.0027

From the Table 6 and Table 7, it can be concluded that the electromagnetic radiation intensity received by the
internal organs of the human body is relatively small because of the protective effect of human skin. The
addition of aluminum plates is beneficial to reduce the electromagnetic radiation received by the organs.

5 Conclusion

The results show that the electromagnetic safety indexes at most scenarios meet the ICNIRP standard for
different cases, except for the situation the magnetic flux density of a sitting human body without a metal body
exceeded the standard of ICNIRP. Also, the magnetic core and aluminum plate can significantly reduce human
body exposure to the magnetic field. The aluminum plate has been confirmed to have a certain shielding effect
on magnetic radiation. The final results also illustrate that the electromagnetic field and the induced electric
field exposure of the human sitting in the car can be reduced due to the magnetic shielding effect of the metal
car body, so the metal car body can make humans sitting in the car safer. As for the human standing next to the
coils, the metal car body has the opposite effect. In general, the electromagnetic environment of wireless
charging for electric vehicles is safe for the human body. Finally, some essential human organs for the human
body is established, including liver, spleen, heart, lung and kidney. Furthermore, the five important organs were
simulated in different scenarios with only coils, the coils with ferrite cores and the coils with ferrite cores and
aluminum plates. The simulation results show that the electromagnetic safety indexes of each organ all meet the
ICNIRP standard for different cases.
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