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Research on Shielding and Electromagnetic Exposure Safety
of an Electric Vehicle Wireless Charging Coil

Wenting Mou! and Mai Lu? ™

Abstract—To address the problems of large volume, heavy weight, and inconvenient installation of the
shield board of a wireless charging coil (WCC) installed on the body of an electric vehicle (EV), a new
shielding method is proposed in this paper. From the perspective of engineering practice, according to
the principle of passive shielding, and in line with the vertical direction of WCC with ferromagnetic
material shielding, this novel shielding method involves only a low permeability metal shielding ring set
around the transmitting coil in the horizontal direction. Using the finite element simulation software
COMSOL Multiphysics, the EV model, the magnetic coupling resonance (MCR) WCC model, and the
pedestrian body model at the observation point are designed. The influence of the metal shielding ring
on the self-inductance and mutual inductance of WCC is calculated. The magnetic induction strength
(B) and electric field strength (E) of pedestrian body at observation points before and after adding
a metal shielding in the horizontal direction are evaluated, and the electromagnetic exposure safety
of a pedestrian body in this electromagnetic environment is analyzed. Compared with the shielding
method of only adding ferromagnetic material in the vertical direction and after using new shielding,
the maximum B of a human trunk is reduced by 43%), the maximum F reduced by 44%, the maximum B
of human head reduced by 44%, and the maximum E reduced by 39%. After adding the metal shielding
ring, the maximum B and E of human trunk decreased from 8.56 x 10! times and 2.28 x 10~! times
of the International Commission on Non-Ionizing Radiation Protection (ICNIRP) exposure limit to
4.89 x 107! times and 1.27 x 10! times, respectively, and the maximum B and E of human head
decreased from 1.62 x 1073 times and 8.58 x 10~ times of the ICNIRP exposure limit to 9.18 x 1074
and 5.25 x 10™* times, respectively. The simulation results show that the new shielding method can
significantly reduce the electromagnetic radiation of the pedestrian’s trunk and head central nervous
system (CNS) at the observation point. The effectiveness of the shielding method is proven, and this
work provides a certain guidance for the engineering design of WCCs.

1. INTRODUCTION

Wireless power transfer (WPT) electric vehicles (EVs) can promote energy conservation and emission
reduction. However, the WP'T system of an EV runs in an open environment, and its emission power
can be as high as tens of kilowatts. When that energy is transmitted through the air, considerable
electromagnetic emissions would be generated. As the main electromagnetic leakage source of EVs, the
WPT system will pose a health threat to the human body exposed to time-varying electromagnetic
fields. Therefore, the magnetic flux leakage shielding and electromagnetic exposure safety of WPT EVs
have attracted much attention [1,2].
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Two methods are predominantly adopted for passive shielding from the magnetic flux leakage of
WPT EVs: the use of ferromagnetic materials with high permeability to provide a new conduction
path for the magnetic flux [3] and of good conductors with low resistivity to produce a magnetic field
opposite to the magnetic flux leakage so as to play a shielding role. Those two shielding methods are
compared in [4], in which the magnetic field leakage can be reduced by using ferromagnetic materials;
the self-inductance and mutual inductance of the coil can be increased; the coupling of the coil can
be enhanced; and the system efficiency can be improved, but the shielding effect is limited. Although
a low permeability metal shielding can effectively shield from magnetic field leakage, it will lead to
the decrease of system efficiency; accordingly, some scholars have adopted the shielding structure of
ferromagnetic materials combined with low permeability metals [5,6]. Ferromagnetic materials have a
certain shielding effect on the coil electromagnetic field, and combined with non-ferromagnetic shielding
materials, the vertical leakage field of the shielding body is suppressed, but the horizontal leakage field
does not decrease. In terms of the electromagnetic shielding of the WCC, the addition of ferromagnetic
material on the outside of WCC and the overall aluminum shielding plate on the outside of the receiving
coil and transmitting coil is the prevalent approach. However, the electromagnetic shielding function
of the body and chassis metal of the EV means that adding the overall aluminum shielding plate on
the receiving side will not only waste materials, but also increase the EV weight and affect the driving
range. To overcome the above defects, Reference [7] analyzes the influence of shielding on the transfer
characteristics of WPT system by using whole plate shielding and circular rings. To reduce the shielding
loss and ensure the transmission efficiency, References [8, 9] introduce a litzshield method to attenuate
the magnetic field through uniform distribution shield current and proves the shielding effect of the
shorted litz shield. The shielding effect of a car body material itself is not considered in the above
shielding methods, and the metal shielding is no longer needed under the transmitting coil installed
on the ground. Therefore, the practicability is not very strong. In application, the electromagnetic
environment in a WPT EV is relatively safe because of the protection of car body materials. For the
safety of the electromagnetic exposure of pedestrians near WPT EVs, reducing the horizontal magnetic
leakage field of a WCC is worthy of consideration.

In terms of electromagnetic exposure safety, Reference [10] evaluates the electromagnetic
measurement of a WPT EV under different exposure conditions, but only the WCC is considered
in the analysis, and the car body is not considered. The compliance of the electromagnetic exposure
limits of a wireless charging system (WCS) to the human body is verified in [11], wherein a steel plate is
used to replace the car body, but the model is too simplified, and the practical significance is not very
strong. In [12], the in-situ electric field of human body models with different postures under wireless
charging with a resonant frequency of 85kHz and a charging power of 7kW is studied. Reference [13]
examines the influence of different coil designs on the internal electric field of the fetus and its mother.
Reference [14] investigates the RF energy absorption of human models with different implants in the
electromagnetic exposure environment of wireless charging. Although the car body is considered in the
above literature, the material of the car body is not considered. In [15], the electromagnetic exposure of
the carbon fiber EV with an output power of 7.7kW is explored under the most unfavorable condition
of misalignment of the transmitting and receiving coils. A small part of the driver’s foot exceeds the
ICNIRP limit. The car body and car body materials are considered in the analysis, but there is no
further explanation on how to reduce the electromagnetic radiation of human feet. The shielding effect
of different car body materials on WPT electromagnetic metrology is evaluated in [16]. Reference [17]
evaluates the influence of loudspeakers on the in-situ electric field of a driver’s body in the magnetic field
of the EV radio energy transmission system, and the results show that the distribution of the magnetic
field produced by the WPT changes obviously around the loudspeaker, with obvious discontinuity and
local enhancement. However, in [16] and [17], only the drivers and passengers in the car are considered
in the analysis, and the pedestrian outside the car is overlooked.

In summary, designing a simple and practical shielding method is vital to reduce the leakage
magnetic field in the horizontal direction of a WCC and reduce the electromagnetic radiation to
the pedestrians outside an EV after selecting the general automobile model and fully considering the
shielding effect of the car body material.

From the point of view of engineering practice, this study proposes a new shielding method of adding
ferromagnetic material in the vertical direction of a WCC and only setting a non-ferromagnetic metal
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shielding ring around the transmitting coil in the horizontal direction. The influence of metal shielding
rings with different materials in the horizontal direction of the self-inductance and mutual inductance
of WCC coils is analyzed. Through the establishment of an accurate electromagnetic environment
simulation model of EV, the electromagnetic radiation changes of pedestrians at the observation point
before and after the WCC horizontal direction with a shielding ring are compared. The safety of the
human body in the electromagnetic environment is evaluated, and the effectiveness of the new shielding
method is verified.

2. ELECTROMAGNETIC ENVIRONMENT SIMULATION MODEL OF AN EVWCS

The field circuit coupling method based on circuit theory and an accurate three-dimensional finite
element model is adopted in this work. As the electromagnetic wave of the MCR WCS is larger than
the transmission distance, the magnetic quasi-static method is utilized to analyze the electromagnetic
environment of the WCS. The electromagnetic environment simulation model established in COMSOL
Multiphysics 5.5 is shown in Fig. 1, and the frequency domain is analyzed. The WCC is placed in the
middle of the EV chassis. Given the symmetrical effect of the electromagnetic field around the WCC,
only one side of the car door is selected as the observation point. The electromagnetic radiation test
point should be the closest point of the exposed area outside the EV, but the position of the test point
will change with the EV type. According to the recommendations of Society of Automotive Engineers
(SAE) J2954, the vertical distance between the center of the toes of the human feet and the center of
the WCC is 800 mm [18]. The distance between the human head and the center of WCC is 1,000 mm

Center coordinates
of two toes

Figure 1. Relative position of the human body, EV, and WCC.

(b)

Figure 2. Finite element discrete model. (a) Global finite element model. (b) Finite element model of
the human body.
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in the X direction, 0 mm in the Y direction, and 1,614.05 mm in the Z direction. After the assignment
of a car body and other materials, the adjusted circuit parameters are substituted; the air domain and
infinite element domain are established outside the overall model; the absorbing boundary conditions
are set; and the finite element discrete model is obtained as shown in Fig. 2. The entire model is divided
into 1,155,563 units, including 365,722 tetrahedral units, 1,242 prismatic units, 62,325 triangular units,
192 quadrilateral units, 6,303 edge units, and 452 vertex units. Since this study focuses on the CNS of
the human body, the human head is divided by ultra-fine mesh; the maximum unit of the human head
is 8 mm; and the minimum unit is 1.2 mm, including 48,471 units for the head model and 74,852 units
for the trunk model.

2.1. WCC Model with a New Shielding

At present, the two main application standards of WPT in an EV include the 61980 standard adopted by
the International Electrotechnical Commission (IEC) and the J2954 standard adopted by the SAE [19].
The two standards mainly specify the transmission power and working frequency of a WPT system. The
3kW to 11 kW WCS designed in the SAE J2954 operates in the frequency band of 79kHz to 90 kHz.
To better observe the radiation effect, this work selects the WPT3 11 kW WCC working at 85 kHz for
research.

The MCR WCC model with new shielding proposed in this work is shown in Fig. 3. Given the
electromagnetic shielding effect of the car body material itself, the driver and passengers are exposed
to very little electromagnetic radiation inside the car. Therefore, this study considered the use of
ferromagnetic materials in the vertical direction of the WCC to increase the coupling of the coil and of
non-ferromagnetic metal shielding ring in the horizontal direction of the WCC to reduce the horizontal
electromagnetic exposure. The transmitting and receiving coils of wireless charging consist of 10 turns of
copper wires. The ferromagnetic material outside the vertical direction of the coil is a 3 mm-thick ferrite

>y N

>
800
Figure 3. WCC with new shielding.
Table 1. Model parameters of WCC.
Parameter Numerical value
Dllmensaons. of ferrite plate 700 x 700 x 3
(length x width x height)/(mm x mm x mm)
Peripheral dlme‘nsmn of shielding ring 800 x 800
(length x width)/(mm x mm)
Distance between two coils/mm 220
Coil turns/n 10
Resonant frequency/kHz 85
Effective value of transmitting power /kW 11.02
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plate, and its relative permeability is 2,300. The transmitting coil is on the ground, and the receiving coil
is under the chassis of the car. The transmission distance between the transmitting and receiving coils is
220 mm. To achieve a better magnetic shielding effect without affecting the transmission efficiency of the
system, the horizontal metal shielding ring must be placed far away from the transmitting coil. Through
simulation tests, a square metal shielding ring is finally set at 50 mm outside the WCC transmitting
coil. The metal used for the shielding ring is 1 mm thick and 40 mm high, and the size of the enclosed
square shielding ring is 800 mm x 800 mm. In the actual installation, the metal can be inserted into the

ground around the transmitting coil, is easy to install, and also saves materials. The model parameters
of the MCR WCC are shown in Table 1.

2.2. Car Body Model

When the WCC resonates, energy is transferred through the electromagnetic field of the space. The
change of the magnetic field between the two coils will affect circuit impedance, and the material of the
car body and chassis can affect the coupling of the two coils. In the selection of car body materials,
aluminum alloy, low carbon steel, and carbon fiber reinforced plastics (CFRP) are considered. To
compare the B at the observation point under the influence of three kinds of car body materials, a
stub line with a length of 1 mm is made between 799 mm and 800 mm from the center of the WCC.
The relative position of the stub line and the WCC is shown in Fig. 4. The B at the stub line
under the influence of different car body materials is calculated by simulation as shown in Fig. 5.
Although the shielding effect of the aluminum alloy car body is optimal for the electromagnetic safety
of passengers in the EV, the B at the observation point is the highest when the car body is aluminum
alloy because the selected observation point is not within the protective range of the car body. To select
the most unfavorable radiation conditions for comparing the shielding effect of the metal shielding
ring, an aluminum alloy car body is selected as the research object. The size of the car body is
4318 mm x 1783 mm x 1730 mm (length x width x height), is similar to the commercially available
vehicle, and can provide a good reference. Detailed dielectric parameters of the EV model are shown
in Table 2. The dielectric parameters of aluminum alloy car body are from COMSOL Multiphysics
material library, and the dielectric parameters of window glass are from Reference [20].

-
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Figure 4. Stub line at observation point.
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Figure 5. B at the stub line.



Table 2. Dielectric parameters of the EV.

Mou and Lu

Body and window Relative Conductivity /(S /m) Relative
of the EV permittivity permeability i,
Aluminum alloy car body 1.00 2.33 x 107 1.00
Window glass 5.50 1.00 1.00

2.3. Human Body Model

As the electrical and magnetic field strengths of the human body cannot be evaluated by measurement,
numerical simulation is widely used to ascertain the electromagnetic field distribution of the human
tissue [21,22]. The human body consists of a head model and a trunk model as shown in Fig. 6. The
head model is divided into the three layers of scalp, skull, and brain, with radii of 92mm, 85 mm,
and 80 mm, respectively [23]. The height of the human body model is 1,750 mm. For the research on
the electromagnetic parameters of human tissues, it is assumed that human tissues are composed of
evenly distributed media. Internationally, for the selection of dielectric parameters of human tissues,
4-Cole-Cole model is generally used to calculate the electromagnetic parameters of human tissues. The
4-Cole-Cole model is that Gabriel extracts different tissues of human body, obtains the conductivity
and relative dielectric constant at different frequencies, and creates the 4-Cole-Cole model to simulate
the electromagnetic parameters of human tissue in the frequency range of 10 Hz to 20 GHz. The relative
permittivity and conductivity of the human tissue at 85kHz are calculated by a 4-cole-cole model [24].
The relative permittivity and conductivity of human tissues at 85kHz are shown in Table 3. The
parameters of the trunk tissue include the average values of skin, blood, muscle, and bone [25, 26].

1750

t unit: mm
Yy

Figure 6. The human body model.

Table 3. Permittivity and conductivity of human tissue at 85 kHz.

Human model tissue | Relative permittivity | Conductivity/(S/m)
Scalp 9.06 x 103 2.80 x 1072
Skull 2.85 x 102 3.59 x 1072
Brain 2.04 x 10° 7.38 x 1071
Trunk 5.75 x 10° 2.81 x 1071
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3. ANALYSIS OF THE SIMULATION RESULTS

3.1. Influence of the Horizontal Non-Ferromagnetic Metal Shielding Ring on the
Self-Induction and Mutual Induction of the WCC

As the new shielding in this study focuses on reducing the horizontal electromagnetic exposure of the
WCC, and the reduction of horizontal electromagnetic exposure mainly depends on the eddy shielding
effect caused by adding a low permeability metal in the horizontal direction of the WCC, the influence of
the horizontal metal shielding coil on the self-induction and mutual induction of the WCC is analyzed.
In electromagnetic field engineering, electromagnetic shielding is used to weaken the electromagnetic
field generated by the exposed source in a certain area of space (excluding the exposed source). Three
metals (aluminum, copper, and steel) are selected as shielding ring materials for comparative analysis.
The dielectric parameters of the three metal materials are shown in Table 4. The dielectric parameters
in Table 4 are from COMSOL Multiphysics material library.

Table 4. Dielectric parameters of the metal shielding ring.

Parameter | Relative permittivity | Conductivity/(S/m) | Relative permeability p,
Aluminum 1 2.33 x 107 1
Copper 1 6.00 x 107 1
Steel 1 4.03 x 10° 50

Adding the metal shielding ring will have a certain impact on the self-inductance, mutual
inductance, and coupling coefficient of the WCC. The parameters calculated by simulation are shown
in Table 5.

Table 5. Influence of the horizontal metal shielding ring on the self-inductance and mutual inductance
of the coil.

Metal Self inductance of | Self inductance of Mutual Coupling .
- s . .. . . . Transmission
shielding transmitting coil receiving coil inductance | coefficient officionc
ring Ly (uH) Ly (uH) M (uH) K Y
No shielding 98.462 94.127 27.055 0.275 95.53%
Aluminum 91.315 92.622 23.779 0.260 95.58%
Copper 91.305 92.620 23.776 0.260 95.72%
Steel 91.375 92.633 23.804 0.261 94.85%

Table 5 indicates that the metal shielding rings made of aluminum, copper, and steel have very
similar influences on the self-inductance and mutual inductance of the WCC. The addition of copper,
aluminum, and steel metal shielding rings reduces the self-inductance and mutual inductance of the
WCC, thereby causing a decrease in the coupling coefficient of the WCC. The self-inductance of
the transmitting coil is reduced by approximately 7%, and that of the receiving coil is reduced by
approximately 2%. The coupling coefficient is reduced by approximately 5%, but the transmission
efficiency is basically unchanged.

3.2. Effect of the Horizontal Metal Shielding Ring on B in Space

To analyze the influence of the metal shielding ring on the horizontal space B, the ZX section is taken
at the space center y = 0, and the distribution of B at the cross section is analyzed under the shielding
of different metal shielding rings. The B distribution is shown in Fig. 7. In Fig. 7(a), the material of
the metal shielding ring is equivalent to air to achieve the effect of the absence of a shielding ring, and
the maximum B is concentrated around the WCC, and fast attenuation around. As the shielding ring
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Figure 7. Distribution of B in space section. (a) No shielding ring in horizontal direction. (b)
Aluminum shielding ring in horizontal direction. (¢) Copper shielding ring in horizontal direction. (d)
Steel shielding ring in horizontal direction.

material is set as air, B is uniformly distributed in Fig. 7(a), and no truncation and suppression of the
shielding ring occur on the magnetic field. In Figs. 7(b), (c), and (d), the maximum value of B is also
concentrated around the transmitting and receiving coils, and fast attenuation around. Compared with
Fig. 7(a) without the shielding ring, the aluminum, copper, and steel shielding rings have significant
suppression effects on the horizontal magnetic leakage field, because when the metal shielding ring is in
the high frequency alternating electromagnetic field, it can produce the induced current. The induced
current is closed in the metal shielding ring and forms the eddy current. The electromagnetic field
generated by the eddy current resists the original electromagnetic field and weakens the magnetic field
on the metal shielding ring until the high frequency alternating magnetic field cannot pass through the
metal shielding ring.

3.3. Influence of the WCC Horizontal Metal Shielding Ring on Spatial E

To observe the influence of metal shielding rings with different materials on the F in a horizontal
direction, the ZX section is taken at the space center y = 0 to analyze the E distribution of the
WCC with different shielding materials in the horizontal direction. The E distribution is shown in
Fig. 8. In Fig. 8(a), the material of the WCC horizontal metal shielding ring is set as air to achieve the
effect of the absence of a shielding ring. The maximum F is concentrated around the WCC and fast
attenuation around. As the car body material is set as air, F is evenly distributed in Fig. 8(a), and no
suppression phenomenon of the shielding ring occurs on the horizontal E. In Figs. 8(b), (¢), and (d),
the maximum F is also concentrated around the transmitting and receiving coils, and fast attenuation
around. Compared with Fig. 8(a) without the shielding ring, the aluminum, copper, and steel shielding
rings have significant suppression effect on the horizontal leakage electric field.

According to the above analysis, the shielding effects of copper, aluminum, and steel shielding rings
on the magnetic and electric fields of the space are similar. The effects on the self-inductance and mutual
inductance of the coil are almost the same. The shielding ring material in this work is considered to be
installed under the ground, and copper is superior to aluminum and steel in terms of heat dissipation
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Figure 8. Distribution of E in the space section. (a) No shielding ring in horizontal direction. (b)
Aluminum shielding ring in horizontal direction. (¢) Copper shielding ring in horizontal direction. (d)
Steel shielding ring in horizontal direction.

and corrosion resistance. Thus, copper is selected as the material of the WCC horizontal metal shielding
ring.

3.4. Comparison of the Human Body Radiation at the Observation Point

Shielding effect is usually expressed by shielding effectiveness (SE) [27-29], but it calculates a point
in space, not the human body. The permeability of human tissue is the same as that of air, so the
magnetic field inside the tissue is the same as that outside the tissue, and the human body will not
noticeably interfere with the magnetic field. However, in terms of the electric field, the human body will
change the low-frequency electric field in the environment. To accurately evaluate the electromagnetic
exposure of the human body in this electromagnetic environment, this work directly uses the human
body as the observation point to evaluate the shielding effect of a new shielding method and analyzes
the electromagnetic exposure safety of the WCC.

The distribution of B of the human body in this electromagnetic environment is shown in Fig. 9.
The toes are the closest to the WCC, so the maximum B of the human body under different shielding
conditions occurs at the toes, followed by the lower leg. When no metal shielding occurs in the horizontal
direction of the WCC, the maximum value of the human B is 2.31 x 10" uT. After adding the copper
shielding ring, the maximum B of the human body is reduced to 1.32 x 10' uT, a figure which is
approximately 57% of that without the shielding ring. The comparison of the B of the human body
shows that the WCC horizontal copper shielding ring plays a satisfactory role in reducing the B of the
human body.

The distribution of E of the human body in the electromagnetic environment is shown in Fig. 10.
The toes are the closest to the WCC, so the maximum F of the human body under different shielding
conditions occurs at the toes, followed by the lower leg. When no metal shielding occurs in the horizontal
direction of the WCC, the maximum FE of the human body is 2.63V/m. After adding the copper
shielding ring, the maximum F of the human body is reduced to 1.47V/m or approximately 56% of
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Figure 9. Distribution of the B of the human body. (a) No shielding ring in horizontal direction. (b)
Copper shielding ring in horizontal direction.
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Figure 10. FE distribution on the human body. (a) No shielding ring in horizontal direction. (b)
Copper shielding ring in horizontal direction.

that without shielding ring. The WCC horizontal copper shielding ring plays a good role in reducing
the E of the human body.

Under repeated low intensity electromagnetic exposure, the CNS of the human body may exhibit
the neurasthenia phenomenon, which has an impact on health [30]. To analyze the protective effect of
the horizontal copper shielding ring on the electromagnetic exposure of the CNS of the human head,
a three-dimensional transversal line is made on the head of the pedestrian as shown in Fig. 11. The
starting point of the three-dimensional transversal line of the human head is —1 mm, —0.092 mm, and
1.52205 mm, and the ending point is —1 mm, 0.092 mm, and 1.52205 mm. The B and F at the three-
dimensional transversal line of the human head under this shielding condition are analyzed.

In the case without shielding and copper shielding in the horizontal direction of the WCC, the B
and E at the three-dimensional transversal line of the human head are shown in Fig. 12. Fig. 12(a)
shows the B curve of the three-dimensional transversal line of the human head. Fig. 12(b) shows the
E curve of the three-dimensional transversal line of the human head. After the copper shielding ring
is installed, the B at the transversal line of the human head decreases from approximately 0.03 uT to
0.017 uT. The maximum F at the transversal line of the human head decreases from approximately
0.0085 V/m to 0.005 V/m. Therefore, the introduction of the WCC horizontal copper shielding ring can
significantly reduce the B and E of the human head CNS.

To further observe the effect of the horizontal copper shielding ring of the WCC on the
electromagnetic exposure of human head CNS, the radiation received by human CNS with or without
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Figure 11. Three-dimensional transversal line of the human head.
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Figure 12. B andF at the three-dimensional transversal line of the human head. (a) B at the three-

dimensional transversal of the human head. (b) E at the three-dimensional transversal of the human
head.

horizontal copper shielding ring of WCC is compared. The cross and longitudinal sections of the center
of the human head are respectively made, as shown in Fig. 13, to analyze the distributions of B and F
on the human head.

The B distribution of the human head is shown in Fig. 14. Fig. 14(a) shows the B distribution of
the human head in the horizontal direction of the WCC without shielding. Fig. 14(b) presents the B
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Figure 13. Head sections of the human model. (a) Head cross section. (b) Head longitudinal section.
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Figure 14. Distribution of the B of the human head. (a) No shielding in horizontal direction. (b)
Copper shielding in horizontal direction.

distribution of the human head in the horizontal direction of the WCC with copper shielding. As can be
seen in Fig. 14, the maximum and minimum B values of the human head are 0.04 T and 0.02 uT when
no shielding is present in the horizontal direction of the WCC. The maximum and minimum B values
of the human head are 0.02 uT and 0.01 uT when a copper shielding ring is present in the horizontal
direction of the WCC. The B of the human head decreases by 50% with the addition of the WCC
horizontal copper shielding ring.

The distribution of B at the cross and longitudinal sections of the human head is shown in Fig. 15.
B is evenly distributed in the head of the human body. The closer the human head is to the WCC, the
greater the maximum value of B is. Thus, the value of B is related to the distance from the radiation
source, and this value decreases with the increase of the distance. When the horizontal direction of the
WCC is unshielded, the maximum B at the cross section of the human head is 0.04 uT. The maximum B
at the cross section of the head is 0.02 uT with a copper shielding ring. Compared with the calculation
results, the maximum B at the cross section of the human head can be reduced by 50% with the addition
of the WCC horizontal copper shielding ring. The maximum B at the longitudinal section of the human
head is 0.03 T without shielding in the horizontal direction of the WCC, and the maximum B at the
longitudinal section of the human head is 0.02 uT with a copper shielding ring. The calculation results
indicate that the maximum B at the longitudinal section of the human head is reduced by 33% with
the addition of the WCC copper shielding ring in the horizontal direction.

The E distribution on human head is shown in Fig. 16. Fig. 16(a) shows the F distribution of
the human head when the WCC is horizontally unshielded. Fig. 16(b) shows the distribution of E of
the human head when the WCC is horizontally shielded by copper. When no shielding is present in
the horizontal direction, the maximum and minimum E of the human head are 9.87 x 1072 V/m and
1.27 x 107* V/m. When the horizontal direction of the WCC is shielded, the maximum E of the human
head is 6.04 x 1073 V/m, and the minimum is 7.37 x 107> V/m. The copper shielding in the horizontal
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Figure 15. Distribution of the B at the cross and longitudinal sections of the human head. (a)
Cross section (no shielding in horizontal direction). (b) Cross section (copper shielding in horizontal
direction). (c) Longitudinal section (no shielding in horizontal direction). (d) Longitudinal section
(copper shielding in horizontal direction).
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Figure 16. E distribution on the human head. (a) No shielding in horizontal direction. (b) Copper
shielding in horizontal direction.

direction of the WCC reduced the E by 39% at the maximum and 42% at the minimum. Thus, the
shielding ring plays a good role in reducing the E of the human head.

Figure 17 shows the E distribution of the human head at the cross and longitudinal sections. As can
be seen from Figs. 17(a) and (b), when the horizontal direction of WCC is unshielded, the maximum E
at the cross section of the human head is 9.08 x 1072 V/m. In the case of copper shielding, the maximum
E of the cross section of the human head is 5.62 x 1073 V/m. The maximum E at the cross section of
the head is reduced by 38% with the addition of the shielding ring. As can be seen from Fig. 17(c),
when the horizontal direction of the WCC is unshielded, the maximum F at the longitudinal section of
the human head is 9.7 x 1072 V/m. In the case of copper shielding, the maximum E of the longitudinal
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Figure 17. Distribution of E in cross and longitudinal sections of the human head. (a) Cross section
(no shielding in horizontal direction). (b) Cross section (copper shielding in horizontal direction). (c)
Longitudinal section (no shielding in horizontal direction). (d) Longitudinal section (copper shielding
in horizontal direction).

section of the human head is 5.66 x 1073 V/m. The maximum E at the longitudinal section is reduced
by 42% with the addition of the shielding ring. F is not evenly distributed in the head of the human
body, and the low frequency electric field changes obviously after entering the human head. F is strong
in both ears of the human head. The maximum FE of the entire head is concentrated in the skull layer,
followed by the scalp layer. The E penetrating into the brain is very small.

3.5. Comparison of Limit Compliance

The ICNIRP guidelines are the most recognized nonionizing radiation EMC criterion at present and
play a very good role in the EMC design of the MCR WCS of EVs [31,32]. The said guidelines set
a public exposure reference limit of 2.70 x 10' uT for B (uT) and 1.15 x 10! V/m for E (V/m) at a
frequency of 85kHz. The simulation values are compared with the public exposure limits in ICNIRP,
and the relevant limits are shown in Tables 6 and 7.

As can be seen from Table 6, the maximum B of the human head is smaller than that of the trunk.
For the human head, the maximum B of the scalp is greater than that of the skull and brain, and the
maximum B of the brain is smaller than that of the scalp and skull. When no shielding ring is present in
the horizontal direction of the WCC, the maximum B values of the human trunk and head are greater
than that with a copper shielding ring. With the addition of the copper shielding ring in the horizontal
direction of the WCC, the maximum B of the human trunk and head decreased to 5.7 x 10! times and
5.6 x 107! times of that without the shielding ring in the horizontal direction of the WCC.

As can be seen from Table 7, the maximum F of the head is smaller than that of the trunk. For the
human head, the maximum FE of the skull is greater than that of the scalp and brain, and the maximum
FE of the brain is the smaller than that of the skull and scalp. When no shielding ring is present in the
horizontal direction of the WCC, the maximum FE of the human trunk and head is greater than that
with the copper shielding ring. With the addition of the copper shielding ring, the maximum F of the
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Table 6. Comparison between the maximum value of the B (uT) of human tissues under different
shielding conditions and the ICNIRP public exposure reference limit.

WCC horizontal WCC with copper shielding
direction unshielded in horizontal direction

B(uT - - i .
W) ulation | IONIRP | Smulation | etion | IONIRp | Simulation
. value/Limit . value/Limit

value limit value value limit value

value value
Trunk 2.31 x 10% 2.70 x 101 | 8.56 x 107! 1.32 x 10! 2.70 x 101 | 4.89 x 107!
Entire head | 4.40 x 1072 | 2.70 x 10' | 1.62x 1073 | 248 x 1072 | 2.70 x 10} | 9.18 x 10~*
Scalp 440 x 1072 | 270 x 101 | 1.62x 1072 | 2.48 x 1072 | 2.70 x 10" | 9.18 x 10~*
Skull 422%x 1072 | 270 x 101 | 1.56 x 1073 | 2.38 x 1072 | 2.70 x 10' | 8.81 x 10~
Brain 411 x 1072 | 270 x 101 | 1.52x 1072 | 2.32x 1072 | 2.70 x 10 | 8.59 x 10~*

Table 7. Comparison between the maximum value of the £ (V/m) of human tissues under different
shielding conditions and the ICNIRP public exposure reference limit.

WCC horizontal WCC with copper shielding
direction unshielded in horizontal direction

E(V imulati imulati
(V/m) 1 ulation | 1oNRP | Smulation | ation | ICNIRP | Simulation
. value/Limit . value/Limit

value limit value value limit value

value value
Trunk 263 x10° | 1.15 x 10' | 228 x 107! | 1.47x10° | 1.15x 10! | 1.27 x 107!
Entire head | 9.87 x 1073 | 1.15 x 101 | 858 x 107* | 6.04 x 1073 | 1.15 x 10! | 5.25 x 1074
Scalp 6.22x 1073 | 1.15 x 10! | 5.41 x107* | 3.81 x 1073 | 1.15 x 10" | 3.31 x 10~*
Skull 087 x 1073 | 1.15x 10" | 858 x107% | 6.04x 1073 | 1.15 x 10! | 5.25 x 1074
Brain 1.0x 1073 | 1.15 x 10" | 870 x107° | 595 x 10™* | 1.15x 10! | 5.17 x 10~°

human trunk and head are reduced at 5.6 x 10™! times and 6.1 x 10~! times that of the WCC without
the shielding ring in the horizontal direction.

The maximum B and E of the human trunk without the shielding ring in the horizontal direction
of the WCC are 8.56 x 10~ times and 2.28 x 10~! times of the ICNIRP exposure limit, respectively.
After adding the copper shielding ring, the values are reduced to 4.89 x 10! times and 1.27 x 107!
times. The maximum B and FE of the human head without the shielding ring in the horizontal direction
of the WCC are 1.62 x 1072 times and 8.58 x 10~ times of the ICNIRP exposure limit, respectively.
After adding the copper shielding ring, the values are reduced to 9.18 x 10~™% and 5.25 x 10~ times,
thereby proving that the shielding effect of the WCC horizontal copper shielding ring is reliable.

4. CONCLUSION

In this study, a metal shielding ring at the transmitting end of the WCC is designed, and the influence
of the metal shielding ring on the self inductance and mutual inductance of the coil is simulated and
analyzed. The shielding effects of the metal shielding rings of different metals are also compared. By
taking the MCR WCC of the EV as the electromagnetic exposure source, B and E of the pedestrian
trunk tissue and the head CNS at the observation point outside the EV are simulated and calculated in
the wireless charging of EV under different shielding conditions. Through simulation, calculation, and
comparison, the following conclusions are drawn:

(1) Although the conductivity and permeability of aluminum, copper, and steel vary to some extent,
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the horizontal shielding effect of the WCC is almost the same. However, copper is superior to the other
two materials in terms of heat dissipation and corrosion resistance, so copper is chosen as the material
for the new shielding ring.

(2) The maximum values of B and E of the human trunk appear at the toes. The maximum B of
the human head appears in the scalp, and the maximum E appears in the skull. The maximum values
of the B and FE in the brain are both at minimum. After adding the new shield, the maximum B of
the human trunk tissue is reduced by 43%; the maximum F is reduced by 44%; the maximum B of the
human head is reduced by 44%; and the maximum E is reduced by 39%. The comparison results show
that the new metal shielding ring designed in this work has good shielding effect on the electromagnetic
exposure of the WCC of the EV.

(3) After adding the copper shielding ring, the maximum B and E of human trunk decreased from
8.56x 10! times and 2.28 x 10~! times of the ICNIRP exposure limit to 4.89 x 10! times and 1.27x 10~}
times, respectively, and the maximum B and E of human head decreased from 1.62 x 1072 times and
8.58 x 10™* times of the ICNIRP exposure limit to 9.18 x 10~% and 5.25 x 10~* times, respectively.
The maximum B and E values of the human trunk and head CNS are lower than the exposure limits
specified by the ICNIRP. At this power level, the electromagnetic radiation of the human trunk and the
head CNS meets the ICNIRP international electromagnetic radiation standard and provides a reference
for the safety of pedestrians.
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