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Abstract: In order to quantitatively analyze the electromagnetic exposure dose of an inverter in a
pure electric vehicle to the driver’s body and assess the safety of the electromagnetic exposure, based
on a real human anatomy model in the virtual home project, a real human model with several organs
and tissues, including muscles, bones, a heart, lungs, a liver, kidneys, a bladder, a skull, a scalp, white
matter, and a cerebellum, was constructed. The inverter of a pure electric vehicle is considered to
be the electromagnetic exposure source; for this study, an equivalent electromagnetic environment
model composed of a real human body, an inverter, and a vehicle body was built. The distribution
of induced fields in the driver’s tissues and organs was calculated and analyzed using the finite
element method. The results show that the distribution of the magnetic flux density, induced electric
field, and induced current density in the driver’s body was affected by the spatial distance of the
inverter. The farther the distance was, the weaker the value was. Specifically, due to the different
dielectric properties of the different tissues, the induced field in the different tissues was significantly
different. However, the maximum magnetic flux density over the space occupied by the driver’s body
and induced electric field in the driver’s trunk and central nervous system satisfied the exposure
limits of the International Commission on Non-Ionization Radiation Protection, indicating that the
electromagnetic environments generated by the inverter proposed in this paper are safe for the vehicle
driver’s health. The numerical results of this study could also effectively supplement the study of the
electromagnetic environments of pure electric vehicles and provide some references for protecting
the drivers of pure electric vehicles from electromagnetic radiation.

Keywords: pure electric vehicle; electromagnetic exposure; real human body; inverter; numerical
calculation; the safety assessment

1. Introduction

Vehicles are the world’s second largest source of carbon emissions [1]. Pure electric
vehicles (PEVs) have entered a stage of explosive development [2] with the new round of
technological and industrial revolution, as well as the proposal of ‘zero emissions’ and
‘carbon neutrality’ goals in many countries. They will help to cope with the challenges of
climate change and improve the global ecological environment [3].

The PEV power system mainly consists of high-power electrical components, such as
inverters [4], converters, high-voltage power harnesses, and power battery packs [5,6]. The
compact space inside the PEVs brings the passengers closer to these high-power devices. So,
both the driver and passengers are exposed to the electromagnetic environment generated
by the high-power devices when driving. According to statistical data, the average time
spent driving for a member of the general public on weekdays is about 1–2 h [7]. In the
context of pure electric vehicles, when the human body is exposed to the low-frequency
electromagnetic field, the human body is affected due to Faraday’s law of electromagnetic
induction, and induced fields will form inside the human body. Once these induced fields
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exceed a certain threshold inside the human body, they may have an impact on human
health [8].

For the assessment of human electromagnetic exposure, the Institute of Electrical and
Electronics Engineers (IEEE) and the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) have defined the human limits for electromagnetic exposure [9–11].
Different countries or regions generally refer to the exposure limit guidelines/standards
defined by the two major international organizations when it comes to issues related to
electromagnetic exposure limits. The exposure limits defined by the ICNIRP are adopted
in this paper. The ICNIRP has established occupational and general public exposure
limits for electromagnetism in different frequency bands to assess the safety of human
electromagnetic exposure and has defined basic restrictions (BRs) for the electric fields
induced within the tissues and reference levels (RLs) for the environmental fields [10].

Relevant epidemiological studies have found that many diseases may be related to
long-term exposure to electromagnetic fields [12,13]. However, other studies have also
found that exposure to electromagnetic fields can have positive effects (e.g., on memory
recovery in organisms and in treating stroke patients) [14–16]. Actually, a consensus has
not been reached regarding the effects of electromagnetic exposure on human health. For
the electromagnetic environment of electric vehicles, Li et al. [17] measured the magnetic
flux density near the rear seats of different electric vehicles. These measurements were
used to calculate the induced electric fields of adult and infant passengers. Sztafrowski
and Winiarz [18] studied the distribution of magnetic flux density in different seating
positions of electric and hybrid electric vehicles under different operating conditions. Bae
and Park [19] studied the electromagnetic environment generated by the wired charging
systems of electric vehicles with different charging speeds and showed that the magnetic
flux density generated by standard chargers was higher than that of fast chargers. Tell and
Kavet [20] and Wyszkowska et al. [21] measured the different distribution characteristics
of electromagnetic fields in the carriages of electric, hybrid, and fuel vehicles, and the
measurement results all satisfied the RLs defined by the ICNIRP. Atanasov et al. [22] studied
the distribution of electric fields inside a vehicle for different wireless communication
scenarios and explored the possibility of collecting energy from electromagnetic fields
inside the vehicle. Jeladze et al. [23] studied the electromagnetic exposure level of wireless
communication equipment to the human body in a vehicle. The results of this study
showed that the specific absorption rate of the human tissue showed an increasing trend
due to the resonance phenomenon and high response field in the vehicle. Some researchers
have investigated the exposure level of the electromagnetic environment generated by
vehicles’ wireless charging systems to the human body, and the results of these studies
show that the exposure level is within the ICNIRP limits [24–27]. Mou and Lu [28] studied
the influence of vehicle bodies with different materials on the electromagnetic exposure
dose of passengers in a PEV and found that the aluminum alloy body could reduce the
magnetic flux density over the space occupied by the driver’s body inside the vehicle
by 99.76%.

In response to the complexity of the electromagnetic environment inside electric
vehicles and to prevent potential health risks, many researchers have studied the use of
protective materials [29–31] to minimize the impact of this electromagnetic environment on
the human bodies of passengers.

Thus far, in the context of studying human electromagnetic dosimetry, some studies
have used approximate simple human models [32,33], but more studies have used an
anatomical real human model based on high-resolution MRI scanning [34–36]. In order
to better understand the effects of electromagnetic exposure in pure electric vehicles on
real human tissues and organs, this study incorporated a real human anatomy model with
detailed organ and tissue characteristics [37,38]. Comsol Multiphysics 6.0 software, based
on the finite element method (FEM), was used; the inverter in the PEV was considered to
be the electromagnetic exposure source. The magnetic flux density (B-field) over the space
occupied by the driver’s body, as well as the electric field (E-field) and the induced current
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density (J) in different tissues and organs of the driver’s body, were calculated by the FEM.
In this paper the B-field and the E-field are compared with the exposure limits stipulated
by the ICNIRP to assess the exposure level to the driver’s body in the electromagnetic
environment of the inverter. This study could help to further clarify the human exposure
limit for the electromagnetic environment generated by PEV inverters, as well as the effects
that the electromagnetic environment of PEVs have on different tissues and organs of
the human body, and effectively supplement studies on electromagnetic exposure in the
context of PEVs.

2. Materials and Methods

Using the epidemiological survey method to assess the safety of human electromag-
netic exposure, considering individual differences and sample size, is not ideal, as it has
a long cycle and the results produced can be uncertain. However, the experimental mea-
surement method cannot obtain the field distribution in different tissues of a living human
body. The bioelectromagnetic dosimetry method, based on numerical calculations, pre-
cisely avoids the shortcomings of the two methods in the context of studying human
electromagnetic exposure [39]. Thus, through using electromagnetic dosimetry, the limits of
different tissues in the human body to electromagnetic exposure from the electromagnetic
environment generated by a PEV inverter was studied.

2.1. The PEV Inverter Model

For this study, a pure electric vehicle body model was established according to the
actual size of the PEV. In the model, the size of the vehicle body was about 5207 mm ×
2034 mm × 1655 mm, as shown in Figure 1a [40], and the material of the vehicle body was
an aluminum alloy. The model also included the driver’s body and the inverter model.
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Figure 1. The PEV model and the related dimensions: (a) PEV model; (b) relative position of the
driver and inverter.

The position of the driver and the inverter in the vehicle is shown in Figure 1b.
The distance from the driver’s body to the front of the vehicle was about 2480 mm; the
distance to the inverter center was about 1800 mm. The vertical distance from the left
door to the driver’s body was about 930 mm, and the distance to the inverter center was
about 1030 mm.

The PEV inverter is an important electronic device, as it can convert a DC into an AC
and provide the AC power to the driver motors. As a device that connects battery packs
and driver motors, PEV inverters are high-powered and have multi-frequency currents.
Figure 2 shows a schematic diagram of the inverter connection [41].
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Figure 2. Schematic diagram of inverter connection.

The exposed source was a vehicle inverter with a power of 12 kW (Semikron, Nurem-
berg, Germany), a size of 320 mm × 249 mm × 234 mm, and a maximum input DC voltage
of 650 V; the output voltage was 400 Vrms, and the maximum output current was 60 Arms
(f = 100 Hz). The operating frequency of the inverter was 5400 Hz [42].

2.2. The Human Anatomy Model

The virtual family project is based on whole-body anatomical models with different
ages and genders. Models for the project were originally developed for electromagnetic
exposure assessment, specifically for the study of RF radiation from external sources. But
these models have also been widely used in the field of medical research. The human
model in this paper is derived from Duke, a real human anatomical model based on high-
resolution MRI scanning in the virtual family project. Duke is a 34-year-old adult male with
a standing height of 177 cm and a weight of 72.4 kg [37,38]. Based on the original anatomical
model, several major organs and tissues, including muscle, bone, heart, lung, liver, kidney,
bladder, skull, scalp, white matter, and cerebellum, were extracted from the standing
model. Then, the standing model was modified to a sitting model in Materialize Magics
24.0 software, as shown in Figure 3. The modification process was mainly carried out to
segment the standing human model from the joint parts and rotate the segmented model
with the corresponding angle. Finally, the human sitting-posture model was synthesized
by using the surface fitting function.
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The dielectric parameters of tissues are generally calculated by the fourth-order Cole–
Cole model [43,44], as described in Formula (1).

ε̂r = ε′r − jε′′r = εr∞ + ∑4
n=0

∆εn

1 + (jωτn)
1−α

+
σi

jωε0
(1)

εr∞ is the relative dielectric constant at the optical frequency; n is the Debye dispersion
number; ∆εn is the relative dielectric constant increment; τn is the center relaxation time (s);
α is the time of relaxation distribution (0 ≤ α ≤ 1); ε0 is vacuum dielectric constant (F/m);
ω is the circular frequency (rad/s); σi is conductivity (S/m).

The effects of electromagnetic exposure in several main tissues and organs are studied
in this paper. Table 1 shows the dielectric parameters of the ten human tissues and organs
at different frequencies.

Table 1. Dielectric parameters of the different tissues and organs of the human body.

Tissues of
Human Model

Relative
Permeability

Relative
Permittivity

(100 Hz)

Electrical
Conductivity

(S/m) (100 Hz)

Relative
Permittivity

(5400 HZ)

Electrical
Conductivity

(S/M) (5400 HZ)

Bladder 1 192,840 0.21 12,467 0.21
Bone 1 217,030 0.08 2791 0.08

White Matter 1 1,667,700 0.06 19,793 0.07
Cerebellum 1 3,906,400 0.11 39,720 0.13

Scalp 1 45,298 0.0005 29,919 0.0015
Heart 1 3,163,700 0.09 120,170 0.14

Kidney 1 3,518,100 0.10 65,207 0.13
Liver 1 678,470 0.04 41,051 0.05
Lung 1 567,080 0.21 61,156 0.24

Muscle 1 9,329,000 0.27 47,982 0.34

2.3. Numerical Method

To solve the composite electromagnetic problem, the electromagnetic field of the PEV
inverter was calculated in Comsol Multiphysics 6.0 with the coaction of the DC input,
high-frequency inverter, and AC output current, meeting the following equations:

∇× H = J (2)

B = ∇× A (3)

J = σE + jωD (4)

E = −jωA (5)

where H is the magnetic field strength (A m−1); J is the induced current density (A m−2); E
is the electric field strength (V m−1); B is the magnetic flux density (T); D is the electric flux
density (C m−2); A is the vector magnetic potential (Wb m−1); ω is the angular frequency;
µ is the relative permeability (H m−1); and σ is the electrical conductivity (S m−1).

To achieve the best compromise between accuracy and computational efficiency, the
inverter model was simplified, and only the most relevant parts were retained. The current
was the only source of the magnetic field in the inverter. The simplified inverter was
composed of two input DC wires, three inversion wires (simplified semiconductor model
responsible for the inversion of the DC), and three output AC wires and encased in an
aluminum alloy shell, as shown in Figure 4. In this study, the rated operating state of the
inverter was used for numerical calculation, and the load was the 15 kW AC motor. So, the
DC current in the DC wires was 34 A with a 350 V battery pack voltage, the AC current
in the AC wires was 30 Arms with a frequency of 100 Hz, and the high-frequency pulse
current in the inversion wires was 45 Arms with a frequency of 5.4 kHz.
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Then, the three-dimensional geometric models (the human body, vehicle, and inverter
models) were divided into tetrahedral meshes [45,46] in Comsol Multiphysics 6.0, which is
a general numerical calculation tool for solving electromagnetic field problems. Based on
Equations (2)–(5), the magnetic field interface under the AC/DC module of the Comsol
Multiphysics 6.0 was adopted. The meshes of the human tissues and organs were divided
more finely to improve the computing accuracy of the field distribution in different human
tissues. In Comsol Multiphysics 6.0, the vehicle body model was divided into approx-
imately 440,000 elements, and the human body model was divided into approximately
180,000 elements. The meshes of the calculation model are shown in Figure 5.
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The entire calculation process was carried out on a computer with a main frequency
of 2.5 GHz and 16 GB RAM, and the calculation time was approximately 2.5 h. The
magnetic flux density near the inverter is shown in Figure 6. From the figure, we can
see that the magnetic flux density in the central region of the inverter was the strongest,
and the maximum magnetic flux density was about 1460 µT, while the general public
exposure RL defined by the ICNIRP was 27 µT (the smaller of the 100 Hz and 5.4 kHz
exposure limits) [10], meaning that the maximum magnetic flux density far exceeded
the RL. However, as the spatial distance from the inverter increased, the magnetic flux
density sharply decreased. Considering that the driver’s body would be exposed to this
electromagnetic environment for a long time, in order to evaluate the safety of the driver’s
body, the electromagnetic exposure doses in the different tissues and organs inside the
driver’s body are calculated in this paper.
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3. Results

The AC/DC calculation module of Comsol Multiphysics 6.0 was used to calculate the
magnetic flux density (B-field) over the space occupied by the driver’s body, as well as the
induced electric field (E-field) and the induced current density (J) in different tissues and
organs. The calculated results were compared with the BRs and RLs defined by the ICNIRP.
Thus, in this section, the exposure doses for the different tissues and organs are assessed.

3.1. The B-Field in the Driver’s Body

For the magnetic fields, the permeability of human tissues and organs is the same as that
of air, so the field in the tissues is the same as the external field. The human body does not
significantly perturb the field. The safety guideline defined by the ICNIRP for magnetic flux
density is the RL. So, we only calculated the B-field over the space occupied by the driver’s
body in the paper through spatially averaging the B-field on the human body model. Figure 7a
shows the B-field over the space occupied by the driver’s body with the influence of the
electromagnetic fields. The stronger area of the B-field was mainly over the space occupied by
the foot and crus area, whereas the other parts of the body were remarkably weaker than the
foot region. The maximum B-field was about 0.03 µT, which is well below the RL of 27 µT
(the smaller of the 100 Hz and 5.4 kHz exposure limits) defined by the ICNIRP for general
public exposure [10]. The B-field of the frontal section and the sagittal section of the space
occupied by the driver’s body are shown in Figure 7b and c, respectively. At this time, the
B-field on the right side of the space occupied by the body was significantly stronger than that
on the left side, and the B-field in the front side of the space occupied by the body was also
obviously stronger than that of the back side. This is because the exposed source inverter was
located in front of the driver’s body, and the distance from the exposed source inverter would
directly affect the distribution of the B-field.
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sagittal section of space occupied by the body.
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3.2. The E-Field in the Driver’s Body

The induced electric field in the human tissues were averaged over a small continuous
tissue volume with a volume of 2 mm × 2 mm × 2 mm. Figure 8a shows the E-field in
the driver’s body. The larger area of the electric field was predominately located near the
legs; the other parts of the body were significantly weaker than the leg area. The maximum
E-field was about 1.04 mV/m, which is well below the BR of 400 mV/m (the smaller of the
100 Hz and 5.4 kHz exposure limits) defined by the ICNIRP for general public exposure in
the trunk [10]. Figure 8b and c shows the E-field in the frontal and sagittal sections of the
driver’s body, respectively. The E-field on the right arm was stronger than that of other
parts, and the maximum value was 0.25 mV/m. The E-field was also related to the distance
to the inverter; the closer the distance to the inverter, the stronger the E-field.
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Figure 8. Distributions to the E-field: (a) the E-field in the driver’s body; (b) the E-field in the frontal
section of the body; and (c) the E-field in the sagittal section of the body.

Figure 9a shows the E-field in the driver’s head. There was no significant difference in
E-field in the scalp, skull, and brain of the human head. The E-field was significantly below
the BR of 40 mV/m (the smaller of the 100 Hz and 5.4 kHz exposure limits) defined by the
ICNIRP for general public exposure in the central nervous system (CNS) [10]. Figure 9b
and c show the E-field inside the brain tissues and in different sections of the brain tissues,
respectively. As shown, the large area of the E-field in the brain is in the cerebellum. The
distribution was also affected by the spatial distance of the cerebellum to the inverter and
the dielectric parameters of the cerebellum.
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Figure 10a,b show the E-field in the main organs and a comparison of the maximum
E-field in different organs, respectively. As shown, the E-field in the liver was significantly
larger, with the maximum being approximately 0.1 mV/m. The maximum E-field values
in the kidney and heart were approximately 0.03 and 0.04 mV/m, respectively. The
distribution characteristic was not only affected by the distance from the inverter but also
related to the dielectric parameters of different organs.
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3.3. The J in the Driver’s Body

Figure 11a shows the induced current density (J) in the driver’s body. The larger area
of the J was mainly located in the legs, and the other parts of the body were significantly
smaller than that in the leg area. The maximum J in the legs was about 0.34 mA/m2.
Figure 11b and c show the J in the frontal and sagittal sections of the driver’s body, respec-
tively. The maximum J was near the right arm and the thigh, and the maximum values
were 0.08 mA/m2 and 0.04 mA/m2. The closer the distance to the inverter, the stronger the
induced current density.
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The J in the head is shown in Figure 12a. The figure shows no evident difference in the
distribution of the J in the scalp, skull, and brain tissues (white matter and cerebellum). The
J in the cerebellum was slightly stronger than that in white matter. Figure 12b,c show the J
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in the brain and different sections of the brain tissue, respectively. As shown, the J in the
cerebellum was larger than that in the white matter, and the maximum J in the cerebellum
was approximately 2.49 × 10−3 mA/m2.
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In addition, Figure 13a,b show the J in the main organs of the driver’s body and a
comparison of the maximum J in the different organs, respectively. As shown, the value of
the J in the bladder and lung was larger, whereas that in the other organs was smaller. The
maximum value was approximately 0.01 mA/m2. The J was also affected by the distance
to the inverter and the dielectric parameters of different organs.
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4. Discussion

In recent years, with the continuous development of PEVs, the electrical devices
inside these types of vehicles are becoming more and more complex. The electromagnetic
exposure of these electrical devices to the passenger when driving has gradually attracted
extensive attention. To calculate the distribution of the electromagnetic exposure doses in
different organs and tissues of the real human body, for this paper, a real human model
with 11 organs and tissues (muscle, bone, heart, lung, liver, kidney, bladder, skull, scalp,
white matter, and cerebellum) was built based on the real human anatomy model in the
human virtual family project. The inverter of the PEV served as the exposure source, and
an equivalent electromagnetic environment model was established in the finite element
software Comosol Multiphysics 6.0. The level of electromagnetic exposure that the driver
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was subjected to was calculated, as was the distribution of the B-field over the space
occupied by the driver’s body and the E-field and J in the driver’s trunk, head, and main
organs. The results show that the distribution of the B-field over the space occupied by the
driver’s body and the E-field and J in the driver’s body were affected by the spatial distance
to the exposure source: the PEV inverter. The farther the distance, the weaker the fields.
Specifically, due to the different dielectric properties of the different tissues and organs,
the values of the E-field and the J in the different tissues also show different distribution
characteristics.

In addition, compared with the previous studies, the main innovative aspects of this
paper include the fact that a PEV inverter was used as the electromagnetic exposure source
and the electromagnetic dosimetry method was adopted to calculate the electromagnetic
exposure levels of different organs and tissues in the driver’s body. The results of this study
could supplement further studies on human bodies being subjected to electromagnetic
exposure inside PEVs. Table 2 shows a comparison between the results of this paper and
some existing studies.

Table 2. Comparison between the results of this study and those of other studies (with the relevant
references listed).

References
(Exposure Source)

B (µT)
(Head Area)

E (mV/m)
(CNS)

Reference [17] (equivalent source) 0.040 0.20
Reference [23] (wireless charging coil) 0.003 0.30

This paper (inverter) 0.005 0.18

In 1998, the ICNIRP evaluated the safety of electromagnetic exposure to time-varying
electric and magnetic fields for frequencies below 100 kHz based on the J in the human
body for their BRs. In 2010, the ICNIRP revised the time-varying electric field and magnetic
field exposure limits for frequencies below 100 kHz and conducted an electromagnetic
exposure safety assessment based on the E-field values inside the human body for their BRs.
So, it is worth comparing the E-field with the BR outlined by the ICNIRP. The maximum
E-field in the driver’s trunk and CNS were about 1.04 mV/m and 0.06 mV/m, respectively,
which are well below the BRs defined by the ICNIRP for the human trunk and CNS for
general public exposure. The maximum B-field over the space occupied by the driver’s
body was about 0.03 µT, which is also well below the RL defined by the ICNIRP for general
public exposure. However, due to the fact that the human body is a good conductor, when
the human body is in a time-varying magnetic field environment, according to Faraday’s
law of electromagnetic induction, an induced electric field and corresponding induced
current will be generated within the human body. The J in the driver’s body was also
calculated in this study. The maximum J in the driver’s trunk was about 0.34 mA/m2, and
the maximum value in the CNS was 4.28 × 10−3 mA/m2.

5. Conclusions

Based on the numerical results, we found that although the B-field in the central
region of the inverter exceeds the reference level of the ICNIRP for general public exposure,
when the distance from the inverter is increased, the B-field values sharply decrease. The
maximum B-field over the space occupied by the driver’s body and the E-field in the
driver’s trunk and CNS are all below the exposure limits defined by the ICNIRP for general
public exposure. The electromagnetic environment generated by the inverter adopted in
this study (12 kW, Semikron, Germany), at its rated state in the paper, is therefore safe
and would not affect the PEV driver’s health. Additionally, the results of this study could
effectively supplement research regarding the electromagnetic environment of PEVs and
provide references for the formulation of industry standards for electromagnetic exposure
and the design of vehicles that are safe in terms of electromagnetic exposure.
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