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ABSTRACT The transmitting and receiving coils used in wireless power transfer (WPT) systems in
electric vehicles (EVs) have a larger air gap (∼300 mm) and higher transmission power (kW) than those
in typical WPT systems used in electrical appliances. However, this could weaken the magnetic field,
reduce transfer efficiency, and lead to a public concern regarding potential adverse health effects related
to electromagnetic field (EMF) exposure. Therefore, the assessment of compliance with product safety
standards, based on international exposure guidelines such as the International Commission on Non-Ionizing
Radiation Protection (ICNIRP), is crucial. This study uses the finite element method to analyze a commonly
used core-less and core-based WPT system using a composite core material in EVs and scalar potential
finite difference method for assessment of human protection. Based on the computational results, two core
structures using different types of intermediate insert blocks were analyzed to reduce external magnetic
fields and mitigate the human EMF exposure. The WPT system with a core structure improved the transfer
efficiency by 34% for a 300 mm air gap over the core-less system. Moreover, this effectively reduced
magnetic field leakage by 91.6% and induced electric field by 98.3%, resulting in the reduction of induced
electric field in anatomical human bodymodel. The results demonstrated that aWPT systemwith a composite
core can simultaneously improve the transfer efficiency and protect humans from EMF exposure.

INDEX TERMS EV WPT system, electromagnetic interaction, finite-element method, inductive coupling,
induced electric field, wireless power transfer.

I. INTRODUCTION
As the demand for electric vehicles (EVs) continues to
increase, the effective and safe recharging of batteries without
human intervention has become essential. However, tradi-
tional plug-in charging, which is widely used, can potentially
result in electrical leakage under wet conditions, which in
turn may pose safety and hazards on human [1]. By contrast
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wireless power transfer (WPT) technology can effectively
mitigate health concerns by enabling charging without phys-
ical contact and wired connections. Based on the inherent
advantages associated with WPT technology, including con-
venience, low maintenance cost, advancements in reliability,
and the ability to achieve full automation, this technology has
been extensively used for charging EV batteries, household
devices, and biomedical implants [2], [3], [4].

An inductive power transfer (IPT) system based on mag-
netic coupling is more suitable for medium- to high-power
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near-field applications than other types of WPT systems [5],
[6], [7], [8]. An IPT system could efficiently transfer power
between two coils: one in the charging pad transmitter and
the other in the vehicle receiver [9]. However, magnetic field
leakage increases as the transfer distance between the two
coils increases, thus reducing efficiency.

To protect humans from the adverse effects of magnetic
field leakage, several international organizations have estab-
lished product standards based on exposure standards [10],
[11]. For example, the International Electrotechnical Com-
mission (IEC) has published the IEC 61980 standard [12],
[13], [14]. IEC-61980-1, 2, and 3 are related to general
requirements, communication, and magnetic field require-
ments, respectively. According to these standards, the oper-
ating frequency for wireless charging systems of light-duty
vehicles is 85 kHz [15]. Meanwhile, the Society of Auto-
motive Engineers (SAE), through SAE J2954 [16], recom-
mends three standard power levels: WPT1 at 3.7 kW, WPT2
at 7.7 kW, and WPT3 at 11 kW. Moreover, the WPT4
design standard at 22 kW is currently under development.
In addition, many studies have been conducted on compli-
ance assessment for kW order transmission [17], [18], [19].
As in vivo measurements cannot be performed, computa-
tional human body models have been widely used for the
assessment of induced electric field, for example, in these
international standards (e.g., IEC 61980 and SAE J2954).
Such compliance assessment for product safety standards,
which are based on international exposure standard (human
protection) [10], [20], is crucial. These standards also provide
the data gap for future studies [21].

However, despite substantial efforts, numerous issues
related to the adverse effects ofWPTs on humans remain to be
addressed. Specifically, the issue of EMF exposure for people
in close proximity to WPT systems needs to be resolved. The
main goal of this study is to evaluate the performance ofWPT
systems used in EVs by using composite core materials and
changing the core center part design simultaneously achieve
improved transfer efficiency and enhanced magnetic field
shielding. This study considers three types of planar ferrite
cores for designing IPT systems for EVs. First, the transmis-
sion efficiency of the proposed WPT systems is calculated
using the finite element method (FEM), where the vehicle
body is not considered. Second, considering the exposure
scenario of a human body standing nearby the vehicle, the
scalar-potential-finite-difference (SPFD) method is used to
assess the induced electric field in an anatomical human body
to determine the assess margin of exposure limits.

This study is organized as follows: Section II presents
relevant research on IPT systems and human protection.
Section III the core material and designs for the proposed
WPT system, the vehicle chassis, and an anatomical human
body model and presents the simulation methods and expo-
sure scenarios of this study. Section IV evaluates the per-
formance of four WPT systems and compares the proposed
system magnetic field distribution with and without the

vehicle model; furthermore, a comparison of the induced
field distribution in the anatomical human body model
with respect to the four WPT systems is presented in this
section. Section V discusses the performance, external mag-
netic field, and induced electric field of the four WPT sys-
tems; and Section VI describes the main conclusions of this
study.

II. RELATED STUDIES
A. COIL AND CORE STRUCTURE IN INDUCTIVE POWER
TRANSFER SYSTEM FOR EVS
IPT coil configurations such as circular [22], square [23],
and double D [24] have been widely used to achieve
high coupling efficiency between coils, thereby maximiz-
ing power transfer efficiency and minimizing losses. Among
these configurations, the circular flat spiral coil configu-
ration has gained popularity in IPT studies because of its
high-power transfer performance [25]. Previous studies [26],
[27] have reported that the highest power transfer efficiency
can be achieved using a pair of planar spiral coils with the
same diameter. Moreover, for a pair of planar coils hav-
ing same inner and outer diameters, a minimum efficiency
of 80% can be achieved when the inner-to-outer diameter
ratio is < 0.5 [28].
Human safety can be compromised as magnetic field leak-

age increases. To solve the forementioned problems, ferrite
cores, including E- and U-type cores, were initially pro-
posed to reduce leakage by reshaping the magnetic path [29].
However, owing to the high cost, large weight, and poor mis-
alignment toleration of these cores, ferrite cores with different
structures and materials were proposed. A previous study
proposed a circular core structure to reduce core thickness
and magnetic flux leakage [30]. Then, double-D Quadrature
[31], H-shaped [32], and tripolar pad core [33] structures
were introduced to solve the misalignment problem. Tapered
cores have also been explored because these provide good
alignment tolerance and coupling coefficients [34]. Further-
more, some studies [6], [35], [36] have described the use
of the optimal core thickness and coil shape to increase
system performance and resilience against misalignment. In
addition, aluminum plates are also acting as crucial part along
with ferrite cores [37], [38]. However, these studies focused
on system design, with limited attention to the adverse effects
of magnetic field leakage on humans.

B. CORE MATERIAL IN IPT SYSTEM FOR EVS
According to previous research [39], manganese–zinc and
nickel–zinc ferrites are the most commonly used soft mag-
netic materials in IPT systems because of their ability
to improve performance, particularly at high frequencies
(∼3 GHz). These materials exhibit a combination of high
magnetic permeability and low electrical conductivity, which
effectively reduces the occurrence of eddy currents. More-
over, additional studies [40], [41], [42] have investigated
alternative materials and their impact on the performance of
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WPT systems. For instance, a previous study [40] explored
the use of amorphous magnetic materials in IPT coils,
demonstrating their potential for improved power transfer
efficiency. A previous study [41] investigated the applica-
tion of nanocrystalline magnetic materials, which reduced
eddy losses compared to traditional ferrites. Another study
[42] explored the use of novel magnetic composite mate-
rials in WPT systems, demonstrating their potential to
increase coupling and reduce losses. However, although a
high-permeability magnetic core can reduce magnetic reluc-
tance and orient the magnetic field, the magnetic loss is high
[43]. This study used flexible magnetic material cores com-
prising an insert block with low loss and high permeability
(≈ 230) [44], [45], where the flexibility improves system
robustness against mechanical stress and vibration [46]. The
cores are made of liquid silicon rubber with a magnetic filler
in form of a powder and cut by laser to fixes custom request
designs in the realistic manufacture [47]. The characteristic
of this material and its fabrication makes it possible to match
shapes of many sizes and take any desired form.

C. ASSESSMENT OF HUMAN PROTECTION FROM WPT
SYSTEMS IN EVS
As ensuring human protection is of utmost importance when
implementing WPT systems in EVs, numerous studies have
been conducted to explore this topic, shedding light on differ-
ent aspects of human protection. For instance, De Santis et al.
[48] and Miwa et al. [49] performed dosimetry analysis for
carbon fiber-reinforced plastic EVs. Meanwhile, ferrite cores
[50] or metal plates [51] have been used as shielding to reduce
magnetic field density values, which were investigated and
measured in terms of human exposure. Furthermore, Cimala
et al. [18] investigated the scenario of a human body exposed
to an IPT system magnetic field in an EV or hybrid vehicle
while considering the finite conductivity of the vehicle body.
A previous study [52] defined safe, efficient, and intelligent
complementary alternating current (AC) and direct current
(DC) power sources as the basis for the safe operation of
EV charging stations. These studies have underscored the
need for comprehensive measures to mitigate potential risks
and ensure effective protection ()()() [53]. In addition, several
other related studies have contributed valuable insights into
human safety with EV IPT systems. For instance, another
study [54] proposed an optimization framework to minimize
magnetic field exposure on humans using the concept of mag-
netic shielding. Another study [55] investigated the effects of
different vehicle materials on magnetic field distribution and
human exposure, providing valuable data for designing safer
EV IPT systems. Moreover, previous research has evaluated
induced electric fields produced by EV WPT systems using
different human models [56], [57] and postures [58].

III. MODEL AND METHOD
First, the WPT system and its details are described. Then,
a two-stage computational method used in this study is

detailed [59]. In the first stage, full-wave electromagnetic
simulation has been performed for the magnetic field distri-
bution (Sec. III-E). In the second stage, the induced electric
field is computed using the quasi-static dosimetry method
(Sec. III-F). The proposed computational approach has been
validated by intercomparison with [60] and [61].

FIGURE 1. Geometry structure of the four wireless power transfer (WPT)
systems and their insert structures (cross-section, unit: mm):
(a) core-less, (b) core-based I, (c) core-based II, and (d) core-based III.

A. GEOMETIC STRUCTURE OF THE PROPOSED WPT
SYSTEM
As shown in Fig. 1, the WPT system includes transmitting
and receiving coils with identical structures. Each comprises
a double-layer coil made of Φ 4.6-mm copper litz wires with
20 (10 × 2) turns. The coils using litz wires can achieve high
efficiency that can help mitigate skin and proximity effects,
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thereby minimizing losses owing to eddy AC currents [62].
Moreover, the double-layer structure of the coil has been used
in many of the EV-WPT system [63], [64].

FIGURE 2. Equivalent circuit of the WPT system with the matching circuit
(Rin < R0).

In this study, the transmitting and receiving coils form a
‘‘core-less’’ system, as shown in Fig. 1(a). The inner diameter
of the coil is set to din_coil = 82 mm, and the outer diameter
is set to dout_coil = 174 mm. Also, when the coil is tightly
wound, the minimum channel width of adjacent wires is
zero. Moreover, the primary and secondary coils are initially
separated by a distance of h = 100 mm, corresponding to
the typical vehicle chassis height [65]. Fig. 2 displays the
equivalent circuit of a typical inductive coupling WPT sys-
tem. The system operational frequency is 85 kHz, which is in
accordance with the EV wireless charging standard [16].
In this study, the field-circuit co-simulation method was

used to evaluate the proposedWPT system transfer efficiency
using the commercial software COMSOL Multiphysics 6.0
[66], [67]. As shown in Fig. 2, the power source can be
modeled as a voltage source with internal resistance R0
based on the Davidinan’s theorem [68]. The transmitting and
receiving coils in the system are characterized by internal
resistance RPri/Sec and self-inductances LPri/Sec [69]. Further-
more,RPri/Sec represents the ohmic losses of the coils. LPri/Sec
and RPri/Sec are calculated using the frequency domain solver
of the full-wave electromagnetic simulation package. The
mutual inductance between the two coils is denoted as M ,
which connects the transmitter and receiver. The load resis-
tance is set to 5 � [25]. Capacitors CPri/Sec are introduced to
resonate the transmitter and receiver at the desired frequency
f0, contributing to improved transfer efficiency [70]. CPri/Sec

is calculated as follows [71]:

CPri/Sec =
1

ω2
0LPri/Sec

(1)

where ω0 = 2π f0, and LPri/Sec is directly calculated using
COMSOL.

In addition, one of the main challenges for WPT systems
is to achieve an adequate level of power transfer efficiency
as the distance between the transmitter and receiver varies.
The L-shaped matching network, as the simplest network
matching structure, is always used to overcome the mismatch
problem [62]. As shown in Fig. 2, an arbitrary complex
load at port 1–1’ (Zin = Rin + jX in) can be matched to the

characteristic impedance R0 (shown in Eq. 2) by adjusting
the parallel inductance Lm and the series capacitor Cm of
matching network to achieve the maximum wireless power
transfer efficiency.

1
R0

= j
1

ω0Lm
+

1

Rin + jXin + 1
/
jω0Cm

(2)

The whole transfer efficiency η of the WPT system can be
calculated can be expressed as follows:

η =
PRL
Pin

(3)

where Pin and PRL are the input power (at port 1–1’) and
load power (at port 2–2’), respectively. In practical appli-
cations, the system is more intricate, and other components
are in [72].

TABLE 1. Size values of the WPT system (unit: mm).

TABLE 2. Electromagnetic properties of the different material using in
simulation.

B. CORE-BASED WPT SYSTEM
As summarized in Section II-A, the pot core (core-based I),
as shown in Fig. 1 (b), was simulated and evaluated herein.
Litz wires were used for fabricating transmitting and receiv-
ing coils, similar to those in the core-less system. The pot core
shield is placed over the transmitting/receiving coils to reduce
unwanted magnetic leakages [73]. To improve the mutual
coefficient between the coils and divert magnetic flux lines
from potential victims, flexible ferrite sheets were used as
inserts and then embedded in the primary and secondary pot
cores [47], [74]. The insert parts match the slots of the pot
structures. In addition, the inserts can effectively improve the
transfer efficiency [43]. The pot core and coils formed the
primary and secondary parts of the system, respectively, and
were of equal size [16]. The size of the cores was determined
based on their geometry, as introduced in Section III-A. To
symmetrically and tightly settle the coils on the core surface,
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the core height is set to hcore = 14.4 mm. The protrusion
with a width of wcore_1 = 5.5 mm on the outside of each
core constrains the leakage field outside the coil and serves
to collect the field and reduce leakage. For the core to cover
the entire surface of the coils, the core notch width wcore_2
should be larger than the ring widths of the coils ((dout_coil
- din_coil)/2) and equal to 70.4 mm. Also, the core diameter
is larger than the outer diameter of the coils and is set to
dcore = 270 mm.

Figs. 1 (b) and (c) depicts the core-based II and III systems,
respectively, showcasing their distinct center components
compared to the core-based I system. The secondary part of
the core-based II system incorporates a hemispherical inter-
mediate block, whereas the corresponding primary part has a
hemispherical void. Similarly, the secondary part of the core-
based III system uses a conical intermediate block, whereas
the corresponding primary part has a conical void. The inter-
mediate block diameter is set to dblock = 41mm (= din_coil/2).
The intermediate block height is set to hblock = 20.5 mm,
which is the same as the intermediate block radius (dblock/2).
These complementary intermediate blocks are designed to
alter the direction of magnetic flux lines. Also, using these
specific geometric shapes, the core-based II and III systems
aim at reducing magnetic field leakage and improving system
performance. In addition, the system misalignment condition
is also considered, as the scenario could possibly result in
leaked magnetic field strength, corresponding to the worst-
case exposure. The power loss in each proposed core has been
computed as shown in Fig. 3. The transferred power is set to
1 kW and the transmission distance to 100 mm.

FIGURE 3. Power loss in each core of the 3 core-based WPT systems.

Table 1 summarizes the geometrical parameters of the
four WPT systems. Moreover, Table 2 lists their electro-
magnetic parameters. The relative permittivity, relative per-
meability, and electrical conductivity with respect to the
core along with the insert material were measured at the

LVSP Institute of Polymer Materials, Friedrich-Alexander-
Universität Erlangen-Nürnberg (FAU) [44], [45]. In [41], the
detailed production process of the core material is explained.
From the paper, the hysteresis curves of the core material
show almost perfect linear relation up to 9000 A/m at 50 Hz.
In addition, the effectiveness of the material at 100 kHz is
also shown at least up to 4000 A/m [41]. The computational
results shown below will be within this range.

C. VEHICLE CABIN MODEL
A simplified vehicle cabin model based on the Toyota Motor
Corporation Prius [49], for which the WPT system is imple-
mented, is depicted in Fig. 4 (a). The vehicle body is assumed
to be placed in free space. As the relative permeability of a
window is 1, glass windows in the vehicle were not consid-
ered in the evaluation because of their negligible impact on
the magnetic field [67]. The vehicle body is fabricated using
aluminum with 2.0 mm thickness.

D. HUMAN BODY MODEL
For a realistic assessment of exposure dose, the Japanese
adult male human body model, TARO [75], was used in this
study (Fig. 4 (b)). This voxel-basedmodel includes 51 tissues/
organs, with a spatial resolution of 2 mm. The dielectric
properties of the tissues were determined using the four-
Cole–Cole dispersion model [76].

FIGURE 4. (a) Cross-section of the electric vehicle (EV) cabin model
(xz-plane and xy-plane) and (b) Japanese adult male model TARO.

E. SIMULATION FOR MAGNETIC FIELD
Based on the method in Section III-A, this study evalu-
ated the transfer efficiency and magnetic field distribution
of the proposed WPT system. The simulation domain was
defined as a sphere with a radius of 2.5 m. Tetrahedral
meshes were used to discretize the simulation domain, with
the mesh sizes automatically determined by the COMSOL
software. Without changing any parameters, COMSOL pro-
duces consistent results for every calculation. The impact of
using finer settings was also tested and unaffected by the
applied discretization resolution (< 1%).Meanwhile, the per-
fectly matched layer was used to truncate the computational
region.
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The values of matching circuits Lm andCm were calculated
based on input and load resistances [68]. For the core-based
I–III systems at the transmission distance h = 100 mm,
Cm = 22.1, 25.7, and 26.4 µF, Lm = 26.6, 28.1, and 28.1 µH,
respectively. By using the matching network, the power
conversion efficiency of each system is 99.7%, 99.8%, and
99.8%, respectively.

As shown in Fig. 5(a) [55], [67], the WPT system is
installed below the vehicle body center with the receiving coil
positioned at the end closest to the car chassis. At a transmis-
sion distance of 100 mm, the magnetic field distribution for
each system with and without the vehicle model was initially
compared with the perfectly aligned coils. Then, the effect of
misalignment on the system with the vehicle model has been
studied where the offset is set to 1y along the y-axis, positive
direction.

F. SIMULATION OF EXPOSURE DOSES IN THE TARO
MODEL
A realistic anatomical human body model (TARO) was
used to evaluate the induced electric field generated by
stray magnetic fields using the proposed WPT systems. The
magneto-quasi-static approximation can be used to compute
the induced electric field when the frequency is lower than
10 MHz [59], [77].

Stray magnetic fields around the system and vehicle model
were simulated using the FEM in the presence of the vehi-
cle model. The resulting magnetic vector potential values
were then calculated using COMSOL. Next, an in-house-
developed solver created by Nagoya Institute of Technology
(NITECH) based on the SPFD method was used to compute
the induced electric field using the magnetic vector potential
values serving as the source for computation [78]. This code
has been validated via international intercomparison study
[79]. This represented exposure to the external WPT mag-
netic field, wherein the presence of the human body model
did not retroact on the external magnetic field distribution
[26]. In addition, at low frequencies, the displacement current
could be disregarded. This approach involves discretizing
the computational target with cubical voxels and creating
simultaneous linear equations for all contacts with the electric
scalar potential serving as the unknown variable. The internal
electric field is derived through matrix calculations, and the
resulting matrix equation is solved using the geometric multi-
grid method.

G. EXPOSURE SCENARIO
The light-blue rectangular shown in Fig. 5 illustrates the
exposure scenario in this study, where TARO was placed
near the center of the vehicle with its lowermost point (feet)
aligned with the horizontal position of the system trans-
mitting coil. The front-facing aspect of TARO was directed
toward the vehicle model while maintaining a separation
distance of 200 mm [80]. All computational analyses were

FIGURE 5. WPT location with respect to the vehicle cabin and TARO
model: (a) xz-plane (b) xy-plane and (c) yz-plane. In Fig 5 (c), the point O
represents the core-based system edge; point V represents the vehicle
model location edge; and point T represents the start of the TARO model
exposure scenario.

performed with respect to a constant power transfer of 1 kW
at 85 kHz. For post-processing, the induced electric field of
a 2 mm cube was evaluated, which is a metric described
in the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines [20].

IV. RESULTS
A. WPT SYSTEM PERFORMANCE
This study evaluates the transmission efficiency of WPT
systems over different transmission distances, ranging
from 100 to 300 mm. For fundamental discussion, the vehi-
cle body is not considered herein. As shown in Fig. 6 (a),
the transmission efficiency of all types of WPT systems
decreased with increasing transmission distance h. The
results also showed that the WPT systems using ferrite cores
exhibit better transmission efficiency than the core-less WPT
system.

The difference between the transmission efficiencies
of the two systems increased with transmission distance.
When the transmission distance is 300 mm, the transfer effi-
ciency of the core-based systems reaches the maximum that
is 34% higher than that of the core-less system. Meanwhile,
a 4% increase in maximum for transmission efficiency is
observed in the core-based II and III systems compared to the
core-based I system. Nevertheless, the core-based II and III
systems exhibited nearly identical transmission efficiencies
despite having different intermediate blocks.

Considering the misalignment condition, Fig. 6 (b) shows
the results of the four system. Meanwhile, transmission dis-
tance is set to h = 100 mm and the offset of the primary part
1y is set from 0 to 250 mm, positive direction through the
y-axis. As the misalignment distance widens, the core-less
system transfer efficiency initially decreases and then tem-
porarily increases. Considering the core-based system, it can
be observed that a ‘‘valley’’ exists in the proposed coil array

144892 VOLUME 11, 2023



X. Duan et al.: WPT Systems With Composite Cores for Magnetic Field Shielding

FIGURE 6. Transmission efficiency of four WPT systems variation with
(a) transmission distance h and (b) misalignment distance 1y.

between 120 to 180 mm. At misalignment distances greater
than 200mm, the core-based I system transmission efficiency
is 5% lower than that of the core-based II and III systems.

B. MAGNETIC FIELD DISTRIBUTION
Herein, the magnetic field distributions of the four WPT
systems are compared without considering the vehicle model.
The results shown in Fig. 7 indicate that the magnetic field
distribution produced by the core-less WPT system has a
wider range than that of the core-based systems. The core-
less WPT system moderately exhibited strong magnetic field
strength at the front and back sides of each coil. However,
magnetic flux in the core-based systems is guided by the
high magnetic permeability of the two cores, resulting in a
substantial increase of magnetic field intensity between the
two coils. In the three core-basedWPT systems, the magnetic
flux at the rear of the coils is restricted, indicating that the
added core acts as a shield. Compared with the core-based I
system, changes in the structural composition of the center
part of the core-based II and III systems increase magnetic
field intensity in the central region of the systems and the
convergence of the external magnetic field range.

Fig. 8 illustrates the magnetic field distribution of the four
WPT systems in the presence of the vehicle model while
the coils are perfectly aligned. The core-less WPT system

FIGURE 7. Magnetic field distribution (H [A/m]) for the cross-section of
the perfectly aligned WPT models. The transferred power was set to 1 kW.

produced the widest magnetic field distribution range under-
neath the vehicle model. Furthermore, the presence of cores
in the core-based WPT systems reduced the magnetic field
leakage range, with the core-based II and III systems exhibit-
ing a smaller leakage range than the core-based I system.

FIGURE 8. Magnetic field distribution (H [A/m]) for the cross-section of
the perfectly aligned WPT models with the vehicle model. The transferred
power was set to 1 kW.

Fig. 9 shows the magnetic field strength of each sys-
tem along the y-axis from point O as the coordinate origin
(Fig. 5 (b)) to the outside of the system while the trans-
mission part and the receiving part are perfectly aligned.
The results show that the magnetic field strength decreases
gradually increasing the distance from the system, regardless
of the presence or absence of the vehicle model. When only
considering the system, the external magnetic field strength
is initially nearly identical. However, as distance from the
system increases, the magnetic field strength values with
respect to the core-less and core-based I systems remain
relatively consistent and higher than those with respect to
the core-based II and III systems. The external magnetic
field strength of the core-based II is marginally higher than
that of the III system. Compared with the core-less and
core-based I systems, the core-based II and III systems can
reduce the external magnetic field intensity by 77.4% and
81.9% at point T, respectively. Although the core-based II
and III systems have intermediate blocks, the magnetic field
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FIGURE 9. Comparison of the external magnetic flux density of four WPT
systems with the limit of ICNIRP guidelines.

intensity of the core-based III system is lower than that of
the core-based II system, demonstrating that modifications
in the intermediate block structure can reduce magnetic field
leakage.

As depicted in the figure, the core-less system external
magnetic field strength remains consistently higher than
that of the other three core-based systems when consid-
ering the system with the vehicle model. Comparing the
external magnetic field strength of the three core-based sys-
tems, core-based I exhibits higher values than the nearly
identical values of core-based II and III. Comparatively,
the core-based I–III systems can reduce the external mag-
netic field strength by a maximum of 64.8%, 91.5%, and
91.6%, respectively, compared with the core-less system
at point T. According to the ICNIRP 2010 guidelines, the
magnetic field limit for 3–100 kHz is 27 µT for public
exposure. Following the magnetic field limit of ICNIRP,
the maximum permissible transferred power of the core-less
and core-based I–III systems is 36, 108, 450, and 450 kW,
respectively.

The magnetic field distribution of the three core-based
systems were also studied with the misalignment condition.
It was found that the misaligned distance 1y corresponds
to a transfer efficiency of 95% in each core-based system
[22]. Fig. 10 illustrates the magnetic field distribution of the
three core-based WPT systems, in the presence of the vehicle
model. The value of 1y with core-based I–III systems is
96, 100, and 100 mm, respectively. As can be observed, the
misalignment condition leads to an increase in the magnetic
field strength.

FIGURE 10. Magnetic field distribution (H [A/m]) on the misaligned WPT
models with the vehicle cabin model cross-section.

The transferred power was set to 1 kW and the misalign-
ment distance1y corresponds to a transfer efficiency of 95%.
Considering the perfectly aligned and misaligned conditions,
Fig. 11 shows the magnetic field strength of each core-based
system along the y-axis from point O. The results show
that magnetic field strength decreases gradually with increas-
ing distance, observing nearly identical values for all three
systems. The core-based I–III systems at the misalignment
condition increased the external magnetic field strength by
81.5%, 93.3%, and 93.3%, respectively, compared with the
perfectly aligned condition at point T. Following themagnetic
field reference level of ICNIRP, the maximum permissible
transferred power of the core-based I–III systems was 20,
24.3, and 24.3 kW, respectively.

C. INDUCED ELECTRIC FIELD
Fig. 5 illustrates the WPT locations relative to TARO, where
the distance in considering the vehicle model is set to 200mm
[80]. The simulation results, as shown in Fig. 12 for the
aligned and misaligned coil position, revealed that the WPT
system with a core structure reduced the distribution and
strength of the induced electric field in the TARO model. In
all four perfectly aligned systems, being the parts of the body
closest to the vehicle, hotspots appeared around the feet/lower
legs, calves, and between the legs of TARO. However, when
considering the three core-based systems at the misalignment
condition, hotspots appeared around the upper body. Fur-
thermore, the WPT system with a core structure effectively
reduced the intensity and spatial distribution of the electric
field inducedwithin the human bodymodel. TheWPT system
core structure effectiveness varies, with the core-based II and
III designs exhibiting greater reductions than the core-based
I design in the induced electric field.

Table 3 lists the maximum induced electric field strength
averaged over a 2 mm cube within the TARO model for the
four WPT systems, with evaluations made for the perfectly
aligned and misaligned cases. The results demonstrate supe-
rior performance by the three core-based WPT systems over
the core-less WPT system in terms of reducing the induced
electric field strength. Meanwhile, when considering the four
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FIGURE 11. Comparison of the external magnetic flux density of three
core-based WPT systems for the perfectly aligned and misaligned
conditions with the limit of ICNIRP.

systems at the perfectly aligned case, the core-based I–III sys-
tems exhibit reductions of 93.6%, 90.5%, and 98.3%, respec-
tively, in the induced electric field strength compared with the
core-less system. This reduction is primarily attributed to the
core structure, which effectively suppresses electromagnetic
field leakage around the WPT system.

Our computational value with 1 kW is scalable multiply-
ing the induced electric field by multiply the ratio of the
target transmitted power (kW value) to 1 kW. Considering
the transferred power at 11 kW for the perfectly aligned case,
the maximum induced electric field strength in this exposure
scenario is 1.82 V/m for core-less, 0.11 V/m for core-based I,
0.03 V/m for core-based II and core-based III. According to
the ICNIRP 2010 guidelines, the induced electric field limit
is 11.48 V/m for public exposure; the induced electric field
in the body caused by the four systems is below 1% of the
basic restriction. Following this limit, the maximum permis-
sible transferred power of the core-less and core-based I–III
systems was 69.6, 1.1× 103, 3.67× 103, and 4.05× 103 kW,
respectively.

TABLE 3. Maximum values of the induced electric field strength (unit:
mV/m), the misalignment distance corresponds to a transfer efficiency
of 95%.

FIGURE 12. Distributions of induced electric field strength on the TARO
model body surface (a) nearby the perfectly aligned system and
(b) nearby the misalignment system.

Considering the transferred power at 11 kW in the mis-
alignment condition, the maximum induced electric field
strength in this exposure scenario is 0.72 V/m for core-
based I, 0.61 V/m for core-based II and core-based III.
The induced electric field in the body caused by the three
misaligned systems is below 1% of the basic restriction.
Following the ICNIRP limit, the maximum permissible trans-
ferred power of the core-based I–III systems was 173, 206,
and 207 kW, respectively.

V. DISCUSSION
This study evaluated one core-less and three core-based
WPT systems used for charging EVs. The evaluation criteria
for these systems included transmission efficiency, leaked
magnetic field intensity, and induced electric field in the
anatomical human model placed near the vehicle. Moreover,
this study considers two positional cases: perfectly aligned
and misaligned.

Computational results obtained from full-wave simula-
tions demonstrated that for the perfectly aligned case the
transmission efficiency of these WPT systems decreased
with increasing transmission distance, without considering
the vehicle body model. This reduction in efficiency can be
primarily attributed to the decrease in the coupling coeffi-
cient [81]. Furthermore, the core-based systems exhibited
higher transmission efficiency than the core-less system.
This is because the ferrite core in core-based systems can
greatly divert magnetic flux lines, resulting in magnetic field
concentration around the coils (Fig. 7) [45]. Moreover, the
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TABLE 4. Comparison of the related research.

incorporation of hemispherical and conical intermediate
blocks enhanced the ability of the systems to divert flux
lines and reshape the magnetic distribution. Hence, these
blocks reduce unwanted emissions and increase transmission
efficiencies of the core-based II and III systems that are higher
than that of the core-based I system. Overall, the proposed
core system exhibits good performance, with a transmission
efficiency exceeding 89% at a coil distance of 300mmdespite
the core diameter of 270 mm. These results indicate that
the proposed core design has been adapted to the system,
as reducing core size is a critical factor in improving system
efficiency while maintaining high-power transfer capability
[30]. In addition, previous research has also been compared
with this study, as shown in Table 4.

A transmission efficiency of 95% is often used as a mis-
alignment condition that accounts for the above losses and
uncertainties in practical EV-WPT systems [22]. It provides a
margin for variations in alignment, environmental conditions,
and system imperfections, ensuring that the system can still
effectively function even under less-than-optimal conditions.
In studying the variation of transmission efficiency in the
presence of misalignment, we found that the proposed sys-
tem is sensitive to misalignment. The ‘‘valley’’ phenomenon
is generally owing to the varying effects of magnetic flux
cancellation at different lateral displacements coupled with
changes in the coupling coefficient.

Considering the perfectly aligned condition, the external
magnetic field distribution and strength of the core-based
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systems were lower than the core-less system. The maximum
magnetic field strength generated by the systems near the
feet does not exceed the ICNIRP reference level, wherein
the core-based systems achieved a maximum reduction of
91.6%, which is substantially lower than that of the core-less
system. Hence, the induced electric field value generated by
the external magnetic field in the TARO model is reduced
by a maximum of 98.3%. These results indicate that the
proposed core structure can reduce the adverse effects of
EMFs generated by IPT systems on human health.

The magnetic field intensity range in the central region of
the core-based II and III systems is enhanced compared to
that of the core-based I system. This is because the direction
of magnetic fluxes between the two coils is altered in the
cases of systems II and III, causing external stray fluxes
(especially around the core structures) to be substantially
redirected toward the middle part of the system. Hence,
the magnetic field strength between the coils increases, the
magnetic field distribution range in the system central region
expands, and the external magnetic field range converges,
reducing magnetic field leakage. When considering the vehi-
cle in studying the magnetic field distribution of the systems,
structural changes in the center region of the core-based
II and III systems altered the direction of magnetic fluxes
toward the center of the system, reducing external magnetic
field leakage. This finding is consistent with results related
to the magnetic field distribution of the system without the
vehicle model. Results in this study also reveal that the mis-
alignment condition leads to the magnetic field level increase
when compared to the perfectly aligned system. This finding
is consistent with the observations in [48]. Moreover, core-
based II and III shows more reduced this effect more than
core-based I system for the misalignment condition.

Furthermore, even with similar magnetic field distribu-
tions and transmission efficiencies, the core-based III system
exhibits greater reduction in external magnetic field strength
and induced electric field value than the core-based II system,
suggesting that core structure modifications can facilitate
the design of safe WPT systems to improve safety during
practical applications.

In the exposure scenario considered in this study, the max-
imum permissible transferred power calculated based on the
ICNIRP limits of the induced electric field is 9.1 times higher
than the maximum permissible transferred power calculated
based on the magnetic field strength limits. This disparity
highlights the importance of evaluating induced electric fields
when calculating permissible power transfer, which is also
highlighted in the intercomparison of [56]. Moreover, the
result obtained herein agrees with the result presented in that
study.

This study places a greater emphasis on exposure dose
analysis for evaluating EMF protection issues compared to
studies solely focused on system design, where the core
materials utilized have been previously fabricated and vali-
dated, as referenced in Ref. [45], The ferromagnetic proper-
ties of these materials have been extensively discussed and

experimentally confirmed in the same reference. Our study
incorporates thesematerials, modifying only their size.More-
over, since themeasurements of internal fields are impossible,
numerical validation is commonly applied as mentioned by
other related researches [17], [48], [53], [82]. In our previous
study, for the coil without core have been validated for the
simplified vehicle model before this study with using same
computational approach [61], which is already mentioned in
the Section III. The above rationale supports not providing
experimental results in this time.

The core structure presented herein can minimize the over-
all system volume and streamline the installation process
compared with other shielding devices using WPT systems
for charging EVs [83]. The primary reason for the differences
among the core-based systems I–III is the distinct design
of the core center. Although modifying the core center can
reduce adverse effects on human health, this modification
increases the weight and cost of the systems.

While it is beyond the scope of this study to discuss
how implantable devices are affected, Hikage et al. [84]
mentioned that the observed characteristics of the maximum
interference distance of implantable devices depend upon the
magnetic field distribution close to resonant WPT antennas
and coil size. In addition, previous studies founded that the
use of different materials/models can affect the magnetic
field distribution inside and outside the vehicle body [55],
[85]. Moreover, although the problem with discharge at the
sharp points didn’t find in our study, this material/structure
should be analyzed specifically when applied to high power
transmission.

Despite the advantages of using IPT systems for charging
EVs, some of its limitations need to be addressed in future
research. For example, transmission distance may vary under
different environmental conditions. Furthermore, considering
the installation surroundings such as the possibility of uneven
terrain or other equipment being simultaneously installed in
the vehicle may affect the performance and safety of the
system. A detector may also need to be considered in the
system for animal protection from the application.

VI. CONCLUSION
In this study, three core structures with respect to effi-
cient inductive WPT systems were considered to minimize
magnetic field leakage. These core structures were evalu-
ated against a core-less system in terms of efficiency with-
out considering the vehicle model, leaked magnetic field
strength with and without considering the vehicle model,
and induced electric field strength. Scenarios considering
perfectly aligned and misaligned condition have been dis-
cussed. By concentrating on the magnetic field within the
core structure and reducing its diffusion outside the sys-
tem, EMF exposure was effectively reduced. For compliance
assessment, a common exposure scenario, in which a human
model stands near an EV, was considered. Using the proposed
core structures, the results revealed a substantial reduction
in the exposure doses of up to 90% with respect to the
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human body. The induced electric field within the body
resulting from the proposed systems, under perfectly aligned
and misaligned conditions, is below 1% of the basic restric-
tion. Furthermore, the computation of this study showed that
the proposed intermediate block within the core can further
reduce magnetic field leakage and resultant adverse effects
on the human body. This demonstrates the importance of
designing a core structure with the aim of reducing EMF
exposure from WPT systems to humans. However, the trade-
off between the improvements achieved and the associated
increase in cost and weight owing to the core material used
needs to be considered. Therefore, future research must focus
on the proposed core structures for specific applications and
consider the tradeoffs among efficiency, safety, cost, and
weight. Experimental validation of the simulation results is
also recommended to further improve the accuracy and relia-
bility of the proposed WPT systems.
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