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SPECIAL ISSUE ON CONTACTLESS CHARGING FOR ELECTRIC

VEHICLES

Numerical characterization of the magnetic
field in electric vehicles equipped with a

WPT system

TOMMASO CAMPII, SILVANO CRUCIANII, VALERIO DE SANTISl, FRANCESCA MARADEI"

AND MAURO FELIZIANI'

This paper deals with the numerical evaluation of the magnetic field emitted by a wireless power system (WPT) in an electric
vehicle (EV). The numerical investigation is carried out using a finite element method (FEM) code with a transition boundary
condition (TBC) to model conductive materials. First, the TBC has been validated by comparison with the exact solution in
simple computational domains with conductive panels at frequencies used in WPT automotive. Then, the FEM with TBC has
been used to predict the field in an electric car assuming the chassis made by three different materials: steel, aluminum, and
fiber composite. The magnetic field source is given by a WPT system with 7.7 kW power level operating at frequencies of 85 or
150 kHz. The calculated magnetic field has been compared with the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) reference level demonstrating compliance for an EV with metallic (steel or aluminum) chassis. On the
contrary, a fiber composite chassis is much more penetrable by magnetic fields and the reference level is exceeded.

Keywords: Wireless power transfer, Electric vehicle, Magnetic fields, EMF safety, Shielding, Thin layer modeling

Received 31 January 2017; Revised 28 April 2017; Accepted 4 May 2017; first published online 14 June 2017

. INTRODUCTION

Nowadays, due to a growing concern for the air pollution pro-
duced by diesel/gasoline powered cars, there is a relevant
interest in the development of electric vehicles (EVs). They
are equipped with large batteries that must efficiently and
rapidly be recharged. These batteries can be charged either
from an external source of electricity, ie., by a physical
plugged connection, or by a wireless power transfer (WPT)
technology. To increase comfort and electrical safety in the
charging process, the WPT recharge, based on resonant
inductive coupling, is currently under investigation by car
manufacturers, electricity boards, and road transportation
planners [1, 2]. In particular, for automotive applications,
there are still some problems to be addressed [3, 4]. One of
the main concerns is the compliance of the emitted magnetic
field with the electromagnetic field’s (EMF) safety standards
and regulations [5-8]. The safety guidelines specify some
limits in terms of reference levels (measurable fields in air
without the presence of the exposed human body) and basic
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restrictions (electromagnetic quantities inside the human
body) to protect the humans against short-term or acute
effects. For the application under investigation, the main
problem consists in the magnetic field levels produced by
the WPT coil currents that must be below the reference
levels. Indeed, the EMF safety guidelines provide basic restric-
tions, which are directly related to acute effects, but probably
also the exceedance of the reference levels could cause big con-
cerns in the public opinion, also because the precaution prin-
ciple is not applied in the safety standards to protect the
general public against possible long-term effects. Thus, it is
relevant for car industries that their products comply with
the reference levels to prevent any public alarm that could
slow down the development and production of EVs.

The present study deals with the numerical characteriza-
tion of the magnetic field inside and around an electric car
equipped with a WPT system. The computed magnetic field
levels are compared with the EMF safety limits to assess the
compliance. Previous authors working in this field made con-
siderable simplified assumptions (i.e. perfect electric conduct-
ive conditions for the car body) [9, 10], and therefore the
evaluation of the magnetic field penetration through the
metallic chassis was not considered. In this study, the field
inside an EV is evaluated numerically by an accurate model
of the car body made by three different materials: steel, alumi-
num, and carbon-fiber composite. Some numerical techniques
are also revised to model accurately the magnetic field pene-
tration through thin metallic shields.
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. MATHEMATICAL MODEL

A) Thin layer modeling in near field domain

The magnetic field produced by a WPT recharging system of
EV batteries can be described in frequency domain by the
eddy currents equations since the displacement currents are
negligible at the relatively low-frequency range used for this
kind of application (10-150 kHz). Using a traditional mesh
approach in a finite element method (FEM) analysis, the car
body must be finely discretized to accurately evaluate the
field penetration inside the conductive domains. Normally,
the finite element size h must be much lower than the penetra-
tion depth & at the considered frequency (h < 8). This very
fine discretization leads to a great number of unknowns
and, therefore, to large memory storage and computational
time. At higher frequencies, when the penetration depth
tends to be very small, the spatial discretization inside the con-
ductive region is impracticable. Thus, in order to reduce the
computational cost, conductive domains are sometimes
roughly discretized by inexperienced researchers and the
accuracy can be very bad. This problem can be overcome by
using alternative methods based on the elimination of the con-
ductive region from the computational domain and the intro-
duction of equivalent boundary conditions on the new
boundary surfaces created by the elimination. Adopting this
procedure, there are several options for modeling metallic
sheets. Here, the exact impedance network boundary condi-
tions (INBCs) [11-15] are compared with the approximate
transition boundary conditions (TBCs) of COMSOL 3.5
[16]. The INBCs can be considered exact for high-
conductivity materials as metals embedded in dielectric
regions [11].

The field penetration inside a thin conductive metal panel,
as the car platform, is governed by the plane wave equations
[11]. The propagation in a solid planar panel (see Fig. 1) of
thickness d, permittivity &, permeability u, conductivity o, is
described by the transmission line equations:
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where E,, E.; H,, H,are the field components tangential to
the two shield faces (I';, I';), and [®] is the panel chain matrix
given by
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Fig. 1. Field penetration of a thin conductive panel: (a) configuration of a solid
planar sheet and (b) equivalent two-port network.

In (2), n and vy are the intrinsic impedance and the propa-
gation constant, respectively, given for good conductors by

n=./jou/o, (3)

Y /jouo. (4)

Equation (1) with [®] given by (2) is known as INBC and
was successfully implemented in numerical differential
methods [11-15]. In one-dimensional (1D) domain, the
INBC can exactly be modeled by a T-circuit, as shown in
Fig. 2(a), composed of two identical longitudinal impedances
Z; and a transversal impedance Zy given by:

cosh(yd) — 1

71 =
L sinh(yd) ’

(5a)

_ n
Zr = sinh(yd) " (55)

When the argument of the hyperbolic functions in (2) is
small, ie. |yd| < 1, approximate expressions of hyperbolic
functions can be used and the chain matrix [®] becomes:

~| 1 joud
@1 4y ] ©
which is known as thin layer approximation. For many prac-
tical cases, (6) can be approximated by:

1 o
[@] ~ [1/RS 1], (7)

where R, is the sheet resistance defined as:

1

The 1D equivalent circuit reduces to only the shunt imped-
ance Zr = R;. Equation (1) with [®] given by (7) via (8) is
modeled in commercial softwares as COMSOL 3.5, where it
is known as TBC. As can be seen from the above derivation,
TBC can be considered an approximation of the INBC.

Both INBC and TBC can be implemented in differential
numerical methods, such as the FEM. From a computational
viewpoint, the number of degrees of freedom on the internal
boundary is doubled in both INBC and TBC to compute the
tangential fields on sheet surface. However, in terms of imple-
mentation, the electromagnetic constraint includes only the
field variables on both sheet surfaces in the TBC, while
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Fig. 2. Equivalent two-port networks for a 1D domain: (a) INBC and (b) TBC.
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using the INBC, all the variables of the two finite elements
adjacent to both sheet sides are included [14]. It means that
the TBC implementation is much easier than that of the
INBC. Furthermore, the TBC implementation is available in
commercial software tools [16] and, therefore, it is very con-
venient to be used, when possible. Thus, it is very relevant
to evaluate the accuracy of the TBC for WPT automotive
applications. Both INBC and TBC can predict the reflected
and transmitted fields. Table 1 summarizes the main charac-
teristics of INBC and TBC.

B) Method validation

The different boundary conditions are validated in 1D domain
by analyzing the equivalent circuit shown in Fig. 3. In the
circuit, H' is the unitary incident magnetic field and Z,, is
the near field wave impedance given for a low-frequency mag-
netic field point source by:

Zy =2 jop,ds, (9)

where d, is the distance between the source and the observa-
tion point.

A parametric investigation by circuit analysis is performed
to compare INBC and TBC techniques, considering the fol-
lowing variables:

- different material (aluminum and steel);

- different thickness (d = 2 mm and d = 1.2 mm);

- variable distance from the source (d;=1cm and d,=
10 cm);

- variable frequency (f = 85 kHz and f = 150 kHz).

The results, reported in Tables 25, show that the magnetic
field error in the TBC solution is higher for d; = 1 cm than for
ds = 10 cm. For higher distance d, from the source, the TBC
solution is a satisfactory approximation of the exact INBC
solution. On the other side, the electric field error is higher
than that exhibited by the magnetic field, but acceptable for
this kind of application as the magnetic field is much more
relevant. The TBC accuracy increases as the wave impedance
Z,, increases. Finally, it should be noted that (9) is valid for a
point magnetic source (i.e. small loop), while for WPT coils,
Z,, can be very different due to the complexity of the source.
Thus, a numerical investigation is proposed in the following.

In order to test the accuracy of the TBC for WPT automo-
tive applications, a simple 3D FEM analysis has been per-
formed considering three materials: steel, aluminum, and
carbon-fiber composite. This last material is multi-ply with
different fiber orientation but it has been assumed to be iso-
tropic and homogeneous [17]. The numerical test configur-
ation is given by a unitary time-harmonic current flowing
into a circular coil that excites a planar sheet (steel: o= 1 x
107 S/m, d=1.2mm; aluminum alloy: o= 3 X 10" S/m,
d = 2 mm; composite: o= 100 S/m, d = 2 mm) modeled by
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Fig. 3. Equivalent circuit for coupled tangential fields on the sheet surfaces for
a 1D domain.

standard FEM or by using the FEM with TBC. In the first
case, the sheet is fully discretized by finite elements, while in
the second case, the sheet is eliminated and replaced by
TBC to couple the two sheet surfaces. The source is a planar
circular coil with N, =8 turns and D, ,,, = 400 mm outer
diameter having a distance D = 25 mm between the sheet
and the coils, as shown in Fig. 4. Two frequencies (85 and
150 kHz) are analyzed and the magnetic field is calculated
along the radial axis r at a distance D, = 10 mm behind the
sheet. The results depicted in Fig. 5 show the accuracy of
the TBC approximation for this frequency range and for the
considered materials. As you can see, the TBC is a very suit-
able technique to model the magnetic field inside an EV in
the frequency range of the WPT application. Finally, it
should be noted that the values of the panel thickness and con-
ductivity are selected as low as possible to obtain the worst
case scenario.

1. APPLICATION

A) System configuration

At the present time, several standards for WPT application in
EVs have been established [18]. The most relevant character-
istics are the transfer power and the operational frequency.
For a medium size car, the transfer power is set to 7.7 kW
and the operational frequency is set to 85 kHz. For the
future development of standard, an increasing of the oper-
ational frequency will be considered to improve system
performances.

In this work, two WPT systems with operational frequen-
cies of f = 85 kHz and f = 150 kHz have been considered. The
parameters of the circuits are optimized to transfer efficiently
to load a power of P; = 7.7 kW with output voltage V, =
200 V [19]. For simplicity, the load is modeled as a simple
power resistor, while the source is modeled as an ideal sinus-
oidal voltage generator [20].

The WPT is composed of two planar circular coils, and the
distance between the stacked primary and secondary coils is
set to D,,; = 20 cm as shown in Fig. 6. The configuration of
the coils in terms of number of turns and outer diameter is
given by:

e Primary coil: N, = 10, D, 5,; = 500 mm.
e Secondary coil: N, = 8, D, ,,, = 400 mm.

Table 1. Main characteristics of INBC and TBC applied to a FEM code.

Field reflection Field transmission

Calculated losses

Sheet discretization Commercial SW implementation

INBC
TBC

Yes
Yes

Yes
Yes

Exact

Approximate

No No
No Yes




NUMERICAL CHARACTERIZATION OF THE MAGNETIC FIELD IN ELECTRIC VEHICLES EQUIPPED WITH A WPT SYSTEM 81

Table 2. Tangential fields (magnitude and phase in radians) calculated for an aluminum sheet of thickness d = 2 mm calculated assuming d; = 1 cm and
d; = 10 cm, with INBC and TBC at f= 85 kHz.

d,=1cm = 10cm
INBC TBC INBC TBC
H,, [A/m] 1.9687 £0.0155 1.9999 £5.8627 X 10 ° 1.9969 £1.5734 X 10 3 2.0000 Z.5.8636 X 10~ °
E,, [V/m] 2.9446 x 10 * Zo0.801 1.0494 X 10 ® £0.7230 2.9867 x 10 * £0.7870 1.0495 X 10 ° Z0.7230
H,; [A/m] 1.5153 X 10 * £ —0.8169 1.5637 X 10 * £ —0.8478 1.5589 X 10 ° £ —0.8448 1.5638 X 10 ° £—0.8479
E.; [V/m] 1.0170 X 0 ° £0.7539 1.0494 X 0 ¢ Z0.7230 1.0462 X 0~ ° Z0.7260 1.0495 X 10 ¢ Z0.7229

Table 3. Tangential fields (magnitude and phase in radians) calculated for an aluminum sheet of thickness d = 2 mm calculated assuming d; = 1 cm and
dg; = 10 cm, with INBC and TBC at f= 150 kHz.

d,=1cm d, = 10cm
INBC TBC INBC TBC
H,, [A/m] 1.9764 £.0.0172 2.0000 Z.1.5239 X o ¢ 1.9976 £1.1849 X 10 3 2.0000 £.1.5238 X 10 7
E,, [V/m] 3.9270 X 10 * £0.7971 1.7348 X 10 7 £ —1.3612 3.9691 X 10 * £0.7866 1.7347 X 10 7 /£ —1.3612
H,; [A/m] 1.4304 X 10 ° /. —2.9085 1.4647 X 10 ° £ —2.9320 1.4612 X 10 ° £ —2.9296 1.4647 X 10 ° £ —2.9320
E.; [V/m] 1.6941 X 10 7/ —1.3377 1.7348 X 10" 7 £ —1.3612 1.7306 X 10 7 £ —1.3588 1.7347 X 10 7 £—1.3612

Table 4. Tangential fields (magnitude and phase in radians) calculated for a steel sheet of thickness d = 1.2 mm calculated assuming d; = 1 cm and d, =
10 cm, with INBC and TBC at f = 85 kHz.

d;=1cm d, = 10cm
INBC TBC INBC TBC
H,, [A/m] 1.9455 £.0.0257 2.0171 £1.4783 X 10 ° 1.9945€ £.2.6374 X 10 ° 2.0017 £.1.4448 X 10 *
E. [V/m] 4.9978 X 10 * £0.8329 1.1654 X 10 * /—1.3982 5.1271 X 10 * £0.8113 1.1477 X 10 * Z —1.4009
H.; [A/m] 1.6154 X 10 > £ —2.9205 1.7364 X 10 > £—2.9690 1.6978 X 10 ° £ —2.9667 1.7101 X 10 > £ —2.9717
E.; [V/m] 1.0842 X 10 * £ —1.3497 1.1654 X 10 * £—1.3982 1.1394 X 10 * £ —1.3959 1.1477 X 10 * £ —1.4009

Table 5. Tangential fields (magnitude and phase in radians) calculated for a steel sheet of thickness d = 1.2 mm calculated assuming d; = 1 cm and d; =
10 cm with INBC and TBC at f= 150 kHz.

d,=1cm d, = 10cm
INBC TBC INBC TBC
H,, [A/m] 1.9590 £.0.0202 2.0053 £ —1.6897€e-03 1.9959 Z/.2.0560€e-03 2.0005 £ —1.6776€-04
E,, [V/m] 6.7753 X 10 * £0.8082 7.4825 X 10 ° £ —2.1369 6.9046 X 10~ * £0.7899 7.4467 X 10 ° £ —2.1338
H,; [A/m] 6.0294 X 10 > /.2.6192 6.3178 X 10 > £.2.5755 6.2583 X 10 * £2.5830 6.2876 X 10 * £2.5785
E.; [V/m] 7.1410 X 10 °/ —2.0932 7.4825 X 10 ° /. —2.1369 7.4120 X 10 > / —2.1294 7.4467 X 10 > / —2.1338

The coils are realized using Litz wire to reduce a.c. losses.
The wire is composed of 1050 strands of 38 AWG copper
wires equivalent to a geometrical diameter of about 4.5 mm,
able to avoid the skin effect at the considered frequencies.
Ferrites are introduced in the WPT coil configuration to
shield the magnetic field and to improve the electrical perfor-
D-f" mances [21]. In proximity of the primary coil, n, = 6 ferrite
= bars of dimensions I, = 9.3 cm, w, = 5.8 cm, h, = 0.4 cm

circular
current coil  Dazour I

i I;
lv planar CO?IdHCIHVE sheet I) are radially arranged with respect to the center of each coil,
o] v I while a cylindrical disk of ferrite with diameter Dy, = 50 cm
T D ”f—' r and thickness Hy, = 2 mm has been placed over the secondary

coil at distance D,, = 8 mm from the car platform filled by a
Fig. 4. Configuration of a coil current above a metallic plate. plastic support. The ferrite has relative magnetic permeability
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Magnetic flux density norm (nT) Magnetic flux density norm (nT)

Magnetic flux density norm (nT)

Fig. 5. Magnetic flux density calculated along r-axis (see Fig. 4) by fully discretized FEM and by FEM with TBC for steel (a), aluminum (b), and composite (c)
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Fig. 6. Configuration of the WPT coil system (primary coil on the road and secondary on the car platform).
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Fig. 7. WPT equivalent circuit with SS compensation topology.

= 2400 and negligible conductivity. The car platform is
considered as a metal plate parallel to the secondary coil.
The metal plate has a thickness d = 2 mm and conductivity
o= 310" S/m.

The WPT system is modeled by the equivalent circuit
shown in Fig. 7. First, a FEM simulation is carried out to
extract numerically the self and mutual inductances of the
coils: L,, L,, and M [19]. Due to the geometrical complexity,
the a.c. resistances of the Litz wire coils are obtained from
datasheets and have values R, = 8o m{) and R, = 55 m{})
for both considered frequencies. In all test cases, a series—
series (SS) compensation topology is adopted for the WPT
system. In the simulations, the capacitors losses of the com-
pensation network are considered introducing an equivalent
series resistance (ESR) (i.e. ESRc, = ESRc, = 20 m{)).
Several circuit simulations have been performed to predict
the electrical performance of the system in terms of efficiency
and coils currents, and the results are successively used to cal-
culate the magnetic field emission [22].

The lumped parameters, compensation capacitors, effi-
ciency, and coils currents of the systems are evaluated for
the two considered frequencies. First, the coils are assumed

to be in air, while in the second simulation, the presence of
the car body is considered. The metal plate negatively alters
the coupling between the coils reducing the efficiency, and
consequently increasing the currents and the emitted mag-
netic field. This negative effect of the metal sheet is only par-
tially mitigated by the presence of the ferrite [23-26]. The
obtained numerical results are reported in Table 6 for coils
in air and in Table 7 for the case with the presence of the
metallic plate. The efficiency in the two considered cases is
quite similar. It should be noted that for the considered com-
pensation topology, the currents I, and I, are in quadrature.
This aspect is very important for the characterization and
the mitigation of the magnetic field. In all simulations, the
temperature of the components is set to T.= 25 °C;
however, small changes in temperature do not significantly
alter the obtained results in terms of electrical performances
and magnetic field.

B) EV configuration

To predict the magnetic field distribution inside and outside
the vehicle, a 3D model suitable for FEM analysis has been
realized. The car outer dimensions are: L, =4.3m, [,=
1.7m, and [ =1.2m (without wheels). The distance
between anterior and posterior wheel axes is 2.6 m. The dis-
tance of the car platform from the ground (when the wheels
are in place) is set to 20 cm. The whole vehicle body is
modeled in COMSOL by homogeneous sheet panels as
shown in Fig. 8. The thickness of the panel d and its material
conductivity ¢ is assumed to be different for the three test
cases to reproduce carbon-fiber composite, aluminum, and

Table 6. WPT lumped inductances, compensation capacitors, r.m.s. currents and efficiency with coils in air.

L, (nH) L, (nH) M (pH) , (nF) C, (nF) Lyms (A) Lyms (A) n (%)
f=85kHz 125.9 89.4 13 27.8 39.2 28.8 39.2 95.9
f: 150 kHz 125.9 89.1 13 8.8 12.5 16.3 39.2 97.2
Table 7. WPT lumped inductances, compensation capacitors, r.m.s. currents and efficiency with coils under the metallic car platform.
L, (nH) L, (nH) M (nH) 1 (nF) C, (nF) Liyms (A) Lyyms (A) 7 (%)
f=85kHz 125.9 86.5 10.9 27.8 40.5 37.5 39.2 94.7
f=150kHz 125.9 86.3 10.8 8.8 13 21.2 39.2 96.8
1 Zone2 I
Zonel i LN Zone3
0
1 I
- L ¥
1 1 T
1 r
|} {— T
{ U '
Dongy '
P i
1 ' i
| | [ | Iy 1 K
e ] [3me |
(b)

Fig. 8. A 3D model of the car in COMSOL (a). Three different positions for the WPT coil system on the bottom of the bodywork of the car (b).
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iron chassis cars. In the simulations, the test cases are carried
out with the following characteristics:

(1) Composite panels (d = 2 mm, o= 100 S/m).
(2) Steel panels (d = 1.2 mm, 0 =1 x 10’ S/m).
(3) Aluminum alloy panels (d = 2 mm, o= 3 X 10”7 S/m).

C) Calculated magnetic field levels

The magnetic field distribution has been calculated for two
frequencies and three different materials. The WPT receiving
coil is assumed to be located in the car underbody in three dif-
ferent positions, as shown in Fig. 7(b). In the first position the
coil center P, is placed at distance D,,,, = 1 m from the front
of the vehicle; in the second position P, is at distance D,,,; =
2.3 m; and in the last position P, is at distance D, = 3.7 m.
The excitation currents are different for composite and con-
ductive material chassis. In the first, the currents are
assumed to be equal to the case of coils in air reported in

Table 6, while for the conductive material chassis, the currents
are considered equal to those reported in Table 7.

The maximum value of the r.m.s. magnetic field B,
inside the vehicle has been calculated by a FEM analysis in
three different zones (front, body, and rear) of the car, and
the obtained results are reported in Table 8 at f= 85 kHz
and in Table 9 at f= 150 kHz, respectively.

The magnetic field distribution inside the car is shown in
Fig. 9 for different frequencies and conductive materials.
The B-maps inside and outside the vehicle are reported in
Fig. 10 for the three materials and the two frequencies, consid-
ering the WPT coil in position P,. The cut plane is located at
the center of the coils. The reference levels for both the con-
sidered frequencies is Bg; = 27 uT (=28.63 dBu.T) [5]. It is
easy to note that for steel or aluminum chassis, the obtained
values of magnetic field are far below the reference level. In
particular for the aluminum frame, the maximum values are
obtained near the apertures (car windows) rather than on

Table 8. Maximum r.m.s. magnetic flux density B,,,, (T) at 85 kHz inside the car.

WPT receiving coil in P,

WPT receiving coil in P,

WPT receiving coil in P,

Biyax (T)
Material Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
Composite 93X10 % 37%x10° 51x107 37X10° 91x10* 29x10°% s51x107 3x10 % g92x10*
Steel 1.5 X 10 ¢ 7x107 89x10° 92x10° 1.4 X 10 ° 1x10 7 1.1xX10 7 97x10 7 1.6 x 10 ¢
Aluminum 38x10 7 68x107 84x10° 86x10° 28x107 81x10° 97x10°% 57x107 94x%x10 7
Table 9. Maximum r.m.s. magnetic flux density B,,,, (T) at 150 kHz inside the car.
WPT receiving coil in P, WPT receiving coil in P, WPT receiving coil in P,
Biax (T)
Material Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
Composite 82x10* 29x10 ¢ 4x107 29x10° 8x10 % 23x10° 4x107 23x10°% 82x10*
Steel 5.8x10 7 69x107 88x10° 96x10° s51x10’ 11x10’ 14x107 71x107 91x10’
Aluminum 31x107 s56x107 82x10° 91x10° 28x107 89x10° 97x10° 48x107 84x10 7
10
Steel
85kHz o

Steel
150kHz

B5kHz

Fig. 9. Magnetic flux density distribution in dBu T inside the EV.
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Composite

Fig. 10. Magnetic flux density distribution in dBT inside and outside the EV.

Steel Composite
= ‘Q" fe———
W 4
i \! \
{f 3 \
12
.l 2

Exceeding the reference levels
(a) (b)

Fig. 11. Areas in which the magnetic field exceeds the reference level (B >
27 wT) at f= 85 kHz: steel frame (a) and composite frame (b).

the car floor. Much higher values are obtained for the compos-
ite structure, which is almost transparent for the magnetic
field at the considered frequencies. In this case, the reference
levels for both the considered frequencies are exceeded and
a dosimetric analysis is needed to verify the compliance with
the basic restrictions. The dosimetric analysis is not the
focus of this work, and therefore it is not presented in this
paper. It should be noted that in all cases, the field outside
the car is lower than the reference levels with the exception
of the zone under the car bottom. The zone where the refer-
ence levels is exceeded is shown as red areas in Fig. 11 for
the most critical cases, in particular for composite and steel
chassis at the frequency f= 85 kHz.

IvV. CONCLUSION

First, the TBC has been validated for its application in a
numerical code to predict the magnetic field levels in an EV
equipped with a 7.7 kW WPT system working at 85 and
150 kHz. A deep numerical investigation has demonstrated
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that the magnetic field levels are compliant with the EMF
safety limits for an EV with metallic (iron or aluminum)
chassis, at least for the considered configurations of WPT
and car body. No any excess of the ICNIRP reference levels
has been found inside the car, but only outside the cabin
under the frame. On the contrary, the use of fiber composite
for car body will produce the exceedance of the ICNIRP refer-
ence levels in the area where the legs of the passengers are
located. Thus, a future investigation with dosimetric analysis
will be necessary to evaluate the compliance, if any, with the
ICNIRP basic restrictions.
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