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Abstract: The Society of Automotive Engineers (SAE) Recommended Practice (RP) J2954 (November
2017) was recently published to standardize the wireless power transfer (WPT) technology to recharge
the battery of an electric vehicle (EV). The SAE J2954 RP establishes criteria for interoperability,
electromagnetic compatibility (EMC), electromagnetic field (EMF) safety, etc. The aim of this study
was to predict the magnetic field behavior inside and outside an EV during wireless charging using
the design criteria of SAE RP J2954. Analyzing the worst case configurations of WPT coils and EV
bodyshell by a sophisticated software tool based on the finite element method (FEM) that takes into
account the field reflection and refraction of the metal EV bodyshell, it is possible to numerically
assess the magnetic field levels in the environment. The investigation was performed considering
the worst case configuration—a small city car with a Class 2 WPT system of 7.7 kVA with WPT coils
with maximum admissible ground clearance and offset. The results showed that the reference level
(RL) of the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines
in terms of magnetic flux density was exceeded under and beside the EV. To mitigate the magnetic
field, the currents flowing through the WPT coils were varied using the inductor-capacitor-capacitor
(LCC) compensation instead of the traditional series-series (SS) compensation. The corresponding
calculated field was compliant with the 2010 ICNIRP RL and presented a limited exceedance of the
1998 ICNIRP RL. Finally, the influence of the body width on the magnetic field behavior adopting
maximum offset was investigated, demonstrating that the magnetic field emission in the environment
increased as the ground clearance increased and as the body width decreased.

Keywords: electric vehicles; electromagnetic compatibility; electromagnetic fields safety; LCC
compensation; magnetic field; wireless power transfer

1. Introduction

In the future, electric vehicles (EVs) are expected to become the most widely used vehicles due
to the increasing demand for reduction of exhaust gas emissions. The electric powertrains are much
better than the traditional internal combustion engines in terms of environmental impact, and they
lead to a significant reduction of costs and emissions. Nowadays, the EV battery charging is performed
via plug-in (conductive) connection. However, in the future, autonomous drive systems will require
automatic battery recharge without any human intervention. To this aim, wireless charging is a very
suitable solution. The vision is that, in a few years, the EVs will be charged by inductively-based
wireless power transfer (WPT) [1–4] technology. For a driver or an advanced driver assistant, it will be
enough to park the vehicle equipped with a receiving circuit in a parking space suitably equipped with
a transmitting circuit in order to recharge the EV battery. Obviously, it is of paramount importance to
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have full interoperability between different vehicles and different parking slots with WPT technology.
Standardization of WPT systems is therefore required.

Currently, the automotive WPT technology for EVs is standardized by International Organization
for Standardization (ISO) 19363 [5], International Electrotechnical Commission (IEC) 61980 [6], and the
Society of Automotive Engineers (SAE) J2954 [7], but the standardization work is still in progress, as
many issues still need to be addressed. The SAE Recommended Practice (RP) J2954 and other related
documents establish an industry-wide specification that defines acceptable criteria for interoperability,
electromagnetic compatibility (EMC), electromagnetic fields (EMF) safety, minimum performance, and
safety and testing for wireless charging of light duty EVs [7,8].

One of the main issues that needs to be addressed before the WPT technology is commercialized
is the compliance with the EMF safety standards and regulations [9,10] for people located inside the
vehicle (passengers) or in close proximity (pedestrians) while the wireless charging process is occurring.
A near-field WPT system is based on two inductively coupled coils, and the wireless power transfer
takes place as in the transformers but with the presence of a significant air gap given by the ground
clearance. Indeed, in automotive application, the transmitting coil is placed on the ground while the
receiving coil is placed on the car underbody. The coupling factor k between coils depends on the coil
design, the separation distance between the coils, and their possible lateral misalignment. It can often
be very small (k << 1), and therefore the magnetic flux leakage in the environment can be very high. In
this work, the magnetic field level produced by a WPT charging system applied to a city-car with the
coil configuration as recommended by SAE standard was numerically assessed and compared with
EMF safety limits. Several configurations were tested by simulations after experimental validation
to verify the influence of the coil vertical separation and the lateral misalignment. Additionally, the
impact of the body dimension on the magnetic field emission was investigated. Finally, the use and the
tuning of the inductor-capacitor-capacitor (LCC) compensation was presented to reduce the magnetic
field without affecting the WPT electrical performances.

2. Magnetic Field Configuration According to SAE Recommended Practice J2954

Using the SAE RP J2954 terminology, a typical WPT system consists of a ground assembly (GA),
i.e., a primary (or a transmitting) circuit, and a vehicle assembly (VA), i.e., a secondary (or a receiving)
circuit. The GA and the VA are both composed of the electronic unit and the coil. In the electronic
unit of the GA, there are all the components required for the power conversion of the alternating
current (AC) electric grid quantities for the power supply of the transmission coil at high frequency,
i.e., a power factor correction (PFC) converter to rectify and adjust the level of the input voltage and a
high frequency inverter for the direct current- (DC) AC conversion compensation capacitors. In the
electronic unit of the VA, there are the compensation capacitors, the rectifier for the AC-DC conversion,
and the battery charger [7].

The operational nominal frequency is fixed by WPT standards to f = 85 kHz (tuning band 81.38 to
90 kHz), and the admissible power levels for light-duty vehicles are divided by SAE in four classes:
WPT1 = 3.7 kVA, WPT2 = 7.7 kVA, WPT3 = 11.1 kVA, and WPT4 = 22 kVA. Additionally, the efficiency
η is standardized: η > 85% for aligned coils, η > 80% for misaligned coils (offset position).

The vertical separation between GA and VA coils plays an important role as the coupling factor k
decreases and the ground clearance increases. Thus, three Z-classes are defined to classify the WPT
systems based on the expected maximum ground clearance as: Z1 = 100–150 mm, Z2 = 140–210 mm,
and Z3 = 170–250 mm. Also, the offset position is standardized with respect to the optimal position,
which coincides with the centers of circular GA and VA coils when they are aligned. The WPT system
operates at maximum efficiency when the coils are in optimal position. The maximum admissible
offset is ± 75 mm in the fore and aft direction (x axis) and ± 100 mm in the lateral direction (y axis).

In a real scenario, the GA coil will be mounted in the ground floor and the VA coil in the vehicle
underbody. The configuration is not fixed, as it depends on the WPT class of the EV charging system,
on the ground clearance that varies with the kind of vehicle and its load weight, and on the offset
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position due to an imprecise parking. Any variation from the optimal position leads to a decrease of the
coupling factor k with a consequent increase of the magnetic field emission. Other parameters playing
an important role in the magnetic field distribution are the dimension, the shape, and the material of
the EV bodyshell. Indeed, the most critical region (with exclusion of the entire area underneath the
vehicle, which is protected by an access control system) for EMF safety is the region beside the vehicle
at a short distance from the ground. For a given WPT class, the magnetic field is maximum for small
size vehicles with maximum ground clearance and maximum offset.

The goal of this study was to numerically predict the magnetic field in the environment [11–24].
The numerical simulations were carried out by a hybrid technique based on the solution of an
electromagnetic (EM) field/circuit coupled problem. As a secondary goal, the mitigation of the
magnetic field emissions was addressed by using an LCC compensation [25–29] to control the coil
currents in order to be compliant with EMF safety regulations. Since the main focus was to assess the
most critical magnetic field in the environment, the worst case EV-WPT system configuration was
considered herein, e.g., small size vehicle (city car), high power level for the considered vehicle (WPT
Class 2), maximum ground clearance, and maximum offset.

3. WPT Equivalent Circuit and Compensation Networks

The analysis of the WPT system could be performed using a simplified equivalent circuit where the
primary (GA) and the secondary (VA) coils were modeled by two coupled inductors, the electric power
generation block was modeled by a simple voltage sinusoidal source, and the load was modeled by a
resistive load. The inductive circuit was placed in resonant condition by using (at least) two capacitors
in order to increase the power transfer that otherwise would be very small due to the low coupling
factor k. In the following analysis, two compensation topologies were considered—series-series (SS)
and double sided LCC [25–29].

The SS compensation is very popular for WPT applications for its simplicity, low cost, and high
performance. It is simply obtained by connecting, in series, a compensation capacitor to both GA and
VA coils modeled by a series resistance and inductance. The LCC compensation has already been
proposed for a number of applications. It consists of using two capacitors (Cs, Cf) and one inductor (Lf)
for both GA and VA sides in order to compensate the reactive power of the coils inductance. A sketch
of series and LCC compensation circuits that should be used for both GA and VA coils are shown in
Figure 1.
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Figure 1. Series (a) and inductor-capacitor-capacitor (LCC) (b) compensation circuits used for each
circuit side [i.e., ground assembly (GA) and vehicle assembly (VA) coils].

The simplified equivalent circuit for a WPT system with SS compensation topology is shown
in Figure 2a, where VS and RS represent the GA source voltage and its internal resistance, RL is the
equivalent resistive load, RGA and LGA are the GA coil resistance and the self-inductance, RVA and LVA
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are the VA coil resistance and the self-inductance, and M is the mutual inductance between GA and VA
coils. The SS compensation capacitors CGA and CVA are given by:

CGA =
1

ω2
0LGA

(1a)

CVA =
1

ω2
0LVA

(1b)

where ω0 = 2πf 0 is the angular frequency and f 0 is the resonant frequency (f 0 = 85 kHz for automotive
WPT).
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Figure 2. Equivalent simplified circuit of a wireless power transfer (WPT) system with series-series (SS)
(a) and LCC (b) compensation topologies.

The equivalent circuit adopting the double side LCC compensation topology is shown in
Figure 2b [25–29]. The parameters of the equivalent circuit are related by the following equations:

L f 1C f 1 =
1
ω2

0

(2a)

L f 2C f 2 =
1
ω2

0

(2b)

LGA − L f 1 =
1

ω2
0Cs1

(2c)

LVA − L f 2 =
1

ω2
0Cs2

(2d)

The values of Lf1 and Lf2 are chosen as the functions of the voltages at the input and the output
ports, V1 and V2, respectively, of the output real power P2, and of the coupling factor k [29]. The
procedure for the calculation of Lf1 and Lf2 is described in the following.



Energies 2019, 12, 1795 5 of 24

The efficiency η is defined as the ratio between the output real power P2 at port 2-2’, which is
basically the power on the load resistance RL, and the input real power P1 at port 1-1’ (see Figure 2),
and it is given by:

η =
P2

P1
=

real(Z22′)|I2|
2

real(Z11′)|I1|
2 =

RL|I2|
2

real(Z11′)|I1|
2 (3)

where Z11′ and Z22′ are the input impedances at the port 1-1’ and 2-2’, and|I1|and |I2| are the root mean
square (rms) values of the input and output currents, respectively.

For the SS configuration, the input impedance at the port 1-1’ at resonance is given by:

Z11′ ,ss = RGA +
ω2

0M2

RVA + RL
(4)

and it is a real quantity, i.e., real(Z11′ ,ss) = Z11′ ,ss. After simple mathematical manipulations of the
equations for the circuit of Figure 2a, the efficiency ηss at resonance is obtained as [29]:

ηss =
ω2

0M2(
1 + RVA

RL

)(
RGA(RVA + RL) +ω2

0M2
) (5)

In this case, the optimal value of the load resistance RL,opt that maximizes the efficiency ηss is
obtained from ∂ηss/∂RL = 0, and it is given by:

RL,opt = ω0M

√
RVA
RGA

+

(
RVA
ω0M

)2

(6)

When considering the double-side LCC compensation topology, the equivalent input impedance
Z44’ at the port 4-4’ is given at resonance by the ratio of VVA and IVA (see Figure 2b):

Z44′ =
VVA
IVA

= RL
′
− j

1
ω0C f 2

− j
1

ω0Cs2
(7)

where

RL
′ =

(ω0L f 2)
2

RL
(8)

Impedance Z44’ in (7) can be seen as the series connection of a resistor RL’, a capacitor Cf2, and a
capacitor Cs2 [29]. Thus, it can be easily deduced that the right side of the SS compensated circuit in
Figure 1a can be also used for the LCC compensation when replacing the effective load RL in (4) with
the equivalent load RL’ given by (8) and the capacitor CVA with the series of Cs2 and Cf2.

With a few mathematic manipulations applied to the circuit equations, the input impedance
Z11′ ,LCC at port 1-1’ for the LCC configuration is given at resonance by:

Z11′,LCC =
(
ω0L f 1

)2 1

RGA +
ω2

0M2RL

RLRVA+ω
2
0L f 2

2

(9)

Similarly to the SS compensation, the input impedance at port 1-1’ in (9) is a real quantity, i.e.,
real(Z11′ ,LCC) = Z11′ ,LCC.
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The efficiency ηLCC for the LCC compensation can be obtained by manipulations of the equations
related to the circuit of Figure 2b. It can be demonstrated that the expression of ηLCC is identical to that
in (5) when replacing RL with the expression (8) of RL’, and it is given by:

ηLCC =
ω2

0M2(
1 + RVARL

ω2
0L f 2

2

)(
RGA

(
RVA +

ω2
0L f 2

2

RL

)
+ω2

0M2
) (10)

The optimal value of Lf2 for maximizing the efficiency ηLCC can be obtained in analogy with the
analysis previously described for the SS compensation. In particular, by comparing (5) with (10) when
assuming the optimum load RL,opt (6), it is possible to find the value of Lf2 that allows us to reach the
maximum efficiency ηLCC in case of LCC compensation for a given value of the load resistance RL as:

L f 2 =

√
RLRL′

ω0
=

√
RL

M
ω0

4

√
RVA
RGA

+

(
RVA
ω0M

)2

(11)

The LCC configuration is particularly suitable to regulate the values of the current ratio IVA/IGA
according to the desired target. In particular, the coil current ratio IVA/IGA at resonance is given by:

IVA
IGA

=
jω0M

RVA + jω0L f 2 + Z44′
=

jω0M

RVA +
(
ω0L f 2

)2
/RL

(12)

From (12), it is evident that the ratio of coil currents IVA/IGA can be modified by simply varying
the value of the inductance Lf2.

From (9), it can be observed that any variation of the inductance Lf1 affects the input impedance
Z11’,LCC, as shown in Figure 3. Therefore, Lf1 can be selected with a value that is the most suitable for
the required power transfer without affecting the efficiency ηLCC in (10).

Finally, it is worth noting that the equations described above do not take into account the equivalent
series resistances (ESRs) of the reactive circuit parameters, i.e., inductors and capacitors are assumed
to be ideal without any power loss. Considering the ESR resistances, the equations would be more
complex. However, the circuit analysis considering only ideal inductances and capacitances still
provides a good approximation of the circuit behavior in the first step of the WPT system design.
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4. Simulation Model

4.1. Field Equations

The magnetic field can be calculated in the frequency domain by solving the magneto-quasi static
(MQS) equations that, in terms of potentials A-V, are given by:

∇×
1
µ
∇×A + jωσA + σ∇V = Js (13)

∇ · ( jωσA + σ∇V − Js) = 0 (14)

where B is the magnetic flux density, A is the magnetic vector potential, V is the electric potential,
Js is the source current density, µ is the magnetic permeability, and σ is the electrical conductivity. The
electric field E and the magnetic flux density B are related to the potentials A-V by:

B = ∇×A (15)

E = − jωA−∇V (16)
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When modeling the electromagnetic field propagation inside a conductive media, the induced
eddy currents are mostly located in the outer layer of thickness δ called skin depth, given by:

δ = 1/
√
π fµσ (17)

This phenomenon is known as skin effect. In order to properly model the skin effect by numerical
methods based on a partial differential equations solution, the conductive regions must be finely
discretized, i.e., the mesh element dimension h must be much smaller than δ. This fine discretization
can lead to a very high number of finite elements, and thus the solution can be very heavy or
impractical [30–32]. To overcome this issue, suitable numerical techniques can be adopted. To this aim,
two different options exist—the conductive thin region with small thickness t is assumed to be quite
impenetrable (t >> δ, negligible transmission through the conductive region) or highly penetrable
(t << δ, relevant transmission through the conductive region). In the first case, to reduce the number of
elements necessary to discretize the EV bodyshell, impedance boundary conditions (IBCs) [33] can be
used to calculate the magnetic field outside the vehicle when t >> δ. Using IBCs, the three-dimensional
(3D) bodyshell is eliminated from the computational domain, and it is substituted by a boundary
surface where IBCs are imposed. By this procedure, only the field reflection outside the vehicle
is accounted for, while no information is obtained on the transmitted field inside the cabin that is
considered negligible. In order to consider the magnetic field inside the vehicle, impedance network
boundary conditions (INBCs) [34,35] or artificial material single layer (AMSL) [36–38] methods can
be used. Both these techniques take into account the field transmitted through the bodyshell in the
vehicle. The INBCs are an extension of IBCs to take into account the field penetration through thin
conductive layers. As in the IBCs implementation, the bodyshell is eliminated from the computational
domain and replaced by a field discontinuity interface, where the coupled boundary conditions INBCs
are imposed to assure the continuity of the electric and the magnetic field tangential components on
both conductive layer surfaces. The formulation of the AMSL method is completely different from that
of the INBC method, even if the scope is very similar. The AMSL method consists of replacing the
physical constants of the thin layer region with those of an artificial material that no longer requires
a fine discretization but takes into account exactly the field penetration through the shield when
it is discretized by a single layer of finite elements along the direction of propagation. The main
practical difference between AMSL and INBC methods is that, in the first method, the real geometrical
configuration of the thin layer is maintained in the computational domain, while in the second, the
thin conductive layer is eliminated from the domain, modifying the geometrical configuration. The
AMSL method, formulated using both first [36] and second order (more precise) [37] finite element
interpolation functions, can be used also to model anisotropic media [38]. The results conveyed in this
paper were achieved by adopting the second order AMSL method [37].

4.2. Circuit Parameters Extraction

The equivalent circuit parameters in terms of self-inductances LVA and LGA, mutual inductance M,
and coupling factor k can be extracted by 3D finite element method (FEM) simulations via the magnetic
energy Wm. This last factor is calculated in the entire computational domain Ω from the magnetic
field H and the conjugate B* of the magnetic flux density obtained by FEM simulations. The magnetic
energy Wm is defined as:

Wm =
1
2

∫
Ω

H ·B∗dΩ (18)

The self-inductances LVA and LGA, and the mutual inductance M are obtained from Wm when the
currents IVA and IGA flowing through the coils are imposed in the field simulations as:

LGA =
2Wm,GA

|IGA|
2 , Wm,GA calculated when IGA = 1, IVA = 0 (19a)
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LVA =
2Wm,VA

|IVA|
2 , Wm,VA calculated when IGA = 0, IVA = 1 (19b)

M =
Wm,a −Wm,b

2|IGA||IVA|

case a)Wm,a calculated when IGA = 1 , IVA = 1
case b)Wm,b calculated when IGA = 1 , IVA = −1

(19c)

The coupling factor k between the two coils is defined as:

k =
M

√
LGALVA

(20)

The AC resistances of the coils made by Litz wire, RGA and RVA, were taken from the Litz wire
datasheet at 85 kHz. Their values are generally very similar to those of the DC resistances.

5. Applications

5.1. WPT Systems

A demonstrative WPT system was designed and simulated to calculate the performances and
the magnetic field emission. The considered system was designed to work at the WPT2 power level
(7.7 kVA) and for the maximum ground clearance Z3 = 170–250 mm. The GA coil was assumed to
be at zero level from the ground (z = 0), similar to a flush ground mounting position [7]. A scheme
of the GA coil is reported in Figure 4. The spiral wound coil was composed of two parallel wires
with N1 = 8 turns. In order to reduce the AC power losses in the copper conductors, a Litz wire was
adopted. It was composed of 1260 strands of American wire gauge (AWG) 38 insulated wires. The
equivalent section from an electrical point of view was identical to that of a cylindrical conductor with
an external diameter of Ø = 5 mm. To improve the coupling factor k and to reduce the magnetic flux
leakage, a magnetic shield composed of ferrite tiles was placed under the winding. The ferrite shield
substantially reduced the eddy currents in external metallic objects as the EV bodyshell. A conductive
aluminum plate was placed under the ferrite shield to further mitigate the magnetic field emissions.
There was no separation distance between the GA winding and the magnetic shield, while a space
sm,GA = 30 mm was considered between the magnetic shield and the aluminum plate that was filled by
a nonconductive material. The coil specifications are reported in Table 1.

Table 1. Electro-geometrical configuration of the considered WPT coils.

Outer Dimension
GA VA

Length
(mm)

Width
(mm)

Thickness
(mm)

Length
(mm)

Width
(mm)

Thickness
(mm)

Winding 650 500 5 380 380 5
Ferrite shield 675 510 5 400 400 5

Aluminum plate 750 600 2 420 420 3
Aluminum shield / / / 1000 1000 2

The VA coil had a square shape with a fillet corner, and it was realized with the same type of
Litz wire as that used for the GA coil. As for the VA coil, a magnetic shield made of ferrite tiles was
placed over the winding to improve the coupling factor and to reduce the magnetic field leakage,
and two aluminum (Al) layers were adopted over the ferrite to shield the magnetic field and protect
the passengers in the EV cabin as well as the onboard electrical/electronic systems. There was no
separation distance between the winding and the magnetic shield and between the magnetic shield
and the first aluminum layer (plate), while a space sc,VA = 20 mm filled by a nonconductive material
was considered between the aluminum plate and the second larger aluminum layer (shield). The VA
coil specifications are reported in Figure 5 and Table 1.
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5.2. Car Body

To evaluate the magnetic field behavior and the system performance, the presence of the car
body was considered. The adopted EV was a small city car with outer dimensions of mx = 3.46 m,
my = 1.6 m, and mz = 1.46 m. The distance between the front and the rear wheel axes was 2.6 m. The
EV body was assumed to be made of high strength steel with an electrical conductivity of σ = 10 MS/m
and a uniform thickness of tk = 1 mm. The ground clearance was varied to reproduce two different
load configurations. In the first, the vertical distance between the GA and the VA coils was set to
∆z2 = 200 mm, allowed for the Z2 and Z3 classes, while in the second configuration, the worst-case
configuration was adopted with a distance of ∆z3 = 250 mm, allowed only for the Z3 class systems [7].
It was assumed that the VA coil was placed in the center of the car underbody. In general, this position
is not very usual in the fore and the aft direction (x-axis) and is not important for the magnetic field
behavior, which essentially depends on the distance along the y-axis from the VA coil to the outer sides
of the EV body. Thus, the lateral distance of the VA coil from the closest outer side of the EV body is the
most important parameter because it is the shortest one, while irrelevant differences are in the fore and
the aft direction, since the distances from the front and the back of the car are generally much larger.
To take into account possible misalignment between the GA and the VA coils, an offset on both x and y
directions was considered, assuming x = y = z = 0 at the central position of the VA coil. According
to [7], the maximum offset values used in the investigations were ∆x = 75 mm and ∆y = 100 mm. Two
important parameters are the minimum distance dy between the GA coil and the lateral side of the
vehicle and the minimum distance dx between the GA coil and the front (or back) edge of the vehicle.
The quantities dx and dy could be obtained as:

dx =
mx

2
−

lGA
2
− ∆x (21)

dy =
my

2
−

wGA
2
− ∆y (22)

where wGA and lGA are the width and the length of the GA coil in y- and x-directions, respectively. In
case of lateral and/or frontal offset, the distances dx and/or dy between the outer dimensions of the GA
winding and outside area decreased, thus, there was a significant increase of the magnetic field. It
should be noted that the distance between the VA coil and the vehicle external sides was invariable
for every offset value, since the VA coil was installed in a fixed position in the car underbody. On the
contrary, the distances dx and dy were variable depending on the precision of the parking, i.e., offset.
To better clarify the arrangement under examination, the EV-WPT coil configuration is represented in
x-y and in x-z planes in Figure 6.
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A simplified car model equipped with coils as suggested by SAE RP J2954 [7] was modeled using
a computer-aided design (CAD) software. Once the coils and the body were designed as shown
in Figure 7, their equivalent circuit parameters in terms of self-inductances LVA and LGA, mutual
inductance M, and coupling factor k were calculated by a 3D FEM simulation software for several
offset and ground clearance configurations. The WPT system and the simplified car were meshed
using a tetrahedral mesh based on second order finite elements. To reduce the number of the mesh
elements, the metallic bodyshell was modeled using the AMSL method [37]. The number of mesh
elements used in the simulation was 242,415, and the simulation time was 45 min and 23 s, adopting
an AMD FX9350 central processing unit (CPU).Energies 2019, xx, x FOR PEER REVIEW  11 of 25 
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Figure 7. Computer-aided design (CAD) model of the modeled SAE J2954 coils and of the city car body
with the WPT coil system.

The AC resistances of the coils made by Litz wire, RGA and RVA, were taken from a Litz wire
datasheet at 85 kHz. For the considered length of the coils, the resistance values were RGA = 22 mΩ
and RVA = 19 mΩ when neglecting the proximity effect. The GA and the VA coil parameters for several
configurations of vertical separation and offset are reported in Table 2.

Table 2. Calculated lumped parameters of the considered WPT coils.

∆z (mm) ∆x (mm) ∆y (mm) LGA (µH) LVA (µH) M (µH) k

200 0 0 50.4 39.9 6.5 0.148
200 75 0 50.6 39.9 5.75 0.131
200 75 100 50.6 40.0 4.75 0.110
250 0 0 49.2 39.1 4.5 0.102
250 75 0 49.3 39.0 3.8 0.087
250 75 100 49.3 39.0 3.2 0.072

5.3. System Performances

The evaluation of the systems performance was performed in two steps. In the first step, the
simplified circuits described in Section 3 based on SS and LCC compensations were analyzed, and
the obtained results were compared to find the best solution. In the second step, a more complex
configuration was simulated, considering the presence of other electrical/electronic components, i.e.,
inverter, rectifier, and battery. The compensation capacitors and inductors were calculated according
to [28,29], and their values are shown in Table 3. The load resistance was set to RL = 25 Ω. The real
power on the load resistance was fixed to PL = P2 = 7.7 kW.

Table 3. Compensation capacitors and inductors.

Compensation CVA (nF) Cs1 (nF) Cf1 (nF) Lf1 (µH) CGA (nF) Cs2 (nF) Cf2 (nF) Lf2 (µH)

SS 71.4 \ \ \ 89.9 \ \ \

LCC \ 81.4 560 6.24 \ 105 600 5.5
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A detailed investigation on the performance of the LCC compensation was performed, adopting
Cf2 as a variable parameter, with the goal of finding the best setup when adopting the coil configuration
recommended by SAE J2954. In this investigation, the maximum misalignment was considered. The
distance between the coil was ∆z3 = 250 mm, and the offsets were ∆x = 75 mm and ∆y = 100 mm. The
calculated efficiency is shown in Figure 8, where it is evident that the LCC compensation permitted
the obtainment of higher efficiency compared to that of the SS compensation, ηLCC > ηSS, for a wide
range of Cf2 values. It is worth noting that the efficiency for the SS compensation was here obtained in
case of misalignment and for a fixed value of load resistance (RL = 25 Ω) that depended on the battery
voltage and charging power, which was probably not the optimum value for the considered WPT coil
configuration. On the other side, the LCC compensation easily permitted the matching of the WPT
system with the load, consequently improving the overall performances.
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Figure 8. System efficiency η using SS compensation and LCC compensation versus variable Cf2.

The currents flowing through the WPT coils varying Cf2 are shown in Figure 9, where the significant
variability of the current distribution in the LCC compensation is evident. Using the SS compensation,
the current IVA in the VA coil was much higher than that in the GA coil (IGA). Using the LCC
compensation and varying Cf2 in the range where the efficiency was very high (Cf2 = 400 nF–600 nF), it
was possible to balance the current distribution between the coils. Furthermore, the phases of GA and
VA coil currents, shown in Figure 10, could be tuned by varying Cf2. Please note that the variation of
the coil currents IGA and IVA had a significant effect on the magnetic field behavior, as described in the
following section, especially for a significant value of the lateral offset when the GA coil was closer to
the exterior side of the EV bodyshell (see Figure 6). In this case, the magnetic field was at maximum
outside the EV, and this trend was enhanced when the vertical distance between coils (Z class) was
at maximum. Then, the influence of the variation of the coupling factor k on the system efficiency
was studied. The coupling factor was assumed to be variable in the range k = 0.07−0.148, k = 0.07
being the value corresponding to the higher vertical spacing ∆z3 = 250 mm between the coils and with
maximum offset (∆x = 75 mm, ∆y = 100 mm), while k = 0.148 corresponded to the lower considered
spacing ∆z2 = 200 mm and without misalignment (∆x = ∆y = 0). The graphs of the efficiency obtained
for the SS compensation and for the LCC compensation with Cf2 = 600 nF are shown in Figure 11,
while the currents flowing through the coils are shown in Figure 12. The obtained results conveyed the
capability of the LCC compensation to match the load for poor alignment conditions and to maintain
a quasi-constant efficiency behavior for a wide range of the coupling factor values. The efficiency
adopting the SS compensation was strongly influenced by the coupling condition between the coils,
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with very good performance for good alignment, but there was a big degradation in the efficiency in the
case of misalignment, which depended on the variable load of the vehicle and on the parking precision.
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In the second step, a more realistic configuration of the WPT system (including the power
conversion) was taken into account, as shown in Figure 13, where the SPICE circuit is represented for
an LCC compensation. For each capacitor and inductor, an equivalent series resistance (ESR) = 5 mΩ
was considered. The sinusoidal voltage source was replaced by a high frequency electronic inverter,
while the load resistor was replaced by the rectifier, the filter block, and the battery. The high power
square signal was generated by a MOSFETs inverter. This topology of inverter, which could be
considered a D-class amplifier, permitted the reduction of losses. Specifically, there were two main
losses—conduction losses and switching losses. The conduction losses were given by the on resistance
Rds,on, while the switching losses occurred during the on-off and off-on transition of the switch. In the
considered application, the FCA76N60 MOSFETs were adopted. To ensure a proper driving of the
switches, four independent square signals were used to pilot the MOSFETS. The driving signals of
the MOSFET U1 and U3 had the same phase and were in quadrature with the driving signals of the
MOSFETS U2 and U4 to obtain a pure square wave output. In order to avoid short circuit during the
transition time on the same bridge leg, a dead-time dt = 2 ns was introduced. The inverter was fed
from an adjustable DC voltage bus to permit the regulation of the charging power. On the receiving
side, a full bridge diode rectifier was connected at the output of the compensation network to convert
the high frequency voltage to a DC voltage. Schottky diodes were used to reduce conversion losses.
An output filter composed of a capacitor Cout = 10 µF and inductance Lout = 10 µH was adopted to
smooth the output signal. The Li-ion battery was modeled as described in [39]. In all the simulations,
the battery voltage was kept fixed to Vbat = 310 V and the charging power fixed to Pch = 7.7 kW.

Then, the system performances were calculated considering the SS compensation and the LCC
compensation with Cf2 = 600 nF. The input voltage was adjusted to obtain a charging power of
Pch = 7.7 kW. The overall system efficiency and the coils currents (rms values and phase shift α between
IGA and IVA) are reported in Table 4 considering two coupling factor values—the minimum k = 0.072
and the maximum k = 0.148. From the obtained results, there were evident advantages of the LCC
configuration in terms of reduction of the total coil currents and the current on the GA coil. The
performance difference was less evident for the higher value of k when the vertical separation between
the two coils was reduced or when offset was not considered. The current waveforms of IGA and IVA
considering k = 0.072 for SS and LCC compensations are shown in Figures 14 and 15, respectively. The
calculated coil currents were used as sources for the evaluation of the magnetic field, as described in
the next section.
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5.4. Magnetic Field Emission

Before performing simulations to predict the magnetic field produced by a WPT automotive
system, an experimental validation of the numerical tool was carried out in the simplified configuration,
shown in Figure 16. The simplified setup representing a WPT automotive scenario was composed of a
current coil placed on the ground in the presence of a steel enclosure that modeled the EV bodyshell.
The thickness of the steel enclosure was tk = 1 mm. The enclosure had dimensions of mx = 0.8 m,
my = 0.8 m, and mz = 0.4 m. The rectangular coil had external dimensions hc = 35 cm and wc = 20 cm.
The vertical separation between the coil and the enclosure was ∆z = 10 cm. The rectangular coil was
placed at a variable distance dy from the projection of the enclosure vertical face, dy =10, 15, 20 cm. In
the experimentation, the coil current was set to I = 5 A at 20 kHz frequency. The magnetic flux density
was measured by the field sensor Wandel & Goltermann EFA-3 along two orthogonal lines, la and lb,
beside the aluminum enclosure, as depicted in Figure 16. The horizontal line la was parallel to the x
axis at a distance of dc = 100 mm from the enclosure and dg = 100 mm from the ground. The vertical
line lb was parallel to the z axis, and the distance between the enclosure and the line was dc = 100 mm.
The magnetic flux density was also calculated by an FEM code, using the AMSL method to model the
steel bodyshell. The discretization of the bodyshell required only 11,780 second order finite elements.
The obtained results are reported in Figure 17, revealing a very good agreement between simulations
and measurements.
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After the validation of the numerical tool, several simulations based on the FEM solution of (13)
and (14) were performed to evaluate the distribution of the magnetic field in the surrounding area
of an EV during wireless charging. The coil currents in terms of rms value and phase calculated
in the previous section (see Figures 14 and 15) were used as input in the FEM simulations when
considering the coils/body configuration in Figure 7. The magnetic field was calculated for two
coils/body configurations. In the first one, the maximum coupling factor k = 0.148 was adopted,
assuming the coil separation of ∆z2 = 200 mm and no misalignment (∆x = ∆y= 0), leading to dx = 1.405 m
and dy = 0.55 m. In the second one, the worst case coupling condition was considered, assuming
k = 0.072 (coil vertical separation of ∆z3 = 250 mm) and lateral offset of ∆x = 75 mm and ∆y = 100 mm,
leading to dx = 1.33 m and dy = 0.45 m.

The magnetic field was calculated along the four lines shown in Figure 18:

• Line 1 (l1): horizontal line parallel to the x axis on the side of the vehicle at a distance of dg = 150 mm
from the ground and dc = 10 mm from the EV external side;

• Line 2 (l2): vertical line parallel to the z axis on the external side of the vehicle at a distance of
dc = 10 mm from the EV external side;

• Line 3 (l3): vertical line parallel to the z axis on the front of the vehicle at a distance of dc = 10 mm
from the EV external side;

• Line 4 (l4): horizontal line parallel to the x axis inside the cabin at a distance of di = 50 mm from
the cabin floor.
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The magnetic field levels for the SS and the LCC compensations with different configurations
corresponding to k = 0.072 and k = 0.148 were numerically calculated on the measurement lines, as
shown in Figure 19, where the calculated values were compared with the RL of ICNIRP 1998 and
2010 guidelines. The RL in terms of magnetic flux density at the considered frequency of 85 kHz
was BRL = 6.25 µT for ICNIRP 1998 [9] and BRL = 27 µT for ICNIRP 2010 [10]. It is important to note
that compliance with ICNIRP 1998 is very relevant in Europe, since the RLs have been adopted by
a Council Recommendation [40], which has legal value and has never been adjourned with ICNIRP
2010 RLs. The obtained results show the LCC compensation could achieve a significant reduction of
the magnetic field compared to the SS compensation. Furthermore, with the LCC compensation, the
ICNIRP 2010 RL was never exceeded in all considered cases. The significant influence of the offset and
the distances dx and dy should be noted. Inside the vehicle (see line l4), the magnetic field was well
shielded by the VA shields and by the car bodyshell; thus, the magnetic field levels were well below
the limits. For the worst case scenario (k = 0.072), the magnetic field maps were calculated in the three
planes shown in Figure 20 and defined as:

• p1: x-z plane beside the vehicle at a distance of dc = 10 mm from the body;
• p2: y-z plane on the front of the vehicle at a distance of dc = 10 mm from the body;
• p3: x-y plane between the coils under the vehicle at z = 125 mm from the ground.

Measurement planes p1, p2, and p3 had square shapes with side lengths equal to 1 m. The behavior
of the magnetic flux density for the SS and the LCC compensations on the three planes are shown
in Figure 21. From the magnetic field maps, it is possible to see the great advantage of the LCC
compensation with a significant reduction of the magnetic field in all the considered areas outside the
vehicle. Critical B-values were found in the region under the vehicle between coils (see Figure 21c)
as expected, but human body exposure may have been prevented by control access techniques that
immediately stopped the charging process after detection of objects or living beings in this region. No
problems occurred in the region outside the EV in front of the body (see Figure 21b) due to a large
value of distance dx. Thus, the main concern about health risks from EMF exposure was in the region
beside the EV (see Figure 21a).
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Thus, the magnetic field maps were calculated in the critical plane p1 considering three different
body widths my. According to (21), the variation of the body width influences the distance dy, i.e., the
distance between the GA coil and the projection of the outer side of the vehicle. Thus, dy had a very
significant impact on the magnetic field in that area. The worst case condition in terms of coils distance
(∆z3 = 250 mm) and offset (∆x = 75 mm and ∆y = 100 mm) was adopted. Three body widths were
simulated, and the corresponding distances dy were obtained as:

• my = 1.6 m dy = 45 cm;
• my =1.7 m, dy = 50 cm;
• my =1.8 m, dy = 55 cm.

The behaviors of the magnetic fields for the SS and the LCC compensations on the plane p1

are shown in Figure 22 for the three considered test cases. The obtained results for the SS and the
LCC compensations highlight that body size, especially the width, had a significant influence on the
magnetic field levels. Specifically, when considering the widest examined body (my = 1.8 m), the
magnetic field beside the EV was compliant with ICNIRP 2010 RL for both SS and LCC compensations,
but it was not compliant with ICNIRP’98 RL for SS compensation. For the narrowest examined body
(my = 1.6 m), the ICNIRP 2010 RL was respected only using the LCC compensation, while the ICNIRP
’98 was always exceeded.
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6. Conclusions

The magnetic field behavior of an EV equipped with WPT coils during battery wireless charging
was assessed by numerical simulations. The SAE RP J2954 recommendations were taken into account
for the design of the WPT coils and for the admissible configurations and tolerance about coil vertical
separation and lateral misalignment. The numerical simulations were carried out by a sophisticated
circuit/field model. Considering a worst case scenario of a small city car with a bodyshell in steel
and equipped with a Class2 WPT system (7.7 kVA), the magnetic field levels were evaluated for
maximum admissible values of Z class (i.e., ground clearance) and offset (i.e., lateral misalignment).
Assuming an SS compensation topology, the magnetic field beside the EV exceeded the ICNIRP 2010
RL (Bmax = 27 µT) and the ICNIRP 1998 RL (Bmax = 6.23 µT), while the field was compliant with both
ICNIRP guidelines inside the EV. The simulations were repeated using the LCC compensation, which
permitted variations in the ratio of the GA and the VA currents flowing through the coils. The obtained
results show the LCC compensation achieved a significant reduction of the magnetic field compared
to the SS compensation. Furthermore, with the LCC compensation, the ICNIRP 2010 RL was never
exceeded beside the EV in all considered cases, while the ICNIRP 1998 RL was exceeded, but the
maximum magnetic field was not far from the ICNIRP 1998 RL. Finally, the influence of the body width
on the magnetic field distribution was investigated, revealing the importance of this parameter for the
compliance of the ICNIRP RLs.
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