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Abstract—Recently, the number of electric vehicles (EVs) is increasing due to the declining of oil
resources and rising of greenhouse gas emission. However, EVs have not received wide acceptance by
consumers due to the limitations of the stored energy and charging problems in batteries. The dynamic
or in motion charging solution becomes a suitable choice to solve the battery related issues. Many
researchers and vehicle manufacturers are working to develop an efficient charging system for EVs which
is based on magnetic emissions to transfer power. These emissions must be evaluated and compared to
limits specified by standards (in and outside the vehicle) in order to not cause harmful effects on their
environment (humans, pets, electronic devices...). This paper presents an efficient method for modeling
electromagnetic emission in near field and sizing a magnetic shield for a wireless power transfer (WPT)
system for EVs. A model based on elementary magnetic dipoles is developed in order to obtain the
same radiation as the real WPT coil. This model is used to size a magnetic shield which will be placed
under the vehicle to protect human body from magnetic emissions. The obtained shielding plate allows
to respect the standards of magnetic emission by bringing a decrease of 43 dB to the levels of magnetic
fields. This approach is experimentally validated.

1. INTRODUCTION

Up to now, electric vehicles (EVs) are not very attractive to consumers even with many government
programs. Poor cruise performances of EVs continue to be the primary reason that impedes their
market penetration. Electric storage technology is the major problem of EV. It requires a battery with
large energy density, long cycle lifetime, and low cost [1–3].

Dynamic Wireless Power Transfer (DWPT) charging system for EVs application is a solution to
solve the battery related issues. The DWPT solution discussed in this paper is a resonant inductive
power transfer, and it is based on magnetic resonance coupling between the transmitter and receiver
coils [4, 5].

Recently, as the need for EV charging and technological progress has increased, the transferred
power and charging distance have increased from a few millimeters to a few hundred millimeters for
kilowatt power levels [6, 7].

However, dynamic inductive charging presents a great risk of electromagnetic emission, especially
since this type of charging is done in an environment accessible to people and pets (roads, garages, car
parks...). It is therefore essential to study the electromagnetic radiation of this type of devices.

In this paper, the authors focus on the respect of the magnetic field (MF) emission standards of
the wireless power transfer (WPT) systems. After a first stage of evaluation, the authors concentrate

Received 19 March 2021, Accepted 27 April 2021, Scheduled 11 May 2021
* Corresponding author: Karim Kadem (Karim.kadem@vedecom.fr).
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de Paris, Paris 75252, France. 3 Institut VEDECOM — 23 bis Allée des Marronniers, Versailles 78000, France. 4 Laboratoire CEM,
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on a more in-depth study on low frequency magnetic shielding. The aim is to pre-dimension a shielding
plate which attenuates the MF emitted by the coupler and thus, to respect the limitations in terms of
magnetic emission, not only in the environment of the vehicle but also inside the vehicle.

To carry out this pre-dimensioning, different measurements of the magnetic near field emission of
a WPT coil will be presented. From these measurements, an equivalent dipolar radiation model can be
built in order to obtain the same radiation as the real WPT coil. Such models based on magnetic dipoles
can easily be implemented for analytical shielding studies. Several experimental tests will validate the
proposed approach.

2. DYNAMIC WIRELESS POWER TRANSFER

The WPT solution explored in this study relies on the magnetic resonant coupling between the primary
ground coil and the secondary vehicle coil. A typical WPT charging system scheme for EV is shown in
Figure 1.

Figure 1. Typical WPT charging system for EVs [8].

The power of the AC grid is firstly converted to a direct current (DC) using an AC/DC rectifier.
Then, the obtained DC power is converted into a high frequency AC power to feed the transmitting coil
through a compensation network. The compensation network reduces the reactive power if the system
operates at the resonance frequency close to 85 kHz, fixed by the standards.

The high frequency current in the primary coil generates an alternating magnetic field, inducing
an AC voltage in the receiving coil. The obtained AC transferred power is rectified and transferred to
a DC/DC converter to charge the EV battery.

The studied system during these research activities concerns a DWPT designed for a rated power
of 2.5 kW. It feeds a RENAULT Twizy car. This system is shown in Figure 2(a), while Figure 2(b)
shows the primary pad (coil + ferrite). This WPT system is defined as WPT1-Z1 class (according to
the standard J2954 corresponding to a power level lower than 3.7 kVA, and a coil air gap lower than
150 mm) [9].

The main specifications of charging system are summarized in the following Table 1.

3. EMISSION EVALUATION

In the case of a WPT system, the possible effects of magnetic radiation on biological tissues as well as
electromagnetic compatibility (EMC) problems are of prime importance. They must be addressed at
the design stage, because the system generates a strong, predominantly magnetic electromagnetic field.
This problem is even more pronounced in the case of dynamic WPT, where the vehicle is charging while
in use and therefore, in an environment accessible to people and pets (interior, areas around the vehicle,
etc.). This represents a significant risk of exposure to high levels of magnetic radiation.
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(a) (b)

Figure 2. (a) Experimental bench of dynamic induction charging of an electric vehicle, (b) WPT
Coil [10].

Table 1. Parameters of the VEDECOM WPT system.

Parameter Value
Transferred Power 2.5 kW
DC input voltage 60 V

Coupling coefficient 0.1 to 0.3
Coil turns number 6

Primary and secondary inductances 63 µH
Primary and secondary resonant capacitor 56 nF

Primary-secondary Airgap 150 mm
Inverter switching frequency 80 kHz–90 kHz

Coils dimensions 468mm × 468mm × 13 mm
Ferrites dimensions 500mm × 600mm × 2mm
System efficiency 92%

Several standards such as IEC 61980 [11], SAE J2954 [9], ISO 19363 [12], and even the IEC
63243 [13] (standard concerning the DWPT which is being drafted) deal with emission problems. All
these standards refer to ICNIRP 2010 [14] for the level of recommended field. These ICNIRP 2010 levels
are 27 µT (RMS) today (for the WPT system frequency range) and will surely be more tolerant with
the release in 2020 of a new report from ICNIRP (2020) [15]. In France, these emission questions are
treated by the INERIS, a national organization, which is still referring to the ICNIRP 98 [16] values.
(6.25 µT RMS or 8.8 µT Peak). All these standards consider not only the radiated field in the vehicle
but also near it to limit the exposure of people or animals in the vicinity of the latter.

The first part of this work concerns magnetic field evaluation. The aim of this study is to predict
the magnetic induction that can permeate inside the passengers compartment of the vehicle.

Figure 3 shows the levels of the magnetic induction in a plane located at a height of 284 mm above
the primary coil without the vehicle chassis. We are therefore “virtually” inside the EV. This study
was carried out using COMSOL software, which allows finite element method (FEM) simulations for
the rectangular coils previously seen. The primary coil is supplied with a peak current Ipeak = 60 A at
85 kHz.

We notice that the ICNIRP 98 recommendations were exceeded inside the vehicle (Bpeak = 8.8µT).
However, note that the vehicle chassis is absent while it participates in shielding the magnetic field.

Two actions can be considered for reducing magnetic radiation in the passenger compartment in
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(a)

(b)

Figure 3. Cartography of the magnitude of magnetic induction standard, (a) position of the mapping
plane, (b) magnetic induction on the mapping plane.

order to meet the limitations of the ICNIRP. One can either reduce the current in the coil and therefore
the transferred power or consider implementation of magnetic shielding.

This last solution is preferred and required in a real system as it offers a higher power transfer
capability. In the next section, we present an approach allowing to analytically pre-dimension such
magnetic shielding.

4. EMISSION MODELING AND MAGNETIC SHIELDING

The proposed equivalent dipole method makes it possible to overcome the problems arising from FEM
method in free space as it involves large mesh size. This method is based on replacing the excitation
source (coil + ferrite) by a set of equivalent dipole sources giving substantially the same radiation as the
real magnetic source. This approach is illustrated in Figure 4.

Figure 4. Adopted approach.
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In what follows, we choose to ignore the presence of the secondary pad (secondary coil and its ferrite
plate) and therefore, to size the shielding in the most restrictive configuration in terms of radiation. In
fact, the ferrite plate of the secondary helps reducing the magnetic field into the passenger compartment.
Moreover, this choice is justified because it will take into consideration the dynamic aspect of the system,
where a transmitting coil cannot directly face the secondary coil, or even, for example, in the case of a
vehicle not equipped with a WPT system which passes over the primary coil.

The magnetic shield dimensioning approach implemented can be broken down into two steps.
Figure 5 shows these two steps. In the first step, the radiation source (transmitting coil with ferrite
plate) is replaced by equivalent sources (elementary dipoles) to give radiation close to that of the original
source. The construction of this model is obtained from measurements of the magnitude of magnetic
field in the near field area. Note that it could also be carried out from the results of a 3D numerical
simulation.

Figure 5. Adopted approach for the prediction of shielding effectiveness.

Secondly, the elementary sources will be used to analytically determine the effectiveness of magnetic
shielding for given shielding screen parameters.

4.1. Dipolar Model

Several approaches exist which allow to recreate the electromagnetic field radiated by a source of
disturbance, especially for small power electronics boxes [17–19]. In this paper, a dipole-based method is
chosen [20, 21]. This approach is initially designed for the EMC studies of power electronics boxes. We
make an extension of this method for an automotive system where several problems can be encountered,
like the size of the field of study, the dispersion of the arrangement of dipoles, scale problems, and even
the high value levels of the magnetic field.

To model the coil emission, magnetic field measurements should be done. These near field
measurements were obtained by using a near field test-bench (Figure 6) based on a robotwith3translation
axes and one rotation. The robot moves a magnetic probe (MP) over the primary coil and its ferrite
(at a height of 0.1 m) with high precision. This MP is generally composed of a conductive loop, which
generates a voltage from the varying magnetic flux. A computer controls the robot and acquires data
from a spectrum analyzer. Data corresponding to the three components of the magnetic field emitted
by the WPT coil leads to three magnetic field maps (cartographies).

Following the approach proposed in [18], a magnetic dipole distribution is determined to replace
the WPT coil by an equivalent source giving a very similar magnetic field distribution (Figure 7).

This model is found by minimizing a fitness function using a genetic algorithm combined with a
pattern search algorithm [18].
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Figure 6. Near field bench.

Figure 7. Principle of a radiated model construction.

First, the magnetic field measurements are done at low current value (125 mA). These measurements
(with measurement error less than 1.5%) are compared to the WPT coil FEM model simulation obtained
by COMSOL (Figure 8).

After this first step of FEM validation (with an error of less than 5% between measurement and
COMSOL model), the cartography (map) obtained at 60A (the system rated current) is used to generate
the dipolar model which allows to find the number, location, and components of the dipolar model
moments.

In the following paragraph, the steps used by the developed algorithm to determine the equivalent
dipolar model are presented.

The radiated magnetic field generated by a set of dipoles can be written as follows [18]

|H| = |PM | (1)

where:
H: Magnetic field vector (3i × 1);
i: Number of measurement points;
M : Dipole moments vector (3n × 1);
P : Matrix depending on the position of dipoles (3i × 3n);
n: Number of used magnetic dipoles in the model;
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Figure 8. Comparison between measurements and COMSOL results.

|x|: Vector containing the magnitude of the elements of the vector x.
The factor “3” is due to the three components of the magnetic field at a spatial location.
Figure 9 shows the optimization algorithm used to find the number, the position, and the moment

of the dipoles. Δf is defined as the difference between the fitness function calculated in two consecutive
numbers of dipoles.

The fitness f is defined by:

f =

√√√√√
∑(

|(Hxm − Hxs)|2 + |(Hym − Hys)|2 + |(Hzm − Hzs)|2
)

∑(
|Hxm|2 + |Hym|2 + |Hzm|2

)

where “m” represents the measured values and “s” the dipolar model simulated values.
First, we determine the initial parameters (dimension of the search area, maximum number of

dipoles, and the height of the measurement plane). Secondly, the optimization algorithm is used to
find only the positions of dipoles (reduced number of unknown parameters). Then, the moments are
deduced by a matrix inversion. In addition, this method looks for the dipoles in a finite volume, which
leads to finding a reduced number of unknowns.
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Figure 9. Optimization algorithm.

In this example, a model composed of 15 magnetic dipoles is obtained, and the fitness function is
equal to 2.3% at a frequency of 85 kHz. The algorithm takes 1907 s to find the solution (position and
dipole moments).

Figure 10 shows a comparison between the COMSOL results and the dipolar model. This
comparison is made on a plane located at a height of 100 mm above the primary coil.

In Figure 11, we compare the values of the magnetic field H on the line at x = 0 mm (the black
lines illustrated in Figure 10).

We can notice a good agreement between the COMSOL model and the dipolar model for the three
components of the magnetic field (Hx, Hy, Hz). However, to quantify the comparison results, the
feature selective validation (FSV) tool is used. The FSV algorithm has been developed to compare any
two sets of data and put them in an objective and comprehensible form. This tool was conceived as a
technique to quantify the comparison of data sets by mirroring the perceptions of engineers [22, 23].

The application of FSV to the validation of data is a key element in a current IEEE Standard.
This tool makes possible to estimate the validity of the used model by comparing its results with the
simulations. The structure of the compared data can be a vector or a matrix. This tool is based on the
separation of real or complex data to be compared in two groups: the first one analyzes the difference
of amplitude (Amplitude Difference Measure, ADM); the second analyzes the difference between the
signal characteristics (Feature Difference Measure, FDM). The range of values for ADM and FDM is
Excellent (Ex), Very good (VG), Good (G), Fair (F), Poor (P), and Very poor (VP) [24].

Figures 12, 13, and 14 show the ADMc (Amplitude Difference Measure confidence histogram) and
the FDMc (Feature Difference Measure confidence histogram) for the three components of the field H.

Different shielding plates made of different materials were used and compared. Characteristics of
these shielding plates are shown in Table 2.

Figure 19 shows data obtained from analytical calculations and measurements. The shielding
effectiveness is represented as a function of the frequency and is evaluated for the 4 types of shielding
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Figure 10. Comparison between the COMSOL results and the dipolar model.

Table 2. Characteristics of the shielding plates.

Material type Conductivity (MS/m) Thickness (mm) Size (mm×mm)

Plate 1 A5 (95% aluminum) 35 0.1 800 × 800

Plate 2 A5 (95% aluminum) 35 0.2 800 × 800

Plate 3 AG3 (50% aluminum) 18.8 1 800 × 800

Plate 4 AG3 (50% aluminum) 18.8 1.6 800 × 800

plates. Frequencies range from 1Hz to 100 kHz. The distance between the coil and the shielding plate
is 18 mm, and the sinusoidal current feeding the coil is Ipeak = 0.45 A.

The results of the comparison between COMSOL results and model obtained results are good in
general for the three components of the magnetic field.

This model is going to be used instead of the real WPT primary coil for the analytical determination
of the shielding.
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Figure 11. Comparison between the COMSOL results and the dipolar model along the x = 0 axis.

Figure 12. ADMc and FDMc for the component Hx.

Figure 13. ADMc and FDMc for the component Hy.

4.2. Shielding Effectiveness

The magnetic shielding efficiency (SEH) is defined as being equal to the attenuation of the magnetic
field amplitude provided by a shield. It quantifies the performance of a shielding [25–27].

SEH dB= 20 log
‖HWTOS‖
‖HWS‖ (2)
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Figure 14. ADMc and FDMc for the component Hz.

where:
HWTOS: magnetic field without shielding plate.
HWS: magnetic field with shielding plate.
The different mechanisms that contribute to the effectiveness of shielding generate three types of

field attenuation commonly referred to as “losses”: the absorption losses, reflection losses, and multiple
reflection losses [28, 29].

The shielding efficiency (SE) in decibels (dB) (see Equation (3)), for a shielding plate of very large
lateral dimensions is expressed as the sum in dB of the three previous mechanisms(reflection, absorption
and multiple reflection).

SEdB = AdB + RdB + MdB (3)

where:
AdB: represents the absorption loss (in dB) of the wave as it proceeds through the shield plate.
RdB: represents the reflection loss (in dB) caused by field reflection on the shield surface.
MdB: represents the additional effects of multiple reflections (in dB).
Magnetic induction simulations were performed on a line above the position where the shield will

be located (inside the vehicle cabin). This line along the z axis is for coordinates x = 0mm, y = 0 mm,
z = [181.5 mm to 1800 mm] (z = 0 mm corresponds to the level of the upper surface of the primary
coil).

Figure 15 shows the 15 dipoles used, the position of the shielding plate, and the line on which the
magnetic emissions are evaluated.

Figure 16 shows the magnitude of the magnetic induction radiated by all equivalent dipoles and
simulated along the blue line in Figure 15 (unshielded).

The simulations show a high intensity of the magnetic induction near the chassis (20 cm above the
ground) and a decrease of this field as one moves away from the source of disturbance. We also note an
exceedance of up to 43 dB (600 µT (Peak) instead of 8.8 µT (Peak)) compared to the threshold imposed
by the recommendations of the ICNIRP.

After having calculated the desired attenuation and using the shielding efficiency study approach
presented above, we propose to reduce the magnetic field in order to comply with the recommendations
of the ICNIRP by using a shielding plate of 0.1 mm thickness made of aluminum alloy (AG3). This
plate has a shielding efficiency around 43 dB at 85 kHz. The choice of this type of material is justified by
its competitive price compared to copper and by its mechanical strength compared to pure aluminum.

4.3. Experimental Validation

Experimental results are needed to validate the proposed model. The production of full-scale system is
very heavy in terms of time and resources. Assuming the absence of saturation in ferrite plate, we can
consider validating the results obtained previously by making coils with reduced size.

These miniature coils are obtained by making a scale model from the real size. This 1 : 10 scale
miniaturization allows us to experimentally validate analytic results. The designed coils are built with
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Figure 15. Set of dipoles, position of shielding plate and emission simulation line.

Figure 16. Magnitude of the magnetic induction radiated by the equivalent dipoles simulated on the
line shown in the Figure 15.

Figure 17. Miniaturized prototype made in the laboratory.
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ferrite plates and Litz wire with the same number of turns (6). Figure 17 shows the coil of the full-size
coupler and the corresponding miniaturized coil.

(a) (b)

Figure 18. Experimental validation bench. (a) Without shielding plate, (b) with shielding plate.

(a) (b)

(c) (d)

Figure 19. Analytical and measurement shielding efficiency, (a) for Plate 1, (b) for Plate 2, (c) for
Plate 3, (d) for Plate 4.
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Figure 18 shows the experimental validation bench. This validation was carried out with the
miniaturized coil.

Figure 19 demonstrates the high influence of the operating frequency, the thickness and conductivity
of the material.

Furthermore, a good agreement between the analytical shielding efficiency values (obtained from
the dipole model calculation) and measurement results is observed (with an error of less than 5%).
Such results show that the analytical calculation of the shielding efficiency using equivalent dipoles is
pertinent.

5. CONCLUSION

This paper is devoted to the study of near-field magnetic emissions of a WPT coil. It focuses more
particularly on the study of an efficient method for modeling radiated emissions using equivalent dipoles.
These dipoles are deduced from an optimization algorithm. The method has been experimentally tested
and shows good agreement with measurements and those calculated with COMSOL.

We have also demonstrated that this model can be used to analytically calculate the field radiated
by WPT systems and to size the shielding to be implemented to meet the standards. The use of the
analytic model to evaluate shielding efficiency permits to get a fast and simple pre-dimensioning of the
shielding plate.

All obtained results have been experimentally validated in laboratory using a near field test-bench.
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