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Abstract: Recently, the number of electric vehicles (EVs) is increasing due to the decline of oil re-
sources and the rising of greenhouse gas emissions. However, EVs have not received full acceptance
by consumers due to the limitations of the stored energy and charging problems. The dynamic or
in-motion charging solution has become a suitable choice to solve the battery-related issues. Many re-
searchers and vehicle manufacturers are working to develop an efficient charging system for EVs.
In order to improve the efficiency of the dynamic wireless power transfer (DWPT), the electromag-
netic coupling coefficient between the two parts of the coupler must be maximized. This paper was
dedicated to find the optimal topology of a magnetic coupler with the best coupling factor while
taking in consideration the displacement and the misalignment of the EV. The article is introduced
by developing a methodology for characterizing the electrical parameters of couplers, followed by
a comparative study of different forms of coils suitable for dynamic charging of electric vehicles.
The particularity of the proposed study concerned the overall dimensions, or the areas occupied
by the windings of the coils remaining the same for all the chosen shapes and corresponding to the
surface that is actually available under the EV. Simulation and experimental tests were carried out to
validate the proposed study.

Keywords: dynamic wireless charging; electric vehicle; inductive power transfer; magnetic coupler
topology; coupling factor; modeling; FEM

1. Introduction

For global warming, nonrenewable fossil energy, and other reasons, electrification of
transportation systems have been carried out for many years. In railway systems [1],
the power supply of the train using a pantograph to get electric power from a conductor
rail is easy due to the fixed tracks. However, for electric vehicles (EVs), the required high
flexibility and the cost makes it unrealistic to attain power in a similar way. Instead, to oper-
ate on vast distances, EV has to be equipped with a high-power and large capacity battery
pack.

Up to now, EVs have not been very attractive to consumers, even with many government
programs. Poor cruise performances of EVs continue to be the primary reason that impends
their market penetration. The electric storage technology is the major problem of the EV.
It requires a battery with large energy density, long cycle lifetime, and low cost [2–4].

The dynamic wireless power transfer (DWPT) charging system for EVs application
is a solution to solve the EVs battery dependence. The resonant inductive power transfer
discussed in this paper is based on magnetic resonance coupling between the transmitter
and the receiver coils defining the coupler [5–7].

Recently, as the need for EV charging and technological progress has increased,
the powers transferred by WPT and the charging distance have increased from a few
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millimeters to a hundred millimeters for some kilowatts power level [8]. Several demon-
strations, based on different coupler topologies, have been proven by research institutes
and major car suppliers in order to validate the feasibility of such systems [9–12].

The magnetic coupling factor of the coupler is expected as the key parameter in DWPT
charging system. Several shapes of coils exists and can be integrated into pads to transfer
energy from the ground pad to the vehicle one [11,13]. Some of these coils are circular
(Circ), bipolar (BP), rectangular (Rec), and double D (DD) [14,15].

In [16], the authors proposed an optimization of a circular coil used for static charging
of EV. The optimization concerns various parameters such as the coupling factor, number of
coils turns, and ferrite thickness, as well as the losses in the aluminum shielding.

Different comparative studies [17–20] between these four different shapes (rectangular,
circular, DD, and BP) of coils have been carried out in the past. However, most of them
take different geometric dimensions for each structure [14,21,22].

In this paper, in order to choose an optimal EV’s inductive power transfer charging
system, the authors compared in terms of their coupling coefficient different geometries of
coils though keeping the same winding area (available area under the EV).

The proposed studies of the magnetic coupling and the field emission evaluation
between the primary and secondary coils are taking into account the secondary part
motion and its misalignment (Figure 1) with respect to x and y axes (displacement axis and
misalignment axis).
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Figure 1. Misalignment case [23].

The validity of the proposed approach is demonstrated using finite element calcula-
tions based on COMSOL software and on a DWPT test bench designed and available at
VEDECOM institute.

2. Dynamic Wireless Power Transfer
2.1. General Description

The wireless power transfer (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 reported in Figure 2.

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 operating at the resonance frequency close to 85 kHz, fixed by
the standards. Indeed, the high positive reactive powers due to the leakage inductances
at the two sides of the coils are compensated by capacitors to improve the power transfer
capability and efficiency.

Typically, there are four basic resonant topologies of resonant inductive power transfer
system, labeled as SS (series–series), SP (series–parallel), PS (parallel–series), PP (parallel–
parallel) [18]. There are other compensation topologies that may be used to improve
the performance of the WPT system (for example S–LCC, LCC–S, and LCC); however,
more components are required [24].
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Figure 2. Typical WPT charging system for EVs.

Secondly, the high-frequency current in the primary coil generates an alternating
magnetic field, inducing an AC voltage at the receiving coil port. By resonating with the
secondary compensation network, the transferred power is significantly improved.

The obtained AC transferred power is rectified and transferred to a DC/DC converter
to charge the EV battery.

Figure 3 shows a description of a DWPT system, with the primary and secondary
coils (coupler).
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Figure 3. Dynamic induction charging of an electric vehicle [25].

2.2. Studied DWPT System and Contributions

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. The system is shown in Figure 4.
This WPT system is defined as WPT1–Z1 class according to standards like the J2954 [26],
the IEC 61980 [27], ISO 19363 [28], and even the IEC 63243 [29] (standard concerning the
DWPT which is being drafted). The Z1 class corresponding to a power level lower than
3.7 kVA, and a coil airgap lower than 150 mm).
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The main specifications of charging system are summarized in the following Table 1.

Table 1. DWPT system.

Parameter Value

Transferred power 2.5 kW
DC input voltage 60 V

Coupling coefficient From 0.1 to 0.3
Turns number 6

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

Switching frequency 81.38 to 90.00 kHz
System efficiency 92 %

2.3. Focus on the Magnetic Coupler

The coil design is the most crucial part of the DWPT whole system. Its design sig-
nificantly affects the performance of the entire system [15,31,32]. The coil configuration
must enable the enhancement of the coupling coefficient, reduction of the flux leakage,
and shaping of the magnetic field. In dynamic charging, the mutual inductances change
with the vehicle displacement, resulting in a decrease of the magnetic flux seen by the
secondary coil, and this will affect the ability of the WPT system.

To increase the system efficiency, several methods have been proposed. Some of them
concern the resonance frequency tuning [6,33], others deal with the tuning of the resonance
capacitance to adapt the reactive power compensation during the EV motion [34–36],
while in [37] the authors focused on keeping the output power stable by working on an
optimization method to improve the system efficiency and regulating the output voltage.

In order to get the optimal coupler structure in the dynamic mode (the vehicle motion),
the authors proposed an efficient methodology to evaluate different coil geometries while
keeping the same winding area.

In [14,15], the authors investigated various configurations of loosely coupled magnetic
couplers, which could possibly be used in WPT systems to provide wireless charging of
the on-board battery of EVs. More than 8 optimized different structure were compared.
Unfortunately, the compared structures were not designed for the same power levels,
so they did not have the same number of turns or the same volume of ferrite, nor did they
occupy the same dimensions.

In this paper and contrary to what was done in [14,15] where the dimensions of the
coils were different from one topology to another, the authors considered that the surfaces
occupied by the primary and secondary coils remained the same (468 × 468 mm). For the
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different evaluated topologies, we determined the coupling coefficient and the influence of
the displacement and the misalignment on the latter.

3. Coupler Characterization Methodology

To correctly characterize the coupler, 2 different approaches based on numerical
calculations and measurements, respectively, were proposed. These two methods provided
the electrical parameters of the coupler.

Figure 5 presents the magnetic coupler and its equivalent circuit. Equations (1)–(3)
govern this equivalent circuit.(

v1
v2

)
=

(
Z11 Z12
Z21 Z22

)(
i1
i2

)
(1)

v1 = L1
di1
dt

+ M
di.2
dt

+ r1i1 (2)

v2 = L2
di.2
dt

+ M
di1
dt

+ r2i.2 (3)

where:
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r1, , r2 are the resistance of the primary and secondary coils.
L1 L2 are the self-inductance of the primary and secondary coils.
M is the mutual inductance between primary and secondary coils.

4. EV Pads Study

In order to design the optimal EV coupler topology for a DWPT system, the coupling
coefficient of several geometries had to be evaluated. In this case, the winding areas
remained the same and the key considered parameters were the coupling factor and
influence of dynamic misalignment.

3D simulations corresponding to an electric vehicle DWPT system were carried out
and experimental measurements were used to validate these simulations.

The winding area of the real coupler DWPT coils was 48 × 48 cm. This dynamic
charging system is mounted on a Twizy (Renault electric car). The corresponding distance
between emitter and receiver was 15 cm (Z1 class from SAE Standard).

Figure 6a shows a picture of the used WPT coil, while Figure 6b shows the geometry
of this same coil modelized on COMSOL software.
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This square coil structure was compared to several others. The considered coupler
structures were the most known and used in EV’s charging system in recent years [14,15]
namely, rectangular–rectangular (Rec–Rec), doubled–doubled (DD–DD), bipolar–bipolar
(BP–BP), and circular–circular (Circ–Circ) with ferrite plates.

With ferrites plates, the coils produced a magnetic field mainly on one side, and the
magnetic field on the other side of the pad was strongly reduced.

The DD coil (Figure 7a) as well as the BP coil (Figure 7b) were each composed of two
sub-coils connected in series with an opposite direction current. These sub-coils led to
reducing the lateral leakage magnetic flux as the flux mainly flowed from one sub-coil to
the other.
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ogies and their materials, and the use in the modeling of a uniform distribution of the 
current density in the conductors was allowed by the fact that the cables are made from 
Litz wires. 

Figure 7. Detailed view of (a) DD coil, (b) BP structures.

The general structure of bipolar coil (BP) (Figure 7b) was the same as the DD coil,
but the coupler was built of two coils with a small overlap. This overlap (noted Ov in
Figure 7b) was calculated to cancel or greatly reduce the mutual inductance between the
two sub-coils making BP structure. In this configuration, the two sub-coils acted as two
independent and magnetically decoupled coils.

Circular coils (Figure 8d) are one of the most common topologies for WPT systems
(especially in static charging).
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Figure 9 and Table 2 illustrate the external dimensions of the different coupler topolo-
gies and their materials, and the use in the modeling of a uniform distribution of the current
density in the conductors was allowed by the fact that the cables are made from Litz wires.
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Figure 9. Coupler dimensions.

Table 2. Coupler dimensions.

Parameters Values Comments

A 150 mm Air gap
Deptf 10 mm ferrite thickness
Depc 13 mm Coil thickness

Lf 600 mm ferrite length
Wf 500 mm ferrite width
Lou 468 mm Coil external length
Lin 442 mm Coil internal length

Wire type Litz
Ferrite material 3C98 from Ferroxcube company

External dimensions of each coupler are kept the same and the shape and dimensions
of each coupler coils are given in Figure 10.
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Figure 10. Front view of the different forms of coils, (a) rectangular, (b) double D, (c) bipolar, (d) circular.

Because of the non-symmetrical system, the study was carried out according to the
two axes of displacement (x, y) as shown in Figures 10 and 11.



Energies 2021, 14, 3983 8 of 18Energies 2021, 14, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 11. Definition of displacement axes. 

4.1. Coupling Factor Evaluation 
Figure 12 shows the coupling factor or coupling coefficient (k) for the four coils 

shapes for different displacement (in x and y direction). In this table, k is defined as below: 𝑘 = 𝑀𝐿 𝐿  (4)

 
Figure 12. Coupling factor for different displacement positions. 

The results are shown (Figure 12) in a range of 0 to 702 mm in x and y axes (which 
corresponds to 154 % of the coil size) in Figure 12. 

As the displacement increased, k decreased for each topology but not in the same 
way. Circ–Circ topology provided the highest k of 0.245 when the two coils were precisely 
aligned, whereas BP–BP topology showed the minimum k when the coils were aligned. 

From the simulations, it can be noted that DD–DD and BP–BP topologies were rela-
tively less sensitive to displacement in “X” direction (a coupling factor k = 0.1 for a dis-
placement of 50% of the size of the coils). Using these two topologies (DD–DD, BP–BP) a 
zero coupling was achieved for a displacement of about 37% of the primary pad length in 
“Y” direction (which is in good agreement with the value of 34% from the study [14]). The 
low k and the zero coupling factor of these two shapes were clearly major drawbacks that 
made these topologies irrelevant for dynamic charging applications, especially knowing 
that the standard requires recharging when the coupler is misaligned about 50% [26]. 

Coupling factor of the Rec–Rec coupler was slightly lower than the circular coupler, 
but the Rec–Rec coupler was less sensitive to misalignment. This was of great interest for 
DWPT applications. 

In the following simulations (Figure 13), the same configurations, dimensions, and 
materials were employed, and the only difference was the misalignment in one direction, 
while the secondary coil translated in the orthogonal direction. The misalignment distance 
was chosen to be 227.5 mm (which correspond to 50% of the coils dimensions). 

Figure 11. Definition of displacement axes.

4.1. Coupling Factor Evaluation

Figure 12 shows the coupling factor or coupling coefficient (k) for the four coils shapes
for different displacement (in x and y direction). In this table, k is defined as below:

k =
M√
L1L2

(4)
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The results are shown (Figure 12) in a range of 0 to 702 mm in x and y axes (which
corresponds to 154 % of the coil size) in Figure 12.

As the displacement increased, k decreased for each topology but not in the same
way. Circ–Circ topology provided the highest k of 0.245 when the two coils were precisely
aligned, whereas BP–BP topology showed the minimum k when the coils were aligned.

From the simulations, it can be noted that DD–DD and BP–BP topologies were rel-
atively less sensitive to displacement in “X” direction (a coupling factor k = 0.1 for a
displacement of 50% of the size of the coils). Using these two topologies (DD–DD, BP–BP)
a zero coupling was achieved for a displacement of about 37% of the primary pad length
in “Y” direction (which is in good agreement with the value of 34% from the study [14]).
The low k and the zero coupling factor of these two shapes were clearly major drawbacks
that made these topologies irrelevant for dynamic charging applications, especially know-
ing that the standard requires recharging when the coupler is misaligned about 50% [26].

Coupling factor of the Rec–Rec coupler was slightly lower than the circular coupler,
but the Rec–Rec coupler was less sensitive to misalignment. This was of great interest for
DWPT applications.

In the following simulations (Figure 13), the same configurations, dimensions, and ma-
terials were employed, and the only difference was the misalignment in one direction,
while the secondary coil translated in the orthogonal direction. The misalignment distance
was chosen to be 227.5 mm (which correspond to 50% of the coils dimensions).
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As shown in Figure 14, the Rec–Rec structure had the highest k factor in this mis-
alignment configuration. This misalignment had a large impact on the Circ–Circ coupler.
For this reason, such topology is less interesting in the case of DWPT applications as
vehicle alignment on the road is not guaranteed.
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4.2. Magnetic Field Emission

Several standards such as IEC 61980 [27], SAE J2954 [26], ISO 19363 [28], and even the
IEC 63243 [29] (standard concerning the DWPT which is being drafted) deal with emission
problems, and all these standards refer to ICNIRP 2010 [39] for the level of recommended
field. In France these emission questions are treated by the INERIS (Institut national de
l’environnement industriel et des risques) which is a national organization, which is still
referring to the ICNIRP 98 [40] values. All couplers must respect these emission limits to
guarantee the safety of the users.

An example of coupler’s emission simulation is given in Figure 15. In this figure,
a Rec–Rec coupler can be seen, the study was carried out for different coupler’s topologies
(Circ–Circ, DD–DD, BP–BP) where the primary coil was excited by a current (I1 = 42 A)
and the secondary coil was centered and in open circuit.
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Figure 15. Configuration for emission simulation.

The value of the field is simulated on the red line (Figure 15), which corresponds to a
line along the x axis, at the center of the coupler (y = 0, z = 75 mm).

Figure 16 shows the value of the magnetic induction obtained by simulation on the
red axis.
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The purpose of this study is to define how far the value of 27 µT (RMS) is reached,
this value is defined by the ICNIRP 2010 as a limitation for electromagnetic emission [41].
The smaller is this distance, better it is. This can be explained by the fact that the human
body is less exposed to electromagnetic waves at the same distance. From this study, it
can be noted that DD–DD and BP–BP offer the better results in term of magnetic leakage.
On the other hand, the Rec–Rec and Circ–Circ topologies have poor radiation profile, so at
a distance of 1 m from the center of the coupler (and at a height of z = 75 mm), the value of
the magnetic field radiated by the circular and rectangular topologies is nearly 10 times
higher than that generated by DD and BP coils.

Previous simulations showed that the different WPT system fulfills the ICNIRP 2010
requirements for the magnetic field exposure of the public for different distances (500 mm
for DD and nearly 700 mm for Cir or Rec coil shapes).

4.3. Inductance Variation

Self-inductances changes when the coils were misaligned from their ideal position.
This variation was due to the presence of the secondary ferrite plate, and could affect
the system that was detuned and would not be at its resonance frequency (if the inverter
frequency is kept constant). These variations affected the performances of the system or
in worst cases could deteriorate the power supply. Figure 17 represents the normalized
primary inductance variations as a function of the misalignment.
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Figure 17. Normalized primary inductances vs. displacement.

The Rec–Rec and DD–DD topologies had the most self-inductances variations (3.7%
and 3.3% respectively). On the other hand, BP–BP (along the x and y axis) and circular
structures had the minimum self-inductances variations (2.2% and 2.5% respectively). Note,
however, that these variations were quite low, and that this was therefore not a real criterion
for choosing one or the other structure.

5. Experimental Validation
5.1. Magnetic Field Emission

The near field test bench shown in Figure 18 was used to perform magnetic field
measurements. It included a 3-axis robot controlled by a PC, and the robot moved a
magnetic probe (MP) over the primary coil with a high precision. A computer controlled
the robot and the probe signal was sent to a spectrum analyzer. A low noise amplifier was
connected to the output of the MP to improve the field sensitivity. The measurements of
the magnetic field radiated by the WPT coil allowed creating magnetic field cartographies.
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Figure 18. Near-field test bench.

The obtained cartographies for a rectangular primary coil were compared to the
simulation results (magnetic field cartographies simulation of the same rectangular coil) in
Figure 19. The current flowing in the coil was equal to 120 mA, and the map was done at
100 mm height (from the top of the coil).
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A good agreement of the distribution of the magnetic field between the measurement
results and those obtained by numerical simulation was noticed. After this first step which
allowed us to validate the previous simulation about magnetic field repartition of different
shapes of coils, we were interested in the measurements of self-inductances and couplings
of the different forms seen previously.

5.2. Coupling Factor and Self-Inductances Variation

The experimental determination of electrical parameters of the coupler was needed to
validate the FEM model used. The production of full-scale coils was very heavy in terms of
time and resources, especially knowing the price of the materials used (Litz wire, ferrite).
Assuming the absence of saturation in our system, we considered validating the results
obtained previously by making coils with reduced size.

These miniature coils were obtained by making a homothety from the real size.
This 1:10 scale miniaturization allowed us to validate in the laboratory the results of
simulations previously obtained with COMSOL software. The designed coils were built
with ferrite plates and Litz wire. We obviously kept the number of turns equal to 6 of the
coil on scale 1.

The coupling coefficient should have not changed as long as all the dimensions were
divided by the same value. However, it was important to note that certain quantities could
not be reduced homothetically as in particular the thickness of the ferrite material. Figure 20
shows a coil of a full-size coupler and the miniature prototypes produced.
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Figure 20. Miniaturized prototypes made in the laboratory.

The previous near-field test bench was used to perform the measurements. It permitted
us to vary the distance between two coupler coils with a high precision (see Figure 21).
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In total, 10 displacement values were chosen for each topology, starting from 0 (coaxial
position) to 50 mm with a step of 5 mm.

Several measurements of the coupling coefficient (8 measurements) were carried out
for each value of the displacement (measurements of the various parameters carried out in
the same position before proceeding to the next). This made it possible to plot the average
value and the standard deviation of measurement of this coefficient. The comparison
made between experimental measurements and numerical simulation results presented
above (in Figures 12 and 14) were carried out taking care to multiply the experimental
displacement distances (0 to 50 mm) by the scale factor 10 in order to be directly compared
to displacements of the numerical model at a 1:1 scale.

Before talking about the coupling factor comparison, Figure 22 shows a comparison
between normalized self-inductance values obtained by numerical simulation and the
normalized self-inductance obtained by measurement. This comparison was done for the
four coupler topologies seen before.

The normalized self-inductances values obtained by measurement (multiplied dis-
tances (0 to 50 mm) by the scale factor 10 in order to be directly compared to displacements
of the numerical model at 1:1 scale) were similar to those obtained by numerical calculation
and we focus now on the coupling factor comparison study. Figure 23 shows the coupling
coefficient obtained from numerical simulations and experimental measurements for the
four coupler topologies studied previously and for a displacement in the axis of the electric
road (no misalignment).
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We noted that, and as predicted by the numerical simulations that as the displacement
progressed, the coupling coefficient decreased for all the topologies.

Experimentally, the coupling coefficients of the Rec–Rec and Circ–Circ structures were
very close and unlike the results of bibliographic studies (which did not take the same coil
dimensions) [14,21,22], and the rectangular coupler coupling coefficient was better than
the DD.

Experimental results confirmed that the BP–BP structure had the lowest coupling
coefficient for the centered position and the presence of a coupling weakening for the
DD–DD and BP–BP structures for a displacement along the Y axis of the coils.

Let us now analyze the evolution of the coupling coefficient for an offset movement
relative to the electric road (misalignment case). The corresponding results are given in
Figure 24.
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We can conclude from Figure 23 that the shape of the coupling coefficients obtained
by measurements on the reduced-scale models corresponded well to those obtained by
numerical simulations (Figures 12 and 14). However, there were differences between the
measured and simulated values, and a small part of these differences was justified by
measurement errors. However, the majority of deviations were due to the fact that the
coils and couplers were made by hand. There were therefore still errors as to their exact
dimensions. The adopted homothety (1: 10) was not fully realized on all dimensions. It was
for example impossible to respect this homothety for the thickness of the ferrite material or
for the size of the conductors, the latter being unavailable in the exact dimensions sought.

Nevertheless, this experimental part allowed us to confirm the conclusions drawn
previously from numerical simulations. Namely, that the circular shape can be privileged
and used in a case where the relative positioning of the emitting and receiving coil was
perfectly mastered and that the rectangular shape was well suited to DWPT systems
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because it was tolerant to offset, which represented a key point for the use in dynamic
recharging of vehicles for which the positioning on the electric road is not yet fully defined.

6. Conclusion and Future Works

In this paper, investigations for an optimal coupler design for DWPT charging system
dedicated to EV were presented.

Despite the existence of many studies on similar subjects, the importance of this
comparative study lies in the fact of comparing structures with the same external area
(dimensions). Thus, the comparison of four coupler topologies was realized in terms of
coupling factor in displacement conditions (alignment and misalignment) on the one hand,
and the magnetic field emission on the other hand.

In the aligned configuration, the Circ–Circ topology provided the highest coupling
factor. However, this topology was less interesting when the coupler was misaligned;
these kinds of structures were more adapted for static wireless charging. On the other hand,
the DD–DD and BP–BP structures showed less coupling factor in comparison with the
Rec–Rec structure. However, the Rec–Rec topology presented the strongest electromagnetic
emission in the environment of the coupler.

In terms of costs, the DD and BP couplers were more expensive, and they required
more Litz wires and were more complicated to manufacture, especially for the BP which
required a certain positioning of its sub-coils.

This paper also made it possible to see the variation of the self-inductance of the four
different topologies according to the displacement and the misalignment. The variation of
this parameter was linked to the fact that the recharge was in dynamics (displacement and
misalignment of the EV). The importance of this study lies in the fact that this variation
can induced errors in the resonance frequencies.

From the comparative results of this paper, the coupler designer was able to choose
an appropriate topology of coils, in terms of electromagnetic efficiency for a WPT system.

Future work may focus on the optimization of the magnetic material composing the
coupler in order to define the best shape and the best material for the ferrite plates for
example. In addition, other improvements could lead to the integration and optimization of
an aluminum shielding, especially knowing that such a shielding could strongly influence
parameters such as the self-inductance or the coupling factor.
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