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Abstract: Wireless power transfer (WPT) chargers are promising solutions for charging electric
vehicles (EVs). Due to their advantages such as ease and safety of use, these chargers are increasingly
replacing conductive ones. In this paper, we first provide a detailed analysis to illustrate the effect
of varying parameters on the operation of the WPT charger. Secondly, we present the main design
steps of the charger elements while respecting the recommendations of the SAEJ2954 standard in
terms of operating frequency, efficiency and misalignments. Regarding the design of the ground-
side and vehicle-side coils, we propose three different circular geometries whose parameters are
determined using an iterative approach. The latter is compared with a finite element analysis
performed under Ansys Maxwell software showing the convergence between theoretical calculations
and the simulation results. Finally, an experimental prototype with a power of 500 W is realized.
In addition, different test scenarios are performed to validate the proposed design approach. In
this respect, an efficiency of 90% is obtained for a power of 500 W and a distance between coils of
125 mm. Moreover, the test of the charger in the most unfavorable operating case (misalignments of
∆x = 70 mm, ∆y = 10 mm and ∆z = 150 mm) gives an efficiency of 83.5%, which remains above the
limit of the SAEJ2954 standard.

Keywords: wireless power transfer (WPT); electric vehicle; WPT design; coil design; SAEJ2954

1. Introduction

As is well known, EVs and HEVs are equipped with a rechargeable battery pack
providing the power needed to propel the vehicle and also to supply other integrated
electrical systems. Due to its limited capacity, the battery requires regular charging from a
power station. Depending on the way the energy is transmitted from the Electric Vehicle
Supply Equipment (EVSE) to the EV, one could divide the developed charging solutions
into two main categories, namely, wireless power transfer (WPT) chargers and conductive
chargers [1,2].

Conductive charging relies on dedicated cables to transfer the power from the EVSE
to the vehicle. Thus, depending on the configuration of the latter, the charging operation
could be performed either in AC or DC mode [3]. In terms of charging times, DC chargers
are commonly known as fast chargers, while AC ones are slow due to their limited power
transfer capability [4]. The main disadvantage of conductive charging could be related to
the safety and comfort of the user. Indeed, the user must intervene in the charging operation
by handling heavy cables. In addition, under certain specific conditions such as snow and
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rain, the charging operation becomes dangerous and may cause electric shocks [5]. Unlike
conductive charging, wireless charging is performed without any contact between the
vehicle and the EVSE. Indeed, instead of using cables, the power transfer is performed
wirelessly [6,7].

The simplified concept of a static WPT charging system is shown in Figure 1. It
is divided into two subsystems: a vehicle assembly (VA) and a ground assembly (GA).
The power is wirelessly transferred, using the magnetic field (MF), from the emitting coil
embedded in the ground to the receiving one installed underneath the vehicle. Regarding
safety and ease of use, powering an EV using the wireless method is much easier and safer
for the user [8]. In addition, the absence of physical contact (no mechanical friction) can
reduce the maintenance of the wireless charger and prolong its lifetime [9,10].
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Figure 2. Circuit topology of a WPT charger. 

This article deals with WPT chargers from theoretical analysis to experimental reali-
zation. Indeed, the article presents a detailed analysis of the main phenomena occurring 
in a WPT charger. In addition, all elements of the charger, namely, power converters, coils 
and compensation boards, are designed in accordance with the requirements of the 
SAEJ2954 standard. Moreover, an experimental setup is realized to verify the effectiveness 

Figure 1. Simplified concept of a WPT charger.

The circuit topology of a WPT charger is shown in Figure 2. The high-frequency
inverter, on the ground side, is controlled using phase-shift control technique [11] producing
a square wave voltage. This voltage, varying at a frequency of 85 kHz, feeds the ground-
side coil. This creates a time-varying magnetic field which, in turn, induces a voltage in the
vehicle-side coil due to the mutual coupling between the two coils. The induced voltage is
rectified and the resulting DC voltage is used to supply the EV battery [12]. Each of the
ground and vehicle-side coils is associated with a reactive energy compensation block. The
latter is formed by capacitors connected either in parallel or in series with the coils [13].
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This article deals with WPT chargers from theoretical analysis to experimental realiza-
tion. Indeed, the article presents a detailed analysis of the main phenomena occurring in a
WPT charger. In addition, all elements of the charger, namely, power converters, coils and
compensation boards, are designed in accordance with the requirements of the SAEJ2954
standard. Moreover, an experimental setup is realized to verify the effectiveness of the
proposed design approach. This article is structured as shown in the following flowchart
(Figure 3).



World Electr. Veh. J. 2022, 13, 121 3 of 25

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 3 of 27 
 

of the proposed design approach. This article is structured as shown in the following 
flowchart (Figure 3). 

 
Figure 3. Flowchart of the organization of the paper. 

2. Analysis of Series–Series Compensated WPT Charger 
2.1. Effect of the Compensation Network on the Efficiency of the WPT Charger 

Consider a WPT charger with serial–serial compensation topology, as shown in Fig-
ure 4, where the EV’s battery is replaced by a resistive load. In addition, the vehicle-side 
converter works as a diode rectifier. Thus, assuming that the rectifier is lossless and the 
current i2 flowing in the vehicle-side coil is sinusoidal, using the power conservation rule, 
the rectifier, the filtering capacitor Cf and the resistive load R could be replaced by an 
equivalent resistance Req where the expression is given in Equation (1). In light of all this, 
an equivalent circuit of a series–series compensated WPT charger is as shown in Figure 5 
[14]. 

2

8
eqR R

π
=  (1)

S5 S7

S6 S8

C1 C2
L1 L2vCD vEF

RMi1 i2C

D

E

F

S9 S11

S10 S12

Vdc

Ground side 
compensation

Vehicle side 
compensation

Req

Io

Cf

 
Figure 4. WPT circuit with serial–serial compensation. 

Figure 3. Flowchart of the organization of the paper.

2. Analysis of Series–Series Compensated WPT Charger
2.1. Effect of the Compensation Network on the Efficiency of the WPT Charger

Consider a WPT charger with serial–serial compensation topology, as shown in Figure 4,
where the EV’s battery is replaced by a resistive load. In addition, the vehicle-side converter
works as a diode rectifier. Thus, assuming that the rectifier is lossless and the current i2 flowing
in the vehicle-side coil is sinusoidal, using the power conservation rule, the rectifier, the filtering
capacitor Cf and the resistive load R could be replaced by an equivalent resistance Req where the
expression is given in (1). In light of all this, an equivalent circuit of a series–series compensated
WPT charger is as shown in Figure 5 [14].

Req =
8

π2 R (1)
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The total equivalent impedance of the WPT system, seen from the ground side, is
given in (2):

Zt = r1 + j(ωL1 −
1

ωC1
) +

ω2M2

Req + j(ωL2 − 1
ωC2

) + r2
(2)

where r1 and r2 stand, respectively, for the ground-side and vehicle-side coil’s internal
resistances, w is the operating angular frequency (2 * π * 85,000 rad/s) and M is the mutual
inductance between the coils.

The power transferred to the load could be expressed as follows:

Pout = RI2
0 =

8
π2

R(ωMI1,RMS)
2(

r2 + Req
)2

+
(

ωL2 − 1
ωC2

)2 (3)

where I1,RMS is the RMS value of the current in the ground-side coil and I0 is the average
value of the load current.

The compensation capacitors are generally calculated in such a way that the ground-
side capacitor (C1) cancels out the reactance of the equivalent total impedance (Zt) of the
WPT circuit, while the vehicle-side one (C2) maximizes the power transfer (Pout). In other
words, C1 and C2 are calculated, respectively, using (4) and (5).

Im(Zt) = 0 (4)

∂Pout

∂C2

= 0 (5)

The obtained expressions are given in (6) and (7).

C1 =
1

ω2L1
(6)

C2 =
1

ω2L2
(7)

Figure 6 illustrates the evolution of the efficiency of the WPT charger as a function
of the frequency. It can be seen that the efficiency reaches its maximum at the resonant
frequency, which is 85 kHz. However, when the WPT operates at a frequency other than
the resonant frequency, the efficiency drops and tends towards zero.

The peak efficiency is due to the fact that when the capacitors are tuned to the calcu-
lated expressions, the overall reactance of the circuit is cancelled and the power transfer
capacity is increased. This is well illustrated in (8) and (9).

Zt = r1 +
ω2M2

Req + r2
(8)

Pout =
8

π2
R(ωMI1,RMS)

2(
r2 + Req

)2 (9)
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2.2. Effect of the Coupling Coefficient on the Power Transfer Efficiency

The aim of this subsection is to assess the effect of the coupling coefficient k, defined
in (10), on the efficiency of the WPT charger. To note that k is close to unity for a strongly
coupled inductor as in transformers, while it decreases in WPT applications due to the
large distance and misalignments between the coils.

k =
M√
L1L2

(10)

Assuming the capacitors are properly tuned to ensure the resonance condition, the
input power, sent from the ground side, can be expressed as follows:

Pin =

(
r1 +

(ωM)2

r2 + Req

)
I2

1,RMS
(11)

Using (9) and (11), the power transfer efficiency can be obtained as shown in (12):

η =
Pout

Pin
=

Req(ωM)2(
r2 + Req

)(
r1
(
r2 + Req

)
+ (ωM)2

) (12)

Inserting (10) in (12), the relationship between the power transfer efficiency and the
coupling coefficient can be obtained as follows:

η =
ReqL1L2(ωk)2(

r2 + Req
)(

r1
(
r2 + Req

)
+ (ωk)2L1L2

) (13)

To illustrate the effect of the coupling coefficient on the power transfer efficiency,
Equation (13) is plotted in Figure 7 using the parameters listed in Table 1. It can be seen in
this figure that the efficiency is strongly affected by the coupling coefficient. Indeed, in the
presence of low coupling between the ground-side and vehicle-side coils, which is the most
common case in practice, the efficiency drops rapidly. Therefore, at fixed air-gaps between
the coils, it is strongly recommended to minimize the misalignments in order to ensure
high coupling. In addition, ferrite rods are key components that must be added to the coils
in order to enhance the coupling coefficient and, ultimately, the power transfer efficiency.



World Electr. Veh. J. 2022, 13, 121 6 of 25

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 6 of 27 
 

( )
( ) ( ) ( )( )

2
1 2

2
2 1 2 1 2

eq

eq eq

R L L k

r R r r R k L L

ω
η

ω
=

+ + +
 (13)

To illustrate the effect of the coupling coefficient on the power transfer efficiency, 
Equation (13) is plotted in Figure 7 using the parameters listed in Table 1. It can be seen 
in this figure that the efficiency is strongly affected by the coupling coefficient. Indeed, in 
the presence of low coupling between the ground-side and vehicle-side coils, which is the 
most common case in practice, the efficiency drops rapidly. Therefore, at fixed air-gaps 
between the coils, it is strongly recommended to minimize the misalignments in order to 
ensure high coupling. In addition, ferrite rods are key components that must be added to 
the coils in order to enhance the coupling coefficient and, ultimately, the power transfer 
efficiency. 

Table 1. Parameters used for plotting Equation (13). 

Parameter Value 
Req 12 Ω 
L1 416 µH 
L2 116 µH 
r1 0.5 Ω 
r2 0.1 Ω 

 
Figure 7. Efficiency variations of a WPT charger as a function of the coupling coefficient. 

2.3. Bifurcation Phenomenon in a WPT Charger 
The WPT charger is a double tuned circuit. Thus, a common characteristic of these 

types of circuits is the bifurcation phenomenon, also known in the literature as frequency 
splitting [15]. This phenomenon is characterized by the existence of more than one zero-
phase angle. In a WPT circuit, this phenomenon appears when the coupling coefficient 
exceeds a certain limit. It was established in the literature that the bifurcation phenome-
non can be avoided if the WPT’s parameters are chosen so that the condition shown in 
Equation (14) is verified [16]. 

ck k≤  (14)

where 1
2ck Q−=  is the critical coupling and Q2 is the quality factor of the vehicle-side cir-

cuit. The latter is defined as follows: 

2
2

eq

LQ
R

ω
=  (15)

Figure 7. Efficiency variations of a WPT charger as a function of the coupling coefficient.

Table 1. Parameters used for plotting Equation (13).

Parameter Value

Req 12 Ω
L1 416 µH
L2 116 µH
r1 0.5 Ω
r2 0.1 Ω

2.3. Bifurcation Phenomenon in a WPT Charger

The WPT charger is a double tuned circuit. Thus, a common characteristic of these
types of circuits is the bifurcation phenomenon, also known in the literature as frequency
splitting [15]. This phenomenon is characterized by the existence of more than one zero-
phase angle. In a WPT circuit, this phenomenon appears when the coupling coefficient
exceeds a certain limit. It was established in the literature that the bifurcation phenomenon
can be avoided if the WPT’s parameters are chosen so that the condition shown in (14) is
verified [16].

k ≤ kc (14)

where kc = Q−1
2 is the critical coupling and Q2 is the quality factor of the vehicle-side

circuit. The latter is defined as follows:

Q2 =
ωL2

Req
(15)

To illustrate this phenomenon, the imaginary part of the total impedance seen from
the ground side (Zt) is plotted as a function of the frequency and for different values of the
coupling coefficient. It can be seen in the Figure 8 that when k < kc, only one zero-phase
angle exists. However, for k > kc, three zero-phase angles appear.

It should be noted that the bifurcation phenomenon strongly affects the power transfer
capability and efficiency of the WPT circuit [16]. In this regard, the evolution of the voltage
gain (VEF/VCD), for a constant load, as a function of the frequency and for different values
of the coupling coefficient is plotted in Figure 9. It can be seen in this figure that when the
coupling increases above kc, the voltage gain decreases. This means that a higher current
will be needed to transfer the same amount of power to the load.
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2.4. Effect of the Load Variations on the Power Transfer Efficiency

When the coupling coefficient is maintained constant, the variations of the load can
also affect the WPT efficiency, as illustrated in Figure 10. It follows that an optimal load
ensuring high-power transfer efficiency needs to be expressed. To that end, the derivative
of the efficiency with respect to Req is used as in (16):

∂η

∂Req
=

∂

∂Req

 ReqL1L2(ωk)2(
r2 + Req

)(
r1
(
r2 + Req

)
+ (ωk)2L1L2

)
 = 0 (16)

The optimal load ensuring maximum efficiency is then obtained as follows:

Req,optimal = r2

√1 +
ω2k2L1L2

r1r2

 (17)

One can notice in the above figure that the efficiency is strongly affected when the load
decreases. This is due to the fact that the condition given in (14) is no longer verified. For
instance, assume that L2 = 116 µH, f = 85 kHz and k = 0.2, when the load (R) decreases
the quality factor (Q2) increases and the bifurcation-free condition is no longer respected.
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Figure 10. Evolution of the efficiency as a function of the frequency for different loads.

In view of this, for a fixed coupling coefficient, the load must verify the condition
given in (18) in order to avoid the bifurcation phenomenon.

R0 ≥ Rc (18)

where Rc =
π2

8 kcL2ω.

2.5. Effect of the DC Side and Battery Voltages on the Power Transfer

The aim of this subsection is to analyze the effect of the DC side and battery voltages
on the amount of the power transferred to the battery. To simplify the analysis, the coils’
intrinsic resistances r1 and r2 are considered negligible. In addition, the capacitors C1 and
C2 are chosen so that:

ω =
1√

C1L1
=

1√
C2L2

(19)

The current flowing into the ground- and vehicle-side coils could be expressed, respec-
tively, as shown in (20) and (21).

i1 =
vEF

jωM
(20)

i2 =
vCD
jωM

(21)

Likewise, the expressions of the ground-side and vehicle-side inverter output voltages
vCD and vEF are established using Fourier analysis as shown, respectively, in (22) and (23).

vCD =
4Vdc

π

∞

∑
n=1,3

1
n

cos(nωt− nφ

2
) sin

(
n

φ

2

)
(22)

vEF =
4Vb
π

∞

∑
n=1,3

1
n

cos(nωt− nφ

2
+ nδ) sin

(
n

β

2

)
(23)

where φ and β are, respectively, the phase-shifts driving the ground-side and vehicle-side
inverters, while δ is the phase shift between the ground-side and vehicle-side inverters’
output voltages.

Neglecting the high-order harmonics, due to the band-pass filtering behavior of the
capacitors in series with the coils, only the fundamental components of the inverters’ output
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voltages and current are considered; it follows that the expression of the fundamental power
is obtained as shown in (24).

P_1 =
8

π2
VdcVb
ωM

sin
(

φ

2

)
sin
(

β

2

)
sin(δ) (24)

One can see in (24) that the power flow direction (Grid to Vehicle G2V or Vehicle to
Grid V2G) can be controlled by setting δ = +π

2 for G2V mode and δ = −π
2 for V2G one.

It is also clear that the amount of transferred power can be controlled by adjusting φ and
β. It should be noted that only the G2V mode is considered in our case (i.e., β = π and
δ = +π

2 ).
The evolution of the power transfer as a function of the DC side and battery voltages

is illustrated in Figure 11. It can be seen that when the mutual coupling is fixed, the
transferred power is limited by the voltages on the DC side and battery side. In addition,
when the mutual coupling becomes very low (due to large air gaps and misalignments
between the coils), the transferred power is expected to exceed the maximal limit. In this
case, the phase-shift angles will be adjusted so that the transferred power remains within
the maximal power limit of the WPT charger.
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3. Design Steps of WPT Charger

The main objective of the present subsection is to highlight the design procedure of a
WPT charger, where the specifications are listed in Table 2. The power is scaled down to
500 W since the main objective is to illustrate the main design steps, which remain valid for
any other power ranges. It is worth noting that the WPT charger’s parameters are chosen
according to the SAEJ2954 standard. Indeed, the operating frequency and the minimum
efficiency are set respectively to 85 kHz and 80%. Thus, the air-gap distance between the
coils is chosen in the interval 100–150 mm. In addition, the DC side voltage (Vdc) is limited
by the available DC power supply in the laboratory. The latter could be adjusted from
0 V to a maximum value of 300 V. Moreover, the battery pack is built by using four 12 V
batteries branched in series connection, which leads to a nominal voltage of 48 V.

Once the power, the DC side voltage and the battery side voltage are fixed, the next step
consists of calculating the required mutual inductance, which is necessary for transferring
a power of 500 W. To that end, Equation (24) is used as follows:

M =
8

π2
VdcVb

ωP
=

8
π2

300× 48
2× π × 85000× 500

≈ 44 µH



World Electr. Veh. J. 2022, 13, 121 10 of 25

Table 2. General specifications of the 500 W WPT laboratory prototype.

Parameter Value

Power (P) 500 W
Maximum DC side voltage (Vdc) 300 V

Nominal battery voltage (Vb) 48 V
Power transfer frequency (fsw) 85 kHz

Minimum efficiency (in presence of misalignments) 80%
Required mutual inductance (M) 44 µH

Air-gap distance 100–150 mm

3.1. Step 1: Choice of Ground- and Vehicle-Side Converter Technology

As the WPT charger is operating at a frequency of 85 kHz, appropriate power con-
verters must be chosen while to minimize the power switching losses. In this regard,
the choice is between two emerging technologies, namely, Silicon Carbide MOSFET (SiC-
MOSFET) and Gallium Nitride High Electron Mobility Transistor (GaN HEMT). According
to [17], both of these technologies have good material properties, which are required in
high-switching frequency and high-power applications. Indeed, the authors in [17] state
that GaN MOSFET exhibits high-electron mobility, which makes it advantageous in high-
switching frequency systems such as radio and telecommunication systems. However,
GaN MOSFETs are generally known for their lower thermal conductivity. This feature
makes the design of the heatsink a real challenge and restricts the use of GaN HEMT to low
power applications only (several kW).

Unlike GaN MOSFETs, SiC MOSFETs exhibit high thermal conductivity, which means
that these switches can operate at high powers (several tens of kW). Moreover, SiC MOSFETs
are efficient at high switching frequency, which is a key benefit in a power system as it
increases the power density by reducing the size of the magnetic core components and
the filtering elements. All of these characteristics make the SiC MOSFET a better choice
when high power and high frequency are key desirable features of the system. It is worth
recalling that the cost is also a key parameter that must be taken into consideration. The
GaN technology still in its early stages, which makes it a less mature technology than SiC.
This increases the cost of the GaN power devices compared to SiC.

Based on this comparison, SiC technology will be adopted for making the power
modules. More specifically, the SiC MOSFET evaluation board (reference CRD 8FF1217P-1)
from the Cree Company is adopted in our case. Indeed, the board allows the realization
of one leg of the inverter with its associated driver circuit. That is, four boards will be
necessary for making the ground- and vehicle-side inverters. The evaluation kit includes a
dedicated heat sink, a thermal grease and two fast-recovery Schottky diodes (Figure 12).

3.2. Step 2: Choice of Control and Communication Boards

The choice of the control card can be performed taking into account several factors.
Among them, one can quote: the price, the footprint, the processing performances and the
supported communication protocols. In our case, the chosen control card is the F28335
Delfino Control Card from Texas Instruments (TI). This MCU belongs to the TI C2000
family, which is mainly dedicated to power system control applications [18].

As for the communication boards, one must note that in a WPT charger, not only is
the power is transferred wirelessly, but also the communicated data between the ground
side and vehicle side. Thus, the SAEJ2954 standard recommends the use of WiFi protocol
to perform this communication. In this regard, the Raspberry Pi4 Model B is chosen.
Note that unlike the previous versions, the Pi4 Model B version integrates a WiFi module
(2.4 GHz and 5.0 GHz IEEE 802.11). Moreover, the Pi4 Model B supports several wired
data communications such as UART (Universal Asynchronous Receiver/Transmitter), SPI
(Serial Peripheral Interface) and I2C (Inter-Integrated Circuit). Thus, hardware support
packages compatible with MATLAB/Simulink 2020 are already available, making the
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programming task much easier. Other sophisticated boards could also be used to perform
the wireless communication task. However, the price is a decisive factor in our case.
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3.3. Step 3: Design of Ground- and Vehicle-Side Coils
3.3.1. Conductor Wire Choice for Making Coils

The coil’s design task starts by selecting appropriate wires. Thus, in order to reduce
the skin and proximity effect caused by the high operating frequency, WPT designers
generally opt for a particular conductor wire known as a Litz wire [19]. This is formed by
multi-strand twisted wires. These cables are classified according to the gauge, number of
strands and operating frequency range. Note that the wire gauge increases as the operating
frequency increases, whereas the strand diameter decreases. This means that the nature
of the cable, for a given current intensity, differs according to the operating frequency.
Indeed, for high-operating frequencies, the cable must contain several strands; however,
the number of the strands decreases in the case of low frequencies. Since the WPT charger
is operating at a frequency of 85 kHz, the AWG 38 (AWG for American Wire Gauge),
characterized by a frequency range of 50 kHz to 100 kHz, is the recommended type for
WPT chargers.

3.3.2. Coil Geometry Choice

Now to the geometry of the coils. It is worth noting that the circular and rectangular
planar coils are the most commonly adopted geometries for making WPT chargers. Thus,
in order to analyze the characteristics of each of these two coils, a comparative study was
carried out in [20]. The study shows that, for a given air gap and the same coil’s size, the
circular coils ensure high mutual inductance compared with the square ones. However, the
square coils are more tolerable to misalignments. This makes circular coils best suited for
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stationary charging, while rectangular coils are recommended for dynamic charging [6,21].
With this in mind, the circular geometry is adopted in the current design.

3.3.3. Coil Inductance Calculation

Generally, the calculation of the coil inductance begins with setting the desired quality
factor of the circuit on the vehicle side [22]. Note that a higher quality factor is generally
desired to improve the circuit performance. Yet, in practice, higher quality factors require
high inductance values. This, in turn, leads to a coil with large dimensions, which ultimately
complicates its integration into the vehicle. That is, the quality factor will be set to 12.

Using (15), the required inductance can be calculated as follows:

L2 =
Q2 × Req

ω
=

Q2 × 8×V2
b

ω× π2 × P

Inserting the suitable values gives L2 ≈ 86 µH.
As for the primary coil, since a typical range of the coupling in a WPT charger varies

between 0.1 and 0.4, an initial value of the inductance of the primary coil will be chosen as
360 µH. This gives an initial coupling k = 0.25.

The main reason behind choosing a higher inductance value for the ground side is
due to the fact that the emitting coil needs to be larger than the receiving one in order to
ensure a high mutual coupling even in the presence of alignment offsets.

3.3.4. Choice of Parameters, Simulation and Realization of Coils

From the design viewpoint, the inner radius, the outer radius, the spacing between
the turns and the number of turns of a circular planar coil are important parameters that
must be chosen with care to achieve the desired performance (see Figure 13).
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Figure 13. Illustrative shape of a circular planar coil.

As indicated in [23], increasing the turns’ spacing makes it possible to achieve the
desired inductance value with fewer turns. This makes it possible to reduce the length of
the conductor wire, which ultimately reduces the weight and cost of the coil. However,
the mutual coupling decreases as the spacing between the turns increases. For this reason,
to ensure better coupling between the coils, we will try to bring the turns closer to each
other in order to eliminate the spacing. In addition, since the diameter of the wire is already
fixed, the number of turns and the inner and outer radii remain the only parameters to
be adjusted to achieve the desired coil performance. That is, three coils with different
geometries are proposed in our case. These are described as follows:

• Coil geometry 1 (hereinafter Coil1): this is the geometry of the ground-side coil. Its
outer diameter is set to 48 cm. This choice is justified by the fact that the height of the
created magnetic flux is approximately 1/4 of the outer diameter of the coil [23]. With
this choice, for a nominal air gap of 12 cm, the coupling between the coils is ensured.
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• Coil geometry 2 (hereinafter Coil2): this is the first geometry adopted for the coil on
the vehicle side. Its outer diameter is set to 30 cm. The main reason for choosing a
smaller diameter is to allow the vehicle-side coil to remain in the area covered by the
ground-side coil even in the presence of misalignments.

• Coil geometry 3 (hereinafter Coil3): this is the second geometry adopted for the coil
on the vehicle side. Its outer diameter is set to be the same as that of the ground-side
coil (48 cm). This choice is justified assuming that the two coils must have the same
external diameter so that all of the magnetic field created by the coil on the ground
side will be captured by the one on the vehicle side.

Once the geometries are defined, the next step consists of calculating the number
of turns necessary to achieve the desired inductances. To that end, the Wheeler formula,
shown in (25), is used. This formula gives the desired inductance in µH when all of the
dimensions are in cm.

L =
N2(Dout + Din)

2

20.3(15Dout − 7Din)
(25)

where N, Dout and Din are, respectively, the number of turns, the outer diameter and the
inner diameter of the coil.

The relations between Dout, Din and the diameter of the wire dw is given in the following:

Din = Dout − 2× N × dw − dw (26)

The required length of the wire, in meters, can be calculated as follows:

W_length =
πN(Din + Dout)

200
(27)

The calculation of the number of turns and the inner diameter for a required inductance
is an iterative process in which we increment the number of turns and we calculate the
corresponding Din and L. The process stops when the desired L is reached or if the calculated
Din is negative. In the latter case, the initially chosen Dout is very small and needs to be
increased. This is illustrated in the following flowchart (Figure 14).

For each of the geometries defined previously, the algorithm returns the following
parameters shown in Table 3.

Table 3. Summary of the calculated parameters for each geometry.

Coil1 Coil2 Coil3

- L = 361.76 µH
- N = 39
- Din = 8.5 cm
- Dout = 48 cm
- W_length = 34.61 m

- L = 86.81 µH
- N = 24
- Din = 5.5 cm
- Dout = 30 cm
- W_length = 13.38 m

- L = 91.53 µH
- N = 11
- Din = 36.5 cm
- Dout = 48 cm
- W_length = 14.6 m

Before starting the realization task, one first needs to verify whether the calculated
parameters will lead to the desired inductances, and also if the proposed coils will ensure
the required coupling coefficient when the air gap varies in the interval range 100–150 mm.
To that end, the Ansys/Maxwell software is used. That is, three coils, with the parameters
listed in Table 3, were created as shown in the following figure (Figure 15).
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The calculated inductances, using Ansys/Maxwell software, for each of the coil ge-
ometries 1, 2 and 3 are, respectively, 358.12 µH, 84.2 µH and 89.6 µH. We notice a slight
difference between these values and those calculated using the Wheeler’s formula. This was
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expected, as the software performs the required calculations and simulations using finite
elements analysis (FEA) methods which, in turn, depend on the used meshes, solver, etc.

Once the inductances of the created coils have been verified, the next step consists
of evaluating the coupling coefficient between the following pairs of coils: Coil1–Coil2
and Coil1–Coil3 (see Figure 16). To perform this test, using the Ansys/Maxwell soft-
ware, one first needs to calculate the excitation currents of the ground-side coil (Coil1)
and the vehicle-side coils (Coil2 and Coil3). These currents intensities are calculated as
follows: I1,MAX = 4Vb

πωM = 4 × 48
π × 2 × π × 85000 × 44 × 10−6 ≈ 2.6 A and I2,MAX = 4Vdc

πωM =
4 × 300

π × 2 × π × 85000 × 44 × 10−6 ≈ 16.25 A
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The evolution of the coupling coefficient for each of the pairs of coils is plotted in
Figure 17. In this test, the air gap between the coils varies from 100 mm to 150 mm using a
step of 10 mm. Note that this air-gap range corresponds to the Class Z1 of the SAEJ2954
standard. It can be seen from this figure that the two pairs of coils provide a coupling
coefficient in the interval range 0.1–0.5. We can also notice that the coupling coefficient of
the pair of coils Coil1–Coil2 is slightly higher than that of Coil1–Coil3.
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The magnetic field distribution of the two pairs of coils is plotted in Figures 18 and 19.
Two important remarks can be drawn from these figures. The first one is related to the
intensity of the created magnetic field. Indeed, one can clearly see that the maximum
magnitude of the magnetic field created by the Coil1–Coil2 pair is 1.9598 × 10−3, while
that created by the other pair of coils is just 7.0098 × 10−4.
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The second remark is related to the magnetic field distribution. Indeed, it can be seen
that the peak amplitude occurs in the center of the pair Coil1–Coil2 and decreases as we
approach the boundaries, while that of the Coil1–Coil3 pair occurs at the boundaries of the
coils. This, a priori, leads us to say that the pair Coil1–Coil2 will ensure better performance
even in the presence of alignment offsets.

The three coils have been fabricated in practice (see Figure 20). The main objective is
to experimentally test different coil combinations in order to find the coil pair that gives the
best performance in terms of power transfer efficiency and misalignment tolerance.

Note that ferrite cores have been added to the coils in order to guide the magnetic flux
from the transmitting coil to the receiving one. In this regard, it should be noted that the
arrangement of the ferrite cores on the coil is of great importance, as a worse arrangement
could decrease the power transfer efficiency. Thus, as expected, the addition of the ferrite
to the coils (see Figure 21) increases their inductances. Indeed, the measured inductance for
Coil1, with six ferrite cores mounted on its bottom side, is 416 µH, while that measured for
Coil2 and Coil3, with four ferrite cores mounted on their top sides, is 116 µH.
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3.4. Step 4: Design of Ground- and Vehicle-Side Compensation Boards

The role of the compensation blocks is to cancel out the reactive impedance of the WPT
circuit, which reduces the reactive energy and increases the overall efficiency. The series–
series compensation topology, adopted in our case, is commonly used in the literature due
to the fact that the calculated capacitance values are independent of the load and mutual
inductance. The required capacitance is calculated as follows:

C1 =
1

ω2L1
=

1

(2× π × 85000)2 × 416⊗ 10−6
≈ 8.43 nF

C2 =
1

ω2L2
=

1

(2× π × 85000)2 × 116× 10−6
≈ 30.22 nF

Thus, the maximum voltages occurring across these capacitors are calculated as follows:

VC1,MAX =
I1,MAX

ωC1
=

2.6
2× π × 85000× 8.43× 10−9 ≈ 578 V

VC2,MAX =
I2,MAX

ωC2
=

16.25
2× π × 85000× 30.22× 10−9 ≈ 1007 V
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The design of the compensation capacitor board must be performed carefully. On the
one hand, it must be designed to ensure the condition of resonance with the coil, and on
the other hand, it must withstand the involved high voltages. A general design approach is
presented as follows.

Assuming similar capacitors are used, the total capacitance of a compensation bloc con-
taining Np parallel-connected branches where each branch contains an NS series-connected
capacitor is given by the following expression:

CT =
NP × C

NS
(28)

where C is the capacitance of one capacitor and CT is the desired compensation capacitance.
First, to comply with the high-voltage constraint, the required number of series capaci-

tors can be calculated as follows:

V̂C,MAX

NS
≤ VMAX (29)

where VMAX is the maximum operating voltage of one capacitor, and Vc,MAX is the maxi-
mum voltage occurring across the compensation network.

Assuming, for example, that a 100 nF, a 500 VAC polypropylene capacitor is chosen
for making the vehicle-side compensation bloc. Then, NS can be calculated as follows:

NS,min =
V̂C2,MAX

VMAX
=

1007
500

= 2.014

To ensure the safe operation of the capacitors, NS will be chosen to be 3. With this
choice, the required parallel branches will be calculated using (28), as follows:

NP =
NS × CT

C
=

3× 30.22
100

≈ 1

The realized grid-side and vehicle-side compensation boards are illustrated in Figure 22.
In our case, depending on the available components, capacitors with different values are
used. Thus, the measured capacitance values of the compensation boards in the ground and
vehicle sides are, respectively, C1 = 8.9 nF and C2 = 31.5 nF. These values lead to two resonance
frequencies: f 1 = 82,713 Hz and f 2 = 83,259 Hz. Following this, the resonance frequency is chosen
as the mean value of f 1 and f 2. That is, f = (f 1 + f 2)/2 = 82,986 Hz, which is in the interval range
recommended by the SAEJ2954 standard (81–91 kHz).
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4. Experimental Results

The overall experimental setup of the realized WPT charger is shown in Figure 23. In
order to validate the design procedure, several tests were realized on the basis of this setup.
The obtained results are presented and discussed in the sequel.
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4.1. Test of the Realized Coils

The main objective of this test is to find the coil’s pair that ensures optimal efficiency.
To that end, the realized coils are subjected to several test scenarios. It should be noted that
the variation of the air gap and misalignments between the coils leads to different values of
the mutual inductances, which finally gives rise to different power transfer. The latter is
specified for each test scenario.

• Scenario 1: The coils are perfectly aligned and spaced from each other with a distance
of ∆Z = 12 cm. In this case, a power of 300W is transferred from the ground side to the
vehicle side; thus, the obtained power transfer efficiency is 95% for the pair of coils
Coil1–Coil2, while that of Coil1–Coil3 is 89.5%.

• Scenario 2: The coils are laterally misaligned in both directions (∆X = 7 cm and ∆Y = 10 cm)
while the air gap between the coils is maintained at ∆Z = 12 cm. In this case, a power of
500 W is transferred from the ground side to the vehicle side; thus, the obtained power
transfer efficiency is 89% for the pair of coils Coil1–Coil2, while that of Coil1–Coil3 is 78%.

• Case 3: The air gap is maintained at its maximum (∆Z = 15 cm) and the coils are
misaligned in both directions (∆X = 7 cm and ∆Y = 10 cm). In this case, a power of
900 W is transferred from the ground side to the vehicle side; thus, the obtained power
transfer efficiency is 83.5% for the pair of coils Coil1–Coil2, while that of Coil1–Coil3
is 72%.

Based on the obtained results, one can clearly see in Figure 24 that the pair Coil1–
Coil2 presents good power transfer efficiency. Indeed, the lowest measured efficiency is
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83.5%. This value was obtained for the worst-case positioning of the coils corresponding to
scenario 3, in which the coils are misaligned in both directions and largely spaced between
each other. It should be noted that this efficiency remains above the minimum limit of
the SAEJ2954.
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Figure 24. WPT efficiencies for different scenarios of the coil pairs.

The pair Coil1–Coil3 presents lower performances, as was expected, since the simu-
lation stage was performed using Ansys/Maxwell software. With this in mind, the pair
Coil1–Coil2 is retained for the rest of the tests.

4.2. Effect of Variation of DC Side Voltage on Power Transfer

In this test, the two coils are perfectly aligned and spaced at a distance of 120 mm. It
should be noted that this distance has been identified as that which gives rise to a mutual
coupling of approximately 44 µH, which is necessary for transferring a power of 500 W.
The main objective is to study the effect of the DC-side voltage on the amount of power
transferred to the battery. To that end, the DC-side voltage was varied, using a variable DC
power supply, from 100 V to 300 V with a step of 100 V. This is shown in Figure 25. The
corresponding DC-side current variations are shown in Figure 26.
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Figure 25. DC-side voltage variations.
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Figure 26. DC-side current variations.

Figure 27 shows the battery terminal and estimated internal voltage variations. The internal
battery voltage was estimated using the equivalent internal series resistance (ESR) of the battery.
Indeed, according to the manufacturer, the ESR was estimated at 0.0063 Ω (4× 0.0063 Ω for four
series connected batteries). As is known, the ESR of a battery can vary depending on several
factors such as the aging of the battery and the operating temperature. It is assumed that all
of these factors do not affect the ESR value, since newer batteries are used and their internal
temperature could also be assumed to be constant during experiments.
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Figure 27. Battery terminal and internal voltages.

The gap between the two voltages increases as the battery-charging current increases
due to the voltage drop caused by the equivalent series resistance.

The battery-charging current is plotted in Figure 28. One can see that it depends
on the DC-side voltage. Indeed, the battery-charging current changes as the DC-side
voltage is stepped from one voltage level to another. That is, the maximum achievable
charging current, under the perfect alignment of the coils and for a fixed air gap of 12 cm,
is approximately 8.5 A.

The power transferred from the DC side (input power) and the battery-charging power
(output power) are plotted in Figure 29. A trivial remark that could be drawn from this
figure is that the amount of power that can be transferred depends on the voltages on the
DC side and the battery side. As the latter is kept constant, the transferred power can
only be adjusted by acting on the voltage on the DC side. Thus, a maximum power of
approximately 500 W is achieved when the DC-side voltage is set at its maximum of 300 V.
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The efficiency variations are plotted in Figure 30. It is noticed that the efficiency de-
creases as the transferred power increases. Indeed, the efficiency passes from approximately
97% (for a power of 140 W) to 90% (for a power of 500 W).
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4.3. Effect Misalignments on Power Transfer

The main objective of the present test is to check the effect of the misalignments on the
amount of transferred power. To that end, two test scenarios are performed. In the first one,
the coils are laterally misaligned (∆x = 7 cm and ∆y = 10 cm), while the air gap is kept at
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12 cm. That is, the DC-side and the battery-side powers reach, respectively, approximately
590 W and 520 W, while the corresponding efficiency is about 89% (see Figure 31).
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Figure 31. Variations of the DC-side power, battery power and efficiency in the presence of lateral
misalignments (Vdc = 200 V, ∆x = 7 cm, ∆y = 10 cm and ∆z = 12 cm).

In the second scenario, both lateral and vertical misalignments are considered (∆x = 7 cm,
∆y = 10 cm and ∆z = 15 cm). This could be considered as the worst positioning case. In this test,
the DC side and the battery powers reach, respectively, approximately 900 W and 750 W while
the corresponding efficiency is about 83% (see Figure 32). Thus, the corresponding DC-side and
battery-charging currents are plotted in Figure 33, in which we notice a maximum charging
current of approximately 14 A.
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Figure 32. Variations of the DC-side power, battery power and efficiency in the presence of lateral
and vertical misalignments (Vdc = 200 V, ∆x = 7 cm, ∆y = 10 cm and ∆z = 15 cm).

These tests reveal that the power transfer increases in the presence of misalignments.
This is due to the fact that the mutual coupling decreases as far as the misalignments
increase. Therefore, according to (24), lower mutual coupling will lead to an increase in
power transfer.

In all of these tests, the DC-side voltage is maintained at a value of 200 V. The main
reason for choosing 200 V rather than 300 V is due to the fact that the latter value, in the
presence of misalignments, could lead to high currents in the ground- and vehicle-side
coils, which ultimately generate high voltages across the compensation capacitors. Thus, to
ensure the safe operation of these capacitors, the DC-side voltage is maintained at 200 V.
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5. Conclusions

This paper deals with WPT chargers for EVs. Firstly, the effect of the varying parame-
ters on the operation of the WPT charger was investigated. It was found that the operating
frequency, DC-side and battery-side voltage levels, compensation network and mutual
inductance are key parameters that affect the power transfer capability and efficiency of
the charger. Secondly, the design and realization of a 500 W WPT laboratory prototype was
addressed. Due to the necessity of high-frequency switching, the SiC MOSFET transistors
were chosen for making the power converters as they significantly reduce the power losses.
As for the controllers, the C2000 F28335 MCU and Raspberry Pi4 were chosen due to their
dedicated power control and communication features. Concerning the ground-side and
vehicle-side coils, firstly, the adequate conductor wire and appropriate geometries were
selected. Then, the proposed coils were simulated using Ansys/Maxwell software. The
obtained simulation results showed that one pair of the coils presented better performance
than the other. The proposed coils were realized, and then, based on their inductances, ade-
quate series compensation boards were designed and realized. The overall WPT charger
setup was tested, in open-loop mode, using a 48 V battery pack. The obtained results
showed that the charger ensures good efficiency (around 90%) in an optimal working
scenario, while the efficiency of the worst-case scenario was estimated at around 83%,
which is above the SAEJ2954 limit.

Regarding the perspectives of the present work, the control task of the WPT charger
will be addressed. Indeed, we plan to develop different control approaches for the WPT
charger where the controllers could be implemented either on the ground side or on the
vehicle side. A dual-control approach is also envisaged. The main objective is to compare
the advantages of each approach in order to identify the most appropriate control strategy
for the WPT charger.
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