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ABSTRACT In the coming years, major transportation sectors will be electrified, in which more accessible
and easy solutions for charging Electric Vehicles (EVs) become vital. Wireless charging is considered one
of the best and easiest methods to charge EVs anywhere, even during the driving of cars. To get accurate
charging power rates while charging wirelessly, advanced mathematical models are needed to accurately
present the charging power. Such models must take into consideration all the coils parameters, shapes, the
used compensation topology, and if the system is static or dynamic. This paper presents a comprehensive
analysis of the wireless charging systems adapted for EVs by stating the most common charging topologies,
and architectures, and by concentrating on the corresponding mathematical models used to calculate the
given electrical power as a function of the EV’s situation on streets and its speed. Then, it is possible to
evaluate the EV autonomy, and an accurate approximation can be determined when EV is on a wireless
charging road. Even with the citation and comparison between the two studied models, this paper opens some
perspectives for energy transmitter tools and tries to explain how renewable energy can help the deployment
of this technology.

INDEX TERMS Dynamic mode, electric vehicle, modeling, static mode, topologies, wireless recharge,
renewable energy.

ABB“\I;;‘EVIATION]glectric Vehicles. k Magnetic cgupling constant.

HEV Hybrid Electric Vehicles. L Secondary inductance (H).

. L, Primary inductance (H).
WPT Wireless Power Transfer. . .

. Z,  Primary impedance (£2).
IPT Inductive Power Transfer. .
V2G Vehicle to Grid. Zs Secondary impedance (£2).
WCSEV Wireless Charging System for Electric I, Primary current (A).
Vehicle I Secondary current (A).

W-V2G Wireless Vehicle to Grid. Vp  Primary voltage (V).

Vi Second voltage (V).

I Source current (A).

I,  Load current (A).

Cs  Secondary capacitance (F).

S-WCSEV Static Wireless Charging System for EV.
D-WCSEV ~ Dynamic Wireless Charging System for EV.
DS-WCSEV  Dynamic and Static Wireless Charging

System for EV. Cp  Primary capacitance (F).
Q1 Primary and secondary quality factors.
LIST OF SYMBOLS 0> secondary quality factors.

M Mutual inductance (H).

Q  Oscillation angular frequency (rad/sec). Py Secondary power (W).

P,  Primary Power (W).
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R;  Load (Q2).

n The efficiency of the power transfer (%).
n>  Efficiency of the second part.

n1  Efficiency of the primer part.

Z1  The global impedance of the primary coil (£2).
V1 Source voltage (V).

R;  Secondary resistance (£2).

R,  Primary resistance (£2).

n.  Number of receiver coils.

rl  Primary radius (m).

r2  Secondary radius (m).

h Height (m).

o Permeability of free space (H/m).

I. INTRODUCTION

The number of electric vehicles (EVs) has been steadily
growing since the beginning of the 21st century [1]. However,
the limitations of the charging time of the battery [2] and
the autonomy are a hindrance to the use of the technol-
ogy [3]. The direct consequence is the intrusion of chargers
and power cables into our daily lives, which increasingly
tends to limit the mobility offered by vehicles [4]-[6]. Much
research effort has gone into solving these problems, and
wireless power transfer (WPT) to EVs has become evident
and feasible to solve this problem [7]-[9]. Many years ago,
WPT systems using high intensity, time-varying electromag-
netic fields were presented. But at that time, there was little
need for the WPT, because cable power distribution systems
were generally more efficient and less expensive for electrical
devices. Today, wireless short-range power transfer devices
using electromagnetic induction are used more and more in
industrial products for contactless charging [10]. However,
due to the limitation of the transfer distance of the energy,
this technology cannot charge EVs to cover distances of more
than one-fifth (1/5) the dimension of the power transmit-
ter [11]. An improved method based on resonant coupling
showed efficient results for extending the transfer distance
to more than 2 or 3 times the size of the transmitter or
receiver [12].

A few years later, the Wireless power transfer transmission
for EVs evolved, which can overcome the disadvantages
of wired chargers and remove specific barriers to vehicle
electrification and long-term mobility [13]. Aside from being
more convenient than wired chargers, WPT allows for sub-
stantial reductions in the size of the onboard EV battery [14].
Also, electric buses were considering the stationary WPT
charging method. The onboard battery can be reduced by at
least two-thirds [15] due to passengers’ regular loading and
unloading at bus stations. Because of these in-route costs,
it is possible to hold a much smaller onboard battery and
still meet the vehicle route specifications [1]. Adding to the
Wireless Power Transfer technology, the Inductive Power
Transfer (IPT) techniques are widely available in the market,
while resonance IPT techniques are emerging in the consumer
market [16]. Furthermore, the car industry plans to use IPT
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for all-electric vehicles to facilitate the charging process and
improve drivers’ satisfaction.

Despite the significant development of the charging solu-
tion, this system still contains many defects and problems
that have been developed and are still scalable. Major related
drawbacks were treated in [17]. In this work, the authors
analyzed the discrepancies in the loop design of the coils and
the electromagnetic shielding elements for wireless charging
systems and showed the negative effect of electromagnetic
interference on the system’s efficiency. Also, in [8], the
authors presented the problem of coils position, the impact of
the number of receiver coils, and the influence of the distance
between the transmitter and receiver. The authors pointed
out that these elements have negative impacts on the quality
of given electrical power. Also, they explained that the coil
parameters concerning the used metal type, have significant
impacts on efficiency. On the other side, it is essential to men-
tion that the automotive interior will be influenced by the high
frequency resonant provided by the transmitter. Especially,
if the wireless charging tool is used, when the EV is charging.
Many research papers are developing new technologies and
methods to improve the conditions for using wireless charge
systems.

In [18] and [19], the authors investigated dynamic and
static modeling to improve the efficiency of the EV wireless
charging systems. The inspected model relied on the mutual
inductance related to primary and secondary coils. It was
studied only for the case of superimposing the receiver and
transmitter coils. They also referred to the thermal concerns
of automotive interior and the problem of preventing thermal
failure within high-power ferrite structures of EV wireless
charging inductive power transfer.

All these wireless power transfer technologies and solu-
tions must be summarized, discussed, and explained to
understand their architectures and topologies. Furthermore,
by knowing the efficiency of each topology, it is important
to determine the mathematical model and its parameters that
can be used for each application.

One of the main objectives of our work in this paper is to
discuss the WPT systems, give the possible used topologies,
and recommend possible shapes that can be applied. On the
other hand, our analysis shows a detailed mathematical inves-
tigation of the WPT functionally, considering all the possible
operation modes, whether static or dynamic. The present
work defines all the possible variables and parameters that
can be used to build a solid mathematical model in both static
and dynamic situations. The proposed mathematical model
can be firstly used to calculate the quantity of power trans-
ferred from the transmitter to the receiver. Then, we expose
and explain the needed equations for dimensioning and sizing
the coil transmitters or receivers. Hence, the obtained model
estimates the potential stored energy and guesses the EV’s
autonomy.

The remainder of the paper is presented as follows.
Section 2 is related to the wireless charging system and the
different types of WPT for EVs. In Section 3, we discuss
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FIGURE 1. Classification of the wireless charger number by region for
2017-2026 [2].

the evolution of static and dynamic models for the most
commonly used WPT. In Section 4, a comparison of different
models in scientific research is shown. Section 5 discusses
the future applications and concepts of wireless charging
systems for EVs (WCSEYV). Finally, Section 6 illustrates the
conclusion and outlines some future trends.

Il. WIRELESS CHARGING SYSTEMS FOR EVs

The EV charging systems and techniques were primarily
developed to solve the problems of low autonomy of the car
and increase the range anxiety to cover the road distance
for a specific trip. Major EV manufacturers have developed
various solutions to help charge EVs during their trips, such as
installing charging stations, charging points, and even wire-
less charging pads buried under the highways. Also, several
attempts to eliminate the connected charger solutions require
the EVs to stop for several minutes or hours and charge
using physical connection cables. Therefore, it becomes nec-
essary to shift to wireless charging solutions to increase the
satisfaction of the EV owners and reduce their stress while
waiting for their cars to charge. Hence, some of the presented
solutions in this paper are based on the wireless charging
methods to reduce all the previously cited weaknesses of
using physical charging cables. Wireless charging is a viable
option when drivers cannot be counted on to charge their EVs
regularly, such as in shared vehicle systems or fleets [20].
This wireless charging method was firstly used in homes,
and then it became a public solution placed in many parking
zones. Fig.1 presents the projected wireless charger system,
sales by region, for 2017 to 2026 [2].

A. THE WIRELESS CHARGING SYSTEM DESCRIPTION

Using induction charging technology, electric car manufac-
turers intend to make it easier for future owners of these
vehicles to charge their batteries. The system is based on a
first plate placed on the ground that incorporates a primary
coil that will emit an alternating magnetic field to a second
plate with a secondary coil installed under the electric or plug-
in hybrid vehicle. This system works when the car is parked
over the primary coil, and the two plates are perfectly aligned;
wireless charging allows a battery to be refilled safely under
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FIGURE 3. (a) Inductive power transfer (b) Capacitive wireless power
transfer, (c) Magnetic wireless power transfer.

all weather conditions. This type of charging achieves 80% to
90% efficiency compared to traditional charging cable tools.
Charging, therefore, takes longer than if the car was plugged
in. For example, fully charging a battery pack should take
around one-hour using cables and 1.11 hours using wireless
charging (at an efficiency of 90%) [21], [22]. A simple block
diagram for the wireless charging systems (WCs) is shown
in Fig. 2. On the grid side, a high-frequency inverter (HF
inverter) is connected to the Xformer inverter. Then, the
power is delivered to the transmitter [23].

Three main methods for developing wireless charging sys-
tems for electric vehicles (WCSEV) have been used since
the advent of wireless charging: (a) inductive power transfer
(IPT), (b) conventional capacitive wireless power trans-
fer (CWPT), and (c) magnetic gear wireless power trans-
fer MGWPT). Some review papers on the wireless power
transfer (WPT) technologies for battery-operated electric
vehicles (BEVs) can be found in references [24]-[28].
Fig. 3 presents the three major wireless charging methods.

1) INDUCTIVE POWER TRANSFER

The traditional inductive power transfer was created in
1914 by Nikola Tesla to transmit electricity wirelessly. Mag-
netic induction WPT is a well-known technique that has long
been used in transformers, in which a primary coil and a
secondary coil are inductively coupled [29]. For example,
through the use of a common permeable magnetic core. The
energy transmission by induction in air, in which the primary
coil and the secondary coil are physically separated, has also
been a technique known for over a century. The close-coupled

43867



IEEE Access

N. Mohamed et al.: Comprehensive Analysis of Wireless Charging Systems for Electric Vehicles

WPT technique’s power transmission efficiency decreases
when the distance in the air is superior to the diameter of
the coil, and the coils are not aligned within the distance.
The efficiency of energy transmission is determined by the
coupling factor and the quality of the inductors. This tech-
nique outperforms the magnetic resonance method in terms
of efficiency. This technology is available in the market, such
as charging smartphones wirelessly. With an array of coils,
the close-coupled WPT technique also offers some flexibility
regarding the location of the receiver coil relative to the
transmitter [30].

2) CAPACITIVE WIRELESS POWER TRANSFER

The capacitive coupling of the WPT system has two cir-
cles of electrodes and does not use coils as in the case of
magnetic-type WPT systems [31], [32]. Energy is diffused
through an induction field produced by the coupling of the
two sets of electrodes. The capacitive coupling system has
the following advantages: (i) The capacitive coupling system
offers flexibility for horizontal positioning with an easy-to-
use charging system for end-users, (ii) a very thin electrode
(less than 0.2 mm) can be used between the transmitter and
receiver of the system, (iii) no heat generation in the wireless
power transmission area. The temperature does not rise in this
area, so the battery is protected against heat even when placed
nearby [33]. The emission level of the electric field is low
due to the structure of the coupling system. The electric field
emanates from the electrodes and provides the transmission
of energy. The low-cost structures and simplicity of capacitive
wireless power transfer (CWPT) technology benefit low-
power applications, such as pacemakers, neurostimulators,
cochlear implants, etc., [31]-[33]. In the CWPT, instead of
using coils or magnets, coupling capacitors pass power from
the source to the receiver. Via power factor correction cir-
cuitry, the principal AC voltage is applied to an H-bridge
converter [32], [34], [35].

3) MAGNETIC WIRELESS POWER TRANSFER

The magnetic gear wireless power transfer (MGWPT) differs
from the capacitive and inductive power transfers [29]. Mag-
netic resonance WPT is also referred to as weak coupling
WPT. The theoretical principle of this magnetic resonance
method was developed in 2005 by the Massachusetts Institute
of Technology, and it was validated experimentally in 2007.
The method uses a coil and a capacitor as a resonator, in which
electrical energy is transmitted through electromagnetic res-
onance between the transmitter and the receiver coils [36].
By matching the resonant frequency of the two coils with a
high factor, significant amounts of electrical energy can be
transmitted. The magnetic coupling between the transmitter
and the receiver coils is weak. This technique also provides
flexibility in the location of the receiver coil relative to the
transmitter coil. Applied technical details can be found in
many technical publications, such as in [37].

43868

Wireless Power Transfer

I l |
( Capacitive ) ( Inductive ) Permanent magnet
T I
Power
Transfer Metho d. Varvmg Electric Field Varying Magnetlc Field Resonance betw een circuits
( Narrow 100's kHz-10's Mz ) ( 10 KHz-10's MHz ) WA
Frequency mngc I
I s i
Gap < ) ( >10 ) ( 2
between coils: o a "
! I !
T T
C e OC -
Hi Hij
; i
Power
Levels:
Power
Density: Air gap electric field strength Core saturation flux

T
Medium: Sirable afpassmg [huouh Only through air Objects, materials, bodv tissues
y S
metals
i
power transfer: [ ‘

. i I
Coupler High
[ C - = \

1 1

1 i
Edd
e i ) (i )
current losses:
; :

Power (
Hi L
[ Losses: ( s ) ™ Low

FIGURE 4. Latest architectures of wireless power transfer in 2020.

w

u

( Low Power appllcatwn ) (Medmm to I-hgh applications ) High Power applications

N\ NQ YIS

w

I

u

—/

TABLE 1. Comparison of different WPT architectures for EV applications.

WPT Suitability for | Power Level [Complexity of| Size/
WCSEV design Volume

Capacitive Low/Medium Low Medium Low
Inductive High Medium/High| Medium [Medium

Permanent magnet| Low/Medium | Medium/Low High High

TABLE 2. Performance of WPT in EVs.

WPT Coupling| EMI* | Frequency | Power [Distance|
efficiency range (kHz)/Transferred
Capacitive Medium [Medium| 100-600 3.7W  10.13 mm|
Inductive High |Medium| 10-50 100 kW [127 mm
Permanent magnet | Medium | High | 0.05-0.500 | 818kW | 50 mm

*Electromagnetic interference (EMI)

4) COMPARING DIFFERENT NEAR-FIELD TRANSMISSION
TECHNIQUES

The development of wireless charging systems has been
accelerating since 2009. Each system has some advantages
and disadvantages, and the characteristics of each system
of the near-field transmission techniques are compared in
Tables 1 and 2, and Fig. 4 [38]-[43].

VOLUME 10, 2022



N. Mohamed et al.: Comprehensive Analysis of Wireless Charging Systems for Electric Vehicles

IEEE Access

L

R

FIGURE 5. WPT topologies: (a) SS, (b) SP, (c) PS, and (d) PP.

TABLE 3. Parameters of compensation topologies.

Features | (SS) (SP) (PS) (PP)
1
MZ
b L 1 1 (1= 1)
rimary
. —— M? w?. M* M*
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capacitor |w?L, |w (LP Ls)w (LP LP-Rload) w . T “Ri 04
2
w?. (LP - L_)
Secondary | 1 1 1 1
capacitor |w?2], w2l w?L w?L
wLg WL
Load 0 wLQ; —_— wLgQs

Q
SS: series-series, SP: series-parallel, PS: parallel-series, PP: parallel-parallel.

B. COMPENSATION TOPOLOGIES & COILS PARAMETERS
In the WPT systems, four resonant circuit topologies can
be used [44]. After inserting the capacitor on each side,
their indexation is completed. Therefore, the topologies can
be described as follows: Series-Series (SS), Series-Parallel
(SP), Parallel-Series (PS), and Parallel-Parallel (PP). These
designs can be shown in Fig. 5 [45], [46]. The inductances
and capacitors (C, C) are determined to cancel the reac-
tive part of the transferred power. The primary and sec-
ondary circuits (L, C) of the coupler are used to enhance
the transfers and minimize the apparent power of the input
source while ensuring active power transmission to the load
[47], [48]. The principal disadvantages are the high values
of voltage or current related to the resonance components.
The additional benefits and features of various compensation
networks used in the inductive power transfer for EVs are
shown in Table 3, and each topology feature can be shown in
Fig. 6 [21], [49], [50].

C. COIL DESIGN FOR CHARGING SYSTEMS

In wireless power transfer, an air-core wireless transformer
proposal is used to transfer electrical power from the source
to the receiver sides. Fig. 7 depicts the various designs for
the WPT system; numerous planar coil shapes, including
circular, rectangular, and hybrid configurations, were used to
recover performance and solve misalignment issues among
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TABLE 4. A brief comparison of various coil shapes [44].

Type of
Coil

Criteria for comparison

Polarization type

Path of Flux

The Null Zone

Circular

Non-Polarized perpendicular|
flux generation

one-quarter of the
pad's diameter

40%

Rectangular|
coil

Non-Polarized perpendicular
flux generation

Almost the same as
the pad diameter

50%

Double-D

Generation of polarized,
parallel fluxes

[The circular motion|
is repeated twice.

77%

Quad-D

Small sections are polarized,
and perpendicular flux reigns|

4/5 of the length of
the pad

This is not the case for
the extended transmitter.

quadrature
supreme.

the transmitter and receiver [51]. Table 4 lists the specifi-
cations for each model [44], as well as the advantages and
disadvantages of each model [52]. Multiple wireless power
transfer structures for motorized applications are evaluated
in the literature to assess magnetic couplings and feasibility.
Most of these studies focused on structures with circular
designs, and recently [53] and [54] tested a circular planar
structure for a 2 kW inductive power transfer. It has been
demonstrated that the null zone is the least one that faces
the other models. The performance of resonant coupling
power transmission is primarily determined by the perfor-
mance of the used resonators. A good resonator for WPT
should have a high Q factor and a high coupling coefficient,
which is the ratio of mutual inductance to self-inductance
[55]. The comparison of different types of resonators is listed
in Table 5, [56].

IIl. EVOLUTION OF WPT STATIC & DYNAMIC MODELS

The manipulation of the energy from wireless charging mod-
els must be studied according to the load position and spec-
ifications. Generally speaking, there are two types. The first
one is linked to a static position, and the second one is linked
to a dynamic position [57]. Here, the nomination of static
or dynamic is related to the receiver’s position facing the
transmitter, (i.e., if it is in stationary or displacement modes).
To study properly the charging system, it is essential to
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TABLE 5. Comparisons of different resonators.

. . . Ceramic
Definition Solenoid-type | Spiral (or ring) dielectric
resonators resonators
resonators
Frequency range ~IMHz to ~1MHz to ~0.5GHz to
quency rang ~100MHz ~100MHz ~10GHz

Mechanisms of

Conduction losses,

Conduction losses,

Conduction losses,

loss Radiation losses | Radiation losses | Dielectric losses
Coupling . .
coefficient High High Average
Transfer distance 0,05m to 5m 0,05m to 5Sm 0,0lmto 0,2m
Cost Small Small Average

=

(e)

(9)

O 0O
O O

(h)

Simple Forms Combination Forms

coil___| / |

— [
o Bl | |
a

FIGURE 7. Different coil shapes for the receivers and transmitters.

define the corresponding mathematical equations and model
for each case and present the relationship between different
parameters and variables that can affect the functionality of
this system [58].

A. STATIC WIRELESS CHARGING SYSTEM FOR EV
(S-WCSEV)

The S-WCSEV defines the case where the receiver coil
placed under the vehicle is aligned with the transmitter coil
placed on the road, as in Fig. 8. This applies to stationary
EVs. Then, it is possible to define if the received power is
maximum or minimum [50]. It depends on the position center
of the two coils. In [59], the authors showed that when the
distance between the centers’ increased, the received power
decreased [13]. If the receiver radius is more significant than
the distance between the two middles, the transferred power
is null. Fig. 8 shows the distance between the two coils. It is
mentioned that two coils are aligned if D1 = 0, [5].

1) A PRIMARY MODELING FORM

A primary modeling form of the S-WCSEV was studied
in [60], in which the authors considered static modeling to
improve the WPT. Hence, a simplified model of this power
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transfer system using IPT can be presented in Fig. 9. The
input and output voltages of the IPT are denoted by Vp
and V.

The induced and reflected voltages in this model are
described in terms of mutual inductance M, angular fre-
quency w, and primary and secondary currents /,, and ;. The
magnetic coupling coefficient is related to mutual inductance,
as in Eq. (1). The reflected impedance Z, from secondary to
primary can be calculated as in Eq. (2), [61]. Where, Zs is the
secondary system’s impedance, which is determined by the
compensation topology chosen.

P 1
- JLLs
w*M?

Z. = 2

=2 ®)

The current passing through the secondary winding is
defined in Eq. (3). As a result, the voltages across the primary
and secondary windings are given by Eq. (4).

JjoMI,

I =—2L 3

s Z 3)
V, = joLyl, — joMI, @
Vy = joMI, — joLl,

The primary and secondary frequencies are the same as
calculated in Eq. (5). The primary and secondary power levels
are defined by Eq. (6).

1
VGiL; CoL,
Py =Vplp (6)
Py = Vil

With wireless charging systems to recover multiply all
receivers (coil and capacitor) are typically designed iden-
tically, the total impedance reflected from all sensors (coil
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TABLE 6. Parameters of the secondary impedance
Parameter Series Parallel
S dary imped Z jwLs + ! +R jwLg + ! + !
econdary impedance Z jwLg Tty JjwLg ol TR
Load current I, I V./R
Load voltage Vi, I,R VA
woM
Reflected reactance 0 -1
22 RM
Reflected resistance wORM —
L R
Secondary Quality factor Q, w; s oil

FIGURE 10. Design of SS topology with the load.

and capacitor) is defined by Eq. (7). The number of receiver
coils is denoted by n. The equivalent coupling coefficient and
mutual inductance are then determined by Eq. (8) and (9).

- w?M?
Y Zi=n ™
i=1 8
o = k/n (8)
0<k<l1
M, =Myn )

Table 6 also shows the reproduced resistance and reactance
estimated from Eq. (2) at the secondary resonant frequency,
which depends on the utilized compensations.

2) A SECOND MODELING FORM

A second modeling method was presented in [62], [63],
in which the authors studied the static case and looked for
the parameters that can be optimized to boost the system.
The model is based on the mutual inductance calculation
step, considering the position, and primary and secondary coil
parameters. Based on these studies, the SS architecture is the
most commonly studied form with the corresponding topol-
ogy shown in Fig. 10. Parameters are calculated considering
variable characteristics, such as resistances, inductances, and
mutual inductance.

It was stated that L, = L, — M and L, = Ly — M, respec-
tively, present the primary and secondary winding leakage
inductances. The primary voltage of the coil is denoted V), in
this model, and it is supplied by a sinusoidal voltage source
denoted V. In this case, Ry, denotes a serial resistive load that
is used to generate the final expression of the global yield
value, as in Eq. (15). Eq. (10) depicts the power consumption
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when aresistive load is attached, taking the mutual inductance
parameter as a function of the primary current into account.
Eq. (11) is used to express the global impedance of the
primary coil. As a result, the equivalent primary current can
be calculated as in Eq. (13).

(wM)?
P,y = 1},( X (10)
(Mw)? .
Z) = - . +jo (Lg + M)
jo@Lp+M) = e + R+ Ry
- ﬁ +R, (11
P
I =Vi/Z, (12)

where, C,, and C;, are the primary and secondary capacitance
dimensions that must be evaluated using a null imaginary part
of Z;. The equation can then be used to express the corre-
sponding Eq. (13) of the related capacitance. Using Eq. (14),
the energetic yield of the WPT system can be calculated. The
resistance value has a significant impact on the yield because
it is assumed to be a real load within the overall system. It is
found that the system transmission strength is only affected
by the reciprocal inductance between the primary and sec-
ondary side coils. The reduction of variable parameters sim-
plifies the study of transmission power stability; hence, the
system efficiency is given by Eq. (15). In Eq. (15), Ry is the
secondary-side load impedance, whereas Ry and R, represent
the internal impedances of the secondary and main sides,
respectively. The load and internal impedance are constant
when the charging system is definite. As a result, it is possible
to deduce that the system efficiency is solely determined by
mutual inductance between the primary and secondary side
coils.

1
Cp=Cg=— 13
PEES T 2Ly + M) (13)
fz Rr
=11 T2 2
2| Re+ |15 R+ |E| R (14)
IIp| _ Rs+ R
Ll oM
R
= LR (Ry+RL)? (15
R +Rs +( Foy? )

Fig. 11 depicts the construction of the Series-Parallel (SP)
and Parallel-Parallel (PP) topologies, which exist in addi-
tion to the SS topology [59]. The parameter calculation
is the same as for the SS topology, and it is defined in
Tables 7, 8, and 9 [60].

B. DYNAMIC WIRELESS CHARGING SYSTEM FOR EV
(D-WCSEV)

The dynamic model of the wireless charging mode presents
the case where the vehicle is charged 8even in motion on
the road. The dynamism of the charging mode increases the
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FIGURE 11. Compensation topologies: (a) SS, (b) SP, (c) PP, (d) PS.

TABLE 7. Expressions for the first and secondary capacitors using
different topologies.

Topology E((]uations)
L, + M)C
SS tOpOlOgy 1= ﬁ]\l)z
a
(Lp + M)C,
SP topol =
epolosy QT ITMmG M-
Lq + M)(Ly + M)2C,%R,2
s topology ¢, = Lot M)y + M)°C7R,
M*+ (Lg + M)(L, + M)R,
PP tonol c Ly + M?*(Ug + MLy + M) — M?)C,
opolo: =
POTOBY ™1 = (L, T M)(Ly + M) — M2)2 + M*R,%(L,, + M)C,

Note: C;=C,=Cp= Cs.

complexity of its mathematical model and topology as the
vehicle’s speed parameters are considered due to the vehicle’s
movement. This results in a complex mathematical model
which will expose the obtained power as a function of the
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TABLE 8. Efficiency, maximum efficiency, and quality factors expressions
for SS and PS topologies [59].

IDescription SS I PS
Ry

Effici =

iciency @R, + Ry (1+ RL(ﬁglcl—zRL))
Maximum efficiency/ Hax = R VRi(R: + R,
conditions M R, + R, w > M
Primary and secondary 0, = (La + MR, _wollp + M)
lquality factors 1T wgM? :- Ry

Note: R;=Rp, R;=Rs.

TABLE 9. Efficiency, maximum efficiency, and quality factors expressions
for SP and PP topologies [59].

IDescription Sp | PP
Ry
N Rt R4 _RRE_RR?
) L 2 (LJZ(Lb+M)2 UJZMZ
[Efficiency 2
Ry | (Ly + M)w? + PRy
1|\ w?(L, + M)
+ w?M?
Maximum Mmex = 7R TR, \ < RoR“M )
. 2
i | (sntgior) |, ekt
M? (L, + MOM
[Primary and _ 0oLy + M)(Ly + M)? 0, = R,
secondary 1= M?R, 27 woLy + M)
quality factors

Cq
11
1

RL

rq
NN
rq

U, ﬁ:\

FIGURE 12. The simplified inductive power transfer circuit.

vehicle speed, the parameters of the coil, and the selected
compensation topology. Two versions exist for this situation
related to the form of the transmitter coil’s position and
conditions [13], [64].

1) A PRIMARY MODELING METHOD

The first mathematical presentation of the D-WCSEV
dynamic model was defined in [20], [56]. The authors used
the coupler design, and the choice of operating frequency,
which are explained in Fig.12, [65], [66].

It is possible to combine the primary and the secondary
coil into a new impedance noted Z, as in Fig. 12. Then, all
the necessary parameters needed to calculate the efficiency
of this system can be expressed by Eq. (16) to Eq. (21).

1
wy) = ——

VLC (16)
M =K+/LiL, =kL
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FIGURE 13. Position map of two-wired rings in space.

w*M?
Zy = ——
(r22+ Ry) (17)
R = Uout
;= —out
POLll
Pou = |i2|* RL 8
2 (18)
Py = |iz|” (r + Rr)

The efficiency of the second and first parts can be calcu-
lated in Eq. (19) and (20), respectively. The overall efficiency
is given by Eq. (21).

POMt
n2 P, (19)
P
= — 20
1 P, (20)
Ry
n=mnn= 2D

(r2+Rp) [1 + —"Z%,Tﬁ“]

2) A SECONDARY MODELING METHOD

Typically, there is a horizontal offset and varied height in
wireless EV charging [67]. These issues might reduce the
system’s efficiency and create power fluctuations. As a result,
optimizing EV wireless charging equipment entails resolving
these challenges. Fig. 13 depicts the actual position of two
coils in space, and Eq. (22) is used to define the new expres-
sion of the mutual inductance of the two coils [68]-[70].

M = Horir # sin 6 sin ¢ cos o.+cos 6 cos ¢
B 4 ri

where,

} dody (22)

ri2 =[G+ H + F1'/?
G:r12+r22+h2+D12—2hr2005(psina 23)
H = 2Dlrycos¢pcosa —2D1r cosf

F = —2r1ry (cos 8 cos ¢ cos o + sin G sin ¢)

If @, ¢, and O parameters are not varying, Eq. (24) can
be used to express the new mutual inductance. Thus, DI
is a variable according to the receiver’s motion face to the

transmitter.

1

M = Honir # [—} dodg (24)
4 ri2
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where,

ra=\/r 13+ 4+ D12 42D —2D1r —2rry (25)

Hence, Eq. (26) and (27) are the new expressions for power
and the efficiency of the energetic yields, respectively.

V2.w? 1 2
Py = 1 .<’“‘°”r2 #[—]d@dg{)) (26)
Z1a.°Rp, %4 r2

Rp
n = ; 27
o [(w-<“°::fzaﬁ[qz]dw>>2

C. PROPOSED GENERAL MATHEMATICAL MODEL FOR
DS-WCSEV

In this subsection, we propose a new general mathemat-
ical model that describes and evaluates the efficiency of
both dynamic and static wireless charging systems for EVs
(DS-WCSEV). The proposed model works perfectly when
the EV is in a dynamic mode (moving on the road) or in a sta-
tionary mode (parked). This new mathematical model com-
bines the two previous wireless charging systems, S-WCSEV
and D-WCSEV. In this model, all the previously cited param-
eters and variables for both S-WCSEV and D-WCSEV are
considered. The new model takes into account the vehicle
speed, the coils size, and electrical parameters and considers
any misalignment cases. The shape of the coils, as well as
the distance between the transmitter and the receiver, are
also taken into account [71]. Eq. (28) to (31) expose all the
necessary expressions that evaluate this wireless charging
system.

1) MATHEMATICAL MODEL OF THE DS-WCSEV

To begin, the flux relationship between the two receiver and
transmitter coils is suggested in Eq. (28). The coefficient
presents the percentage of transferred flux from the emitter to
the receiver. It is determined by the quantity of the parameter
DI as shown in Fig. 8. The expression of ¢; is given by
Eq. (29). Generally speaking, is between O and 1, and it is
closely related to the D1 value as it is presented in Eq. (30).

$2=p-¢1 (28)
¢1 (1) = Luiy (1) + Miz (1) (29)
0< B <1 if 0< DI < coilradius
g=1 if D1 =0 (30)
B=0 if D1 > coilradius

The exact expression of, on the other hand, is dependent
on the duration of flux transmission, denoted by Tiusfer and
presented in Eq. (31). Where D, is the coil diameter, and
Sp is the vehicle’s speed. For the static mode, S, # 0, and the
transmission time will be endless [72]. 9 is constant, which is
equal to 107>, y is constant and equal to 3600.

0D o
Ttransfer = ( wzl) n (3D
Sp
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FIGURE 14. Physical material for the wireless power transfer system.

where,

2
B = sin’ ( i t)
Ttransfer (32)
te [0, Ttransfer]

As a result, the voltage output on the secondary coil is
defined as in Eq. (33). By multiplying V> (¢) by the number
of coil receivers (n.), Eq. (34) is obtained.

g )
Va0 =6 (Rar 0+, 20 )+ D
272 ! )
r N
L) = e
V2nc (t) = chZ (t) (34)
Pa(t) = Vope (2) - i2 (1)

2) EXPERIMENTAL VALIDATION

To validate our proposed mathematical model, practical
experiments and tests are conducted using a real prototype
that we have built-in our laboratory, as presented in Fig.14.
To prevent the risk of instability, the terminals of each trans-
mitter module are coupled in parallel to the filter output
through an AC bus line composed of an aluminum bar [12],
[18]. Several tests are done for both static and dynamic
operation modes. Results demonstrate the validity of our
proposed mathematical model, as shown in Tables 10 and 11.
Tables 10 and 11 present the real power values measured
within the experimental test in our laboratory and the esti-
mated values using our proposed mathematical model from
Eq. (28) to (34). Results show that the error is about 2%
for the worst case. The same situation is validated for the
dynamic operation mode, where the error is also minimal.
Table 11 shows the dynamic mode operation results. We have
supposed that the vehicle will pass through 26 transmit-
ted coils, and we have evaluated the given power via the
used mathematical model and via practice results. We have
obtained 11.55 W using the simulation model and 11.63 W
using the real prototype, as in Fig. 14. Some figures in
Table 11 show the transmitter’s position facing the receiver
and the given voltage form in the measurement instrument in
the same table.
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TABLE 10. Real and simulated values for the static mode operation.

Distance Estimated value Real value
between (Simulation) (Experimental)
coils (mm) | Power (W) | Efficiency (%) | Power (W) | Efficiency (%)
10 47 97 46.2 96
70 31 64 29.9 60
100 24 50 243 50
150 18 37 17.8 33

D. FULL RESONANT SYSTEM AND CONTROL

In general, to improve the WPT, two factors must be con-
sidered. The first is the inverter control frequency f;, which
must be well controlled and regulated for the inverter to
work at resonance (f; = fy), therefore, allowing maximum
power transfer. Changes in Inductively Coupled Transformer
(ICT) settings for different coupling instances will modify the
system’s overall resonant frequency. Aside from frequency
regulation, which is done with a constant input voltage in
mind, the output power must also be controlled. The power
in the entire system is regulated by operating on the input
voltage. This outer loop, which is slower than the internal
frequency regulation loop, is not addressed in our research.
The Maximum Power Point Tracking (MPPT) approach is
no longer widely employed in WPT systems. The authors
of [73], [74] developed a circuit for using the MPPT regime
to regulate the IPT frequency while the car is moving. In this
example, an MPPT algorithm is incorporated into MATLAB
and implemented without being tied to a specific circuit.
Furthermore, while the authors of [75] acknowledged the
MPPT approach for frequency management, their controller
is not described [55]. Fig. 15 depicts a generally closed-loop
system, and Fig. 16 depicts the frequency regulation loop in
detail. However, there is another way to simplify this MPPT
technique for our frequency regulation in [44]. The goal is
to get feedback from the system’s DC input, as it is always
done in a photovoltaic system when the MPPT process is
used, as shown in Fig. 16. The DC input power applied to
the MPPT algorithm is calculated using the input DC voltage
U; and the current of the DC input I;. Fig. 16 depicts the
simulation of a case for the entire IPT system utilizing closed-
loop control. In this scenario, the EV’s reference position
(d = 0.15m, s;, = 0) was taken into account, and the needed
power for the load is 3 kW. As a result, the resonant frequency
that maximizes transferred power is fy = 30kHz. The fre-
quency determined by the controller should be equal to fp.
The inverter’s duty cycle is D = 0.5, and the load is the battery
model depicted in Fig. 16. The fluctuation range is defined by
the lower and upper limit frequencies [25 kHz, 35 kHz]. As a
result, all potential k scenarios for frequency regulation are
included in this frequency spectrum.

IV. COMPARISON OF DIFFERENT MODELS IN RESEARCH

In this paper, we show several mathematical models of wire-
less charging systems. The best choice of the mathematical
model can be related to simplicity and efficiency. The given
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TABLE 11. Real and estimated values for the dynamic mode operation.
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FIGURE 15. Closed-loop for an IPT system with frequency and power
controllers.
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FIGURE 16. Closed-loop for an IPT system with a frequency controller by
MPPT.

statistics prove the best choice too. Based on other research
papers and our proposed model in this paper, we evaluate and
compare the three chosen mathematical models, S-WCSEV,
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TABLE 12. Comparison between three mathematical models.

Complexity| Efficiency | Most used | Usage rate
S-WCSEV | Medium Medium High l
D-WCSEV High Low Medium l
DS-WCSEV Low High Low T

D-WCSEYV, and DS-WCSEY, as in Table 12. A production
review of D-WCSEYV and S-WCSEYV has been demonstrated
in Tables 13, 14, and 15, [13], [64]-[66], [68], [69].

V. FUTURE APPLICATION CONCEPTS OF WPT

A. WIRELESS VEHICLE TO GRID (W-V2G)

Fig. 17 depicts the introduction of a wireless V2G to feed
the grid. Unlike plug-in V2G, the major site of the wire-
less transformer is implanted on the road or parking sur-
face with bidirectional power converters. The receiver coil
is situated beneath the car, and the remaining bidirectional
power converters are mounted in the vehicle’s body. The
architecture is completely self-contained and provides addi-
tional insulation between the source and receiver sides via the
wireless transformer. The architecture enables surplus energy
to be supplied to EVs to reduce stress or obtain energy in
static or dynamic modes to remedy peak demand energy.
In addition, in a dynamic V2G service, this technology can
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TABLE 13. A synopsis of the study and development of (D-WCSEV).

Elecric vehicle

Renwble energy Sources

Research and Operating | Pick-up | Air- IEfﬁciency Ref.
Development Frequency | Power gap (%)
(kHz) (kW) | (mm)
(Oak Ridge National
L aboratory (ORNL) 2223 |125-175 | 20 90 [76]
Japan Railway Technical
IResearch Institute 10 30 73 TBA 177
[University of Auckland, [571,
Now 7Zentand 12.9 20-30 | 500 85 0]
IFlanders Drive with ) . Va6
lindustries and 20 80 100 88-90 [[791 | T
luniversities FIGURE 17. Bidirectional power transfer applications for wireless
EV System Lab & 90 1 100 ~90 [80] charging systems, including renewable energy sources.
INissan Research Centre
North Carolina State 100 03 | 170 | 7790 |[81] _ _ _
University, USA TABLE 16. Comparison of wireless V2G vs plug-in V2G.
IKAIST University, . [79],
IKorea 20 3 10 72-80 [82] IFeatures Wireless V2G Plug-In V2G
Method Wireless power transfer  [Traditional method
TABLE 14. Development in stationary wireless charging systems Operating frequency 79.9-9-88kHz 15-100 kHz
_WCSEV). IPower Transfer Efficiency >89% >89%
(S-WCSEV)
|Air-gap sensitivity Medium-High N/A
Research | Vehicle type |Air-gap|Frequency | Power |[Efficiency| Ref. [Power transfer capability High High
/Development (mm) (kHz) (kW) (%) IPower transfer scheduling Automatic Manual
Companies and Start-Up (Industries) Convenience Very high Medium
Siemens and Car 80-160 TBA 3.8 >90 [83]
IBMW
Delphi Car 200 TBA 34 | TBA |[[84] for high-frequency inverters. Engineers have begun using
S;“du;“’" I“dus‘;%’ fleet | TBA 20 Ugoto TBA | [85] solar electricity for energy in automotive parking lots and
ampfler and Bus . . . .
Witricy Passenger cars |160-220] 85 36 | 590 | [86] pavements for static and dynamic chargln.g. In. addition to
lcorporation and SUVs saving energy, this can reduce the complexity, size, and fail-
Groups Research and Universities ure of the entire charging station circuit by eliminating the full
'Wuhan Lab Exp 300 100 6-16 >81 [87] ifi lock 1 h 1 .
University, rectifier block. Renewable energy types such as solar, wind,
China and others can be stored in batteries and utilized to charge
[h;[‘?hlga,‘t‘ Statel  Lab Exp 200 60 1 9596 | [88] EVsin DC format using a wireless charging system, as shown
niversity . . . .
University og | Lab Exp 200 | TBA 3 957 | [89] in Flgure 17. .In 2015, this scheme was suggested in a paper
Michigan by Vithayasrichareon et al. [96]. The paper [97] released
Dearborn __ in the same year described the experimental set-up of a
The University| Lab Prot 160 20 3 >80 [90] . .
of Georgi solar-powered wireless charging prototype. But they showed

TABLE 15. Research and development of dynamic and stationary wireless
charging systems are summarized (DS-WCSEV).

IResearch and Development |Operating |Pick-up | Air- IEfﬁciency Ref.
Frequency | Power | gap (%)
(kHz) | (kW) |(mm)

IDepartment of Industrial 10-17 5-40 18 84 [91]
Systems Engineering, Korea
IDepartment of Electrical and 40 70 12 78 [92]

IComputer Engineering
|University, Miami

|University of Gabes 50 8 15 90 [93]
Tunisia

(Oak Ridge National 20 3 100 >90 [94]
ILaboratory

serve as a buffer or backup for mobile energy storage [95].
Table 16 proves the comparison of wireless V2G vs. plug-in
V2G.

B. INTEGRATION WITH RENEWABLE ENERGY

Using typical wireless charging techniques, alternating elec-
tricity from non-renewable sources was employed as the
device input. The alternating value is then rectified to DC
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some significant disadvantages for both papers, such as high
input current, low performance, and lower transfer efficiency
for both SS and LLC topologies [98]. So, both of them were
concentrating on a charging device for a set distance. And
in 2020, on its campus, Delft University launched a solar-
powered bicycle charging station, the first of its kind [99].
Another disadvantage was the incorporated pseudo-wireless
charging kickstand, as well as the lower performance. The
lack of an input current ripple mitigation device resulted in
severe ohmic losses in both situations, necessitating a large
coil value for the transmitter and receiver. Furthermore, the
receiver position resulted in a large leakage flow to the bicy-
cle’s body. As a result, a novel wireless charger powered by
renewable energy can be created using an optimal input fil-
ter design and carefully constructed transmitter and receiver
coils with adequate mutual inductance.

C. WIRELESS POWER TRANSFER IN THE SPACE SECTOR:
ORBITAL SOLAR POWER PLANTS

An orbital solar power plant involves placing solar panels
in space at an altitude of approximately 36,000 kilometers
(Fig. 18). This location would allow photovoltaic cells to
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FIGURE 18. Functional diagram of an orbital solar power plant.

absorb a large amount of solar irradiance at all times and
thus obtain optimum performance. This project was planned
over forty years ago by the famous scientist Peter Glaser. This
idea has been analyzed by NASA and the European Space
Agency. Research from these institutions confirms the feasi-
bility of this project, the only existing barrier being econom-
ical. The Japanese space agency, JAXA, has been working
since 1998 to launch a prototype solar power plant in geo-
stationary orbit and hopes for a launch in 2040 [100]. Given
that the sun’s life expectancy is estimated at 5 billion years,
we can say that the wireless transmission of electricity from
space could revolutionize our transport habits and encourage
the development of new technologies as well as complete
the current network. Apart from that, one cannot deny the
difficulties which govern this technology. The assembly of
the solar panels requires a large number of rocket launches
which poses an economic barrier.

D. WIRELESS POWER TRANSFER IN THE MEDICAL FIELD

The recharging and operation of various devices and devices
remotely represent a great interest in the medical field. Cer-
tain implanted medical devices require a high level of power
for their operations, especially in the transcutaneous transfer
in cardiac battery systems. This is why it is interesting to
replace traditional magnetic induction, which allows effi-
cient transfer of energy. This energy capture device can be
implanted deep into the body cavity, several inches below the
skin. Likewise, the energy source can be several centimeters
from the surface of the skin, facilitating, in particular, the
installation of ventricular assistance devices, cardiac pace-
makers, defibrillators, the restoration of the motor functions
of organs affected as a result of an accident or an illness,
stimulation of the muscles, and alleviation of the effects of
certain types of illness (Visual prostheses used to restore
vision loss, diagnosis of the gastrointestinal tract, etc.) [101],
[102]. The use of cardiac assist devices, for example, to
bypass ventricular dysfunctions is beneficial. Conventional
methods of supply, on the other hand, may pose additional
risks associated with the development of infections when
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FIGURE 19. Example of application in the medical field: Explanatory
diagram of a pacemaker.

threads are passed through the skin. To address this issue,
a new resonant converter with a coreless transformer was
developed, allowing for the provision of a prototype of such
a cardiac assist device. The transferred power is 10 W, and
the operating frequency is 205.1 kHz [103]. Transcutaneous
energy transfer is also intended for use in the creation of
an implanted mechanical heart. The primary coil must be
placed near the secondary coil to have a good connection.
The coreless transformer is made up of two circular spiral
coils held together by amorphous radial fibers. These fibers
provide flexibility to the coils and contain magnetic elements
that are thought to assist energy transfer by focusing the
flux through the coils. Transcutaneous energy transfer is
used to deliver electrodes to generate electrical stimulation
to restore movement to paralyzed limbs caused by a spinal
cord injury. The primary coil is shaped like a solenoid and
is wrapped around the limb. Secondary coils with spiral
forms are connected to electrodes. To obtain a portable and
autonomous implantable system, the electronic circuits of the
implant must be small and consume little power. The most
important aspect in the design of electronic implants in the
biomedical field is therefore the energy supply [103]. The
system is mainly composed of a part going into the human
body (internal unit) and an external control unit or external
controller, as shown in Fig. 19, [104].

VI. CONCLUSION

This paper summarizes different wireless charging system
topologies that can be used for EV applications. It starts
with a short overview of EV architectures and cites some
statistics regarding the usage of wireless charging systems
in industries. Also, it presents different coil shapes, mathe-
matical models, different architectures, and topologies of the
WPT for both dynamic (EV is moving) and static (EV is
parked) modes. In addition, this paper shows all the essential
parameters and variables that help in building a solid math-
ematical model for the wireless charging system. Moreover,
the authors of this work propose a new general mathematical
model that can work for both dynamic and static modes with
high accuracy. For validation purposes of the proposed math-
ematical model, a real prototype was built in our laboratory
in which the results from experiments confirm the validity
of our proposed model with a small error margin. Finally,
future application concepts of the WPT were presented and
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discussed in which the deployment of WPT systems is possi-
ble when it is coupled with renewable energy systems.
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