
Received 18 May 2024, accepted 10 June 2024, date of publication 13 June 2024, date of current version 28 June 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3414169

Hybrid Compensation Based Efficient Wireless
Charging System Design With Solar
Photovoltaic Interface Toward
Sustainable Transportation
K. ARULVENDHAN1, SRINIVAS KANDADAI NAGARATNAM1, R. NARAYANAMOORTHI 2,
MOHAMMED ALHARBI 3, AND SEADA HUSSEN 4
1Department of Electrical and Electronics Engineering, SRM Institute of Science and Technology, Ramapuram Campus, Chennai, Tamil Nadu 600089, India
2Department of Electrical and Electronics Engineering, SRM Institute of Science and Technology, Kattankulathur, Tamil Nadu 603203, India
3Department of Electrical Engineering, College of Engineering, King Saud University, Riyadh 11421, Saudi Arabia
4Department of Electrical Power, Adama Science and Technology University, Adama 1888, Ethiopia

Corresponding authors: K. Arulvendhan (arulvenk@srmist.edu.in), R. Narayanamoorthi (narayanamoorthi.r@gmail.com), and Seada
Hussen (seada.hussen@aastu.edu.et)

This work was supported in part by the Researchers Supporting Project, King Saud University, Riyadh, Saudi Arabia,
under Grant RSP2024R467; and in part by the Government of India, Department of Science and Technology (DST) Science and
Engineering Research Board (SERB) Core Re-Search under Grant CRG/2020/004073.

ABSTRACT The adoption ofwireless charging for Electric Vehicles (EVs) is on the rise, promising enhanced
user convenience. Concurrently, there is a pressing need for increased integration of renewable energy
into the transportation sector to mitigate greenhouse gas emissions. However, wireless charging systems
face challenges such as power transfer fluctuations under load and variations in coupling coefficients. This
research introduces a novel solution: a Photovoltaic (PV)-integrated hybrid-compensated wireless charging
system tailored for EV applications. The study addresses critical hurdles in achieving optimal efficiency
and power delivery while accommodating significant misalignments inherent in Wireless Power Transfer
(WPT) systems, particularly beneficial for EV charging. Compared to conventional compensation WPT
systems, the proposed hybrid compensation approach significantly enhances transfer efficiency and reduces
system current stress. The paper proposes the utilization of S-LCC/SP-compensated constant current (CC)
and constant voltage (CV) system for PV-integrated static WPT systems. Experimental validation of the
proposed system is conducted on a 3.3-kW laboratory-scale prototype. The findings demonstrate consistent
power transfer across a 100–200 mm air gap, maintaining an efficiency of 91.3%. These results confirm the
effectiveness of the proposed system in real-world applications.

INDEX TERMS Electric vehicle charging, photovoltaic integration, S-SP/LCC resonant network, wireless
charging.

I. INTRODUCTION
Rapid population and industrial growth results in a shortage
of traditional energy sources. This scarcity drives researchers
to focus on alternative energy sources including renew-
able and non-renewable energy sources. The renewable
energy sources are attracted among the community due
to the global warming issues and CO2 emission [1], [2].

The associate editor coordinating the review of this manuscript and
approving it for publication was Shuo Sun.

Among the various renewable energy sources, the solar
photovoltaic (PV) sources offer significant advantages over
others [3]. The transportation sector is the largest con-
sumer of energy among human activities [4], [5]. The
introduction of electric vehicles (EVs) has marked significant
progress in transportation research. Since the invention of
galvanic cell-powered electric cars in 1837, the technology
for EV battery charging has been continually refined over the
centuries [6], [7]. Due to their inherent benefits, such as zero
pollution, increased energy efficiency, and decreased noise
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levels, electric cars are becoming a competitive alternative
to conventional gasoline-powered internal combustion engine
vehicles (ICEVs) [8], [9]. The limited driving range imposed
by battery capacity is a fundamental practical barrier to their
promotion and prevents EVs from being widely adopted [10],
[11]. To hasten the commercialization of these environ-
mentally friendly automobiles, urgent attention is needed to
establish effective EV charging infrastructures. Traditionally,
conductive charging has involved connecting an EV to the
power grid using a cable [12]. This approach presents diffi-
culties because it calls for heavy gauge cables that are difficult
to handle and could leak electrical current [13]. On the other
side, WPT technology is a modern and well-liked substitute
for conductive charging [14]. WPT provides a fully auto-
mated, convenient, intelligent, safe, and superior charging
experience compared to cable charging [15], [16]. The field
of WPT solutions for EVs has seen a substantial increase in
the interest in inductive power transfer (IPT). The PV and
WPT systems are most likely to be used in public and private
parking spaces with the roof top solar PV and installed WPT
system. Moreover, using the WPT technique the charging
process can be automated based on the availability of the
solar PV system. Which is the crucial factor to enhance the
installation of the PV modules in the EV charging station and
the integration [17], [18].
Due to the sensitivity of power transmission and effi-

ciency to changes in the coupling coefficient, WPT systems
necessitate accurate alignment of the transmitter and receiver
coils [19], [20]. Similarly, the changes in vehicle types and
parking locations, achieving a constant coupling coefficient
in actual applications is impossible. In contrast to conven-
tional WPT applications, it can be difficult and depends on
the driver and the surroundings to align the transmitter and
receiver in EV WPT systems [21]. As a result, researchers
are working to increase the EV wireless charging systems’
misalignment tolerance using different approaches [22], [23].
Innovations in the charge couplers, resonant networks, and
high-frequency power converters are the main elements to
address the misalignment in the wireless charging system.
Based on flux orientation, charging couplers are divided into
non-polarized pads for 1-D (vertical) flux generators and
polarized pads for 2-D (vertical and horizontal) flux gener-
ators [24], [25]. Non-polarized pad shapes include those that
are circular, square, rectangular, and hexagonal; polarized pad
forms include those that are double-D shaped, quadrature,
and bipolar. Polarized pads are made for dynamic charging
systems, whilst non-polarized pads are best suited for station-
ary charging applications [26], [27]. High-frequency power
inverters make it easier for charging couplers to be activated
and deactivated. On the other side, Numerous strategies have
been put up to overcome this issue to guarantee steady energy
transmission despite changes in coupling conditions [28].
The three main types of these techniques are impedance
matching, phase shift or variable frequency adjustments,
and dc-dc converters [29], [30]. These methods do have

certain disadvantages, though, like high costs, poor effi-
ciency, and complicated system controls. The system is made
even more difficult by the fact that dual-side wireless com-
munication between the transmitter and receiver is frequently
considered necessary for feedback control [30]. A depend-
able WPT system that is symmetric circuit-based and using
Parity-Time (PT) has just been unveiled [31], [32]. Power
for this PT-based system comes from a negative resistor,
which differs from a typical resistor in that when an asso-
ciated reference direction is selected, the current through
the negative resistor flows in the opposite direction of its
voltage [33], [34]. This configuration creates a fine energy
balance in the precise PT-symmetric zone and automatically
maintains it in the strong coupling region. As a result, the
system operates without dual-side communication and main-
tains constant efficiency and power even when the coupling
coefficient varies. The load conditions outlined in earlier pub-
lications [35] and [36] presuppose constancy, which might
not line up with the dynamic needs of battery charging.
While variations in load resistance are considered in [37]
and [38], adding a dc-dc converter at the inverter’s front end
is the solution to maintain a constant output power. This
suggested solution is also restricted to the PT-symmetric zone
and add additional difficulties when the battery’s equivalent
load resistance rises and inevitably disturbs the PT-symmetric
conditions.

Furthermore, the Constant Current/Constant Voltage
(CC/CV) charging for battery applications is only briefly
explored and analyzed in the existing PT-based WPT sys-
tems [39], [40], which primarily focus on output power
changes. On the other hand, the hybrid compensation meth-
ods are showing better performance with simple control
approach on the WPT system under varying load and
misaligned conditions [41], [42]. Different compensation
techniques are explored in the literature for the WPT appli-
cations to minimize the VA rating of the charger [43], [44].
Likewise, the use of hybrid compensation techniques for
the WPT system are explored to achieve the CC and CV
mode of operation. The dual side LCC, LCC-S and S-SP
topologies are also studied to get the CC/CV operation
independent of the load variation [45], [46]. However, most
of these techniques require complex control mechanisms or
receiver side communication modules. Meanwhile, the PV
integrated wireless charging station offers flexible control
over adjusting the power at the receiver side, by varying
the DC-DC converter employed at the input of the high
frequency inverter. Only limited concentrations are provided
on the PV integrated WPT system with hybrid compensation
techniques for achieving the load independent CC and CV
mode of operation [47], [48]. The integration of PV with
the WPT system using hybrid compensation provides direct
advantage of making the system more load independent in
nature. Particularly the use of receiver side DC-DC converter
is eliminated, and the CC/CV control is achieved with the
proposed technique. Hence, this manuscript proposes a PV
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FIGURE 1. Functional diagram of PV integrated wireless charging system.

integrated hybrid compensation topology based wireless
charging system for EV applications to provide CC and CV
mode of operation. The major contribution of the proposed
work is as follows:

• The use of receiver side-controlled S-LCC/SP network
for the Wireless Charging System to obtain CC and CV
mode of operation.

• Analysis and design of the PV integratedWireless charg-
ing system with CC and CV regulation.

• The simulation analysis of the proposed system under
different coupling points, load conditions, CC and CV
conditions are analyzed.

• The simulation and experimental validation of the pro-
posed method for 3.3 kW rating and 85 kHz operating
frequency.

This manuscript’s section II offers a thorough examination
of how the proposed PV integrated WPT system operates.
It briefly discusses the topologies of the S-LCC/SP based
hybrid compensation network, the positioning of charging
couplers, and the PV integrated DC-DC converter for the
CC and CV mode of operation. Section III follows with a
thorough evaluation of the experimental configuration for
the proposed charging system. Incorporating experimental
waveforms, this section provides a brief analysis of the S-SP
and S-LCC modes and demonstrates the delivery of CC and
CV profiles. Finally, in Section IV, the paper draws to a
close its examination of the suggested work by highlighting
its shortcomings and identifying prospective directions for
further exploration.

II. PV INTEGRATED WIRELESS CHARGING SYSTEM WITH
HYBRID COMPENSATION
Electricity generated by solar PV systems is used as an extra
power source for EV charging stations. By using this strategy,
carbon emissions from traditional fossil-fueled power plants
are reduced. In essence, PV power can be used to charge

EVs when the traditional grid supply is unavailable, reducing
dependency on non-renewable energy sources. Additionally,
adding PV generation and Vehicle-to-Grid (V2G) technolo-
gies to the system can lower peak load requirements and
improve microgrid stability [49]. It’s important to understand
that EVs differ from conventional energy storage devices in
that they are mobile. For instance, a significant number of
EVs may need to be present at the charging station in order
for V2G to be implemented. Even while V2G is essential for
reducing peak power consumption or improving microgrid
stability, its effectiveness may be limited by the quantity of
EVs present at any given time. Therefore, it is crucial to
comprehend and take into account these unique qualities of
a PV-powered EV charging station when using it as a way to
improve microgrid stability.

The layout of the Wireless EV charging station powered
by solar energy is shown in Figure 1. The station includes
inverters, EVs, wireless charge couplers, PV arrays, and
DC/DC converters. The high frequency inverter, which con-
trols power transmission between the charging station and the
coupler, is an essential component. Local loads are connected
in parallel between the microgrid and the inverter. The PV
array produces energy to power local loads, the grid, and
EV charging system. Using a DC/DC converter with max-
imum power point tracking (MPPT), the PV array’s power
harvesting is optimized. Through the wireless charge coupler
and high frequency inverter and rectifier the charging process
takes place to the EV. The essential modules of the proposed
charging system are PV integrated D.C. bus, High frequency
inverter, S-LCC/SP resonant network, and DD charging
couplers.

A. PV INTEGRATED CHARGING SYSTEM
The PV power in maximum power point tracking (MPPT)
mode is represented by PPVM in the energy management sys-
tem, whereasPPV stands for the total PV power. Additionally,
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FIGURE 2. Energy management of PV integrated WPT system.

PEVD reflects the overall power demand from EVs, while
PEV designates the total power consumed by all EVs. PG
stands for electricity from the public grid. PS is for stationary
storage power. Power can be supplied or absorbed by the
public grid. A capacitor C acts as a common DC bus in the
arrangement, linking the charging station’s parts via special
converters. To extract power that has been MPPT-optimized
from PV sources, a DC/DC converter is used to connect them
to the DC bus. Through a reversible DC/DC converter, the
stationary storage, which is necessary for building the DC
microgrid, is connected. ADC/DC converter connects the DC
load, which is symbolized by the batteries of EVs. A three-
phase bidirectional AC/DC converter connects to the public
grid to provide a constant power supply and manage the
power gap between production and demand. The stationary
storage can discharge power to the common DC bus and is
only charged by PV sources [50], [51]. Figure 2 shows the
energy management approach is organized hierarchically as
follows: The stationary storage is used as a backup energy
source after PV, which serves as the major energy source
for EV charging. The last recourse for charging EVs is the
public grid. Notably, when the stationary storage reaches its
maximum limits in terms of power or state of charge, excess
energy from PV sources and the public grid are used to charge
the store.

A DC microgrid is at the heart of the architecture of
the PV-powered charging station, as shown in Figure 1.
Thus, maintaining the power balance is crucial, as suggested
by [52], [53].

PPV (tk) = PS (tk) + PG (tk) + PEV (tk) (1)

where, tk = ti, ti + ∇t, ti + 2∇t, ti + 3∇t. . ., the generated
PV power calculated during MPPT mode of operation is

PPVM (tk) = PPV (tk)
(
g (tk)
1000

)
(γ (TPV (tk) − 25) + 1)NPV

(2)

For the sake of convenience, equation (3) uses a con-
densed description of the state of charge for the station-
ary storage, abbreviated as SOC [54], [55]. Self-discharge
and temperature effects are not considered in this model,

FIGURE 3. Equivalent circuit of wireless charging system.

whereas overcharging/discharging protections are described
by equation (5).

SOC (tk) = SOC (t0) +
1

3600 ES

∫ tk

t0
PS (tk) dt (3)

SOCmin ≤ SOC (tk) ≤ SOCmax (4)

PSmin ≤ PS (tk) ≤ PSmax (5)

Energy from PV sources, stationary storage, and the grid
collectively contributes to charging EVs. The allocation of
these energies is determined through the formula as

EPV =

∫ td

ta
PPV (tk )

PEVD(tk )
PEV (tk )

dtk (6)

EG =

∫ td

ta
PG(tk )

PEVD(tk )
PEV (tk )

dtk (7)

ES =

∫ td

ta
PS (tk )

PEVD(tk )
PEV (tk )

dtk (8)

B. HYBRID COMPENSATED WIRELESS
CHARGING SYSTEM
Figure 3 shows a schematic representation of the proposed
hybrid compensatedWPT system. It has a full-bridge inverter
with four power switches (S1–S4) that transform direct cur-
rent voltage (Vdc) from the DC bus into alternating current
square voltage (Vac). Two coils, LT and LR, with mutual
inductance MTR connect the transmitter and receiver parts.
The tuning capacitors CT and CR are connected on the trans-
mitting and receiving sides, respectively. The letters RT and
RR stand for the transmitter’s and receiver’s internal resis-
tances, respectively. A filter capacitor with capacitance Cf
and the rectifier diodes D1–D4 performs important functions.
A short-circuit switch, S, is also included and is temporar-
ily triggered before the start of charging. Currents IT and
IR, which flow through the transmitting and receiving coils,
respectively. The equivalent resistance of the rectifier is indi-
cated by the letters RL, while VR stands for the rectifier’s
input voltage. Finally, Io and Vo are the dc output voltage and
current, respectively. It is simple to derive the equations for
the fundamental elements of voltage and current, Vac, VR, IT,
and IR, in terms of the phasors VT, VR, IT, and IR as given
from (9) to (12).

VT =
2
√
2

π
Vdcsin(0.5Dπ) (9)
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IR =
π

√
2

4
I0 (10)

VR =
2
√
2

π
V0 (11)

RL =
8
π2RB (12)

The parameters of the designed WPT system are calculated
from the load resistance value, output power, load voltage,
input PV voltage.

C. CONSTANT CURRENT AND CONSTANT VOLTAGE
HYBRID COMPENSATION NETWORK
The loosely linked coil topologies and misalignment prob-
lems are frequent challenges encountered when implement-
ing an WPT system. These difficulties increase the leakage
inductance between the coils, which lowers the system’s
capacity for power transfer and overall effectiveness. How-
ever, a workable method to address these issues is to
successfully use passive resonant networks for reactive power
compensation. The system can considerably increase its abil-
ity to transfer maximum power by compensating the reactive
power [56], [57]. In this paper, a hybrid resonant receiver-side
network structure with constant voltage and constant current
is presented. A change in the mode of operation is made pos-
sible by the anti-parallel auxiliary switch, which strategically
connects and disconnects the series compensating inductor.
A series compensation using a single capacitor is used on the
transmitter side to reduce the number of passive components
and improve resistance to load changes and misalignment.
The corresponding S-LCC and S-SP network circuits are
shown in Figures 4(a) and (b). Figure 4(a) shows the CC
mode of operation with the ASW switch at the receiver side
is disconnected from the inductor and the network supply
constant current when the input is of voltage. In Figure 4(b),
the ASW switch is connected to the circuit and turned to
ON state which bypasses the inductor. Hence, the network
will maintain the output voltage as constant irrespective of
the load variation. Equations (5)– (9) must hold true for
constant current delivery in the S-LCC network. The CC
mode increases the WPT system’s effectiveness while simul-
taneously extending battery life.

Considering the following assumptions for simplification

jωLT +
1

jωCT
= jXLT − jXCT = jXT (13)

jωLR +
1

jωCR
= jXLR − jXCR = jXR (14)

1
jωCR

= −jXCR2 (15)

jωLf = jXLR1 (16)

jωM = jXM (17)

The cascaded design of the LC network guarantees steady
current delivery to the charging device. The charging system
maintains a steady rated current while progressively rais-
ing it when the battery voltage is below the rated value.

FIGURE 4. Equivalent circuit modes (a) CC mode of operation (b) CV
mode of operation.

When the battery voltage reaches the designated value, the
auxiliary switch shuts and disconnects the inductor. As a
result, the voltage delivered by the charging network is con-
stant, although the current rapidly degrades. Equations (12)
through (17), calculation of the total impedance of the S-SP
network, must be satisfied for constant voltage to occur in
S-SP networks. The T-network ensures that the charging
system receives continuous voltage delivery. The admittance
gain of the S-LCC network is expressed as

GVI =
IR
VR

=
π2IB
8E

(18)

The mutual inductance of the circuit is given as

M =
8E

π2IBω
(19)

The voltage gain of the circuit is expressed as

GVV =
VR
VT

=

∣∣∣∣−XSXM

∣∣∣∣ (20)

The receiver side compensation capacitance is given as fol-
lows

CR =
π2IR

ω(π2ωLRIR + 8VR)
(21)

During the CCmode and CVmode of operation of the circuit,
the compensation capacitance is given as

CT−CC =
1

ω2LT
(22)

CT−CV =
π2IRVR

ω(π2ωVRLRIR + 8V 2
R )

(23)
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FIGURE 5. CC mode of operation (a) Power transfer ratio at k = 0.25 and RL = 0.5 � (b) Phase plot at k = 0.25 and RL = 0.5 � (c) Power transfer ratio at
k = 0.15 and RL = 0.5 � (d) Phase plot at k = 0.15 and RL = 0.5 � (e) Power transfer ratio at k = 0.35 and RL = 0.5 � (f) Phase plot at k = 0.35 and RL =

0.5 � (g) Power transfer ratio at k = 0.25 and RL = 5 � (h) Phase plot at k = 0.25 and RL = 5 � (i) Power transfer ratio at k = 0.25 and RL = 5 � (j) Phase
plot at k = 0.25 and RL = 10 �.

The simulation analysis of the frequency sweep character-
istics of the S-LCC network under the CC and CV mode
of operation are plotted in Figure 5 and Figure 6. Figure 5
shows a frequency sweep for different load resistances (RL)
and coupling coefficients (k) to show the response curve of
the total input impedance. The magnitude plot of the total
impedances is shown in Figures 6(a)–(b) and (e)–(f), while
the phase plot is shown in Figures 6(c)–(d) and (g)–(h). The
coupling coefficient (k) of the system, with the calculated

critical value of 0.247, must be less than kc in order to
assure optimal performance. RL, or load resistance, changes
depending on the coupling. The following observations are
made from the analysis.

• The coupling coefficient needs to be maintained slightly
lower than the critical value to avoid the bifurcation
effect.

• The high Q coil internal resistance values are minimum
as compared to the load resistance value.
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FIGURE 6. CV mode of operation (a) Power transfer ratio at k = 0.25 and RL = 0.5 � (b) Phase plot at k = 0.25 and RL = 0.5 � (c) Power transfer ratio at
k = 0.15 and RL = 0.5 � (d) Phase plot at k = 0.15 and RL = 0.5 � (e) Power transfer ratio at k = 0.35 and RL = 0.5 � (f) Phase plot at k = 0.35 and RL =

0.5 � (g) Power transfer ratio at k = 0.25 and RL = 5 � (h) Phase plot at k = 0.25 and RL = 5 � (i) Power transfer ratio at k = 0.25 and RL = 5 � (j) Phase
plot at k = 0.25 and RL = 10 �.

• The ON state resistance loss of the switches are
minimum

• The impact of the load variation with the CC and
CV mode of operation are balanced using hybrid
compensators.

At two distinct frequencies, the impedance curve and
power transfer ratio splits, and the system’s concerned voltage
gain achieves its maximum. For various load and coupling
modifications, the two separate bifurcation frequencies are

obtained. At the resonant frequency, the phase angle is zero.
According to SAE, the charging system’s operating reso-
nance frequency is 85 kHz. At the resonance frequency for
the problematic k variations, the |zin| is lowest. The phase
plot is distinct from other k values when k hits a minimum
value, such as k = 0.1, where there is only one minimal
|Zin|. To achieve the soft switching, the phase angle must
always be positive and marginally larger than the resonant
frequency.
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FIGURE 7. CC mode of operation measured load voltage and current (a) IL at 100% RL (b) VL at 100% RL (c) IL at 75% RL (d) VL at 75% RL (e) IL at 50% RL
(f) VL at 50% RL (g) IL at 25% RL (h) VL at 25% RL.

D. SIMULATION RESPONSE ANALYSIS
The developed circuit is modelled for the mentioned power
rating of 3.3 kW and 85 kHz operating frequency. The load
voltage and load current at different load resistance condi-
tions are measured namely 25%, 50%, 75%, 100% of load
resistance to validate the CC mode of operation. Similarly,
to validate the CV mode the measured resistance are 125%,
150%, 175% and 200%. From the following analysis results
it is observed that the load voltage is rising during the CC
mode of operation maintaining the load current as constant
value of 8.85 A. On the other side, the CV mode of oper-
ation maintains the load voltage as constant at 350 V with
decrease in the load current value. Figure 7 and Figure 8
illustrate the measured load voltage and current waveform
at different load resistance values. The receiver side mea-
surements are performed after the compensators, which will
be further converted to the DC voltage by a rectifier. The
measured voltage and current response indicate that the pro-
posed hybrid compensation is effective for the different SOC
levels of the battery with simple auxiliary switch to turn
from CC to CV mode of operation. During the CC mode
of operation, the voltage across the load side increasing as

the equivalent resistance value is increased towards the rated
resistance value. Figure 7(b), (d) and (f) indicate that the
corresponding changes in the load voltage by maintaining
the load current as constant. On the other side, during the
CV mode of operation, the load current rises when the load
resistance value is reduced from the rated value. Moreover,
the load voltage is kept constant irrespective of the changes
in the equivalent resistance value. Figure 8(a), (c), (e), (g)
indicates the corresponding changes in the load current in CV
mode of operation.

E. CHARGING COUPLERS
The wireless charging system hinges on the prowess of its
charging couplers an indispensable element that governs the
efficiency, security, and reliability of the entire charging
process.When delving into the selection process for an appro-
priate charging coupler, a multifaceted approach is imperative
to address key considerations. These encompass the coupler’s
resilience against misalignment, its interoperability with var-
ious devices, its capacity for efficient heat dissipation, the
optimal power transmission distance, and the overall efficacy
of the charging system. In the context of this project, the DD
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FIGURE 8. CV mode of operation measured load voltage and current (a) IL at 125% RL (b) VL at 125% RL (c) IL at 150% RL (d) VL at 150% RL (e) IL at
175% RL (f) VL at 175% RL (g) IL at 200% RL (h) VL at 200% RL.

coupler emerged as the prime choice owing to its remarkable
tolerance to horizontal misalignment. This attribute plays a
pivotal role in enhancing the robustness of the wireless charg-
ing system, ensuring that even in scenarios where alignment
may not be perfect, the charging process remains unaffected.
Figure 9 serves as a comprehensive visual aid, elucidating the
intricate configuration and precise dimensions of the selected
charging coupler.

To delve further into the technical intricacies, the utiliza-
tion of the eddy current solver within the ANSYS Finite
Element Analysis (FEA) program stands out as a crucial
aspect of the design process. This solver is instrumental in
deriving the required inductance with predefined dimensions.
The in-depth simulations facilitated by ANSYS FEA enable
engineers to make nuanced adjustments, such as modifica-
tions to the specified American Wire Gauge (AWG) and
alterations in the number of strands. In essence, the ANSYS
FEA program provides a virtual testing ground where engi-
neers can iteratively refine the charging coupler design. This
iterative process allows for the optimization of critical param-
eters, ensuring that the coupler aligns seamlessly with the
project’s specifications. The ability to fine-tune parameters
like AWG and strand count empowers designers to tailor the
charging coupler tomeet the exacting demands of thewireless

FIGURE 9. DD charging couplers arrangement (a) Transmitter pad
(b) Ferrite arrangements (c) Receiver pad (d) Ferrite arrangements.

charging system. In the pursuit of attaining the desired out-
comes, a meticulous approach is taken in configuring the
wireless charging system. The strategic alignment of both
the operating resonant frequency and excitation current at
85 kHz lays the foundation for optimal performance. Lever-
aging stochastic variations in the number of turns and ferrites

87160 VOLUME 12, 2024



K. Arulvendhan et al.: Hybrid Compensation Based Efficient Wireless Charging System Design

TABLE 1. DD pad parameters.

introduces a nuanced tool that facilitates the determination
of crucial parameters such as the ideal inner distance, gap
between turns, and the number of turns. The inductance of
the charging pad is a pivotal aspect influenced by multiple
factors, including the charging coil, ferrite core structure, and
aluminum shielding. The utilization of the CF297 family of
cosmo ferrite bars underscores a deliberate choice inmaterial,
adding a layer of precision to the charging pad’s inductance
characteristics. This selection is pivotal in ensuring that the
charging pad resonates harmoniously with the rest of the
system.

Moving to the charging coupler, its mutual inductance is
a dynamic parameter influenced by a trifecta of factors—
current gain (Ig), load resistance (RL), and resonant fre-
quency (fr). The calculated load resistance, tailored to
supply 350 V and 3300 W, becomes a crucial determinant
in shaping the performance characteristics. The interplay
between rated power, delivery voltage, and current gain adds
a layer of complexity that demands a nuanced approach to
optimization. The receiver pad coil inductance (LR) is intri-
cately linked to the product of Q and RL, with an inverse
relationship to fr when assuming Q to be 5 and fr to be
85 kHz. This mathematical interdependence underscores the
importance of precision in tuning these parameters to achieve
the desired inductance profile. The use of 3D printers in
crafting ferrite core slots and coil trays showcases a commit-
ment to precision manufacturing, allowing for the creation
of intricate components with the utmost accuracy. The estab-
lishment of an ideal distance of 1 mm between each coil
turn is a testament to the attention to detail in the design
process. This meticulous spacing is pivotal when the receiver
pad is positioned over the transmitter pad, ensuring that
power transfer occurs seamlessly without compromising the
power transfer profile and trans-coupling inductance. Pre-
senting the charging coupler parameters in Table 1 provides
a comprehensive snapshot of the system’s specifications, aid-
ing in clarity and facilitating further analysis. The magnetic
field spectrum, derived through the Finite Element Analysis
(FEA) tool, is visually represented in Figure 8. This spec-
trum becomes a valuable reference, particularly when the
receiver pad undergoes horizontal movement, revealing fluc-
tuations in mutual inductance based on the alignment with the

FIGURE 10. Magnetic flux distribution (a) DD coil design with ferrites
(b) Front view of field distribution (c) Field distribution pattern
(d) Magnetic flux density variation under air gap variation (e) Magnetic
field intensity variation under air gap variation.

transmitter pad. Figure 10 serves as a visual guide, enabling
engineers to assess the system’s performance dynamically
andmake informed adjustments for optimal wireless charging
efficiency.

III. EXPERIMENTAL ANALYSIS
In the exploration of advanced energy systems, a notable
innovation takes center stage a 3.3 kW PV-integrated hybrid
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FIGURE 11. Experimental setup of the proposed PV integrated WPT system.

TABLE 2. Comparison of the proposed approach with other literature.

compensated constant wireless charging system. A 5 kW
solar panel array, seamlessly integrated into the system’s
architecture as shown in Figure 11. Through the implemen-
tation of a boost converter, these solar panels contribute DC
power to the DC bus, forming a pivotal link in the energy
generation chain. This design not only harnesses the abundant
solar power during peak generation but also incorporates an
ingenious energy storage device. This device acts as a reliable
reservoir, stepping in to supply the required charging power
during periods when solar energy availability falls short. The
functionality of the inverter is a key highlight, leveraging

Silicon Carbide (SiC) based Metal-Oxide-Semiconductor
Field-Effect Transistors (MOSFETs) to efficiently handle the
constant DC input from the DC bus. Driving signals for
the MOSFETs are programmed with precision by the FPGA
SPARTAN controller. The compensating circuits within the
system exhibit a commitment to quality, employing KEMET
capacitors and ferrite-cored inductors. This deliberate choice
of components reflects a dedication to ensuring optimal per-
formance and stability within the wireless charging system.
The utilization of SiC components in the rectifier diodes and
auxiliary switch underscores a forward-thinking approach,

87162 VOLUME 12, 2024



K. Arulvendhan et al.: Hybrid Compensation Based Efficient Wireless Charging System Design

FIGURE 12. Experimental waveforms (a) Inverter output voltage and
current (b) Transmitter pad voltage and current (c) Receiver pad voltage
and current (d) Constant voltage mode of operation (e) Constant current
mode of operation.

capitalizing on the superior characteristics of Silicon Carbide
in terms of efficiency and reliability. As the battery voltage
approaches its rated value, the system responds dynamically,
sending driving pulses to the auxiliary switches.

This adaptive mechanism enhances the precision of the
charging process, ensuring the battery is charged with utmost

efficiency and safety. Under load resistance circumstances,
the charging system impressively generates 350 V and
8.85 A, further attesting to its capability in delivering reliable
and high-performance wireless charging. The charging sys-
tem keeps the current flowing steadily until the EV battery
voltage exceeds the predetermined level. The receiver-side
controller receives data from the voltage sensor, which detects
the battery voltage. The controller then transmits driving
signals to turn on and off the auxiliary switch. This switch
functions in parallel with the receiver-side compensating
inductor, and when it is in the ‘‘on’’ position, its anti-parallel
counterpart conducts. The auxiliary switch is turned off dur-
ing this time, and the receiver-side compensating inductor
maintains a steady current flow to the EV’s battery. The
receiver-side resonant network in this mode is designed as
an LCC network. To replicate the continuous current mode,
the loading resistance is changed at intervals of 25%, 50%,
75%, and 100% of its rated value. Despite variations in the
load, the current provided to the battery stays constant. Under
rated load conditions, the voltage gradually increases until it
reaches the rated amount. The experimental waveforms for
the S-LCC network and CC mode are shown in Figure 12.
The voltage and current waveforms of the inverter, trans-
mitter and receiver pads, high-frequency rectifier, and boost
converter are shown in Figures 12(a)–(e). The voltage and
current in the CC mode inverter are shown in Figure 12(e).
The receiver-side controller sends high driving pulses to the
auxiliary switch once the battery reaches its rated voltage.
Once the battery exceeds the rated voltage, the charging
system maintains a constant voltage. The controller instructs
the auxiliary switch to disconnect the compensation induc-
tor when it detects the battery voltage. The current flow
via the switch is then started when the auxiliary switch is
activated. Driving pulses are sent to the auxiliary switch
via the receiver side controller, which enables full battery
charge. The receiver-side compensating inductor is discon-
nected from the network, resulting in an SP topology for the
resonant network. A constant voltage supply to the charg-
ing device is made possible by the parallel capacitor. The
experimental waveforms for the S-SP structure are shown in
Figure 12(d). To obtain the CVmode response curve, the load
resistance is increased by 100%, 125%, 150%, and 175%.
In this mode, the system maintains a constant voltage while
supplying less current. The auxiliary switch is then turned
off and the charging mechanism remains in this mode until
the battery reaches a complete 100% charge. It is interesting
that in both modes, the operating resonant frequency does not
change.

The loss presents during the CC, CV mode at different
rated load conditions is present in the network are primarily
at the coupler side, high frequency inverter, rectifier, and
compensator units. The variation in the power loss is due
to changes in the rated load condition, coupling coefficient.
As the transition from CC to CVmode occurs with rated load
condition, the losses present in the coupler is reduces. On the
other side thewhenever, the load is not equal to the rated value
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the power losses are predominantly present over the coupler
and compensating unit.

IV. CONCLUSION
This paper introduces a PV integrated hybrid compen-
sated WPT system that drives a receiver-side tuned reso-
nant network-equipped constant wireless charging system.
In addition to series compensation on the transmitter side,
the control mechanism on the receiver side guarantees a
consistent charging experience with constant current and
voltage. The auxiliary switch facilitates mode changes, which
are directed by driving pulses from the receiver-side con-
troller in response to changes in battery voltage. Notably, this
control method does away with the requirement for ground-
to-vehicle communication. The MPPT dc-dc converter keeps
the voltage at the dc bus constant while the charging system
is powered by the PV source and an energy storage device.
Importantly, the proposed charging system runs indepen-
dently of the utility grid, preventing it from adding to the
network’s growing power consumption. Due to its constant
D.C. bus fed design, the stand-alone PV system consumes
less power than a grid-connected system when charging the
EV battery during periods of high irradiation. Even though
the standalone PV integrated charging system primarily uses
solar electricity, future utility grid interconnection is antici-
pated. The capacity to feed extra energy back into the grid
during the generation of surplus electricity in high irradiation
circumstances increases the system’s adaptability and pro-
motes grid sustainability. The limitation associated with the
proposed system is that the absence of PV will make the sys-
tem depend on the Grid or energy storage unit. However, the
proposed system will cumulatively increase the usage of PV.
Another limitation is that the pre calculation and design need
to be done for the hybrid compensators considering the load
and coupling variation to avoid the frequency bifurcation.
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