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Electric vehicles (EVs) have transformed the transportation sector, offering a
sustainable alternative to fossil-fuel-powered vehicles. However, their
widespread adoption faces challenges such as inadequate charging
infrastructure, range anxiety, and concerns about user convenience. Wireless
power transfer (WPT) technology provides an efficient, reliable, and user-
friendly charging solution that eliminates physical connections, enabling
both static and dynamic charging applications. This review explores key
components of WPT systems, including wireless charging schemes,
compensation circuits, coupling pad structures, and misalignment tolerance,
emphasizing their impact on system efficiency and reliability. Findings
highlight that WPT can enhance charging convenience, reduce dependence
on large battery capacities, and support seamless EV integration into daily
life. Additionally, WPT systems improve safety, lower maintenance needs,
and create opportunities for autonomous charging. Key advancements in
compensation topologies, coupling pad geometries, and misalignment-
tolerant capabilities are discussed alongside their role in enhancing power
transfer efficiency. By offering insights into the current state-of-the-art and
future directions, this paper aims to support the development and
deployment of WPT systems, contributing to the global transition toward
sustainable transportation.
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1. INTRODUCTION

The global automotive industry is undergoing a paradigm shift toward cleaner and more sustainable
transportation systems, driven by the dual challenges of depleting fossil fuels and rising environmental
concerns. Vehicles powered by Internal Combustion Engines (ICE) are major contributors to greenhouse gas
emissions, air pollution, and climate change. In response, governments, industries, and researchers are
increasingly focusing on electric vehicles (EVs) as a viable alternative. EVs offer advantages such as zero
tailpipe emissions, reduced reliance on fossil fuels, and lower operational costs [1]. However, widespread EV
adoption is still hindered by challenges such as limited battery range, long charging times, and the lack of
efficient and convenient charging infrastructure [2].
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Charging infrastructure is a critical component for the successful deployment of EVs. Traditional
conductive charging systems, while reliable, have inherent drawbacks such as the need for physical cables,
risk of electric shock, long wait times at charging stations, and the inconvenience of manual connections [3].
These limitations have prompted researchers and industries to explore wireless charging technologies, also
known as wireless power transfer (WPT). This innovative approach enables EVs to be charged without
physical connectors, offering enhanced safety, user convenience, and the potential for automated charging.

WPT can broadly be categorized into three modes: static charging, where vehicles charge while
stationary (e.g., at homes or parking lots); quasi-dynamic charging, which charges vehicles during brief stops
(e.g., traffic lights or bus stops); and dynamic wireless charging (DWC), enabling on-the-move charging
along specially equipped roadways. DWC eliminates range anxiety and reduces the need for large, heavy
batteries, making it ideal for long-distance transportation and freight systems [4].

Despite the promise of wireless charging, several challenges need to be addressed to enable its
widespread adoption. These include efficiency losses due to coil misalignment, electromagnetic interference
(EMI) with nearby devices, high costs of infrastructure deployment, and limited standardization across
manufacturers. Moreover, dynamic wireless charging systems require substantial investment in roadway
modifications, which poses economic and logistical challenges. Efforts are ongoing to improve system
efficiency, standardization, and integration with smart grids, including vehicle-to-grid (V2G) applications [5].
Figure 1 illustrates the basic setup of a wireless charging system for EVs, which includes components such as
the primary coil, secondary coil, compensation circuits, and AC/DC converters, highlighting the flux linkage
between the primary and secondary coils.

This manuscript explores the state-of-the-art developments in WPT for EVs, focusing on
technological advancements, practical implementations, standards, and future prospects. By addressing the
current challenges and highlighting innovative solutions, this review aims to provide insights for advancing
wireless EV charging systems to support the global transition toward sustainable transportation. The
manuscript is organized as follows: i) Section 2 elaborates wireless charging schemes for EVs; ii) Section 3
covers compensation circuit designs; iii) Section 4 delves into coupling pad technologies; iv) Section 5
examines misalignment issues; and v) Section 6 concludes with challenges and future directions.
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Figure 1. A schematic representation of a wireless charging system for EVs
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2. WIRELESS CHARGING SCHEMES FOR ELECTRIC VEHICLES

Electric vehicle (EV) charging technologies are broadly categorized into conductive and wireless
(inductive) charging systems. Conductive charging involves physical connections for energy transfer, while
wireless charging eliminates such connections by utilizing electromagnetic fields. Among wireless charging
systems, several techniques and modes of operation are being developed to enhance convenience, efficiency,
and adaptability to different EV applications.

2.1. Conductive charging

Conductive charging remains the most prevalent method for EV energy replenishment due to its
straightforward implementation and efficiency. This technology is divided into two key types based on the
charging equipment used:

2.1.1. On-board charging
On-board chargers are integrated into the vehicle, where they convert alternating current from the grid
into direct current suitable for EV battery charging. These chargers are widely employed in home and
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workplace settings for slow AC charging. Typical power levels for on-board charging reach up to 19.2 kW, with
charging times ranging from 2 to 7 hours, making them suitable for overnight or long-duration parking [6].

2.1.2. Off-board charging

Off-board chargers provide high-power direct current (DC) directly to the EV’s battery, bypassing
the on-board rectification process. These systems deliver over 50 kW of power, enabling rapid charging
within 15 to 30 minutes, and are commonly deployed at public and highway charging stations. Despite their
efficiency, the reliance on physical cables presents potential drawbacks, including wear and tear, safety risks,
and reduced convenience for users [7].

2.2. Inductive (wireless) charging

Wireless charging, also known as WPT, is an emerging technology that overcomes many of the
limitations of conductive systems. By eliminating the need for physical connectors, it provides safer, more
user-friendly solutions. WPT techniques are classified into inductive, capacitive, and resonant inductive
methods. Table 1 provides a detailed comparison of these coupling methods, and Figure 2 illustrates the

classification of WPT methods. Additionally, these systems operate in three primary modes: static, dynamic,

and quasi-dynamic charging.

Table 1. Comparative analysis of different wireless power transfer methods

Feature Inductive WPT Resonant inductive WPT Capacitive WPT
Principle Magnetic induction using Ampére’sand ~ Resonant coupling using tuned Electric field coupling between
Faraday’s laws. reactive circuits parallel metallic plates.
(capacitors/inductors).
Energy transfer The magnetic field generated by atime- ~ Magnetic field resonance An electric field is established
mechanism varying current in the transmitter coil between transmitter and receiver  between pairs of metallic plates.

Operating frequency
Air gap

Efficiency

Power transfer
capability
Size of components

Alignment
sensitivity
System complexity

Electromagnetic
interference (EMI)
Metallic object
tolerance
Applications

induces a voltage in the receiver coil.
Low to medium (10-50 kHz).
0-50 cm.

Up to 90% for small air gaps (<10 cm).
3-60 kw.

Larger coils are required for high power
transfer.

High, precise alignment of coils is
required.

Simple circuit design; requires basic coil
optimization.

Moderate; magnetic fields can extend
beyond system boundaries.

Low; metallic objects interfere with the
magnetic field and efficiency.

Stationary EV charging, smartphones and
wearables, electric toothbrushes.

coils.

Medium to high (10-150 kHz ).
50 cm—-5m (Up to 1 meter in
dynamic applications).

Up to 90% over larger distances
(>1 meter).

10-100 kW (depending on
resonant circuit design).
Moderate coil sizes with reactive
elements (capacitors/inductors).
Moderate; less sensitive due to
resonant coupling.

Complex; involves reactive
compensation and precise tuning.

Moderate; magnetic fields still
pose EMI concerns.

Low; metallic objects still impact
resonance and efficiency.
Dynamic and stationary EV
charging, medical implants, and
factory automation.

Medium to high (100-600 kHz).
Proximity: typically, 12-15 cm
separation.

Up to 88.4% for small plate
separations.

500 W to 1.2 kW (based on plate
size and separation).

Compact plates, smaller overall
system footprint.

Low: can tolerate misalignment
to some extent.

Moderate; requires precise plate
alignment and high-frequency
converters.

Low electric fields are confined
between plates.

High; minimal impact on
efficiency or safety.

Biomedical implants, low-power
consumer electronics, and
autonomous underwater vehicles.
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Figure 2. Classification of wireless power transfer (WPT) systems

Int J Pow Elec & Dri Syst, Vol. 16, No. 4, December 2025: 2156-2169



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2159

2.2.1. Inductive wireless power transfer (inductive WPT)

Inductive WPT relies on the principles of electromagnetic induction, where a time-varying magnetic
field generated by a transmitter coil induces voltage in a receiver coil. This technology supports power levels
ranging from 3 kW to 60 kW, with transfer distances of 4 to 10 cm and efficiencies reaching up to 90% [8].
High-frequency operation and the inclusion of ferromagnetic cores enhance efficiency by concentrating
magnetic flux. However, inductive WPT faces challenges such as coil misalignment, sensitivity to distance
variations, and limited transfer range. Figure 3(a) illustrates a basic inductive WPT system, where AC power is
converted by power electronics, transferred wirelessly through magnetically coupled coils across a small air
gap, and then rectified for battery charging. System efficiency depends on coil alignment and coupling strength.

2.2.2. Resonant inductive wireless power transfer (resonant inductive WPT)

Resonant Inductive WPT builds on inductive principles by employing resonance to extend transfer
distances and improve efficiency. By tuning both transmitter and receiver coils to resonate at the same
frequency, this method minimizes energy losses and maximizes coupling efficiency. Resonant Inductive
systems can achieve efficiencies of up to 90% over distances of up to 1 meter, making them suitable for both
stationary and dynamic applications [9]. Advanced compensation circuits ensure reliable operation under
resonant conditions, addressing challenges such as varying air gaps and coil alignment. Figure 3(b) presents a
resonant inductive WPT system, where additional compensation circuits on both the transmitter and receiver
sides improve efficiency by maintaining resonance. This setup allows greater transfer distances and reduces
sensitivity to misalignment compared to basic inductive WPT.

2.2.3. Capacitive wireless power transfer (capacitive WPT)

Capacitive WPT employs electric fields to transfer energy via parallel metallic plates, forming
capacitors. One plate in each pair is connected to the power source, while the other is connected to the load
[10]. This method offers compact designs suitable for confined spaces, with demonstrated power densities of
up to 51.6 kW/m? and efficiencies reaching 88.4% [11]. Despite these advantages, capacitive WPT’s
application is limited by its lower power transfer capacity and susceptibility to misalignment [12]. Figure 3(c)
depicts a typical capacitive WPT system, where power transfer occurs through capacitive coupling instead of
inductive coils. The transmitter and receiver plates are separated by an air gap, and compensation circuits are
used to maintain efficient energy transfer.
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Figure 3. Coupling method: (a) inductive WPT, (b) resonant inductive WPT, and (c) capacitive WPT

2.2.4. Operating modes of wireless charging
a) Static wireless charging (SWC)

Static charging allows EVs to charge wirelessly while stationary, such as in parking lots or garages.
Inductive Power Transfer (IPT) technology underpins most SWC systems, achieving efficiencies exceeding
95% in advanced implementations. Power level varies from 3.7 kW for private EVs to 200 kW for buses,
with guidelines provided by standards like SAE J2954 [13].
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b) Dynamic wireless charging (DWC)

Dynamic charging enables EVs to charge while in motion on specially equipped roadways. This
approach addresses range anxiety, reduces reliance on large battery packs, and offers seamless energy
replenishment. Segmented power transfer systems improve efficiency by energizing only the track section
beneath the vehicle, minimizing stray electromagnetic fields and power losses [14]. Despite its promise,
DWC faces challenges such as high infrastructure costs and alignment precision [15].
¢) Quasi-dynamic wireless charging (QWC)

Combining elements of static and dynamic systems, QWC allows vehicles to charge during
intermittent stops, such as at traffic signals or bus stops. This hybrid approach enhances energy utilization
and reduces infrastructure costs compared to fully dynamic systems. QWC is particularly suitable for urban
public transport systems, where frequent stops are common [16].

3. COMPENSATION CIRCUITS

Compensation circuits play a vital role in wireless power transfer systems, particularly for electric
vehicle applications, as they address the inherent challenges of high leakage inductance and low mutual
inductance caused by the loosely coupled transformer design. The primary purpose of compensation circuits
is to provide reactive power to counteract the inductive reactance of the primary and secondary coils. This
minimizes the volt-ampere (VA) rating of the supply and ensures maximum power transfer capability [17].
Additionally, they stabilize the system by maintaining a constant output voltage or current, regardless of
variations in air gap, alignment, or load resistance. Proper design prevents bifurcation, a phenomenon where
multiple operating frequencies cause instability and efficiency losses.

3.1. Principles of compensation circuits
3.1.1. Reactive power compensation

Due to the large air gap in WPT systems, high leakage inductance results in significant reactive power
demand, increasing losses, and requiring a high VA-rated supply [18]. Compensation circuits provide local
reactive power, canceling the inductive reactance (X.) of the coils. This allows the active power required for
energy transfer to be delivered more efficiently. Mathematically, the reactance XL of an inductor is given by
(1), where f is the operating frequency and L is the inductance.

X, = 2nfL 1)
A properly designed capacitor compensates for this reactance by satisfying the resonance condition:
Xe =X, 2

By achieving this resonance condition, the compensation circuit reduces the VA requirement, minimizes
losses, and maximizes the energy transfer to the secondary.

3.1.2. Voltage and current control

Compensation circuits regulate the voltage and current at the receiver side to match the requirements
of the load, typically an EV battery. Most batteries require a constant current (CC) phase at low states of
charge (SOC) and a constant voltage (CV) phase at higher SOCs [19]. Compensation networks maintain
these output characteristics by adjusting the resonant conditions and ensuring stability despite variations in
the load, air gap, or coil alignment.

3.1.3. Soft switching for high efficiency

To minimize switching losses in the power electronics, compensation circuits enable soft switching
techniques, such as zero voltage switching (ZVS) or zero current switching (ZCS) [20]. By ensuring that the
switches operate at zero voltage or zero current during transitions, the system achieves high efficiency,
particularly at high power levels. For instance, ZVS is achieved when the resonant circuit is tuned such that
the voltage across the switching component is zero at the moment of switching.

3.1.4. Bifurcation avoidance

Bifurcation refers to the presence of multiple operating frequencies at which the system can achieve zero
phase angle (ZPA) [20]. This phenomenon can lead to instability and inefficient operation. Compensation
circuits are designed to avoid bifurcation by ensuring a single, well-defined resonant frequency [21]. This is
achieved by carefully selecting the topology and tuning the compensation components.
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3.2. Classifications of compensation topologies

Compensation topologies are categorized into basic and hybrid configurations based on their circuit
design and application requirements. Basic topologies are the foundation of WPT systems, while hybrid
configurations address specific challenges such as misalignment tolerance, high-power demands, and
dynamic load variations. Figure 4 provides a classification diagram of compensation topologies, categorizing
them into basic and hybrid types. Basic topologies include series-series (SS), series-parallel (SP), parallel-
series (PS), and parallel-parallel (PP), as shown in Figure 5, while Figure 6 depicts some hybrid topologies
that incorporate additional components, such as inductors and resonant networks, to improve efficiency and
stability under variable conditions.
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Figure 5. Basic compensation topologies: (a) SS, (b) SP, (c) PS, and (d) PP
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Figure 6. Some hybrid compensation topologies: (a) LCC-LCC, (b) LCC-P, (c) LCL-S, and (d) CCL-S

3.2.1. Basic compensation topologies

Table 2 provides a comprehensive comparison of basic topologies based on different parameters,
where L1 is the transmitter coil inductance, M is the mutual inductance, and L2 is the receiver coil
inductance, o is the resonant frequency, R is the resistance of the coil, Ul is the source AC RMS voltage
applied to the coil, and Z1 and Z2 are the impedances of the transmitter and receiver coils without the
compensation circuit. Additionally, Ro represents the load resistance.

a) Series-series (SS)

In this topology, compensation capacitors are connected in series with both the transmitter and
receiver coils. SS compensation is ideal for high-power applications due to its efficiency and independence
from the coupling coefficient [19], [22]. It is commonly used in dynamic WPT systems where the coupling
coefficient varies, as it maintains high efficiency even under fluctuating conditions. However, it requires
careful design to avoid unsafe high terminal voltages under light-load or no-load conditions [18].

b) Series-parallel (SP)

This topology combines series compensation on the transmitter side with parallel compensation on the
receiver side. It is well-suited for systems with changing mutual inductance and variable load conditions [19].
However, the efficiency and power factor depend on the coupling coefficient, requiring adjustments in
capacitance to maintain resonance.

c) Parallel-series (PS)

PS compensation involves parallel compensation on the transmitter side and series compensation on
the receiver side. This topology is effective for systems with low mutual inductance and offers a good
balance of efficiency and power factor. However, it necessitates a current source input and additional
inductors to manage primary-side currents effectively [17].

3.2.2. Hybrid compensation topologies

Hybrid compensation topologies in WPT systems are advanced configurations designed to
overcome limitations of basic topologies, such as inefficiency under misalignment, sensitivity to load
variations, and limited power capacity [23]. They are primarily categorized into LCL-based, CCL-based, and
LCC-based topologies, with other specialized configurations tailored for specific requirements.

LCL-based topologies use additional inductors to form LCL networks on the primary and secondary
sides, providing current-source characteristics and stabilizing power delivery. The LCL-LCL topology
employs LCL networks on both sides, ensuring high efficiency and excellent misalignment tolerance, making
it ideal for high-power applications [23]. The LCL-S topology combines an LCL network on the primary side
with series compensation on the secondary side, maintaining consistent power transfer despite coupling
variations.

CCL-based topologies combine inductors and capacitors for stability and efficiency. The CCL-S
topology applies current-controlled compensation on the primary side with series compensation on the
secondary side, ensuring stable power output in dynamic scenarios [24]. The CCL-LCC configuration
extends this by using LCC compensation on the secondary side, offering high power factor and efficiency
even under load and alignment changes.

LCC-based topologies use resonant circuits with series and parallel elements to achieve zero current
switching (ZCS) and high efficiency. The LCC-LCC topology applies LCC compensation on both sides,
providing load independence, misalignment tolerance, and high-power transfer efficiency, making it ideal for
dynamic WPT systems like EV charging [23]. The LCC-P topology, with LCC compensation on the primary
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side and parallel compensation on the secondary side, enhances performance under misalignment [24].
Specialized hybrid configurations, such as the S-SP topology, combine series compensation on one side with
series-parallel compensation on the other, ensuring consistent power delivery under misalignment [25]. The
P-PS topology integrates parallel compensation with parallel-series configurations, suited for high-power and
dynamic load applications [23].

Table 2. Parameters summary of basic WPT topologies

WPT Primary Secondary Resonant Total impedance (Z;) Primary current Output
topology quality factor quality factor reflected at resonance behavior
(@) (D) impedance (Z,,y) (1)
Series-Series LR wl, wM? w*M? 1 UiR Voltage
—7 - ——+ 7+~ e
(SS) wM? R R P 1 R jwC, wM? source at
2 +J'wCz TR receiving
coil
Series-Parallel  wL,L?, R RM?  jowM? w*M? w7+ 1 U, 1%, Current
(SP) RM? wl, 2, L, 7 +— Ro P jwC, RM? source at
2714 jwR,C, receiving
coil
Parallel-Series LR wLy wM? 1 U;R Voltage
(PS) wM? R R w2M2(1 + jwR,C,) . wM? source at
Z,(1+ jwR,C,) + R, +2tjel receiving
coil
Parallel- wl, L%, R RM?  jwM? 1 + jwC U, 1%, Current
Parallel (PP) RM? wl, 17, L, w2M2(1+ jwR,C,) +7 1 RM? source at
Z,(1+jwR,C,)+ R, " 1 receiving

coil

4.,  COUPLING PAD STRUCTURES

Coupling pad structures are fundamental to the performance and efficiency of WPT systems,
particularly for electric vehicle (EV) applications. These structures consist of transmitter and receiver coils
separated by an air gap, enabling inductive or resonant energy transfer. Their design critically influences key
factors such as power transfer efficiency, coupling coefficient, quality factor, and tolerance to misalignment,
making the coupling pad the backbone of the WPT system [25].

The magnetic coupler, also referred to as the coupling pad, facilitates energy transfer through a
magnetic link established between the transmitter and receiver coils. A well-designed magnetic coupler
minimizes energy losses, enhances misalignment tolerance, and ensures stable operation under various
conditions. The efficiency of the WPT system is primarily governed by the coupling coefficient (k) and the
quality factor (Q), with their product (kQ), determining the effectiveness of energy transfer [26]. Achieving a
high (kQ) value requires an optimized coil design that balances self-inductance, resistance, and flux distribution.

The design of coupling pads involves optimizing the coil geometry, material selection, and
arrangement to achieve high self-inductance and low resistance. The self-inductance of a coil is determined
by its number of turns, the magnetic permeability of the material, and the cross-sectional area of the flux
path. Increasing the number of turns enhances self-inductance but also raises the equivalent series resistance
(ESR), which includes both DC and AC resistance [26]. Advanced materials such as Litz wire are employed
to reduce AC resistance, mitigating skin and proximity effects at high operational frequencies (typically
around 85 kHz, as standardized by SAE J2594/1) [13].

Material selection is another critical aspect of coupling pad design. Ferrite materials are often
incorporated into the coils to guide magnetic flux, reduce leakage, and improve coupling. Ferrites with high
relative permeability significantly enhance the mutual inductance and overall efficiency of the system.
However, the inclusion of ferrite can introduce additional core losses and increase the weight of the system,
posing challenges in applications requiring lightweight components, such as unmanned aerial vehicles
(UAVs) [26], [27]. Table 3 presents the detailed comparison of different coupling pads on various parameters.

4.1. Circular coils

Circular coils shown in Figure 7(a) are widely used due to their simplicity and uniform magnetic flux
distribution. They offer single-sided flux patterns, reducing leakage and enabling effective shielding [27].
However, their coupling coefficient decreases significantly under lateral misalignments. Circular coils are
optimal for stationary applications with minimal misalignment [27]. Researchers have demonstrated high
efficiencies with circular pads, such as achieving a 96.5% transfer efficiency with a 210-mm diameter coil and a
52-mm air gap [28]. However, their performance can be constrained by thermal limitations, necessitating
current densities below 3-5 A/mm? in the Litz wire to ensure acceptable operation [28].
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4.2. Rectangular coils

Rectangular coils, as depicted in Figure 7(b), are optimized for applications requiring larger
coverage areas [28]. These geometries exhibit improved lateral misalignment tolerance compared to circular
pads, which enhances their reliability in practical scenarios [29]. This feature makes them particularly
suitable for dynamic wireless charging of electric vehicles (EVs), where exact alignment between transmitter
and receiver coils cannot always be guaranteed [28].

4.3. Double-D (DD) coils

DD coils consist of two D-shaped sub-coils connected in reverse polarity. This design, represented
in Figure 8(a), combines the advantages of flux pipe and circular coil geometries, offering improved coupling
strength and reduced leakage flux [29]. Ferrite plates are often placed under the coils to further guide the
flux, enabling higher coupling coefficients. DD coils are widely used in EV applications due to their
robustness and reliability under moderate misalignment [30].

4.4. Double-D quadrature (DDQ) coils

The DDQ configuration presented in Figure 8(b) extends the DD coil by adding a quadrature coil in
the center. This architecture collects d-axis flux through the DD coils and g-axis flux through the quadrature
coil, significantly improving tolerance to misalignments [30]. However, DDQ coils require more space and a
complex control system, increasing system cost [31].

4.5. Bipolar (BP) coils

Bipolar pads are a simplified alternative to DDQ coils, featuring overlapping D-shaped coils. They
achieve high coupling coefficients with less copper usage compared to DDQ pads [32]. The bipolar design
offers a balance between cost, efficiency, and misalignment tolerance [31], [33]. Moreover, Figure 8(c)
depicts the bipolar coils.

4.6. Tripolar coils

Tripolar pads consist of three mutually decoupled coils, allowing independent control of each
coil [34]. This structure in Figure 8(d) exhibits high rotational misalignment tolerance and achieves high
coupling coefficients by modulating the voltage and phase of each coil [32]. However, tripolar pads require
three separate inverters, increasing complexity and cost [34].

Table 3. Comparative analysis of different coil structures presented in the literature

Coil structure Ref Type Misalignment Coupling Magnetic field Effect of shielding EMF
tolerance coefficient orientation on coupling exposure

Circular [27]  Non- Poor Low Single-sided Minimal High
polarized

Rectangular [28] Non- Moderate Moderate Single-sided Minimal High
polarized

Double-D (DD) [30]  Polarized Poor High Double-sided High Low

Double-D [31] Polarized High High Double-sided High Low

Quadrature (DDQ)

Bipolar [33] Polarized Moderate High Double-sided High Low

Tripolar [34]  Polarized High High Single-sided Minimal Low

Rectangular
Coil

Aluminium
Shield Shield

(@) (b)

Figure 7. Coupling pads of (a) circular and (b) rectangular
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(@) (b)

Coil
Shield Shield of

(c) (d)

Shield Aluminium
Shield

Figure 8. Coupling pads of (a) DD, (b) DDQ, (c) BP, and (d) tripolar

5. COIL MISALIGNMENT

Coil misalignment is a critical challenge in WPT systems, particularly in electric vehicle charging
applications, where the alignment of the transmitting and receiving coils directly affects the efficiency and
reliability of power transfer. Misalignment can occur in various forms, including longitudinal, lateral,
vertical, angular, and rotational displacements, due to improper vehicle positioning, uneven surfaces, or
dynamic movement during charging. These misalignments result in reduced coupling coefficient, mutual
inductance, and power transfer efficiency, while increasing flux leakage, impedance mismatches, and thermal
stress on system components [35].

Table 4. Misalignment tolerance guidelines [13] Table 5. Z-Class guidelines for ground clearance [13]

Criteria Tolerance Z-class level  Ground clearance (mm)
Longitudinal offset (AX)  +75 mm Z1 100 - 150
Lateral offset (AY) +100 mm
Vertical offset (AZ) Specified by Manufacturer 22 140-210
Rotational offsets Tested at 2° and 3° Z3 170 - 250

Misalignment poses significant challenges in both static and dynamic charging scenarios. In static
charging, improper parking or ground irregularities lead to horizontal or vertical offsets between the coils, while
dynamic charging introduces continuous positional variations as vehicles move over the charging infrastructure.
Addressing these challenges is crucial for achieving efficient and reliable WPT performance [36]. SAE J2594/1
standards specify that WPT systems must maintain at least 80% efficiency under typical misalignment
conditions and provide detailed guidelines for tolerances in longitudinal, lateral, and vertical misalignments, as
well as angular and rotational deviations [13], which are presented in Tables 4 and 5.

To mitigate the effects of misalignment, researchers have explored a variety of solutions [28], [30].
Advanced coil designs such as double-D (DD), double-D quadrature (DDQ), and bipolar (BP) coils have
shown significant promise. DD coils, consisting of two D-shaped sub-coils connected in reverse polarity,
create a unidirectional flux path that reduces leakage and enhances coupling efficiency. The DDQ design
extends this concept by incorporating a quadrature coil to capture perpendicular flux components,
significantly improving misalignment tolerance. Bipolar coils, which feature overlapping D-shaped coils,
offer a cost-effective alternative with similar performance under misaligned conditions [27].

Modular coil designs, using multiple smaller coils instead of a single large one, further improve
coupling by distributing the magnetic field more evenly [37]. In addition to innovative coil geometries,
electrical compensation techniques play a critical role in addressing misalignment. Compensation networks,
such as inductor-capacitor-capacitor (LCC) and inductor-capacitor-inductor (LCL), dynamically adjust the
system’s electrical parameters to maintain efficiency despite variations in the coupling coefficient [38].
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Double-sided LCC networks are particularly effective for high-power applications, providing enhanced
tolerance to misalignment without requiring additional power electronics. Recent advancements include
reconfigurable rectifiers that adapt to varying coupling coefficients by switching between operational modes,
maintaining high efficiency even under severe misalignments [39].

Control strategies also contribute to mitigating the impact of misalignment. Techniques such as
adjusting the switching frequency and phase shift of the inverter optimize power transfer under changing
conditions [40]. Parity-time symmetric (PTS) circuits, based on resonance principles, maintain constant
output power despite misalignment, though they are more suitable for low-power static applications [41].

Multi-element compensation and dual-frequency systems further enhance performance by switching
between frequency channels to stabilize power output under wide coupling coefficient variations [29].
Mechanical and sensor-based solutions offer additional avenues for improving misalignment tolerance [42].
Electromagnetic induction position sensors detect misalignment and guide servo motors to reposition the
transmitter pad dynamically, optimizing alignment in real-time. While effective, these solutions add
complexity and cost to the system. Reconfigurable resonant designs with multiple operational modes have
also been proposed to handle wide air gap variations and severe misalignments [43]. For example, systems
with adjustable architecture and multiple transmitting coils can maintain high efficiency across a broad range
of coupling coefficients and positional offsets [44].

6. CONCLUSION

Wireless power transfer (WPT) systems offer transformative potential for addressing the challenges of
electric vehicle (EV) charging infrastructure. This paper reviewed the critical components and advancements in
WPT technology, including wireless charging schemes, compensation circuits, coupling pad structures, coil
misalignment solutions, and associated challenges. The findings highlight that WPT systems provide efficient,
reliable, and user-friendly charging solutions that eliminate physical connections and enable innovative
applications like dynamic wireless charging. The need for WPT is driven by the global shift toward sustainable
transportation. WPT systems can alleviate "range anxiety,” reduce reliance on large battery sizes, and support
the seamless integration of EVs into everyday life. They also enhance safety, reduce maintenance, and enable
opportunities for autonomous charging. However, significant challenges remain, including improving
efficiency, reducing costs, addressing misalignment, and mitigating electromagnetic field (EMF) exposure risks.
Future research must focus on designing high-power, cost-effective systems with robust misalignment
tolerance, scalable infrastructure, and minimal environmental impact. Developing advanced compensation
circuits, lightweight coupling pads, and real-time communication networks is essential. Moreover, ensuring
compliance with health and safety standards while addressing economic and regulatory barriers will accelerate
the commercial adoption of WPT systems. By addressing these challenges, WPT technology can significantly
contribute to the widespread deployment of EVs and the transition to a sustainable transportation future.

FUNDING INFORMATION
Authors state no funding involved.

AUTHOR CONTRIBUTIONS STATEMENT
This journal uses the Contributor Roles Taxonomy (CRediT) to recognize individual author
contributions, reduce authorship disputes, and facilitate collaboration.

Name of Author C M So Va Fo | R D O E Vi Su P Fu
Md. Ashraf Ali Khan v v v v v v v v v

Kuber v v v v v

Yusra Wahab v v v v v v

M. Saad Arif v v v v v v v v
Shahrin Md. Ayob v v v v

Norjulia Mohamad v v v v
Nordin

C . Conceptualization I Investigation Vi : Visualization

M : Methodology R : Resources Su : Supervision

So : Software D : Data Curation P : Project administration

Va : Validation O : writing - Original Draft Fu : Funding acquisition

Fo : Formal analysis E : Writing - Review & Editing

Int J Pow Elec & Dri Syst, Vol. 16, No. 4, December 2025: 2156-2169



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2167

CONFLICT OF INTEREST STATEMENT

Authors state no conflict of interest.

DATA AVAILABILITY

Data availability is not applicable to this paper as no new data were created or analyzed in this study.

REFERENCES

[1] S. Liu, D. Xin, L. Yang, J. Li, and L. Wang, “A hierarchical V2G/G2V energy management system for electric-drive-
reconstructed onboard converter,” IEEE Access, vol. 8, pp. 198201-198213, 2020, doi: 10.1109/ACCESS.2020.3034968.

[21 Z. A. Arfeen, A. B. Khairuddin, A. Munir, M. K. Azam, M. Faisal, and M. S. Bin Arif, “En route of electric vehicles with the
vehicle to grid technique in distribution networks: Status and technological review,” Energy Storage, vol. 2, no. 2, Apr. 2020, doi:
10.1002/est2.115.

[3] F. Ahmad, M. S. Alam, and M. Asaad, “Developments in XEVs charging infrastructure and energy management system for smart
microgrids including xEVs,” Sustainable Cities and Society, vol. 35, pp. 552-564, Nov. 2017, doi: 10.1016/j.scs.2017.09.008.

[4] M. Budhia, G. Covic, and J. Boys, “A new IPT magnetic coupler for electric vehicle charging systems,” in IECON 2010 - 36th
Annual Conference on IEEE Industrial Electronics Society, IEEE, Nov. 2010, pp. 2487-2492. doi: 10.1109/IECON.2010.5675350.

[5] M. Tampubolon, H.-J. Chiu, H.-C. Hsieh, J.-Y. Lin, and Y.-C. Hsieh, “High-efficiency bidirectional resonant WPT system for
electric vehicles,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 14, no. 2, p. 948, Jun. 2023, doi:
10.11591/ijpeds.v14.i2.pp948-959.

[6] A. Ayob et al., “Review on electric vehicle, battery charger, charging station and standards,” Research Journal of Applied
Sciences, Engineering and Technology, vol. 7, no. 2, pp. 364-373, Jan. 2014, doi: 10.19026/rjaset.7.263.

[71 M. Yilmaz and P. T. Krein, “Review of battery charger topologies, charging power levels, and infrastructure for plug-in electric and hybrid
vehicles,” IEEE Transactions on Power Electronics, vol. 28, no. 5, pp. 21512169, May 2013, doi: 10.1109/TPEL.2012.2212917.

[8] C. Liao, “Design of LCC impedance matching circuit for wireless power transfer system under rectifier load,” CPSS Transactions on
Power Electronics and Applications, vol. 2, no. 3, pp. 237-245, Sep. 2017, doi: 10.24295/CPSSTPEA.2017.00022.

[91 C. Qiu, K. T. Chau, C. Liu, and C. C. Chan, “Overview of wireless power transfer for electric vehicle charging,” in 2013 World
Electric Vehicle Symposium and Exhibition (EVS27), IEEE, Nov. 2013, pp. 1-9. doi: 10.1109/EVS.2013.6914731.

[10] M. A. A. Khan, M. S. Bin Arif, S. M. Ayob, and S. M. Saimon, “Optimization and analysis of circular coil-based wireless power
transfer for MG comet EV,” in 2025 IEEE 15th International Conference on Power Electronics and Drive Systems (PEDS),
IEEE, Jul. 2025, pp. 1-5. doi: 10.1109/PEDS63958.2025.11144796.

[11] S. Sinha, A. Kumar, B. Regensburger, and K. K. Afridi, “A new design approach to mitigating the effect of parasitics in
capacitive wireless power transfer systems for electric vehicle charging,” IEEE Transactions on Transportation Electrification,
vol. 5, no. 4, pp. 1040-1059, Dec. 2019, doi: 10.1109/TTE.2019.2931869.

[12] A. Al-Hattami, S. Saat, Y. Yusop, M. R. Awal, A. H. M. Shapri, and H. Husin, “Enhancing efficiency and stability in CPT
systems: a state feedback controller approach,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 16,
no. 1, p. 225, Mar. 2025, doi: 10.11591/ijpeds.v16.i1.pp225-234.

[13] SAE International, “Wireless power transfer for light-duty plug-in/electric vehicles and alignment methodology,” 2022. [Online].
Available: https://legacy.sae.org/standards/content/j2954 202208/

[14] J. Shin et al., “Design and implementation of shaped magnetic-resonance-based wireless power transfer system for roadway-
powered moving electric vehicles,” IEEE Transactions on Industrial Electronics, vol. 61, no. 3, pp. 1179-1192, Mar. 2014, doi:
10.1109/TIE.2013.2258294.

[15] D.-H. Kim, S. Kim, S.-W. Kim, J. Moon, I. Cho, and D. Ahn, “Coupling extraction and maximum efficiency tracking for multiple
concurrent transmitters in dynamic wireless charging,” IEEE Transactions on Power Electronics, vol. 35, no. 8, pp. 7853-7862,
Aug. 2020, doi: 10.1109/TPEL.2019.2962203.

[16] A. A. S. Mohamed, C. R. Lashway, and O. Mohammed, “Modeling and feasibility analysis of quasi-dynamic WPT system for EV
applications,” IEEE Transactions on Transportation Electrification, vol. 3, no. 2, pp. 343-353, 2017, doi: 10.1109/TTE.2017.2682111.

[17] A. Laha, A. Kalathy, M. Pahlevani, and P. Jain, “A comprehensive review on wireless power transfer systems for charging
portable electronics,” Eng, vol. 4, no. 2, pp. 1023-1057, Apr. 2023, doi: 10.3390/eng4020061.

[18] K. Aditya and S. S. Williamson, “Design considerations for loosely coupled inductive power transfer (IPT) system for electric
vehicle battery charging - A comprehensive review,” in 2014 IEEE Transportation Electrification Conference and Expo (ITEC),
IEEE, Jun. 2014, pp. 1-6. doi: 10.1109/ITEC.2014.6861764.

[19] A. Khaligh and S. Dusmez, “Comprehensive topological analysis of conductive and inductive charging solutions for plug-in electric
vehicles,” IEEE Transactions on Vehicular Technology, vol. 61, no. 8, pp. 3475-3489, Oct. 2012, doi: 10.1109/TVT.2012.2213104.

[20] Z. Pantic, S. Bai, and S. M. Lukic, “ZCS $LCC$-Compensated resonant inverter for inductive-power-transfer application,” IEEE
Transactions on Industrial Electronics, vol. 58, no. 8, pp. 3500-3510, Aug. 2011, doi: 10.1109/T1E.2010.2081954.

[21] Z. Yuan et al., “High-order compensation topology integration for high-tolerant wireless power transfer,” Energies, vol. 16, no. 2,
p. 638, Jan. 2023, doi: 10.3390/en16020638.

[22] I. Bentalhik et al., “Analysis, design and realization of a wireless power transfer charger for electric vehicles: Theoretical approach
and experimental results,” World Electric Vehicle Journal, vol. 13, no. 7, p. 121, Jul. 2022, doi: 10.3390/wevj13070121.

[23] S. Li, W. Li, J. Deng, T. D. Nguyen, and C. C. Mi, “A double-sided LCC compensation network and its tuning method for

wireless power transfer,” IEEE Transactions on Vehicular Technology, vol. 64, no. 6, pp. 2261-2273, Jun. 2015, doi:
10.1109/TVT.2014.2347006.

A comprehensive review of efficient wireless power transfer for ... (Md. Ashraf Ali Khan)



2168 O3 ISSN: 2088-8694

[24] V. Shevchenko, O. Husev, R. Strzelecki, B. Pakhaliuk, N. Poliakov, and N. Strzelecka, “Compensation topologies in IPT systems:
Standards, requirements, classification, analysis, comparison and application,” IEEE Access, vol. 7, pp. 120559-120580, 2019,
doi: 10.1109/ACCESS.2019.2937891.

[25] W. Zhang and C. C. Mi, “Compensation topologies of high-power wireless power transfer systems,” IEEE Transactions on
Vehicular Technology, vol. 65, no. 6, pp. 4768-4778, Jun. 2016, doi: 10.1109/TVT.2015.2454292.

[26] R. Bosshard and J. W. Kolar, “Inductive power transfer for electric vehicle charging: Technical challenges and tradeoffs,” IEEE
Power Electronics Magazine, vol. 3, no. 3, pp. 22-30, Sep. 2016, doi: 10.1109/MPEL.2016.2583839.

[27] D. Patil, M. Ditsworth, J. Pacheco, and W. Cai, “A magnetically enhanced wireless power transfer system for compensation of
misalignment in mobile charging platforms,” in 2015 |IEEE Energy Conversion Congress and Exposition (ECCE), IEEE, Sep.
2015, pp. 1286-1293. doi: 10.1109/ECCE.2015.7309840.

[28] R. Bosshard, J. W. Kolar, J. Muhlethaler, 1. Stevanovic, B. Wunsch, and F. Canales, “Modeling and 1 - o -pareto optimization of
inductive power transfer coils for electric vehicles,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 3,
no. 1, pp. 50-64, Mar. 2015, doi: 10.1109/JESTPE.2014.2311302.

[29] Y.Li, J. Hu, F. Chen, Z. Li, Z. He, and R. Mai, “Dual-phase-shift control scheme with current-stress and efficiency optimization
for wireless power transfer systems,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 65, no. 9, pp. 3110-
3121, Sep. 2018, doi: 10.1109/TCSI.2018.2817254.

[30] M. Budhia, J. T. Boys, G. A. Covic, and C.-Y. Huang, “Development of a single-sided flux magnetic coupler for electric vehicle IPT
charging systems,” IEEE Transactions on Industrial Electronics, vol. 60, no. 1, pp. 318-328, Jan. 2013, doi: 10.1109/TIE.2011.2179274.

[31] Y. Zhang, Z. Zhao, and K. Chen, “Frequency decrease analysis of resonant wireless power transfer,” IEEE Transactions on
Power Electronics, vol. 29, no. 3, pp. 1058-1063, Mar. 2014, doi: 10.1109/TPEL.2013.2277783.

[32] A. Zaheer, G. A. Covic, and D. Kacprzak, “A bipolar pad in a 10-kHz 300-W Distributed IPT system for AGV applications,”
IEEE Transactions on Industrial Electronics, vol. 61, no. 7, pp. 32883301, Jul. 2014, doi: 10.1109/TIE.2013.2281167.

[33] A. Ahmad, M. S. Alam, and R. Chabaan, “A comprehensive review of wireless charging technologies for electric vehicles,” IEEE
Transactions on Transportation Electrification, vol. 4, no. 1, pp. 38-63, Mar. 2018, doi: 10.1109/TTE.2017.2771619.

[34] S.Kim, G. A. Covic, and J. T. Boys, “Analysis on tripolar pad for inductive power transfer systems,” in 2016 IEEE PELS Workshop on
Emerging Technologies: Wireless Power Transfer (WoW), IEEE, Oct. 2016, pp. 15-20. doi: 10.1109/WoW.2016.7772059.

[35] A. Sagar et al., “A comprehensive review of the recent development of wireless power transfer technologies for electric vehicle
charging systems,” IEEE Access, vol. 11, pp. 83703-83751, 2023, doi: 10.1109/ACCESS.2023.3300475.

[36] L. Zhao, D. J. Thrimawithana, U. K. Madawala, A. P. Hu, and C. C. Mi, “A misalignment-tolerant series-hybrid wireless EV
charging system with integrated magnetics,” IEEE Transactions on Power Electronics, vol. 34, no. 2, pp. 1276-1285, Feb. 2019,
doi: 10.1109/TPEL.2018.2828841.

[37] Z. Dang and J. A. Abu Qahouq, “Elimination method for the transmission efficiency valley of death in laterally misaligned
wireless power transfer systems,” in 2015 IEEE Applied Power Electronics Conference and Exposition (APEC), IEEE, Mar.
2015, pp. 1644-1649. doi: 10.1109/APEC.2015.7104568.

[38] T.-S. Lee, S.-J. Huang, S.-H. Dai, and J.-L. Su, “Design of misalignment-insensitive inductive power transfer via interoperable
coil module and dynamic power control,” IEEE Transactions on Power Electronics, vol. 35, no. 9, pp. 9024-9033, Sep. 2020,
doi: 10.1109/TPEL.2020.2972035.

[39] Y. Zhang et al., “Misalignment-tolerant dual-transmitter electric vehicle wireless charging system with reconfigurable topologies,”
IEEE Transactions on Power Electronics, vol. 37, no. 8, pp. 88168819, Aug. 2022, doi: 10.1109/TPEL.2022.3160868.

[40] S. Assawaworrarit, X. Yu, and S. Fan, “Robust wireless power transfer using a nonlinear parity—time-symmetric circuit,” Nature,
vol. 546, no. 7658, pp. 387-390, Jun. 2017, doi: 10.1038/nature22404.

[41] Z.Dong, Z. Li, F. Yang, C.-W. Qiu, and J. S. Ho, “Sensitive readout of implantable microsensors using a wireless system locked
to an exceptional point,” Nature Electronics, vol. 2, no. 8, pp. 335-342, Aug. 2019, doi: 10.1038/s41928-019-0284-4.

[42] H. Liu, Z. Li, Y. Tian, Y. Liu, and W. Song, “Anti-misalignment capability optimization for laminated magnetic couplers in
wireless charging systems using balanced particle swarm optimization method,” Journal of Power Electronics, vol. 23, no. 2, pp.
345-354, Feb. 2023, doi: 10.1007/s43236-022-00527-6.

[43] W. Zhong, S. Zhang, M. Chen, and M. D. Xu, “Reconfigurable resonant topology linking two-, three-, and four-coil modes for
WPT with large coupling range and fixed frequency,” IEEE Transactions on Power Electronics, vol. 37, no. 7, pp. 8713-8725,
Jul. 2022, doi: 10.1109/TPEL.2022.3148001.

[44] A. Hossain, P. Darvish, S. Mekhilef, K. S. Tey, and C. W. Tong, “A new coil structure of dual transmitters and dual receivers
with integrated decoupling coils for increasing power transfer and misalignment tolerance of wireless EV charging system,” IEEE
Transactions on Industrial Electronics, vol. 69, no. 8, pp. 7869-7878, Aug. 2022, doi: 10.1109/T1E.2021.3108697.

BIOGRAPHIES OF AUTHORS

Md. Ashraf Ali Khan By s currently pursuing a bachelor's degree in Electrical
Engineering from Zakir Husain College of Engineering and Technology, Aligarh Muslim
University (AMU), Aligarh, India. His research interests include power electronics, renewable
energy integration, and electric vehicle technologies. He has been involved in various projects,
such as wireless power transfer systems for EV charging and innovative multilevel inverter
topologies. He is also a recipient of the Mitacs Globalink Research Internship Award. He can
be contacted at email: khanashraf8738@gmail.com.

Int J Pow Elec & Dri Syst, Vol. 16, No. 4, December 2025: 2156-2169


https://orcid.org/0009-0006-3563-0071
https://scholar.google.com/citations?view_op=list_works&hl=en&user=0LwYN0MAAAAJ

Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2169

Kuber Bl © is a final-year student pursuing a bachelor's degree in Electrical
Engineering at Zakir Hussain College of Engineering and Technology, Aligarh Muslim
University. His research interest includes renewable energy integration, microgrid, and EV
transportation. During his internship at Reliance Industries, he worked on peer-to-peer energy
transfer in community grids, gaining hands-on expertise in solar technologies and sustainable
solutions. He also contributed as an electrical/electronics engineer for a student F1 event,
focusing on wire harness design. He can be contacted at email: kuber5sec@gmail.com.

Yusra Wahab © B Ed © s a final-year student pursuing a bachelor's degree in Electrical
Engineering at Zakir Hussain College of Engineering and Technology, Aligarh Muslim
University. She is the coordinator of the IEEE Student Branch at ZHCET. Her research
interests lie primarily in the field of power electronics, with a focus on energy-efficient
technologies and sustainable power solutions. She is particularly interested in exploring
innovative applications of power electronics in renewable energy and electric vehicle (EV)
systems. She can be contacted at email: yusrawahab001@gmail.com.

M. Saad bin Arif © B B © s a researcher and assistant professor of electrical engineering
at Aligarh Muslim University (AMU), Aligarh, India. Dr. Saad holds a Bachelor’s degree in
Electrical Engineering, a master’s degree in power systems and driving from AMU, and a
Ph.D. in power engineering from Universiti Teknologi Malaysia, Malaysia. His research is
focused on developing novel circuit designs for power electronic converters and improving the
efficiency of solar and hybrid energy systems. He contributed to power electronics and
renewable energy systems through his research, publications, and professional services. He can
be contacted at email: saad.ee@amu.ac.in or saadbinarif@gmail.com.

Shahrin Md. Ayob © B4 B8 © was born in Kuala Lumpur, Malaysia. He received the degree
in electrical engineering, the master’s degree in electrical engineering (power), and the Ph.D.
degree from Universiti Teknologi Malaysia in 2001, 2003, and 2009, respectively. He is
currently an Associate Professor with the Faculty of Engineering, School of Electrical
Engineering, Universiti Teknologi Malaysia. He is also a registered Graduate Engineer under
the Board of Engineer Malaysia (BEM). His current research interests include solar
photovoltaic systems, electric vehicle technology, fuzzy systems, and evolutionary algorithms
for power electronics applications. He can be contacted at email: shahrin@fke.utm.my.

Norjulia Mohamad Nordin @ B Bd € received her degree in bachelor of electrical
engineering from the Universiti Teknologi Malaysia (UTM) in 2006 and the master in
engineering science from the University of New South Wales in 2008. She then received her
Ph.D. in electrical engineering from UTM in 2016. Currently, she is a senior lecturer at the
Faculty of Engineering, Universiti Teknologi Malaysia (UTM). Her current research interests
are in AC motor drives/electrical drives, power electronics applications, electrical machines
and renewable energy conversion. She can be contacted at email: norjulia@utm.my.

A comprehensive review of efficient wireless power transfer for ... (Md. Ashraf Ali Khan)


https://orcid.org/0009-0003-7795-1082
https://orcid.org/0009-0001-8392-3630
https://orcid.org/0000-0002-6450-4940
https://scholar.google.com/citations?user=mTTnenIAAAAJ&hl=en&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=57197536034
https://orcid.org/0000-0003-0465-9657
https://scholar.google.com/citations?hl=en&user=If7Fjh4AAAAJ
https://www.scopus.com/authid/detail.uri?authorId=8400307300
https://orcid.org/0000-0002-0160-0345
https://scholar.google.com/citations?user=kV6Wpp8AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57429343900

