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ABSTRACT Wireless Power Transfer (WPT) particularly in the field of Electric Vehicle charging appli-
cations has wide research opportunities because of its huge growth. The power transfer efficiency is of
major concern and researchers are finding ways to improve it by reducing stages of the WPT and making
it better than the wired EV charging method. The increasing penetration of charging stations in the grid
brings many challenges and hence to find a suitable control scheme to enhance input power quality. For
the most optimal operation and comprehensive support, the charging systems must incorporate a suitable
converter topology, a well-defined control strategy, and comply with all relevant grid codes and standards.
For smooth and efficient functioning these features must be included in the EV charging systems. This
paper presents a review of single-stage topologies and the power factor correction methods employed for
EV wireless charging. An overview of different charging methods is first presented then the AC input and
DC input single-stage converter are discussed, and following that methodologies for improving power factor
correction are reviewed with the comparative analysis from different literatures. Finally, the challenges in
single-stage wireless power transfer (SSWPT) were addressed and the future scopes were discussed which
provides the future research directions.

INDEX TERMS EV charging, power factor correction, single-stage converter, WPT.

I. INTRODUCTION
The Electric Vehicle (EV) has drawn more attention in recent
years. The EV industry’s growth is vast in the search for a
substitute to traditional Internal Combustion Engine (ICE)
vehicle transportation during the era of the increase in fuel
prices [1]. Transportation contributes a major part to the
growth of the economy and adversely it contributes as a prime
source of Greenhouse gas emissions. Depending only on ICE
vehicles for transportation impacts the growth during times
of increase in fuel prices. Hence as an alternative to ICE
transportation EVs can be chosen to take part in transportation
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electrification and decarbonization as well [2]. Over the years
carbon dioxide emission around the globe tends to increase
exponentially resulting in the global temperature rise which
creates adverse effects [3], [4]. This impacted the govern-
ments to invest in clean energy [5] rather than fossil fuels.
The International Energy Agency (IEA) lays out Net Zero
by 2050 Scenario [6] and suggests shifting to clean energy
sources such as solar, wind and low-emission fuels, and trans-
port electrification. Shifting towards renewable energy in
making completely emission-free and clean energy-powered
EVs, the California Air Resources Board (CARB) initiated
a long-term goal of the emission-free vehicle program by
laying the regulations for vehicle manufacturers aimed to
achieve by 2035 [7]. In the trend curve [8] Fig. 1. it is clearly
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FIGURE 1. Electric car sales during (2016-2023).

evident that the year-wise EV sales increase and have a wide
opportunity for EV growth. The advancements in semicon-
ductor technologies, battery technologies and foremost the
government’s immersion have brought the EV industry to
the next level. Owing to the high price of EVs compared to
ICEs [9] and poor charging infrastructure people preferred
fuel-powered vehicles in the early 19th century and now the
emerging newer technologies tend people to prefer EVs. The
broad classification of electric vehicles gives the types battery
EV (BEV), fuel cell EV (FCEV), Plug-in hybrid EV (PHEV)
and Hybrid EV (HEV) and Fig. 2 (a-d) Gives the structure
of various types of EVs. BEV is entirely dependent on the
battery source and is emission-free with the driving range
depending on the battery capacity installed. The diagram-
matic representation of BEV is shown in Fig. 2 (a). PHEV
is comprised of ICE and an electric motor which can run
until the battery power drains and shifts to ICE mode. The
PHEV structure is given in Fig. 2 (b). Here battery charging
can be done in both regenerative and plug-in modes. HEV has
a similar operation as that of PHEV but plug-in charging is
absent in this type and only the regenerative method charges
the battery. The conceptual diagram of HEV is given in
Fig. 2 (c). The main source of energy for FCEV is hydrogen
which is used to generate electricity to run the motor and is
completely emission-free and is given in Fig. 2 (d). Table 1.
gives the comparison of features between ICE, BEV, PHEV,
HEV and FCEV. The major limitations [3], [9] of EVs are
limited driving range and battery life, expensive battery cost,
long charging time and charging compatibility issues.

The driving range limitations shall be overcome by the
implementation of fast charging, ultrafast charging stations
and laying dynamic charging lanes [10], [11], [12], [13].
Refueling the ICE is very quick compared to EV battery
charging and hence efficient quick charging methods are
required to overcome the long charging times. Even though
fast chargers charge the battery quickly, battery life gets
depleted by the use of fast chargers and hence adaptive battery
charging methods can be utilized to extend the life of Li-on
batteries during the charging of EVs [12], [14]. The rating of

the battery differs from vehicle to vehicle requiring the EV
charging stations to facilitate the wide range operation. The
evolution of advanced battery technology and the installation
of new charging centers with robust controllers makes people
prefer EVs which leads to the growth of the EV indus-
try. According to IEA [15], Globally there were more than
2.7 million charging points installed till the year 2022, from
this over 900,000 centers of them have been installed within
the same year with more than 600000 public slow charging
points. China is a leader in installing public charging points
with 360000 slow charging centers and 330000 fast charging
centers in the year 2022. The development of the EV sector
brings the necessity of implementing the charging standards
for EVs around the world for the charging structure infras-
tructure interaction [10]. In the standardizations of charging
and grid integration, the Institute of Electrical and Electronics
Engineers (IEEE) and the Society of Automotive Engineers
(SAE) contributes an important role. The widely used stan-
dards for EV charging are International Electro-technical
Commission (IEC) and SAE while the former is established
by a British standard organization and the latter is established
by a US professional body [3], [5], [10], [16], [17]. Various
standards available with their purposes are given in Table 2.
Unlike conventional ICE vehicles, BEVs require additional
safety measures to be set as they contain Li-ion batteries
and have the risk of fire [18]. The National Fire Protection
Association (NFPA) guides in establishing NFPA 70 stan-
dards [19] and the National Electric Code (NEC) specifies the
NEC 625 standards [20] to adopt safetymeasures. The battery
management system is essential for a BEV in managing and
monitoring the health and safety conditions of the battery.
Designing a fail-safe battery management system (BMS)
to eliminate the safety risks in the battery is a challenging
part. Battery technology and charging technology are the two
essential factors that influence the growth of the EV industry
apart from other factors that influence indirectly like vehicle
cost, fuel price hikes, government policies, environmental
conditions and global trends. Hence a survey on one essential
factor i.e., charging technology is carried out in this work.

The limitations in current EV charging converters have
to be identified and improvements have to be made in EV
charging technologies. The organization of the review paper
consists of an outline of charging technologies for EVs in
section II, a discussion of SSWPT articles with their proposed
circuit in section III, a discussion of Power factor correction
technologies and their control methods for the SSWPT in
section IV, challenges faced in implementing SSWPT tech-
nologies is discussed in sectionV, the scope for futurework in
the emerging charging technologies is discussed in section VI
and the conclusions found from the review of the SSWPT is
presented in section VII.

II. EV CHARGING TECHNOLOGIES
Charging plays a significant role in the growth of the EV
sector as the charging time and range of travel depend on
charger capacity and the rating of the battery installed and the
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TABLE 1. Comparison between ICE, BEV, PHEV, HEV and FCEV.

FIGURE 2. Types of EV structures. (a) BEV (b) PHEV (c) HEV (d) FCEV.

cost increases if battery capacity is increased [11], [17], [31].
EV charging can be commonly classified into wired, wireless
and hybrid charging systems. The Common BEV charging
methods are represented in Fig. 3 (a-d). The first method of
charging is wired charging [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41], [42], [43] which has AC and DC types
with non-isolated [32], [33], [34], [35] and isolated [36], [37],
[38], [39], [40], [41], [42], [43] methods of charging struc-
tures and has the benefits of the highest efficiency due to the
conductive mode of charging with the drawback of specific
cable and connector requirements. The Second method is
wireless EV charging [44], [45], [46], [47], [48], [49], [50],
[51], [52], [53], [54], [55] which offers a safe and compre-
hensible charging structure with inherent grid isolation and
reduces the battery capacity in the case of a dynamic charging

environment. The third method is hybrid EV charging [56],
[57], [58], [59], [60], [61], [62], [63] which combines the
features of both the wired and wireless methods of charging
with the use of shared converters or dedicated converters for
wired and wireless modes of charging. Problems such as high
cost, big size, poor performance and low power level can
be overcome by integrating wireless/wired and fast charging
methods. Another method employed as an alternative for EV
charging is the battery swapping (BS)method [64], [65], [66],
[67], [68], [69] in which the discharged battery is instantly
replaced by the same kind of charged battery at the battery
swapping station (BSS) and has the drawback of high rental
charges and huge investment for the BSS proprietors. Table 3
shows the comparison of BEV charging methods for wired,
wireless, hybrid and BS methods. EV charging can also
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TABLE 2. Organization and defined standards related to EV charging. be classified according to the power levels by SAE J1772
standard as level I, level II and level III also termed as Fast
charging (DC) [70], [71]. A comparison table is presented in
Table 4. summarizing the three power levels with their range,
operating voltage, charging time, place of use and connectors
utilized.

A. WIRED CHARGING
Wired charging is given in Fig. 3 (a) commonly called con-
ductive charging [72] requires a power cable of a specific
standard to connect the grid and the EV in charging the bat-
tery with better efficiency. In recent years, high-gain DC/DC
converters [33], [34] have garnered significant interest and
attention in various industries. These converters offer dis-
tinct advantages in terms of their ability to deliver higher
output voltages while minimizing power loss. Various capa-
bilities are extended for conductive charging by incorporating
suitable methodologies to provide continuous load current,
reduce switching stress on the converter switches, bidi-
rectional capability [35], increased current capability [36],
combined slow and fast charging [37], improved power qual-
ity [38], extended output range [39], [40], high current density
[41], wide voltage operation [42], input voltage-to-output
current gain property [43], and other functions. Table 5. gives
the summary of the topologies employed for wired charging
of BEV with the converter rating and peak efficiency. The
control methodology adopted in conductive charging also
brings sufficient developments including enhancing control-
lability, fast operation, and multi-functional capability.

B. WIRELESS CHARGING
Because of several advantages rather than drawbacks WPT
is preferred over other modes of charging EVs [73]. The
foundation for WPT was laid over a decade ago by Nikola
Tesla in the year 1899 who developed an experimental setup
for the transmission of electric power over a distance of
24 miles wirelessly [74]. Later in the middle of the nineteenth
century, WPT was not given more importance and after the
advancement in the power electronics sector, it rose again
and implemented near-field WPT technologies [75], [76] for
smaller appliances.

The significant improvement resulted in the development
of WPT charger companies and was applied for high-power
applications [77], [78], [79], [80], [81]. Wireless charging at
present lies in the research and development stage and has
been applied in several applications such as mobile charg-
ing, robotics, medical implants, drones, EV charging etc.
[82]. The functional diagram of wireless charging is shown
in Fig. 3 (b). As an application for EV charging, it offers
versatile features like galvanic isolation, charging on the go
and battery capacity reduction [83], [84], [85], [86]. Wireless
charging can be subdivided into static, dynamic and quasi-
dynamic methods. The static WPT method [44], [45], [46],
[47], [48] is employed when the vehicle stands stationary
and has better efficiency and control than the other two
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TABLE 3. BEV charging methods comparison.

FIGURE 3. BEV charging Methods (a) Wired Charging (b) Wireless Charging (c) Hybrid Charging (d) Battery Swapping.

methods. The charging time relies on factors like the level
of power source, charging pad size, design [87], [88] and
distance between them. Static WPT can be installed at resi-
dential locations, parking stations, commercial buildings and

shopping centers. In dynamic WPT [49], [50], [51], [52],
[53], the charging while driving concept is applicable by
laying a separate charging lane over which themoving vehicle
can be charged. Since the vehicle is moving, misalignment
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TABLE 4. BEV charging levels comparison.

TABLE 5. Wired charging topologies comparison.

becomes a major problem, which needs to be addressed
by suitable compensation [89], [90], [91] to maximize the
transfer efficiency. This method can be employed on the
highways by installing a series of coils on a specific charging
track. Quasi-dynamic WPT [54], [55] is similar to dynamic
WPT but here the vehicle is not continuously moving but
limited relative movement makes this to have this name and
is installed at traffic signals where the vehicle stops for a
short duration. In literature [44] a control strategy with three
closed loops is employed to operate the WPT system at any
point within the Optimal Operating Frequency Range and to
dynamically tune the phase shift and frequency, ensuring that
the designed system always operates at the preset ZVS angle
with the desired output. A 500WPrototype was developed for
testing with a coupling factor of k=0.2 and achieved a peak
overall efficiency of 94.9%. An enhanced zero voltage zero
current switching is proposed [45] by utilizing the LC series
compensation with an auxiliary network for achieving zero
current switching (ZCS). This innovative topology employs
a cost-effective controller to maintain a constant output volt-
age, even in the face of variable input voltage. It is designed to
meet the highest standards of quality and reliability, making it
an ideal choice for variable voltage applications. The author

developed a 1.1KW prototype and tested it for efficiency and
found it to be 91.26% with ZVZCS. Another author in [46]
proposed a high-efficiencyWPT systemwith one inverter and
one active rectifier with phase-shift angle control aiming the
objective of reducing EMI and increasing efficiency. Here
optimum power angle range is also evaluated to control the
power loss and achieve the transfer efficiency of 95.2% with
a 500W prototype taking 0.2 as the coupling factor.

A hybrid WPT is proposed in [47] to work in charging
pad misalignment conditions. This hybrid WPT achieves
high misalignment tolerance with CC and CV mode inher-
ently by connecting two coils in series reversed connection
on the transmission side and two coils with series and
series-parallel compensation respectively on the receiver
side. Hence without adding any additional converter, the
control complexity is reduced and increases system reliability
with a maximum efficiency of 93.4% in a 1KW experimental
prototype. In [48] a Dual-LCC compensated WPT system
with SCC is implemented for EV charging supporting a
wide output voltage regulation with improved overall effi-
ciency. Triple-phase-shift (TPS) control strategy including a
switch-controlled capacitor (SCC) is incorporated in the dual
active bridge rectifier to obtain the specified characteristics
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TABLE 6. Wireless charging topologies comparison.

with load matching and zero voltage switching. Maximum
efficiency is obtained for the complete power range by adjust-
ing the capacitance to the optimum value. Table 6. gives the
summary of the topologies employed for wireless charging of
BEV with the converter rating and peak efficiency along with
the number of switches used in the converter.

C. HYBRID CHARGING
Hybrid Charging technology has the functionality of both
plug-in and wireless charging technologies and has the com-
bined advantages. Fig. 3 (c). gives the basic operational
diagram of a hybrid charging method. The hybrid approach
implemented in [56] for integrating plug-in and wireless
charging capabilities with onboard boost converter integra-
tion is an optimal solution for electric vehicle users while
maintaining essential isolation. The prime benefit of the inte-
grated charger is that the EV charging current has less ripple.
The hybrid system developed in [57] shares the powermodule
for both modes of operation to lessen the cost and the reduc-
tion of the rated power module is achieved by an improved
parameter evaluation technique for evaluating the coupling
inductance of the WPT. In another work [58] taking the
high-frequency transformer as the coupling point, a hybrid
conductive and inductive charging system is developed aimed
at the sharing of circuit components, thereby reducing the
size and complexity. The drawback of the method is that the
simultaneous operation of inductive and conductive modes is
not achieved. In [59] an advanced dual-loop hybrid control
strategy has been devised by combining and Sinusoidal Rip-
ple Charging (SRC) and Constant Current - Constant Voltage
(CC-CV) control methods to facilitate WPT and wired charg-
ing, respectively. The front-end MBMC is designed to ensure
a steady DC voltage at the DC link, while simultaneously
extracting a sinusoidal current input without phase change
from the supply voltage. This approach enables the proposed

charger to operate at an almost unity power factor (UPF).
Another approach of integrating wired and wireless charging
is introduced in [60] which drives multiple independent loads
simultaneously with a non-isolated single inductor DC-AC
buck-derived hybrid converter with multiple outputs. This
method is implemented for low-power applications and is
simple and cost-effective with high efficiency and increased
power density. An adjustable turn-ratio method [61] for the
transformer is applied in the integration of a wired/wireless
charging system. The secondary side voltage reduction is
applied by adjusting the transformer turn ratio depending
on the DC-link voltage. A hybrid conductive/contactless EV
charger with PV-grid integration is introduced in [62] to
reduce the cost and losses in the hybrid charging system by
sharing the high-frequency inverter for both conductive and
inductive transfer modes. A novel method of integrating the
WPT and OBC system of EV charging is given in [63] to
reduce cost, complexity, and weight with high power density.
A three-coil system is formed with OBC, WPT and receiver
sides with integrated conductive/inductive modes of opera-
tion. In OBC operation mode a better coupling exists between
the OBC and receiver coils thereby transporting power from
the OBC to the battery system and eliminating the WPT
mode. In the WPT operation mode, the relay on the OBC
opens making the power transfer between WPT and receiver
coil and hence charges the battery through wireless mode.
Table 7. gives the summary of the topologies employed in
the references for hybrid charging of BEV with the converter
rating and peak efficiency.

D. INFERENCE
Among the various charging methods of EVs, the compar-
isons in Table 5, Table 6, and Table 7 wired charging offers
the highest efficiency compared with the wireless method
of charging. The efficiency in wired charging depends on
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TABLE 7. Hybrid charging topologies comparison.

factors such as the count of switches employed, the con-
verter switching frequency, converter design and topology
and the Power conversion stages included. For the hybrid
environment where slow and fast charging is simultane-
ously required, multi-port converters shall be preferred which
reduces the use of active switches as one-third of the separate
converters for slow and fast charging. In the event of low volt-
age applications such as in fuel cells, high-capacity switches
are required, but they are very expensive and instead of
preferring high-capacity switches paralleling of low-capacity
switches can be done for handling the same current capacity
considering the cost of switches. An increase in the number
of switches and switching frequency increases the switching
loss of the converter, hence the converter should be optimized
for soft switching in loss minimization. The efficiency of
the WPT in turn depends on the switching frequency and
according to the WPT standard SAE J2954 the frequency
range is limited to work between 81.9-90 kHz [92]. Hence
for achieving high-efficiency WPT charging adhering to the
standards we can prefer an SSWPT converter thereby switch
count decreases and total switching loss also decreases.

III. SINGLE-STAGE TOPOLOGIES FOR WIRELESS
CHARGING
In this section, the single-stage converters utilized for EV
wireless charging are discussed [93], [94], [95], [96], [97],
[98], [99], [100], [101], [102], [103], [104], [105], [106],
[107]. The single-stage represents that the converter operates
with two or more functionalities without additional convert-
ers. Apart from the regular converters, single-stage converters
are preferred because of their simpler circuit model with
fewer components and improved efficiency than the regular
converters for wireless charging. The single-stage converters
can be classified based on the input source AC or DC as
(i) Single-stage Converter with DC Input and (ii) Single-
stage Converters with AC Input. The AC input Single-Stage
converters shall be further divided into (a) Single-
Phase Single-Stage WPT Converters and (iii) Three-Phase

Single-Stage WPT Converters which is represented in Fig. 4
with a chart.

FIGURE 4. Classification of single-stage WPT topologies.

A. DC INPUT WPT TOPOLOGIES
The topologies with DC input proposed in works of lit-
erature [93], [94], [95], [96] were discussed here. The
authors adopted the CC-CV charging process, where con-
stant current (CC) charging is required initially for the
discharged battery to charge up to the specified battery volt-
age and a constant voltage (CV) charging till the battery
gets fully charged. Constant power (CP) charging is uti-
lized to improve the efficiency during the charging process
in the fixed frequency operation mode with the combined
advantages of load-independent transfer characteristics and

135536 VOLUME 11, 2023



D. Purushothaman et al.: Comprehensive Review on SSWPT Converter Topologies and PFC Methodologies

FIGURE 5. DC input single-stage WPT topologies (a) SSWPT with Diode Bridge Rectifier (b) SSWPT With Switch Controlled Capacitor (c) SSWPT with
Semi-Active Rectifier (d) Constant Power WPT.

load impedance equalizing methods. The constant operat-
ing frequency reduces the requirement for wireless feedback
communication and an additional DC-DC converter is not
necessary for voltage control, as the receiver side achieves a
CC/CV charging profile with output regulation. The CC/CV
charging process and optimal efficiency achievement were
both implemented in the SSWPT converter. For maximizing
efficiency and reducing losses, constant power charging is
adopted. A novel control strategy is developed by optimizing
ZVS, minimum reactive power and minimum overall loss
conditions, to yield CP output and maximum efficiency.

1) SSWPT WITH DIODE BRIDGE RECTIFIER
The SSWPT offer high efficiency and an easy control mech-
anism. Fig. 5 (a) gives the circuit diagram for SSWPT
with a diode bridge rectifier. In work [93], the SSWPT
operating at Load load-independent current mode achieves
the constant current charging profile and operating at Load
load-independent voltage mode achieves the constant voltage
profile for the battery. In LIC mode achieves the easy control
mode and high efficiency of operation and in LIV mode the
control losses in the converter are eliminated. Though the
ZVS is employed the Turn-On switching loss is still present
in the circuit during the control. Because of reasons like
not considering the switch-off losses, non-linearity of the
output diode bridge rectifier, not considering the harmonic
components and not considering the diode’s forward voltage
the practical efficiency achieved is lesser than the theoretical
findings. The variation of efficiency and load quality factor
is plotted and it indicates that the high efficiency is obtained

in higher quality factor in CC mode than in CV mode. The
converter working in LIC mode could not achieve Constant
Voltage charging as the control range is very narrow and
is suitable for achieving soft switching operation with load
variation.

2) SSWPT WITH SWITCH CONTROLLED CAPACITOR
Due to the drawback that the load range is wide andmaximum
efficiency cannot be maintained throughout the load range
during charging, the Constant Power charging method [94]
is employed in the SSWPT, where the secondary side control
is adopted with Semi-Active Rectifier and SCC for the com-
bined advantage of load impedance transfer characteristics
and load matching. Fig. 5 (b) shows the circuit representation
for SSWPTwith a switch-controlled capacitor in whichWire-
less feedback communication is not required as the converter
operates in Fixed operation frequency control mode and with
secondary side real-time regulation. With the experimental
results, it is noticed that the variation in conduction angle
directly affects the output power and hence the control
angle of SCC is varied in accordance with the conduction
angle. The drawback of the CP charging method is that at a
very low value of k (serious misalignment), to maintain CP a
large input current is required resulting in circuit damage and
hence protection is needed for the circuit.

3) SSWPT WITH SEMI-ACTIVE RECTIFIER
An SSWPT with Phase Shift PWM applied at the transmitter
side in work [95], provides wide load range efficiency with
the benefits of CC and CVmodes of charging and is shown in
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TABLE 8. DC input single stage WPT topologies comparison.

Fig. 5 (c). The constant frequency operation in the transmitter
reduces the requirement for wireless feedback communica-
tion. The SAR in the battery side regulates the output, thereby
additional DC/DC converter is not needed in the battery side.
During the CC approach, the receiver side acts as a passive
rectifier and during CV mode the voltage feedback is pro-
vided to SAR to achieve the load-independent output voltage.
During the battery charging process, the desired output and
efficiency are obtained by varying the conduction angle on
the transmitter side and the phase-shift angle on the receiver
side of the SSWPT. A faster response of the controller is
achieved in the rectifier side than that of the inverter side
because of the dependability of the inverter conduction angle
on the conduction angle of the rectifier.

4) CONSTANT POWER WPT
The drawbacks such as frequency modulation, instability
and circulating reactive power in the conventional WPT can
be overcome by single-stage CP WPT [96]. The CP-CV
charging is superior to the CC-CV method in implement-
ing the fast-charging WPT. The circuit for constant power
WPT is given in Fig. 5 (d). An optimized efficiency strat-
egy is achieved by perturbation and observation method
which minimizes the power loss in the input converter, active
rectifier and magnetic coupler. By utilizing the equivalent
magnetic coupler, optimal efficiency can be achieved through
impedance matching. During the charging process, the sys-
tem can accomplish ZVS, low circulating power and reduced
total losses by proper control action of conduction angles
in the transmission side inverter, receiving-side controlled
rectifier, and phase shift between either side. On examining
experimental studies, it is observed that the ZVS condition
is simultaneously achieved with a low value of circulat-
ing KVAR.

5) INFERENCE
Table 8 gives the comparison of single-stage DC/DC con-
verter topologies with the CC, CV, CP and ZVS modes

of operation and the control strategy implemented. In the
referred methods ZVS method is employed to reduce
the switching losses with constant frequency operation. The
WPT circuit representation for the DC input topologies is
given in Fig. 5. Comparing all the methods the efficiency of
the converter depends on the number of switches involved
in the converter circuit. Being 4 switches and 4 diodes used in
the literature [93] gives a peak efficiency of about 96% with-
out considering losses in the diodes and being 8 switches used
in the literature [96] results in an efficiency of about 87.5%.
Hence by reducing the stages of conversion and switch count
the efficiency of the WPT scheme can be increased to a
considerable extent. The absence of the rectification process
in the front stage makes the DC input topologies a simpler
circuit which contributes to loss reduction.

B. AC INPUT WPT TOPOLOGIES
Since themain source of supply is the AC supply the AC input
WPT topologies are referred for EV charging applications.
The extensively used converters in Single-stage Wireless
Power Transmission are the matrix converters converting
the grid frequency AC into AC with suitable increased fre-
quency at the required amplitude. To reduce the stress on
converter switches, power loss, and electromagnetic interfer-
ence (EMI), the ZCS method is adopted in the direct AC-AC
converter. If there exists an Equivalent Series Resistor (ESR)
or any coupled load in the circuit, always power is consumed
by the circuit. The SiC MOSFETs offer greater cooling and
reduced power losses with increased power density, preferred
in many suitable applications. High-speed SiC MOSFET
is the best option for the production of high-frequency
waveforms through a single-stage power conversion. To reg-
ulate the output power, resonant current and voltage,
a variable-frequency controller strategy is implemented
in the SSWPT Converters. An energy-injection process and
free-oscillation method-based SSWPT design provide high
efficiency with low electromagnetic interference. The energy
injected decides the resonant current amplitude of the LC
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tank circuit. In the digital simulation studies, the total har-
monic distortion (THD) in the grid current is found to
contain a value of 19%. This distortion is mainly attributed to
their control strategy. To achieve more flux distribution, the
inter-turn space should be kept minimum in the single-stage
grid integrated topology, which results in UPF. Single-stage
WPT resonant converter with a multi-compensation design
better suited for medium and high-power wireless charging
requirements. The boost full bridge (BFB) AC-AC con-
verter adopting an asymmetric modulation scheme in the
primary converter gives better controllability to achieve PFC
and output regulation. A hybrid LCC series-parallel (LCC-
SP) compensation network is used in SSWPT to realize
CCO and CVO. The AC input single-stage WPT topolo-
gies are further divided into single-phase single-stage WPT
(SPSSWPT) and three-phase single-stage WPT (TPSSWPT)
topologies.

C. SINGLE-PHASE SINGLE-STAGE WPT TOPOLOGIES
The Single-phase Single-stage topologies [97], [98], [99],
[100], [101], [102] employed for WPT are discussed here.
The single-phase topologies are the most widely utilized
form of conversion since the utility grid consists of the
AC supply which should be transformed to high-frequency
AC and transmitted wirelessly then rectified into DC for
the EV. The large DC link capacitor is not required in the
event of single-stage converter implementation. The SSWPT
bridgeless boost PFC rectifiers will have reduced conduction
loss due to fewer switches present in the converter. The
circuit topologies are shown in Fig. 6 for various literature
on SPSSWPT.

1) DIRECT AC/AC CONVERTER
A simple design with four switches constitutes the direct
AC/AC converter [97] that has the capability of producing
high-frequency AC for the WPT system. In Fig. 6 (a) the
circuit of the direct AC/AC converter is shown. The energy
injection principle to the load is applied whenever necessary,
which requires a simplified controller design. This direct
converter efficiently generates an AC output of the required
frequency for seamless contactless power transfer, with the
added benefit of reduced switching and zero reverse power
flow. ZCS operation can be realized for the direct AC/AC con-
verter and the presence of equivalent series resistors (ESRs)
always consumes some power. Based upon the theoretical
and practical analysis this topology offers full control on
maintaining current quality with reduced EMI. Since the
Q factor of the designed system is high it offers very low
damping current control. Even though the ripple content in
the current is too low. The advantage of this topology is
that it has better steady-state and dynamic responses. The
drawback of current overshoot and current ripple arises in
the cases of over-injected energy and overconsumption of the
load respectively.

2) BRIDGELESS BOOST PFC WPT RESONANT CONVERTER
WPT system faces many drawbacks in achieving high power,
efficiency and power factor in EV charging applications.
Improving the same needs two or more conversion stages
in the conventional system, which reduces the efficiency of
the system. A WPT converter with a PFC rectifier given in
Fig. 6 (b) is proposed by [98] to improve converter efficiency
and quality of power with the added benefit of reduced costs
and minimum complexity for WPT in high-power applica-
tions. Bridgeless PFC rectifiers have lower conduction loss
with fewer semiconductor devices. In the front end, the con-
version stages of PFC, rectifier and high-frequency inverter
were achieved by the SSWPT resonant converter added with
boost PFC rectifier. The experimental results reveal that the
presence of harmonic varies from 22 to 15% in the entire load
range with an achievable power factor of more than 97%. The
efficiency of the proposed converter ranges from 81% to 90%
for load variations of 20% load and full load respectively.

3) BIDIRECTIONAL AC/AC CONVERTER
For better Reliability and a simple control strategy, a single-
stage Bidirectional AC/AC Converter given in Fig. 6 (c)
from [99] is implemented for the WPT system. The UPF
feature is achieved with an acceptable G2V and V2G effi-
ciency as per the SAE guidelines, although provided weak
communication link, smaller bandwidth sensors and reduced
component count with the single controller but the control
strategy implemented results in higher grid current harmonics
and likely to have ripple component with twin frequencies
in the battery current. A validation analysis is carried practi-
cally for G2V and V2G modes of bidirectional operation for
the proposed converter and observed to obtain a very good
power factor of 0.99 in either mode and with the presence
of harmonic content of 11.7 % in G2V and 12.62% in V2G
modes. The transient analysis reveals the controller has a
good dynamic response for the proposed method with UPF
operation.

4) HYBRID COMPENSATED WPT RESONANT CONVERTER
The bridgeless PFC boost rectifier implemented for WPT has
the problems of DC-link voltage rise and unstable converter
output voltage which makes the CCO and CVO analysis
difficult. Hence an asymmetric modulation method is applied
with hybrid compensation to overcome the above problems
and obtain the load-independent output. TheHybrid Compen-
sated WPT resonant converter [100] achieves the combined
operation of the rectification, PFC, and dc/dc conversion in a
single stage with increased power density. Fig. 6 (d) depicts
the circuit diagram for a hybrid compensated WPT resonant
converter. Experimental studies show that the power factor is
above 0.99 for both CC and CV approaches in the developed
system with input side THD less than 18% and at full load
it settles to a value of 11%. The losses are somewhat higher
when compared to non-PFC systems but with improved input
power quality.

VOLUME 11, 2023 135539



D. Purushothaman et al.: Comprehensive Review on SSWPT Converter Topologies and PFC Methodologies

FIGURE 6. Single-Phase Single-Stage WPT Topologies (a) Direct AC/AC converter (b) Bridgeless boost PFC WPT resonant converter (c) Bidirectional
AC/AC Converter (d) Hybrid Compensated WPT resonant converter (e) Boost Full-Bridge AC/AC Converter (f) Totem Pole AC/AC WPT converter.

5) BOOST FULL-BRIDGE AC/AC CONVERTER
Boost Full-BridgeAC/AC converter is a bridgeless totem pole
rectifier integrated with the full-bridge type inverter [101].
An asymmetric modulation method is introduced in the BFB
AC/AC converter for achieving PFC and output regulation
simultaneously by duty cycle control of each switch in the
primary converter. This asymmetric modulation scheme with
duty-cycle adjustment can maintain constant DC bus voltage
and reduce voltage stress on primary converter devices during
light load. Combined hybrid compensation and asymmetric
modulation schemes provide the CC and CV output. The
circuit illustration for the boost full bridge AC/AC circuit is
shown in Fig. 6 (e). The variable switching frequency oper-
ation in critical conduction mode (CRM) of the totem-pole
bridgeless rectifier makes it difficult in integrating to the
full-bridge inverter. In continuous conduction mode, the con-
trol complexity increases and the soft switching operation
becomes difficult. From a quality perspective, this topology
offers a better power factor value of 0.993 in CC mode

which is less than in CV mode with the highest possible
efficiency of 88.17% considered to be comparatively low for
this SPSSWPT system. The transient study reveals that the
switching between SS and S-LCC compensation modes does
not affect the load too much.

6) TOTEM POLE AC/AC WPT CONVERTER
The Totem Pole AC/AC WPT Converter exhibits the draw-
back of control complexity in implementing ZVS while
realizing CCO and CVO. To overcome the drawback a
series-parallel LCC combination (LCC-SP) is introduced for
SSWPT [102] compensation and the circuit model is rep-
resented in Fig. 6 (f). The primary coil current remains
unchanged in both CC and CV operational modes and also,
the transfer ratios in both modes are not restricted by the val-
ues of LCT. The LCC-SP compensation network has a single
high-frequency resonant inductor, which reduces the circuit
cost. According to the findings of the experiment, it was noted
that the ZVS condition is attained by modifying the input
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TABLE 9. Comparison of single-phase single-stage WPT converter topologies.

impedance angle, which facilitates a seamless shift between
Continuous Conduction Mode (CCO) and Continuous Volt-
age Mode (CVO). The highest transmission efficiency of the
SSWPT system is achieved in the test system and the LCC-SP
compensation system is dependable and cost-effective. In the
aspect of reducing switches, some passive components need
to be added to improve efficiency. The higher-order harmon-
ics need to be eliminated for the implemented asymmetric
control method by introducing the LCC-SP circuit which
makes the converter less harmonic.

7) INFERENCE
The circuit implementations of the single-phase AC topolo-
gies are given in Fig. 6. The comparison of converter
topologies employed in single-stage is presented in Table 9.
Almost all the articles in single-stage single-phase converters
consist of 4 switches considered to be the minimum number
of switches with an achieved peak efficiency between 88-
91%. Though only a minimum number of switches were
used, the peak efficiency is found to be still less than 91%,
and the harmonic content in the SPSSWPT literature is quite
above 10% and some literature does not focus on the power
quality point of view which shows there is a need for further
improvement in the single-stage topologies where there is a
wide gap in attaining a better power quality.

D. THREE-PHASE SINGLE-STAGE WPT TOPOLOGIES
For high power capacity, highly efficient power transfer,
and high power quality applications the three-phase single-
stage WPT topologies [103], [104], [105], [106], [107] with
galvanic isolation are preferred. Without increasing the num-
ber of stages, the PFC and bus voltage control methods are

achieved in the TPSSWPT resonant converter by implement-
ing a T-type topology in the circuit, thereby minimizing the
circuit complexity and price of the WPT system. The TPSS-
WPT converter topologies employed for reducing switching
loss and the size of the converter are given in Fig. 7.

1) THREE-PHASE TO SINGLE-PHASE-MATRIX-CONVERTER
An AC/AC converter with matrix converter topology [103]
with minimum switches is implemented, which converts a
3-phase utility system voltage to a high-frequency voltage
suitable for a series compensation-based WPT system. The
circuit diagram is given in Fig. 7 (a). Efficient high-speed
SiC MOSFETs were utilized in the matrix converter for gen-
erating high frequency current and single-stage conversion
achieves efficiency improvement with power loss. Out of
the two four-step commutation methods for matrix converter,
four-step voltage commutation is preferred because of the
difficulty in tracking the sign of the high-frequency load
current. A modulation scheme of varying phase shifts is
applied to theWPT converter. The overall efficiency achieved
by the matrix-type converter is less due to the input filter,
compensating capacitor, wire connections and internal power
source. The problem of large phase shifts results in high
power loss, which can be reduced by adopting the proposed
converter. The results of the developed converter with a 300W
rating achieve the near UPF with low grid side THD.

2) DIRECT THREE-PHASE AC/AC MATRIX-CONVERTER
Efficiency improvement is the major concern in develop-
ing a direct 3-phase AC/AC matrix converter [104] with
soft switching operation, that also performs a reduction of
stress and losses in the switches employed, with minimum
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FIGURE 7. Three-Phase Single-Stage WPT Topologies (a) Three-Phase to Single-Phase-Matrix-converter (b) Direct Three-phase AC/AC Matrix-converter
(c) Isolated three-phase AC/DC matrix-converter (d) Three-level T-type Converter (e) SWISS-DAB IPT-converter.

EMI problem. This matrix converter topology is shown in
Fig. 7 (b). An energy-injection and free-oscillation method-
based SSWPT design provides high efficiency with low
electromagnetic interference. During resonant current regu-
lation control, the energy fed to the LC tank circuit must
be taken into consideration as it directly affects the current
amplitude and can be accomplished by continuously altering

the converter’s operation mode from energy-injection modes,
and vice versa. The current control methodology incorporated
in the system makes the dynamic adaptability of the con-
verter for the required reference setting. The results of the
proposed topology indicate a better converter efficiency of
about 88.2%with a low value of current THD of 14.3%which
differs slightly from the calculated values. The power factor
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TABLE 10. Comparison of three-phase single-stage WPT converter topologies.

is considerably less because of the existence of harmonics in
the grid side voltage and current.

3) ISOLATED 3-PHASE AC/DC MATRIX-CONVERTER.
The matrix converter has the property of converting fixed AC
to variable AC with reduced energy storage capacitors and is
hence implemented for converting low-frequencyAC to high-
frequency AC for WPT applications. Utilizing the matrix
topology an isolated 3-phase AC/DC matrix converter [105]
is implemented for EV charging applications. In the circuit
given in Fig. 7 (c) two of the switches involve Natural ZVS
and in turn switching losses get reduced in the converter. The
two switches turn on with dead time and this does not impact
the efficiency of the power converter. By implementing a
CDR circuit in the WPT, the turn ratio of the transformer
is lowered, thereby effectively decreasing the shunt induc-
tance of the HFT. The SVM PWM method enhances the
input power quality of the WPT converter. For high power
density applications, the single-stage converter with galvanic
isolation is suitable and also it can be utilized for high con-
version efficiency, and input PFC-demanding applications. A
500W test system is developed, which provides the results of
efficiency and THD as 87.5% and 5.8%. and the deviation
from theoretical calculations is due to the ignorance of ripple
and ESR in the evaluation of losses. In order to get the desired
fast response a fast-acting controller must be utilized.

4) THREE-LEVEL T-TYPE CONVERTER
The high number of switches and passive components
in WPT introduces control complexity and reduces effi-
ciency, hence the approach for T-type Topology [106], which
functions for both the PFC and DC-DC WPT operations
concurrently.

The Fig. 7 (d) shows the T-type circuit topology imple-
mented. As the conventional frequency control method could
not achieve the PFC and bus voltage control, a new method
with three-level voltage and duty ratio adjustment is adopted
for the WPT converter. ZVS operation could be implemented
in the proposed converter only when the load value is greater
than half load. With the experimental results, it is evident that
the maximum overall efficiency attained is 89.2% with an
input THD value of 3.5% at the unity power factor. Regarding
power loss among the total half of the total losses are due to
the input inductor which requires an efficient design with a
small permeance value. Moreover, in the three-phase single-
stage topology the absence of the zero sequence components
provides a better input power quality.

5) SWISS-DAB WPT-CONVERTER
The challenging feature of getting a sinusoidal input current
is achieved by SWISS-DAB WPT-converter [107] in which
the other features such as ZVS, and high efficiency were
also achieved. In Fig. 7 (e) the two-sided LCC compensation
system enhances transfer efficiency and the simple PI control
strategy is utilized for the converter control. The losses in
the inverter bridge and the pickup side rectifier bridge are
low due to the ZVS operation but higher when compared
to the primary side three-phase rectifier bridge. The bidi-
rectional converter designed in this literature provides an
experimental efficiency of 95.2% during V2G operation and
91.2% during G2V operation. The power factor achieved at
1.2KW is 0.993 with a harmonic content of 2.5% on the
input side. The overall performance achieved is much better
than the conventional topologies other than the increase in
components count. A more precise value of current feedback
is required for further improvement of power factor and THD
values.
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TABLE 11. Advantages and disadvantages of single-stage WPT converter topologies.
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TABLE 11. (Continued.) Advantages and disadvantages of single-stage WPT converter topologies.

6) INFERENCE
The comparison of TPSSWPT topologies is presented in the
table 10. The TPSSWPT is mainly preferred in the case
of high-power BEV charging requirements and efficiency
comparison with the SPSSWPT was found to be consider-
ably less. This represents the reduction in efficiency as the
converter capacity increases, so careful designwith optimized
parameters maximizes the efficiency of the high-power con-
verters. Also, the THD reduces to a great extent in the case
of the TPSSWPT compared with the SPSSWPT due to the
inherent capability of the third harmonic elimination.

SUMMARY
From the survey of the literature, the converter topologies
employed in single-stage provide high efficiency as the num-
ber of switches gets reduced in the event of reducing power
conversion stages in comparison to the traditional WPT con-
verters. To achieve high efficiency, the converter should be

maintained at the ZVS operating point. Table 11 gives the
advantages and drawbacks of the single-stage topologies dis-
cussed in this section. Also, in Table 12 various parameters
of the converters are compared. The comparison of the con-
verters proposed with respect cost of the components utilized
shows a uniform variation with respect to the converter rating
and type of semiconductor preferred for specific applications.
The literature concerning economy was implemented with
minimum cost breaking the dependability on rating and cost.
From the comparison of different topologies SPSSWPT is
preferred for high efficiency requirements compromising the
power quality and where quality is of major concern the
TPSSWPT is preferred. Further, the power quality should
be considered as it gets degraded and thus the converter
should be maintained at the optimized operating point for
multi-objective converter function. The power factor thus
very much needed to be kept near unity by incorporating spe-
cific control techniques in the SSWPT, which was discussed
in the next chapter.
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TABLE 12. Comparison of DC-DC, Single-Phase and Three-Phase WPT
converter topologies.

IV. PF CONTROL TECHNIQUES IN WPT
Power factor improvement in WPT is one of the important
features, where the input power quality is to be maintained
without degradation near the unity value. The power fac-
tor control techniques [52], [99], [108], [109], [110], [111],
[112], [113], [114], [115] employed for single-stage WPT
converters were reviewed to find improvements in the power
quality. Poor power factor systems have reduced energy
efficiency and power transfer capacity due to the distorted
current and conduction losses in the converters and contains
harmonic content of higher order leading to the problem of
Electromagnetic interference [108]. The boost circuit suffers
from input grid current harmonics [99] due to the discontin-
uous conduction mode and reduces the power quality. The
difference in phase angle between V and I results in power
loss, an increase in circulating current and KVAR [110].
Thus, the PFC capability is of important concern in the design
of WPT converters suitable for high-power applications.

1) RESONANT CONTROL TECHNIQUE
In the paper [108] the author proposed a valuable feature in
the converter by implementing a single switching action for
one cycle in the converter switches to achieve an input power
factor very near to unity. By utilizing a resonant technique
given in Fig. 8, it is possible to make the input current
into a sinusoidal waveform that can be made to track the
high-frequency sinusoidal source voltage, thereby achieving
a unity power factor. The experimental results of this litera-
ture show that the phase comparison control employed for the
AC-DCpower converter yields better power factor at different
power levels. The THD values of this simple control vary

between 14-23 % at the specified power level and it indicates
that it has to be further reduced to a minimum value. The
overall efficiency obtained is comparatively less than all of
the discussed methods here. Hence in achieving better power
quality the other key factors such as efficiency, and THD, lie
in a reasonable range which needs to be improved further.

FIGURE 8. Phase comparison for AC-DC power converter.

2) H-BRIDGE SWITCHING PWM CONTROL
The inherent property of power factor correction (PFC) and
voltage regulation in a Z-source network (ZSN) can be intro-
duced into the WPT system [109], which does not require
additional power semiconductor devices or a control cir-
cuit. The control block diagram in Fig. 9 is employed for
the H-Bridge for PFC. The ZSN is highly recommended
for high-power requiring situations as it guarantees sys-
tem reliability and additional boost features to the system,
providing immunity to shoot-through states. The output volt-
age in the OBC with ZSN is regulated by using an active
steady-state duty cycle (Dact) as the control variable. The
Z-source resonant-converter (ZSRC) is unaffected by shoot
through states thereby improving the reliability of the system
and the PFC is achieved by controlling the control variable
shoot-through state duty cycle, obtained from the ZSRC at
the shoot-through state. The system is experimentally tested
for the power factor and THD which is found to be good at
full load and the Power factor gets reduced from 0.987 to
0.957 with an increased THD value of 29.3% at half load con-
dition requiring further modification in the control method
to meet the necessary harmonic standard. The drawback of
this system is that the efficiency is comparably low and at
low converter output power, the input current is distorted with
more THD.

FIGURE 9. H-Bridge switching PWM control for resonant converter.

3) PHASE SHIFT CONTROL
The controller for achieving single-stage power conversion
with a unity power factor for bidirectional WPT in Fig. 10 is
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FIGURE 10. Phase shift control in bidirectional power converter.

proposed in [99] and is a simple method for easy implemen-
tation. By varying the phase shift angle and angle between
the two phases of the converters, the power transferred to
the primary coil and direction are controlled. By choosing
a high value of filter capacity the ripple component found
in the battery current which is double the track frequency
can be eliminated. The additional functions such as buck,
boost, or buck-boost operation are performed by appropriate
selection of resonant tank characteristic impedance. From the
investigational results it is observed that at low converter out-
put, the input current is distorted. A high value of 0.99 PF is
obtained for the 3.7KVA system in both G2V andV2Gmodes
from simulation studies with the grid side THD 11.7% and
12.62% respectively. A prototype with 210W is developed to
verify experimentally and the efficiency is found to deviate
by around 5% from the simulation results.

4) OPTIMAL MODULATION CONTROL METHOD
In reducing the complexity of the circuit and to improve its
efficiency, a new DAB converter has been proposed, which
uses a 5th-order T-type CLCLC RIN. Resonant immittance
network-based control is developed [110], which has the
capability of wide output power level and wide voltage ratio
operations. An optimummodulationmethod shown in Fig. 11
is developed to compute the phase shift parameters consider-
ing the loss model with a set of voltage ratio and output power
level parameters. Various operating modes and their combi-
nations are examined for the DAB converter with UPF, Soft
Switching, Extended Phase-Shift and Dual Phase-Shift on
the primary and secondary sides. To attain optimal efficiency

FIGURE 11. Optimal modulation control for DAB resonant immittance
power converter.

under the set of specified parameters, with UPF operation, the
circuit experiences hard switching and switching loss, and an
increase in conduction loss due to the amplified circulating
current during SS operation. The Efficiency under UPF oper-
ation is found to be less during low output current with a large
value of circulating current.

5) OPTIMUM FREQUENCY TRACKING CONTROL
An additional converter in theWPT for voltage regulation and
PFC results in the additional hardware. In [52], η.PF criterion
is introduced for simplifying theWPT system considering the
efficiency and power transfer capability. The system is then
analyzed for sudden changes in theWPT coupling coefficient
due to misalignments along the charging track in maximiz-
ing η.PF using the developed optimal frequency-tracking
method which is depicted in Fig. 12 The phase-shift pulse
width modulation technique is utilized to attain ZVS or ZCS
with distinct values of duty cycle (D) and phase shift. The
converter switching losses are minimized when chosen to
work at the secondary resonant frequency. The UPF operating
condition is achieved by making the input reactance zero or
alternatively by controlling the normalized angular frequency
to a unity value.

FIGURE 12. Optimum frequency tracking control for AC-DC WPT system.

6) TRIPLE PHASE SHIFT CONTROL
A new control scheme is developed in [111] to improve the
efficiency of the DAB LCC resonant WPT converter with
UPF operation by Triple Phase Shift PWM shown in Fig. 13.
Phase shift applied to the primary converter regulates the DC
Current/Voltage to the battery and applied to the secondary
converter regulates the AC load resistance of the rectifier.
Achievement of UPF operation of the DAB rectifier and
inverter is contingent upon the phase angle deviation between
the two converters. This angle is set to ensure optimal per-
formance of the system. The symmetric structure of DAB is
appropriate for the bi-directional action of WPT at a single
resonant frequency. Setting up the inverter to rectifier phase
shift angle as 90◦, the UPF operation is achieved but only for
the CC operation. During the CV operation in the process of
obtaining the ZVS state, the phase shift angle is varied away
from 90◦ and develops additional losses in the LCC circuit.
The incorporation of wireless feedback for TPS closed-loop
control implementation into the WPT system is a challenging
part. The experimental outcomes for a 35W prototype show
that the efficiency varies from 60 to 80%which is a low value
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FIGURE 13. Triple phase shift control in DAB DC-DC resonant converter.

and for higher ratings the losses incurred become comparably
low bringing the efficiency to a higher value.

7) IRREGULAR THREE-LEVEL ASYMMETRIC MODULATION
AND PHASE-SHIFT MODULATION CONTROL
The single-stage matrix topology has some drawbacks like
second-order frequency ripple in the battery side voltage or
current and added switches count. To overcome the aforesaid
drawbacks an integrated power stage WPT topology with
bidirectional operation and power factor correction is imple-
mented in a single-stage [112]. The modulation approach
defined achieves simultaneous functions such as power fac-
tor correction for AC-DC, DC-DC wireless power transfer
conversion, and soft-switching operation. This technique has
the tendency to significantly improve the efficiency and
dependability of power transfer systems. An irregular three-
level symmetric modulation on the transmission side and
phase-shift modulation on the other side are applied to
achieve the desired functions. This topology implemented
is shown in Fig. 14 exhibits several advantages such as
a low switch count, soft switching implementation, lower
THD, higher power factor and higher efficiency. A 500W test

FIGURE 14. Irregular Three-Level asymmetric modulation and phase-shift
modulation for bidirectional AC-DC WPT system.

system is developed and tested for efficiency and THD with
load values ranging from 20% to 100%. The test results at
full rating give a very good power factor of 0.999 and a lower
value of THD below 3.5%.

8) SINUSOIDAL PULSE WIDTH MODULATION CONTROL
Reducing the switch count in the aspect of cost minimization
is the main consideration in the article [113], hence a novel
active power factor correction integrated 3-phase SSWPT
converter is introduced with triple transmitter coils.

The rectification function of the PFC is achieved by utiliz-
ing the conventional three-phase PFC SPWMmethod, which
is preferred due to its characteristic of possessing a fixed
frequency. This method adopts two control loops one with
PI for voltage regulation and the other with Proportional
resonant (PR) for current control to execute PFC. The sep-
arate control loop does not affect the power quality of the
circuit due to misalignments within the proper distance and
the experimental efficiency and THD above half load yields
a very good value. The full load efficiency and THD of this
TPSSWPT developed for the 1.6KW system is 91.5% and
3.2% respectively. Fig. 15 shows the SPWM control adopted
for PFC. A six-switch three-phase bridge structure on the
input side provides the excitation for the WPT resonant tank
circuit. Other than cost minimization the cohesive 3-phase
WPT has the advantage of high input power quality with
better efficiency.

FIGURE 15. Sinusoidal pulse width modulation control for AC-DC WPT
system.

9) THREE-LEVEL ASYMMETRIC MODULATION CONTROL
METHOD
Without compromising the high performances of power fac-
tor correction and efficiency, a compact SSWPT converter is
proposed in [114] with reduced semiconductor switches and
diodes as well.

Compared with the conventional two-stage topologies, the
drawbacks of diode bridge rectifier requirement and reduced
quality of input power are eliminated by the use of com-
pact AC-DC WPT converter and is a better alternative for
the two-stage and recently developed single-stage converters
employing two front-end diodes. The three-level asymmet-
ric modulation method shown in Fig. 16 is implemented
to achieve the PFC rectification with the three-loop control
strategy for shaping AC current, maintaining constant supply
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FIGURE 16. Three-Level asymmetric modulation control in SPSSWPT.

voltage and average bus voltage. A prototype of rating 500W
employing this 3-level asymmetric modulation gives better
efficiency at above half load condition and at 100% load
reaches 91.8%. Also, the power factor and THD at full load
are found to be almost unity and 2.66% respectively, which
shows the enhancement of input power quality of the system
with the proposed control method.

10) PHASE SHIFT MODULATION CONTROL METHOD
In [115] a single-stage bidirectional AC-DC topology is
developed to eliminate the drawbacks such as ripple content
of second order in the DC side of matrix-based converters
with a newmodulation technique shown in Fig. 17 employing
PFC function, regulation and soft switching operation. The
two components of AC-frequency and resonance-frequency
components can be controlled separately for converter PFC
achievement and primary-side WPT coil excitation, respec-
tively. The concept involved here is the matching of instan-
taneous values of grid input power and converter output
power. The simulation and practical implementation observa-
tions reveal the good performance of the methodology with
an efficiency of 91.6% and a power factor of 0.999. The
implemented topology offers many advantages, like reduced
power device count, soft-switching process, and increased
efficiency.

SUMMARY
The methodologies discussed for the power factor correction
provide a better result only at a load value greater than
half load which shows that there is a necessity for improve-
ment for wide controllability operation. Table. 13 gives the
comparison of the topologies employed for power factor
correctionwith the achieved power factor values and compen-
sation utilized in those methods. The additional PFC function
incorporated in the SSWPT converter has little impact on

FIGURE 17. Phase shift modulation control for single-stage WPT
converter.

the efficiency as it gets reduced while improving the power
factor. As a fact in developing the charging infrastructure
for EVs, increased charging stations create adverse effects
if the quality of power is not maintained by the PFC tech-
niques. The adverse effect of adding a PFC method in a
single-stage converter increases the complexity of the control
algorithm.

V. CHALLENGES IN SINGLE-STAGE WPT AND SCOPE FOR
FUTURE WORK
Several Challenges arise in the implementation of single-stage
converters for WPT which are enumerated and shown
in Fig. 18.

A. COMPLY WITH CC, CV, AND CP PROFILE
The life of the EV battery depends on the charging profile
selection during the battery charging process. The CC-CV
charging process has the advantage of minimum wireless
feedback requirement, but during load variations, the opti-
mal load resistance varies and the charging process was
not optimized properly for better efficiency. A dynamically
supporting controller with a better response is required to
achieve the CC charging process under load-varying condi-
tions. In CC mode when misalignment arises the operation
of the SSWPT converter for adjusting the current to a fixed
value is similar to CV mode resulting in the complications
of achieving better efficiency. Misalignment tolerant design
of compensator and implementation provides efficiency
improvement under anomalous situations. The variations in
DC-link voltage must be reduced in order to reduce the diffi-
culties that arise in the CC or CV charging process. Compared
to the CC-CV process the CP-CV will be effective for the
fast-charging process and is a difficult task in the realization
of the battery charging process such as CC, CV and CP in
the SSWPT.

B. CONTROL CIRCUIT COMPLEXITY
Themajor concern in theWPT is efficiency improvement and
is employed with several techniques for achieving it. As the
number of stages was reduced in the WPT to increase the
efficiency the individual control applied in different stages
needs to be applied in the single-stage alone which increases
the complexity of the control method. In the case of an AC
system, the initial stage of PFC is unavoidable in improving
the power quality, thus adding further complexity to the
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FIGURE 18. Challenges in single-stage wireless power transfer.

control method arises and it affects the efficiency of the
SSWPT. Thus, a simple and robust controller needs to be
designed capable of handling multiple functionalities. From
the survey in the aspect of reducing complexity the space
vector phase shift modulation suits for DAB converter in the
control circuit. Further reducing switches, passive compo-
nents and implementation of optimized controllers reduces
the control complexity.

C. WIRELESS FEEDBACK COMMUNICATION
In some cases, feedback communication is not required and
reduces the cost and size of the WPT as in the case of fixed
frequency operation and independent control of the primary
and secondary converter. Constant power operation tends
to draw more input power at high misalignment conditions
making the additional requirement of overcurrent protection
in the converter primary side. As the complexity of the control
circuit increases, feedback signals need to be sent to the off-
board charging controller making the circuit less reliable by
the inclusion of the wireless feedback communication and the
implementation makes it challenging. The multi-coil WPT
system necessitates additional parameters to be measured for
control synthesis making the wireless communication further
difficult. In the concept of dynamic power transmission wire-
lessly from vehicle to vehicle or other loads, more parameters
are required to be processed, where communication needs to
be strong enough to transfer the data with the required speed
and accuracy.

D. REALIZING THE RESONANCE FREQUENCY OF WPT
For achieving good power transfer efficiency, the resonance
phenomenon should be maintained in the WPT circuit and
because of the coupling coil misalignment, load variations
continuous control is a hard task but it should be adopted
to achieve the same. In the dynamic environment frequency
matching techniques should be adopted in the realization of
the resonance in the SSWPT. The environmental conditions
such as temperature variations, affect the coil characteristics,
which should be compensated by suitable techniques for
attaining resonance. Enhanced compensation methods such
as hybrid compensation, adaptive compensation, load shift
compensation and digital compensation assist in realizing the
resonance frequency for the single-stage WPT.

E. SOFT SWITCHING CONTROLLABILITY
Whenever the switching frequency of the WPT converter is
high the switching loss comes into the picture and needs to
be considered for the WPT system. The ZVS method reduces
switching loss and voltage stress in the converter switches.
Achieving ZVS alone in the high-frequency converter is
an easy task, but when other functionality such as PFC is
added, the ZVS becomes difficult to achieve in the SSWPT
system. The load variations also introduce the difficulty of
soft switching implementation. Hence by proper design and
selection of switches, inductive and capacitive components
are required in handling the current and voltage stress on
the switches with the consideration of EMI. An optimal
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TABLE 13. Comparison of power factor correction topologies.

switching control strategy is required in the case of achieving
multifunctional capability.

F. FUTURE SCOPE
There are many interesting challenges present in the SSWPT
design and implementation for EV charging. SSWPT has
a wide opportunity in the multiport, dynamic environment,
and communication enhancement. The multiport system is
beneficial in developing charging infrastructures that have the
capability of charging more EVs. In a dynamic environment
managing coupling is a difficult task and by proper aligning
and tracking methods coupling can be made effective. With
efficiency and safety considerations several signals need to
communicate between on-board and off-board devices and
have the opportunity for the development of faster and secure
communication without data loss. To reduce carbon footprint
renewable sources can be included in making zero-emission
vehicles, that are completely independent of grid power,
which was generated from many sources including fossil

fuels. SSWPT with the added benefit of reducing the power
requirement from the grid for EV charging and providing
grid support in times of peak demand. The harmonics associ-
ated with SPSSWPT are comparably higher than TPSSWPT,
hence suitable controller is necessary which should eliminate
the harmonics to a considerable extent.

VI. CONCLUSION
This article has reviewed and summarized various archi-
tectures of the single-stage converter employed currently
for WPT in EV charging applications. In the WPT field,
a considerable amount of research papers is available in
various applications, but only a few papers are available for
SSWPT specifying limited improvements, which indicates
that there must be more research work to be carried out in
that area to compete with the power handling capacity of
the wired charging. The single-stage WPT is subdivided into
AC and DC charging technologies and was discussed sepa-
rately. Among the current works in literature, considering an
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efficiency point of view the DC inputWPT topology provides
better efficiency and the absence of harmonics makes it still a
worthwhile architecture. This simplest structure offers better
controllability than the single-phase AC topologies. Inte-
gration with renewables in making emission-free charging
centers can contribute to the net zero scenario. The TPSS-
WPT topologies have less THD than the SPSSWPT and can
be effectively used for high-power EV charging applications.
To maintain power quality, it is essential to incorporate PFC
in WPT systems, despite the resultant increase in control
complexity. The implementation of a combination of Power
Factor Correction (PFC) and Dual LCC compensation offers
significant advantages in terms of enhanced efficiency and
power quality. This viable solution can help optimize power
quality management, thereby improving the overall system
performance. Advancements in EV wireless charging tech-
nology and addressing the challenges in the right direction
will ensure a safe and convenient system.
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