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Abstract: This study compiles, reviews, and discusses the relevant history, present status, and growing
trends in wireless electric vehicle charging. Various reported concepts, technologies, and available
literature are discussed in this paper. The literature can be divided into two main groups: those that
discuss the technical aspects and those that discuss the operations and systems involved in wireless
electric vehicle charging systems. There may be an overlap of discussion in some studies. However,
there is no single study that combines all the relevant topics into a guide for researchers, policymakers,
and government entities. With the growing interest in wireless charging in the electric vehicle industry,
this study aims to promote efforts to realize wireless power transfer in electric vehicles.
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1. Introduction

Due to the various environmental, socioeconomic, and political issues faced today,
the continued focus on sustainable solutions has paved the way for the electrification
of several industries. The automotive industry is one such sector that has enjoyed the
transition to electrification while moving away from traditional practices that cause heavy
pollution. As a result, electric vehicle (EV) adoption is on the rise, and a significant amount
of research and development is being performed to optimize the new technologies to meet
the sustainability goals set by governments and international agencies, the expectations of
the public, and the challenges of the status quo.

Recently, there has been a growing interest in the prospect of wireless charging for EVs
as an alternative or an aid to existing wired charging systems in use. The reason for this
growing interest is that wireless charging offers several key advantages over traditional
and standard wired charging solutions [1]. For instance, wired charging stations pose
safety risks and health hazards such as trip hazards, electrocution, risk of fires, etc. Wireless
charging can help address these health and safety concerns, as the charging station and
the charging pad on the vehicle are not in contact and are physically isolated. Another
drawback of wired charging solutions is the lack of flexibility in allowing the vehicle’s
battery to be charged at different places. Despite the developments in wired charging
technologies, this is inconvenient to EV users. Moreover, research has proposed that
wireless charging solutions can be less costly compared to wired solutions as there is no
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requirement for the technology involved for a physical connection. Perhaps the most
promising aspect of wireless charging technologies is their ability to extend the driving
range of EVs. Dynamic wireless charging systems are presently the most hopeful solution
to the driving range problem in EVs. However, this prospect raises new operations and
infrastructure challenges that need to be considered [2].

Traditionally, wireless EV charging systems are classified according to the charging
mode requirement, i.e., whether the charging takes place when the vehicle is stationary or
in motion. Usually, there are two main types of charging in this classification scheme that
are discussed: static (Figure 1) and dynamic (Figure 2) wireless charging. In addition to
the two main types, quasi-dynamic wireless charging is sometimes regarded as the third
category [2,3]. The key differences are as follows:

1. Static: the vehicle charges when it is stationary or parked.
2. Quasi-dynamic: the vehicle is charged as it decelerates to or accelerates from a

stationary state at a low speed.
3. Dynamic: the vehicle charges while it is completely in transit.

Figure 1. General structure of a static wireless charging system for EVs. The coils may be replaced by
capacitive pads in capacitive coupling.

Figure 2. General implementation of a dynamic wireless charging system for EVs.

Situations involving static charging systems are similar to those for wired charging
systems in that the vehicle has to be stationed or parked. However, a benefit offered here is
the ability to “park and charge” without the need to fix cables [3]. Quasi-dynamic systems
can be installed at locations where the vehicle halts often, but for a limited time, before
resuming its motion again. Examples of such locations may include bus stops, taxi stops,
and traffic lights, where short-term charging may be performed [3]. Both quasi-dynamic
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and dynamic charging capabilities allow the vehicle to be charged while it is in motion.
For this reason, discussions of dynamic charging often include quasi-dynamic charging.

Several aspects need to be considered and thoroughly studied to determine the de-
sirability, viability, and feasibility of wireless charging solutions. One important aspect is
determining the scale of the application. This is determining whether the wireless charging
system is intended for public or private use. Secondly, the type of vehicle is also an impor-
tant factor. For example, buses and public transportation would have different charging
requirements than smaller private vehicles. Another aspect is determining whether to
charge the vehicle either when it is parked or in motion. Researchers, engineers, planners,
and policymakers need to appropriately define the context of usage and understand the
purpose of application of such systems.

Due to the growing interest in the topic, there have been an increasing number of
studies in the form of surveys and reviews on the different aspects of a wireless charging
system for EVs. Even with the rich literature available, there are few to no studies that
review the technical and non-technical characteristics of the wireless charging problem for
EVs combined in one study. There are a number of reasons why a work of this nature is
useful and required. Firstly, there is a high demand for such studies by government entities,
policymakers, and regulators to understand the state of the art in wireless EV charging.
They demand research that features feasibility studies, economic analyses, methods to
analyze economic benefits, guides for pricing, infrastructure allocation models, and other
planning and managerial strategies. Second, a comprehensive and detailed review of the
subject will serve as an invaluable guide for academic researchers in multiple disciplines.
Researchers would better understand the many dimensions of the systems, and they would
also be aided in developing new research approaches. Lastly, a detailed and system-
wide understanding of the topic ensures the guided progression and development of the
technologies. Not only would this help in accelerating the standardization of various terms,
definitions, and issues that have not been well defined in this nascent field, but it would
also promote interdisciplinary progress and innovation.

The literature reviewed in this paper includes seminal works that can be considered to
have significantly contributed to the efforts to realize wireless charging for EVs. Aligning
with the goals set to compile a comprehensive study, well-acknowledged and frequently
cited papers were reviewed first to gain insight into the trends in the literature. The ob-
served pattern is that the research can be tentatively, but with good reason, categorized
as either technical or operations research. The differences between the two categories are
discussed further. Following this taxonomy, key areas in each category were determined,
and the literature that discusses those areas was reviewed. Although preference was given
to recent publications to highlight the trends, it can be observed that a good number of
significant studies were published in the mid-to-late 2010s. In particular, works published
between 1974 and 2023 have been cited in this paper, and one patent from 1894 is also cited.
This strategy allowed all types of battery electric vehicles (BEVs), systems, and practices
mentioned in the literature to be covered, making this study a comprehensive addition to
the existing literature.

Table 1 shows a summary of the comparison between some surveys on wireless EV
charging encountered in the literature and this review. Referring to the table, it can be seen
that [1,4–7] focus on the technical aspects of wireless EV charging systems, while [2] is only
focus on the operations and systems aspect. This review, along with [3,8], considers both
aspects. However, discussions of the communication systems involved in wireless charging
systems, object detection, and effects of environmental agents like snow, water, and road
pollutants may not be found in [3,8]. It can also be observed that although [6] cites recent
references that include those published in 2023, similar to this work, it is only focused on the
technical aspects and does not cover the operational and systems perspective. Accordingly,
we present this work as a complete and comprehensive guide that fills the gaps in the
existing literature.



World Electr. Veh. J. 2024, 15, 118 4 of 36

Table 1. A summary of some of the surveys in the literature, and how this review compares to those studies.

Study Type of Review Static Charging Dynamic Charging Vehicle Types Practical Problems Standards
Discussed

References Year
Range Notes

[1] Technical Yes Briefly Light passenger
BEVs Yes Yes 1984–2020 Focused on

static charging

[2] Operations and
systems Briefly Yes

Light and heavy
passenger BEVs and

commercial buses
No Briefly 1974–2018 Focused on

dynamic charging

[3]
Technical and

operations and
systems

Yes Yes
Light and heavy

passenger BEVs and
commercial buses

Yes Yes 1914–2019

Effects of
environmental

agents are
not discussed

[4] Technical Yes Yes Light passenger
BEVs Yes Yes 1990–2017

Health and safety
discussed as

practical problems

[5] Technical Yes No - No No 2000–2013
Focused on WPT

methods for
static charging

[6] Technical Yes Yes
Light and heavy

passenger BEVs and
commercial buses

Yes Yes 1863–2023 -

[7] Technical Yes Yes - Yes Yes 1894–2021 -

[8]
Technical and

operations and
systems

Yes Yes
Light passenger

BEVs and
commercial buses

Briefly Yes 1820–2017

Communication
systems, object

detection, and effect
of environmental

agents are not
discussed

This review
Technical and

operations and
systems

Yes Yes
Light and heavy

passenger BEVs and
commercial buses

Yes Yes 1894–2023

Comprehensive—
includes all points
of discussion and

fills in the gaps left
by other surveys
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The technical reviews focus on wireless power transfer (WPT) methods, topologies for
wireless charging, electric vehicle design, and hardware design, among other engineering
topics. On the other hand, operations and systems research includes studies of operational
strategies such as optimal allocation of the charging infrastructure, range extension, pricing
and billing, construction and installation strategies, and economic analyses, among other
areas of operations and systems research. Other reviews may feature either historical
developments, such as [9], or the recent and current status of research into the broader
topics of wireless charging for EVs, like [10,11]. It is worth noting that because the area
is nascent and the literature covers a broad range of topics, many of the research works
include more than one aspect for discussion. For instance, most of the work cited in this
paper includes an overview of historical developments and the current status in some
capacity, in addition to the authors’ informed opinions about future trends.

Thus, the aims of this study are very clear. It includes a summary of the past, the state
of the present, and predictions for the future of wireless charging for EVs. The study also
organizes and reviews the existing, broad literature. It provides technical and scientific
exposition, like the details and comparison of the charging technologies available. Moreover,
it provides the operations and systems perspective for a wider discourse. Lastly, this study
serves as a complete guide for researchers, policymakers, and government entities as a
reference for future work in the field of wireless EV charging.

The rest of the paper is organized as follows: Section 2 gives the necessary technical
background. In particular, it introduces and details the fundamentals of WPT and its role
in the context of wireless EV charging, the coil and core structure and design, a comparison
of the compensation topologies, a review of the converter topologies, and a brief overview
of the onboard communication systems. Section 3 addresses the current state of wireless
EV charging research in the operations and systems context. It includes the research trends
and other perspectives that are considered when planning for a wireless charging system.
The next section discusses the status of standardization and research activities. The last
section concludes the study.

2. Technical Background

The concept of WPT arises from the idea that power may be transferred from the source
to the load without the need for any physical connections, such as electrical wiring. Instead,
power is transferred using classical fields, such as electric, magnetic, and electromagnetic
(EM) fields. Popularized by Nikola Tesla in 1914, the earliest mention of WPT dates to more
than a hundred years ago [7,12]. A typical WPT system includes a power source that is
connected to a transmitter and a receiver that is connected to the load. The transmitter and
receiver may be coupled by electric, magnetic, or EM fields or connected by line of sight
using EM waves.

Fundamentally, WPT is divided into three categories based on range and mode of
transfer: near-field, medium-field, and far-field charging. Technologies incorporating
near-field and medium-field charging methods are employed in existing wireless charging
systems, while far-field charging technologies are expected to head wireless charging
methods in the future [1,5]. Thus, they are the subject of extensive discussions among
researchers. The near-field charging technologies include inductive charging (or charging
by inductive coupling), magnetic-resonance charging (or coupled magnetic resonance),
and capacitive charging (or charging by capacitive coupling). Similarly, a popular medium-
field charging method is magnetic-gear charging. Lastly, far-field WPT includes laser,
microwave, and radio wave charging technologies. The classification of WPT methods can
be summarized as shown in Figure 3. More details are given for each of the aforementioned
charging schemes in the following sections.
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Figure 3. All wireless power transfer methods mentioned in the literature relevant to wireless EV charging.

Whether the charging takes place while the vehicle is in transit or stationary, the
two basic sections of a wireless charging station are the ground assembly (GA) and the
vehicle assembly (VA) [13]. The GA is located underneath the ground surface and includes
the power supply, which comprises a connection to the grid, a rectifier (AC–DC converter),
a high-frequency inverter (DC–AC converter), a primary compensation network, and the
primary/transmitter pad (Tx). The VA is comprised of the secondary/receiving pad (Rx),
a secondary compensation network, a high-frequency AC–DC converter, and a filter block
before feeding into the battery system [1–3,7]. Both of these sections of the wireless charging
system generally share information via a communication link. Figure 4 shows the general
architecture of the system.

Figure 4. The common architecture of a WPT system.

At the transmission side, low-frequency AC from the grid is fed to the GA. The grid
frequency is too low for power transfer; thus, the AC is converted to a higher frequency
using either a single-stage or a two-stage process. Most of the time, the two-stage approach
is preferred, and AC/DC/AC conversion is used, though it is possible to directly convert
the grid’s low-frequency AC output to a high-frequency input to the transmitter [3,14].
In the first stage, the AC is rectified to a DC with low harmonic contents, and the power
factor (PF) is corrected. Additionally, the literature makes mention of the possible usage
of a Buck converter after the PF correction stage to adjust the DC power and provide soft
switching capabilities. In the second stage, the DC is converted to high-frequency AC
by an inverter, which is fed to the Tx. On the secondary side, the high-frequency AC is
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received via the Rx. It is rectified to DC, generally using a diode bridge rectifier, followed
by filtration to produce a ripple-free current. In the following sub-sections, each of the
WPT methods mentioned will be discussed in detail. Table 2 summarizes the essential
characteristics of the discussed WPT technologies.

Table 2. Summary of WPT methods reported in the literature.

WPT Energy Transfer Efficiency Frequency
(kHz) Power (kW) EMI Complexity Price

CPT Electric Low 100–600 2–7 Medium Medium Low

IPT EM Medium 10–50 3–50 Medium Medium Medium

MGWPT Magnetic or Mechanical Low 0.05–0.5 1–3 High High High

RIPT EM High 10–150 3–100 Low Medium Medium

Far-field EM Low 1000– 10–30 - High High

2.1. Near-Field Charging

Near-field charging technologies are capable of transferring power over a distance of
less than one wavelength. Near-field WPT methods for wireless EV charging include
capacitive power transfer (CPT), inductive power transfer (IPT), and resonant induc-
tive power transfer (RIPT). The typical air gap distance for near-field WPT ranges from
150 mm to 300 mm; however, it may increase for larger EVs [4,5]. The following sub-
sections provide details of these methods.

2.1.1. Capacitive Power Transfer (CPT)

Capacitive power transfer (CPT), or charging by capacitive coupling, is a low-cost WPT
method that is often employed in applications with a low power requirement, like portable
electronics. However, this method can also be used for wireless EV charging, albeit with
some limitations. In a CPT system, power is transferred from the Tx to the Rx by means of
an electric field established between coupling capacitors. The operating frequency range is
in the kilohertz (kHz) range, from 100 kHz to 600 kHz [4]. Figure 5 shows a diagram of a
typical CPT system. In terms of developments in this technology, it is proposed in [15] that
the vehicle’s bumper may be used as a receiver, potentially reducing the air gap between
the coupling plates. This suggestion was supported by a laboratory demonstration of a
prototype that achieved approximately 83% efficiency at 540 kHz (>1 kW). Furthermore,
high-capacitance designs and solutions for air gap reduction are suggested in [16].

One advantage of CPT is lower levels of electromagnetic interference (EMI) compared
to inductive power transfer methods. Additionally, the performance and efficiency of CPT
systems are high for a smaller air gap [17]. Another advantage of CPT is the low cost and
simplicity of the systems [15,18]. However, the application of CPT for wireless EV charging
has been limited because the power transfer levels are very low and can reach up to only
7 kW over a very short distance for power transfer. [1,5]. Hence, smaller air gaps and
resonance-based converters may be required to achieve a good power transfer efficiency.
It is important to note that the dielectric material between the capacitor plates is only air,
which has a low permittivity of approximately 8.85 × 10−12 F/m, and this fundamentally
limits the coupling efficiency. Special materials with a high dielectric constant to increase
the capacitance are proposed in [19]. However, the use of such materials is costly and
intricate. Thus, these reasons limit the extent to which CPT technologies are used in the
application of wireless EV charging.



World Electr. Veh. J. 2024, 15, 118 8 of 36

Figure 5. Structure of a CPT system.

2.1.2. Inductive Power Transfer (IPT)

Inductive power transfer (IPT), or charging by inductive coupling, is a popular WPT
method in which power is wirelessly transferred from a primary inductor to a secondary
inductor by EM induction under a coupled regime. Figure 6 presents a basic diagram of
a traditional IPT system. Generally, the power transfer range is 3–6 kW for distances of
4–10 cm, with efficiencies of 90% or more for smaller distances [1,4]. Typical operating
frequencies range from 10 to 50 kHz. The Chevrolet S10 EV was introduced by General
Motors (GM) in 1996 and it was charged by the magne-charge IPT (J1773) system [20]. This
system was able to provide 6.6 kW (level 2—“slow”) and 50 kW (level 3—“fast”) charging.
Moreover, researchers from the University of Georgia developed and demonstrated a 6.6 kW
charger that was capable of charging a battery from 200 to 400 V at an operating frequency
of 77 kHz [21,22]. Among other advantages, a 10 kVA coaxial winding transformer allowed
for a flexible power range and coupling design.

Although IPT systems are more widespread and more efficient than capacitive cou-
pling methods of WPT, there are still some challenges that are encountered with these
systems. One challenge is addressing the rapid decay in power, and thus efficiency, with an
increase in distance [5]. To ensure high efficiency, the range of separation of the transmitter
and receiver pads is limited to a few centimeters in practice. Moreover, Ref. [4] reports that,
while characterized by a relatively low cost and simplicity, IPT systems cost more than CPT
systems. Other challenges associated with them are the designs of the pads and pickup
coils [23–25], EM field protection [8,26,27], power converters (high frequency) [28–31],
and metal object detection. Traditional IPT is overshadowed by the benefits offered by
resonant inductive power transfer (RIPT), which addresses most of the issues with IPT.

Figure 6. Structure of an IPT system. Compensation networks can be added before the primary and
after secondary windings.
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2.1.3. Resonant Inductive Power Transfer (RIPT)

RIPT is an advanced version of the traditional IPT. It is a well-known WPT method that
has attracted significant interest over the years because of its improvements over traditional
IPT. The schematic diagram is shown in Figure 7. RIPT offers an extended power transfer
range, which is reported to be between 1 and 5 m, and a higher efficiency, with power levels
that can reach up to 100 kW [32]. This is achieved by the use of compensation capacitors
or compensation networks that reduce additional losses and create the case of resonance,
as shown in (1).

fr =
1

2π
√

LC
(1)

where fr is the resonant frequency, and L and C are the self-inductance and capacitance
values, respectively, of the primary and secondary coils. It follows that efficient power
transfer is possible when the resonant frequencies of the primary and secondary sides are
matched [4]. Generally, the operating frequency of a RIPT system ranges from 10 kHz to 150
kHz, which is higher than traditional IPT. One problem encountered at high frequencies,
however, is that the magnetic flux generated significantly reduces the mutual inductance
due to the absence of a magnetic core. Thus, the coupling coefficient k, which is calculated
using (2), is lowered.

k =
Lm√
LpLs

(2)

Lp is the self-inductance of the primary coil, Ls is the self-inductance of the secondary
coil, and Lm is the mutual inductance. When the primary and secondary coils are strongly
coupled, the mutual inductance is higher, giving an improved k. Typically, values of k for
RIPT vary from 0.2 to 0.3 because of the 150–300 mm minimum height clearance required
for EVs [33]. Alternatively, the coupling coefficient can be improved by utilizing magnetic
ferrite cores [34].

Skin and proximity effects are considerable and can affect the power transfer efficiency
at high frequencies. Normally, an individually insulated thin twisted litz wire is used to
avoid such problems [3]. The resulting effect is a reduction in parasitic resistances and an
improvement to the quality factor Q of the coil, which is calculated using (3). The resistance
of the coils is R, L is the self-inductance (primary or secondary), and f is the frequency.

Q =
ωL
R

=
2π f L

R
(3)

It is proposed in [32] that RIPT technologies may be implemented in four phases:
phase 1, phase 2, phase 3, and phase 4. Phase 1 is implementing RIPT infrastructure in
residential areas. Phase 2 involves installing those systems in parking spaces. Phases 3
and 4 involve on-street parking and dynamic charging systems, respectively. Phases 2
through 4 would require additional support from governments. RIPT is the most popular
and preferred WPT method used for wireless EV charging applications. An example that
supports this claim is the UK government’s allocation of 40 million pounds for research into
magnetic-resonance-based charging technologies like RIPT [35,36]. This involves studying
street-level wireless charging solutions, commercial vehicles, etc. Oak Ridge National
Laboratory (ORNL) is another key research institution in the field of wireless EV charging.
Researchers have demonstrated an RIPT system that is able to output 120 kW. This is
comparable to a Tesla supercharger. The RIPT system is capable of transferring a high
power of 100 kW over 1 m with 90% efficiency. Similarly, a 100 m, 20 kW RIPT test track
was constructed by Qualcomm in France [1].
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Figure 7. Structure of a RIPT system, an enhanced version of an IPT system.

2.2. Medium-Field Charging (Magnetic Gear Wireless Power Transfer or MGWPT)

Fundamentally, magnetic gear wireless power transfer (MGWPT) is different from
capacitive and inductive WPT methods. Magnetic gear technology was first proposed as
an alternative to conventional contact gear [4]. In MGWPT systems, power is transferred
wirelessly via two synchronized permanent magnets (PM) positioned side by side. This
arrangement is in contrast to the coaxial arrangement in other wireless charging systems.
Figure 8 shows a schematic diagram of an MGWPT system. A mechanical torque is
produced on the primary PM when the primary winding is fed from a current source.
Torque is then induced on the secondary PM from the resulting rotation of the primary PM.
In this regime, the secondary PM works as the generator mode and delivers the power to
the battery through the power converter and the battery management system (BMS) [20].

Although there have been applications of MGWPT systems in wind power generators
and low-power applications, such as medical implants, these systems have enjoyed limited
implementation in wireless EV charging. Generally, MGWPT systems are implemented
in low-power charging applications, such as for a range of 1.5–3 kW. As reported in [37],
a laboratory prototype was capable of delivering 1.6 kW over a distance of 150 mm.
The work also mentions the challenges associated with the system. In particular, constant
adjustment of the rotation speed and an advanced feedback system from the battery to
the primary side are required to prevent exceeding the upper power limit. During testing,
the rotators lost the synchronization speed at 150 Hz, which marked the upper limit for the
system, and this significantly affected the power transmitted. Secondly, the design, price,
and overall intricacy of the systems are generally higher than inductive- and capacitive-
based WPT methods. The level of power transferred is also relatively lower than in those
systems. Lastly, it has been observed that power transfer is inversely proportional to the
axis-to-axis separation of the PMs. This entails misalignment significantly reducing the
coupling between the two synchronized windings. For this reason, the implementation
of MGWPT systems has been challenging for dynamic charging applications. Be that as it
may, these systems are still usable and promising for static charging situations [3,38].

Figure 8. Architecture of an MGWPT system.
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2.3. Far-Field Charging

Far-field charging technologies are expected to be the future means of charging EVs
wirelessly due to their promise of high range, high power levels, and high efficiencies [4].
However, intensive research is still required to make these technologies viable for wireless
EV charging applications. Power in far-field technologies can be transferred, in principle,
from a distance of two wavelengths to infinity by EM wave propagation. Examples of far-
field WPT methods include laser charging, microwave charging, and radio wave charging.
The origins and early beginnings of far-field WPT are extensively covered by [39].

2.3.1. Laser Charging

Although it has seen only a few practical applications in recent years, such as in drones,
autonomous rovers, and orbital vehicles, laser charging is seen as a promising WPT method
for the future of wireless EV charging due to the benefits associated with laser transfer.
According to [1,40,41], power in such technologies is transferred using resonating beams
that can have frequencies of up to 359 THz. A distributed laser charging (DLC) transmitter
generates and transmits a resonating beam, which is then received by a DLC receiver.
The received beam is passed through a DC chopper (DC–DC converter) for output-voltage
control to charge the battery. A diagram of the system is shown in Figure 9.

A major issue faced with laser power transfer, as with other far-field WPT methods,
is that a direct line-of-sight (LOS) path is needed to transfer power [42,43]. Any loss
in communication or connection between the transmitter or receiver stops the charging
process. Additional problems include the need for large antennas and complex tracking
mechanisms [4]. Research is being performed to make laser charging sustainable and viable,
especially for wireless EV charging. The Japanese space agency JAXA has been actively
pursuing targeted research and development of far-field WPT technologies for some time
now. It is reported in [44] that JAXA is developing a system based on laser transmission
that is capable of transferring 10 MW over 10 km. The way that such a system can be
developed for EVs is still being researched.

Figure 9. A laser charging system.

2.3.2. Microwave Charging

Like laser power transfer, microwave power transfer has been tested for several
applications, such as experimental terrestrial vehicles. These applications involve power
transfer over large distances. In terms of power transfer characteristics, microwave charging
is similar to laser charging. The difference is that microwave power transfer technologies
have enjoyed far more successful testing than laser power transfer technologies.

In a 1975 experiment conducted by the Jet Propulsion Laboratory (JPL), 30 kW of power
was enclosed from a dish antenna 26 m in diameter to a rectenna (rectifying antenna) with a
maximum efficiency of 85% over a distance of 1.54 km [45]. A wirelessly powered airplane
first took flight in Canada a few years later, in 1987 [46]. The airplane was powered by a
microwave emitter situated on the ground, making it the first microwave-powered airplane.

There have been some advances in powering EVs using microwave power transfer.
However, these technologies are not entirely applicable for EVs just yet. The biggest
drawback is the same as that of laser charging, which is the halt of the power transfer
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process when the link between the transmitter and receiver is disrupted. Thus, microwave
charging systems require large antennas, direct LOS transmission, and complex tracking
mechanisms. Still, a system proposed in [47] involves a magnetron capable of transferring
a power of 10 kW over 5 m with an efficiency of 80% at an operating frequency of 2.45 GHz.
Figure 10 shows a microwave WPT system.

Figure 10. WPT by microwave charging. (a) A microwave charging system for EVs. (b) Microwave
power transmission using solar power satellites has been proposed by researchers from JAXA.

2.3.3. Radio Wave Charging

Radio wave charging is another far-field WPT method. The efficiency of current
radio wave charging systems is too low for wireless EV charging applications [45,48].
Additionally, a direct LOS is required for uninterrupted charging, as with the previous
two far-field WPT methods. Characteristically, and similar to microwave WPT, power from
the transmitter is received by a rectenna that includes an HF filter, a rectifier, and an LF
filter to obtain a smooth DC voltage to charge the battery, as shown in Figure 11. More
research is required to make this WPT method viable for wireless EV charging.
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Figure 11. A radio wave charging system.

2.4. Coil Designs

There is great discussion on the coil designs for the transmitter and receiver pads in
inductively coupled WPT systems (IPT and RIPT). The different design options provide
more possibilities for achieving efficient power transfer. Studies such as [3,4,6,7,49–54]
discuss and compare the design and features of various coils for the transmitter and receiver
pads to an extensive degree. Structural and design features of the transmitter and receiver
pads for near-field WPT methods that use inductive coupling can be loosely translated
for those that use electric fields to couple the GA and VA, such as CPT. One study, [18],
advocates for CPT as an effective WPT method and presents a detailed analysis of the power
flow in such a system. The system proposed is a charging platform with a matrix charging
pad and a transformer with dynamic soft switching for output-voltage regulation and
power-flow control in different operating conditions. The study also verifies the findings
using simulations. However, more emphasis is put on optimizing coil design and pad
structures for the transmitter and receiver for inductively coupled methods due to their
popularity. Similarly, this section discusses the work performed in that regard. The design
philosophy may be extended to other near-field WPT methods.

Fundamentally, an inductively coupled WPT system consists of two interconnected
coils that facilitate the transmission of power through coupled magnetic fields. An electric
current is directed through the primary coil, generating a magnetic field that varies over
time. The secondary coil intercepts the changing magnetic flux, resulting in electromotive
force (emf) induction. Several factors influence the magnitude of the induced emf. These
factors include the distance between the coils (air gap length), the number of coil turns,
and the rate of change of the magnetic field. The induced emf, in turn, causes an electric
current to flow within the secondary coil. Therefore, the coils collectively form a loosely
coupled transformer, with their connection established through a primary magnetic flux
path. This path includes leakages of magnetic flux that do not contribute to power transfer
and reduce overall efficiency. To optimize the current flowing through the coils, each coil is
linked to a compensation network, which enhances resonance. When designing the primary
and secondary pads, the main objectives should prioritize achieving maximum values of
the coil quality factor Q and the coupling coefficient k. Such an optimized design results
in a high tolerance for accommodating increased air gap distances and lateral and/or
longitudinal shifts [3].

Practically, the transmitter and receiver pads consist of multiple layers of compo-
nents, which are carefully designed to achieve optimal power transfer efficiency while
simultaneously reducing EMI in a cost-effective manner. These wireless transformer pads
primarily comprise three key elements: the coil, shielding materials (comprising ferrite
and aluminum plates), and layers dedicated to protection and support. Figure 12 provides
various views of these wireless transformer pads. The transmitter pad is set beneath the
concrete paving of the road and is strong enough to support the weight and added vibration
of an automobile. The top and bottom sections of the charging pads are made from a PVC
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plastic sheet to provide structural stability. The dimensions of the length and width, which
range in size from 5 mm to 20 mm, depend on the size and thickness of the charging pad.
Furthermore, clear acrylics may occasionally be put around the coil for stability and to
improve the charging pad’s aesthetic [4].

Figure 12. Typical structure of an IPT charging pad [4]: (a) exploded view, (b) top view, and (c) side view.

A major issue that arises in the “air-core wireless transformer” model of the WPT
system [4] is the effect of misalignment between the transmitter and receiver pads. Mis-
alignment is unwanted as it introduces system losses and fundamentally reduces transfer
efficiency. To solve this issue and ultimately improve the transfer efficiency, many planar
coil structures have been utilized, and further improvements have been proposed [55].
According to [56], the coils can principally be categorized as either non-polarized pads
(NPPs) or polarized pads (PPs). NPPs are of conventional shapes such as circular, square,
rectangular, and hexagonal, are made from a single coil shape, and produce only the
perpendicular flux components. On the other hand, PPs are made from multiple coils in
various shapes to produce both perpendicular and parallel flux components. Examples
of PP designs include solenoidal coils, double D (DD), double D 1uadrature (DDQ), bipo-
lar (BP) and quad D quadrature (QDQ). PPs are generally used to address the relatively
poor horizontal misalignment tolerance of NPPs, and are created by arranging several coil
shapes in different arrangements. Such geometries are ideal for three-phase applications in
addition to single-phase applications. The various coil shapes are shown in Figure 13.

Figure 13. Various coil shapes that are typically used: (a) circular, (b) square, (c) rectangular, (d) DD,
(e) BP, (f) DDQ, and (g) QDQ.
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There are no sharp edges in the circular coil, and hence, the eddy currents are min-
imized. This makes the circular coil a popular design choice for wireless transformers.
Additionally, the distribution of the magnetic flux can be altered by varying the internal
diameter. The magnetic field lobe would have a spike shape for lower center diameters,
which could help increase the coupling coefficient. The magnetic flux distribution zones
can be expanded with less amplitude sacrifice by increasing the center diameter, which
can help with misalignment issues [53]. It may be important to note that for the circular
coil, the receiver power drops to zero when the offset distance between two windings
reaches about 40% [52]. Due to their perfectly aligned sides, square and rectangular coils
are useful when they need to be arranged in an array. However, because of the eddy
currents generated by the sharp corner edges, which also increase impedance and hot spots,
they increase inductance. Because of this, square and rectangular coils are inappropriate
for high-power applications. Compared to circular and square coils, rectangular coils have
greater tolerance for horizontal misalignment. Hexagonal coil shapes offer the greatest
efficiency in power transfer at the center of the transmitter and receiver coils, but with
a significant loss in power as it approaches the coil’s edge [54]. Similarly, oval-shaped
coils offer greater tolerance for misalignment, but they are not appropriate for high-power
applications [49].

On the NPP side, solenoidal coils are wound in series around a flat ferrite plate in order
to produce polarized and sharply arching magnetic fluxes on both sides of the coupler [57].
These polarized fluxes surpass the fluxes of the coils in NPPs [58]. DD polarised pads, made
from two square or rectangular coils, generate flux in one direction with minimal leakage
fluxes, covering both horizontal and vertical directions, and providing excellent coupling
coefficient and quality factors [59]. The DDQ coil is an advanced version of the DD pad,
producing twice the flux height and improving lateral misalignment issues. It is suitable for
single or three-phase power source applications, grabbing both sine and cosine magnetic
flux vectors [60]. BP charging pads use multiple coils, requiring 25–30% less copper than
DDQ pads, but the coupling coefficient drops by 13% with a 30◦ angular misalignment [59].
QDQ pads enhance wireless transformer performance by utilizing circular and square coils
for misalignment and flux height, improving overall performance. These pads are able to
transfer enough power with 50% misalignment movement and have a substantially higher
coupling coefficient (0.33 at 150 mm air gap) [49,61].

To enhance the connection between coils, magnetic cores can be employed to direct
magnetic flux. The primary losses within the coil system are attributed to the core losses
associated with the ferrite material and the resistive losses within the coils. These resistive
losses encompass proximity and skin-effect losses. The use of litz wire helps mitigate skin-
effect losses, while core losses are contingent on the core material. To minimize core losses, it
is important to maintain the magnetic flux density below the saturation level of the material.
Furthermore, the available design choices are constrained by both power limitations and
spatial constraints [3]. Additionally, magnetic flux generation in medium-to-high power
ranges requires safety standards to avoid health issues. It affects the coupling efficiency
between two windings, especially without shielding to reduce leakage fluxes. In essence,
the selection of cores and core materials is a whole research area in itself. The proper design
of magnetic ferrite cores can redirect path to magnetic fluxes, improve mutual inductance
and self-inductance of coils, and reduce leakage fluxes [4].

The choice of ferrite core for EVs is influenced by factors like size, shape, permeability,
operating frequency, and cost. Basic shapes like circular, square, and rectangular are used
on both the source pad and receiver side to minimize leakage fluxes. Ferrite bars have
been modified to reduce weight and cost, depending on the application. EE-core, U-core,
ETD, and pot ferrite shapes offer higher coupling coefficients but are not suitable for EVs
due to limited ground clearance. Striated ferrite structures are used to reduce leakage
inductance and enhance cost effectiveness. Higher permeability materials like Mn–Zn are
the best option due to affordability and availability [4]. Alternatively, aluminum plating
provides shielding and structural integrity, reducing flux leakages and improving the
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coupling coefficient. The aluminum plate sizes range from a few millimeters to several
millimeters, higher than the skin depth characterized at an operating frequency range
of 20 kHz to 100 kHz. The aluminum structure prevents magnetic fluxes from passing
through the surface, increasing the length of the magnetic flux contour and weakening
the flux values due to higher magnetic path resistance. Aluminum plates are typically
placed under ferrite structures, as without such materials, the mutual inductance of coils
is reduced. Also, ferrite plates are fragile and may be constructed from multiple smaller
planar blocks due to limited availability of larger planar plates.

2.5. Compensation Topologies

The primary and secondary coils in IPT are magnetically coupled, and the system
essentially acts like a transformer. However, the leakage inductance is high due to the
large air gap; hence, the level of magnetic coupling is low. If the system operates at the
resonant frequency characterized by its reactive components, then it is possible to tackle
this issue and transfer enough power over larger distances. Compensation networks
(also referred to as topologies in some of the literature) are used to achieve the state of
resonance. The reactive elements, capacitors and inductors, are linked together in various
configurations in compensation networks. As per Figure 4, the compensation networks
are placed either between the HF inverter and the primary coil in the GA or between the
secondary coil and rectifier circuit in the VA, or they are placed in both sections.

Generally, compensation on the primary side is required to eliminate the phase differ-
ence between source current and voltage and reduce the reactive power rating by canceling
out the reactive component of the primary coil. On the secondary side, compensation
maximizes power transfer to the load as resonance is achieved. Another advantage of
compensation is that it enables soft switching of the semiconductor devices. Classical
topologies, shown in Figure 14, include series–series (SS), series–parallel (SP), parallel–
series (PS), and parallel–parallel (PP) configurations. The order of appearance of “P” and
“S” denotes the configuration of the reactive components on the transmitter side and then
on the receiver side. Additionally, there has been an increasing interest in enhanced and
hybrid topologies over the years. These topologies include LCL, LCCL, SP/S, P/SP and
other modifications to the classic or basic networks, where L and C stand for inductances
and capacitances added to either side of the system, respectively. Although the figures
depict inductively coupled WPT systems, a similar architecture of compensation networks
can be employed for other WPT methods, such as CWPT. A highly comprehensive and
convenient classification scheme for compensation topologies is proposed in [50] and is
shown in Figure 15.

Figure 14. Classic or basic compensation topologies: (a) SS, (b) SP, (c) PS, and (d) PP.
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Although alternative topologies have certain advantages over basic topologies, the net-
works are more complex and costly. The addition of more reactive components, such as
inductors, increases the complexity of calculations and the difficulty of predicting system
behavior. Moreover, the addition of more elements inherently decreases the reliability of
the network.

Figure 15. Classification of compensation topologies based on the number of resonant elements in
either the transmitter or receiver and the location in the system.

Numerous studies, that are summarized comprehensively in [3,7,50,51], have exten-
sively researched the performance of the aforesaid topologies. It has been noted that SS and
SP are generally more favored among the basic topologies for a variety of reasons. Mainly,
the series configuration on the primary reduces the power supply rating needed, solely
because the elimination of the phase difference between the current and voltage reduces the
reactive power rating, as mentioned previously. It is also found that the SP topology has a
load-independent output voltage characteristic [7], making it advantageous for wireless EV
charging applications. There are some drawbacks, however, as misalignment and large air
gaps can cause a no-coupling-factor situation, which is unsafe for the power supply [62].

In a similar vein to the basic networks, hybrid and alternative topologies have been
studied (Figure 16). Although relatively recent, this area of research aims to maximize
desirable results through the use of higher-order compensation networks. For example,
LCL compensation, which is usually placed on the primary side [7], protects the capacitor
from large instantaneous changes in the voltage, such as the output from the inverter.
Thus, the lifespan of the capacitor is increased. Furthermore, LCL compensation enables
a load-independent constant current operation and offers some higher-order harmonic
filtering as well. Other higher-order and hybrid topologies offer similar performance.
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Figure 16. Hybrid and advanced compensation networks [50]: (a) LCC/LCC, (b) CCL/LC,
(c) LCL/LC, (d) LCL/LCCL, (e) LCC/S, (f) SP/S, (g) P/PS, and (h) S/SP.

2.6. Converter Topologies

Converters are a vital part of a wireless charging system (Figure 4). There are several
types of converters that are typically used, depending on the type of WPT system and
the application. One of the benefits of incorporating converters in the system is power
supply control on the primary side, while on the secondary side, the load parameters can be
controlled. There is a great deal of specialized research on converters for WPT applications,
focusing on power electronics and control dynamics. One such study, which summarizes
most of the work in the existing literature, is [7].

The main goal in the design of converters is the conversion of power levels at various
stages in the system and, in the same context, to achieve resonance. As in the case of
compensation networks, resonance increases power transfer efficiency. Rectifiers and
inverters are implemented on the primary side, while a rectifier and/or a DC–DC converter
may be used on the secondary side. The Society of Automotive Engineers (SAE) has
standardized a bandwidth of 79–90 kHz, although an operating frequency of 85 kHz is
recommended [51]. Inherently, each converter in the system has losses that need to be
minimized. One way to minimize losses is to reduce the number of converters required by
implementing an efficient system architecture. In [63], an AC–AC converter is used, which
eliminates the need for a primary side rectifier. Other proposed converter topologies include
an E2 class DC–DC converter, and isolated buck-boost converters and their configurations,
Cuk, Zeta, SEPIC, and P5 [7].

2.7. Communication Systems

Both the GA and VA generally share information via a communication link (Figure 4).
This data transfer is important to the system for feedback and control [3]. Examples of the
usefulness of data transmission in wireless-charging EV systems include battery monitoring,
load control, and object detection as a safety measure. Furthermore, communication with
the GA grid connection can be used to manage demand according to the status of the grid.

Operationally, the VA detects the GA and requests a charge. The GA, in turn, either
approves or denies the request. If the request is approved, the charging requirements,
such as the power level, state of charge (SoC), ground clearance, and misalignment, are
transmitted. The communication is maintained even during the charging process, as the
SoC, vehicle position, and alignment are constantly monitored to increase the power
transfer efficiency. A payment method can be implemented after the charging is completed
via the same communication link.

The literature includes several works that address the communication between the
installed charging infrastructure and the EV. Examples of these studies include [64–66],
which discuss the importance of implementing a communication system between the
GA and VA and propose methods such as a two-way communication (duplex) system to



World Electr. Veh. J. 2024, 15, 118 19 of 36

establish a link. Building on the suggestions for a robust link between the GA and VA,
Ref. [67] discusses cybersecurity measures in communication networks that are rapidly
being implemented in EVs. The work provides an overview of the developments made in
monitoring and control strategies and explores several case studies of recent cyberattacks
on charging stations.

One notable work that provides an overview of the different techniques present in the
literature and proposes models for simultaneous communication between the GA and the
VA is [68]. The work investigates the single link–dual carrier (SLDC), single link–single
carrier (SLSC), and dual link–dual carrier (DLDC) techniques. Owing to their fundamental
methods of operation, SLSC does not allow for high data rates, while DLDC is characterized
by a low data signal SNR, higher complexity, and increased infrastructure costs. Hence, it
is concluded that SLDC is the most suitable technique for wireless EV charging systems.
SLDC utilizes two carriers with a single communication link, which allows for independent
control of the power and data signals. Moreover, high data transfer can be achieved with
minimal interference between the power and data channels.

Foreign object detection (FOD) is used to distinguish between living and non-living
objects, or between conductive surfaces and other EVs. It is a key component that can be
used to detect coil misalignment and monitor charging performance [69]. For example,
the system may prevent power transfer if objects are detected between the charging pads.
A major advantage of this mechanism is added safety against hazards such as the heating
of conductive objects and EM exposure to humans and animals. Another benefit is that
it also prevents system losses by halting the power transfer process if the Rx in the VA is
not near or is severely misaligned with the Tx in the GA. FOD solutions that are discussed
in the literature mostly include methods that involve sensors and, thus, can be inductive,
capacitive, or optical in nature [69–72]. In the case of dynamic wireless charging systems,
vehicle detection has emerged as an active research area. In one seminal work, a three-
coil system was designed and tested by researchers at the University of Auckland [73].
The system was able to detect approaching EVs of different speeds, ground clearances,
and horizontal misalignments.

3. Operations and Systems Background

Apart from the ongoing research in the technical aspects of wireless EV charging,
there has been a considerable amount of work performed towards studying the operations
and systems perspective. Such a perspective looks at the problem of wireless charging
from operational, managerial, and strategic points of view. The survey in [2] meticulously
reviews the ongoing operations and systems research in great detail. Current areas of
research can be reviewed from the following points of view: allocation of the charging in-
frastructure, extension of the driving range, costs and benefits, environmental assessments,
billing strategies, system installation, and other miscellaneous yet practical perspectives.
However, a single research article might be examined from multiple viewpoints simultane-
ously because the areas mentioned above are not entirely distinct. Furthermore, greater
strategic planning and optimum resource allocation are generally needed for dynamic
wireless charging systems. Therefore, most studies review the operations and systems of
dynamic charging, and this section similarly follows this trend.

3.1. Charging Infrastructure Allocation

One of the most researched areas in operations and systems studies, the allocation
model provides strategic insight and enables optimal distribution of charging infrastructure
for EVs. The topic has already been widely discussed for traditional EVs. Typically, based
on the scope of the application, the models may be divided into two types: the microscopic
allocation (micro-allocation for simplicity) model and the macroscopic allocation (macro-
allocation for simplicity) model. The primary objective of using this model is to leverage
a practical and effective engineering tool that aids in making system-level decisions for
transit systems using wireless charging. Generally, mathematical optimization is used for
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both the allocation models. The optimization is performed for two purposes: firstly, it
can be used to directly identify the positions for charging infrastructure, and secondly, it
can assist in various intermediate stages of finding the optimal allocation. An instance of
the latter application is when an optimization technique is used to assess the user equilib-
rium assignment, as demonstrated in [74]. In the research conducted by [75–78], the user
equilibrium concept is integrated with the allocation process for charging infrastructure.
In the available literature, there are three distinct decision-modeling approaches used in
the aforesaid models. The first approach, called the continuous variable approach, mod-
els the allocation of the charging infrastructure with the continuous variables x0

i and x f
i ,

the start and end points, respectively, of a charging track i along a continuous path. In the
second approach, a segmented discrete variable is employed, whereby the roadway is
partitioned into several segments. A binary variable, usually taking values from the set
{0, 1}, is utilized to indicate whether a power track or charging lane is present in a given
segmented path. In the third approach, known as the link-variable method, a decision
variable is associated with a particular link within the system. These approaches are shown
in Figure 17.

Figure 17. Types of decision variables considered in the mathematical optimization of the allocation
model [2].

3.1.1. Micro-Allocation Model

The micro-allocation model is used to identify the best possible positions for charging
points along a designated vehicle route. This model is utilized for scenarios where EVs
exclusively follow a predefined path, like public transport vehicles. Since these vehicles
adhere to a set route, factors such as traffic conditions, speed patterns, and energy consump-
tion can be reliably anticipated. In particular, the micro-allocation model proves valuable
when precise spots for charging lanes (or stations) need to be determined in the initial
planning stage of wireless charging transit systems. Subsequently, more intricate models
can be developed based on this framework. Much of the early literature on the subject
focused on single-route transit while assuming that the energy supply and consumption
rates were deterministic. However, in reality, transit systems typically feature a more
intricate configuration, often encompassing multiple routes and bus stations. Additionally,
the energy rates are not deterministic and are not known in advance.

The model’s assumptions and considerations can be summarized as follows:

1. Every bus route within the system adheres to a predetermined path.
2. Each bus route is equipped with a central station that serves as the starting and ending

point for all bus services.
3. After completing a full service loop, a wireless charging bus will be recharged to full

capacity at the central station before embarking on another service circuit.
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4. The velocity pattern and the number of passengers getting on or off at bus stops are
determined in advance.

In one of the earliest instances of addressing the micro-allocation problem, an optimization-
driven methodology was used [79]. This approach was used primarily for two purposes:
(1) to distribute charging infrastructure effectively, and (2) to determine an appropriate size
for the battery used in a single-route public transportation system operating in a controlled
environment. Such environments are usually characterized by regulated vehicle speeds
and reduced traffic congestion. An example of this is the On-Line EV (OLEV) bus system
developed by the Korea Advanced Institute of Science and Technology (KAIST). Their
model treats the route as a continuous spatial-decision space. The objective is to identify the
starting and ending points for each segment of wireless charging lanes along an identified
route, as depicted in Figure 17a. The total number of these segments is also treated as
a variable to be determined. Furthermore, the model incorporates battery capacity as
one of its decision variables. There is a trade-off between battery capacity and the length
and number of charging lanes. In particular, longer and more charging lanes are needed
if the electric bus is equipped with a smaller battery. This highlights the relationship
between the cost of the battery and that of the charging lanes. Consequently, this approach
establishes an allocation plan for charging lanes while simultaneously identifying the most
efficient battery size. In practical terms, this methodology proves most valuable during the
initial planning phase of wireless charging transportation systems operating within closed
environments, like the one at KAIST [2].

The work in [80] was the first to incorporate battery longevity as a component of
the economic evaluation for wireless-charging EVs. Their cost structure and modeling
approach, which also includes a scenario featuring a single-route transit bus, closely
resemble the methods employed in prior studies such as [79,81]. Battery life is taken into
account due to the characteristics of lithium-based batteries, which are the most common
types used in EVs. These batteries exhibit diminished performance, including reduced
charging capacity and power output, when subjected to deep charge–discharge cycles
or infrequent charging. This suggests that it may be economically advantageous to have
numerous shorter charging tracks that are used frequently rather than a few long tracks that
are used infrequently. In addition, the cost of replacing the battery also becomes influenced
by decisions regarding the allocation of the charging track. When making comparisons
between economic models that consider battery life and those that do not, the study
highlighted the significance of factoring in battery longevity in economic assessments for
long-term planning.

For most real-world cases, there are overlaps between routes; hence, new considera-
tions are needed. As evidenced by [82,83], it is more advantageous and effective to allocate
charging tracks as segments wherever there is overlap of multiple routes. The work in [82]
is based on [79] and provides a generalized model for the case of multiple routes. While
the optimization is still based on the continuous variable approach, the algorithm is nu-
merically validated using the segmented discrete variable approach in Figure 17b. On the
other hand, Ref. [83] presents a model based entirely on the segmented discrete-variable
optimization approach. More importantly, it is the first study to address the concept of
uncertainty in the energy supply and consumption of EVs.

3.1.2. Macro-Allocation Model

The macro-allocation model takes into consideration more factors and provides a
higher-order perspective for infrastructure allocation than the micro-allocation model.
By providing scientific insights for the involved EVs, the model assesses how the integration
of wireless-charging EVs impacts the overall traffic dynamics within larger transportation
systems. The scope of the model is much broader, and it can be used when there is more
freedom in route selection. Many macro-allocation models commonly use a network-
oriented modeling method, representing traffic flow through nodes and arcs. This method
draws its inspiration from the well-known optimal location problem [84], which aims to
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identify the best facility location under specified constraints. It is also generally assumed
that the traffic flow from the starting point to the destination is known beforehand. Going
beyond the scope of a single vehicle following a specified route, the model optimizes
the utilization of the infrastructure across a larger number of vehicles. The fundamental
assumptions in this approach revolve around the idea that the placement of charging
infrastructure can influence the selection of routes and, consequently, the flow of traffic.

The optimal placement of wireless charging stations is explored in [85] using a model
called the Flow-Capturing Location Model (FCLM). This model’s aim is to maximize cover-
age by strategically positioning a set of facilities, drawing on prior works such as [84,86].
The study focuses on solving the challenge of finding the best locations for wireless charg-
ing facilities when the number of facilities available for charging is limited. It builds on the
Arc-Cover Path-Cover model to explicitly account for the interplay between the placement
of charging facilities and the resulting traffic flow within the network. In this optimization
model, network links are considered as potential locations for dynamic charging infras-
tructure. It is also assumed that if a wireless charging facility were provided, it would be
positioned at the midpoint of these links (centroid node). Additionally, the proposed model
addresses the task of assigning traffic within the network to specific routes, taking into
account factors like travel time and the availability of charging facilities. To understand
drivers’ routing choices, the multinomial logistic model and the stochastic user equilibrium
principle were employed. It is important to note, however, that the optimization model was
based on assumptions that may not be realistic. For example, the model assumes that EV
batteries are fully charged on a link, regardless of their actual charge level. Another assump-
tion is that all vehicles within the network model are wireless-charging EVs. Despite these
limitations, Ref. [85] is recognized as a pioneering work that expanded traditional location
models to accommodate wireless-charging EVs, contributing to the field’s development.

3.2. Drive Range Extension Analyses

The studies on drive range extension consider the distribution of the charging in-
frastructure to extend EV driving ranges through dynamic wireless charging systems.
A standardized driving cycle, typically derived from a specific vehicle type’s velocity
profile provided by government agencies or organizations, is used in these studies to reflect
driving patterns. For instance, in [87,88] a universally standardized driving pattern is uti-
lized to estimate the cost of charging infrastructure, assuming that the allocation of charging
infrastructure is optimized. A straightforward optimization method to distribute charging
lanes across a standardized driving cycle is also employed in [87]. The study factors in
the type of vehicle (whether it is a small or large vehicle or an SUV), three driving cycles
(low-demand urban, high-speed highway, and high-demanding mountain), and three dif-
ferent power rates for the track (20, 40, and 60 kW). The optimization model minimizes the
total length of the charging track while maximizing the vehicle’s battery life. Admittedly,
the proposed model bears resemblance to macro-allocation models to the extent that it deals
with the overall travel patterns of vehicles rather than specific individual trips [2]. Similarly,
a computational analysis using simulations and employing a conventional highway driving
cycle known as the Highway Fuel Economy Driving Schedule (HWFET) was used in [89].
The simulation study was designed to explore the potential enhancement in EV driving
ranges by considering different coverage levels of a dynamic CPT charging infrastructure,
ranging from a tenth to the full highway, while varying the power level within the range
of 10 to 60 kW. The research findings ultimately indicate that an EV equipped with a
24 kWh battery, 25 kW power level, and 40% coverage of the highway can potentially allow
for a driving range of 500 kilometers. Another study that also employs a simulation to
investigate the potential extension of EV driving ranges through the utilization of CPT
wireless charging considered both urban and highway driving conditions [90]. The analysis
comprised two distinct case studies, which revealed significant improvements in driving
range achievable through the strategic deployment of wireless charging infrastructure.
These improvements were applicable either when an EV was in urban areas or on a high-
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way. The research findings indicated that, for an EV equipped with a 24 kWh battery,
a power supply with 90% efficiency, and a road coverage of 20%, the projected driving
range extension amounted to approximately 12% at 10 kW and a substantial 217% at 40 kW
power levels, respectively.

In another study, an analysis of the initial cost of investment for an electric bus
fleet aiming for a 400 km driving range was conducted [91]. The study introduced a
high-level model for estimating investment costs. To determine the cost of the charging
track, the researchers employed simulation and regression techniques. Initially, they
simulated standard driving cycles featuring various parameters. Subsequently, relying on
the outcomes of these simulations, they utilized linear regression to estimate the connection
between the amount of road coverage provided by the charging facilities and the level of
the battery’s remaining charge at the end of a trip. The results indicated that an optimal
battery size was 500 kWh. However, this outcome, which suggests a considerably large
battery capacity, somewhat contradicts the findings in [92], in which a potentially lower
battery size is discussed. It is important to note that a direct comparison between these
two works is challenging because the simulations used in these studies are configured
with different assumptions and parameters. Accordingly, further research is required to
determine an appropriate battery size for wireless charging EVs.

A comparative analysis involving an EV with a 24 kWh battery was performed in [93].
The EV was tested across three distinct road conditions: motorways, highways, and urban
roads. Each of these scenarios exhibited varying traffic conditions in terms of traffic flow,
including intensity and speed, as well as differing road lengths. The research outcomes
revealed that, in the case of urban roads, an average of 0.6 kWh of energy per kilometer was
transferred to the EV. In contrast, on the highway, this energy transfer averaged around
0.25 kWh per kilometer.

Fundamentally, drive range extension is possible through the strategic placement of
wireless charging infrastructure. This may be made possible by understanding how much
power can be transferred in different urban settings and at different vehicle speeds. It is
evident that the speed of the vehicle affects the transfer efficiency and amount of power
transferred with respect to a certain time frame. In particular, higher speeds cause lower
transfer efficiency [94], which means that the power transfer levels are low on highways
and ideally greater otherwise. Additionally, consideration must be given to the effect of
multiple EVs using the same power track on the performance of the GA.

Several works in the literature have explained the relationship between speed and
transfer efficiency and also proposed promising solutions to ensure the viability of dynamic
wireless charging. The influence of vehicle speed on the level of transferred power is
mathematically discussed in [95]. In another study, the researchers suggested limiting
speeds within allowable bands for an optimum scenario based on simulation results [96].
Moreover, an early work on power transfer control in dynamically charging EVs discussed a
control method that adjusts the transmitted voltage and the equivalent load resistance in the
EV [94]. The proposed method was simulated and the results showed that it was an effective
method to control the charging process in dynamic charging systems. Building on the
earlier two works, Ref. [97] proposes a method based on power electronics principles and
speed compensation to reduce load variation in the dynamic charging system. The results
show that the strategy allows for more cars to share power on the road and for higher
power transfer levels on highways. The study concludes that the reduced load variability
ensures that maximum energy is delivered to all the vehicles on the track.

3.3. Cost and Benefit Analyses and Environment Assessments

Cost and benefit studies revolve around estimating the investment or operational
expenses, as well as the economic advantages, associated with transportation systems
utilizing wireless charging [2]. Some studies, such as [79,80,98,99], concentrate exclusively
on these cost and benefit assessments, while others incorporate these considerations as part
of validating optimization methods, traffic models, or other economic evaluation techniques.
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According to [2], the analysis of cost and benefits can be categorized into two main groups:
(1) initial investment cost assessments; and (2) operational cost evaluations. The initial
investment analyses focus on calculating the setup expenses for wireless-charging electric
vehicles, with a particular emphasis on transit fleets. On the other hand, operational cost
analyses involve assessing the ongoing expenses related to operating wireless-charging
electric vehicles over a specific time frame.

At the other end of the spectrum, environmental assessments encompass lifetime
evaluations and analyses of environmental impacts. These assessments also include the
expenses associated with investments, vehicle operations, and energy logistics. The energy
logistics are concerned with the energy generation, conversion, and transmission costs.
Some of the most prominent studies include [92], which is often cited as the first work to use
the life-cycle assessment (LCA) method to consider the life-cycle energy and greenhouse
gas emissions of wireless EV charging, and [100], which builds on the work in [92] and uses
LCA to draw comparisons between a wireless-charging bus system and plug-in, diesel,
and hybrid buses.

3.4. Electricity Pricing and Billing

One of the biggest challenges faced in the commercialization of wireless EV charging
technologies is pricing the electricity. To address this issue, studies in the literature suggest
that a billing policy and an appropriate infrastructure to facilitate said policy must be con-
sidered. For instance, two mathematical models for determining optimal electricity pricing
are discussed in [101]. The first model addresses an ideal scenario where a government
agency has authority over both the power transmission networks and regional transporta-
tion. Its objective is to maximize overall social welfare by minimizing the combined total
cost of travel and electricity generation. In the second scenario, the government agency
oversees the transportation network, while an independent system operator manages
the power network using locational marginal pricing. The independent system operator
assesses supply and demand bids submitted by market participants, including buyers and
electricity generators, with the goal of minimizing power generation costs and ensuring the
system’s reliability. Consequently, it charges locational marginal prices for electricity at each
charging site. Despite the lack of control over the power market, the government traffic
agency can participate as a buyer in the wholesale market, paying the independent system
operator at locational marginal prices for the electricity used to charge EVs. Conversely,
the agency can influence the driver’s route preferences by adjusting the electricity prices
at each link. In this case, it is endeavored to establish an optimal pricing strategy that
maximizes the social welfare associated with the transportation system [2].

The issue of interdependency between traffic routing and electricity payment strategies
is discussed in [76]. In this study, a decentralized optimization model is used to consider
how wireless charging systems affect electricity and transportation networks. The use of
such a framework allows the evaluation of the effect of the electricity price on the demand
imposed by wireless-charging EVs and the effect of the electricity price and availability on
traffic flow. It is important to note that the study assumes that all aspects of the EV in the
transportation network are deterministic and that all routes connecting the start and end
points bear the same cost of travel. Furthermore, factors such as traffic congestion, which
provide more charging opportunities at the cost of higher power usage, are not considered.
The study also assumes that the electricity is generated from a renewable source. The work
in [102] focuses on the issues of power-load balancing and congestion. The research
proposes a game theory model to find the optimal schedule for power exchange between
EVs and the smart grid. In this way, it examines the impact of wireless-charging EVs on
power demand and traffic congestion through simulation. The underlying assumption is
that the smart grid has the capacity for data processing, communication, and connectivity
with charging tracks.

In contrast to the traditional toll collection on highways, where payments are based on
road usage, billing for EVs should take into account the quantity of electricity consumed by
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each individual vehicle. This makes billing policy particularly challenging, as addressed
by [103]. It is argued that charging rates should differentiate between a vehicle with
a fully charged battery and one with a nearly depleted battery, even if they are both
using the same charging lane. Based on this, the work introduces a robust and privacy-
conscious framework that ensures fairness in billing and authentication processes for EVs.
The framework is proposed under the assumption that the power track is divided into
numerous segments and that the billing process occurs on a segment-by-segment basis.
In this approach, each segment provides a consistent amount of energy. Another similar
study that proposes a privacy-aware authentication system for OLEVs is [104].

3.5. Construction and Installation Challenges

Due to the very limited implementation of wireless charging systems in the civil
infrastructure (most are still testbeds used in research), there is not much literature on the
subject of construction issues. However, it is imperative to understand the construction
challenges inherent in wireless charging infrastructure before considering the issues of
installation and maintenance costs. Of the available literature, Ref. [105] proposes a business
model to fund the wireless charging infrastructure, and it is considered the first paper
to address the issue of infrastructure funding. It outlines the responsibilities of both
private and public organizations and a payment system that applies to both EV and non-EV
drivers. Additionally, Ref. [106] presents a firsthand account of the installation of a charging
infrastructure, specifically an OLEV system. This report offers detailed explanations of the
installation procedure, prerequisites, and the sequential construction phases. Additionally,
it includes visual documentation of different stages of the installation and outlines the
testing protocols carried out during the installation process. In a similar vein, Ref. [9] is a
comprehensive study that provides a historical background and delves into anticipated
difficulties and concerns regarding power track installations within roads, as well as the
maintenance of these road-embedded charging systems. The paper also puts forth potential
approaches to enhance the structural durability of the road with integrated charging tracks.

When compared to wired charging, a major impediment to the adoption of wireless
charging is also the cost of infrastructure. Several studies in the literature have explored
different solutions to reduce infrastructure and maintenance costs. One prospective so-
lution is the implementation of artificial intelligence (AI) at various places in the system.
For instance, generative neural networks (GNNs) are used in [107] to create coil designs
for a dynamic IPT system. The results showed that the GNNs reached optimal designs
within seconds. The reduced time can allow for a more convenient and cheaper system
design process. In another work, a machine learning (ML) algorithm was proposed to
design a ferrite core structure that enabled a high magnetic coupling between the Tx and Rx
pads in an IPT system [108]. The algorithm optimized the designs such that the coupling
coefficient was high despite the reduction in the size of the cores. A 3 kW static charging
system prototype was also implemented to verify the results. ML algorithms based on
neural networks were also used in [109] to determine the optimal parameters for a tunable
impedance matching network. This approach achieved a transfer efficiency of approxi-
mately 90% for distances between 10 and 25 cm. A prototype was implemented to verify
the prediction capability of the algorithm. A solution known as additive manufacturing
(AM), more commonly referred to as 3D printing, is discussed in [110]. The work proposes
using 3D printing to manufacture coils and presents a general procedure for designing coils.
With AM, costs and production times are reduced, and more design opportunities are made
available. The coils designed using AM were compared to traditional litz and hollow wire
designs. The results show that AM helped design less costly and lighter coils. Moreover,
the transfer efficiency was improved, and parasitic resistance was reduced. Lastly, there is
an interest in designing a more compact system that would make construction easier and
less costly. A magnetic structure integrating DC–DC inductors with the receiver coil in the
Rx was proposed in [111]. To test the system, a 3.3 kW wireless charger with a frequency
of 85 kHz was designed, optimized, and built. The experimental results were compared
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to and validated by the simulation results. Although the total magnetic loss reported was
slightly higher in the proposed system, the results showed that the proposed design was
more compact and efficient.

3.6. Other Practical Perspectives

There are several other practical problems addressed in the literature that may be
considered miscellaneous but require consideration as well. Problems such as navigation,
which is heavily dependent on the optimal allocation of infrastructure, are also explored
as stand-alone research objectives. To provide assistance to the driver in routing, navi-
gating different traffic conditions, and guidance to charging lanes for dynamic charging,
Ref. [112] provides a comprehensive overview of solutions that can be explored further.
The software-based solutions detail a navigation system that provides routing information
to the driver based on the availability of the charging infrastructure and the price of the
charging. EVs approaching the lane can be identified using hardware and software proto-
cols. Two techniques, automatic license plate recognition (ALPR) and dedicated short-range
communication (DSRC), are described. To avoid collisions, an assisted guidance system is
described. The driver can then access a user account and be billed for the charging. Some
of the solutions related to pricing and billing, as well as communication and FOD, have
been previously discussed in Sections 2.7 and 3.4, respectively. Another paper that explores
a guidance system for static charging systems [113] presents a prototype that uses a phone
app to display the routing and alignment information.

The effect of the environment on the performance and operation of wireless EV
charging systems cannot be neglected. In areas that experience precipitation frequently, rain
and snow can act as challenging agents that affect the power transfer efficiency [114,115].
The moisture introduced by precipitation alters the dielectric properties of the pavement
material, affecting the coupling between the Tx and Rx. Snow introduces problems in
the tracking of and alignment with the charging station or lane and causes impedance
mismatches, which reduce the transfer efficiency [116]. Additional road contaminants,
such as iron sand and sand, similarly affect the performance [117]. More work needs to be
performed to further understand the performance of wireless charging systems and the
constituent hardware in different environmental conditions [114]. Currently, the literature
alludes to infrastructural solutions involving pavement materials and facility design that
can help mitigate the interrupting effects of environmental agents.

Another discussed aspect is the protection of living things such as humans, pets,
and small animals [118,119]. The literature makes extensive mention of FOD solutions as
one way to deal with the problem of EM exposure to living things. For instance, researchers
from Sophia University and Toyota Central R&D Labs demonstrated an FOD system
that uses the Wi-Fi channel state information (CSI) to detect changes in the environment.
The changes are marked by variations in multipath propagation due to reflection and
diffraction of radio waves. The proposed method achieved a high detection rate of moving
objects. Other research studies propose setting guidelines, such as developing WPT systems
with EM performance limits that are well below the levels set by EM exposure standards,
such as in [120]. Further extending the discussion of possible solutions to address this
problem, [121] proposed a passive shielding method that sets a metal shielding ring around
the Tx coil in a horizontal orientation. The method is shown to greatly reduce EM radiation
and provides an additional design consideration for engineers designing inductive-based
wireless charging systems, such as IPT and RIPT. A summary of the problems discussed
in this section is presented in Figure 18. An area that may not be explored as much is the
effect of WPT systems on wireless communication systems, though it is shown that the
interference impact of WPT on radio systems may not be negligible [122].
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Figure 18. Some miscellaneous and practical problems discussed in the literature.

4. Standardization Status

Standardization is strongly required for further development, wide adoption, and com-
mercialization of wireless EV charging systems. In a broader sense, standardization pro-
vides a metric of quality, safe operational conditions, and the means to compare technologies
from different manufacturers. Initially, low-power devices such as mobile phones and
toothbrushes enjoyed WPT integration. The adoption of WPT in such devices resulted in
the standardization of those low-power applications. The most cited standard for wireless
EV charging systems is the SAE J294-2016 guideline by SAE [3]. Although its usage is
optional, the guideline offers a comprehensive review of criteria in many areas, such as
interoperability, EM compatibility, minimum standards for performance and safety, com-
munication, as well as testing of charging systems for light-duty EVs [13]. The existing
standardization and regulatory efforts can be seen in bodies such as the SAE and the
work of the Institute of Electrical and Electronics Engineers (IEEE) Industry Standards
and Technology Organization (Electric Vehicle WPT standards), which focus on dynamic
wireless charging and bi-directional charging, among other aspects of system development
and integration [2].

Other standardization activities include those from the International Electrotechnical
Commission’s (IEC) Technical Committee on Electric Vehicles (IEC, TC 69, 2017) and the
International Organization for Standardization (ISO). These standards deal with vehicle
operation conditions, vehicle safety, and energy storage installation [123]. Additional work
by researchers that focuses on similar regulatory activities includes [124,125], which offer
comprehensive overviews of the regulations relevant to WPT systems. Other works, such
as [126], present findings on the safety regulations and standards that guided the testing
and assessments conducted during the installation and implementation of the OLEV system.
The latter two reports offer insights into how current standards and regulations should be
modified to support system commercialization. Table 3 shows the standardization status
over the years.

Table 3. Timeline of standardization.

Year Standard(s) Issuing Organization Description

2000 G106 [127] Japan Electric Vehicle Association Inductive Charging for EVs—General
(JEVS) Requirements

G107 [127] Inductive Charging for EVs—Manual Connection

2001 G108 [127] Japan Electric Vehicle Association Inductive Charging for EVs—Software Interface
(JEVS)

G109 [127] Inductive Charging for EVs—General
Requirements

2006 C95.1 [128] Institute of Electrical and Electronics Respect to Human Exposure to Radio Frequency
Engineers (IEEE) (3 kHz–300 GHz) Electromagnetic Fields
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Table 3. Cont.

Year Standard(s) Issuing Organization Description

2013 J2836/6 [129] Society for Automotive Engineers (SAE) Use Cases for Wireless Charging Communication
for EV

2014 J1773 [130] Society for Automotive Engineers (SAE) EV Inductively Coupled Charging

2015 J2847/6 [131] Society for Automotive Engineers (SAE) Communication Between Wireless Charged
Vehicles and Wireless EV Chargers

15149-2 International Electro-mechanical Information Technology—Telecommunications
(ISO-IEC) [132] Commission (IEC) and Information Exchange Between Systems–

Magnetic Field Area Network (MFAN)—Part 2:
In-band Control Protocol for WPT

2017 J2954 [13] Society for Automotive Engineers (SAE) Wireless Power Transfer for Light-Duty Plug-In
EVs and Alignment Methodology

J1772 [133] EV/PHEV Conductive Charge Coupler (CCC)
2017 P2100.1 Institute of Electrical and Electronics Wireless Power and Charging Systems

Engineers (IEEE)

61980-1 [134] International Electro-mechanical EV WPT Systems Part-1: General
Cor.1 Ed.1.0 Commission (IEC) Requirements
62827-2 Ed.1.0 [135] WPT-Management: Part 2: Multiple Device

Control Management (MDCM)
63,028 Ed.1.0 [136] WPT-Air Fuel Alliance Resonant Baseline

System Specification (BSS)

Subject 2750 [137] Underwriters Laboratories Outline of Investigation, for WEVCS
Inc. (UL), Chicago, IL

19363 [123] International Organization for Electrically Propelled Road Vehicles—Magnetic
Standardization (ISO) Field WPT—Safety and Interoperability

Requirements

Currently, wireless EV charging systems have not seen widespread commercializa-
tion for several reasons. One of the root causes is the status of standardization, owing
to the relative novelty of the technology and the fact that most implemented systems are
essentially still testbeds. Another reason is that, from a technical point of view, the im-
plemented and studied systems have not reached sustainable levels of power transfer in
many cases. Be that as it may, the extensive research work is extremely promising, and the
problem of commercialization, or lack thereof, may be resolved sooner than anticipated.
It is important to note that the early interest in WPT systems for EVs stemmed from the
promise of dynamic charging. In this respect, most early work on WPT for EVs, like [138],
focused on the same category of wireless charging systems. That work and similar oth-
ers first inspired research initiatives in the early 1990s. In the early 2000s, some of the
most significant and pioneering contributions were made in the field of dynamic wireless
charging by researchers at the University of Auckland [7]. ORNL in Tennessee is also
actively researching quasi-dynamic and dynamic charging solutions. However, they have
also partnered with Hyundai America Technical Center and Toyota Research Institute of
North America and are developing static wireless charging systems for passenger cars [2].
Another active institution is Utah State University, which is part of a consortium of five
partner and affiliate universities and institutions in the United States. The consortium is
called the Sustainable Electrified Transportation Center (SELECT) and research is being
carried out on dynamic charging systems. There are numerous other projects in recent
history, such as Partners for Advanced Transit and Highways (PATH), which was led by
researchers from the University of California, Berkeley [9]; PRIMOVE [10], a static charging
solution for light rail and bus fleets; the feasibility analysis and development of on-road
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charging solutions for future electric vehicles (FABRIC), a consortium of several European
automakers [2]; and the vehicle initiative consortium transportation operation and road
inductive application (VICTORIA), which is one project associated with FABRIC.

One of the biggest achievements in the field of wireless EV charging was OLEV, the first
commercial dynamic charging bus system. First demonstrated in 2009 by KAIST, OLEV
has been deployed at four sites in South Korea thus far and was fully commercialized in
2011 [3]. The system is a 2.2 km circular track around Seoul Grand Park and is powered by
an underground power supply that is 372.5 m in four segments. The numerous patents
on technologies involved in the OLEV system provide more detailed information. Table 4
shows some of the key research work being carried out in the field.

Table 4. Research work and trends.

Research Group(s) Notes Type Frequency Air Gap Power Efficiency
(kHz) (mm) (kW) (%)

KAIST Research into static Car 20 10 3 88
and dynamic charging Train 60 120–200 15 74
systems Bus 20 170 6 72

University of Car 60 200 1 83
Auckland

Qualcomm Publicly demonstrated Race Car 85 20 More than 90
stationary charging and Car 85 160–200 3.3 and 6.6 90
prototyping dynamic
charging

Oak Ridge Static and dynamic Car 20 100–160 3.3 and 6.6 90
National Laboratory charging systems Car 22–23 162 20 and 120 93
(ORNL)

EV System Lab and 90 100 1 More than 90
Nissan Research Centre

Utah State University Research into dynamic Bus 20 150 25 86
charging systems

Zurich ETH 85 52 50 96

5. Conclusions

The continuing electrification of the automobile industry prompts the development
of new technologies such as wireless charging. While the concept has been around for
some time now, WPT applications for EVs have recently picked up traction, and there is a
growing research trend in the field. Many studies focus on providing the technical details,
while a few deal with the systems perspective. This survey is an attempt to distill both
perspectives into one for researchers, policymakers, and those seeking an introduction
to the field of wireless EV charging. The studies focusing on the technical engineering
discuss the mode of charging (static, quasi-, and dynamic), WPT technologies in detail,
compensation topologies, converter topologies, coil shapes and transformer design for
the charging pads, and onboard communication systems. The studies discussing the
operations and systems for wireless EV charging detail problems such as infrastructure
allocation, drive range extension, cost–benefit analyses and environmental assessments,
pricing and billing, and installation challenges. Furthermore, standardization of various
aspects of wireless EV charging needs to be accelerated for adoption. There are a few
standards available currently. However, much of the technology is still in the testing,
experimental, and prototyping stage. A silver lining is that there is a growing interest
among EV manufacturers to implement wireless charging for their new models.
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Abbreviations
The following abbreviations are used in this manuscript:

EV Electric vehicle
BEV Battery electric vehicle
SUV Sports utility vehicle
WPT Wireless power transfer
EM Electromagnetic
GA Ground assembly
VA Vehicle assembly
Tx Transmitter pad
Rx Receiver pad
PF Power factor
CPT Capacitive power transfer
IPT Inductive power transfer
RIPT Resonant inductive power transfer
EMI Electromagnetic interference
GM General Motors
ORNL Oak Ridge National Laboratory
MGWPT Magnetic gear wireless power transfer
PM Permanent magnets
BMS Battery management system
DLC Distributed laser charging
LOS Line-of-sight
JPL Jet Propulsion Laboratory
NPP Non-polarized pad
PP Polarized pad
DD Double D
DDQ Double D quadrature
BP Bipolar
QDQ Quad D quadrature
SS Series–series
SP Series–parallel
PS Parallel–series
PP Parallel–parallel
SAE Society of Automotive Engineers
SoC State of charge
SLDC Single link–dual carrier
SLSC Single link–single carrier
DLDC Dual link–dual carrier
FOD Foreign object detection
AI Artificial intelligence
GNN Generative neural network
ML Machine learning
AM Additive manufacturing
OLEV On-line electric vehicle
KAIST Korea Advanced Institute of Science

and Technology
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FCLM Flow-Capturing Location Model
HWFET Highway Fuel Economy Driving Schedule
LCA Life-cycle assessment
ALPR Automatic License Plate Recognition
DSRC Dedicated Short-Range Communication
CSI Channel state information
IEEE Institute of Electrical and Electronics Engineers
IEC International Electrotechnical Commissions
ISO International Organization for Standardization
SELECT Sustainable Electrified Transportation Center
PATH Partners for Advanced Transit and Highways
FABRIC feasibility analysis and development of on-road charging solutions

for future electric vehicles
JEVS Japan Electric Vehicle Association
UL Underwriters Laboratories Inc.
Zurich ETH Federal Institute of Technology Zurich
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