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ABSTRACT Wireless Power Transfer (WPT) using inductive and magnetic resonance coupling developing
at enormous pace due to its diversity of applications, such as electric vehicles (EV), biomedical implants,
consumer electronics, robotics and so on. This review presents historical background together with appli-
cations of low power and high power WPT systems. The review emphasizes on two main design facets of
WPT system including compensation networks and coil structure. All up-to-date compensation topologies
are comprised in the review along with latest coil designs. Load-independent operation using compensation
topologies is also reviewed. The review provides all available methods to analyze the circuit structure of
WPT system theoretically and it also outlines the software used for circuit simulations as well as coil design.
This paper is diverse from existing reviews in a pattern that it presents not only complete critical intuition
on the vital design features, recent advancements, contemporary problems and challenges of low power and
high power WPT systems but also provides the available theoretical methods as well as software to analyze
the WPT system in wholesome. This paper will enrich the knowledge of the researchers to investigate the
WPT systems using existing techniques and to solve the present-day design glitches of WPT systems.

INDEX TERMS Wireless power transfer (WPT), inductive coupling, magnetic resonance coupling, coil
design, compensation topologies, load-independent operation.

I. INTRODUCTION
Wireless Power Transfer (WPT) using inductive and resonant
coupling works on the method of Power is transferred from

The associate editor coordinating the review of this manuscript and

approving it for publication was Diego Masotti .

the source to the load coil via electromagnetic induction (EI).
WPT is applicable for short distance and medium-distance
applications [1]. According to [2], the transmission distance
between the source and the load coil, which is greater than
the coils’ diameter, is referred to as the WPT at medium
distance. The short distance can be defined as the distance
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FIGURE 1. H. Winfield Sector’s Tesla apparatus and experiments were
published in Practical Electrics in November 1921.

between the coils is less than the diameter of the coils.
WPT systems are complex in nature; therefore, various facets
essential to consider formerly designing such systems. WPT
was initially demonstrated at the end of the 19th century by
Nikola Tesla [3]. Although tesla demonstrated the feasibility
of a WPT system at the laboratory level, his wardenclyffe
project was not successful. A resonant transformer often is
known as an archaic. Tesla coil construction is depicted in
Figure 1.

Where, the capacitor is receiving current from the high
voltage transformer via the spark gap (S.G). At first, the
spark gap is open-circuited, and current flows to the capac-
itor, charging it completely. When a capacitor’s voltage rises
too high, the spark gap breaks down and starts to func-
tion as a conductor. As a result, a shunt resonant circuit is
created, and the capacitor’s energy is released into the pri-
mary coil as a damped high-frequency oscillation. Through
the resonance, a voltage gain from the secondary is made
possible when this high-frequency current is oscillating in
the primary coil. The primary coil inductance and capac-
itor value can be used to determine the natural resonance
frequency [4]. After tesla’s experiment, there has been little
research on WPT technology due to the unavailability of
high frequency switching devices at that time. Thereafter,
the research on WPT using radioactive microwaves was con-
ducted after 1960 [5], [6], [7], [8], [9], [10]. The radioactive
technology uses far-field electromagnetic waves and has low
transmission efficiency due to its unidirectional radiation
pattern. It utilizes industrial, scientific, and medical (ISM)
band (850 MHz – 2.4 GHz) [10]. Using RF and microwaves,
power can be transferred over long distances using high-gain
receiver antennas, but it requires sophisticated tracking and
alignment mechanism and clear line-of-sight (LOS) in an
unstructured and vigorous environment [5], [6]. William C.
Brown proposed a WPT system based on microwave beams
in 1966 [7]. To transform solar energy into electrical energy
and then transmit it to the ground using microwave tech-
nology, Peter Glaser introduced the notion of building solar
power stations in space in 1968 [11]. The near field induc-
tively coupled wireless power transmission (ICWPT) was

developed in the early twenty-first century. A method was
made commercially available [12], [13], [14], [15], [16] for
wirelessly charging low power devices such as toothbrushes
and other portable electrical devices.

After that, the ICWPT was extensively researched how
to handle high power applications up to a few kilowatts,
such as charging electric automobiles for short distance
applications with a grid to load efficiency of above 90%
[17]. Figure 2 provides the historical development of WPT
technology. Moreover, the resonant coupled wireless power
transfer (RCWPT) method was suggested in 2007 by the
researcher’s team of Massachusetts Institute of Technology
(MIT) as shown in Figure 3. At a 2m air gap, they could
light a 60W bulb with an efficiency of 40% to 60% [18],
[19]. In RCWPT system, the resonance can be achieved
by self-resonance of the coils. However, in most cases the
self-resonance frequency of the coils is much higher than
the desired frequency; therefore the lumped capacitors can
be added to achieve the desired resonance frequency.

After that, the circuit theory was explained in [20] for four
coil structure using RCWPT technique. RCWPT is the mod-
ified form of ICWPT system, which utilizes high frequency
than the ICWPT system and uses parasitic capacitance and
self-inductances of the coil to achieve the resonating con-
dition. It is difficult to create high-frequency high-power
supply due to significant losses of high-power high frequency
converters. Therefore, the ICWPT technique is widely used
for high-power as well for low power applications. Recently,
wireless charging pads are commercially available in the
market for battery charging of cell phones, laptops, and com-
puters. The EV battery charging is also progressing rapidly
and charging spots in parking slots are being built in the
developed countries [17]. ICWPT has also experimented for
biomedical implants, such as capsule endoscopy, ventricular
assist devices (VADs), battery charging of cardiac pacemaker
and defibrillator [21], [22], [23], [24]. Wireless Power Trans-
mission Market Size was priced at USD 7.8 billion in 2022.
The wireless power transmission market industry is projected
to grow from USD 9.3 Billion in 2023 to USD 28.6 billion by
2030, exhibiting a compound annual growth rate (CAGR) of
20.40% during the forecast period (2023-2030) [25].

The taxonomy of the WPT system for EV charging using
various methods is depicted in Figure 2. The three main

FIGURE 2. WPT taxonomy in different literatures [26].

VOLUME 11, 2023 144979



M. Rehman et al.: Review of Inductive Power Transfer

FIGURE 3. History of WPT technology.

FIGURE 4. Schematic diagram of the experimental setup by MIT [18].

areas of WPT research were coupling topology, compensa-
tion strategies, and control methods [26].

The main factors which contribute towards the growth of
usage of ICWPT devices are convenience and need for effec-
tive charging. However, non-standardized ICWPT charging
systems lead to poor user experience and high cost, thus
restricting the market growth [27]. Figure 4 depict the world-
wide share of WPT market growth in recent years along with
future prediction.

In addition to applications involving the transfer of elec-
tricity, these two sides can execute data communication,
which could be of utmost significance. A thorough analysis
of the transfer function of the power and data transmitting
channels is done for the single link dual carrier (SLDC)
approach. A design example for a Series-Series (SS) compen-
sated system is shown for wireless charging applications for
electric vehicles [28]. Along with power transmission, a wire-
less battery charging technique allows for the simultaneous

transmission of information about the battery’s state, the
vehicle’s ID number, and emergency messages between the
grid and the vehicle. The secondary (vehicle) side operational
state can be continuously monitored by the control system,
and charging current can be changed in accordance with
battery health [29].

The design of WPT can be described in four main facets;
compensation topology, coil structure, control mechanism
and power electronics, first twomain facets are covered in this
review. The behavior of efficiency can be easily understood
by researcher in this review and load independent operation of
different topology compensation. Numerous problems linked
with the WPT technology, such as the quality factors of the
coupled coils for receiving maximum efficiency are also dis-
cussed. The effects of coil misalignment on the efficiency and
power transfer capability of the system are also comprised.

This paper is novel in way that it covers almost all the
design aspects of a WPT system, such as, the compensa-
tion topologies, coil structures, control mechanism, power
electronic devices, and human exposure. Moreover, it also
provides the necessary tools available for conducting research
in the domain of WPT technologies. Such as, all the available
mathematical methods for WPT circuit analysis are provided
in the Table 2, and the tools for simulation of WPT circuit are
presented in Table 3.

Apart from that computer software tool for designing the
coil structure and their analysis are given in Table 4. Also
the tools available for co-simulation of coil structure as well
as circuit design together are also provided. For example,
AnsysMaxwell andAnsys Simplorer can be used together for

144980 VOLUME 11, 2023



M. Rehman et al.: Review of Inductive Power Transfer

FIGURE 5. WPT market worldwide markets by region [2].

FIGURE 6. Different techniques of wireless power transfer [30].

combined simulation of coil structure and circuit at one plat-
form, which is mentioned in Table 3. In that way, this review
provides the broad and complete information for performing
the research in WPT domain. Additionally, references from
inductive coupled wireless power transfer and resonant cou-
pled wireless power transfer are utilized to make this review
more comprehensive.

II. DIFFERENT TECHNIQUES OF WIRELESS POWER
TRANSFER
Different types of techniques have been utilized for WPT
technology as illustrated in Figure 5, and different techniques
of wireless power transfer are depicted in Figure 6.

Radioactive power is the ability to move energy over
a distance that is typically several times greater than the
transmitting antenna’s dimensions, such as through air or a
vacuum, in the form of an electromagnetic wave [2]. Radioac-
tive WPT uses frequencies between 100 kHz to tens of

MHz for industrial, scientific, medical, and defense appli-
cations [31], [32] and it offers low efficiency due to its
unidirectional behavior [33]. Additionally, the radioactive
power transfer method is not frequently used in civilian
applications because its radiations might be harmful to
human health. Recent developments in non-radioactive WPT
research suggest that this technique may soon be more
efficient and cost-effective for commercialization. Capaci-
tive wireless power transfer (CWPT), inductively coupled
wireless power transfer (ICWPT), and resonant coupled
wireless power transfer (RCWPT) are three categories of non-
radioactive WPT. Electric induction, which is the distribution
of surface charges on the body or object, is the mechanism
by which the capacitive WPT operates. In this technique,
a high frequency voltage source excites a resonating trans-
mitter to produce an alternating electrical field that couples
with a resonating receiver and transmits power to the load.
The efficiency of capacitive coupling, which may transfer
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electricity over very small distances, is influenced by nearby
bodies of water or other nearby objects [34]. The amount
of power transfer is comparatively less than ICWPT and
RCWPT. The capacitive coupling can be used for low power
applications (1-50W) and relatively small distance (generally
less than 1cm) [30].
During capacitive coupling, a small capacitance made by

the electrodes gives a very high voltage between the elec-
trodes, subjected to air breakdown. Capacitive coupling can
be used for power transfer through a metal barrier [35].
Furthermore, the external magnetic field does not affect
the capacitive coupling. Capacitive power transfer used in
synchronous machines [36], low power contactless charging
(5W) [37], and medical devices power supply (30W) [13].
Inductive coupling is a widely used technique; it works on
the principle of electromagnetic induction like a transformer
but uses high frequency (20 kHz to 1 MHz) than the trans-
former [33]. In a transformer, the electromagnetic field is
naturally limited to a core of high permeability; however,
ICWPT is different in a way that the region between the
coils is air [38]. A high-frequency current is supplied to the
transmitter (Tx) coil, which creates a magnetic field, and a
voltage is induced through the magnetic flux in the receiver
(Rx) coil. The leakage flux is generated because of air gap
between Tx and Rx; however, in conventional transformer
the leakage flux is neglected due to the negligible air gap.
Besides, in inductive coupling, the leakage flux needs to be
compensated by the external lumped capacitors or inductors
by using different circuit topologies. Usually, the size of coils
is bigger than the distance between the coils in ICWPT and it
can be used for low as well as high power applications [2].
ICWPT enables a system to have an energy efficiency of

over 90%. The tiny intervals between a few millimeters and
tens of centimeters are appropriate for it. However, for the
charging path to attain greater efficiency, exact alignment is
necessary. The examples of ICWPT technology include the
laptop and cell phones charging pads, chargers for electric
toothbrushes and electrical vehicle charging, etc. RCWPT
can be also called as the WPT using magnetic resonance
coupling (MRC). RCWPT is suitable for medium distance
transmission [39]. The medium distance means the distance
between the coils is bigger than the dimension of the coils [2].
RCWPT technique is the modified form of ICWPT tech-
nique and it uses a higher frequency (generally between
5MHz and 20 MHz) than ICWPT. The magnetic resonance
coupling is different from inductive coupling in a way that,
the coupling between the transmitter (Tx) and the receiver
(Rx) is achieved by both the magnetic field and the electric
displacement field (electric flux density or free charge sur-
face density). This is due to the high operating frequency
(5 MHz – 20 MHz). The transmission is thus possible even
in case of misalignment between Tx and Rx, but efficiency
can be compromised. The main disadvantage of magnetic
resonance coupling is that themaximum allowable field value
is not yet known to ensure the safety of the users. Another

drawback is that in the case of high-power applications, the
power electronic devices using MHz frequency are diffi-
cult to implement due to the losses and high cost. ICWPT
uses external lumped compensation capacitors for achieving
resonance conditions, but in RCWPT self-resonance coils
are preferred and their self-inductance and parasitic capaci-
tances are used for achieving resonance condition. In case,
the self-inductances and parasitic capacitances of coils are
insufficient to create resonance at the required frequency,
a lumped capacitor is required [2]. The literature’s experi-
mental findings and prior study lead us to the conclusion
that RCWPT technology offers a number of advantages than
ICWPT due to its higher transmission distance; however, it is
appropriate for low power applications, because it uses high
frequency (fewMHz to several MHz) than ICWPT to achieve
high-quality factor of coils [40], [41]. It is quite difficult to
create high power and high-frequency supply due to many
losses in power electronic devices. Therefore, for high power
applications, the ICWPT technique is preferred.

Furthermore, the research reported in [42] presents a
comparative analysis between RCWPT system and ICWPT
system. It was demonstrated that the efficiency of RCWPT
is greater than the ICWPT model due to its high frequency.
However high-frequency supply is difficult to create in case
of high-power applications. Moreover, in [20], a ‘‘magic
regime’’ was discovered in the resonant coupling mode.
A magic regime was defined as the regime where efficiency
was constant over a certain distance. Additionally, it was
reported in [43] that RCWPT and ICWPT will unite together
in the future despite their present dissimilarities because both
technologies are working in electromagnetic induction, the
improved efficiency across long distances in RCWPT system
is only due to high operating frequencies and high-quality
parameters. The ICWPT and RCWPT have been used for
multiple applications, such as the charging of electric vehi-
cles, unmanned aerial vehicles (UAVs), biomedical implants
and consumer electronic devices. WPT using inductive and
resonant coupling possess certain advantages because of its
high efficiency and reliability as compared to other methods.
As mentioned earlier, there is a small difference between
ICWPT and RCWPT techniques. ICWPT is more suitable for
high power applications, while RCWPT can be a good choice
for low power applications.

This review covers the ICWPT as well RCWPT tech-
niques. However, more focus is kept on ICWPT technique.
Although significant work has been done to improve both
the techniques; however, many design challenges exist, such
as efficiency decreases drastically with increasing distance,
so it has limited transfer distance. Usually, a tradeoff between
efficiency and transmission distance is taken into considera-
tion. Higher efficiency is achievable at very short distances.
High power can be transferred at long distances but efficiency
becomes low. Furthermore, the quality factors of the coils
play a vital part in the design of the WPT system. The quality
factor of the coil depends upon the design of the coil and its
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parasitic capacitances and intrinsic resistance value. While
the loaded quality factor is also important factor in WPT
system, it depends upon the compensation topologies and
load resistance. Coil’s quality factor increases with higher
frequency, but to increase the frequency beyond a certain
range is not feasible due to losses in power electronic devices.
In case of a very high frequency, high-power inverters are
difficult to implement due to their huge losses.

From the comprehensive literature survey, it can be
extracted that there are four main design aspects of ICWPT
system. First one is power electronics involved, second one is
the design of charging coils / pads, and the third is the design
of compensation network to create the resonance condition in
order to transfer power at large air gaps with good efficiency.
The fourth one is the implementation of proper control mech-
anism. This review will cover all the design aspects and their
implications on the overall design of ICWPT system.

A. DRONES
The proposed frustum-shaped wireless charging port for
UAVs and drones is depicted in Figure 7 via an image. The
port has a truncated four-sided pyramid as its frustum shape,
and it is manufactured of FRP. Even if large-sized UAVs hit
the port on landing, the frustum-shaped port won’t be broken
because FRP is so strong. Since the frustum-shaped port is
seamless, it is simple to guarantee its water proofness. Plastic
does not impact the magnetic performance of transmits and
receives coils. These FRP properties make them a good fit
for wireless charging ports that use inductive power trans-
fer. To conduct a preliminary assessment of inductive power
transfer, the target drone has a receiving coil placed in its
relatively thick vinyl chloride tube frame [44].

FIGURE 7. Wireless UAV/Drone charging FRP frustum port [44].

B. AUTOMATIC GUIDED VEHICLES (AGV)
Possibilities for WPT in transportation, such as vehicle elec-
trification, EV, and AGVs are growing [45], [46]. Several
studies have been devoted to examining the power transfer

between vehicles and the grid, with a focus on both grid-
to-vehicle (G2V) and vehicle-to-grid (V2G) interactions.
However, the operating performance may be impacted by
induced harmonics or unanticipated disturbances brought on
by mismatched parameters and different resonant topologies
during WPT [47], [48], [49], [50]. A dual-receiver sys-
tem is provided for the standard AGV forklift utilized in
unmanned factories, as seen in Figure 8. Through rectifiers
and compensation networks, these two receivers guaran-
tee two independent output channels. Additionally, all coils
have spiral designs to increase rotational misalignment
tolerance [46].

FIGURE 8. Typical AGV forklift schematic with the suggested two receiver
setup [46].

C. ELECTRIC BIKES
One of the most potential EVs is the electric bicycle (EB),
which has the advantages of convenience, low carbon emis-
sion, affordability, and user-friendliness [17]. However, the
traditional charging method requires power lines to charge
the battery, which in some severe situations may cause elec-
trical leakage [51], [52]. Pioneers have investigated wireless
power transfer (WPT) methods for EB charging systems to
achieve this. For example, a double-coupled inductive system
is suggested for multi pickup systems with the intention of
wirelessly charging a fleet of EBs [53].

III. WORKING PRINCIPLE AND APPLICATIONS OF ICWPT
SYSTEM
Figure 9 shows the fundamental structure of an ICWPT
system. Initially DC supply is needed to convert it to high-
frequency (HF) alternating current (AC) supply. OnceHF-AC
supply is created then compensation circuit is connected
before the transmitter (Tx) coil. After that, the receiver (Rx)
coil can be placed infront of Tx coil at some distance. Then
the compensation circuit after the Rx coil is required. The role
of compensation circuit is to resonate both Tx and Rx coil at
the same frequency in order to achieve maximum efficiency.
The Rx coil collects the induced voltage from the Tx coil and
deliver it to the load. However, from the Rx side HF-AC is
received, which cannot be used directly for load. Therefore,
the rectifier circuit is employed to convert it to DC power first
then it can be supplied to the load.
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FIGURE 9. Fundamental diagram of ICWPT system.

A. LOW POWER AND HIGH-POWER ICWPT SYSTEM
The ICWPT system can be categorized into two parts accord-
ing to the power level i.e. low power and high-power,
as shown in Figure 10.

Both power levels got different challenges. Although
some standards are available to commercialize low-power
and high-power ICWPT devices to ensure interoperability
between Tx and Rx. Still many standards need to be defined
for further commercialization of ICWPT technology. The
low power can be defined as the power from few mW
to 100 W [54]. The high-power ICWPT systems can be
described as the power above 1 kW. In low power sys-
tems, the small geometry of overall system is needed due
to embedded design. Because low power application can
be used for biomedical implants, which has size restriction
especially from Rx side. Therefore, the efficiency is not
the most significant factor in low power system. Besides,
small size, higher tolerance in case of misalignment and
low-cost are the most important factor for the designing of
low power WPT systems. Moreover, in case of high-power
system, the efficiency is an important, because large sized
coils and high-power electronic devices are used for such
system. Therefore, a small percentage drop in efficiency can
cause the huge power losses of overall system. Therefore,
power losses need to be minimized while designing such
systems. In addition, the magnetic field emission is also a
significant factor for low power as well as for high power
applications to guarantee the safety of the user.

In recent years, ICWPT for EV charging is the most
investigated field for high power applications. In general,
two kinds of EV charging including stationary charging and
dynamic charging are available. In stationary or static charg-
ing method, the transmitter and the receiver coils remain
in stationary positions. In a dynamic charging method, the
transmitter coils are fixed under the ground, while the receiver
coils are embedded in a moving vehicle. In this way, the EV
can be charged while vehicle is moving on the road. A sys-
tematic approach is required to design an ICWPT system
for specific applications. Moreover, this section provides the
further details of low power and high-power applications as
follow.

B. APPLICATIONS OF LOW POWER ICWPT SYSTEM
Some important applications of low power ICWPT systems
are provided below.

1) DESKTOP PERIPHERALS SUPPLY AND MOBILE PHONE
CHARGER
In recent years, the ICWPT charging pads has become pop-
ular for consumer electronic devices, especially, for desktop
peripherals, mobile phone charging pads, etc. The ICWPT for
desktop computers and cell phones is broadly investigated.
The required power for these devices lies between 1 to 20 W
and the air gap between the coils is normally less than a cm.
Wireless charging system for mobile phones was investigated
in [43] using two circular coils with a 35 mm radius with
frequency of 500 kHz. The system has transferred power of
4W up to 2mm distance between the coils. Moreover, in [55],
a wireless charging system using desktop peripherals was
designed. A battery manager was used for a controlled load
battery cycle. To test the system, the cell phone devices were
positioned on a ‘‘charging pad’’, as illustrated in Figure 11.
The charging pad then detected the availability of one or
more objects to starts the transfer of power wirelessly. It was
noticed that the internal self-inductance decreased slightly
with the frequency, but its value was negligible compared to
the total inductance of the pad.

2) BIOMEDICAL IMPLANTS AND MEDICAL APPLICATIONS
ICWPT using inductive and resonant coupling got many
applications for biomedical implants such as a cardiac pace-
maker, cardiac defibrillator, spectral endoscopy, etc. In those
conditions, it is difficult to send the power to charging plants
using wires; therefore, the need for ICWPT is a quite useful
technique in such situations. ICWPT for cardiac pacemaker
using SS topology and sandwich structure was proposed
in [23]. The sandwich structure of coils was made by two
series-connected Tx coils and two series-connected Rx coils;
however, both Tx coils kept outside the Rx coils to make
it sandwich coils structure as shown in Figure 12 [56]. The
proposed system provided the rated power output 4 W with
a transmission efficiency of 88% and the transmitter current
less than 1 A. The transmission distance was set as 200 mm.
An LCC-C topology for ICWPT to charge the battery of pace-
maker is utilized in [22], where C shows the series capacitor
from the secondary side, which is illustrated in Figure 13
[58]. The research on capsule endoscopy is conducted in [24],
a modified Helmholtz coil is proposed for high efficiency and
better power stability. SP-mixed resonance scheme is utilized.
ICWPT for endoscopy is shown in Figure 14.

3) RESONANT LOOPS
Domino and relay resonators have been used to improve the
transfer distance of the ICWPT system. The ring resonators
have also been employed [59], [60], [61]. Domino or relay
resonators are defined as the intermediate coils between Tx
and Rx to enhance the transmission distance. These coils can
be self-resonant or resonating on the frequency adjusted by
external lump capacitor. In [57], ICWPT using ring domino
resonators were developed, as illustrated in Figure 15. The
transmitter power was set as 15 W using a frequency of
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FIGURE 10. ICWPT Categorization according to power level.

FIGURE 11. Desktop peripherals charger realized in [55].

500 kHz. Although this is a very sophisticated solution to
enhance the air gap between the primary and secondary coils,
no real application uses this concept in literature.

4) EXISTING STANDARDS FOR LOW POWER APPLICATIONS
To increase the interoperability between different types of
devices made by different companies, it is necessary to have
standardization for compatible charging of several devices.
Figure 16 shows the concept of interoperability among
different devices. Although many standards have been set
for ICWPT, the probably most acknowledged standard for
ICWPT is given by Wireless Power Consortium and is
known as QI Standard for ICWPT for low power applications
between 0 to 5 W for a distance up to 40 mm [31].

Moreover, three types of coils have been included, as illus-
trated in Figure 17 to improve coupling coefficient. The first
one is named ‘‘guided-positioning’’ in which the device under
charge is aligned to the transmitting coil. The second one is
the ‘‘free positioning’’ having a dynamic coil. The primary

coil moves below the receiving coil to keep the coupling
factor in the desired position of the receiving coil. The third
one is ‘‘free positioning having coil matrix’’. In this structure,
the transmitter is made up of the coil arrays. In the multi-
coils’ setup, a method of detection of a load is done to supply
the power to the only coils below the receiver. A canal-based
information system to control the transmission of power by
using reflected impedance values is superimposed to the
power transfer canal. The standard also provides the defini-
tion of the communication protocol between the transmitting
and receiving devices [62]. Furthermore, one more standard
known as Rezence has been provided in 2012, by the com-
pany Alliance for ICWPT (A4WP). The power transfer up to
50 watts at a distance of 5 cm for an operating frequency of
6.78 MHz is included in this standard. This standard employs
intelligent Bluetooth (BLE) to create a communication link
between the transmitter and its device. The Power Matters
Alliance (PMA) is another company, which is trying to stan-
dardize universally the diverse standards presented above
together in one so that the ICWPT chargers can be easily used
in public places as shown in Figure 18.

C. APPLICATIONS OF HIGH-POWER ICWPT SYSTEM
High-Power ICWPT can be referred to as usually the power
transfer larger than one kW, and is applicable in case of
EV charging and electric bicycles (EB) charging. In case of
high-power applications, the losses need to be minimized in
order to improve the efficiency. Low efficiency high power
devices may produce extra thermal energy due to losses,
which is not good for the environment and the safety of
the charging devices. For safety concerns, the magnetic field
emission should be minimized to limit the emission value
according to ICNIRP commission standards according to
frequency and application. The ICWPT chargers for ICWPT
can be segregated into two parts, stationary charging and
dynamic charging. In stationary charging, a car’s battery
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FIGURE 12. A sandwich ICWPT system for cardiac pacemaker [23], [56].

FIGURE 13. LCC-C topology for pacemaker charging proposed [22].

can be charged by parking the car on a specific slot, where
the transmitter coil is kept on the ground or buried under

the ground, while the receiver coil installed in car. The
dynamic charging is defined as the battery charging of a
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FIGURE 14. Schematic of an ICWPT system for endoscopy [24].

FIGURE 15. Resonant coils (resonators) [57].

FIGURE 16. Interoperability concept [31].

car in motion during driving on the roadway [63], [64].
In dynamic charging method, the size of the battery can be
reduced; consequently overall EV weight can be reduced.
However, dynamic charging suffers from low efficiency due

FIGURE 17. Configurations of Qi standards [31].

FIGURE 18. ICWPT charging pads.

to misalignment, and power fluctuation [40], [65], [66], [67].
Presently, stationary charging is the widely used technique
due to its high efficiency and simple control mechanism as
compared to dynamic charging. Further details regarding both
the charging mechanisms are provided below.
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FIGURE 19. Transformers for high power applications (a) [69] (b) [68].

1) STATIONARY CHARGING OF ELECTRIC VEHICLE AND
ELECTRIC BICYCLES
The stationary or static vehicle charging can be defined as
when a car is parked in a specific slot, where it can be
charged. In recent decades many researchers are working
on the improvement of ICWPT technology for charging the
battery of electric vehicles (EVs). The transmitter side power
is usually in the range of 1 kW to 200 kW using an operating
frequency of around 20 kHz to 100 kHz. As the HF inverter
and other electronic need for high power are more complex
than for low power applications, coil arrays are generally
avoided. For high power, ICWPT applications bulk iron parts
are present near to the ICWPT system, such as the EV itself.
When the proper shielding is not employed, then much power
may be dissipated in the bulky iron parts. Therefore, shielding
is mandatory for the design of a high power ICWPT system.
The authors proposed a shielding made up of an aluminum
sheet and a ferrite plate at both the primary and secondary
side to reduce these power losses [68].

As depicted in Figure 19 (b), the primary side coil is
larger than the secondary side to improve the misalignment
tolerance. The exact dimensions of the coils are not given.
In this system, the operating frequency was around 140 kHz.

In [70], a 3-kW ICWPT system for charging a battery was
proposed using 100 kHz frequency; however, the transmis-
sion distance was very low around 5mm, having coupling
factor (k) of 0.8. The research of Saragossa University devel-
oped a 5 kW ICWPT battery charger using 15 kHz frequency,
as shown in Figure 19 (a) [69]. They achieved an efficiency of
94%.However, no shielding or ferritematerial was employed.
The proposed system has fewer losses because of only two
coils used, as no other iron parts, such as a car or any
other vehicle were placed in the vicinity of the two coils.

In [71], the authors proposed an ICWPT system using a
special coil geometry to reduce the effect of misalignment.
In this method, the coils were placed around the ferrite bars,
as shown in Figure 20.

This system had a power capacity of 2 kW to supply to
the EV. This type of configuration is usually not good for
interoperability with other coils, because, in this proposed
configuration, the secondary coil is sensitive to a tangential
component only; however, most transmitting coils use the
vertical component. To overcome this issue, a basic secondary
pad using multiple coils called ‘‘Quadrature Double D with
quadrature coil’’ as depicted in Figure 21 was proposed
in [66] and [72].

FIGURE 20. Geometry proposed to increase the misalignment
tolerance [71].

FIGURE 21. Double D with quadrature coil [66].

2) DYNAMIC ELECTRIC VEHICLE POWER SUPPLY AND
BATTERY CHARGER
In the dynamic charging environment transmitter side is static
while the receiver side is continuously moving, which is also
called the ‘‘pick-up’’ side. The dynamic charging of EVs
is also called Roadway Powered Electric Vehicles (RPEVs).
Dynamic electric vehicle charging is more challenging than
a static one because, it has more challenges such as, mis-
alignment angle, which can significantly reduce the amount
of power to be transferred to the receiver. Many researchers
have given the ideas to cope with the issues of dynamic
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charging and some solutions have been provided in the liter-
ature. A simple solution was presented in [73] by designing
very long single coils from the primary side, as illustrated
in Figure 22 (a). In this design, the moving secondary part
remains always above the primary (transmitter) side coil to
enhance the receiving capability of the receiver. Additionally,
the secondary (receiver) coil was made of two coils combined
in a way than one coil is sensitive to the tangential component
of the other one to the normal component of the magnetic
field. Another design was proposed in [74], to cope with the
misalignment of the coils by designing more primary tracks
as depicted in Figure 22 (b). The main problem of this con-
figuration is the interaction between the primary coils, which
may cause losses. Some special geometry are investigated to
reduce this effect between the primary coils, as investigated
in [75].

FIGURE 22. (a) A proposed solution of moving secondary part
(b) Prototype [74].

Figure 23 (a) shows a primary coil trackwithout interaction
cancellation and Figure 23 (b) shows the track with interac-
tion cancellation.

FIGURE 23. Description of the multi-track for pickup applications [68].

The drawback of such tracks structure is that they are huge
and need to supply all the tracks, in that way the efficiency is

FIGURE 24. The solution implemented for the ‘‘Serpentine’’ project.

FIGURE 25. Serpentine systems of installation of track.

reduced because of power dissipation in large tracks. In terms
of safety, themagnetic field emission becomes too highwhere
the pickup secondary coil is not available. This problem can
be solved by dividing the roadway into smaller coils and
power should be supplied only at the specific place where the
vehicle is presented in real-time. Such structure by detecting
the vehicle available and supply the power only to the corre-
sponding primary coils has been realized in the ‘‘Laboratoire
d’electromecanique et de machines electriques’’ at ‘‘Ecole
Polytechnique Fédérale de Lausanne’’ for electric transporta-
tion vehicle called ‘‘Serpentine’’ [76].

This implementation is illustrated in Figure 24, Figure 25
and Figure 26. Only the hashed coils were supplied by the
power mains, so that the power losses and field emission
can be reduced. However, this system did not include the
magnetic shielding. Moreover, a cordless inductive power
transfer for an electric bus was proposed in [77], [78], [79],
and [80], as depicted in Figure 27. This system was called as
OLEV (On-Line Electric Vehicle). The distance between the
primary and the secondary parts was 25cm and the total power
transmitted was 100 kW using 20 kHz operating frequency.
Due to very high power, the frequency was kept low. Table 1
displays the ICWPT systems used for EV charging in various
nations.

IV. TOOLS/ METHODS USED FOR CIRCUIT ANALYSIS OF
WPT SYSTEM
There are several methods, which can be used to analyze the
circuit design of WPT system, which are briefly explained in
Table 2. These methods are useful for new researchers in the
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TABLE 1. ICWPT system implemented for EV charging in different countries.

TABLE 2. WPT circuit analysis methods.

TABLE 3. Software used for circuit simulations.

field of WPT technology. Moreover, different software/tools
have been utilized in previous research to simulate the WPT
circuit are presented in Table 3. Furthermore, the different
methods used for design of coil structure are presented in
Table 4.

V. COMPENSATION TOPOLOGIES OF ICWPT SYSTEM
The four basic compensations are SS, SP, PS, and PP, with the
first S or P standing for series (S) or parallel (P) compensation
from the primary side and the second S or P standing for
series (S) or parallel (P) compensation from the secondary
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TABLE 4. Software/tools and methods used for coil design.

FIGURE 26. Serpentine systems showing the vehicle.

side, respectively. In [14] and [81], these fundamental topolo-
gies were explored. In [82] gave a comparison of two- and
three-coil topologies and offered a straightforward method
for determining the WPT circuit characteristics for charging
electric vehicles. Three-coil structures were shown to bemore
effective and tolerable to misalignment between the trans-
mitter (Tx) and receiver (Rx), respectively. In [20] offered
a thorough analysis of the four-coil structure. Additionally,
[83] proposed a circuit layout with series and parallel mixed
compensation from the primary and secondary sides. Mixed
compensation has been demonstrated to be capable of offer-
ing good efficiency even with non-symmetrical loads. At a
distance of 10 cm, the efficiency was 85%, while at a distance
of 20 cm, it was just 45%. Relative distance was a novel
phrase that was defined as a distance in relation to the size
of the coils. Not only does it specify how far apart Tx and Rx
are, but also how long that distance is for example, the length
of two coils. A Series/Capacitor Inductor Capacitor compen-
sation topology, which has the advantage of constant output
voltage with zero phase angle and zero voltage switching, was
also proposed by [58].

The power transfer efficiency and output capacity of a
WPT system are greatly reduced by the axial and angular
misalignment between magnetically connected coils [84].
Coil misalignment causes the primary coil driver to function
in an unturned state, which leads to less-than-ideal switch-
ing behavior and an increase in switching losses, according
to [65]. To reduce the negative consequences of misalignment

between the magnetically connected coils, it would be helpful
to investigate the tuning mechanism. Additionally, [60] dis-
cusses WPT based on Domino-Resonator Systems with Non
coaxial Axes and Circular Structures. In [59] used relay res-
onators to increase the transfer distance between the source
and load coil. There are several challenges and issues in
designing the complete ICWPT system, due to ramifications
of the charging coil structure, compensation topology, power
electronics involved and control mechanism. Before devel-
oping the ICWPT systems, other factors such as the size of
the transmitter and reception coils, the operating voltage and
current carrying capability, and the compensation topology
must be taken into account. Series-series (SS), series-parallel
(SP), parallel series (PS), and parallel-parallel (PP) are the
four fundamental compensation topologies that have been
extensive. The first S or P denotes the series or parallel
compensation of the Tx coil, and the second S or P denotes
the series or parallel compensation of the Rx coil [81],
[85]. In [82], a comparison between two- and three-coil
designs was published, and a more straightforward method
of determining the ICWPT circuit characteristics for charging
electric vehicles was offered. The three-coil construction was
shown to be more effective and tolerable to misalignment
between the transmitter (Tx) and receiver (Rx), respectively.
All three coils employ a series compensation topology offered
a thorough analysis of the four-coil structure [20]. A circuit
layout that incorporates mixed series-parallel compensation
from the primary and secondary sides was also proposed
in [83] and [86].

Mixed compensation has been demonstrated to be capable
of offering good efficiency even with non-symmetrical loads.
For distances of 10 cm and 20 cm, the efficiency was 85% and
45%, respectively. Relative distance was a new phrase that
was defined as a distance in relation to the size of the coils.
It simply does not specify the distance between Tx and Rx
but rather the length of the distance, such as the double of the
coils. Additionally, a Series/CLC compensation scheme with
zero phase angle and zero voltage switching was proposed
in [58], which has the benefit of constant output voltage. The
power transfer efficiency and output capacity of an ICWPT
system are greatly reduced by the axial and angular misalign-
ment between magnetically connected coils. The primary
coil driver operates in an unturned condition as a result of
coil misalignment, which results in less-than-ideal switching
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FIGURE 27. Layout of the dynamic EV charging system proposed [76].

operations and an increase in switching losses [65]. To reduce
the negative consequences of misalignment between themag-
netically connected coils, it would be helpful to investigate
the tuning mechanism. Also covered in [50] is ICWPT based
on Domino-Resonator Systems with Non-coaxial Axes and
Circular Structures. In this study, relay resonators were used
to increase the transmission distance between the source and
load coils [59], [126].

To increase the effectiveness of the ICWPT system, numer-
ous circuit topologies have been investigated. Unsymmetrical
coils have not been used, however secondary series and paral-
lel topology analysis for inductive power transmission is done
in [16] along with a discussion of load-independent voltage
transfer. In order to charge the batteries with constant cur-
rent and constant voltage, hybrid topologies for ICWPT are
researched [127]. In [92], modeling and Pareto optimization
of ICWPT coils for electric vehicles were done using the two
distinct topologies of SS and SP. In [112], a generic theory
with a focus on SP-Combined topology was investigated, and
efficiency equations were derived. In [128] and [129] gave
an analysis of ICWPT utilizing SS and SP-Combined Topol-
ogy. In [130] put forth and optimization method for raising
ICWPT’s effectiveness. A metamaterial-based finite element
analysis of an ICWPT systemwas presented in [131]. In [132]
describes the design and simulation of a multiple coil model
for the ICWPT system. Inductive coupling and equations of
resonant frequency were used to analyses wireless power
transfer in [133].

From the literature review of compensation topologies,
it can be extracted that the Rx side capacitors can improve the
power transfer capability by compensating the leakage induc-
tance of the receiver and mutual inductance [134]. While
a capacitor from the Tx side can be useful for achieving
the unity power factor by compensating the self-inductance
of primary coil as well as the inductance of whole circuit.

In [135] ICWPT using SP-mixed compensation was designed
and its characteristics using varying loads were analyzed.
Four combinations of capacitive IMNs were considered, i.e.,
SP in a transmitting side (Tx) and SP in a receiver (Rx) side
(SP-SP), SP-PS, PS-SP, and PS-PS. The optimum capaci-
tance values for each IMNwere also derived. For verification,
three cases based on the number of Rx coils were considered
to verify the calculated results with simulations and measure-
ments. It was found that a single Tx and a single Rx provides
similar efficiency in all the four combinations. However,
in multi-receiver ICWPT systems with the PS compensation
from Rx sides were found to transfer more power towards
Rx coil, but it was suitable for lower load impedances and
was sensitive to load variation. On the other hand, using the
SP compensation from Rx sides was less sensitive to load
variation than the PS counterpart. In addition, an ICWPT
system using the SP-SP combination was more reactive
to the cross-coupling between Rx coils than the PS-PS
compensation.

A. SS COMPENSATION NETWORK
SS compensation topology consists of series capacitor from
Tx and Rx side as shown in Figure 28 (a). There are two ways
to design the capacitor of SS topology, i.e. compensation
with self-inductance of coils or compensation of the leak-
age inductance. When capacitor are designed to compensate
according to the self-inductances of primary and secondary
coils and tuned to a resonant frequency, then the output
voltage of SS topology is sensitive to load variations [136],
but maximum power transfer at certain coil current can be
achieved [137]. If capacitor is designed to resonate with the
leakage inductance, then a higher ratio between the active
power to reactive power can be achieved [116]. A comparison
of self-inductance tuning and leakage inductance tuning of
SS topology was provided in [138] and [139]. To achieve
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load-independent output voltage using SS compensation, the
coils can be tuned to the frequency of load-independent
voltage gain [138], [139]. However, the zero-phase angle
(ZPA) cannot be achieved at this frequency therefore large
circulating current can cause the degradation of efficiency.
Authors in [136], investigated that there is always a trade-off
between output voltage controllability and efficiency in order
to get load-independent voltage gain using SS topology.

FIGURE 28. Equivalent circuit of (a) SS compensated network (b) SP
compensation [136].

The combinations of two topologies using SS and PS for
battery charging were proposed in [127]; however, two input
sources, voltage source for SS and current source for PS
were required, thus makes the system complex and uneco-
nomical. Moreover, in [136], the authors have analyzed the
SS compensation topology offers high efficiency and volt-
age gain, but it is sensitive to the output load changes and
parasitic resistance. Therefore, in order to achieve maximum
efficiency, the parasitic resistance of the coils at varying
loads should be minimized. Moreover, the research reported
in [138] and [139], found that the sensitivity of SS topology
with respect to load variation can be improved by operating it
around the frequency of load-independent voltage gain. But
in this method, the ZPA operation is difficult to achieve thus
causes the degradation of inverter efficiency.

B. SP COMPENSATION NETWORK
SP compensation topology as illustrated in Figure 28 (b), pro-
vides load-independent voltage gain with ZPA [140], suitable
for high power applications [141]. However, SP compensa-
tion can give high efficiency when the load resistance is high,
it is not suitable for the large disparity of coupling coeffi-
cient (k) due to misalignment or due to distance variations.
Because in SP topology, the load-independent output voltage
is inversely related to the k value [142]. Frequency domain
analysis is conducted in [143] to study the SP topology, and
a design method to achieve optimized quality factor (Q) is

proposed using two cases, in first case LS1 ≤ LS2’ and in
second case LS1 > LS2’. Analytical equations are derived in
both cases to achieve optimized Q for desired equivalent load
resistance. It is proved that optimal Q value gives robustness
in voltage and current gain without any significant increase
in the circulating current of Tx and Rx coils.

C. PS AND PP COMPENSATION NETWORK
An equivalent circuit of PS and PP compensated system is
depicted in Figure 29 (a) and (b). PS and PP compensation
topologies are safe as compared to SS and SP during no
load conditions, when Tx coil is ON and Rx coil is kept
away from the Tx coil. However, during misalignment, these
topologies affect the power transfer capability, because com-
pensation capacitor values strongly depend upon the coupling
coefficient and the load [144]. A comparative analysis of
four compensations SS, SP, PS and PP performed [145], and
it is found that SS and PS compensation performance was
good for variable frequency operation. On the other hand,
the performance of SP and PS was reasonable in the case
of variable load and distances. However, it was noticed that
PP compensation had very poor efficiency among all four
topologies [145]. Moreover, it was analyzed in [144] that
parallel compensation from primary side can be a good choice
in the absence of receiver coil, however not appropriate in
case of misalignment, because its capacitor compensation
value strongly depends upon the coupling coefficient and
output load, thus they are not able to transfer rated power.

FIGURE 29. Equivalent circuit of compensated ICWPT system (a) PS
(b) PP [144].

D. SP/S COMPENSATION NETWORK
A compensation utilizing series and parallel capacitors from
the primary side and series capacitor from the secondary
side is proposed in [146], as shown in Figure 30. This
compensation is useful to maintain constant power during
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FIGURE 30. Equivalent circuit of SP/S compensated ICWPT system [146].

misalignment. It has the capability to maintain the desired
power irrespective of coupling variation.

E. S/SP COMPENSATION NETWORK
Using series compensation from primary and series-parallel-
combined compensation from secondary can be called as
S/SP compensation, as shown in Figure 31. It provides the
high efficiency and ZPA of input impedance along with
load-independent voltage gain. However, it gives higher-
order harmonics to the rectifier network, thus creates prob-
lems for rectifier filter design [147]. Moreover, it was also
analyzed that the efficiency of S/SP compensation changes
due to wide variation of coupling coefficient and misalign-
ment, as the load-independent voltage gain is inversely
proportional to the coupling coefficient.

FIGURE 31. S/SP compensated ICWPT system [147].

F. A DOUBLE-SIDED LCC COMPENSATION NETWORK
LCC-LCC topology is shown in Figure 32, it was used by
several researchers due to its high efficiency for electric
vehicle battery charging [148], [149].

FIGURE 32. Double-sided LCC compensated ICWPT system [148], [149].

It was found that in case of heavy loads, the voltage
stress on primary compensation capacitors is less in LCC
topology than SS counterpart. However, it was difficult to
achieve load-independent output voltage is difficult due to
self-coupling between the compensation inductor and the
main coil. When tuned properly, a resonant frequency which
is independent of coupling and load can be obtained using
double-sided LCC topology [103].

G. LCC-S COMPENSATION NETWORK
ICWPT system using LCC-S compensation was proposed
in [22] for charging the battery of cardiac pacemaker,
as shown in Figure 33. The power output of 3.072 W with an
efficiency of 78.4% was achieved. LCC-S was also used for
high power applications such as EV battery charging in. One
kilowatt power was delivered to load with an efficiency of
94.8% with full load operation. However, the ZPA operation
of input impedance, as well as load-independent operation
was not discussed. A comparative study between LCC-S and
SS is presented in [150]. Three parameters are focused for
comparison, which is zero-phase-angle (ZPA), frequency and
load variation with respect to power transfer performance of
the ICWPT system. Moreover, the characteristics of voltage
gain and input impedance angle under the conditions of ZPA
frequency are also analyzed. and it is concluded that LCC-S
is more suitable for low power applications, while SS is
more feasible for high power applications. SS has higher load
sensitivity to output characteristics than LCC-S.

FIGURE 33. LCC-S compensated ICWPT system [151].

H. LCC-P COMPENSATION NETWORK
ICWPT using LCC-P compensation is shown in Figure 34
[152], which can provide load-independent constant current
output. However, when secondary parallel compensation is
used then a DC filter inductor (L0) is required. Therefore,
a technique is proposed in [152] to eliminate the use of L0,
thus the size of the secondary can be reduced. Moreover,
a comparative analysis between LCC-P and SS is carried out
based on output power and efficiency. It is found that LCC-P
gives better efficiency than SS because of smaller conduction
loss of inverter. The withstanding voltage of the receiver side
capacitor (C2) without L0 is less around 40% compared to
that with L0. The peak efficiency of 94% is achievable with-
out L0, which is 1% less than that with L0. The withstanding
voltage on C2 clamped to the battery voltage. It is found that
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FIGURE 34. LCC-P compensated ICWPT system [152].

the output power is directly related to the battery voltage and
the efficiency can be maximized by improving the voltage
gain.

I. LCL COMPENSATION NETWORK
An inductor-capacitor-inductor (LCL) compensation was
studied in [153], [154], and [155] which provides uninter-
rupted power, but it reflects reactive power back onto the
source [156]. A tuning method for double-sided LCL com-
pensation was proposed in [157], which provided slightly
higher efficiency than the traditional tuningmethod; however,
the constant current and voltage features were not stud-
ied. It is also known as the double-sided LC compensation
network, because the last L can be ignored, because it cor-
responds to the Tx and Rx coil inductances as shown in
Figure 35.

FIGURE 35. LCL compensation network [157].

Moreover, a comprehensive review of various compensa-
tion topologies focusing on bidirectional WPT system and its
control mechanism is provided. The review covered the four
fundamental compensations as well as hybrid compensations.
Various control methods for bi-directional WPT technique
were investigated such as the PID control, fuzzy logic control
and slidingmode control etc. The applications of several com-
pensations in bidirectional WPT method, their advantages,
and limitations are also discussed [158].

Table 5 illustrates the summary of different compensation
topologies. The power factor is less affected by variable
frequency in the case of SS, PS, S/SP, and double-sided
LCC topology. Moreover, the efficiency is less affected by
frequency variations in the case of SP and PP topology.
SS and SP compensation can provide maximum efficiency.
However, load variation affects more on SP topology than SS.

Load independent voltage characteristics are achievable using
SS, SP, S/SP, and SP/S. However, PP, PS, and double-sided
topology cannot give load-independent voltage character-
istics. The table below shows the comparison of multiple
compensation topologies.

The simplicity and safety of IPT technology [159] has
several potential uses in portable devices [20], WSNs [160],
IMDs [161], and electric automobiles [17]. To reduce the
volt-amp (VA) rating of the source supply, it is generally
advised to operate the primary-side inverter of IPT systems at
ZPA. Additionally, the resonant inverter may operate at ZVS
at ZPA with minimal electromagnetic interference (EMI) and
switching losses [162], [163]. However, due to non-constant
coil lengths, misalignment, shape deformation, or close con-
tact to metal objects, it is frequently very difficult to sustain
ZVS operation with variable couplings [20].

In Tables 6, all of the topologies’ analytical findings are
contrasted and compiled. Series-series (SS), SP, PS, and
PP are the four fundamental compensation topologies [26],
[144].

VI. TYPES OF COIL STRUCTURES USED IN ICWPT
SYSTEM FOR ELECTRIC VEHICLES
A hexagonal coil structure of the receiver coil and circular
structure of the transmitter is proposed in [164]. A planar
coil structure for creating a three-dimension magnetic field
around a cup is proposed in [165] for mobile phone charg-
ing [166]. In the case of EV charging, stationary charging
coils are different from dynamic charging coils [167]. Usu-
ally, circular coils perform well for stationary EV charging.
However, in case of dynamic EV charging, it was found that
the overall performance of the ICWPT system is influenced
by geometry of Tx and Rx coils, misalignment and load con-
ditions [168], [169]. The Tx coils for dynamic EV charging
are placed in long tracks [170] or in segmented tracks [171],
[172] under the ground on the road. Dynamic EV charg-
ing can also be called as online electric vehicle (OLEV)
charging. Different studies are presented to optimize the coil
shapes [173]. The configuration of a long track transmitter is
often kept longer than the EV length so that more vehicles can
be handled at a time [174]. Usually, a long track transmitter
system is supplied by a single source to make it simple
and easy to control. The long track transmitter system pro-
posed by the South Korean team of researchers [175], [176],
for dynamic charging. This consisted of a high-frequency
inverter, power factor correction (PFC) converter. In this
system, power losses become high because the track of trans-
mitters requires to be running all the time. Note that the
radiation effect of the magnetic field needs to be further
studied during the misalignment and during the unavailability
of the receiver coil. To reduce the effect of magnetic field
exposure in long track system, an ‘‘X’’ shape transmitter
was suggested in [177]. Moreover, an additional coil was
suggested along with the existing Tx assembly to mitigate
the adverse effects of magnetic field radiation [178]. Besides,
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TABLE 5. Summary of different compensation topologies and the load-independent operation.

TABLE 6. Comprehensive comparison of the four fundamental topologies using various parameters.

an asymmetric design of the transmitter and receiver coils was
proposed in [179] to increase the output power tolerance dur-
ing the misaligned condition of coils. Furthermore, an extra
quadrature coil was added to the asymmetric design of the
receiver coil to further enhance the misalignment tolerance
level [180].
A segmented track Tx based systemwas presented in [172]

using a frequency of 85 kHz. The segmented track Tx sizewas
around 1 m, which is compared with the same size of the long
track Tx. It was found that the segmented track has higher
efficiency than long track OLEV charging system. This is
due to the low-quality factor of the long-guided track quality
factor because of low efficiency of 20 kHz as compared to
segmented track, which usually uses 85 kHz. In this research,
the arrangement of segmented Tx coils was done in the form
of an array of tracking lane.

Each Tx coil of the segmented track was equipped with
its individual compensation circuit. In this way, the desired

length of the segmented track was more convenient to design
for powering the electric vehicles on the roadway. More-
over, a control system for segmented tracks was introduced
in [181], to power ON and OFF particular Tx coils with
respect to Rx coils.WhenRx coil is not in the range of Tx coil,
then it can be switchedOFF automatically to reduce the losses
of magnetic flux leakage. However, the design of segmented
Tx coils is complex due to many numbers of compensation
circuits and inverters, and control mechanism, hence, more
cost is required for this type of configuration as compared to
long-guided track Tx system.

The total cost of a segmented track can be decreased by
sharing the same power electronic inverters in series or paral-
lel. Another drawback of a segmented system was the power
fluctuation due to the movement of the receiver coil. More-
over, in the segmented system, the transmitters are installed at
a certain distance from each other to reduce the self-coupling
and the number of transmitters. Therefore, in such system,
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the power drops when receiver coil comes between two trans-
mitters while during movement [181]. Power drop can be
reduced by placing transmitters near to each other and then
the self-coupling issue between two transmitters needs to be
addressed. The author in [172] have suggested that the issue
of self- coupling can be addressed by the optimized designs
of Tx and Rx coils. In the case of stationary EV charging, the
Tx coils are designed as a single coil from of segmented track.
The single-coil used for stationary charging, when combined
in a track with different types of arrangements can be used
for dynamic charging as well [167]. There are several types of
transmitter and receiver coils used for stationary and dynamic
charging of EVs, such as circular, flux pipe, DD, DDQ, QDQ,
and Bipolar.

A. CIRCULAR COIL STRUCTURE
The circular coil structure is non-polarized. Therefore, when
the transmitter coil is circular then the receiver coil must be
a circular shape. Otherwise many losses occur, because of
significant flux leakage [72]. Circular coils offer a low height
of flux path around one-fourth of the diameter of the coil,
so coupling is not good enough [73]. The large diameter of
a coil is required to produce good coupling between Tx and
Rx coil. To transfer power through a large air gap using a
circular coil is costly [66]. The circular coil as a transmitter
generates the flux/field in a vertical direction only. To transfer
a fair amount of power perfect alignment of the receiver coil
is required. Therefore, Circular coils can be a good option
for stationary charging applications. However, the circular
coil structure is not appropriate for dynamic EV charging,
because, during axial misalignment of around 38% power
transfer becomes zero. Ferrite core can be used for improve-
ment in the magnetic flux using circular coils. The layout of
a circular coil structure along with ferrite core and aluminum
shielding is illustrated in Figure 36. The aluminum shield is
good for reducing the leakage of flux.

FIGURE 36. Circular coil with ferrite bars [66].

B. FLUX-PIPE COIL STRUCTURE
A flux pipe coil structure was proposed in [71], which was
formed by a wounded coil along with an H-shaped ferrite

bar, as shown in Figure 37. The flux pipe coil gives a higher
flux path height than a circular coil. It provides flux path
height around half of the coil length, thus reduces coil size and
provides better axial misalignment tolerance than a circular
coil. Flux pipe structure creates a double-sided flux path,
where the non-useful flux is lost in the aluminum shielding
set up behind the coil structure [182].

FIGURE 37. Flux-pipe pad [71].

C. DD COIL STRUCTURE
DD coil structure is proposed in [183], which is better than
circular and flux pipe coil structure due to its single-sided
flux path along with polarized behavior. DD structure is
constructed two coils of ‘‘D’’ shape, as depicted in Figure 38.
DD coil creates a horizontal field because of its polarized
structure. The horizontal field produces good misalignment
tolerance, thus coupling coefficient during axial misalign-
ment can be improved. The height of the flux path of the DD
structure is one-half of the length, like a flux pipe structure.
The flux path height can be adjusted by changing the width of
the overlapping area of the two ‘‘D’’ coils. DD coil offers an
almost double charging zone than the circular coil. However,
it also provides zero power transfer at horizontal misalign-
ment of 34% like circular coil [183].

FIGURE 38. DD pads [183].

D. DDQ STRUCTURE
Figure 39 shows the layout of DDQ coil. This shape of the
coil uses an extra D type coil, which is kept above the DD
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coil at the overlapped region. When ‘‘D’’ coil placed over
the DD coil at the center. The above ‘‘D’’ shape looks like
Q, therefore this coil is named as DDQ coil [183]. It offers
almost twice flux path height than circular coil along with an
additional single-sided flux path. Although zero power trans-
fer occurs at 77% of the horizontal misalignment, however,
more copper is needed than other conventional coils [184].

FIGURE 39. DDQ pads [184].

E. BIPOLAR STRUCTURE
The University of Auckland modified the design of the DD
structure and proposed a new structure called bipolar struc-
ture [182], [184]. The used more size of D coil as compared
to DD shape and created an overlap between two D coils,
as shown in Figure 40. This pad performance is identical to a
DDQ structure, and it uses less amount of copper than DDQ
pad.

FIGURE 40. Bipolar pad [184].

F. COMPARISON OF DIFFERENT COIL STRUCTURES FOR
EV APPLICATIONS
EV systems use many coil structures for EV charging appli-
cations. Among them, circular is most common. Apart from
that, DD, DDQ, bipolar are also widely used coil structure

pad. The circular structure is good for stationary charging
applications because it has very poor misalignment toler-
ance due to less flux path height. While DDQ and bipolar
structures give good misalignment tolerance because it has a
minor effect of power transfer fluctuations during misaligned
conditions. Table 7 provides a comparison of different coil
structures.

VII. RECENT RESEARCH ON ICWPT TECHNOLOGIES
ICWPT technology is now being improved in terms of
power transfer efficiency (PTE) and lengthening the distance
between Tx and Rx by numerous academic and industrial
researchers. The researchers are also interested in the mis-
alignment of the Tx and Rx. The misalignment between Tx
and Rx can greatly reduce the efficiency of power transfer,
as shown in [185]. For a multi-dimensional ICWPT structure,
a thorough description was provided in [186]. Additionally,
as was noted in [118], the frequency splitting phenomena
frequently occurs in the system architecture withmany relays,
transmitters, and receivers coils when two or more resonant
coils are close enough to one another for their magnetic
fields to be reasonably strongly coupled. A novel ICWPT
circuit with magnetic dipoles with optimum-stepped core
structures was presented in [187], as illustrated in Figure 41,
and the results are displayed in Figure 42. This circuit is
operated by an inverter with a 20 kHz switching frequency.
The achieved efficiencies at 3, 4, and 5 meters away were
29%, 16%, and 8%, respectively, with output powers of 1403,
471, and 209 W.

Due to its geometrical design and ability to be set in a
room’s corner, the proposed coil can only be effective as a
transmitter coil. Due to its bulk and long shape, this sort of
coil is very challenging to utilize as a receiver. Additionally,
it was determined that the radius and quantity of coil turns
are connected to the maximum distance between Tx and Rx.
To increase transfer efficiency using frequency ranges from
100 kHz to 20.1 MHz, a circuit model was created and the
ideal spacing of the coils were deduced analytically. Max-
imum power transfer efficiency was attained at 14.6 MHz
frequency in [189]. As seen in Figure 43, the authors of [190]
proposed the notion of combining a traditional source res-
onator with an extra resonator whose resonance frequency
is higher than the magnetic field excitation frequency. The
installation of this second resonator increased the power
transmitter’s magnetic dipole moment and effective perme-
ability by producing a significant paramagnetic response.

Further research revealed that the resonance frequency of
the additional resonator may be changed to control effective
permeability, and that higher effective permeability results
in larger resonant coupling at the same excitation amplitude.
By utilizing this technique, the power transferred to the load
increased from 0.38W to 5.26Wwhile maintaining the same
excitation voltage of 10 V, improving the transfer efficiency
from 57.8% to 64.2% at a distance of 15 cm. Figure 44
illustrates a unique concept of two tightly linked resonators
utilizing four coils that was proposed in [191].
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TABLE 7. Comparison of different conventional coil structures.

FIGURE 41. Proposed Inductive Power Transfer System in [187].

FIGURE 42. Results of the magnetic flux density simulation for the main and secondary core
lengths LC (1-6 m) and different distances d (2-5 m) at the center of the secondary coil. Design
with LC = 3 m was chosen as the standard [187].

In contrast to the usual four-coil type, it also includes the
first and fourth coil in a strong cross-coupling with a high

Q. It was shown that the proposed model has an efficiency
of 65.2% and a power transmission of 17.2 W at a distance

VOLUME 11, 2023 144999



M. Rehman et al.: Review of Inductive Power Transfer

FIGURE 43. Conventional four coils structure with additional resonator (LM) [190].

FIGURE 44. Schematic diagram of four coil resonator using MOSFET [191].

of 13 cm, compared to figures of 37.3% and 6.2 W for the
standard four coil approach at the same distance. Addition-
ally, [192] presented an efficiency analysis of a WPT system
with a typical four coils and an intermediate resonant coil,
as shown in Figure 45.

To reduce the volume of the intermediate coil, a spiral coil
was used. The source and load coils were made of two single
turn coils, while the Tx and Rx coils were made of helical
coils. This layout was able to boost efficiency and the distance
between Tx and Rx, but the intermediate coil and its control
raised the system’s overall cost. The intermediate coil was set
up both coaxially and perpendicularly, but the former config-
uration was far more effective. However, the perpendicularly
oriented intermediate system may be preferable from a prac-
tical standpoint because it can be implemented in the space
designated for wall-mounted TVs and furniture embedded
systems. Circuit theory was used in [193] to analyses the
frequency splitting phenomenon of the two-coil and three-
coil RCWPT systems in detail.

It was determined that two splitting frequencies, 9.5 MHz
and 10.5 MHz, happen when the coupling coefficient is large

enough. To choose the best frequency for optimum power
transfer, the magnetic field distribution of the two splitting
frequencies was also simulated and examined. Additionally,
the critical coupling coefficient of the two- and three-coil
ICWPT, which establishes the over coupled zone, was deter-
mined. Finally, a tuned frequency technique was suggested
in light of the numerical outcomes. Furthermore, a fresh
approach called ‘‘frozen resonance state’’ was presented
in [194] for dynamically matching the resonant frequency
without changing the values of the constituents.

Table 8 presents a summary of recent work in ICWPT
technology. The table is summarized in terms of resonance
frequency, efficiency, distance, and power level in order
to understand the overall performance of various ICWPT
models.

A. HUMAN EXPOSURE BASED INDUCTIVE POWER
TRANSFER SYSTEM
The assessment of the human body’s exposure to stray elec-
tromagnetic fields produced by WPT devices is a crucial
problem that could restrict the use of this technology in
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FIGURE 45. Structure of four coil resonators using intermediate coil [192].

TABLE 8. Recent work in WPT technology.

daily life. An anatomical human model and a homogeneous
ellipsoid phantom exposed to a WPT system prototype with
a power of 560W, which was previously experimentally char-
acterized, underwent a numerical dosimetric investigation
to assess the electric (E) field created [199]. Furthermore,

the ferrite to chassis distance is 0.5 cm, and the coil-to-coil
distance is 15 cm. On a 400 V battery, the system is expected
to deliver 3 kW (typical charging). This charging mechanism
has a chosen frequency of 30 kHz [200]. An assessment
is made of the magnetic field that a wireless WPT system
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emits when a small EV is being statically charged [201]. The
procedure and finding for evaluating how much a person is
exposed to amagnetic field when using a real IPT installation.
A 20 kW IPT system for a light commercial vehicle running
at an 85 kHz frequency is the subject of the case study.
The dynamic charge is carried out via a number of separate
transmitters that are only turned on when the vehicle passes
over them. Each transmitter measures 0.5 m in width and
1.5 m in length [202].

However, International Commission on Non-Ionizing
Radiation Protection (ICNIRP) advises that the average
allowable exposure of humans to the electromagnetic field
must be below 27 µT to support our proposed study [203],
[204], [205]. Furthermore, ICNIRP published Guidelines in
2020 for protection of humans from exposure to electro-
magnetic fields from 100 kHz to 300 GHz. These revised
guidelines supersedes the previous guidelines provided by
ICNIRP in 1998 and 2010, respectively [206], [207].
Additionally, this paper proposed the operating conditions

for the estimation of the induced electromagnetic field from
transmitter to receiver coil in inductive power transfer sys-
tem. Numerical modeling is performed of standing human
model for understanding the electromagnetic field exposure
in nearby vicinity of transmitter coil [200]. Moreover, the
concerns regarding safety standards of the electromagnetic
fields during wireless charging of EVs are deliberated. Fur-
thermore, a methodology for the assessment of the human
exposure to magnetic fields generated by dynamic wireless
charging of EVs is proposed for evaluation of peak expo-
sure by means of a time-harmonic formulation [202]. In this
regards, instead of the permissible external field level a
new assessment method based on the emitted field strength
evaluation for wireless charging of EVs is implemented.
The post-processing of the internal electric field, based
on the IEEE C95.1 standard-2019, is discussed for taking
in account the impact of skin-to-skin contact. This stan-
dard is more suitable for practical scenario and compliance
assessment is simpler than the conventional approach [208].
ICNIRP published Guidelines in 1998 for human exposure
to time-varying EMFs up to 300 GHz. Thereafter, due to
considerable development in addressing the relation between
radiofrequency EMFs and adverse health outcomes, the
ICNIRP has updated the EMF guidelines for human safety
in 2020 [207]. This study evaluates the human exposure to
magnetic field specifically for static wireless charging of
compact EVs. The realistic human model was considered in
different positions inside and outside the charging vehicle.
The misalignment condition between transmitter and receiver
coils was also considered in this study. It was concluded that
the reference levels surpassed in the case of lying position on
the floor with hand nearby the coils [201].

B. BATTERY CHARGING ENERGY REQUIREMENTS FOR
EVS
The amount of energy an EV needs depends on its SOC upon
arrival. This energy, which is needed to finish the battery’s

complete charge and is expressed as:

Er =
(1 − SOCa)BC

η
(1)

where Er represents the energy needed to fully charge the
battery, BC represents battery capacity, and represents the
EV’s charging efficiency. Efficiency for an electric vehicle
(EV) in charging mode is 1

ηC
, and efficiency for an EV in

discharging mode is ηd [209].

C. MODEL FOR THE LOWEST CHARGING/DISCHARGING
COST
The price of charging and discharging affects the overall
expense borne by the CC. The entire cost will be made up
of the costs associated with charging, revenue from charging,
and battery deterioration costs. The charging and discharging
cost is written as follows:

CCh arg e =

Nv∑
i=1

ti,p∑
t=1

λ
tx (2)

where,
λ t is electricity price at time t
x is charging/discharging rate at time t as define below:

x

 x tch ηC ch arg ing mod e
x tdch
ηd

disch arg ing mod e
(3)

Here
x > 0 represents charging mode while x < 0 signifies

discharging mode. ti,p is parking duration of ithEV. Battery
degradation cost is expressed as [210] and [211].

VIII. PERFORMANCE PARAMETERS OF ICWPT SYSTEM
Following are some important performance parameters of
ICWPT system.

A. COUPLING COEFFICIENT AND QUALITY FACTOR OF
THE COILS
The coupling coefficient measures the air gap between Tx and
Rx coil, when k ≥ 0.5, it means a tightly coupled transformer
with no air gap or very small air gap between Tx and Rx.
When k ≤ 0.5, it indicates that loosely coupled transformer,
such as the ICWPT system, where coupling between Tx and
Rx is loose with some air gap in centimeters. When k=0,
it means there is no mutual inductance between Tx and Rx,
so no power can be transferred. The value ofM and k depends
on the dimensions and number of turns of the coil and the
distance between the coil. If the coil is wound on the core,
then k value also depends upon the magnetic properties of
the core material. The reduction of k value occurs due to
misalignment and distance variation between the coils. The
efficiency is directly proportional to the coupling coefficient,
therefore, is it easily affected by misalignment and distance
variation between the coils. The quality factor can be defined
by the inductance of the coil. If the coil is more inductive, and
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very less resistance, then it can offer higher quality factors.
High-quality factor material can be good transferring power
from Tx to Rx over a certain distance because it offers enough
magnetic field path to transfer the power.

B. TOLERANCE ABILITY TO MISALIGNED CONDITIONS
When the receiver (Rx) coil is not properly aligned with
the transmitter (Tx) coil, then efficiency can be reduced
due to power transfer fluctuation. Lateral (horizontal) and
longitudinal (vertical) misalignment between Tx and Rx coil
directly affects the efficiency and power transfer capability
of ICWPT system [136], [146]. Therefore, in case of EV
charging system, higher misalignment tolerance is required
to avoid the decrease of efficiency because of inaccuracy of
electric vehicle parking. The precise alignment can decrease
the leakage flux, consequently, reduces the intrusion of elec-
tromagnetic emission from the system.

Lateral misalignment occurs when the horizontally not
aligned, while longitudinal misalignment occurs due to the
instability of coils with respect to their lengths [168]. Design
of coil structure as well as compensation topology can
play a vital role the reduce the adverse effects of mis-
alignment [146]. By selecting proper coil structure and
compensation network, the power transfer capability during
misalignment can be increased.

1) MISALIGNMENT BETWEEN THE COUPLED COILS
The power transfer efficiency and the amount of power that
may be transferred are both greatly reduced by the axial and
angular misalignment between magnetically connected coils
in an ICWPT system. The primary coil driver operates in an
unturned condition as a result of coil misalignment, which
results in subpar switching operations and an increase in
switching losses [65]. To reduce the negative consequences
of misalignment between the magnetically connected coils,
it would be helpful to investigate the tuning mechanism.
In this research, the investigation of the tuning method by
adjusting the duty cycle of the MOSFET gate driving signal,
while maintaining the constant frequency of the MCR model
will be conducted. Multiple case studies related to ICWPT
technology.

C. OPERATING FREQUENCY SELECTION
The selection of frequency depends upon the desired power
output. Usually, for high power applications, frequency is
kept from 20 kHz to 200 kHz. Using high frequency, more
power can be transferred. But it is difficult to create high
power high-frequency supply due to the limited speed of
high-power inverters. In the case of low-power applica-
tions, the switching speed of inverters in MHz is achievable.
Moreover, the AC resistance is directly proportional to
the frequency. As the frequency increases, the resistance
increases because of skin effect. High efficiency is achievable
using the high-quality factor coils and improving the coupling

coefficient. The coupling coefficient can be improved by
designing and analyzing the different coil structures. Ferrite
core can also be used along with the coil to improve the
coupling coefficient. The quality factor can be enhanced by
using a high-frequency supply, therefore optimal frequency
selection is important. The inductance of the coil depends
upon the shape of the coil. Lawrence Berkeley Laboratory
used the frequency of 180 Hz only for an electric highway
system in 1978; however, it requires a huge inductor coil
size because of low frequency [87]. Thereafter, researchers
of the University of Auckland increased the frequency to
20 kHz [187], [212], which reduces the weight of the Tx
and Rx coil, however, efficiency was still not so high. Then
a frequency of 30 kHz used in 2010 by Korean researchers
and they managed to get efficiency between 70-80%. Society
of Automotive Engineers (SAE) has selected the operating
frequency of 80-90 kHz while keeping the exposure limit of
the electromagnetic field under safety for high power appli-
cations this frequency is widely used for wireless charging
of EV applications. Bosshard et al. utilized the operating
frequency of 85 kHz and managed to achieve an efficiency
of 95.8 % in 2016 [93].

D. FREQUENCY SPLITTING PHENOMENON
The frequency splitting issue significantly affects the ICWPT
system’s output power. It causes the efficiency of electricity
transfer to decline. If the coupling coefficient of two or
more nearby resonant coils is big enough, this phenomenon
can occur in a single or many transmitter and receiver
coils. Impedance matching or adaptive frequency shifting
is a typical strategy to address this problem. But in [118],
the authors looked at the splitting mode for transmission
in a single-transmitter, multiple-receiver resonant system
and used the frequency splitting as a beneficial occurrence
for many receivers in straight domino-resonators. In [193]
authors claim that the multiplicity of the splitting frequen-
cies depends on the fluctuation of the distance between the
transmitter and receiver within the range below the critical
point. The input impedance changes to tiny amplitude with an
increased impedance angle and the frequency separates into
two peak values. The splitting frequencies were also found
to be different from the natural resonant frequency. These
could be either greater or smaller than the natural resonance
frequencies. The odd mode corresponds to the lower of these
two splitting frequencies, and the even mode to the higher.
Therefore, the ideal mode for obtaining greater efficiencywas
designed and researched using the frequency control system.
The critical coupling point, beyond which efficiency signif-
icantly declines, is the coupling point at which the highest
power transfer efficiency may be obtained. The over coupled
regime is depicted in Figure 45 highlighted red volume,
where frequency splitting takes place and transfer efficiency
can bemaintained regardless of distance if the right frequency
is selected [81].

Figure 46 shows that maximum power transfer (S21 mag-
nitude) works on only single resonant frequency during
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critical coupled and under-coupled condition when it crosses
through the critical coupling point and enters in over coupled
region, it bifurcates into peaks. A method to avoid frequency
splitting for biomedical implants using tunable LC compen-
sation from the primary side was proposed in [110].

FIGURE 46. S21 magnitude for the simplified circuit model as a function
of frequency and transmitter-to-receiver coupling k23 [20].

It showed that when two coils are over the coupled region,
frequency splits in two peaks, then LC tuning can be useful to
avoid frequency splitting phenomenon. A genetic algorithm-
based tunable selection of LC network was proposed using
high frequency of 13.56 MHz. However, these types of tun-
able matching networks are very difficult to implement in
practical high-power applications, since many combinations
of different inductors and capacitors for tuning according
to desired value. Apart from that switch losses also occurs
during. Therefore, tunable impedance matching can only be
suitable for low power applications.

E. CONTROL METHODS
Different control methods were investigated for ICWPT
systems. Some researchers suggested the control from the
primary/transmitter side [172], [213], while others investi-
gated the secondary side control [214]. Dual side control
also investigated in [63]. In the case of single transmitter
and single receiver, the primary side and dual-side control
are appropriate options. However, in the case of multiple
receivers powered by a single transmitter, a secondary side
control can be used. Investigation of primary side control
can be done by a phase shift, duty cycle adjustment, and
frequency variation. Secondary side control can be achieved
by applying buck or boost converter, MOSFETS, diode or DC
inductor after the rectifier. Closed-loop control system can be
also implemented by getting the information from secondary
side and controlling from the primary side. Dual-side control
system requires higher cost due to its complexity and imple-
mentation from primary and secondary side simultaneously;
however optimal efficiency can be achieved.

F. SOFT SWITCHING AND HARD SWITCHING
Soft switching can be defined as the achievement of smooth
voltage/ current transitions during the switching moment.
Hard switching is contrary to soft switching, it means that
switching the inverter driver circuit at any moment in time
without taking care of the smooth voltage/current transition
as illustrated in Figure 47 [215].

FIGURE 47. Voltage, Vds and current, Id waveforms in MOSFET for (a) ZVS
(b) ZCS [216].

In other words, hard switching depends upon the ability
of device with outside interference. However, to achieve
soft switching, external lumped elements, i.e. inductors and
capacitors need to be added. Another way of soft switch-
ing is to control the voltage and current time to minimize
the intersection of their waveforms. Mostly metal oxide
semiconductor field effect transistor (MOSFET) is used for
inverter driver circuit of ICWPT system to create HF-AC
supply. To reduce the switching loss of the inverter, soft
switching is preferred; it includes the zero-voltage switch-
ing (ZVS) and zero current switching (ZCS). ZVS can be
defined as the switching the inverter, when voltage is zero.
To reduce the switching loss, it is preferable to switching on
and off all the MOSFETS of the inverter at ZVS. Besides,
ZCS is defined as the switching the inverter when current
is zero. ZCS is not a perfect soft switching in inverter con-
taining MOSFETSs and diodes [103]. It can induce high
voltage stress on the parasitic capacitance ofMOSFET before
turning-on transition.

Therefore, it causes high switching losses and conse-
quently decreases the inverter lifespan [216]. To realize soft
switching for power electronics converters, the primary side
compensation network is tuned in a way that it has a small
portion of reactive power to reach ZVS or ZCS. Eventually,
the parameters for realizing ZVS and ZCS become close
to the parameters of ZPA [17]. Theoretically, ZPA can be
defined as the in-phase behavior of input voltage (output
voltage of the inverter) and the input current (output current
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of the inverter). However, in practice, the input impedance
should be slightly inductive to smoothly achieve ZVS of the
MOSFETs to minimize the switching losses [217].

IX. CONCLUSION
This article initially presented the historical background of
WPT technology. From the comprehensive literature review
it was discovered that two main methods of WPT system
are prominent, which are recently used by many researchers,
these are inductive coupled wireless power transfer (ICWPT)
and resonant coupled wireless power transfer (RCWPT).
It was further extracted that RCWPT uses higher frequency
in MHz range and suitable for low power applications.
Moreover, ICWPT system is more suitable for high power
WPT applications. The comparison between low power and
high-power technologies is also provided in this review paper.
Besides, several methods for analyzing and designing an
appropriate WPT system are also presented in this review.
These methods include the circuit analysis technique via
mathematical equations, suitable software for circuit simu-
lations, and software for 3D coil design etc. Besides, the
different compensation topologies for ICWPT are analyzed
and their load-independent operation is discussed. Further-
more, the design of wireless charging coils for electric
vehicle application is also reviewed. Frequency splitting phe-
nomenon and other related performance parameters of WPT
system are provided in this review paper to enrich the under-
standing of reader. Moreover, safety standard for ICWPT
technology are also discussed in this review paper. Overall
various impactful literature studies have been included and
referenced in this chapter to enrich the understanding of the
readers. The importance of quality factor of coils and their
impact on efficiency using different compensation topologies
is also covered in this review.

WPT has been applied in numerous applications up to this
point. The toothbrush, electric car, and mobile phones and
their accessories are some of the most well-known uses. The
potential for WPT to power drones or Internet of Things
gadgets like security cameras. The medical industry is one
sector where WPT technology is very interested. Brain simu-
lators are one of those applications in the medical areas. The
design of an additively made coil for variousWPT topologies
and coil shapes will be assessed in the future. The very
constrained operating frequency spectrum that is typically
required for receiver inductive coupling wireless power trans-
fer (RICWPT) systems in industrial applications makes it
challenging to employ this method. Additionally, the impact
of changing the diameter of the coil the mutual inductance
coefficient, and the distance between the coils on parameters
like the self- and mutual inductance of connected coils, which
is crucial in WPT applications. The study’s encouraging
findings demonstrate the great potential of wireless power
transfer to address a variety of current industrial issues.
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