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Abstract— The first generation of wireless power trans-
fer (WPT) standard Qi, launched in 2010, contains a wide range
of transmitter and receiver designs with the aim of maximizing
compatibility to attract many manufacturers to share the same
standard. Such compatibility feature (i.e., interoperability) has
not only attracted over 400 company members in the Wireless
Power Consortium (WPC), but also facilitated a fast-growing
wireless power market for a decade. The WPC is now expanding
the scope of WPT applications to mid-power and high-power
applications up to several kilowatts while the Society for Auto-
mobile Engineers (SAE) also set the SAE standard for wireless
charging of electric vehicles (EVs) up to tens of kilowatts. Without
compromising compatibility, the authors share in this article their
views on the need for a paradigm shift from compatibility to
optimal performance in terms of maximum energy efficiency
for the entire charging process and minimum charging time.
This paradigm change is imminent and important in view of
the increasing power of WPT applications. Several enabling
technologies essential to the paradigm shift will be addressed.

Index Terms— New paradigm shift, wireless power transfer
(WPT).

I. INTRODUCTION

W ITH the launch of the world’s first wireless standard
Qi in 2010 by the Wireless Power Consortium (WPC),

wireless charging technologies have been widely adopted in
portable consumer electronics, such as mobile phones. Up to
2020, mobile phones of all major brands are Qi-compatible,
and many car manufacturers offer wireless charging pads as
standard or optional equipment in new vehicles. The wireless
power market has reached US $12.7 billion by 2020 and is
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Fig. 1. Power-frequency regions used by SAE, WPC, and AirFuel alliance
for near-field magnetic-resonance-based WPT applications.

expected to exceed 185 billion by 2030, according to Sta-
tista [1]. As the popularity of wireless power transfer (WPT)
applications continues to grow, the WPC [2] is planning to
extend the scope of WPT applications to cover mid-power and
high-power applications, such as portable electric tools, light
electric vehicles (LEVs), kitchen appliances and industrial
robotics and auto-guided vehicles (AGVs) and unmanned
underwater vehicles (UUVs). The Society of Automobile
Engineers (SAE) has published the SAE J2954 for wireless
charging of electric vehicles (EVs) up to 11 kW [3]. While
the operating frequencies of the standards developed by the
WPC and SAE are less than 1 MHz, another organization,
the AirFuel Alliance, suggests the use of 6.78 MHz for WPT
applications [4]. Fig. 1 shows the existing power-frequency
regions of WPT applications currently covered by WPC,
SAE, and AirFuel. It is noted that there is still largely
uncharted territory in the high-power and high-frequency
regions.

For the first generation of WPT standards, such as Qi
and SAE J2954, “compatibility” among various transmit-
ter and receiver designs is critical in attracting companies
and manufacturers to take part in using the standards. The
information in Table I illustrates the strong focus on the
compatibility of Qi based on Version 1.2.3 of Qi published
in February 2017, which comprises 50 transmitter designs
and five receiver designs. In this regard, the Qi standard
has been very successful in the commercialization of WPT
products because the company members of the WPC have
exceeded 430 and over 14 000 electronics products have been
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TABLE I

NUMBERS OF TRANSMITTER AND RECEIVER DESIGNS IN
QI STANDARD V.1.2.3 (2017)

registered as Qi-compatible, and over 9000 Qi-compatible
products commercially available in the market by 2022.

As the power level of emerging WPT applications continues
to increase, the authors believe that there is a need to shift
the paradigm from “compatibility” to “optimal performance”
in terms of 1) maximum energy efficiency and 2) minimum
charging time for the entire battery charging process while
retaining compatibility as a basic element. In this article,
the authors share their views on the next generation of WPT
research and developments. These include how the paradigm
shift can be achieved with emerging technologies and how to
break into the unchartered territory of high-power (kW) and
high-frequency (MHz) WPT operating regions. The proposed
paradigm shift from compatibility to both optimal performance
and compatibility is applicable to a wide range of near-
field magnetic-resonance-based WPT applications, regardless
of the WPT standards, power levels, and operating frequencies
suggested by different WPT organizations.

With the understanding that it is impossible to cover all
aspects of emerging WPT technologies, this article focuses
on the following aspects that the authors believe to be highly
relevant to achieving the new paradigm shift (Fig. 2) for the
next generation.

1) To establish a common principle of transferring most
of the control functions to the transmitter (primary)
side so that the manufacturers of the transmitters would
be responsible for optimal performance in terms of
maximizing the energy efficiency and minimizing the
charging time, while the receiver circuits retain basic
functions, such as protection against over-voltage, over-
current and over-temperature conditions in the battery
loads. This paradigm shift is illustrated in Fig. 2.

2) To develop a fast and accurate primary-side monitor-
ing method to determine mutual coupling coefficient,
unknown parameters of the receiver circuits, and battery
conditions based on primary-side measurements.

3) To develop an accurate battery twin incorporating elec-
trical, thermal, and chemical characteristics and then
to apply maximum efficiency point tracking (MEPT)
in the primary-side control for optimal performance of
maximum efficiency and minimum charging time for the
entire battery charging process.

4) For the breakthroughs in the high-frequency (MHz)
and high-power regime, to develop new gate drives
with soft-switching capability and minimum latency for

Fig. 2. Schematic of a control paradigm shift for the next-generation WPT.

emerging wide bandgap (WBG) power devices and to
design new high-frequency resonator structures with
minimum intercapacitance and intracapacitance and ac
resistance.

Section II of this article describes several MEPT methods
to achieve the first optimal performance of maximum energy
efficiency, not only for a particular operating point but for the
entire battery charging process. Section III involves technolo-
gies and battery models to achieve the second optimal perfor-
mance of minimizing the charging time. The practical thermal
limitations of the batteries are included to explain that the
conventional constant-current (CC) and constant-voltage (CV)
charging mode classification is not appropriate. Within the
thermal constraints, the conventional CC mode should prac-
tically be replaced by temperature-regulated current-control
(TRCC) mode to avoid over-temperature of the battery and
achieve minimum charging time. The thermal constraints in
the battery imply that an electro-thermal battery model should
be used for optimal control for the best charging performance.
Section IV describes how the first and second optimal perfor-
mances can be realized via primary-side control. It explains
how real-time battery observers as parts of digital twins can be
developed for the primary-side optimal performance control as
the fulfillment of the new paradigm shift. Sections V and VI
address essential gate-drive and resonator technologies for
entering the high-frequency (MHz) and high-power (kW) WPT
regime. Finally, the conclusion is provided in Section VII.

II. MAXIMUM EFFICIENCY POINT TRACKING

In the period of the mid-1980s to early-2000s, many WPT
research reports pointed to the fact that maximum energy
efficiency in a WPT system normally occurs at a particular
load condition; however, for battery loads, such load condi-
tions change with the state-of-charge (SoC) of the batteries.
As WPT application is extending from a low-power applica-
tion (e.g., 15 W for fast charging of mobile phones) to high-
power applications (e.g., 11 kW for EVs), it is imperative
for standard organizations to consider incorporating maximum
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energy efficiency tracking (MEET) as a desirable or mandatory
feature in their future standards. (Note: MEPT is also known
as MEET in some literature. For consistency, it is referred to
MEPT in the rest of this article).

It was pointed out in 2014 [5] that the maximum energy
efficiency principle, instead of the maximum power transfer
theorem [6], should be applied to near-field WPT applications
because the latter has the inherent limitation that at least half
of the input energy will be wasted in the source resistance.
Unlike a photovoltaic system that needs maximum power
point tracking, a WPT system requires MEPT [5], [7] because
the optimal efficiency operation point changes with the load
condition.

A. Basic Principles of MEPT

The MEPT principle is important to WPT for both low-
power applications due to the large quantities of portable elec-
tronic devices and high-power applications due to high power
consumption. In 2014, five research publications reported
independent investigations on various ideas of tracking optimal
load or tracking maximum efficiency operations [7], [8], [9],
[10], [11]. Interestingly, investigation study reports by Zhong
and Hui [7], Li et al. [8], and Fu et al. [9] appeared online in
August 2014 and as printed versions in the same 2015 issue
of the IEEE TRANSACTIONS ON POWER ELECTRONICS.
Strictly speaking, the study by Fu et al. [9] is not related to
MEPT, because it assumes a source impedance of 50 �, and
the impedance matching condition is based on the maximum
power transfer theorem, as explained in [5]. For this reason,
any WPT operation based on the maximum power theorem or
impedance matching with a source impedance of 50 � cannot
achieve energy efficiency higher than 50%. Since [7], [10],
and [11] were published, there have been over 50 MEPT-
related research publications from 2015 to 2022, according
to IEEE Xplore. Some of these publications with different
implementation approaches will be highlighted in the follow-
ing discussion. In general, MEPT can be implemented without
[7] and with [8] a wireless communication system.

The basic principle of MEPT is explained here with a sim-
plified equivalent circuit of a series–series (SS) compensated
WPT system, as shown in Fig. 3. In the equivalent circuit
(Fig. 3) based on fundamental component approximation, v p

is a high-frequency voltage source that is provided by a
power inverter. Req is an equivalent load of the rectifier circuit
and battery load. L p, Ls , and M are the self-inductances
and mutual inductance of the coupled coils. Cp and Cs are
the compensated capacitors for the primary and secondary
circuits, respectively. Rp and Rs are the equivalent series resis-
tances (ESRs) of resonators. The energy transfer efficiency of
the WPT system can be calculated by

η = ω2 M2 Req[(
Rs + Req

)2 + X2
s

]
Rp + ω2 M2

(
Rs + Req

) (1)

where Xs = ωLs − (1/ωCs). According to (1), the energy
transfer efficiency of the resonators is determined by four
factors: 1) the operating frequency ω, 2) the mutual inductance
M , 3) the ESRs of the resonators, i.e., Rp and Rs , and 4) the
equivalent load Req. In general, a higher operating frequency

Fig. 3. Equivalent circuit of an SS-compensated WPT system in the frequency
domain.

results in a higher energy transfer efficiency that is dependent
on the quality (Q) factors of the magnetically coupled coil
resonators. The frequency range of WPC-Qi and SAE is
in the range of 81.39–300 kHz. The relatively low-equency
range was chosen when the power electronics technology
was primarily silicon (Si)-based. With the WBG technology
and its continuous improvements in the switching speed of
power electronics switches, such as gallium nitride (GaN)
high electron mobility transistors (HEMTs), it is, however,
envisaged that standard organization could increase the oper-
ating frequency in the future to reflect the evolution of device
technology.

Another way to raise the energy transfer efficiency is to
enhance the mutual couplings between the coils via appropri-
ate coil and ferromagnetic designs [12], [13]. The third method
to improve energy transfer efficiency is to reduce the ESRs by
using coil resonators with high-quality factors. It is, however,
worth noting the compromise between the operating frequency
and ESRs by considering the skin effects. The fourth solution
is to control the equivalent load Req at the optimal value for
MEPT [14], [15], [16]. By equating the derivative of η over
Req to zero, the optimal Req for MEPT can be derived as

Req_opt = Rs

√
1 + ω2 M2

Rp Rs
. (2)

Equation (2) forms a fundamental basis for MEPT. Should a
mechanism to technically maintain this equivalent optimal load
resistance exist over a full range of load variations, any WPT
system would achieve MEPT in the entire charging process.
A variety of methods can achieve MEPT directly or indirectly
based on (2).

Important Remark 1: A more general way to interpret
MEPT based on (1) and (2) is to minimize power losses
in the ESRs of the transmitter and receiver coil-resonators.
The conceptual advancement of the initial MEPT principles
in [7], [8], [9], [10], [11] can also be further extended to
the total power loss minimization of the entire WPT system,
covering the coil-resonators and the power converters on
both transmitter and receiver sides, as reflected in subsequent
MEPT research publications [17], [18], [19], [20].

B. Methods for Directly or Indirectly Achieving Optimal
Load Resistance

Various means have been reported in the literature to provide
such a mechanism. Some of these methods are listed as
follows.
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Fig. 4. Schematic of a typical MEPT control strategy with wireless
communication from the receiver to the transmitter [8].

Method-1: Use of a dc–dc power converter to emulate the
optimal load resistance.

One direct method to emulate the optimal load resistance
value is to use duty-cycle control (i.e., ddc) of a dc–dc
converter that feeds the actual load. Depending on the type
of power converter [7], there is a duty-cycle control algorithm
that can adjust the input impedance of the dc–dc converter
with the load to be equal to the optimal load resistance value,
as shown in (2). This duty-cycle control of a dc–dc power
converter is a common method used in [7], [8], [9], [15]

Req_opt = f (ddc, RL ) (3)

where RL is the actual load resistance.
Method-2: Control the primary voltage and secondary volt-

age of the WPT system.
Ishihara et al. [10] show that the optimal load resistance

in (2) can be approximately met by maintaining the voltage
ratio of the transmitter and receiver coil-resonators as

|vs |/|v p| ≈ √
Rs/Rp (4)

where v p and vs are the voltages across the transmitter coil and
receiver coil, and Rp and Rs are the ESRs of the transmitter
coil and receiver coil, respectively. This method is adopted in
a slightly different manner in [11] in which the phase angle
between v p and vs is controlled.

Method-3: Control the primary current and secondary volt-
age of the WPT system.

It has been pointed out [12] that near-optimal MEPT can be
achieved by controlling the phase angle between the transmit-
ter current i p and the receiver voltage vs using a phase-locked
loop.

C. MEPT Implementations With Wireless Communication
System for Feedback Control

In the system shown in Fig. 4, the dc/dc converter on
the receiver side is used to regulate the output voltage,
and the power inverter on the transmitter side is used to
perturb the operating point by changing its conversion ratio
dac. The controller records the efficiency for each step and
locks into the maximum efficiency point by a perturbation
and observation (P&O) method. Another example of MEPT
using wireless feedback control is reported in [9] (Fig. 5),
even though it uses the power transfer theorem and does not
include the power loss in the 50 � source impedance. If the
WPT system in [9] is modified with a source with near-zero
source impedance, the efficiency of the entire WPT system
is calculated based on the direct measurements of input and

Fig. 5. Schematic of MEPT control for the WPT system with wireless
communication from the transmitter to the receiver [9].

output power. Since the system efficiency (i.e., η) is monotonic
with respect to the equivalent resistance (i.e., Req), the optimal
duty ratio of the dc–dc converter (which corresponds to the
MEPT) can be searched out by the classic P&O method. As the
system is dual-monotonic, the P&O control method is robust
against parameter drifts and accurate for systems with parasitic
parameters since no formula based on the parameters is needed
for the controller. It is also designed for the entire WPT
system, including the power converters. The control signal is
correlated with the control objective directly. The weakness of
this method is the need for a wireless communication system.
To improve the transient performance, Bosshard et al. [16]
proposed a decoupled control method based on the use of
proportional–integral (PI) controllers. This scheme requires
the wireless feedback of the voltages of the transmitter and
receiver coil resonators.

Based on the use of an active rectifier in the receiver circuit,
a near-optimal MEPT method is proposed in [21] to operate
the WPT system within a range enclosing the maximum
efficiency point. Under the CC mode, the transmitter inverter
is operated at the resonant frequency of the primary resonator
(ωp), while the active rectifier is operated at a fixed angle
of π , like a diode-bridge rectifier. Under the CV mode, the
transmitter frequency is increased to a value higher than ωp

to avoid over-voltage, and the angle of the active rectifier will
vary under different load conditions. The control scheme in
[21] requires a wireless communication link to transfer the
equivalent load resistance to the primary side.

There are four variables that can be used to coordinate
the transmitter and receiver circuits, namely the frequency
and the magnitudes and phase differences of the primary and
secondary voltages. Liu et al. [22] proposed a coordinated
control of those variables with wireless communication to
minimize reactive power in both circuits so as to maximize
the energy efficiency. A small amount of reactive power is
required in each circuit for zero-voltage switching (ZVS).
This approach requires full knowledge of the main circuit and
control parameters on both sides, which is suitable for products
made by the same manufacturer but unsuitable for the new
principle of transferring the optimal control to the transmitter
side.

D. MEPT Implementations Without Wireless Communication
System for Feedback Control

Fig. 6 shows an original MEPT scheme without using
wireless communication [7]. This MEPT principle is simple.
For any output power, the duty ratio of the transmitter inverter
is adjusted by the P&O method to obtain the minimum input
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TABLE II

COMPARISONS AMONG THE ICONIC CONTROL PARADIGMS FOR MEPT OVER THE LAST DECADE

Fig. 6. Schematic of MEPT control for the WPT system without communi-
cation [7].

power, therefore automatically achieving maximum energy
efficiency for the entire WPT system. For any given output
power, the input power of the transmitter inverter can be
minimized by reaching the minimum input current for a fixed
dc inverter voltage or by adjusting the input inverter voltage
to its minimum input power if such dc inverter voltage is
controllable. Consequently, the MEPT is implemented without
any communication between the transmitter and receiver.
The transient performance of [7] can be improved with the
sliding mode control [23]. Similar control strategies are also
adopted for WPT systems with alternative circuits of the dc–dc
converter, i.e., active rectifiers [24], [25].

Important Remark 2: The P&O methods used in [7], [8], and
[9] are acceptable for static WPT systems (i.e., WPT systems
with constant mutual inductances). The typical charging time
of a battery load ranges from tens of minutes to several hours,
depending on the battery type and capacity. In such a case,
the speed of the P&O method is sufficiently fast because
the optimal load resistance changes slowly in practice. For
dynamic WPT systems where the loads are moving (i.e., WPT
systems with dynamically changing mutual inductances), the
P&O method for MEPT may not, however, be appropriate.
Frequent and fast mutual inductance detection is needed for
dynamic WPT unless the wireless charging method is designed
to be independent of the mutual inductance [26].

As pointed out in Important Remark 1, the MEPT con-
cept can be extended to consider the power losses in the
power converters on both the transmitter and receiver sides.
Extending the original MEPT concept to realize ZVS in
the transmitter and receiver converters, two approaches have
been proposed. One approach is to add auxiliary circuits for
the transmitter inverter [27]. This approach can maintain the
original control schemes (including the phase shift control).
The other approach is to adopt active rectifiers to replace the
diode-bridge rectifiers and dc–dc converters, and both MEPT
and ZVS can be achieved simultaneously by controlling the
phase differences between the control signals of the transmitter

Fig. 7. Schematic of MEPT and ZVS control for the WPT system without
communication [19].

and receiver [17], [18], [19], [20]. The schematic of this
approach is shown in Fig. 7. By using the active rectifier, the
receiver volume and power stages are reduced as compared
to the WPT systems with dc–dc regulators. This kind of
circuit structure is particularly suitable for bidirectional WPT
systems, such as vehicle-to-grid (V2G) WPT systems, while
less attractive for the diode-bridge rectifier for one-directional
WPT systems. For WPT systems with only diode-bridge
rectifiers at the receiver sides, accurate and fast monitoring
of mutual inductance or coupling coefficient at the transmitter
side without communication feedback from the receiver side
is helpful for implementing primary-side control.

The comparison of the MEPT of WPT systems among the
iconic control methods of the last decade and the expected con-
trol method for the future generation is tabulated in Table II.
The future control paradigm can be achieved for the efficiency
optimization of WPT systems without any or with minimum
wireless communication between the transmitter and receiver
if the primary-side control (to be addressed in Section IV) can
be widely adopted. Optimal control scheme for the next gen-
eration should feature robustness against parameter drifts and
disturbance, fast dynamic efficiency tracking, soft switching
for all power switches, maximum energy efficiency for the
entire charging process, and minimum charging time within
the thermal limits of the batteries.

III. MINIMUM CHARGING TIME BASED ON

ELECTROTHERMAL LIMITATIONS OF BATTERIES

In the existing literature, optimal wireless charging is often
addressed in terms of electrical performance without consid-
ering the thermal effects of the batteries. Fig. 8 shows a
typical charging profile of a commercial charger for a portable
electronic device. The charging profile complies with the Japan
Electronics and Information Technology Industries Associa-
tion (JEITA) guideline [28], which defines the temperature
regulations of battery loads. The JEITA standard sets the
thermal limits for the charging process of the battery. When the
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Fig. 8. Practical charging profile of a mobile phone at an ambient temperature
of 35 ◦C (Courtesy of Hong Kong Consumer Council).

TABLE III

SUMMARIES OF PERMISSIBLE TEMPERATURES FOR COMMON

RECHARGEABLE BATTERIES [29]

first thermal limit is reached, the charging current is reduced
by half. When the second thermal limit is reached, the charging
current drops to zero to let the battery cool down. The charging
power–time profile in Fig. 8 indicates that the charging time is
battery-temperature dependent, and the overall charging time,
therefore, increases when the battery temperature is near the
temperature limits. Fig. 8 shows that it can take over 160 min
to charge a mobile phone battery up to an SoC of 80% when
the ambient temperature is high. With the charging power
battery capacity in the typical range from 40 to 120 kWh for
EVs, consideration of the thermal limitations of the batteries
is essential in determining the actual charging time of a WPT
system.

Table III tabulates the charging and discharge temperature
ranges of several common battery types [29]. It is clear that the
thermal aspects of the battery must be considered for optimal
charging of batteries, not only for minimizing the charging
time but also for preserving the lifetime of the batteries.

A. Electrothermal Modeling of Batteries

Recently, research to minimize charging time using a cou-
pled electrothermal battery model and a temperature-regulated

Fig. 9. Coupled electrothermal model of a typical Li-ion battery [30].

Fig. 10. Typical surface temperature and current profiles of a JEITA-
compliant Li-ion battery.

current control was addressed in [30]. The relationships
between the charging current and temperature of a typical
Li-ion battery can be described by the electrothermal model
in Fig. 9. Here, Voc is the open-circuit voltage. vB and iB

are the instantaneous terminal voltage and charging current,
respectively. Rse is the internal series resistance. RtrL and CtrL

are the internal slow-dynamic impedance. RtrS and CtrS are
the internal fast-dynamic impedance. In the electrical model,
Voc, Rse, RtrL, CtrL, RtrS, and CtrS are dependent on the SoC
of the battery load. In the thermal model, Cp is the heat
capacity. Ris is the thermal resistance between the internal
temperature (i.e., Tint) and surface temperature (i.e., Tsurf) of
the battery. Rsa is the thermal resistance between Tsurf and the
ambient temperature (i.e., Tamb). The total heat generation of
the battery (i.e., Q̇total) comprises irreversible heat generation
(i.e., Q̇irr) and reversible heat generation (i.e., Q̇rev) [31]. The
irreversible heat generation indicates the thermal dissipation
on those resistive components (i.e., Rse, RtrL, and RtrS) in the
electrical model, which can be calculated by

Q̇irr = (vB − Voc)iB . (5.1)

The reversible heat generation is conservative, which can
be calculated by

Q̇rev = iB Tint
∂Voc

∂Tint
. (5.2)

Obviously, a Li-ion battery charged by a larger current can
result in a higher temperature and vice versa.

B. Temperature-Regulated Current Control Method for
Minimizing Charging Time

The schema of typical surface temperature and current
profiles of a JEITA-compliant Li-ion battery is depicted in
Fig. 10. By considering practical thermal inertia, the hys-
teresis band (�h/2) is adopted for the temperature reference
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Fig. 11. Typical surface temperature and current profiles of a Li-ion battery
with the hybrid temperature-regulated current control.

Fig. 12. Primary-side hybrid temperature-regulated current control via
amplitude shift keying (ASK) modulation.

TCTRL. When Tsurf is lower than the lower hysteresis bound
[i.e., Tsurf < TCTRL − (�h/2)]), the charging current is
controlled at 1C charging current (i.e., IB(1C)). Consequently,
the surface temperature will rise to the upper hysteresis bound
[i.e., TCTRL+(�h/2)] during the period from t0 to t1. Once the
surface temperature reaches the upper bound, the charging cur-
rent is reduced from IB(1C) to X ·IB(1C), where X is a coefficient
between 0 and 1 (i.e., 0 < X < 1). Since the charging current
is significantly reduced, the corresponding battery temperature
is reduced from the upper bound to the lower bound during
the period from t1 to t2. When the battery temperature hits
the lower bound, the charging current is resumed to 1C.
Thereupon, the same procedure repeats until the battery is
fully charged. Within the hysteresis band, the charging current
remains unchanged. The battery charging speed is determined
by the average charging current (i.e., IBavg). A higher IBavg

can result in a faster charging speed.
The practical charging profile of a mobile phone in

Fig. 8 indicates that the conventional CC mode does not
hold because the temperature limit cannot be exceeded for
safety reasons. To improve the charging speed, a continuous
temperature control law is proposed in [30]. The schematic
diagrams of typical surface temperature and current profiles
of the Li-ion battery with the continuous temperature control
law are depicted as shown in Fig. 11. The battery temperature
is strictly controlled to track the reference (i.e., TCTRL) by
a hybrid temperature-regulated current control, as shown in
Fig. 12. With the same root-mean-square (rms) values of the

Fig. 13. Electrothermal-chemical model of battery loads for new control
methodologies.

charging currents (the total heat generations are the same),
IBavg of the hybrid temperature-regulated current control is
larger than that of the conventional JEITA-compliant control,
which means the charging speed can be improved.

In future work, the electrothermal model of the battery
load can be upgraded to an electrothermal-chemical model,
as shown in Fig. 13. The electrothermal-chemical model,
as a part of the battery digital twin, can be established on
the transmitter side. The battery voltage and current can be
updated based on the primary-side measurements without any
fast wireless communication feedback from the receiver side.
The hybrid temperature-regulated current control is a practical
method that can be adopted on the transmitter side to maximize
the charging current of battery loads within the safe thermal
limits of the battery. Therefore, it can minimize the charging
time in a realistic situation and is an effective solution to
meeting one of the optimal performance targets.

IV. PRIMARY-SIDE CONTROL FOR ENHANCING

INTEROPERABILITY AND OPTIMAL

CHARGING PERFORMANCE

With increasing types of WPT applications, setting new
standards to unify a technological platform for enhancing
interoperability and simultaneously maintaining optimal per-
formance is desirable. Existing transmitter and receiver con-
trollers of WPT systems are generally designed by different
manufacturers. For example, the manufacturer of the wireless
charging pad (i.e., transmitter circuit) and the manufacturer
of the receiver circuit are often different. While their con-
troller designs are compatible via the design guidelines of
international standards, the WPT performance is not optimal.
To achieve both optimal performance and compatibility simul-
taneously, it is necessary for the WPT industry to consider
new guidelines for future international standards. The authors
are of the view that a paradigm shift of control philosophy
is needed to shift most of the control functions of the WPT
systems to the primary side, as shown in Fig. 2.

A. First Principle of Primary-Side Control

An early form of primary-side control is reported
in [32], which is specific to a WPT system with an
inductive-capacitive-inductive (LCL) transmitter circuit and an
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Fig. 14. (a) Primary-side controlled LCL-LC parallel compensated WPT
system and (b) its control scheme [32].

inductive-capacitive (LC) parallel receiver circuit, as shown in
Fig. 14(a). The corresponding control scheme is included in
Fig. 14(b). Based on the voltage across the capacitor (C1) in
the LCL circuit and the primary coil current I1, the capacitor
voltage equation can be expressed as real and imaginary parts
as follows:

Vc1 = π M

2
√

2 L2

Vo + j

(
ωL1 − ωM2

L2

)
I1. (6)

With I1 measured on the primary side and L1 known, the
imaginary part of (6) is first used to estimate the mutual
inductance M . Then, with the measurement of Vc1 and the
estimated M value, Vo is estimated as the feedback output
voltage for comparison with the output voltage reference.

B. General Principle of Primary-Side Control

Without limitation of the topology type, a general approach
of primary-side load monitoring and control for a generic WPT
system with N-coil resonators was reported in [33] and [34].
The basic idea is to mathematically manipulate the variables in
the matrix equations of the WPT systems so that the secondary
control variables and parameters (such as the output power,
mutual inductance, and load resistance) are expressed in terms
of the voltage and current of the transmitter coil resonator
[33], [35]. This general approach does not require a wireless
communication system to transfer secondary-side variables
for feedback control in the primary-side control. It can be
extended to multiple-coil-multiple-load WPT systems [36].
Early attempts to estimate the system parameters by using
intelligent algorithms are reported in [34] and [37]; however,
it takes minutes for intelligent algorithms to determine system
parameters. The least-square method provides relatively faster
solutions than intelligent algorithms [38]. Fast methods of
coupling coefficient detection are addressed in [39] and [40].

This general approach can be expanded so that an observer
for the secondary circuit can be constructed on the primary

Fig. 15. Schemas of (a) observer and (b) battery digital twin for primary-side
control based on the direct measurements in the primary coil-resonator [41].

side based on the measurements of the primary current and
voltage in the transmitter circuit (Fig. 15) [41]. With the bat-
tery digital twin based on the electrothermal-chemical model,
a comprehensive primary-side control for the next-generation
WPT systems can be depicted, as presented in Fig. 2 [42].
Primary-side control for wireless charging of EVs has been
proposed as such an application may financially afford a
wireless communication system for WPT feedback control
[43]. In the extreme case that the mutual inductance cannot
be accurately monitored, primary-side control can still be
implemented via the charging-time control (CTC) [26] as a
backup.

Important Remark 3: The shift of most of the control
functions to the primary side is crucial to the objective of
achieving MEPT and minimum charging time in future WPT
systems. If adopted in future WPT standards, the manufactur-
ers of the transmitter circuits (e.g., wireless charging pads for
mobile phones and EVs) can take the main responsibility for
optimizing the charging performance in terms of MEPT and
reducing charging time while the manufacturers of the receiver
circuits simply focus on the protection aspects of the battery
charging process, such as short-circuit and over-temperature
protection. The primary-side control, therefore, opens the door
to the proposed paradigm shift to enhance system performance
while retaining compatibility or interoperability.

V. HIGH-FREQUENCY (MULTI-MHZ) AND

HIGH-EFFICIENCY WPT SYSTEMS

Contrary to common misconception that magnetic reso-
nance is a recent concept [6], Nicola Tesla used magnetic
resonant circuits in his early WPT inventions. It is highlighted
in [44] that Tesla emphasized in his early patent documents the
use of 1) high operating frequency, 2) low winding resistance,
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Fig. 16. Power profile of different power electronics switches [45].

and 3) magnetically coupled coils with resonant condensers
(i.e., capacitors). In modern terms, Tesla stressed the use
of coil-resonators with high quality (Q) factor because the
efficiency of a WPT system is proportional to the Q factor.
The availability of power MOSFETs in the 1980s offers the
required high-frequency voltage sources up to several MHz
with the help of a soft-switching technique to realize Tesla’s
dream of WPT via near-field magnetic resonance. A natural
trend for future WPT standards is to increase the operating
frequency to achieve high efficiency and high compactness of
the WPT systems.

Based on the Si and its super junction (SJ) semiconductor
technology, the frequency of the SAE J2954 standard is set at
85 (±5%) kHz for EV charging applications while that of Qi at
a frequency up to about 300 kHz. The recent advances of WBG
power devices [45], such as silicon carbide (SiC) and GaN
HEMT switch devices (Fig. 16), open the doors to extend the
WPT applications to high power and high operating frequency
beyond the 10 MHz regimes, respectively. With continuous
advancements of power electronics, the operating frequencies
would increase in stages in future standards. To break into
the uncharted territory of the high-frequency (multi-MHz)
and high-power region (Fig. 1) for future WPT applications,
several key issues must be tackled [46], [47].

A. Power Losses Versus Operating Frequency for Power
Switches

At multi-MHz operation, the 1) conduction loss, 2) overlap
switching loss, 3) displacement loss, and 4) gating loss of the
power switches should be considered. While GaN HEMT is
superior to Si-based power switches in terms of the advantages
of zero reverse recovery, lower switching energy, and faster
switching speed [46], the current collapse issue (also known
as the dynamic RDS−on issue) caused by high voltage stress
and off-state duration can drastically increase the RDS−on by
∼1.5 times to more than two times and the problem deteri-
orates at higher frequencies [48], [49], [50]. Depending on
the device technology, some types of GaN devices have lower
dynamic RDS−on at hard-switching compared to soft-switching
under higher voltage stresses (such as the Panasonic X-GaN),
while some do not show many differences (such as GaN
System’s GS 650V family [49]) (Fig. 17).

Fig. 17. Dynamic/static RDS−on with different frequencies at 100 and
400 V under hard- and soft-switching conditions. (a) GaN Systems device.
(b) Panasonic X-GaN device [49].

The overlap switching loss can be mitigated by applying
soft-switching techniques, particularly for multi-MHz opera-
tion [46]. GaN HEMT devices have much smaller COSS, CISS,
and QG values than Si devices and thus have shorter switch
transitions and lower switching loss at the turn-off transition.
The total capacitance across the switching device in the circuit
is normally large enough to reduce the rate of change of VDS

and it acts like a natural turn-off snubber. Therefore, only
ZVS turn-on is needed for the GaN switches [51], [52]. For
WPT systems driven by half-bridge or full-bridge inverters,
the equivalent impedance seen by the inverter circuit shall be
tuned to slightly inductive so that the lagging load current
drives the voltage across opposing switch(es) to zero before
they are turned on [53].

The displacement loss is mainly taken place due to voltage
swings across the blocking substrate when the device is kept
off. For the currently available and popular devices, such
as GaN-HEMT, there is unexpected extra losses associated
with the COSS, which contributes to additional power losses
on the device [54], [55]. This loss cannot be mitigated with
any external circuit operations but is intrinsic to the device
materials. In [54], the improved device structure (additional
III-N buffer layers) is suggested. But it is uncertain if device
manufacturers would adopt such techniques at the expense of
other aspects of device performance and costs. Perera et al.
[55] indicate that the loss tangent (δ) is constant to the device
family and can be used as a figure of merit for selecting
switching devices. Such a loss also applies to capacitors
connected in shunt to the switches, such as the multilayer
ceramic capacitors (MLCCs) used for adjusting ZVS quasi-
resonant times.

Last, the gating loss is generally improved in WBG devices
as the drive voltage and gate charge are reduced. It is given
by

PG = QG VGS f. (7)

For instance, a couple of representative devices are listed
and evaluated with their gating loss at 10 MHz in Table IV.

To mitigate gating losses where SiC or Si devices are
selected, gate energy recycling techniques [56], [57] may
be used at an additional cost of complexity in control and
fine-tuning of the inductor, as illustrated in Fig. 18. A com-
bination of GaN HEMT and SiC devices can mitigate the
drawbacks of both types. In [58], a cascode WBG heteroge-
nous power device is proposed and verified in an experiment
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TABLE IV

GATING LOSS AT RECOMMENDED VGS AND 10 MHZ FOR COMMONLY
USED GAN HEMT COMPARED TO SiC AND Si(SJ) DEVICES

Fig. 18. Resonant gate driver with energy recovery. (a) Chen et al. [56] and
(b) Eberle et al. [57].

Fig. 19. Cascode GaN/SiC device consists of a GaN HEMT and a SiC
JFET [58].

using commercial-grade components, as shown in Fig. 19.
The hybrid device in a 700 W class-E inverter operates at
13.56 MHz with a gating loss of 558 mW and an overall
efficiency of 91%. It retains the advantages of high voltage
blockage and low COSS losses of SiC devices, and low gating
loss and simple gate driver design of GaN devices at the same
time.

B. Signal Integrity

At high frequencies, the signal integrity can be compro-
mised, causing additional power losses and possibly oper-
ational or device failures. Besides additional losses, several
worth-noting phenomena may have substantial impacts on the
power conversion circuits in WPT systems.

The fast rising/falling edges contain a very wide spectrum
of frequency components, which are inevitably distorted or
delayed by parasitics, and the nonlinearity of the stray capac-
itances requires additional care. For example, it is common
to use large input resistors, such as 100 k�, in the op-amps
used for downscaling voltage and current waveforms in WPT
systems. A stray capacitance of 3 pF to ground after the
resistor makes it a low-pass filter with a cut-off frequency
at 530 kHz and a phase shift of 71.5◦ at 1.5 MHz [59].

Fig. 20. Distortions on voltage divider at high frequencies due to stray
capacitances.

A second example is that a simple voltage divider circuit
cannot properly function at high slew rates as expected due to
the stray capacitance across the resistors, as shown in Fig. 20.
Proper compensation at the operating frequency by adding
larger capacitances to dilute the stray capacitances can mitigate
the issue.

A third example is the false turn-on when VDS rises too
fast, and the displacement current charges the gate up and
accidentally turns the gate on, which causes additional losses
[60], [61]. This problem is further severed by nonlinearities
in the capacitances, which cannot be accurately estimated and
compensated by external components. In many cases, manual
trimming with low-granularity components is necessary.

Another worth-noting issue comes with the common-mode
transient immunity (CMTI) capability of the isolators used
in the half-bridge or full-bridge inverters [62]. A large dv/dt
transient at the floating side can trigger a false turn-on signal
for the switch and cause shoot-throughs. It is recommended
to use the latest gate drives with dedicated optimizations on
the common-mode noise rejection rates (CMNR) [63], [64].

C. Electromagnetic Interference (EMI)/Electromagnetic
Compatibility (EMC) Considerations

Both conducted and radiated EMI issues need to be consid-
ered. For conducted EMI, it is relatively easy to filter the high-
frequency components to meet the regulations. Regulations,
such as CISPR 22, EN55022, and IEC/EN61000-3-2, have
specified allowable noise levels from 150 kHz [65]. For the
radiated emissions, the regulations differ among geographical
regions. In the United States, uses of frequencies above 9 kHz
are subject to Federal Communications Commission (FCC)
rules and need approval under Part 15, Part 18, or both.
Wireless charging systems that operate below 100 kHz must
not exceed 83 V/m of electric field and 90 A/m of a magnetic
field in external areas, while those above 100 and 300 kHz
are subject to a specific absorption rate (SAR) (1.6 W/kg)
and maximum permissible exposure (MPE) limits, respectively
[66]. The spatial field strengths can be evaluated and visualized
by multiphysics tools, such as ANSYS and COMSOL, during
the design stage [67]. Normally high-intensity areas occur
near the windings, which should be shielded by a casing.
Among the multi-MHz frequency range, many works selected
the industrial, scientific, and medical (ISM) bands of 6.78,
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Fig. 21. Two major classes of circuit topologies used for WPT systems.
(a) Class-D/DE configuration. (b) Class-E configuration.

13.56, 27.12, and 40.68 MHz; however, the use of these bands
is still subject to local regulations and authorizations, and
existing communication devices may not tolerate the intensive
interference as the ISM bands were initially set for wireless
communication purposes only.

D. Topological Considerations and the State-of-the-Art

Two major classes of topologies are often seen in the
inverter and rectifier designs for WPT systems, namely the
class-D/DE and the class-E/φ2 power amplifiers, as depicted
in Fig. 21. Conventional class-D inverters are simply hard-
switched half-bridges [68], and the early implementations
achieve zero current switchings (ZCS) to mitigate the switch-
ing losses. The class-DE inverters use the lagging current in
the inductive load to achieve zero voltage and zero dv/dt
switching [69], so that the ON-transition switching loss is
mitigated to the minimum. A similar operation can be applied
to the rectifier converters used at the receiving end. Both
class-D and -DE circuits utilize the full voltage-blocking
capability of the switching devices. Note that the class-D/DE
family requires high/low side gate drives, and both switches
in a leg need to have matched latencies in the level-shift/gate
drive paths. This may affect the maximum operating frequency
in some feedback-type ZVS systems as the latency is in
series in the loop. A variant of the class-D/DE type is the
current mode class-D (CMCD) inverters [70]. It has the
advantages of all switches referenced to the ground and better
load and parameter tolerance due to the half-sine voltage
waveforms ensuring ZVS at both turn-on and off. The self-
coupled winding design is, however, technically challenging,
as reported in [71].

The class-E [72] and the later improved version, the
class-φ2 (also known as the class-EF2 in some literatures)
[73], [74] are single-switch soft-switching implementations
with additional series resonant circuits that are free from the
floating gate driver problems. The switches in such circuits,
however, experience excessive stress (2×–3.6×) from the
resonance operation that wastes available V(BL)DSS on the
device. For the existing GaN HEMT devices, this high-voltage
stress worsens the losses associated with the dynamic RDS−on

and COSS loss issues.
For various types of circuit topologies, the load (winding)

can be connected in either a single-ended or double-ended
way, as shown in Fig. 22. The single-ended connection ben-
efits from the low cost and the simplicity of the circuits.
The double-ended connection doubles the equivalent driving
voltage to the load when the source voltage is fixed. At a

Fig. 22. (a) Single- and (b) double-ended connections for windings.

TABLE V

STATE-OF-THE-ART MULTI-MHZ WPT SYSTEMS

high frequency, a mismatch in the circuit parameters on the
two sides may cause an imbalance of voltage stresses on
components.

A selection of recent representative multi-MHz inductive
WPT systems over a wide range of voltage, power, and
frequency is included for comparison in Table V. Some recent
works on class-D type inverters also have great potential for
WPT systems. A 1 kW 13.56 MHz ZVS class-D inverter with
variable-load operation can achieve a peak of 95.4% efficiency
in [51]. Based on the same operating principle, a multiinverter
discrete-backoff (MIDB) configuration of multiple inverters
using a coaxial cable transformer power combiner is proposed
for 5 kW, 13.56 MHz operations using 650V GaN devices
[52], [75]. With the recent advancement of fast gate drive
circuits with short latency (<10 ns) for soft-switched half-
bridge and full-bridge power inverters [106], operating WPT
systems at tens of megahertz is feasible even for kilowatts
applications

VI. VERSATILE AND HIGH-EFFICIENT

RESONATOR DESIGNS

The next-generation WPT is also looking at a design
paradigm shift for the resonator designs. Previously the
product design needed to be adapted to accommodate the
resonator circuits provided by WPT designers or to use
commercially available off-the-shelf (COTS) ones, such as
those in Table I; however, this often results in an ineffective
use of either the products’ enclosure spaces, such as fitting
a circular winding into a rectangle box case; or/and an
inadequate power capability of the circuits, such as using
a pair of resonators rated higher power ratings than the
actual power demand. Versatile resonators customized to the
applications will be needed, and the following points are to be
addressed.

1) Adaptations of winding designs to fit the products’
enclosures.
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Fig. 23. Windings used in the wireless charger for E-scooters [79], [84]
(Copyright @ IEEE). (a) Transmitter coil. (b) Receiver coil.

2) Optimizations for minimum angular/linear misalignment
disturbances, either through the change of shapes or by apply-
ing multiple resonator configurations.

3) Optimizations for minimum power losses in the resonator
circuits.

A. Windings Fitting the Irregular Enclosures

Windings can be arranged in irregular shapes so that
the aperture sizes and the mutual coupling are maximized.
Examples are the trapezoidal multiturn receiver winding in
[79] (Fig. 23) and wireless power provisioning over spherical
structures [81], [82], [83].

The evaluation of self- and mutual-inductance values for
irregular windings then plays a key role in design and opti-
mizations. 3-D finite-element method (FEM) software, such
as ANSYS and COMSOL, are normally used; however, the
manual 3-D modeling and evaluations often take minutes to
hours for a design candidate. To speed up the process, the
trajectory of the winding can be generated by programming.
Numerical solvers based on Neumman’s formula (8), such as
[85] and artificial intelligence (AI)-based optimization, such
as [86], offer fast and accurate results compared to 3-D FEM
software. In [87], a parametric search and spatial sampling
evaluation can help determine the optimal shape of a cone-
shaped Tx winding for an even distribution of power delivery
over an observation area. The whole process takes several
minutes on a normal laptop computer. This brings better
efficiency and convenience in parametric optimizations for
irregular windings

L S,M = μ0

4π

∮ ∮
dx · dx �

|dx − dx �| . (8)

B. Multiresonator for Misalignment Tolerance

Multiple numbers of winding and their subsidiary circuits
can be jointly used at both the transmitter and receiver sides to
tackle a range of free angular and/or linear displacement [88].
The basic principles can be elaborated in a vector combination
way based on the paradigm of the three-orthogonal circular
winding structure [89]. A closed-form theoretical maximum
efficiency for multiple transmitter single receiver systems is
derived based on the Cauchy–Schwartz inequality in [90] and
similar conclusions in MagMIMO [91] (Fig. 24) using the
maximal-ratio combining method. In practice, these struc-
tures are often restricted by the form factors of the product,
e.g., a flat structure like a mobile phone. Some alternative
variations can solve the angular and lateral misalignment

Fig. 24. Block diagram of MagMIMO prototype [91].

issues [92], [93], [94]. For example, the two crossed dipole
structure is a good solution to achieve 6-degree-of-freedom
WPT with completely planar designs on both Tx and Rx sides,
meeting the minimum requirements of uninterrupted power
supply at free moves [93].

C. Considerations for Megahertz Resonator Construction

An objective in resonator design is the maximization of the
Q factor. The losses associated with the winding structure are
due to the skin effect, the proximity effect, the fringing effect
(where crossings of wires take place), and the hysteresis/eddy
loss in the core/shielding materials if there are any. Litz wires
are often used to mitigate the losses due to the skin effect. The
proximity effect also, however, takes place within the stranded
bundle [95]. Therefore, in many high-power multi-MHz WPT
systems, copper tube coils are often used [47], [79], as the
expansion of radius still effectively increases the conduction
area. A multiturn winding has unevenly distributed current
densities over the cross-sectional area due to the proximity
effect when multiple turns are packed [96]. On the other hand,
closely packing the turns result in more parasitic capacitances
[97] that lowers the self-resonant frequency of the winding,
and the current through the leakage capacitance reduces the
induced magnetic field [98]. The printed circuit board (PCB)
coils [99], including the flexible printed circuit (FPC) types
[100], are often used in low-power applications for consistency
in manufacturing tolerance and inexpensive production cost.
Special care is needed to reduce the stray capacitance in a
multilayer spiral coil to increase the useable bandwidth for
inductor/transformer windings [101]; however, this character-
istic can be utilized to form a natural resonator where discrete
capacitors cannot be installed due to high electric fields [102].
The operational characteristic of such a winding design is
discussed in [103], where both proximity effect and interlayer
displacement current (leakage) take place at the same time,
as shown in Fig. 25.

Printing two planar windings on two sides of a PCB board
means that the dielectric property of the PCB material will
form the equivalent capacitance, which limits the resonant
frequency. A recent advancement of using new PCB structures
as resonators for megahertz WPT applications is reported
in [104] to further reduce the intercapacitance and intraca-
pacitance of the spiral PCB windings so that the resonant
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Fig. 25. (a) Surface conduction current density and (b) interlayer displace-
ment current density in a two-layer PCB winding [103].

Fig. 26. Structure of a new PCB resonator with reduced intercapacitance
and intracapacitance for megahertz WPT applications [104]. (a) Side view of
a new PCB resonator formed by two PCBs with an air gap. (b) Front and
back view of each PCB board.

Fig. 27. Resonator based on a 3-D printed surface spiral winding (with seven
turns) for megahertz and kilowatts WPT applications [105]. (a) Photograph
and (b) voltage distribution (Copyrights @ IEEE).

frequency can reach the megahertz range. This new structure
comprises two planar PCB windings arranged in a sandwiched
structure with a middle layer of airgap [Fig. 26(a)]. The
electric field passes through the airgap instead of the PCB
material, therefore resulting in a reduction of interwinding
capacitance. In addition, air trenches (slots) are made between
adjacent turns of the PCB windings in both planar windings to
reduce the intrawinding capacitance [Fig. 26(b)]. In the study
reported in [104], the quality factor, resonant frequency, and
transmission efficiency of the new designs are significantly
improved by over 410%, 240%, and 88%, respectively, over
those of the conventional designs. Future resonator designs for
high-frequency operation may benefit from electroplating and

TABLE VI

SUMMARY OF RESONATOR DESIGN STRATEGIES

3-D printing technologies. A good example (Fig. 27) is the
surface spiral winding printed on the surface of a circular tube
of polycarbonate (PC) for high-frequency (MHz) and high-
power (kW) applications [105]. Given different application
scenarios, the suggested strategies are summarized in Table VI.

VII. CONCLUSION

With the increasing power level and range of WPT appli-
cations, there is a need for a paradigm shift to optimal
performance to achieve high system efficiency and minimum
charging time for the entire charging process of the bat-
tery loads without compromising interoperability. This article
highlights some essential concepts and technologies that can
be incorporated for such a paradigm shift in future WPT
standards. By transferring most of the control functions to
the transmitter side based on the digital twins at the primary
side, the manufacturers of the transmitter circuit (i.e., chargers)
can be responsible for the optimal control, while the manu-
facturers of the receiver circuits only need to deal with key
protective functions, such as short-circuit and over-temperature
protection of the battery loads, while the fast communication
feedbacks are not required. The state-of-the-art technologies
and the challenges in breaking into the multi-MHz and high-
power WPT regimes are addressed. New gate drives with
short latency for soft-switched power inverters will be essential
to high-frequency and high-power WPT applications. The
WBG power devices and new technologies for printed res-
onators would offer practical solutions to enter this unchartered
territory.
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