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Abstract—In this paper, the loading effect of a Class E power
amplifier (PA) driven 6.78 megahertz (MHz) wireless power
transfer (WPT) system is analyzed at both circuit and system
levels. A buck converter is introduced and controlled to track
an optimal equivalent load that maximizes the system efficiency
under uncertainties in the relative position of coils and the final
load. For power control, an additional degree of freedom is
provided by adding an ultracapacitor bank. A control strategy is
proposed to track the maximum efficiency and charge/discharge
the ultracapacitor bank through the on/off control of the Class E
PA. Thus high system efficiency can be maintained under various
uncertainties and load power demands. Finally, the theoretical
analysis and the control scheme are validated in experiments.
The results show that the proposed Class E PA driven MHz
WPT system can stably achieve a high efficiency under different
coil distances and various constant/pulsed power profiles. The
measured highest system efficiency can reach 72.1% at a load
power level of 10 W.

Index Terms—Megahertz wireless power transfer, Class E
power amplifier, maximum efficiency tracking, load power de-
mand, ultracapacitor

I. INTRODUCTION

Wireless power transfer (WPT) using inductive resonance
coupling has become increasingly popular in recent years.
Now it is being applied to charge wearable devices, cellphones,
household appliances and even electric vehicles [1], [2]. Cur-
rently WPT working at kilohertz (kHz) shows rapid improve-
ment thanks to the new development in power electronics [3]–
[8]. Meanwhile, it is attractive to further increase the resonance
frequency such as to several megahertz (MHz) especially for
a higher level of spatial freedom, namely a longer transfer
distance and higher tolerance to coupling coil misalignment.
A higher frequency also helps to build more compact and
lighter WPT systems. At the same time limitations exist in the
performance of power electronic devices, the usable frequency
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range under the regulation of ISM (industrial, scientific, and
educational) band, etc. Therefore WPT systems working at
MHz are now widely considered to be suitable for low-power
applications.

Parallel with the development of kHz WPT, MHz WPT
has also attracted wide interest. Many works can be found
in analysis, design, optimization, and control of MHz WPT
systems. Circuit-level design and optimization include com-
pensation of coils, high efficiency power amplifiers (PAs) and
rectifiers, tunable circuits, etc [9]–[15]. In terms of control,
frequency tuning is popular [16]. However it may violate
the bandwidth constraint of the ISM band, which is narrow
at MHz [17]. Variable capacitors and inductors can be used
to achieve dynamic impedance matching for coils [18]–[20]
and tunable inverters [21], [22]. These systems are based
on switching among multiple passive components or use
complicated tuning circuits. Dc-dc converters were applied to
improve the robustness of the system performance such as the
efficiency [23], [24]. Besides, a phased array WPT system was
recently proposed for efficient power transfer and control of
power delivery and leakage field strength [25].

This paper develops a control scheme that maintains a high
efficiency of a Class E PA driven MHz WPT system. The
Class E PA is known to be a promising power source working
at high switching frequencies thanks to its simple topology and
soft-switching property, i.e., zero-voltage switching (ZVS) and
zero-voltage-derivative switching (ZVDS) [26]–[28]. Mean-
while, in real applications difficulties in the control arise from
various power demands and uncertainties such as variations
in the relative position of coils and load characteristic. This
problem becomes even more challenging for a WPT system
driven by the Class E PA due to the high load sensitivity of the
PA [26], [29], [30]. Furthermore, the impedance characteristics
of circuits at MHz are much more complicated than those
in the conventional kHz band studied in power electronics.
This difference causes additional difficulty in achieving an
optimized operation of a MHz WPT system. New configura-
tion, comprehensive system-level analysis, and suitable control
strategies are expected that provide a solution to maintain a
high efficiency of the WPT system under various uncertainties
and power demands.

To the knowledge of the authors, this paper represents
one of the first attempts to provide system-level analysis and
optimization (i.e., from source to final load) of a MHz WPT
system driven by a Class E PA. The impedance effects are
particularly investigated in order to derive conditions for a
maximized efficiency of an example 6.78 MHz WPT system.
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Fig. 1. System configuration.

Then the combination of loading control and energy buffering
is proposed to simultaneously achieve high efficiency and meet
different power demands. A buck converter and an ultracapac-
itor (UC) bank are added in the 6.78 MHz WPT system as two
new degrees of freedom to implement the efficiency and power
control, respectively. The UC bank works as an energy buffer
to decouple the actual load power from the WPT system. This
further simplifies the design and control of a Class E PA driven
MHz WPT system that always operates under its desired
condition. Instead of the conventional electrolytic capacitors
such as a common tantalum capacitor, here the UC is chosen as
the energy buffer due to its much higher capacitance [31]. The
proposed control scheme makes it possible to efficiently charge
and supply power to various electronic devices using a same
transmitter, and thus potentially improves the functionality and
adaptivity of the WPT systems.

It is known that the so-called varying frequency control
and varying bus voltage (PA dc input voltage) control have
also been proposed for the output power regulation and
control [32]. However, both the control methods require a
relatively complicated control algorithm. Besides, dedicated
hardware is needed to measure, communicate, calculate, and
implement the control; while in the proposed power control,
only an energy buffer and simple on/off control of the PA
are required. And more importantly, the sensitive Class E PA
always efficiently works under its desired loading condition
and power level. The sizing of the UCs can also be mini-
mized for a target application. In addition, new technologies,
nanotechnology and Li-ion-based hybrid UC such as the Li-
ion Capacitor (LIC), can be applied to further improve the
energy density of the UCs and thus significantly decrease the
size of the UC bank for energy buffering purposes [33], [34].

II. OPTIMAL CONDITIONS FOR HIGH EFFICIENCY

The configuration of the 6.78 MHz WPT system proposed
in this paper is shown in Fig. 1. It consists of a Class E PA,
two coupling coils, a full-bridge rectifier, a buck converter, an
UC bank, and a load. The buck converter and the UC bank are
combined together to maintain a high efficiency of the Class
E PA driven MHz WPT system, as discussed in the following
sections. Here the overall system efficiency ηsys is defined as

ηsys =
Pload

Ppa
, (1)

where Pload is the power received by the load, and Ppa is the
input power from the dc source. ηsys can also be represented
as

ηsys = ηpa · ηcoil · ηrec · ηbuck · ηuc, (2)

where ηpa, ηcoil, ηrec, ηbuck, and ηuc are the efficiencies of
PA, coupling coils, rectifier, buck converter, and UC bank,
respectively.

Note the concept of the Class E PA driven WPT system
itself is not new [28]. Meanwhile, due to the high loading
sensitivity of the PA, the characteristics of the overall WPT
systems may significantly change with different topologies
and under various loading conditions. Thus, as discussed
below, it is especially important to analyze the impedance
characteristics at a system level, i.e., from the PA to the final
load. This analysis serves as a basis to derive a condition that
maximizes the system efficiency in a dynamic environment
such as with varying coil relative position and/or load.
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Fig. 2. A Class E power amplifier. (a) Circuit model. (b) Efficiency and
output power versus Rcoil when Xcoil = 0. (c) Efficiency and output power
versus Ψcoil when Rcoil = 1Ω.

A. PA Load Analysis in WPT System

Here the requirement from the Class E PA is discussed when
it is used as a power source in the MHz WPT system. The
circuit for a classical Class E PA is shown in Fig. 2 (a), where
Lf is a radio frequency (RF) choke; S1 is a switch; Cs is a
shunt capacitor. L0 and C0 work as an impedance matching
network with a net reactance jX . Vpa and Ipa are the input
voltage and current of the PA. For a target load Zopt, the circuit
parameters can be optimized under any operating frequency ω
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using Raab’s equations,{
B = ωCs =

8
π(π2+4)Zopt

≈ 0.184
Zopt

X = ωL0 − 1
ωC0

= π(π2−4)
16 Zopt ≈ 1.15Zopt

, (3)

where B is the susceptance of Cs [29], [30]. Under the
optimized B and X , the PA output power and efficiency,
Pcoil (i.e., the input power of the coupling coils) and ηpa, are
analytically derived as follows for any coil input impedance,
Zcoil (=Rcoil + jXcoil), Pcoil =

V 2
pag

2Rcoil

2R2
pa

ηpa = g2Rcoil

2Rpa

, (4)

where

g =
π sinϕ1 + 2 cosϕ1

2 cosϕ sinϕ1 + π/2 cosψ
, (5)

Rpa =
π2/4− g[π/2 cosϕ+ sinϕ]

πB
, (6)

ψ = tan−1

(
X+Xcoil

Rcoil

)
, (7)

ϕ = tan−1

[
(π2/2−4)−πBRcoilρ(2 cosψ+π sinψ)

π+πBRcoilρ(π cosψ−2sinψ)

]
, (8)

ϕ1 = ϕ+ ψ, (9)

ρ =

√
1 +

(
X+Xcoil

Rcoil

)2

. (10)

All the above variables, g, Rpa, ψ, ϕ, ϕ1, and ρ, relate to
the coil input impedance, Zcoil. Using normalized parameters,
Vpa=1 V and Zopt=1 Ω, Fig. 2(b) and (c) show the influences
of Rcoil and Ψcoil (phase of Zcoil). It is known that an optimal
soft-switching condition, i.e., ZVS and ZVDS, can be achieved
when Rcoil = Zopt and Ψcoil = 0 [29], [30]. Meanwhile, the
two subfigures show that it is possible to efficiently operate
the PA over a narrow range of the load around Zopt. Beyond
this range the inefficiency of the PA may cause system failure
or even damage the switch S1. In real applications variations
in the final load and relative position of coils will inevitably
lead to a varying Zcoil. It is important to actively control Zcoil

for a robust and high-efficiency operation of the Class E PA
driven WPT system.

Lt

Ct

Rt Rr

Lr

Cr

Zcoil

Zrec

k

Fig. 3. Circuit model of the coupling coils.

As shown in Fig. 3, L, C, and R with different subscripts
(t and r) represent the coil inductors, compensated capacitors
and parasitic resistors of the transmitting and receiving coils;
k is the coupling coefficient, and Zrec (=Rrec + jXrec) is the
input impedance seeing into the following full-bridge rectifier.
Under resonance,

jωLt +
1

jωCt
= 0 and jωLr +

1

jωCr
= 0, (11)

thus the load of the PA, i.e., Zcoil, can be derived [11],
Zcoil = Rt +

ω2k2LtLr

Rr+Rrec+jXrec
,

Rcoil = Rt +
ω2k2LtLr(Rr+Rrec)

(Rr+Rrec)
2+X2

rec
,

Xcoil = − ω2k2LtLrXrec

(Rr+Rrec)
2+X2

rec
.

(12)

The efficiency of the coupling coils can then be calculated,

ηcoil =
Rcoil −Rt

Rcoil
· Rrec

Rrec +Rr
. (13)

It can be seen that both Zcoil and ηcoil relate to k (i.e., the
relative position of coils) and Zrec, namely the characteristics
of the following circuits. Considering the complicated inter-
actions among the circuits and unavoidable uncertainties in a
real WPT system, system-level analysis is very important that
guides the optimization of the overall system performance.

B. System-level Efficiency Optimization

Fig. 4 shows a simplified circuit model of the WPT system
including the PA, the coupling coils, the rectifier, and a load
Rbuck. For this system, its efficiency ηpa2rec is

ηpa2rec =
Pbuck

Ppa
= ηpa · ηcoil · ηrec, (14)

where Pbuck is the power received by the load Rbuck. Although
both ηpa and ηcoil can be analytically derived, as shown in (4)
and (13), it is challenging to derive ηrec due to the complex
nonlinear behaviors of the diodes at MHz. Instead well-known
RF circuit simulation software, the Advanced Design System
(ADS) from Keysight Technologies, is used to numerically
calculate the efficiencies, ηpa, ηcoil, ηrec, and thus ηpa2rec
under various Rbuck.

As shown in Fig. 2(b)(c), it is important to first determine
a target load, i.e., Zopt, for the Class E PA due to its narrow
range of the load for high efficiency. It is known that at a same
power level a small Zopt increases the power losses caused
by components’ parasitic resistances, and significantly lowers
the efficiencies of both PA and coupling coils. A large Zopt

is usually preferred in terms of efficiency. Meanwhile, a large
Zopt requires a large Vpa to provide a given Pcoil and increases
the voltage stress on S1 (≈ 3.6Vpa) [29], [30]. In this paper the
breakdown voltage of S1 is 150 V, which means the maximum
Vpa can not exceed 42 V (=150/3.6). Considering the possible
deviation from Zopt in real applications, here Vpa is chosen as
30 V to ensure a safe margin. In order to achieve a target power
level, 20 W here, the required output power of the PA, Pcoil,
can be approximately estimated, which is about 24 W. Given
the specified Vpa and Pcoil, a 15 Ω Zopt is then determined
according to (4). All the circuit parameters of the PA and the
coupling coils are labeled in Fig. 4. Lf is a RF choke with
low parasitic resistance (0.12 Ω), and L0 is a high-Q (310)
inductor at 6.78 MHz. The other parameters of the PA are then
determined using the Raab’s equations, (3). The inductances
and the parasitic resistances of the coupling coils are measured
by a Vector Network Analyzer (VNA) and compensated using
the two capacitors, Ct and Cr [refer to (11)]. In the simulation
the SPICE models for the switch S1 (SUD15N15) and diodes
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Fig. 5. ηpa2rec and Pbuck versus Rbuck and k. (a) ηpa2rec. (b) Pbuck

(W).

D1–D4 (STPSC406) are used to accurately predict behavior
of the WPT system.

The relationships among Rbuck, k, ηpa2rec, and Pbuck are
investigated and shown in Fig. 5(a)(b). Note here Pbuck is the
output power of the rectifier. It is desirable to observe that the
range of high system efficiency largely overlaps with that of
high output power. The efficiencies and the output power under
various k and its corresponding Rbuck,opt, a Rbuck maximizing
ηpa2rec, are shown in Fig 6. By having the optimal Rbuck,opt’s,
not only ηpa2rec (black curve) but also ηpa (green curve)
can be maintained at a high level over a wide range of k.
This result indicates that by tracking the optimal Rbuck,opt’s,
the robustness of the system performance such as the system
efficiency can be improved when there are variations in k (i.e.,
relative position of coils) and/or the characteristic of the final
load.

k

η
η
η
η

pa2rec

pa

coil

rec

Pbuck (W)

Fig. 6. Efficiencies and output power under various k and its corresponding
Rbuck,opt.

Besides, it should be noted that the output power Pbuck in
Fig. 6 actually decreases with a larger k. This is because of
the capacitive Zrec caused by the diodes’ strong nonlinearity
at MHz. The nonlinearity further leads to an inductive Zcoil

under the optimal Rbuck,opt’s, as shown in Fig. 7(a). From
Fig. 7(b) it can be seen that an increasing imaginary part (i.e.,
phase) of the load Zcoil has limited effects on PA efficiency,
but lowers the PA output capability and thus Pbuck.

The above results show that the optimal Rbuck,opt’s can
guarantee a high-efficiency power transfer from the Class
E PA to the rectifier. Thus here this operating condition is
defined as a nominal condition for the MHz WPT system. It
should be noted that since the determination of the optimal
Rbuck,opt’s is through a system-level approach, the above
nominal condition does not necessarily guarantee that all the
individual circuits will also operate optimally. For instance, the
capacitive Zrec means the receiving coil does not completely
resonate, and it lowers the coupling coil efficiency, ηcoil [refer
to (12) and (13)]; the inductive Zcoil also indicates the Class
E PA may not work exactly at its optimal condition (i.e., ZVS
and ZVDS), but the PA still operates within the range for
high efficiency [refer to Fig. 7(b)]. Therefore, the above so-
called nominal operating condition is a compromised solution
emphasizing the performance of the overall MHz WPT system.
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III. CONTROL OF EFFICIENCY AND POWER

A. Loading Control using Buck Converter

The loading control has been widely used in kHz WPT
systems, such as through dc-dc converters, mostly for power
control purposes [4]. The dc-dc converter was recently applied
in a 13.56 MHz WPT system for a maximum efficiency
tracking [24]. However, the PA (a standard RF one) efficiency
is not included in the calculation of the system efficiency.
A bulky bi-directional coupler is also needed to measure the
input power. In this paper, the maximum dc-to-dc efficiency
including the PA efficiency is tracked using a dc-dc converter, a
buck converter here. More importantly, the load sensitive Class
E PA further requires a system-level analysis and optimization
that derives the condition for an effective loading control, as
discussed in the previous section. Here a buck converter can
be used to implement the control of Rbuck in Fig. 8, the load
seen by the full-bridge rectifier. Vbuck, Vout, Ibuck, and Iout
are the input and output voltages and currents of the buck
converter, respectively. For an ideal buck converter working
in continuous mode, namely a large Lb,

D =
Vout
Vbuck

=
Vout√

RbuckPbuck

, (15)

where D is the duty cycle of the switch S2. Since Pbuck

relates to Rbuck, an optimal D exists for each Rbuck,opt that
corresponds to a specific relative position of coils, i.e., k [refer
to Fig. 5(a)(b)]. Thus maximized system efficiency can be
maintained by tracking the changing Rbuck,opt through the
duty cycle control of the buck converter.

Note in a buck converter Vbuck should be greater than Vout.
Thus a constraint is that

Rout =
V 2
out

Pout
< Rbuck,opt, (16)

where Rout is the load of the buck converter and Pout is
its output power [see Fig. 8]. It is important to carefully
choose the circuit parameters of the converter in oder to
guarantee a sufficient tracking capability. Otherwise, other dc-
dc converters could be considered such as boost converter and
buck-boost converter.

B. Power Control using Ultracapacitors

In real applications the required power levels and types may
vary significantly for different loads. In order to maintain a
high system efficiency, a UC bank is added between the buck
converter and the load [see Figs. 8 and 9]. It works as an en-
ergy buffer to deliver power and temporarily store energy. Thus
the power requirement of a load is decoupled from the actual
output power of the WPT system. This advantage is particu-
larly useful for the Class E PA driven MHz WPT system due
to the PA’s high sensitivity to the operating condition. There
certainly exists a trade-off between improved performance and
added complexity, size, and cost, etc. Meanwhile, small UC
units are already being used in today’s electronic devices
as energy buffers that protect microcomputers from power
shutdowns, maintain the contents of CMOS memories, and
assist batteries when starting computation-heavy applications,
etc [35]. The new technologies such as the nanotechnology
and Li-ion-based hybrid UC could further miniaturize the size
of the required UC bank. The discussion here actually extends
the application of UCs into a new field, the power control in
MHz WPT systems.

In order to avoid overcharge, the UC bank need operate
under a maximum permissible voltage, Vout,max; while its
minimum voltage (Vout,min), i.e., its energy storage capability,
should be determined based on the requirements from the load-
ing condition of the buck converter and a target application.
The on/off control of PA can be performed to guarantee the
desired range of UC voltage variation, as summarized in the
following subsection. Note that the existing devices usually
operate at a fixed input dc voltage. This requirement was
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originally developed for the conventional physically connected
systems. For the proposed WPT system, a dc-dc converter
can be added to provide a fixed output voltage, which is a
common practice. Meanwhile, WPT provides new possibility
to directly transfer a required amount of power in a non-
contacting manner. In this paper, the output power is controlled
by combining the UC bank and the on/off control of the Class
E PA. It may indicate a new possible configuration of the WPT
systems, through which the WPT system directly outputs the
required power with a high efficiency.
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Fig. 10. Control flowchart.

C. PA On/off Control with Maximum Efficiency Tracking

The blockdiagram of the control system is shown in Fig. 9.
In the on/off control of PA, the two states, “on” and “off”
states, are automatically switched according to the UC voltage,
i.e., Vout in Fig. 8:

1) “On” state: The PA is turned on when Vout reaches
Vout,min, and the buck converter works to track
Rbuck,opt for a maximized ηpa2buck, i.e., ηpa2rec×ηbuck.
Usually a high ηbuck, greater than 90%, can be main-
tained over a wide range of its load [24]. Thus ηbuck has
a limited influence on the value of Rbuck,opt. In the “on”
state Pload is supplied by the WPT system, and the UC
bank is charged using the rest of Pout, i.e., Pout−Pload.

2) “Off” state: The PA is turned off when Vout reaches
Vout,max. Pload is then completely provided by discharg-
ing the UC bank.

As shown in Fig. 9, in the “on” state a feedback mecha-
nism is implemented to track the maximum system efficiency
ηpa2buck, i.e., (VoutIout)/(VpaIpa).

The flow of the control is summarized in Fig. 10, where n is
the newest sampling instant. Vpa,n, Ipa,n, Vout,n, and Iout,n
are the sampled input/output voltages and currents, respec-
tively. Thus the system efficiency ηpa2buck,n can be obtained
in real time by calculating (Vout,nIout,n)/ (Vpa,nIpa,n). D is
the duty cycle of the buck converter that controls the equivalent
load resistance seen by the rectifier, i.e., Rbuck. The system
is initialized with D=0, and the state, “on” or “off”, of the
PA is determined according to the present UC voltage Vout,n.

In the “on” state, a small and constant perturbation, ∆D, is
applied in a step-by-step manner in order to change Rbuck,
and the system efficiency variation ∆ηpa2buck(=ηpa2buck,n-
ηpa2buck,n−1) is measured. If ∆ηpa2buck is positive, the ad-
justed Rbuck approaches its optimal value. Thus a perturbation
with a same sign needs to be applied in the following stage,
and vice versa. This perturbation and observation (P&O) based
tracking is iteratively repeated until the maximum ηpa2buck is
reached.

IV. EXPERIMENTAL VERIFICATION

The final experimental MHz WPT system is shown in
Fig. 11. The system consists of a programmable dc source,
a 6.78 MHz Class E PA, two coupling coils, a full-bridge
rectifier, a buck converter, a UC bank, a digital controller
(National Instrument myRIO), and an electronic load. NI
myRIO controls the on/off of the dc source via USB, and
records Vpa and Ipa, i.e., the input power of the WPT system.
The output voltage and current of the buck converter, Vout
and Iout, are sampled through an I/V sampling board and sent
to NI myRIO as well. Thus ηpa2buck can be calculated and
tracked in real time through the P&O-based tracking using the
buck converter (∆D = 0.02). The programmable electronic
load is also controlled by NI myRIO to emulate various power
levels and types of the load, Pload. The circuit parameters
are given in section II-B [refer to Fig. 4 and the types of
diodes and switch]. Two coils are aligned along their vertical
axes with distance d, as shown in Fig. 11(c). Table I lists
the parameters and specifications of the buck converter and
the UC bank. Note that the experimental setup in Fig. 11 is
for validation purposes. In real applications, the NI myRIO
embedded controller and the sampling board could be replaced
by dedicated chips. Again, the size of the UC bank can be
minimized targeting a specific application. New technologies,
the nanotechnology and Li-ion-base hybrid UC, also help to
significantly improve the energy density of the UCs, i.e., a
much smaller size of the UC bank.

TABLE I
PARAMETERS OF BUCK CONVERTER AND UC BANK.

Buck converter

Switch S2 IFR540N (IR)
Diode Dbuck BYV29 (NXP)
Inductor Lb 100 µH
Switching frequency 40 kHz

UC bank

Cell BCAP0100 (Maxwell)
Capacitance 100 F (cell)
Internal resistance 90 mΩ (cell)
Connection 6 cells in series (bank)
Vout,min, Vout,max 10 V, 15 V (bank)

A. Static Characteristics

First the electronic load is directly connected with the recti-
fier. The buck converter and the UC bank are not included. The
static characteristics of the WPT system are measured in order
to validate the previous theoretical analysis in section II-B.
During the measurement, the vertical coil distance d changes
from 15 mm to 45 mm that corresponds to a varying coupling
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Fig. 11. Experimental setup. (a) Overall system. (b) 6.78 MHz Class E PA. (c) Coupling coils. (d) Full-bridge rectifier. (e) Buck converter. (f) UC bank.
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Fig. 12. Measured static characteristics. (a) ηpa2rec versus Rbuck and k. (b) Pbuck (W) versus Rbuck and k. (c) Optimal ηpa2rec and Pbuck versus k.

coefficient k from 0.31 to 0.09. At each d, ηpa2rec and Pbuck

are measured under different Rbuck, as shown in Fig. 12(a)(b).
The experimental results are consistent with the simulation
ones in Fig. 5. Measured variations in the optimal ηpa2rec
and Pbuck under various k and its corresponding Rbuck,opt in
Fig. 12(c) also well match the previous simulation results.

B. Dynamic Tracking and Power Control

Then all the function blocks in Fig. 9 are included in
the experiments. In the scenario five cases are designed with
different coil distances d (i.e., k) and various levels and types
of the load power Pload [see Fig. 13 (a)]. The dynamic
responses of power (Ppa, Pout, and Pload) and the output
voltage/current (Vout and Iout) of the buck converter are shown
in the two following subfigures, Fig. 13 (b)(c). In periods T1–
T3, d is fixed at 4 cm and constant load power profiles are

applied with levels of 10, 5, and 1 W, respectively. Under
the tracking control using the buck converter the maximum
efficiency of ηpa2buck is quickly reached with a response time
of less than 0.5 s. In all the three “on” states the Class E PA
works at a stable input power level of 24 W despite different
levels of the actual load power; while in the “off” states UC
bank is discharged to continuously supply the require constant
load power. Under the on/off control the UC bank is properly
charged and discharged within the prescribed voltage range,
i.e., Vout between Vout,min and Vout,max. A high ηpa2buck,
the ratio of Pout to Ppa in Fig. 13(b), is maintained in the
“on” states, and their average values ηpa2buck,avg are listed in
Fig. 13(a). The average overall system efficiency from the dc
source to the load, ηsys,avg is also shown in the subfigure.
The discussion on the efficiencies is summarized later at
the end of this subsection. Note Pout slightly increases in
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Fig. 13. Experimental results under different coil distances and various constant and pulsed load power profiles.

the “on” states because higher the UC voltage higher the
efficiency of the buck converter. As an example, the drain-
source voltage of S1, i.e., the switch in the Class E PA, is
given in Fig. 14 during period T1. The waveform is close to
but not as same as the optimal waveform of a Class E PA
under ZVS and ZVDS operation. This result verifies that the
proposed solution is a compromised one that maximizes the
overall system performance rather than the performances of
individual circuits [refer to section II-B].

Fig. 14. Drain-source voltage of switch S1 in the Class E PA.

In period T4 a pulsed load profile with two power levels of
5 and 40 W is applied and d is still 4 cm. The peak power,
40 W, lasts for 1 s and appears every 20 s. It is interesting
to note that the peak power is actually higher than Ppa(=24
W), the input power of the WPT system. Using the UC bank
as an energy buffer Ppa and Pout are almost not affected by
the final pulsed load power. Small fluctuations in Vout can

be observed such as at t8 in Fig. 13(c). This explains the
function of the UC bank to temporarily store/deliver energy
and thus decouple the output power of the WPT system and the
required load power. The experimental results also show that
the proposed WPT system responses fast under this extreme
loading condition. Thanks to the UC bank, the actual load is
decoupled with the WPT system. Thus the response speed is
only determined by the power delivery capability of the UC
bank, an energy storage device well-known for its very high
power density [36].

In period T5 the power profile is again a constant one,
but d changes from 4 cm to 3 cm at t11. From the previous
analysis in section II-B the optimal Rbuck,opt will change too.
As shown in Fig. 13(b), the new Rbuck,opt is quickly tracked
within 0.1 s at t11. The speed of tracking is faster than that
at t1, 0.5 s, because the starting point of the tracking at t11 is
closer to the optimal point. Ppa and thus Pout drop at t11 due
to the smaller d, namely a larger k [refer to Fig. 12(c)].

Finally, as shown in Fig. 13(a), high efficiency from the dc
source to the buck converter, ηpa2buck is achieved in all the
five cases. Meanwhile, the efficiency from the dc source to
the load, ηsys in (2), becomes lower when the load power is
small such as 1 W in T3. It is because smaller load power
requires the UC bank to temporarily store larger energy, and
thus more loss occurs due to the UC internal resistance. For a
specific application an optimized sizing of the UC bank could
be discussed to minimize its energy loss. It is interesting to
note that at a similar average power level, 5 W in T2 and 6.75
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W in T4, almost same efficiencies are achieved despite the
quite different load profile in T4, a pulsed one.

V. CONCLUSION

This paper first provides a system-level analysis on a 6.78
MHz WPT system driven by a Class E PA. A control scheme
is then developed that maintains high system efficiency under
uncertainties and various power demands. A buck converter
and a UC bank are introduced as two new degrees of freedom
to implement the efficiency and power control, respectively.
Experimental results show that the proposed control scheme
can quickly track the maximum system efficiency and supply
the required power, both constant and pulsed ones, at various
power levels. Thus the scheme enables the Class E PA driven
WPT system to always work under its desired operating con-
dition despite different power requirement, load characteristic,
and transfer distance. This advantage simplifies the design, and
improves the functionality and adaptivity of a WPT system.
The proposed control scheme is particularly suitable for the
MHz WPT systems driven by the load sensitive Class E PA.
Meanwhile, the concept itself is a general one that can be
applied in the MHz WPT systems with other topologies.
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