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Abstract

This paper presents a capacitive power transfer (CPT) system using a Class-E resonant inverter. A Class-E resonant inverter is
chosen because of its ability to perform DC-to-AC inversion efficiently while significantly reducing switching losses. The

proposed CPT system consists of an efficient Class-E resonant inverter and capacitive coupling formed by two flat rectangular

transmitter and receiver plates. To understand CPT behavior, we study the effects of various coupling distances on output power
performance. The proposed design is verified through lab experiments with a nominal operating frequency of 1 MHz and 0.25

mm coupling gap. An efficiency of 96.3% is achieved. A simple frequency tracking unit is also proposed to tune the operating

frequency in response to changes in the coupling gap. With this resonant frequency tracking unit, the efficiency of the proposed
CPT system can be maintained within 96.3%-91% for the coupling gap range of 0.25-2 mm.

Key words: Class-E, Capacitive power transfer, Frequency tracking, Wireless power transfer, Zero voltage switching

I. INTRODUCTION

Wireless power transfer (WPT) systems have recently
undergone significant development [1] and [2]. WPT is the
transmission of electrical energy from a power source to an
electrical load without man-made conductors. Innovative
technology brings new possibilities of supplying mobile
devices with electrical energy without the need for cables,
connectors, and/or slip rings. This technology increases the
reliability and maintenance-free operation of systems in
critical applications, such as aerospace, biomedicine,
multisensors, and robotics. Various techniques are
categorized according to the medium used for energy
transfer; these techniques include acoustics-based WPT,
light-based WPT, capacitive-based WPT, and inductive
coupled WPT, which is the largest group. Fig. 1 shows the
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basic block diagram of a WPT system. It consists of a
primary side DC-to-AC resonant converter, which converts
DC to high frequency AC energy. The AC energy is then
transferred via an energy transfer medium to the secondary
side receiver. The secondary side is not connected electrically
to the primary side and is thus movable (linearly or/and
rotating), flexible, mobile, and safe for supplying loads. In
the secondary side, high frequency AC energy is converted
safely by an AC-to-DC converter to meet the requirements
specified by the load parameters. In most cases, a diode
rectifier with a capacitive filter is used as an AC-to-DC
converter. However, in some applications, an active rectifier
or inverter (for stabilizing DC or AC loads) is required.

WPT based on a magnetic field technique has achieved
great success in theoretical development and industrial
applications for power delivery in certain areas. The magnetic
field-based WPT can be adopted in short-range and
mid-range applications. The transfer efficiency and transfer
power of magnetic induction are normally high, but the
transfer distance is limited to a centimeter range with an
operating frequency usually within kHz. By contrast, the
transfer efficiency and power transfer of magnetic resonance
are lower, but the transfer distance can achieve a meter range
with an operating frequency roughly in the MHz series

© 2016 KIPE
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Fig. 1. Block Diagram of WPT System.

[3]-[5]. However, WPT based on a magnetic field has certain
limitations: 1) magnetic fields cannot penetrate metals, and
thus, magnetic field WPT cannot be used if metal barriers
exist between power sources and loads; 2) special shields are
needed to prevent electromagnetic interference, and high
efficiency magnetic cores are necessary to achieve a reliable
coupling factor, which increases the converter size and cost,
and potentially reduces mechanical robustness [6]. These
limitations can be overcome through capacitive power
transfer (CPT) because an electric field can penetrate any
metal shielding environment. CPT can transmit through
metals and shielded bodies, is cheap to construct, and is
flexible in terms of the design of the coupling plate.

With its previous design [1], [6], [7], CPT has rarely been
used in high power systems because of its limited power
delivery and low efficiency over long distances. Recently,
CPT has undergone rapid development from several watt
loads to kilowatt-scale loads [8], [9]. Despite such power
level advancement, however, the physical limitations in gap
distance generally limit the application of CPT, particularly
for gap distances greater than 1 mm. In a recent study, Fei Lu
et al. [10] proposed a 1.6 kW CPT system with a 300 mm gap
distance and 89.1% efficiency. However, large gaps result in
kilovolts of potential between the transmitter and receiver
plates. Even if the electric field is kept to a safe level for a
given frequency, the resulting voltage across the gap may not
be safe for human contact. The permitted electric field for
human exposure is 600 V/m [11]. This restriction mainly
explains the small CPT gaps. At high power and large gaps,
the transmitter-to-receiver voltage can become dangerous.

For low wattage applications, CPT systems have exhibited
limited output power and efficiency over high gap distances.
To improve the efficiency of existing CPT systems over long
distances, this study investigates the implementation of a
soft-switching topology based on a Class-E resonant inverter.
The resonant frequency tracking unit is proposed to achieve
the aforementioned objective. The contributions of this paper
can be summarized as follows:

1) Design and analysis of an efficient resonant power
converter of the transmitter unit in a CPT system. The
efficiency of the proposed Class-E resonant inverter is

98.44%. This inverter is powered by 12 Vdc and
operated at 1 MHz to produce a stable sinusoidal
signal to drive capacitive coupling based on flat
rectangular printed circuit board (PCB) plates.

2) For the proposed CPT system with a resonant
frequency tracking unit, an output power of 9.03 W is
attainable with 2.17 nF of total interface capacitance.
The efficiency is 90.3% for a working distance of 2
mm. The effects on output power performance at
different capacitive coupling distances are proven
through experimental results.

The structure of this paper is organized as follows. Section
II explains the CPT concept in detail. Section III reviews the
Class-E resonant inverter circuit operation and the equations
used to obtain the theoretical value of required components.
Section IV discusses circuit design, the implementation of the
Class-E resonant inverter circuit, and the experimental results
for the basic CPT system and resonant frequency tracking
unit. Section V provides the conclusions drawn.

II. CAPACITIVE POWER TRANSFER CONCEPT

The basic structure of the CPT system is shown in Fig. 2. It
consists of a transmitter unit, electric field coupler plates, and
a receiver unit. The transmitter unit acts as a high-frequency
voltage source inverter, which converts standard frequency
DC power supply to high frequency AC voltage. Several
types of inverter can be used on the transmitting side; these
types include push—pull resonant inverters [12], Class-D
inverters, Class-E inverters [13], Class-F inverters, and other
resonant converter topologies [14].

Electric field coupling plates serve the energy transfer
medium for CPT systems. The electric field coupler functions
as two capacitors connected in series during CPT operation.
CPT system operation requires a high frequency voltage to
drive the two primary metal plates. When two secondary
plates are placed in close proximity to the primary metal
plates, an alternating electric field is formed between the
plates, causing a displacement current that flows through it.
Consequently, power can be transferred to the load without
direct electrical contact while allowing some freedom of
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Fig. 2. Block Diagram of Typical CPT System.

movement between the primary and secondary plates. The
capacitive coupling structure can be of various configurations
according to different applications; it may be rectangular,
cylinder, disk [15], matrix [16], conformal surface [17], and
hydrodynamic capacitive coupling [18], [19].

The receiver unit regulates the captured power and drives
the load according to demand. In most cases, the power
captured by the receiver side cannot be used directly by the
load. The rectifier circuit in the receiver unit usually comes
with the power flow controls to regulate captured power (Fig.
2). In the case of powering moveable load, any position
change at the receiver side can result in a mismatch between
the coupling plates. This mismatch can cause a significant
voltage drop and degrade the power transfer capacity. Power
flow control circuits are often necessary to maintain the
output power at a constant level.

The power converter converts power and acts as a control
circuit. According to previous works, the half-bridge inverter
is suitable for CPT systems because of its simplicity and
attainment of zero voltage switching (ZVS) without
additional control circuits [20], [21]. Unlike single switch
converters, full and half-bridge inverters and push—pull
converters are composed of several semiconductors and gate
drivers and exhibit a complicated board layout. Other types of
high frequency resonant inverters must be investigated
further. Generally, high frequency inverters, such as Class-D
or Class-E inverters, are the most suitable candidates for
WPT systems because of their high efficiency that
approaches 100% theoretical efficiency [17], [22], [23].
Jiejian Dai et al. proposed four types of single active switch
power electronics (i.e., Cuk, SEPIC, Zeta, and buck-boost)
for a kW scale CPT system with over 90% efficiency [9]. The
present work proposes a high efficiency Class-E resonant
inverter for low wattage CPT applications. Unlike other types
of high frequency inverters, the Class-E inverter comprises
fewer components and is thus highly reliable.

III. REVIEW OF CLASS-E RESONANT INVERTER
CONCEPT
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Fig. 3. Typical Class-E Circuit.

An analysis of the Class-E resonant inverter (Fig. 3) is
carried out under the following assumptions:

1) The MOSFET and diode form an ideal switch in
which on-resistance is zero, off-resistance is infinity,
and switching times are zero.

2) The choke inductance is high enough that the AC
component is much lower than the DC component
of the input current.

3) The loaded quality factor Q of the L, C, and R_
series-resonant circuit is high enough so that current
I through the resonant circuit is sinusoidal.

4) All circuit elements are ideal.

5) The duty cycle is 50%.

With regard to Fig. 3 and the given assumptions, output
current i, can be defined as

i, = Ipsin(wt + @) €8

where |, is the output current amplitude and ¢ is the initial
phase of the current i,. Furthermore,
idS + iCp = IdC - iO = IdC - Im Sin((l)t + (p)

2

The switch is on for the time interval 0 <eot <m. Therefore, ic,=
0. The current through the switch is given by
P {Idc — L, sin(wt + @), for 0 < wt < DT
ds —

0, for DT < wt <T 3)

The switch is off for the time interval n<wt < 2w, which
implies that iz = 0. Consequently, the current through the
shunt capacitance is

0, for 0 < wt < DT

tep = Ildc — Ly sin(wt + @), for DT<wt<T “)
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Using (4), the switch voltage, Vg is given as
wt

Vas iCp d((l)t) =

"~ wCp bT
for0 < wt < DT

0,
1 (Ige(wt — DT) + I,cos(wt + (p)} %)
{wCP{ —cos(DT + ¢) » forPT<wt=T

Substituting the condition v, (2m) = 0 into (5) yields the

following relationship among I;., I, D, and ¢:
T(1-D)
¢ cos(DT+@)—cosg

(6)

Im=1d

Furthermore, using (2) at ot = 2w, (5), and (6), the

relationship between ¢ and duty cycle D can be written as
cosDT-1

tan ¥ = T(1-D)+sinDT (7)
Thus,
cosDT—-1
¢ =m+ arctan [T(l—D)+sinDT] ®
The parameters of the circuit shown in Fig. 3 at optimum
operation are as follows:
The full load resistance is
R, = e 9)
L™ (w2+a)p

where P is the output power. The component values for the

load network are
Io 1

C,= —o=— 1 _ 10
p wnVEc wn(71—2+1)§ ( )
1
a)R(Q_ ( 126 4))
L=2 (12)

and the choke inductor is
2 R
Ly (miny = 2 (”T + 1); (13)

The assumptions and derivations of the circuit are similar to
those presented in [24].

IV. CIRCUIT DESIGN AND IMPLEMENTATION

The proposed CPT system consists of a Class-E resonant
inverter and capacitive coupling. Both parts should be
carefully designed. The performance of the Class-E resonant
inverter with respect to operating frequency, load, and duty
cycle were analyzed. The generation of the Class-E resonant
inverter in the transmitter unit is important to the
performance of the whole system as it affects energy transfer
efficiency. The effect of varying -capacitive coupling
distances on output power performance was studied. The
proposed system was designed and simulated with Proteus 8
Professional software. The proposed concept was validated
by conducting a laboratory experiment for the CPT system.
The experimental setup for the complete CPT system was
implemented with discrete components on a PCB. The
components were chosen to match the design as closely as
possible. The voltage and current of the designed system

were measured to analyze performance in terms of input
power, output power, and efficiency. For input power Pjq),
DC voltage and current data were collected with a Sanwa
CD771 Digital Multimeter. For output P, an Agilent
Technologies DSO-X 2012A 100 MHz oscilloscope was used
to obtain the voltage waveforms. Efficiency percentage was
measured by finding the ratio of input power to output power.
The following section discusses the results.

A. Analysis of Class-E Resonant Inverter

To validate the simulation results, we conducted the
experiment at an operating frequency of 1 MHz, which was
sufficiently large to minimize the coupling capacitor
impedance and thereby achieve a small coupling plate size.
Power MOSFET IRF510 was chosen because of its capability
as a switching device of resonant inverters at high
frequencies. According to IRF510 MOSFET datasheets, it is
an n-channel enhancement mode and is designed especially
for high speed applications. The breakdown switch voltage
and current were 100 V and 5.5 A, respectively. According to
(5), the peak switch voltage and current were 42.74 V and
2.39 A, respectively, which confirm the suitability of the
IRF510 MOSFET for the Class-E resonant inverter.

The SK40C microcontroller board with PIC16F887A was
used to generate the desired switching control signal
frequency at 50% duty cycle for the MOSFET gate. However,
the microcontroller output voltage, which is typically 5 V,
was not sufficient to turn on the IRF510 MOSFET, which
requires at least 10 V to operate safely. An IC gate drive
TC4422 was used to provide sufficient gate voltage/charge to
drive the IRF510 MOSFET. The complete experimental setup
is shown in Fig. 4.

Fig. 5 shows the waveforms obtained from the Proteus
simulation and circuit experiment of the Class-E resonant
inverter circuit. Fig. 5(a) shows that the simulated maximum
voltage across the MOSFET during the turn-off state was
Vaspeaky = 41 'V, which is nearly three times larger than Vcc.
During the turn-on state, Vgpea = 4.5 V, which is nearly 11%
of the peak switch voltage. In an optimum design yielding
maximum drain efficiency, the switch voltage V4 at the
turn-on state is 10% to 50% of the peak switch voltage under
nonzero voltage switching conditions. In Fig. 5(b), the
experimental maximum voltage across the MOSFET during
the turn-off state was Vypeary = 37.8 V, which is 8.75% lower
than the simulated value. During the turn-on state, Vjspea) = 4
V, which is nearly 10% of the switch peak voltage. The
experiment value of the peak output voltage Vgieay Was
12.35 V, which is 2.9 % higher than the simulated value.

The results of the simulation and experiment were
consistent with the theoretical predictions. This good
agreement indicates that the optimum operation can be
achieved only at optimum load resistance, R, = R,,. When
Ry = R, the sinusoidal output voltage nearly reaches the
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Fig. 5. Input, Switching Voltage and Output Voltage Waveforms for the First Design at | MHz Frequency.

maximum. Furthermore, the experimental switching voltage
waveform proves that the Class-E resonant inverter circuit
using PIC16F877A satisfies ZVS conditions because of the
absence of an overlap between the voltage over the MOSFET
channel and the current through the channel. The efficiency
of the experimental circuit was 98.4%, which is 11.05%
higher than the simulated value. This result is attributed to the
use of non-pure resistive load, which resulted in the
artificially high efficiency of the experimental work.

B. Analysis of Capacitive Power Transfer

This section focuses on modifying the proposed Class-E
resonant inverter to fit a CPT system. Fig. 6 shows the
proposed CPT block diagram. It consists of a Class-E
resonant inverter and PIC microcontroller circuit, which
generates a desired switching control signal frequency at 50%
duty cycle for the MOSFET gate. Both components serve as a
transmitter unit. As the Class-E resonant inverter in Fig. 3 has
a series capacitor at the load network output, one of the
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Fig. 9. Experimental Waveforms of Receiver Plate Voltage, Vg,
and Switch Voltage, Vpg, at Different Coupling Plate Distances.

capacitors can be modified to fit the CPT system easily. Figs.
7 and 8 show that four coupling plates were used to form two
pairs of capacitors, Cc; and Cc,, in the series resonant tank.
As the result of the modification, the total capacitance of the
coupling plates, which is denoted as C and illustrated in Fig.
3, became equal to Cc; Ce/(Cci+Ce,) and formed a series
resonant tank. Ry is the AC load, which can also be treated as
the input resistance of a rectifier if a DC load is required. In
practice, most WPT loads are DC. A required DC load may
be obtained by simply adding a matching load [25] and high
frequency rectifier circuit, such as a Class-E rectifier at the
receiver unit.

The capacitive coupling interface was implemented with
rectangular PCB plate capacitors separated by a piece of thick
paper. The initial gap was assumed to be 0.25 mm (thickness
of the paper) with a dielectric constant of 2.5. The plate size
was therefore 0.04904 m’, with a combined interface

5 434

1.09
0.868 (723 0.62 0543

Coupling Plate Capacitance (nF)

025 05 0.75 1 1.25 15 175 2
Coupling Plate Distance (mm)

Fig.10. Capacitance vs. Distance.

capacitance of 2.17 nF. The PCB plates were clamped
together to minimize capacitance variations caused by
imperfect flatness, which would otherwise cause an uneven
distribution of the air gap and low coupling capacitance. The
effects of varying plate distances on output power
performance were investigated, and the working distance was
limited to 0.25-2 mm.

An experimental setup for a complete CPT system with a
rectangular coupling structure was used to validate the
proposed concept. As shown in Fig. 9(a), the experimental
peak voltage indicated at the receiver plate, which is the
voltage across Ry, (Vgy) is 12.65 V. They were measured with
the plates C¢; and Ce, clamped together, with an initial gap
distance of 0.25 mm. The experimental value of the AC
output power, Py, was calculated using Py ,c) = (VRL(rms))Z/RL
= 9.63 W, which indicated that the proposed systems could
transfer 9.63 W to the load with 96.3% efficiency.

As shown in Fig. 9(b), the peak receiver plate voltage was
5.75 V, which was measured when the gap distance was 025
mm and without clamping the coupling plates. At an initial
gap distance greater than 1 mm (Fig. 9(c)), the peak receiver
plate voltage decreased drastically to 1.8 V and moved
toward 0 V as the gap distance increased to 2 mm.
Furthermore, the output voltage waveforms transferred to the
load were not purely sinusoidal waves because of the
imperfect flatness, which caused impedance matching
problems. The results show that this behavior can be
correlated with the equivalent capacitance equation of each of
the coupling plates. This equation is expressed as

Ag, s,

d

where A, d, &y, and & denote the effective coupling area,

C:

(14

coupling distance, permittivity in vacuum, and relative
permittivity of the dielectric material between the coupling
plates, respectively. Equation (14) shows that the capacitance
is directly proportional to the dielectric constant and physical
size of the plates, as determined by the plate area.
Capacitance is inversely proportional to the distance between
the plates (Fig. 10).
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C. Capacitive Power Transfer System with Frequency
Tracking Unit (FTU)

This section presents the experimental results to validate
the proposed CPT system with a resonant frequency tracking
unit (Fig. 11). According to the analysis in the previous
section, the CPT system is sensitive to the amount of
coupling plate capacitance; hence, the coupling plates must
be clamped to maintain maximum efficiency. The efficiency
of the system can only reach 96.3% if the gap distance is 0.25
mm. It then drops abruptly if the distance is increased
because of the variation of impedance matching while
adjusting the coupling plate distances (see Fig. 10). To
overcome the problems, we proposed a CPT system with a
resonant frequency tracking unit capable of tuning the
Class-E inverter switching frequency. The coupling distance
between plates CC1/CC2 is normally unknown in real
applications because of the placement of secondary plates in
the receiver unit. To make the power transfer efficiency
insensitive to the exact coupling capacitance, the feedback
frequency tracking unit tunes the frequency such that it is
near the resonant frequency of the system, f = 1/2nVLC.

The resonant frequency tracking unit consists of a phase
detector, proportional integral (PI) controller, and voltage
control oscillator (VCO) (Fig. 11). The sampled waveforms i,
and vy are sent to the phase detector, which generates a pulse
voltage representing the phase difference (¢ ,q) between the
@ pa- The
ultimate goal of the design is to obtain ¢ ., = 0. The

inputs. Let the deviation angle @ o = @ o -

deviation error is then adjusted with the PI controller to
produce a control voltage V., which is used to set the phase of

|

—1 |
Ve o o L | (10W) |
- —- |

I |

Transmitting Receiving Plate L
Plate -

A4 Paper

the VCO. When the system is functioning properly, the loop
adjusts the control voltage V., which drives the phase
deviation to zero. Theoretically, the optimum phase (@) for
the Class-E resonant inverter is —32.48° [19]. The resonant
frequency tracking unit must be able to track the phase
difference of the current i; and voltage vy and maintain the
phase at —32.48° to yield ZVS operation.

Fig. 12 shows the switching voltage waveforms for CPT
systems with and without a frequency tracking unit for
distances of 1 and 2 mm, respectively. The proposed PI
controller manages to automatically tune the switching
frequency to ensure ZVS despite changes in the coupling gap
distance. Moreover, the resonant frequency of the system
improves when the distance between the transmitter plate and
the receiver plate increases. The resonant frequency tracking
unit attempts to tune the switching frequency following the
change in resonant frequency, as shown in Table I
Comparing the performances of the CPT system with and
without a frequency tracking unit in Fig. 13, we find that the
efficiency of the system with the tracking unit is successfully
maintained at over 90% and operated safely for working
distances of up to 2 mm. For gaps of over 2 mm, the
frequency increases until the voltage in the transmitter unit
Vi1« reaches its maximum limit. This limitation is determined
by the maximum permissible drain-to-source voltage of
IRF510 MOSFET. Currently, the highest gap in low watt
scale research for CPT systems is 0.8 mm with 94.3%
efficiency [26]. The most obvious finding to emerge from this
study is that a high efficiency at higher coupling gap
distances
technique.

can be obtained using the aforementioned
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TABLE1
CPT SySTEM WITH FTU OUTPUT PARAMETER
Plate Distance (mm
Parameter
0.25 0.5 0.75 1 1.25 15 1.75 2
Vgo (peak) \Y 12.85 12.8 12.7 12.65 12.4 12.3 12.25 12.25
f MHz 1.08 1.15 1.23 1.32 1.4 1.48 1.5 1.51
Po W 9.94 9.86 9.7 9.64 9.25 9.1 9.03 9.03
n % 99.4 98.6 97 96.4 92.5 91 90.3 90.3
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Fig. 13. Efficiency vs. Coupling Gap Distance with and without FTU.
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V. CONCLUSION

An analysis of CPT systems using a Class-E resonant
inverter is presented. The power converter requirement for the
system on the transmitter side is analyzed through an
experiment. The efficiency of the Class-E resonant inverter is
98.44% when powered by 12 Vdc and operated at a frequency
of 1 MHz to produce a stable sinusoidal signal and thereby
drive the capacitive coupling based on flat rectangular copper
plates. The system is unable to maintain such efficiency at a
high level when the coupling gap distance is increased.
Therefore, the existing CPT system is improved by adding a
resonant frequency tracking controller to help the CPT system
in maximizing the power transfer efficiency by allowing
variations in the coupling gap distance. For the second part of
the experiment, the output power efficiency of different
coupling gap distances of up to 2 mm is analyzed. The
proposed CPT system with resonant frequency tracking
generates 9.03 W output power through a combined interface
(PCB plate) capacitance of 2.17 nF at 2 mm working distance
and achieves a 90.3% efficiency. The agreement between the
experimental performance and theoretical performance can be
considered excellent. For its future development, this system
will be applied in rotary applications, such as fluid bearing
capacitors and rotating capacitors. Hydrodynamic capacitive
coupling is also attractive for such applications [19], as they
can provide high coupling capacitance for high power rotary
applications, such as slip ring replacement. However, they
may have speed-dependent coupling capacitance, and the
circuit must be auto-tuned. Additionally, conformal pads have
been developed for CPT [17]. The pads shape and mold
themselves to maximum coupling. The
capacitance may change when force is applied. In both of these
situations, the proposed CPT system with a frequency tracking
unit for Class-E inverters would be applicable.

surfaces for
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