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Capacitive-Wireless Power Transfer System for Power Supply
of a Wireless Sensor System on a Propulsion Shaft

Van Ai Hoang and Young Chul Lee”

Abstract—We present a capacitive wireless power transfer (C-WPT) system using rotating capacitors
for wireless sensor system (WSS) on propulsion shaft. In order to supply stable power to the WSS
consisting of four sensors, a controller, and a radio module, we designed the rotating capacitor connected
in parallel with multiple plates that minimizes the change in capacitance of the power coupling capacitor
of the C-WPT system. A class-E converter and transformers topology are utilized to drive the C-WPT
system for WSS. The fabricated C-WPT system transmitted stable power even when the rotational
speed of the shaft was changed from 100 to 300 revolution per minute (rpm), and achieved power of
20.48 W and transmission efficiency of 64.29%.

1. INTRODUCTION

Recently, the maritime industry is once again at the cusp of a new era in automated ships, unmanned
ships, and smart ships due to the growth of digitalization and innovation. The traditional conservative
shipping industry is undergoing changes. All over the world, the smart ships are being equipped with the
state-of-the art hardware and software technology that monitor and control the ship status and maintains
its performance. A wireless sensor system (WSS) will be on the cusp of revolutionary changes with the
emergence of innovative devices such as an internet of thing (IoT), wireless power transfer (WPT)
technologies, and low-power and long-range radio modules.

Various sensors are installed on several parts of the ship to monitor its status and performance.
Especially, a rotation per minute (RPM) meter, torque meter, and thrust meter are utilized for
monitoring status of the rotating shaft. Recently, considering the WSS setup on the rotating shaft,
the data and electric power need to be transferred between a rotor and stator. For example, slip
rings and carbon brushes are traditionally connected to transfer signals and power across rotating
devices [1]. However, they can cause failures due to the frictional rotation and physical connection
problems. Therefore, they require frequent maintenance. In addition, another issue of the WSS on the
shaft is the battery charge and its replacement; therefore, WPT can be a useful solution that satisfies
these requirements for the WSS.

WPT technologies are developing rapidly and already used in many fields with a variety of
applications such as wireless chargers [2, 3], medical devices, and robots [4,5]. The WPT system has been
found in two primary categories, inductive and capacitive WPTs (I-WPT and C-WPT, respectively).
Considering applications on the rotating shaft, the I-WPT system with a rotary transformer is a
promising alternative method of noncontact to replace the slip ring. However, the I-WPT has some
limitations; the -WPT cannot be used if metal objects exist between transmitting and receiving coils,
and they will disturb the power transfer and possibly disrupt it completely, in which case a protected
shield is required to prevent radiation of electromagnetic interference. In these issues, C-WPT system
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can be an alternative, because C-WPT is utilized considering its inherent nature of electric field, and
C-WPT has the ability to pass through any metal shielding environment. It is also simple to design
and manufacture and allows more flexibility for the coupling plate design [6]. In particular, C-WPT
is ideally suited for applications requiring contact-free over short distances. These properties make C-
WPT more attractive for studies that require power transfer for wear mitigation rather than separation
distances [7].

In general, C-WPT system can be categorized by power inverters and compensation networks.
Several types of the inverter have been used on C-WPT system; these types include resonant push-
pull inverters, power amplifiers (class D, class E, class EF, and class ¢), and bridge inverters [8].
Compensation networks consist of series L, double-side LC, LCLC, CLLC compensations. The C-WPT
system powered by a full-bridge inverter and rotary capacitors was developed in 2012 as an alternative
to a slip ring or rotary transformer, and it provided 500 mA field current with an efficiency of 94%
when the load rotated [9]. In 2014, a translational and rotating C-WPT system was built in a series
resonant inductor and a full-bridge inverter combining a fluid bearing for general slip ring replacement
applications [6]. Moreover, the rotational C-WPT system was tested with the circuits of the haft-bridge
inverter and series L as sliding bearings that have been used for induction motor [10]. These cases
required more complicated gate drivers because the way to build a bridge inverter needs to use two or
four switches (gate driver ICs) and often leads to higher cost and lower reliability, especially for high
frequency and high power applications. Although these studies have produced many interesting results,
not much work has been reported to examine the different types of inverter topologies used in the field
of rotary C-WPT area. In particular, the use of the class-E inverter with the compensation network for
improving the system efficiency remains unexplored. Therefore, this inverter can be used as a suitable
candidate for a rotary C-WPT system. Because this candidate only uses a single active switch and
comprises fewer components, it is thus highly reliable. In commercial applications, class-E inverters are
strongly recommended because they are reliable, efficient, cost-effective, and easy to control. However,
the class-E operation of the converter is very sensitive to the variation of small capacitance of the
coupling plate, and this small capacitance can degrade the power factor. Moreover, the condition of
zero voltage switching (ZVS) at the resonant operation will be lost if the capacitance value is as small
as the output capacitance of the main single switch. Meanwhile, a matching transformer scheme can
be introduced to achieve ZVS condition as an effective driving way for C-WPT system with small
capacitance.

The challenge in the C-WPT system is due to small coupling capacitance value. One solution is to
connect an extra capacitor in parallel with the coupling capacitor. Therefore, multiple coupling plates
are introduced here to increase the coupling coefficient value. Of course, as the diameter of the shaft
increases, the size of the circular capacitor also increases, which may limit its application.

In this work, the C-WPT system using the rotating capacitors connected in parallel has been
presented for WSS applications to the propulsion shaft. This system with the combined class-E
converter and double-side transformer were used. The operation of the WSS on the rotating shaft
was demonstrated.

2. THE DESIGN OF A C-WPT SYSTEM

2.1. The Design of the WSS System

Figure 1 shows a block diagram of the WSS with the C-WPT system to monitor the status of a propulsion
shaft. There are two parts of the WSS, the receiver (Rx) and transmitter (Tx). The Tx part serves
two purposes: sensing the status condition of the shaft and sending data to a PC. The components of
the Tx part include four sensors, a controller, and a wireless communication (radio) module (XBEE
Tx) that should be mounted on the rotating shaft. Sensors such as current, strain gauge, temperature,
and pressure sensor are installed on the propulsion shaft. The current sensor of the Tx part is used
to measure transferred power in operation. All obtained data were sent through the radio module and
shown on the PC. The Rx part includes a power conversion circuit, a current sensor, a controller, and
a radio module (XBEE Rx). The current sensor is used to measure the input power of the C-WPT
system. Arduino is a central processing unit on both sides that processes the signals from sensors. The
data of the Rx part were sent to the PC via USB connection. Power conversion converts DC power
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supply into proper DC for sensors, controllers, and radio modules. In addition, the C-WPT includes
stationary and rotary sides. At the stationary side, a primary auxiliary circuit is used to convert the
electric power into a suitable form to excite stationary plates, which can generate the corresponding
electric fields and transmit to the rotary side. At the rotary side, the rotary plates convert the electric
fields back into electrical energy and supply it to the WSS though the secondary auxiliary circuit. The
stationary and rotary plates have formed a rotating capacitor. This capacitor has functioned to transfer
electrical power from stationary sources to moving loads.
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Figure 1. Block diagram of the WSS with a C-WPT system on the rotating shaft.
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Figure 2. The circuit of the C-WPT system, (a) class-E power amplifier and transformers topology,
(b) simpllified class-E.



12 Hoang and Lee

2.2. A C-WPT Circuit

Figure 2(a) shows the circuit of the C-WPT system for power supply of the WSS on the rotating shaft.
It consists of a primary auxiliary circuit, a rotational capacitor, and a secondary auxiliary circuit. The
primary auxiliary circuit is the combination of a class-E power amplifier and a step-up transformer
(X1). The class-E power amplifier converts the DC to high-frequency AC power and forms resonance
with rotating capacitors. The step-up transformer makes the impedance of the coupling capacitance, to
get wide zero voltage switching range and provide voltage gain to increase the voltages on the rotating
plates. The secondary auxiliary circuit includes a step-down transformer (X2) and a rectifier. The
step-down transformer increases the quality-factor and loses the fundamental limit. The rotational
capacitors are capacitive coupling plates to transfer and receiver wireless power. The rectifier is used
to convert the AC to DC power for a load. The whole circuit in Fig. 2(a) is then simplified as shown
in Fig. 2(b). The general class-E power amplifier (PA) includes a choke inductor L, a MOSFET gate
drive, and an inductor L1. The choke inductor L; is assumed to be of great value so that the current
crossing the load R, is asinusoidal. The design was based on optimized conditions with the duty cycle D
at 50%. For that, the circuit has designed the parameters according to References [11,12]. The system
parameters for the rotary C-WPT system are shown in Table 1.

Table 1. Parameters of the C-WPT circuit.

Parameter Value
Input voltage (Vi) 30 \Y%
Frequency (f) 1 MHz
Quality factor (Q) 10 -
Load resistor (Rp) 50 Q

Shunt Capacitor (Cp) 2.5 nF
Capacitor C'11 = Cho 170 pF

Inductor (Lq) 18.37 | uH
Choke inductor (Ly) | 80.03 | pH
Duty cycle (D) 50 %

Turn ratio Ryy = m 1:4 T/T
Turn ratio Rpre =ng | 2.5:1 | T/T

Figure 3 presents the simulation results of the proposed C-WPT system. The circuit was designed
at 1 MHz operation frequency. In the case of the simulation in Fig. 3(a), the peak output voltage
of the drain voltage of the MOSFET is approximately 86 V when the switch MOSFET is turned off,
and it is lager than input voltage supply V.. = 30V with 2.8 times. During the turn-on state of
the MOSFET, the voltage is not considerable around 4 V. Because the output voltage of the class-E
amplifier is relatively high, this class-E amplifier can combine with the transformers as a method using
high voltage to transfer wireless power. Considering the step-up transformer (X1), the designed ratio
of the transformer X1 is 20:80. This means that the secondary voltage of the transformer X1 is 4
times greater than the primary voltage of the transformer X1. The output voltage of the primary
auxiliary circuit is wireless transmission through the rotational capacitors and then will be reduced by
the step-down transformer X2. The voltage ratio of the step-down transformer X1 = (primary voltage
of the step-down transformer X1)/(secondary voltage of the step-down transformer X1) = 2.5. Fig.
3(b) shows the voltage of the load output without the rectifier, and the output voltage will increase with
the increasing load condition, so that the output current of the load decreases as long as load voltage
increases since the quality factor decreases. The average output voltage of the designed system is 34 V
as shown in Fig. 3(c), and average current is 1 A. Following input power of the simulation circuit is 30 V
x 1.2A =36W.
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Figure 3. Simulation results: (a) waveforms of the class-E amplifier, (b) the secondary voltage of the
step-down transformer, and (c) output voltage after the rectifier.

2.3. Multiple Coupling Plate for the Rotary C-WPT System

Figure 4 shows the designed and fabricated rotary capacitor that can operate as a capacitor without
affecting the transmission power when the shaft rotates at a high speed. The rotary capacitor was
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Figure 4. The (a) designed and (b) fabricated rotary capacitor.
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split into two series capacitors with equal value, C11 = C13. Cq1 and Cio are the forward and return
capacitors, respectively. The purpose of multiple plates connected in parallel is to increase the value of
the coupling capacitance. It can be convenient to use multiple plates of smaller value and size than a
single plate with larger value and larger size. The rotary or stationary plates are connected to form the
electrodes of the rotating capacitor [6].

The total capacitance of the coupling plates can be calculated using:

A

C =¢ere0 (NSplates - 1) E (1)

where ¢, is the relativity dielectric constant of the material between the two conductive coupling plates
(= 1 air). &g is the permittivity of free space (8.854 x 107'2Fm™!). A is the overlapping area of the
two plates. Ngpiates is the number of stationary plates. d is the gap between the plates.

Aluminum plates were used for the circle plate capacitors due to their simplicity, lightness, and low
cost. The thickness of all aluminum plates is the same and does not affect the coupling capacitance.
Stationary and rotary plates are separated by an air gap of 1-5mm. The capacitances for both forward
and return are equal, C'1; = Ci12 = 170 pF. Thus, C1; and Ch2 can be combined into a single capacitor
for convenience, and the total capacitive interface C; = C11//C12 = 170/2 = 85pF. The diameter
of the propulsion shaft is 4cm. The inner and outer radii of the rotary plates are 2cm and 6.85cm,
respectively. The stationary plates have the inner radius of 2.7 cm and outer radius of 7.5 cm. Parasitic
inductance may occur due to large area aluminum plates and their connection. However, at the low
frequency of 1 MHz, the value is small, and the effect is negligible. In Fig. 5, results of the simulated
and measured capacitances of the rotating capacitor are presented, and the two values agree well.
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Figure 5. The simulated and measured capacitance of the rotating capacitor.

3. SET UP C-WPT SYSTEM AND MEASURED RESULT

3.1. Fabricated C-WPT System

To evaluate the performance of the C-WPT system using the rotating capacitor, the C-WPT system
on the small test shaft which consists of the class-E converter, two transformers, and two rotating
capacitors has been installed as shown in Fig. 6. The WSS includes sensors, wireless communication
modules, and controllers, which is also presented in Fig. 6. Several components on the shaft can affect
the motion of the high-speed rotating shaft. Therefore, this issue should be considered in the final
system. The experimental C-WP'T system was set up with discrete components. The class-E converter
and step-up transformer are connected to the stationary plates of the two rotating capacitors 1 and
2. The rotary plates are linked to the step-down transformer, rectifier, and WSS. All data of the
WSS on the shaft are sent to the external PC via wireless communication modules (Zigbee). There is a
rotating shaft connected to the motor to simulate the rotation speed by controlling the speed adjustment
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Figure 6. Experiment setup for WPT system on a small scale test shaft.

knob. Theoretically, the peak switch voltage is about 2.8 times the value of DC power supply, Vi.. In
this case, Vs (max) approximately equals 86 V. This means that the transistor breakdown voltage
in MOSFET must be sized accordingly. Therefore, a high-speed power MOSFET (IRF510) [13] was
utilized as the inverter switching device. It was selected because of its high Vpg and its current rating
which is sufficient to support the experimental work, with values of 100 V and 5.6 A, respectively. The
datasheet [14] shows that the MOSFET’s parasitic output capacitance has a value of 81 pF at 25 V. This
is considered very low and is thus easy to achieve under soft-switching conditions. For the full-bridge
rectifier circuit at the rotary side, power Schottky rectifier diodes (STPS5L40) were chosen to serve as
a rectifier. As there is extremely low forward voltage, power loss can be minimized at the rectifier side.
Commercial Generator (DFG-8005) [15] was utilized to generate the inverter’s PWM signal. It is so, as
it is convenient to fine-tune the duty cycle (D) and the switching frequency (f).

3.2. Experiment Results

Figure 7 shows the experimental result for the C-WPT system. As shown in Fig. 7(a), the experiment
peak voltage across the drain gate of the MOSFET during the turn-of time was 85.6 V. The switching
control signal was used to control the gate (G) of the MOSFET, which is originally 16 V with frequency
1MHz at 50% duty cycle. During the turn-on time, the peak voltage of the drain is 4.5V and the
same with simulation. The output voltage of the class-E amplifier is supplied to the primary side of the
step-up transformer X1. The step-up transformer X1 operates on the way for increasing alternating
voltage according to the original design ratio. These output voltage and current have been supplied for
two stationary plates. At the time, wireless power transmission is made between rotary and stationary
plates.

The voltage between the two polarities of the rotary plates is also the input voltage of the primary
winding of the step-down transformer X2. The secondary winding voltage of the X2 or output voltage
before rectifier is shown in Fig. 7(b). The peak-to-peak voltage of the secondary winding of the
transformer X2 was 70 V. The experimental voltages of the transformers X1 and X2 are lower than the
values of simulation results. Because designed transformers were traditionally isolation transformers,
pulse transformers are need to use in terms of input transmitting electrical pulses and high operating
frequency. The output voltage is finally rectified via the rectifier (diode bridge). The average voltage is
about 22.4V as shown in Fig. 7(c). The output voltage is relatively stable when the filter capacitor is
added before the loading resistor.

The input power of the class-E converter is 30 x 1.056A = 31.5 W. The output power of the C-WPT
system is 22.4 x 0.9 = 20.16 W, resulting in the efficiency of 64%, operated at 1 MHz switching frequency
and 502 load. Fig. 8 shows details about the performance of the system when the load changes. It can
be seen that the efficiency of the C-WPT system increases with increase of the power. Efficiency also
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Figure 7. Experimental results: (a) waveforms of the class-E amplifier, (b) the secondary voltage of
the step-down transformer, and (c) output voltage after the rectifier.

70
60 /_‘/-
50
z 40 /
= ==~ 100 rpm
= 30 ]
= -/ -+ 200 rpm
20 - 300 rpm
10
0
5 it is 2% 25

QOutput Power (W)

Figure 8. Efficiency of the C-WPT system.

depends on the change of the load value. The principle of the maximum power transfer results from
a matching between the source and load impedances regardless of the system structure. The variation
of the energy efficiency and output power is as a function of the ratio of RL (load resistance) and RS
(source resistance). For the fixed RS, the output power will be maximum when RS equals RL. For RL
is higher than RS, the energy efficiency becomes higher when RL becomes higher.
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4. CONCLUSIONS

In this work, the C-WPT using rotating capacitors for supplying stable power to the WSS on the
rotating shaft was designed and fabricated, and its characteristics were presented. To minimize the
capacitance change of the fabricated rotating capacitors, the capacitors were designed in which multi-
stationary and rotary plates were connected to the fixture and the rotating shaft, respectively. The
designed capacitance of 170 pF was well matched to the fabricated one. The class-E converter and
transformers of the C-WPT prototype were designed and implemented to demonstrate efficient WPT
across the rotating load. The measured voltages of the transformers, are lower than the simulation
results, due to real and lossy transformers. An output power of 20.48 W and a power transfer efficiency
of 64.29% were achieved at 1 MHz operating frequency. The performance of the fabricated C-WPT
prototype proved that the WSS on the shaft could be stably driven.
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