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A Rotary Capacitive-Wireless Power Transfer System for Power
Supply of a Wireless Sensor System on Marine Rotating Shaft
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[Abstraci]

In this work, a capacitive wireless power transfer (C-WPT) system is presented for wireless sensor system (WSS) applications in marine
propulsion shafts. For a single Q factor on both sides of the coupling capacitor and reactive power removal from the circuit, a double-sided
LCLC converter and transformers topology are designed to drive the rotary C-WPT system for WSS on the shaft. Parallel-connected
parallel plate rotating capacitors with a capacitance of 170 pF are designed and implemented for the C-WPT system on a snow rotating
shaft. In the experimental results, the C-WPT system achieved a transmission efficiency of 66.67% with 7.8 W output power at 3 mm
distance and 1 MHz operating frequency. Therefore, it was proved that the fabricated C-WPT system can supply power to the WSS of
the rotating shaft.
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| . Introduction

Wireless power transfer (WPT) technology has enjoyed
increasing popularity in recent year that through the transmission
of contactless energy. The WPT is being broadly used and
explored for many fields of industrial applications such as
charging batteries in mobile devices and electric vehicles,
powering biomedical devices and robots, wireless slip rings in
rotating machines and much more [1]. So far WPT technology
generally can be classified into two types which are inductive
WPT (I-WPT) and capacitive WPT (C-WPT). Each type of WPT
can be applied according to suitability and requirement of the
application. I-WPT uses the principle of the magnetic coupler and
is most suitable for low, high-power capability and relatively long
distance [2], whereas C-WPT utilizes the principle of the electric
coupler and is suitable for low power density and low efficiency
[3].

One of the key smart ship technologies for the maritime
industry applications, the Internet of Things (IoT) connects
devices via the Internet to realize the information sharing,
intelligent control, remote monitoring, and data statistics, etc.,
which significantly improve the intelligence, flexibility, and
shipping efficiency, time management, higher output, convenience
for our industrial production and daily life [4]. Along with more
and more movable electric-driving devices to join the [oT as well
as wireless sensor system (WSS), the energy supply is an
increasingly serious technique issue for WSS applications. Some
rotating mechanisms, either for space, ground or airborne systems,
require to transfer the electric power and data while performing a
continuous rotation. The use of batteries as a substitute for power
cords is not an optimal solution because batteries have a short
lifetime, thereby increasing the cost, weight, and ecological
footprint of the hardware implementation. Their recharging or
replacement is impractical and incurs operating and maintenance
costs. At present, the slip ring is widely used in power transfer to
the rotating shaft due to its small size, simple structure, and high
efficiency. However, the problems of the slip ring bring
disadvantages such as wear high maintainability, frictional
rotation, physical connection problems and accumulation of the
conductive particles [5]. Therefore, in order to overcome the
above problems, noncontact technologies have been studied by
more and more researchers such as wireless power transfer, energy
harvesting and power beaming. Then the usability of WSSs would
be significantly improved. In the above technologies, the WPT can
be a solution.

An [-WPT system with a rotary transformer allows contactless
power transfer to rotary parts to replace the slip ring [6]. However,
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the problems of inexact connection, radiation, heating of nearby
metal, the design of these transformers have reduced power.
C-WPT is an emerging solution to wirelessly transfer power based
on electric field coupling in the propulsion shaft and has the ability
to pass through any metal shielding environment. In recent
C-WPT studies, the
compensation topologies to increase the power level [7]. To

systems have mainly focused on
overcome the limitation of compensation networks, a double-sided
LCLC compensation topology has been proposed that the system
power is proportional to the coupling coefficient, and can be
regulated through circuit parameter design without effecting the
coupling coefficient [8]. Therefore, it is possible to maintain a
high coupling capacitance and the size of the resonant inductor
can be significantly reduced. In fact, double-sided LCLC
compensation has been used in both I-WPT and C-WPT systems
[9]. A double-sided LCLC compensated C-WPT system to transfer
a 2.4 kW prototype with 90.8% efficiency for electric vehicles
charging through an air gap distance of 150mm [10]. For low
power C-WPT systems, it has been utilized for drone charging and
data transfer [11]. Although these studies have produced many
interesting results with a double-sided LCLC compensation, not
much study was done to verify the compensated types of converter
topologies used in the field of rotary C-WPT area. In particular,
the C-WPT systems only focus on rotary capacitor design. C-WPT
can also be applied to a rotary system to avoid power cable
connections and achieve 360 degrees rotating freedom [12]. It has
been used in the synchronous machine to replace mechanical slip
rings [13]. C-WPT systems are much more challenging in
implementation. As the coupling capacitance is quite small in the
real systems, always in nanofarad (nF) or picofarad (pF) levels,
hence the systems require sufficiently high values of quality factor
(Q-factor) to realize the designs [14]. It means that C-WPT
systems can be extremely sensitive to circuit parameters. The key
insight is to insert an extra capacitor in parallel with the coupling
capacitor. Therefore, multiple coupling plates are satisfied here to
increase the coupling coefficient value.

In this work, the C-WPT system using parallel-connected
rotating capacitors has been presented for WSS applications to a
propulsion shaft. A double-side LCLC compensated converter was
designed, fabricated, and characterized that can get the unity
power factor at both sides of the coupling capacitor. In order to
decrease the impedance of the coupling capacitance, a step-up
transformer is used for this purpose and a step-down transformer
reduces the quality factor of the resonant circuit. The optimized
Q-factor of the circuit can be obtained by designing turn ratios of
the step-up and step-down transformers.
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II. Design of a C-WPT System

2-1 The design of the WSS system
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Fig. 1. Block diagram of the WSS with C-WPT system on the
rotating shaft.
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Fig. 1 shows a block diagram of the WSS with the C-WPT
system for monitoring a propulsion shaft. The diagram indicated
that the WSS could be provided by the power of the C-WPT
system in sensing, collecting, transmitting and receiving data from
sensors. The WSS measures transferred power of the C-WPT
system, strain, temperature and pressure in the shaft. There are two
parts of the WSS, the stationary and rotary sides. The stationary
side consists of an electric power conversion, a current sensor, a
controller, a transmitter (Tx) circuit, stationary plates and a
receiver (Rx) module (XBEE Rx). An electric power conversion
converts DC power supply into proper DC level for sensors,
controllers, radio modules. A current sensor of the stationary side
is used to measure the input power of the C-WPT system.
Arduinos are central processing microprocessors of both sides
serving with the processing of signals from sensors. The Tx circuit
converts DC power to excite stationary plates, which can generate
the electric fields and transmit them to the rotary side. The sensing
data of the stationary side was sent to the PC via a USB
connection and radio module. The rotary side serves two main
functions which are sensing, collecting the status condition of the
shaft and sending data to an external PC. The wireless sensing
modules of the rotary side include four sensors, a controller, and a
Tx (radio) module (XBEE Tx) that all should be located on a
rotating shaft.

Four sensors include a current sensor, a strain gauge, a
temperature sensor and a pressure sensor which are installed in
propulsion shaft. The current sensor of the rotate side is used to
measure transferred power while in operation. A controller is

connected to the sensors and the transmitter for managing power

65

transmission and for monitoring the status of the rotating shaft.
The stationary plates convert electric fields back into power
through Rx circuit. All obtained data were sent through wireless
from the Tx module (XBEE Tx) to XBEE Rx and shown on the
PC.

2-2 Double-sided LCLC-compensated converter and
transformers for the C-WPT system

The C-WPT uses an electric field and displacement current to
transmit wireless power. The DC voltage is converted to AC
voltage that provides two stationary metal plates with a high
frequency. Then these voltages can be converted to the AC voltage
using a rectifier at the output of the load. The small coupling
capacitance value is the key challenge in the C-WPT system.
Therefore, the best way is to increase the capacitance with an extra
capacitor in parallel. The double-side LCLC compensated
converter can get the unity Q-factor at both sides of the coupling
capacitor. Therefore, the reactive power can eliminate in the

circuit.
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Fig. 2. A double-sided LCLC compensation and transformers
circuit of a C-WPT system.
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Table 1. Parameters of double-sided LCLC compensation
and transformers circuit.
¥ 1. 2 LCLC E4F 2! 8ety| s|=2| ml2lalE]

x -k

Parameter Value Unit
Voo 30 \
f 1 Hz
D 50 %
Ls1(Ls) 5.8 uH
C(Cro) 2.2 nF

1(Co 50 pF
|_1(|_2) 5.9 uH
C11(C12) 170 pF
R 15 W
N1=Nry 20/80 T/T
N2=NT\2 50/20 T/T
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Fig. 2 shows a design of the double-side LCLC and
transformers topology of the C-WPT system on the rotating shaft.
The Ly-Cyy low pass filter suppresses electromagnetic interference
(EMI) noise from the MOSFET-switches bridges. Ly-Cq and
Lp-Cp, are used on both sides to convert the voltage sources V;
and V; into current sources for the resonant circuits. Capacitance
Ch (Cp) can resonate with both inductance Ly and L; (L, and Ly).
The other L-C networks (L;-C; and L,-C,) are resonated with the
equivalent capacitance of the network at the rotary and stationary
sides. It is important for the zero-voltage switching of the
MOSFET-bridge. Because the coupling capacitance value is small,
therefore it is necessary to reduce the impedance value. In order to
decrease the impedance of the coupling capacitance, C;; and Cy,.
A step-up transformer is used for this purpose and a step-down
transformer reduces the quality factor (Q-factor) of the resonant
circuit. The optimized Q-factor of the circuit can be obtained by
designing turn ratios of the step-up and step-down transformers. In
order to simplify the circuit of the system, the fundamental
harmonic approximation (FHA) method was used. The LCLC
circuit [14] parameters are designed to obtain resonances with the
same frequency. The calculated parameters are shown in table 1.

EEEEEE

1.7e005 186005 1.3e-005 2005

215
8

02
18

176405 1805 154005 26405
Tims 6)

©)

Fig. 3. Simulation results, MOSFET-bridge waveforms (A),
Output voltage (VP2) before the rectifier (B), Output
voltage (VP1) with a load (C).
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Fig. 3 presents the simulation results of the proposed C-WPT
system. The circuit operates at the frequency 1 MHz with a 50%
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duty cycle. The step-up and step-down transformers have ratios
1:4 and 2.5:1, respectively. In the case of the simulation as
shown in Fig. 3 (A), the circuit uses simulation software with
specific gating blocks (G) for switches to control the
MOSFETSs. For the MOSFET-bridge (H-bridge), it consists of
four MOSFETs which are simply a set of switches and used to
alter the polarity on a circuit thus changing the direction of the
voltage and current. In order to control the MOSFET-bridge,
two input PWM signals are used to control PWM G, (Gs) and
G (G3). The PWM G; signal controls Q; and Q4. While PWM
G, signal controls Q, and Q. The control signals of the Q, and
Q; are opposite, Q, and Qg are also opposite. The waveform of
the PWM G1 (V;) and G, (V3) signals are shown in Fig. 3 (A).
The output voltage of the MOSFET-bridge VP3 has a
symmetrical square waveform and the maximum voltage value
from peak to peak V., was about 60 V. Fig. 3 (B) indicates that
the output voltage before the rectifier of the circuit having the
same phase. The peak-to-peak voltage is 36V. After the
rectifier, the maximum voltage is 20V as shown in Fig. 3 (C).

2-3 Multiple coupling plate for rotary C-WPT system

Fig. 4 shows the design of the rotating capacitor of the C-WPT
system. The capacitive coupling is designed as two series
capacitors with equal value, C;; = Cj,. In Fig. 4 (B), both C;;A
and C;,B are connected at the stationary side, meanwhile, C;;C
and C;,D are connected at the rotary side. The major target of
having multiple-parallel plates is to increase the value of coupling
coefficient. It can be convenient to use multiple plates of a smaller
capacitance value and size rather than a single one with a larger
value and bigger size. In this proposed design, three plates are
connected together to form the metal plate CjjA and Cp;B.
Similarly, the other two plates are connected together to form
metal plate C;;C and C;,D. The metal plates are connected to form
the electrodes of the capacitor. The same dielectric material is
applied in between all the plates and placed each other at the
distance d. Therefore, in this structure, the four capacitors are
formed in one architectural layout as shown in Fig.4 (B). The
structure plates of the annulus were used to carry out the
capacitive coupling to form the capacitive interface. Fig. 4 (B, C)
demonstrates a single round plate of a rotary and stationary plate
with an annulus shape to make a rotating capacitor. The total
capacitance of the coupling plates and the area of each annulus
can be calculated using the annulus formula presented in [1].

Fig. 4 (B) shows a model of capacitive coupling with a
three-dimensional structure. A rotating capacitor was designed to
install on the shaft as the ruling role of a general capacitor. It helps
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a rotating capacitor that can operate as a capacitor when the shaft
rotates at a high speed without affecting transfer power. Two
plates are connected together to form metal rotary plates of an
electrode and fixed on the rotating shaft. Similarly, the other three
plates are connected in parallel to form metal stationary plates of
another electrode and fixed by an external fixture. In this design,
aluminum plates are proposed as the annulus plate of the
capacitors due to their simplicity, lightness and low cost. Distance
between both stationary and rotary plates are separated with d of
air gap from 1 to 5 mm. The capacitive coupler for both forward

and return directions are equal, Cy; Cp= 170 pF. Thus, Cy;
and C;; can be combined into a single capacitor for convenience,
that is C; Ci//Ci= 17072 = 85 pF. There is an

available overlapping area that A is equal to 288.1 cm?. The
thickness of all aluminum plates having 2 mm is the same and
does not affect the coupling capacitance. In order for the plates to
be inserted through the propulsion shaft, a hole with a dimension
of 4 cm was punched on each plate. The area of the plate
determines the coupling capacitance. The calculated inner and
outer radius of the rotary plates, choice 2 cm and 6.85 cm,

respectively.
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Fig. 4. Rotary capacitor design, Rotating C-WPT framework (A),
Designed (B) and Fabricated capacitor(C).
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Fig. 5. The capacitance variations with different distance
between two plates.
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The assembled capacitor has been shown in Fig. 4 (C).
Inner-fixtures hold the rotary plates horizontally and create space
between them. These are then attached to the body shaft so that
they can be rotated along with the propulsion shaft. The
outer-fixtures are attached to the stationary plates and fixed
externally, which contributes to keeping the stationary plates fixed
in parallel with the rotary disks, and slotting in position at the base
frame. The rotary plates are fixed on the shaft and placed at a
distance depending on the space between rotary and stationary
plates. The stationary plates have an inner radius of 2.7 cm and an
outer radius of 7.5 cm. Fig. 5 shows the change of rotating
capacitance at the different distances between rotary and
stationary plates. It is evident that the capacitance value is
inversely proportional to the distance between the rotating plates,
meanwhile the distance increases, the capacitance drastically

decreases.

lll. Setup C-WPT System and
Measurement Result

3-1 Fabricated C-WPT system

In order to supply power to WSS on the rotating shaft, the
C-WPT system which consists of a MOSFET diver, a
double-sided LCLC converter, the step-up and step-down
transformers, and two rotary capacitors has been installed on the
small test shaft as shown in Fig.6. The end-to-end C-WPT system
of the experimental setup is carried out with discrete components,
on a printed circuit board for the stationary and rotary sides. The
front-sided LCLC compensation of the converter and the step-up
transformer has been connected to the stationary plates of the two
rotating capacitors 1, and 2. The MOSFET driver using PWM
(Pulse-width modulation) signals is to control MOSFET-bridge of
the converter. The rotary plates have been linked to the step-down

www.koni.or.kr
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transformer, a rear-sided LCLC compensation, a rectifier, and
WSS. The WSS includes four sensors (such as DC current sensors,
temperature, air pressure and strain gauge), wireless radio
modules, and Arduino controllers of the stationary and rotary sides
that are also presented in Fig. 6. There is a small rotating shaft
connected to the motor via a gear box to simulate the rotational
speed by controlling the speed adjustment knob. The radius of the
shaft in this work is 2 cm. High speed power MOSFETs (IRF510)
were utilized as the inverter switching device. For the full-bridge
rectifier circuit at the rotary side, Schottky rectifier diodes
(SB3100) were selected to serve as a rectifier. There is extremely
low forward voltage, low power loss can be minimized at the
rectifier side. Function Generator (DFG-8005 5SMHz DDS) was
utilized to generate the inverter's PWM signal. It is convenient to
fine-tune the duty cycle, D and the switching frequency, f.
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Rotating vapacitor § Arduing, sensers and XBEE Tx

Ruotating
bt capacitor ¥
= SERTRRILN
Bhaft s [
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Speed
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Fig. 6. Experiment setup for WPT system on a small scale test
shaft.
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3-2 Experiment results

The experimental results are shown in Fig. 7 for the rotary
C-WPT system on the rotating shaft. Fig. 7 (A) presents the
experiment waveform of input voltage across the MOSFET driver.
Two switching control signals were used to drive the
MOSFET-bridge, which is originally 10 V with frequency 1 MHz
at 50 % duty cycle and two gate control signals are different
phases in 180 degrees. The zero-voltage switching operation of the
full-bridge MOSFET is obtained as shown in Fig. 7 (B). The
peak-to-peak output voltage of the MOSFET-bridge is 60 V that
the similar to the simulation. This output voltage has been
supplied to the front-side LCLC compensation and then a step-up
transformer. Output voltage of the step-up transformer has been
supplied for two stationary capacitors. At this time point, the

http://dx.doi.org/10.12673/jant.2023.27.1.63
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process of wireless power transmission was done between rotary
and stationary plates. The distance between both plates in this
experiment is 3 mm.

The voltage between the two electrodes of the rotary plates is also
the input voltage of the primary winding of the step-down
transformer TI2. This output voltage is finally rectified via the
Schottky diode bridge. The average voltage is about 14.8 V as
shown in Fig. 7 (D). The output voltage is relatively stable when
the filter capacitor is added before the loading resistor.
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Fig. 7. Experimental results, gate control signal waveforms (A),
The output voltage of MOSET-bridge (B), The
secondary voltage of the step-down transformer (C),
Output voltage after the rectifier (D).
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The input power of the double-sided LCLC converter is 11.7
W(30 Vx0.39 A). The output power of the C-WPT system is 7.8
W (14.8 Vx0.53 A), operated at 1 MHz switching frequency and
30 Q load. It shows that the C-WPT system can supply 7.8 W
output power with 66.67 % efficiency at a 3 mm distance. Fig. 8
shows details about the performance of the system when the load
changes, such as it is sufficient power to provide the WSS
application to function on the propulsion shaft.

Table 2 shows a comparison of the results obtained with
previous works for C-WPTs. As far as we know from
previously published literature, our C-WPT presents higher
output power compared to the other systems.

75
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Fig. 8. Efficiency of the C-WPT system.
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Table 2. Result comparison of the C-WPTs.
¥ 2. C\WPTS| Z1} dH|w

Ref. Structures Power Efficiency
[15] Class—E LCCL for C-WPT 0.97W 96 %
Cascaded Boot-Class—E o
[16] for OoWPT 767TW 76 %
[17] Matrix plate structure 2.5W 51 %
[18] Compensation network 1.87W 85.9%
[19] Automatic tuning loops 3.7W 80 %
This work A rotary C-WPT System 7.8W 66.67 %

V. Conclusion

In this work, the parallel-plates configuration of the rotating
capacitors of the C-WPT system has been presented in detail and
described in a rotary form. A practical C-WPT system consisting
of the LCLC-compensated converter and transformers topology
for supplied power to WSS applications on the propulsion shaft.
Initially, the double-sided LCLC-compensated converter and
transformers of the circuit were simulated and compared in terms
of the output voltage. Then, parallel-connected rotating capacitors
(170 pF) are designed and implemented for the C-WPT system on
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the rotating shaft. A circuit for rotary C-WPT prototype was
designed and implemented to demonstrate efficient WPT across
the rotating load. It is proven that the power can be transferred to a
rotating shaft, in which WSS serves the rotary load. The
experimental results have shown that the measured output voltage
and power under the rotary coupling configurations are in differed
greatly with the theoretical results. The results can obtain 66.67%
power transfer efficiency that system being successfully achieved
at 1 MHz operating frequency and with 7.8W output power with
3mm distance. This proves the efficiency of the proposed
capacitor of the C-WPT system and the validity of the design
processes. The C-WPT system could be applied to supply power
in the rotating shaft for WSS.
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