This is the Pre-Published Version.

The following publication Z. Xue, K. T. Chau, W. Liu and T. W. Ching, "Design, Analysis, and Implementation of Wireless Traveling-Wave Ultrasonic
Motors," in IEEE Transactions on Power Electronics, vol. 39, no. 4, pp. 4601-4611, April 2024 is available at https://doi.org/10.1109/TPEL.2024.3351142.

Design, Analysis, and Implementation of Wireless
Traveling-Wave Ultrasonic Motors

Zhiwei Xue, Student Member, IEEE, Kwok Tong Chau, Fellow, IEEE, Wei Liu, Member, IEEE,
and Tze Wood Ching, Senior Member, IEEE

Abstract—Wireless motors have been extensively investigated for
their flexibility and convenience, but they inevitably suffer from
vulnerability to magnetic field interference, insufficient
robustness, and the need for numerous power switches.
Therefore, a wireless traveling-wave ultrasonic motor (USM)
with high robustness is proposed in this paper, which artily
integrates capacitive power transfer (CPT) into a USM to derive
the brand-new non-magnetic wireless direct-drive motor.
Prominently, differing from the existing wireless motors, the
proposed wireless USM avoids the use of fragile microcontrollers
and active or passive switches at the motor side, the control
process of which can be completely conducted at the primary side,
thus facilitating high-degree integration and maintenance-free
operation. In addition, the bidirectional motion capability and
flexible speed regulation can be readily achieved by changing the
sequence and amplitude of two-phase outputs at the primary side,
enabling the real sense of wireless direct drive. Finally,
theoretical analysis and hardware experimentation are given to
verify the feasibility of the proposed wireless USM for non-
magnetic biomedical and aerospace applications.

Index Terms—Ultrasonic motor, non-magnetic wireless motor,
capacitive power transfer, high-robustness.

[. INTRODUCTION

IRELESS power transfer (WPT) is one of the most
epoch-making technologies with obvious advantages
such as high flexibility, reliability, low maintenance, and
electrical isolation [1-4]. Compared with the cable power
transmission method, WPT offers better flexibility, security,
and mobility. Prominently, WPT has shown great application
potential in the fields of biomedical devices [5], consumer
electronics [6], induction heating [7] and electric vehicles [8,
9], which significantly facilitates the convenience of life.
Recently, the concept of wireless motors has been newly
proposed and widely studied [10, 11]. Unlike conventional
wired motors, WPT is utilized to wirelessly power the motors,
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which can effectively avoid wire wear and facilitate motor
operation in harsh environments [12]. However, since both the
primary and secondary sides are equipped with power devices
and microcontrollers, the complexity and maintenance
requirements inevitably increase. Therefore, developing
wireless motors without any microcontroller and power device
at the motor side is highly desirable.

Recently, wireless DC motors [13, 14], wireless AC
induction motors [15], and wireless switched reluctance
motors (SRMs) [16] have been proposed as more flexible and
convenient alternatives to conventional wired motors [17].
Typical system configurations of these three types of wireless
motors are shown in Fig. 1. Wireless DC motors require active
and passive power switches at the motor side for bi-directional
motion capability as shown in Fig. 1(a), which presents
maintenance issues due to carbon brushes and commutators.
On the other hand, wireless shaded-pole induction motors
(SPIMs) require complex peripheral circuits such as multiple
rectifiers and inverters as shown in Fig. 1(b), which reduces
the overall system reliability and robustness. Moreover,
bidirectional motion capability cannot be realized in this
system. Although the wireless SPIM with dual stator windings
and half-bridge inverters involves fewer power switches, the
dual-stator SPIM requires special customization, thus
increasing the system cost [18]. A multi-frequency wireless
SRM has also been developed using selective WPT
technology and multiple rectifiers as shown in Fig. 1(c), but it
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Fig. 1. System configurations of three types of wireless motors. (a) Wireless
DC motor system with bi-directional motion capability [13]. (b) Wireless
SPIM system [15]. (c) Multi-frequency wireless SRM system [16].

Although many efforts have been made to implement
wireless motors, the real sense of the wireless direct drive
cannot be realized as they all require power switches or
communication devices at the motor side, which negatively
affects the reliability and maintainability of the system.
Moreover, the misalignment of coupling mechanisms
compromises the robustness of the system, limiting their
practical applications. Meanwhile, the above-mentioned
wireless motors are developed based on inductive power
transfer (IPT) [19], in which the high-frequency magnetic
fields are prone to eddy current losses, resulting in heating
effects. They are also susceptible to electromagnetic
interference (EMI) [20, 21]. In addition, the coupling
mechanism occupies ample space with heavyweight, which is
not conducive to promoting lightweight and integration.

Capacitive power transfer (CPT) utilizes electric fields to
achieve wireless power transfer and offers the advantages of
lightweight, high design flexibility and low cost compared
with IPT systems [22]. In practical applications, wireless
charging of special loads such as batteries requires load-
independent constant-current (CC) or constant-voltage (CV)
outputs to suit different requirements. The two-sided LCL [23]
and LCLC [24] compensation networks have CC output and
zero phase angle characteristics. As for CV output, topologies
such as LCL-L [25] and LCL [26] can be easily realized.
Meanwhile, some topologies such as bilateral LC can realize
both CC and CV outputs [27]. On the other hand, the pole
plate voltage stress is also a concern for CPT systems as
excessive voltage can cause breakdown problems. A two-stage
parametric design methodology is proposed in [28] to
minimize the reactive power flow and the pole plate voltage
stress. In [29], a system circuit design methodology based on
degrees of freedom is proposed to minimize the coupler
voltages.

To address the aforementioned issues, a brand-new non-
magnetic wireless ultrasonic motor (USM) system is proposed
and implemented in this paper, which offers distinct
advantages of real-sense of wireless direct drive without any
power switches and communication equipment at the motor
side. More importantly, the insensitivity to the misalignment
of the coupling mechanism makes the proposed system more
advantageous over other wireless motors in practical
applications. The specific contributions and improvements of

the proposed wireless USM are summarized as follows:

(1) The real-sense of wireless direct drive can be readily
achieved without using microcontrollers and active or passive
power switches at the motor side, facilitating a fully sealed
design with high robustness and maintenance-free operation.

(2) The proposed system can overcome the shortcomings of
IPT-based wireless motors in terms of sensibility to coupling
mechanism misalignment. It maintains high robustness even in
the case of coupling capacitance variation.

(3) The operation of the proposed system does not rely on
electromagnetic principles, making it well-suited for
biomedical and aerospace applications.

(4) Flexible speed regulation and bidirectional motion
control can be easily realized at the primary side without
complex peripheral circuitry.

II. CONFIGURATION OF PROPOSED WIRELESS USM

As a non-magnetic WPT method, CPT is perfect for wirelessly
powering the USM. Different from the IPT system, the CPT
system takes definite advantage of the high-frequency electric
field to achieve WPT with low electromagnetic interference and
low eddy current loss.

A general configuration of the proposed wireless USM is
shown in Fig. 2, which mainly comprises three parts, namely, the
full-bridge inverters, 2-phase LC-CLC compensated CPT
networks and a USM. The full-bridge inverters are utilized as the
high-frequency AC power source to supply power to the
transmitter plates after the primary LC-compensated network.
Then, the displacement current will be induced by the alternating
electric field between the transmitter and receiver plates, enabling
contactless power transfer. The receiver side utilizes the CLC-
compensated network to convert the received power into the
appropriate voltage required by the USM. Since the USM is
inherently capacitive, two inductors are purposely connected in
series at the input terminals of the USM to resonate with the
inherent parasitic capacitance. The proposed wireless USM
system is driven simultaneously by two independent CPT
systems with the same output voltage amplitude and a phase
difference of 90 degrees. In this way, traveling waves can be
generated in the stator to drive the motor wirelessly. Meanwhile,
motor commutation control can be performed entirely at the
primary side by simply changing the 90-degree phase angle
difference to —90 degrees. The specific details will be introduced
in the hereinafter.
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Fig. 2. Configuration of proposed wireless USM.
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III. STRUCTURE AND WORKING PRINCIPLES OF USM

The USM utilized in this paper is the Shinsei USR60, its
typical structure is shown in Fig. 3. The stator consists of
piezoelectric elements and elastomers. The rotor is made of
bronze and is kept in pressure contact with the stator under the
action of preload [30]. The contact surface between the rotor
and stator is coated with a layer of special friction material,
which is a blend of 30% Ekonol in 70%
Polytetrafluoroethylene with a friction coefficient of 0.20 to
increase the friction between the bronze and the elastomer.
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Fig. 3. Typical structure of USM.

The stator is bonded with two piezoelectric ceramic arrays
A and B, each consisting of eight alternately polarized
segments of width A/2 (A is the wavelength), with an offset
between the two arrays of A/4 [31]. Specifically, when two-
phase sinusoidal waves with a phase shift of 90° are applied to
the two-phase piezoelectric elements, two orthogonal standing
waves with the same frequency can be generated, which can
be superimposed on the stator and coupled into a traveling
wave [32].

The single-phase standing wave excited on the A-phase
piezoelectric element can be expressed as

W, (x,t) =&, cos kxcos wrt N

Similarly, the standing wave obtained via exciting the B-

phase piezoelectric element can be given by
Wy (x,t) = &, cos kx' cos (wr —6) 2)
where &4 and &p are the amplitudes of the radial vibration of
phases A and B, respectively, & is the wave number of the
elastic waves (k = 2m/4, 4 is the wavelength), x and x' are the
space intervals of phases A and B, respectively, w is the
angular frequency of vibration, and 0 is the phase difference
between phases A and B [33]. According to the layout of the
piezoelectric elements, it yields x' = x—A/4. Due to the 90’
phase shift in the two-phase voltage, & = m/2 is resulted.
Therefore, the B-phase standing wave equation can be

deduced as

W, (x,t) = &, sinkxsin cor 3)

Accordingly, when the two-phase piezoelectric elements are
symmetrically polarized, namely, & = &g =Co, the superposition
of the two-phase standing wave can be obtained as

W(x,t) =W, (x,t)+W,(x,t) =&, cos(kx—cor) 4

Similarly, when 6 = —n/2, the superposition of the two

standing waves can be given by
W (x,t)=W,(x,t)+ W, (x,t) =& cos(hkx+at)  (5)

According to (4) and (5), the two-phase sinusoidal voltages
with the same amplitude, same frequency and 90° phase
difference can excite two-phase standing waves with n/2 space
and time differences on the piezoelectric elements. The two
orthogonal standing waves superimposed on the stator form a
continuous traveling wave, thereby generating rotational
motion through friction between the stator and the rotor. In
addition, by altering the phase difference between phases A
and B, the direction of the traveling wave can be reversed, and
the bidirectional motion of the motor can be achieved [34].

On the other hand, the motor speed increases linearly with
the amplitude of the traveling wave, which is positively
correlated with the vibration amplitude of the piezoelectric
material. Therefore, flexible speed regulation can be achieved
by adjusting the terminal voltage according to the
characteristics of the vibration amplitude of the piezoelectric
material and terminal voltages. It is worth noting that at low
driving terminal voltages, the vibration amplitude of the
piezoelectric material is small, and the friction between the
stator and the rotor is insufficient to overcome the preload
force to drive the motor, resulting in the motor being in a static
state.

IV. SYSTEM DESIGN AND ANALYSIS

The control characteristics of USM are complex and highly
nonlinear due to its equivalent impedance value varying with
the rotation direction, rotor speed, and friction between the
stator and rotor. Considering that USMs are voltage-driven
motors, the constant input voltage of the motor terminal is
critical to ensuring their stable operation. Therefore, a load-
independent LC-CLC compensated CPT system with constant
output voltage characteristics is designed and analyzed to
ensure stable control performance of the proposed wireless
USM even under time-varying parameter conditions.
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Fig. 4. System structure of LC-CLC compensated CPT.

As shown in Fig. 4, the proposed LC-CLC compensated
CPT system consists of the DC voltage source, full-bridge
inverter, primary side LC-compensated network composed of
Lp and Cp, coupled metal plates composed of P;-Pa, secondary
side CLC-compensated network composed of Cs;, Ls and Cso,
and a load.
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It can be seen from Fig. 5 that the coupling mechanism is
composed of four aluminum plates, Pi;-Ps. The aluminum
plates P; and P, are placed at the primary side as the
transmitter plates, while the aluminum plates P; and P4 are
placed at the secondary side as the receiver plates. It is worth
noting that the mutual capacitance will be induced between
two different aluminum plates and a total of 6 equivalent
capacitances will be induced among P;-Ps, as shown in Fig. 5.
In the proposed system, water is added between the pole plates
to increase the coupling capacitance, which is stored in
polyethylene bags and placed in acrylic containers to ensure
that there will be no conductive power transmission problems.
In addition, solid mediums such as FR-4 can also be used
instead of liquid mediums, which can provide better flexibility
and do not require special seals. As a result, the coupling
capacitances Ci2 and Cs4 and the cross-coupling capacitances
Ci4 and (33 are much smaller than C;3 and Cy4 [35]. Therefore,
the four coupling capacitances can be ignored and the system
can be simplified as shown in Fig. 6.
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Fig. 6. Simplified equivalent circuit of LC-CLC compensated CPT.

The root mean square (RMS) value of the output voltage of
the inverter can be equal to a constant voltage source Ui,
which can be calculated as

22

Uin = Udc (6)
T

where U, is the DC bus voltage. Meanwhile, the coupling

capacitance Ci3 and Cy4 can be represented by the equivalent

series coupling capacitance Cy as given by
_ C|3C24

= O]
Cl3 + C24

M

A. Primary LC-Compensated Network

The LC-compensated network at the primary side is
composed of Lp and Cp, which can effectively suppress the
harmonic output of the inverter and boost its output voltage to
stimulate the transmitter plate. When Z. is the equivalent
impedance after the primary LC-compensated network, the
equivalent circuit of the system can be simplified as depicted
in Fig. 7(a). For the sake of simplicity, the equivalent
resistance of the compensation capacitors can be neglected
since they have little effect on the system efficiency. Then,
according to Norton's theorem [36], the primary circuit shown
in Fig. 7(a) can be represented by a Norton circuit, as shown
in Fig. 7(b).

Based on the circuit equivalence principle, the input current
of the Norton equivalent circuit can be expressed as

Lin = L (8)
RLP + ja)Lp

The admittance Y, of the parallel LC network shown in Fig.

9(b) can be expressed as
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Fig. 7. Equivalent circuit of primary LC-compensated network. (a) Primary
circuit. (b) Norton equivalent circuit.
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For constant operating frequency f and compensating
inductance L,, the admittance Y, of the parallel LC network
can be minimized when the imaginary part is zero. Hence, it
yields

_L—f’:()
" R +(eL,)

Then, the compensation capacitor C, can be deduced as

. =L—1’2 an
Ry, +(oL,)

(10)

The output current /., of the Norton equivalent circuit can
be deduced as

. .z
Iy =1, —"2— (12)

"Z,+Z,
where Z, is the impedance of the parallel LC network.

When the admittance Y, of the parallel LC network is
smaller, the larger its equivalent impedance Z, is. Therefore, it
is necessary to ensure that the internal resistance of the
primary compensation inductor can meet the following
conditions

R, (13)

Accordingly, the compensation capacitor C, can be further
simplified as

< wlL »

1

C =—
" @',

In this case, the admittance Y, of the parallel LC network is
minimum, namely, its impedance Z, is maximum and much
larger than Z.. Therefore, the output current /., of the Norton
circuit is closer to the input current /;, which can be expressed
as

(14)

P .
P Uin (15)
JoL,

]c zI[n
P Z,,
According to the above analysis, the primary LC network
can supply an approximately constant current to the rear
circuit independent of the coupling capacitance, which means
the variation of coupling capacitance will not affect the
constant current input to the secondary circuit, thus ensuring

robustness to the coupling mechanism misalignment.
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B. Secondary CLC-Compensated Network

As aforementioned, the primary circuit of the CPT system
can be approximately regarded as a constant current source
under certain conditions. Similarly, the secondary circuit can
be simplified as shown in Fig. 8(a). According to the principle
of circuit equivalence, the circuit shown in Fig. 8(a) can be
represented by a Thevenin circuit as depicted in Fig. 8(b).
Then, the equivalent voltage source can be expressed as

- ZCSI ZCSZ
s cp
Zey, +2,,* L,
where Zcsi, Z1s and Zcs; are the impedance of capacitance Cyi,
inductance L,, and capacitance Cy, in the secondary CLC-

compensated network, respectively. Meanwhile, the
equivalent impedance Z; in Fig. 8(b) can be derived as

Z, (2e, +2,)

(16)
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Fig. 8. Equivalent circuit of secondary CLC-compensated network. (a)
Equivalent circuit of secondary side. (b) Equivalent Thevenin circuit.

According to Kirchhoff's voltage law, the smaller the
impedance Z;, the closer the output voltage is to the input
voltage. Specifically, the inductor L, should be fully
compensated by the capacitor Cy; at the resonant frequency.
As aresult, the impedance Z can be simplified as

Z — ZCSZRLV
RLV +ZCS2
where Ry is the internal resistance of inductor L.
To simplify the calculation, the resistance R;; can be

ignored since it is much smaller than the equivalent impedance
of Cy. Then (18) can be simplified as

(18)

z-r, (19
Accordingly, the output voltage U, can be expressed as
4y (20)
R, +Z,

Since the impedance of USM is much larger than Ry, the
output voltage can be further simplified as

2

Based on (21), the output voltage of the secondary
compensated network is approximately constant under certain
conditions, which is only dependent on the input current /.,
and the impedance Zcs.

Uuu/ ~ U& ~ ZCS] Icp

C. System Flexibility and Output Characteristics

In order to further illustrate the flexibility of the CPT
system, the constant output voltage characteristics are
investigated. As aforementioned, when the system parameters

meet certain conditions, the system output voltage can be
expressed as

* ) ZC Uin

U =7. 1 =S~

out Csy “ep ]a)L (22)

y4
In general, as 1/jwCs; is much larger than its equivalent
resistance, the output voltage can be simplified as

e @3)
o°L,C
The ratio of compensation inductor L, to L, is defined as £,
k = LJL,. When the resonant frequency of the primary LC-
compensated network and the secondary CLC-compensated
network are the same, namely w?L,C, = w*L,Cys1 = 1, (23) can
be deduced as
_ Uin
out a)sz CSI
As shown in (24), when the system parameter configuration
meets the qualified and resonant conditions, the output voltage
only depends on the input voltage Uj, and the inductor ratio k.
The output voltage is k& times the input voltage with the
opposite phase. Therefore, the performance of wireless USM
cannot be affected by the variation of coupling capacitance
and load within a certain degree.

LU -
=——" :_kUin
L

P
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V. SYSTEM ANALYSIS

Since the 40 kHz resonant frequency is relatively low for a
typical CPT system, detailed simulations are performed to
analyze the effects of the designed CPT system in terms of the
transmission power and voltage stress when driving the USM.

A. Transmission Power Analysis

In order to analyze the power transfer performance of the
designed CPT system, Fig. 9 shows the transmission power
with different input voltages. It can be seen that the
transmission power increases gradually with the increase of
the input voltage since the designed CPT topology has a
constant voltage output characteristic that is proportional to
the input voltage. The analysis results show that the 40 kHz
CPT system is suitable for low-power applications.
Considering that the power level of USM is generally low, the
low-frequency CPT can satisfy the transmission power
requirements of USM.
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Fig. 9. Transmission power of designed CPT with different input voltages.
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B. Pole-Plate Voltage Stress Analysis

In order to analyze the pole-plate voltage stress of the
designed CPT system, Fig. 10 shows the voltage stress with
different output power levels. Specifically, the voltage stress
increases with the increase of the output power. However, it is
noteworthy that the voltage stress always remains at a
relatively low level, ensuring that the system does not
encounter issues such as sparking or breakdown. In addition,
to ensure the safety of human exposure to electric fields, the
electric field distribution on the plate is evaluated by Finite
Element Analysis as shown in Fig. 11. According to the IEEE
standard [37], the electric field strength of 28 mm away from
the pole plate is safe for human safety at 40 kHz electric field.
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Fig. 10. Pole-plate voltage stress of designed CPT with different output power.
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VI. IMPLEMENTATION AND EXPERIMENTAL VERIFICATION

To verify the feasibility of the proposed system, a practical
prototype is constructed, and a test setup is established, as
shown in Fig. 12. Specifically, the voltage and current are
measured with probes (LeCroy ADP300) and (LeCroy CP030),
respectively, and recorded by an oscilloscope (LeCroy 6100A).
The control program is realized by the digital signal processor
(DSP) microcontroller (TMS320F28335), and the DC power
supply (Ametek DLM300-10E) is used to power the gallium
nitride (GaN) full-bridge inverters. Due to the low resonant
frequency of the designed CPT system, the amount of
compensation inductance will be relatively large. To solve this
problem, the compensation inductors L, and L, are wound with
Leeds wire, and two ferrite bars are mounted inside the coil,
thus greatly reducing the coil size and internal resistance. The
compensation capacitors are composed of polypropylene film
capacitors. The design specifications are listed in Table 1.

TABLE I
DESIGN SPECIFICATIONS AND PARAMETERS
Items Value/type
Resonant frequency (f) 40 kHz

LC-compensated inductance (L4, L,»)
LC-compensated capacitance (Cy, Cyp)
Resistance of primary inductor (R, R,»)
CLC-compensated inductance (L, L)
CLC-compensated capacitance (Cyq1/Csa,
Co1/Cyp)

Resistance of secondary inductor (R, Rb)
Capacitance of coupling mechanism (C),)
Aluminum plate size (5)

Compensated inductance size (S;)

16.70, 16.73 mH
951.4, 950.7 pF
1.8,1.8Q

8.69, 8.78 mH
1.82/1.81, 1.82/1.82 nF

14,14 Q

1271 pF
100x100x1 mm?
90x30%25 mm?

Series inductors (L, L) 1.0, 1.0 mH
GaN inverter (full-bridge) GS66508B
USM rated voltage 130V
USM rated Torque 50 Ncm

Aluminum
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y W LC resonant
network
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e GaN inverter DSP

Fig. 12. Experimental setup.

Fig. 13(a) shows the measured waveforms of the two-phase
output voltages of the primary-side LC-compensated networks
Upa/upp, and the input voltage of the motor terminals wus./usp.
Specifically, the primary-side LC-compensated network can
effectively suppress the high-order harmonic contents of the
inverter and boost the amplitude of the output voltage to
stimulate the transmitter plate for WPT. The input voltage of
phase A is 90° ahead of phase B, which can excite two
standing waves on the stator of USM, respectively. Then, a
traveling wave will be generated by the superposition of the
two standing waves to drive the rotor rotating clockwise (CW).
Additionally, the motion of the USM in the opposite direction
is evaluated as shown in Fig. 13(b). When the phase difference
between the terminal voltages of phase A and phase B changes
from 90° to —90°, namely, phase B is 90° ahead of phase A, the
traveling wave formed by the superposition of the two
standing waves will change its traveling direction and the rotor
will rotate counterclockwise (CCW). Therefore, by changing
the phase difference of the two-phase terminal voltages of
USM, the bidirectional motion of USM can be flexibly
realized.
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Fig. 14 shows the measured waveforms of the output
voltage of the full-bridge inverters uy/ug, and the terminal
voltages of the motor wus./us. The full-bridge inverters output
two-phase square wave voltages with a phase difference of 90°
at the switching frequency of 40 kHz. After the LC-CLC
compensated CPT system, two alternating currents with a
phase difference of 90° are inputted to the terminals of USM.
Therefore, the bidirectional motion of wireless USM can be
easily achieved by programming the microcontroller at the

primary side, without involving any controllers and active or
passive switches at the motor side.

To further assess the bidirectional motion characteristics of
the wireless USM, the bidirectional speed responses versus the
terminal voltage are measured as shown in Fig. 15. It can be
observed that with the rated voltage of 130 V, the rotor speed
can reach up to 169 rpm. In particular, the motor speed
increases linearly with the increase of the terminal voltage
within a specific range. This is because changing the
amplitude of the terminal voltage of USM can adjust the
amplitude of the traveling wave generated on the stator surface,
thus realizing flexible speed regulation of USM. In addition, at
low drive voltages, the amplitude of the traveling wave
decreases and therefore friction cannot overcome the preload
to drive the motor. The characterization between voltage and
vibration response amplitude of the piezoelectric ceramics can
be referenced from [38] for a better understanding of the
relationship between the drive voltage and motor speed.
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Fig. 15. Measured bidirectional speed characteristics of wireless USM.

Fig. 16. Measured waveforms of current and voltage of wireless USM.

Furthermore, Fig. 16 demonstrates the measured waveforms
of motor terminal voltages wu./us and currents in/ip, with the
load torque of 25 Nem. Under the rated terminal voltage, the
RMS value of stator current is 0.22 A. In addition, the stator
current leads the voltage because of the capacitive load
characteristics of the USM. Moreover, Fig. 17 shows the
measured speed characteristics of USM with a load of 10 Ncm
and 25 Ncm, respectively. It can be seen that the motor speed



can be controlled from 77 to 163 rpm at 10 Ncm load and 69
to 150 rpm at 25 Ncm load, respectively. In particular, the
motor speed decreases linearly as the load torque increases,
which is similar to the wired USM system. Therefore, these
measured results well verify the feasibility of the proposed
wireless USM.
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Fig. 17. Measured speed characteristics against motor terminal voltage.
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The constant voltage output characteristics of the CPT
system are assessed experimentally. Fig. 18 shows the
measured waveforms and their zoom-in ones under load
variation, including the output voltage of the inverter ug./ug
and the output voltage of the secondary CLC-compensated
network ug./ug. It can be observed that the output voltage is
basically constant when the load is changed from 0 Ncm to 10
Nem. The zoom-in waveforms provide more detailed
information. Before and after the motor load changes, the
output voltage of the system is always maintained between
43.0-43.7V, showing good constant-voltage output
characteristics. In addition, the RMS value of the input voltage
is 90 V, and the gain of output and the input voltage is about

0.48 with a phase difference of 180° between them.
Considering the impedance of the system, the ratio of the input
and output voltages can match with L/L,, within an
acceptable range. Therefore, the constant output voltage
characteristic and flexible output voltage gain design of the
CPT system guarantees the feasibility of the wireless direct
drive of USM.

Then, the robustness of the proposed wireless USM with
respect to the coupling capacitance of the coupling
mechanisms is investigated as shown in Fig. 19. It can be
observed that when the coupling capacitance is varied in a
wide range, the motor speed remains stable at around 120 rpm
during steady-state operation. Therefore, the experimental
results indicate that the proposed wireless USM system is
insensitive to the misalignment of the coupling mechanism,
ensuring reliable performance under diverse operating
conditions, thereby highlighting its robustness in the face of
potential misalignment issues associated with the coupling
mechanism.
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Fig. 19. Measured motor speed varies with coupling capacitance.

Finally, the system efficiency, output power and power loss
distribution of the CPT system are evaluated as shown in Fig.
20. In the case of forward and backward motions, the
efficiency is basically the same, up to 75.17% and 74.2%,
respectively. In the power loss test, although the amount of
inductance is large, the power loss is relatively small due to
the low current flow in the system. In addition, the inverter
loss accounts for a large proportion. Considering the low
power level of USMs, the application of a half-bridge inverter
will help to further improve the efficiency. Moreover, the
optimization of the compensation network and the coupling
mechanism is crucial for improving transmission efficiency.

1.83% I Output power 17.19W

12.1%

Inverter loss 2.49W

I Coupling mechanism/capacitor/
line loss/others 2.77W

Inductance loss 0.42W

Input power 22.87W
Total power loss 5.68W

75.17 %

Fig. 20. Output power and loss distribution of CPT system.



VII. DISCUSSION AND RECOMMENDATION

To highlight the uniqueness of the proposed wireless USM
system, a quantitative comparison with reported wireless
motor systems is presented in Table II. All of them utilize
more than a dozen power switches at the motor side, resulting
in increased complexity and concerns regarding system
stability. In addition, multi-frequency WPT is widely
employed for selective feeding of motor windings, which
inevitably introduces multi-frequency crosstalk and EMI noise
into the system.

In contrast, the proposed non-magnetic wireless USM
system utilizes zero power switches (both active and passive)
and zero communication modules as well as only single-
frequency WPT to directly drive the motor, which offers
significant advantages in terms of high integration, reliability,
and simplicity. More importantly, the proposed system also
exhibits superior performance in terms of sensitivity to
coupling mechanism misalignment. Specifically, variations in
the coupling capacitance have limited influence on the control
system, thus greatly enhancing the robustness of the whole
system. In addition, since both CPT and USMs operate
independently of electromagnetic principles, the proposed
system has considerable potential for application in
biomedical and aerospace fields.

In terms of the practical applications, the sealing of the
medium (like water) in the coupling mechanism and the
possibility of the presence of conductive power transfer need
to be considered. In this work, polyethylene bags are used to
store the medium water, thus cutting off the possibility of
conductive power transfer while achieving the physical sealing.
In addition, it is recommended to use USMs with higher drive
frequency, which will reduce the amount of inductance used in
the CPT system and facilitate further integration.

On the other hand, due to the duality of IPT and CPT
systems, IPT is also applicable to this study, and the amount of
inductance used is smaller than that of the CPT system under
the 40 kHz frequency. However, as the resonant frequency of
the ultrasonic motor increases, the volume of the CPT
compensation inductors will be reduced. In addition, the
proposed CPT system does not require special designs of the
capacitive coupling mechanism, the typical two-pair plate

structure can realize constant voltage output independent of
the coupling capacitance, which provides high system
robustness. In contrast, IPT systems usually require special
designs of the inductive coupling mechanism to reduce the
sensitivity to misalignment [39], which is complex and
cumbersome. Therefore, the proposed CPT system can
naturally achieve high robustness compared to IPT by simply
using a conventional capacitive coupling structure.

As a non-magnetic wireless motor, the proposed wireless
USM has great promise in strong magnetic environments and
medical implants. In the field of magnetic resonance imaging
(MRI)-guided robots, it can be integrated into robotic systems
used in MRI environments, allowing great potential for precise
and controlled movement during procedures. The wireless
power direct drive eliminates the need for physical
connections, which can interfere with the imaging process and
restrict the robot's range of motion. In addition, with its simple
structure and flexible controllability, the proposed wireless
USM offers wireless direct control without requiring invasive
procedures to replace batteries, making it promising for
application in medical implants such as pacemakers. This
technology enables efficient and convenient power drive and
control to the implanted device, improving patient comfort and
reducing the risks associated with repeated surgeries. In
addition, it is promising to address the nuisance of implanted
patients who cannot be examined in strong magnetic
environments such as MRI equipment.

For further research, as the receiver side of the proposed
wireless motor system is already simplified enough
(eliminating power switches, sensors, communication modules,
and complex peripheral circuits to drive the power switches),
the integration of receiver-side inductance is a promising
research direction to promote further simplification of the
wireless motor system. It is promising that the CPT systems
have the potential for further integration. Specifically, the
receiver-side compensation inductor of series-series (SS) CPT
and parallel-series (PS) CPT structures can be connected in
series with the filter inductor to form a single inductor, thus
realizing the potential for further integration. In contrast, the
potential for inductor integration in IPT systems remains to be
developed.

TABLE II
COMPARISON OF EXISTING SYSTEMS AND PROPOSED SYSTEM

Resonant Compensation Bidirectional Active Passive Communication
Ref. . . . Robustness

frequency network motion switches switches modules
[10] 100 kHz S-S N 0 12 1 Low
[13] 130, 160 kHz LCL-S \/ 2 10 0 Low
[15] 109, 116 kHz LCL-LC X 5 28 0 Low
[16] 91, 112, 137 kHz S-S V 0 12 1 Low

Proposed 40 kHz LC-CLC \ 0 0 0 High

VIII. CONCLUSION

In this paper, the wireless USM has been proposed and
implemented, which adopts the CPT to drive the USM directly,
deriving the first non-magnetic wireless motor. This novel
system is particularly advantageous for applications that are
susceptible to strong magnetic environments, featuring

maintenance-free operation and high-robustness. Notably,
unlike previous wireless motors, the obvious merits of the
proposed wireless USM are that no power switches,
microcontrollers and communication devices are configured at
the motor side, and the flexible speed regulation and
bidirectional motion can be performed entirely at the primary
side, realizing the real sense of wireless direct drive.



Importantly, the proposed wireless USM overcomes a notable
limitation of existing wireless motors that are sensitive to the
misalignment of the coupling mechanism, thus paving the way

for

further practical application. Finally, an experimental

prototype is constructed, and experimental results are given to
verify the effectiveness of the proposed wireless USM.
Promisingly, as the first attempt in an unexplored field of non-
magnetic wireless motors, this work confirms that WPT and

USM can be perfectly

integrated and promotes the

development of wireless motors towards the non-magnetic,
wireless direct drive, and high-robustness.
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