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Abstract—The integration of high-precision robotics and
magnetic resonance imaging (MRI) exhibits the potential to
enhance the accuracy and safety of MRI image-guided surgery.
However, the potential hazards associated with conventional
electromagnetic servomotors in strong magnetic fields have
hindered the development of MRI-compatible robotics. To
address this issue, this paper proposes and implements a novel
magnetic-free wireless drive system that creatively integrates
capacitive power transfer (CPT) with ultrasonic motors (USM) to
realize the truly wireless self-direct drive without strong
magnetic field interference. The proposed system overcomes the
drawbacks of existing wireless motors requiring microcontrollers,
power switches and communication modules at the motor side,
facilitating high-degree integration and maintenance-free
operation. In addition, a dual-mode wireless drive control scheme
is proposed to achieve the full-speed range wireless direct drive.
Promisingly, the proposed system is unaffected by coupling
mechanism misalignment and load variation, ensuring precise
manipulation with high robustness. Both theoretical analysis and
experimental results are conducted to verify the effectiveness of
the proposed wireless motor system.

Index Terms—Wireless power transfer, ultrasonic motors, high-
robustness, biomedical application.

[. INTRODUCTION

ireless power transfer (WPT), as a non-contact

electric power transmission technology, exhibits

the obvious advantages of flexibility, convenience,

and safety [1], [2]. In recent years, WPT has shown great
potential in numerous emerging areas such as wireless energy
routers [3], electric vehicles [4], [5], and medical implants [6].
Notably, WPT has been increasingly applied to motor
drives with the advantages of no messy wires and electric
shock risk [7], [8]. In [9], a wireless in-wheel motor system
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was developed to remove the power supply cables exposed to
harsh environments. However, only the power transfer method
is changed to wireless, the controller and power converters are
still required at the motor side, which undoubtedly increases
the maintenance requirements. To improve the reliability of
the system, wireless motor systems without controller and
power converters at the motor side is highly desirable.

Recently, a wireless DC motor system with bidirectional
motion capabilities was developed by inducing bipolar
voltages on the motor windings through selective inductive
power transfer [10]. However, the carbon brushes and
commutators of DC motors require regular maintenance,
which inevitably increases the safety considerations. On the
other hand, wireless shaded-pole induction motors (SPIMs)
have been developed for their high robustness without carbon
brushes and commutators [11], but this system inevitably
requires numerous active power switches at the motor side,
increasing the risk of failure in confined environments [12].

In addition, wireless switched reluctance motors (SRMs)
have been developed by using multiple receivers with
different resonant frequencies to selectively excite the
corresponding motor windings [13], but the coupling
mechanism and switched capacitor arrays make the system
clumsy and complex [14]. On the other hand, the wireless
SRM system with constant resonant frequency was developed
to drive the SRM directly through a single power transfer
channel [15], which improved the integration and compactness.
In [16], a wireless stepping motor utilized multi-channel WPT
to wirelessly excite the motor windings separately to realize
precise position control. However, the essential Bluetooth
communication device and multiple rectifiers for wireless
SRMs and stepping motors increase the concerns of the
maintenance-free operation and cost of the system [17].

It should be noted that the above wireless motor systems
can be controlled entirely at the primary side, but active or
passive power switches and communication modules are
inevitably required at the motor side, which increases the risk
of failure due to complexity. In addition, the existing wireless
motors mainly focus on speed and power control and
underperform in robustness to coupling mechanism
misalignment, which limits their practical applications in
complex operating environments [18]. Moreover, they are
extremely sensitive to high magnetic field interference and
cannot meet the requirements of biomedical applications
associated with strong magnetic fields [19].
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Therefore, a novel magnetic-free wireless self-direct drive
ultrasonic motors (USM) system with high-robustness is
proposed in this paper. The proposed system can operate in the
non-magnetic state, which is attractive for magnetic resonance
imaging (MRI)-compatible surgical robots, as shown in Fig. 1.
The absence of wires or cables avoids the risk of injury to
patients or technicians due to wire movement during scanning,
making the proposed system compatible with MRI scanners
and more flexible in placement. Promisingly, with the
proposed dual-mode wireless drive control, the bidirectional
motion capability and precise positioning can be readily
achieved at the primary side without the need for complex
peripheral circuits or multi-frequency WPT, enabling
innovative wireless self-direct drive. Notably, the proposed
system 1is insensitive to the misalignment of the coupling
mechanism, overcoming the drawbacks of existing wireless
motors with insufficient robustness, which improves
adaptability under complex operating conditions.
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Fig. 1. Schematic of MRI-compatible surgical robot.

In Section II, the configuration of the proposed wireless
USM and the comparison with existing wireless motor
systems are conducted. Then, the working principles of USM
are described in Section III. Section IV is the design of the
proposed system. Section V will give the implementation and
experimental results to verify the feasibility of the proposed
system. Finally, conclusions will be drawn in Section VI.

II. SYSTEM DESIGN AND ANALYSIS

A. Configuration of Proposed Magnetic-Free Wireless Self-
Direct Drive Motor System

The configuration of the proposed magnetic-free wireless
self-direct drive USM is shown in Fig. 2, which comprises a
high-frequency inverter, double-T resonant networks, and a
USM. Unique from existing wireless motor systems, the
proposed system can directly drive the USM through the
secondary T-type resonant networks without needing any

power switches or communication modules.
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Fig. 2. Configuration of proposed wireless self-direct drive USM.
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In addition, the insensitivity to the misalignment of the
coupling mechanism is another definite advantage of the
proposed system over other wireless motors. Specifically, the
performance of existing wireless motors is heavily reliant on
the alignment of the coupling mechanism, which limits their
applicability in complex operating conditions. In contrast, the
proposed system is insensitive to the misalignment of the
coupling mechanism, and the variation of the mutual
capacitance will not affect the control and operation of the
motor. Therefore, the proposed wireless USM represents a
promising solution to the drawbacks of existing wireless
motors in terms of the requirements of multiple power
switches and insufficient robustness.

B. Comparison of Existing Wireless Motor Systems

The wireless permanent magnet (PM) DC motors have been
widely researched due to their straightforward operating
principles [20], as shown in Fig. 3(a), where high-frequency
AC power is transferred wirelessly from the primary side to
the secondary side, and then fed to the DC motor through the
secondary rectifier and filter capacitor.

Conversely, the wireless AC motor presents a more intricate
driver system in comparison to the DC counterpart, as the
wireless SPIM with full-bridge inverters has been investigated,
where numerous active and passive power switches are
required. Although the wireless SPIM using half-bridge
inverters with fewer active power switches has been
developed as shown in Fig. 3(b), this structure is only
applicable to SPIMs with dual-stator windings.

The multi-frequency-based wireless SRM system depicted
in Fig. 3(c) employs a multi-frequency compensation network,
enabling the single transmitter to provide multi-frequency
power to three receivers with different resonant frequencies
and finally to feed motor three-phase via rectifiers. Moreover,
Bluetooth technology is commonly used to establish wireless
communication of the rotor position to the primary controller,
which increases concerns about EMI suppression.
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Fig. 3. Configuration comparison of existing wireless motor systems. (a)
Wireless DC motor system [20]. (b) Wireless SPIM system [12]. (c) Multi-
frequency wireless SRM system [13].

Although existing wireless motors can implement servo
control at the primary side, complex peripheral circuits, active
power switches, multiple rectifiers and communication
devices are unavoidably required at the motor side, which
inevitably reduces the simplicity and reliability. In addition,
robustness is a tricky issue worth considering for wireless
motor systems, as misalignment of the coupling mechanisms
can seriously affect the viability of existing wireless motors.

Therefore, in response to the above problems, the distinct
contributions and innovations of the proposed wireless USM
can be summarized as follows:

1. Wireless self-direct drive of the proposed wireless USM
can be readily achieved by the secondary T-type resonance
network without complex peripheral circuits, microcontrollers,
power switches, and communicators at the motor side.

2. The proposed system exhibits a high degree of robustness
in the face of coupling mechanism misalignment, thanks to its
ability to guarantee a stable and consistent power supply
regardless of coupling mechanism misalignment and load
variations.

3. This system is impervious to potential disruption from
strong-magnetic-fields, which is conducive to strong-
magnetic-field applications.

4. Accurate positioning and motion control can be readily
achieved as the full-speed-range bidirectional motion
capability can be easily implemented at the primary side with
the proposed dual-mode wireless drive control.

5. The elimination of additional devices at the motor side
and the maintenance-free feature of the USM without carbon
brushes and commutator make the proposed system more cost-
effective for promotion and commercialization.

III. WORKING PRINCIPLES OF USM

The operating principles of the USM diverge from those of
traditional electromagnetic motors [21], owing to its
utilization of the piezoelectric effect and ultrasonic vibration
[22]. As shown in Fig. 4, two sets of piezoelectric elements
are placed in the appropriate positions and driven by two
voltage sources A and B, respectively. When the piezoelectric
elements are excited by the high-frequency voltage, a traveling
wave propagating along the stator is generated. Then, a
tangential force will be induced by the frictional coupling

between the stator and rotor to drive the rotor in the direction
opposite to the traveling wave, realizing the conversion of
electrical energy to mechanical energy. In addition, the
direction of the traveling waves depends on which voltage
source is leading in phase. Specifically, when the A-phase
voltage source leads the B-phase, the traveling wave will
move to the right, and vice versa [23]. Therefore, by
appropriately setting the phase difference between voltage
sources, motor commutation control can be readily realized.
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Fig. 4. Operating principle of USM.
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IV. DESIGN OF WIRELESS SELF-DIRECT DRIVE MOTOR SYSTEM

The performance of existing wireless motor systems relies
heavily on the matching degree of the coupling mechanism,
the misalignment of the coupling mechanism will seriously
impair the viability of the whole system. Therefore, it is
critical to develop a robust and reliable wireless motor that is
insensitive to the misalignment of the coupling mechanism. In
addition, since USMs exhibit strong nonlinear behavior, with
their equivalent impedance varying with the mechanical,
electrical and thermal properties, the constant voltage output
characteristic independent of the load impedance is crucial to
ensure their steady operation. To this end, a double-T resonant
network capacitive power transfer (CPT) system with coupling
capacitance-independent as well as load-independent constant
voltage output characteristics is developed and analyzed to
meet the demanding requirements of the wireless USM drive.

A. Design of Coupling Mechanism Independent Constant-
Current Output

Fig. 5 shows the schematic of the double-T resonant
network CPT system, where two inductors L, and L,
together with a resonant capacitor C, form the primary T-type
LCL resonant network, while Cs, Cyp, and Ls form the
secondary T-type CLC resonant network. The capacitive
coupling mechanism is composed of two pairs of metal plates
and the equivalent coupling model is shown in Fig. 6.
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Fig. 5. Schematic of double-T resonant network CPT system for single-phase
USM stator.
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Fig. 6. Circuit model of coupling mechanism.

It can be observed that 6 coupling capacitors are induced
between any two of the four coupling plates [24]. In this work,
water is placed in the coupling mechanisms to increase the
coupling capacitance and transmission power. Therefore, the
capacitances Ci» and Css, as well as the cross-coupling
capacitances Ci4 and C,3, can be ignored as they are much
smaller than Ci3 and Cy [25]. Therefore, the coupling
mechanisms can be simplified as

— C13C24
. C13 + C24

Accordingly, the equivalent circuit of the proposed double-
T type CPT system is shown in Fig. 7, where the model of
single-phase USM is represented by Z; for convenience.

Fig. 7. Equivalent circuit of double-T type CPT system.
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To ensure that the coupling capacitance C), has minimal
impact on the WPT, it is crucial to design the primary T-
resonant network with constant current output characteristics.
Specifically, by ensuring that the output current of the primary
T-resonant network resembles the output of a current source,
the transmission current is less affected by the variation of Cy,.
Fig. 8 depicts the simplified diagram of the primary T-LCL
network.
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Fig. 8. Equivalent circuit of primary T-LCL structure.

According to Kirchhoff's voltage law [26], the mathematical
model of the circuit shown in Fig. 8 can be expressed as

(ZLP] ":ZCP)[a_ZCp Ib _Uin' (2)
~Zepl, A (Zpy +Zp+Z,)1, =0

where Z;pi=RipitjowLpi, Zrpy=RipytjwLp and Zcp=Rcpt+1/jwCp

are the impedances of inductors and capacitor, respectively.

When the T-LCL network meets the following conditions
1
L,=L,,=—— 3)
‘P1 P2 0)2 Cp
The output current of the network can be derived as
; —Zcp (jin
I, = 5
(RLP] + RCP )(RLPZ + RCP ) - ZCP
Accordingly, if the equivalent series resistances of the
compensating elements are small enough, the output current
can be further simplified to

“

I~ 2~ U, jaC, )
CcpP

From (5), when the system parameters satisfy the restrictive
conditions, the output current of the network is only related to
the input voltage U, the capacitance Cp and the angular
frequency w. Therefore, the designed T-LCL compensation
network exhibits a constant current output independent of the

rear circuit.

B. Design of Load Independent Constant-Voltage Output

According to the analysis in Section IV.4, the secondary T-
CLC network can be considered powered by a current source,
considering the primary T-type network exhibits a constant-
current output, as shown in Fig. 9.
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Fig. 9. Equivalent circuit of secondary T-CLC structure.

According to Kirchhoff's voltage law, the T-CLC network
under the constant-current source can be expressed as
el . (6)
LI+ (Zs+Ze5,+Z,)1, =0
The output voltage of the T-CLC network can be derived as
e = 2,52, 1, 7
. (RLS + RCSZ + ZL )
To ensure the constant-voltage output independent of load
variation, the components of the T-CLC network should meet
the following conditions

1
C, =Cs, = 8
S1 52 O)ZLS ( )
R <L
1
Ry, €« —— 9
CS2 Cl)CSZ ( )

(Rs+R )< Z,

Accordingly, the output voltage can be simplified as
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It can be deduced from (10) that the output voltage of the
secondary T-CLC network is approximately constant, which is
only determined by the input current and the compensation

inductance L.

C. System Characteristic Analysis

The proposed double T-type CPT system can achieve a
constant voltage output independent of coupling capacitance
and load variations, providing a stable and constant power
supply for the flexible control of wireless USM. The primary
T-LCL resonant network provides a constant current supply to
the secondary circuit, thus attenuating the effects of coupling
capacitance and load variations. Then, the secondary T-CLC
network converts the received power into constant voltage
output independent of the nonlinearity of USM operation.

In addition, the proposed double T-type CPT system
provides a high degree of freedom for the output voltage
regulation. According to (5) and (10), the output voltage of the
designed double T-type network can be derived as
v, = joL 1, =2 g,

JoC Cs

It can be seen that the output voltage only depends on the
input voltage U;, and the ratio of capacitors Cp and Cs.
Therefore, different output voltage requirements can be
flexibly achieved by designing different capacitor ratios in the
proposed double T-type CPT system.

D. Dual-Mode Wireless Drive Control

The attainment of precise manipulation and locomotion of
MRI-compatible robotics necessitates the flexible control of
the wireless USM. However, the general voltage-speed control
cannot achieve wireless direct drive over the full-speed range
due to the presence of a low-speed dead zone in the voltage
control mode [27], which limits the low-speed performance of
the USM. Therefore, a dual-mode wireless drive control with
variable frequency (VF) control in the low-speed region and
voltage amplitude control in the high-speed region is proposed
to achieve fully autonomous and full-range speed regulation of
wireless USM at the transmitter side, thus satisfying diverse
prerequisites for MRI image-guided surgery.
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Fig. 10. Dual-mode wireless drive control scheme.

The proposed dual-mode wireless drive control scheme is
shown in Fig. 10. In the low-speed region, by changing the
frequency of the voltage, the wireless USM can reach a lower
speed, thus overcoming the problem of the low-speed dead
zone. Furthermore, to accommodate high-speed operation, a
wireless self-direct drive (WSDD) scheme is developed,
which can achieve the flexible regulation of the high-
frequency voltage amplitude with a low switching frequency.
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Fig. 11. Basic principle of WSDD control.

The basic principle of WSDD control is shown in Fig. 11,
where N and N, are the numbers of modulated square waves
with switching frequencies f; and £, respectively. In this work,
/i equals the resonant frequency of the double-T resonant
network, and f is one-third of fi. By alternating modulation of
fi and f>, the inverter output can be flexibly regulated. The
corresponding Fourier series expansion of the modulated
square waves is deduced as [28]

f(@) =a, + ) (a,cos2znfi +b, sin 27nfi)
n=1

1 TWSDD

= jo F(t)dt

WSDD

(12)

+ ( 2 _[TWSDD f(t)cos Zﬁnﬁdtjsin 2xnft
n=1 TWSDD 0

@(;

n=1 WSDD

.[OTWSDD f(t)sin 27mﬂdt] cos2nft

where T=1/f1s the resonant period, and Twspp =(N1+3N>)T/2 is
the period of the WSDD waveform.

Accordingly, the amplitude of the fundamental component
of the modulated square waves can be expressed as

2 J‘OTWSIJI) f (t) sin 27[ ﬁ dt

U, =b=
T

WSDD
nT

N, nT

wsDD \_n=1 2

NN v )3T
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For reference, the Fourier series expansion of the half-
pulses wave with switching frequency f'can be expressed as

(14)

The amplitude of the fundamental component of the
inverter output under the half-pulses wave is [29]

0

()= lesin 27nft
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From (13) to (15), the amplitude of the fundamental
component with WSDD control can be simplified as
N, +N, _ . *
S =———=U =0 U.
in ]\,1 + 3N2 in WSDD ™ in
Therefore, the flexible output voltage regulation can be
readily achieved by adjusting dwspp, thus enabling flexible and
self-direct drive of wireless USM in the high-speed range with
a reduced switching frequency.

(16)

V. IMPLEMENTATION AND EXPERIMENTAL RESULTS

A. Experimental Prototype and Testing Setup

To verify the feasibility of the proposed magnetic-free
wireless USM system, a prototype is constructed for
experimental demonstration, as shown in Fig. 12. The design
specifications and parameters are listed in Table 1. All
waveforms are captured and displayed by an oscilloscope
Lecroy 6100A. The high-frequency inverter is populated with
gallium nitride inverter GaN-GS66508B. To reduce skinning
and proximity effects, the compensating inductors are wound
with Litz wire and the compensating capacitors are composed
of polypropylene film capacitors.

Magnetic
powder brake

-CLC | mechanism —
network 1 \\_\ ! -

"\ Test bench /“
— e

\!_

Fig. 12. Experimental setup.
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TABLE I
DESIGN SPECIFICATIONS AND PARAMETERS
Items Value/type
Resonant frequency (f7) 40 kHz
LCL inductances (Ly1/Ly12, Lps1/Lys2) 4.98/4.98, 4.98/4.97 mH
LCL capacitances (C,4, C,5) 3.18,3.19 nF

1.1/1.1,1.1/1.2 Q
10.05, 10.03 mH
1.57,1.58,1.58, 1.57 nF

Resistance of inductors (Ry,41/Ri42, Rips1/Ripp2)
CLC inductances (Ls4, Lsz)
CLC capacitances (CSAI/CSAL ngl/Cng)

Resistance of inductors (Rzs4, Risz) 1.5,1.5Q
Capacitance of coupling mechanism (Cj) 1200 pF
Aluminum plate size () 100x100x1 mm?
Plate distance (d) 10 mm

Rated input voltage of USM (U,) 130 V
Microcontroller TMS320F28335

B. Verification of Bidirectional Motions

The bidirectional motion capability of the proposed wireless
USM is evaluated as shown in Fig. 13, which displays the
measured waveforms of the two-phase primary-side output

voltages u,, and u,;, and the motor terminal voltages u, and u.

The proposed system can easily achieve precise servo-control

from the primary side to meet the requirements of different
application scenarios. Specifically, clockwise rotation can be
achieved for forward motion when A-phase voltage is ahead
of B-phase, as shown in Fig. 13(a).

Fig. 13. Measured waveforms of bidirectional motion. (a) Forward motion. (b)
Backward motion.

On the other hand, the rotor will rotate counterclockwise for
backward motion when the B-phase voltage is ahead of the A-
phase, as shown in Fig. 13(b). The bidirectional operation
capability of the proposed wireless drive system can be readily
implemented at the primary side without supplementary
circuits, power switches and communication modules.

200 | LS B B R B E—
-O- 10Ncm
150

—O— 20Ncm
100 -10Ncm
-20Ncm

50
0_
50k _

Motor speed (rpm)

-100 1
-150 B

_ [T TR N T S R N
200 0 20 40 60 80 100 120 140
Terminal voltage (V)

Fig. 14. Measured bidirectional speed characteristics with different loads.




To evaluate various scenarios of the motor operation, Fig.
14 shows the measured bidirectional speed characteristics
versus different terminal voltages under different load
conditions. The motor speed can be controlled from 89 to 156
rpm at a 10 Nem load and adjustable between 76 and 148 rpm
at the load torque of 20 Ncm. The motor speed is proportional
to the motor terminal voltage within a certain range, which is
due to the vibration of the piezoelectric elements being
enhanced with the increase of the excitation voltage. Therefore,
the experiment results well confirm the bidirectional motion
capability of the proposed wireless USM.

C. Verification of Dual-Mode Wireless Drive Control

Flexible speed regulation is the key to wireless drives.
Therefore, the wireless self-direct drive of the proposed
system is evaluated as shown in Fig. 16, where the measured
waveforms are the inverter outputs u;, and u;, and motor
terminal voltages u, and uy. In the high-speed region, the
motor speed can be readily controlled and regulated by
adjusting the value of dwspp. Fig. 15(a) shows the situation
when dwspp = 1 (N = 1 and N, = 0), which means that the
motor speed is only regulated by the resonant frequency f;
with the maximum speed. Accordingly, Fig. 15(b) shows the
case of dwspp = 4/5 (N = 7 and N, = 1), where the motor
speed drops as the input voltage of the motor terminal
decreases.
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Fig. 15. Measured waveforms of wireless self-direct drive. (a) dwspp =1 (N, =

1 and Nz = 0) (b) 6WSDD =4/5 (Nl 7 and Nz = 1)
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Furthermore, the measured motor speed over a wide range
of variable dyspp is tested as shown in Fig. 16. For simplicity,
N, is set to the constant 1, adjusting N, from 1 to 17, while
Jwspp 1is varied from 1/2 to 9/10. It can be observed that the
motor speed increases gradually with the increase of V,, which
means that by adjusting the ratio of Ny and N>, the motor speed
can be flexibly controlled, thus verifying the feasibility of the
developed WSDD control for the wireless direct drive in the
high-speed region. In addition, Fig. 17 shows the performance
in the low-speed region with VF control. With the driving
frequency increases, the motor speed can be well controlled in
the low-speed region, thus overcoming the problem of the
low-speed dead zone. The experimental results verify the
feasibility of the proposed dual-mode wireless drive scheme
for speed regulation in the full-speed range.

D. Verification of High-Robustness

Fig. 18 shows the measured waveforms of the inverter
outputs u;, and u;, and motor terminal voltages u,, and uy of
the proposed wireless drive system in the case of the variation
in the coupling capacitance of the coupling mechanism. It can
be observed that when the coupling capacitance varied from
830 pF to 680 pF, the terminal voltage drops slightly with a
variation of 3.1%, and the motor speed is almost stable at
around 162 rpm. The measured results show that the motor
speed is less affected by the coupling capacitance within a
certain degree, which well confirms the obvious advantages of
the proposed wireless drive system being insensitive to the
coupling mechanism and overcomes the shortcomings of the
insufficient robustness of previous wireless motors.
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In addition, to comprehensively demonstrate the robustness
of the system, Fig. 19 and Fig. 20 show the measured
waveforms for the variation of the system load and secondary-
side compensation capacitors, respectively. Fig. 19
demonstrates the robustness of the system to load variations,
where the load is increased abruptly from no load to 20 Ncm.
The measured motor terminal voltages are very stable with an
insignificant variation of 1.33% only, which ensures the
stability of USM operation. Fig. 20 shows the measured

waveforms before and after a 6% reduction in the secondary-
side compensation capacitors, and the results show that the
change of compensation capacitor parameters will slightly
affect the amplitude of motor terminal voltages. However,
according to the voltage speed characteristics of the USM, the
fluctuation of the motor speed is much smaller than those of
the terminal voltages. Thus, the reliability of the USM
operation is guaranteed to a certain extent. Meanwhile, it is
recommended that the compensation capacitors should be
packaged and maintained regularly in practical applications to
minimize the influence of capacitor parameter variations.

E. Discussion and Recommendation

To highlight the innovation and superiority of the proposed
wireless drive system, a comprehensive comparison with the
existing wireless motor systems is summarized and analyzed
in Table II.

It can be observed that all the secondary sides of existing
wireless motors are unreliable. Wireless DC motors suffer
from carbon brush wear, while wireless SPIM requires
numerous power switches at the motor side. Wireless SRMs
and wireless stepping motors are without the need for active
power switches, but communication devices such as Bluetooth
and rectifiers are necessary, which inevitably reduce the
reliability of the system. In addition, the bidirectional motion
capabilities of the existing wireless motors are not fully
developed, as most systems require complex peripheral
circuits or bulky multi-frequency WPT, thereby reducing the
simplicity and integrability of the system. Moreover, all of
them are susceptible to coupling mechanism misalignment,
which inevitably degrades the stability of the system and is not
conducive to practical applications, .

On the contrary, the proposed wireless USM system
exhibits distinct novelty and superiority over existing wireless
motor systems, as summarized below.

1. Eliminating the utilization of secondary-side active
power switches, rectifiers and communication modules, which
is more conducive to high-degree integration.

2. Bidirectional motion capability and full-speed range
regulation can be readily achieved without the involvement of
complex peripheral circuits, realizing the true sense of
wireless self-direct drive.

3. Strong robustness with insensitivity to coupling
mechanism misalignment is naturally obtained, which
improves reliability and facilitates stable operation in complex
environments.

4. The inherent magnetic-free characteristics avoid strong
magnetic field interference and are promising for biomedical
applications.

For practical applications, the transmission power of the
CPT system can meet the power requirements of biomedical
applications as shown in Table II. In addition, a high
transmission efficiency from power supply to motor terminal
is achieved, which is attributed to the proposed system
eliminating the inverter and power switches at the secondary
side, thereby reducing the switching and conduction losses.



TABLE II
COMPARISON OF EXISTING WIRELESS MOTOR SYSTEMS AND PROPOSED WIRELESS USM

Resonant Motor Bidirectional ~ Secondary = Communication Coupler Transmission System .
Ref. . . . P R Recommendations
frequencies types motions switches modules sensitivity power efficiency

[10] Two DC N 12 0 High N/A 85% W

[11] Two SPIM x 33 0 High 110 W 86.2% y

[13] Three SRM v 12 1 High N/A 72.8% v

[15] Single SRM N 12 1 High 134.87 W 89.1% Y

[16] Single Stepping N 16 1 High N/A 87.5% \Y
Proposed Single USM \ 0 0 Low 239 W 87.2% NV

N/A: Not available

VI. CONCLUSION

In this paper, a magnet-free wireless self-direct drive USM
system has been proposed and implemented. The proposed
wireless USM takes definite advantages over the existing
wireless motors in terms of simplicity, controllability, and
high-robustness. Specifically, the proposed wireless motor can
be directly driven by the secondary compensation network
without the need for active or passive power switches at the
motor side. Meanwhile, the precise servo motion can be easily
realized as the full-speed range bidirectional motion
capabilities can be fully developed by using the proposed
dual-mode wireless drive control, without the need for
cumbersome extra circuitry or selective WPT. More
importantly, the inherent insensitivity to the misalignment of
the coupling mechanism enables the proposed system highly
reliable and robust under complex operating conditions. The
feasibility of the proposed wireless drive system is verified by
theoretical  analysis and hardware experimentation.
Prominently, this work validates the seamless integration
between high-frequency WPT and USMs, offering broad
prospects for future miniaturization and biomedical
implantation.
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