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Design and Analysis of a Wireless Ultrasonic Motor Drive System

Yang Xiao ¥, Member, IEEE, Yong Yang

and Jose Rodriguez

Abstract—In this letter, a novel wireless motor system, namely,
the wireless ultrasonic motor (WUM) system, is proposed and
analyzed. A unique wireless drive topology is designed to solve the
problems of the existing wireless drives, such as complex controller
and converter at both the transmitting and receiving sides, regular
maintenance, and output ripple resulted from motor type and
control scheme. The key is to combine the merits of the wireless
power transfer and ultrasonic motor to wirelessly energize the
ultrasonic motor with high-frequency voltage directly. Meanwhile,
a matching inductor is designed for the proposed wireless drive
to improve power quality and to filter harmonic voltages at the
motor side. Furthermore, laminated coil structure is optimized with
electromagnetic decoupled ability and less ferrite core. Two-mode
motor control method is designed to extend the speed range of the
proposed WUM drive. Finally, operating principles and experi-
mental results are provided to verify the feasibility and correctness
of the proposed WUM drive system.

Index Terms—Ultrasonic motor, wireless motor drive, wireless
power transfer.

1. INTRODUCTION

UE to the distinct advantages of convenience, safety, and
D electrical isolation, wireless power transfer has achieved
great development in recent decades [1]. It has been increasingly
investigated and applied in various applications, for example,
wireless charging [2], wireless heating [3], wireless lighting
[4], and wireless drive [5], [6], [7]. Particularly, the concept
of the wireless drive has been conceived, which can eliminate
the metallic connection and wire abrasion to facilitate the motor
operation in a harsh and watery environment.
However, it suffers from adopting controllers and converters
in both the transmitting and receiving sides, which will undoubt-
edly increase the system complexity and decrease the reliability
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[81, [9]. Thus, itis highly preferable to develop the wireless drive
system without employing any converters and controllers in the
receiver side in compact situation if bidirectional power flow is
not needed.

To solve this problem, a wireless dc motor drive system
simplified the converter design by replacing by two MOSFETs
at the receiving side [10]. However, the carbon brushes and
commutator of the wireless dc motor need regular maintenance,
which is inconvenient in harsh environments. In order to avoid
the use of carbon brushes and commutator, the wireless switched
reluctance motor is recently proposed in [11] and [12]. Three
different resonant frequencies are usually needed to separately
activate three-phase of motor windings. It is usually realized by
capacitor matrix or two LCC compensation circuits, which is
bulky and heavy. Furthermore, the torque ripple of the wireless
switched reluctance motor makes it not suitable for precise con-
trol systems. Wang et al. [13] proposed a wireless shaded-pole
induction motor drive system. Similarly, the multifrequency
transmission, which needs bulky compensator, is necessary to
ensure normal operation. Meanwhile, numerous MOSFETs and
self-driving circuits at the receiving sides are adopted to equalize
the output phase currents, which is contrary to the original
intention of the wireless drive.

A new wireless drive structure named wireless ultrasonic
motor drive system (WUM) is proposed in this letter for precise
motion platform in vacuum chamber or valve control in isolated
environment. The novelty is summarized as follows: 1) the
proposed wireless drive system guarantees that no controller
or active device exists at the transmitting side; 2) the proposed
system can avoid the regular maintenance and output ripple re-
sulted from other wireless drives; 3) the proposed wireless drive
combines the merits of the ultrasonic motor, including small
volume, low-speed high torque output, high control accuracy,
fast response, and off-power self-locking ability; and 4) the
proposed two-mode speed control can extend the speed range of
the wireless drive.

II. DESIGN AND OPERATING PRINCIPLES
A. System Topology Design

Fig. 1 shows the circuit configuration of the proposed wireless
motor drive system. As demonstrated, it contains the H-bridge
inverter, two LC compensating circuits at the transmitting side,
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Fig. 1. Circuit diagram of proposed wireless ultrasonic motor drive system.

two LC compensating circuits at the receiving side, and the
ultrasonic motor. The power switch S; and Ss generate the
high-frequency voltage for the first channel wireless power
transmission, while the power switch S3 and S, generate the
high-frequency voltage for the second channel wireless power
transmission. The two wireless power transmission channels are
independent in frequency, duty cycle, and phase position to drive
the two-phase of the WUM.

B. System Analysis

The Cry1, Cr2, Cre1, and Cgyo are capacitance of the
compensation capacitors, while the L7,1, L1;2, L1, and Lo
are the inductance of the transmitting coils. They follow the
mathematical relation

Cra1 = (W2L1s1) ", Crat = (W2LRa)
1
Craz = (W2L7y2) , Cra2 = (W2LRy2)

where w, is the operating angular frequency and it can be
calculated by 27f;, and f,. is the resonant frequency.

The equivalent electrical model of one phase of the WUM can
be expressed as [14], [15], [16]

-1

-1 ey

(Rm + jwLy, + - ! ) 2)
JwCi,

where C, is the equivalent parallel capacitor, R,,, is the equiv-

alent series resistor, C,,, equivalent series capacitor, L,, is the

equivalent series inductor, and w is the operating frequency. The

series and parallel resonant frequency exist in the equivalent

electrical model of the WUM, they follow the relation

=Cy4+ Cp. 3)

]wc I

wamCm =1, wIQJLmC'de

When the ultrasonic motor is operating near the resonant
frequency, the motor it often treated as a capacitance load.
Thus, a matching circuit is often designed to improve operating
characteristics [8]. The matching component has two functions.
First, it can filter high-frequency voltage, which is regarded as a
low-pass filter. So the operating characteristic can be improved
compared with no matching component. Second, the matching
component can change the equivalent resonant frequency to
reduce the reactive power and current stress. It needs to mention
that many circuits can be used as matching circuits, like T-type,
LC type, LLC, and LCL types. The compensation effects may
differ, but an inductor is chosen in this letter to simplify the
receiving-side circuits, and the equivalent circuit is shown in
Fig. 2.
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Fig. 2. Equivalent circuit of one-phase stator model.

The impendence of receiving side with matching circuits

ZRa1 = jwLpy + C’ + jwlnn + Zy. “)
R1
The reflecting impendence of the WUM
(wM)®
Zref_totall = 7 . &)
Rzl

Using Kirchhoff’s law, the following equations are derived:

(JWLTml + JwCT + Zref totall)ZTacl — UTzl
JwMirg = ZmotorJ!Zle

(6)

Assume the wireless power transfer circuit operates at the
ideal resonant frequency, then the gain of the receiving side with
matching inductor is

R(R — CLyn Rw?)
L3, w? + (R — CLyn Rw?)?

_ JLyn Rw )

v =

L%“oﬂ + (R — CLMlsz)Q
2L/2 J 5
R=R, +22m C=Cp— —"
* R, ¢ R2, + w22,
1

To increase gain and decrease reactive power, the imaginary
part of gain should be as small as possible. Thus, the Lj;; should
be

R%*C
1+ R2C2w?’

Substituting (8) into (9), the final matching inductor can be

derived:

€))

Ly =

OdLE,LOJQ + Cngn —L,,
C2L2 w* + C3R2 w? — 2CyLpw? + 17

Assume the wireless power transfer circuit and the ultrasonic
motor both operate at the ideal resonant frequency, the trans-
mitting side current i7,; and voltage Ur,; should be in the
same phase, which means the total reflecting impendence with
matching inductor is resistive.

The phase delay between the transmitting-side and receiving-
side voltages is not considered. This is because according to the
characteristics of the ultrasonic motor, only the phase difference
between the two-phase voltages u 4 7 and u gz will influence the
motor statues rather than phase delay between the transmitting-
side and receiving-side voltages.

Ly = (10)
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Fig. 3. Laminated four-D coils design. (a) Configuration of transmitting and
receiving coils. (b) Electric connection of coils.

Fig. 4.

FEM simulation of laminated four-D coils.

C. Coupling Structure

The transmitting coils and receiving coils are avoided to adopt
discrete structure to decrease coil size. Thus, a laminated four-D
structure [17] is used here to improve power density, as shown in
Fig. 3. The transmitting and receiving coils are composed of the
four D-type coils. The first and the second two D-type coils are
laminated together and their position is perpendicular to each
other. The receiving coils are formed and connected in the same
way as the transmitting coils.

The coupling structure can transfer wireless energy to the
targeted coils, while tremendously avoiding electromagnetic
coupling with nontargeted coils. For example, the transmitting
coil Tx is designed to transfer energy to R x;, while no energy
is expected to transfer to Txs and Rxo. Meanwhile, Txo is
designed to transfer energy only to R x», rather than Tx; and
Rx1.

Compared with the laminated four-D structure in [17], the
ferrite core of the coupling structure is redesigned and optimized.
The most remarkable difference is that less ferrite core is used
here while achieving similar coupling effect. Fig. 4 shows the
finite-element simulation of the redesigned coupling structure.
It can be seen from the current density of the coils that only tar-
geted coils can receive wireless energy from the corresponding
transmitting coils.
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Wireless ultrasonic motor control block.

Fig. 6.  Experimental prototype.
TABLE I
KEY EXPERIMENTAL PARAMETERS

Parameter Value Parameter Value
Input voltage 10 Vde Matching inductance 2 mH
Inductance of Ty, 55.22 uH Inductance of Ry, 55.23 uH
Capacitance of Ty, 286 nF Capacitance of Ry, 286 nF
Inductance of Ty, 55.05 uH Inductance of Rx, 55.43 uH
Capacitance of T, 287 nF Capacitance of Ry, 285 nF
Core material of WPT Ferrite
Core material of matching inductor SENDUST
47, 1

S i T

o g_/

546 =

s —— 1 E
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30 kHz 70 100 = 30 fkHz 70 100
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Fig.7. Measured inductance of the coupling structure. (a) Coupled inductance
among targeted coils. (b) Coupled inductance among untargeted coils.

D. System Control

To ensure WUM normal operation, two channels of high-
frequency balanced voltage with 90° phase angle difference
should be provided for the two-phase of the ultrasonic motor.
Meanwhile, the two channels of high-frequency voltage should
be adjustable in voltage, frequency, and phase position by trans-
mitting side controller.

Fig. 5 shows the motor control method of the WUM, which
is implemented by two modes, including low-speed mode and
high-speed mode. In the low-speed zone, the motor speed is con-
trolled by frequency, while in high-speed zone, it is controlled
by voltage amplitude. The direction is controlled by the phase
difference of u 4z and upy.

The reason of two modes control is that there is low-speed
dead zone in voltage-speed control mode due to the charac-
teristic of the WUM. The frequency-speed method can reach to
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TABLE II
COMPARISON WITH OTHER WIRELESS DRIVES

Ref. Motor Resonant Compensation  Bidirectional No. Rx No. Rx No. Tx Transmission
type frequency network power flow side diodes  side Mos tanks efficiency*
[8] M 90.47,130.64 kHz LC-LCLCC No 8 8 1 83.5%
[10] DCM 130,160 kHz LCL-LC No 10 2 1 85%
[11] SRM 90,110,130 kHz LCCL-LC No 12 0 1 80%
[12] SRM 100 kHz LC-LC No 12 0 3 89.1%
[13] ™M 109,116 kHz LCL-Cap banks No 4 4 1 86.2%
Proposed UM 40 kHz LC-LC No 0 0 2 86.6%—-92%

Notes: IM: induction motor, SRM: switched reluctance motor, DCM: direct current motor, UM: ultrasonic motor. *: not power to load efficiency.
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Fig. 8. Experimental performance. (a) Measured voltage and current of wire-

less ultrasonic motor. (b) Measured voltage and current of transmitting side and
wireless motor under 2 mH matching inductors.

lower speed when control frequency is smaller than the resonant
frequency. However, the linearity of frequency-speed decreases
sharply when the control frequency is larger than the resonant
frequency. Thus, when the control frequency rises up to the
resonant frequency, the motor speed is controlled by adjusting
voltage amplitude, which is usually implemented by adjust duty
cycle in controller. Besides, the closed-loop speed or position
control is implemented with the help of the encoder information
transferred with the Bluetooth [10], [11], [12], [13].

III. EXPERIMENTAL ANALYSIS

A. Experimental Setup

In order to validate the proposed WUM drive, an experimental
prototype is built and shown in Fig. 6 in which the voltage
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Fig.9. Experimental performance of voltage and current of wireless ultrasonic
motor at 4.8 and 12.6 r/min.

and current are measured by probes Rigol RP1050D and Tek-
tronix TCP300, respectively, and displaced in the oscilloscope
Rigol DS7000. The MOSFETs of the inverter is from CREE
C3M0065090D. The gate driver is from TI UCC21521. Under
voltage lock out, programmable dead time, current protection,
and output PWM voltage protection are adopted for the driver
circuit to avoid failure. The control algorithm is implemented in
the DSP TMS320F28335 from TI. The encoder output is shown
in oscilloscope by using a digital to analog module for precisely
observation of the motor rotational status. The key experimental
parameters are listed in Table 1.

B. Experimental Performance

First, the coupled inductance of the transmitting coils and
receiving coils are tested to verify the transmitting ability of the
coupling structure. The coupled inductances are demonstrated
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Fig. 10. Measured motor speed and motor voltage. (a) Startup performance
from O to 10 r/min. (b) Experimental performance of encoder output and voltage
of wireless motor at 8.7 r/min.

in Fig. 7. It can be seen that the coupled inductances among
untargeted coils are near zero, while it is about 46 H between
the targeted coils.

Second, the performances of the WUM drive system are
tested. The measured two-phase voltages and currents of wire-
less motor are demonstrated in Fig. 8(a). The amplitude of
the two-phase voltages and currents are 158.65 and 158.26 V,
282.80 and 288.14 mA, respectively, which shows the two-phase
voltages and currents are well balanced. The phase angle of the
two-phase motor voltages and currents are 90°. Moreover, they
are sinusoidal, which agrees the drive requirements of the WUM.

Third, the function of the matching circuit is presented in
Fig. 8(b). The transmitting voltage ur,; is in the same phase
with the transmitting current ip,;, which shows the total re-
flecting impendence of the receiving side is resistive. Thus, the
2 mH matching inductor realizes the goal of filtering harmonic
voltages and impedance matching. It also needs to mention that
the wireless motor may not start up if the matching inductance
deviates from the calculated value too much.

Fourth, the performance of the two-phase motor voltage and
current under different rotational speed are demonstrated in
Fig. 9, including 4.8 and 12.6 r/min. It is observed that the speed
increases, the motor voltage and current reach higher.

Fifth, the startup performance from 0 to 10 r/min is shown
in Fig. 10(a), including the speed and two-phase motor voltage.
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The motor can start up within one speed sample period 5 ms,
which shows quick response of the wireless motor. Fig. 10(b)
shows the encoder output and two-phase motor voltage of the
wireless motor, which shows the WUM rotates smoothly.
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It needs to mention that the propagation delay of the Bluetooth
will influence the dynamic performance of the motor control. In
the proposed wireless drive, the propagation delay is less than
the update of the speed loop, which has very limited influence on
the motor control, especially position control. If good dynamic
performance is required, other methods should be considered,
such as electromagnetic type communication.

Finally, wireless motor usually needs to rotate to a scheduled
angle to complete specified action. Thus, the performance of
rotating with a specific angle is tested in Fig. 11, including 36°
and 360°. Itis observed that the WUM can rotate to the scheduled
angles in good response. Meanwhile, the rotating period is freely
adjusted by the motor speed.

Fig. 12 demonstrates the performance of the low-speed zone
with different control frequencies, which can realize accurate
speed control from 0 to 10 rpm. Fig. 13 shows the speed-duty
cycle control performance for different loads in high-speed zone.
It is observed that when the duty cycle is lower than 0.3, the
wireless drive cannot start up. Besides, the minimum speed with
duty cycle control is far more than the speed with frequency
control, which shows that frequency control can extend the low-
speed zone of the wireless motor and prove effectiveness of the
two speed zone control strategy.

A comparison is made with other wireless drives, as shown
in Table II. It needs to be clear that only transmission efficiency
rather than dc source to load efficiency is provided in other
wireless drive literatures, so only transmission efficiency is
listed for a fair comparison. The transmission efficiency is a
bit higher than other wireless drive, because of fewer MOSFETS
used at the transmitting side and no diode used at the receiving
side.

IV. CONCLUSION

In this letter, a new WUM system is proposed. The proposed
system guarantees that no controller or active device exists at
the transmitting side. Besides, regular maintenance and output
ripple resulted from other wireless motor are avoided by using
the proposed WUM. The design procedures, operating prin-
ciples, and motor control method are demonstrated in detail.
The experimental results with the steady-state and transient
performances verify the feasibility and correctness of the WUM
drive system.
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