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Abstract: The consistency of the two-phase mode responses is essential to ensure the mechanical
performance and stability of traveling-wave ultrasonic motors. Due to the asymmetry of the stator,
inevitable manufacturing errors, or imbalance of the excitation voltages, the amplitudes of the two-
phase standing waves cannot be exactly the same, resulting in unstable operating of USM. To improve
the stability of the motor and decrease the velocity fluctuation, a closed-loop velocity control scheme
considering two-phase consistency compensation based on the vibration amplitude of the stator
is proposed. This scheme is implemented under the framework of the stator vibration amplitude-
based velocity control and parallel resonance frequency tracking (VCBVF). Based on the relationship
between the velocity and stator vibration amplitude (SVA), two-phase excitation signals are adjusted
individually and simultaneously. Compared with the single-phase feedback VCBVF control scheme,
experimental results show that the proposed scheme can reduce the overshoot from 17.50% to 6.90%
and velocity fluctuations from 7.69 rpm to 2.40 rpm, under different load torques. The proposed
scheme can compensate for the two-phase electrical inconsistency and improve the velocity stability
and output power of motor operation under various conditions.

Keywords: traveling-wave ultrasonic motors; two-phase stator vibration amplitude; parallel
resonance frequency tracking; velocity control

1. Introduction

Traveling-wave rotary ultrasonic motors (TRUSMs) convert electric energy into the
micro-amplitude vibration of the stator by using the reverse piezoelectric effect of piezoelec-
tric material and transform the vibration of the stator into the rotational motion of the rotor
via friction. They are widely used in optical instruments, medical and biological instru-
ments, and aerospace due to their advantage of quietness, no electromagnetic interference,
and quick response [1-4].

As is known to many, to ensure the stable operation of the TRUSM, the frequencies
and amplitudes of two standing waves must be identical. However, due to material
inhomogeneity, parts processing and assembly errors, or the imbalance of the two-phase
excitation voltages, it will be difficult to ensure the amplitudes of the two-phase standing
waves are exactly the same [1]. The traveling wave excited in the stator will then distort,
which will affect the stability and efficiency of the motor. For certain applications of
USM, such as biomedical devices [5], robotic arms [6], microscopy stages [7], and medical
operations [8], precise and stable motion is especially required [9].

The consistency of the two-phase modes of the USMs is essential to ensure the mechan-
ical performance and stability of the ultrasonic motor. To avoid the distortion of waves and
adjust the modal frequency consistency of the two phases of the stator, Zhao et al. proposed
a method of adding mass and stiffness at the appropriate position on the stator through the
structural dynamic modification method and adjusting the two-phase consistency from the
mechanical structure [10]. Wang et al. considered the impact of pressure imbalance along
the circumference and proposed a scheme to realize pressure auto-balance with single
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bearing and self-aligning structure [11]. The above methods are all aimed at the adjustment
of the mechanical characteristics and mechanical structure of the motor.

From the excitation signals perspective, Yang et al. introduced a BTW principle that
combines beat vibration with a traveling wave using two annular standing waves of differ-
ent frequencies [12]. However, the waveform, with periodic variation of both amplitude and
propagation directions, is not appropriate to the stable velocity control of the motor. The
practical potential application needs to be further studied. Sun et al. proposed the coordi-
nated regulation of dynamically controlling one phase mode by referencing the other phase
to optimize the motor operation state [13]. However, the targeted closed-loop control for the
output characteristics of the motor (such as velocity, torque, or position) is not conducted.
As for the velocity control of USMs, different control algorithms are proposed due to the
nonlinearity and the resonance frequency drift of TRUSMs, such as two-input sliding model
control [14], multi-parameter speed control model [15], fuzzy logic control [16], nonlinear
Hammerstein model [17], and velocity control based on the stator vibration amplitude [18].
To improve the dynamic performance and efficiency of TRUSMs under various conditions,
Fang et al. proposed a velocity control scheme based on the stator vibration amplitude and
parallel resonant frequency tracking (VCBVF) of TRUSMs [18]. However, the difference
between the two phase vibration modes and matching structures is ignored, and the feed-
back signal of only one phase is detected to conduct the control of the two-phase sinusoidal
excitation voltages. This single-phase feedback scheme can result in unstable operating
and large velocity fluctuations of USM. The instability and fluctuations cannot ensure the
operation of medical instruments or microrobots, both of which generally require highly
precise motion work within a tight space. Therefore, an improved velocity control scheme,
considering the difference between the two-phase excitation, needs to be developed.

In this paper, a closed-loop velocity control scheme based on the two-phase stator vibra-
tion amplitude of TRUSMs is proposed to compensate for the two-phase drive excitations
from the perspective of electrical drive control. The implementation of the proposed scheme
is based on the framework of VCBVFE. Two transformer ratio-arm bridges without feedback
electrodes are used to detect the two-phase SVA. First, based on the structure and operating
mechanism of the TRUSM, the influence of two-phase standing wave amplitude difference
on stator’s surface particle motion is analyzed. Then, a closed-loop velocity control scheme,
based on the two-phase stator vibration amplitude of TRUSMs, is proposed. The specific
implementation of the scheme, including hardware and control structure, is introduced.
Finally, the proposed scheme is verified and compared with the single-phase feedback
control scheme by the USM Shinsei-USR60 and a self-designed experimental platform.

2. Theoretical Analysis
2.1. Structure and Operating Mechanism of TRUSM

The TRUSM is a typical and widely used USM, using the reverse piezoelectric effect
of piezoelectric element. The structure diagram of the USM is shown in Figure 1, and
is mainly composed of the stator, rotor, friction material, piezoelectric element, bearing,
etc. The stator, friction material, and rotor are in close contact under the action of preload.
When two-phase AC voltages with the same amplitude, the same frequency, and a 90°
phase difference are applied on the piezoelectric element polarized in a specific way, the
modal responses of the two-phase with a difference of 77/2 in space and time can be excited.
The two orthogonal modal responses superimpose on the stator to form a pure continuous
circular traveling wave. Under the action of friction and the traveling wave, the stator will
drive the rotor to move in the opposite direction of the traveling wave [1].
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Figure 1. The structure diagram of the USM.

The modal responses with the same frequency on the stator can be expressed as
wa(6,t) = Wysinnb cos wyt 1)
wg(0,1) = Wgcosnb cos(wpt + a)

where W4 and Wp are the excitation response amplitudes of A-phase and B-phase, respec-
tively, and wj, (rad/s) is the two-phase excitation angular frequency. « (rad) is the phase
difference between the two-phase response and sin 76 and cos 16 represent displacement
function along the circumferential direction.

If two-phase voltages are simultaneously applied to two groups of the annular piezo-
electric ceramic element, according to the superposition theorem, the displacement response
of the stator can be expressed as

w(6,t) wa(6,t) +wp(6,t)
(W4 — Wgsina) sin(nf + wit) (2)
+(Wy + Wgsina) sin(nf — wy,t) + 2Wpg cos a cos 16 cos wyt]

It can be noted from Equation (2) that the displacement response on the stator consists
of three parts: a forward traveling wave, a backward traveling wave, and a standing wave.
When a = +71/2 and Wy = Wp = W, a pure traveling wave is excited on the stator as

w = Wy sin(n0 F wy,t). When the above conditions are not met, pure traveling waves
cannot be excited on the stator.

2.2. Influence of Two-Phase Standing Wave Amplitude Difference on Stator’s Surface Particle
Motion

To obtain a “pure” traveling wave, two orthogonal standing waves with the same
amplitude and frequency on the stator must be excited [12]. However, it is difficult to excite
two identical standing waves with the same amplitude when the axial symmetry of the
annular thin-plate stator is destroyed due to material inhomogeneity, parts processing,
assembly errors, or the difference between the two-phase excitation voltages.
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Assuming « = 77/2 but W4 # Wp, the new wave can be expressed as

w'(0,t) =wa(6,t)+ wp(6,t)
= Wy sin nf cos w,,t — Wpg cos nf sin w;t 3)
= Wy sin(nf — wyt) + (Wa — Wg) cos n6 sin w;, t

It can be noted from Equation (3) that there will be a traveling wave Wy sin(n6 — wyt)
superposed by a standing wave (W4 — Wpg) cos nf sin w,t when two orthogonal standing
waves of different amplitude are induced on the stator.

Furthermore, Equation (3) can be simplified as

w'(0,t) = Wy sinnf cos wt + Wp cos n6 cos(wt + )

= VM2 + NZsin(nf + B) )

where M = W, coswt, N = Wg cos(wt + &), and B = tan~' (N /M). Then, the maximum
amplitude and phase of the wave can be written as

W =vM?2+N?2 = \/Wi cos? wt + W3 cos?(wt + «)
=Wy \/1+2'72 + # cos(2wt)

©)

B= tan_l(N/M) = tan_l(—ﬂtanwt) (6)

where Wp = nW,4 and &« = 71/2. The maximum amplitude v M? 4+ N? varies with a
frequency of 2w and the change of phase f is affected by 7.

Figure 2 presents the vibration of particles on the ring stator in two periods, after being
normalized by the amplitude W4 when = 0.8, to express the variation of the amplitude
of the stator. The frequency is set at f = w/2m = 40 kHz, close to the driving frequency
of USM. In Figure 2, the vibrations of a particle (n = 4/ ) in a distorted traveling wave
w'(6,t) and a pure traveling wave w(6,t) are compared. The normalized amplitude of
distorted traveling wave W’ is v/ M? + N? and varies with the change of time. In Figure 3,
surrounding particles along the circumferential direction, with intervals of 77/8, are used
to describe the amplitude variation. As shown by the red envelope line, the maximum
amplitudes of the distorted wave are different at different instant points, which is consistent
with Equation (5).

1.5 1 T 1 1 T T 1

—w (n/4,t), n=1
—w'(n/4,t), n=0.8

VIETN?

Normalized Amplitude

0 5 10 15 20 25 30 35 40 45 50
Time(ps)

Figure 2. The vibration of particles on the ring stator in two periods.
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Figure 3. The vibration of surrounding particles on the ring stator.

It is well-known that the essence of traveling wave operation is the particles on the
stator moving in an elliptical trajectory [19,20]. Figure 4 shows the numerical simulation
results of motion trajectories of one point on the stator’s surface within several wavelengths
A, given different values W /W4 = 7. It can be seen that the motion trajectory of points on
the stator surface becomes tilted and irregular when 7 < 1.

=1 ((OECECERERERAREED)
)

A

Figure 4. Motion trajectories of one point on the stator’s surface.

The amplitudes of the traveling wave are different at different instant points, resulting
in the unstable operating of TRUSM.

According to the formation of the traveling wave and the elliptical motion trajectory of
the stator surface particles, the output characteristics of TRUSMs are directly related to the
stator vibration amplitude (SVA) [21,22]. According to the analysis of friction properties
and velocity characteristics, the mechanical characteristics of the USM can be simplified
by the static friction characteristic in the common operating range [23]. The tangential
velocity Vs at the stator surface can be described as a function of several parameters of the
USM operating, such as the driving radian frequency w, the wavelength of the traveling
wave A, the half-thickness of the stator /;, the stator vibration amplitude W, the half of
contact width between the stator and the rotor kx, etc. Considering the analysis of friction
properties and velocity characteristics, the rotor velocity Vz of TRUSM is directly related to
the tangential velocity Vs and can be described as

VR =0y ((U, /\/ hSr W/ kxO) (7)

where W is the stator vibration amplitude; w is the driving radian frequency; A is the
wavelength of the traveling wave; & is the half-thickness of the stator; and kx is the half
of contact width between the stator and the rotor. As for TRUSM operating in a common
range with constant preload, s and kxy can be considered constant. Moreover, to maintain
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high stability and low power consumption, the TRUSMs are suggested to operate at the
parallel resonance frequency (fp) [24]. Generally, the frequency band of USMs is much less
than the driving frequency. Therefore, the vibration amplitude of the stator determines the
rotor velocity of the TRUSM.

Thus, the unstable amplitude of distorted traveling wave can result in unstable rotor
velocity. Moreover, all of the standing responses cannot be completely transformed into
the traveling wave, and the corresponding mechanical energy will dissipate to reduce the
output efficiency of TRUSM.

3. Implementation of the Proposed Scheme
3.1. Hardware Structure

The realization of the proposed scheme is based on the framework of VCBVE. Two
transformer ratio-arm bridges without feedback electrodes are used to detect the two-phase
SVA.

To establish the relationship between the mechanical vibration amplitude and the
electrical variable, the Butterworth—Van Dyke (BVD) equivalent circuit model of the single-
phase piezoelectric element of the TRUSM and the schematic diagram of the TRAB are
introduced [18,25], as shown in Figure 5. Cj is the static capacitor, Ry, C; and L; are the
motional resistor, motional capacitor and motional inductor, respectively.

\ p——————— ~ ( —_————— - \ F—_———— == ~
I [ Equivalent ! | TRAB | | Equivalent !
[ : Ir circuit : | | : I7 circuit :
: I i
Lo R, 1| . T |
o cor e |
| UT: Cr= L, l[, I | M I | Ur ’ ’ 1
: I l : o : U 2R3 =CY
[ C, | : | |
| - | Cm | — -
T ] Lo e |
v N ____ > N — il e _ _
(a) (b)

Figure 5. Electromechanical model of the single-phase piezoelectric element of the USM and TRAB:
(a) Equivalent circuit and TRAB; (b) transformation of the electromechanical model and TRAB.

According to the principle of equivalent circuit and Kirchhoff’s law, the stator vibration
amplitude W can be characterized by the partial voltage U], which links the mechanical
vibration amplitude and the electrical variable. The stator vibration amplitude W can be
written as

W = ko,Colj 8)

where k; is the proportional coefficient and U] is the voltage of R.

To detect the vibration voltage U] of two-phase, respectively, two transformer ratio-
arm bridge circuits with the same structure are used [25]. The transformer ratio-arm bridge
consists of a transformer with a tap voltage U, and a detection capacitor C;,. The two
dots (*) are used for indicating the direction of the magnetic coupling between the two
coils. According to Kirchhoff’s law, the relationship between the voltage and current in the
integrated circuit can be expressed as

! _Ir
ul =u jwCo (9)
Ur = "tns (17— =Ir —Ir

T 13 m JwCi jwCin
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where n1, 117, n3 are the turns of the three windings of the transformer.
If the detection capacitor is set as C;, = Cona/n3, the relationship between the vibra-
tion voltage U} and transformer tap voltage Uy, can be deduced as

. 1’12+7’13u ny It It na+mns
ns n3 jwCy  jwCo ns

U (10)

Thus, the vibration voltage U; of the stator can be detected by measuring the trans-
former tap voltage Uy,.

The hardware structure of the proposed scheme is shown in Figure 6, including an
STM32 microcontroller, a DC power supply, A and B-phase drive modules, a USM, and an
incremental encoder (1000 p/r).

— e —— - —— o —— —— —— —— — — — — —

v N
! A Phase \
I Phase P |
| Discriminator [~
¢ Ir U |
vy | I
|ﬂ_ﬂ_ﬂ_‘ H-bridge »| LC Matching |
| PWM A inverter TRAB ]
X /
~N o e — v
Vr
——3p] STM32 DC Power USM —»| Encoder
o _l __________ - A
Ve
/ \
| H-bridge .| LC Matching [
' " inverter " TRAB |
| PWM B
7'y |
I Uy |
{
N B Phase /

Figure 6. Hardware architecture of the proposed scheme.

Take phase A as an example: the H-bridge inverter circuit converts the DC voltage
into AC voltage output under the control of pulse width modulation (PWM) signals. The
amplitude and frequency of output AC voltage are determined by the duty and frequency
of PWM signals. The AC voltage is filtered to the sinusoidal voltage by the LC matching
circuit and then boosted to the desired driving voltage for the ultrasonic motor. Moreover,
the proper amplitude and frequency of driving voltage are adjusted by the microcontroller,
according to the control logic and feedback signals. Three feedback signals, excitation
current I, amplitude voltage signal U}, and phase difference signal ¢, are detected by the
TRAB and phase discriminator. As for phase B, the H-bridge inverter circuit is symmetrical
with phase A, while the matching circuit and TRAB are set as the same structure with
different matching values. The frequency of phase B signal is adjusted by the A-phase
difference and kept the same with A-phase. In addition, an incremental encoder with a
resolution of 1000 p/r attached to the USM is used to detect the velocity Vx.

3.2. Control Structure

The control structure of the proposed scheme is shown in Figure 7, including three con-
trol loops and four proportional-integral-derivative (PID) controllers: frequency tracking
controller, velocity stabilization controller, and two vibration stabilization controllers.
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Figure 7. The control structure of the proposed scheme.

The frequency tracking loop adjusts the output frequency of driving voltages depend-
ing on the phase difference ¢ between the amplitude voltage and excitation current of
A-phase. The target of resonance frequency tracking is to ensure that the ultrasonic motor
operates at the parallel resonance frequency point f, to maintain optimal efficiency and
high stability. The PID controller of frequency tracking can be expressed as

AFR) = Ky lp() — plc—1)] + K; g (k) i~
+Ka flp(k) — 29(k — 1) + p(k — 2)]

where Af (k) is the increment of the driving frequency; ¢(k) is the phase difference; and
Kp, r K; r and K Fare the proportional, integral, and differential coefficients, respectively.

The velocity stabilization loop adjusts the target SVA voltage according to the deviation
between the target velocity and the actual velocity. In the velocity stabilization loop, the
velocity error, and AV is the velocity difference between measured velocity Vx and target
velocity Vg;. The PID controller adjusts the target stator vibration amplitude U] to keep
AVy at 0. The PID controller of velocity stabilization can be expressed as

AU (k) = Kpu[AVR(k) = AVR(k —1)] + K; yAVr (k) (12)
+Kgy[AVR(k) —2AVR(k—1) + AVr(k —2)]

where AU (k) is the increment of the target SVA voltage; AVg (k) is the velocity differ-
ence between measured velocity Vg and target velocity; and K, 1, K; i, and K ; are the
proportional, integral, and differential coefficients, respectively.

The vibration stabilization loop with two PID controllers is used to adjust the duty of
the PWM signals, according to the deviation between the target stator amplitude and the
actual stator amplitude. Two PID controllers are realized separately and simultaneously
to compensate for the unbalance in the two-phase driving excitation of the ultrasonic
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motor in real-time. Taking the A-phase regulation as an example, the PID controller can be
expressed as

AD4 (k) = K, p[AUY (k) — AU (k —1)] 4 K; pAU, (k) 13)
+Kgp [AU, (k) —2AUY (k= 1) + AU (k- 2)]

where AD (k) is the increment of the duty; AU’ (k) is the voltage difference between mea-
sured SVA voltage U’ (k) and target SVA voltage Uj(k); and K, p, K; p, and K; p are the
proportional, integral, and differential coefficients, respectively. The control logic of the
B-phase is the same as A-phase, and the compensation for B-phase based on the difference
between two-phase is considered.

4. Experimental Results
4.1. Experimental Setup

The proposed scheme is verified and compared with the single-phase SVA velocity
control scheme by a USM Shinsei-USR60 and a self-designed experimental platform with
unbalanced two-phase matching structure. The specifications of the USM Shinsei-USR60
are listed in Table 1. The experimental setup for TRUSM is shown in Figure 8. The driving
and control circuits for the TRUSM are shown in Figure 9. In the experiment, the load
torque is provided by a magnetic brake (FKG-10YN; Lanmec electromechanical technology
Co., Ltd., Hai’an City, China). An incremental encoder (HEDM-5540-B14; Broadcom Inc.,
San Jose, CA, USA) is used to detect the velocity. The detected velocity is sent to the
microcontroller for real-time control and displayed on the monitor of the laptop. A torque
sensor (HCNJ-103; Haibohua Technology Co., Ltd., Beijing, China) with a range of 0 £2 Nm
is used to measure the output torque and displays the value via attached instrument.

Table 1. Specifications of the Shinsei-USR60.

Parameters Values Parameters Values
Drive Frequency 40~45 (kHz) Rated Velocity 100 (rpm)
Drive Voltage 130 (Vrms) Maximum Velocity 150 (rpm)
Rated Torque 0.5 (Nm) Rated Output 5.0 (W)
Torque Magnetic
Encoder USM Sensor Brake

Figure 8. Experimental setup for TRUSM.
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Controller
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Phase A
 Driver Circuit

Figure 9. The self-designed drive and control circuit.

4.2. Verification of the Proposed Scheme

The implementation of the proposed scheme is based on the framework of VCBVFE.
To verify the performance of velocity control and frequency tracking, the rotor velocity of
TRUSM, and the transformer tap voltage Uy, the driving frequency, and phase difference
are measured when the velocity increases from 70 rpm to 120 rpm under no-load conditions.

As shown in Figure 10a, the velocity of the TRUSM ranges from 70-120 rpm when U,
ranges from 4.6 V to 7.8 V. When the target velocity of the ultrasonic motor increases from
70 rpm to 120 rpm, the target SVA increases accordingly. Through the duty control of the
PWM, the amplitude of the excitation voltage input to the USM also increases accordingly,
resulting in an increase in the stator vibration amplitude and the velocity of the motor.
The stator vibration amplitude is used as the intermediate control variable, and the fast
velocity tracking process of the USM is realized through amplitude detection and voltage
adjusting. As shown in Figure 10b, the parallel resonance frequency point f, shifts due to
the change in operating state. The velocity increase is essentially caused by the increase in
the stator vibration amplitude, and the increase in SVA causes the stator coupling stiffness
to decrease, resulting in the drop of the parallel resonance frequency [26]. As expected, the
operating state is quickly adjusted to track the “new” resonance frequency by the frequency
tracking loop within 3 ms according to the phase difference. Therefore, velocity control
and frequency tracking can be realized with the proposed scheme with high efficiency and
reliability.

4.3. Stator Vibration Amplitude Analyses

To compare the SVA difference between the single-phase feedback VCBVF scheme
and the proposed scheme, the two-phase transformer tap voltage U, at different velocities
is measured under the two control schemes without load (as shown in Figure 11). The
driving frequency is tracked at the parallel resonance frequency point f,. The velocity of
the TRUSM ranges from 70 to 120 rpm.
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Figure 10. Verification of the proposed scheme: (a) velocity and vibration stabilization process;
(b) frequency tracking process.
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Figure 11. Stator vibration amplitude analyses: (a) relationship between velocity and SVA voltage
in single-phase feedback VCBVF scheme; (b) relationship between velocity and SVA voltage in the
proposed scheme.

It can be seen from Figure 11 that the two-phase transformer tap voltages increase
proportionally with increasing velocity. Under the two schemes, the tap voltages are
almost linear to the velocity, i.e., the stator vibration amplitude is linearly related to the
rotational velocity. However, it should be noticed that the relationships between voltage
and velocity of two-phase are not consistent in the single-phase feedback VCBVF scheme.
Due to the difference between two-phase voltages, a larger vibration amplitude in phase A
is required to achieve the same velocity in the single-phase feedback VCBVF scheme. As
for the proposed scheme, the amplitudes of the two-phase excitation voltages are adjusted
individually and simultaneously through the two-phase vibration stabilization loop. The
scheme could balance the two-phase from the perspective of drive control and improve the
amplitude consistency of the two-phase standing waves (to improve the “purity” of the
synthetic traveling wave). Therefore, the proposed scheme can compensate the two-phase
electrical inconsistency and prompt the output performance.
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4.4. Output Performance Analyses

To further evaluate the control performance of the velocity, the velocity responses of
the USM with different control schemes are compared when the velocity changes from 70
to 120 rpm. The experimental results are shown in Figure 12. The loads are set at 0 Nm,
0.1 Nm, 0.2 Nm, and 0.3 Nm, respectively.

—VCBVF —VCBVF

1301 ——Proposed Scheme] 1301 —Proposed Scheme]
110 g
2 2
= =
B B
g 9% g 9%
7o 15 ,/‘ " 115 ,/
0 A=262cpm 75 A=1.68pm 100 S0 A=432cpm 5 A=1.68pm 100
50 1 1 1 1 1 1 1 1 1 50 1 1 1 1 1 1 1 1 1
LRSI T N N R NN SR I I R I
Time(ms) Time(ms)
(a) (b)
— VCBVF —VCBVF
130 — Proposed Schemel] 130 —Proposed Scheme]
110 CRUUL
a a
= =
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70 115 f a 115 A
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50 : : : : : ' : : : 50 : ” - . ; . . :
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Time({ms) Time(ms)
(© (d)

Figure 12. Velocity responses of the USM with different control schemes: (a) 0 Nm; (b) 0.1 Nm;
(c) 0.2 Nm; and (d) 0.3 Nm.

As shown in Figure 12, both velocity control schemes can track the target velocity
under variable load conditions. In the case of different loads, compared with the single-
phase feedback VCBVF scheme, the proposed scheme reduces the velocity fluctuations
and overshoot to different degrees. Figure 12 and Table 2 show that when the load torque
for the TRUSM changes from 0 Nm to 0.3 Nm, the overshoot of the proposed scheme
increases from 0.96% to 6.90% and velocity fluctuations increase from 1.68 rpm to 2.40 rpm,
while the overshoot of the single-phase feedback VCBVF scheme increases from 1.92% to
17.50% and velocity fluctuations increase from 2.62 rpm to 7.69 rpm. This proves that the
proposed scheme has a smaller steady-state velocity error and better stability, as well as
load-adapting ability.
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Table 2. Control performance of the TRUSM.

Proposed Scheme Single-Phase VCBVF Scheme

Load Velocity Fluctuation Oveorshoot Velocity Fluctuation Overshoot (%)

(Nm) (rpm) (%) (rpm)

0 1.68 0.96 2.62 1.92
0.1 1.68 1.92 4.32 4.88
0.2 1.92 1.94 5.26 5.38
0.3 2.40 6.90 7.69 17.50

The mechanical output torque of the USM in two control schemes is measured under
different velocities and the comparison of the torque-velocity characteristics is shown in
Figure 13. The output power P, of the motor is calculated as the product of velocity and
torque, detected by the attached encoder and torque sensor, respectively.

7TVRMT

Po = QM = —35—

(14)
where () (rad/s) is the angular velocity; Vr is the rotor velocity with a unit of rpm; and
M7 (Nm) is the motor torque. The experimental results show that, compared with the
single-phase feedback VCBVF control scheme, the proposed scheme has a larger mechanical
torque output under the condition of maintaining a certain speed. It can be explained by
the analysis in Section 2.2. As for the single-phase feedback VCBVF control scheme, the
slight difference between two-phase standing responses results in a distorted traveling
wave. The responses cannot be completely transformed into the traveling wave, and
the corresponding mechanical energy will dissipate to reduce the output efficiency of
TRUSM. Provided with the same power supply, the proposed scheme can improve the max
output power of TRUSM compared with the single-phase feedback VCBVF control scheme.
Therefore, the proposed scheme can improve the velocity stability of the motor operation
and improve the efficiency within a certain range, and is suitable for the velocity control of
USM in precise and stable motion applications.

1 T T T T
0.8
0.6
<
s
=
S 0.4
= =VCBVF
0.2 —— Proposed Scheme
Po-¥YCBVF
Po-Proposed Scheme
0 1 1 1 1 |
70 80 90 10 110 120

Velocity(rpm)
Figure 13. Comparison of the torque-velocity characteristics with different control schemes.

5. Conclusions

In this paper, a closed-loop velocity control scheme, based on the two-phase stator
vibration amplitude of TRUSMs, is proposed. First, based on the structure and operating
mechanism of the TRUSM, the influence of two-phase standing wave amplitude difference
on stator’s surface particle motion is analyzed. Then, a closed-loop velocity control scheme
is proposed, and the specific implementation of the scheme including the hardware and
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control structure is introduced. Finally, the proposed scheme is verified and compared with
the single-phase feedback VCBVF control scheme by a USM Shinsei-USR60. Experimental
results show that the proposed scheme can compensate the two-phase inconsistency from
an electrical point of view. The proposed scheme can not only improve the velocity
stability of the motor operation, but also improve the output power and torque-velocity
characteristics. The proposed scheme is an effective supplement to the original control
scheme, and can be applied to the velocity control of USM in variable conditions, especially
in precise and stable motion applications.

Due to the complex of nonlinearity of the USM, the control strategy is actually ap-
proximately simplified. In the future, the friction properties and models considering the
difference between two-phase excitation will be investigated in depth, and a control method
considering more accurate friction models could be further investigated.
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