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Abstract Micro-stepping motion of ultrasonic motors
satisfies biomedical applications, such as cell operation and
nuclear magnetic resonance, which require a precise
compact-structure non-magnetization positioning device.
When the pulse number is relatively small, the stopping
characteristics have a non-negligible effect on the entire
stepwise process. However, few studies have been
conducted to show the rule of the open-loop stepwise
motion, especially the shutdown stage. In this study, the
modal differences of the shutdown stage are found
connected with amplitude and velocity at the turn-off
instant. Changes of the length in the contact area and
driving zone as well as the input currents, vibration states,
output torque, and axial pressure are derived by a
simulation model to further explore the rules. The speed
curves and vibration results in functions of different pulse
numbers are compared, and the stepwise motion can be
described by a two-stage two-order transfer function. A
test workbench based on the Field Programmable Gate
Array is built for acquiring the speed, currents, and
feedback voltages of the startup—shutdown stage accu-
rately with the help of its excellent synchronization
performances. Therefore, stator vibration, rotor velocity,
and terminal displacements under different pulse numbers
can be compared. Moreover, the two-stage two-order
model is identified on the stepwise speed curves, and the
fitness over 85% between the simulation and test verifies
the model availability. Finally, with the optimization of the
pulse number, the motor achieves 3.3 prad in clockwise
and counterclockwise direction.
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1 Introduction

Piezoelectric motors use inverse piezoelectric effect to
convert electrical energy into mechanical energy. These
motors can operate at non-resonant [ 1—4] or resonant [5—7]
state. At the non-resonant state, the motors usually operate
by utilizing the deformations of the piezoelectric elements
directly [1], whereas at the resonant state, the motors
generally utilize the composition of two vibration modes
(same or different) to generate elliptical trajectory move-
ment on the driving tip (stator) [1,2]. The motors that
employ ultrasonic frequency to work are called ultrasonic
motors. These motors transmit power via frictional force at
the contact area between the stator and rotor, which
originates from the traveling wave generated along the
circumferential direction of the stator [8]. Advantageous
features such as high stalling torque [9,10], fast response
[11], magnetic resonance compatibility [12,13], and high
precision motion without magnetization are the motor’s
strengths because microscopic stepping motion can be
achieved by controlling the actuating voltages. Therefore,
the ultrasonic motor is widely used in precise manufactur-
ing, robots, and telescope zoom lens [14—16].

The precise stepping motion can be achieved not only by
the position closed-loop control but also in the open-loop
mode. The analysis of the open-loop stepwise motion is
more meaningful when space is insufficient to place the
precise position sensor or the sensor is expensive, such as
cell slice actuators, ear surgical devices [17], and
magnetic-compatible haptic interfaces [18,19]. As the
unit of the open-loop stepwise motion, the startup—
shutdown process under different pulse numbers must be
analyzed in detail.

Prior investigations implemented diverse approaches in
the stepping or startup—shutdown motion. Kandare and
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Wallaschek [20] examined the transient process of startup
stage through an analytical model, and qualitatively
analyzed the dynamic characteristics from the perspectives
of force, amplitude, and rotational speed. Whether an
external load exists, the transient analysis only considers
the startup process but lacks the analysis of the shutdown
process. Boumous et al. [21] imported the shearing
deformation into the calculation of interaction force; the
oscillations in the starting section were reduced in
amplitude and breadth with the optimization model.
Nakagawa et al. [22] measured the transient vibration of
the stator by using a laser Doppler velocimeter and
detected the revolving speed during the startup—shutdown
process. However, the researchers ignored the evaluation
of interaction force and stator/rotor contact. Nakamura
et al. [23] proposed a strategy to estimate the load
characteristics of the linear ultrasonic motor by measuring
its rising time and shutdown time. The approximate
friction coefficient was determined, which benefits obtain-
ing the load characteristics without a torque meter.
However, the entire time length studied was more than
30 ms, which was beyond the range of precise stepping
motion. Shen et al. [24] applied the wavelet transforming
method in filtering the signal noise in the startup process
and reconstructed the velocity signals. Wu et al. [25]
studied the stepping motion through experimental
research; their method corrects the deviation of the motor
stepping angle through the empirical formula identified by
the least square method and realizes the equal stepping
operation of the circular traveling-wave ultrasonic motor
with the load. Although several actuators are not ultrasonic
motors, their open-loop stepping characteristics can also
provide many useful references. Wang et al. [5] obtained
results where vibration displacements along Y and Z
directions extend with the increasing pulse numbers in
finite element analysis software, as verified by the
measured stepping distances. The forward and reverse
displacements under different driving frequencies were
compared. However, the researchers missed analyzing the
interaction force, which can reveal the in-depth mechan-
ism. Xu et al. [1] investigated the displacement differences
of a non-resonant-type piezoelectric motor in forward and
reverse; they attributed the discrepancies to errors in
manufacturing and assembly. Liu et al. [7] conducted a
similar work and proved the positive correlation relation-
ship between stepping displacement and pulse number.
The preceding researches mainly focused on the
simulation of the startup process, and few studies have
been conducted to show the stopping characteristics. On
the one hand, previous studies aimed at continuous rotation
or stepwise motion when the stepping displacements were
more than 500 prad. The area of the stopping curve slightly
contributes to the entire displacement increment. On the
other hand, few practicable synchronous apparatuses
detect signals in the high-frequency domain. When the
pulse number is small, the shutdown characteristic shows a

direct effect on the final stepwise displacements. This
study aims at more precise stepwise displacements when
the pulse number is relatively small (N<10). The stator
vibration and rotor rotation under different pulse numbers
are compared. A transient speed model based on two-stage
two-order functions is proposed and verified to predict the
stepping movements.

This paper is divided into five sections. The startup—
shutdown stage is evaluated through the analytical model
in Section 2. A synchronous experimental setup for
obtaining the currents and feedback voltages during the
stepwise motion is built in Section 3. A series of
performances in startup and shutdown stage is investi-
gated, the two-stage two-order transfer functions are
verified by the test results, and precise motions in both
directions are achieved in Section 4. The conclusions are
provided, and prospective research ideas are proposed in
Section 5.

2 Theoretical analysis of startup and
shutdown process

2.1 Free vibration of stator

A simplified vibration model of the free stator is first
adopted to distinguish the discrepancies of modal response
under different pulse numbers. An n-mode resonant
vibration is generated on the stator if the driving frequency
is equal to the resonant frequency [26]. When F), is the
n-mode modal force, M,, denotes the n-mode modal mass,
and ¢, represents the n-mode damping coefficient, the
modal response in time region is

us(t) =

72@1 %Mncos(a) ut)
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where the damped natural frequency and phase difference
can be calculated as
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When the pulse number of the driving voltage is N, ¢y is
the instant when the power is cut off. Therefore, the
displacement and velocity of the vibration at the transient
time can be expressed as
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Over the turning point, the damped free vibration is
assumed for the entire stator during the stopping process.
Thus, assuming that the damping coefficient and natural
frequency are the same as (, and w,, respectively, the
modal displacement can be depicted as Eq. (5). 4, and v,
denote the vibration amplitude and phase shift, respec-
tively.

u,(t) = Apefc"“’"’sin(a)dt + ). )

As derived from the initial status, the value at the end of
the starting procedure is equal to that at the beginning of
the shutdown process.

up(o) = ApSin<Wp) = us(tN)n (6)

v (0) = —AyGuoysin(yy) + awgeos(yy) = vi(ty). (7)

Therefore, the fundamental parameters 4, and v, can be
calculated by

2
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where k=0, 1, 2, ...

The preceding assumptions are based on the performances
in the driving frequency close to the resonance frequency.
However, the region where the ultrasonic motor usually
works exceeds the resonance frequency, and the vibration of
the stator shows specific changes after the friction layer.
Thus, the function derived above is not entirely equal to the
speed of the rotor, and a more accurate analytical model is
still needed when parsing the rotor speed.

2.2 Division of startup and shutdown process
Figure 1 illustrates the working principle of the traveling-

wave ultrasonic motor (TRUM). Piezoelectric ceramics are
actuated by the two-phase sinusoidal voltages (U, and Ug)

V I_Cﬁwnus(tN)
Cna)nus(tN) + vs(tN).

When the ¢, is located at [0, 1], the amplitude satisfies

Y, = arctan
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Equations (8) and (9) show that the amplitude and phase
shift of the stopping function are all connected with
Coow,ug(ty) + vs(ty), which implies that the shutdown
speed curves are related to the modal response and speed at
the shutdown moment. Moreover, when the turn-off point
is in the stabilized stage, the second item of Eq. (3) is
maintained at zero. We substitute Egs. (3) and (4) into Egs.
(8) and (9), and the amplitude and phase difference can be
transformed into

(10)

Ey ‘ 1
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11
V1= t
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The decay rule of modal amplitude is directly related to
the function /1 + 2(,cos(w,ty)sin(w,ty), and the con-
ditions can be discussed as follows [12]:

oty € (2kn, 2kt +71/2),

wuty € (2kn 4w, 2kn + 31/2),
(13)
w,ty € 2kn +n/2, 2kn + ),

w,ty € [2kn + 3n/2, 2kn + 2n],

| determined by the amplitude (U,,), frequency (f), and

phase difference (a), as shown in Fig. 1(a). The two-
channel input currents /5 and /g can be informed by linking
to the electrical network of the piezoelectric ceramics. The
stator vibrates with the amplitude Ay, during the
transformation from electrical energy to mechanical
energy, as shown in Fig. 1(b). The modal responses of
Phases A and B are characterized as ¢, and g¢g,
respectively. The circumferential rotation of the stator,
which is propelled by the traveling wave, drives the rotor
through the friction force. In Fig. 1(c), Fy,. represents the
preload force, and F, means the vertical force acting on the
rotor. The output torque 7, is produced to overcome the
applied torque 7j,.q, as shown in Fig. 1(d). The entire
rotor’s mass and inertia are M, and J;, respectively.
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Fig. 1 Block diagram of TRUM: (a) Driver; (b) PZT/stator vibration; (c) stator/rotor contact; and (d) rotor with external load.

The contact diagram is shown in Fig. 1(c). Only the
finite area of every traveling wave is embedded into the
friction material, and the contact area can be separated into
driving and braking zones. The separating points where the
rotor velocity is equal to the stator surface velocity are
called no-slip points. In this paper, the contact length is
defined as X, and the driving length is determined as Xj.
The two parameters yield 0 < X3 <X, <40, and their values
can be expressed as

h—z(¢)
X, = —arccos , (14)
¢ n RyAsua
20 Q.R}
X; = “arccos———— (15)
T

AhRaVA staf ’

where z(7) reflects the vertical displacement of the rotor, A
represents the wavelength of the traveling wave, R,
represents the average radius of the stator, 2 denotes the
half-length of the stator-ceramic laminated plate, and Q; is
the angular velocity of the rotor. When R(r) is defined as the
transverse displacement distribution function along the radial
direction, the value at the average radius is defined as R,;.

Similar to the model proposed by Ref. [27], our model
combines the equivalent circuit and ontology motor model.
When 800 pulses are injected into the model, the main
electric-mechanical parameters in a specific stepwise
process can be obtained, as shown in Fig. 2. The motor’s
pre-pressure is 300 N. Driving amplitude, frequency, and
phase difference are 200 V, 43 kHz, and 90°, respectively.
The time axis in Fig. 2 shows that the entire startup—
shutdown procedure can be divided into the following five
stages according to different vibration statuses:

(1) Pre-static stage: [Ty, 1]

Once the power is switched on, the actuating voltage
amplitude jumps from zero to a specific value immediately
while the currents fluctuate, as shown in Fig. 2(a).
However, the vibration amplitude of the stator is so small
that it is unable to generate a valid traveling wave to propel
the stator (Fig. 2(b)). The interaction force cannot over-
come the static friction and damping force, which makes
X, equal to 40°. Thus, the contact zone stretches over the
entire wavelength of the traveling wave, which results in
the motionless rotor.

(2) Dynamic friction and fluctuation stage: [T}, 7]

As the process continues, the energy accumulated in the
pre-static stage provides impetus to the persistence
circumferential vibration until the driving force conquers
the static friction. In succession, the contact zone becomes
narrower, and the contact points and stick points depart
from each other gradually, as observed in Fig. 2(f). When
the motor starts, the contact angle is maintained at 40° until
the M point arrives, which lags the change of the driving
zone. Equation (15) shows that the length of the driving
zone is directly connected to the revolving speed.
However, the conclusion is only proven in the time
domain [T}, T5] between Figs. 2(c) and 2(f). The contact
points need time to step over the neutral layer of the
piezoelectric laminated plate. The output torque and
dynamic vertical force experience similar fluctuations,
which are not only the results of the vibration but also the
source of the motion for the next time slice, as shown in
Figs. 2(e) and 2(f).

(3) Stabilized stage: [T5, T3]

As the name implies, the amplitude of the vibration
stabilizes at this stage; so do the rotor speed and driving
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force. Therefore, the balance between the driving zones
and braking zones is achieved. The contact length is 29.5°,
and the driving length is 10.1°, as shown in Fig. 2(f).
Under actual operation conditions, the velocity decreases
due to the increasing heat dissipation from temperature-
sensitive piezoelectric materials.

(4) Vibration decay stage: [T3, T4]

This stage occurs when the driving voltages are
withdrawn. The currents mutate immediately while the
modal displacement attenuates slowly due to the damping
factor in the motor. Figure 2(c) shows that the rotor
velocity falls in accordance with the vibration continu-
ously. The contact length extends and returns to the inertial
value gradually.

(5) Self-locking stage: [T4, Ts]

Even though the voltage drops to a minute scale, the
stator vibrates on a microscopic scale due to the inertial
effect and damping. The motor should vibrate around the
zero speed after crossing the zero line. However, the
simulation fails to present this phenomenon, which may be
due to the simplified interaction assumption.

Based on the above results, the ultrasonic motor goes
through five stages from the power-on moment to the self-
locking time due to the different vibration statuses. Before
the speed stabilizes, the contact length and driving length
change in the intricate laws, which may result in different
stepwise characteristics when the pulse number varies.

2.3 Factors affecting stepping resolution
Several factors affect the terminate stepper resolution

stretch over the entire five stages of the startup—shutdown
process. The controllable variables of the motor to achieve

the stepwise movement in open-loop mode include
amplitude, frequency, phase difference, and pulse number.

Whether the amplitude or frequency affects the vibration
and contact states, they affect the stepwise resolution with
the complicated mapping relationship. Therefore, uncer-
tainty and complexity make these two parameters
unsuitable for adjusting the stepwise resolution effectively
and accurately. Keeping the amplitude and frequency
constant becomes the primary work before the control of
stepwise displacement. Moreover, the actuating frequency
can be optimized through the method proposed by Refs.
[28,29], which confirms the optimum working frequency
based on the minimum power consumption. Thus, the
supplying power of the motor driver can be limited to a
small value, which benefits the intergradation of the motor
and driver. For the phase difference, the moving direction
is investigated when the phase shift is changed from —90°
to 90°. However, even when other parameters are the same,
several discrepancies remain in the stepping resolution
between clockwise (CW) and counterclockwise (CCW)
directions due to the errors in manufacturing and
assembling, which will be investigated in the experimental
process. If the two-phase voltages are in a non-orthogonal
state, the distorted traveling wave will cause the elusive
elliptic trajectories of stator particles. What’s worse, the
modal mixture is doped in the vibration of the stator, and
the intense complexity makes the stepwise motion
unpredictable.

When we exclude the plan to change the driver
parameters, controlling the pulse number is the only
effective way to obtain different displacements. Given that
the pulse number changes at the same amplitude and
frequency, pre-static stage, dynamic friction & fluctuation
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Fig. 2 Transient response of unloaded motor after 800 pulse activations: (a) Generated currents /5 and /g, (b) modal amplitude of two
standing waves, (c) revolving speed of rotor, (d) vertical pressure F.,, (e) output torque 7, and (f) width of contact and driving zone.
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stage, and stabilized stage of the curves are superimposed
on each other. Finally, the curve variables in the vibration
decaying stage, especially the damping parameters, must
be predicted.

2.4 Simplified speed model with different pulse numbers

The speed curves under different excitation numbers are
described in Fig. 3. The velocity curves in terms of varying
pulse counts show different turn-off characteristics, and
they eventually converge to the same turn-off self-locking
state with different attenuation slopes. After reaching the
cut-off point, each velocity curve exhibits a slight increase
to the peak value before the continuous decline because of
the inertial effect of the rotor in the initial process. Figure 4
shows that more refined observations of the modal
displacements guide us in finding the amplitude differ-
ences with respect to different pulse numbers. When the
number N< 30, the stator amplitude 4y, <3.8 um. As the
number of sinusoidal signals increases, the modal curves
are superimposed slightly along the time axis until the
supply power is turned off. After crossing the cutoff point,
the modal responses undergo similar attenuating patterns.
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Fig. 3 Simulation speed under different pulse numbers.

Figure 4 shows that the location of the on—off switch
points can be marked by Sy, where N denotes the pulse
number. According to different dynamic characteristics of
the startup and shutdown stages, the description function
of startup and shutdown can be expressed as Egs. (16) and
(17), respectively. The coefficients of the starting section
and shut-off section for the rotor are (K, &, @,s) and (K,
&p> Wnp), TESPECtiVEly.

K
G = S 16
) = o ol (16)
K
Gy(s) p (17)

) 2
57+ 2gpwnp + Wip

The damping status from different moments reflect the
different dynamic properties of the shutdown process,
which may engender the diverse vibration attenuation
time. Finally, we can obtain the stepwise angular
displacements by calculating the area of the speed curve.
Qy#) and Q,(f) are the respective speeds in the time
domain, and the stepwise displacement yields Eq. (18),
where £, and #, denote the end moment of the startup stage
and shutdown stage. ¢, is equal to #y in Eq. (3),

S(ts, t,) = f ;SQS(t)dt+ f Z’Qp(t)dz. (18)

3 Experimental setup

The ultrasonic motor employed for the experimental test is
PMR60 (NUAA Super Control Technology Co., Ltd.,
China). The auxiliary electrode is mounted in addition to
the A and B sections, as shown in Fig. 5(a). The electrode
arrangement in the ceramic ring is shown in Fig. 5(b). The
feedback voltage is obtained from this auxiliary electrode
once the mechanical vibrations are generated on the stator
[30]. This feedback voltage U is proportional to the
vibration amplitude of the stator due to the piezoelectric
conversion, as shown in Eq. (19), where Ky, represents the
conversion factor.

_ \/EbeAstaRavASin (W[ + E)
2n 4

Figure 6(a) shows an incremental encoder TS5700-
N8501 (Tamagawa Seiki Co., Ltd., Japan) with resolution
of 23 bits per revolution. The encoder resolution reaches
0.75 prad. Moreover, owing to its serial communication
mode with a 2.5 MHz baud rate, the sampling interval of
the encoder can reach 37 ps; thus, the microscopic details
of transient speed can be observed clearly. A Field
Programmable Gate Array (FPGA) board (PXIE 7854R,
National Instrument Co., Ltd., United States) is adopted
because it can generate sinusoidal signals with output
frequency of up to 1 MHz and collect currents and voltages
with independent sampling rates of up to 750 kHz to
accommodate speed and accuracy [31]. The generated
sinusoidal signals (Uag and Ugg) are used for the source of
amplifiers and transformers inside the driver. Two-phase
driving voltages (U and Ug) are formed to actuate the
ultrasonic motor. Figures 6(b) and 6(c) show that the hall
sensors (Zhonghuo Sensing Technology Co., Ltd., China)
for detecting the input currents are used to acquire the real-
time driving currents, and the voltage transformers from
the same company are employed to measure the three
voltages (Uy,, Upp, and Uyy). Finally, amplitude, frequency,
phase difference, and excitation number can be set in the
Labview interface integrated with the FPGA board.
FPGA’s excellent time sequence organizing function

Ur (19)
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Fig. 5 TRUM used for experimental test. (a) Picture of PMR60 and (b) electrode arrangement of piezoelectric ring in PMR60.

guarantees the superior synchronization performance of
the entire test platform, which ensures reliable analysis of
internal laws of the stepwise motion.

4 Experimental test

A series of startup—shutdown responses by controlling the
driving parameters and pulse numbers is investigated on
the built synchronous acquisition system.

4.1 Stepwise angular displacement under different driving
parameters

Different mapping relationships are observed between the
steady speed and driving parameters, which induce the
discrepancies of the stepwise angular displacements.
Figure 7 displays the stepping displacements in functions
of different driving parameters. The range of amplitude is
[160, 240], the frequencies are changed from 39 to 43.5
kHz, and all curves are obtained when the pulse number is
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Fig. 7 Stepwise displacements in functions of different driving variables: (a) Test in CW direction; (b) test in CCW direction.

10. Figure 7(a) reveals the displacements in the CW
direction, whereas Fig. 7(b) demonstrates those in the
CCW direction. The results in forward and reverse are
symmetric, whereas the displacements in the CW direction
are more substantial than those in the CCW direction. The

value arises in function of increasing amplitude. Slight
differences are observed between angular displacements
when the frequency is less than 41 kHz. When the
frequency increases from 41 to 43.5 kHz, the angular
displacement generally ascends. As the amplitude is from
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160 to 240 V, the typical test amplitude is 200 V, which is
equal to the average of the upper and lower limits. The test
frequency for the experiments is 43 kHz, which is
calculated by the criterion proposed by Ref. [28] to
minimize the power consumption and maximize the
mechanical quality factor.

4.2 Reversing features of stepping motion

According to the motor working principles, the reversal of
ultrasonic motor originates from the change of phase
difference within the two driving signals in time and space.
Figure 8(a) illustrates the circumference position where the
excitation number is 5 or 10 for different driving
parameters in the CW and CCW directions. The amplitude
of actuating signals is 200 V and the driving frequency is
43 kHz. Approximately 20% overshoots occur in every
rising stage. Figure 8(b) shows the stepping angular
displacements after statistics. The results show that
whether rotating in the CW or CCW direction, the first
position increments at the first time are higher than those in
the three succeeding times because the two contract
borders are non-asymmetric with respect to the peak of
the traveling wave shown in Fig. 1(c), and the contract
length is larger on the opposite side than in the semi-depart.
When the direction of the traveling wave changes, a
backlash-like deformation occurs in the gear reducer. After
three-time adjustments, the angular displacements stabi-
lize.

The voltages and currents increase dramatically at the
turn-on instant, similar to the vibration of the stator. The
test results may differ from the simulation results in Fig. 9.
The amplitudes of voltages and currents are the same in the
CW and CCW directions. However, the magnitudes of the
feedback voltage are higher in the CCW direction, and the
decay time varies. The decay time in the CCW direction is

= Amplitude = 200 V, Frequency = 43 klIlz, Pulse number = 5
= Amplitude = 200 V, Frequency = 43 kllz, Pulse number = 10
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longer, which indicates the vibration difference in the
commutating process and may be attributed to the stronger
anti-friction effect [32-34] caused by larger vibration
amplitude in the CCW direction. With the reduction of
friction coefficient, the braking force decreases, and the
weakening of the braking effect lengthens the time of
motor vibration damping.

4.3 Speed curves under different pulse numbers

Few differences are observed in the images of the voltages
and currents, so concentrates are more assigned for
feedback voltage. The speed results including the starting
and stopping processes under different pulse numbers are
shown in Fig. 10. Figure 11 illustrates the feedback
voltages when the amplitude is 200 V and the frequency is
43 kHz. The figure shows that the waveform is gradually
superimposed. Waves with fewer pulse counts are spun off
from those with more pulse numbers. Detailed results with
pulse numbers (4, 6, 8, and 10) are depicted in Fig. 11(b),
where vertical lines with different colors are employed to
represent each shutdown moment and explore the detailed
vibration characteristics. These curves are the separating
lines between the startup and shutdown segments.
Furthermore, the phenomenon such as modal mixture
appears in every shutdown curve, which makes the
vibration curves highly complicated such that they cannot
be accurately calculated. The repetition on the speed curve
of every startup process is good such that we can obtain the
same startup function if the amplitude and frequency
remain constant.

4.4 Identification of stepwise angular displacement

The least squares identification is implemented for the
startup and shutdown stages from the power-off moment to

—6— Amplitude = 200 V, Frequency = 43 kHz, Pulse number = 5
—8— Amplitude = 200 V, Frequency = 43 kHz, Pulse number = 10
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Fig. 8 Stepwise angular displacement of motion: (a) Stepwise angular position and (b) stepwise displacement.
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Fig. 9 Reversing response of PUMG60: (a) Input voltages U, and Ug, (b) input currents / and /g, and (c) feedback voltage Uy.

obtain the transfer functions shown in Egs. (16) and (17).
With the identification of the results when the pulse
number is 400, the natural frequencies and damping
coefficients identified from the startup process are drawn in
Table 1.

The identified parameters of the shutdown process and
speed at the shutdown moment are demonstrated in Fig.
12. The comparison results indicate that the parameters are
relatively stable within the range of [1, 10] and [100, 500]
because the system within 10 pulses is on the initial rising
stage where the velocity does not exceed the steady-state
velocity, and the speed value stabilizes after the fluctua-
tions when the excitation number is more extensive than
100. Here the speed at the stopping moment is defined as
velgop. Observations in Figs. 12(c) and 12(d) can help us
obtain the following statistical conclusions if the pulse
number is no more than 10: (1) The identified gain and
velocity at the shutdown moment are proportional to the
excitation number; (2) the first-order frequency of the
stopping stage w,, is approximately 2360 rad/s, which is
larger than the similar coefficient in the startup process;
and (3) the damping coefficient is approximately 0.013 in
both directions.

Furthermore, comparison results of the pair parameters
SKp/velgo, and a)ﬁp reveal that K, /vely,, is strongly
proportional to a)ﬁp, and the proportional coefficient is
approximately 0.197, as shown in Fig. 13. In conclusion,
the identified results can guide us to achieve a clear
function at the shutdown stage, which can be briefly
described as

K, /vely,

G
sto
Ps? 4 28,@,p8 + 03y

p:vel

0. 197a)ipvelstop

R 28,0,p8 + Wy

(20)

Based on the preceding test, natural frequency w,s and
damping coefficient & are 2360 rad/s and 0.013,
respectively. More discrete pulse numbers are selected
from 2.5 to 9.5 with 0.5 step to prove the validation. The
comparison results between the fitting results and experi-
mental ones are shown in Fig. 14. Satisfactory agreements
are obtained because the finesses exceed 85%, which
suggests the validation of identification and prediction.

We extend the above curves slightly, and the pulse
number that can generate the precision stepping movement
is searched to satisfy the requirements of stable operation
and reliable positioning. Figures 15(a) and 15(b) describe
the stepping curves in both directions with the same
resolution (3.3 pad). When the motor operates in the open-
loop pattern, the pulse number is 2.1 in the CW direction
and 2.2 in the CCW direction, respectively. Several
differences are observed in each startup stage, but their
steady positioning performances are close. If the pre-
liminary pulse numbers are further reduced, starting the
motor is a challenging task, and the resolution is not
always uniform. This phenomenon is due to insufficient
energy accumulation in the startup section. In these cases,
the stable and reliable stepping motion image cannot be
accomplished. Therefore, it is unsuitable for the final
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Table 1 Bidirectional identified parameters of startup process
Direction Amplitude/V Frequency/kHz & w,/(rad-s )
CW 200 43 0.1099 947.307
CCW 200 43 0.1115 933.827
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Fig. 13 Values of 5K /vely,, and wﬁp in both directions. Fig. 14 Fitting results with different pulse numbers.
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Fig. 15 Stepwise displacements (200 V, 43 kHz): (a) CW direction; (b) CCW direction.

practical applications. When amplitude is 200 V and
frequency is 43 kHz, the available and reliable pulse
number for the precise stepwise motion is no more than 2
for the case of PUMG60.

5 Conclusions

The TRUM shares the merits of the precise angular
displacement due to the piezoelectric actuation with
controllable pulses. The modal function, mechatronic
model, and synchronous experimental system are applied

to evaluate the laws of the stepwise characteristics of open-
loop precise movement. The startup—shutdown stage is
selected as the unit of the stepping movement. Different
from the previous study, the present study investigates the
kinematic and dynamic laws of the stopping stage. The
derived equations demonstrate that at the shutdown stage,
either the upper bound or the lower bound of the modal
amplitude is connected to the modal displacement and
speed at the shutdown moment. Therefore, an elaborate
relationship exists between the attenuation in the functions
of different pulse numbers. When the pulse number is
small, the accumulating angle after the shutdown moment
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cannot be non-negligible. The identification based on the
proposed two-stage two-order transfer functions is imple-
mented, and we find the stable domain of the pulse number,
where 2<N<10 when the driving amplitude and
frequency are 200 V and 43 kHz, respectively. The
identified results when the pulse numbers are no more
than 10 show good fitness with the experimental results,
which verifies the validity of the simplified model. Finally,
the precise stepping resolution (3.3 urad) of both directions
are achieved by selecting the specific pulse numbers.

In addition, this study finds the differences in the
vibration states and the stepwise displacement between
CW and CCW directions, such as the speed unbalance
phenomenon recorded in Ref. [35]. The displacement
increments and vibration amplitude in the CCW direction
are larger than those in the CW direction, which may
originate from manufacturing and assembly error. How-
ever, this assumption is overgeneralized and cannot form
guidelines for motor manufacturing or control. In the
future, further in-depth mechanism analysis and compen-
sation strategy will be conducted for precise position
control in several applications.
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