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Abstract: This paper investigates the pre-pressure’s influence on the key performance of a traveling
wave ultrasonic motor (TRUM) using simulations and experimental tests. An analytical model
accompanied with power dissipation is built, and an electric cylinder is first adopted in regulating the
pre-pressure rapidly, flexibly and accurately. Both results provide several new features for exploring
the function of pre-pressure. It turns out that the proportion of driving zone within the contact region
declines as the pre-pressure increases, while a lower power dissipation and slower temperature
rise can be achieved when the driving zones and the braking zones are in balance. Moreover, the
shrinking speed fluctuations with the increasing pre-pressures are verified by the periodic-varying
axial pressure. Finally, stalling torque, maximum efficiency, temperature rise and speed variance are
all integrated to form a novel optimization criterion, which achieves a slower temperature rise and
lower stationary error between 260 and 320 N. The practical speed control errors demonstrate that
the proportion of residual error declines from 2.88% to 0.75% when the pre-pressure is changed from
150 to 300 N, which serves as one of the pieces of evidence of the criterion’s effectiveness.

Keywords: traveling wave ultrasonic motor; pre-pressure; contact state; power dissipation;
optimization criterion

1. Introduction

Ultrasonic motors, which work based on the converse piezoelectric effect and friction drive,
tend to be the choice for precise actuators in diverse areas such as aerospace robots, manufacturing
facilities, and especially for biomedical devices. Ultrasonic motors show their prominent advantages
in biomedical devices like cell manipulation actuators [1], ear surgical devices [2], magnetic resonance
imaging systems [3] and magnetic-compatible haptic interfaces [4,5]. This is due to ultrasonic motors’
features, which include excellent properties like high torque at low speed, high torque to weight ratio
and no electromagnetic noise [6-8]. Pre-pressure is a non-negligible factor in all types of ultrasonic
motors, for example traveling wave ultrasonic motors (TRUMSs) [9], linear ultrasonic motors [10],
2-DOF ultrasonic motors [11], hybrid DOF ultrasonic motors [12] and so on. Among them, the studies
of TRUMs are most representative. In TRUMs, piezoelectric ceramics are actuated by two-phase
alternating voltages, the elliptical trajectories of stator particles form the traveling wave impelling the
rotor revolve. Pre-pressure is applied from the rotor against the stator to assure the interface contact
and friction drive.

In processor studies, the performance sensitivities to the pre-pressure are mainly analyzed from the
following three aspects. The first is the frequency characteristics. The first-order resonance frequency
was investigated by the distributed numerical model and finite element model by Pirrotta [13]. His
work found that the first-order resonance frequency was not sensitive to the preload force until the
pre-pressure reaches a considerable value. However, these results were not verified by any further
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experimental results. Afterwards, both the resonant frequency and anti-resonant frequency under
diverse pre-pressures were tested in Oh’s experiments [9]. He proved that the resonant frequency
and anti-resonant frequency have a positive correlation with the preload force no matter whether the
pressure is larger or smaller. Li [14] discovered that both frequencies do not increase monotonically
with the pre-pressure. However, his data were collected from an impedance analyzer which only
affords small-amplitude voltages (0-10 V). The second item is the contact properties. The contact
state is the crucial contribution of pre-pressure for producing friction force and output torque. On
this topic, Chen [15,16] developed a contact model via a semi-analytical model considering the radial
slippage. The simulation results interpreted that the contact region and the driving zone become wider
simultaneously when the pre-pressure increases, and the radial sliding inside the obstruction zone is
also intensified. This useful yet incomplete analysis lacks any investigation on the contact state under
load conditions. A contact model, which involves the distorted wave shape and standard stiffness of
the contact layer, is built in [17]. This work also proves that the contact region becomes wider and
the pressure at each contact point is raised with the increasing pre-pressure. Last but not least are
the mechanical characteristics. Indeed, the mechanical characteristics integrate the results from the
impedance characteristics and contact properties because the former determine the input power, and the
latter affect the output power and torque. The most significant achievement in this aspect corresponds
to Bullo [18]. He drew several three-dimension diagrams including speed, efficiency, output power
both from simulations and experimental tests. However, the stator vibration amplitude was prescribed
rather than adjusted by the differential functions, and the amplitude value is connected with voltage
amplitude, driving frequency, applied load, and the initial pressure. His results also indicate that the
incremental pre-pressure leads to a decreasing rotor speed under empty load conditions, but results in
an increase of stalling torque.

Besides the above three performances concerning the preload force, this paper also proposes two
new perspectives from the application viewpoint. One is the temperature rise arising from the power
dissipation. Asis well-known, TRUMs generate two energy conversion links, one is from electric energy
to vibration energy based on the converse piezoelectric effect [19], and the other is from the vibration
energy to the rotational energy via the friction between the stator and the rotor [20]. The energy losses
occurring in the two processes not only reduce energy utilization but also significantly increase the
internal temperature, which deteriorates TRUMSs’ performances. Previous authors have made several
contributions [19,21] to compensate for the temperature rise to obtain a better speed control performance.
However, few researchers have paid attention to the role of pre-pressure in the temperature variation.
The other is the speed stability. It is known that there exist speed fluctuations due to the discontinuities
in the contact distribution on stator teeth and manufacturing errors. Similarly, the role of pre-pressure
in velocity stability regulation has not been explored. Besides, the sources and associated factors of
fluctuation need to be better quantified. The sensitive relationships between pre-pressure and motor
performances spread all over the motor, which brings difficulties in deriving a uniform optimization
criterion, so a relatively effective candidate scheme for the optimization region should be assured
through the joint analysis of multiple performance examples from sufficient experimental tests. Hence,
accurate and digital-controllable pre-pressure adjustment devices are needed. Nonetheless, changing
of the preload forces is mostly accomplished by manual feeding through a screw [14,22], which lacks
guidance accuracy and regulatory flexibility. Even worse, the motor shell has been modified in some
preload-adjusting apparatus [14,23], which adds the extra workloads.

In all, evaluation and optimization are the two main targets in this paper. In the evaluation process,
modeling and experiment tests are synthetically implemented to evaluate the above performances
under variable pre-pressure conditions. A hybrid model with the near-interface temperature rise
is adopted to illustrate the frequency characteristics, contact properties, and temperature rise. A
novel preload-control experimental apparatus is constructed from electric cylinder components, and
a thin-film sensor is embedded inside a TRUM. In terms of the optimization process, the criterion
considers the principles covering the lower temperature rise, the smaller speed stability, and the
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moderate mechanical properties. Finally, the optimization region of the preload force in a prototype
motor is determined.

This paper is organized as follows: Section 2 focuses on the simulation model combined with
power dissipation. Section 3 introduces the test bench with an electric cylinder and the thin-film
temperature sensor for measuring the near-interface temperature. Section 4 analyzes the sensitivities of
the main performance features in function of the preload forces from simulation and experimental tests.
Section 5 proposes an optimization criterion according to the integrated results. Finally, conclusions
and outlook are given in Section 6.

2. A Simulation Model with Power Dissipation

Preload force, which is imposed between motor stator and friction material, impels the motor to
move. It is closely related to the performances of all motor components. Therefore a comprehensive
model is required to account for the internal mechanisms in detail. In this work a TRUM60A ultrasonic
motor (Chunsheng Ultrasonic Motor Co, Ltd, Nanjing, China) was investigated. Its stator operates in
the Bypg mode. In other words, the number (N) of traveling waves is equal to 9.

2.1. The Electromechanical Model

A TRUM is a typical electromechanical coupling system combining piezoelectric actuation with
friction drive [24]. As shown in Figure 1a, two-phase piezoelectric ceramics are bonded symmetrically
below the ring-shaped stator made of phosphor bronze material. When two-phase AC voltages
are applied to the piezoelectric ceramics, the traveling wave impels the stator particles to vibrate
with elliptic trajectories. Finally, the movements and accumulated energy are transferred to the
rotor through a friction interaction for driving the terminate load. The friction layer of TRUM60A
is polytetrafluoroethylene (PTFE), which has excellent time-varying stability [25]. What should be
emphasized is that there is a gasket or disc spring between the bearing and the rotor. The component
serves as the elastic element for withstanding the deformation caused by pre-pressure during assembly.
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Figure 1. The mechanism of TRUM: (a) the motor structure [26]; (b) the traveling wave and contact state.

An electromechanical coupling TRUM model coalesces the models of both the driver and the
motor itself. In this paper, a linear amplifying circuit is employed. After reproducing the actual circuit,
the equivalent circuit model of piezoelectric ceramics is adopted. The ontology model originates from
similar work by Kai [27], and the model equations and parameters are presented in Appendix A. Here,
the critical parameters connected with the pre-pressure are mainly discussed and analyzed next. As
shown in Figure 1b, due to the contact status and speed of the stator and the rotor, two feature points
are generated on the stator teeth. One is the contact point used to distinguish whether the stator
particles are embedded into the friction interface. The other is the sticking point, which is positioned at
the point where the stator speed equals the rotor velocity. The stick points are applied to distinguish
the driving zone and braking zone within the contact area. Usually, the contact length is defined as
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Xc, and the length of the driving area is defined as Xs. Since the TRUMG60A has nine traveling waves,
each wave occupies 40° of circumferential space along the whole circle of the stator ring. Therefore the
above two parameters yield 0 < Xs < Xc < 40°. Moreover, their values can be expressed as:

Xc = Zarccos( hRSZC(é) )

)

_ 20 [OM
Xs = = arCCOS(—AhRscgfs)

where & represents the vibration amplitude,  denotes the half-thickness of the piezoelectric laminated
board, A represents the wavelength of the traveling wave, f; is the driving frequency and (), is the
angular velocity of the rotor. R(r) is defined as the transverse displacement distribution function
along the radial direction. The value on the middle radius at the contact surface Ry is denoted as Rqc.
Different from the model discussed in [27], the modal amplitude is corrected by the method proposed
by Li [14], which takes the preload effect into account. When defining k = N/R,,, the contact parameters

can be transformed into: <
nXc X
o T @

Thus, the overlap between the stator and the rotor defines the compression of the springs along

Xp =

the circumferential direction, thereby the pressure distribution function of the contact interface can be
given by:

p(x) = K¢Rsc&[cos(kx) — cos(kxp)] 3)
where K; represents the equivalent stiffness of the contact area. The output friction can be calculated by

the surface integral of the forces within the contact area [25]. If the friction coefficient is defined as y, ¢
means the width of the contact surface. Thus, the driving friction force can be read as:

Ro+¢/2
fo :/2 . sgn (Qs )—)Qr |p( x)dxdy
Ro+ /2 Ro-i- /2 Ro+e/2
fo éjz |, PO)dxdy +p fp ” éjZ p( )dxdy+yf 5;2 - *p(x)dxdy (4)

= ZnyRSC&,{ [E sin(kx1) — x1 cos(kxo)] [k sin(kxg) — xg cos(kxo)]}

Obviously, the driving torque is derived from the multiplication between the average radius and
the driving force. The summarizing result is depicted as:

Tr = NFRR, = ZyerRSCREE{Z[sin(kxl) — kx1 cos(kxg)] — [sin(kxg) — kxo cos(kxp)]} (5)

Besides, the axial force, as well as the dynamic pressure on the stator surface, can be depicted as:

Ro+¢/2
F.=N f x)dxdy = ZNKfRSCe.S[ sin(kxg) — xo cos(kxo)] (6)
Ro—¢/2

2.2. The Power Dissipation Model

The traveling wave motor operates with several energy conversion processes from the power
source to the rotor rotation. Indeed, there are three main power dissipations which are the dielectric
dissipation of the piezoelectric ceramics, the vibration dissipation of the stator, and the heat dissipation
of the contact interface, respectively.

At first, the dielectric dissipation of the piezoelectric ceramics yields Equation (7). Here ¢, means
the dielectric constant of piezoelectric ceramic, tané denotes the dielectric loss coefficient, and Vpiezo
represents the volume of the piezoelectric wafer:

u2
Q1 = 27tfseyp h—;” Vpiezo tan 7)
P
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Secondly, quoting from the study of Lu [28], the mechanical damping dissipation can be
displayed as:

Q2 = fu1 f 6V\751dV = 47T452N4W(E51577s + Eplpﬂp)/(A3) (8)

Vpiezo

where Es and E, represent the equivalent elastic modulus of the stator and the piezoelectric strip, I
and I, denote their inertia moment, 75 and 7, are their mechanical damping coefficient, respectively.

Last but not least is the power dissipation of the friction interface. The friction interface serves as
the medium which accomplishes the transformation from the stator’s vibration to the rotor’s rotation.
The friction drive gives rise to the radial friction losses and tangential ones between the stator and the
rotor. The power losses stemming from the friction interaction can be determined by:

A T1—kXx,
Q3 = N2_7tfk UAF(vs = vr) (vs = vp)dO = NEK s [Mvemvr + My (vem?) /2 + M3 (v?)] )
Xo

where v, v, are the linear velocity of the stator and the rotor, respectively, the vsm denotes the peak
stator speed of the traveling wave, and the remaining coefficients can be depicted as:

My = 1t — 2kx, + sin(2kx,)
M; = —0.33 cos(3kx,) + 3 cos(kx,) — M sin(kx,) (10)
M3 = 2cos(3kx,) — msin(kx,) + 2¢ sin(kx,)

Among the three power losses, it is verified that the power dissipation of the friction interface is
the largest. Therefore the friction interface becomes the primary heat field which has been proved by
Finite Element Analysis [28], which serves as a fundament for the placement of the temperature sensor
discussed in Section 3. Finally, the shell temperature function, which derives from the thermodynamics
transmission processes between the air and the motor, yields:

+ W(l — g_CL:E:n ) (]1)

T = Tair
where S is the contact surface area, a represents the convective heat transfer coefficient, Cysy; is the heat
capacity of the TRUM60A device. Moreover, it is worth noting that the near-interface temperature
may be larger than T owing to the weak heat transfer capacity of the friction material. The rising
temperature will lead to a speed decline and motor performance deterioration.

3. Experimental Setup

Figure 2a displays the mechanical test bench which is composed of an ultrasonic motor (TRUM60A),
an incremental encoder (AFS60A, 65536 lines, SICK Corp., Waldkirch, Germany), an electric cylinder
(EA0400, Huitong Corp., Nanjing, China), a torque sensor (9349A, Kistler, Sindelfingen, Germany) and
a DC motor (55LYX04, YGGT Corp., Beijing, China) which is capable of generating any load profile
in the current closed-loop mode. The electric cylinder is first employed to regulate the preload of
the TRUM. As shown in Figure 2b, the axial force generated by the cylinder is transmitted from the
piston rod to the motor shell. There is a force sensor (VC20A050, Vistle Corp., Guangzhou, China)
which detects the real-time pressure. The pressure value can be displayed on a monitor or transmitted
through a DA channel. Besides, the piston rod, the pressure sensor, and the pressboard were all
limited inside a sleeve, which can assure the guidance accuracy of the axial movement. The design not
only does not modify the TRUM'’s structure but also assures the accurate and digital control of the
pre-pressure. Moreover, an NTC film sensor (FWBM-337G104F, Fu Wen Corp., Shenzhen, China) is
selected for satisfying the space restraint and response bandwidth of the temperature characteristics.
The sensor measures the heating body through the polyimide whose thickness is only 15 um, and
its response time is only 0.1 s. As shown in Figure 2d, the sensor is placed against the stator’s teeth
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gap and near the interface where the heat is most concentrated. The signal is processed through a
Wheatstone bridge which has been embedded into the circuit.
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Figure 2. The integrated test system: (a) mechanical test bench; (b) structure scheme of the preload
force regulating device; (c) framework and signal flow of the system; (d) the thin-temperature sensor
placed near the interface.

Figure 2c introduces the framework of hardware and software. A driving & measurement circuit
undertakes the function of amplifying the input signals. (Uag, Upp) and (Ua, Up) are two pairs of
voltages before and after amplifying, respectively. Meanwhile, the input voltages and currents are
collected by voltage sensors and current sensors, respectively [29]. These channels are displayed from
the signal group(Uaa, Iaa, Upb, Ivb) to (Ua, Uy, Ia, Ip). The generation of (Uag, Upp) and the acquisition
of (Ua, I, U, I) are all conducted by a Field Programmable Gate Array (FPGA) control board (PXIE
7854R, NI Corp., Los Angeles, CA, USA). The FPGA programs can be transferred from the LABVIEW
software, which provides abundant interfaces for algorithm generation and data acquisition [29]. The
main parameters of the LABVIEW interface are all shown on the top of Figure 2c, where the left is the
input parameters, and the output ones are listed in the right. In conclusion, a test system combining the
flexible control of driving parameters and the accurate collection of the key parameters is built, which
builds a foundation for exploring the sensitivities of motor performances under diverse pre-pressures.

4. Simulation and Experimental Results by Varying the Preload Force

The simulation model, as well as the measurement system, are used to comprehensively analyze
the pre-pressure’s influences on several key performances including frequency characteristics, the
stator/rotor contact states, the speed fluctuation, the temperature rise and the mechanical performance.
Comparison and analysis are implemented for exploring the in-depth mechanism on how the preload
force affects motion transfer and energy conversion.

4.1. The Stator/Rotor Contact

The stator/rotor contact is the premise that guarantees rotor rotation and torque output. If the
driving parameters are unchanged, the contact status is mainly affected by the pre-pressure and the
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imposed load. Therefore, Figure 3a displays the contact length and the driving length for different cases
of pre-stressing forces when the amplitude is 200 V and the frequency is 43 kHz. At first, the contact
length generates a profound change when the preload force jumps away from zero value. Then the
contact zone becomes more extensive with the slope 0.033°/N when the pre-pressure is increased from
100 to 570 N. Finally, the contact length increases with a higher slope until the contact area stretches
over all the stator teeth. From the other curve, the length of the driving zone is equal to 40° when the
stator is free from any pre-pressure. After that, the value gradually increases at a stable rate. However,
it is always smaller than the contact length. This indicates that there exist driving areas and obstruction
ones in the whole contact region. To be further, the proportion of the drive zone gradually decreases,
which can also be verified from the proportion of the driving area in Figure 3b. These phenomena
indicate that the stick-slip points gradually move toward the troughs of traveling waves, and the
blocking effect is reinforced with the increasing pre-pressure, which induces more severe friction loss.
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Figure 3. The contact parameters under diverse pre-pressures (simulation): (a) the contact angle and
driving angel in no-load condition; (b) the proportion of driving zone in no-load condition; (c) the
contact angle and driving angel with external load.

Once the motor operates with load, more output torque is needed to overcome the external
torque, which causes the decline of rotor speed and the change of contact parameters. Figure 3¢ shows
the contact parameters with respect to different loads from 0 to 0.9 N-m in function of pre-stressing
forces. It is evident that the load has little effect on the contact length, which can also be verified by
Equation (2). However, the driving length maintains a positive correlation with the load until the
motor is blocked. In the blocking stage, the driving length returns to 40° again, which can be observed
from the abrupt changes of the curves. In conclusion, if the preload is constant, the load torque does
not affect the distribution of contact particles. And when the torque is constant, the contact area and
the driving area gradually expand with the increase of the pre-pressures.

4.2. The Power Dissipation of the Motor

As discussed in Section 2, there are three main types of power dissipation inside the motor, and
the temperature rise under different pre-pressures can be deduced. Figure 4 displays the respective
time-variant energy loss in function of the preload forces when the amplitude and frequency are 200
V and 43 kHz, respectively. When the preload force is smaller than 460 N, the energy consumption
increases as the preload force rises, which results from the gradually- widening contact area. By
comparing the results of Figure 4a—c, it can be found that the dielectric loss maintains constant because
the value is only related to the exciting voltage amplitude and the dielectric constant, which are both
the intrinsic properties of piezoceramics. Furthermore, the stator damping loss and the friction loss
follow similar positive-correlation laws until 460 N.
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Figure 4. The respective power dissipation for the preload forces(Simulation): (a) Dielectric loss; (b)
stator damping loss; (c) friction loss.

In order to exclude any additional factors, the starting temperature of every test should always be
the same (28 °C), and the motor is turned off after the same time of operation (10 s). The results showing
the motor speed and the near-interface temperature are displayed in Figure 5. The temperature rises
immediately at the startup moment and drops rapidly once the driving voltages are withdrawn,
which indicates that the accumulation and release of heat can be completed in a short time. Figure 5¢
demonstrates that the temperature rise achieves the highest value at 400 N, while the minimum
temperature rise occurs when the preload is 300 N. With different temperature rise curves, the revolving
speeds present different decline laws. It is evident that too fast speed decline is unfavorable for control
and analysis.
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Figure 5. The startup-shutdown response under different pre-stressing forces (experimental): (a) the
velocity response; (b) the temperature change; (c) temperature rise and speed decline.

4.3. The Speed Fluctuations

The speed fluctuations can be attributed to the errors of the shaft system during manufacturing or
assembly. Whether the pre-stressing force compensates or deteriorates, the speed fluctuations should be
investigated. Figure 6 displays the real-time speed with the preload force varying from 150 to 500 N in
steps of 20 N. The rotor speed is recorded when the frequency is 43 kHz, and the amplitudes are 200 and
240 V, respectively. To facilitate the quantitative evaluation of the fluctuation, the standard deviation is
adopted, as shown in Figure 6. The results indicate that the motor speed fluctuation becomes smaller
and smaller due to the increasing embedment degree between the stator and the friction layer. It can be
attributed to sufficient contact with the larger preload force. However, when the preload reaches 475 N,
the reinforced radial slipping deteriorates the velocity stability. Since the simulation state ignores the
machining and assembly problems, such as uneven axis alignment and surface roughness in the stator
and the rotor, it is difficult to simulate the fluctuations effectively. Furthermore, the dynamic pressure
applied to the rotor may be the origin of speed fluctuations. The pressure also has an impact on the



Sensors 2020, 20, 2096 9of 15

contact state. Here, the fluctuations are analyzed by the measurement of the speed and axial pressure
in the subsequent experiments.
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Figure 6. The speed stability under different preload forces: (a) staircase preloads; (b) output speed; (c)
speed variance.

Based on the pressure F, and the contact length x( in Equation (1) polynomial fitting is implemented
to derive the mapping relationship from the axial pressure to the contact length, as shown in
Equation (12). When the pre-pressure is 150 and 200 N, Figure 7 displays the real-time speed, the
angular position, the corresponding pressure and the calculated contact length, respectively. We can
observe that the velocity fluctuation satisfies a stretch of the 360° cycle, which demonstrates that the
fluctuation mostly comes from the un-centered assembly error of the rotor shaft. The wave cycle
elongates with declining speed. When the preload is 150 N, the ratio of the maximum fluctuant zone
(1.01°) inside the contact zone (24.15°) is 2.53%. If the pre-tightening force is 200 N, the proportion
becomes 3.11% as the fluctuation range and the contact angle are respectively 0.9° and 28.94°. In
conclusion, the speed fluctuation comes from both the pressure change and the axial assembly error.
The change of contact parameters is also accompanied by a pressure change:

Xe =27%x1071°F7 —6 x 10713F6 + 5.4 x 10719F2 — 2.5 x 10~"F3
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Figure 7. Time-domain analysis of dynamic pressure fluctuations and calculated contact angle.
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4.4. The Mechanical Characteristics

With the aid of the electric cylinder and current sensors, a three-dimensional representation of
the speed and the efficiency in function of the torque is shown in Figure 8 within the preload ranging
from 150 to 400 N. The curves are obtained when the amplitude is 200 V and the frequency is 42 kHz.
The dark blue areas are the stalling-torque areas, while the dark red ones are the maximum value
zones of the respective curves. There exists a limit of the pre-stressing forces from which the motor
performances fall. Figure 8b indicates the peak efficiency moves towards the larger-torque direction
with the change of the preload forces. Deriving from the pictures, the blocking torque and maximum
efficiency in function of the pre-pressures are displayed in Figure 8c. The blocking torque achieves the
peak value in the moderate pre-pressure (260 N), so does the mechanical efficiency. The pre-pressure
at the maximum efficiency point is 320 N. This is because the motor is close to the rotor-locked state
when the pre-pressure is substantial, therefore the energy utilization is lower.
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Figure 8. Simulation results of mechanical characteristics for different cases of pre-stressing forces: (a)
revolving speed versus torque; (b) efficiency versus torque; (c) the calculated maximum efficiency and
stalling torque.

5. Discussion and Verification of the Optimal Preload Force

The above simulation and experimental results reveal how the performances are sensitive to the
pre-stressing force. In this section, these key performances are reviewed, and an optimal criterion
is proposed.

5.1. Optimization Criterion
Some conclusions can be obtained from the above test results:

(1) Thevelocity increases first and then decreases as the pre-pressure increases, and a low pre-pressure
cannot provide sufficient friction force while a higher one causes more tangential friction zones;

(2) When the pre-stressing force is lower, the velocity stability deteriorates because of the weakened
constraints applied on the stator and the stability improves as the preload force gradually increases;

(3) With the increase of the pre-pressure, the points both from the resonant frequency and the
anti-resonant frequency gradually shift to the right due to the increasing stiffness;

(4) The blocking torque achieves the peak value in the moderate pre-pressure, like the mechanical
efficiency, however, the apexes are different from each other.

When limiting the pre-pressure range between 200 and 400 N, the key performances are
summarized and arranged in Figure 9. Aiming at the lower open-loop speed stability, the preload
force is supposed to be large enough for minimizing the dynamic fluctuations across the stator/rotor
contact interface. Nonetheless, the moderate pressure is chosen based on the minimum temperature
rise, which can decrease the undesirable changes in the tracking performances in the servo-control
scheme. Based on the above analysis, the selected region is the yellow rectangle drawn in Figure 9.
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The region can not only meet the requirements of low-speed stability and small temperature rise but
also the blocking torque and mechanical efficiency are in an ideal range. This method is different
from others in that it gives priority to speed smoothness and temperature rise as reference points for
pre-pressure assessments.
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Preload force/N
Figure 9. The diagram which interprets the optimization rule of the preload force.

5.2. Speed Control Performances

The validity of the optimization criterion is proved by the speed control performance, which
not only stems from speed fluctuations but also reflects the effect of temperature rise. The speed
closed-loop control with the target 72°/s is implemented under different preloads from 200 to 400 N.
Considering the control target is located in the low-speed section, we select the voltage amplitude
as the control parameter, the PID control method is adopted for every control process. Figure 10
displays the respective controlling results. It can be seen that residual control error decreases with the
increasing preload forces when the preload force is less than 300 N and the error begins to rise once the
pre-pressure exceeds 300 N. These results verify the effectiveness of pre-pressure optimization from
one aspect, while other aspects will be further investigated.
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Figure 10. Comparison of the speed control performance under different pre-pressures.
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6. Conclusions

Pre-pressure is one of the critical parameters that restrict the performance of an ultrasonic motor.
The target of this paper is to comprehensively analyze the sensitivities of motor performances on the
pre-pressure and to put forward a targeted optimization method. A simulation model with power
dissipation and an integrated experimental facility with the preload adjustment device is adopted
to analyze the laws from multiple perspectives. The preload adjustment is mainly designed by an
electric cylinder and a pressure sensor, which is first employed in the preload change of the TRUM.
Besides the stator/rotor contact state, the inspected properties cover rotor speed stability, near-interface
temperature rise and mechanical properties. From these indicators, the speed stability, the temperature
rise, the stalling torque, and the maximum efficiency are derived from the test results and drawn in
a picture together. The operation makes these four indicators in function of the pre-pressure easy
to distinguish in the candidate region according to different application targets. The optimization
criterion in this paper contains three principles, which are the lower temperature rise, the smaller
speed stability, and the moderate mechanical properties, respectively. Finally, the optimization region
of the preload force is determined as [260, 320], and the smaller speed stability error in the optimization
area verifies the criterion’s validity.

Besides, the contact state under different preloads is interpreted in simulation and experimental
tests. This paper first proposes a polynomial formula for transferring the pressure into the contact angle,
which helps us measure the interface contact properties indirectly. Therefore the speed fluctuations
can be attributed to the contact variation. What should be mentioned that slight fluctuations of the
compression preload force will occur during a TRUM’s physical life, especially in the application
combining high speed with high load. The traditional preload component is a disc spring or thin-copper
sheet, which cannot assure the correct imposing pressure in the total life-cycle. Luckily, the zero-stiffness
structure similar to that of a PCB motor [30] can be used to ensure the pre-pressure, which will be the
future optimization direction for all types of ultrasonic motors.
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Appendix A

The simulation model displayed as a state-space function:

x = Ax+ Bu (A1)
In this function:
[ O2x2 Irxo O2x2 O2x2 ]
_ko({ o —koo/mo _doo/ o B doo/ma O2x2 O2x2
A= O2x2 O2x2 8 3 d,l /I, O2x2 (42)
O2x2 O2x2 O2x2 8 _ dzo/mr
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1/m 0
O2x2 0 ’ 1/ O2x2 O2x2
T )
B' = (A3)
0 0 0 0 0
2X2 2%2 1/]7 0 0 ]-/mr
k.Up + ek Ug + Fdnq + Fdfy
_ ek Up + k. Ug + Fdnyp + Fdt, (Ad)
T R — Tload
F 7z-Fy

The critical simulation parameters are listed in the following table.

Table Al. The TRUMG60A simulation parameters.

Description Value (Units)
N Number of wavelengths 9
Ro The average radius of the stator ring 0.02625 (m)
A Traveling wavelength 0.0187 (m)
mo Modal mass of stator elastic body 0.005 (kg)
ko Modal stiffness of stator elastic body 4.56x109 (kg.mz)
do Modal damping of stator elastic body 0.05 (Ns/m)
dz Damping in the axial direction of the rotor 1.5 x 10* (N-s/m)
dr Damping in the tangential direction of the rotor 5% 107* (N'm-s)
ke Force factor of piezoelectric ceramics 0.4147 (N/V)
€ Unbalance coefficient between two-phase voltage 0.02
mr Rotor mass 0.03 (kg)
Jr Rotor inertia 7.2 %1076 (kg/mz)
u Friction coefficient 0.3
Cp Capacitance 5.41 (nF)
Rm Dynamic resistor 149.82 (O))
Lm Dynamic inductance 0.102 (H)
Cm Dynamic capacitance 16.63 (pF)
Rd Resumption resistor 31.15 (KO)
o Speed drop coefficient with the decreasing torque 9.9484 (rad/(N-m-s)
h The thickness of the friction layer 0.5 (mm)
S Motor surface area 0.02366 (m?)
a Coefficient of heat transfer 10

References

1. Qiu, Y.Q.; Wang, H.; Demore, C.E.M.; Hughes, D.A.; Glynne-Jones, P.; Gebhardt, S.; Bolhovitins, A.;
Poltarjonoks, B.; Weijer, K.; Schonecker, A.; et al. Acoustic Devices for Particle and Cell Manipulation and
Sensing. Sensors 2014, 14, 14806-14838. [CrossRef] [PubMed]

2. Liang, W.; Ma, ].; Tan, K.K. Contact force control on soft membrane for an ear surgical device. IEEE Trans.
Ind. Electron. 2018, 65, 9593-9603. [CrossRef]

3. Shokrollahi, P.; James, M.D.; Goldenberg, A.A. Measuring the Temperature Increase of an Ultrasonic Motor
in a 3-Tesla Magnetic Resonance Imaging System. Actuators 2017, 62, 20. [CrossRef]

4. Flueckiger, M.; Bullo, M.; Chapuis, D.; Gassert, R.; Perriard, Y. FMRI compatible haptic interface actuated
with traveling wave ultrasonic motor. In Proceedings of the IEEE Industry Applications Conference Fortieth
IAS Annual Meeting, Kowloon, Hong Kong, China, 2-6 October 2015.

5. Chapuis, D.; Gassert, R.; Burdet, E.; Bleuler, H. Hybrid ultrasonic motor and electrorheological clutch system
for MR-compatible haptic rendering. In Proceedings of the IEEE/RS] International Conference on Intelligent
Robots & Systems, Beijing, China, 9-15 October 2006.

6. Liu, Y.X;; Xu, D.M,; Yu, Z.Y;; Yan, ].P; Yang, X.H.; Chen, Y.S. A Novel Rotary Piezoelectric Motor Using First

Bending Hybrid Transducers. Appl. Sci. 2015, 5, 472-484. [CrossRef]


http://dx.doi.org/10.3390/s140814806
http://www.ncbi.nlm.nih.gov/pubmed/25123465
http://dx.doi.org/10.1109/TIE.2018.2818647
http://dx.doi.org/10.3390/act6020020
http://dx.doi.org/10.3390/app5030472

Sensors 2020, 20, 2096 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Li, HY,; Wang, L; Cheng, TH. A High-Thrust Screw-Type Piezoelectric Ultrasonic Motor with
Three-Wavelength Exciting Mode. Appl. Sci. 2016, 12, 442. [CrossRef]

Shao, S.J.; Shi, S.J.; Chen, W.S.; Liu, J.K. Research on a Linear Piezoelectric Actuator Using T-Shape Transducer
to Realize High Mechanical Output. Appl. Sci. 2016, 6, 103. [CrossRef]

Oh, J.H,; Yuk, H.S,; Lim, ].N,; Lim, K.J.; Park, D.H.; Kim, H.H. An analysis of the resonance characteristics of
a traveling wave types ultrasonic motor by applying a normal force and input voltage. Ferroelectrics 2009,
378, 135-143. [CrossRef]

Wang, L.; Liu, ] K,; Lin, Y.X,; Tian, X.Q.; Yan, ].P. A novel single-mode linear piezoelectric ultrasonic motor
based on asymmetric structure. Ultrasonics 2018, 89, 137-142. [CrossRef] [PubMed]

Wang, J.; Hu, X.X.; Wang, B.; Guo, ].F. A novel two-degree-of-freedom spherical ultrasonic motor using three
traveling-wave type annular stators. J. Cent. South Univ. 2015, 22, 1298-1306. [CrossRef]

Zhang, X.; Zhang, G.; Nakamura, K.; Ueha, S. A robot finger joint driven by the hybrid multi-DOF piezoelectric
ultrasonic motor. Sens. Actuators A Phys. 2011, 169, 206-210. [CrossRef]

Pirrotta, S.; Sinatra, R.; Meschini, A. Evaluation of the effect of preload force on resonance frequencies for a
traveling wave ultrasonic motor. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2006, 53, 746-753. [PubMed]
Li, J; Liu, S.; Qu, J.; Cui, Y,; Liu, Y. A contact model of traveling-wave ultrasonic motors considering preload
and load torque effects. Int. . Appl. Electromagnet Mech. 2018, 56, 151-164. [CrossRef]

Chen, C.; Zhao, C.S. A novel semi-analytical model of the stator of TRUM based on dynamic substructure
method. In Proceedings of the USE 2005, The 26th Symposium on ULTRASONIC ELECTRONICS, Tokyo,
Japan, 16-18 November 2005; pp. 17-25.

Zhao, C.S; Chen, C.; Zeng, ].S. A New Modeling of Traveling Wave Type Rotary Ultrasonic Motor Based on
Three-Dimension Contact Mechanism. In Proceedings of the 2005 IEEE International Ultrasonic Symposium,
Rotterdam, The Netherlands, 15-16 October 2005.

Zhang, D.; Wang, S.; Xiu, J. Piezoelectric parametric effects on wave vibration and contact mechanics of
traveling wave ultrasonic motor. Ultrasonics 2017, 81, 118-126. [CrossRef] [PubMed]

Bullo, M; Perriard, Y. Influences to the mechanical performances of the traveling wave ultrasonic motor
by varying the prestressing force between stator and rotor. In Proceedings of the IEEE Symposium on
Ultrasonics, Honolulu, HI, USA, 5-8 October 2003.

Tavallaei, M.; Atashzar, S.F.; Drangova, M. Robust Motion Control of Ultrasonic Motors under Temperature
Disturbance. IEEE Trans. Ind. Electron. 2016, 63, 2360-2368. [CrossRef]

Moal, P.L.; Cusin, P. Optimization of traveling wave ultrasonic motors using a three-dimensional analysis of
the contact mechanism at the stator-rotor interface. Eur. . Mech. A. Solids 1999, 18, 1061-1084. [CrossRef]
Yano, Y.; lida, K.; Sakabe, T.; Yabugami, K.; Nakata, Y. Approach to speed control using temperature
characteristics of ultrasonic motor. In Proceedings of the 2004 47th Midwest Symposium On Circuits And
Systems, MWSCAS '04, Hiroshima, Japan, 25-28 July 2004.

Mashimo, T. Miniature preload mechanisms for a micro ultrasonic motor. Sens. Actuators A Phys. 2017, 257,
106-112. [CrossRef]

Zhao, C. Ultrasonic Motors: Technologies and Applications; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2011.

Abdullah, M.; Takeshi, M. Efficiency optimization of rotary ultrasonic motors using extremum seeking
control with current feedback. Sens. Actuators A Phys. 2019, 289, 26-33.

El, G.N. Hybrid Modelling of a Traveling Wave Piezoelectric Motor. Ph.D. Thesis, Aalborg University,
Aalborg, Denmark, 2000.

Ren, WH,; Lin, Y;; Ma, C.C,; Li, X.; Zhang, J. Output performance simulation and contact analysis of traveling
wave rotary ultrasonic motor based on ADINA. Comput. Struct. 2019, 216, 15-25. [CrossRef]

Kai, J. Dynamic Modeling of Traveling Wave Motor and the Optimal Control of Vibration Mode Vector. Ph.D.
Thesis, Hebei University of Technology, Tianjin, China, 2016. (In Chinese).

Lu, X.; Hu, J.; Zhao, C. Analyses of the temperature field of traveling-wave rotary ultrasonic motors. IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 2011, 58, 2708-2719. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/app6120442
http://dx.doi.org/10.3390/app6040103
http://dx.doi.org/10.1080/00150190902848156
http://dx.doi.org/10.1016/j.ultras.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29803112
http://dx.doi.org/10.1007/s11771-015-2646-z
http://dx.doi.org/10.1016/j.sna.2011.05.023
http://www.ncbi.nlm.nih.gov/pubmed/16615578
http://dx.doi.org/10.3233/JAE-160134
http://dx.doi.org/10.1016/j.ultras.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28646708
http://dx.doi.org/10.1109/TIE.2015.2499723
http://dx.doi.org/10.1016/S0997-7538(99)00131-X
http://dx.doi.org/10.1016/j.sna.2017.02.009
http://dx.doi.org/10.1016/j.compstruc.2019.03.001
http://dx.doi.org/10.1109/TUFFC.2011.2133
http://www.ncbi.nlm.nih.gov/pubmed/23443706

Sensors 2020, 20, 2096 15 of 15

29. Chen, N;; Qj, C.; Zheng, ].].; Fan, D.; Fan, S. Impedance Characteristics Test of Ultrasonic Motor Based on
Labview and FPGA. In Proceedings of the CSAA/IET International Conference on Aircraft Utility Systems
(AUS 2018), Guiyang, China, 19-22 June 2018.

30. PCB Motor Inc. PCB Motor Starter Kit User Guide. Available online: http://ww1l.microchip.com/downloads/
en/devicedoc/meskuserguide75015a.pdf (accessed on 4 April 2020).

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://ww1.microchip.com/downloads/en/devicedoc/mcskuserguide75015a.pdf
http://ww1.microchip.com/downloads/en/devicedoc/mcskuserguide75015a.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	A Simulation Model with Power Dissipation 
	The Electromechanical Model 
	The Power Dissipation Model 

	Experimental Setup 
	Simulation and Experimental Results by Varying the Preload Force 
	The Stator/Rotor Contact 
	The Power Dissipation of the Motor 
	The Speed Fluctuations 
	The Mechanical Characteristics 

	Discussion and Verification of the Optimal Preload Force 
	Optimization Criterion 
	Speed Control Performances 

	Conclusions 
	
	References

