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Abstract: The contact interface variables are difficult to measure for an ultrasonic motor. When
the ultrasonic motor works under different preloads, the error between the traditional efficiency
model and the real output is quite large. In order to solve these two problems, we propose a novel
efficiency model. It takes measured preload and the feedback voltage data as the input, which may
offer better accuracy and on-line ability. Firstly, the effect of the preload on the drive characteristics is
investigated, and the relationship between preload and the change in motor energy input is analyzed.
Secondly, a contact model based on measured preload and feedback voltage is built, providing a
more accurate description of the contact variables. Finally, an efficiency model was developed with
a new composite stator structure. A preload test rig for a 60 mm ultrasonic motor is built and real
operating conditions are measured. The results show that the correlation coefficient of the present
model is 0.991, larger than 0.925 of the conventional model. The proposed model is more consistent
with the real working conditions for the motor.

Keywords: ultrasonic motors; preload; feedback voltage; contact interface; efficiency model

1. Introduction

Ultrasonic motors have the advantages of high torque density, high power density,
compact structure, high positioning accuracy and fast response speed [1]. It has been
broadly used in the fields of robotics [2], medical devices [3–5], microdrives [6–9] and
precision drive platforms [10,11]. The output efficiency is one of the crucial performance
indicators for actuators [12]. The contact interface between the stator and the rotor plays a
key role in output efficiency. Besides the pressure and friction state, the motor working
principle may involve a complex multi-physical field coupling process. Thus, the contact
variable under different preloads has drawn many scholar’s study interest.

The energy output of a motor comes from two main processes, the generation of
traveling waves on the stator surface and the transfer process at the contact interface, so the
prerequisite for the study of output efficiency is the analysis of the contact interface. For the
motor contact interface, the contact models proposed so far have made more simplifications,
many of them only consider the motion of the stator surface mass in the circumferential
and axial directions of the contact interface. In order to improve the positioning accuracy
elastomers of the head in the positioning control system of a hard disk drive, Shen [13]
developed a three-dimensional finite element contact model to analyze the fatigue and
wear processes of the friction material. Ren [14] used the finite element software ADINA to
analyze the radial, circumferential and axial displacements of the contact points. Ran [15]
developed a novel three-dimensional model on a cylindrical coordinate system to describe
a miniature piezoelectric actuator without a tooth structure on the stator surface in order
to study the drive characteristics of Micro Electro Mechanical Systems(MEMS). The finite
element model is undoubtedly more accurate, but the more complex model may result in
difficulties in constraint adjustment.

Actuators 2021, 10, 158. https://doi.org/10.3390/act10070158 https://www.mdpi.com/journal/actuators

https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://doi.org/10.3390/act10070158
https://doi.org/10.3390/act10070158
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10070158
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act10070158?type=check_update&version=1


Actuators 2021, 10, 158 2 of 13

In order to simplify the contact model, many researchers have utilized two-dimension
modes. Most of these models consist of the circumferential and axial motion of a mass point
on the stator. For the transient response of the rotor of an ultrasonic motor, Tomoaki [16]
developed a point contact model based on the elliptical trajectory of the stator surface mass.
This model described the dynamic processes of torque and angular velocity of the motor
rotor. For validation, he used a high-speed microscope to observe the elliptical trajectory
and amplitude. Radi [17] derived a mathematical model to define the dynamic contact state
between the stator ring and the friction body. It could be used to predict the failure source
for ultrasonic motors. Renteria-Marquez [18] developed a new two-dimension contact
model with the finite volume method. The calculation results and the actual data showed a
good agreement. It can be seen that mathematical models also play an important role in
the study of describing contact interfaces. It has been proved that these simplified models
would work well in kinematic and dynamic studies for ultrasonic motors. However, for
the output efficiency calculation, the relationship between the preload and the feedback
voltage needs more detailed study.

A lot of work has been performed on the output efficiency. Zhang [19] changed
the friction angle of the tooth structure on the stator surface, increasing the maximum
efficiency of an ultrasonic motor by nearly two times. Liu [20] designed a traveling wave-
type hollow ultrasonic motor to improve the output efficiency by determining the effective
electromechanical coupling coefficient of the stator. The effect of the stator vibration mode,
stator ring and piezoelectric sheet structure size on the effective electromechanical coupling
coefficient was investigated. The experimental results of the maximum efficiency were
very close to the actual data. The above studies derived mathematical models directly, and
merely focus on a certain preload for a certain structure. Furthermore, the supports by the
real-time measurement are not mentioned too. The literature [21] establishes a basic idea for
efficiency calculations, where many of the parameters need to be measured experimentally.
Contact parameters for different preload conditions are measured experimentally with
greater inconvenience. The method given in this paper will improve the accuracy of the
contact parameters for different preload conditions by identifying the parameters for the
easily measured preload and feedback voltage, which can improve the accuracy of the
output efficiency prediction of the traveling wave type ultrasonic motor.

In order to model the contact state, we identify the conversion factor by the preload
and feedback voltage, rather than theoretically derivation. The load and the voltage are
measured in real-time, which improves the accuracy of the contact model. This method
allows us to collect the contact variables at different preloads on-line. The contact variables
can be used directly in the efficiency model.

The paper is organized as follows: Section 2 describes the theoretical process of the
contact and efficiency models, Section 3 shows the ultrasonic motor preload experiments,
simulation results and experimental results. Section 4 gives the conclusions of the paper.

2. Motor Models

In this section, the contact and efficiency models of ultrasonic motors are investigated.
For the contact model, variables, such as the amplitude and contact range of the contact
interface, are relatively difficult to measure during motor operation. The traditional two or
three-dimensional geometric models established in the analytical method can also cause
distortions due to excessive simplification. The literature [22] gives a parameter identifi-
cation method for preload and feedback voltage. It provides a simple prediction for the
contact variables under different drive frequencies. Thus we expanded this identification
philosophy and proposed a new approach for the preload study. The new method is
based on the preload and feedback voltage data measured on-line. The conversion factor
is computed by preload and feedback voltage under different preloads. The efficiency
model uses the stator ring and the piezoelectric sheet as a composite structure to calculate
the damping loss, the real-time contact state will be directly used as a parameter in the
efficiency model, which distinguishes the new model from others.
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2.1. Contact Model

The contact interface has three variables that need to be analyzed. The first is the
contact length x0, which is the circumferential distance between the two ends of the contact
zone. A contact zone is a set for all the contact points in a single wave crest. This distance
would change with the wave traveling so it may be written as x0(t). Similarly, we can
define the second parameter. The drive length xr is the circumferential distance between
the two equivalence speed points and can be written as xr(t). The equivalence speed point
is the dividing point between the drive zone and hindrance zone. On these two points, the
friction surface micro mass and the overall rotor have the same circumferential speed. The
last one W is the amplitude of the stator surface mass. Figure 1 shows a simplified diagram
of the stator–rotor contact interface.
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Figure 1. Model drawing of a wire spring at the stator–rotor contact interface.

The relationship between the feedback voltage and amplitude can be expressed as
follows [23]:

Vf = KWV(W sin(ωt) + W cos(ωt)) =
√

2
2

KWVW cos
(

ωt +
π

4

)
(1)

where Vf is the feedback voltage; KWV is the conversion factor of the feedback voltage
to amplitude.

The angular speed coefficient v could be calculated by the modal mass ms and the
modal stiffness ks as follows. The relative damper ratio can be written as the function of
these two parameters too.

v = ω/ωn = ω

√
ms

ks
(2)

ξ = cs/
(

2
√

msks

)
(3)

where ωn is the angular velocity at the resonant frequency with zero preload; cs is the
modal damping of the stator.

The equivalent stiffness factor of the friction layer k f is:

k f = E f b f /h f (4)

where E f , b f and h f are the modulus of elasticity, radial contact width and thickness of the
friction layer.

When preload is applied, the relationship between contact distance and preload FN
can be expressed as:

FN = 2n
∫ x0

0
k f W(cos(kx)− cos(kx0))dx (5)
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where contact length is x0 < λ/4.
The second-order dynamics model of the motor can be expressed as [24]:

ms
..

W + cs
.

W + ksW = N1Vd − FN (6)

where Vd is the drive voltage.
Apply Equation (5) into Equation (6), which gives:

ms
..

W + cs
.

W + ksW = N1Vd − N21

(
2nk f W/k

)
[sin(kx0)− kx0 cos(kx0)]− N22FN (7)

Take ks
′ as the additional stiffness of the stator.

ks
′ = N21

(
2nk f /k

)
[sin(kx0)− kx0 cos(kx0)] (8)

The following equation is obtained:

FN =
(N1Vd − N22FN)/ks√

(1 + k′s/ks −v2)
2 + (2ξv)2

2nk f

k
[sin(kx0)− kx0 cos(kx0)] (9)

where N1 is the electromechanical coupling coefficient; N22 is the force coefficient affecting
the amplitude.

When the drive voltage, drive frequency and preload are given, the contact length can
be obtained by Equation (9).

The output torque can be calculated from the contact distance as follows:

χ(x) = sin(kx)− kx cos(kx0) (10)

MT =
rµFN
χ(x0)

[2χ(xr)− χ(x0)] (11)

where r is the rotor radius; µ is the coefficient of friction.
When the preload and the contact distance are certain, the output torque is zero and

the drive length can be obtained [25].
The tangential velocity vs at the stator surface can be expressed as:

vs(x) = kWh0ω cos(kx) (12)

where h0 is the distance from the stator tooth surface to the neutral plane.

vr = vs(xr) (13)

When a certain amount of preload is applied, the amplitude can be expressed as:

W =
(N1Vd − N22FN)/ks√

(1 + k′s/ks −v2)
2 + (2ξv)2

(14)

2.2. Efficiency Model

Ultrasonic motors generate various forms of energy losses during operation. The
losses include the piezoelectric sheet wear, the damping loss due to stator vibration, and the
friction loss at the contact interface. In the contact model, the contact angle is derived from
the measured preload and feedback voltage, and the contact angle will be used directly as
input parameters to the efficiency model.

The loss in piezoelectric sheets mainly includes dielectric loss, damping loss and
electromechanical loss, in which the dielectric loss accounts for the largest proportion. As
the piezoelectric sheet is pasted on the stator ring, the piezoelectric ceramic and stator ring
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can be used as a composite structure of the stator when considering the damping loss. The
electromechanical loss may be neglected due to their small values.

The tangent to the dielectric loss angle δ can be expressed as the following equation:

tan δ =
1

ωCRn
(15)

where C is the static capacitance and Rn is the equivalent resistance of the dielectric.
The dielectric loss over one drive voltage cycle can be expressed as:

W1 =
V2

d sin δ

Rd
T (16)

where Rd is the load-bearing equivalent resistance; T is the drive voltage period.
The piezoelectric sheet generates damping losses under high-frequency vibrations

and the stator ring undergoes forced vibrations under the excitation of the piezoelectric
sheet. Here the stator ring and piezoelectric sheet are used as a composite structure. The
damping loss of the composite structure can be expressed as the following equation.

W2 = kπ

2πr/k∫
0

(
Eeq Ieηe + Ep Ipηp

)(∂2u
∂x2

)2

dx = 8π5W2k4(Eeq Ieηe + Ep Ipηp
)
/(2πr)3 (17)

where Eeq and Ep are the equivalent Young’s modulus of the stator ring and piezoelectric
sheet respectively; Ie and Ip are the cross-sectional moments of inertia of the two respec-
tively; ηe and ηp are the damping coefficients of the two respectively. The variable µ of the
second-order partial is expressed as the position on the stator structure.

The diagram below shows the schematic of piezoelectric composite structure.
In Figure 2, the width of the stator ring and stator ring is be. The height of the stator

teeth is ht. The height of the stator ring plus stator teeth is he. The stator height is h and the
width of the piezoelectric ring is bp.
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The cross-sectional moment of inertia of the stator ring Ie and piezoelectric sheet Ip
can be expressed as:

Ie = be
D3 + (he − D)3

3
(18)

Ip = bp
(h− D)3 + (he − D)3

12
(19)

h = he + hp (20)

D =
Eeqh2

e be + 2Ephphebp + Eph2
pbp

2
(
Eeqhebe + Ephpbp

) (21)

where D is the distance from the upper surface of the stator ring to the neutral layer. The
neutral layer is illustrated in Figure 2.

Figure 3 illustrates the parameters of the contact model during a traveling wave period.
The contact model gives a radian ϕ from the contact length x0, which is calculated on the
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measured preload and feedback voltage in Section 2.1. φ is half of the range except for the
contact zone. Then, we can get ϕ = π − 2φ.
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The frictional energy loss at the contact interface during a drive voltage cycle can be
expressed as:

W3 = k λ
ω

∫ π−φ
φ ε∆F(v− vm)

2dθ =k λ
ω

∫ π−φ
φ ε∆F(vs0 sin θ − vm)

2dθ

= kεWH 2π
ω

[
M1v2

m −M2vs0vm + M3
v2

s0
2

] (22)

where ε is the proportionality constant reflecting the magnitude of the frictional force; vs0
is the tangential velocity of the wave crest mass on the surface of the stator traveling wave.
vm is the rotor speed. v is the velocity of the surface mass of the traveling wave.

The four coefficients in Equation (21) can be expressed as:

H = k f /k (23)

M1 = 2 sin
ϕ

2
− ϕ cos

ϕ

2
(24)

M2 = ϕ− sin ϕ (25)

M3 =
1
3

sin
3
2

ϕ + 3 sin
ϕ

2
− (ϕ + sin ϕ) cos

ϕ

2
(26)

The output energy of the motor during one drive voltage cycle is:

Wout =
∫ t+T

t
Tloadωmdt (27)

where Tload is the load torque; ωn is the rotor angular speed.
The output efficiency of the model was obtained as:

η f =
Wout

Wout + W1 + W2 + W3
(28)

It is quite difficult to measure the three energy losses W1, W2 and W3. Thus, we count
the efficiency directly by the ratio between the input and output energies. The input energy
of the motor during one drive voltage cycle is:

Win =
∫ t+T

t
IT ·Vddt (29)
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The experimentally measured output efficiency ηm of the motor can be expressed as:

ηm = Wout/Win (30)

3. Simulation and Experimentation

In order to verify the above model, we build a simple test rig for an ultrasonic motor.
As shown in Figure 4. The TRUM-60 was driven by an ultrasonic motor driver.

The preload was provided by a servo-electric cylinder (DDA-40, Dingying Intelligent
Equipment Co., Ltd., Shenzhen, China). The servo-electric cylinder is driven by an actuator.
A pressure transducer (TSC-1000, Toledo Corporation, Shanghai, China) sensed the preload
and generated a force signal which was displayed by a digital display device. Torque
sensor (CYT-303, Tianyu Hengchuang Sensor Technology Co., Ltd., Beijing, China) with
data acquisition module (PXI-1031, NI, Austin, TX, USA) can record motor speed, torque
and power signals. The tension controller (SC-1K, Lanling Mechanical and Electrical
Technology Co., Ltd., Jiangsu, China) provides a stable current input to the magnetic
powder brake (FKG-10, Lanling Mechanical and Electrical Technology Co., Ltd., Jiangsu,
China). The magnetic powder brake provided a simulated load for the TRUM-60. The
digital oscilloscope is used to measure the electrical signal of the ultrasonic motor.
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This section analyses the drive characteristics and simulates the contact and output
efficiency models, and verifies the validity of the output efficiency model through experiments.

3.1. Drive Characteristics

This section investigates the drive characteristics of the motor, using experiments to
measure the effect of different preload on the two-phase drive voltage and input current.
The results are shown in Figure 5.

The drive frequency is 42 kHz. As can be seen from Figure 5a, when the motor is at no
load and the preload increases from 50 N to 300 N, the two-phase drive voltage amplitude
gradually decreases, but the magnitude of the decrease is not obvious and is reflected in
the Lissajous curve, where the enclosed zone gradually decreases and reaches a minimum
at 350 N. When the preload reaches 350 N, the A-phase drive voltage amplitude decreases
to 110 V and 112 V in the opposite directions. The B-phase drive voltage amplitude
decreases to 101 V and 96 V in the opposite directions. The four voltage amplitudes have
an average value of 106 V, which is 35 V less than the average value at 50 N. As the preload
continues to increase, the two-phase voltage amplitude begins to increase again. Too much
voltage difference between phase A and phase B will damage the amplitude stability of the
traveling waves. If this situation happened, the stator surface mass of the elliptical motion
trajectory would distort, causing unstable operations due to a poor contact state. Figure 5b
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shows that when the preload is 350 N and drive frequency is 42 kHz, the amplitude of the
drive voltage increases as the load increases. Therefore, it can be summarized from the
above two figures that, for the drive voltage without any load, an increase in preload will
result first in a decrease and then an increase. When the motor has a certain preload, the
drive voltage will increase with the load.
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The drive frequency is 42 kHz. The load is zero. Figure 6 shows that as the preload
increases, the current increases exponentially. The minimum current is 0.22 A at 50 N
preload, When the preload is 400 N the maximum current is 0.6 A.
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The input power is equal to the drive voltage multiplied by the input current, both
the drive voltage and the input current vary with preload. Therefore, an increase in the
preload or in the load will result in an increasing the energy input to the motor.
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3.2. Contact Characteristics

The no-load speed and feedback voltage were collected at different preloads. Then we
fitted these data with reference to the literature [22]. The motor identification parameters
are shown in Table 1. The relevant performances were measured and listed in Table 2.

Table 1. Motor identification parameters.

Motor Identification Parameters Value

h0(m) 4.0× 10−3

E f
(

N/m2) 4.3× 109

b f (m) 3.2× 10−3

ms(kg) 0.55× 10−3

cs(Ns/m) 8.8× 10−2

ks(N/m) 345
µ 0.24

r(m) 3.0× 10−2

tanδ 3.5× 10−3

Table 2. Contact model parameter.

Preload (N) No-Load Speed (rpm) Feedback Voltage (V) Conversion Factor

100 106 38 3.07 × 107

200 144 46 3.24 × 107

300 138 40 3.11 × 107

400 89 34 2.86 × 107

Putting the above conversion factors into the contact model, we can obtain the varia-
tion of the contact interface within a wave lengths. Five characterristc curves, including the
contact angle and length, the drive angle and the length, and the amplititude, are shown in
Figure 7.

In Figure 7a, the drive frequency is 42 kHz and the drive voltage is 150 V. The contact
length increases rapidly as the preload increases from zero. As the preload increases to 50 N,
the growth of the contact length begins to slow down. The growth rate is approximately
1.8 × 10−3 mm/N until the contact length gradually reaches a quarter of the wavelength.
The trend of the contact angle is similar to that of the contact length.

In Figure 7b, the trend of the drive angle and length are similar to that of the contact
length. However, they are much less than the contact angle and length.

Figure 7c shows the relationship between amplitude and preload. The amplitude
increases slightly when the preload is 0 N–100 N and decreases rapidly when it is greater
than 100 N until the preload increases to 300 N. After that, the amplitude begins to decrease
more slowly.

The above shows that there is a drive and hysteresis zone at the contact interface. The
size of these drive two zones is non-linear, and the tooth structure on the stator will directly
exacerbate this non-linear effect.

3.3. Efficiency Features

The output efficiency model was simulated to obtain three energy losses in one
traveling wave cycle. The simulation curves are shown in Figure 8.

From Figure 8a, the dielectric loss is defined by the drive voltage and the electrical
parameters. The drive voltage is influenced by preload. Based on the results in Section 3.1,
we can find that the dielectric loss follows a similar trend to the drive voltage with preload.
Dielectric loss decreases and then increases with preload. Losses are minimized when the
pre-pressure reaches 350 N. Figure 8b shows that the damping loss of the composite stator
follows a similar trend to the variation of amplitude with preload. It keeps increasing in the
range 0–100 N. When the preload is 100 N–300 N, the damping loss decreases rapidly. After
that, the decrease slows down and W2 tends to 5 × 10−3 J. This is because the energy loss
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in material bending is proportional to the square of the vibration amplitude, the bending
stiffness and bending angle, according to Equation (17). Figure 8c shows that the frictional
losses will increase with increasing preload.

Actuators 2021, 10, x FOR PEER REVIEW 10 of 14 
 

 

Table 2. Contact model parameter. 

Preload (N) No-Load Speed (rpm) Feedback Voltage (V) Conversion Factor 
100 106 38 3.07 × 107 
200 144 46 3.24 × 107 
300 138 40 3.11 × 107 
400 89 34 2.86 × 107 

Putting the above conversion factors into the contact model, we can obtain the vari-
ation of the contact interface within a wave lengths. Five characterristc curves, including 
the contact angle and length, the drive angle and the length, and the amplititude, are 
shown in Figure 7. 

  
(a) (b) 

 
(c) 

Figure 7. Contact interface parameters for no-load conditions at different preloads: (a) Contact length and contact angle; 
(b) Drive length and drive angle; (c) Amplitude. 

In Figure 7a, the drive frequency is 42 kHz and the drive voltage is 150 V. The contact 
length increases rapidly as the preload increases from zero. As the preload increases to 50 
N, the growth of the contact length begins to slow down. The growth rate is approximately 
1.8 × 10−3 mm/N until the contact length gradually reaches a quarter of the wavelength. 
The trend of the contact angle is similar to that of the contact length.  

Figure 7. Contact interface parameters for no-load conditions at different preloads: (a) Contact length and contact angle;
(b) Drive length and drive angle; (c) Amplitude.

Figure 9a shows the efficiency’s overall map with the preload and output torque. The
driving frequency is 42 kHz. The drive voltage is 150 V. The output efficiency’s 3D surface
basically maintains the trend of increasing and then decreasing. We choose a typical 0.2 N.m
torque and illustrated the simulation and experimental result in Figure 9b. A simulation
curve with the traditional model is added for comparison. The driving frequency is 42 kHz.
The drive voltage is 150 V. The experimental curve is below the simulation curve of the new
model for two main reasons: firstly, the efficiency model is built with more simplifications,
simplifying the stator ring with teeth to a simply supported beam, resulting in smaller
stator damping losses than the actual losses; compared to the 3D contact model, the contact
interface is simplified to a 2D contact model, and no radial sliding losses are considered.
Secondly, only three relatively large energy losses are considered in the efficiency model,
and other loss types are not accounted into simulations.

It can be seen from Figure 9b that the efficiency model in this paper has a higher
correlation than the traditional efficiency model [26]. The Pearson correlation coefficient
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between the traditional efficiency model and the real working condition of the motor is
0.925, while for the new model it is 0.991.
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4. Conclusions

In this paper, a contact model and efficiency model based on measured preload and
feedback voltages are presented. The contact interface parameters and output efficiency
of the ultrasonic motor are analyzed by measuring the preload and feedback voltage
in real-time. Through the simulations and test experiments, the following conclusions
are obtained:

(1) The proposed new model could offer more accurate interface variables by real-time
identifications. The composite stator structure allows us to calculate the output per-
formance more easily. Comparing with the traditional model, the Pearson correlation
coefficient with real operating conditions increases from 0.925 to 0.991. A higher
Pearson coefficient may lead to a better quality for simulations.

(2) The simulation results of the contact model show that the proportion of the drive zone
to the contact zone gradually decreases with the preload. The stator surface mass
vertical amplitude first increases and then decreases. The amplitude keeps a larger
value when the preload is within 200 N. The maximum amplitude is 1.6 microns
when the preload is 120 N.

(3) By the motor drive characteristics test, we found that when the motor is in the no-load
state, the drive voltage first decreases and then increases with the preload increases.
When the load increases from zero to 0.2 N.m, the drive voltage gradually increases
with a constant preload. For a constant load, the input current and the input energy
will also increase with the preload.

(4) The friction loss, increasing with the preload, accounts for the largest proportion of
the three kinds of losses. As to the stator damping loss, the amplitude of the stator
surface mass plays a very important role, which reaches its peak when the preload is
about 100 N.
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