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AN ANALYTICAL AND EXPERIMENTAL STUDY OF ULTRASONIC LINEAR MOTORS
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Preliminary notes
Ultrasonic linear motors (ULMs) are widely used in many industrial applications and a full characterization of their behaviour is often needed. This paper
presents a detailed analytical-experimental study of ULMs. First, the general structure and operation principle of ULMs are introduced. The actuator
mechanics is then described using a simple piezoelectric model. Since, in practice, ULMs are most often used as actuators for positioning mechanisms, the
proposed model includes electromechanical relations which offer designers a broad range of possibilities for precise positioning and reliable model-based
control. Finally, ULMs are experimentally investigated to determine the conditions that allow an optimal performance.
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Analiti¢ka i eksperimentalna analiza ultrazvuénih linearnih motora

Prethodno priop¢enje
Ultrazvucéni linearni motori (ULM-i) uvelike se koriste u mnogim industrijskim primjenama te je ¢esto potrebno u potpunosti odrediti njihovo ponasanje.
Ovaj rad pruza detaljnu analiticko-eksperimentalnu analizu ULM-a. Najprije se daju op¢a struktura i princip rada ULM-a. Mehanika pokretaca (aktuatora)
se zatim opisuje pomocu jednostavnog piezoelektricnog modela. Buduéi da se u praksi ULM-i najéesce upotrebljavaju kao pokreta¢i mehanizama
pozicioniranja, predlozeni model ukljucuje elektromehanicke odnose koji projektantima nude Sirok raspon mogucnosti za precizno pozicioniranje i
pouzdanu kontrolu pomoc¢u modela. Kona¢no, pokusima su odredeni uvjeti koji omogucéuju optimalnu performansu.

Kljucne rijeci: linearni pokretac (aktuator); modeliranje; numericka simulacija; piezoelektricni motor; princip inercije; ultrazvucni linearni motor

(ULM)

1 Introduction

Electromagnetic motors were invented more than a
hundred years ago and yet, they still dominate the
industry: DC motors, servomotors, and stepping motors
are traditionally used to achieve rotational motion and,
through ball-screw mechanisms, linear motion. Even
though the popularity and advantages of electromagnetic
actuators are indisputable, it is well-known that they
present serious drawbacks at the micro/mesoscale: upon
dimension reduction 1) system complexity increases
significantly and 2) energy efficiency decreases
considerably. Without a drastic improvement in magnetic
or superconducting materials, electromagnetic technology
seems limited to solve these problems.

Applications for micro/miniature actuators abound in
diverse fields such as medicine, bio-engineering,
electronics, robotics, aeronautics, and the automotive
industry. Solutions have been just as diverse with designs
using traditional actuation technologies such as
electromagnetic, pneumatics, and hydraulics, as well as
smart materials such as piezoelectric ceramics, shape
memory  alloys (SMAs), polymer gels, and
electrorheological (ER) fluids.

In fact, the interest on smart materials has grown in
the last decades due to their unique properties. This class
of materials has the ability of changing its shape, size,
stiffness, among other properties, through the imposition
of electrical, electromagnetic, temperature, or stress
fields.A comprehensive survey on smart materials and
their properties can be found in [1].

A new class of motors using high power ultrasonic
energy is gaining widespread attention. In particular,
ultrasonic motors made with piezoelectric ceramics have
become interesting actuators in the micro/meso scale.

An ultrasonic motor is a type of electric motor
powered by the ultrasonic vibration of a piezoelectric

component, the shaft, placed against another component,
the slider. This concept dates to the 1970s when IBM
successfully implemented the first working prototype [2]
and the former USSR presented some mechanisms based
on the same principle [3, 4]. Due to the difficulty in
maintaining  constant  vibration amplitude = with
temperature rise, wear, and tear, ultrasonic motors were
not of much practical use at that time. During the 80s, the
semiconductor industry began to request much more
precise, sophisticated, and free from magnetic field noise
actuators. This accelerated the development of ultrasonic
motors. Sashida and Kenjo significantly improved the
previous designs and were the first to use the system’s
resonance to create vibrations. They earned the ultrasonic
motor name by operating at frequencies in the ultrasonic
range (>20 kHz) [5].

Some advantages of ultrasonic motors include:
compact size, simple structure, high torque densities at
low speed, fast response, self-locking, long-travel
intermittence motion, excellent controllability of
starting/stopping/reversing, and efficiency insensitive to
size. Two main drawbacks are the necessity for a high
frequency power supply and less durability due to
frictional drive [6].

Ultrasonic linear motors (ULMs) are devices
commonly used for zooming or auto-focusing functions in
imaging systems of personal computers, mobile phones,
digital cameras, video equipment, PDAs, etc. Recently,
their real potential is just beginning to be exploited in
applications as diverse as refreshable tactile displays [7],
medical instruments [8], MEMS [9], toys [10], precision
watches [11], industrial robots [12], micro-robotics [13,
14], among others. Due to their compact size, ULMs will
be undoubtedly in large demand over the next decade
mostly in the consumer electronics market.

To fully exploit the performance of these actuators,
an analytical-experimental framework for evaluating their
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mechanics is essential. This paper presents a
comprehensive review of the main characteristics of
ULMs and intends to serve as a practical guide for
simple/fast/reliable numerical analysis and experimental
evaluation of their behaviour.

The rest of the paper is organized as follows: the
general structure and operation principle of ULMs are
first introduced. Then, a simple yet original
electromechanical model to simulate its behaviour is
proposed. A series of experimental results performed on a
commercially available ULM are presented to illustrate
their actuating properties. Finally, the paper concludes
summarizing the main concepts and results.

2 Structure and operating principle

ULMs simply consist of a shaft, a mobile element or
slider, and a piezoelectric ceramic disk (Fig. 1a). They
can be found from several manufacturers in the 3 + 15
mm range which satisfies most of the portable consumer
electronic motor demands. Fig. 1b shows for example,
one of the smallest ULMs commercially available [15].
This device is miniature and ultra-lightweight: 2,4 mm
diameter, 11,6 mm length, and 370 mg mass. It will be
used as the sample in this study for both numerical
simulation and experimental evaluation.

The ceramic disk consists of a rigid part and a
transducer. When voltage is applied, the transducer
vibrates creating upward/downward fluctuations which
are transferred to both shaft and slider (Fig. 2).

shaft

slider

disk

a) b)
Figure 1 ULMs: a) conceptual design and b) miniature
Prototype from PiezoTech [15]

rigid material

Figure 2 Structure of the piezoelectric ceramic disk and
vibration of the transducer

Its linear motion is based on the principle of inertia
displacement by high-frequency square wave electrical
potential [16]. This operation principle is shown in Fig.
3a: (1) at the initial position, the motor is not energized,
the shaft is in position A and the slider is located in

position xy. (2) When maximum voltage is applied, both
shaft and slider move together a distance A (i.e. shaft to
position 24 and slider to position xotA4). (3) As voltage
falls to zero, the shaft slips backwards a distance 24.
However, the slider remains in its position because of its
inertia. (4) When voltage increases to its maximum, both
shaft and slider move again together a distance 24 (i.e.
shaft to position 2A and slider to position xy+34). The
cycle repeats: (5) voltage decreases, shaft goes back to 0
while the slider remains in xy+34. (6) Voltage increases,
the shaft goes to position 24, and the slider moves to
position xy+54.

Fig. 3b shows the corresponding square wave driving
electrical signal.

Fig. 3 shows the slider moving from left to right.
Reverse motion can be achieved by inverting the duty
cycle of the square wave electrical potential.
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Figure 3 a) The principle of inertia displacement and b) the square wave
driving electrical signal.

3 Modelling ULMs

ULMs’ modelling is based on piezoelectric ceramics
which are a special type of dielectric materials known for
the piezoelectric and reverse piezoelectric effects. The
piezoelectric effect causes a dielectric to produce an
electrical potential when it is subjected to mechanical
stress. In contrast, the reverse piezoelectric effect causes
the dielectric to become strained when it is placed in an
electric field.
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Fig. 4 shows a schematic representation of both
effects. Naturally, our interest focuses on the reverse
piezoelectric effect. In this one, a voltage is produced in
the dielectric when it is placed in an electric field. Due to
the piezo-effect, the voltage generates a transduced force
which, through a mechanical relation, results in an
elongation.

Voltage |Electrical | Current | gz Force |Mechanical Elongation
e s
model  [Vgitage | Model model

— Reverse Piezoelectric
<—— Piezoelectric
Figure 4 Block diagram of the piezoelectric and reverse
piezoelectric effects

A well-known description of the piezoelectric effect
was published in 1987 by a standards committee of the
IEEE [17]. Since then, extensive work has been devoted
to model the piezoelectric effect. Some representative
works are [18 + 23].

A fairly accurate overall electromechanical model of
both effects has been proposed by Goldfarb and
Celanovic in [24]. Fig. 5a shows their simplified model
for the reverse piezoelectric effect.
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Figure 5 a) Simplified electromechanical model for the reverse
piezoelectric effect and b) mechanical model adapted for ULMs

Here, the electrical model is basically represented by
an RC circuit. The piezo effect is represented by Tep,
which is an electromechanical transducer with
transformer ratio 7T¢,,. The voltage U, is due to the piezo
effect. The force F, is the transduced force from the
electrical side and mechanically drives the piezo material.
The resulting elongation of the piezoelectric actuator is
denoted by y. The mechanical relation between F, and y is
denoted by a simple mass-spring-damper system.

For ULMs, the mechanical relation can be adapted as
shown in Fig. 5b. Here, the mass m; moved by the
transducer is the shaft while mass m, is the mass of the
slider. The damping ratio b, is due to the transducer, b, is
the viscous friction between the shaft and slider, and & is
the equivalent stiffness.

The complete set of electromechanical transfer
functions for ULMs is as follows:

U,(s) 1

e (1)
(s) RCs+1

F(s)=T,,U, (5), 2

Y, (s) B b,s 3)

Fy(s)  (mys® +bys |ms? + (b + by)s +k|-b, s>

The value of the parameters involved in these
equations can be obtained from the manufacturer [15] or
they can be experimentally or numerically estimated [7].
For example, for the ULM prototype shown in Fig. 1b
values obtained are given in Tab. 1.

Table 1 Summary of the parameters involved in the ULM sample

modelling

Parameter Value Unit
Resistance R 340 Q
Capacitance C 1,710~ F
Transducer ratio Ty, 0,0075 N/V
Mass m, 10x10°° kg
Mass n1, 0,52x10° kg
Damping ratio b; 1x10°° N-s/m
Viscous friction b, 10x10°° N-s/m
Stiffness & 57x10° N/m

Fig. 6 presents the electromechanical relations for the
ULM sample considered. Fig. 6a shows the frequency
response of Eq. (3). Note that the resonance frequency of
the actuator is 75 kHz with a gain margin of —70,3 dB.
This means that the slider performs a 93,3 nm
displacement per cycle. Eq. (4) permits to estimate its
speed at 7 mmy/s.

Speed = displacement _per cyclex frequency =
NG
= (93310~ O mm)(75x 1035~ 1) = 7 mm/s

Fig. 6b shows the evolution of voltage U, when a
square wave input voltage U of 15 V at 75 kHz with 70%
of duty cycle is applied (Eq. (1)). Note that the electrical
behaviour of the piezoelectric motor is effectively that of
a high-frequency capacitor.

Fig. 6c shows the relation between voltage U, and
transduced force F,, Eq. (2). Note that the transducer
delivers 120 mN forces to the shaft.

Fig. 6d shows the temporal evolution of the slider
displacement y,, Eq. (3). Note that, contrary to the
operation principle shown in Fig. 3a, the slider actually
slips backwards when moving along the shaft. However,
this backwards distance is negligible compared to the
forward displacement (Fig. 6d inset).

4  Experimental evaluation

Experimental procedures should also be conducted to
determine the conditions that allow operating optimally
ULMs at their resonance frequency. This section
addresses  driving signal, force, and electrical
considerations that have a significant impact on ULMs’
performance.
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Figure 6 a) Bode plot, b) electrical, ¢) piezoelectric, and d) mechanical numerical simulations for the ULM sample considered

4.1 Driving signal

One of the key parameters for ULMs is undoubtedly
the driving signal. It is of much interest to determine the
relation between the characteristics of the input
command signal (voltage, frequency, and duty cycle) and
the output speed of the ULM [25].

As illustrative example, let us still consider the
ULMdevice from Fig. 1b. The first step is to determine
the best duty cycle for the ULM. Recall that the duty
cycle is the variable responsible for the vibration
amplitude of the transducer and therefore for the slider’s
motion.

For this test, a 15 V square wave voltage signal at 75
kHz was used. Duty cycle was gradually increased from
10 to 90 % in steps of 2 %. For each duty cycle, the
slider’s speed was measured.

Fig. 7 shows the results obtained. Note a symmetric
behaviour that indicates that the ULM’s speed is the
same for duty cycles of x % and (100 — x) %. The only
difference between both is the direction of motion. Also
note that the highest speed is obtained at duty cycles of
30 % and 70 % and that the ULM has no response for
duty cycles below 12 %, above 88 %, and between 46 +
54 %.

Once the duty cycle-speed behaviour is known, the
second step is to characterize the relation between the
input’s voltage and frequency and the slider’s speed.

A square wave voltage signal with 70 % of duty
cycle was chosen. Voltage was gradually increased from
8 to 24 V in steps of 2 V. Frequency was gradually
increased as well from 38 to 110 kHz in steps of 2 kHz.
This combination produces 333 speed samples that are
large enough to characterize the ULM behaviour.

=}

Slider speed (mmis)

8 L ' L L L L L
10 20 30 40 80 60 70 80 90

Duty cycle (%)
Figure 7 The slider’s speed as a function of the input’s duty cycle

Fig. 8a shows the ULM’s experimental behaviour in
the speed-frequency-voltage space. To understand this
surface, let us consider first the relation between speed
and frequency.
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Figure 8 Experimental relations for the ULM sample: a) behaviour in
the speed-frequency-voltage space, b) speed-frequency, and c) speed-
voltage curves.

Fig. 8b shows this relation for a set of input voltages.
Note that there is a dead zone between 56 +~ 62 kHz. The
curve reveals that the maximum speed is developed at 16
V. Note, for example, that approximately the same speed
is developed at 12 V and 20 V. Then, it is no worth to
supply more than 16 V to the ULM. Finally, the curve
reveals two operating zones: 44 + 56 kHz and 62 + 110
kHz. Note that minimum 16 V are needed to drive the
ULM in the 44 + 56 kHz range. Lower voltages do not
produce any response within this range.

Let us consider now the relation between speed and
voltage. Fig. 8c shows this relation for a set of input
frequencies. Note a good performance between the 70 +
90 kHz range, which was correctly predicted by the
frequency response plot of Fig. 6a. Again, for
frequencies below 60 kHz, there is only response for
voltages above 16 V. Finally, note that above 16 V, the
ULM’s performance worsens considerably.

From this experimental analysis, it can be
established that the best performance is obtained when

supplying the ULM sample input square wave signals
within 14 + 16 V, 70 + 80 kHz, and 30 or 70% duty
cycle depending on the desired direction of motion.
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Figure 9 Experimental force relations for the ULM sample considered:
a) voltage-force, b) speed-load, and c) power-force curves.

4.2 Force considerations

Experimental procedures can also be conducted to
determine the force developed by ULMSs. In particular,
the relations between force and input voltage, force and
speed, and force and mechanical power give users useful
information on the performance to be expected when
positioning a mechanism.

For the force tests, a load was physically attached to
the slider. It was gradually increased from 6 to 120 mN
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in steps of 6 mN. Tests were conducted at optimal
conditions of square wave input signal: 15 V, 75 kHz, 70
% duty cycle.

For the ULM sample considered, plots in Fig. 9
describe the force experimental relations. Fig. 9a shows
the relation between force and input voltage. Note that a
maximum force of 68 mN is achieved at 14 V. Beyond
this voltage, the nominal force delivered by the ULM is
practically the same.

Fig. 9b shows the relation between load (or resistive
force) and speed. As any other actuator, speed decreases
with load. Note that the 7 mm/s speed estimated in Eq.
(4) is the no-load speed while approximately 108 mN are
required to stop the slider’s motion completely.

The force-speed relation in Fig. 9b is useful to obtain
an approximate of the mechanical power delivered by the
ULM. Recall that the mechanical power in linear motion
can be defined as Eq. (5):

Power = Speed x Force . 6)

Fig. 9c shows the relation between force and
mechanical power for the ULM considered. Note that the
actuator delivers a maximum power of 0,17 mW at 53
mN and 3 mm/s.

""""""""""""" ,,7” 15V at 10.5 mA

' ' i ' s ;
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Voltage (V)
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_1ULM

“T2uLms
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Amplitude (V)
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Time (ps)
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Figure 10 Electrical considerations for the ULM sample considered: a)
voltage-current curve and b) reduction of the effective voltage
according to the number of ULMs actuated

4.3 Electrical considerations

Two important electrical considerations of ULMs
are power consumption and electrical behaviour when
driven in a group of two or more ULMs.

Fig. 10a shows the experimental voltage-current
relation for the ULM sample considered. Note a fairly
linear behaviour. The 15 V ideal operating point requires
10,5 mA from the power source. Note that supplying
high voltages (>16 V) to the ULM not only produces the
worst performances (Fig. 8c) but also requires the higher
currents.

Another key feature, especially for the electronic
drive, is that piezoelectric materials behave electrically
as capacitors (recall Fig. 6b). When too many ULMs are
connected in parallel to the same driver-output, the total
capacitance increases considerably, making the supplied
signal to be so distorted that it can no longer comply
with the 15V, 75 kHz requirement, causing an unreliable
performance of the motors (low speed or even no
movement) [25]. Fig. 10b illustrates the degradation of
the wave as more ULMs are supplied by the same
output-signal. This effect forces to have each ULM
supplied by its own driver.

5 Conclusion

This paper has presented an analytical-experimental
study of ultrasonic linear actuators (ULMs) and intends
to serve as a research-practical guide for their evaluation
and use.

The general structure and operation principle of an
ULM were discussed. Its mechanics was formulated
based on a simple electromechanical model for
piezoelectric actuators. What this paper added is the
mechanical relation between shaft and slider which
allows the construction of an overall model for ULMs.
The resonance frequency associated with the mechanical
behaviour, the displacement per cycle, and the speed of a
ULM can be easily predicted using this model.
Furthermore, the proposed model is useful for precise
positioning applications and model-based controller
design.

The actuation properties of ULMs have been
experimentally investigated. In practice, a set of usage
conditions determine their performance. In fact, ULMs’
performance greatly varies depending on driving signal,
force, and electrical conditions. To determine the optimal
driving signal for a specific ULM, a good initial guess is
the resonance frequency estimated by modelling. Then,
the signal’s appropriate duty cycle, voltage, and
frequency can be determined to achieve the maximum
speed. Then, it is convenient to evaluate their force
performance as ULMs are usually required to move other
mechanisms. The force-input voltage, load-speed, and
force-mechanical power relations give users information
on the performance to be expected when positioning a
mechanism. Finally, electrical conditions give useful
information when choosing a battery or when designing
an electronic drive to control a set of ULMs.
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