Mar. 2012

Transactions of Nanjing University of Aeronautics &. Astronautics

LINEAR ULTRASONIC MOTOR USING
LONGITUDINAL VIBRATION

Wang Yin, Huang Weiging

(College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics,

Nanjing, 210016, P. R. China)

Abstract: A linear ultrasonic motor using longitudinal vibration of bar with varying section is proposed. The lin-
ear ultrasonic motor has two varying section bars connected by semi-circumferential structure. Elliptical trajecto-
ries of particles are formed on top of the semi-circumferential structure outer surface where a driving foot is locat-
ed. And a mover is pushed to move linearly when the driving foot is pressed onto it. Finite element model of sta-
tor is built and results of harmonic analysis verify its principle. Moreover, design requirements of the motor are
analyzed through finite element analysis and the results of sensitive analysis provide an efficient way to design the

type of linear ultrasonic motor. Prototype test shows that the motor can afford load of 10 N at the speed of
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100 mm/s.
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INTRODUCTION

Ultrasonic motors are energy transformation
devices that transform electric energy into me-
chanical energy utilizing the inverse piezoelectric
effect. In this process, alternating voltage signals
with ultrasonic frequencies are applied to piezo-
electric ceramics to excite certain vibration modes
of stator, whose vibrating energy is cumulated to
push a rotor or mover by friction. Their features
such as fast response, high resolution, non mag-
netic, and low noise, make ultrasonic motors be
good solutions for a large range of modern indus-

02} In linear ultrasonic motors

try requirements
(LUSM), vibrating energy of stator is directly
transformed into motion energy of mover without
any gear systems, so the application of LUSM
makes a system smaller and simplert.

The stator which is usually composed of elas-
tic body and piezoelectric ceramics is the key com-

ponent of a linear ultrasonic motor. Since the op-

eration of stator utilizes resonance of elastic body
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excited by piezoelectric ceramics, the construction
type between the elastic body and the piezoelectric
ceramics influents the performance of motor a lot.
According to construction type of elastic body be-
tween piezoelectric ceramics, ultrasonic motor can
be classified into sandwich type and sticking type.
In the sticking type, piezoelectric ceramics are
bond onto the surface of elastic body by thin lay-
ers of bond, where the d31 effect of piezoelectric
ceramics is used and vibrating energy of piezoelec-
tric ceramics is transferred by shear stress, so
there is a problem of aging and shedding in the
bond layer. Besides, the bonding layer consumes
energy of vibrating piezoelectric ceramics, which
lowers the efficiency of motor. In the sandwich
type, piezoelectric ceramics are mechanically
gripped by elastic body and the d33 effect of
piezoelectric ceramics is utilized to transfer energy
by normal stress. Since the piezoelectric constant
d33 is bigger than d31, the sandwich type without
bond layer has higher reliability and efficien-
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There are two typical sandwich type linear

[9-11]

ultrasonic motors, V shape and shaking

L2193  Their common feature is that their

beam
stators have two longitudinal vibrators, so they
have high thrust force. However, in the V shape
LUSM, two longitudinal vibrators are connected
at the end with a right angle, which inevitably
causes bending vibration of vibrators and lowers
the efficiency of transducer. Besides, the V shape
structure enlarges lateral dimension of stator,
which makes the minimization of LUSM difficult.
Shaking beam LLUSM forms the elliptical motion
of driving foot by a shaking beam pushed by two
parallel longitudinal vibrators. Its structure is
smaller than V shape, but the bending mode of
the beam is excited simultaneously. This also re-
duces the efficiency.

In order to find a solution to minimizing the
structure of LUSM adopted two longitudinal vi-
brators and avoiding the decrease in efficiency
caused by disturbing modes, LUSM with two
longitudinal vibrators is proposed in this paper.
The feature of LUSM is that a semi-circumferen-
tial structure is used to link two longitudinal vi-

brators with varying sections.

1 CONSTRUCTION OF STATOR

The structure of LUSM is shown in Fig. 1.
The stator is composed of two longitudinal vibra-
tors with varying section. These two vibrators
are connected by a semi-circumferential structure
whose middle driving foot is located. The stator
is pressed onto the mover by a guiding spring sys-
tem.

Dimensions of the stator and the polarization
directions of piezoelectric ceramics are marked in
Fig. 2. There are two groups of piezoelectric ce-
ramics with four pieces in each group. All parts
of the stator are fastened together by two bolts

under proper pressure.

2 OPERATING PRINCIPLE

In LUSM, there are two energy converting

procedures , including vibration exciting proce -
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Fig. 1 Structure of LUSM
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Fig. 2 Polarization of piezoelectric ceramics and its

wire connection

dure and frictional driving procedure. In vibration
exciting procedure., voltage signals with ultrason-
ic frequencies are applied to piezoelectric ceramics
to excite vibration modes of stator, thus forming
elliptical motion of driving foot. In the frictional
driving procedure, vibration energy of stator is
transferred to kinetic energy of the unidirectional
motion of mover through frictional force between

[14]

driving foot and movert'"”. Thus it is important to

choose proper vibration modes of stator to make
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its driving foot vibrate elliptically.

The resonance of stator is used during the
operation process of LUSM and the chosen two
modes shown in Fig. 3 are excited simultaneous-
ly. One mode (called LI mode in the follows) in
which two vibrators stretch and compress togeth-
er causes the normal vibration of driving foot,
while the other mode (called LS mode in the fol-
lows) in which two vibrators stretch and com-
press alternately causes the lateral vibration of

driving foot.
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Fig. 3 Two working modes of ultrasonic motor

If the origin of coordinate system shown in
Fig. 3 is moved to the top point of driving foot,
when the LL mode is excited the motion trajecto-
ry of the particle on top of driving foot can be for-
mulated as

x = A,sinwt (D
where A.is the amplitude of vibration along x-ax-
is and o the vibration frequency. Likewise, when
the LS mode is excited its motion trajectory can
be formulated as

y = Asinwt (2)
where A,is the amplitude of vibration along y-ax-
is.

When the above two modes are excited with
phase difference of n/2 simultaneously, the mo-
tion trajectory of the particle can be formulated as

Jx = A, sinwt

ly = A coswr 9
Eq. (3) can be simplified by substituting or,

shown as

o= (4)

Eq. (4) is an ellipse equation, which states
that when LL and LS modes are excited simulta-
neously the particles in driving foot elliptically vi-
brate.

When two groups of piezoelectric ceramics
are applied with two sinuous voltage signals with
the same frequency and a phase difference n/2 re-
spectively (Fig. 2), the LL and LS modes of sta-
tor are excited with a vibration phase difference
/2. As a result, the normal and lateral vibration
of driving foot has a phase difference of 7/2, that
is, the driving foot vibrates in an elliptical trajec-
tory, as shown in Fig. 4. A mover is pushed to
move linearly with the driving foot pressing onto
its surface. If one of the voltage signal phases is

reversed, the mover changes its motion direction.
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Fig. 4 Operation of stator in one period

3 STRUCTURE DESIGN

According to the operation principle, the LL
and LS modes must be excited simultaneously at
the same frequency. This can be realized by ad-
justing structure parameters and this process is
called mode degeneration. To decrease the influ-
ence of support on the vibration modes, the sup-
port is located at longitudinal vibration nodes of
transducer, which is a thin plate sandwiched by
stator components as shown in Fig. 2. In this de-
sign, eight piezoelectric ceramics with 14 mm
length, 8 mm width and 2 mm thickness are used
to excite longitudinal vibration of stator. In the
center of each piezoelectric ceramic plate, there is

a hole with diameter of 5 mm for the convenience
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of assemblage.

Parametric finite element model of stator is
built using commercial FEA software ANSYS.
Dimensions of stator are shown in Fig. 5. Bounce
is chosen to be the material of elastic body and el-
ement type solid 45 is selected to simulate the e-
lastic body. Some simplifications such as the ne-

glect of electrodes and the support are made.
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Fig. 5 Parametric model of stator

Sensitive analysis is conducted to find sensi-
tive structure parameters to degenerate operation
modes of stator. By modifying the parameters of
finite element model with 0.1 mm increase,
changes of two mode {requencies are obtained as

shown in Fig. 6.
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Fig. 6 Sensitive results of parameters

From Fig. 6, parameters P;, P; and P are
more sensitive. Therefore it is available to elimi-
nate the frequency difference of two operation

modes by adjusting these parameters.

4 MEASUREMENTS AND ANAL-
YSIS

Using finite element analysis, dimensions

and materials of the stator are selected. A proto-
type with bounce (QSn6. 5-0.4) elastic body and
PZT8 of 14 mm X8 mm X1 mm is fabricated. The
mover is a linear slider coated with Al,O;ceramic,

as shown in Fig. 7.
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Fig. 7 Prototype picture

Modal test of stator is conducted using the
laser Doppler vibrometer, which can obtain the
shape of vibrating surface. To identify two opera-
tion modes, the laser beam is pointed on the two
end cap surfaces. In LI mode, two end cap sur-
faces vibrate with the same pace while in LS mode
they vibrate reversely, as shown in Fig. 8. Two
operation modes are found at 48. 69, 48. 90 kHz,
as shown in Fig. 9.

Performance test set is shown in Fig. 10.
The relations between speed and frequency, speed
and thrust are studied.

According to Fig. 10, it is concluded that the
closer exciting frequency is to mode frequency,
the faster mover moves. When the exciting fre-
quency is lower than mode frequency., the speed
can increase very fast. Then the speed decreases

slowly with the increase of exciting frequency.

5 CONCLUSIONS

(1) A novel sandwich type linear ultrasonic
motor utilizing longitudinal vibration is proposed
in this paper. Its operation principle is analyzed
and the motion trajectories of driving tip are for-
mulated as an ellipse equation.

(2) According to sensitive analysis results

obtained by means of finite element method, the
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Fig. 8 Two mode shapes of stator
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Fig. 9 Harmonic response of stator

structure of motor is designed and its prototype is
fabricated. Prototype test and performance statis-
tics of motor show that the motor can afford load
of 10 N at the speed of 100 mm/s.

(3) Since the friction pair of stator and
mover can be optimized and frequency difference
between two working modes can be further de-

creased, motor performance is improved.

300

250F

200F

150

100r

Speed / (mm * s™)

50

c 1 1 1
47 48 49 50 51 52

Frequency / kHz
(a) Relation between speed and frequency

300
270f
240
210r
180F
150
120f

90F

60r

30

Speed / (mm * s

0 1 1 1

0.0 3.0 6.0 9.0 120 15.0
Thrust /N

(b) Relation between speed and thrust

Fig. 10 Performance test results
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