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Abstract ; The existing resonant linear piezoelectric motors must operate with high working voltage in resonant con-

dition. resulting in their narrow operating frequency range and poor running stability. Here. with the large dis-

placement output characteristics of piezoelectric stacks, the trajectory at the drive foot of stator is firstly produced

with two space quadrature piezoelectric actuators excited by sawtooth wave and square wave. Secondly, the friction

drive principle of motor is used to analyze the working mechanisms of the continuous stepping motion. Finally, the

motor prototype is designed and experiments are carried out. The experimental result shows that the motor can

stably operate within the scope of 350 Hz to 750 Hz. When the excitation voltage is 30 V and pre-load is 3 N or

10 N, the lateral amplitude of the drive foot is approximately 4 ym and the stable average interval ranges from

3.1 pum to 3.2 um with the error rate of 5%—7.5%.
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0 Introduction

Linear piezoelectric motors have wide appli-
cation prospect in precision positioning, instru-
mentation, biomedical and many other fields™ 7,
For resonance linear piezoelectric motors have the
advantages of compact structure, fast response,
low noise and no electromagnetic interference,
many outstanding researches have been conduc-
ted" .

greatly affected by the temperature and the struc-

Resonance linear piezoelectric motors are

ture design due to resonance condition-*!. There-
fore, there is a boom in the development of non-
resonant piezoelectric motors M1,

In recent decades, using the perfect charac-
teristics of the piezoelectric stack under non-reso-
nant conditions, piezoelectric stepping motors
with high positioning accuracy are developed™®*!,
among which the inchworm principle and inertial
impact non-resonant type linear motors are well-

developed'®, However, the operation frequency

Article ID:1005-1120(2015)02-0137-06

of above two motors is low. At the same time,
high requirements are put forward in drive signal
and structure accuracy. In recent years, Huang et
al. ™ proposed non-resonant friction drive motors
based on elliptical orbit. The investigation of fric-
tion drive mechanism shows that it is necessary
for the stator and the mover to separate effective-
ly in the second half of the elliptical motion cy-

clet??,

under high frequency and the piezoelectric ceram-

Thus the motor can stably operate only

ics driver need larger power. In addition, effec-
tive separation of motor also put forward high de-
mand on contact condition between stator and
mover, so preloading device should be properly
designed and the assembly accuracy should be
guaranteed.

The sawtooth wave and square wave signals
will be used to produce two vertical linear motion
trajectories at drive foot so as to realize the fric-

tion drive between the stator and the mover. Due
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to the step characteristics of square wave signals,
it is easy to implement vertical separation be-
tween the stator and mover so that the motor can

run in a wider and lower frequency domain.

1 Working Mechanism of Motor
1.1 Operational cycle of motor

A piezoelectric actuators based on two groups
orthogonal structure (see Fig. 1) includes lateral
actuator (parallel to the motion direction of the
mover) and vertical actuator (perpendicular to the
motion direction of the mover). Two groups of
actuators are permanent connected to the drive
foot of stator. Lateral actuators provide drive foot
of stator reciprocating displacement in motion di-
rection, and the elongation and shortening of an-
other actuator can realize the contact and separa-
tion for drive foot and mover. Thus the separa-
tion between the stator and the mover will just be
controlled by the vertical actuator.

In Fig. 1, in the initial state, vertical and lat-
eral actuators are dormant, so the contact force
between the stator and the mover is the initial
pre-pressure. When we apply cycle square wave
voltage to the vertical actuator, the duty ratio of
the square wave voltage should be greater than
0.5. 1t is 0. 75 in the paper.

In duration 1, excitation voltages are applied
to both actuators at the same time. Vertical actu-
ator is excited by the square wave voltage. At the
beginning, vertical actuator elongates rapidly and
the contact force of the stator and the mover is
the most stressful. Lateral actuator is excited by
the triangle wave voltage. At the time, triangle
wave is at up slope stage, the lateral actuator
continues to elongate. Therefore, the mover will
be driven rightward by the friction of contact in-
terface between the stator and the mover.

In duration 2, the vertical actuator is excited
by square wave voltage which is zero and the ver-
tical actuator shrink to the initial state rapidly.
At this moment, the pressure between the stator
and the mover is the minimum. At the same

time, we apply lateral actuators to the triangle

Mover
Lateral ical
actuator [l vertica
ctuator
Duration 1
NN\
i
Duration 2
NN\
_______ — -

!
!

(a) Operational cycle of motor

Duration 2
Duration 1 Duration 1
Vertical
signal
04 Lateral T 2T
signal
0 T 2T

(b) Exciting signal of piezoelectric actuators

Fig. 1 Operation principle of motor

wave voltage. Triangle wave is located in the
down slope stage, so the lateral actuator contin-
ues to contract. At the time, the mover will re-
turn under the effect of friction force due to the
initial pressure between the stator and the mover.

However, because the duty ratio of square
wave voltage is greater than 0. 5 and the friction
between the stator and the move in duration 2 is
less than the friction force in duration 1, the
movement distance in duration 2 is smaller than
that of duration 1. It can realize the dynamic mo-
tion to the right within the whole motion cycle.
At the same time, the drive foot will restore the
initial state.

From the above analysis, the vertical actua-
tor and the lateral actuator are excited by the ex-
citation signal as shown in Fig. 1(b). At the be-
ginning of duration 1, the drive foot keeps com-
pressing with the elongation of vertical actuator.

In duration 1, the drive foot move to the right
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with the rising of voltage signal. At the end of
duration 1, vertical actuator shrinks rapidly.
Therefore, the drive foot shrinks with the vertical
actuator. Entering into duration 2, lateral actua-
tors also shrinks rapidly and the drive foot moves
along with the shrinkage of the lateral actuator.
At the end of duration 2, the drive foot returns to
the initial position. Therefore, the trajectory of
the drive foot is a rectangular path in the whole

cycle.
1.2 Driving principle of motor

According to mechanics, when excited by the
DC voltage, the output characteristics of piezoe-

lectric stack can be described as follows

K.
sz\xeff~KT.AL()<1_K _Q_IK ) D
T S
Ky
AL &~ AL, (1 — ————— (2)
( KT+K5>

where F,..i: and AL are the maximum effective
output force and the maximum effective output
displacement, respectively, K; and Kg the stiff-
ness of load mechanism and the stiffness of the
piezoelectric stack, respectively. AL, is no-load
displacement.

Based on piezoelectricity, when piezoelectric
stack with number of layers n and piezoelectric
constant ds; are excited by DC voltage U,, AL, is

approximately described as

ALy, & nd U, 3
Therefore
_ KT
AL =~ nd;;U, (1 K'rJrKs) 4)
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In duration 1 The maximum output dis-

placement §,,; and the maximum output force

Flonl are
K.
810,,1 =~ 7’1d33U0 (1 - m) (6)
¢ S
K.
Flnnl %KL -ndggU()(l*m) (7)
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where K. and F, are the contact stiffness and con-
tact force between the stator and the mover. F, is
the initial pre-load of the motor.

The output displacement of drive foot 8 is

_ _ Ky
St —ndson(l KT+K5) (9
Forward distance of mover §; is
_ _ Ky
& —Slnd33U0<l KT+KS> (10)

In duration 2 Shrinking displacement of

drive foot S is

J— KL*
K.+ Kg

The output force of vertical actuator F),,, and

Olonz = Olom == nd 33U, (1 ) QD)

contact force between the stator and the mover F.
is
Fiowe =03 F. =T,
The shrinking displacement of lateral actua-

tor and drive foot §,.. is

_ _ Ky
8tr327nd33U0<1 KT+KS) (12)
The backward distance of mover §, is
— _ Ky
o =enduUs (1= ) (B

where & (f, Uyas Vions Fo) s & (fs Vyas Vion » Fy ) are
variable related to excitation frequency f, vertical
actuator excitation voltage w,. lateral actuator
excitation voltage v, and preload of motor F, and
so on. It characterizes the ratio of relative speed
between the stator and the mover during the mo-
tion process of motor.

Therefore, in the whole cycle, forward dis-
tance of mover 8y is
L) (14)
K+ Ks
Ab=& — & 15

Therefore, selecting proper excitation frequency

or = Aend ;3 U, (1 —

f» vertical actuator excitation voltage vy, , lateral
actuator excitation voltage v, and preload of mo-
tor F, can guarantee the stability of factors & and
&, during the motor movement process, which can

make the motor realize precise stepping motions.

2 Structure of Motor

The motor is composed of two piezoelectric
actuators(lateral actuator and vertical actuator),
mover (linear guide), flexible support, preload
guide rail and preloading pin. One end of the sta-

tor group is fixed with preload guide rail, and the
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other end is fixed to base. With restoring force
produced by flexible support, the stator stay in
touch with the mover to make the piezoelectric
linear motor self-lock on the power-off. The

structure of the motor is shown in Fig. 2.

\
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(Linear guide)

(Al Drive end
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support 1 actuator .
Vertical

actuator
Preload

Flexible gui de

support 2 rail
0 x Set Preload
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Fig. 2 Schematic of motor

The vertical and lateral actuators have the
same structure, including the support block (a;,
a,), the tension spring (as, a,), pin (as, a;),
circlip (a;, as), the laminated piezoelectric ce-
ramic (ay ), fixed wedge (a,), adjusting wedge
(a,) and adjusting block (a.). Support blocks
connect into an organic whole through the tension
spring and pin. Laminated piezoelectric ceramic
group (a,) and fixed wedge (a,), adjusting wedge
(a,) and adjusting block (a.) concatenate axially

between support blocks (a,, a,).

3 Experiment

The prototype is designed and fabricated ac-
cording to Fig. 3. Keyence XL-80 laser displace-
ment sensor (LDS) is adopted to measure dis-
placement of the mover and the amplitude of the
The experiment set-up of motor is

actuator.

shown in Fig. 4.

Fig. 3 Diagram of piezoelectric actuator unit

iLDS aer
o head 2
Dynamometer

Preload pin

Fig. 4 Experiment device of motor

3.1 Lateral amplitude characteristics of drive foot

In Fig. 5, the lateral amplitude of the drive
foot of stator is excited by 450 Hz sinusoids.
When the preload is 3 N or 10 N, the lateral am-
plitude is stable in a long time and the value is a-

bout 4 pm.
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Fig.5 Lateral displacement curve of drive foot

3.2 Step characteristics of motor

Fig. 6 shows large stroke displacement curves
of motor when frequency is 450 Hz. It can be
seen that the motor remains good characteristics
of speed stability in wide frequency range. In
Fig. 6, the stepping motor has high accuracy and

stability under the same pressure.
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Fig. 6 Displacement curves of motor
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Fig. 7 shows the average pace curves of mo-
tor under different frequency. Under the condi-
tion that the preload is 3 N and frequency ranges
from 350 Hz to 600 Hz, the steplength ranges
from 3.08 um to 3. 33 pm, the average pace is
3.20 um and the average error is within 4%.
When preload is 10 N and frequency ranges from
450 Hz to 750 Hz, the steplength ranges from
2.85 pm to 3. 31 um, the average interval is 3. 08
pm and the error is within 7. 5%. From the above
results, it can be concluded that slip rate of rela-
tive movement between the stator and the mover
is the same, when the motor operates stably in a

certain frequency range with preload 3 N or 10 N,

5
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Frequency / Hz

Fig. 7 Average pace curves of motor

The stepping characteristics experiments in-
dicate that the motor has uniform step in 350—
750 Hz frequency range. Compared with the reso-
nance type piezoelectric motors whose speed fea-
tures are greatly affected by temperature, fre-
quency and so on, the motor presented in the pa-
per can ensure good stability in a wide domain.
The stability for the motor in broad domain lies in
two factors. One is that the output displacement
of piezoelectric stacks remains unchanged in
broadband domain, so the frequency change have
little effects on the horizontal amplitude and ver-
tical amplitude of the drive foot. The other is that
the friction drive can produce stable displacement
difference in wide frequency domain between ex-

tending stroke and return stroke.
3.3 Velocity characteristics of motor

Fig. 8 shows the velocity curves in frequency

domain when the motor operates stably. It can be

seen from the diagram that when preload is 3 N,
the stable operation frequency of the motor is
350—600 Hz. When preload is 10 N, the stable
operation frequency of the motor is 450—750 Hz.
In addition, the relationship between speed and
frequency is approximately linear, which suggests
that under the same preload, the motor can keep

the same step within wide frequency domain.
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Fig. 8 Velocity curves of motor

4 Conclusions

The theoretical study and experimental re-
sults show that the friction drive and non-reso-
nant piezoelectric linear motor can achieve stable
operation in a low and wide frequency range. We
can obtain the following conclusions.

(1) The lateral amplitude of the stator drive
foot is stable in a wide frequency range, which
provides a precondition for high positioning accu-
racy.

(2) The displacement experiments indicate
that motor presents good linearity in a large
stroke, which implies that the motor possesses
good speed stability.

(3) The motor has good stepping character.
The experimental results show that the average
step of the motor ranges from 3.1 pym to 3.2 pm
in the frequency range of 350—750 Hz.

(4) When preload is 3 N and excitation volt-
age is 30 V, the stable operation speed of the mo-
tor is maximum 2 mm/s and the maximum thrust
is 1.6 N.
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