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Abstract: The high controllability and high resolution control of linear ultrasonic motors depend on effective control
of driving signals. For a good control characteristic, step control which the driver output turned off and on was
used. Therefore, a novel dual PWM topology structure ultrasonic motor driver was designed and analyzed. Ac-
cording to the characteristics of the circuits. two kinds of hardware turned off methods named methods A and B
were discussed. The differences of the voltage applied on motor by different methods were figured out. Finally, a
series of experiments were carried out in the clean room to study the influence of step characteristic by different
turn off methods. The experimental results show that the steplength was 230 nm by method A and 125 nm by
method B, while cycles of driving signals were 6. The method B has a smaller steplength when cycles are 6. The
average steplength varies in non-linear while driving cycles changing. The steplength varies approximately in linear

while voltage amplitude changing. Therefore, method B is better to implement step control, because it gets a bet-
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ter control in positioning system.
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0 Introduction

Linear ultrasonic motorst'™

, as a typical ap-
plication of piezoelectric technology, have many
attractive features such as directly produce linear
motion, simple structure, large stroke, self-loc-
king, high positioning accuracy, no electromag-
netic interference and good environment compati-
bility. And linear ultrasonic motors have become
a powerful supplement to the traditional electro-
magnetic motor in the field of high precision. The
high precision positioning tables driven by linear
ultrasonic motors have been commercialized by
some foreign companies and well used in scientific
research, industrial control, biomedical engineer-
ing, aerospace and other fields™ ™.

According to the operating mechanism of lin-
ear ultrasonic motors, the speed of motor can be

controlled by the driving voltage, frequency and
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difference of the
[8-10]

phase two-phase power

sources Noting that the butterfly-shaped lin-

ear ultrasonic motor-''"

' is operated under sym-
metric mode and anti-symmetric mode, the fre-
quency responses are inconsistent of the two oper-
ating modals due to structure parameters. The
method by adjusting driving frequency is thus rel-
atively unsuitable for speed control of motor.
Since changing driving voltage method supports
better linearity than other methods, the linear ul-
trasonic motor is often controlled by driving volt-
age method. However, it poses a control chal-
lenge at low command voltage, an effect known
as dead zone, due to factors such as the varying
quality of contact interface between the stator and
the mover, the performance of piezoelectric ce-
ramics, and so on. The existence of dead zone
leads to a bad control performance of motor.

Therefore, the step control™*, in which the
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output of driver is hardware turned off and on, is
used to drive the motor in discrete steps. Thus,
the precision control of driver output, especially
the number of waves applied on motors, is impor-
tant to get the better control characteristics and
the higher positioning resolution.

A novel kind of dual PWM topology ultra-
sonic motor driver was designed and analyzed in
this paper. According to the driver circuits, two
kinds of hardware turned off methods were pro-
vided. The influences of hardware turned off re-
sponse characteristics of motor were measured in
the clean room and discussed according to the ex-
perimental results. Based on an effective hard-
ware turned off control mechanism, the high con-
trollability and high resolution of linear ultrasonic

motor were achieved.

1 Principles

The step control of linear ultrasonic motor is
used by turning the driving signal off and on in a
carefully designed sequence. The steplength is
decided by the width of driving signals. The fluc-
tuations in velocity will affect the uniform of each
step, especially when the steplength is small. As
shown in Fig. 1, the steplength S,, is defined by
the displacement of n cycles of driving signals ap-
plied on motor, and the phase difference of phase
A and phase B is 90°.
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Fig.1 Step control

The process of motor single-step response is
described by motor transient characteristics™®,
as shown in Fig. 2. During the time 0—¢,, the ve-
locity of motor accelerated to v;. At the time of
t;, the power was shutdown, and the velocity of
motor was gradually decelerating. At the time of
t, » the motor stopped completely. Therefore, the
steplength equals to the displacement during the
time 0—,.

During the time of 0—¢,, the displacement of
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Fig. 2 Motor transient characteristics
motor S,,; can be written as
4 51 ,
S, :J vt :J (1 — ¢ 0 )dt =
0 0
Ut + Oz (€ 1= 1) (D

where 7, =m/c., m is the mass of the platform.,
¢. the damping coefficient of motion, and v,,, the
maximum velocity of motion.
During the time of t,—t,, the displacement
of motor can be expressed as
Sz = Umax (1 — € 11 (2, — 2,)/2 2
Thus, the displacement of motor during the time
of 0—1¢, can be described as follows
Sm - Stpl -+ sz (3)
Therefore, the number of driving signals can be
expressed as
n=t,f 4)
where f is the driving frequency applied on mo-
tor.
Actually, during the time of 0—¢,, the dis-
placement of motor is 0 because of the dead zone
of motor, and thus the minimum number of driv-

ing signals is greater than ¢, f.
2 Methods

Frequently, driving ultrasonic motor needs
to apply power with ultrasonic frequency, high
voltage and certain phase difference. A motor
driver is important for application of ultrasonic
motors. The quality of the driver affects motor's
output performance and its applications. Accord-
ing to topological structures, the power amplifier
circuit made of MOSFET has three types, such as
push-pull converter, full bridge converter and
half bridge converter. In order to achieve decou-
ple control of driving signal and load with adjust-
able multi-parameter, a novel dual PWM topolo-

gy ultrasonic motor driver was developed with
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linear characteristics of output driving signals and
the independent control of driving voltage and fre-
quency.

As shown in Fig. 3, single output of dual
PWM topology structure ultrasonic motor driver
consists of three parts. The first part is a half
bridge converter, and the MOSFETs Q; and Q,
conduct alternately in order to convert power
VDD to square waveform with certain duty ratio.
The second part is a push-pull converter, and the
MOSFETs Qs and Q, conduct alternately through
the middle point of the primary side of the trans-
former. The unipolar square waves alternately
applied to the gate are converted to bipolar square
waves by this circuit. Due to very low conducting
resistance and leak current, the loss of MOSFETSs
is very small in the period from ON to OFF. The
last part is a coupled resonance circuit to filter the
unnecessary harmonic waves for achieving a basic
wave, and avoid exciting the non-operation modes
of a stator. The capacitor C is in parallel with the
stator or the secondary side of the transform-

0718]  The half bridge converter and push-pull

er
converter are connected with inductor L,, to im-
plement constant current and high impendence.
The frequency applied on G, and G, is always
twice of working frequency, and the frequency
applied on G; and G, equals to working frequen-
cy. It needs to ensure that the voltage applied on
G, holds low level when level of G; changing.
Thus, the output voltage of the driver is linearly
related to the duty ratio of signal applied on G,
and G,.

Half bridge
converter

Push-pull
converter

Coupled
resonance

According to the topology structure men-
tioned above, there are two kinds of methods to
turn off driving signals during step control. As
shown in Table 1, the differences between meth-
od A and method B are the state of MOSFETs
named Q; and Q,. The method A turns on the
MOSFET Q, and turns off the MOSFETs Q, . Q,
and Q,, when driver hardware turned off. In this
case, the residual energy of the transformer T, is
drained through the inductor L, and the MOSFET
Q,. The method B turns off the MOSFET Q,; and
turns on the MOSFETs Q,, Q; and Q,. when
driver hardware turned off. Therefore, the resid-
ual energy of the transformer T, will drain
through the MOSFETs Q; and Q, directly as fast

as possible.

Table 1 State of MOSFETs when hardware turned off

MOSFET Method A Method B
Q OFF OFF
Q. ON ON
Qs OFF ON
Q. OFF ON

Fig. 4 and Fig. 5 show the voltage applied on
motor using different kinds of hardware turned
off methods. The solid curve with red color
shows the voltage applied on motor phase A, and
the dotted curve with blue color indicates trigger
signals to capture the moment while turning off
the driver. At the falling edge of the trigger sig-
nal, the driver turned off. The result shows that
the amplitude of driving signals applied on phase
A was gradually attenuation to zero with method
A. But the amplitude was dropped to zero imme-
diately with method B in the same case. It is clear
that driving signals attenuation faster using meth-
od B than method A. Therefore, method B is
used to drive motors in order to achieve precision
driving signals and obtain better control charac-

teristics.
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Fig.4 Hardware turned off response of method A
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Fig.5 Hardware turned off response of method B

3 Results and Discussion

A series of experiments were carried out in
clean room with grade of 10° and vibration isola-
tion has been effectively done. A laser interfer-
ometer (Renishaw XI1.-80) with linear measure-
ment accuracy of £0.5X 10" ° is used to investi-
gate step characteristics of positioning table driv-
en by butterfly-shaped linear ultrasonic motor.
The experiment setup is consist of laser interfer-
ometer, interference mirror, reflective mirror and
positioning table, as shown in Fig. 6. The experi-
mental temperature is 25 °C, relative humidity is

60% , and the atmospheric pressure is 101. 5 kPa.

Reflective mirror
Actuator

Interference mirror

Laser interferometer

Positioning table

Fig. 6 Experimental setup

Figs. 7, 8 show the steplength by methods A
and B under an open-loop condition, respectively.
During the experiments, the driving frequency
was 52. 6 kHz, the driving voltage applied on mo-
tor was 120 V (peak to peak voltage), and the
phase difference was 90°. When the cycles of
driving signals generated by the driver were 6,
and the driving period was 100 ms. According to
the experimental results, the steplength of motor
was uniformly distributed, the average steplength
was 230 nm while using method A, and the aver-
age steplength was 125 nm while using method
B.

As shown in Fig. 9, the steplength with dif-
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Fig. 7 Steplength by method A with 6 driving cycles
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Fig. 8 Steplength by method B with 6 driving cycles
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Fig. 9 Steplength with different driving cycles

ferent driving cycles by methods A and B. The
driving frequency was 52. 6 kHz, the driving volt-
age was 120 V and the phase difference was 90°.
It can be seen from Fig. 9 that the steplength of
motor was increased with driving cycles, howev-
er, it had strong nonlinearity. The steplength
was smaller by method B while there were a few
driving signals due to rapidly signal attenuation.
As driving cycles increased, the influence of sig-
nal attenuation was decreased, and a larger step-
length was obtained by method B.

Fig. 10 shows the steplength with different
driving voltages. The driving frequency was
52.6 kHz, the phase difference was 90° and the
cycles of driving signals were 6. The steplength

of motor was increased with driving voltage, and
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the steplength varied approximately in linear by
method A or B. It can be easily figured out that
method B had a better linearity and a smaller

steplength.
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Fig. 10  Steplength with different driving voltages

In order to achieve high resolution by step
control, the driving cycles of motor should be as
few as possible. The steplength of method B is
smaller at a few of driving cycles. And the step-
length of method B is also smaller as driving volt-
age increasing. Considering there is a linear rela-
tionship between steplength and driving voltage,
method B is better to achieve high precision step
control than method A due to better linearity and

smaller steplength.

4 Conclusions

A new type ultrasonic motor driver for linear
ultrasonic motor is presented. To achieve better
step control performance, two types of hardware
turned off methods are discussed. Furthermore, a
series of experiments were carried out in the clean
room to measure step characteristics by different
turned off methods. According to the experiment
results, method B has a smaller steplength while
driving cycles are 6, and the average steplength is
about 125 nm. The steplength measured by
method B varied approximately in linear while
voltage applied on motor increasing. Thus, meth-
od Bis a better plan to implement step control, in
order to obtain better control performance in high

precision positioning table system.
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