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Abstract; To investigate a novel macro and micro driven linear piezoelectric motor composed of an ultrasonic motor
with macro movement and a piezoelectric actuator with micro movement, a digital signal processing (DSP) based
macro and micro power supply is designed, which fits the new linear piezoelectric motor. The power supply com-
prises a control circuit, a voltage conversion circuit, an amplifier circuit, a half-bridge module, an optical isolators-
drive circuit, etc, where the DSP of TMS320F28335 is used as the controller. When the linear piezoelectric motor
working in a macro driven state, the power supply outputs alternating currents with high frequency and high volt-
age, which drives the linear piezoelectric motor dynamically at an ultrasonic frequency; while working in the micro
driven state, the power supply outputs direct currents with high voltage, which drives the linear piezoelectric mo-
tor in micro driven statically. Here a prototype of the macro-micro power supply is designed. After a series of ex-
periments on the power supply with and without loads, the results show that the power supply can drive and con-
trol the macro micro driven linear piezoelectric motor, and realizes quick and seamless switch between macro and
micro drive. In addition, the power supply can drive and control the ultrasonic motor or piezoelectric ceramic micro

actuator individually. The power supply achieves the multiple parameters of output signals adjustable simultane-
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ously and exhibits good control characteristics.
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0 Introduction

With the rapid development of the manufac-
ture of IC chip lithography and packaging, the
manufacture of micro electro mechanical system

021 and

(MEMS) device packaging and assembly
high speed scanning detection, it puts forward a
high demand for positioning system of large trav-
el, high speed, acceleration and high precision.
Researches on high speed and high precision posi-
tioning system are conducted”® to meet the de-
mand of high precision large travel drive motors
in the electronic information industry and other
fields. Zhang et al. presented a novel linear mo-
tor composed of a macro moving ultrasonic motor
and a piezoelectric micro moving actuator and its

7] During the operation

driven control system
process, the movement of the motor can be divid-

ed into two parts, i. e. , macro motion and micro
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motion. The mechanism of the macro motion is
same with that of the linear ultrasonic motor,
while the micro motion is driven by the piezoelec-
tric micro actuator. The macro motion characteri-
zes high speed, large travel movement, while the
micro motion features small stroke, high preci-
sion positioning movement to compensate the re-
sidual position error of the macro motion, thus a-
chieving the goal of large stroke, high speed,
high precision, high frequency response for the
linear motor as a whole™ .

To improve the performance of the linear pi-
ezoelectric motor, it is necessary to build a mac-
ro-micro control system, which can be widely
used in large stroke, high resolution and high
precision positioning system. The key technology
of the macro-micro driven system of the novel lin-

ear piezoelectric motor is studied in this paper.
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1 Driven System of New Linear
Piezoelectric Motor

The macro-micro driven linear piezoelectric
motor is shown in Fig. 1. It consists of a compos-
ite vibrator, a mover, and a preloading mecha-
nism. The preloading mechanism locks the com-
posite vibrator and mover, then adjusts the pre-
load. When the power supply outputs high fre-
quency and high voltage alternating currents, two
groups of piezoelectric ceramic transducer (PZT)
discs which locate in the composite vibrator moti-
vate two groups of standing wave with the longi-
tudinal vibration of the transducer, then drives
the macro motion. While the power supply out-
putting direct currents with high voltage, two
groups of PZT discs motivate static deformation

along axial direction of the double wedge, and

then generate the micro motion.

Fig. 1 Macro-micro driven linear piezoelectric motor

The driven system of the new linear piezoe-
lectric motor integrates the existing independent

Lo thus simplifying

macro-micro driven system
the existing macro-micro driven systems. The
system's structure block, as shown in Fig. 2, em-
compasses a control circuit, a voltage conversion
circuit, an amplifier circuit, a half-bridge mod-
ule, and an optical coupler isolation driven cir-
cuit. The control circuit receives and processes
the system input signals, then generates the con-
trol signals to the amplifier and optical coupler
isolation circuit. The optical coupler isolation
driven circuit isolates and amplifies the driven sig-
nals, then drives the half-bridge module. The
voltage conversion circuit supplies power for each
chip. The amplification circuit includes a digital-
to-analog conversion circuit and a two-stage oper-

ational amplifier circuit, which is used to amplify

the output of DC signal of the analog-to-digital
conversion circuit, and output to the half-bridge
module. The half-bridge module is composed of
three half-bridge topology circuits with six insula-
ted gate bipolar transistors (IGBTs), which
works in the macro or micro driven state accord-
ing to different driven signals of the opto-coupler
isolation drive circuit. When working in the mac-
ro driven state, the driven system outputs the al-
ternating currents with high frequency and high
voltage. While working in the micro driven state,

the driven system outputs a high-voltage DC.

Voltage | -~ Amplification

conversion circuit circuit Half bridge Inductance
- P~ matching >
Isolation module circuit

Control circuit driving circuit

Fig.2 Structure of driven system

2 Design of Hardware Circuit
2.1 Half-bridge circuit

The macro-micro driven system is to achieve
the function of macro and micro drive. However,
the macro and micro drive need different driven
signals. The macro drive needs AC signals with
an ultrasound frequency., and the micro drive re-
quires a high-voltage DC signal.

To meet the disparate requirements for pow-
er supply of macro and micro drive in the same
circuit, we design the half-bridge module circuit,
as shown in Fig. 3. The half-bridge module con-
sists of three half-bridges with six IGBTs.

When working in the macro driven state, the
IGBTs of Q,;, Q, are broken. The two half-bridg-
es inverter circuit composed of Q;, Q,, Qs and

Qs » inverts the DC voltage (V) into two AC sig-

Fig. 3 Schematic of half-bridge module circuit
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nals, then drives the linear piezoelectric mo-
tor'"™! The IGBT driven signals generated by
the pulse width modulation (PWM) module of
digital signal processing (DSP) controller. When
changing the frequency and phase of PWM sig-
nals, the output AC signals will change. Chan-
ging the output voltage of DA, the size of V) will
change, so as to change the amplitude of the out-
put signal in macro-driven sate.

When working in the micro drive state, the
IGBT of Q,, Q;, Q; are broken, Q,, Q,, Qs are
conducting. The B port outputs the voltage of
HDC, and the A port outputs 0. This is a single
channel for output. Moreover, when the IGBT of
Q,s Q;, Qs are broken, Q,;, Q,, Q; are conduc-
ting. The A and B ports output the voltage of V)
simultaneously. This becomes the double channel
for output. When changing the Q,—Q; switch
on-off time, it can output the negative voltage.
The controller DSP can update the size of V, with
changing the DA output voltage. With the change
of Vi, the amplitude of the output DC signal of
micro drive will change too.

From the above analysis, as long as the cor-
rect choice of switch tube of the circuit working
state is given, the half-bridge circuit can make the
circuit output different signals, meeting the re-
quirements of the macro-micro driven.

2.2 Amplifying circuit

From the small voltage signals that the DAC
circuit outputs to the high voltage (V) that the
half-bridge module needs, they require linear am-
plification through the amplifying circuit. The
amplifying circuit adopts a two-stage operational

17, as shown in Fig. 4, being

amplifier structure
composed of OP07 and PA85. Put a low-voltage
error amplifier of OP07 front to obtain a smaller
input offset voltage and high band width, and put
high-voltage power amplifier with PA85 of APEX
company back to obtain high output power and
high-voltage withstand characteristics. The OP07
uses the symmetric power supply as Ucy =

+15 V, Usg =—15 V. The PA85 uses asymmet-
ric power supply as Uce, = + 420 V, Usy =

Fig. 4 Amplification circuit

—25 V, the asymmetric power supply is designed
to ensure that the amplifier output can vary from
0 V.

Magnification of the amplifying circuit is de-
termined by R, . R, and R;, R,. The closed loop

magnification can be derived by

_ R, +R,
A= R, (D
A, =R, +R; (2)

where the closed-loop magnification of OPO07 is
A,, which can be obtained by Eq. (1). The
closed-loop magnification of PA85 is A,, which
can be obtained by Eq. (2). The magnification of
the two-stage amplification circuit is A, being the
product of A, and A, , as expressed by Eq. (3).

The output voltage of DA is 0—5 V, and the
output of the amplification circuit is 0—400 V. So
the magnification of the amplification circuit is
80. This paper defines the magnification of OP07
as 2, and the magnification of PA85 as 40. When
R, =100 kQ, R;=6.5 kQ, the result of the cal-
culation: R, =100 kQ, R,=253.5 kQ.

2.3 DA conversion circuit

The digital to analog conversion circuit uses
the chip of DAC7724, which has a good perform-
ance of low power consumption. The output
range of DA conversion circuit is 0—10 V. The
relationship between input and output of DA is
shown as

Vou = (V4 X 10)/65 535 (4)
where V, is the digital signal output value, ran-

ging from 0—65 535 and V,, the output voltage
of DA, whose unit is V. When specific voltage
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signal is needed, the data value can be calculate

by Eq. (4).
3 Design of Software

The software design is mainly aimed at driv-
ing and controlling the macro-micro driven linear
piezoelectric motor™, It includes the program-
ming on system initialization, AD conversion,
DA output, PWM signal generation, parameter

adjustment, etc. The system software flow chart

is shown in Fig. 5.

Start

| Initialize hardware |

—

Input different
control signals

N

Initialize output Initialize output
parameter of macro drive| | parameter of micro drive

'
I Output signals

End

Fig. 5 Flow chart of system software

When the system is connected with power,
after the completion of the system initialization of
DSP, according to the different control signals,
the drive system will output different voltages.
When working in a macro-driven state, the drive
system will output two-phase sine signals that has
the phrase difference. Meanwhile, according to
the different input control signal, the system can
change the parameters of the output in real time,
like the frequency, amplitude and phase differ-
ence of two signals. When working in the micro-
driven state, the drive system will output DC sig-
nal through programming. According to the dif-
ferent input control signal, the system can change
the output signal amplitude, direction and chan-
nels of signal. Simultaneously, the LCD displays
the corresponding parameters of various states of

the system and the output signal in real time.

4 Test and Result Analyses

The experiments of the power supply system
consist of the test of each module and the whole
system. Among them, the system tests include

the no-load and load tests of macro-micro drive.
4.1 Test of each module
4,1.1

The analog signal realizes the digital analog
conversion through the AD module of DSP, the

Data analysis of AD conversion

conversion results are stored in the DSP regis-
ters. As shown in Fig. 6, the curves display the
relationship of the input analog voltage to the the-
oretical value and the measured value of the AD
conversion. From Fig. 6, the theoretical values of
AD conversion are basically the same as the meas-
ured values, and the analog input voltage is ideal-

ly linear with the switching value.
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Fig. 6 Theoretical and measured curves of AD conver-

sion value

4.1.2 Data analysis of DA conversion

The relationship between input and output of
DA conversion is shown in Fig. 7. The relation-
ship between input voltage and theoretical voltage
is plotted in black, and the relationship between
the input and the testing voltage values is marked
in red. From Fig. 7, the theoretical values of the
DA conversion are generally in accordance with
the measured ones. The input and output are in
an ideally linear relationship.
4,1.3 Relationship between input and output of
amplification circuit

Fig. 8 shows the relationship between input
and output when the input is a triangle wave sig-
nal. The blue line is a triangular wave input sig-

nal with the peak of 5 V. The output signal of the



26 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 34

Data / 10°

Fig. 7 DA input and output

amplifying circuit is the red triangle wave whose
peak is 400 V. Fig. 7 shows that the input and
output signals are in a linear relationship and the
magnification is 80, which are consistent with the

theoretical design.

Fig. 8 Relationship between input and output signals

4.2 Tests

4.2.1 No-load test of macro driven

When the power supply working in a macro
driven state, adjust the amplitude knob of the in-
put circuit to output 130 V DC through the direct
amplifier, that is loaded in the input DC voltage
of inverter circuit for the half-bridge module. The
matching inductance is 1. 21 mH in the power

supply. The output AC signals of the inverter cir-

cuit are shown in Fig. 9.

Fig. 9 Output signals of half-bridge inverter module

The no-load test of the macro driven status
includes the control characteristics of amplitude,
frequency and phase difference of the output AC
signals. The amplitude regulation characteristics,
in the absence of matching inductance, is the
same as that of the micro driven.

The frequency adjustable characteristic in-
cludes the coarse and fine tunings of frequency.
The coarse frequency characteristic is shown in
Fig. 10 and the fine one is shown in Fig. 11. The
abscissa value is the output theoretical frequency,
and the ordinate value is the value of the meas-
ured output frequency. As shown in Figs. 10, 11,
the adjustable range of frequency is 15—55 kHz.
The values of theoretical and actual output are al-
most the same, so the frequency output charac-

teristic of the power supply is satisfying.
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Fig. 11 Fine-tuning frequency curve

The phase difference adjustment is the effect
of the phase difference change on the phase differ-
ence of two output signals. The phase adjustment
curve is shown in Fig. 12, where the abscissa is
the theoretical values, and the ordinate is the
measured values. The adjustment range of the

phase difference is —90°—90°, The theoritical re-
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sults agree well with the measured ones. The
phase difference regulating characteristics of the

output signal is satisfying.
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Fig. 12 Phase difference regulating curve

4.2.2 No-load test of micro driven

The unload test of micro driven refers to the
characteristic test of the output voltage amplitude
modulation, including the coarse and fine control
characteristics. As shown in Figs. 13, 14, the ab-
scissa refers to the input circuit potentiometer AD
conversion value. Fig. 13 is the characteristic
curve of voltage coarse control, and the coarse
resolution 20 V. Fig. 13 shows the characteristic
curve of voltage fine control, and the fine resolu-
tion 1 V. As shown in Figs. 13, 14, the ampli-
tude range of the output voltage of driven system
is 0—400 V, the coarse resolution 20 V, and the
fine resolution 1 V, which indicates that the out-
put of the drive system has good voltage regula-

tion characteristics.
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Fig. 13 Coarse tuning output voltage

4.2.3 Load test of new linear piezoelectric mo-
tor

The load test of the proposed linear piezoe-
lectric motor includes tests of macro-driven and

micro driven. When working in the macro-driven

Output voltage / V

0 800 1600 2400 3200 4000
Data (fine turning)

Fig. 14 Fine-tuning output voltage

state, the speed of the motor is measured by the
grating ruler. The output signals’ wave of the

system is shown in Fig. 15.

Fig. 15

Output signals of macro driven

When working in a macro driven state,
change the amplitude of output signal of the driv-
en system, and the new linear piezoelectric mo-
tor's speed will change. As shown in Fig. 16, the
curve between speed and voltage is measured un-
der the circumstances with the output signals’
frequency of 35 kHz and the phase difference of
90°. From Fig. 16, when the output signal ampli-
tude (peak to peak) is more than 80 V, the new
linear piezoelectric motor starts to run. In the af-
fordable range of piezoelectric ceramic, the speed
of the motor increases along with the increase of
the amplitude. The correlation between the am-
plitude of output signal and the motor’s speed is
positive.

When changing the frequency of output sig-
nal of the driven system, the new linear piezoe-
lectric motor’ s speed will change. As shown in
Fig. 17, the curve between speed and frequency is
measured under the circumstances of the output

signals’ amplitude (peak to peak) being 304 V
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Fig. 16  Relationship between voltage amplitude and

speed of macro driven

and the phase difference being 90°. From Fig. 17,
the new linear piezoelectric motor' s driven fre-
quency is 32. 5—40. 5 kHz. That is to say., the
speed increases with the raising of the frequency
between 32. 5 kHz and 40. 5 kHz, and velocity
decreases with the raising frequency between

37 kHz and 40.5 kHz.

1001

Speed / (mm * ™)
P D o
S S 5

[\
S
T

032 33 34 35 36 37 38 39 40 41
Frequency / kHz

Fig. 17  Relationship between frequency and speed of

macro driven

When changing the phase difference of out-
put signals of the driven system, the new linear
piezoelectric motor’ s speed will change. As
shown in Fig. 18, the curve between speed and
phase difference is measured under the conditions
that the output signals’ amplitude (peak to peak)
is of 304 V and frequency of 35, 36 and 37 kHz.
From Fig. 18, the speed increases with the phase
difference between the two output signals. The
speed and the phase difference phase between the
two output signals are positively related.

When working in the micro driven state,
changing the amplitude of output signal of the
driven system, the new linear piezoelectric mo-
tor's micro displacement will change. The dis-

placement of micro motion is measured by the la-

Fig. 18 Relationship between phase difference and ve-

locity of macro driven

ser vibrometer OFV-505/5000 of Polytec. As
shown in Fig. 19, the displacement of the motor
shaft increases with the raising of DC voltage and
they are akin to the linear relationship. Figs. 16—
19 show that the power supply can actuate the
macro-micro motion of the new linear piezoelec-
tric motor.

The drive system can drive a new type of lin-
ear piezoelectric motor, not only for macro mo-

tion but also for micro motion.
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Fig. 19 Relationship between displacement and voltage

of micro driven

5 Conclusions

The macro-micro driven system of a novel
linear piezoelectric motor is designed, which real-
izes the integration of the macro and micro drive
power, and meets the driven requirements of the
linear piezoelectric motor with a good control
characteristic. Test results demonstrate that the
amplitude range of the output signal of the driven
system is 0—400 V, and the resolution is 1 V.
The adjustment range of frequency is 15—
55 kHz, with the resolution of 20 Hz. The ad-
justment range of the phase difference is —90°—

90°, with the resolution of 1°.
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