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Multistage Rule-Based Positioning Optimization
for High-Precision LPAT

Hendro Nurhadi

Abstract—This paper proposes a multistage rule-based preci-
sion positioning control method for the linear piezoelectrically
actuated table (LPAT). During the coarse-tuning stage, the LPAT
is actuated by coarse voltage schemes toward the target of 20 pym
at a higher velocity, and during the fine-tuning stage, it is steadily
and accurately driven by the fine voltage scheme to reach the
target position. The rule-based method is employed to establish the
control rules for the voltages and displacements of the two stages
using statistical methods. The experimental results demonstrate
that the proposed control method can quickly reach steady state,
and the steady-state error can be reduced to less than or equal to
0.02 pom for small travel (+0.1 pm) and large travel (20 mm).

Index Terms—Coarse tuning, fine tuning, linear motion,
multistage control, optimization, piezoelectrically actuated table,
rule-based method (RBM).

1. INTRODUCTION

ECENTLY, the demand for high-accuracy positioning

systems has been increasing in the areas of mechanical,
electrical, and optical devices. Much attention has been paid
to piezoelectric element materials [1]. Traditional piezoelec-
tric actuators have often been utilized to drive a precision
positioning table and are classified into three types, namely,
frictional actuating device, inchworm device, and material elas-
tic deformation device [2]. The positioning table actuated by
frictional actuating and inch-worm devices can achieve a longer
stroke, whereas that driven by material elastic deformation
device often obtains better positioning precision [3]. A linear
piezoelectrically actuated table (LPAT) has been widely used
in precision positioning applications, which is driven by the
ultrasonic vibration force of piezoelectric ceramic elements
and the mechanical friction effect. It has the merits of achiev-
ing high precision, being of compact size, being lightweight,
achieving high torque and quick responses, and being capable
of operating in the presence of electromagnetic fields; above
all, it can achieve a movement of longer stroke [4]. However,
they also have drawbacks of serious hysteresis behavior and
highly nonlinear property, which are difficult to overcome using
conventional control strategies [5].
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In the early 1970s, Newell and Simon from Carnegie-Mellon
University proposed a production system model (the foundation
of the modern rule-based expert system). The production model
is based on the idea that humans solve problems by applying
their knowledge (expressed as production rules) to a given
problem represented by problem-specific information. A rule-
based expert system has five components: 1) the knowledge
base; 2) the database; 3) the inference engine; 4) the expla-
nation facilities; and 5) the user interface [6]. Kang ef al. [7]
employed fuzzy rule bases to improve the nonlinearity of a
piezoelectrically actuated table. Zhao and Qing [8] used a rule
base to increase the stability of nonlinear control systems.
Moudgal et al. [9] developed a hierarchical rule-based con-
troller to achieve very good performance of a two-link flexible
robot. An application of the multistage algorithm is described
by Taur et al. [18], Keller et al. [19], and Hasiewicz [20].

Many different methods for positioning control applied to
the same LPAT as we use have been proposed in previous
studies [10]-[14] to resolve the hysteresis behavior and the
uncertainty issues. A comparison of these different approaches
and the results thus obtained is as follows: Sung and Huang
[10] designed a three-stage fuzzy controller. The membership
function was divided into three areas (i.e., coarse-tuning area,
transitional-tuning area, and fine-tuning area) to improve the
effects of nonlinearity and high-frequency chattering of an
LPAT. At the beginning of a step response, the error is large, and
the controller will choose the largest division of membership
(coarse-tuning area). Finally, the controller will switch the
range of membership function to the fine-tuning area to correct
the steady-state error. Comparing the fuzzy control and the PID
control after the third-order polynomial trajectory experiments,
the PID control performance was improved from the original
steady-state error of 0.5-2.5 to 0.1-0.2 pum and the maximum
lag of 13-32 to 6-15 pum. Wai and Lee [11] proposed a
double-inductance double-capacitance resonant driving circuit
and a four-layer sliding-mode fuzzy-neural-network (FNN)
controller, which comprises an FNN controller and a robust
controller. The FNN controller is used to learn the equivalent
control law in conventional sliding mode due to the unknown
system dynamics, and the robust controller is designed to curb
the controlled system dynamics on the sliding surface for all
time (as t — o0). The mixed reference trajectories, which are
a periodic step command with 1-cm stroke before 10 s and
a periodic sinusoidal command with 2-cm stroke after 10 s,
are adopted to test the control characteristics of the proposed
control scheme. The maximum tracking error of the examined
cases is 1.06 mm. The percentage tracking error is less than
3%. Wai and Su [12] also developed a supervisory genetic

0018-9456/$26.00 © 2011 IEEE
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Fig. 1. Structure and actuating mode of the piezoelectric actuator.

algorithm (GA) to improve the nonlinearity of an LPAT, which
is composed of two parts: 1) a GA control for searching an
optimal control effort online via a gradient descent training
process, and 2) a supervisory control for stabilizing the system
states around a predefined bound region. With this, the mixed
reference trajectory obtained is a periodic sinusoidal command
with +1- and 2-cm strokes, and the maximum tracking error
is 0.66 mm. In another study, Wai [13] used an adaptive grey
control system to achieve a grey uncertainty predictor and
estimate the lumped uncertainty online to relax the requirement
of the unknown uncertainty in the design of a computed torque
position controller. He obtained a periodic sinusoidal command
with 2-cm amplitude, and the tracking error is about 1.5 mm.
Lin and Peng [14] proposed an adaptive cerebellar model ar-
ticulation controller (CMAC)-based supervisory control system
to attenuate the tracking error caused by modeling uncertain-
ties. In this design, if the adaptive CMAC can maintain the
system states within the constraint set, then the supervisory
controller will be idle. Otherwise, the supervisory controller
starts working to force the states back to the constraint set.
Their experiment obtained a periodic step reference trajectory
with amplitude of 3.5 cm and a maximum error of about
0.84 mm (2.4%). It has been shown that the design of an
accurate positioning controller is still difficult owing to the
nonlinearity and hysteresis of the piezoelectric motor, as well
as the relatively static friction acting on the LPAT by the
preload and the vertical weight. In view of this, this paper
proposes a new and simple multistage precision positioning
control method for the LPAT. During the coarse-tuning stage
(CTS), the LPAT is actuated by coarse voltage schemes toward
the target of 20 um at a higher velocity, and during the fine-
tuning stage (FTS), it is steadily and accurately driven by fine
voltage schemes to reach the target position. The rule-based
method (RBM) is employed to establish the control rules for the
voltages and displacements of the two stages using statistical
methods without involving complex mathematic modules. The
proposed control method can quickly reach steady state, and the
steady-state error can be reduced to less than 0.02 pm for both
small travel (0.1 pm) and large travel (20 mm).

Suppolt spring

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 10, OCTOBER 2011

Ceramic driving plate

Bending mode

The proposed method, so called a multistage rule-based
precision positioning control that is combined with the ana-
lytical statistical method of o distribution, has shown that the
error is minimized using a simple approach. In other words,
because of its simplicity (requires no high-skilled effort and
complex structure design), it might have a significant improve-
ment on the system’s performance. This approach is robust.
The robustness is clearly indicated by determining less error
values for all strokes, e.g., £0.1 gm, £0.1 mm, and +20 mm.
Therefore, the main contributions of this paper will be highly
valuable, as detailed and listed in Table IV; it is contributing
a reduction of the steady-state errors of —0.02 to 4+-0.02 pm.
They are the simplicity and its robustness, which in the end
will reduce the cost and improve the performance in precisely
nanoscale area.

The rest of this paper is organized as follows: Section II
describes the driving principle of the LPAT. The experimental
setup is presented in Section III. The characteristic experiments
on voltage versus velocity are detailed in Section IV. Section V
describes the rule-based positioning control method. The ex-
perimental results and discussion are presented in Section VI.
Finally, Section VII contains the conclusion.

II. DRIVING PRINCIPLE

The HR4 piezoelectric motor made by Nanomotion Limited
consists of four pieces of thin rectangular piezoelectric ceramic
devices divided in two sets. Four electrodes (A, A’, B, and B')
are bounded to the front face of the device, as shown in the left
part of Fig. 1. Each electrode covers one-quarter of the upper
surface, and A-A’ and B-B' are each connected diagonally by a
wire. To increase the travel of the LPAT, the slide track is driven
by a fingertip (as shown in Fig. 1) in back-and-forth motion
instead of by the piezoelectric element directly. The entire
piezoelectric ceramic device is constrained by four support
springs and kept in close contact with the moving table by a
preload spring. Hence, the friction force between the fingertip
and the moving table can be utilized to drive the linear motion
of the table.
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Fig. 2. Experimental setup of the positioning control system.

A command voltage of 10 V can be sent to the driver
unit and converted to a high sine-wave voltage of 39.6 kHz
that drives the motor. The longitudinal and bending modes are
generated by the driver, as shown in the right part of Fig. 1.
Proper lengths of the piezoelectric ceramic device are selected
so that the natural frequency of the two modes are identical,
and a circular or oval motion can be produced through the
combination of the longitudinal and bending deformations of
the device, in addition to the back-and-forth motion induced by
the fingertip.

III. EXPERIMENTAL SETUP

The experimental setup of this paper includes a table consist-
ing of two HR4 piezoelectric ceramic motors from Nanomo-
tion Limited, two LIES linear scales of 20-nm resolution, the
independent X -axis table of 150-mm travel, the Y -axis table of
100-mm travel located above the X-axis table, two AB2
drivers, and a 6014 data acquisition (DAQ) card and a 7344
motion card, both of which are made by National Instruments.
This paper uses LabVIEW language for the program design.

The control configuration of the entire experiment is plotted
in Fig. 2. Initially, the “current position” of the LPAT is detected
by linear scale and transmitted to a PC via the motion card,
where it is compared with the “target position.” The difference
between the two positions is then calculated. Proper control
voltage corresponding to the position error can be sent to the
driver via the DAQ card according to the established control
rules of RBM, and then converted into a high sine-wave voltage
of 39.6 kHz so as to drive the LPAT. The aforementioned
positioning process continues until the position error becomes
£0.02 pm.

IV. CHARACTERISTIC EXPERIMENTS ON VOLTAGE
VERSUS VELOCITY

To investigate the characteristics of the driving voltage, we
carried out the characteristic experiments on voltage versus
velocity. Fig. 3 shows a block diagram of the characteristic
experiments. Two types of voltage, namely, coarse voltage and
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fine voltage schemes, are used for driving the LPAT. The coarse
voltage scheme is a dc voltage and used in CTS, which can
be adjusted positively between 1.2 and 1.9 V or negatively
between —1.2 and —1.9 V, at intervals of 0.05 V. In this paper,
we record the position data once every 10 ms when the LPAT
is driven by coarse voltage scheme, as shown in Fig. 3(a).
Fig. 3(b) presents the output fine voltage scheme used in FTS,
where each output consists of 7, (voltage is not zero) and 7.¢
(voltage is zero), and is adjustable between —0.3 and —1.1 V
at intervals of 0.05 V. The operating time of each fine voltage
scheme step is 30 ms, which includes 10 ms of 7,,, and 20 ms of
Toff- The operating time is the time needed by a plant to operate;
it is different from sampling time.

A. Difference External Voltage Versus Velocity

Difference dc voltages are continuously sent to the X- and
Y -axis drivers, respectively, by the DAQ card to drive the
corresponding LPAT. Difference input voltages are voltages
used for identifying properties of the piezo-materials within
the range of working voltage of £1.9 V as specified by the
manufacturer. The operating time of each output voltage is
maintained at 10 ms. Fig. 4(a) displays the velocity response of
the X-axis to different voltages, starting from O V, increasing
to 1.9 V at 0.05-V intervals, then decreasing from 1.9 to
—1.9 V also at 0.05-V intervals, and finally increasing to
0 V again at 0.05-V intervals. Fig. 4(b) shows the velocity
response of the Y -axis to difference voltages. The experimental
processes are the same for the X-axis previously mentioned.
As seen in these figures, a flat zone of zero velocity, called the
“dead zone,” exists in both X - and Y -axes, which is caused by
static friction and preload. The dead zone voltage of the X -axis
ranges from —1.2 to 1.25 V, whereas that of the Y -axis ranges
from —1.15to 1.15 V.

The LPAT of the X-axis remains stationary until the
actuating voltage exceeds 1.25 V in the positive direction or
—1.2 V in the negative direction. Hence, 1.25 and —1.2 V
are respectively called the “starting voltage” of the X-axis.
Similarly, 1.15 and —1.15 V are respectively called the “starting
voltage” of the Y-axis. Fig. 4(a) and (b) shows that the LPAT
of the X- and Y-axes, respectively, can move very fast and
nonlinearly when the driving voltage exceeds the corresponding
starting voltage; and the higher the voltage, the greater the
velocity will be.

B. Identical Coarse Voltage Scheme Output

“Identical” in this section mentions the signal responses of
coarse voltages that have identical responses. To investigate the
characteristics of the coarse voltage scheme in detail, 1.3, 1.4,
and 1.5 V are selected, respectively, to continuously actuate
the LPAT of the X-axis for 2 s, with the velocity responses
to different voltages recorded at 10-ms intervals, as shown
in Fig. 5. As can be seen, there exists great variation in the
200 velocity responses to each coarse voltage scheme. They
seem to be irregular and random, and it is difficult to determine
the precise velocity and position at any chosen time when
voltages of 1.3, 1.4, and 1.5 V are used to actuate the LPAT.
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Fig. 3. Block diagram of the characteristic experiment on voltage versus velocity. (a) Coarse voltage schema diagram. (b) Fine voltage schema diagram.
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@ Y ge- (&) Y & precisely. In this paper, a statistical method is adopted to obtain

the probable driving range of each voltage employed.

The most widely used model for the distribution of a random
variable is undoubtedly the normal distribution or the Gaussian
distribution. Two numbers are often employed to summarize a
normal distribution for a random variable x: the mean p defined
in (1) can locate the center of a normal distribution, and the
standard deviation o, which is expressed in (2), can determine
the distributive width. Substituting ;1 and o into (3) yields the
normal probability distribution functions, which represent the
probability of an occurrence at x. Equation (4) denotes the cum-
ulative probability in the interval between x; and xo, i.e.,

y "‘iw‘ Al
o 15
; M_nizl

X-axis Velocity vs. Time

Velocity (mm/s)

21 1.3V 1 VR 1
1 n
; _ 2
% 0z 04 06 08 1 12 14 16 18 2 n—lZ(XZ_M) (2)
Time (Sec) i=1
1 —(z—w?
Fig. 5. Velocity responses of the X -axis to identical coarse voltages. f(x) = \/27 e 202 3)
To
T3
The best that we can do is to find the probable driving range for p(r) = / f(x)dx. 4)

each voltage [13]. When the LPAT moves closer to the target
position, the driving voltage and the relative driving range are
both reduced gradually. If the driving range can be less than From standard normal distribution tables, we can find that
0.1 pm, then it may enable the LPAT to reach the target position the cumulative probability values between p — 1.960 (as a
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TABLE 1
DISPLACEMENT STATISTICS OF TWO AXES FOR TEN COARSE VOLTAGES
[UNIT: m PER DRIVING TIME (OPERATING TIME = 10 ms)]
X-axis
Voltage -1.7V -1.6V -1.5V -1.4V -1.3V 1.3V 14V 1.5V 1.6V 1.7V
Mean(u) -0.236  -0.157 -0.092 -0.062 -0.032 0.021 0.047 0.07 0.1 0.148
SD(o) 0.064 0.042 0.024 0.016 0.009 0.006  0.013  0.022 0.03 0.039
u+1.960 -0.11 -0.074 -0.044 -0.031 -0.016 0.032 0.073 0.112 0.159 0.224
u-1.96¢ -0.361 -0.24 -0.139  -0.092  -0.048 0.01 0.021  0.027 0.04 0.072
Y-axis
Voltage -1.6V -1.5V -1.4V -1.3V -1.2V 1.2V 1.3V 1.4V 1.5V 1.6V
Mean(u) -0.163  -0.132 -0.087 -0.053 -0.016 0.022 0.062 0.086 0.122 0.146
SD(o) 0.065 0.058 0.032 0.023 0.005 0.007 0.018 0.03 0.048 0.05
u+1.960 -0.036  -0.018 -0.024 -0.009 -0.005 0.035 0.098 0.145 0216 0.245
u-1.96¢ -0.291  -0.247 -0.151 -0.098 -0.026 0.009 0.026 0.027 0.028 0.048
TABLE II
DISPLACEMENT STATISTICS OF TWO AXES FOR TEN FINE VOLTAGES
[UNIT: m PER DRIVING TIME (OPERATING TIME = 30 ms)]
X-axis
Voltage -1.1V -1.0V -0.7V -0.4V -0.3V 0.3V 04V 0.7V 1.0V 1.1V
Mean(lL) -2.44 -1.424  -0208 -0.157 -0.065  0.041 0.134 0.249 1.348 2.012
SD(o) 0.846 0.454 0.094 0.05 0.025 0.02 0.051 0.09 0.515 0.785
n+1.966 -0.781 -0.534 -0.024 -0.058 -0.016  0.081 0.235 0.425 2.358 3.551
u-1.96¢ -4.098 -2.314 -0392 -0256 -0.114 0.001 0.034 0.074 0.393 0.473
Y-axis
Voltage -1.1V -1.0V -0.8V -0.5V  -035V 035V 0.5V 0.8V 1.0V 1.1V
Mean(l) -2.191 -14 -0.226 -0.13 -0.055  0.042 0.113 0473 1.567 2.352
SD(o) 0.821 0.47 0.105 0.062 0.022 0.016 0.045 0.125 0.419 0.956
p+1.966 -0.581  -0.479 -0.02 -0.008 -0.012  0.074 0.201 0.718 2.388 4.226
u-1.96¢ -3.8 -2.321  -0.433  -0.251 -0.098 0.01 0.025 0.228 0.746 0.478
X-axis Velocity vs.Number of times X-axis 1.0V 200 Velocities Distribution
i ! ! D! * 0.3\‘/ -
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Fig. 8. Velocity statistics (200) of 1.0-V fine voltage.

Fig. 7. Velocity responses to fine voltages of 0.3, 0.7, and 1.0 V.

minimum mean) and g+ 1.960 (as a maximum mean) are
approximately 95%. The most popular uncertainty estimate
is that for the 95% confidence; and hence, the ranges of a
sample between ; — 1.960 and 1 4 1.960 are usually regarded
as the probable ranges of occurrence [14]. In this paper, the

200 velocity records of 1.3 V seen in Fig. 6 can be converted
into a relative frequency distribution histogram and normal
distribution, as shown in Fig. 6. As can be seen, the velocity
ranges of 1.3 V fall between 1.02 mm/s (u — 1.960) and
3.24 mm/s (41 + 1.960) at a 95% confidence level.
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Fig. 9. Block diagram of the positioning experiments.

The aforementioned statistical method is also employed to
define the probable corresponding driving displacements of the
X-and Y-axes in a driving time (10 ms) for ten different coarse
voltage schemes, as listed in Table I.

C. Identical Fine Voltage Scheme Output

As mentioned in Section IV-A, when the coarse driving
voltage scheme is higher than the starting voltage of the X-
or Y-axis, the LPAT can move quickly. However, when the
actuating voltage is lower than the starting voltage, the table
remains stationary owing to the static friction and the preload.
Nevertheless, when using a fine voltage scheme to actuate the
LPAT, such as 0.3-1.1 V shown in Table II, although it is
smaller than the starting voltage, the LPAT can still be moved
by switching the voltage on and off. Fig. 7 shows the 50 velocity
responses of the X -axis to fine driving voltage schemes of 0.3,
0.7, and 1.0 V, respectively, where the driving time of each
voltage is 30 ms/step.

Since there still exist a major variation and an uncertainty
problem in the 50 velocity records of the identical voltage,
the same statistical method described in Section IV-B is thus
employed to define the corresponding velocity ranges of an
actuated LPAT upon each fine driving voltage scheme to be
located between p — 1.960 and 1 + 1.960, as shown in Fig. 8.
The same statistical method yields the corresponding driving
displacements of the X- and Y-axes in an operating time
(30 ms) for ten different fine voltage schemes, as listed in
Table II.

V. RULE-BASED POSITIONING CONTROL METHOD

This paper develops a multistage RBM controller. The con-
trol block diagram is shown in Fig. 9, and E denotes the posi-
tion error (E = target position Pr — current position P). When
|E| > 0.02 mm, the RBM I controller executes CTS and outputs
the corresponding coarse voltage schemes according to the
RBM control rules in CTS to drive the LPAT toward the target
quickly. If |E| < 0.02 mm, the RBM II controller initiates FTS
and outputs the corresponding fine voltage schemes according
to the RBM control rules in FTS to drive the LPAT stably and
accurately toward the target. The characteristic of the coarse
voltage scheme is that when it exceeds the relative starting volt-
age, the motion of the LPAT becomes very sensitive and fast.

As seen in Table I, the minimum displacement (;x — 1.960)
at 1.3 V, the smallest coarse voltage scheme, driving at the
X-axis within the driving time (10 ms) is 10.2 pm. While
it is too long for precision positioning control, it is excellent
for moving the LPAT faster over a long distance within a
shorter time. The movement of the LPAT when driven by the
fine voltage scheme is slower than when driven by continuous
voltage. In Table II, the driven displacement at a fine volt-
age scheme of 0.3 V ranges from 0.001 pum (u — 1.960) to
0.081 pum (u+ 1.960), whereas that at a fine voltage
scheme of —0.3 V ranges from —0.016 pum (x — 1.960) to
—0.114 pm (p+ 1.960) within a driving time of 30 ms.
Moving such a short distance each step allows accurate posi-
tioning of up to 0.02 pm.

Fig. 10 depicts all the positioning control rules of the
X-axis. The numbers under the X-axis denote the value of
position errors E. E = 0 indicates that the current position is
the target position. As seen in Fig. 10(a), in CTS, the X-axis
comprises areas of |E| > 0.02 mm. In the initial positioning
control, the position error is large, and a higher continuous
voltage is needed for fast movement of the LPAT. When the
LPAT approaches the target step by step, the driving continuous
voltage should be reduced gradually to avoid bigger overshoot.
The main control rule of RBM in CTS is listed as follows:

If Ex1; < E < Ex1i11, then the coarse driving voltage scheme
is Vil;.i=1-5andi= 7-11).

The aforementioned values of E,1; and V1; are listed in
Table III. The interval of E between —20 and 20 pm is adopted
in FTS, as depicted in Fig. 10(b) in detail. The principle of
driving is that the smaller the error (E), the smaller the fine
driving voltage scheme will be. The main control rule of RBM
in FTS is listed as follows:

If E.2; < E < E«2;41, then the fine driving voltage scheme is
Vi2;. (i=1-11)

E,2; and V,2; are listed in Table III. The method of estab-
lishing the rule base for the Y'-axis is similar to that for the
X-axis. All the positioning control rules of CTS and FTS are
detailed in Fig. 11. The main control rules of RBM in CTS and
FTS are listed as follows:

IfE,1; < E < Ey1i41, then the coarse driving voltage scheme
isVyl;. i=1~11)

If Ey2; < E < Ey2i41, then the fine driving voltage scheme is
Vy2i (i=1~11)
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TABLE III
RULE-BASED TABLE FOR X - AND Y -AXES
X-axis
EX11 EX12 EX13 EX14 EX15 EX16 EX17 EXlg EX]Q EX]]O EX]]] EX112
-1.82 -0.86 -030 -0.12 -0.02 002 0.084 023 0.678 1314
- mm mm mm mm mm mm mm mm mm mm >
VX]] Vxlz VX13 VX14 VX15 Enter Vx17 VX]g VX19 VXI]O VXl]]
-1.7v. -1.6V -1.5V -14V  -13V  FTS 1.3v. 14V 15V 16V 17V
Ex2; Ex2, Ex23; Ex24 Ex25 Ex2¢ Ex27 Ex2g Ex29 Ex210 Ex2;1 Ex2i3
-20 -5.88 -124 -044 -0.16 -0.02  0.02 0.1 0.34 1.22 5.96 20
um Um Um um Um um um Um Um Um Um  pm
Vx2; Vx2, Vx235 Vx24 Vx2s Vx2¢ Vx27 Vx2g Vx2¢ Vx2;0 Vx2p;
-1.1v. -1.0V -0.7V  -04V -0.3V ov 03v 04V 07V 10OV 11V
Y-axis
Eyl; Eyl, Eyls Eyly Eyls Eyl¢ Eyl; Eylg Eylo Eyljo Eyliy Eylip
- -1.86 -0.87 -027 -0.07 -0.02 0.02 0.09 0.29 0.87 1.73 -
) mm mm mm mm mm mm mm mm mm mm
Vyll Vylz Vy13 Vy14 Vy15 Enter Vy17 Vylg Vy19 Vyllo Vylll
-1.6V  -1.5V -14V -13V -12V FTS 12v. 13V 14V 15V 1.6V
Ey2; Ey2, Ey23 Ey2s Ey2s Ey2s Ey2; By2s Ey29 Ey2j0 Ey21; Ey2p
-20 -594  -128 -04 -0.12 -0.02  0.02 0.1 0.32 1.76 6.56 20
um um um um um um  pm um um  pm um um
Vy2i W2, Vy23 V24 Vy2s  Vy2¢ V27 Vy2g  Vy2o  Vy2jp Vy2y
-1.1v. -1.0V -08V -0.5V -035V 0V 0.35v 0.5V 08V 1.0V 1.1V

Ey1;, Ey2;, V15, and V2; are listed in Table III. In addition,
another reason why the steady-state error of the proposed
controller can easily reach 0.02 pum is attributed to the driving

process in FTS. The proper fine voltage schemes selected
according to RBM are sent to actuate the LPAT and are main-
tained constant at 10 ms. The output voltage is then converted
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Fig. 11.

into 0 V, and the LPAT stops and remains stationary for 20 ms.
The errors between the current position and the target position
are then calculated. These driving processes continue until the
preceding error is < 0.02 and > —0.02 pum. Since the LPAT
has remained in a static state, the effects of the dynamic change
in error can be avoided. Hence, the LPAT can be precisely
positioned at £0.02 pm easily.

The controller proposed in this paper can also automatically
provide the “compensating voltage” added to the smallest
driving voltage, including +1.3 V of the X-axis and £1.2 V
of the Y-axis in CTS as well as £0.3 V of the X-axis and
+0.35 V of the Y'-axis in FTS. The preceding “starting voltage”
varies with time for different temperatures and static frictions
produced by the vertical load of the LPAT. Hence, a tremendous
change in temperature or a large increase in vertical load
applied on the LPAT will cause the starting voltages to exceed
the corresponding smallest driving voltages. This will stop the
movement of the LPAT although the driving voltage is still
sent to the driver continuously. Consequently, the positioning
control will never finish. To prevent such from happening,
during the positioning process, if the LPAT remains stationary
for 0.05 s in CTS or for 0.15 s in FTS, the controller will au-
tomatically provide the compensating voltage, beginning from
0V and gradually increasing in positive direction or decreasing
in negative direction at intervals of 0.02 V in CTS or at intervals
of 0.01 V in FTS, to combine with the current driving voltage
sent to the driver until the LPAT starts moving again.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

Since the LPAT is driven by a lead zirconium titanate (PZT)
actuating fingertip instead of the PZT element directly, it has
a larger moving travel. Moreover, the resolution of the linear
scale used in the experiment is only 20 nm, and the LPAT can

Control areas of two stages on the Y -axis. (a) Area of coarse tuning. (b) Area of fine tuning.

also be driven for a smaller distance. For all the experiments,
from small to large travel, three targets, including +0.1 pm,
40.1 mm, and +20 mm, are selected as the end positions on
the X- and Y-axes for RBM positioning control. During the
positioning procedure, the rise time 7., the maximum overshoot
percent M, and the 2% settling time 7 of the transient
response in time domain as well as the steady-state error Fgg
are calculated and recorded to evaluate the control performance
of the proposed RBM controller [15]. The main advantages of
the proposed approach, compared with other methods, are the
significant improvements of the system’s performance, specifi-
cally on error minimization. The error is close to zero, and this
small error is also achievable for all tested stroke distances.
The simplicity and its robustness are the main advantages of
this approach. The performance’s comparison of the proposed
method to other methods is shown in Table I'V.

The error is still the same (ranging from —0.02 to 0.02 pm)
for all tested stroke distances, including £0.1 pm, +£0.1 mm,
and +20 mm. This means that the proposed approach is much
better than all the other methods, as listed in Table I'V.

A. Experimental Results of Positioning Targets of
0.1 and —0.1 pm

Since the target of 0.1 pm is less than 20 pm, the controller
skips CTS and directly enters FTS. As seen in Fig. 12(a)
and (b), a fine voltage scheme of 0.3 V is selected 11 times by
the X -axis RBM to drive the LPAT toward the target. Similarly,
as shown in Fig. 12(c) and (d), a fine voltage scheme of 0.35 V
is selected seven times by the Y-axis RBM to drive the LPAT
toward the target.

Because the target of —0.1 pm is greater than —20 pm, the
controller directly enters FTS without executing CTS. For the
X-axis, as shown in Fig. 13(a) and (b), —0.1 um is a short
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TABLE 1V
COMPARISON OF DIFFERENT POSITIONING CONTROL METHODS

Author(s) Methods and Characteristics Results obtained

Sung et al. [10] Three-stage fuzzy logic motion control Steady-state error:
0.1 to 0.2 um

Sung et al. [10] PID control, Kp = 1.9, Kd = 0.00013, Steady-state error:
Ki=0.0008 0.5t0 2.5 pm

Wai et al. [11]

capacitance resonant driving circuit and a

Using a double-inductance double-

The max. tracking

error is 1.06mm

four-layer sliding-mode fuzzy- neural-

network controller

Wai et al. [12]

(SGA) composed of two parts

Using a supervisory genetic algorithm

The maximum tracking

error is 0.66mm.

Wai et al. [13]

a grey uncertainty predictor and estimate

Using an adaptive grey control to achieve

A tracking error is

about 1.5mm.

the lumped uncertainty on line.

Linetal. [14]

articulation-controller-based supervisory

Using an adaptive cerebellar-model-

The maximum error is

about 0.84mm.

control system

Proposed Using multistage rule-based precision Steady state error:
method positioning control method -0.02 to 0.02 um
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Fig. 12. Position responses to control voltages for two axes for target of 0.1 pm. (a) X-axis position versus time. (b) X-axis voltage versus time. (c) Y -axis

position versus time. (d) Y'-axis voltage versus time.

distance, and the smallest fine voltage schemes of —0.3 and
+0.3 V are alternately selected to actuate the LPAT about six
times to reach the target accurately. However, the positioning
process of the Y'-axis is a little different from that of the X -axis,
as plotted in Fig. 13(c) and (d). The same fine voltage scheme
of —0.35 V is selected 11 times by the Y-axis RBM to reach
the target step by step. The measured results of the positioning
targets of 0.1 and —0.1 pm for the X - and Y -axes are shown in
Table V.

B. Experimental Results of Positioning Targets of
0.1 and —0.1 mm

A positioning target of 0.1 mm is shown in Fig. 14(a)
and (b), where a coarse voltage scheme of 1.4 V is initially
selected by the X-axis RBM in CTS. It is then reduced to
1.3 V to actuate the LPAT to exceed the target promptly,
and the position error becomes negative. The coarse voltage
scheme is then converted into the negative fine voltage
scheme of —1.1 to —0.4 V to accurately reach the target. On
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TABLE V
EXPERIMENTAL RESULTS OF X- AND Y-AXES
Target O.lpm -0.lpm O.lmm -0.lmm 20mm -20mm
T, (sec) 0.33 0.15 0.03 0.04 1.25 1.24
X-axis Tg(sec) 0.36 0.18 0.11 0.48 1.57 1.64
M, (%) 0 20 11.6 7.3 0.1 0
Eg (um) 0 0 0 0.02 0 0
T (sec) 0.15 0.27 0.03 0.02 1.19 1.40
Y-axis Tg(sec) 0.21 0.33 0.08 0.24 1.38 1.84
M, (%) 0 0 6.4 5.1 0.2 0
Egs(pum) 0 0 0.02 0.02 0.02 0

the other hand, in Fig. 14(c) and (d), a coarse voltage scheme
of 1.2 V is initially selected by the Y -axis rule base to actuate
the LPAT promptly to approach the target, and then converted
into a fine voltage scheme, oscillating six times to reach the
target.

Since the target of —0.1 mm is smaller than —0.02 mm, as
shown in Fig. 15(a) and (b), a coarse voltage scheme of —1.3 V
is initially selected by the X -axis RBM to promptly drive the
LPAT to approach the target. It is then converted into a fine
voltage scheme to precisely reach the target. The positioning
process of the Y-axis is similar to that of the X -axis, except that
the initial coarse voltage scheme is —1.2 V instead, as shown
in Fig. 15(c) and (d), and all the fine voltage schemes in FTS
are positive. The measured results of the positioning targets of
0.1 and —0.1 mm for the X - and Y -axes are shown in Table V.

C. Experimental Results of Positioning Targets of
20 and —20 mm

Since the 20-mm target of the X -axis is of a long distance,
as shown in Fig. 16(a) and (c), the maximum coarse voltage
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Position responses to control voltages for two axes for target of —0.1 pm. (a) X-axis time position. (b) Y'-axis time position.

scheme of 1.7 V is selected by the X-axis RBM in CTS to
drive the LPAT for about 1.4 s, then gradually reduced to 1.3V,
and finally converted into fine voltage scheme after the position
error becomes smaller than 0.02 mm. The transient response
dies down promptly and then converges gradually to reach the
target finally. The position errors between —20 and 0.1 pm
are shown in Fig. 16(b), which can describe the final detailed
motion approaching the target. The 20-mm positioning control
of the Y-axis is plotted in Fig. 16(d) and (f). It is similar to
that of the X-axis. The maximum coarse voltage scheme of
1.6 V is also selected by the Y-axis rule base to drive the
LPAT for about 1.2 s, then gradually reduced to 1.2 V, and
finally converted into fine voltage scheme after the position
error becomes smaller than 20 ym. The driving process before
reaching the target is plotted in detail in Fig. 16(e), where the
LPAT goes beyond the target, retreats, and finally reaches the
target.

Since —20 mm is of a long distance, as shown in Fig. 17(a)
and (c), the maximum coarse voltage scheme of —1.7 V is
selected by the X-axis RBM in CTS to drive the LPAT con-
tinuously for about 1.3 s at maximum velocity. It is gradu-
ally increased to —1.3 V and then switched to fine voltage
scheme to precisely reach the target. Similarly, the driving
process before reaching the target is plotted in Fig. 17(b),
which depicts the step-by-step approach of the LPAT. The
positioning process of the Y-axis is shown in Fig. 17(d)
and (f). In CTS, the maximum coarse voltage scheme of —1.6 V
is selected by the Y-axis RBM to drive the LPAT continuously
for about 1.7 s at maximum velocity. It is gradually increased
to —1.2 V and then converted into fine voltage scheme to
reach the target accurately. The driving process before the
Y-axis reaches the target is plotted in detail in Fig. 17(e).
As can be seen, the LPAT steadily moves toward the target
without oscillation. The measured results of the positioning
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targets of 20 and —20 mm for the X - and Y -axes are shown in
Table V.

VII. CONCLUSION

A piezoelectric actuator usually has the disadvantages of
suffering from serious hysteresis behavior and nonlinearity
properties, which are difficult to overcome using conventional
control strategies. This paper uses an intelligent approach based
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Position responses to control voltages for two axes for target of —0.1 mm. (a) X-axis position versus time. (b) X-axis voltage versus time.

on experience and statistical methods to establish the rule
base of positioning control instead of a complex mathematical
model. For instance, it was found that gain tuning can be
omitted and still achieve highly-accurate results, outperforming
the work by others [10]-[14]. The experimental results of 12
positioning targets of the two axes are displayed in Table V,
showing the rise time 7T}, maximum overshoot percent M,,, and
2% settling time T of the transient response as well as steady-
state error Fg. As can be seen, the time of 10 7). and 10 T}
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Fig. 17. Position responses to control voltages for two axes for target of —20 mm. (a) X -axis position versus time. (b) X -axis position error. (¢) X -axis voltage
versus time. (d) Y'-axis position versus time. (e) Y -axis position error. (f) Y-axis voltage versus time.

are less than 0.6 s except for the two longer travel positioning
control targets of 20 and —20 mm. Although more time is
needed for the latter targets, the positioning control can still
reach steady state within 2 s. As for M, as seen in Table V,
the measurement results of 10 of 12 M,, are less than 10% of
setpoints, and all other measurement results are within 20% of

setpoints. The experimental results indicate that the proposed
RBM controller can achieve fast transient response and good
stability from easy decay to convergence by means of proper
overshoot.

As seen in Table V, the steady-state error of each selected
positioning target can easily reach £0.02 pm for the reason
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described in Section V. The errors between the current posi-
tion and the target position are calculated in FTS, when the
LPAT has been in a stationary state, and thus, the influence
of dynamic error changes on the controller can completely be
avoided. Hence, the proposed LPAT can easily achieve accurate
positioning of +0.02 pm.

In general, the absolute error is found to be 0.02 pm for both
£ 0.1 and +20 pm ranges. However, the relative errors are 10%
and 0.05%, respectively. This means that the error is too high
for the 0.1 pm motion range, whereas it is very good for a
+20 pm motion range. Considering the measurement needs for
much smaller motion ranges in today’s technology, the method
will not be suitable for nanomeasurements, whereas it may
be preferable for micrometer (microelectromechanical systems)
measurement ranges.
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