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Abstract

This paper presents the mechanism and control design of a micro-motion stage, which employs the right-angle flexure
hinges and piezoelectric actuators (PZT). Aiming at the mechanism with the characteristics of a large stroke and three
degrees of freedom, analytical models of statics and dynamics are established; especially the coupling motions of stage are
investigated, which are verified by finite element analysis simulation. Via open-loop experiment, the decoupling property is
well certified. Owing to the hysteresis of PZT, the dynamic equation of system with Bouc—Wen hysteresis model is
proposed, which is identified through the Least squares. Moreover, a closed-loop controller of proportion integral
derivative combined with the inverse hysteresis model-based feedforward is developed to reduce the nonlinearity and
uncertainty, which can improve the positioning accuracy. Besides, the single-axis and multi-axis motions are tested.
Experimental results reveal that the stage has a well-decoupling performance, and the effectiveness of proposed Bouc—Wen
model is validated under open-loop control. Furthermore, the micro-motion performance in single- and multi-axis motions

can be achieved as well.

1 Introduction

Recently, micro- and nano-manipulators have become the
hot research topic, because they play an increasingly
important role in micro and nanotechnologies, such as the
Nano Mask Aligner, the biomedical operation, the micro
electro mechanical system (MEMS), the atomic force
microscope (AFM), and the ultrahigh precision machining,
etc. (Liu et al. 2015; Choi and Han 2007). Instead of tra-
ditional manipulator, numerous compliant mechanisms
appear continuously that are developed to deliver the
micro- and nano-scale motion by making use of elastic
deformations of material. And the compliant mechanisms
provide the merits including no friction, no backlash, high
motion sensitivity and great motion repeatability (Jiang
et al. 2015; Lin et al. 2018b). As a result, the studies of
compliant micro-motion platform which can achieve the
micro- and nano-motion have been widely concerned all
over the world (Xu 2013; Tian et al. 2011; Ling et al.
2017).
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In recent advances, many compliant stages were pro-
posed, which are generally classified into serial and parallel
structures. However, serial stages have the expensive of
limited freedom, high inertia and cumulative errors, pos-
sessing the advantages of large stroke, simple structure and
control strategy simultaneously (Kim et al. 2012; Shan
et al. 2012). Parallel stages contribute to low inertia and
compact size, while the coupling motion is a hard focus (Li
et al. 2012; Zhang et al. 2017). Hence, in order to propose a
stage with multiple degrees of freedom and a large stroke,
the combination of serial and parallel mechanisms is a very
meaningful point. Moreover, decoupling analysis is very
beneficial to implement the single-input—single—output
(SISO) control for multiple-freedom stages. At present,
since the piezoelectric actuators (PZTs) are capable of
linear positioning with nanometer level resolution, high
stiffness, good stability and large blocking force, they are
employed for actuation by many compliant mechanisms or
micro- and nano- positioning stages (Dong et al. 2016;
Zubir et al. 2009). However, the PZTs include the non-
linearity due to the hysteresis property occurring at volt-
age-driven method, which will reduce the positioning
accuracy of micro-motion stage if not driven error com-
pensation. The common way to treat the shortcoming is the
hysteresis model-based control scheme (Wei et al. 2014).
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This method implements a feedforward compensator based
on the inverse hysteresis model that precisely describes the
complex hysteretic behavior, then makes use of a closed-
loop feedback controller to further suppress the other
errors. In the past, a number of hysteresis models are
developed, such as the Preisach model (Song et al. 2005;
Weibel et al. 2008), the Bouc—Wen model (Lin and Yang
2006), the Maxwell model (Yeh et al. 2008) and the
Prandtl-Ishlinskii model (Kuhnen 2003). Compared with
other hysteresis models, Bouc—Wen model that describes
the mechanical nonlinear system has a practical physical
significance, which is more consistent with the mechanical
and physical characteristics of PZT. Furthermore, Bouc—
Wen model has a fewer parameters and an easier integra-
tion with the rest of system model. And as the most diffi-
culty of the model, the identification of parameters has
been solved (Wang and Zhu 2011; Razman et al. 2014).
According to the inverse hysteresis model, the hysteresis
errors of PZT driven by voltage can be successfully com-
pensated. Moreover, the closed-loop controller is combined
with the inverse hysteresis to overcome the other nonlinear
behaviors, such as the proportional integral derivative
(PID) feedback control (Shan and Leang 2012) and the
sliding mode control (SMC) (Clark et al. 2015). As the
basis of most closed-loop control strategies, PID control is
appropriate for preliminary research, which is enough to
improve the accuracy of micro-motion. And smarter con-
trol strategies will be studied solely as the main content in
the next paper.

The major contribution of this paper is to present a
compliant mechanism capable of delivering X/Y/Z-axis
micromotion with micro scale resolution. The mechanism
achieves a large stroke by means of the convex and con-
cave bridge-type amplifiers in series, and possesses a multi-
freedom decoupling motion due to the symmetric and
parallel distribution of mechanism in X/Y/Z axis. The
working principle of input—output has been described (Lin
et al. 2016). However, it is far from enough. In this work,
analytical models for the fundamental characteristics of
mechanism in terms of statics, dynamics and decoupling
are conducted, and the decoupling performance is validated
by Finite Element Analysis (FEA) simulation and the open-
loop experiment. Moreover, taken into account, the hys-
teresis of PZT is tested by the experiment and modeled by
the Bouc—Wen model. Considering this analysis, a control
strategy employing the inverse Bouc—Wen model-based
feedforward plus a proportional integral derivative (PID)
feedback control is implemented in the XYZ stage to
reduce the nonlinear effects and achieve the accuracy
positioning. Finally, the conclusions are given and future
works are discussed.
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2 Stage modeling and analysis

Combining the Compliant Mechanisms, Machine design
and Innovative Design for Mechanism, the CAD model of
designed XYZ stage is shown in Fig. 1. The Fig. 1b, ¢ are
respectively the top view and left view of component,
which is shown in Fig. la.

The right-angle flexure hinges are employed to transmit
the motion and energy in the stage actuated by PZT, and
the input displacement of PZT is amplified by bridge-type
amplifier (Kim et al. 2003). Thus, the ultra-precision
positioning and large workspace can be achieved. And in
accordance with the decoupling requirement, the com-
pletely symmetric distribution is designed.

2.1 Statics modeling

The static analyses of stage are conducted by making use of
the pseudo-rigid-body (PRB) method (Howell 2013).
Owing to the symmetry of bridge-type amplifier, only the
quarter is considered. In actual work, the flexure hinge is
equivalent to the revolute joint with 1-DOF (Degree of
Freedom), and other components are all considered as rigid
bodies. The PRB model is denoted in Fig. 2. In the equi-
librium status, the equation of 1/4 bridge-type amplifier and
the moment are derived as follows:

Fy-l,+2M = F, -y, (1)
M = K, Ao, (2)

where K, and Aa are respectively the rotational stiffness
and deformation of right-angle hinge. o is the slant-angle of

Fig. 1 CAD model of the XYZ micromotion stage
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Fig. 2 PRB model of 1/4
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arm in amplifier, and [, = [, - sin . Hence, the equation is dx dzxd M(y)d (10)
i =70 = | 53 = | 73
derived as dy dy? 1(y)

Ay =1,-coso-Aou =1, - Aa, (3)

where Ay denotes the output displacement of 1/4 dis-
placement amplifier. And the major potential energy of
bridge-type of amplifier is contributed by the rotational
energy of eight hinges. Therefore, the equation is generated
as

1 1
8% 5 x K, Ad® = 5 % Kou - (2Ay)? (4)
Thus, the output stiffness of amplifier is expressed as
2K,
Ko = IT . (5)
And the F) is obtained as follows:
Fy = Kour - A)’ (6)
Combining the equations of (1)—(6), the Ax is written as
F.-1
Ag =22 7
n= (7)

Based on the Principle of Virtual Work, the equation of
1/4 displacement amplifier is deduced as

F-Ax—F, Ay =2M - A, 8)

where Ax is the input of amplifier. Therefore, the Ax is
given as

F.-P

Av = )

In addition, the input rod of amplifier is also considered.
As shown in Fig. 2, the angular deflection of input rod
under the moment M is derived by the Bernoulli—-Euler
method.

where x, y denote the coordinate axis along the neutral axis.
M(y) is the moment at position y along the neutral axis;
I(y) is the area moment of inertia. E is the Young’s
modulus of the material. The static equilibrium equation at
position O is derived as

M,=F, I, +M. (11)

Thus, the equation at position y is written as
M(y):Ma_Fx'y- (12)

Combining the formulas of (2), (7) and (11), the M(y) is
written as

Fy-1,

M(y)=F,-I + Fy-y.

(13)

Based on the equations of (10), (13), and the boundary
conditions are considered, the angular deflection of input
rod in X direction is denoted as

x(y) = / 0(y)dy

_F(6l -y 4 1.51, - y* — 2y?)
B Ewl3

(14)

Therefore, the angular deflection Ax, at position Ay
along x direction is calculated as

F. (68 +1.51, -2 - 2B
Axy — <61 + Akl ) .
Ewl;

(15)

Thus, the overall input displacement Ax;, actuated by F,
is expressed as follows:
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amp Axin 4Kr

. .
L R
4K, Ewl

(17)

2.2 Kinematics modeling

First of all, based on the Lagrange’s equations, the free-
vibration equation of bridge type amplifier is written as
d (@(P - Q)> _o(P-9)

=0
AN oqi

L oi=1... (18)

where P and Q are the overall kinetic energy and potential
energy of amplifier, and they are calculated as follows:

1 1 1
P =2 x =m(Afin)*+=m3g® + 4 x =J(Ad)*
2 2 2 (19)

1
Q:8x§><1(,.Aac2

where J is moment of inertia of arm, and m,, m3 are shown
in Fig. 2, g is the variable. Therefore, the equivalent mass
M), and stiffness K, of amplifier can be obtained. In order
to analyze the kinematic performance of stage, the
Lagrange’s equation is employed.

d (0(U-V) oUu-V) .
fadl — = =123, ... 2
dt( 0g; ) Jq; 0, 7 02,3 (20)

1

where U and V are respectively the overall kinetic energy
and potential energy of stage. Because of the symmetrical
structure, the same results are obtained in X or Y direction.
Hence, take the X-motion for example. When the main
displacement #, in X direction is produced, the major
elastic deformations are considered, such as the bridge-type
amplifier in X direction and four hinges in Y direction,
which are distributed at the bottom of both sides. When the
main displacement 7, is produced in Z direction, the
deformations of eight bridge-type amplifier are mainly
considered. Thus, the energy equations of stage can be
calculated as follows:
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where M, and M, are respectively the mass of working-
table and parallel-guiding mechanism in Z axis. L; denotes
the arm length of branch chain in vertical direction, which
is given in Fig. 3. Thus, considering equations of (20) and
(21), the dynamic model of the stage under external load is
written as

MG+ Cq+Kq=F (22)
where M = [M.,M,,M,]" K = [K,,K,,K.]" and F=
[FX,F),,FZ]T respectively represent the equivalent mass,
equivalent stiffness and external load of the stage in X/Y/
Z-axis. C=[C,C,C)" and q=q,q,q)" respectively
denote the damping factor of material and the variable of
stage in X/Y/Z-axis.

2.3 Coupling motion modeling

In order to satisfy the requirements of ultra-precision
positioning, the research of coupling motion is essential.
The coupling motion models of stage in plane X-Y, X-Z
are shown in Fig. 3.

For example, when the main displacement J, is pro-
duced in X direction, and the coupling displacements Ay,
Az are also existing, which are named coupling errors in

(a) Coupling Model in X-Y

L

é‘ —— _ : \)—‘5X T

Z\ \yi/": ;;

X Stage Az

(b) Coupling Model in X-Z

Fig. 3 Model of coupling motion
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cross-axis. Therefore, the equations of coupling errors are A: Static Structural ANSYS
expressed as Deformed of Z R14.5
Type: Directional Deformation(Z Axis)
) Unit:
Ay = Li(1 — cos ) = 2L, s'1n2(ﬁ/2) (23) Ior:al?yn:tem
Az = Ly(1 — cosy) = 2L, sin"(y/2) Time: 1
2017/6/19 18:21
whc?re .Ll, L, are re?spectively the arm 1~engths of branch I
chains in Y, Z directions. And the approximate formulas of -0.012617
B and 7y are shown as follows: -0.028875
-0.045134
. -0.061393
B =sin"'(d,/L)) ~ 6,/L, (24) 0077651
y = sin"'(8,/L,) ~ 6,/Ls -0.09391
-0.11017
Thus, the coupling errors Ay, Az are derived by com- -0.12643 ,
bining equations of (23) and (24) 1029260 Min
L
0.00 100.00 (mm) N—I 4
[ S|
(25) 50.00

Ay= &2 /2L,
Az~ 57 /2L,

Similarly, when the main displacement J, is produced in
Z direction, the coupling errors can be calculated in cross-
axis directions. In order to evaluate the coupling perfor-
mance of stage, the coupling ratio is employed, which is
expressed as 7 = A/0 x 100%. Thus, the decoupling
capability of stage can be obtained.

3 Model validation with FEA

The simulation study is carried out with FEA software
(ANSYS). The deformations of X/Y/Z axis with different
input are given in Figs. 4, 5. An external force is assigned
at the position of output, the output stiffness and coupling
errors with simulation are obtained. For comparison, the
performances are tabulated in Table 1. It is observed that
the predicted results of output stiffness (Kj*‘) in X/Y or Z
direction are respectively 18.3 N/mm and 25.6 N/mm.
However, the FEA results are 19.0 N/mm and 24.1 N/
mm. And the relative errors are 3.7% and 6.2%,

ANSYS

R14.5

A: Static Structural

Deformed of X/Y

Type: Directional Deformation(X Axis)
Unit: mm

local System
Time: 1
2017/6/19 1746

0.15379
0.10727
0.0607SS
0.01424

m -0.032275
4 -0.07879 Min

||
]
]
||
|
]
-

0.00 100.00 (mm)
| S|
50.00

Fig. 4 Output of X/Y axis with input of 20 pm

Fig. 5 Output of Z axis with input of 10 pm

Table 1 Results of model validation with FEA

Methods KJase K;:"ge Coupling ration /%
N/mm N/pm
XY Z XY Z X-Y X-Z
Model 18.3 25.6 1.8 2.6 0.089 0.045
FEA 19.0 24.1 2.0 2.4 0.076 0.038

Error/% 3.7 6.2 10.0 8.3 - -

respectively. Meanwhile, the input stiffness of stage
(K;1*%°) is described, and the relative errors are less than
10%. 1t is noticeable that the input stiffness is less than the
minimum stiffness of PZT (Pst-40VS15: 60 N/um), which
means the PZT can be adopted to actuate the stage.
Besides, the range of coupling ratio is 0.03 ~ 0.09%,
which indicates a well-decoupling property of XYZ stage.
Thus, it is noticeable that the reasonability of model is
verified.

4 Control strategy and experiments

In this section, the prototype of the XYZ stage is fabricated
and the experiments are conducted to report the perfor-
mance of the XYZ stage.

4.1 Experimental setup

The developed prototype of XYZ positioning sage is shown
in Fig. 6. The micro-stage is machined by the wire electric
discharge machining (WEDM) utilizing the material of
AZ31b alloy. The low-voltage PZT actuators (Pst-40VS15)
are employed to drive the bridge amplification mechanism.

@ Springer



3304

Microsystem Technologies (2019) 25:3299-3309

Fig. 6 Experimental setup of
the positioning stage

And each PZT is actuated by the linear voltage controller
(model: E01.D3). The output displacement of stage is
measured by the capacitive displacement sensors (model:
CS5), which is supported by magnetic base. And the
measuring range of sensor is 0 to 5 mm. Besides, the dis-
placement resolution of sensor is 0.015% FSO, and the
linearity is 0.3% FSO. Furthermore, the measured data are
delivered to the computer to achieve the display.

4.2 Open-loop experiment

The micro-motion accuracy of stage is seriously influenced
by the hysteresis of PZT under open-loop control. Hence,
the experimental tests with open-loop are conducted to
analyze the performance of stage. For instance, a 0.5-Hz
input voltage signal is applied to the PZTs in X/Y and
Z-axis, and the range of voltage is 0—120 V, the results are
shown in Fig. 7.

The hysteresis of output displacement is observed
obviously, and there is a large hysteresis error between
voltage-up and voltage-down, which has a large influence
on the positioning performance of stage. Besides, the nice
output linearity is presented in the range of 40-100 V. And

250
£ — XY /
= -_——
2 200p2772 // -
5 o
8 150 A A
i) V-Downi . ”, ’,'
Z 100 st it
4
e Qs /}r/ V-Up
B ol g2
§ v L

f=}

0 20 40 60 80 100 120
Input Voltage/V

Fig. 7 Output motion of X/Y, Z-axis with PZTs driven by sinusoidal
voltage input
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the linearity of voltage-up process is better than the volt-
age-down process. The output displacements of stage in
X/Y- and Z-axis are respectively 238 um and 202 pm,
therefore, T the linearity of stage with ideal condition in
X/Y- and Z-axis are respectively 1.98 um/V and 1.68 um/
V. Thus, there is a big input error caused by hysteresis. In
order to improve the positioning precision, the input error
of hysteresis must be modeled and compensated.

The Bouc—Wen hysteresis model is employed to simu-
late the hysteresis of PZT, the dynamic model of the entire
micro-motion system with hysteresis can be established as
follows:

mi+cx+kx=k- (k,-v(t) — As) (26)

where the parameters m, ¢, k, and x are respectively the
mass, damping coefficient, stiffness and output displace-
ment in X/Y/Z-axis. k, denotes the piezoelectric coeffi-
cient, v(f) is the input voltage, and As represents the
hysteresis error of PZT. Based on the Bouc—Wen model,
the relation between input voltage and output displacement
is expressed as
As

1
v(t):k~k (m)'é—i-cx—f-kx)-}-k—. (27)

According to the Bouc—Wen model, the hysteresis dis-
placement is written as

As=a-V(t)

—b-|V(0)] - As- |As]" —c - V(1) - |As|"
where a, b, ¢ are coefficients, n denotes the order of hys-
teresis, and n = 1 in this work. According to the values of

hysteresis displacement (As) and differential of voltage
(v(¢)), the model is divided as follows
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[a—(b+c)- Av]V(t) V(t)>0,As>0
Ad — [a—(b—c)- AS]V(I) V(t)>0,As<0 (29)
) [a+(b—c)- As]V(t) V() <0,As>0"
[a+(b+c) As]V(r) V(1)<0,As<0

In particular, the Least squares method is adopted in the
current problem due to its superiority of optimization
performance over other ways. Then the Bouc—Wen hys-
teresis model of positioning stage can be established by
Eq. (26). With a 120 V/0.5 Hz sinusoidal input voltage
applied to the PZT, the compensated Bouc—Wen hysteresis
models of stage by Eq. (26) are described in Fig. 8. The
hysteresis errors are compensated greatly, which certifies
the validity of the hysteresis model.

Besides, in order to describe the decoupling perfor-
mance, the decoupling test is conducted. The primary
output displacement and coupling displacement of stage is
recorded and collected. The experimental results are shown
in Figs. 9, 10, 11. Because of the symmetry of X-Y, the
coupling results in X- or Y-axis are similar. There are
coupling results of X-Y, X-Z, Z-X. With a 40 um/0.5 Hz
sinusoidal input signal, the output results are measured. In
Fig. 9, the output displacement in X-axis is 262.64 um, and
the coupling displacement in Y-axis is 4.628 um. The
coupling ratio of X-Y is 1.76%. In Fig. 10, the coupling
displacement in Z-axis is 3.091 pm. The coupling ratio of
X-Z is 1.18%. In Fig. 11, the output displacement in
Z-axis is 222.96 pm, and the coupling displacement in
X-axis is 2.146. The coupling ratio of Z-X is 0.96%. As a
result, the coupling error of positioning stage is less than
2%, which indicates the coupling motion is negligible in
comparison to the primary motion. Thus a well-decoupling
performance can be achieved. In addition, from the Figs. 9,
10, 11, the coupling curve in X-Y is a clear and normative
sinusoidal wave. However, the coupling curve of X-Z and
7Z—-X is an aberrant and nonstandard sinusoidal wave. That
is because the complexity of coupling motion and the
nonsymmetrical structure in plane of X-Z.
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1 I I I I
0 H H H H H
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Input Voltage/V

Fig. 8 Compensated Bouc—Wen hysteresis model of stage in X/Y- or
Z-axis
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Fig. 9 X-axis output displacement and coupling displacement in Y
axis
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Fig. 10 X-axis output displacement and coupling displacement in Z
axis

- Coupling-X
— Output-Z

200

Output Displacement /um
Coupling Displacement/um

Time/s

Fig. 11 Z-axis output displacement and coupling displacement in X
axis

In a word, the effectiveness of constructed Bouc—Wen
model is verified. Therefore, the hysteresis errors of PZT
can be compensated by the inverse Bouc—Wen. And a well-
decoupling performance is obtained. Furthermore, in order
to remove the driven errors of creep, and other uncertain-
ties, the PID feedback controller is designed later.

4.3 Closed-loop design and experiment
4.3.1 Controller design

The purpose of motion controller design is to achieve a
precision positioning once the desired trajectory of X/Y/Z
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stage is given. Considering the model errors proposed in
the previous works, the nonlinear effects cannot be com-
pletely compensated by the inverse Bouc—Wen model.
Thus, an additional closed-loop controller is employed.
Specifically, the PID controller is adopted due to its
robustness. The control scheme is shown in Fig. 12.

Both the force and displacement generated by PZT are
the input source of the stage. However, the output force
F,; of PZT is reduced under load while the output dis-
placement x,; of PZT is amplified by the bridge-type
amplifier. Hence, in combination with the dynamic model
of the stage in the equations of (22) and (26), the dynamic
equation of stage in a single direction of motion is estab-
lished as

Fp kip - Xpzt

. o _ Kin - Xp 30
my + ¢y + ky Ty~ A (30)

where the parameters y and F are respectively the output
displacement and external load of stage in X/Y/Z-axis.
Besides, Aunp and k;, respectively represent the actual
displacement amplification ratio and the input stiffness of
the bridge-type amplifier.

By applying Laplace transform to the equation of (30),
the transfer functions in X/Y/Z-axis for the stage between
the output displacement and the input displacement can be
obtained as

6.0777

G =
()= (T 0.00137085) (1 1 0.00136355) 3
66 6.3621 SN C2Y
S). =
<~ {1+ 0.000896315)(1 + 0.00089631s)

The PID control input in time-domain can be expressed
as follows:
I de(t)
P(t)=K,|e(t)+—= | e(t)dt+T, ) (32)
T: Jo dt

i

where e(7) denotes the tracking error, and the three
parameters of PID controller K,, T; and T; are the pro-
portional gain, integral time and derivative time, respec-
tively. Considering the properties of anti-interference and
easy-to-implement, the incremental PID algorithm is

Feedback

Sensor [«

Fig. 12 Block diagram of designed PID controller
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adopted. The discretized form of PID controller is derived
as

AP(R) = Kyle(k) — elk — 1)] + K, e(k) -
! 33

+ Ky = [e(k) — 2e(k — 1) + e(k — 2)],

where k denotes the index of time series, T represents the
sampling time interval (7 = 0.001 s).

In order to identify the control parameters K,,, T; and Ty,
the Ziegler—Nichols tuning method is employed. Finally,
the parameters are identified as follows:

K = 0.01355, K% = 0.04894
T = 0.003988, 77 = 0.003134 - (34)
T3 = 0.000997, TS = 0.0007835

4.3.2 Closed-loop experimental test

1. Comparison under different controller: To demonstrate
the applicability of different control method, the sim-
ulation studies are performed to obtain the step
responses of stage in X axis, as shown in Fig. 13. For a
clear comparison, a large oscillation curve can be
observed, the M, of overshoot is 30 pm, and a longer
setting time than the standard PID controller is reflec-
ted, which is approximately 0.4 s. Even worse, due to
other non-linear errors under open-loop control, the
statics value is less than the desired value, which lar-
gely lowers the positioning precision. In contrast,
under the PID control, the setting time is largely
shorten, which is more than 50%. And the statics value
is approximately equal to the desired value. Thus, the
desired trajectory can be achieved. In a word, the
simulation results illustrate the effectiveness of the
designed PID controller.

2. Single-Axis Tracking: First, the single-axis tracking

experiment is conducted. The output displacement of
the stage in theory has been derived and obtained in the
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Fig. 13 Results contrast of step responses with different controls
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previous work (Lin et al. 2018a). With a 10 pm/0.5 Hz
square-wave signal applied to PZTs, the X/Y or Z-axis
motion response curves are plotted in Figs. 14 and 15.
A clear comparison with the oscillation amplitude, the
X/Y-motion has the larger step oscillation than the
Z-motion, which is because the system is second-order
dynamic system, and the stiffness of Z-axis is more
excellent to the stiffness of X/Y-axis. And the relative
errors between theoretical and experimental in X/Y-
axis and Z-axis are respectively 3.01% and 9.38%.
Thus, there is a better dynamic property in Z-axis than
in X/Y-axis.

Moreover, the motion tracking performances with a
40 um/0.5 Hz sinusoidal input signal in X/Y/Z axis are
also executed. The comparisons between theoretical model
output and experimental results of X/Y/Z axis are shown in
Figs. 16 and 17. It is observed that the maximum tracking
error is 7.56 um in X/Y axis and the maximum tracking
error in Z axis is 23.52 pm. The maximum relative errors
between the identified theoretical models and experimental
results in X/Y and Z axes are respectively 2.81% and
9.49%. The relative error in Z-axis is larger than in X/Y-
axis, which is because the mass of stage and PZTs have a
great influence on the motion of Z-axis.

3. Multi-Axis Tracking: Second, in order to discuss the
multi-axis cooperative tracking performance of XYZ
stage, the biaxial and triaxial tracking tests are
conducted. First of all, by driving the two axes
simultaneously in X-Y area with the maximum input
of 40 pm, the response results of stage are shown in
Fig. 18. The ideal reference tracking is a linear contour
along a 45° line with the constant tracking velocity of
10 um/s, as shown by red line. And the actual tracking
is obtained. The stage moves from the home position
(0, 0) to (262, 262) and then returns to the home. The
maximum tracking error is less than 2 um, and the
maximum relative error is 1.01%. Therefore, the fine
linearity is achieved, which indicates that the stage has
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Fig. 14 Results for a 10 um square-wave in X/Y-axis
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Fig. 19 Triaxial linear tracking results in X-Y-Z area

a nice biaxial motion performance. Similarly, the
tracking with an input of three axes driven simultane-
ously in X-Y-Z area is shown in Fig. 19. The stage
moves from home position (0, 0, 0) to (200, 200, 200)
and then returns to the home. The ideal reference track
is a linear contour along a 45° line. However, because
of the influence of coupling motion, the actual track is
not well-pleasing. The maximum tracking error is
6.23 pm, and the maximum relative error between the
ideal reference tracking and experimental result is
10.25%. Thus, the mediocre triaxial motion perfor-
mance is demonstrated.

5 Discussions

The obtained experimental results indicate that the stage
has satisfactory performances, such as the well-decoupling
motion in cross-axis, the nice biaxial-axis and mediocre
triaxial motion properties. Moreover, the limitation of the
workspace of stage mainly arises from the maximum out-
put displacement of PZT. Using large-range PZTs, larger
workspace can be achieved with the proposed stage.
However, the tracking error between the identified theo-
retical model and experimental results is not perfect, the
relative tracking errors in X/Y and Z axis are respectively
approximately 3% and 10%, which is effected by many
factors, such as the mass of PZT and stage in Z-axis, the
machining error, installation error, measurement error, the
limit of experimental conditions and other uncertainties. If
the high-precision machining and measurement methods
are adopted, the more satisfactory results can be obtained.
In addition, even though the nonlinear effects of PZT can
be weakened by PID control, the fixed control parameters
cannot be adapted to the change of reference input. Thus, a
more intelligent and sophisticated control schemes will be
discussed in future.

@ Springer

6 Conclusions

A completely decoupling micromotion stage with sym-
metric mechanism actuated by PZTs is proposed. The static
analysis is performed by the pseudo-rigid-body (PRB)
method, and the dynamic model is established with
Lagrange’s equation, especially the coupling motions are
investigated. The FEA simulations not only verify the
accuracy of derived models but also reveal the nice
decoupling performance of XYZ stage. Experimental
results under open-loop control demonstrate the bad hys-
teresis of stage and the Bouc—Wen model is capable of
describing the piezoelectric hysteresis accurately. Besides,
the desired decoupling motion in cross-axis of stage is
obtained, and the coupling ratio between two axes is less
than 2%. A closed-loop controller with a PID feedback is
constructed, which decreases largely the effect of nonlin-
earity and compensates the driving errors. A fine output
linearity of stage is obtained. With the closed-loop con-
troller of PID, a good performance of stage in single-axis
and multi-axis motion is given. Furthermore, the proposed
method can be easily extended to other types of micro-
motion stage with PZT as well.
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