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This paper presents the feedback control of a fine actuation system in a micro positioning platform, which was
recently developed to achieve the 3-DOF motions (x- and y-translations and α-tilting). First, a nonparametric model
for the fine actuation system was built on the experimental data, which uncovers the underlying dynamics of the fine
actuation system. Then, a physics-based model for the fine actuation system was developed through the constraint
equations of the parallel mechanism and the dynamic equations of the fine actuation system. Based on the
nonparametric model, physical parameters such as the mass, the stiffness and the damping were estimated to precisely
predict the dynamics of the fine actuation system. Equipped with the physics-based model, the proportional and
integral (PI)-based multi-input and single-output (MISO) controllers for the fine actuation system were designed to
accomplish both high accuracy and fast response of the micro positioning platform. The decent performances of the
synthesized controllers were successfully verified through the extensive experiments.
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NOMENCLATURE
O-xyz = Fixed global reference frame
O’-x’y’a’ = Movable top frame
P1, P2, P3 = Movable platform joints
B1, B2, B3 = Base joints
b1, b2, b3 = Vectices of base plate
L or (PiBi) = Length of link for each legs
R1 or (O’Pi) = Radius of moving platform
R3 or (Obi) = Radius of base plate
YC1, YC2, YC3 = Coarse actuator input displacements
Xf1, Xf2, Xf3 = Fine actuator input displacements
m1, m2, m3 = Masses of fine actuation part
c1, c2, c3 = damping coefficients of fine actuation part
k1, k2, k3 = stiffness coefficients of fine actuation part
F1, F2, F3 = Generated force from fine actuators
V1, V2, V3 = Input voltage to fine actuators
δp, δq = Small displacements of input and output
Jq, Jp, Jf = Jacobian matrices of parallel mechanism
B
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1. Introduction
Recently, it has become necessary to develop a micro factory that
can manufacture and assemble micro-scale products since the
commercial products are needed to have more functions in a small
size. Most micro machining technologies are based on the
semiconductor technology. However, to manufacture a complicate
three dimensional product, the semiconductor technology has
limitation because the technology is fundamentally based on two

dimensional machining technologies. The traditional machining
system is used to manufacture small three dimensional shaped
products. But to manufacture small product, a larger system is loss of
energy, space and time. So it is necessary to develop a small size
manufacturing system.
Great attention has been given to parallel mechanism for some
decades. Parallel mechanism has advantages in accuracy and speed.
These two advantages are the most required functions to develop
micro-scale positioning platform, so many have tried to adapt parallel
mechanism to develop the positioning platform. Hasselbach et al.
have investigated several positioning platforms based on parallel
mechanism and emphasized the advantages of parallel mechanism in
precision positioning field [1]. Yi et al. have designed and conducted
experiment on the stiffness of the platform consisting of several
flexure hinges [2]. Takeda et al. have designed parallel manipulator
platform based on the Stewart-Gough platform using dual stage
actuation system [3].
However, the above-mentioned parallel mechanism has limitation
in rotational capability of below 20 degree. Low rotational capability
is a representative disadvantage of parallel manipulators. To enhance
the rotational capability of parallel mechanism, several researches
have been performed. Liu et al. have suggested a family of 3-DOF
parallel mechanism with high rotational capability of 100 degree [4].
And Kim et al. have suggested 6-DOF Eclipse-I and II mechanism
which can rotate 90 and 360 degrees, respectively [5, 6]. The
mechanism which is analyzed in this paper is suggested by Kang et al
[7]. The rotational capability of the mechanism is 100 degree.
To enhance the accuracy and speed, controller design is a very
important factor. For the parallel mechanism platforms, many control
algorithms are applied and verified for accurate and fast motion.
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Marquet et al. have simulated several kinds of control algorithm to
the dynamic modeling of the parallel mechanism and have conducted
experiment [8]. Karkoub et al. have designed a self tuner PID
controller using neural network technique for the parallel mechanism
which is applied to the haptic device [9]. Luo et al. have separated the
dynamic model to slow time-scale and fast time-scale and have
designed a separate controller based on the nonlinear control theory,
and then they combined two kinds of controller into one main
controller [10]. The parallel mechanism platform which is proposed
by authors also needs to implement an adaptable controller to get fast
and accurate response.
In Section 2, the developed micro parallel positioning platform is
described. The mechanism is described and the problem is defined.
Section 3 presents kinematic and dynamic modeling for controller
synthesis. The unknown parameters are estimated by experiment.
Section 4 presents the synthesis of controllers and results from
simulation and experiment. Conclusion is suggested in Section 5.

platform is presented. Each photos show the tilting posture of the
platform at -50, 0 and 50 degrees, respectively.
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2. Micro parallel positioning platform
α = -50º

2.1 Mechanism description
The micro parallel mechanism platform can realize 3-DOF
motion. It can translate along the x- and y-axis and rotate for the αaxis (along the x-axis). The translational workspace is 5 mm X 5 mm
and rotational workspace is 100 degree. The parallel mechanism is
proposed in Fig. 1. The mechanism is composed of an end-effector,
three links and base platform. The base platform and end-effector are
connected by two identical links and one parallelogram shaped link.
The parallelogram shaped link can confine the rotation of end-effector
so the end-effector only can be rotated for the α-axis.
The actuation part consists of two sets of linear actuators: coarse
and fine actuation. Coarse actuation part shows relatively long stroke
and rough accuracy and fine actuation part shows relatively short
stroke and fine accuracy. So the combination of these two kinds of
actuation can realize long stroke and fine accuracy. The coarse
actuation part was designed vertically to enhance the mobility of the
mechanism and the fine actuation part was designed horizontally to
increase the resolution of the mechanism.
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2.3 Problem definition
In this paper, the modeling and control for the fine actuation part
is presented. For accurate and fast movement of end-effector, fine
actuation system control is very important. For the fine actuation part,
linear PZT actuators were used, and the output of end-effector was
measured by three linear scales.

3. Modeling of micro parallel positioning platform
3.1 Constraint equation
The kinematic constraint of the mechanism is that the length of
each links is constant as shown in equation (1).
(1)

Pi − Bi = L , where i = 1, 2, 3

(x − R + R
(x + R − R
1

3

3

− X f 1 ) + ( y − Yc1 ) = L2
2

2

2

(− R cosα + R − X )

2

1

(2)

− X f 2 ) + ( y − Yc2 ) = L2
2

3

f3

(3)

2
+ x 2 + (R1 sinα + y − Yc3 ) = L2 (4)

By using this constraints equation, the forward and inverse kinematics
can be calculated.
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Fig. 2 Micro parallel positioning platform: Sensing part, universal
joint and photos of rotation posture
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Three scalar equations can be generated from equation (1) for the
three links, respectively, as follows:
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3.2 Jacobian matrix
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Fig. 1 3-DOF Parallel mechanism and actuation part

2.2 Manufacturing of the positioning platform
The micro positioning platform was manufactured and assembled.
The overview of the platform is shown in Fig. 2. The total size of the
platform is 280(w) X 200(d) X 408(h) mm. For low friction
movement, six unique universal joints were used. The universal joint
is presented in the right side of Fig. 2.
To enhance and measure the accuracy of the platform, a sensing
part is required. To measure the 3-DOF motion of end-effector, three
linear scales are attached to the end-effector. The sensing part is
shown in the left side of Fig. 2.
At the bottom of Fig. 2, the tilting capability of the positioning

To formulate the dynamic equation, Jacobian matrix is required.
Jacobian matrix is the relation of small perturbation of input and the
response of output. By differentiating equations (2)-(4), we can get
the equation in matrix form as follows:

J pδp = J qδq

(5)

where δp and δq represents [δx δy δα]T and [δXf1 δXf2 δXf3]T,
respectively. And Jp and Jq represent matrices as follows:
⎡ x − R1 + R3 − X f 1
J p = ⎢⎢ x + R1 − R3 + X f 2
x
⎣⎢

y − Yc1
y − Yc 2
y + R1 sin α − Yc 3

0 ⎤
0 ⎥⎥
J x 33 ⎦⎥

J p 33 = ( y + R1 sin α − Yc 3 ) R1 cos α + (− R1 cos α + R3 − X f 3 ) R1 sin α

⎡ x − R1 + R3 − X f 1
⎢
Jq = ⎢
0
⎢
0
⎣

0
x + R1 − R3 + X f 2
0

⎤
⎥
0
⎥
− R1 cos α + R3 − X f 3 ⎥⎦
0

Then the Jacobian matrix of the fine actuation is defined as follows:
−1
δp = J f δq , where J f = J p J q .

(6)
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3.3 Dynamic model
3.3.1 Dynamic formulation
The dynamic formulation is shown in Fig. 3. Each PZT actuators
are assumed to be the mass-spring-damper system. The masses of
links and end-effector are relatively lighter than the mass of each PZT
actuation part, and so the masses were not included in the dynamic
formulation. The dynamic equations for each PZT actuation parts are
as follows:

Fi − ki X fi − ci X& fi = mi X&& fi .

The relation of voltage to PZT actuators that is control input and
the generated force from PZT that is input in the state-space model is
verified by experiment as equation (9). Fig. 4 shows the experimental
result between voltage and force of PZT.

(7)

Vi =

Fi
1000

(9)

Fig. 4 Relation between input voltage and generated force

3.3.2 Parameter estimation

Fig. 3 Relation of force and dynamic response
By combining these independent dynamic equations and the Jacobian
matrix (6) that represents the geometric constraints, we can get the
state-space dynamic model of the micro parallel positioning platform
as follows:

We set up the dynamic formulation of the micro parallel
positioning platform, however, to apply this model to synthesize the
controller, proper stiffness and damping coefficient are required. In
this research, the parameters were identified by experiments.
The process is shown in Fig. 5. To ignore the nonlinear property
like backlash, we did not use the white noise but sinusoidal inputs of
several frequencies. Then we measured the magnitude change and
phase delay of each sinusoidal input, and got the transfer relation
which is indicated by a star, circle and diamond shaped points,
respectively in Fig. 6.

x& = Ax+ Bu
, x = [ X f 1 X& f 1 X f 2 X& f 2 X f 3 X& f 3 ]T (8)
y = Cx
u = [F1 F2 F3]T, y = [x y α]T

Fig. 5 Experimental process of parameter estimation

where
1
0
⎡ 0
c1
⎢ k1
0
−
−
⎢ m
m1
⎢ 1
0
0
⎢ 0
k
A= ⎢ 0
0 − 2
⎢
m2
⎢ 0
0
0
⎢
⎢ 0
0
0
⎣⎢

−

0

0

0

0

1
c2
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0

0

0

0
0
k
− 3
m3

⎡ J f 11 0 J f 12 0 J f 13 0⎤
⎢
⎥
C = ⎢J f 21 0 J f 22 0 J f 23 0⎥.
⎢J f 31 0 J f 32 0 J f 33 0⎥
⎣
⎦

0 ⎤
⎡0
⎥
⎢1
0 ⎥
⎢m
⎥
⎢ 1
0 ⎥
⎢0
0 ⎥, B = ⎢ 0
⎥
⎢
⎢0
1 ⎥
⎢
c3 ⎥
− ⎥
⎢0
m3 ⎦⎥
⎣⎢

0
0
0
1
m2
0
0

0⎤
⎥
0⎥
⎥
0⎥
0⎥
⎥
0⎥
1⎥
⎥
m3 ⎦⎥

Then, we adjusted the damping and stiffness coefficient and
checked the bode plot of the transfer matrix to match the state-space
model and experimental result. To simplify the dynamic model, we
assume that the mass, damping and stiffness coefficient are the same
value in each link, respectively. The estimated mass, damping and
stiffness coefficient are presented in Table 1.
Table 1 Estimated coefficient
Coefficient
mi(kg)
Value
0.804

ci(N/μm·sec)
0.00816

ki(N/μm)
1.00

And the transfer matrix of the micro parallel positioning platform
is shown in equation (10). And the frequency response of the model is
shown as the solid lines in Fig. 6.

Fig. 6 Parameter estimation result and frequency response of estimated transfer matrix
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Fig. 7 Verification result of controller by simulation and experiment
The transfer matrix is composed of nine transfer functions. The
transfer function from V3 to x is assumed to be zero since the
magnitude of the transfer function is relatively much lower than other
transfer functions.
621.9
⎡
⎢ 2
⎡ x ⎤ ⎢ s + 406.1s + 49750
510.4
⎢ y⎥ = ⎢
⎢ ⎥ ⎢ s 2 + 406.1s + 49750
− 16.52
⎣⎢α ⎦⎥ ⎢
⎢⎣ s 2 + 406.1s + 49750

− 621.9
s 2 + 406.1s + 49750
510.4
s 2 + 406.1s + 49750
− 16.52
s 2 + 406.1s + 49750

⎤
⎥ V
⎥⎡ 1 ⎤
161.7
⎥ ⎢V2 ⎥
2
s + 406.1s + 49750 ⎥ ⎢ ⎥
50.05
⎥ ⎣⎢V3 ⎦⎥
s 2 + 406.1s + 49750 ⎥⎦
0

(10)

This work was sponsored by the Brain Korea 21 program and
Engineering Research Center for Micro-thermal Systems.

1. Hasselbach, J., Wreqe, J., Raatz, A., Becker, O., “Aspects on
Design of High Precision Parallel Robots,” Assembly Automation,
Vol. 24, No. 1, pp. 49-57, 2004.

4.1 Objective for synthesis
The requirement of controller synthesis is summarized in Table 2.
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4.3 Result of simulation and experiment
The synthesized controller was verified through simulation and
experiment. Step responses of the platform are shown in Fig. 7. There
are no overshoot in each directional movement and steady-state errors
are less than 0.02 μm. The settling times are 0.130, 0.130 and 0.140
sec in x-, y- and α-direction, respectively.

5. Conclusion
In this paper, we presented the dynamic modeling and controller
synthesis for 3-DOF micro parallel positioning platform. As the
geometric constraint, Jacobian matrix was calculated and as the
dynamic relation, simple spring-damper model was calculated based
on the assumption on fine actuation part. Based on the two results,
state-space model was formulated. To estimate the damping and
stiffness coefficient, experiment using sinusoidal input was performed.
Based on the dynamic model, PI-based MISO controller was
designed and the performance was verified through simulation and
experiment. There were no overshoot in each directional movement
and steady-state errors were less than 0.02 μm. And the settling times
are 0.130, 0.130 and 0.140 sec in x-, y- and α-direction, respectively.
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