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Abstract. Macro-micro dual-drive positioning stage has particularly good po-
tential application in high acceleration and high precision positioning stage us-
ing for IC packaging. In this paper, the positioning stage which is composed by
VCM (voice coil motor) as macro driver and PZT as micro driver is used. Cou-
pling characters of the stage are discussed by analyzing dynamic model firstly,
then models of macro drive positioning stage and micro drive positioning stage
are built separately which both contain mechanism and driver part. Finally, a
control structure, micro drive positioning stage dynamic compensate the posi-
tioning error produced by macro drive positioning stage, is proposed, in this
control structure, LQG control method is used to control macro drive position-
ing stage, and PID control method is used to control the micro drive positioning
stage. Detailed designs are conducted for the proposed approach, and the simu-
lation results demonstrate the good performance of the proposed controller.

Keywords: macro-micro dual-drive, positioning stage, motion couple, model-
ing, LQG.

1 Introduction

IC (integrated circuit) manufacturing technique is developed rapidly, the integrated
level of IC chip is improving and its volume is reducing with the increasing 1/O leg
wires’” density. So high machine accuracy and high productivity are urgently required
for package equipment.

Positioning stage with high acceleration and high precision, as a central component
in the package equipment, plays a key role. In package process, the positioning stage
is required to run and stop frequently with high acceleration, such that the system
must have high bandwidth, so many structures have been proposed to solve the prob-
lem. Presently, macro-micro dual-drive technique, which is proved an effective
method to achieve long stroke, high acceleration and high precision, is presented by
some institutes and scholars [1, 2]. This structure uses two independent mechanisms
for a single degree of freedom motion, it can widen the bandwidth of system and
reduce the effective inertia of end effectors [3, 4], but the motion coupling of the two
positioning stages effects the performance of the whole positioning stage, and
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performance of this system may vary depending on the control method employed. So,
in this paper, system’s coupling characters are analyzed firstly, according to the re-
sults, the system can be treated as two separate positioning stage and models can be
built separately. Based on the model, macro positioning stage has vibration, so PID
controller in forward path plus LQG controller in the feedback loop is proposed to
satisfy the track following performance and restrain vibration simultaneously.

This paper is organized as follows: in section 2, structure of the dual-drive posi-
tioning stage is displayed and in section 3, motion coupling between two positioning
stage is analyzed by dynamic equation, in section 4, whole models for two positioning
stage are built, which contain driver and mechanism part, then the control structure is
constructed and controllers are designed in section 5, and the simulation results are
shown, finally, in section 6, conclusions are drawn.

2 Structure of Macro-micro Dual-Drive Positioning Stage

Usually, the positioning stage for IC packaging has two degrees-of-freedom, and each
has the same structure and characters, so here we use a single axis as an example to
discuss. Fig.1 shows the structure of single axis macro-micro dual-drive positioning
stage. VCM together with the PZT are adopted to drive the macro positioning stage
and micro positioning stage, high resolution grating scale is integrated into the close-
loop feedback of macro drive positioning stage and capacitance micrometer is used to
measure the displacement of micro drive positioning stage.

capacitance micrometer micro drive stage VCH

grating scale

Fig. 1. Structure of macro-micro dual-drive positioning stage

The micro drive positioning stage is working at a nanometer level resolution and
positioning accuracy via the double layer elastic hinges driven by PZT. The simplified
structure of the micro drive positioning stage is shown in Fig.2.
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Fig. 2. The structure of micro positioning stage

Where, K, is the stiffness of transmit part, K is the stiffness of double layer elastic
hinges, M, is the inertia of motion part in the micro stage, C,, is the damping ratio of
micro stage, x is the input displacement by PZT,Y,,is output displacement. In our

system, M ,, =0.43kg , K =2.0x10’N/m,K, =12.0x10’ N /m , and C,, =0.02Ns/m .

3 Motion Coupling of Macro-micro Dual-Drive Positioning Stage

Since the micro drive positioning stage place on the macro drive positioning stage,
there is force act on micro drive positioning stage when the macro dive positioning
stage is moving, and vice versa, so the motion coupling should be discussed firstly as
the guidance of modeling and controller design of the stage. In this paper, the motion
coupling is discussed by analyzing dynamic model of the dual-drive stage.

The mechanism parts, as a kind of finite rigid body, have certain flexibility which
causes remnant vibration in high-acceleration motion, reduces accuracy of the stage
and prolongs the settling time. Therefore, the flexibility of the micro drive positioning
stage and guiding plates should be considered. On the basis of the rigid-flexible dy-
namic analysis of mechanical system, the system can be simplified to a mass-damping
system, as shown in Fig.3.
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Fig. 3. The rigid-flexible model of dual-drive positioning stage

where, K, , Cy; ,and M, are the stiffness, damping ration and inertia of stage driven by
VCM, K, (K,, =K +K,), C,, and M,, are the stiffness, damping ration and inertia of
stage driven by PZT , u,, is the coefficient of friction of the linear guide, Fy, , F,, are

m
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the drive force of VCM and PZT separately, Y,,.Y, are the corresponding

displacements. According to Newton’s second law, dynamic differential equation of the
macro-micro dual-drive positioning stage can de derived:

{ M, Y, =F +K, (Y, -Y,)+C, (Y, -Y,) 0
MMYM :FM _Fm_KMYM _Km(YM _Ym)_CMYM _Cm(YM _Y.vm)_/uMYM
Written in the form of matrix:
MUY }+[CHY }+[KI{Y} = [Al{F} 2
Y . F, M, 0
where, output vector: {Y}= , input vector: {U}= , M= ,
M Fy 0 My

Cm _Cm Km _Km 1 0

[C]= , [K]= , [A]= . In our
-C,, Cy+C, +uy -K, K,+K, -1 1

system, M, =1.92kg , Kp; =6.5x10" N/m, Cy; =0.05Ns/m , ty; =0.03Ns/m.

Rewrite the above equation after do the Laplace transform on both side of it, the
transfer function matrix can be obtained:

1

0

Y, | Mms2+Cms+Km F, 3)
Yy 1 1 Fy,
2
C,s+K, My s™+(Cy +C,, +iy)s+ Ky + K,

Form (3) the motion coupling of macro drive positioning stage and micro drive posi-
tioning stage is:

1
Yyy=—FF
M c,s+kK, " “)
Do the inverse Laplace transform of it:
_1.qe! 5)
Y, ()=—2¢ F, (1)

m

K, is far greater than C,, , soY,, (¢) =0, that is, the motion coupling of the two stage

can be neglected, the dual-drive stage can be treated as two single-drive positioning
stages.

4 Modeling of Macro-micro Dual-Drive Positioning Stage

In this section, models of macro drive positioning stage and micro drive positioning
stage are constructed. The model includes the mechanism part and the driver part.
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4.1 Modeling of Macro Drive Positioning Stage

From electrical equivalent model of VCM and Kirchhoff law, the voltage balance
equation can be written:

U=Up+U, +Uy (6)

where, U is the overall voltage in coil, Uy = Ri is the voltage in resistance, the induc-
tion voltage is U, = L(di/dt), the back electromotive force by coil’s motion is
Up =KV , iis circuit current, V is motion speed, K is the back electromotive
force constant. So we have:
U=Ri+L({di/dt)+ KgV (7

The force balance equation is:

Fy = MYy +(Cop + iy Wy + Ky Yy ()
where, F,, = Kyi, Ky is force sensitivity of VCM, M =M, + M
drive stage is treated as one of the loads of macro drive stage.

According above two equations, the block diagram transfer function of macro drive
stage is shown in Fig.4.
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Fig. 4. Block diagram transfer function of macro drive positioning stage
So the transfer function of macro drive stage is:
Yy, (s) K
GM (S) =M = 3 3 E (9)
U(s)  LMS>+(LC,; + Lity, + RM)s® + (K, L+RC,, + Ry, + KK )s +RK,,

In our system, L=2.5mH , R=24Q, K; =21.35N/A, Ky =2136V/m/s.

4.2 Modeling of Micro Drive Positioning Stage

The equivalent circuit of PZT is shown in Fig.5, R;is the inner resistance of PZT
power supply, R, and C,is the resistance and capacitance of PZT, and R; << R, ,

U, is the input voltage of PZT power supply and U , is the voltage act on PZT.
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Fig. 5. The equivalent circuit of PZT

So the transfer function can be written as:

U,s) 1
Ui(s) RC,s+1

(10)

According to the electric displacement character of PZT, and ignoring the nonlinear-
ity of PZT, the displacement of PZT is proportional to theU , , that is:

x=alU, (1D
a is the ratio coefficient, so
X(s) a
Ui(s) RC,s+1 (12)
Then from Fig.2 the force balance function of micro drive positioning stage is:
Kx=M,Y, +C,Y, +(K,+K)Y, (13)
So that, the transfer function of micro drive stage is:
Y (s aK K
Gp(9)= K, 22 - —2 (14)

PU(s)  (RCps+1)(M,,5% +Cps + (K +K,))

. e e _ -6
K, is the magnification of PZT power supply. In our system, a =0.267X107"m/V ,
K,=15, R, =11Q, C, =14.5uF .

5 Control of Macro-micro Dual-Drive Positioning Stage

The classic method using for control macro drive stage is PID, but for our system,
from the transfer function above we know that the damping ratio is small, so the sys-
tem will vibrate seriously while motion. The design of vibration damping controller is
formulated as a standard LQG problem [5, 6]. In this paper, we design LQG controller
as the feedback part to restrain vibration, and PID controller in forward path to ensure
the track following character. The controller structure is shown in Fig.6.
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Fig. 6. Control structure of macro drive positioning stage

First, the state space model of macro drive stage is written:

) LCy +Liyy +RM LKy +RCy +Rityy +KpKy  RK)y Kr

a0y M - M v [O) o

X, (1) | = 1 0 0 X)) |+ O |u(r)

xz(z) 0 1 0 xz(l) 0 (15)
3 3

y(@) = x3(1)

x, (1) Yy, @)
where state vector| x,(¢) |=| Y, (t) |-
x3(1) Yy, ()
The covariance of disturbance in state equation and measurement noise in observa-

tion equation for Kalman filter model are 1 and 0.01.
The cost function for this LQ design is:

J= J';(Yﬁi (t)+u o ()t (16)

Fig.7 and Fig.8 show the step response of system under PID controller and PID plus
LQG controller. From the figure we can see that the system has a certain following
ability under PID controller, but vibration is obvious, by adding the LQG feedback
controller, the vibration is restrained assuredly.
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Fig. 7. Step response of macro drive positioning stage under PID controller
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Fig. 8. Step response of macro drive positioning stage under PID plus LQG controller

For the PZT drive positioning stage, though the output displacement of PZT is
proportional to input voltage, because of the nonlinear character of PZT, using the
open-loop controller would not obtain good performance, so with the capacitance
micrometer the micro drive positioning stage can form closed-loop control structure
in our system.

Fig.9 shows the proposed controller structure for macro-micro dual-drive position-
ing stage. ry, is the reference input which is a periodic signal for IC packaging appli-

cation, r,,

is the reference input of micro stage, which is the error signal of macro
drive positioning stage. In this structure, micro drive positioning stage dynamic com-
pensate the positioning error of macro drive positioning stage, so the positioning error

of the whole system is reduced by adding micro drive stage.

Fig. 9. Control structure of macro-micro dual-drive positioning stage

Sine wave, amplitude is 2mm, frequency is 10rad/s, and use absolute value of the
negative part, is used as reference signal, which is similar to the periodic signal in IC
packaging. Fig.10 and Fig.11 show the response curve of the system without micro
drive stage. From these two figures, we can see that by adding micro drive stage, the
positioning precision is an order of magnitude greater than the positioning stage driv-
ing only by macro driver.
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Fig. 10. Response of macro-micro dual-drive positioning stage to sine wave, the left figure is

error curve of the whole positioning stage, the right figure is the response curve. In the right
figure, the solid line is the reference input, and the dashed line is the response curve.
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Fig. 11. Response of macro drive positioning stage to sine wave, meaning of figures are similar
with Fig.10

6 Conclusions

In this paper, model building and controller design of macro-micro dual-drive posi-
tioning stage are discussed. Mechanism structure that this paper studied is composed
by a VCM and a PZT, and both of them have displacement sensors. By analyzing
dynamic model of the whole system, motion coupling of the two positioning stage is
discussed, which conclude that the coupling action of two positioning is so small that
can be neglected. Basing on the result, models of two positioning stage are built, both
including mechanism part and driver part. From the model of macro positioning stage,
we known that vibration is an important character of it, so we proposed a controller
contain PID and LQG to satisfy the tracking following performance and improve
vibration damping ability, simulation results verify the proposed controller. For the
dual-drive positioning stage, we proposed a control structure that micro drive posi-
tioning stage dynamic compensate the positioning error produced by macro drive
positioning stage, the simulation results also shows the good performance of it.
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