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Abstract

In this paper, a robust control method for synchroniz-
ing motions of a twin{servo system is proposed. Using
the correspondence between the mathematical model-
ing and the circuit representation, a network represen-
tation of twin{servo system is proposed. And a stabiliz-
ing control input is designed based on robust internal{
loop compensator for the separate system in the pres-
ence of uncertainty and disturbance. Skew motion com-
pensating control input is also designed to maintain
the synchronizing motion during high speed motion.
The stability of the whole closed{loop system is proved
based on passivity theory. Through experiments using
a semiconductor chip mounting device, the performance
of the proposed method is evaluated.

1 Introduction

High{accuracy positioning systems emphasizing high
performance and high productivity have introduced
twin{servo mechanism in many current application
areas such as semiconductor chip mounting devices.
Twin{servo mechanism is used to increase the payload
capacity and speed of high precision system. This con-
sists of two driving motors controlled independently for
one reference input. DiÆculties are mainly due to the
fact that the system of interest requires wide range and
high speed motions under signi�cant nonlinear charac-
teristics. Moreover, accurate description of the non-
linear e�ect is not available because uncertainties al-
ways exist and cannot be neglected. Consequently, the
control algorithm for twin{servo with high performance
must address both synchronizing motion control perfor-
mance under the dynamic unbalance of twin{servo sys-
tem and robustness issue under the nonlinearities and
uncertainties.

In this paper, we focus on the network modeling of
twin{servo system and propose a robust synchronizing
motion controller which consists of separate feedback
controller and skew motion compensator to meet per-

formance speci�cations and cancel out the skew mo-
tion of two driving systems. Model reference trajectory
tracking controller based on robust internal{loop com-
pensator(RIC) which has 2{DOF control structure is
proposed as the separate feedback controller. To com-
pensate the skew motion, a symmetric type skew mo-
tion compensating controller is designed. The stability
of the whole closed{loop system is analyzed based on
passivity based approach.

In the next section, the network modeling of twin{servo
system is introduced. In Section 3, a separate controller
for each driving system is proposed based on RIC, and
the disturbance attenuation property and the perfor-
mance of the separate closed{loop system with RIC are
analyzed. In Section 4, the stability analysis of the
whole closed{loop system is represented. Experimental
results are shown in Section 5, and conclusion follows.

2 Network Modeling of Twin{Servo System

A twin{servo system consists of the primary and sec-
ondary servo system with control loop closed separately
around them as shown in Fig. 1. The dynamic behav-
iors of two separate system are functions of each other.
The equations of motion for this system are expressed
as

mp�yp + bp _yp = �p + fp

ms�ys + bs _ys = �s + fs
(1)

where yp;s is the output of interest, mp;s is the mass,
and bp;s is the damping coeÆcient. fp;s is the force
that separate feedback controller applies to the primary
and secondary motor. Driving forces for synchronizing
motion is represented by �p;s.

It is assumed that the dynamics of the separate feed-
back controllers can be approximately represented as a
simple spring{damper system:

fpf � fp = bpc _yp + kpcyp

fsf � fs = bsc _ys + kscys
(2)
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Figure 1: Twin{servo motion control system
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Figure 2: Circuit representation of twin{servo system

where bpc;sc and kpc;sc are the damping coeÆcient and
sti�ness of the separate feedback controllers, respec-
tively. fpf;sf denotes primary and secondary feedfor-
ward command determined by the desired trajectory.

Synchronizing motion controller is used to synchronize
the motion of two motors by cancelling out the skew
motion. Hence, this has to recognize skew motion in
real time and compensate dynamic di�erence during
high{speed motion. The separate robust feedback con-
trollers compensate di�erent dynamic characteristics of
two motors and the skew motion compensating con-
troller is appended to this.

Consider the following control schemes for primary and
secondary motor as general expressions which deter-
mine compensating forces to synchronize motions:

�p = Kpp yp �Kps ys

�s = Ksp yp �Kss ys
(3)

where Kpp and Kps are the feedback controllers of the
primary motor, whereas Ksp and Kss are gains of the
secondary motor, respectively. In (3), it is assumed
that time delay due to the data transmission between
two systems is negligible.

Now, let us consider a two{terminal{pair network which
is connected to a power source at each terminal pair as
shown in Fig. 2. By regarding the power source as a
reference command and two{terminal{pair network as
a twin{servo system, the whole system can be replaced
by the electrical circuit in Fig. 2. The correspondences
between the mathematical modeling and the circuit rep-
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Figure 3: Robust internal{loop compensator structure

resentation in this �gure are given by

_yp; _ys  ! Ip; Is

fpf ; fsf  ! Vpf ; Vsf

fp; fs  ! Vp; Vs

�p; �s  ! Tp; Ts:

(1) and (3) can be transformed from time domain into
s domain:

Tp + Vp = (mps+ bp)Ip , ZpIp

Ts + Vs = (mss+ bs)Is , ZsIs
(4)

Tp = Kpp

1

s
Ip �Kps

1

s
Is , PpIp � RpIs

Ts = Ksp

1

s
Ip �Kss

1

s
Is , PsIp �RsIs:

(5)

By eliminating Tp and Ts from (4) and (5), the
impedance matrix is obtained as

Z =

�
Zp � Pp Rp

�Ps Zs +Rs

�
: (6)

3 Separate Feedback Control

In this section, a robust trajectory tracking controller
based on robust internal{loop compensator(RIC) is pre-
sented for the separate controller of twin{servo system.
Disturbance attenuation characteristics of the proposed
controller is shown and the performance is analyzed.

3.1 Robust Internal{Loop Compensator

Without loss of generality, the proposed control method
is presented for systems with a single{input, single{
output(SISO), which allow us to develop intuition
about the basic aspects of the proposed robust con-
troller design. Fig. 3 shows the control structure in
which we will derive the control input based on Lya-
punov redesign using RIC [1, 2]. The system we are
dealing with is represented by the plant P and its out-
put signal y. The function ur represents a reference
control input signal, u represents a control input signal,
d represents a disturbance signal, and � represents mea-
surement noise. Pm and K represent dynamic models
which are to be designed. We call these as a reference
or nominal model and the controller of RIC. Laplace
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variable s is dropped for mathematical clarity. The dif-
ference between plant output and reference model out-
put is de�ned as the model following error er = yr � y,
where yr is the output of reference model Pm. Then,
the RIC based control input has the form of

u = ur +Ker (7)

where the second term on the right{hand side is given
by Lyapunov redesign [3]. From the block diagram in
Fig. 3, er can be expressed as

er = S [(Pm � P )ur � Pd] + T� (8)

where S = 1

1+PK
and T = PK

1+PK
are given as the

sensitivity and complementary sensitivity functions of
the typical feedback system, respectively.

3.2 Disturbance Attenuation Characteristics

As shown above, in order to minimize er, we need to
design the controller K so that S and T have opti-
mal values. However, since we can not know the exact
mathematical model of real plant P , it is very diÆcult
to design K directly using the functions of S and T .
Therefore, consider an imaginary transfer function Q,
which controls Pm using feedback controller K. Hence
Q is expressed as

Q =
PmK

1 + PmK
: (9)

Recalculating this equation for K, it has the form of

K =
Q

Pm(1�Q)
: (10)

If we substitute K into Fig. 3, we obtain Fig. 4. This
�gure can be also transformed equivalently to the
well known structure of disturbance observer(DOB) [4].
This means that if we selectK as (10), the RIC becomes
DOB and the characteristics is the same.

3.3 Performance Tuning

Now, let us analyze the performance of the control sys-
tem with RIC using input{output relationship. If the
tracking error is de�ned as e = r � y, from Fig. 5 and
Fig. 6, the relationship among e, r, and deq can be ex-
pressed as

e =
1

1 + PmC

�
r �

Pm
1 + PmK

deq

�
: (11)
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But since e is a�ected by r, it is diÆcult to predict
its performance. Hence, it is required to eliminate the
e�ect of r on e by using feedforward compensation.

Consider the RIC based control system with feedfor-
ward compensation shown in Fig. 6. By using Fig. 5,
the error can be expressed in term of equivalent distur-
bance as

e =
1

1 + PmC

�
(1� PmCf )r �

Pm
1 + PmK

deq

�
: (12)

If Cf is chosen as the inverse of the reference model Pm,
that is Cf = 1=Pm, then (12) is arranged as

e =
1

1 + PmC

�
�

Pm
1 + PmK

deq

�
: (13)

Thanks to the feedforward compensation, (13) is not a
function of the reference input r di�erently from (12).
Hence, the inequality about the norm of error can be
obtained as

jej � jW j �
1

j1 + PmKj
(14)

where W =
Pmdeq
1+PmC

. Note here that W is the function
that is only related to the plant Pm and outer{loop
controller C.

3.4 RIC Based Motion Control

Consider the equation of motion for a high{accuracy
positioning system:

m�y + b _y + Fr( _y)� dex = f; (15)

where f is the feedback control input to follow the de-
sired trajectory, Fr( _y) is the friction term including
stiction and Coulomb friction, and dex is the uncer-
tain external disturbance whose magnitude is bounded.
Tracking error is de�ned as e = yd � y, where yd is a
desired trajectory.



Now, in order to design a robust motion controller in
the RIC framework, consider the following reference
model for (15):

mm�y + bm _y = f (16)

where mm and bm are the reference values of m and b,
respectively. Hence, (15) can be rewritten in terms of
mm and bm

mm�y + bm _y = f + deq (17)

where deq = (mm � m) �y + (bm � b) _y � Fr( _y) + dex.
And the reference control input which can stabilize the
reference model given by (16) can be chosen as

fr = mm�yr + bm _yr: (18)

A noteworthy feature of this equation is that the ref-
erence input is used to generate internal model state.
That is, since mm and bm are the parameters which are
to be designed, yr becomes the state of implicit inter-
nal model of (18). And then, choose the reference state
variable as follows:

yr = yd +�

Z t

0

e d� (19)

where � is an appropriate gain. Hence the model fol-
lowing error is obtained as

er = e+�

Z t

0

e d�: (20)

Therefore, from (7), the RIC based robust motion con-
troller is formulated as

f = mm�yr + bm _yr +Ker: (21)

From (18), the reference model Pm is obtained as

Pm =
1

mms2 + bms
: (22)

Hence, various Q can be designed by K using (9). For
example, if the controller is chosen as

K = (mms+ bm)D (23)

then Q function has the form of

Q =
D

s+D
: (24)

Therefore, it can be roughly said that the disturbances
can be attenuated below the cuto� frequency(!c =
D rad/s) of (24). And from (21), the external{loop
controller and the feedforward compensator are given
by

C = (mms+ bm) �; Cf = mms
2 + bms: (25)

Since the feedforward compensator satis�es the condi-
tion of Cf = 1=Pm in the above equations, the following
inequality is obtained from (14):

jej � jW j �
1���1 + D
j!

��� (26)

Therefore, if the gain � of C is �xed and the magni-
tude of D of (23) is increased N times, then it can
be roughly said that jej is reduced by the factor of����1 + D

j!

�
=
�
1 + N�D

j!

����. Speci�cally, when D is large

enough or the system is operated in low frequency
range, we can predict that if D is increased by N times,
the error will be reduced to its 1=N , approximately.

4 Stability Analysis

In this section, we discuss the stability of proposed syn-
chronizing controller including separate primary and
secondary feedback controller. Synchronizing motion
controller makes the system reciprocal so that the nec-
essary and suÆcient condition can be calculated ana-
lytically.

4.1 Passivity Based Approach

The motion of primary motor is a�ected by two control
inputs: fp, the separate control command of the pri-
mary and �p, the skew motion compensating command
of twin{servo mechanism. Control inputs of secondary
motor are similar to those of the primary. Since the
primary and secondary motor are interconnected in a
feedback loop, the dynamics of the whole closed{loop
system should be considered.

From electric circuit representation of Section 2, the
twin{servo system can be expressed as

b = Sa (27)

where the matrix S is called scattering matrix, a =
V +I
2

and b = V �I
2

are input and output wave, where

V =
�
Vp Vs

�T
and I =

�
Ip Is

�T
. The scattering

matrix S of the system is given by

S =
1

D + z11 + z22 + 1

�

�
D + z11 � z22 � 1 2z12

2z21 D � z11 + z22 � 1

� (28)

where D = jZj. The system is passive if the following
inequality is satis�ed,

kSk
1
� 1: (29)

Therefore, if the system is reciprocal, that is, S is sym-
metric, we can analyze the stability of the system using
(29) [5].



Figure 7: Twin{servo high{accuracy positioning system

4.2 Stability Analysis

In this paper, skew motion compensating scheme is cho-
sen as a symmetric type PD control by which one motor
follows the position of the other. Therefore the control
algorithm is expressed as

�p = Kp(ys � yp) +Kd( _ys � _yp)

�s = Kp(yp � ys) +Kd( _yp � _ys)
(30)

where Kp and Kd are the proportional and derivative
gains, respectively. From (24), the dynamic character-
istic can be assigned so that the primary and the sec-
ondary system have equivalent parameters in the low
frequency range. Hence, we assume that the dynamic
equations of the two systems are represented as (22).
The scattering matrix is symmetric when the system
is reciprocal, so that it is easier to analyze stability.
Substituting the parameter of (30) into (28), we get

S =
1

(1 + �) (1 + �+ 2�)

�

�
� (�+ 2�)� 1 �2�

�2� � (�+ 2�)� 1

� (31)

where � = mms+ bm and � =
kp
s
+ kd. Therefore, the

singular values of S are given by

�1 =
j�� 1j

j�+ 1j
� 1; �2 =

j�+ 2� � 1j

j�+ 2� + 1j
� 1: (32)

Both of them never violate the inequality (29). There-
fore, the stability of twin{servo system when the pro-
posed control algorithm is applied has been guaran-
teed.

5 Experimental Results

The system we are dealing with in this paper is the
high{accuracy XY positioning system used as the semi-
conductor chip mounting devices, where y{axis is twin{
servo system. Fig. 7 shows the experimental setup. The
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proposed separate feedback controller in (21) is used to
stabilize the whole system and track the desired posi-
tion accurately:

fx = mx
m�xr + bxm _xr +Kxexr

fy = my
m�yr + bym _yr +Kyeyr :

(33)

For x{axis, mx
m is 0:075, bxm is 0:4, and �x is 250. For

y{axis, my
m is 0:04, bym is 0:3, and �y is 200. And RIC

controller K is chosen as (23):

Kx = (mx
ms+ bxm)D

x

Ky = (my
ms+ bym)D

y
(34)

where Dx is 400 and Dy is 250. The skew motion com-
pensator for y{axis is selected as a symmetric type PD
controller in (30):

�p = Kp eskew +Kd _eskew

�s = �Kp eskew �Kd _eskew
(35)

where the skew error eskew = ys � yp and the gains
are selected as Kp = 1500 and Kd = 10. Fig. 8 shows
the robust synchronizing motion control structure for
y{axis. The 5th order polynomial function is used to
specify the position, velocity, and acceleration at the
beginning and end of path. Fig. 9 shows the desired tra-
jectory graph. The control frequency is set to 1000Hz,
and the positions are measured by rotary encoder at-
tached in the motors, whose resolutions are 0.5�m and
0.125� at the rectilinear motion for x{axis and y{axis,
respectively. The velocity is simply obtained through
the backward di�erentiation of position signal.

From (33), the reference model of RIC is given by (22)
and Q is obtained as (24). Fig. 10 shows the experi-
mental results. Fig. 10 (a), (b), and (c), respectively
show the tracking errors without skew compensation,
the tracking errors with skew compensation, and the
skew errors. As can be seen here, the tracking errors
show good performance and the skew error is halved
if the proposed skew compensation is applied. From
the experimental results, we can conclude that our pro-
posed control schemes successfully maintain the sta-
bility of overall system and can meet the performance
speci�cations for synchronized motions.
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