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in this paper, we formulate the effectiveness of the hor-
izonta1 acceleration feedback for an X-Y stage insta11ed
in the reduction stepper by using the 2-degree-of-free-
dom mechanical model and show that its feedback ls

equivalent to the zeroing of disturbanca Furthermorq
we propose the disturbance observer instead of acceler-
ation feedback, and its superior performance is illus-
trated by using the numerical simulation.
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1. Introduction

  in order to realize higher throughput in submicron lithog-
raphy, higher velocity X-Y stage must be developed. An
X-Y stage using an air bearing guide may be expected to
have high speed positioning due to the hictionless srmcture
and pure linearility. However, this stage requires long set-
tling time due to the 1ack of friction. To realize high veloc-
ity positioning, the effectiveness of the horizontal
aoceleration feedback of the base plate was experimentally
demonstrated in the literature.i) However, an explanation
for the thcoretical background of its feedback was insuffi-
cienL

  in this paper, we formulate the effectiveness of acceler-
ation feedback for the first time by using 2-d.o.f. mechanical
model and show that an acceleration feedback is equivalent
to the zeroing of the disturbance. in order to imptove the
positioning time, we propose the disturbance observer in-
stead of aoceleration feedback, and its superior performarrce

X-Y s

o-movlng stage

Base ptate

Zt,t:x

is illustrated by using the numerical simulation. ln addition,
some experimental results are shown.

2. Model;ng of X-Y Stage and Zeroing by
  Horizontal Acceleration Feedback

  figure 1 shows the reduction stepper system. ln this
figure, the micro-moving stage for the fme positioning of
IC wafer is mounted on the X-Y stage, and this X-Y stage
for coarse positioning is mounted on the passive suspension
with the goal of attenuating the floor vihration. Recently,
an active suspension using the voice coil motor or air spring
is introduced to the stepper system. However, we must pay
attention to the reaction force due to the step motion of X-Y
stage, in the case of 1eaving the reaction force freely, the
settling time of the X-Y stage becomes very long due to the
vihration of the base plate. '
  ln mis section, we explain the rnodeling of the X-Y stage
systcm containing the base plate dynamics and illustrate the
relationship between the aeceleration feedhack of the base
plate and the zeroing. At fmst, let us consider the mathe-
matical model of the X-Y stage shown in Fige2. The equa-
tion of motion of this model is written by:

miNi +b,(ii -i2) +ki (xi -xD =f ..... (la)
 --      -e                 .

m2 2 + b2k2 + kpt2 + bi (x2 -xi)

   +k, (x2-x,)= f+f. ........ (lb)

where xi is the displacement of the stage; x2 is the displace-
ment of the base plate; mi is the stage mass; m2 is the base
plate mass; kt and k2 are the spring constants of the stage
and the base plate, respectively; bi and b2 are the viseous
damping of the stage and base plate, respectively;f is the
control force; andf,,t is the disturbance force. .
  Next, let us consider the closed position 1oop shown in

n

-
.

su

Fig. 1. Reduction stepper system.         Flge 2. X-Y stago model.
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fig.3. Because the position sensor such as alaser interfer-
ometer, which has a detecting resolution of 5nm, is generally
installed on the base plate, the position signal for the control
loop becomes (xi--x2). Figure 4 now shows the firequency
shaping of response (xi-x2)/xo both with and without acce1-
eration feedback. It is interesting to note from this figure
that there is pole/zero cance11ation related to the vibration
mode of base plate in the measurement of the frequency
response from the command xb to the position signal (xi-x2).
Hence, as long as the only frequency response from the
command xo is considered, we cannot recognize essential
qualities of the acceleration feedback Not only the re-
sponse from the command xb but also the response firom the
disturbance foroe fext must be considered.
  Then, we derive the relationship between the position
signal (xi-x2), the command xo, and the disturbane foroef..
as follows.

  (A) ln the case of A=O (without acceleration feedback).

(Xl -- X2) =
K tKi[(mi+,n2ts2+b2s+k2!(Fss2+FptFi)xo

sg" (s)-hKbKtKi[(mi-Hn2)s2 + b2s + lp](F,,s2+FptFi)

 -mls3(1+sTd ert*

                ....,........ (2)

as) ln the case of AsO (with acce!eration feedback).

 KpKKt〈 l +sTa)[(m 1'Hn2)s2 + bjs + k21(F"2 + FptrFi)xb

*
*

Horizontal Aoceleration Signal of the Base Plate

the time constant of the povver driver, T, is the time constant
of the acceleration feedback, and F,, Fi, and F. denote the
PD parameters, respectively.
  From the second term of (3), we notioe that the response
im Fext to (xi-x2) can be effectively suppressed if an ac-
celeration fee(iback gain A is optimally selected as follows:

 Aapt= Mi/KKi ･････････････････ (5)

  Namely, the response ffom fext to (xi-x2) in the case as)
can be suppressed more than those in case (A). In addition,
it is numerically clear that both the dominant characteristic
poles of (2) and (3) are almost same. Hence, the Separation
theorem approximately holds between the PID position con-
trol 1oop only and the PID 1oop containing the disturbance
rejection 1oop with the aoceleration feedback. Then, we can
recognize that this effect is equivalent to the zeroing for the
disturbanee foroefe,c. ln the literature,i) the presence ofA.pt
as described (5) is not considered at al1. The results men-
tioned above are summarized as follows:

(Xl -Xal =
 sg'(s) + KpK"(t〈 1+sTa)[(mi･hm2)s2 + bjs + kal(F"2+FlsLhFi)

 (m,+n!,)si+b,p+h=O

l[ lqdBl

* + s[Kil(tils2 -mls2(1+sTa) (1 + sTd) ext

g" (s) =

........................ (3)

(1 + sT.)g(s) . . . . . . . . . . . . (4a)

              1oo

         Frequency tHzl

(a)vttho-t acceleratSon teedbeek

g'(s)

g(s)

=(1+sT.×1+sTd)g(s)+AKKpmis` .(4b)

= m,m2st + [m,(b, + bD + m,b,]si + [m,(k, + k2)

+ b,b2 + m,k,]Y + [b,k2 + b,k,]s + k,k2
.................... (4c)

where Kp is the position gain, K, is the force factor, Ki is the
power driver gain, A is the acceleration feedback gain, Td is
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Fig. 3. Closecl position 1oop.
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(i) The disturbance rejection becomes optimal by select-
  ing an acceleration feedback gain A.pt as (5).
(li) It is impossible to realize the complete zeroing be-
  cause the time constants T, and Td am finite values.
  If both T, and Td become zero, then the zeroing is
  perfectly accomplished.
(ili) Thanks to the realization of an approximate Separa-
  tion theorem, the procedure of parameter tuning in the
  production field is quite plain to us. At first, the PID
  parameters for the position 1oop and the PI parameters
  for the velocity loop are adequately selected using
  some means in order to satisfy the specification of
  control system. Nexg the acceleration feedback is
  appended to the position 1oop with its PID and PI
  paTameters holding.
(iv) Using the horizontal acceleration signal of the base
  plate, the response from the floor vibration xB to (xi-
  x2) can also be suppressed because this equation of
  motion is rewritten in the following f(rmi using (lb).

nhxb + th(x2 -- xe) + qx2 - ng) + bi(X2 -Xi) + ki(h - Xi) = 'f+fe,t

  .........................(6)

  Substituting (7) described below into (3), the transfer
fimction form xB to (xi-x2) is obtained.

f. - (bjs+k,)xB ...............(7)

  in this case, the numerator appearing in the transfer func-
tion ftom fext to (xi-x2) is (lescribed as follows

s[KKYis2-mis2 (1 + sT.) (1 + sTd)] (b" + kD
.........................(8)

  Then, the zeroing firom the flocrr vibration xB is essen-
tially the very same effect as the zeroing from the distur-
bance forcefext. ln Fig5, the frequency characteristics from
xB to (xi-x2) show the transmissibiliry both with and without
aoceleration feedback. Clearly, it is soon proved that the
aoceleration feedback makes the transmissibility better at

the low-frequency.
  In order to verifY the performance of closed 1oop with
aoceleration feedback, we finally show the positioning
waveform of X-Y stage in Fig.6. The difference between
cases (A) and (B) is apparent from this figure. Figure 6(a)
indicates the error signal of case (A). Obviously, it takes a
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Fig. 7. Block diagram for simulation study.
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long time to reach the desired position due to the vihration
with the natural frequency of base plate. However, its res-
onance is effectively suppressed in case (B), and good con-
vergence can be obtained in settling time.

3. Disturbance Observer

  Because the horizontal acceleration feeciback has the ef-

fect of disturbance rejection as shown in Fig.6, the settling

Joumal of Robotics and Mechatronics Vol.5 No.4, 1993

Horizonta! Aoceleration Signal of the Base Mate

time becomes shorter in comparison with the contrDl 1oop
without acceleration feedback. However, the previously
published acceleration feedback method has three problems
in the production field. These problems are summarized as
follow:

  (i) The servo type aocelerometers with high sensitiviry at
     low ftcquency are very expensive.
  (ii) They are easily destroyed applying the mechanical
     shock.

  (ili) Those ftequency band are limited. Henoe the effect
     of the disturbance rejection is also 1imited due to the
     fmite time constants Ta.
  ln order to overcome the limitation mentioned above, we

propose the disturbance observeP) instated of acceleration
feedback. Figure 7 shows the block diagram of the closed
1oop containing the observer for the simulation study. The
contro1 system includes coarse and fme parts, and these are
automatically se1ected according to the detected positioning
error. When the positioning error becbmes less than 1.0ptm,
the controller switches PI operation of velocity control to
PM operation of positioning control. in this figure, the
dashed 1ine denotes the disturbance observer proposed by
Prof. K.Ohnishi of Keio University et al., and the block
diagram of yawing motion of X-Y stage is newly added to
investigate the robustness arKl the stability for the spurious
mode.

  Figure 8 shows an example of calculated enor responses
for the step motion. The disturbance observer installed in
the closed 1oop behaves well in comparison with the re-
sponse of the system with acceleration feedback of base
plate under the condition that we can set the frequency band
of the observer as high as possible.
  Figure 9 shows the statistical positioning data, i.e., pa
sitioning time and positioning error. It is evident from this
figure that the disturbanoe observer insta11ed in the closed
1oop has almost the same positioning performanoe as the
closed loop with aoceleration feedback. Although the ex-
perimental results do not satisfy our expectation for the
disturbance observer, we can conclude in any case that the
disturbance observer is equivalently exchangeable for aocel-
eration feedback.

4. Conclusion

  This paper has theoretically presented the effect of accel-
eration feedback in the reduction stepper system, and we
have demonstrated that its feedback is equivalent to the
zeroing. In order to further improve the closed 1oop perfor-
mance, we propose the use of the disturbance observer.
Within the limits of the numerical simulation study, the su-
perior performance of the disturbance observer is illustrated.
On the other hand, experimenta1 data of the proposed con-
tro! scheme only show the comparable positioning to the
PID 1oop with acceleration feedback. From now on, we wil1
investigate the realization of superior positioning using the
disturbance observer.
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