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Motion Error Compensation Method for Hydrostatic
Tables Using Actively Controlled Capillaries
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To compensate for the motion errors in hydrostatic tables, a method to actively control the
clearance of a bearing corresponding to the amount of error using actively controlled capillaries
is introduced in this paper. The design method for an actively controlled capillary that considers
the output rate of a piezo actuator and the amount of error that must be corrected is described.
The basic characteristics of such a system were tested, such as the maximum controllable range
of the error, micro-step response, and available dynamic bandwidth when the capillary was
installed in a hydrostatic table. The tests demonstrated that the maximum controllable range was
2.4 ym, the resolution was 27 nm, and the frequency bandwidth was 5.5 Hz. Simultaneous
compensation of the linear and angular motion errors using two actively controlled capillaries
was also performed for a hydrostatic table driven by a ballscrew and a DC servomotor. An
iterative compensation method was applied to improve the compensation characteristics. Experi-
mental results showed that the linear and angular motion errors were improved to 0.12 y#m and
0.20 arcsec, which were about 1/15% and 1/6™ of the initial motion errors, respectively. These
results confirmed that the proposed compensation method improves the motion accuracy of
hydrostatic tables very effectively.
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1. Introduction

The motion accuracy of an ultra-precision feed
table is mainly affected by the machining accura-
cy of the guide rail. In most cases, a lapping
process is introduced since the required accuracy
cannot be achieved using only a ground guide
rail. However, as this process largely depends on
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the skills of a craftsman, improved productivity
and a more systematized manufacturing process
cannot be obtained.

Recently, active control techniques have been
widely attempted to‘develop ultra-precision feed
tables without the aid of a skilled craftsman.
An ultra-precision straight motion system using
active air bearings composed of PZT actuators
and air pads was proposed {(Aoyama et al., 1988).
The active air bearings improved the accuracy
of the linear and angular motions to 0.14 #m and
0.14 arcsec. An active inherent restrictor was also
introduced, consisting of a PZT actuator with a
hole functioning as an orifice that actively con-
trolled the air bearing clearance (Mizumoto et al.,
1996). It showed that the rotational accuracy of
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an air spindle in the radial direction could be
improved from 0.2 ym to 0.02 um using a feed-
back control consisting of six active inherent
restrictors and two displacement sensors. These
studies demonstrated that the motion accuracy of
an ultra—precision table could be improved with-
out using conventional precision machining pro-
cesses that depend on a craftsman’s skill. How-
ever, some difficulties were encountered, since the
error compensation system had to be machined
inside the ultra precision bearing and a in-pro-
cess feedback control system installed.

One way to improve the motion accuracy of
hydrostatic tables without changing the bearing
structure or installing a in-process feedback con-
trol system is to use an actively controlled ca-
pillary (ACC). In an ACC, the clearance of an
annular capillary is actively controlled using a
piezo actuator. Then, by the followed variation of
pocket pressure, the clearance of double-sided
hydrostatic pad is adjusted as required. Linear
and angular motion errors can be corrected sim-
ultaneously using successive control by measuring
the size of each error using two ACCs. Since this
compensation method is performed using an open
loop process, the process can be iterated until the
motion accuracies does not further improve. Also,
an additional device mounted inside the structure
for in-process control is not needed. Therefore it
provides a great advantage to make it practical in
the aspect of stabilization of performance in the
spatial case as well.

This paper describes the theoretical design pro-
cedure of an ACC and tests of its basic char-
acteristics, such as the maximum controllable

range, micro-step response, and available dy-
namic bandwidth. An iterative compensation
method was applied to improve the accuracy of
the compensation (Hageman and Young, 1981).
To verify the effectiveness of the motion error
compensafion method, simultaneous compensati-
on of the linear and angular motion errors of a
hydrostatic table driven by a ballscrew and a DC
servomotor was performed using two ACCs.

2. Actively Controlled Capillaries

The structure of the proposed ACC is shown in
Fig. 1. It consists of three main parts : the upper
body, lower body, and circular leaf spring pad,
which is inserted between the upper and lower
bodies. The tolerance between the bottom of the
cylindrical oil inlet and the surface of the leaf
spring comprises the clearance of an annular
capillary ; this clearance is varied by the dis-
placement of a piezo actuator placed under the
leaf spring.

Oil inlet

Capillary
clearance
\

. Oil outlet
-Leaf spring
\' Piezo actuator

§- Screw for
’ preload

B\

pr2l

(a) Before displacement

(b) After displacement

Fig. 2 Operating principles of an actively controlled capillary
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The operating principle- of the ACC is illus-
trated in Fig. 2. In order to correct the motion
error of a double-sided hydrostatic table, an
ACC is connected to one side while a traditional
fixed-length capillary is connected to the other
side. After applying an excitation voltage E(x)
to the piezo actuator, the clearance of the ACC
decreases from /zc1 to /ico. The decreased flow rate
owing to the change in clearance results in a
decrease of the pocket pressure p1. Consequent-
ly, the table moves downward with a displace-
ment of Aj. Therefore, the motion error can
be improved by using successive control corre-
sponding to the position of the table on the guide
rail. In practical applications, there exist linear
and angular error components. Therefore, two
ACCs are used together. In this case, the ex-
citation voltages Ei{x) and E:(x) supplied to
the piezo actuators of each ACC can be cal-
culated from

<E2(x)>[01 O][l a ](K}z(x)) ()
E@ /|0 Gll1 —a\Ko)

where x is the coordinate of the table center in
the feed direction, ¢ is the distance between the
table center and the center of the pocket con-
nected to the ACC, z(x) and @(x) are the mea-
sured linear and angular motion errors, G; is the
gain of the ACCs, and K and K, are the linear
and angular compensation coefficients used to

improve the converging characteristics of the
iterative compensation method.

3. Design of the ACC

The inflow @ and outflow @y of a single-
sided hydrostatic bearing with a capillary com-
pensator are
Bh

7

Q=" (p=pr). Que=Ep, (2
where the pocket pressure pr inside the bearing is
calculated from the continuity condition of the
flow (Aoyama, 1990).

S S _ Bh
pr_ 1+EO Z)Sa EO - kc (3)

and ps is the supply pressure, k. is the capillary
coefficient, 7 is the viscosity of the oil, Bis a
flow coefficient that depends only on the pad
dimensions (Sharma et al., 2002), A, is the bear-
ing clearance, and &, is the resistance ratio
(Canbulut et al., 2004) of the capillary to the land
of the bearing.

By adjusting the capillary coefficient of the
ACC, ke, so that it is equal to kc; in a double-
sided hydrostatic pad, as shown in Fig. 2, and
disregarding the applied load, the relationship
between the initial clearances becomes /1= fia1 =
ho. Then, using the force equilibrium condition,
the relationship between the resistance ratios of

each pad is
(ho—Ah)3= (ho+Ah)?
ke o
__ T AR _Bhe\?
o= 7y =)=k (1-5 )

where 7; and 7, are the inner and outer radii of
the capillary and A/ is the variation of the ACC
clearance. From Eq. (4), the relationship between
the ACC variation and the bearing clearance in a
hydrostatic pad is

Ahe __20h/ by
he  1+AR/ Iy

From Egs. (3) and (4), the capillary radius ratio
of the ACC is

Yo 72‘50]%%1
()

Since the maximum values of A/, and A’ corre-

(5)

spond to the output rate of the piezo actuator and
the maximum controllable magnitude of error, the
dimensional parameters and capillary coefficients
of the ACC can be calculated from Eqgs. (5) and
(6).

4. Experimental Setup and
Compensation Method

A front view of the tested hydrostatic table is
shown in Fig. 3, and the experimental setup for
the error compensation method is shown in Fig.
4. The table has six pairs of double-sided pads
in the vertical direction and has three pairs of
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Fig. 3 Front view of a hydrostatic table
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Fig. 4 Experimental setup to compensate for the
motion errors

double-sided pads in the horizontal direction.
The specifications of the hydrostatic table and
ACC are listed in Table 1. A combined coupling
consisting of a hydrostatic radial bearing and a
mechanical hinge (Park et al., 1998) was placed
between the hydrostatic table and the nut of the
ballscrew to eliminate the ballscrew runout error.
A DC servomotor (SC400, Pacific Scientific, |
kW) was connected to the ballscrew with a flex-
ible coupling, as shown in Fig. 4. The motor was
controlled using a motion control board (pc/
DSP, MEI, 16 bit) and a personal computer. Two
ACCs were connected to both ends of the hori-
zontal pad to compensate for the linear motion
and yaw errors. The capillary coefficients of the
ACCs were calibrated using a preloader placed
under the piezo actuator so that they were equal
to the coefficients of the fixed capillaries.

The micro-step response of the ACCs was
tested by measuring the displacement of the leaf
spring as a function of the input voltage to de-
termine the minimum possible step. Then the
micro-step response of the hydrostatic table with
ACCs was tested by measuring the displacement

Table 1 Specifications of the hydrostatic table and

ACC
Specifications Horizontal | Vertical
pad pad
Table width Xlength B,L (mm)| 30X60 | 15X60
Flow coefficient B 1.657 2437
Bearing clearance ho (pm) 47 49
Resistance ratio & 1 I
Table weight W (N) 0 107
Capillary coefficient & (mm™3)| [.7e-4 2.9¢-4
Inner diameter of ACC  7; (mm) 4 . 4
Outer diameter of ACC 7, {mm) 16 16
Clearance of ACC he (um) 77 92
Supply pressure Ps (Mpa) 1
Dynamic viscosity of oil v (cSt) 10.3 (40C)

of the table at positions 1 and 2 (refer to Fig. 4)
according to the step command of the input
voltages supplied to ACC 1 and 2. The frequency
bandwidth of the hydrostatic table with ACCs
was also tested using the same method ; in this
case, the ACC input voltages were supplied using
a function generator and a D/A converter. To
determine the gains of the ACCs that were used
for the compensation process, the step response of
each ACC to a 1V/step command was tested and
adjusted. All the responses were measured using
capacitive sensors {Microsense 3401, ADE).
The error compensation process was designed
as follows. First, the gains of the ACCs were
adjusted using the previously tested step response
characteristics. Next, the linear and angular mo-
tion errors of the feed table were measured using
a laser interferometer (5528A, HP). Then appro-
priate linear and angular compensation coeffi-
cients K; and K, were selected through individual
tests. Using the measured motion errors, adjusted
gain, compensation coefficients, and Eq. (1), the
input voltages were calculated and the appropri-
ate excitation voltage was supplied to the ACCs.
Since the compensation was performed using an
open loop process, the motion accuracies were
not sufficiently improved during just one cycle of
the compensation process due to the hysterisis of
the piezo actuator and the adjusting error of the
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gains. Therefore, the compensation process was
iterated until the motion accuracies did not fur-
ther improve. The iterative compensation method,
which effectively controls high repeatability sys-
tems such as a hydrostatic table, was applied to
improve the efficiency of the successive iteration
process.

In the tests, the motion error was measured five
times, and an averaged value was used to decrease
the influence of non-repeatable errors.

5. Discussion of the Experimental
Results

5.1 Response characteristics of the ACC

The measured least-step response of the ACC
is shown in Fig. 5(a). The response of the ACC
was distinct up to 2.5 mV/step, which was the
minimum output resolution from the D/A con-
verter. Theoretically, this corresponded to 4.5
nm/step. However, owing to the hysterisis of the
piezo actuator, the practically measured resolu-
tion was 3.3 nm/step, as shown in the figure. The
measured least-step response of the table with
ACCs is shown in Fig. 5(b). The response of the
table was distinct up to 27 nm/step ; however, the
response time was not fast. The tested frequency
bandwidth of the table with ACCs was 5.5 Hz, as
shown in Fig. 6. The main reason for the de-
creased frequency bandwidth was likely the com-
pressibility of the polyurethane tube that supplied
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Fig. 5 Micro step response of the ACC and hy-
drostatic table
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oil to the hydrostatic table. In the motion error
compensation tests, considering this low frequen-
cy bandwidth, the feed rate of the table v and
distance prescribed by the compensation data Ax
were fixed at 2 mm/s and 1.0 mm, respectively.

5.2 Adjusting the gain of the ACC

The step response characteristics before and
after the ACC gains were adjusted are shown
in Fig. 7. Fig. 7(a) gives the corresponding dis-
placement of the table to 1 V/step of input voltage
measured at the three positions described in Fig.
4. The gain of ACC 1 was less than that of ACC
2. The corresponding displacement of the table
when the input voltage of ACC 2 was decreased
to 0.94 V/step is shown in Fig. 7(b). The dis-
placements at the three positions were almost the
same. From these results, the gains of the ACCs
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Fig. 7 Step response of the table according to the
adjusted gain of the ACCs
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were set to (G;=2.083 V/ um and G, =1.958 V/
pm. Therefore, using G, the maximum control-
lable range of the motion error within the maxi-
mum input voltage of 5V was 2.4 um.

5.3 Compensation of the linear motion error
The measured motion errors of the tested hy-
drostatic table are shown in Fig. 8. The linear and
angular motion errors were 1.70 yum and 1.21
arcsec, respectively, through a stroke of 250 mm.
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Fig. 8 Motion errors of the hydrostatic table before

compensation

0.6} (a) K:=1.0, v=2.0mny/s. ax=1.0mm
04F = n=h 2 pp=0.43pm, ——— =6 25 p=0.051m
== n=T : zpg=0.060m

Linear motion error
[€
/
N
2
{

5 0.6} (b) K:=0.9. v=2.0mm/s, ax=1.0mm
5 04} pp=0.651m, n=4 1 2pp=0.04pm
Sz + zpp=0.00pm ~'/l
2 X o
£ = G W/ o~ e Dy zan]
— ~
& M0.2r \\,“M,'—‘...,/”
<
£
5 OF (o) K-=0.8, v=2.0mmfs. Ax=).0mm
@ . ———n=5 : Ipp=0.06pm Ve
< —
e ~
k<t /
E \ //
§ ~__ T~
] R N . N
0 50 100 150 200 250

Position of table (mm)

Fig. 9 Influence of the linear coefficient on the line-
ar motion error compensation

The linear compensation coefficient K, was
varied between 1.0 and 0.8 to determine its in-
fluence on the motion compensation. The results
are shown in Fig. 9. Even when K;=1.0 (Fig. 10
(a)), which corresponded to the case when the
measured error was directly converted into an
input voltage for motion compensation, the linear
motion error improved greatly over one compen-
sation cycle. The remaining error was mainly due
to the hysterisis of the piezo actuator and varied
gains of the ACC. Also, the interference of the
bending stiffness induced by the assembly error of
the ballscrew had an effect on the system. As the
number of iterations # increased, the linear mo-
tion accuracy continued to improve. The best
result, 0,05 um, was obtained when #=6. When
K.=0.9, the best linear motion accuracy was
obtained with the least number of iterations, =
4, as shown in Fig. 9(b). When K,=0.8, the value
of the motion error and the number of iterations
increased as compared to the K,;=0.9 case.

5.4 Simultaneous compensation of the mo-
tion errors
Using the results of the previous tests, simulta-
neous compensation of the linear and angular
motion errors was attempted. The compensated
results using K>;=0.9 for the linear coefficient and
Ky=0.9 for the angular coefficient are shown in
Fig. 10. After four iterative compensation cycles,
the linear and angular motion errors were im-
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Fig. 10 Simultaneously compensated motion errors
when K.=K,=09
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proved to 0.27 gm and 0.18 arcsec. The angular
motion accuracy continued to improve as the
number of iterations increased. However, there
was not a corresponding improvement in the
linear motion accuracy. Comparison with the
results shown in Fig. 9 shows that when only the
linear motion error was corrected, the compen-
sating characteristics were changed significantly
by the interference of the input voltages used to
correct the angular motion error. Also, as deter-
mined through additional tests on the effect of the

angular coefficient Ky, a change in K, did not’

improve the linear motion error. However, the
value of the linear compensation coefficient did
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Fig. 11 Simultaneously compensated motion errors
when K;=0.6 and K,=0.9
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Fig. 12 Simultaneously compensated motion errors

and their repeatabilities when K;=0.6, Ko=

09. n=3

affect the linear motion error.

The best results for the iterative motion com-
pensation tests are shown in Fig. 11. When K=
0.6 and Ky=0.9, the linear and angular motion
errors improved to 0.12 ym and 0.20 arcsec, re-
spectively, after three iteration cycles. The angular
motion accuracy continued to improve as the
number of iterations was increased, but the linear
motion accuracy became worse, Thus, the linear
and angular coefficients affected the correspond-
ing motion errors independently.

The repeatability of the measured errors for the
best case, when K;=0.6, K,=0.9, and #=3, is
shown in Fig. 12. The data were measured five
times and superimposed on each other in the
figure. The repeatability, measured using the
standard deviation *2¢, was £0.04 yum and
+0.05 arcsec for the linear and angular errors,
respectively. These values were mainly the result
of the thermal effect of the oil, the measuring error
of the laser interferometer, and the non-linearity

of the ACCs.

6. Conclusions

In this study, the basic characteristics of ACCs
were tested, such as the maximum controllable
range, micro-step response, and available dy-
namic bandwidth. Simultaneous compensation of
the linear and angular motion error of a hydro-
static table was performed using two ACCs. The
experimental results showed that by using the
ACCs, a motion error in the hydrostatic table
within 2.4 um could be corrected to a resolution
of 27 nm, or about 1/90" of the controllable
range, with a frequency bandwidth of 5.5 Hz.
Also, when the motion errors were corrected
simultaneously, the linear and angular motion
accuracies improved to 0.12 ym and 0.20 arcsec,
or about 1/15® and 1/6% of the initial motion
accuracies, respectively. These results confirm that
the proposed motion error compensation method
using ACCs improves the motion accuracy of a
hydrostatic table very effectively.
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