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‘A Method of Accurate Position Control with a Pneumatic
Cylinder Driving Apparatus
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In this paper, a method of accurate position control using a pneumatic cylinder driving ap-
paratus is presented. To overcome the effect of friction force and transmission line, low friction

type cylinder applied externally pressurized air bearing structure is used and two control valves
attached both side of the cylinder directly. To compensate nonlinear characteristics of control
valves, linearized control input derived from the relation between control input and effective
area of control valve, and dither signal are applied to the valve. The controller applied to the
pneumatic cylinder driving apparatus is composed of a state feedback controller and a dis-
turbance observer. Experimental results show that the effectiveness of the proposed method and
position control error of 5 #m accuracy could be obtained easily.
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1. Introduction

Pneumatic cylinder driving apparatus are wide-
ly used in industrial applications owing to the
easy installation and maintenance. However, the
most common application of the pneumatic cylin-
der driving apparatus is a simply repeating oper-
ation (Johira, 1997 ; McGuirk et al., 1998) be-
cause it is not easy to obtain high performance
position control results due to several nonlinear
characteristics such as compressibility of air, fric-
tion force of cylinder and nonlinear characteris-
tics of control valve (Kawai et al., 1993 ; Tokashiki
et al.,, 2000; Yoshimitu et al, 2002). Therefore
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studies on position control with pneumatic cylin-
der driving apparatus have concentrated on the
compensation of nonlinearities mentioned above.
In the previous studies, methods to improve posi-
tion control accuracy of pneumatic driving appa-
ratus divide into two categories. The one is to
compensate nonlinear characteristics with a high
level controller such as nonlinear controller, adap-
tive controller, H.. controller and switching con-
troller etc. (Kimura et al., 2003 ; Lai et al., 1990 ;
Situm et al., 2004). The other is to decrease the
effect of friction force using an additional equip-
ment (Kawashima et al., 1998 ; Saito et al., 1995).
As mentioned above, various methods were ap-
plied to improve position control accuracy of
pneumatic cylinder driving apparatus, but, posi-
tion control accuracy using only a high level
controller are limited and the controllers realized
position control errors about 1 [mm]~0.2 [mm],
and, the methods using an additional equipment
did not consider and compensate the nonlinear
characteristics except friction force.
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In this study, a method of accurate position
control using a pneumatic cylinder driving appa-
ratus is proposed. The piston of cylinder used in
the pneumatic cylinder driving apparatus is mount-
ed with externally pressurized air bearing to com-
pensate friction force on the piston, and, control
valves are connected both side of the cylinder
directly to reduce the influence of transmission
line. To compensate the nonlinear characteristics
of the control valve, linearized control input de-
rived from the relation between control input and
effective area of control valve and dither signal
are used. The controller applied to the pneumatic
cylinder driving apparatus is composed of a state
feedback controller which feeds back position,
velocity and pressure, and a disturbance obser-
ver to reduce the effect of model discrepancy and
compressibility of air cause by the change of oper-
ating points. The performance of the proposed
method is evaluated by experiments and the ex-
perimental results show that position control ac-
curacy of pneumatic cylinder driving apparatus is
improved remarkably and position control error
of 5 ym accuracy could be obtained easily.

2. Configuration of the Driving
Apparatus

Figure 1 shows the configuration of the driving
apparatus. It is primarily composed of a pneu-
matic cylinder, two control valves, two pressure
transducers and a displacement transducer.

The pneumatic cylinder is rod-less type whose
length is 200 [mm], width is 100 [mm], height is
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Fig. 1 Configuration of the pneumatic cylinder
driving apparatus

50 [mm] and the stroke is S0 [mm]. Figure 2
shows the structure of the cylinder. Figure 2(a) is
photograph of the cylinder, (b) and (c) are sec-
tional drawings shown by the arrows marked on
(a) . Piston is mounted with externally pressurized
air bearing and seal used on normal pneumatic cy-
linder is eliminated. The shape of driving piston
is a box type and it is inserted into the cylinder
body which has a hole on the upper part. There

are four chambers, Vi~ V,, between cylinder body
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and piston. The chambers do not connect with the
upper hole of cylinder body wherever the piston
moves and V3 connected with V; through a tube
to match the pressure in V5 with V,. Pockets for
air bearing are installed on the surface of the
piston. When supply pressure for air bearing, P,
is supplied, the air flows into-the pockets from V3
and Vj, and, the air flows into V4, V; from the
pockets. Therefore, piston does not contact with
the cylinder body because of the operation of air
bearing, and, displacement of the piston can be
controlled without affecting friction force.
Figure 3 shows measurement results of friction
force on the piston. In a general measurement
method (Helduser et al., 1998), it is difficult to
measure the friction force because full stroke of
the cylinder is short. Therefore, friction forced is
estimated by uéing the difference between inertia
force and driving force of piston. In Fig. 3, x, v
and q represent displacement, velocity and ac-
celeration of the piston respectively, I is inertia
force calculated from acceleration of the piston
(dot dashed line) or driving force translated from
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pressure difference in V; and V; (solid line), A
is the pressurized area of the piston, M is the
driving mass and F7 is the friction force on the
piston, and, Fig. 3(a) ~ (c) are in case that initial
positions of the piston are set to 25 [mm], 10
[mm] and 40 [mm] respectively. These results
show that friction force on the: piston is below
than 0.5 [N] at all velocity range and at all posi-
tion. Static friction force on labyrinth seal type
pneumatic cylinder, which has been known that
friction force is smaller than normal o-ring seal
type pneumatic cylinder, is about 10 [N] (Kosaki
et al., 2002). Therefore, we know that friction
force on the cylinder is much smaller than normal
pneumatic cylinder.

The control valves (Kolvenbach KG, EWS3/
6) used in the driving apparatus are 3 port type
servo valves. Figure 4 shows the nonlinear char-
acteristics between control input % [V] and effec-
tive area .Se [mm?] of the control valve.

The position measurement is carried out by a
digital counter (Mitsutoyo, ST211, resolution 1
pm) and the pressure in the cylinder chamber is
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Fig. 3 Estimation results of friction force on the cylinder according to the change of initial position of the

piston
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Fig. 4 Measured results of nonlinear characteristics
of the control valve

measured by pressure transducer (Toyoda, SD200,
resolution 0.3 kPa)

3. Modeling

Figure 5 shows the schematic representation of
the pneumatic cylinder driving apparatus.

In Fig. 5, G [kg/s] is the mass flow rate, L
[m] is the cylinder full stroke, M [kg] is the
driving mass, P [Pa] is the absolute pressure, 7"
[K] is the absolute temperature, V [m®] is the
control volume, x [m] is the displacement, and
subscript 1, 2 mean the incoming side and the out-
going side respectively, and subscript a, b mean
the supply and the atmosphere respectively.

‘Egs. (1) and (2) describe the dynamic pressure
change in the control volumes. Here it is assumed
that air is a perfect gas, pressure and temperature
within the control volumes are homogeneous and
the process is adiabatic.

dP, _

di Kl{ —PA=- +G1RT1} (n
4P _ 1 pA% 1 GRT,) )

In Egs. (1) and (2), & is the specific heat ratio,
A [m?] is the pressurized area of the piston and
R [1/(kg-K)] is the gas constant. Eq. (3) shows
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Fig. 5 Schematic diagram of the driving apparatus

Table 1 Physical parameters of the driving appara-

tus
A [m?] 27107 | R [J/(kgK)]| 287
ke [(kg/s)/V] | 417-107* T. [K] 293
L [m] 0.05 %o [m)] 0.025
M [kg] 0.48 7 1.4
P,[Pa] 1.4-10°
dynamic equation.
_A (Pl ) —Fy
wz ’
(3)

dt+F°Sg“< dt>

In Eq. (3), B [N/{m/s)] is the dynamic friction
coefficient, F; [N] is the static friction force.
At an operating point Gi=—Gy=Go=Fk4 u,

x=x, P= Pz—PO, Vl Vo= %, and T1=Tz= Ta,
Egs. (1) ~(3) can be expressed as follows.
o 1 0 o0 ] 0
]l lo o ﬁ _% [x 0
LA kP, g ko RTs u
dt|P| |0 _Too 0 0 {P Ax " (4)
Pz /fB) _Pg _ /quRTa
_0 -5 0 o J A(L—x)

=[1000][xv P B]”

In Eq. (4), v [m/s] is the velocity of the piston,
ko [(kg/s)/V] is the flow gain of the control
valve, and it is assumed that friction force F; on
the piston is negligible. Table 1 shows physical
parameters of the driving apparatus.
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4. Controller Design

4.1 State feedback controller design

From the Eq. (4), the relationship between con-
trol input, 2 (s), and displacement of the piston,
x(s), can be represented by

angl

u(s) s(s°+ah) =H(9), (5)
o kRT. . kARL
" AP " Mxo(L—2x0)

As it can be seen in Eq.(5), damping charac-
teristics of the driving apparatus becomes more
serious because the operation of air bearing. In
this case, minor-loop compensation using veloci-
ty and acceleration of the piston can be applied
to improve the damping effect and dynamic per-
formance. Considering the minor-loop compen-
sation, output from controller becomes

u=K»(xr—x) — Koo — Kot (6)

where x, is the reference position, K, [V/m] is
the proportional gain, K, [V/(m/s)] is the ve-
locity gain and K,[V/(m/s? ] is the acceleration
gain. Velocity and acceleration in Eq. (6) can be
obtained by differentiation of position, but, phase
delay is occurred when approximated differentia-
tion is used to get velocity and acceleration from
position, and phase delay of acceleration is more
serious than it of velocity. Therefore, acceleration
of the piston is calculated using the mass of the
driving part, pressurized area of the piston and
pressure difference between P; and P. Figure 6
shows block diagram of control system with the
state feedback controller.

In Fig. 6, closed loop transfer function from x,
to x becomes

+ + o+

X[ §)mmt K, -.(\4(8—-—»11(5) > x(s)
' 1 L, |—

14

53Kal

Fig. 6 Block diagram of the control system with the

state feedback controller

x(s) _ bnt K
1r(8)  S*HhaiKas*+ (bt Kyt oh) s+ haoiKs (7)
=H, (S)

In case that K} is selected to be a value, control
gains of the state feedback controller can be reg-
ulated as follows (Jang, 2002).

Ko=[B(bnt’ Kp) 22— 2]/ bna?,

(8)
Ko=[a(knw’Kp) "]/ knt

where @ and B are dimensionless parameters to
adjust phase margin and gain margin of the con-
trol system (Hanafusa, 1982). In order to specify
the phase margin is 77 [deg] and gain margin is
16[dB], @ and S are set to be 2 and 3 respectively.
In this study, Kp is selected to be 7000, therefore
K, and K, using Eq. (8) are given by 43.7 and
0.094 respectively.

4.2 Compensation of nonlinear characteris-
tics of control valve

In Fig. 4, it can be known that two nonlinear
characteristics are presented between control in-
put and effective area of control valve. The one is
the nonlinearity of AS./Awu described in @D of
Fig. 7(a) and the other is the hysteresis charac-
teristics described in @) of Fig. 7(b). In Fig. 7(b)
Xsp: means displacement of spool of control valve.
To compensate the nonlinearity described in @
of Fig. 7(a), linearized control input # derived
from the relation between S, and # is applied
to the control valve in place of %, therefore, in
appearance, control valve has a linearized control
input-effective area characteristics described in @
of Fig. 7 (a). Eq. (9) shows the relation between
# and u.

if =00, a=f(u),

filu) =0.06408+3.02974 14 —0.92668 - 2
+0.18463+2°—0.01729- u‘+0.000606'u5(9)

if #<0.0, a=/2(u),

fo(u) =0.01313+1.87095+ % +0.35396 - 2*
+0.06559- 2,340.00609 -+ 2¢*+0.000213 - 2°

To reduce the hysteresis, a dither signal, frequen-
cy is 250 [Hz] and magnitude is +0.3 [V], is
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(b) Hysteresis characteristics

Fig. 7 Compensated results of nonlinear character-
istics of control valve using linearized input
and dither signal

inputted to the control valve. @ of Fig. 7(b)
shows that hysteresis is reduced remarkably by
using the dither signal.

4.3 Disturbance observer design

To compensate the nonlinear characteristics of
the driving apparatus, such as compressibility of
air, and variation of natural frequency according
to the change of operating position of the piston,
pressure and temperature in the control volume,
disturbance observer is designed. Fig. 8 shows
block diagram of the control system with disturb-
ance observer.

In Fig. 8, H,(s) is the position control system
including state feedback controller, Hy,(s) is the
nominal model described in Eq.(7), d(s) is a
disturbance representing modeling error of Hj
(s), Q(s) is a stabilizing filter and e is the
time delay of the driving apparatus. Closed loop
transfer function form x,(s) and d(s) to x(s),
and sensitivity transfer function, S(s), using the
disturbance observer are given by

e (x,(s) —(1—e "(s) als)) d (s))
Hz'(s) Q(s) +Hi'(s) (1—Q(s))
S(s)=1—e™Q(s)

x(s)= (10)

From Eq.(10), if |Q(s)| approaches 1 then

x(s) —> o3 () 4+ x(5)

o) .-(f).t_ Hy'Xs)

Fig. 8 Block diagram of the control system with the

disturbance observer

x(8)/xr(s) =e Hn(s) and | S(s)|| gradually
reduced, therefore, it can be known that the distur-
bance observer estimate and compensate the model-
ing error within a frequency band of | @ (s) |=1.
Delay time ¢~ in Eq. (10) is assumed to be 4
[ms] using the results described in Fig. 3(a).
Stabilizing filter @(s) is constructed from a re-
duced order observer having multipie poles. De-
signed Q(s) is as follows.

_ Q(s)=uw?/(s+w)® w=1000 (11)

In Eq.{(11), w is selected to be || S(s)] becomes
smaller than | 1 — e **H,(s)| within the frequen-
cy band of | Q(s)[=1.

5. Experimental Results and
Discussions

Figure 9 shows the position control results in
case that characteristics of the control valve is
changed according to the combination of the non-
linear characteristics described in Fig. 7. In Fig. 9,
initial position of the piston, x,, is set to be 25
[mm]. In Fig. 9, it can be observed that the result
using the combination of @ and @, control in-
put-effective area characteristics is linearized and
the dither is used, shows higher dynamic response
and smaller position control error than the other
cases.

Figures 10~12 show position control results
with the proposed method. To confirm the repeat-
ed position control performance, experiments are
performed 30 times repeatedly. Figure 10 shows
the examples of the position control results in
case of the change of the initial position of the
piston.
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Fig. 10 Position control results in case of the change
of the initial position of the piston
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Fig. 12 The result of investigating position control
errors (initial position of the piston: 25
[mm], step width : 2 [mm])

In Fig. 10, it is clear that transient response
of the piston with the controller is not changed
by the variation of initial position and, position
control errors remain within £5 [um]. Figure 11
shows the examples of the position control results
when initial position and step width of the piston
are set to be 25 [mm] and 2 [mm] respectively.

In Fig. 11, it can be known that position con-
trol errors remain within £5 [um] after 0.045
[s].

Figure 12 shows the result of investigating
position control errors when initial position and
step width of the piston are set to be 25 [mm] and
2 [mm] respectively.

In Fig. 12, position control errors express the
errors on 0.045 [s], and the mean value and
standard deviation of the errors are 0.133 [ um]
and 3.6 [zm] respectively.

6. Conclusions

It has been known that accurate position con-
trol with a pneumatic cylinder driving apparatus
is not easy because of several nonlinear charac-
teristics such as compressibility of air, friction
force of cylinder and nonlinear characteristics of
control valve.

In this paper, a method of accurate position
control using a pneumatic cylinder driving appa-
ratus is presented. To overcome the friction force,
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low friction type cylinder applied externally pres-
surized air bearing structure is used, and, two
control valves attached both side of the cylinder
directly to eliminate the effect of transmission
line. To compensate the nonlinear characteristics
of the control valve, linearized control input de-
rived from the relation between control input and
effective area of control valve and dither signal
are used. The controller applied to the pneumatic
driving apparatus is composed of the state feed-
back controller and the disturbance observer. The
performance of the proposed method is evaluated
by experiments and the experimental results show
that position control error of 5 m accuracy could
be obtained easily by using the proposed method.
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