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ABSTRACT: Pneumatic actuator with many ad-
vantages iswidely used in the industrial field by a sim-
ple ON-OFF control because of having nonlinear char-
acteristic such as static friction. In this paper, we pro-
pose an intelligent (predictive fuzzy) control method for
a pneumatic servo nonlinear system with static friction.
The real machine experiment confirmed the improve-
ment of the speed of response and the stop accuracy and
the effectiveness of the proposed method.

Keywords: Predictive fuzzy control, Pneumatic
servo system, Position control

1 INTRODUCTION

The pneumatic servo system has the advantages of
safety and environmental integrity, and is applied in a
lot of fields of theindustrial world. Moreover, the pneu-
matic actuator as soft operation is possible, is expected
to use to the support system which comes in contact
with person in the field such as a small, light manip-
ulator and equipment for rehabilitation[1]. In this re-
search, the service such as drinking water is assumed
to physically handicapped one, and the devel opment of
the control system using the pneumatic rotary actuator
isadvanced (Figure 1).

However, this pneumatic system possesses a non-
linear element negatively affecting the control perfor-
mance such as dynamic characteristic change by the
change in the load or the temperature, low stiffness and
response delay of pressure by compressibility of air, and
dliding friction between piston and cylinder. Especially,
because the influence by the static friction force islarge
in a small actuator, and dead time exists too, it is diffi-
cult to operate the system according to the desire in the
past PID control that the design and mounting are easy.
Therefore, itiswidely used for an easy ON-OFF control
in theindustria field. Dealing with these problems, the
trial on the improvement of the control performance is
done[2].

Up to now, the effectiveness of an intelligent con-
trol to anonlinear system with apneumatic cylinder has
been verified in this laboratory[3]. In this research, a
control building in man’s control knowledge and grasp-
ing the characteristic of the system is done to the non-

linear servo system using the pneumatic rotary actua
tor, to improve the steady-state and the transient perfor-
mance. The intelligent (pedictive fuzzy[4]) control sys-
tem which considers static friction is constructed, and
the effectiveness of the intelligent control system iscon-
firmed by the real machine experiment.

Figure 1: Manipulator using pneumatic rotary actuator

2 PNAUMATIC SERVO SYSTEM

The composition of the pneumatic servo system by this
research is shown in Figure 2. The pneumatic rotary
actuator is a double vane type (made by the SMC com-
pany), 30mm in the inside diameter, and 90deg in ro-
tation angle. It can use the pressure from 0.15MPa
to 1.0MPa, The theory output and from it is 0.5N - m—
7.5N-m. Theload of 0.5kg or lessis held by the chuck
in the arm point. Two control valves use the pressure
regulator with PID control which will be done so that
error between a present output pressure value and the
target pressure signal from PC may vanish. Supply pres-
sure Ps to the first side of the control valve is assumed
to be 0.4MPa, and a part pressure in the second side is
assumed to be a constant value of 0.2MPa. The rotation
angle position is output as a voltage signal from arotary
potentiometer fixed to output axis of the actuator, andis
taken into PC after converting A/D of 12 bit . Then, the
instruction from PC is output to the control valve as an
analog quantity by D/A converter of 12 bit. The pneu-



matic rotary actuator is driven and the load is carried by
the differential pressure in aright and left room.
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Figure 2: Pneumatic servo system

3 OUTLINE OF CONTROL SYSTEM

3.1 Consideration of problem

When a past PD control method is used, the problem to
the static friction and the change in the load is consid-
ered.

3.1.1 Existence of static friction

A control was done by the same PD gain when the |oad
was assumed to be Okg(zero) and 0.2kg and 0.5kg, and
target value (0.5rad) was given at the time of 10 sec-
onds. The response results are shown in Figure 3. The
delay time of rising up was about 0.5 seconds in Fig-
ure 3(a). The reason why the delay occurs is that static
friction exists in the actuator. The pneumatic rotary ac-
tuator began to move when the pressure output(Figure
3(b)) grew from the state of geostationary more than
static friction force.

Also, athough thereisthe control differential pres-
sure (Figure 3(b)) at the time of 12 seconds, the result
was not able to be corrected because this pressure was
smaller than static friction force, and the vane stopped
asitwas. Asaresult, the stop error like Figure 3(a) was
caused.

3.1.2 Changeinload

As shown in Figure 3(a) they have been understood that
the risetime and the over short are different with change
in mass and that the response possesses a different stop
error for the existence of static friction, too.

3.2 Methods of solution

To solve these problems, acontrol system isconstructed
with an intelligent control (predictive fuzzy control [4])
method in this research.

The control purpose of this systemistwoas follows

(1)1t responds to the target value fast.
(2)The stop accuracy isimproved.

First, the calculated mass is substituted for the ob-
ject model[5] for these control purposes, and a con-
crete expression is decided, and the control knowledge
isused. Next, the stop position is predicted, a fuzzy
proposition such as "The control error is very small”
and " Do not overshoot” is evaluated, and the control in-
struction is decided by results of the evaluation. The
intelligent control system of the pneumatic servo sys-
tem is constructed by using the predictive fuzzy control
method to predict state in the future as shown in Figure
4.
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Figure 3: Results of experiment to different mass load
by PD control

4 INTELLIGENT CONTROL SYSTEM

4.1 Predictivefuzzy control

The operation of the control instruction is described
as an experience rule from the experience of develop-
ing the control system by the past PID control. To do
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Figure 4: Control system

the predictive fuzzy control, the PID controller equa
tion which contains constant term C which ismore than
static friction torque may be written as

Y~ Y1

U = Kpa+Ki D ac—Kg T
S

+Cc

Where K, Ki, Ky is each gain of PID control, Ts is
the sampling period, k is the sampling time, uy is the
quantity of control at k sampling time, e is the control
error at k sampling time, and yy is the vane angle posi-
tion at k sampling time.

Concretely, the control instruction is selected while
hourly evaluating the following rules.

e If it is possible to control almost accurately by
present Ky, Ky is maintained.

e If itis possible to control accurately by changing
present Ky, to the candidate value which is, Kp is
changed to the candidate value whichis.

e If itis possible to control accurately with what %
of present K, isincreased and decreased, that per-
centage of Kp isincreased and decreased.

o If the control input can be accurately controlled as
constant force C, the control inputis assumed to be
constant force C.

Where K;,Kqy is constant and C=0 when K is
changed and K, = Kj = Ky = 0whenC # 0.

4.2 Fuzzy sets of evaluation indices

A fuzzy set which evaluates the control error at t1,ty
second later from time now is defined about the stop
accuracy as follows.

e t;1(t2) second later from time now

- The control error is small, and it does not over-
shoot.

R1-VG(R2-VG) : R1(R2) is Very Good

- The control error is amost small, and it does not
overshoot.

R1-GD(R2-GD) : R1(R2) is Good

4.3 Modeling of controlled system
4.3.1 Model of pressure regulator

Itis possible to approximate the relation in a first-order
lag system containing dead time between the impressed
voltage to the pressure regulator and the pressure in the
pneumatic rotary actuator. The transfer function Gp of
output pressure P to input voltage E can be described as
follows.

_P(s)  ae's

Crl = Eg ~ w11 @

Where o is the conversion gain from voltage to
pressure, L = 0.04 is the dead time, 7 is the time con-

stant. Asfor units, L and t are all in sec.

4.3.2 Operation of actuator

The equation of motion of avane angle position 6 are

d20 do
'W +Da =T 3
_ o L? r? 2
—mr? +mE +mlLg 4
Ta=Ki(PR—P) (5

Therelation of torque T of the arm and torque T, of
the pneumatic rotary actuator by static friction can be
written as

T= _ (6)
O (e:O,TaSFs)

Where D isthe viscous damping coefficient, and the
units of D are N- /m. | is the total moment of inertia
of the arm and the load, and the units of | are kg- m2.
my isthe weight of the arm, mis the mass of the object,
and the units of m;,mare kg. L; isthelength of thearm,
r is the radius of the object (bottle and glass), and the
unitsof Lq,r arem, K; isthe conversion coefficient from
the pressure to the torque of the operating pneumatic
rotary actuator. T, isthe torque of the pneumatic rotary
actuator, Fs is the static friction torque, T is the torque
of the arm, and the units of T,,F, T are N- m.

4.3.3 Relation between torque and angle

The transfer function Gy of output angle 6 of vane to
input torque T of the actuator is

6(s) H

Go(S) =15 =~ S5+

()



4.4 Inteligent control rule

As the control strategy, the proportion control coeffi-
cientKp = 2.0,4.0,6.0isassumed to be a basic assump-
tion value, and K4 = 1.0 is be a constant. The control
purposeis eval uated as a candidate which the value (x =
1.0£0.2n,n=1,...,5) of xtimeslast Kp(t — 1) ismade.
Moreover, constant C isevaluated as (1.0-sgn(ex)). The
predicted output is shownin Figure 5.

The predictive fuzzy control rules are used as fol-
lows.

1. if(Kp is1.0 — Ry isGD and Ry is GD) then K
is1.0

2. if(Kpis2.0 — Ry isVG and Ry is VG) then K
is2.0

3. if(Kpis4.0 — Ry isVG and Ry is VG) then K
is4.0

4. if(Kpis6.0 » Ry isVG and Ry is VG) then Ky
is6.0

n. if(KpisKp(t—1)-x — Ry isVG and Ry isVG)
then Ky isKp(t—1)-x

15.if(C is 1.0-sgn(ex) — Ry isVG and Ry is VG)
then Cis1.0- sgn(ey)
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Figure 5: Predictive output to candidate

4.5 Inference of predictive fuzzy control

The inference process of the predictive fuzzy control is
shown in Figure 6. First of al, the candidate of con-
trol parameter is assumed, the state in the future will be
calculated with the object model by whom static fric-
tionishbuiltin. Next, afuzzy multipurpose evaluationis
done based on a fuzzy purpose, and the control strategy
with the maximum evaluation valueis decided. Finally,
the calculation value in the execution part is output as a
control instruction.
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Figure 6: Inference process of predictive fuzzy control

5 RESULTSOF EXPERIMENT

To confirm the effectiveness of the proposed control
method, we did experiments on a real machine by the
PD control and the predictive fuzzy control, in the situ-
ation in which static friction cannot be disregarded. An
initial value of the actuator was Orad. The target value
was set as 0.5rad. The results in the load which was
assumed to be 0.2kg are shownin Figure 7.

In Figure 7(a), rising up of the response was late
though the error was abl e to be decreased in the PD con-
trol when the Kp(=1.0) gain is small. The overshoot of
the response was caused, and the vibration occurred too
though the rise time shortened when the Kp(=1.5) gain
was enlarged. On the other hand, rising up was able to
be fast regardless of the existence of static frictioninthe
predictive fuzzy control, and it was possibleto follow to
the target value excellently.

Also, as shown in Figure 7 (b), the voltage (ux =
1V) of control instruction according to a predictive
fuzzy control is much higher than that when gain Kpis
1.0 and 1.5 by the PD control untill about 10.2 seconds
when the step input is given at the time of 10 seconds.
This is a result of selecting the fuzzy rule containing
constant torque C to remove the influence of static fric-
tion.

The steady-state and the transient performance of
this servo system are improved by the predictive fuzzy
method.

6 CONCLUSIONS

In this paper, we developed the nonlinear pneumatic
servo system by an intelligent control (predictive fuzzy
control method) which considered static friction. Ex-
perimentswere done on areal machine under the condi-
tion of a constant |oad for the problem of static friction,
and confirmed the effectiveness of the system.

Next step, we will do experiments on a real ma-
chine using the manipulator with the pneumatic rotary
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Figure 7: Results of experiment by PD control and pre-
dictive fuzzy control

actuator by thinking about the change in the load, and
to confirm the effectiveness of this control system.
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