. & Tech. Journal ,Vol.27, No.13,2009

I mprovement of Output Displacement of Servo
Pneumatic System using Fuzzy Pl Controller

Dr. Mohammed Y. Hassan*, Dr.Majid A. Oleiwi*

& Shaimaa Mahmood M ahdy*
Received on:30/4/2008
Accepted on:4/6/2009

Abstract

Pneumatic systems are widdy used in industrial automation for ther
advantages such as speed of motion, low cost of maintenance, safe operation and
high power/ weight ratio, cleanliness, simplicity of operation as compared with
other systems such as hydraulic and eectro - mechanical technologies.

In this work, a fuzzy PI controller is designed for improving the output
displacement of the servo pneumatic system, in order to improve the position
transient response. The aimof tuning is toreach minimum steady state error
in the output displacement and also to compensate the effect of applying
different types of external load forces. The parameters of the controller are tuned
using atria and error method.

A comparison between the results of using Fuzzy Pl controller and the
PID controller showed that the Fuzzy Pl controller has improved the
maximum error ratio in position up to 45% by adding a fixed external
load force and up to 19 % by adding variable external load force with high
compensation for the effects of any external load force.

Keywords: Servo Pneumatic Modd, Fuzzy Logic, PID Controller.
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Introduction

Pneumatic actuators are well
suited for a number of industrially
relevant tasks ranging from point - to
- point positioning to high accuracy
servo positioning and force control
because of their high force output to
weight ratios, cleanliness and low
cost.

In spite of these advantages,
pneumatic  systems have some
undesirable characteristics. These are
from the high compressibility of the
air and from the nonlinearities of the
pneumatic systems, which limit their
use in applications that require fast
and accurate response [1].

Pneumatic actuators are very
common in industrial applications for
their easy and simple maintenance,
redativdly low cost, sdf cooling
properties, good power density
(power/dimension rate), fast acting
with  high  accderations  and
installation flexibility. Also,
compressed air is available in almost
al industry plants. The pnheumatic
actuators have a large band of
applications like in  motion control
to materials and parts handling,
packing machines, machine tools,
robotics, food processing and process

industry.
Pneumatic servo system has many
disadvantages that have to be

overcome by its control system. It has
very low dtiffness (caused by air
compressibility),  inherently  non-
linear behavior and low damping of
the actuators circuits, that cause
control difficulties. The main non-
linearties in pneumatic servo systems
are the air flow-pressure relationship
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through valve orifice, the air
compressibility and friction effects
between contact surfaces in actuator
seals[1].

In  order meet  desired
requirements of servo pneumatic
system such as fast displacement
response with minimum overshoot
and good positioning accuracy, a
controller  should be able to
continuously correct the circuit output
response. The early control programs
of servo pneumatic systems were
depended on the linearization of the
mathematical modd of the servo
pneumatic system and using a
classical controllers.

As a result, a number of
researches had been concerned with
the devdopment of various control
strategies for pneumatic drives for
motion or force control [2]. Perondi,
and Guenther, addressed in 2000 the
problem of the pneumatic positioning
system in the presence of friction [3].
Furthermore Andrighetto, et al.
pointed in 2004 to the control
problem of the pneumatic servo
actuator in positioning, and they used
P, PI and PID controllers and
compared them with commercialy
available Festo SPC- 100 controller
[4]. Situm, et al. compared in 2004
between the classical PID controller
and the fuzzy PID controller, by
experimental results for adjustment of
the conventional controller
parameters [2]. Situm, et al. built in
2005 [5], a mathematical modd. The
modd is based on an analysis of
solenoid valve dynamic,
thermodynamic changes in pneumatic
system and eguation of motion

to
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including significant nonlinear effects
for the dual action rod less pneumatic
actuator. Experimental results indicate
good agreement  between the
measured and the corresponding
simulation data. Finally
Andrighetto, et al, presented in 2006
a comparative study among friction
behavior of several double-acting
pneumatic actuators available to
industrial use[1].

However, the aim of this paper is
to tune a Fuzzy Pl controller to
improve the transient response of the
modd. A comparison between the
Fuzzy PI controller and PID
controller is made to find which
controller has a better influence on
the position transient response of
Servo pneumatic moded .

Mathematical Modeling of Servo
Pneumatic System:

The study of modding servo
pneumeatic system is difficult because
of the nonlinearity in the pneumatic
compressed air and other reasons. The
savo pneumatic system can be

basically divided into  three
components;, the compressor, the

proportional valve and the actuator.
The main equations that represent the
pneumatic position servo circuit are
the piston — load dynamic equation,
the continuity equations and the
pneumatic mass flow equation of the
system. In the following, the details of
these equations are presented:

1 Piston load dynamic equation:

The equation of motion for the
piston — load assembly can be
expressed by applying Newton's
second law as follows [6]:

1
@ZM(Pl.A- P, A-F -

Foc)
()

wherey is the actuator position in
m, M is the mass of the piston—

load in kg, F_. isthe external force

ext
in Newton, F; is thefriction forcein
Newton, A is the cylinder area in
m?, P, and P, are the pressure in
Pascal in chamber 1 and in chamber 2
respectivly, , and rh, are the
mass flow rate in kg/s in chamber 1
and chamber 2 respectively. However,

Figure 1 shows the forces applied on
the piston of the cylinder:

The most effective non -
linearity in pneumatic position servo
circuit is the actuator friction force.
So, for representing the friction force,
the following equations are used [1,
2,56]:

_(ﬁ)d
F+By+E-Pe*

ifQ0KF
E:
i ifF| <k (00 |
so)r IR gk 10OPF
(2

where (d) is an arbitrary exponent
=2 , Fsis the static friction, Fc is the
coulomb friction, B iS viscous

damping coefficient in N.sm, ¥, is
the stribeck velocity inm/s, ¥ isthe
veocity in m/s and F_ is an
external force in Newton. However,
Figure 2 shows the friction — veocity
relationship.

2 Continuity eguations:

Continuity equations show the
reationship between the air mass
flow rate and the pressure changes in
the chambers, which is obtained using
energy conservation laws [5 - 81:
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#1:_ ,IA_.K Py+ RI._K.T i,
A(—= A(—
5 +y) +Y)
..(3)
where R is the gas constant in

kg JK, T is the temperature in K,

M is the mass flow rate in kg/s, K is
the specific heat ratio and L is the
stroke length in m. Similarly, the
rate of pressurefor chamber 2 of the
cylinder is obtained from [3, 7]:

A K RK.T
" Ay
(E' y) (2 Y)
(d)

h,

3 Massflow equations:

The air mass flow rate of a valve
orifice through a pipe varies
according to the control voltage that
applied to the valve. However, The
mass flow rate for chamber 1 is [5,
781]:

r&11 = ml_in - ml_out ..(5)
where
‘I 1
=)
_in 71 1 w1
,Il CZ'Cf'A\I'PU'%-(%j)K. 1 (%j)( )
CL.C A, P,
r&] — 1-Cp Ay UIF

P
where (|1- (P—d) K™ >0).

The same equations for the mass flow
rate can be used to calculate the mass

flow rate of chamber 2, where C. is
a non-dimensional  discharge
coefficient; P, is the  upstream

pressure in Pascal, P, is the

downstream  pressure, F’s is the

supply
pressure ratio, P,= 0.528, which
delineates  between the sonic,
chocked, and  subsonic flow reign,
The constants C, and C, are
assumed to be 0.0404 and 0.153
respectively [3, 5, 9].

However, the schematic diagram

for the servo pneumatic actuator
circuit is shown in Figure 3.

pressure, P, is a critical

Figure 4 shows the simulated
mode of the nonlinear mathematical
mode of Servo pneumatic system
using the Matlab/ Simulink [14].

Design of fuzzy PI controller:

Fuzzy logic control is similar to
the mankind thinking method. This
controller has become one of the most
successful  today's technologies for
developing  sophisticated  control
system. It has been used in al the
technical fidds including control,
modeling, image and  signal
processing and expert systems [10].

In order to implement the Fuzzy
Pl controller, a proportional plus
integral control equationis[11]:

u(t) = K pf.e(t) + Kif ge(t).dt

It is clear from Equation (8) that
there is an integration of the error.
There is a difficulty in formulating
rules depending on an integral error,
because it may have very wide range
of universe of discourse. To overcome
this problem the integration should be
removed by taking the derivative of
u(t) in Equation (8) with respect to
time. Thus, Equation (8) becomes:
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Du(t) = Kpf.De(t) + Kif .e(t)

...(9)
where
De(t) = e(t) - e(t- 1)
...(10)
and
Du(t) =u(t)- u(t- 1)
..(11)
where Kpf is the gain of the change

— of — error and Kif is the gain of the
eror. However, the Simulink model
representation of the Fuzzy Pl
controller is shown in Figure 5.

Fuzzy logic controller has two
inputs and one output, each one of the
inputs and the output has its own
membership function. Each
membership function is defined on
the common normalized domain [-1,
1], as shown in Figure 6.

According to the number of
memberships in each input, the Fuzzy
Pl controller will have a 7 * 7=49
rules.

The sdection of these rules is
based on the knowledge of the
behavior of the error  equation and
change of eror eguation.  After
severa trias, the rules are sdected to
be as shown in Table (1).

According to the number of
memberships in each input, the Fuzzy
Pl controller will have a 7 * 7=49
rules.

The sdection of these rules is
based on the knowledge of the
behavior of the error  equation and
change of eror eguation.  After
severa trias, the rules are sdected to
be as shown in Table (1).

Simulation results:

To simulate the Simulink model
of servo pneumatic circuit, the
cylinder used in this modding is
selected to be a linear drive of a part

mode number DGPL from Festo
company, It is a double acting rodless
cylinder with internal piston diameter
of 18 mm. Moreover, the valve used
in this system is sdected to be a
proportional directional control valve
of modd number MPYE-5 1/8LF-
010-B, in this valve the reation ship
between the mass flow rate and the
input voltage, where one of the output
ports are connected to the supply
pressure when the input voltage is
from (0O to 5) volt while the other
output port is connected when the
voltage is from (5 to 10) volt as
shown in Figure 7. It is a control

application  valve, where the
accderation and veocity are
controlled by valves switching

techniques. The gspecifications of
seavo pneumatic system are listed
in Table(2) [6, 12, 13]:

By adding the Fuzzy Pl controller to
the servo pneumatic system and
tuning, using trial and error, in order
to achieve the  peformance
characteristic; that is minimum
position steady state eror and
compensation for the effect of
applying the external load force. The
controller gains are selected to be Kpf
=1 and Kif = 10. By applying a fixed
external load force of F,, =64N,

shown in Figure 8, this load will
affect the output displacement after 2
seconds which makes the maximum
error in position to be 0.0333. The
ratio in error will be 11 %, while the
eror has increased between the
seconds of 2 - 3 to be 0.0203.

Now, if a variable external load
force is applied to the controlled
system, as shown in Figure 9, the
output displacement will be affected
with about 0.063 as a maximum
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error in position which eguals to 21
% as an error ratio, while the error
has increased within the seconds
(2-3) up t00.0203.

1 A PID controller design:

The PID controller consists of the
Proportional  plus Integral  plus
Derivative PID control. The PID
controller is widdy used across the
industry, it is easy to implement and
relatively easy to tune, because of the
controller simplicity puts limitations
on its capabilities in dealing with
complex control problems, such as the
hysterias problem. However, the
Simulink modd representation of the
PID controller is shown in Figure 10.

The continuous form of the PID
controller Equation is described by
the following expression:

u(t) = K pet) + Ki.ge(t)dt + Kd%
...(12)
By tuning the controller to
achieve cylinder  position  with
minimum steady state error, it was
found after severa trials that the
parameters of the controller are
sdected to be Kp=86, Ki=69 and
Kd=1.
By applying a fixed external load
force of F .= 64 N, the output

displacement of the cylinder is shown
in Figure 11. The system reduces the
maximum error in position to 0.0586
which represents an error ratio of 20
%. By applying a variable external
load force, the error has increased

compared with the situation of
applying a fixed external load force to
0.079. So, the error ratio will be 26 %.
Whilst the output displacement rises
faster than that with applying a fixed
external load force as shown in

Figure 12.

It is observed, from the results
above that the PID controller could
not track the desired output after
applying an external load force. The
output did not reach the zero error
because the PID controller did not
track the modd's desired output
displacement.

2 Comparison between the Fuzzy
Pl and PID controller:

In order to prove that the Fuzzy
Pl controller has improved the output
displacement response, a comparison
between using the fuzzy Pl controller
and using the PID controller shows
that the fuzzy Pl controller enhances
the transient response of the piston
position than the PID controller.
Table (3) shows the results of the
maximum error in piston position
using the two controllers by applying
different types of external load forces.

It can be concluded from the above
results, that using the Fuzzy Pl
controller has reduced the error ratio
by 45 % with applying a fixed
external load force. Also, after apply
a variable external load force the error
ratio will reduce by 19 %.

The output displacement has
reached the zero error point faster by
using the fuzzy Pl controller than by
sing the PID controller. The output
does not reach the zero error because
of the nonlinearity of the servo
pneumatic modd. It can be noticed
from the comparison between the
results that the fuzzy Pl controller
compensates the effect of applying
external load forces faster with
minimum  error  in position  as
compared with the same situation by
using PID controller. This is because
the fuzzy controller generates difficult
gains according to the sdection of
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rules compared with a fixed value of
gainsin PID controller.

However, compared to the
industrially dominant PID control that
has only three design parameters, the
number of design parameters for a
fuzzy  controller can  become
overwhemingly large [11].

Conclusions:

In order to reduce the maximum
eror in position and to compensate
the effect of applying external load
forces, an intdligent controller of
Fuzzy Pl type was designed and
tuned using trial and error. The
Fuzzy PI controller had improved the
output displacement, even with
applying an external load force, to
reach the zero error.

A comparison  between the
results  obtained from the two
controllers shows that the Fuzzy

Pl controller improves the output
displacement response better than
using PID type The Fuzzy Pl

controller  has improved the error
ratio of the circuit up to 45 %
with adding a fixed external load
force and up to 19 % with a
variable external load force with a
high compensation for adding an
external load force. Although the
fuzzy controller enhances the
transient  response, there are
several  parameters  to be tuned,
compared with three parameters;
the proportional, integral and
derivative gains.
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Table (1): Rule base of fuzzy logic Pl controller.
NG [ Ne NN ]z P | Pu | Pe

NB NB NB NB NB Z NB NB

Ny Ng Ns Ng Z Ng Pwm Ng

Ns Ne | Ne | Ne | Ne | Pwm P P

Z Pz Pz Pwm Ps Pz Nwm Ng

Ps [PulPulPu PP Z [PRs

Pu Ps Pwm Ps Ps Ps Pwm Ng

Ps Ng Pz Pwm Pwm Pz Pwm Z
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Table (2): Specifications of servo pneumatic cir cuit.

Parameter Value
Temperature (T) 2045 K
Area(A) 2.543410°(-4)

mZ
Mass (M) 2 kg
Length of piston (L) 03 m
Supply pressure (P,) 665 pa
Atmosphere pressure (P, ) 1e5 pa
Columbic friction (F,) 329 N
Static friction (F,) 385 N
Viscous damping coefficient (B) 65 N.g/m’
Stribeck velocity (¥,) 4e3 m/s

Table (3): Results of the maximum position error.

o Load Fixed L oad Variable
Load
PID controller 20 % 26 %
Fuzzy Pl 11% 21%
controller
Iy yyg 10
¥ chamber 1 chamber 2
e Il
/ LY M
P AR-P) F P &%

Figure 1. Force equilibrium at the piston.
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stribeck friction

Viscose and Drag Friction

FLasmamaes R

coulomb Friction
P P b

E ¥(t)

S

Figure 2: Friction — Velocity map [1].

actuator
N Y
P P,
d—ml‘_Ff q—r&]Z

Ay |l I
control hﬁ_ﬁg‘&_\
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signal am P Fam control valve

Figure 3: Schematic diagram of pneumatic actuator .
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Figure 4: Simulink block of nonlinear model for pneumatic actuator system.
2505

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng.& Tech. Journal ,Vol.27, No.13,2009 Improvement of Output Displacement of Servo
Pneumatic System using Fuzzy Pl Controller

¥ Gaint
N fz :: :‘. dufdt
Subtac Fuzzy Logie Saturation  Gaipd
‘il} Cantroller
’ dudt
y deldt
Dervative  inz z

Unit Delay

Figure 5: Simulink model of Fuzzy PI controller.
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Figure 6: Membership functions of the inputs (e and D€) and
the controller output (DU).
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Figure 7: Therelationship between the mass flow rate
and the input voltage.

2506

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Improvement of Output Displacement of Servo
Pneumatic System using Fuzzy Pl Controller

0.35 10 70
,,,,,,,,,,, yd
0.3 7 7 Y H ° 60
0.25 { i 50
E 02 ‘}‘ 6 2 40
B i 1 S <
- N 3
S o0.15( 5 £ 30
fy 4
0.1 20
/ 5
0.05 j 5 10
0 1 0
0 5 10 0 5 10 0 5 10
time (s) time (s) time (s)

@ (b ©

Figure 8: Simulation of closed loop model with afixed external load force:
a) Displacement of the model and the desired displacement.
b) Output of the controller.
¢) External load force.
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Figure 9: Simulation of closed loop model with applying a variable external load force:
a)Displacement of the model and the desired displacement.
b) Output of the controller.
¢) Variable external load for ce.
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Figure 10: Simulink model of PID controller.
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Figure 11: Simulation of PID controlled servo Pneumatic model with
applying a fixed external load force.
a) Displacement of the model and the desired displacement.
b) Output of the controller.
c) External load force.
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Figure 12: Simulation of PID controlled servo pneumatic model with
applying a variable external load for ce.
a) Displacement of the model and the desired displacement.
b) Output of the controller.
¢) Variable external load force.

2508

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

