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Abstract. The purpose of the study is to develop an adaptive
electropneumatic automatic system based on the classical PID controller
using modern technology for controlling like fuzzy controlling. The need of
an adaptive setting occurred because of the fact that the classic controller
has high sensitivity towards interferences with the main signal and the need
for the parameters to be regulated often and be done by hand. Another reason
is the inability to provide optimal parameters for the controller for nonlinear
processes and changes of the parameters in time. In this article the work of
electropneumatic system with linear actuator, is examined. A mathematical
model describing the dynamics of the processes, is developed. An adaptive
fuzzy PID controller with variable coefficients is synthesized. The system is
studied in the environment of Matlab Simulink. The transient processes in
the system are compared to processes where the classical PID controller. The
results are presented in graphical form.
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1 Introduction

The pneumatic drive systems used in industrial production are characterized by relatively
simple construction, easy maintenance and exploitation, high speed, good reliability,
functional flexibility and low cost. They can be successfully used to work in aggressive,
explosive and flammable environments.

The development of new materials, technologies of construction and production
determine the increase of the qualities and the constant expansion of the nomenclature and
the areas of application of the automatic pneumatic devices and systems. The development
and intensive implementation of electronic and microprocessor technology in automated
equipment and technological processes contributes to the development of pneumatic systems
and their transformation into intelligent electropneumatic systems.

All of the above indicate the need to study the operation of pneumatic tracking systems,
especially in dynamic modes. Until now, most of the developed mathematical models of
electropneumatic systems are mainly linear [4, 5], which does not allow adequate obtaining
of the processes occurring in real systems. In [1, 3] a nonlinear mathematical model of an
electropneumatic drive system for reverse translational movement of the actuator, is
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developed, and the ongoing dynamic processes in different operating modes, are studied. The
nature of the force of dry friction, is studied in [2]. When complex objects of this type
operating in non-stationary conditions are controlled, widely used are adaptive controllers,
which apply PI or PID control laws. As a rule, the Ziegler-Nichols is most often method used
for tuning the regulators [12]. This method requires the object of control to be leaded into
self-oscillating mode by changing the gain K; in a regulator, implementing P-control law. A
large number of technological processes in working conditions do not allow self-oscillating
mode. Thus, the problem of finding the optimal method of adaptation remains open. At the
same time, fuzzy models and control algorithms have been widely used recently [13, 14]. It
is known that fuzzy control is based not only on the use of analytical or theoretical models,
but also on the practical application of the knowledge of qualified professionals, given as a
form of language bases of rules. Fuzzy control is effective in cases of nondeterminism of the
parameters of the objects, when there is some experience of experts in the control and tuning
of an automated control system (ACS). Based on the above, the task of creating a method for
adapting a PID controller that implements the experience of the tuners becomes relevant.

The aim of the article is to develop a model for the Fuzzy PID controller, which
determines the optimal settings of the PID controller for its adaptation to the controlled
object, and its testing in a MATLAB Simulink environment.

2 Mathematical model

Figure 1 shows a diagram of an electropneumatic drive system with a rotary actuator.
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Fig. 1. Diagram of the electropneumatic tracking system.

1 - automatic controller; 2 — summing device; 3 — reference or input device; 4 — subject for control
(SC); 5 — tachogenerator; 6 - pneumatic motor; 7 — electropneumatic servovalve;
1. Equation of the electronic PID controller:

U=k(AU+TiIf0tAUdt+TDd;—t”) )
where:
U — output voltage of the regulator, [V];
AU — input voltage coming from the summing device, [V];
k — gain coefficient of the controller;
T;, Tp— time-constants of integration and differentiation of the controller, [s];
3.2. Equation of the electromechanical converter of the servovalve:
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T3+ 1=kU )
where: T,,— time constant of the electromechanical converter, [s];
k,, —gain coefficient of the electromechanical converter, [m/V];
I — output current from the electromechanical converter, [A];
3. Equation for spool position the spool of the servovalve:

Based on the logarithmic frequency characteristics of a servovalve type 5/3-Wege-
Servoventile, manufactured by Herion [6], its operation in dynamic mode can be described
approximately by a second-order differential equation [1]:

T2 4 26T, T b x =kl (3)
where: T,- time constant, [s], &,-damping factor, k;-servovalve gain [m/A].
4. Equation of the summing device:
AU = Uy, — Uy 4)
where: Uj,, — input voltage, [V]; Uy, — feedback voltage, [V].
5. Feedback equation:
Ufb = kfbw (5)
where: kgj, — feedback gain coefficient, [V.s/rad].
6. Equation for the spool position of the pneumatic motor shaft:
]2_(;)+kTw+MF =w(py — pz2) — M7 (0) (6)
where: w — angular speed of the shaft of hydraulic motor, [rad/s];
w — typical (specific) volume of the hydraulic motor, [m?/rad];
p1, D, — pressure on the left (right) chamber of hydraulic motor, [Pa];
J — reduced torque of inertia towards the shaft of hydraulic motor, [kg.m?];
k¢ — coefficient of the hydraulic friction, [N.m.s/rad];
M. — torque of dry friction (fig. 2), [N.m]; My (t)— loading torque, [N.m].
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Fig. 2. Characteristic of the torque of dry friction.

The mathematical description of the torque of dry friction My, has the form:

(Mro — krcw)sign(w), 0 <|w| < w,
Mysign(w), wy < |w] 7)
Mpysign (i—f), w=0

7. The equations for incoming and outgoing mass flow to and from the pneumatic motor, are

as follows:
1 dp, .
My = o [pwe + Vi "2 sign(w)) (8)
1 dp, .
M, = RT, [pzww - Vzo%ﬂgn(w)] )
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where: M;, M, - mass flow-rates; R — gas constant, [J mol! K™'];
T,, T, — absolute air temperatures on the left and right side of the pneumatic motor, [K];
V10, Voo — volumes on the left and right sides of the pneumatic motor, [m?];
Vio = Vi1 + 0.5qu; Voo = Vi + 0.5qy.
Vr1, Ve, — volumes of the left and right pipelines connecting the servovalve and the
pneumatic motor, [m?];

au — operating volume of the pneumatic motor, gy, = 2w, [ m?].
8. The equations for the mass flow-rates passing through the servovalve, are as follows:
-forx >0
2 k+1
M, = p,mdx 2k (p—l)z - (E)T (10)
1 1 Ps RT1(k—1) [ \p3 P3
2 k+1
_ 2k Pak _ (Pa\ k
M, = e, 2 (22 - (2) | an
-forx <0
2 k+1
My = pymdxp, |2 (Pe) — (2e) (12)
1= Hh P1 RT1(k—1) [ \p1 p1
2 k+1
— 2k p2\k _ (P2 &k
My = wmdnpy |2 () - (2) a3)

where: i, W — flow coefficients; d — diameter of the servovalve spool, [m];
p3 — supply pressure, [Pa]; x — spool position the spool to the servovalve;
k — adiabatic index (k=1,4).

Figure 3 shows the Simulink model of the system
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Fig. 3. Simulation model of the system.
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3 Synthesis of fuzzy controller

The block diagram of the automatic electrohydraulic system with the developed fuzzy self-
tuning PID controller, is shown in fig. 3. Input signals of the fuzzy controller are the system
error e , its instantaneous change Ae, and the output values are the parameters of the PID
controller: k - gain; T;- integration time constant and T;- differentiation time constant.

The logical table consists of a set of pre-compound logical rules of "if -then" type, which
describe the control strategy and are obtained on the basis of expert knowledge. The output
value u in fuzzy control is determined by logical rules of the type:

R":if e is A; and Ae is B; then k is C; (14)
where e, Ae, k, T; and T; are linguistic variables of the corresponsive input-output quantities.
Their universal sets are obtained from the ranges of variation of the corresponding quantities
- [-E, E], [-AE, AE], [-K, K], [-T;, T;] u [-Ty4, T4]. A;, Bi and C; are fuzzy sets of the same
quantities that are evenly distributed in these ranges.
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Fig. 4. The block diagram of the automatic electrohydraulic system with fuzzy self-tuning PID
controller.

In the fig 5 and 6 is presented Simulink model of the automatic electrohydraulic system
with fuzzy self-tuning PID controller.
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Fig. 5. Simulation model of the control system.

The fuzzy output mechanism in the logic block determines the decision for the parameters
of the PID controller. The method of Mamdani's max-min composition, is used:
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i = mazefminfig sy} (1s)
where 147 and pgy are the levels of appurtenance.
The transition from fuzzy to real values of the initial values is realized in the
defuzzification unit, using the method of the center of gravity in the form:

= I kinky)
O = ¢) ko = TPy ulk) (16)
. n where k; are the centers of the activated
O fuzzy sets, and u(k;) are the levels of

appurtenance in them. Each input and
output is described by a set of terms:
Negative Long (NL) Negative Middle
(NM), Negative Short (NS), Zero Rule
(ZE), Positive Long (NL) Positive
Middle (NM), Positive Short (NS). Fig.
7 and Fig. 8 presents the membership
functions of the fuzzy sets of the input-
output quantities — e, Ae, k, T; and T,

'

Fig. 6. Simulation model of the self-tuning PID

controller.
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Fig. 7. Functions of membership of fuzzy sets Fig. 8. Functions of membership of fuzzy sets
of input quantities e and Ae. of output quantities k, T; u Tp.

The rules formulating the logic of the fuzzy controller are presented in table. 1.

Table. 1 Rules for formulating a fuzzy controller

Ae

NB NM NS 70 PS PM PB

NB | PB/PB/NB | PB/PB/NB [PM/PB/NM|PM/PB/NM | PS/PM/NS | ZO/PM/ZO| ZO/PS/Z0O|
NM | PB/PB/NB |PB/PB/NB [PM/PB/NM| PS/PM/NS | PS/PM/NS | ZO/PS/ZO | NS/ZO/ZO|
NS | PM/ZO/NB [PM/PS/NM|PM/PM/NS| PS/PM/NS | ZO/PS/ZO | NS/PS/PS | NS/ZO/PS
e| ZO |PM/ZO/NM [PM/PS/NM| PS/PS/NS | ZO/NS/ZO | NS/PS/PS |NM/PS/PM [NM/ZO/PM
PS | PS/ZO/NM | PS/ZO/NS |ZO/ZO/ZO| NS/ZO/PS | NS/ZO/PS [NM/ZO/PM| NM/ZO/PB
PM | PS/NB/ZO |ZO/NS/ZO | NS/NS/PS |[NM/NS/PM [NM/NS/PM|NM/NS/PB| NB/NB/PB
PB | ZO/NB/ZO |ZO/NM/ZONM/NM/PSINM/NM/PM|NM/NS/PM| NB/NS/PB | NB/NB/PB

k/Ti/Tp

4 Simulation results

Based on the developed mathematical model, describing the operation of the
electropneumatic tracking system from fig. 1 in dynamic mode, a corresponding analog
model is constituted. For modeling and simulating the step responses, occurring in the
automatic system, MATLAB Simulink is used. Fig. 9 and 10 shows the step responses in the
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automatic system with a single step input signal, using a classical PID controller and the
synthesized fuzzy self-tuning PID controller, corresponding to Fig. 3.
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Fig. 9. Step response of the electropneumatic system of a change.
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Fig. 10. Step response of the electropneumatic system at load change.

The obtained step responses for the automatic electropneumatic system from fig. 5 are
gained at the following parameters of the controllers: using a classic PID controller —
k=1.02, T, =0.01 suTp = 0.25 s ; using a fuzzy auto-PID controller, as ranges of change
are-0 <k <2,01s <T; <8sul0 < Tp < 0.8s. the graphs from fig. 7 and 8 are obtained
at the following parameters of the adaptive PID controller k = 1.82, T, =0.01 su T, = 0.46s.

5 Conclusions

The developed mathematical model in the paper can be used to study the dynamic processes
in an automatic electropneumatic tracking system with a rotary actuator from Fig. 1, using a
classic PID or a fuzzy self-tuning PID controller with variable coefficients. The comparative
analysis of the transitional processes in the control systems with linear discontinuous
controllers and fuzzy controllers — their analogues, show the applicability of Fuzzy PID
controllers in solving problems about how to control of Electropneumatic System. The
parameters of the fuzzy controllers are determined by the parameters of the corresponding
linear continuous controllers and the corresponding optimization procedure. Right away with
the initial setup of the fuzzy controllers, a good quality of the transitional processes in system
is obtained. By following the methodology, for two or at most three iterations, the final
values of the parameters for setting the fuzzy controllers are obtained. The analyzed fuzzy
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regulators provide better robustness for the systems than the corresponding linear continuous
controllers. The use of the fuzzy controller leads to the improvement of the quality of the step
response - the process performs according to an aperiodic law and its duration is significantly
decreased. The adaptive architecture of the Fuzzy PID controller provides a wide operating
range of adjustment when changing the setpoint and disturbances.
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