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ABSTRACT

This paper describes the development of a fuzzy gain
scheduling scheme of PID controllers for three tank process.
This paper presents the controllers for three tank multi loop
system using fuzzy gain scheduling. The application of fuzzy
logic controller (FLC) appears to be encouraging in the sense
that it is robust in disturbance rejection under various
conditions. The controller designed by FLC technique is
based on the choice of Fuzzy rules and Reasoning is used to
determine the controller parameters based on the error signal
and its first difference. Simulation results show that better
control performance can be achieved in comparison with
conventional-Pl controllers. The simulation result of the
process is carried out by using MATLAB simulink software.
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1. INTRODUCTION

Most of the processes in power plants, refinery process,
aircrafts and chemical industries are multivariable or multi-
input multi-output (MIMO) and control of these MIMO
[3]processes are more complicated than SISO processes. The
methodology used to design a controller for the SISO process
cannot be applied for MIMO process because of the
interaction exhibits between the loops. Many methods have
been presented in the literature for control of MIMO process.
Proportional-integral-derivative (PID) or Proportional-Integral
(P1) based controllers are used very commonly to control
three tank systems. Usually two types of control schemes are
available to control MIMO processes. The first is
decentralized control scheme or multiloop control scheme,
where single loop controllers are used (the controller matrix is
a diagonal one). The second scheme is a [3] full multivariable
controller known as the centralized controller. Multi loop
controllers do not explicitly consider the decoupling of the
inter-loop interactions unlike full multivariable controllers.
The application of knowledge-based systems in process
control is growing, especially in the field of fuzzy control.

In fuzzy control, linguistic descriptions of human expertise in
controlling a process are represented as fuzzy rules or
relations. This knowledge base is used by an inference
mechanism, in conjunction with some knowledge of the states
of the process in order to determine control actions. Although
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they do not have an apparent structure of PID controllers,
fuzzy logic controllers may be considered nonlinear PID
controllers whose parameters can be determined on-line based
on the error signal and their time derivative or difference. In
this paper, a rule-based scheme for gain scheduling of PID
controllers is designed for MIMO process. The new scheme
utilizes fuzzy rules and reasoning to determine the controller
parameters and the PID controller generates the control signal.
It is demonstrated in this paper that human expertise on PID
gain scheduling can be represented in fuzzy rules.
Furthermore, better control performance can be expected in
the proposed method than that of the PID controllers with
fixed parameters.

2. THREE TANK PROCESS

The three-tank system considered for study [5] is shown in
Fig. 1. The controlled variables are the level of the tank hl
and tank h3. In flow of tank1 (fin1) and in flow of tank3 (fin3)
are chosen as manipulated variables to control the level .The
open loop response of the three tank process is shown in
Fig.2. The steady state operating data of the Three-tank
system is given in Tablel.The material balance equation for
the above three-tank [1] system is given by

dhl finl Az
— = — - J2g(h1-h2) 1)
dt sl Sl

dh2  AZL AZ3
— == oghi-h2) - == J2g2-h3) (2
dt  S2 )

dh3 fin3 AZ3 AZ2
— = — 44— 2g(h2 - h3) + —+/2gh3  (3)
s3

dt 3 S3

Where,
finl - Inflow of tank-1
fin3 - Inflow of tank-3
(S1-S3)- Area of the tank
h1, h2 and h3-Level of the tank
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Table 1 Steady state operating parameter

Three tank System

h1, h2, h3inm

0.7,05,0.3

finl and fin3 in ml/sec

100

Outflow coefficient

2.251e-5,3.057e-

m/sec?

(Az1, Az2, Az3) 5,2.307¢-5
Area of tank (S1-S3)inm? 0.0154
Acceleration due to gravity in 9.81
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Fig 2: Open loop Response of the three tank process
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3. DESIGN OF PID CONTROLLER

The transfer function of a PID controller has the following
form:

K:
i
GC(S) = Kp +? + KdS (4)
Where K, K;, and Ky are the proportional, integral, and
derivative gains, respectively. Another useful equivalent form
of the PID controller is

G¢(s) = Kp(l+l/(Tis+Tds) (5)

Where T; = Ky/K; and Ty = Ky / K. Tj and Ty are known as the
integral and derivative time constants, respectively. The
discrete-time equivalent expression for PID [12] control used
in this paper is given as

n Kd
UK = Kpek) + Kj T Te(i) + — Ae(k)
i=1 T
Here, u(k) is the control signal, e(k) is the error between the
reference and the process output, T, is the sampling period for

the controller, and Ae(k) ée(k) —e(k —1) the parameters of

the PID controllers K, K; and K4 or K, T; and T4 can be
manipulated to produce various response curves from a given
process. Finding optimum adjustments of a controller for a
given process is not trivial. In the following section, an on-
line gain scheduling scheme of the PID controller based on
fuzzy rules is presented. The main objective of this process is
to control the level of Tankl and Tank3. The fuzzy gain
scheduling scheme is designed based on the thorough
knowledge of the three tank process. Also the PI controller
parameters for the interacting three tank process are obtained
by utilizing direct synthesis method. The controller settings
for loopl K.,=1.24137, T;;=1336.5 and for loop2 K ,=1.4589,
T,=1315.5. The closed loop response of the three tank
process for a set point change in tankl from its operating
value of 0.7m to 1m is shown in Fig.3 and its corresponding
effect of interaction in tank3. Fig 4 shows the closed loop
response of tank3 for a set point change 0f0.3 m t01.0 from its
operating value and its corresponding effect of interaction in
tankl and their values are tabulated in Table 5. In
accumulation of that a load value of 0.2 m is added and
subtracted in the process under the 0.7m for tankloperating
point and the servo and regulatory responses are plotted in Fig
5 to 6. The servo tracking response of tank-1 is shown in
Fig.7.
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Fig 3: Closed loop response of Tank 1 for Conventional PI
controller
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Fig 4: Closed loop response of Tank 3 for Conventional Pl
controller
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Fig 6: Servo and Regulatory response of Tank 3 for
Conventional PI controller
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Fig 7: Servo tracking response of Tank 1for Conventional
Pl controller

4. FUZZYGAIN SCHEDULING

Fig.8 shows the PID control system with a fuzzy gain
scheduler. The approach taken here is to exploit fuzzy rules
and reasoning to generate controller parameters. It is assumed
that K,,, K are in prescribed ranges [Kp min Kg max] and [Kg min,
Ka.max], respectively.

b I """""" """"" N Fuzzy rules
3 : : 3 : and reasoning
b R e e 7
02 i i i i i /
0 1 2 3 4 5 6
Time(Sec)

i Input Control outp

Fig 5: Servo and Regulatory response of Tank 1 for — PID controller > Process >
Conventional PI controller +
- x
A

Fig 8: PID control system with a fuzzy fain scheduler

The appropriate ranges are determined experimentally and
will be given in equation (12). For convenience, K, and Kq are

normalized into the range between zero and one by the

following linear transformation:

Kp - Kp B Kp.min)/(Kp.max - Kp.min
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Ky :(Kd - Kd.min)/(Kd.max - Kd.min)
(6)

In this scheme, PID parameters are determined based on the
current error e(k) and its first difference Ae (k).The integral
time constant is determined with reference to the derivative
time constant, i.e.,

Tl = (XTd (7)

And the integral gain is thus obtained by

Ki = Kp /(aTd): KS /(aKd) ®)

The parameters K'p, K'd and o are determined by a set of
fuzzy rules of the form
If e (K) is A and Aq(K) is By, then K _is C, K isD; and o =

Qi
i=1,2...,m. 9)

Here, A;, B;, C; and D; are fuzzy sets on the corresponding
supporting sets: o; is a constant. The membership functions
(MF) of these fuzzy sets for e (k) and Ae (k) are shown in
Fig.9. In this figure, N represents negative, P positive, ZO
approximately zero, S small, M medium, B big. Thus NM
stands for negative — medium, PB for positive big, and so on.
The fuzzy sets C; and D; may be either Big or Small and are
characterized by the membership functions shown in Fig.10,
where the grade of the membership functions p and the

variable x (= K'p or K'd) have the following relation:

1 -4
HsmaLt(X) = = — In x or xgpqap L () =e * for small,
4

1 _
() =— = In (1 - %) or xgg (1)=1e " for Big (10)
4

X=¢ (k) and Ae

Fig 9: Membership functions for e (k) and Ae (k).
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Fig 10: Membership functions for K’y and K'g

The fuzzy rules in (12) may be extracted from operator’s
expertise. Here the rules are derived experimentally based on
the step response of the process. The PID controller should
have a large proportional gain, a large integral gain, and a

small derivative gain. Thus the proportional gain (K'p) can
be represented by a fuzzy set Big and the derivative gain
K'd by a fuzzy set Small. The integral action is determined

with reference to the derivative action as in eqn (7). For the
PID controller, taking a small o or a small integral time
constant T; will result in a strong integral action. Whether the
integral action should be strong or weak is determined in the
scheme by comparison with the well-known synthesis tuning
rule.

if (K)is PB and Ae(K)is Zo, then K;,is Big K is
Small, and o =2.

Note that o may also be considered as a fuzzy number which
has a singleton membership function as shown in Fig.5. For
example, o. becomes 2 when o is Small. Around point b,
expect a small control signal to avoid a large overshoot. That
is, the PID controlled should have a small proportional gain, a
large derivative gain, and a small integral gain. Thus the
following fuzzy rule is taken

If €(K)is zo and Ae(K)is NB, then Kp is Small K is
Big, and a=5
Thus a set of rules, as shown in Table 2, may be used to adapt

the proportional gain (K;O )

The tuning rules for K;j and o is given in Tables 3 and 4,

respectively, in the tables, B stands for Big, and S for
Small.The truth value of the ith rule in (12) ; is obtained by
product of the MF values in the antecedent part of the rule

b= nai [o00 ] g [aew] (11)

Where p,; is the MF value of the fuzzy [15] set A; given a
value of e (K), and pg;the MF value of the fuzzy set B; given

avalue of A e (k). Based on p; the values of Kp and K;j for

each rule are determined from their corresponding
membership functions. The implication process of a fuzzy
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[20] rule is shown in Fig. 11.By using the membership
functions in Fig.9; we have the following condition [18]:

m

=1, 12
2 (12)

Then, the defuzzification yields the following:

N m N

m

Here Kp'i is the value of Kp corresponding to the grade b;
for the i the rule (see Fig. 12). Kd.i is obtained in the same

way. Once Kp] Kd] and o are obtained, the PID controller

Parameters are calculated from the following equations that
are due to (6) and (8)

M

2 3 4 5

S .Small, MS: Medium Small

>
o

M: Medium, B:Big

Fig 5: Singleton membership functions for a

Table 2 Fuzzy tuning rules for Ky’

Ae(k)
NB | NM | NS | ZO | PS | PM | PB

NB | B B |B| B |B| B | B

NM | S B |B|B|B|B]|S

e(k) | NS | S S B| B |B| S S

Z0 | S S S| B|S| s |s

PS | S S B| B | BJ| S |[s

PM | S B |B|B|B|B]|S

PB | B B |B|B|B|B|B
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Kp:(Kp.max _Kd.min)Kp+Kp,min (13a)

Kd =&y max —Kd, min) Kd +Kq min  (130)

13
K; =(Kp! (aK ). (13c)

Based on an extensive simulation study on various processes,
a rule of thumb for determining the range of K, and the range
of Ky is given as

Kpmin = 032Ky,  Kpma =06Ky

Ky min =0-08K, Ty, = 0.15K, T,

(14)
Where K, and T, are, respectively, the gain and the period of
oscillation at the stability limit under P-control [19.]. Note
that there are other forms for the fuzzy tuning rules in (12).
Some examples are as follows:

Kd. max

1) If e (k) is Ajand A e (K) is B;, then K\p is C;, K;j is D;, and
K; is E;
2) Ife (k) is A;and A e (k) is B;, then K\p is C; T(; is D;, and
K; is E
3) Ife (k) is_ AjandAe (!() is B; then _

u(k) :Klpo o) + (Kig Ts) Zje )+ Ky /Ts ) Ae(k)

Table 3 fuzzy tuning rules for o

Ae(K)

NB | NM | NS | ZO | PS | PM | PB

NB | s S S s | s | s S

NM | B B S s [ s | B B

NS | B B B| S | B | B B

ek) | zOo | B B B B | B B B
PS | B B B| S |B| B B

PM | B B S s | s | B B

PB | S S S s | s | s S
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Table 4 fuzzy tuning rules for kg

Ae(k)
NB |NM | NS |zO |PS|PM | PB
NB | 2 2 2 | 2| 2| 2 2
NM | 3 3 2 | 221 3 | 3
NS | 4 3 3| 2 3] 3] 4
ek) [zo | 5 4 3 3 | 3 4 5
PS | 4 3 3| 2 | 3| 3| 4
PM | 3 3 2 | 2 [ 2| 3 | 3
PB | 2 2 2 | 2 21 2 2

Ae(k)  Ae

Figl2: Implication process of a fuzzy rule

Where K'p,, K', K'go are constant. Although these rules have
different forms, they are equivalent to each other under certain
conditions. It seems relatively easier to set the fuzzy tuning
rules by (11). The fuzzy gain scheduling scheme has been
tested on a variety of processes. The multi loop fuzzy gain
scheduling PID controller parameters of the process
calculated as follows. First the error and its first difference are
calculated from the sampled process output. Then the values
of K’y and K’y for each rule are determined by the fuzzy

[—
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2
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Fig 13: Closed loop response of Tankl for
Fuzzy logic controller
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reasoning process, as shown in Fig. 6. Finally, the PID
parameters are obtained by using equation (12), (13) and (14).

5. SIMULATION RESULTS AND
DISCUSSIONS

The performances of the two controllers are evaluated using
performance indices namely settling time (t;), Integral Square
error (ISE) and Integral Absolute Error (IAE). The closed
loop response of the three tank process for a set point change
in tankl from its operating value of 0.7m to 1m is shown in
Fig.13 and its corresponding effect of interaction in tank3.Fig
14 shows the closed loop response of tank3 for a set point
change of 0.3 m tol1.0 m. from its operating value and its
corresponding effect of interaction in tankl and their values
are tabulated in Table 5.With same operating conditions, a
simulations runs are carried out for direct synthesis based
three tank process for comparative study. The performance
indices are calculated in terms of settling time, Integral Square
Error (ISE) and Integral Absolute Error (IAE) and values are
charted in Table 5. From the table it is observed that
intelligent  fuzzy control system gives satisfactory
performance than the PI controller. In accumulation of that a
load value of 0.2 m is added in the process under the 0.7m for
tankloperating point and the servo and regulatory responses
are plotted in Fig 15 to 16. The servo tracking response of
tank-1 is shown in Fig.17. The performance indices are
calculated in terms of settling time, Integral Square Error
(ISE) and Integral Absolute Error (IAE) and values are
charted in Table 5. From the table it is observed that fuzzy
gain scheduling control system gives satisfactory performance
than the PI controller and clearly indicates that the control
augmented the control system is considerably reduced the
effect of load disturbance in the process variable compared to
the PI controller.
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Fig 14: Closed loop response of Tank3 for
Fuzzy logic controller

18



— | {

Setpaint | |

Level(Cm)

i
005 01 015 02 025 0.
Time(Sec)

Fig 15: Servo and regulatory response of
Tanklfor Fuzzy logic controller
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Fig 16: Servo and regulatory response of Tank3 for
Fuzzy logic controller
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Fig 17: Servo tracking response of Tank1 for
Fuzzy logic controller
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Table 5 Performance evaluation of the controller

Controllers parameters

Types of
controllers Loop -1 Loop -2

Ts Ts
(sec) ISE IAE (sec) ISE IAE

FuzzyPID 1415 | 00004912 | 000423 | 01 | 2.047e-11 | 8.118e-007
Controller

Convention

al - Pl 25 0.01813 0.084 3 0.005283 0.0548
Controller
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6. CONCLUSION

In this paper Multi-loop fuzzy gain scheduling controller is
designed for three tank process and compared with the
controller designed by Synthesis tuning method through
simulation The proposed gain scheduling scheme uses fuzzy
rules and reasoning to calculate the PID controller parameters.
Human knowledge and experience in control system design is
exploited in the tuning of a PID controller. The scheme has
been tested on various set points in simulation, and
satisfactory results are obtained. The result of the fuzzy gain
scheduling control is analyzed and clearly shows that potential
advantages using fuzzy control for a three tank process. The
control strategies have a good set point tracking without any
offset with reasonable settling time. The comparison of above
these controllers, reveals that fuzzy gain scheduling control is
superior resulting in smoother controller output without
oscillations which would increase the actuator life.
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