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Abstract - In this paper, Particle Swarm Optimization is
utilized to optimize the coefficients of a decentralized PID
controller for a nonlinear process by minimizing the Inte-
gral Square Error (ISE).The controller is tuned at chosen
operating points, which are selected to cover the nonlinear
range of the process. The optimal PID controller parame-
ters are gain scheduled using a Fuzzy Gain scheduler. The
effectiveness of the proposed control scheme has been dem-
onstrated by conducting simulation studies on a Continuous
Stirred Tank Reactor (CSTR) process which exhibits dy-
namic nonlinearity. It is shown that the proposed controller
provides better set point tracking and load disturbance re-
jection than the Internal Model Control (IMC) based con-
ventional control scheme.

Index Terms - CSTR, Decentralized control, PSO, IMC,
PID, Integral Square Error, Fuzzy Gain scheduling

I. INTRODUCTION

Proportional-Integral-Derivative (PID) controller
has been the most popular loop feedback mechanism
since 1950s and has been extensively used in controlling
industrial plants. The reason why PID controllers are
widely used is that the controller can be tuned by means
of simple rules of thumb and detailed knowledge about
the system is not necessary. Moreover PID controllers are
easy to design, operate and maintain. There is plenty of
literature available for the tuning rules of PID controllers,
which make the application of PID controller simple.
Among them, Ziegler-Nichols tuning method is consi-
dered to be a very popular approach (Zeigler and Nichols,
1942). On the other hand, controlling Multi Input Multi
Output systems is not straight forward due to the coupl-
ing and interaction between the channels. In last several
decades, designing controllers for MIMO systems has
attracted a lot of research interests [1], [2], [3].Among the
proposed MIMO controllers, decentralized PID control-
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lers have been deployed extensively [4] due to their less
complexity, high performance and easy implementation.
When the controlled process is nonlinear, however a
fixed gain PID controller cannot produce satisfactory
control performance in all process operating regions. If a
fixed gain controller is utilized, the closed loop perfor-
mance could degrade even to the point of process insta-
bility. A successful way of solving nonlinear control
problems using PID controllers consists in employing
gain scheduling to adjust the controller parameters. One
drawback of conventional gain scheduling is that the pa-
rameter change may be rather abrupt across boundaries of
the process operating regions, which may result in unsa-
tisfactory or even unstable control performance. The
main advantage in using fuzzy logic to adapt the PID
parameters [5],[6],[7] is that switching between operating
conditions is smoothly operated, since the controller pa-
rameters are adjusted via a bumpless transfer algorithm.
The PSO algorithm is becoming popular due to its
simplicity of implementation and ability to quickly con-
verge to a reasonably good solution.PSO has been suc-
cessfully applied in many areas: function optimization,
artificial neural network training, fuzzy system control
and other areas where GA can be applied [8], [9], and
[10]. In PSO algorithm, the individual is called particle
and the trajectory of each individual in the search space is
adjusted dynamically by altering the velocity of each
particle, according to its own flying experience of other
particles in the search space.Generally, PSO is character-
ized as a simple concept, easy to implement, and compu-
tationally efficient. Unlike the other heuristic techniques,
PSO has a flexible and well-balanced mechanism to en-
hance the global and local exploration abilities.
In this paper, an exothermic CSTR process is con-
sidered for the simulation study. In order to design the
decentralized controller, as a first step, the diagonal con-
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trollers are designed using Internal Model Control (IMC)
based PID tuning method [11]. The controller parameters
are gain scheduled using a conventional gain scheduling
scheme. As a second step, an attempt is made to improve
the performance of the controllers by using soft comput-
ing techniques. The IMC tuned PID coefficients are used
as the initial estimate of the PSO algorithm. The optimal
PID parameters for the local models are combined using
a Sugeno type fuzzy gain scheduler to control the plant in
the entire operating region. The results are compared
qualitatively and quantitatively to prove the satisfactory
performance of the proposed control scheme.

Il. PROCESS DESCRIPTION

Highly nonlinear CSTR process is very common in
chemical and petrochemical plants. In the CSTR process
[12] considered for simulation study as shown in Fig.1,
an irreversible, exothermic reaction A B occurs in con-
stant volume reactor that is cooled by a single coolant
stream.

The process is modeled by the following equations:

i, E
A—Jizg(c -c )—k C em%) (1)
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The CSTR system has two state variables, namely the
temperature T and the effluent concentrationCA.
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Figure 1. CSTR process
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TABLE I.
STEADY STATE OPERATING DATA
S.No. Parameters Symbols | Values
1. Product concentration C, 0.0882 mol/I
2. Reactor temperature T 4412 K
3. Coolant flow rate d. 100 I/min
4. Process flow rate q 100 I/min
5. Feed concentration Co 1 mol/l
6. Feed temperature T, 350 K
7. Inlet coolant tempera- TCO 350 K
ture
8. CSTR volume \% 1001
9. Heat transfer term
hA 7x10°cal/min K
10. Reaction rate constant
K, 7.2x10" /min
11. Activation energy term | E/R 1x104 K
12. Heat of reaction -AH 2%105 cal/mol
13. Liquid densities PiPe 1x103 g/l
14. Specific heat C,Coc 1callgK

The Jacketed CSTR is modeled using the parameters
specified in Table | assuming the Feed flow rate and the
Coolant Flow rate are the manipulated variables, the ef-
fluent concentration and the Reactor temperature are the
process outputs, Effluent concentration and the Reactor
temperature are the states. To design the controllers the
nonlinear system is linearized at the given operating as
given in Table II.

TABLE 1
STEADY STATE OPERATING CONDITIONS
Feed Flow Coolant Flow Effluent Temp
(V/min) (I/min) Concentration (K)
(mol/l)
103 97 0.0748 4453
100 100 0.0882 4412
97 103 0.1055 436.8

I1l. DESIGN OF DECENTRALIZED CONTROLLERS
A. Design Of Conventional PID Controllers

The first step in designing the decentralized controllers is
to select input-out variable pairing, i.e., which output
should be paired with which input [12]. It can be deter-
mined with the help of relative gain array (RGA).
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The Gain matrix for a Two input Two output system can
be obtained as

0 (0) 9,2(0) {m klz} ®

921(0) 922(0) Kpp  Kpo

The RGA matrix obtained using the Gain matrix is

G(0)=

I(11k22 _k12 k21

k11k22 - k12k21
k11K90
kllk22 - k12k21

I(llk22 - I(12k21
_k21k12

I(llk22 - I(12k21
{ﬂn ﬂiz}
Aoy Ao
(4)

It is found from Table Ill that 4, is negative at all oper-
ating points. Since loops should not be formed with nega-
tive relative gains [12], y, should be paired with u, and

y, withu;. In that case, the process transfer function
matrix will be written as,
G= |:GJ.2 Gll:l (5)

Gy Gy

TABLE Il
RGA PARAMETERS AT DIFFERENT
OPERATING POINTS

Operating point RGA

4=103,0:=97,Ca=0.07481, [ 20871 3.0871 }

T=4453 | 3.0871 -2.0871

0=100,4,=100,CA=0.08823, [ 22722

3.2722
T=441.2 L 3.2722 —2.2722_
6=97,0:=103,Ca=0.1055, [ 25998 35998 |
T=436.8 | 35998 —2.5998 |

Fig. 2 represents the block diagram for Decentralized
control of multivariable CSTR process. The closed loop
system has two controller parameters to be tuned in the
two loops namely g, and gep.
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Figure 2. Block diagram for Decentralized control of CSTR process

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

Ge (s):Kp+Kii+de (6)

Kp , Ki, Kgyare the proportional, integral and
derivative (PID) gains. In designing PID controllers, the
goal is to tune proper coefficients of Kp ,Kjand K, so

that the output has some desired characteristics such as
overshoot, rise time, settling time and steady state error.

The PID parameters are calculated for the operating
points specified in Table Il using the IMC based PID
tuning procedure [3], [12] and the closed loop simulation
studies are carried out for set point tracking and load dis-
turbance rejection.
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Figure 3 Servo responses for Effluent Concentration control using IMC-
PID
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Figure 6 Regulatory responses for Reactor temperature control using
IMC-PID

Fig.3 shows the variations in Coolant flow for the ser-
vo problem when a step change in Effluent concentration
is applied at 300min and 600min respectively.Fig.4
shows the variations in Feed flow for the servo problem
when a step change is applied in Reactor temperature at
300min and 600min. Fig.5 and Fig.6 shows the manipu-
lated variable variations and the responses when a distur-
bance of 1K is applied to the feed temperature at 300 and
600 min respectively. Table 1V provides the performance
measures for servo problem and Table V provides the
performance measures for regulatory problem. The per-
formance of the controller can be further improved by
using soft computing techniques such as PSO and Fuzzy
logic which are discussed in the next section.

TABLE IV
PERFORMANCE MEASURE FOR SERVO PROBLEM USING IMC -
PID

ISE ISE

S.No | Time interval Effluent | Reactor

(min) Conc. Temp

(mol/l) (K)
1. 0-300 0.0093 11.97
2. 300-600 0.0007 22.91
3. 600-1000 0.0009 52.82

TABLE V

PERFORMANCE MEASURE FOR REGULATORY PROBLEM
USING IMC - PID

ISE ISE
S.No | Timeinterval | Effluent | Reactor
(min) Conc. Temp
(mol/l) (K)
1. 0-300 4.568e-6 | 0.1335
2. 300-600 1.923e-5 | 0.6551
3. 600-1000 3.256e-5 | 1.325

B. PSO Based controller Design

PSO is a robust stochastic optimization technique
based on the movement and cooperation of swarms. It
applies the concept of social interaction to problem
solving. It was first developed in 1995 by J.Kennedy
and R. Eberhart. It uses a number of particles that con-
stitute a swarm moving around in the search space
looking for the best solution. Each particle is treated as
a point in an N- dimensional space which adjusts its
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“flying” according to its own flying experience as well
as the flying experience of other particles.

Each particle keeps track of its co-ordinates in the solu-
tion space which are associated with the best solu-
tion (fitness) that has achieved for by that particle. This
value is called personal best, ‘Pbest’. Another best val-
ue obtained so far by any particle in the neighborhood
of that particle. This value is called global best,
‘Gbest’. The basic concept of PSO lies in accelerating
each particle towards its ‘Pbest’ and the ‘Gbest’ loca-
tions, with a random weighted acceleration at each time
step.

Each particle tries to modify its position using
the information such as the current positions, the cur-
rent velocities, the distance between the current
position and ‘Pbest’, the distance between the cur-
rent position and the ‘Gbest’. Concept of modification
of a searching point by PSO is shown in Fig. 7.Let X
and v denote a particle coordinates (position) and its
corresponding flight speed (velocity) in a search space,
respectively.

 J

Figure 7. Concept of modification of a searching point by PSO

xX : Current position
x** - modified position
V¥ Current velocity

v¥*1 - modified velocity

VPP \elocity based on Pbest,

 Gbest. Velocity based on Gbest.

PSO is initialized with a group of random particles (solu-
tions) and then searches for optima by updating itera-
tions. In every iteration, each particle is updated by fol-
lowing two “best” values. The first one is the best solu-
tion (fitness) it has achieved so far and is represented as
Pbest. Another “best” value is the best solution obtained
so far by any particle in the population. This is
represented as Gbest. Each particle knows the best value
so far (Pbest) and best value in the group (Gbest).The
particle tries to modify its position using the current ve-
locity and the distance from Pbest and Gbest. The mod-
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ified velocity and position of each particle can be calcu-
lated using the following formulas

The modified velocity and position of each particle can
be calculated using the following formulas

VKL WX 4 ¢ xrand *(pbest_ — x_)
i i 1 1 i i
+C, * rand, * (gbesti =X ) )

Xik+1 _ Xik + Vik+1 (8)

W =inertia weight parameter

C;, Co =weight factors

k
Vi =velocity of the particle I in k™ iteration

Xj =position of particle in k™ iteration

I’andl, randz =random number between 0 and 1

Suitable selection of w provides a balance between glob-
al and local explorations. In general, the inertia weight
Wi s set according to the following equation

W:Wmax_((wmax_wmin)*t/T) ©)

where W is the adjustable parameter between Wpgx

& Wnin -

t=current iteration number
T=maximum number of iterations.

Figure 8 represents the block diagram of PID control-

ler tuning using PSO minimizing the ISE.

[EE |+

Jat h 4

point C .| FD | TR
¥ Controller | Process
+ T_ e

Figure 8.Block diagram representation for PID tuning using PSO
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The objective function for optimization using PSO is
minimizing the Integral Square Error (ISE) given by
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T
ISE = (j)[r(t)— y(t)]zdt (10)

where r (t) = reference input

y(t) = measured variable

Table VI provides the PSO settings for tuning the PID
parameters. Fig. 9 shows the flow chart for obtaining the
PID parameters using PSO by minimizing the Integral
Square Error.

TABLE VI

PARAMETERS OF PSO ALGORITHM USED FOR TUNING
THE PID PARAMETERS OF CSTR

Population Size 20

Number of Iterations| 300

Wax 0.6

Wmin 01

Cl = C2 15
Statt

| Crererate [nitial populations

N
Fun the simulation for
each set of parameters

¥
Calculate the FID parameters

!

Caleulate the fitness function

|

Calewlate the Phest of each
patticle and Ghest of popilation

!

Update the velocity,position
ghest and Phest of particles

Ifammoam sterations
reached?

Figure 9. Flow Chart of PID optimization using PSO
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Table VII provides the PID controller parameters at dif-
ferent operating regions for Effluent concentration con-
trol with their performance index. Table VIII provides the
PID controller parameters at different operating regions
for reactor temperature control with their performance
index.

TABLE VII
PSO BASED PID CONTROLLER SETTINGS AT DIFFERENT
OPERATING POINTS FOR EFFLUENT CONCENTRATION CONTROL

Operating point K K F_itness Func-
c I tion
(ISE)

0=103,9.=97,CA=0.07481, 448769 | 128.4768 | 7.256e-4
T=4453

g=100,9.=100,C»=0.08823, 35.3215 | 113.5472 | 1.0596e-7
T=441.2

4=97,0.=103,C4=0.1055, 17.7596 | 80.8726 9.0542e-6
T=436.8

TABLE VIII

PSO BASED PID CONTROLLER SETTINGS AT
DIFFERENT OPERATING POINTS FOR REACTOR TEMPERATURE CONTROL

Fitness Func-
Operating point Kc Ku tion

(ISE)
0=103,0.=97,C»=0.07481, 0.1908 | 0.5461 | 2.3428e-6
T=445.3
0=100,0.=100,C»=0.08823, | 0.1136 | 0.3807 | 6.3232e-5
T=441.2
0=97,9.=103,C2=0.1055, 0.0304 | 0.1385 | 7.8756e-5
T=436.8

IV. FUZZY GAIN SCHEDULER DESIGN

The approach taken here is to exploit fuzzy rules
and reasoning to generate controller parameters. Fuzzy
gain scheduling is a special form of model-based fuzzy
control that uses linguistic rule fuzzy reasoning to deter-
mine the controller parameter transition policy for a dy-
namic plant subject to large changes in the operating
state.

In order to design the Fuzzy Gain Scheduler, the sys-
tem is linearized around the operating regions specified
in Table 1l and the corresponding local models are ob-
tained. The PID controller parameters have been found
using PSO-based tuning method for minimum ISE and
are reported in Table VII and Table VIII.

In order to provide control for the complete process,
the PID parameters at various operating points are com-
bined using a Sugeno fuzzy gain scheduler, with input as
the Effluent Concentration and reactor temperature. The
outputs are the PID parameters.

Fig.10 and Fig 11 show the membership functions of
input Effluent Concentration and Reactor temperature to
the Sugeno fuzzy model. Fig.12 and Fig .13 represent the
rule viewer for effluent concentration control and reactor
temperature control respectively.
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Figure 12. Rule viewer of the fuzzy gain scheduled Model
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Figure 17. Regulatory response for Reactant temperature control
using PSO-PID

Fig.14 shows the variations in Coolant flow for
the servo problem when a step change in Effluent con-
centration is applied at 300 min and 600 min respective-
ly. Fig.15 shows the variations in Reactant flow for the
servo problem when a step change is applied in Reactor
temperature at 300 min and 600 min respectively. Fig.16
and Fig.17 shows the manipulated variable variations and
the responses when a disturbance of 1K is applied to the
feed temperature at 300 min and 600 min respectively.
Table IX provides the performance measures for servo
problem and Table X provides the performance measures
for regulatory problem. From Table IX and Table X, it is
shown that the ISE index is very much lower with the
proposed controller. The proposed controller shows best
performance for both set point tracking and regulatory
conditions for the entire range of the process as compared
to the IMC based conventional controller.

TABLE IX

PERFORMANCE MEASURE FOR SERVO PROBLEM USING PSO-

PID
ISE ISE
S.No | Timeinterval | Effluent | Reactor
(min) Conc. Temp
(mol/l) (K)
1. 0-300 0.00015 6.94
2. 300-600 0.00031 | 10091
3. 600-1000 0.00075 22.8
TABLE X
PERFORMANCE MEASURE FOR REGULATORY PROBLEM US-
ING PSO- PID
ISE ISE
S.No | Timeinterval | Effluent | Reactor
(min) Conc. Temp
(mol/l) (K)
1. 0-300 5.642e-7 | 0.0305
300-600 1.218e-5 | 0.5889
600-1000 2.458e-5 | 1.162

V. CONCLUSION
In this paper, a nonlinear MIMO CSTR is represented
as a family of linear models. The diagonal elements of

8
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the decentralized controller are obtained using a conven-
tional control scheme such as IMC based PID tuning pro-
cedure. The local controllers at different operating points
are combined using a conventional gain scheduling con-
trol scheme. Particle Swarm Optimization technique is
utilized to obtain the optimal controller setting at each
operating point. The objective function used is minimiz-
ing the Integral Square Error. The optimally tuned con-
trollers are combined using a Fuzzy gain scheduler to
provide control for the entire operating region. The pro-
posed control scheme provides satisfactory performance
for both set point tracking and load disturbance rejection
than the conventional controllers.
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