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1.  Introduction

In chemical process industries, most of the important 
processes are multivariable in nature. Distillation is 
one of these paration process widely implemented in 
the petroleum and chemical industries for purification 
of final products. Due to its industrial significance, the 
distillation column is one of the generally chosen very 
important multivariable processes by the researchers1-7.

Controller design process for the stable, unstable and 
non-linear single input single output systems are simple 
compared with the Two Input Two Output (TITO) 
systems. Hence, due to its complexity, the numbers of 
controller design procedures available for TITO systems 
are very small compared to single input single output 
systems. 

The control literature presents the traditional and 
modern approach based design and implementation of 
the PI/PID controllers for a class of systems8-18. In this 
paper, PI controller design for TITO is addressed. The 
existing controller design procedure for TITO process 

can be categorized as 1. Centralized and 2. Decentralized 
methods. In centralized system, controller design task 
is quite complex compared with the decentralized 
system due to the interaction between the loops. In the 
proposed work, heuristic algorithm assisted centralized 
PI controller deign is discussed for the TITO systems 
existing in the literature. 

In this paper, recent heuristic method, known 
as Teaching Learning Based Optimization (TLBO) 
technique proposed19,20 is adopted to solve the controller 
design problem. This algorithm is theoretically similar to 
the teaching-learning scenario existing in the class room 
learning process. In order to obtain best optimal value, 
the controller design process is repeated 10 times and 
the mean of controller values, such as Kp1, Ki1, Kp2, Ki2 are 
recorded. The simulation study is carried out using the 
Matlab software and the performance of the proposed 
method is validated with Particle Swarm Optimization 
(PSO), Bacterial Foraging Optimization (BFO) and 
Firefly Algorithm (FA) existing in the literature. In 
order to execute a fair comparison, all the algorithms are 
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assigned with similar population size, iteration number, 
stopping criteria and objective function. 

The remaining sections of this paper are arranged as 
follows. Section 2 describes the distillation process and 
its bench mark versions. Section 3 presents the overview 
of the TLBO algorithm considered in this study, the 
simulated results of this work is presented in section 4 
and the conclusion of the present work is discussed in 
section 5.

2.  Process Description

In chemical and petroleum industries, distillation is the 
separation methodology used to convert the raw mixtures 
in to usable final products. The mixture is applied on the 
distillation column, with a number of trays and a number 
of temperature regions. Based on the column temperature, 
the mixture is split into the Liquid (L) and the Vapour (V) 
products. The process for the distillation column is based 
on L-V structure or the energy balance method. In this 
control configuration, the vapour flow rate and the liquid 
flow rate are the control inputs5-7.

Figure 1.    Schematic of distillation column.

Figure 1 shows the schematic of the industrial 
scale distillation column. In this paper the benchmark 
distillation columns, such as WW and VL are chosen. 

Figure 2 shows the structure of TITO centralized 
control system. In this work, the controllers in TP 
loop (PI1) and BP loop (PI2) are designed using TLBO 
algorithm.

Figure 2.    Schematic of centralised controller design for 
TITO process.

The parallel form of PI controller adopted in this 
system is presented in Equation 1 and 2.
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In this, the PI controllers are responsible for the final 
product quality of Y1 and Y2. Hence, it is necessary to find 
optimal values for the controllers. 

The WW model4 and VL model5,6 considered in this 
work is presented in Equation 3 and 4.
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In the proposed work, PI1 and PI2 are designed to 
support the reference tracking and disturbance rejection 
operations based the set points R1 and R2.

3.  �Teaching Learning Based 
Optimization

TLBO is formulated by imitating the teaching-learning 
system existing in the classroom scenario and its pseudo 
code is depicted below. Similar to other heuristic 
algorithms, the TLBO employs a population based 
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approach to attain the collective explanation during the 
exploration. A complete clarification about the TLBO 
can be found in the recent literature19-22. In this work, 
conventional TLBO is adopted to tune the PI controllers 
for the TITO process.

The TLBO has two necessary stages, such as teacher 
stage and learner stage as shown below: 

START;
Initialize algorithm parameters, such as number of learners 
(N), parameters to be optimized (D), Maximum number 
of iteration (Miter) and objective function (Jmin); Randomly 
initialize ‘N’ learners for xi (i = 1, 2, … n);
Evaluate the performance and select the best solution 
f(xbest); 
WHILE iter = 1:Miter;
%TEACHER STAGE %
Use f(xbest) as teacher;
Sort based on f(x), select other teachers based on : f(x)s = 
f(xbest) – rand for f(x)s = 2,3, . . . , T;
FORi = 1:n

Calculate [1 (0,1){2 1}]i
FT round rand= + − ;

(0,1)[ ( . )],i i i
new teacher F meanx x rand x T x= + −

%Calculate objective function for f(xi
new)%

If f(xi
new) < f(xi), then xi = xi

new;
End If % End of TEACHER STAGE%
%STUDENT STAGE %
Arbitrarily Select the learner xi, such that j ≠ i;
Iff(xi) < f(xj), thenxi

new=xi+rand(0,1)(xi-x j);
Else xi

new=xi+rand(0,1)(x j - xi);
End If
Ifxi

new is better than xi, then xi= xi
new;

End If % End of STUDENT STAGE%
End FOR
Set k = k+1;
End WHILE
Record the controller valus, Jmin, and performance measures; 
STOP;

In this work, heuristic algorithms such as Particle 
Swarm Optimization (PSO) and Firefly Algorithm (FA) 
are considered to validate the performance of TLBO. 

•	 Particle Swarm Optimization
PSO is developed by modeling the group activities in flock 
of birds or school of fish. Due to its high computational 
capability, it is widely considered by the researches to solve 

constrained and unconstrained optimization problems. 
In this work, PSO with the following mathematical 
expression is considered23:

1 1 2 2( 1) . ( ) ( )t t t t t t
i i i i i iV t W V C R P S C R G S+ = + − + − 	       (5)

( 1) ( 1)t
i i iX t X V t+ = + + 				         (6)

where wt is inertia weight (chosen as 0.6), R1 and R2are 
random values [0,1], C1 and C2 is allotted as 2.0 and 1.5 
correspondingly. 

•	 Bacterial Foraging Optimization
Bacterial Foraging Optimization (BFO) algorithm is 
one of the successful nature inspired heuristic method, 
developed based on the mathematical model of the 
foraging activities in Escherichia coli (E.coli) bacteria. In 
this work, the enhanced BFO algorithm discussed in10-13 
is adopted. 
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•	 Firefly Algorithm
FA based technique utilizes the mathematical 
representation of a firefly, searching for a mate in the 
assigned search space. The detail of FA can be found in24. 
The association of an attracted firefly towards a mate can 
be expressed as:

21 1
0

1( ) ( )2
ijdt t t t

i i j iX X e X X randγβ α−+ = + − + − 	      (8)

where t
iX  is early location; 1t

iX +

 is updated location; 
2

0 ( )ijd t t
j ie X Xγβ − −  is attraction among fireflies; β0 is 

preliminary attractiveness; γ is absorption coefficient; 
α1is randomization operator and rand is random number 
[0,1]. In this paper, the following values are chosen for FA 
parameters: α1= 0.15; β0 = 0.1and γ = 1.

4.  Result and Discussions

The controller design problem deals with finding optimal 
values of Kp and Ki for the top and bottom process loops. 
In this work, the TLBO explores the four dimensional 
search space in order to find the optimal controller values. 
For the controller design problem, a weighted sum of cost 
function is assigned to guide the heuristic search as given 
below. 
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min 1 2 3 4   .  . .  . IAEp sJ W M W t W ISE W= + + + 	      (9)

where Mp is peak overshoot, ts is settling time, ISE is 
integral squared error and IAE is integral absolute error. 
The weights are assigned as W1 = W2 = 5 and W3= W4 = 
10.

The problem of assigning the optimal parameters for 
multi-loop PI controllers which stabilise TITO system is 
addressed in the paper. A centralised PI controller design 
procedure is implemented on some well known bench 
mark systems, such as WW and VL model. A comparative 
study among the heuristic algorithms, such as PSO, BFO 
and FA are presented. 

The heuristic algorithm based search continuously 
explores the four dimensional search universe until 
the cost function is minimized. For all the heuristic 
algorithms, the population size is assigned as 30 and 
maximum iteration number is chosen as 500 and the 
stopping criterion is chosen as Jmin. 

Initially the proposed work is tested on the WW 
distillation column model. In this work, the optimization 
exploration is repeated 10 times with each considered 
heuristic algorithm and the mean value among the trial is 
chosen as the optimal controller parameter. 

Table 1 presents the controller values obtained with 
the heuristic algorithms for WW and VL processes.

Table 1.    Optimal controller values and corresponding 
iteration number
Process Method PI1 PI2 Average 

IterationKp1 Ki1 Kp2 Ki2

WW PSO -1.0345 -0.4149 2.3552 0.3067 268

BFO -0.9566 -0.5088 1.9903 0.4028 302

FA -0.8879 -0.5024 2.1887 0.4022 275

TLBO -1.0041 -0.4353 2.0881 0.4159 274

VL PSO -1.2270 -0.0882 2.7112 0.3975 249

BFO -1.5033 -0.1162 2.3938 0.4174 337

FA -1.1977 -0.1225 2.9003 0.7034 258

TLBO -1.0106 -0.0958 2.8113 0.5470 252

Initially a unity setpoint is applied for the top product 
(r1) by keeping the other input (r2) as zero. A disturbance 
of 0.3 (30% of set point) is then applied at 100 sec. From 
Figure 3(a) and 3(b), it can be observed that, the proposed 
method offers better result. From Table 2, it can be noted 

that, TLBO approach offers better Mp and ts value for 
the top product loop and ts, ISE and IAE for the bottom 
product loop for WW model compared to PSO, BFO and 
FA. 

Then, similar procedure is repeated on the VL model 
with unity setpoint on the bottom product (r2) by keeping 
the other input (r1) as zero. A disturbance of 0.3 (30% of 
set point) is then applied at 150 sec. From Figure 4(a) 
and 4(b), it can be observed that, the proposed method 
outperforms the PSO and BFO algorithms.

Figure 3.    (a) Disturbance rejection performance of WW 
model (b) Bottom product loop response of WW model.
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Figure 4.    (a) Disturbance rejection performance of VL 
model (b) Bottom product loop response of VL model.

5.  Conclusion

The problem of finding the best possible controller 
parameters for TITO system using TLBO algorithm is 
discussed in this paper. Proposed centralised PI controller 
design procedure is tested using some well known bench 
mark distillation column, such as WW and VL model. 
This study shows that, the proposed PI controller design 
procedure offers better performance measure values 
for the reference tracking and disturbance rejection 
operations compared with the alternatives considered in 
this work. 

6.  References
1.	 Angeline VD, Devarajan N. Design of optimized PI con-

troller with ideal decoupler for a nonlinear multivariable 
system using particle swarm optimization technique. In-
ternational Journal of Innovative Computing, Information 
and Control. 2014; 10(1):341-55.

2.	 Lengare MJ, Chile RH, Waghmare LM. Design of decen-
tralized controllers for MIMO processes. Computers and 
Electrical Engineering. 2012; 38(1):140-47.

3.	 Labibi B, Marquez HJ, Chen T. Decentralized robust PI 
controller design for an industrial boiler. Journal of Process 
Control. 2009; 19(2):216-30.

4.	 Coelho LS, Mariani VC. Firefly algorithm approach based 
on chaotic Tinkerbell map applied to multivariable PID 
controller tuning. Computers and Mathematics with Appli-
cations. 2012; 64(8):2371-82.

5.	 Sivakumar R, Balu K. ANFIS based distillation column 
control. International Journal of Computer Applications 
Special issue on Evolutionary Computation. 2010; 2:67-73.

6.	 Sivakumar R, Suresh  MK, Nerthiga V, Akila R, Balu K. 
Application of fuzzy model predictive control in multivari-
able control of distillation column. International Journal of 
Chemical Engineering and Applications. 2010; 1(1):39-42.

7.	 Sivakumar R, Rajinikanth V, Sankaran D. Multi-loop PI 
controller design for TITO system: An analysis with BA, 
FA, PSO and BFO. Australian Journal of Basic Applications 
and Sciences. 2015; 9(16):249-54.

8.	 Vijayan V, Panda RC. Design of PID controllers in double 
feedback loops for SISO systems with set-point filters. ISA 
Transactions. 2012; 51(4):514-21.

9.	 Vijayan V, Panda RC. Design of set point filter for minimiz-
ing overshoot for low order process. ISA Transactions.2012, 
51(2):271-76.

10.	 Rajinikanth V, Latha K. 2DOF PID controller tuning for 
unstable systems using bacterial foraging algorithm. Lec-
ture Notes in Computer Science. 2012; 7677:519-27.

11.	 Rajinikanth V, Latha K. Setpoint weighted PID controller 
tuning for unstable system using heuristic algorithm. Ar-
chives of Control Sciences. 2013; 22(4):481-505.

12.	 Rajinikanth V, Latha K. Controller parameter optimization 
for nonlinear systems using enhanced bacteria foraging 
algorithm. Applied Computational Intelligence and Soft 
Computing. 2012; 2012:12.

13.	 Rajinikanth V, Latha K. Bacterial foraging optimization al-
gorithm based PID controller tuning for time delayed un-
stable system. The Mediterranean Journal of Measurement 
and Control. 2011; 7(1):197-203.

Table 2.    Performance measures obtained for disturbance rejection
Process Method Top product Bottom product

Mp ts ISE IAE Mp ts ISE IAE
WW PSO 0.127 23.74 1.544 1.242 0.330 30.72 0.113 0.336

BFO 0.160 20.81 1.026 1.013 0.379 27.04 0.065 0.256
FA 0.186 20.06 1.053 1.025 0.345 26.88 0.066 0.255

TLBO 0.127 23.74 1.402 1.184 0.350 25.18 0.061 0.247
VL PSO 0.000 51.27 34.163 5.845 0.351 22.57 0.067 0.259

BFO 0.000 53.34 19.682 4.436 0.269 34.02 0.061 0.247
BA 0.000 56.02 17.715 4.208 0.255 12.84 0.022 0.146

TLBO 0.000 58.71 28.951 5.381 0.226 21.79 0.036 0.188



Vol 9 (12) | March 2016 | www.indjst.org Indian Journal of Science and Technology6

Multiple-loop PI Controller Design for TITO System using Teaching Learning Based Optimization 

14.	 Sethuramalingam TK, Nagaraj B. PID controller tuning us-
ing soft computing methodologies for industrial process: A 
comparative approach. Indian Journal of Science and Tech-
nology. 2014; 7(S7):140-45.

15.	 Alamelumangai V, Natarajan SP. Tuning methods of multi-
loop controller for a multivariable process. Indian Journal 
of Science and Technology. 2010; 3(2):131-38.

16.	 Kaliappan V, Thathan M. Enhanced ABC based PID con-
troller for nonlinear control systems. Indian Journal of Sci-
ence and Technology. 2015; 8(S7):48-56.

17.	 Devikumari AH, Vijayan V. Decentralized PID Controller 
Design for 3x3 Multivariable System using Heuristic Algo-
rithms. Indian Journal of Science and Technology. 2015; 
8(15):1-6.

18.	 Rajinikanth V, Latha K. Internal model control-proportional 
integral derivative controller tuning for first order plus time 
delayed unstable systems using bacterial foraging algorithm. 
Scientific Research and Essays. 2012; 7(40):3406-20.

19.	 Rao RV, Patel V. An improved teaching-learning-based op-

timization algorithm for solving unconstrained optimiza-
tion problems. Scientia Iranica D. 2013; 20(3):710-20.

20.	 Rao RV, Savsani VJ, Vakharia DP. Teaching–learning-based 
optimization: A novel method for constrained mechanical 
design optimization problems. Computer-Aided Design. 
2011; 43(3):303-15.

21.	 Satapathy SC, Naik A. Modified teaching - learning-based 
optimization algorithm for global numerical optimization 
- A comparative study. Swarm and Evolutionary Computa-
tion. 2014; 16:28-37.

22.	 Rajinikanth V, Satapathy SC. Design of controller for auto-
matic voltage regulator using teaching learning based opti-
mization. Procedia Technology. 2015; 21:295-302.

23.	 Latha K, Rajinikanth V, Surekha PM. PSO-Based PID con-
troller design for a class of stable and unstable systems. 
ISRN Artificial Intelligence. 2013; 2013:11.

24.	 Raja NSM, Rajinikanth V, Latha K. Otsu based optimal 
multilevel image thresholding using firefly algorithm. Mod-
elling and Simulation in Engineering. 2014; 2014:17.


