
Abstract
Background/Objectives: The objective of this paper is to design a decentralised PID controller for MIMO process model 
using Bacterial Foraging Optimization (BFO) algorithm using three different cost functions. Methods/Statistical analysis: 
In this work, each decentralised PID controller is separately designed for the top product loop and bottom product loop. 
The proposed method is tested on Wood and Berry (WB) model and Wardle and Wood (WW) model. A comparative study 
is presented on the considered cost function using the quality measure values, such as ITSE, ITAE, number of iteration and 
CPU time taken for the simulation. Findings: The result confirms that, all the cost function based approaches offers similar 
result. Application/Improvements: In future, this method can be tested using some most successful heuristic algorithms 
existing in the literature.
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1.  Introduction
In chemical process industries, tuning of controllers to sta-
bilize the process loops are really a challenging job and is 
more difficult for Multi Input and Multi Output (MIMO) 
systems. In process control literature, Proportional + 
Integral + Derivative controller is widely considered 
because of their structural unfussiness, reputation and 
trouble-free execution, in spite of the considerable prog-
ress in advanced process control schemes existing in the 
literature1-3.A range of model based studies on fine tuning 
the PID controllers have provided insight for better under-
standing of the controller performance for a variety of 
process models4-7. 

The conventional centralised and decentralised PID 
tuning techniques considered by most of the researchers 
for MIMO processes are purely based on an approximated 
state space or transfer function models. The tuning pro-
cedure employed for one MIMO system will not offer 

better response for other process models. Hence, in recent 
years, heuristic algorithm based controller design is widely 
adopted by the researchers8-11.

Heuristic algorithm based methods are user friendly 
procedures, widely adopted to obtain better result for the 
chosen problems. Due to its efficiency, in recent years, 
heuristic methods are very famous in the field of system 
identification and model based controller design. In heu-
ristic algorithm based approach, the algorithm arbitrarily 
searches a D-dimensional search space until it identifies 
optimal solution for the chosen problem. In this approach, 
the accuracy of the identified value depends mainly on 
the cost function, which guides the optimization search in 
order to get the D-number of values. 

The choice of a particular heuristic algorithm for a 
problem depends mainly on: 1. Reputation, 2. Search 
dimension, 3. Number of initial algorithm parameters to 
be assigned, 4. Adaptability, 5. Real time implementa-
tion, etc. 
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In this paper, we attempted a decentralised multi-loop 
PID controller design for distillation column model (2 
X 2) using the Bacterial Foraging Optimization (BFO) 
algorithm12-16. In this paper, we proposed an assess-
ment between various cost functions existing in the 
literature10,15,16. During the optimization search, the BFO 
based approach is considered for the PIDT (controller in 
top product loop) and PIDB (controller in bottom prod-
uct loop) using a chosen cost function. This process is 
repeated for 10 times individually and the mean value is 
chosen as the final controller values. 

The performance of the controller design process with 
various cost functions are compared using the process 
quality measures, such as Integral Time Squared Error 
(ITSE), Integral Time Absolute Error (ITAE), average 
iteration time taken by for BFO based search and average 
CPU time for the search. 

The remaining portion of the paper is arranged as 
follows: Section 2 presents the summary of the BFO 
algorithm , Section 3 outlines the various cost functions 
considered in this work, the simulated results of this work 
is discussed in section 4 and the conclusion of the work is 
presented in section 5.

2.  Bacterial Foraging Optimization
Bacterial Foraging Optimization (BFO) algorithm is one of 
the nature inspired heuristic method proposed by Passino 
in 2002 to design the controller for a tank liquid level con-
trol problem14. It is one of the most flourishing heuristic 
practices, developed based on the mathematical model of 
the foraging activities in Escherichia coli (E.coli) bacteria.

In this method, a group of artificial bacteria 
work together to find the potential solution in the 
D-dimensional search space during the optimization 
exploration. The earlier research has reported the domi-
nance of the BFO based search in a variety of engineering 
optimization problems8-13. In the literature, a considerable 
number of works are available to justify the dominance of 
BFO algorithm in the field of controller design14-16.

Implementation of the BFO has following steps:

Step 1:	  �Initialization: assign population size N, dimen-
sion of search D and stopping criteria (Jmin).

Step 2:	� (i) Start of the swimming or tumbling operation, 
(ii). Start of the elimination-dispersal loop, (iii). 
Star of the reproduction loop, (iv). Start of the 
chemotaxis loop.

Step 3:	� Evaluate the cost function: The objective func-
tion values of the bacteria’s are evaluated using 
the performance criteria for the convergence.

Step 4:	� Update the bacteria: The bacterial swarm is updated 
using the elimination - dispersal process. Update 
all the bacteria and sort based on the health.

Step 5:	� Stopping criteria: If the stopping criteria are 
met, stop the search and display the values. Else, 
repeat step 1 to step 4 until the specified iteration 
is completed.

Step 6:	� Display the optimal controller values, iteration 
number and CPU time.

In this work, the enhanced BFO algorithm discussed in 
11 is adopted. 

The initial BFO parameters are assigned as follows:
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Where, N- number of E.Coli bacteria, Nc – number of 
chemotactic steps, Ns-Swim length during the search, 
Ned-number of elimination – dispersal events, Nr-number 
of bacterial reproduction, Ped-probability of the bacterial 
elimination, dattract= Wattract -width and depth of attraction, 
hrepell= Wrepell- height and width of repellent signal.

Initially, all the artificial E.Coli bacteria are randomly 
placed in the D-dimensional search space and the bac-
teria continuously travel around the search space to get 
the optimal solution based on the chosen cost function. 
Figure 1 shows the convergence of bacteria in a two 
dimensional search space.

Figure 1.  Convergence of bacteria in a two dimensional 
search space.
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3.  Implementation
The main aim of this controller design problem is to find 
optimal values of Kp, Ki and Kd for the top loop and the 
bottom loop using the proposed approach. Figure 2 pres-
ents the BFO based tuning procedure implemented for 
the top loop. Similar procedure is followed for the bottom 
loop.

The parallel form of PID structure considered in this 
work is shown in Equation. (2).

= + +PID K
K
s K sp

i
d

� (2)
The quality measures considered in this paper to tune the 
PID and to analyze the process response are presented 
below:
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0
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where e t( ) = error, r t( ) = reference input (set point), y t( ) 
= process output, IAE = integral of absolute error, ISE = 
integral square error, ITAE = integral of time multiplied 
absolute value of error and ITSE = integral of time multi-
plied square error criterion.

In this paper, a comparative analyze is presented 
among various cost functions considered in the literature 

to design the PID controller for more complex process 
models.

Equation (7) is the cost function considered to design 
the setpoint weighted PID controller for a class of unsta-
ble process models. In this work, the required shape of the 
process output is mathematically assigned using various 
time domain specifications10. This cost function offered 
better result for the complex unstable system models. 
Equation (8) and (9) presents the cost functions widely 
adopted in the literature to design the controller for Single 
Input Single Output (SISO) systems.
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where T1 – delay time, T2 – rise time, T3 – peak time, 
T4 – time for undershoot, T5 – settling time (ts), Tmax 
–  simulation period, Y – desired process output, Y1 – 
peak overshoot (Mp), Y2– peak undershoot, Ye– tolerable 
error , Y3 – maximum limit of tolerable Y, and W1 to W5 
– weighting factors for performance measures.

= = + + +J CF W M W t W ITSE W ITAEmin p s2 2 1 2 3 4 � (8)

= =
+ + + + +

J CF W M
W t W ISE W IAE W ITAE W ITSE

.min p

s

3 3 1

2 3 4 5 6 � (9)

Where W1 to W6 are weighting values. In all the cases,  
W1 = W2 = 10 and W3 to W6 = 5

During the heuristic search, following values are 
assigned: dimension of search is chosen as three (Kp, Ki, 
Kd), number of bacteria is assigned as 20, the simulation 
time is chosen as 500 (for WB model) and 5000 (for WW 
model) and stopping criteria is Jmin. The heuristic search 
is repeated 10 times individually for the top and bottom 
loop and the mean value is recorded as the optimal con-
troller parameter. 

4.  Results and Discussions
This section presents the performance of BFO based PID 
controller on a class of MIMO benchmark process mod-
els17-24. The simulation work is executed using Matlab 2010.

Initially, the PID design procedure is implemented on 
the top product (TP) loop of WB model (Equation 10)  
with unity step input for the top product loop and zero 
input for Bottom Product (BP) loop and vice versa. The 

Figure 2.  Block diagram of the heuristic algorithm based 
PID tuning.
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mean of the optimal controller values are presented  
in Table 1. 
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Figure 3 shows the reference tracking response 

for the TP and bottom product loops. Figure 3(a) and 
(b) presents the corresponding reference tracking for 
the bottom product. Similar procedure is once again 
repeated with the above process by assigning unity step 
signal as the setpoint for the bottom product. In both 
the cases, the simulation time is assigned as 300 sec. The 
performance measure values are tabulated in Table 2.

This procedure is then implemented in WW process 
model presented in Equation 11. Above said procedure is 
repeated for this model and the optimized controller val-
ues are recorded in Table 1 and the corresponding results 
are presented in Table 3. G s s
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Table 1.  Optimal controller values for the WB and WW model

Process
Method

PIDT PIDB

KpT KiT KdT KpB KiB KdB

WB
CF1 0.6418 0.0528 0.0471 -0.0584 -0.0117 -0.0594

CF2 0.5716 0.0535 0.0493 -0.0574 -0.0129 -0.0386
CF3 0.6028 0.0474 0.0618 -0.0628 -0.0144 -0.0336

WW
CF1 21.8446 0.5938 0.0734 -13.3065 -0.3376 -0.0394
CF2 22.6500 0.5538 0.1557 -12.9576 -0.3794 -0.1486
CF3 23.0775 0.6082 0.1285 -12.4472 -0.3169 -0.1094

Figure 3.  Reference tracking outcome of WB model, (a) 
TP response 1 (b) BP response 1 (c) TP response 2 (d) BP 
response 2.
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Table 2.  Performance measure values for WB model

Simulation 
sequence

Method ITSET ITAET ITSEB ITAEB Avg. Iteration
Avg. CPU time 
(s)

Unit step given 
for TP loop

CF1 2.833 36.56 34.23 121.4 214 54.38
CF2 3.241 38.16 35.58 123.4 225 41.06
CF3 3.562 39.77 32.96 113.9 201 55.16

Unit step given 
for BP loop

CF1 221.9 428.8 744.2 806.1 296 72.18
CF2 231.8 428.3 661.5 740.1 288 68.19
CF3 266.6 467.4 544.8 614.7 336 84.10
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Figure 4 shows the reference tracking response for 
the TP loop and BP loop for the unity reference signal. 
In this case, the simulation time is chosen as 2500 sec. 
From Table 2 and Table 3, one can observe that, all the 
considered cost functions offers similar performance 
measure values, whereas CF1 offers better average 
CPU time.

5.  Conclusion
The problem of assigning the best possible controller 
parameters for MIMO system using BFO algorithm is 
addressed in the paper using three different cost functions. 
Proposed decentralised PID controller design procedure 
is implemented on some well known bench mark systems, 
such as WB and WW model. This study confirms that, 
all the cost function offers similar performance measure 
value, whereas CF1 offers better CPU time. In future, the 
proposed method can be implemented for the centralised 
PI/PID controller design for MIMO system.

6.  References
1.	 Sethuramalingam TK, Nagaraj B. PID controller tuning 

using soft computing methodologies for industrial process: 
A comparative approach. Indian Journal of Science and 
Technology. 2014; 7(S7):140-5.

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

3.	 Meena RA, Kumar SS. Design of GA tuned two-degree 
freedom of PID controller for an interconnected three area 
automatic generation control system. Indian Journal of 
Science and Technology. 2015, 8(12):1-10.

4.	 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.

5.	 Vijayan V, Panda RC. Design of set point filter for mini-
mizing overshoot for low order process. ISA Transactions. 
2012; 51(2):271-76.

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

7.	 Angeline VD, Devarajan N. Design of optimized PI control-
ler with ideal decoupler for a nonlinear multivariable system 
using particle swarm optimization technique. International 
Journal of Innovative Computing, Information and Control. 
2014; 10(1):341-55.

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

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

10.	 Rajinikanth V, Latha K. Setpoint weighted PID control-
ler tuning for unstable system using heuristic algorithm. 
Archives of Control Sciences. 2013; 22(4):481-505.

Figure 4.  Reference tracking outcome of WW model, (a) 
TP response 1 (b) BP response 1 (c) TP response 2  (d) BP 
response 2.

0 500 1000 1500 2000 2500
0

0.2

0.4

0.6

0.8

1

Time (s)

TP
 re

sp
on

se

 

 

CF1 CF2 CF3

                   (a)

0 500 1000 1500 2000 2500
0

0.2

0.4

0.6

0.8

Time (s)

TP
 re

sp
on

se

 

 

CF1 CF2 CF3

                   (b)

0 500 1000 1500 2000 2500
0

0.05

0.1

0.15

0.2

Time (s)

TP
 re

sp
on

se

 

 

CF1 CF2 CF3

                        (c)

0 500 1000 1500 2000 2500
0

0.2

0.4

0.6

0.8

1

Time (s)

TP
 re

sp
on

se

 

 

CF1 CF2 CF3

                        (d)

Table 3.  Performance measure values for WW model

Simulation 
sequence

Method ITSET ITAET ITSEB ITAEB Avg. Iteration
Avg. CPU time 
(s)

Unit step given for 
TP loop

CF1 3.504 57.19 27.13 98.13 170 37.63
CF2 3.735 50.38 24.63 85.87 237 46.86
CF3 4.445 61.25 21.65 67.68 173 38.35

Unit step given for 
BP loop

CF1 288.2 621.5 102.4 1.13e4 236 58.06
CF2 302.8 622.6 899.6 1.04e4 252 68.55
CF3 355.2 665.6 857.3 689.1 230 61.10



A Study on BFO Algorithm based PID Controller Design for MIMO Process using Various Cost Functions

Indian Journal of Science and TechnologyVol 9 (12) | March 2016 | www.indjst.org 6

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

12.	 Kamalanand K, Jawahar PM. Comparison of particle swarm 
and bacterial foraging optimization algorithms for therapy 
planning in HIV/AIDS patients. International Journal of 
Biomathematics. 2016; 9(2):10.

13.	 Rajinikanth V, Latha K. PID controller tuning for mag-
netic suspension system using evolutionary algorithm. 
International Review of Mechanical Engineering. 2012; 
6(5):988-95.

14.	 Passino KM. Biomimicry of bacterial foraging for dis-
tributed optimization and control. IEEE Control Systems 
Magazine. 2002; 22(3):52-67.

15.	 Korani WM, Dorrah HT, Emara HM. Bacterial foraging 
oriented by particle swarm optimization strategy for PID 
tuning. In: 2009 Proceedings of the 8th IEEE International 
Conference on Computational Intelligence in Robotics and 
Automation. (CIRA), Daejeon. 2009. p.445-50.

16.	 Rajinikanth V, Latha K. Bacterial Foraging Optimization 
Algorithm based PID controller tuning for time 

delayed unstable system. The Mediterranean Journal of 
Measurement and Control. 2011; 7:197-203.

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

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

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

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

21.	 Sivakumar R, Suresh Manic K, 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):38-42.

22.	 Sivakumar R, Sahana C, Savitha PA. Design of ANFIS 
based Estimation and Control for MIMO Systems. 2012; 
2:2803-09.

23.	 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 
Sciences. 2015; 9(16):249-54.

24.	 Karthicraja VM, Sivakumar R, Krishna Prasad VL. PI 
controller design for TITO process using improved PSO 
algorithm. International Journal of Applied Engineering 
Research (IJET). 2015; 10:104-108.


