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 Nature inspired algorithms are widely proposed in the literature to solve a variety of 

engineering optimization problems. In this article, a novel methodology called Refined 

Double Search Optimization (RDSO) is proposed to design the PID controller for a 
class of unstable process models using heuristic algorithms. RDSO is a two stage 

search scheme, in which the initial search is used to generate a database of all possible 

controller parameters in search universe ‘U’ and the second search stage is used to 
identify global optimal value from database. Main advantage of the proposed method is 

that, it provides the minimum and maximum limit (search boundary) for controller 

parameters in the search universe ‘U’, which keeps the unstable process in a firm stable 
region. Three simulated examples are presented to demonstrate the effectiveness of 

proposed methodology using recent heuristic algorithms such as Genetic Algorithm 

(GA), Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO), and 
Bacterial Foraging Optimization (BFO) algorithm. The proposed method offers smooth 

reference tracking and disturbance rejection performances. 
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INTRODUCTION 

 

 Proportional + Integral + Derivative (PID) controller is still extensively used in process industries because 

of its structural simplicity, reliability, robustness, and broad applicability (Panda Ramesh, 2009). In industries, 

the major work of the PID controller is to ensure closed loop stability irrespective of the process troubles such as 

supply/load disturbance and measurement noise. Classical PID tuning procedures existing in the literature 

provides sufficient result for a class of stable systems. But, for unstable systems, the classical PID tuning 

methods discussed by most of the researchers are model dependent and require an approximated first or second 

order model with a time delay. The tuning procedure employed for one particular model may not provide better 

result for other process models.  

 Hence, in recent years, heuristic algorithm based controller tuning is widely addressed by most of the 

researchers (Nelendran Pillay and Poobalan Govender, 2011; Kanthaswamy and Jovitha, 2011; Kanthaswamy 

and Jovitha, 2011a; Rajinikanth and Latha, 2012; IbtissemChiha, et al., 2012; Iraj Hassanzadeh and Saleh 

Mobayen, 2011; Latha and Rajinikanth, 2012). Heuristic algorithm based controller design procedure sometime 

require a search boundary for controller parameters. For stable process models, the required search boundary 

can be easily assigned with an arbitrary minimum and maximum controller values. But, for unstable system, it is 

unfeasible to assign an arbitrary value as search boundary and this procedure also requires prior knowledge 

about the controller parameter to be optimized. Particularly for complex unstable process models, assigning the 

search boundary is a challenging task. Due to the above reasons, in this paper, a novel two stage search 

procedure known as Refined Double Search Optimization (RDSO) technique is proposed. In this, initial search 

helps to generate a database of all possible controller parameters in the search universe ‘U’, from which the user 

can discover the minimum and maximum limit for the PID controller, which keeps the unstable process in a firm 

stable region.  The second stage search is used to find the global best controller value by exploring the database. 

In this paper, the proficiency of the proposed RDSO technique is demonstrated using three unstable process 

models and a comparative study is presented with heuristic algorithms such as GA, ACO, PSO, and BFO. The 

result evident that, all the considered heuristic algorithms offers approximately similar result for both the 

reference tracking and disturbance rejection operations.  
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Refined Double Search Optimization (RDSO): 

 In heuristic algorithm based controller design problem, the objective function should be formed by  

considering the domain constraints or the preference constraints. The closed loop stability is a best example for 

domain constraint problem. The preference constraints are used to impose restrictions on the solution of the 

problem, to get the better values during the optimization search (Liu, et al., 2008). During the heuristic search, 

without loss of generality, the constrained optimization problem minimizes a scalar function ‘J’ of some 

decision variable vector ‘D’ in a universe ‘U’. The objective function is to be framed by assuming, at least there 

will be one set of optimal parameters in ‘U’ which satisfies all the constraints. The objective function considered 

in this article is minimization of preference constrains. The minimization problem can be mathematically 

expressed as;   

 

)D(Jmin
U   D               

(1) 

 

 
 

Fig. 1: Flow chart of proposed RDSO technique. 

 

 In many controller tuning cases, it is very difficult to satisfy all the considered constraints. Hence, in this 

paper, we propose a Refined Double Search Optimization (RDSO) technique to find the best possible PID 

parameter which satisfies the objective function without any compromise.  It is a two stage search procedure as 

represented in Fig 1. 

 In stage I search, the considered heuristic algorithm explores the entire search space U and stores all best 

possible stabilizing controller parameters in a database. This procedure is repeated five times and all the values 

are sorted in ascending order based on its fitness value in order to find the stabilizing boundary for PID 

controller parameters.  The following objective function is considered for initial stage of search. 
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 where, ISE = Integral Squared Error, and T = maximum simulation time. 

 As depicted in Fig 1(a), the algorithm is allowed to search until maximum generation (Gmax) is reached. All 

possible global and local best values of PID controller parameters are considered to generate the database.  

Stage II search is to find the global best PID parameter from the above said database. The main advantage of the 

proposed two stage search technique is, a bounded database is available with the possible stabilizing PID 

parameters. During stage II search, instead of exploring the entire search space U, the user can explore the 

bounded database with double search technique to refine the optimized PID parameter. The following objective 

function is considered during stage II search. 

   

s3p21dip t .wM .wISE . w)K,K,(K J 
       

(3) 

 

 where, Mp = overshoot, ts =settling time, and w1to w3 = weighting parameters.  
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Heuristic Algorithm Based Pid Tuning: 

 A number of heuristic search methods are proposed to design optimal PID controller for a class of process 

models in recent years (Nelendran Pillay and Poobalan Govender, 2011; Kanthaswamy and Jovitha, 2011; 

Kanthaswamy and Jovitha, 2011a; Rajinikanth and Latha, 2012; IbtissemChiha, et al., 2012; Iraj Hassanzadeh 

and Saleh Mobayen, 2011; Latha and Rajinikanth, 2012). Most of the methods are based on a single search 

technique, mainly looking for the global best value. The search boundary (min and max) for the PID controller 

parameters are arbitrarily assigned during the search. This method shows satisfactory result in the case of stable 

systems. But for complex unstable system, it is impossible to assign the boundary for PID controller parameters 

arbitrarily and it requires a prior knowledge to obtain the global best during heuristic search.  

 

Heuristic Algorithms Considered: 

 In order to evaluate the performance of the proposed RDSO technique, a detailed simulation study is carried 

with most successful soft computing methods such as GA, ACO, PSO, and BFO. To execute a fair comparison, 

similar computational effort such as the maximum generation size (Gmax = 200), population size (30), search 

dimension (3), and number of runs (five for stage I and one for stage II) for each experiment are considered.  

 The following heuristic algorithms are adopted in the proposed work:  

 GA is a most successful evolutionary method, extensively adapted for engineering optimization problem. In 

the GA based search, the following parameters are assigned: crossover probability is selected as 0.5, and 

mutation probability is set as 0.25. Roulette wheel based selection criterion is considered in this study (Iraj 

Hassanzadeh and Saleh Mobayen, 2011). 

 For ACO, the algorithm parameters such as α, β and ρ are allotted with a constant value of 0.8 

(IbtissemChiha, et al., 2012).  

 From 1995, PSO algorithm is commonly used by the researchers to solve complex optimization problems 

(Kennedy and Eberhart, 1995; Rajinikanth and Latha, 2012). The following algorithm parameters are considered 

in PSO search: Number of bird step is considered as 30; the cognitive (C1) and global (C2) search parameter is 

assigned the value of 2.1.  

 The BFO algorithm is initially proposed by Passino in 2002 [11]. Due to its stable convergence, it is widely 

used to find solutions for a variety of optimization problems. BFO algorithm discussed by Rajinikanth and Latha 

is adopted in this work (Rajinikanth and Latha, 2012). 

 

Pid Tuning: 

 Fig 2 shows the block diagram of stage I search. In this search, the following values are assigned: T = 100 

sec, 
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Fig. 2: Block diagram for stage I search. 

 

 Stopping criteria for search = maximum generation (Gmax), and the search boundary for Kp, Ki, Kd is the 

entire U (i.e. min = 0% and max = 100%). 

 Fig 3 shows the block diagram of stage II search. In this search, the database is explored until the objective 

function reaches Jmin(Kp, Ki, Kd).  

 

Results and Comparisons: 

 This section demonstrates the capability of the proposed RDSO technique based PID tuning for a class of 

unstable process models using GA, ACO, PSO, and BFO. The simulation work is executed using Matlab 7 

software (computer hardware details are, PDC T3400 @ 2.17GHz processor, 2 Gigabyte RAM).   
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Fig. 3: Block diagram for stage II search. 

 

Example 1: The first order unstable process model considered in this study is presented in Eqn. 4 (Rajinikanth 

and Latha, 2012).  
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 Firstly, Stage I search is initiated and all the possible PID parameters are collected. This procedure is 

repeated five times and a database is formed using available PID parameters.  Table 1 illustrates the total PID 

values available in the database, time spent for five trials and the values of ISE for GA, ACO, PSO and BFO. 

From Table 1, the observation is, PSO requires less computation time compared to GA, ACO, and BFO 

 
Table 1: Stage I performance analysis for Example 1. 

Method Worst ISE Mean ISE Best ISE Number of PID parameters (5 trials) CPU (sec) 

GA 10.47 4.051 1.288 71 524.2 

ACO 21.52 11.81 1.304 36 471.9 

PSO 19.36 11.03 1.259 52 306.2 

BFO 8.039 3.744 1.201 47 519.5 

 

 
 

Fig. 4: Three dimensional search boundary for Example 1. 

 

 Fig 4 depicts the database of PID parameters and its stability boundary in the three dimensional search 

space. Fig 4 (a) shows the database by GA, Fig 4 (b) shows the database of ACO. Fig 4 (c) and Fig 4 (d) depicts 

database of PSO and BFO respectively. The GA and BFO shows better convergence compared to ACO and 

PSO.        

 Table 2 shows the values of optimal controller parameters obtained during Stage II search. Fig 5 shows the 

response of process model with the optimal PID controller. A unity step signal is considered to study the 

reference tracking performance and disturbance of 50% is considered to study the disturbance rejection 

operation. From the result, it is observed that, the overall performance by PSO is better that GA, ACO and BFO.   
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Table  2: Stage II performance analysis for Example 1. 

Method No. of 
iterations 

Kp Ki Kd tr(sec) Mp ts (sec) ISE 

GA 81 3.1563 0.9463 0.2518 0.493 0.615 8.90 1.197 

ACO 61 2.9917 1.1052 0.3085 0.493 0.605 7.10 1.197 

PSO 56 3.3172 0.8993 0.2814 0.493 0.590 10.2 1.141 

BFO 84 3.0725 1.1054 0.2601 0.493 0.621 6.80 1.176 

0 5 10 15 20 25 30 35 40
0

0.5

1

1.5

Time (sec)

R
e

s
p
o

n
s
e

 

 

Setpoint GA ACO PSO BFO

 
 

Fig. 5: Reference tracking and disturbance rejection response for Example 1. 

 

 Example. 2: The third order unstable process model studied by Kanthaswamy and Jovitha is given below 

(Kanthaswamy and Jovitha, 2011; Kanthaswamy and Jovitha, 2011a);  
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                           (5) 

 

 The above discussed procedure is repeated with Example 2 and the attained values are tabulated in Table 3 

and Table 4. The servo and regulatory response is depicted in Fig 6.  Table 3 illustrates that, the computation 

time by the PSO algorithm is lesser than other algorithms. For this process model, even though the iteration 

value is more, the BFO algorithm tuned PID controller offers lesser values for overshoot, settling time and ISE 

compared to GA, ACO and PSO. 

 
Table 3: Stage I performance analysis for Example 2. 

Method Worst ISE Mean ISE Best ISE Number of PID parameters (5 trials) CPU (sec) 

GA 13.75 9.046 5.395 74 649.3 

ACO 16.26 11.52 5.803 61 588.2 

PSO 16.93 10.71 5.211 88 526.9 

BFO 12.45 8.349 5.072 42 604.7 

 
Table 4: Stage II performance measure values for Example 2. 

Method No. of iterations Kp Ki Kd tr(sec) Mp ts (sec) ISE 

GA 94 3.8864 0.3350 7.9445 3.7 0.603 28.2 5.286 

ACO 71 3.7277 0.4139 7.5701 3.7 0.711 28.4 5.680 

PSO 63 4.1502 0.3930 7.5692 3.6 0.723 27.5 5.102 

BFO 105 4.0025 0.4122 10.007 3.7 0.509 23.5 4.823 

 

0 20 40 60 80 100 120
0

1

2

Time (s)

R
e

fe
re

n
c
e

 

 

Reference r(t) GA ACO PSO BFO

 
Fig. 6: Servo and regulatory response for Example 2. 
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Table 5: Qualitative and quantitative performance analysis for Example 2. 

Method Kp Ki Kd tr(sec) Mp ts (sec) ISE CPU (sec) 

ACO 4.3371 0.4096 4.9620 3.417 1.088 36.61 6.229 94.2558 

SDPS-ACO 6.2415 0.6489 14.7158 3.203 0.407 28.58 2.840 98.2026 

IMF-ACO 4.2206 0.1831 5.0000 3.543 0.887 60.40 5.355 95.67 

PSO 4.2196 0.5419 9.9043 3.679 0.518 34.89 4.124 127.3 

BFO 3.7277 0.4139 7.5711 3.803 0.682 35.06 4.906 141.0 
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Fig. 7: Reference tracking response for Example 2. 

 

 The PID controller design using the PSO and BFO algorithm using the proposed methodology is then 

compared with the ACO, Simplex Derivative Pattern Search based ACO (SDPS - ACO), and Implicit Filtering 

based ACO  (IMF - ACO) discussed by Kanthaswamy and Jovitha (Kanthaswamy and Jovitha, 2011; 

Kanthaswamy and Jovitha, 2011a).  The process response and its corresponding performance measure for the 

reference tracking operation is depicted in Fig 7 and Table 5 respectively. From the result, it is observed that, 

the PSO and BFO tuned controller provides enhanced performance compared to the existing ACO and IMF – 

ACO tuned PID controller. 

 Example 3: The nonlinear bioreactor model discussed in (Rajinikanth and Latha, 2012; Padmasree  and 

Chidambaram, 2006) is considered. Bioreactor is employed to execute a number of biological reactions in a 

liquid medium to form intermediate and final products. The dynamic behavior of the reactor is complex and a 

number of vital manufacturing processes belong to this group. 

 The following mathematical equations can describe a variety of industrial bioreactors (Wayne Bequette, 

2003);  

Cell balance : D)X(μ
dt

dX
             (6) 

Substrate balance :
Y

μX
S)D(S

dt

dS
f             (7) 

Product balance : X β)μ (αP D
dt

dP
            (8) 

Monod kinetics :
SK

 Sμ
μ

m

max


             (9) 

 Where, ‘µ’ is the specific growth rate, ‘X’ the biomass concentration, ‘S’ the substrate concentration and ‘α’ 

and ‘β’ are yield parameters for the product. 

 The nonlinear bioreactor model constructed using Eqn. 6-9 is considered in this work. Above discussed 

RDSO technique is implemented on the bioreactor model and the following number of controller parameters are 

considered to generate the database: GA = 60, ACO: 42, PSO =55, and BFO = 47. From the above database, the 

search boundaries for the PID parameters are assigned as   -3<Kp<0, -1 < Ki< 0, and -2 <Kd< 0. The final 

controller values accomplished in Stage II search is presented in Table 6. 

 
Table 6: PID values obtained in Stage II search. 

Method No. of iterations Kp Ki Kd 

GA 53 -0.7915 -0.0658 -0.1101 

ACO 51 -0.8319 -0.1006 -0.2133 

PSO 28 -0.6917 -0.0855 -0.1037 

BFO 65 -0.7003 -0.1104 -0.1751 
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Fig 8: Variation of biomass concentration. 
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Fig 9: Variation of substrate concentration. 

 

 Fig. 8 depicts the reference tracking response of bioreactor for a reference input value of 0.9951 g/l and the 

corresponding variation of substrate concentration is presented in Fig. 9. From the result, it is observed that, the 

proposed RDSO tuned PID controller offers smooth result for all the considered heuristic algorithms. 

 

Conclusion: 

 In this article, we proposed a novel two stage search process called Refined Double Search Optimization 

(RDSO) to assign optimal value for the PID controller. From the result, it is observed that, the proposed method 

helps to assign the search boundary for the controller parameters and also helps to obtain best value for Kp, Ki, 

and Kd. A comparative study is presented using the heuristic algorithms such as GA, ACO, PSO and BFO. The 

speed of response by the PSO algorithm is comparatively better than other heuristic algorithms considered in 

this work.  The controller tuned using the proposed method supports smooth reference tracking and satisfactory 

disturbance rejection operations compared to the modified ACO algorithm existing in the literature.  
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