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ABSTRACT— This paper deals with an optimal tuning 

of Proportional Integral Derivative (PID) controller for 

both Load Frequency Control (LFC) and Automatic 

Voltage Regulation (AVR) of interconnected power 

system using Bacteria Foraging Optimization Algorithm 

(BFOA). As constancy of frequency and voltage are 

important factors in determining the quality of power 

supply, the control of active power and reactive power is 

vital to the satisfactory performance of power system. The 

real power and frequency is controlled by LFC and the 

reactive power and voltage is controlled by AVR. 

Minimization of Integral Time Square Error (ITSE) is 

taken as the objective function for both LFC and AVR. 

Various measuring indices like maximum peak, peak 

time, settling time and the final settling state error are 

considered as the performance measures for analyzing the 

transient characteristics of LFC and AVR. The robustness 

of the system is also examined by applying variable load 

changes to a system instead of fixed step change in load. 

The simulation results of the proposed BFOA tuned PID 

controller is compared with Non Controller System 

(NCS), Ziegler-Nichols tuned Proportional Integral (ZN-

PI) controller, Ziegler-Nichols tuned PID controller (ZN-

PID) and Integral controller. The comparative analysis 

clearly reveals that the transient performances and the 

robustness are much improved with the proposed 

approach over others. 

 

KEYWORDS— Automatic voltage regulation, Bacteria 

foraging optimization algorithm, Integral controller, Load 

frequency control, PID controller, Ziegler-Nichols 

continuous cycling method. 

 

 
 

I. INTRODUCTION  
 Nowadays, voltage and frequency control has gained 

more importance with the growth of interconnected 

power system. The real power is sensitive to frequency 

variations and it is regulated with LFC loop and the 

reactive power is sensitive to the voltage variations and it 

is regulated with AVR loop. This LFC and AVR control 

loops together are known as Automatic generation 

control (AGC) [1]. During the last decades the 

researchers have more attention to LFC over AVR 

although the main objective of the control strategy in an 

interconnected power system is, to generate both voltage 

and frequency within permissible limits. Recently, lot of 

research works were documented with an improved 

transient response by designing proper coupling effects 

between LFC and AVR and hence proves the necessity of 

AVR along with LFC [2, 3]. The flows of active power 

and reactive power in a transmission network are fairly 

independent of each other and hence this paper deals with 

individual control mechanism for LFC and AVR in order 

to improve the transient stability of power system.  

 The PI controllers are commonly used in AGC. But the 

selection of high gain parameters of such controllers may 

deteriorate system performance having large oscillations 

and in most cases it causes system instability. The 

essential selection criteria of a controller are its proper 

control performance, maximum speed and its robustness 

towards the non linearity, time varying dynamics, 

disturbances and other factors. The PID controller has 

been recommended as a reputed controller in this accord 

and it also can be used for higher order systems. The ZN 

classic tuning method is normally used to predict the gain 

parameters of PID controller. These types of fixed gain 

controllers are designed for nominal operating conditions 

and they cannot provide a proper control action over a 
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wide range of operating conditions [4]. The adaptability 

of such controllers on the varying load demand and 

uncertainties are also difficult and thereby quite often 

impractical for implementation.  

 In response to these challenges so many intelligent 

approaches are also introduced now-a-days for optimal 

tuning of controllers in AGC [5, 6 and 7]. In this paper, an 

identical approach titled BFOA algorithm, is suggested 

for optimal tuning of PID controllers in single area LFC 

and AVR. The adequacy of the proposed BFOA algorithm 

is confirmed by comparing the results with a NCS and 

some of the conventionally tuned controllers. The 

robustness of the proposed algorithm also verified, by 

applying variable load changes instead of a fixed step 

change in load. The complete system model is simulated 

using Matlab /Simulink. The simulated output results 

confirm that the proposed technique improves the 

transient stability and robustness of the system. 

 
 

II. AUTOMATIC GENERATION CONTROL 

  
A. Load Frequency Control  

 For the satisfactory operation of power system the 
frequency should be maintained constant. The 
considerable drop in frequency in any electrical network 
could result in high magnetizing currents in induction 
motors and transformers.  

 

Fig. 1 Schematic block diagram of single area LFC 

 So it is essential to regulate the frequency which is a 

common factor throughout the system. Moreover, the 

change in active power depends on frequency deviations 

and hence, the change in frequency in any point of the 

interconnected power system may affect the active power 

throughout the system. As a consequence the LFC is 

installed in power network to meet out the following 

objectives 

 Maintain the frequency to its nominal value 

 Maintain optimal power flow between control 

areas 

 Maintain economical power generation in 

individual generating units 
 Fig. 1 shows the LFC in single area thermal power 
system. Primary control action here is provided by the 

speed governor alone and the supplementary control 
originating at central control center allocated generation.  

 The common nominal system parameters quoted in 
most of the references [8] are used in this paper. They are 

𝑃𝑟 = 1000 𝑀𝑊;  𝑇𝑔 = 0.2 𝑠; 𝑇𝑡 = 0.3𝑠;  𝑇𝑝 = 20 𝑠; 

𝐾𝑝 = 120 𝐻𝑧/ 𝑝𝑢; 𝑅 = 2.4  𝐻𝑧 /𝑝𝑢𝑀𝑊;  𝑓 = 60 𝐻𝑧;   

B. Automatic Voltage Regulation  
 The main objective of AVR is to contribute for the 

effective control of voltage and enhancement of system 

stability. Generally, the role of AVR is to hold the 

terminal voltage magnitude of synchronous generator at a 

specifiedlevel.  

 

Fig. 2 Schematic block diagram of AVR 

 In addition, the AVR must be able to respond to a 
transient disturbance with field forcing consistent with the 
generator instantaneous and short term capabilities. It 
should also be capable of responding to disturbance so as 
to enhance transient stability and of modulating generator 
field so as to enhance small signal stability. Fig. 2 shows 
the functional block diagram of typical AVR loop. The 
primary means of generator reactive power control in this 
AVR loop is done with the excitation control and the 
supplementary control action is provided with a PID 
controller. 

The interaction between voltage and frequency control 
is generally weak. So in this paper the analysis of LFC 
and AVR are carried out separately. The nominal system 
parameters of AVR investigated in this paper are same as 
the parameter commonly quoted in most of the research 
papers [9]. They are: 

𝐾𝐴 = 10; 𝐾𝐸 = 𝐾𝐺 = 𝐾𝑅 = 1; 𝑇𝐴 = 0.1𝑠 

𝑇𝐸 = 0.4𝑠; 𝑇𝐺 = 1𝑠;  𝑇𝑅 = 0.01𝑠 

 

III. TUNING OF PID CONTROLLER 

  
A. Ziegler-Nichols continuous cycling method   

 The PID type controller remains the most popular in 
industry. Studies even indicate approximately 90% of all 
industrial controllers is of PID type. However, finding 
approximate gain parameters for this controller is still a 
difficult task. ZN continuous cycling method is the most 
excellent conventional tuning method used to predict the 
gain parameters of PID controllers. The procedural 
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analysis to design the PID gain parameters using ZN 
continuous cycling method is as follows 

 The polynomial characteristic equation of LFC 
and AVR are designed as shown in (1) and (2). 

𝐺 𝑠 𝐻 𝑠 =
𝐾𝑐𝑟 ∗ 𝐾𝑝

𝑅 𝑇𝑝𝑠 + 1  𝑇𝑔𝑠 + 1  𝑇𝑡𝑠 + 1 
                (1 ) 

𝐺 𝑠 𝐻 𝑠 =
𝐾𝑐𝑟 ∗ 𝐾𝐴𝐾𝐸𝐾𝐺𝐾𝑅

 𝑇𝐴𝑠 + 1  𝑇𝐸𝑠 + 1  𝑇𝐺𝑠 + 1  𝑇𝑅𝑠 + 1 
( 2) 

 The critical gain constant ( 𝐾𝑐𝑟 ) and the time 
constant (𝑇𝑐𝑟 ) are obtained by solving (1 and 2) 
with Routh Hurwitz stability criterion without 
violating the stability margin.  

 The constants  𝐾𝑐𝑟 and  𝑇𝑐𝑟  are substituted in 

Table I and the following  gain parameters are 

evaluated as 

For LFC- 𝐾𝑃=3.872428, 𝐾𝐼=8.031838, 𝐾𝐷=0.466758.  

For AVR -𝐾𝑃=1.021006, 𝐾𝐼=1.87429, 𝐾𝐷=0.139046. 

 
TABLE I  

CALCULATIONOF PID PARAMETERS 

Control type 𝑲𝑷 𝑻𝑰
1 𝑻𝑫

2 

P 0.5𝐾𝑐𝑟  ∞ 0 

PI 0.45𝐾𝑐𝑟  
𝑇𝑐𝑟
1.2

 0 

PID 0.6𝐾𝑐𝑟  
𝑇𝑐𝑟
2

 
𝑇𝑐𝑟
8

 

 The disadvantages of conventional PID controller are 

already being discussed in Section I. Hence, an idea of 

using artificial intelligent techniques got strengthened. 

This paper proposed one of the swarm based artificial 

intelligent technique named BFOA for the effective 

tuning of PID controller.  

 

B. BFOA Tuned PID Controller 

 The BFOA is one of the swarm based optimization 

algorithm which is built with a key idea of foraging 

strategy of E. coli bacteria [10]. On this accord BFOA 

mimics four principle mechanisms in real bacterial 

system. They are 

 Chemotaxissimulated the movement of E. coli 

through swimming and tumbling via flagella 

similar to which the randomly assigned solutions 

are moved in a search space.  

 Swarming is the interesting grouping behavior of 

the motile species. In this mechanism the E. coli 

cells are arranged themselves in a travelling ring 

and moving towards the nutrient. The cells when 

stimulated by a high level of succinate will 

release an attractant aspartate which helps them 

to align in a group. In optimization problem this 

phenomenon is used to move the solutions 

towards an optimal point. 

 Reproduction helps to keep the swarm size 

constant in a search space by omitting the least 

healthy bacteria and by splitting the healthiest 

bacteria in to two. Similar to which the solutions 

yields low objective functions in minimization 

problems is reproduced and the solutions with 

maximum value of objective are discarded from 

the search space. Both LFC and AVR in this 

paper using a minimization objective function as 

shown in (3 and 4).  

𝐽1 = 𝐼𝑇𝑆𝐸 =   ∆𝑓2 . 𝑡. 𝑑𝑡
𝑡𝑠𝑖𝑚

0

                         (3) 

𝐽2 =  1 − ∆𝑣−𝛽  𝑀𝑝 + 𝐸𝑠𝑠 + ∆𝑣−𝛽 𝑇𝑠 − 𝑇𝑟           (4) 

 where, ∆𝑓  and ∆𝑣 are deviation in frequency and 

voltage correspondingly, the value of constant 𝛽 is taken 

as 0.5,  𝑡𝑠𝑖𝑚  in the maximum simulation time and it is 

taken as 20s in this paper, 𝑀𝑝 is the maximum peak of the 

output wave form, 𝐸𝑠𝑠  is the steady state error and 𝑇𝑠, 𝑇𝑟  

are settling time and rise time respectively.  

 Elimination and Dispersal is happened due to 

the occurrence of sudden environmental changes 

or attack. A group of bacteria may liquidate 

randomly with a very small probability and 

some new one will be introduced to swarm of 

concern. This process helps in reducing the 

behavior of stagnation often seen in parallel 

search algorithms. 

 

IV. RESULTS AND DISCUSSIONS 

 

A. Transient analysis of LFC with BFOA tuned PID 

controller for step change in load  

 The single area thermal power system [8] shown in 

Fig. 1 is considered as a test system in this section for the 

proposed approach.  

 
Fig. 3 Comparative transient performances of LFC for 𝑃𝐷 = 1% 
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TABLE II  
COMPARATIVE TRANSIENT ANALYSIS OF LFC 

Methods 

Measuring Parameters for Frequency 

Deviation 

Settling  

Time 

(s) 

Maximum  

Peak 

 (Hz) 

Peak  

Time 

(s) 

Error 

 (Hz) 

NCS 10 0.01625 0.40491 0.00251 

Integral 4.46243 0.02834 0.76303 6.09638×10-4 

ZN- PID 1.93634 0.00641 0.18364 2.36978×10-6 

BFOA 1.49416 0.00586 0.15285 1.52200×10-6 

 Initially, the transient performances of the single area 

LFC for 1% load perturbation is obtained by way of 

BFOA tuned PID controller with  𝐽1 . The BFOA 

parameters used for both LFC and AVR are 

Number of bacteria =10; Number of Chemotactic steps 

=10; Length of swim=4; Number of reproduction steps = 

2; Probability of elimination and dispersal = 0.25; 

Number of elimination and dispersal events = 2. 

The PID parameters evaluated by this method are 

𝐾𝑃 =3.1851, 𝐾𝐼 =4.6725, 𝐾𝐷 =0.6556. Then to show the 

effectiveness of the proposed approach, the results of 

proposed algorithm are compared with NCS, integral 

controller and ZN -PID enforced to the same power 

system. Fig. 3 illustrates the comparative analysis made 

between the transient performances of LFC with different 

approaches. The measuring parameters affiliated to this 

figure are scheduled in Table II and it clearly reveals that 

the total error evaluated using  𝐽1  in the proposed 

approach is considerably reduced to 64.225% compared to 

ZN tuned PID controller. Similarly, the Maximum peak 

reduced to 91.42% and 20.677% compared to ZN method 

and Integral controller respectively. Compared with same 

controllers, the settling time of the proposed method is 

improved by 0.4422s and 2.968s respectively.  

Hence, it is distinctly demonstrated from the above 

analysis that, the transient characteristics of single area 

LFC are enhanced with the proposed approach comparing 

to other conventional approaches. 

B. Transient analysis of AVR with BFOA tuned PID 

controller for step change in 𝑉𝑟𝑒𝑓  

The AVR system [9] shown in Fig. 2 is considered as a 

test system in this section for the proposed approach.  

 
Fig. 4 Comparative transient performances of AVR for Vref =1% 

 

 

TABLE II  
COMPARATIVE TRANSIENT ANALYSISOF AVR 

Methods 

Measuring Parameters for Voltage Deviation 

Settling  

Time (s) 

Maximum  

Peak (V) 

Peak  

Time (s) 
Error (V) 

NCS 10 0.01505 0.76384 8.8106×10-4 

ZN- PI 9.96854 0.01786 0.85966 1.6901×10-4 

ZN- PID 3.64848 0.01529 0.64652 2.9709×10-8 

BFOA 1.10280 0.01073 0.41146 2.4597×10-8 

Similar to LFC, the transient performances of the AVR 

test system for 1% load perturbation is obtained by way 

of BFOA tuned PID controller with  𝐽2objective function. 

The PID parameters evaluated by this method are 

𝐾𝑃 =0.7886, 𝐾𝐼 =0.6085, 𝐾𝐷 =0.3357. To show the 

effectiveness of the proposed approach, the results are 

compared with Non Controller System (NCS), ZN tuned 

PID controller (ZN- PID) and ZN tuned PI controller 

(ZN- PI). The transient performances of AVR with 

different approaches are exemplified in Fig. 4 and the 

measuring parameters affiliated to this figure are 

scheduled in Table III. It is clear from the table that the 

total error reduced to 82.79% compared to ZN-PID 

controller. The Maximum peak also reduced to 60.08% 

and 70.16% compared to ZN tuned PI controller (ZN-PI) 

and ZN-PID controller respectively. Compared with 

same controllers, the settling time of the proposed 

method is improved by 8.866s and 2.545s respectively. 

The above analysis clearly reveals the superiority of the 

proposed BFOA tuned PID controller for AVR compared 

to other approaches.  

C. Transient analysis of LFC and AVR with BFOA tuned 

PID controller for variable load changes  

To scrutinize the non linear behavior and practical 

adaptability of the LFC and AVR test system, instead of 

fixed step change in load, the variable load ranges 

between (0-100s) as indicated in Fig. 5a are applied to 

both the systems. 

At first, the frequency control effects of LFC test 

system for different approaches such as NCS, ZN-PID 

controller, integral controller and BFOA tuned PID 

controller are explored under this variable load condition 

and the output response for frequency deviations for all 

these approaches are plotted as shown in Fig. 5b. For 

clear and detailed empathetic some of the random 

portions are enlarged in the time ranges of (30-50s) and 

(90-100s) which can be visualized in Fig. 5c and Fig. 5d.  

Both these figures ratify the incredible performanceof the 

proposed BFOA tuned PID controller over other 

approaches.   
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Fig. 5 Comparative transient responces of LFC for variable load changes 

Further, the voltage control effects of different methods 

such as NCS, ZN-PI controller, ZN-PID controller and 

BFOA tuned PID controller for the AVR test system are 

comparatively investigated under the time varying load 

shown in Fig. 6a. The output response for voltage 

deviations for all these approaches is obtained as shown in 

Fig. 6b. For clear illustration randomly selected portions 

of the Fig. 6b in the time ranges of (10-30s) and (70-90s) 

are enlarged as shown in Fig. 6c and Fig. 6d respectively. 

Both these figures clearly demonstrate that the number of 

oscillations, maximum overshoot, steady state error and 

settling time are considerably reduced with the proposed 

approach over others and hence makes the controller more 

versatile to the practical environment.  

 
Fig. 6 Comparative transient responces of AVR for variable load 

changes 

V. CONCLUSIONS 

This paper represents BFOA, one of the optimization 

techniques for the effective tuning of PID controller gains 

for both LFC and AVR with off-line, as well as, nominal 

input conditions. As because of weak interaction between 

the voltage and frequency controls in this paper separate 

objective functions are used to demonstrate the transient 

responses of LFC and AVR. The predominance optimal 

response of the proposed approach over other 

conventional techniques is proved by analyzing the 

transient responses of LFC and AVR for fixed load 

perturbations. Addition to a fixed value of loadchange, in 

this paper wide range of load variationsare also applied to 

exemplify the robustness and non-linearity of the 

proposed method in both LFC and AVR over other 

conventional approaches. Hence all the investigations 

made in this proposed approach confirm that the BFOA 

based tuning of PID controller assuredly overcome the 
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difficulties faced by the practitioners while using 

conventional fixed gain PID controller.  

 

NOMENCLATURE 

𝑃𝑟  Rated power (MW)  

𝑇𝑔  Steam governor time constant (s) 

𝑇𝑡   Steam turbine time constant (s) 

𝐾𝑝  Power system gain constant (Hz/ pu) 

𝑇𝑝   Power system time constant (s) 

𝑅  Governor speed regulation (Hz/ pu MW) 

 𝐾𝐴  Amplifier gain constant 

 𝑇𝐴  Amplifier time constant (s) 

 𝐾𝐸  Exciter gain constant 

 𝑇𝐸  Exciter time constant (s) 

 𝐾𝐺  Generator gain constant 

 𝑇𝐺  Generator time constant (s) 

 𝐾𝑅  Sensor gain constant 

 𝑇𝑅  Sensor time constant (s) 
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