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Abstract  This article illustrates the application of an 

intelligent controller for load Frequency Control (LFC). A 

two-area interrelated power system (IPC) is considered for 

the LFC study. The study is further extended by 

considering a three-area interrelated power system. A 

reheat thermal power system is taken into consideration. 

Non-linearity such as, Governor-Dead-Band (GDB) and 

Governor-Rate-Constraints (GRC) are also considered in 

this article. Analysis of different intelligent controllers is 

done in this paper. The study focuses on the application of 

a Fuzzy-PID controller for load frequency control in 

interconnected areas. Artificial-Bee-Colony (ABC) 

optimization Technique is implemented for optimizing the 

PID controller parameters. Intelligent controllers such as 

NARMA-L2 and Adaptive Neuro-Fuzzy controller 

(ANFIS) are also proposed to see their effectiveness for 

Load Frequency control (LFC). The results of the 

suggested controller are compared with the conventional 

PID controller tuned with different optimization 

Techniques described in literature based on IAE, IATE, 

and ISE error metrics. Based on the settling time of the 

responses, the comparison is also done. By varying the 

Time- constant parameters of the system, the reliability and 

rigidness of the suggested controllers are observed. A load 

perturbation of 1% is given to each area of the 

interconnected system, and the frequency-response and 

Tie-line power response are observed in the MATLAB 

simulation environment. For absorbing the stability of both 

systems, eigenvalue analysis is also conducted. The models 

are simulated and analyzed in MATLAB 2018 @ Version. 

Keywords  FUZZY-PID, NARMA-L2, ANFIS, ISE, 

IAE, ITAE, GRC, GDB 

1. Introduction

An interrelated power system consists of several areas 

connected through Tie-lines. For the stable operation of an 

interconnected power system, it is essential to keep 

constant frequency and Tie-line power response. The gap 

between generated power and load is increasing day by day 

so it is necessary to improve the power quality of the 

organized power system at a desired level [1]. So ACE 

should be minimized nearly to zero. 

The Area Control Error (ACE) is a combination of the 

product of frequency deviation and biasing coefficient with 

the addition of change in interline power. The proposed 

controller effectively controls and reduces the steady-state 

error to zero. Load Frequency Control (LFC) is required to 

maintain the frequency deviation and tie-line power 

deviation to a scheduled value [2]. As the Frequency 

response and Tie Line power responses of a system depend 

on active power by controlling the governor valve opening, 

the input to the turbine can be controlled and it is done 
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through LFC. In this article, two different systems are 

considered for LFC study and to verify the application of 

intelligent controllers. 

Various controllers are available in the market to 

maintain the frequency and tie-line power deviation near a 

zero value. The integral controller is simple and easy to 

implement, but it may not work efficiently for complex and 

large systems. Therefore, the Proportional Integral 

Derivative (PID) controller is implemented [3, 4] for 

interconnected area power systems (IPS). The application 

of Artificial intelligence controller techniques is more 

effective for analyzing nonlinear power systems over 

conventional controllers. In a deregulated environment, by 

artificial intelligence controller, promising results have 

been obtained. Neural Network (ANN) controllers can be 

proposed for large systems more easily and effectively. In 

this article, application of an intelligent controller for LFC 

is studied. Fuzzy-PID controller parameters are tuned 

using a nature inspired optimization technique. The 

artificial Bee Colony (ABC) Optimization technique is 

used to tune the PID controller parameters. A neural based 

controller such as NARMA-L2 and ANFIS controller is 

also suggested in this study. In this article, two systems are 

considered for study; the first is Two-Area and the second 

is three-area interlinked power system (IPS). The effect of 

non-linearity such as Governor dead band (GDB) and 

Governor Rate constraints (GRC) is considered in 

proposed Power systems. The results of the suggested 

controller are compared with optimized PID controllers 

referred from different literature published recently. 

Numerous control techniques have been proposed for 

LFC to reduce the steady-state error to zero. Many 

researchers have suggested the PID 

(Proportional-Integral-Derivative) controller as a control 

unit. It is simple and easily modeled with the entire system, 

and its analysis is straightforward. The skill required by the 

user is also simple. 

Several heuristic algorithms inspired by nature have 

been used for PID tuning Particle Swarm Optimization 

(PSO) based PID controller for multi area and multi 

sources is illustrated in [5, 6].Bacterial Foraging 

Optimization Algorithm (BFOA) based PID controller 

application for two areas interlinked PS with nonlinearities 

is demonstrated in [7], and Genetic Algorithm (GA) has 

been proposed for tuning the PID controller parameters 

such as Kp, Ki, and Kd for LFC-AVR is given in [8, 9]. An 

alternative to soft computing techniques is AI-based 

control techniques used for LFC, such as Fuzzy Logic 

Controller (FLC), Artificial Neural Network (ANN) 

Controller, and Adaptive Neuro-Fuzzy Inference System 

(ANFIS) Controller for Multi area and multi-source 

interlinked Power system as illustrated in [10, 11]. 

Soft computing techniques such as artificial neural 

networks, fuzzy logic controllers, genetic algorithms, and 

more are used for automatic generation control. PID 

controller parameters are optimized by PSO and WGOA 

nature inspired optimized technique which is given in [12], 

and ANT optimization techniques for a deregulated 

environment are illustrated in [13].  

The research investigated power system models (PS) for 

LFC has not considered the nonlinearities such as governor 

dead band (GDB) and governor rate constraints (GRC) 

which can be absorbed in [14-18]. This gap is full-field in 

this presented work by considering this non-linearity in a 

two-area interconnected power system (IPS). The stability 

of the suggested controllers in the presented literature has 

not been estimated under diverse loading conditions or by 

modifying the system parameters which can be seen in [19, 

20]. However, the suggested controller effectiveness is 

examined under different loading conditions and by 

adjusting the time constant of the transfer-function of the 

governor and turbine unit from 75%  to 50% . For 

seeing the stability of the power system model, eigenvalue 

analysis is also not performed in the literature by the 

researcher. Eigenvalue analysis is performed in the present 

study for both the proposed two and three-area power 

system (PS) models. The literature that has considered 

three area systems has also not done a stability analysis of 

the suggested controller under different loading conditions, 

and the researcher has not performed an eigenvalue 

analysis which can be absorbed in [21-24]. This work 

demonstrated stability verification under various loading 

conditions. In this paper, the effectiveness of three 

different intelligent controllers such as ABC based 

FUZZY-PID controller, NARMA-L2 Controller and 

ANFIS controller for LFC, is confirmed and outcomes of 

this controller are compared to recently published 

controllers on the basis of performance indices (ITAE, ISE, 

IAE) and Settling-Time (ST). 

2. Description of Interconnected Power 
System 

2.1. Mathematical Modelling and System Description 

The interconnected area through the Tie-line having 

reactance of X12 is shown in Figure 1. 
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Figure 1.  Two areas Interconnected-power-system (IPS) 

Active-power flow from one end to another through the 

Tie-line of an interlinked power system is denoted by 

equation 1. 
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2.2. The State Space Analysis of an Interconnected 

Power System (IPS) 

In this article, the state-space model for two areas 

interconnected power systems is formed using the below 

equations. The system is continuous and time-variant. The 

state space equation for the Two-area power plant is 

understood in these equations from 2 to 9. The block 

diagram of two areas interconnected power system with 

nonlinearities is shown in Figure 2 
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Figure 2.  Block diagram representation of the interconnected area with Tie-line 
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3. Nonlinearities in Interconnected 
Power System for LFC 

3.1. Governor Rate Constraints (GRC) 

The GRC is imposed by power system operators to 

ensure grid stability and reliability. GRC control technique 

is used to ensure the alteration in Generator power output 

[14]. It is defined as the rated capacity per minute of the 

generator. GRC's 10% per Minute restriction indicates it 

can modify its rated output up to 10% of its rated capacity 

in one minute [25]. Figure 3 shows the internal structure of 

governor rate constraints. 

 

Figure 3.  Block Diagram of Governor Rate Constraints 

3.2. Governor Dead Band 

The governor's speed rises proportionally as the input to 

the governor grows, but owing to the dead band, it will not 

react immediately, instead responding until a certain limit 

defined with the help of the governor's dead band is 

reached [25]. When the total magnitude of the sustained 

speed varies within a certain range, the valve position 

remains constant [26]. The internal- structure of the 

governor's Dead Band is shown in Figure 4 proposed for 

IPS. 

 

Figure 4.  Block Diagram of Dead Band for IPS 

4. System Description and 
Mathematical Modeling of Three 
areas Interconnected Power Systems 

Speed governor model: The speed governor is used to 

maintain the speed of the turbine generator. By controlling 

the valve position the frequency is adjusted. The output of 

the governor is given by equation-10 valve position the 

frequency is adjusted. 

     (10) 

Turbine model: the Transfer function for the non-reheat 

turbine is shown in equation-11 
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Generator model: this is given by equation-12 
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The valve position of LFC for three areas is illustrated in 

equation-13  

         (13) 

An interconnected power system is shown in Figure 3 

where all area is connected through Tie-lines and the 

generator forms a coherent group. A non-reheat turbine is 

considered. All have the same time constant value denoted 

by . The frequency deviation of each 

control area is given by equation-14 
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The Tie-line power change for the interconnected three 

areas system is described by equation-15 to equation-17 
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Area-Control-Error (ACE) for each area is given by 

equation-18 to equation-20 
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5. Problem Formulation 

This article considers a study of two interconnected 

areas connected with a Tie-line. A reheat turbine is used in 

the analysis. The objective is to maintain a constant 

deviation in the system's frequency, and the proposed 
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controller is implemented to minimize the steady-state 

error of IPS. The Fuzzy-PID controller is suggested, to 

Minimize steady-state error from Tie-line power response 

and frequency deviation response. Each area is given a load 

disturbance of 0.01p.u. The change in Frequency and 

Tie-line power deviation response are represented by 
1f  

and 1,2P . ANFIS and NARMA-L2 controllers are also 

proposed in this article. It is seen that 

neural-network-based controllers are also quite effective 

for maintaining the frequency and Tie-Line deviation to a 

desirable limit. For training a NARMA-L2 controller, a 

total of 1000 training samples are taken with a sampling 

interval of 0.02 seconds. The number of delayed plant 

inputs and outputs is set to 1, and the maximum plant 

output is 2, with a minimum plant input of 1. The training 

epochs are set to 100, and the training function used is train. 

lm with 13 iterations. 

The article is furthermore extended, by proposing a 

three-area interconnected power system with a non-reheat 

thermal power plant. The system includes inertia load, 

reheat turbine, controller’s governors, and constant 

Tie-line power. The Turbine, Governor is represented by 

time constants gT , tT , pK , and pK , while the Tie-line 

power constants are given as α, β, and γ. A load disturbance 

of 0.01 is applied to each area as δ₁, δ₂, δ₃. 

The proposed controller effectively removes the 

frequency deviation represented by 1f , 2f , 3f , and 

the deviation in interconnected power. The Automatic 

Control Error (ACE) is given to the proposed controllers. 

Figure 5 shows the transfer-function interlinked model of 

three area interconnected power systems (IPS) 

 

Figure 5.  Three-Area Interconnected Power System (IPS) 
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6. Fuzzy Logic Controller 

The fuzzy set theory was introduced by Zadeh. The first 

FLC algorithm was applied by Mamdani on a steam engine. 

Nonlinearity exists in larger and 

interconnected-power-system (IPS). The fuzzy logic 

controller (FLC) is the best option for Load Frequency 

Control (LFC) [27]. No mathematical modeling is required 

for the fuzzy-controller. By absorbing the behaviour of the 

plant, fuzzy rules are defined. 

The different components of the Fuzzy-logic-controller 

(FLC) are given as: 

a. Fuzzification 

b. Rule base 

c. Defuzzification 

The function of Fuzzification is to convert input 

variables into linguistic variables. Triangular membership 

functions are used for fuzzification in this article. The 

knowledge base has two parts: the rule base and the 

database. Rules are defined as "if (Input-1 is LN) and 

(Input-2 is LN), then output is LN." The fuzzy inference 

system maps fuzzy inputs to fuzzy outputs [8, 28]. Two 

inputs, input-1 (error e) and the derivative of error (input-2), 

are represented as linguistic variables. The multiplication 

of these linguistic variables is performed in the inference 

engine, resulting in 49 rules. In defuzzification, the output 

is converted to crisp values. The triangular membership 

function is shown in Figure 6, and the rule base is 

demonstrated in Table 1. Commonly used techniques for 

defuzzification are the centroid and maximum methods. 

For fuzzy-PID controller design the total rules are 147. By 

combining the input and output 49 rules are created for 

pK  similarly 49 rules are created for IK
 
and 49 rules 

For dK
 
are developed. For designing the Fuzzy-PID 

controller referred to [29]. 

-1 1
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1.8 1.8

-1.48 1.48

           Input-1

           

Input-2

             

Output

Freq. Deviation
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Kp KI Kd
 

Figure 6.  Fuzzy Logic Membership Function 

Table 1.  Rule Base Table For LFC Interlinked Power Plant 

Freq. 

Deviation 

Rate of change of frequency deviation 

Ln Mn Sn Ze Lp Mp Sp 

Ln Ln Ln Ln Mn Mn Sn Ze 

Mn Ln Ln Mn Mn Sn Ze Lp 

Sn Ln Mn Ln Sn Ze Sp Mp 

Ze Mn Mn Sn Ze Sp Mp Mp 

Lp Mn Sn Ze Sp Lp Mp Lp 

Mp Sn Ze Sp Mp Mp Lp Lp 

Sp Ze Sp Mp Mp Lp Lp Lp 

7. NARMA-L2 Controller 

The NARMA-L2 controller is defined as a 

Non-Linear-Auto-Regressive Model. It requires minimal 

computation of the three constructions. The proposed 

controller is considered by plant model rearrangement and 

is qualified offline through a group procedure. The 

NARMA-L2 Controller uses the control signal and plant 

output. The reference model output is tracked by the plant 

output to optimize the controller parameters. The Tie-line 

power deviation, frequency, and load agitation of the 

power system, are designated as the control inputs for the 

neural network (NN) control system. The NN output is a 

control-signal that is functional to the governor. The 

essential information required to progress the controller is 

found through various sequences until it achieves an 

accurate outcome. The information required for the NN 

controller is obtained using an intelligent controller. The 

structural diagram for the NARMA-L2 controller is 

shown in Figure 7. For training the NARAMA-L2 

controller following steps should follow, the neural 

network controller receives frequency response, Tie-line 

power deviations, and area load disturbance as inputs for 

this investigation [30]. The neural network's outputs are 

the control signals guided to the governors in the 

interlinked-area. Data is collected to train the ANN 

controller by creating a Reference Model Neural-Network 

and applying it to a power plant with a disturbance in step 

load form. The NARMA-L2 controller engaged in this 

article contains a three-layer perceptron with only one 

input, 15 neurons are present in the hidden layer, and the 

output is only one. The "train-lm" function is utilized to 

stimulate the neurons in both networks. To train the 

networks, 100 training samples were collected, and the 

training process was repeated for 10 epochs. The 

suggested network is trained using a learning performance 

metric. The learning algorithm modifies the network's 

weights in such a way that the control system produces 

the preferred response [31, 32]. 



 Universal Journal of Electrical and Electronic Engineering 10(4): 51-70, 2023 57 

 

Reference 

g

g f/g

Plant

Delay

Delay

r

y

u

Yr

+

-

 

Figure 7.  NARMA-L2 Controller block diagram [30-32] 

8. ANFIS Controller 

The ANFIS is an adaptive neuro-network-based 

fuzzy-inference system with many layers interlinked with 

each other. ANFIS controller is based on a mixed learning 

mode. It has characteristics of both fuzzy logic and neural 

networks to create various modes of functions and change 

the parameters of the fuzzy-inference system. 

The advantages of both fuzzy and neural networks are 

mutual in adaptive neuro-fuzzy inference system. The 

controller comprises five layers that assist from both the 

artificial neural network architecture and fuzzy logic 

methods. The First and fourth layers of ANFIS have 

Adaptive nodes. The second, third, and fifth levels are 

finished by fixed nodes. The adaptive node has a 

relationship with its parameter, which they adjust to and 

are also modified by each iteration [10]. However, the 

fixed node does not have any parameters. Different parts of 

the Adaptive Neuro-fuzzy inference System (ANFIS) are 

shown below in Figure 8. 

Adaptive neuro-fuzzy inference system (ANFIS) is 

more compound than fuzzy inference system (FIS) it has 

the following properties: 

For adaptation and learning this ANFIS uses a fuzzy 

Sugeno model. This type of learning makes ANFIS more 

reliable and less dependent on human expertise. The rules 

given below are based on first order Sugeno-model. 

Rule 1: if (x is A1) and (y is B1) then (f1=p1x+q1y+r1) 

Rule 2: if (x is A2) and (y is B2) then (f2=p2x+q2y+r2) 

The x and y are two inputs. fuzzy sets are known by Ai 

and Bi, fi is the output inside the fuzzy region detailed by 

the fuzzy rule, and parameters pi, qi, and ri which are 

determined during the training process are the design 

parameters [33]. The internal-assembly of the Adaptive 

Neuro-Fuzzy Inference System (ANFIS) is illustrated 

below in Figure 9 having no of different layers. The detail 

of the ANFIS controller is illustrated in [36]. 

Fref O/P

Fuzzification
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Artificial neural 
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Defuzzification

Power 
system
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+
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Figure 8.  Structure of Adaptive Neuro-fuzzy Inference System (ANFIS)  

prod

prod norm

norm

sum

Layer1

Layer2 Layer3

Layer4

Layer5

1A

2A

1B

2B

x y

x y

1w

2w

11. fw

22. fw

 

Figure 9.  Internal structure of ANFIS for LFC 
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9. Artificial Bee Colony Optimization 
Technique 

The Artificial Bee Colony (ABC) algorithm is a 

powerful method used for solving complex problems with 

few control settings. It is inspired by how real honeybees 

find food. The algorithm works by having a group of 

"bees" that represent potential solutions to the problem. 

These bees search for good solutions, which are like food 

sources with lots of nectar [34, 35]. In the ABC procedure, 

there are three types of bees: scouts, onlookers, and 

experienced bees. Scouts explore new solutions without 

any knowledge about where good solutions might be. 

Onlookers learn from other bees' directions to focus on 

promising solutions [36]. Experienced bees evaluate the 

quality of solutions and remember the good ones they 

found before. 

The steps of the ABC algorithm are as follows: 

1. Start with a group of potential solutions and assign 

roles to the bees. 

2. Scouts explore new solutions without any prior 

information. 

3. Onlookers use information from other bees to search 

for promising solutions. 

4. Experienced bees evaluate solutions and remember 

the good ones. 

5. Update the positions of solutions and adjust the bees' 

roles based on their performance. 

Repeat steps 2-5 until the best solution, represented by 

the solution with the most nectar, is found. 

Overall, the ABC algorithm is an effective and efficient 

way to solve difficult problems, inspired by how 

honeybees find food in the real world 

Objective function created using Artificial Bee colony 

optimization Technique for optimizing PID controller 

parameters. Performance indices Integral based 

Square-Error (ISE), Integral based Time-Absolute-Error 

(ITAE), and Integral based Absolute-Error (IAE) are 

presented for getting precise values. Objective Function 

For two areas IPS system is given in equation (21-23). 

2 2 2

1 2 12

0

( ).

T

ISE tieJ f f P dt                (21) 

1 2 12
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( ).dt
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1 2 12

0

t .( ).dt

t

ITAE tieJ f f P            (23) 

Objective Function For two areas IPS system is given in 

equation (24-26) 
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For optimizing the Fuzzy-PID controller parameters by 

artificial bee colony optimization technique following 

parameters are set for the ABC algorithm: For system-1 

Best cost= 0.0019, No of Variable=6, upper-bond=5 and 

lower-bond=-5, Maximum-Iteration=100, no of 

population=50, Acceleration Coefficient=1 similarly For 

system-2 Best cost= 0.00037859, No of Variable=9, 

upper-bond=5 and lower-bond=-5, 

Maximum-Iteration=100, no of population=50, 

Acceleration Coefficient=1 Table 2 showing eigenvalues 

of both the systems. By absorbing the table, it is clear that 

both the systems are stable as all the values lie on the 

left-hand side of the s-plane. The iteration graph for both 

the obtained by ABC optimized technique is demonstrated 

in Figure 10. 
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Table 2.  Eigenvalues of both systems gained by the proposed ABC optimization Technique  

S.No Sytem-1 (Two area IPS ) System-2 (three-area IPS) 

1 -10.024539186450 + 0.0000i -10.180632623598 + 0.000i 

2 -10.000370367616 + 0.0000i -10.186839523594 + 0.0000i 

3 -5.44415212913673 + 0.0000i -10.181196510939 + 0.0000i 

4 -4.28602724868891 + 0.0000i -13.9761605302861 + 0.0000i 

5 -0.603273102721425 + 1.835i -13.8192335782845 + 0.0000i 

6 -0.603273102721425 - 1.8325i -0.708395356717464 + 5.702i 

7 -0.265121334977302 + 1.6002i -0.708395356717464 - 5.7222 

8 -0.265121334977302 - 1.62564i 0.487077997489326 + 6.4733i 

9 -0.205095593022779 + 0.05613i 0.487077997489326 - 6.47367i 

10 -0.205095593022779 - 0.03344i -13.8337180257612 + 0.00000i 

11 -0.270431006666249 + 0.00000i -2.54814317787300 + 0.00000i 

12  0.409489225018996 + 6.39052i 

13 0.409489225018996 - 6.977292i 

14 -2.37778844357580 + 0.000000i 

15 -0.547193359668998 + 0.00000i 

16 1.13040892355933e-15 + 0.000i 

17 -0.553130742207275 + 0.000000i 

18 -0.553259596745880 + 0.000000i 

 

Figure 10.  Iteration graph of both systems obtained by the proposed ABC algorithm 
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10. Result and Discussion 

In This article, two different interconnected power 

system models for load frequency control are considered. 

The Frequency and Tie-Line power deviation of the system 

is analyzed by applying a step load disturbance to each area. 

Each area is given a 0.01 P.U load disturbance. The 

Fuzzy-PID controller is employed for the study and its 

parameters are optimized using the ABC algorithm. 

Further in this study, more intelligent controllers are 

suggested such as NARMA-L2 AND ANFIS Controller. 

By applying these proposed controllers, the steady-state 

error of output responses of the system is effectively 

minimized. The results of the suggested controller are 

compared with a PID controller tuned with different 

techniques published in various literature. The comparison 

is based on ISE, IAE, and IATE errors are conducted. The 

results show that the proposed controllers have superiority 

over other PID-tuned controllers of the published 

literature.  

System-1 

An Interconnected power system having two identical 

areas interconnected through a Tie-line is illustrated in this 

study. Compression on the basis of performance index such 

as ITAE, IAE, and ISE is demonstrated in Table 3. By 

absorbing the result, it is clear that the proposed 

controller’s outcome is promising as compared to the 

controller of the recently published literature. Table 4 

shows a comparison based on Settling-Time, the suggested 

controllers shows superiority. The frequency response of 

area-1 and area-2 is shown in Figure 11 and Figure 12, the 

Settling Time (ST) is 2.3 sec for 1f  and 3.1 sec for 2f . 

Percentage improvement in Setting-Time (ST) of 

area-1and area-2 of Frequency response is 76.53% and 

75.23% obtained by the suggested Fuzzy-PID controller, 

when compared with published literature controller 

EHOT-PID. The Tie-Line power Deviation of the 

interconnected area is shown in Figure 13. The settling 

Time of the proposed controller (Fuzzy-ABC-PID) is 3.5 

sec. The percentage improvement is 87.53 % of 1,2( )tieP  

response of the proposed (Fuzzy-ABC-PID) when 

compared with the EHOT-PID controller. The Rigidness of 

the proposed Fuzzy-PID controller is checked by the 

varying governor and Turbine Time constants. The 

percentage change of 75%  and 50%  for both the area 

parameters is done. Figure 14 and Figure 15 show the 

Frequency response obtained by varying parameters of the 

Turbine and Governor. Figure 16 shows the input and 

output responses of the suggested NARMA-L2 controller 

obtained while training it for LFC. 

Table 3.  Comparative study of the proposed controller with tuned PID for system-1 of IPS  

S.No Controller ISE IAE ITAE 

1 Proposed-fuzzy-ABC-PID 0.00035 0.00212 0.003101 

2 Proposed-NARMA-L2 0.001047 0.00311 0.004010 

3 Proposed-ANFIS 0.001271 0.004001 0.005301 

4 EHOT-PID 2022 [15] 0.00156 0.005321 0.0072111 

5 FA-PID-2021 [16] 0.001485 0.006231 0.0082100 

6 BFOA-PID-2019 [17] 0.002293 0.007011 0.0090010 

7 HFA-PID-2015 [18] 0.002193 0.008121 0.0321000 

8 ABC-PID-2015 [19] 0.003003 0.009010 0.0501211 

9 FA-PID-2014 [20] 0.004121 0.010801 0.0701011 

10 BSA-PID-2015 [14] 0.006231 0.011011 0.0804510 

Table 4.  Comparative study of the proposed controller with tuned PID for system-1 of IPS based on settling-Time 

S.No Controller 
1f  2f  12p

 

1 Proposed-fuzzy-ABC-PID 2.3 3.1  3.5 

2 Proposed-NARMA-L2 3.5  4.2  4.2 

3 Proposed-ANFIS 7 10.3 5.3 

4 EHOT-PID 2022 [15] 9.8 12.1 28 

5 FA-PID-2021 [16] 11.2 15.3 26.5 

6 BFOA-PID-2019 [17] 12.6 16.4 15 

7 HFA-PID-2015 [18] 13.8 17.8 20.4 

8 ABC-PID-2015 [19] 7.2 19.1 15.6 

9 FA-PID-2014 [20] 18 19.6 20.8 

10 BSA-PID-2015 [14] 9 20.3 19.3 
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Figure 11.  Frequency Deviation ( 1f  ) for area-1 derived by different Proposed Controllers [14-20] 

 

Figure 12.  Frequency Deviation ( 2f ) for area-2 derived by different Proposed Controllers [14-20] 
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Figure 13.  Tie-line power Deviation (
12p ) for area-12 derived by different Proposed Controllers [14-20] 

 

Figure 14.  Frequency deviation at different turbine time constants for area-1 
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Figure 15.  Frequency deviation at different Governor Time constant for area-2 

 

Figure 16.  NARMA-l2 controller output for two areas interconnected power system 
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System-2 

In this article a three area interconnected power system 

is considered. A comparison of proposed controllers with 

recently published literature based on Performance Indices 

such as ITAE, IAE, and ISE is absorbed in Table 5. The 

published literature has taken the same model as taken in 

this article for LFC study. The effectiveness of the 

proposed controllers is justified by comparing their results 

to published literature controller results. The frequency 

response of three interconnected areas is compared with 

other tuned PID controllers based on settling time and its 

result is shown in Table 6. A comparison of Power 

deviation responses of the three areas' interconnected 

power systems based on settling time is given in Table 7. 

Percentage improvement by suggested controller for 

frequency responses of area 1( )f , 2( )f and 3( )f is 

68.75%, 78.33% and 42.32%. Similarly the settling time 

(ST) of Tie-Line power deviation is also improved by 

Suggested Fuzzy-PID controller for all interconnected area 

such as 12( )p , 23( )p  and 31( )p  it is given as 

71.16%, 68.84% and 53.43%. Figure 17 to Figure 19 show 

frequency responses of the three areas’ interconnected 

power systems obtained by Different suggested controllers. 

By the proposed controller the frequency response of 

1( )f is 2.5 sec, for 2( )f it is 2 sec and for 3( )f it is 

3.2 sec. The power deviation of system-2 (IPS) obtained by 

implementing the suggested controllers is given in Figure 

20 to Figure 22. The (ST) of 12( )p is 1.5 sec, for 

23( )p  it is 1.8 sec and similarly ST for 31( )p it is 2.1 

sec. By absorbing the frequency and Tie-Line Power 

Responses of the system, the proposed controller 

effectiveness for LFC is verified and Steady State Error 

(SSE) is minimized near  Zero. Figure 10 shows the 

Iteration graph of both the systems obtained while 

implementing the ABC optimization technique which is 

used for Tuning Fuzzy-PID parameters. Eigenvalues 

analysis is also done to see the stability of the system. By 

absorbing values of Table 2, it is concluded that all 

eigenvalues lie in the left half of the s-plane and for a 

closed-loop system to be stable it is a necessary condition. 

Parameters of Fuzzy-PID controller obtained by the ABC 

optimization technique for both the system is illustrated in 

Table 8 and Table 9. Output and input to the NARMA-L2 

controller are given in Figure 16. 

Table 5.  Comparative of the proposed controller with PID controller based on Performance Index (ITAE, IAE, ISE) For system-2 

S.No Controller ISE IAE ITAE 

1 Proposed Fuzzy-PID-ABC 0.00001004 0.001029 0.02129 

2 Proposed-Narma-L2 0.00003325 0.003312 0.03298 

3 Proposed-ANFIS 0.00009088 0.0060010 0.04018 

4 Adel-DE-PID [21] 0.0003007 0.0089011 0.05021 

5 Amit-PSO-PID [22] 0.0006105 0.0098161 0.08123 

6 Pati-DEPSO-PID [23] 0.0007088 0.016801 0.09008 

7 Halimi-PSO-PID [24] 0.0009088 0.034181 0.09011 

Table 6.  Comparative study of Frequency Response of the proposed controller with PID controller based on Settling-Time For system-2 

S.No Controller 
1f  2f  3f  

1 Proposed Fuzzy-PID-ABC 2.5 sec 2 sec 3.2 sec 

2 Proposed-Narma-L2 6.5 sec 5.5 sec 3.5 sec 

3 Proposed-ANFIS 7 sec 6 sec 4.8 sec 

4 Adel-DE-PID [21] 8 sec 6.7 sec 5.2 sec 

5 Amit-PSO-PID [22] 9 sec 7 sec 8 sec 

6 Pati-DEPSO-PID [23] 9.3 sec 8.3 sec 8.4 sec 

7 Halimi-PSO-PID [24] 10 sec 9.2 sec 9.7 sec 
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Table 7.  Comparative study of Power Deviation of proposed controllers with PID controller based on Settling-Time For system-2 

S.No Controller 

   

1 Proposed Fuzzy-PID-ABC 1.5 sec 1.8 sec 2 sec 

2 Proposed-Narma-L2 2.3 sec 2.3 sec 2.3 sec 

3 Proposed-ANFIS 3.1 sec 3.2 sec 3.5 sec 

4 Adel-DE-PID [21] 5.3 sec 5.7 sec 4.3 sec 

5 Amit-PSO-PID [22] 6.1 sec 6.3 sec 6.2 sec 

6 Pati-DEPSO-PID [23] 11.2 sec 7.1 sec 7.3 sec 

7 Halimi-PSO-PID [24] 14.1 sec 15.1 sec 15.3 sec 

 

Figure 17.  Deviation in Frequency ( 1f ) for area-1 for an interconnected area obtained by Proposed controllers [21-24] 

 

Figure 18.  Deviation in Frequency (
2f  ) for area-2 for an interconnected area obtained by Proposed controllers [21-24] 

12p 23p 31p
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Figure 19.  Deviation in Frequency ( 3f ) for area-3 for an interconnected area obtained by Proposed controllers [21-24] 

Table 8.  Parameters of Fuzzy-PID controller obtained by ABC optimization Technique for System-1 

S.No Proposed Controller Fuzzy-PID AREA-1 AREA-2 

1 Kp 1.59790 1.95445 

2 KI 2.50528 2.9017 

3 Kd 1.9781 1.5641 

Table 9.  Parameters of Fuzzy-PID controller obtained by ABC optimization Technique for System-2 

S.No Proposed Controller Fuzzy-PID AREA-1 AREA-2 AREA-3 

1 Kp 1.49935 1.32695 1.49935 

2 KI 2.30870 2.23358 2.87256 

3 Kd 2.7258 2.6879 2.6776 
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Figure 20.  Deviation of Tie-line power (
12p ) for an interconnected area obtained by Proposed controllers [21-24] 

 

Figure 21.  Deviation in tie-line power ( ) for an interconnected area obtained by Proposed controllers [21-24] 
23p
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Figure 22.  Deviation in tie-line power (
31p ) for an interconnected area obtained by Proposed controllers [21-24] 

11. Conclusions 

In this article two different interconnected power 

systems are considered for the LFC study. This analysis 

utilizes the application of an intelligent controller such as a 

Fuzzy PID controller whose parameters are tuned with 

ABC optimized algorithm and following with Suggested 

ANFIS and NARMA-L2 controller, and their results are 

compared with a conventional PID controller tuned with 

different optimization techniques presented in recent 

literature. The results of the proposed controller 

demonstrate its superiority over the conventional controller 

on the basis of Settling Time and Performance indices. The 

proposed controller's effectiveness has been demonstrated 

for the two-area power plant having nonlinearities such as 

GDB and GRC and three-area IPS. The comparison based 

on IAE, IATE, and ISE errors is done. Applying this 

intelligent controller for PS it is clear that these controllers 

are also compatible for LFC study. A comparison of 

suggested controllers with Tuned PID controllers based on 

Settling-time and Performance Indices such as ITAE, IAE, 

and ISE is done. Steady-state Error of Frequency response 

and Tie-Line power deviation is minimized by 

implementing the suggested controller to a desirable limit 

near zero. The main purpose of implementing this 

controller is to enhance the dynamic responses of the 

power plant to sustain its stability over a wide range of load 

variations and variations in parameters. Eigenvalue 

analysis is also carried out for both systems to observe their 

stability. As all Eigenvalues lie on the left-hand side of the 

s-plane, the system is stable. Nonlinearity such as GRC and 

GDB is taken into consideration for two areas of 

interconnected power systems. Both systems can be further 

extended by connecting Multi-source in each area. The 

effect of renewable energy sources can also be absorbed in 

Future studies. The main motive of this paper is to show the 

effectiveness and rigidness of the proposed intelligent 

controllers For Load frequency control. 

Appendix-1 (System-1) 

Area-1 Data9 

Speed regulation = 0.005, Damping coefficient = 0.60, 

h1 = 5.0, Base power= 1000mv a, tg1 = 0.20, tt1 = 0.0, b1 

= 20.1 

Area-2 Data 

Speed regulation = 0.0625, D2 = 0.90, H2 = 4.0, Base 

Power = 1000MV A, Tg2 = 0.30, Tt2 = 0.60, B2 = 16.90 

Appendix-2 (System-2) 

1 2 3R R R  
2.4 MW/Hz, 1 2 3B B B  

0.425, 

1 2 3g g gT T T   0.08, 1 2 3t t tT T T  
0.3 sec, 

1 2 3p p pK K K   120 Hz/pu Mw, 

1 2 3p p pT T T   20 sec, 1 2 3d d dP P P     
0.01 

pu.  
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