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Abstract - With this article, a hybrid FLC-PID controller is used to design, simulate, and control automated generation control 

(AGC) and automatic voltage regulator (AVR) for a four-area connected hydropower facility. This was targeted to reduce the 

frequency and voltage deviations that arise during load variations. Instead of the traditional PI and PID controllers, this system 

uses an FLC because the advanced values of the traditional regulator are fixed for load variation, but their gain values are 

constant. Many techniques have been proposed to resolve the drawbacks of conventional controllers. The outcomes display that 

if the loads continuously vary, this leads to frequency and voltage irregularities that are difficult to control without a governor. 

The PID control technique achieves nil steady-state error in the system's voltage and frequency; however, it shows humble 

dynamic performance, leading to maximal overshoot and a long settling time compared to this paper's control. The outcomes 

display that the FLC-PID controllers were used to improve performance and intelligently control the selection of parameters in 

order to achieve effective power control compared to PID control of the AGC and AVR, which is realized using MATLAB. 
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1. Introduction 
A typical energy system involves a difficultly 

interconnected power plant with loads for residential, 

marketable, or manufacturing purposes. It is impossible to 

overstate the value of a consistent electricity supply for a 

nation's economy in all areas [1], [2]. Electrical power plants 

are typically interconnected to provide each generation unit 

with a sustainable, high-quality, cost-effective function. With 

the help of connected plants, a single generator in a power 

system may supply huge, intricate areas. Sustaining a reliable 

source of electricity for all plant customers that are of reliable, 

acceptable excellence is the basic aim of the power scheme 

process and governor. While the amount of power generated 

and needed is stable, the system is said to be in balance. 

Because irregular current power holds real and reactive 

constituents together, real and reactive power stabilities 

should be achieved together. For the control and steady 

operation of highly interconnected, widely dispersed power 

systems, matching whole production with whole load 

customers and corresponding system losses is required. 

On the one hand, consumers now have access to very 

affordable and high-quality energy because of interconnection 

and power system reorganization. The fast-expanding power 

network and the use of high-speed electronic power 

controllers have also made power systems more unreliable. 

Changes in load, an abrupt rise in input power, disturbances, 

etc., that could lead to power system instability are the most 

critical issues in both small and large areas and linked power 

systems. This implies that the voltage and frequency of the 

system will change [3]. Understanding system stability is 

crucial to preventing dynamic collapse and potential blackouts 

as power networks continue to expand in size and complexity. 

These loads must operate at a consistent frequency and voltage 

with dependable, adequate, and acceptable power quality for 

the power system to operate and be controlled properly. 

System model parametric uncertainty, the nonlinearity found 

in a practical power system, and load disturbances provide the 

key control issues in frequency and voltage controllers [4].  

Recent control systems need to be improved to satisfy the 

needs of this generation's highly vulnerable power systems to 

low-probability events because they are not built for fast-

spreading disturbances. 

An electric energy system's schedule frequency and 

voltage should be kept at the preferred operational level, 
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considering schedule frequency, voltage, and load flow 

structure. This is maintained by retaining a tight regulator over 

the system's governable sources' real and reactive power. Real 

and reactive powers are thus independently controlled in 

various sections. If the schedule state is to be preserved, 

production adjustments should be made to balance the load 

deviations in the schedule circumstances [5]. 

Responsive energy should be accounted for in the active 

power transfer as efficiently as possible. This correction is 

required to improve voltage regulation and power system 

stability. Generator excitation control via AVR is the main 

method of controlling voltage and reactive power at a given 

generator level. The system frequency and voltage depart from 

the planned or nominal value because of the inequity between 

supply and demand. As the governor speed decreases as the 

system load increases, frequency also decreases. Therefore, 

the AGC is a control that resets the frequency and interchange 

power to their scheduled points. The fundamental target of the 

AGC is to preserve the target frequency, active power, and 

interchange power with surrounding systems by matching 

generation against the load and losses of the system. AGC is 

also a critical component of the power system process and 

governs delivering adequate, high-quality, and dependable 

electric power. It is well recognized that changes in reactive 

power mostly affect the voltage magnitude, but changes in real 

power demand primarily affect the frequency [10]. 

The current AGC and AVR gaps are as follows: In today's 

world, interconnected power systems are complicated and 

non-linear and must operate under uncertain conditions due to 

unanticipated load variations, modeling flaws, and structural 

changes to the system. Large overshoot and transitory 

frequency and voltage oscillations show how ineffective the 

typical control system is at handling dynamic situations. To 

optimize the AGC and AVR parameters while taking PID into 

account for either an isolated or connected power system, 

artificial intelligence controls can be applied to improve the 

dynamism of the controllers. Therefore, improved control 

methods are required to design control gains and achieve good 

frequency and voltage response performances for monitoring 

actual and responsive energy. 

 Practically everyone in the world is interested in artificial 

intelligence (AI) and robotics. It is the area of computer 

science that deals with programming computers to act like 

people.  [6]. An AI is a characteristic of a computer or neural 

network that describes how they respond to data in a manner 

that is remarkably similar to how people do. In the past two 

decades, much new artificial intelligence (AI) optimization 

techniques have emerged that resemble biological evolution 

or the aging process of biological systems. These techniques 

include fuzzy logic control, genetic algorithms, particle swarm 

optimization, ant colony optimization, simulation annealing, 

and bacterial foraging [7]. The prior evolutionary algorithms' 

(GA) lack of memory is one of their key flaws since it restricts 

the algorithms' capacity for search and convergence. There is 

no stronger operator to propagate precise solutions more 

quickly than GA's elitist idea of memory. On the other hand, 

the PSO algorithm emerges as a potent stochastic optimization 

technique motivated by the social behaviour of organisms.  

FLC has drawn a lot of attention in control systems 

because of its high potential for global optimization, ease of 

implementation, simple structure, and strong resilience 

capabilities, including the search for optimal PID controller 

parameters. The PID control technique achieves zero steady-

state faults in the system's frequency; however, it has 

somewhat subpar dynamic performance, resulting in 

maximum overshoot and a long settling time. Using FLC, it is 

possible to modify the basic gain of the AGC and AVR 

settings automatically and return the system to its nominal 

frequency and voltage for a variety of wide-ranging load 

changes. Due to their high degree of dependence, integrating 

renewable energy sources into the electrical grid brings forth 

new problems. For everyday management, power systems 

require sophisticated control techniques [8]. The emerging 

trend in the control domain is to combine artificial intelligence 

algorithms like FLC, GA, and PSO algorithms with traditional 

controllers to tackle problems with frequency, active power 

flow, and voltage control in power systems. The key objective 

of developing FL-based voltage and frequency control is to 

confirm a steady and consistent power system process. The 

Fuzzy-PID controller, which can be applied to all 

nonlinearities, has the best effectiveness of all controllers used 

in AGC and AVR [9]. 

So, this paper introduces and compares two methods for 

the voltage and frequency control of a multi-area 

interconnected power system which are simulated in 

MATLAB/Simulink and compared with a conventional 

control structure. The first method proposes an FLC-PID for 

voltage control, and the second method proposes an FLC-PID 

for frequency control and the stabilization of generator 

frequency oscillations utilized in AGC and AVR. The 

simulations are carried out in load variation. 

2. Literature Review 
Tilahun et al. [14] presented the use of ANFIS for 

automatic generation control in one and two areas that provide 

modeling, development, and an investigational study for the 

hydroelectric system. This was done to reduce frequency 

variations that happen during power production. The 

outcomes demonstrate that the ANFIS controller outperforms 

both the PID and the FLC in terms of performance. However, 

because the frequency is controlled, the plant's voltage is not 

kept in a healthy state. 

Rishabh et al. [15] examined the effectiveness of two 

nearby hydroelectric systems for AGC using several 

controllers, including ANN, FLC, and PID, aimed at the best 
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regulator. In this case, it is a hydroelectric plant with a single 

area; the appearance of AGC via FLC produced better results 

than AGC via PID governor. Additionally, ANN was trained 

using information made from the outcomes of simulations of 

the optimal controller, and the trained artificial neural network 

model was utilized to monitor the hydropower plant's 

appearance at its peak. Huge settling time and steady-state 

inaccuracies characterize the trained ANN model. 

Sirisha et al. [17] looked at the AGC of interrelated 

energy systems and demonstrated how several regulators, 

including PI, PID, and fuzzy PI regulators, affected their 

appearance. When compared to the PI regulator, the 

appearance of the AGC with an FLC-PI regulator was greater. 

However, the authors did not assess the combined effects of 

the fuzzy logic and ANN models. 

Adane [18] introduced the use of fuzzy logic to create 

AGC problems in power system studies. A dual area has been 

considered in this article. Using the available response as a 

comparison point, the frequency variation for a step load rise 

at one location is displayed based on time. 

Baldevraj et al. [20] described the automatic generation 

control (AGC) issue in studies of power systems can be solved 

by designing a fuzzy controller using fuzzy logic. In this work, 

a two-area power grid has been taken into account. Using the 

classical integral controller, the frequency deviation for a step 

load increase in one area is displayed as a function of period 

and contrasted with the available response. This work's flaw 

was not contrasting its findings with those of traditional PID 

controllers. The sole comparison the authors made was with a 

traditional integrated controller. Additionally, they only 

employed one step load increase for two area systems. 

Kavita et al. [21] presented optimal correction of the PID 

regulator for LFC and AVR of dual-area connected power 

plants and demonstrated the efficacy of the intended system 

by contrasting the system with a traditional PI regulator and a 

traditional integral regulator. However, the PID and fuzzy 

logic were not compared, nor were their combined effects.  

The literature has suggested a variety of techniques to 

boost the efficiency of hydropower plant operations, including 

[4], [8]-[10], [22], [31], [35], [37], and [40] AGC and AVR 

utilizing FLC produced superior results than AGC and AVR 

using other controllers, according to the majority of literature 

reviews. To decrease the frequency and voltage variations that 

happen through power generation and to enhance the 

effectiveness of the regulator, this work describes the design, 

modelling, and control of an AGC and an AVR for a 

hydroelectric power system utilizing hybrid FLC-PID control. 

This research considers a connected power plant with four 

areas, in contrast to earlier studies that only looked at tests on 

a single-area hydropower plant. The main goals of this study 

are to offer the appropriate processes for tie-line power 

exchange and to enhance system appearance in transient 

conditions anytime there’s a load disruption. 
 

3. Material and Methods 
3.1. Automatic Voltage Regulator 

It is a generator initiation scheme that regulates both the 

system's reactive electricity and terminal voltage [26]. The 

AVR is made up of the following four main components and 

additions. 

3.1.1. Amplifier 

Transmitting fault signal to the exciter and is signified:    
                                                    

           
𝑉𝑅(𝑠)

𝑉𝑒(𝑠)
=

𝑘𝑎

1+𝑠𝑇𝑎
                                (1) 

 𝑘𝑎 and 𝑇𝑎  are amplifier gain and time constant, 

respectively. 

 

3.1.2. Exciter 

Provides an exciting field in the exciter to enhance a large 

generator and is signified by:  

           
𝑉𝐹(𝑠)

𝑉𝑅(𝑠)
=

𝐾𝑒

1+𝑠𝑇𝑒
                               (2) 

𝑘𝑒  and 𝑇𝑒 is gain and time constant of the exciter. 

 

3.1.3. Generator 

Generator is producing the voltage generator and 

signified by:  

            
𝑉𝑡(𝑠)

𝑉𝐹(𝑠)
=

𝑘𝑔

1+𝑠𝑇𝑔
                             (3) 

𝑘𝑔 and  𝑇𝑔 = generator gain and time constant, 

respectively. 

 

 

 

 

 

 

 

 

 
Fig. 1 Schematic diagram of AVR 
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Fig. 2 Schematic diagram of AGC 

 

3.1.4. Sensor 

In order to generate an error signal with a bridge fixer, the 

sensor makes a comparison between the output voltage and a 

set point signal.   

            
𝑉𝑠(𝑠)

𝑉𝑡(𝑠)
=

𝑘𝑟

1+𝑠𝑇𝑟
                           (4) 

𝑘𝑟 and 𝑇𝑟  are sensor gain and time constant.  A diagram 

of AVR through PID is displayed in the above figures. 

 

3.2. Automatic Generation Control 

The elimination of frequency and exchange power faults 

in the system is the real aim of AGC [28]. The components are 

as follows:  
 

3.2.1. Governor 

Controls the system's actual power flow and tracks the 

movement of the governor-maintained valves.        
                               

                   
𝑃𝑒(𝑠)

𝑃𝑣(𝑠)
=

𝑘𝑔

1+𝑠𝑇𝑔
                                (5) 

 

 𝑘𝑔 and 𝑇𝑔 are governor gain and time constant 

correspondingly. 
 

3.2.2. Turbine 

It converts electrical energy to mechanical energy. 
 

                
∆𝑃𝑚(𝑠)

∆𝑃𝑒(𝑠)
=

1−𝑠𝑇𝑤

1+𝑠0.5𝑇𝑤
                                 (6) 

 

  𝑇𝑤 is water starting time. 

 

3.2.3. Power System 

The generator and the electrical load constitute the energy 

scheme and will be: 

 

                          
2𝐻𝑑2𝛥𝛿

𝜔𝑠𝑑𝑡2 = 𝛥𝑃𝑚 − 𝛥𝑃𝑒 

 

               
∆𝑓(𝑠)

∆𝑃𝑎(𝑠)
=

1

2𝐻𝑠+𝐷
                                (7) 

 

Where, D and H damping constant and mass inertia load 

individually. 

 

3.2.4. Speed Regulator 

It is a sensor for detecting the output error and sending 

information to the controller. 

 

                   
∆𝑃𝐺(𝑠)

∆𝑓(𝑠)
=

1

𝑅
                                      (8) 

 

Where, R is the regulator constant. The diagram of AGC 

is: 

 

3.3. PID Controller  

Conventional PID control systems frequently employ 

AGC and AVR [17]. The variance between the anticipated set 

point and the actual plant output, a measurable process 

variable, is used to calculate the error value. It also attempts to 

reduce variances by modifying the regulated variables. Due to 

their various advantages, which include a wide range of 

relevance, a quality close to optimal, and ease of use for plant 

operators, they are frequently used in industrial processes. The 

transfer function and block diagram of PID can be: 

 

               GPID(s) = Kp +
Ki

s
+ Kds                                     (9) 

 
Fig. 3 Schematic diagram of PID 
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Fig. 4 Schematic diagram of FLC 

3.4. Fuzzy Logic Controller  

In 1965, Zadeh proposed the use of fuzzy logic. In human 

reasoning, fuzzy logic is a technique accustomed to model 

vagueness. FL is excellently aimed at describing vague data 

and terminology, for example, explanations in human 

linguistics, in an intuitive manner. Due to its knowledge-based 

algorithm, improved nonlinearity treatment capabilities, and 

freedom from system modeling, fuzzy control has become 

more common over the past three decades. Linguistic control 

is responsible for the popularity of the FLC. Here, it’s 

unnecessary to have a precisely measured model of the plant 

to be [40]. As a result, the FLC has proven to be quite useful 

in the field due to its ability to provide complicated non-linear 

control to even uncertain non-linear systems. Because no 

constraint guesstimate is necessary when developing 

regulators for nonlinear systems, their primary benefit is that 

regulator settings will be attuned quickly to the system's 

dynamics. In addition to the aforementioned attributes, an 

FLC also creates decent performance in terms of constancy, 

accuracy, dependability, and quickness. The system inputs for 

control systems are feedback error and variation of error, and 

the control operation is the system output using simple IF-

THEN rules. Table-I assumes the appropriate fuzzy rule base, 

where NB, NM, NS, Z, PS, PM, and PB stand for negative 

large, negative medium, negative small, zero, positive small, 

positive medium, and positive big. The newly created fuzzy 

controller will operate similarly to a PID controller with time-

varying parameters. The center of gravity defuzzification 

method and the Mamdani-type fuzzy inference system have 

both been employed [22]. The architecture of FLC is given by: 

 

Fuzzification changes crisp values into fuzzy membership 

functions that FLC can recognize. The FIS, which is utilized 

to infer rules from rules based on inputs to product outputs, is 

the system's brain. Sugeno and Mamdani, two alternative FIS, 

are available. The Mamdani FIS is taken into account for 

demonstration in this work. In a process identified as 

defuzzification, the fuzzy output variables are once again 

transformed into clear values so that the result is likewise 

comprehensible to the average person [9]. The frequency 

variation and its derivation will serve as the input membership 

functions, which are as follows:   
 

 
Fig. 5 Membership function of error 

 

 
Fig. 6 Membership function of the derivative of the error 

 
 

 
Fig. 7 Membership function of output table I. FLC rule base 
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Table 1. FLC rule base 
e 

de 
NB NM NS Z PS PM PB 

NB NB NB NB NM NB Z NS 

NM NB NB NM NS NS PS PS 

NS NB NM NS Z Z PM PM 

Z NM NS Z PS PS PM PB 

PS NS Z PS PM PM PB PB 

PM Z PS PM PB PB PB PB 

PB PS PM PB NB NM NS PB 
 

3.5. AGC and AVR Relation 

Since the excitation regulator of the generator has a 

smaller time persistent supplied by the field winding than the 

AGC, It works as slowly. It has a larger time constant donated 

by the turbine and generator instant of inertia. The AGC and 

AVR are reflected individually. As a result, a transient in the 

excitation regulator disappears considerably more quickly and 

has no impact on AGC. In reality, the two don't intersect; the 

connection is there, but in the other direction because AVR 

impacts how much electromagnetic field is produced [34]. 

This electromotive force restricts the amount of real power, 

which is felt in AGC as a result of AVR. The following 

equation results from a slight voltage influence on the real 

power: 

                       𝛥𝑃𝑒 = 𝑃𝑠𝛥δ + 𝐾2𝐸′                             (10)  

 

Where, K2, Δδ, Ps are constant, load angle and 

synchronizing power coefficient, respectively. And the active 

output power will be: 

 

                𝛥𝑃𝑒𝑜 = ∆𝑓
1

𝑅
= 𝑉𝑑 ∗ 𝐼𝑑                              (11) 

 

By inserting a small rotor angle effect on the voltage of 

the generator terminal, we may write  

                    

                   𝛥𝑉𝑡 = 𝐾5𝛥δ + 𝐾6𝐸′                            (12) 

 

Where 𝐾5 and 𝐾6 are changed in voltage for a minor 

variation in the stator and load angle, respectively.                                     

And the reactive power will be: 

 

                    ∆𝑄𝑒𝑜 = 𝑉𝑞 ∗ 𝐼𝑞                              (13) 

                                                                                               

We can determine the stator voltage as follows: by 

adjusting the transfer function of the generator’s field to 

account for the influence of the load angle:   

         

             𝐸′ =
𝐾𝑔

1+𝑇𝑔
(𝑉𝑓 − 𝐾4𝛥δ)                              (14)   

 

The comprehensive schematic figure of AGC and AVR 

for one location: 

 

 
Fig. 8 Schematic diagram of AGC and AVR loop 
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3.6. Four-Area Interconnected Structure 

The majority of power systems are made up of several 

components, some of which may exhibit nonlinear behavior. 

Due to the tie-line that connects these sites, control over power 

flow and frequency is required. Within a connected system, tie 

lines link related regions. A power exchange takes place 

through the tie line connecting the four places when the 

frequencies in those areas are in opposition to one another. 
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9 Four areas linked scheme 

 

Area i to area j tie-line power flow can be illustrated as: 

                

𝑃𝑡𝑖𝑒,𝑖𝑗 =
𝐸𝑖𝐸𝑗

𝑋
𝑠𝑖𝑛(δ𝑖 − δ𝑗)                (15) 

 

Where 𝐸𝑖  and 𝐸𝑗  are the voltage magnitude of each 

power, 𝑋 is transmission impedance and  δ𝑖 , δ𝑗 each load 

angle. The tie line power can be represented: 

 

                𝛥𝑃𝑡𝑖𝑒,𝑖𝑗 = 𝑇𝑖𝑗𝛥δ𝑖𝑗 = 𝑇𝑖𝑗(δ𝑖 − δ𝑗)              (16) 

 

 Where synchronizing coefficient 

 

              𝑇𝑖𝑗 =
|𝐸𝑖||𝐸𝑗|

𝑃𝑟𝑖𝑋
cos((δ𝑖 − δ𝑗)             (17)  

 

The detailed schematic diagram modeling of four areas 

hydro-hydropower system for load frequency control as 

displayed:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

                    Fig. 10 Block diagram of four areas interconnected system 

 

4. Simulation Result and Discussion 
To demonstrate how well AGC and AVR perform using 

MATLAB software, single and interconnected power systems 

with PID and FLC-PID controllers are constructed in this 

work. The parameters of the generators connected to the 

endless bus with the transmission line of the four hydroelectric 

systems in Ethiopia (Tekeze, Gilgelgibe II, Tana Beles, and 

Tiss Abay) are specified in Table 2&3. 
 

Table 2. Parameters constant for AGC 

Parameter Area 1 Area 2 Area 3 Area 4 

Generator constant 
Tg1= 0.5s 

kg1=1 

Tg2= 0.5s 

kg2=1 

Tg3= 0.5s 

kg3=1 

Tg4= 0.5s 

kg4=1 

Turbine constant Tw1= 0.1s Tw2= 0.1s Tw3= 0.1s Tw4= 0.1s 

Inertia constant H1=3 H2=3 H3=3 H4=3 

Speed constant R1=0.05 R2=0.04 R3=0.05 R4=0.04 

Load disturbance ∆PL1= 0.05pu ∆PL2= 0.06pu ∆PL3= 0.05pu ∆PL4= 0.06pu 

Tie-Line Coefficient constant ∆T12=0.012pu ∆T23=0.012pu ∆T34=0.012pu ∆T41=0.012pu 

Normal Frequency f1=50 Hz f2=50 Hz f3=50 Hz f4=50 Hz 

Area 1 Area 4 

Area 1 Area 3 

Ptl, 41 

P
tl

, 
3
4
 

P
tl

, 
1
2
 

Ptl, 23 
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Table 3. Parameters constant for AVR 

Constraint Area 1 Area 2 Area 3 Area 4 

Amplifier 

constant 

Ta1=0.04s 

ka1=40 

Ta2=0.04s 

ka2=40 

Ta3=0.04s 

ka3=40 

Ta4=0.04s 

ka4=40 

Exciter 

constant 

Te1= 0.4s 

ke1=1 

Te2= 0.3s 

ke2=1 

Te3= 0.4s 

ke3=1 

Te4= 0.3s 

ke4=1 

Generator 

constant 

Tg1= 1s 

kg1=1 

Tg2= 1s 

kg2=1 

Tg3= 1s 

kg3=1 

Tg4= 1s 

kg4=1 

Sensor constant 
Tf1= 0.05s 

kf1=1 

Tf1= 0.03s 

kf2=1 

Tf1= 0.05s 

kf3=1 

Tf1= 0.03s 

kf4=1 

PID constant 

kp1=0.4 

kd1=0.3 

ki1=0.2 

kp2=0.4 

kd2=0.3 

ki2=0.2 

kp3=0.4 

kd3=0.3 

ki3=0.2 

kp4=0.4 

kd4=0.3 

ki4=0.2 
                     Source: Dynamic generator parameter in Ethiopia 

 

4.1. Simulation Result of the Single Area 

 
Fig. 11 Simulation diagram of a one region 

 

 
        Fig. 12 Frequency change response of single area 

 

 
Fig. 13 Voltage response of single area 
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4.2. Simulation Result of Four Area Interconnected Systems 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      

 

              Fig. 14 Block diagram of the four-area interconnected system 

 
Fig. 15 Frequency deviation of area 1 

 
Fig. 16 Frequency deviation of area 2 

 

 
Fig. 17 Frequency deviation of area 3 

 
Fig. 18 Frequency deviation of area 4 



Abdulkerim Ali et al. / IJETT, 71(5), 84-97, 2023 

 

93 

 
 

Fig. 19 Tie line power change, 12 

 

 
 

Fig. 20 Tie line power change, 23 

   

 
 

Fig. 21 Tie line power change, 34 

 
 

Fig. 22 Tie line power change, 41 

 

 

 
 

Fig. 23 Terminal voltage 1 

 

 

 
 

Fig. 24 Terminal voltage 2 
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Fig. 25 Terminal voltage 3 

 

 
Fig. 26 Terminal voltage 4 

 

4.3. Result Discussion 

This study illustrates both single and multiple 

interconnected hydropower plants. The performance of the 

hydropower plant's AGC and AVR were assessed using PID 

and FLC controllers. The simulations for the self-supporting 

and networked hydraulic plants were carried out using 

MATLAB software. Figs. 12 and 13 show, respectively, the 

single-area power plant with the output frequencies and 

voltages of the AGC and the AVR. The results indicate that a 

lower AGC and AVR performance coupled with an increased 

frequency and voltage deviation leads to very significant 

steady-state inaccuracies. When the frequency deviation is 

between 1% (0.5 Hz) and the nominal value, it is within the 

power plant's permitted tolerance (50 Hz). 

Without controllers, AGC and AVR had to settle periods 

of 70 s, overshoots of 10%, and frequency errors of -0.012 pu 

for the frequency response; and settling periods of 16 s, 

overshoots of 79%, and voltage errors of -0.1 pu for the 

voltage response. This indicates that for the single-area 

hydroelectric system, the actual frequency deviates from the 

nominal value (50 Hz) by 5 Hz (0.1 pu), and the voltage 

deviates from the nominal value by 9.45 kv (0.79 pu). 

Allowing this operating condition to continue will have an 

effect on performance and harm various system parts. To 

resolve this problem and generate a steady power supply, 

additional controllers, such as PID and FLC-PID, were also 

used to address this issue and produce a steady power supply. 

When AGC and AVR with PID were used for the frequency 

response, they resulted in settling times of 20 s, overshoots of 

7%, and frequency errors of 0. The system of AGC and AVR 

in a single region with FLC-PID for the frequency response 

performed with a settling period of 5 seconds, an overshoot of 

4%, and a steady state error of 0. The AVR and AGC with 

PID's voltage response resulted in a settling time of 5 seconds, 

a 50% overshoot, and a steady state error of 0. The voltage 

response of the single area hydropower plant's AVR and AGC 

with FLC-PID had settled in 3 s with an overshoot of 18% and 

a steady state error of 0. The results show that AGC and AVR 

with applied FLC-PID are more steady and rapid than when 

AGC and AVR are employed without and with a PID 

controller for a single area power system. 

A multi-area interconnected hydroelectric system has 

trouble managing the scheduled frequency range in contrast to 

a single area. In addition to operating within the appropriate 

frequency range, variations in the tie-line energy flow from 

the four-region hydropower plant should be observed based on 

prescribed values. Interconnected power plants can maintain a 

certain level of power quality, but the control mechanism is 

still challenging to execute because of their time-varying and 

nonlinear behaviours. A rapid switch in control action is 

needed to address the interrupted system at these four 

neighbouring hydropower sites. Areas 1, Area 2, Area 3, and 

Area 4 were found to have high levels of dynamic oscillations, 

frequency variations, and steady-state faults using AGC and 

AVR only, as illustrated in Figs. 15–18; tie-line power 

variation can also be seen in Figs. 19–22. The results reveal 

that the frequency deviates from the normal (50 Hz) by 1.8 Hz 

(0.036 pu), and the voltage deviates by 10.125 kV (0.75 pu) 

from the nominal (13.5 kV).  

 

This is not a sufficient frequency and voltage fault 

because the frequency and voltage change in a networked 

hydroelectric facility is estimated to be very small even when 

the plant has additional renewable energy sources like wind 

power plants, which also contribute to the significant 

fluctuation that arises in the system. Artificial intelligence 

control, for example, is crucial in this situation as a swift and 

effective performance regulator. The frequency responses of 

the settling period, overshoot, and frequency error were all 60 

seconds, 3.6%, and 0.012 pu when AVR and AGC controllers 

were only used. But when AGC and AVR were used with PID, 

the frequency responses of the settling period, overshoot, and 

frequency error were all 25 seconds, 2.4%, and 0.  

 

The settling period, overshoot, and frequency variation 

for AGC and AVR with an FLC-PID controller are also 6 s, 

2.1%, and 0, respectively. Figs. 16–18 show the frequency 

responses of the AGC in Areas 2, 3, and 4, using PID and 
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FLC-PID, and they all have the same result. The settling time, 

overshoot, and voltage deviation were 16 s, 75%, and 0.1 pu 

without the controllers of AGC and AVR. This is shown in 

Figs. 23–26. However, using AVR and AGC with PID control 

led to a voltage response with a settling time, overshoot, and 

voltage change of 5 s, 50%, and 0. The settling time, 

overshoot, and voltage deviation were reduced to 3 s, 18%, 

and 0 with the help of AVR and AGC with FLC. The 

hydropower plant's dynamic oscillation, voltage deviation, 

and settling time were all improved when AVR and AGC with 

FLC-PID were utilized instead of AVR and AGC without and 

with a PID controller. Using PID and FLC-PID, Areas 2, 3, 

and 4 of the AVR function similarly to Area 1 in terms of 

voltage responses, as shown in Figs. 24 - 26. 

5. Conclusion and Future Work 
The key target of this article was to design, model, and 

regulator the operation of the AGC and AVR on four 

interconnected power systems through the use of the FLC-PID 

controller. The system responds dynamically to a load 

modification of 0.1 pu. An FLC controller's peak overshoot, 

settling time, and steady-state error are significantly lower 

than those of a traditional PID controller. The settling time, 

overshoot, and steady-state error are decreased by 58.33%, 

33.33%, and 1.2%, respectively, in contrast to the frequency 

response of the AGC without a controller. In contrast to the 

frequency response of AGC with PID, the FLC controller 

reduces the settling time, overshoot, and steady-state error by 

76%, 12.5%, and 0%, respectively. Moreover, the settling 

time, overshoot, and steady-state error are all decreased by 

68.75%, 33.3%, and 90%, respectively, when AVR is applied 

with a PID and compared to AVR without the controller. 

 

In contrast, compared to AVR with PID, the voltage 

response of AVR with FLC has experienced a decrease in 

settling time of 40%, overshoot of 64%, and steady-state error 

of 0%, respectively. As a result, when AGC and AVR with 

FLC were used instead of with and without a PID controller, 

the hydropower plant's dynamic oscillation, frequency and 

voltage deviation, and settling time of the voltage and 

frequency response were all improved. The results of all 

comparable simulations, which have been run for various load 

increases, are consistent with the research's conclusions. The 

system regulators will be adjusted utilizing various modern 

optimization approaches for subsequent work. 
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