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░ ABSTRACT- This research paper mainly engrossed on developing a suitable novel tuning methodology named Black 

Widow Optimization (BWO) Algorithm for power system optimization problems. Load Frequency Control (LFC) and Automatic 

Voltage Regulator (AVR), two of the most important control systems in the power system arena, are employed as test systems to 

assess the efficiency of the suggested BWO approach. Various analyses, such as transient analysis, are employed to evaluate the 

efficiency of the suggested BWO approach in LFC and AVR systems. robustness analysis and convergence analysis. The significant 

performance measures of test system such as output power of each generating unit, maximum peak, settling time, steady state error, 

rise time and voltage/frequency deviations of the frequency and voltage responses are considered for the comparison purposes. The 

comparative analysis clearly demonstrates that the proposed novel tuning methodology provides better transient performances 

subjected to Step Load Perturbations (SLP), Variable Load Perturbations (VLP), and robustness performances under a wide range 

of load and parameter changes ranging from -50% to +50%. The convergence analysis of BWO algorithm also performed in LFC 

and AVR test systems and results better convergence characteristics with minimal convergence time as well as least fitness value is 

obtained with the BWO algorithm. 
 

Keywords: Automatic Voltage Regulator (AVR), Black Widow Optimization Algorithm (BWO), Load Frequency Control 

(LFC), Integral Controller (I), Proportional Integral Derivative controller (PID), single-area multi- source LFC system. 

 

 

 

░ 1. INTRODUCTION   
Recent research works in LFC arena extended towards 

incorporating renewable energy resources. This will lead to the 

development of optimal control methodologies in LFC system 

to rectify the uncertainty problems because renewable energy 

sources have been included [1–5]. 
 

The majority of such intelligent tuning techniques, including 

Hybrid Bacterial Foraging Particle Swarm Optimisation 

(BFOA-PSO), produced successful results in multi-source LFC 

systems, water cycle algorithm, whale optimizer algorithm, 

Artificial Bee Colony optimisation algorithm (ABC), Bacterial 

Foraging Optimization Algorithm (BFOA), modified Jaya 

optimization, constrained population algorithm, Imperialist 

competitive algorithm, GOA, Grey Wolf Optimization 

Algorithm, Cuckoo search optimization etc., [6, 7].  In similar 

way, so many metaheuristic approaches have been developed 

for tuning the AVR system's controller gain levels for 

techniques like salp-swarm optimization, [8 9,10]. 
 

 BFOA, cuckoo search algorithm, chaos-ABC, local unimodal 

sampling approach, teaching learning based optimal tuning 

approach, Sine–cosine algorithm and chaotic yellow saddle 

goatfish algorithm [11]. 
 

These optimization algorithms have proved their effectiveness 

in any of the aspects. Still research works are carried out in these 

arenas to innovate a novel intelligent control approach, to 

enhance the system effectiveness further compared to existed 

controllers for many control approaches and suitable for all type 

of environmental constraints as well as with improved 

convergence characteristics. An alternate feasible optimization 

algorithm named BWO, is suggested in this article for optimal 

tuning of integral as well as PID's gain values in both LFC and 

AVR systems. The BWO algorithm was developed recently and 

proved its excellence in most of the engineering problems [12, 

13]. In many ways, involving early convergence and attaining 
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optimum fitness values, the BWO method is superior to other 

optimization algorithms. It can also get results which are 

competitive and promising. The BWO method performs well 

throughout the exploitation and exploration phases, obtains 

rapid convergence, and stays away from local optimization 

issues. The capability to preserve a balance between 

development and exploration is another important feature of 

BWO. To achieve the best overall solution, one can examine a 

vast area, in other words. Therefore, BWO can be used to solve 

numerous optimization issues employing a variety of local 

optimizations. The target of this research is to develop the BWO 

approach for optimizing integral and PID controller gain values 

in both LFC and AVR test systems [14]. In every optimization 

approach, the cost function plays a crucial role. In this paper, 

one of the most promising ITAE fitness function is chosen due 

to its fast response and lesser settling time. Moreover, the ITAE 

error can be used to reduce small errors that remain for long 

time. This study work [15,16] suggests that ITAE mistakes be 

minimized in order to prevent power system problems caused 

by tiny frequency and voltage changes that persist over an 

extended period of time. 
 

In multi-source LFC systems, most of these intelligent tuning 

methods, including hybrid bacterial foraging particle swarm 

optimization (BFOA-PSO), were successful. Accordingly, 

three significant investigations like transient analysis, 

robustness analysis and convergence study were performed in 

this research workStep Load Perturbation (SLP) was used in 

transient analysis, and potential multi-source output responses 

were examined. LFC system and AVR system were analyzed 

[17].  

 

░ 2. DESCRIPTIONS OF MULTI-

SOURCE LFC SYSTEM 
 

2.1 Wind Energy System (WES) Integrated 

Single-Area Multi-Source LFC System-Test 

System-1 
 

 
Figure 1: Linearized model of hybrid LFC system with wind energy 

source 
 

The mathematical model of proposed hybrid LFC arrangement 

is given in figure 1. The linearized design of test system is 

developed by incorporating both conventional and renewable 

energy resources such as thermal, hydro, gas and wind energy 

resources. 
 

Figure 1 displays the notional specifications and configurations 

of conventional and renewable power generation systems, 

which are drawn from existing research [18, 19] papers and are 

provided in the Appendix. 
 

2.2 Transient Response Analysis of the Multi-

Source LFC System without Controller 
To examine the transient behaviour of the suggested multi-

source LFC structure without employing a controller, an SLP of 

10% is applied to test system 1. MATLAB is used to simulate 

the output frequency deviation behaviour and output of each 

power supply, and the resulting graphs are displayed in figure 

2. 
 

 
 

Figure 2: Frequency deviation behaviour of hybrid LFC system 

without controller 
 

2.3 Automatic Voltage Regulator System-Test 

System 2 
The linearized structure of AVR unit proposed in this research 

article is illustrated in figure 3. Amplification benefit is shown 

using the word KA, while exciter benefit and time steady are 

indicated using KE, and TE, respectively. In the same manner 

that sensor benefit and time steady are denoted by KR and TR, 

generator benefit and time steady are denoted by KG and TG, 

respectively. This research thesis takes into consideration the 

typical values of nominal parameter configurations that are 

found in the majority of past research works, and these values 

are provided in Appendix [20-24]. 
 

 
Figure 3: Linearized mathematical model of AVR system 

 

2.4 Transient performance analysis of AVR 

system without controller 
To study the AVR device's short-term performance without a 

controller, the Straight-Line Program (SLP) of one p. u is 

practical [25-28]. The output voltage deviation responses are 

simulated using MATLAB and corresponding plots are 

depicted in figure 4. 

https://www.ijeer.forexjournal.co.in/
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Figure 4: Output performance of hybrid LFC system without integral 

controller 
 

░ Table 1: Transient response analysis of AVR without 

controller 
 
 

Measuring Indices AVR without controller 

Steady State Error (V) 0.0881 

Settling time (s) 7.0189 

Maximum Peak (V) 1.5055 

Rise Time (s) 0.2620 

 

These charts demonstrate quite well that the AVR's output 

performance is more oscillatory in the absence of a controller 

[29-31]. For clear analysis the transient measuring indices are 

measured from the graph using ‘stepinfo’ comment in 

MATLAB and scheduled in table 1. In this article, the 

fundamental measurements are error at steady state condition 

(SSE), settle time (ST), maximum peak value (MP), and rise 

time (RT). This table clearly illustrates an optimal controller 

should be provided to retain the stability of the system as well 

as reducing voltage error. 
 

░ 3. BLACK WIDOW OPTIMIZATION 

ALGORITHM  
The BWO is the newly developed novel intelligent optimization 

technique, that copies the behaviour of the black widow spiders 

[13]. Due to its simple coding and faster convergence, it can be 

suited for any type of optimization problems.  This approach is 

developed through concerning the pairing of the black widow 

spiders. 
 

The algorithmic steps of BWO tuned LFC multi source system 

are as follows: 
 

 
Figure 5: Flow Chart of BWO Algorithm 

The flowchart representation of BWO algorithm is illustrated in 

figure 5. The global optimal solution is obtained in BWO 

algorithm by one of the main algorithmic steps named 

cannibalism in which the least fitted solutions are eradicated. 

Compared to other optimization approaches the BWO 

converges very faster and can be applicable to both 

minimization and maximization function. 

 

░ 4. RESULTS AND DISCUSSION 
 

4.1 Transient response analysis of hybrid LFC 

system tuned with BWO algorithm 
To analyze the transient performance response of hybrid LFC 

series tuned with BWO algorithm using the SLP of 10% results 

in the following controller gain values for the LFC system with 

integrated controller and PID controller: KI2=0.7958, 

KP=0.12264, KI=0.8578, and KD= 0.21131 are the tuned PID 

gain parameters. The LFC system's frequency deviation 

response is then taken into account with these tuned controllers. 

By comparing the frequency deviation response of the BWO-

tuned LFC controller, BWO-tuned LFC integral controller, and 

PID controller with the reported LQR-based integral tuning 

methodology, the accuracy of the BWO algorithm is evaluated. 
 

 
 

Figure 6: Comparative transient responses of hybrid LFC system 
 

The comparative plots are illustrated in figure 6. This figure 

certainly reveals that, the LFC system performance with BWO-

PID controller exemplify better output power for all 

conventional and renewable energy system with, lesser 

oscillations, less transcend, and less settle time error in contrast 

to other techniques. 
 

4.2 Transient analysis of AVR System tuned with 

BWO algorithm 
The figure 7 obviously describes that, the suggested BWO 

tuned PID controller extemporize the response of the AVR 

module with less SSE, SE, MP compared to the uncontrolled 

system and GOA tuned PID controller stated in earlier 

reference. 

 

 
Figure 7: Comparative transient responses of AVR system 

https://www.ijeer.forexjournal.co.in/
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4.3 Robustness investigation of hybrid LFC 

System with fixed load perturbations 
To assess the system's robustness, wide fluctuations in SLP are 

applied to the LFC system in the range of -50% to +50% in 25% 

step variations.  
 

 
 

Figure 8: Output power of individual power source in multi-source 

LFC system with controller 
 

Hence, from figure 8, the superiority of proposed BWO-PID 

controller is evidently proved in multi-source LFC test system 

integrated with wind energy resources. The robustness can be 

calculated using following steps: 
 

Parameters of linearized single- area multi source LFC test 

system [31] 
 

LFC system parameters: R1 = 10, R2=R3 =2.4, β= 0.425, Tp= 

20 s, Kp =120.  
 

Thermal series parameters: TSG = 0.07 s, Tt = 0.4 s, Krt = 

10.5/3, Trt = 11 s. 

Hydro series parameters: Tw = 2 s, Tgh = 0.3 s, T1 = 6 s, T2 = 

27.85 s. 
 

Gas series parameters: M = 0.7, N= 1, a= 1.04, b= 1.1, Tcd = 

1.2 s, Tcr = 1.3 s, Tf = 1.23s 
 

Wind series parameters: ωs = 1.3 p.u, ωopt=1 p.u, Ht=5.42 s, 

Lm=3.7 p.u, Lr / Ls=3.06/4.09 (p.u),     Rr/Rs=0.017 (p.u), 

X0=62.5 (p.u), Twt=(Lr + Lm2/Ls) / (ωs/Rr)= 2.304 s 

 

4.4 Robustness investigation of hybrid LFC 

System with variable load perturbations 
The output performances of the suggested BWO tuned PID 

controller of the test system-1 under these wide range of load 

variations are simulated using MATLAB and depicted in figure 

9. To increase the visibility the peak and ultimate settling period 

is depicted in the same image and is magnified. Figure 9 

obviously describes that, under the wide range of load 

variations, the proposed BWO tuned PID controller for LFC 

system provides a stable response with minimum range of 

deviations in time domain specifications. 

 

 
 

Figure 9: Robustness of LFC series subject to fixed load disturbances 

 

 
Figure 10: Robustness of LFC series subject to fluctuating load 

disturbance 

https://www.ijeer.forexjournal.co.in/
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To analyze the flexibility of the BWO tuned LFC test system 

subjected to practical environments the dynamic load testing is 

used to further evaluate the system's resiliency as shown in 

figure 10a. Corresponding frequency deviation response is 

depicted in figure 10b. The figure demonstrates that the 

suggested BWO-tuned PID controller for the proposed multi-

source test system can early maintain stability with minimal 

frequency deviation when subjected to a fluctuating load 

disturbance. 

 

░ 5. CONCLUSION 
An off-line tuning of PID for single-area hybrid LFC system 

with conventional and renewable energy resources and an AVR 

system with an effective novel metaheuristic approach named 

BWO is suggested in this paper.  The multi-source LFC test 

system chosen for analysis consists, thermal, hydro, gas and 

wind energy resources. Initially, the output frequency deviation 

responses and the output power of individual energy sources of 

the LFC system are analysed without any controller and these 

results clearly reveals that the performances of the system 

without controller becomes unstable. Similarly, it was observed 

that, the AVR system without controller has high steady state 

error values. Hence, BWO-tuned integral and BWO-tuned PID 

controllers have been developed to further explore the 

performance of LFC and AVR test systems with three analyses, 

including transient, robustness, and convergence analyses. In 

order to reduce frequency error, ITAE is suggested as an 

appropriate fitness function in this approach of optimal 

adjustment. The simulation results of transient analyses in both 

LFC and AVR test systems clearly reveals that the BWO tuned 

PID controller produces better output response with improved 

system stability. Comparing to earlier documented results, 

minimum value of final state error, settle time, rise time and 

maximum peak is obtained while analyzing the output transient 

responses of both LFCs and AVRs. The performance of LFC 

and AVR systems in robustness analysis illustrates that the 

proposed BWO tuned LFC and AVR systems are maintaining 

stability under static and dynamic load perturbations that 

ensures the suitability of the suggested algorithm in practical 

environments. Similarly, the convergence analysis results of the 

BWO algorithm on the LFC and AVR test systems clearly 

demonstrated that the BWO algorithm converges very quickly 

with minimal computation time and lowest goodness-of-fit 

value. The positional values of randomly generated particles in 

the solution space over consecutive iterations are also analyzed 

in the convergence analysis, and proved that, the solutions 

produced in BWO tuned LFC and AVR systems are, global 

optimal solutions. 
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