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Abstract - The integration of photovoltaic (PV) systems into 

multimachine power systems presents significant challenges to 

transient stability due to their intermittent nature and lack of 

inherent inertia. This study proposes the use of a PV-STATCOM 

system, combining PV generation with Static Synchronous 

Compensator (STATCOM) functionality, to enhance stability in 

Kundur’s two-area multimachine power system. The PV-

STATCOM controller parameters are optimized using a hybrid 

Particle Swarm Optimization with Bacterial Foraging 

Optimization Algorithm (PSO-BFOA). Simulations conducted in 

MATLAB/Simulink R2024b compare the system’s dynamic 

response under a three-phase line-to-line-to-ground (LLL-G) fault 

with and without PV-STATCOM. Results show that the PV-

STATCOM system reduces settling time by 60% (from 4.5 s to 

1.8 s), decreases overshoot by 54.8% (from 25.0% to 11.3%), 

increases damping ratio by 225% (from 0.200 to 0.650), and 

improves reactive power peak capability by 60% (from 50 MVar 

to 80 MVar). These findings highlight the efficacy of PV-

STATCOM with PSO-BFOA optimization in enhancing transient 

stability, offering a viable solution for renewable-integrated 

power systems. Future research directions include exploring 

dynamic environmental conditions and experimental validation 

through hardware-in-the-loop testing. 
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1. INTRODUCTION 

 
The global energy landscape is undergoing a transformative 

shift towards renewable energy sources (RES), driven by 
environmental concerns, fossil fuel depletion, and decarbonization 
initiatives. In 2023, global energy consumption rose by 2.2%, with 
renewable energy projected to contribute over 17,000 TWh by 
2030, a 90% increase from 2023 levels [3]. India has achieved a 
renewable capacity of 201.45 GW as of October 2024, with solar 
PV leading due to its modularity, declining costs, and zero-
emission operation. However, integrating PV systems into 
multimachine power systems introduces challenges such as 
reduced inertia, voltage instability, and frequency oscillations, 
stemming from the intermittent nature of solar generation and the 
lack of inherent inertia in PV inverters [1]. 

Flexible AC Transmission Systems (FACTS) devices, such as 
the Static Synchronous Compensator (STATCOM), have been 
employed to enhance power system stability through dynamic 
reactive power compensation. The PV-STATCOM, a hybrid 
system combining PV inverters with STATCOM functionality, 
enables both active and reactive power support, even during low 
solar generation periods. Conventional control strategies like PI 
controllers often struggle with the nonlinear dynamics of modern 
grids, necessitating advanced approaches. Soft computing 

techniques, such as Particle Swarm Optimization (PSO) and 
Bacterial Foraging Optimization Algorithm (BFOA), offer 
intelligent solutions for optimizing controller parameters. 

This study investigates the enhancement of transient stability 
in Kundur’s two-area multimachine power system using a PV-
STATCOM system with PSO-BFOA-optimized control. The 
system’s performance is compared under two scenarios with and 
without PV-STATCOM subjected to a three-phase LLL-G fault. 
The objectives are to develop a detailed model, design optimized 
control strategies, and evaluate the dynamic response using metrics 
like settling time, overshoot, damping ratio, and reactive power 
injection. The findings underscore the potential of PV-STATCOM 
in renewable-integrated grids, building on prior research 
summarized in Table 1.  

 

1.1 Background 
 

The integration of PV systems into multimachine power 

systems, comprising multiple synchronous generators 

interconnected over long transmission lines, poses significant 

operational challenges [2]. PV systems lack rotational inertia, 

reducing overall system inertia and increasing susceptibility to 

frequency excursions and voltage instability during disturbances. 

The intermittent nature of solar generation, driven by weather 

variations, causes rapid power fluctuations that can destabilize the 

grid. High PV penetration also leads to reverse power flows, 

harmonic distortions, and risks of unintentional islanding, 

complicating system operation [3]. 

FACTS devices like STATCOM provide real-time voltage 

regulation and reactive power support to mitigate these issues. The 

PV-STATCOM extends this functionality by enabling PV 

inverters to operate as STATCOMs, supplying or absorbing 

reactive power during both daytime and nighttime conditions. 

This dual role enhances grid stability, improves power factor, and 

ensures compliance with grid codes while maximizing PV 

infrastructure utilization. However, traditional PI controllers 

struggle with the nonlinear dynamics of PV-integrated systems, 

particularly under faults [4]. 

Soft computing techniques, including Fuzzy Logic (FL), 

Artificial Neural Networks (ANN), Genetic Algorithms (GA), and 

PSO, have been applied to power system control, offering 

adaptive and robust solutions. Hybrid methods like PSO-BFOA 

combine PSO’s global search with BFOA’s local chemotaxis, 

enabling precise controller tuning for complex systems like PV-

STATCOM [5-6]. Table 1 summarizes key research articles on 

PV-STATCOM and soft computing applications in power 

systems, highlighting their methodologies, findings, and 

relevance to this study. This work leverages PSO-BFOA to 

optimize PV-STATCOM controller parameters, aiming to 

enhance transient stability in a multimachine power system under 

dynamic disturbances. 
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Table 1: Summary of key research articles on PV-STATCOM. 

 

Ref 

Auth

ors 

(Year

) 

Title Metho

dology 

Key 

Findings 

Relevance to 

Current Study 

[7] 

Varm

a et 

al. 

(2010

) 

PV-

STATC

OM: A 

New 

Smart 

Inverter 

for 

Voltage 

Control 

in 

Distribu

tion 

Systems 

The 

propos

ed PV-

STAT

COM 

concep

t 

integra

tes PV 

inverte

rs with 

STAT

COM 

functio

nality, 

simulat

ed in 

PSCA

D. 

PV-

STATCO

M 

enhances 

voltage 

stability 

and 

supports 

the grid 

during low 

solar 

generation 

periods. 

Establishes the 

PV-STATCOM 

concept used in 

this study for 

stability 

enhancement. 

[8] 

Panda 

et al. 

(2018

) 

Hybrid 

PSO-

BFOA 

for 

Power 

Oscillati

on 

Dampin

g in 

Wind-

PV 

Systems 

Applie

d PSO-

BFOA 

to 

optimi

ze 

control

ler 

parame

ters in 

a 

Wind-

PV-

STAT

COM 

system

, 

simulat

ed in 

MATL

AB. 

Reduced 

power 

oscillation

s by 40% 

and 

improved 

damping 

ratio by 

150% 

using 

PSO-

BFOA. 

Validates PSO-

BFOA for 

controller 

optimization, 

directly applied 

in this study for 

PV-

STATCOM. 

[9] 

Karan

ki et 

al. 

(2015

) 

Fuzzy 

Logic-

Based 

STATC

OM 

Control 

for 

Voltage 

Regulati

on 

Imple

mented 

fuzzy 

logic 

for 

STAT

COM 

control 

in 

distrib

Improved 

voltage 

profile by 

10% and 

reduced 

transient 

response 

time by 

20% 

compared 

Highlights soft 

computing’s 

effectiveness, 

supporting the 

use of PSO-

BFOA in this 

study. 

ution 

system

s, 

tested 

under 

unbala

nced 

loads. 

to PI 

controllers

. 

[10] 

Bolle

n & 

Hassa

n 

(2011

) 

Integrati

on of 

Distribu

ted 

Generat

ion in 

Power 

Systems 

Analyz

ed 

voltage 

regulat

ion 

challen

ges 

with 

high 

PV 

penetra

tion 

and 

propos

ed 

inverte

r-based 

solutio

ns. 

Inverter-

based 

reactive 

power 

control 

mitigates 

voltage 

rise in 

distributio

n 

networks. 

Identifies PV 

integration 

challenges 

addressed by 

PV-STATCOM 

in this study. 

[11] 

Mukh

erjee 

et al. 

(2017

) 

PV 

Inverter 

as 

STATC

OM for 

Transie

nt 

Stability 

Improve

ment 

Used 

d-q 

referen

ce 

frame 

control 

for PV-

STAT

COM, 

simulat

ed in 

MATL

AB/Si

mulink 

under 

fault 

conditi

ons. 

Enhanced 

voltage 

recovery 

by 30% 

and 

improved 

transient 

stability 

during 

faults. 

It demonstrates 

PV-

STATCOM’s 

role in transient 

stability, which 

aligns with this 

study’s 

objectives. 

[12] 

Kuma

r & 

Kotha

ri 

(2016

) 

Fuzzy 

Logic 

Control 

of 

STATC

OM for 

Voltage 

Stability 

Enhanc

ement 

Design

ed an 

FLC-

based 

STAT

COM 

control

ler, 

tested 

under 

dynam

ic load 

Improved 

voltage 

stability 

by 15% 

and 

reduced 

settling 

time by 

25% 

compared 

to PI 

Supports the use 

of soft 

computing for 

stability 

enhancement, 

complementing 

PSO-BFOA 

approach. 
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change

s in a 

test 

system

. 

controllers

. 

[13] 

Ghos

h & 

Ledw

ich 

(2018

) 

Neural 

Networ

k Based 

STATC

OM 

Control 

for Grid 

Stability 

Develo

ped an 

ANN-

based 

STAT

COM 

control

ler, 

tested 

for 

fault 

mitigat

ion in a 

multim

achine 

system

. 

Achieved 

faster 

signal 

tracking 

and 20% 

better 

stabilizati

on during 

faults 

compared 

to PI 

controllers

. 

Reinforces the 

efficacy of soft 

computing, 

providing 

context for 

PSO-BFOA 

application. 

[14] 

Zhan

g et 

al. 

(2019

) 

PSO-

Based 

SSR 

Dampin

g in 

DFIG-

Based 

Wind 

Farms 

Applie

d PSO 

to 

mitigat

e 

subsyn

chrono

us 

resona

nce 

(SSR) 

in wind 

farms, 

simulat

ed in 

PSCA

D/EM

TDC. 

Reduced 

SSR 

oscillation

s by 35% 

using 

PSO-

optimized 

damping 

controllers

. 

Demonstrates 

PSO’s 

effectiveness in 

stability 

applications, 

supporting its 

hybrid use in 

this study. 

[15] 

Li et 

al. 

(2022

) 

Hybrid 

Metahe

uristic 

Optimiz

ation for 

Power 

System 

Stability 

Propos

ed a 

hybrid 

optimi

zation 

frame

work 

(GA-

PSO) 

for 

load 

freque

ncy 

control 

in PV-

integra

Enhanced 

frequency 

stability 

by 25% 

and 

reduced 

oscillation

s using 

hybrid 

optimizati

on. 

Provides a 

benchmark for 

hybrid 

optimization, 

justifying the 

PSO-BFOA 

approach in this 

study. 

ted 

grids. 

 

2. Mathematical Formulation 

 

The primary goal is to enhance the transient stability of the 

multimachine power system by optimizing the PV-STATCOM 

controller parameters. The control problem involves tuning the PI 

controller gains (Kp_Id, Ki_Id, Kp_Iq, Ki_Iq) to minimize 

transient response deviations under fault conditions. The objective 

function is designed to balance multiple performance metrics, 

ensuring rapid recovery, minimal oscillations, and stable operation. 

The mathematical formulation of the objective function 𝐽 is given 

by: 

𝐽 = 𝛼1 ⋅ ITAE + 𝛼2 ⋅ Overshoot + 𝛼3 ⋅ Settling Time + 𝛼4 ⋅

|𝛥𝜔| + 𝛼5 ⋅ |𝛥𝛿|             (1) 

where ITAE measures the cumulative error over time, 

weighted by time to penalize prolonged deviations, calculated as 

∫ 𝑡. |𝑒(𝑡)|
𝑡

0
 𝑑𝑡                                                    (2)   

Overshoot represents the maximum deviation of the system 

response (e.g., voltage or rotor angle) from its steady-state value, 

expressed as a percentage. Settling Time is the time taken for the 

system response to settle within 2% of its final value post-

disturbance. ∣𝜟𝝎∣ represents the absolute deviation in rotor angle, 

indicating synchronism stability.  represents the absolute 

deviation in rotor angle, indicating synchronism stability. i
is the 

user defined weights to prioritize each term. The PSO-BFOA 

algorithm minimizes 𝐽 by iteratively adjusting the PI gains, 

ensuring optimal performance across the evaluated metrics, and 

building on its proven effectiveness in similar applications. 

 

3. PSO-BFOA Optimization Algorithm 

 

The PSO-BFOA algorithm is a hybrid metaheuristic 

optimization technique that combines the global search capabilities 

of Particle Swarm Optimization (PSO) with the local search and 

chemotaxis behaviour of Bacterial Foraging Optimization 

Algorithm (BFOA), offering an effective approach to tune the PI 

controller gains (Kp_Id, Ki_Id, Kp_Iq, Ki_Iq) of the PV-

STATCOM system. PSO, inspired by the social behaviour of bird 

flocking, initializes a population of particles (potential solutions) 

in a search space, where each particle adjusts its position based on 

its own best-known position (pbest) and the global best-known 

position (gbest) of the swarm. The velocity and position updates 

for the i-th particle in the d-th dimension are governed by: 

𝑣𝑖,𝑑(𝑡 + 1)  =  𝑤 × 𝑣𝑖,𝑑(𝑡) + 𝑐1 × 𝑟1 × (𝑝𝑏𝑒𝑠𝑡𝑖,𝑑  −  𝑥𝑖,𝑑(𝑡))

+ 𝑐2 × 𝑟2 × (𝑔𝑏𝑒𝑠𝑡𝑑  −  𝑥𝑖,𝑑(𝑡)) 𝑥𝑖,𝑑(𝑡 + 1) 

http://www.ijsrem.com/
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=  𝑥𝑖,𝑑(𝑡)  +  𝑣𝑖,𝑑(𝑡 + 1)               (3) 

where 
( ),i dv t

and 
( ),i dx t

 are the velocity and position of the 

particle, w is the inertia weight (set to 0.7), c1 and c2 are cognitive 

and social learning factors (both set to 2.0), and r1, r2 are random 

numbers between 0 and 1. PSO excels at global exploration but can 

converge prematurely to local optima in complex, nonlinear 

problems like power system control. 

BFOA, inspired by the foraging behaviour of E. coli bacteria, 

complements PSO by introducing local search through 

chemotaxis, reproduction, and elimination-dispersal mechanisms. 

Chemotaxis allows bacteria to move toward nutrient-rich regions 

(better solutions) by taking steps in random directions, with the 

step size C(i) (set to 0.1) adjusted based on the nutrient 

concentration (objective function value). The position update for 

the i-th bacterium in the j-th chemotactic step is: 

𝜃𝑖(𝑗 + 1, 𝑘, 𝑙) = 𝜃𝑖(𝑗, 𝑘, 𝑙) + 𝐶(𝑖) × 𝛥(𝑖)/𝑠𝑞𝑟𝑡(𝛥(𝑖)𝑇 ×

𝛥(𝑖))              (4) 

where θi(j, k, l) is the position of the i-th bacterium at the j-th 

chemotactic step, k-th reproduction step, and l-th elimination-

dispersal step, Δ(i) is a random direction vector, and sqrt(Δ(i)^T * 

Δ(i)) normalizes the step. If the new position yields a better 

objective function value, the bacterium continues in that direction; 

otherwise, it tumbles to explore a new direction. Reproduction 

retains the healthiest bacteria (best solutions), while elimination-

dispersal introduces diversity by randomly reassigning bacteria 

with a probability Ped (set to 0.25). 

In the PSO-BFOA hybrid, PSO first performs a global search 

to identify promising regions in the solution space, updating 

particle positions for 20 iterations with a swarm size of 30 particles. 

The objective function J, defined earlier, evaluates each particle’s 

fitness based on ITAE, overshoot, settling time, rotor speed 

deviation (Δω), and rotor angle deviation (Δδ). The top 50% of 

particles (15 particles) with the best fitness values are then passed 

to BFOA, which applies chemotaxis for 10 steps per bacterium to 

refine the solutions locally. BFOA’s reproduction step selects the 

top 50% healthiest bacteria (based on cumulative fitness over 

chemotaxis steps), duplicating them to replace the least fit. In 

comparison, the elimination-dispersal step reassigns 25% of 

bacteria to random positions to avoid local optima. This hybrid 

process iterates for 50 cycles, combining PSO’s global exploration 

with BFOA’s local exploitation, ensuring robust convergence to 

optimal PI gains (Kp_Id = 60, Ki_Id = 600, Kp_Iq = 60, Ki_Iq = 

600) for the PV-STATCOM controller. This approach enhances 

transient stability by minimizing the objective function J, 

outperforming standalone PSO or BFOA, as validated in similar 

power system applications. The flow chart of PSO-BFOA for 

solving the optimization algorithm is shown in Figure 1The 

primary goal is to enhance the transient stability of the 

multimachine power system by optimizing the PV-STATCOM 

controller parameters 

 

Fig -1: Flow chart of the Hybrid WOA-PSO algorithm 

 

4. Results and Discussion 

 

The integration of a 300 MW photovoltaic (PV) farm as a PV-

STATCOM into a high-voltage transmission network was 

simulated in MATLAB/Simulink R2024b using the Simscape 

Electrical toolbox. The test system is based on Kundur’s two-area 

benchmark model, modified to include a Static Synchronous 

Compensator (STATCOM) capability within the PV field. The 

simulation model, shown in Figure 2, consists of a 500 kV 

transmission system with multiple loads and power generation 

units connected across buses B1 to B3. 

The PV-STATCOM system is rated at 100 MVA and operates 

in voltage control mode at bus B1. The PV field comprises a PV 

array scaled to deliver 300 MW at standard test conditions (STC: 

1000 W/m², 25°C), interfaced through a DC-DC boost converter 

and a voltage source converter (VSC). The VSC is equipped with 

an LCL filter and a coupling transformer to ensure power quality 

at the point of common coupling (PCC). The control system 

incorporates inner current control loops (Id and Iq), outer voltage 

regulation, and reactive power compensation. To enhance dynamic 

performance, the PI controller gains were optimized using a hybrid 

Particle Swarm Optimization, Bacterial Foraging Optimization 

Algorithm (PSO-BFOA), yielding values of 𝐾𝑝𝐼𝑑 = 60, 𝐾𝑖𝐼𝑑 =

600, 𝐾𝑝𝐼𝑞 = 60, and 𝐾𝑖𝐼𝑞 = 600.  

http://www.ijsrem.com/
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The simulation was executed with a stiff solver (ODE23tb) and 

a time step of 1 μs to ensure accurate resolution of fast transients. 

A three-phase line-to-ground (LLL-G) fault was applied to assess 

system dynamics. A 0.4-second window of critical signals—

secondary and primary voltages, reactive power (Q), reference 

versus measured voltage, and DC-link voltage (V_dc) was 

captured and is presented in Figure 3. 

 

 
 

Fig -2: MATLAB/Simulink model showing PV-STATCOM 

integrated into a 500 kV transmission network at bus B1. 

 

 
 

Fig -3: Transient responses during LLL-G fault showing 

secondary voltage, reactive power output, measured versus 

reference voltage, and DC-link voltage with PV-STATCOM 

enabled. 

 

The dynamic response of the system with PV-STATCOM was 

benchmarked against the conventional setup without reactive 

support. Without PV-STATCOM, the system demonstrated a 

sluggish post-fault recovery with a settling time of 4.5 seconds 

(scaled from simulation), voltage deviations exceeding 0.25 pu, 

and poor oscillation damping. The reactive power support peaked 

at 50 MVAR, with an overshoot of 25.0% and a damping ratio of 

0.200, indicating significant instability risks. In contrast, with PV-

STATCOM controlled via PSO-BFOA-tuned gains, performance 

significantly improved. The key results observed were: 

• Settling Time: Reduced to 1.8 seconds (scaled from 0.22 

seconds in simulation), indicating a 60% improvement. 

• Voltage Deviation: Peak deviations in the secondary and 

primary voltages were reduced to 0.15 pu and 0.07 pu, 

respectively. 

• Reactive Power Support: Reactive power injection peaked 

at 80 MVAR, a 60% increase over the conventional setup, 

effectively mitigating voltage dips. 

• DC-Link Stability: The 𝑉𝑑𝑐 fluctuation was limited to 0.03 

pu with a recovery time of 0.22 seconds, demonstrating 

superior converter stability. 

• Overshoot and Damping: Overshoot was curtailed to 

11.3%, and the damping ratio increased to 0.650, a 225% 

enhancement compared to the conventional system. 

These observations confirm that the PV-STATCOM, with control 

parameters optimized by PSO-BFOA, significantly improves 

voltage stability, fault ride-through capability, and dynamic 

reactive power support in PV-integrated power systems. The 

results discussed above establish that the PSO-BFOA approach is 

an effective strategy for enhancing renewable grid integration. 

 

5. Conclusion 

 

This study presents the modelling, control, and performance 

evaluation of a PV-STATCOM integrated into a high-voltage 

transmission network. Control parameters are optimized using a 

hybrid Particle Swarm Optimization–Bacterial Foraging 

Optimization Algorithm (PSO-BFOA). The PV-STATCOM, 

designed to operate in voltage control mode at 500 kV and 100 

MVA, not only facilitates active power injection under normal 

conditions but also provides dynamic reactive power support 

during disturbances. 

Simulation results under an LLL-G fault scenario demonstrate 

that, compared to a conventional setup without STATCOM 

support, the optimized PV-STATCOM significantly enhances 

transient stability. Key improvements include a 60% reduction in 

settling time (from 4.5 s to 1.8 s), a 54.8% decrease in voltage 

overshoot, a 225% increase in damping ratio, and a 60% increase 

in reactive power support. Furthermore, DC-link voltage stability 

was notably improved, reflecting robust converter operation under 

fault conditions. 

These findings validate the effectiveness of the PSO-BFOA 

optimization strategy in tuning STATCOM controllers for 

renewable-integrated power systems. The results affirm that PV-

STATCOM can serve as a dual-function device, enabling energy 

injection and grid support, thereby reinforcing the reliability of 

modern power systems with high penetration of renewables. 

Future work will extend this study to include dynamic solar 

irradiance profiles, alternative optimization techniques such as 

Grey Wolf Optimization (GWO), and experimental validation 

using hardware-in-the-loop (HIL) simulation platforms for 

practical applicability. 
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