
Vol:.(1234567890)

Int J  Syst  Assur  Eng  Manag (December 2023) 14(6):2136–2145
https://doi.org/10.1007/s13198-023-02044-6

1 3

ORIGINAL ARTICLE

Stability analysis of multi‑machine system using FACTS devices

Manoj Kumar Kar1   

Received: 10 April 2023 / Revised: 1 June 2023 / Accepted: 17 July 2023 / Published online: 29 July 2023 
© The Author(s) under exclusive licence to The Society for Reliability Engineering, Quality and Operations Management (SREQOM), India and 
The Division of Operation and Maintenance, Lulea University of Technology, Sweden 2023

Abstract  Multimachine systems are complex power sys-
tems consisting of multiple generators, loads,  and transmis-
sion lines. In these kinds of systems, maintaining stability is 
a difficult task. Different damping controllers, like the power 
system stabilizer and FACTS controllers, are used to main-
tain stability. The design of the control scheme ensures that 
the PSS and SSSC work together in a coordinated manner. 
The controller parameter is optimized by using metaheuris-
tic methods. In this work, a salp swarm algorithm (SSA) is 
proposed to tune the controller parameters for the multi-
machine system. The statistical analysis is carried out to 
assess the performances of the SSA method against some 
other promising methods. The objective of this work is con-
sidered as minimization of rotor speed deviation. The rotor 
speed deviation is suppressed by using SSA tuned damping 
controllers. The mean rotor speed deviation obtained using 
SSA is 0.000601 pu. Using MATLAB simulation, the per-
formance of multi-machine system is examined in terms of 
speed deviation between inter-area and local-area, injected 
voltage, and tie-line power. The simulation result suggests 
the supremacy of SSA over other methods considered for 
comparative study.

Keywords  FACTS · PSS · Power system stability · SSA · 
SSSC

1 �  Introduction

Power system stability (Kundur 1994) refers to the ability 
of an electrical power system to maintain a steady and bal-
anced state of operation under normal and abnormal condi-
tions. In other words, it is the ability of the power system to 
maintain the voltage and frequency within acceptable limits 
despite disturbances such as sudden changes in demand or 
faults. PSS devices are installed in generators to improve 
stability by injecting damping signals into the system (Bhat-
tacharya et al. 1997). The PSS device senses the generator’s 
rotor angle and adjusts the generator’s excitation system to 
damp out oscillations and improve stability. In addition to 
PSS, FACTS devices are used for stability analysis because 
they can control the voltage, phase angle, and impedance of 
power transmission lines, which helps to maintain stability. 
These devices improve stability by providing reactive power 
compensation (Kar et al. 2021b; Kumar et al. 2022), which 
helps to maintain voltage levels and reduce likelihood of 
voltage collapse. They can also provide damping of power 
oscillations, which can help to prevent system instability due 
to resonances or other disturbances. FACTS devices can be 
installed in power systems to regulate voltage and power 
flow. FACTS devices can help to improve stability in a mul-
timachine systems by providing rapid and precise voltage 
regulation and damping control (Murali et al. 2010). FACTS 
devices are an important tool for ensuring the stability and 
reliability of power systems (Kar et al. 2022), and their use 
in stability analysis is an essential part of modern power 
system engineering.

In recent years, the coordinated control of PSS and 
FACTS devices are popularly used to enhance the stabil-
ity of power systems. The basic idea behind coordinated 
control of PSS and FACTS is to use the PSS to damp out 
low-frequency oscillations, while using the FACTS device 
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to mitigate high-frequency oscillations. Coordinated control 
involves the use of centralized control systems to regulate 
the power system’s behaviour by adjusting generator out-
put, excitation, and load shedding response to system distur-
bances. Coordinated control can help maintain power sys-
tem stability by ensuring that all generators operate within 
their limits and that there is a balanced load in the system. 
The coordinated control of PSS and SSSC can improve the 
stability of power system by providing damping to oscil-
lations and controlling the power flow in the system (Cai 
& Erlich 2005; Du et al. 2021; Gholipour & Nosratabadi 
2015; Alomoush 2017). In decentralized control scheme, 
the PSS and FACTS controllers operate independently, but 
their output signals are combined to achieve coordinated 
control. Sahu et al. (2021) suggested a novel cascaded frac-
tional order PI-PD structure for power system stabilisers and 
FACTS based damping controllers to improve power system 
stability.

In recent years, the metaheuristic algorithms are popu-
larly used for finding the optimal values of control param-
eters. These techniques are used to optimize the control 
variables of PSS and FACTS devices to enhance system 
stability. Some common optimization techniques used for 
power system stability analysis of multimachine power sys-
tems include, DE (Sidhartha Panda 2011);GA (Sidhartha 
Panda 2009; Do Bomfim et al. 2000), where the optimization 
process is modelled after the process of natural selection, 
where the fittest solutions are selected and used to generate 
new solutions; PSO (Panda et al. 2008) based on the behav-
iour of a flock of birds, where the particles represent the 
control parameters of the devices and move towards the opti-
mal solution; Seeker Optimization Algorithm (Gholipour & 
Nosratabadi 2015), modified Whale Optimization Algorithm 
(Sahu et al. 2019), modified Sine Cosine Algorithm (Kar 

et al. 2021a). A time delay approach is presented by Sahu 
et al. (2022) to improve the power system stability.

In this work, SSA is proposed to tune the control param-
eters of a multi-machine power system. Four competitive 
algorithms, such as PSO, DE, ALO, and SCA, are used as 
comparative methods. The superiority of SSA is evaluated 
by considering a three machine, six bus test system. The 
simulation responses of different parameters justify the effi-
cacy of SSA method over other methods.

The paper is organized as following. Section 2 describes 
the system under study. Section 3 provides a definition of a 
problem statement. Section 4 explains the proposed method. 
Section 5 provides an explanation of the results, and Sect. 6 
concludes the findings.

2 � System under study

The stability of power system is analysed by considering a 
multimachine power system (MMPS), which is described 
as follows:

2.1 � Multimachine power system (MMPS)

This system has six numbers of buses, four numbers of 
loads, and three numbers of generators. The generators form 
two sub-sections that are interlinked by a tie-line. Figure 1 
shows the MMPS organizational structure. The swinging 
between two buses when disturbances occur causes system 
instability. To improve stability, a series FACTS device 
namely SSSC is connected. Each of the three generators 
has its own PSS, which provides stabilized voltage. The use 
of PSS and SSSC improves system stability by suppressing 
local and interarea oscillations.

Fig. 1   Structure of MMPS
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2.2 � Power system stabilizer

A power system stabilizer (PSS) is a device that is used to 
improve the stability of a power system, particularly during 
transient disturbances. The PSS receives speed deviations as 
input signals and provides the appropriate amount of excita-
tion to apply to the generator. The PSS is designed using a 
lead-lag compensation strategy to provide damping to the 
low-frequency modes of the system. PSS is an essential 
component of modern power systems, as it helps to prevent 
the occurrence of large disturbance and blackouts. Without 
a PSS, a generator may experience unstable oscillations that 
can cause significant damage to the equipment and the power 
grid. The PSS is a critical component in ensuring the reliable 
and stable operation of power systems. The structure of PSS 
is shown in Fig. 2.

2.3 � Static synchronous series compensator

A static synchronous series compensator (SSSC) is a device 
used in power systems to regulate and control power flow 
through a transmission line. The SSSC is a voltage source 
converter-based device that is connected in series with the 
transmission line. It has the ability to inject a controllable 
voltage into the line, helping to control the power flow by 
regulating the line’s impedance. The structure of SSSC is 
shown in Fig. 3.

The SSSC uses high power electronics to convert AC 
power into DC power and then back into AC power with 
a variable voltage and phase angle. This allows the SSSC 
to provide capacitive or inductive reactive power to the 
transmission line, depending on the system requirements. 
The SSSC can also provide active power to the line, which 
can be used to improve power quality and voltage stability. 

SSSC can also provide active power compensation and volt-
age support, which can improve system stability and power 
quality. SSSC provides fast and effective control of the high-
frequency modes.

The adjustable voltage (Vq) injection by SSSC, which is 
coupled in series with the power system’s transmission lines, 
virtually compensates for the line impedance. Due to its abil-
ity to duplicate the reactance of an inductor or a capacitor, 
the quadrature component of line current influences power 
flow in transmission lines regardless of line current magni-
tude. As a DC voltage source, the capacitor is connected to 
the direct current side of the VSC. This DC voltage source 
is then used to generate AC voltage via forced commutated 
power electronics devices. The amount to which the trans-
mission lines are compensated is determined by the dynamic 
regulation of the polarity and magnitude of Vq.

3 � Problem statement

The ITAE of the speed deviations w.r.t. local and interarea 
modes is considered as the objective function and can be 
expressed as Eq. (1).

where Δ�L and Δ�I represents speed deviations of local area 
and interarea respectively.

The problem can be stated as

Subject to

where K is the gain and T  is the Time constant. The sub-
script s is used for SSSC and p is used for PSS. The limits 
of K and T  is given in Eq. (2).

4 � Proposed method

In this work, salp swarm algorithm is proposed for stability 
analysis. The salp swarm algorithm (SSA) is a metaheuristic 
optimization algorithm that is inspired by the behaviour of 
salps, which are a type of planktonic marine organism. The 
several advantages of SSA algorithm such as simplicity, fast 
convergence, population diversity, efficient exploration and 
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exploitation capability, scalability, versatility, fewer assump-
tions and high accuracy makes this algorithm more popular. 
SSA is used to solve optimization problems in various fields, 
including engineering, science, and economics.

The SSA algorithm mimics the natural behaviour of salps, 
which are known for their unique collective behaviour and 
self-organizing abilities. Salps move by contracting and 
expanding their bodies, and this behaviour is modelled in 
the SSA as a mechanism for exploration and exploitation of 
the search phase.

In the SSA algorithm, a population of virtual salps is 
randomly initialized in the search space, and their move-
ment and behaviour are simulated based on mathematical 
equations that mimic the natural behaviour of real salps. 
The algorithm iteratively updated the position and velocity 
of the salps based on their individual fitness and the collec-
tive behaviour of the swarm. The best solution found by the 
swarm is retained as the optimal solution. The flowchart of 
SSA is shown in Fig. 4.

Steps

Fig. 4   Flowchart of SSA
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(i) 	 Initialize the position of search agent, and number of 
control variables.

(ii)	  The target of the swarm is assumed as food source F.
(iii) 	The position is updated by the leader salp w.r.t. food 

source using Eq. 3.

where, Uj and Lj are the upper and the lower limits of 
control variables in the jth dimension. Fj is the position 
of the food source, c2 and  c3 are the random variable 
in range [0, 1].

(iv)	  The trade between exploration and exploitation is 
maintained by c1 using Eq. 4.

(v)	 The updated position is determined by using Eq. 5.

SSA has been effectively used in various engineering 
applications due to its effectiveness in solving optimization 
problems. It is important to consider contemporary algo-
rithms as well. Some engineering applications of SSA and 
their contemporary counterparts are as follows:

1.	 Optimization of electrical power systems SSA has been 
applied to optimize the operation and planning of elec-
trical power systems. It can help in determining the 
optimal power flow, unit commitment, economic dis-
patch, and reactive power planning. Other metaheuristic 
algorithms such as PSO and GA are commonly used in 
power system optimization.

2.	 Image processing and pattern recognition SSA has 
been used for image enhancement, image segmentation, 
feature selection, and pattern recognition tasks. It can 
help in improving image quality, extracting meaningful 
features, and classifying objects. Convolutional Neural 
Networks (CNNs) are widely used in image processing 
and pattern recognition tasks due to their ability to learn 
complex features directly from raw data.

3.	 Wireless sensor networks SSA can be utilized to opti-
mize the deployment of wireless sensor networks 
(WSNs) by finding the optimal locations for sensor 
nodes. It helps in achieving better coverage, connec-
tivity, and energy efficiency in WSNs. Other swarm 
intelligence-based algorithms like PSO and ACO are 
commonly used for WSN deployment optimization.

4.	 Structural optimization SSA has been employed for 
optimizing the design of various structures, including 
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trusses, beams, and frames. It can help in finding the 
optimal configuration of structural components to mini-
mize weight, maximize strength, or satisfy specific con-
straints. Evolutionary algorithms such as GA and DE are 
widely used in structural optimization problems.

5.	 Data clustering and classification SSA can be utilized 
for data clustering and classification tasks. It helps in 
grouping similar data points together or assigning data 
points to different classes based on their characteristics. 
K-means clustering, Support Vector Machines (SVM), 
and Random Forests are some of the popular contempo-
rary methods used for data clustering and classification.

4.1 � Performance evaluation of the proposed method

The statistical analysis is performed to evaluate the efficacy 
of the proposed method over other comparative methods. 
The analysis is shown in Table 1.

5 � Results

For the performance analysis of damping controller, the 
developed MMPS model is simulated in a MATLAB envi-
ronment. The model consists of three machines and tie lines, 
as shown in Fig. 5. The SSSC is incorporated between buses 
5 and 6. A three phase, self-clearing fault is applied. This 
fault is considered for three cycles. The system is restored 
once the fault is cleared. The system performance such as 
speed deviation between machines 1 and 3, speed devia-
tion between machines 1 and 2, speed deviation between 
machines 2 and 3, injected voltage, and tie-line power, is 
shown in Figs. 6, 7, 8, 9 and 10 respectively. The figures 
suggest that the oscillations are significantly improved when 
the damping controllers are used. The supremacy of SSA 
based damping controllers is observed. The fitness values 
using different metaheuristic methods are shown in Table 2. 
Table 3 shows the optimal values of controller parameters 
for the different optimization methods considered.

6 � Conclusion

The current work extensively investigates the improvement 
of power system stability in a multi-machine system through 
the coordinated use of various damping controllers. In order 
to solve the proposed controller design challenge, a time-
domain objective function is used to damp the oscillations of 
the power system. The controller parameters are then prop-
erly tuned using an SSA technique. The mean rotor speed 
deviation obtained from SSA was 0.000601pu. Additionally, 
the statistical analysis for different unimodal and multimodal 
functions is performed to assess the effectiveness of the 
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proposed method. The study measured the performance of 
SSA in terms of convergence speed and solution quality. The 
results presented in the study showed that SSA outperformed 
other optimization algorithms on a wide range of benchmark 

functions. The numerical evidence indicated that SSA had 
a faster convergence speed and obtained solutions that were 
closer to the global optima. The proposed damping control-
lers are found to be robust enough to handle fault sites and 

Table 1   Statistical analysis of benchmark functions for different algorithms

Functions Metaheuristic methods

SSA
Mean ± SD

DE
Mean ± SD

PSO
Mean ± SD

ALO
Mean ± SD

SCA
Mean ± SD

F1 4.76553E-10 ± 3.30845E-10 0.001799 ± 0.000448 5.62E-18 ± 1.67E-18 2.94E-07 ± 8.69E-08 2.01E-09 ± 5.09E-10
F2 8.32E-06 ± 0.894648 0.06241 ± 0.016485 6.06E-12 ± 1.31E-12 7.83 ± 2.338587 1.62E-07 ± 5.3E-09
F3 6.99E-09 ± 0.02033 202.8126 ± 56.88146 0.013169 ± 0.001132 3.06E1 ± 2.0261 0.137139 ± 0.033841
F4 1.94E-05 ± 0.00651 9.730166 ± 2.226563 0.007118 ± 0.001527 2.21 ± 0.629299 0.062051 ± 0.015207
F5 1.585952 ± 97.65173 2495.023 ± 614.6586 161.7662 ± 1.672786 1.37E03 ± 351.2556 8.13969 ± 0.402928
F6 3.33E-10 ± 3.92E-10 0.01149 ± 0.000325 1.06E-17 ± 4.42E-20 4.58E-07 ± 4.15E-08 0.885819 ± 0.166313
F7 0.00354 ± 0.014251 0.025188 ± 0.005435 0.007579 ± 0.001354 1.31E-01 ± 0.017261 0.021142 ± 0.005595
F8 − 3398.72 ± 392.7076 − 3060.1 ± 236.8841 − 1820.86 ± 308.9063 − 2405.6 ± 486.8644 − 1828.07 ± 163.212
F9 5.969754 ± 7.309597 14.92437 ± 3.266855 33.82847 ± 7.224741 6.87E01 ± 15.1498 15.23035 ± 3.947806
F10 1.14E-05 ± 0.988495 5.091463 ± 1.583172 6.12E-10 ± 1.34E-10 2.58 ± 0.792575 8.104629 ± 2.02001
F11 0.039363 ± 0.075675 0.641612 ± 0.14669 0.270301 ± 0.055598 5.14E-01 ± 0.132072 0.659174 ± 0.192257
F12 3.6E-10 ± 2.120433 1.868378 ± 0.58643 2.09E-19 ± 4.55E-20 8.42 ± 2.25973 1.637537 ± 0.379852
F13 1.41E-10 ± 0.004395 9.69168 ± 2.39003 0.010987 ± 0.003923 2.11E-02 ± 0.008191 0.635542 ± 0.112608

Fig. 5   MATLAB Simulink model of MMPS incorporated with SSSC
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Fig. 6   Speed deviation between 
machine 1 and 3

Fig. 7   Speed deviation between 
machine 1 and 2
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Fig. 8   Speed deviation between 
machine 2 and 3

Fig. 9   Injected voltage by 
SSSC
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fluctuations in operating conditions. The results of simula-
tion using the suggested method demonstrate that the SSA-
optimized controller outperforms the well-known PSO, DE, 
ALO, and recently proposed SCA-optimized controllers. 

Fig. 10   Tie-line power 
response

Table 2   Fitness value for different methods

Method PSO DE ALO SCA SSA

Fitness Value 0.001117 0.001021 0.001266 0.000879 0.000601

Table 3   Optimized controller 
parameters for MMPS using 
different methods

Controller Parameters PSO DE ALO SCA SSA

SSSC KS 33.12 49.382 49.273 62.101 92.472
T1 1.2095 0.048219 0.31236 1.4406 1.2509
T2 0.53524 0.073372 1.3038 0.327 0.89789
T3 0.99093 1.7785 0.25244 0.20192 0.58554
T4 0.86616 1.9492 1.6245 0.01 0.52261

PSS1 Kp1 6.0574 11.319 36.921 0.34224 55.248
T11 0.38366 0.065557 1.1693 0.46467 0.5928
T12 1.6698 0.87959 1.5012 1.5924 0.010016
T13 0.087845 0.14616 0.26817 0.055272 1.6094
T14 0.96843 1.0397 0.01 1.7539 1.6198

PSS2 Kp2 84.21 52.608 56.839 6.4732 23.296
T21 0.1075 0.736 0.65068 0.077608 0.75954
T22 1.6318 0.029311 0.57709 0.010124 0.60835
T23 0.869 0.4773 0.3833 1.6879 1.972
T24 0.01 1.0131 1.5048 0.40327 1.7803

PSS3 Kp3 11.069 35.367 7.5687 7.8071 29.357
T31 0.8757 1.0831 0.40366 2 0.64668
T32 0.77616 1.9211 1.8795 0.017804 0.010013
T33 1.0478 1.6933 1.1044 0.63642 0.45668
T34 1.2601 1.0704 0.01 0.57935 1.9592
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The simulation results demonstrate that the presence of 
FACTS device mitigate instability and improve the system 
response. Hence, such a controller can be easily adapted for 
use in the power system applications.
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Appendix

1.	 MMPS:
Generators: SB1=SB3= 2100 MVA, SB2= 4200 MVA, VB= 

13.8 kV, f= 60 Hz
Loads: Load 1= Load 3= 250 MW, Load 2= 50 MW
Transformers: 13.8/500 kV, f =60 Hz, SBT1=SBT3= 2100 

MVA, SBT2=1400 MVA
Injected voltage magnitude limit: Vq= ± 0.2
Machine 1: Pe1= 1280 MW (0.6095 pu)
Machine 2: Pe2 =3480.6 MW (0.8287pu)
Machine 3: Pe3 =880 MW (0.419pu)
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