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Abstract
As power demand rises, the power system becomes more stressed, potentially leading to an increase
in power losses. When compared to lower power losses, higher power losses result in higher power
system operating cost. Flexible AC Transmission System (FACTS) devices help to reduce power
losses. This paper describes the use of a computational intelligence-based technique, in this case the
Artificial Immune System (AIS), to solve the installation of Thyristor Controlled Static Compensator
(TCSC) and Static VAR Compensator (SVC) in a power system while ensuring optimal sizing of both
devices. The goal of determining the best locations and sizes for the multi-type FACTS devices is to
minimize system power loss. Three case studies are presented to investigate the effectiveness of the
proposed AIS optimization technique in solving the multi-type FACTS device installation problem
under various power system conditions. The optimization results generated by the proposed AIS are
beneficial in improving the power system, particularly in terms of system power loss minimization,
which also contributes to power system operating cost minimization. As a result, the likelihood of
this being sustainable and able to be implemented for an extended period is greater.
Keywords: FACTS devices, Computational intelligence, Artificial immune system, Loss
minimization and multi-type
1. Introduction
The evolution of power system stability today has evolved in response to power demand, as
existing transmission lines are unable to support due to limited resources [7, 19]. Because of the
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limited resources, there was a risk that as the transmission lines became increasingly loaded, they
would create a power transfer-limiting factor [19, 18, 2]. By also including the fact that, in order
to expand a power transmission network, obstacles such as environmental, cost, and stability issues
were managed to shut down [12, 17]. As a result, the Flexible AC Transmission Systems (FACTS)
controller has been widely used in the problem-solving of steady-state control of a power system.
The FACTS device is a combination of power electronics components and traditional power system
components that can increase a line’s power transfer while also effectively assisting in the operation
of the power system within a safe margin of stability [5, 9]. FACTS controllers can perform network
condition control in a short period of time, and this feature of FACTS devices can be used to improve
the voltage stability, steady state stability, and transient stability of a dynamic power system. This
FACTS feature contributes to the increased use of an existing network in close proximity to its thermal
loading capacity, lowering the likelihood of replacing transmission lines [21, 26]. Furthermore, FACTS
devices monitor the network’s power flow while reducing the heavy load on the lines, resulting in
increased load capability, reduced power system losses, improved network reliability, lower production
costs, and compliance with contractual requirements.
The FACTS devices are classified into three types based on their switching mode: mechanically
switched (such as phase shifting transformers), thyristor switched, or fast switched (which uses an
Insulated-Gate Bipolar Transistors (IGBTs). Others, such as the Phase Shifting Transformer (PST)
and the Static VAR Compensator (SVC), have been recognized because they are the first generation
of FACTS devices capable of controlling voltage at the necessary bus to improve the voltage profile
of the power system. Because of recent advances in power electronics and controls, the application
range of FACTS has expanded [19, 21].
There has been a variety of advances in the fields of computational intelligence research over
the year, with the most popular types of research being population-based, stochastic search algorithms with collaborative and competitive traits. Kennedy and Eberhart [16] developed the Particle
Swarm Optimization (PSO) algorithm, which is based on the social patterns of animal swarms (for
example, bird blocks and fish schools). Furthermore, population-based computational intelligence
techniques such as Particle Swarm Optimization (PSO), Evolutionary Programming (EP), and Genetic Algorithm (GA) were used to evaluate the overall loadability of the transmission system after
the installation of FACTS devices [22]. Meanwhile, other techniques such as Artificial Neural Network (ANN), Simulated Annealing (SA), Ant Colony Optimization (ACO), and Artificial Immune
System (AIS) are being used more frequently for purposes other than power system stability. EP,
Hybrid Tabu Search and Simulated Annealing (TS/SA), GA, Repetitive Power Flow (RPF) process,
and Fuzzy Decision Making, as well as PSO, were used to test the optimal placement of various
types of FACTS devices in the power system. The GA and PSO techniques were used as an additional aspect to improve the TCSC parameters. Even though both techniques are effective, PSO
has an advantage over GA in terms of a more robust balance mechanism and greater variance in
both local and broad-ranging abilities. The PSO and EP techniques were implemented on the IEEE
30-Bus RTS, demonstrating their efficacy in loss minimization schemes [4, 15]. The computational
intelligence techniques for multi-FACTS device installation face challenges when it comes to implementing the entire system. The technique has been used for various types of devices in recent years,
but constraints have limited the number of multi-FACTS that can be installed. The aforementioned
obstacles were supposed to be overcome in order to produce a high-efficiency system. Based on previous research, studies were conducted to improve transmission system loadability, reduce installation
costs, or both by determining the best placement and control of FACTS devices using a variety of
methods. The cost must be accurately planned so that the product (system) does not cost more
than the total initial cost. This increases the likelihood of the product (system) being confirmed as a
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sustainable system and being implemented for an extended period. Nonetheless, fewer studies on the
computational time and convergence characteristics of loadability enhancement using the approach
described in the preceding introduction have been conducted. The computational time usually increases as the scale of the optimization problem grows larger; however, it is claimed that it only takes
a short period of time for computation to maintain high performance.
The primary goal of this paper is to use AIS, a computational intelligence-based technique, to
optimize the installation of multi-FACTS devices in power systems. The technique is expected to be
able to reduce existing disadvantages and reduce system power loss in the power system to improve
its operation.
2. Research method
This section discusses the development of the AIS optimization technique for installing multiFACTS devices including the Static VAR Compensator (SVC) and Thyristor-Controlled Series Compensator (TCSC) on the IEEE 26-Bus RTS. The TCSC and the SVC are the two types of FACTS
devices that have been selected for installation in this project, and they will be used together. These
FACTS devices have been chosen based on their characteristics in terms of assisting in the reduction of the system’s power loss, among other things. TCSC allows for the control and advancement
of transmission line power transfer capabilities by adjusting the transmission line’s impedance as
the transmission line conducts either inductive or capacitive compensation. Because the primary
goal of the TCSC is to regulate transmission line impedance by increasing its reactance in series
with transmission lines, it cannot be installed at branches where transformers operate, resulting in
improved loadability, transmission line transfer capacity, dynamic and static security, and enhanced
transience. Figures 1 and Figure 2 show the TCSC device’s structure and location on the transmission
line, respectively.

Figure 1: Basic structure of TCSC

As shown in Figure 2, the TCSC is a series compensator composed of a thyristor-controlled reactor
and a capacitive bank connected in parallel. TCSC is a controllable reactance that is connected in
series with a transmission line. Its purpose is to monitor power flow, reduce overload, and improve
loadability by increasing or decreasing the transmission line reactance. The equivalent reactance of
line produces the following equation based on the configuration:
T CSC
xij = xline
ij + xij

(1)

Where,
xline
is the transmission line reactance, and xTijCSC is the TCSC reactance.
ij
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Figure 2: TCSC location on the transmission line [23]

It can also be written as follows:
xij = (1 + γT CSC )xline
ij

(2)

Where,
γT CSC is TCSC compensation ratio with value ranging between -0.8 to 0.2 as shown in (3).
−0.8 ≤ γT CSC ≤ 0.2

(3)

The branch’s new admittance can be expressed as:
Yij =

1
line
rij

+

j(xline
ij

+ xTijCSC )



(4)

Where,
line
is the transmission line resistance.
Yij is the bus admittance matrix with TCSC and rij
SVC is a FACTS device controller that connects to the transmission lines in parallel. SVC absorbs
reactive power in the inductive mode and provides reactive power in the capacitive mode at its link
point [4]. When connected to the bus, the SVC is an ideal reactive power provider; however, when
shunt connected to a transmission line, it is a variable admittance. Figures 3 and Figure 4 depict
the structure of SVC and its location on the bus, respectively.
The SVC is a VAR compensator with a shunt attached to it. The SVC, like the TCSC, incorporates a series capacitor bank shunted with a thyristor-controlled reactor, as shown in Figure 3.
The system is then shunt connected to the bus via a step-up transformer bank, which raises the
voltages to the required transmission levels (this transformer will be managed in the same way as the
other transformers in the system). Because SVC can exchange dynamically reactive power (absorb
or generate) with the network’s designated attached bus, it can control voltage magnitude [8, 3].
The SVC is represented by a variable shunt reactive susceptibility model in Figure 4. It injects or
absorbs reactive power from the bus. The reactive power provided is limited the following equation.
−100M V AR ≤ QSV C ≤ 100M V AR

(5)

The reactive power values obtained by varying the SVC shunt susceptance value within the following
range:
min
max
BSV
C ≤ BSV C ≤ BSV C

(6)
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Figure 3: Basic Structure of SVC

Figure 4: SVC location on the bus [23]

It is either inject or absorb reactive power from the bus.
Both SVC and TCSC have differences, and these differences complement each other to help
minimize system power loss. The detailed differences between the two FACTS devices are shown in
Table 1. The IEEE 26-bus RTS has been chosen as the project’s test systems. 5 generators, 1 slack
bus, 46 transmission lines, 7 transformers, and 8 shunt capacitors make up the bus system. Figure
5 illustrates the IEEE 26-Bus RTS single line diagram.
AIS is a computational technique, and the concept of AIS is derived from the biological vertebrate immune system [18], [19], which is based on natural immune system theories and aims to
solve engineering and optimization problems [10]. AIS mimics the biological concepts of clone production, proliferation, and maturation. AIS algorithms are classified into four types: (a) negative
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Table 1: Details on the differences of the multi-FACTS

No.
Details
1. Installation location
2.
Control variable

TCSC
On the transmission line
Compensation ratio

SVC
At the bus
Reactive power (injected or absorbed)

Figure 5: Single-line diagram of the IEEE 26-Bus RTS

selection algorithms [14], (b) clonal selection algorithms [6], (c) immune network algorithms [24], and
(d) dendritic cell algorithms [11]. With the ongoing advancement of AIS algorithms, the negative
representation of information, inspired by the self-nonself discrimination method in Brain-Inspired
Systems (BIS), is becoming a developing area of research in AIS [25].
According to Figure 6, the first process of AIS is initialization, which is a process of generating
random numbers of the control variables, which in this project are the locations of TCSC and SVC
as well as the sizes of SVC and TCSC’s reactance. During the initialization process, the fitness of
system power loss is computed using (7) with the aid of the random numbers generated earlier. The
objective function for this optimization problem is to minimize system power loss.
Ploss =

br
X
l=1

Rl Il =

b
b
X
X

i=1 j=1,i6=j

Where,
br = the number of lines


Vi2 + Vj2 − 2Vi Vj cos(δi − δj ) Yii cosϕij

(7)
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b = the number of buses
Rl = the resistance of the line lth
Il = the current that flow through the line lth
Vi = the voltage magnitude at node ith
δi = the angle at node ith
Yij = the magnitude of the line admittance between bus ith and bus j th
ϕij = the angle of the line admittance between bus ith and bus j th

Figure 6: Flowchart of the AIS Algorithm [20]

Moving on to the cloning procedure. The number of previously generated control variables is
multiplied during cloning. AIS is a population-based optimization, which means that as many
solutions as possible are produced for the best to be chosen. The system power loss is calculated
once more, this time with the aid of cloning individuals.
Following that, the cloned individuals are subjected to the mutation process to produce offspring.
The system power loss is calculated once more using the mutated individuals. The offspring have
the same population size as the cloned population of 200 individuals.
Following that, the outcome will be subjected to the selection process. During the selection
process, the best 20 of 200 generated individuals who survived as the fittest will be chosen. But first,
the 200 people are ranked from top to bottom, with the lowest system power loss at the top and the
highest system power loss at the bottom. The first 20 control variables are then used in the next
process.
Finally, the top 20 individuals will undergo the convergence test. The convergence test is used
as an indicator to determine whether the global optima has already been found by introducing a
stopping criterion that states that the difference between the first and twentieth fitness values of
the selected population must be equal to or less than 0.0001. Otherwise, the procedures will be
repeated until the global optima is found. The output of this AIS optimization process will be the
best locations in the IEEE 26-Bus RTS to install TCSC and SVC units with the best reactance sizes
and reactive power (injected or absorbed), respectively.
3. Results and discussion
As part of this project’s implementation, the MATLAB programming language software was used
to simulate the process of installing FACTS devices SVC and TCSC on the IEEE 26-Bus RTS using
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the AIS algorithm technique. Based on its size, it was decided that one unit of SVC and one unit of
TCSC would be installed on the IEEE 26-Bus RTS. The developed AIS algorithm follows the AIS
flowchart in Figure 6 and was written in MATLAB M-file to produce results that meet the expected
outcomes. Table 2 displays the carefully selected control variables. The goal of the created program
is to achieve the best results possible while adhering to the constraints of both FACTS devices.
Table 2: Details of the FACTS Devices selected for the installation

No.
Details
1. Installation location
2.
Control variable
3.
Specification

TCSC
On the transmission line
Compensation ratio
−0.8 ≤ γT CSC ≤ 0.2

SVC
At the bus
Reactive power (VAR)
−100M V AR ≤ QSV C ≤ 100M V AR

Three case studies have been presented in solving this multi-type FACTS device installation
problem for minimizing system power loss. The first case is the base case, in which the test system
is in steady state. The second case is (N-1) line contingency, in which one transmission line is
disabled. This line is rated as the weakest among the others. Finally, the third case is (N-2) line
contingency, in which the two weakest transmission lines are shut down. It is critical to introduce
line contingency cases to determine whether the proposed AIS technique can solve multi-type FACTS
devices installation problem when the power system is not in steady state, as occurs in real-world
problem. To achieve the best results, the program was run ten times in each case to ensure that it
produced consistent optimization results.
3.1. Case 1: Base Case
It was ensured for this base case that the system power loss would not exceed 17.60 MW after the
TCSC and SVC were optimally installed. Before the FACTS devices are installed, the system power
loss is 15.53 MW. Table 3 summarizes the Case 1 results. The table displays the AIS optimization
results for 20 runs. The locations of TCSC and SVC units in the IEEE 26-Bus RTS, as well as their
sizing and system power loss, can be seen.
Table 3: Summarized results for Case 1

No.
of run
1
2
3
4
5
6
7
8
9
10

Location
of SVC
(Bus no.)
9
9
9
9
9
9
9
9
9
9

Sizing
of SVC
(MVAR)
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74

Location Compensation
Sizing
Power
of TCSC
ratio,
of XTCSC Loss
(Line no.)
γT CSC
(p.u)
(MW)
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88
4-8
0.1910
0.0079
14.88

According to Table 3, the best location for SVC unit is at bus 9, with a sizing of 36.74 MVAR
injected to the bus. Meanwhile, TCSC unit is located on line 4-8, with a compensation ratio of
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0.1910. As a result, the TCSC reactance is 0.0079 p.u. The following is an example of TCSC
reactance calculation:
ine(4 − 8) : Xab = 0.0207p.u
0

Xab = Xab + XT CSC

(8)
(9)

0

XT CSC = Xab + Xab = 0.0286 − 0.0207 = 0.0079p.u

(10)

Following the installation of the TCSC and SVC units, the system power loss was reduced to 14.88
MW. This demonstrates that AIS has successfully identified the best locations and sizings for the
installation of TCSC and SVC units for this steady state condition of the IEEE 26-Bus RTS.
3.2. Case 2: (N-1) line contingency
Lines 6-11 was taken offline for this Case 2. Table 4 displays the optimization results for Case 2
after ten runs. According to Table 4 of Case 2, the best location for SVC discovered via AIS is at bus
9, with a sizing of 36.74 MVAR injected to the bus. Meanwhile, with a compensation ratio of 0.1910,
the optimal location of TCSC is at line 4-8, and the results are the same as in Case 1. However,
the system power loss for this case after the installation of the TCSC and SVC units is 14.85 MW,
which is less than 15.51 MW before the installation for this (N-1) line contingency condition.
Table 4: Summarized results for Case 2

No.
of run
1
2
3
4
5
6
7
8
9
10

Location
of SVC
(Bus no.)
9
9
9
9
9
9
9
9
9
9

Sizing
of SVC
(MVAR)
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74

Location Compensation
Sizing
Power
of TCSC
ratio,
of XTCSC Loss
(Line no.)
γT CSC
(p.u)
(MW)
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85
4-8
0.1910
0.0079
14.85

3.3. Case 3: (N-2) line contingency
For Case 3, lines 6-11 and 10-12 have been removed from the IEEE 26-Bus RTS. Table 5 summarizes the optimization results for Case 3, which includes ten runs. According to the table, the best
location to install an SVC unit is on bus 9 with a size of 36.74 MVAR injected into the bus. At the
same time, line 4-12 with a compensation ratio of 0.1910 is the best place to install a TCSC unit.
Furthermore, the FACTS devices were installed properly, resulting in a reduction of system power
loss from 16.59 MW (pre-installation) to 15.69 MW (after installation).
3.4. Comparison between cases
Table 6 compares the outcomes of the three scenarios. Because the line contingency cases are
implemented to represent the practical scenario when a fault occurs, the proposed AIS program can
still find the optimal locations and sizing of the TCSC and SVC units in the power system. According
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Table 5: Summarized results for Case 3

No.
of run
1
2
3
4
5
6
7
8
9
10

Location
of SVC
(Bus no.)
9
9
9
9
9
9
9
9
9
9

Sizing
of SVC
(MVAR)
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74
-36.74

Location Compensation
Sizing
Power
of TCSC
ratio,
of XTCSC Loss
(Line no.)
γT CSC
(p.u)
(MW)
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69
4-8
0.1910
0.0079
15.69

to the comparison, the greater the transmission line outage, the greater the system power loss, but it
remains within the constraint value. These line contingencies conditions help to deal with real-world
scenarios in which lines go down due to electrical faults. However, regardless of the inconvenience,
the installation location of FACTS devices can still be generated and will be located at the most
suitable location. Regardless, the system power loss is minimized. These findings show that the
installation location of both devices, SVC and TCSC, has a consistent result.
Table 6: Comparison between the three cases

Case

Case 1:
Base case

Outage Line(s)
No. of transmission line
Location of SVC
Sizing of SVC (MVAR)
Location of TCSC
XTCSC (p.u)
Power loss (MW)

46
9
-36.74
Line 4-8
0.0079
14.88

Case 2:
(N-1) line
contingency
1
45
9
-36.74
Line 4-8
0.0079
14.86

Case 3:
(N-2) line
contingency
2
44
9
-36.74
Line 4-8
0.0079
15.69

4. Conclusion
In conclusion, this paper successfully presented the AIS optimization technique for the installation of multi-type FACTS devices, TCSC and SVC, in the power system. Three case studies were
presented in finding the optimal locations and sizings of the FACTS devices to minimize system
power loss. According to the optimization results, AIS is a prospective computational intelligence
technique that can be used to optimally install multi-FACTS devices in the best location with their
optimal sizing while taking system constraints into account. This is evident when the system power
loss produced by AIS is compared to the system power loss prior to installation. Across multiple
runs, the proposed AIS algorithm produced consistent results. Furthermore, in this project, the line
contingency approach was used to vary the input and execute an acceptable output to validate the
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system works even during disruptions. This implementation improves system stability while simultaneously reducing system power loss, which has always been a problem in the electrical power system.
Moreover, the power system operating costs will be reduced because of the reduced system power
loss.
In the future, the research project can be done with different FACTS devices to see if the system
is more likely to optimize or not. Different types of FACTS devices provide different benefits; thus,
it is more important to investigate in the optimization of a power system to achieve the best result
possible. Since this project has used two FACTS devices, SVC and TCSC, it can be expanded by
implementing Unified Power Flow Controller (UPFC) and Static Synchronous Compensator (STATCOM), which have been associated with instantaneous minimization of voltage deviation at load
buses and real power loss in transmission lines in various research papers. Furthermore, this project
can be improved by analyzing transmission line contingency to select the most suitable transmission
lines in line contingency cases. As a result, the proposed AIS optimization technique is more refined
in terms of accuracy.
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