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ABSTRACT

This paper proposed the dynamic security assessment for the transient stability using thyristor-controlled series capacitor (TCSC) controller. The stability criteria are
based on the severity indices for analyzing the fault on the power system. The index uses time-domain analysis simulation, which makes it easier and simpler to
implement. The optimal location and parameter setting of the TCSC is formulated as an optimization problem solved by using the flower pollination algorithm (FPA)
due to its higher convergence rate. The proposed index is tested on the modified IEEE 14-bus and IEEE 68-bus, large-scale system. The effects of a three-phase short-
circuit fault, different fault locations, and fault clearing method are then further discussed. An analysis is done to determine how the faults on lines affect the transient
stability of the load and generator bus in the system. The findings show that by employing the TCSC lead-lag controller using the FPA for tuning, the voltage drop was
improved and stability margins were greatly increased with damping out transient power oscillation. To demonstrate the effectiveness of using the proposed FPA to
solve the suggested problem, the results are also compared with that of artificial bee colony to prove its robustness.

Index Terms—Flower pollination algorithm, severity indices, thyristor-controlled series capacitor, transient voltage stability.

I. INTRODUCTION

Modern power systems experience challenges during their operation, such as operating closer
to their stability limits [1]. The need to keep the power systems secure under demanding oper-
ating conditions has become critical due to high power consumption, population growth, and
advances in technology. The electrical power network is designed to provide uninterrupted
power supply, but the way unpredictable incidents can happen on the network during the pro-
cess of generation, transmission, or distribution can hinder the quality of power supply, making
the system unstable sometimes. This raises concerns about the reliability, risk, and security of
electricity [2]. Such incidence can be all kinds of faults, i.e., short-circuit, open-circuit, or three-
phase faults. A situation like this causes serious issues in the daily lives of millions of people,
including economic loss such as closure of industries and factories and other consequences. It is
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Transient stability has always been a critical and key issue for modern power system analysis and
BY NG control for ensuring safe operation [5]. It is influenced by a number of factors, including network
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series fault [7]. Open-circuit faults are classified as series fault, while short-circuit faults as shunt
faults. This manuscript deals with shunt faults because they have a greater impact on system
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stability and reliability. Studies have shown that three-phase short-
circuit fault is the severest of all faults in power systems. Occurrence
on the transmission line will cause severe voltage drop on the sys-
tem from a distance, which is not easy to identify and that is hard
to recover from, which could also lead to total blackout. Performing
a simulation on the transmission line also finds that the transient
voltage stability issue will get even worse when drastic measures
are not taken to correct the problem. Under normal circumstances,
the system must quickly disconnect that specific line from the power
system when it encounters a short-circuit fault. However, cutting
off that line could result in an overload of another line, so clearing
the fault as soon as possible is crucial for the continued operation of
power systems. Numerous factors often lead to the analysis of three-
phase short-circuit faults, such as preventing voltage collapse of the
power system and determining the correct rating of the protective
device such as the circuit breakers and switchgear. The focus will be
on the power system’s transmission system since short-circuit faults
on this system cause generation plants to lose synchronism and
result in significant blackouts of the power system.

Basically, there are two different kinds of transient stability assess-
ment (TSA) methods: the time-domain simulation [8-10] and the
direct method [11, 12]. These techniques typically have more than
just determining whether the system will be stable after a distur-
bance. Although they are faster in terms of speed, they come with a
lot of constraints when modeling [13, 14]. The time-domain method
is adopted in this research because of its accuracy that comes with
a detail description and the capability of handling any modeling of
the power system; however, its calculation speed is very slow, which
needs to be improved [15, 16]. Several stability indices have been
used in numerous research works for the assessment of stability of
large power systems such as transient security indices [17], small
signal stability index [18], rotor angle stability index [19], frequency
stability index [20], and transient voltage stability index . The TSA
approach is the mostly used method for the analysis of faults on the
power system because it provides details of the dynamic behavior
of the system components. In [21], the TSA approach is proposed by
using a random vector functional link network which is optimized by
the Jaya algorithm to assess the transient stability of the power sys-
tem. The TSA approach was introduced in [22] by using the transient
severity index for two purposes: first to categorize the generators in
coherent groups and second to rank them according to the severity
level which was very effective when applied on the IEEE system.

Recent grid upgrades include the installation of flexible AC trans-
mission system (FACTS) devices to improve power transfer limits,
improve system damping, and increase transient voltage stability,
all of which ensure that the power system operates safely and effi-
ciently [23, 24]. But the question is how to locate the optimal place
and rating of this device to be installed in order to help clear the
fault quickly is quite a challenge. The current research and develop-
ments in power electronics have paved the way for the use of FACTS
devices that are dependable and of high speed such as static VAR
compensator, STATCOM, unified power flow controller (UPFC), and
thyristor-controlled series capacitor (TCSC) to be used for transient
stability with the tuning of its parameters being developed as an
optimization problem to be solved using intelligent techniques like
the harmony search algorithm, quasi-oppositional harmony search
(QOHS) algorithm, and genetic algorithm (GA). Thyristor-controlled
series capacitor has been given much attention due to the benefits
it offers, and it has been used with different controller designs. As a

result, the FACTS device that will be employed in this research is the
TCSC. Some of such recent research are discussed.

Nandi et al. [17] proposed the QOHS technique for the design of
Proportional-Integral-Derivative controller (PID) and TCSC controller
gains, and the results of the research work justify why the proposed
QOHS-TCSC-PID is a better damping controller than the other con-
troller types that were compared. In [25], an Static Synchronous
Series Compensator (SSSC)-based wide-area controller is designed
to improve the power system stability, and its setting and tuning are
optimized using a GA based on the integral time error criteria and
implemented with the consideration of time delay which was mod-
eled using the Pade approximation method. A comparative analysis
between two controllers was studied [26], which was done by the
design and implementation of proportional integral (Pl)-controlled
(STATCOM) controllers and fuzzy logic-controlled STATCOM control-
lers with different fault conditions. In [27], power system stabilizer
and FACTS damping controllers were used to stabilize a large-scale
power system with the implementation of improved planted growth
simulation algorithm for the controller's parameters. Meziane et al.
[28] proposed the PI derivative controller with TCSC to improve the
dynamic stability of the system. With that approach, the controller
gain was tuned using the interval type-2 fuzzy logic. The use of the
UPFC to improve the transient stability of power systems was studied
in [29], in which the author proposed a non-linear technique as the
control scheme for the device that is based on transient energy func-
tion and improved two-order sliding mode observer. A synergetic
control theory method studied in [30] was applied for the design of
a decentralized TCSC controller for the analysis of transient stability.
In [31], the control parameters of the robust wide-area damping con-
troller for the TCSC were solved by using the linear matrix inequality
approach for damping enhancement which was superior when com-
pared to the H controller.

Of all the controllers discussed, the use of the conventional lead-lag
controller for the TCSC is now widely used due to the advantages it
provides for the effective power oscillation damping of the system
and enhancement of the transient stability [32]. Most of the studies
about using FACTS devices only placed the device at the higher load
buses. This method mostly does not give a good result by improv-
ing the stability of the system. Therefore, determining the optimal
location and parameters of the FACTS device controller model using
a meta-heuristic approach can guarantee a successful voltage drop
enhancement at the bus.

This paper proposes the DSA-based TSA using the severity indices
for the simulation and analysis to identify the transient voltage sta-
bility weakness when a three-phase short-circuit fault occurs on the
transmission lines with and without a TCSC controller. The novelty
of this research is the optimal location and parameter tuning of
the TCSC lead-lag controller using the flower pollination algorithm
(FPA) based on the integral of time-weighted absolute error (ITAE)
as the objective function to improve the transient stability of the
power system, subjected to severe disturbances. Artificial bee colony
(ABC)-based parameter tuning results are compared to that of the
proposed FPA-based parameter tuning of the devices to assess its
effectiveness.

The paper is organized as follows: Section Il describes the pro-
posed method. Section Il describes the TCSC model and its control-
ler. Section IV explains the FPA and its implementation. Section IV
presents the case system that will be used to verify the proposed
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approach. Section V discusses the results and discussion, and finally,
Section VI concludes the paper.

1I. PROPOSED METHOD

The severity indices using the time-domain simulation is proposed
to determine the transient stability of the system. If the power sys-
tem experiences a significant disturbance, the algebraic variables
change instantly, while the dynamic variables could take some time
before their state values change, according to the differential alge-
braic equations represented in . After the disturbances have cleared,
it is anticipated that the variables will either return to their original
operating state or attain new, acceptable steady-state operating val-
ues, but this is not always the case.

The dynamic equation of the power system is expressed as follows:

x=f(x,y,1) (1

0=g(x,y,1) )

where x is a vector representing state variables like the speed and
angle of the rotors, y is the vector of algebraic variables such as volt-
ages, and A is the vector of model parameters such as generation
levels, load levels, and transmission line impedances.

The dynamic response to a disturbance of a state variable linked to a
machine is shown in Fig. 1.

The three-phase short-circuit fault occurred at time t, and was
cleared at t,. The deviation from the initial steady-state operating
point x(t,) can be used to determine the fault’s severity at any time
t. The severity index is the weighted sum of squares of error defined
asin-—:
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where W, is the weight associated with the state variable x,;. M is the
number of machines and k is the number of the state variables.

11I. THYRISTOR-CONTROLLED SERIES CAPACITOR MODEL AND
ITS CONTROLLER

The type of device used in this paper is TCSC, which is classified as
one of the most important controllers with its configuration shown
in Fig. 2. The TCSC is a series-connected device that adjusts the line
impedance by connecting a variable reactance in series with the line,
thereby regulating the power flow across the line and decreasing the
reactive power loss [6, 33, 34]. The static model of TCSC connected
between branches (a and b) is presented in Fig. 3. Connecting in
series helps to increase the dynamic stability of power transmission
systems. The conventional dynamic model-based damping control-
ler of the TCSC is shown in Fig. 4.

The thyristor firing angle (a) has two functional areas: one is the
capacitive area X (@) < 0, where a, ;. < a« <180 and the other is
the inductive area X, (@) > 0, where 90 < a <a ., [13]. In line with
a system control algorithm, the firing angles of the thyristors are
adjusted to change the TCSC reactance, often in response to some
system parameter [35]. So, the TCSC is modeled in this study as a
variable capacitive reactance so that it can generate reactive power
to the system for stability reason. The equivalent TCSC reactance
for the relationship between conduction angle (o) (6 = = —a) and
the TCSC reactance X, (0) in the steady state are defined as fol-
lows [1]:

Fig. 2. Schematic diagram of a thyristor-controlled series capacitor.
This device configuration consists of three main components:
bypass inductor (L), capacitor banks (C), and two antiparallel thyristor
T1and T2.

‘

Bus a Busb
I Z=R+jX Rrcse Xrese I
| ) &
| | — T
—— B« —— jBa

Fig. 1. Dynamic response of a machine state variable. The oscillation
between ¢, and t, means a large disturbance happened at ¢, and
lasted till it was cleared at t,. During the post-fault period, the system
was stable.

Fig. 3. Transmission line model with a thyristor-controlled series
capacitor (TCSC). This shows the transmission line model represented
by lumped m-equivalent parameters with a TCSC linked between
bus a and bus b. The TCSC changes the line impedance during the
load flow due to series capacitance.
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Fig. 4. Block diagram of thyristor-controlled series capacitor (TCSC)
with a lead-lag controller model. This consists of a gain block, a
signal washout, and a two-stage phase compensation block.
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where X_ is the nominal reactance of the fixed capacitor C, X; is the
inductive reactance of inductor L connected in parallel with a fixed
capacitor, and k is the compensation ratio.

From the controller model in Fig. 4, the input signal is the speed devi-
ation Aw, and the output signal is the reactance X (o). It consists of
a gain block, a signal washout, and two-stage phase compensation
block. The transfer function of the TCSC controller is:

sT,, 1+5sT; \( 1+sT-
u=K, ! >y (8)
1+5sT,, \1+sT, )\ 1+5sT,
where u and y are the TCSC controller output and input signals,
respectively.

The lead-lag controller parameters are tuned based on the ITAE
using the FPA. This is proposed for the controller for reducing the
steady-state output error after disturbances and effectively suppress-
ing low-frequency oscillation in power systems [36]. It is defined as a
minimization function expressed as follows:

ti
M :I t‘e (t)Pt where “e” is the error signal and ¢, is the time range
0

of simulation.
IV. FLOWER POLLINATION ALGORITHM

The FPA, a meta-heuristic search algorithm developed by Xin-She
Yang, was modeled after the pollination procedure of flowering
plants [37]. The following four rules are used for the implementation:

1. In the global pollination process, biotic and cross-pollination
are considered, and pollen-carrying pollinators obey Lévy
flight [38].

2. Abiotic pollination and self-pollination are methods used for
local pollination.

3. Pollinators such as insects develop flower constancy, which is
equivalent to reproduction probability, and it is proportional to
the similarity of two flowers involved.
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4. A switch probability, p 6[0,1:', is used to control the interaction
of local and global pollination.

These rules have to be converted into proper updating equations.
The global pollination step and flower constancy step can be repre-
sented by:

X =xf L (X)(g*—x,?) 9)
where x/*' is the solution vector x, at iteration t, g. is the current best
solution found among all solutions at the current iteration, y is a scal-
ing factor, and L(4) is a step-size parameter.

The parameter L is the strength of pollination, and it represents a
Levy distribution that is given by:

AL(A)sin(mh /2
i MECIn(m/2) 1) (10)
T s
where F(k) is the standard gamma function. Rules 2 and 3 can both

be modeled as follows for the local pollination:

x,”1:x,~‘+s(x}—x,§) ()
where x| and xj are pollen from different flowers of the same plant
species and ¢ is a random number between 0 and 1.

A. Flower Pollination Algorithm Implementation

In this optimization problem, using the TCSC to inject reactive power
into the system to improve the transient stability, the locations and
size of the TCSC are the control variables. The flowering species of
the algorithm will solve these control variables. To determine the
system losses, the control variables for each flower and the load flow
are run. The fitness of the flower is determined by the reactive power
loss of the load flow. The flower that meets the TCSC placement and
parameter requirements and offers the best fitness (the least or
smallest loss) is chosen as the global best flower. Two parameters are
to be set for this algorithm: the population size (n=25) and the prob-
ability switch (p=0.8) [38].

The steps of the FPA algorithm are as follows:

Step 1: Read the system’s line and bus data and use the Newton-
Raphson for the load flow calculation.

Step 2: Initialize the population size and probability switch p=0.8,
n=25.

Step 3: Randomly generate the population of TCSC sizes and
locations.

Step 4: Determine the reactive power loss for the generated popula-
tion by performing load flow.

Step 5: Select the TCSC value with the lowest loss and its location as
the current best solution.

Step 6: Verify if the selected branch is attached to the slack bus or
the generator. If yes, proceed to step 3; otherwise, go to the next
step.

Step 7: Generate new local and global solutions based on p using
and.

Step 8: Determine the losses for the updated population by per-
forming load flow.

Step 9: If the obtained losses are smaller than the current best solu-
tion, replace it with the updated values. If not, return to step 8.
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Fig. 5. IEEE 14-bus system with a thyristor-controlled series
capacitor (TCSC). The red line in the figure shows the fault’s location,
one between the generator buses and the other between load
buses, with the TCSC located between branches 10 and 11.

Step 10: Print the results if the maximum number of iterations has
been reached.

V. CASE SYSTEM

The proposed method is tested on two test systems, including
the IEEE 14-bus system and IEEE 68-bus system, as shown in Fig. 5
and Fig. 6. The IEEE 14-bus system is a modified test system for the
transient stability having 16 transmission lines, 14 buses, 5 genera-
tors, and 4 transformers. Bus 1 is considered as the slack bus during
simulations. Also, the IEEE 68-bus system consists of 16 generators,
15 transformers, 68 buses, and 70 transmission lines with bus 65 as

the slack bus. The TCSC lead-lag compensator parameter tuning and
optimal location are optimized by the FPA algorithm using MATLAB
which is integrated into the Neplan software for the analysis and
validation of the simulation results on a desktop PC platform outfit-
ted with an Intel(R) Core (TM) i7-4790 CPU @ 3.60GHz, 3.60GHz, and
8 GB RAM.

VI. RESULTS AND DISCUSSION

For the purpose of validating the proposed fault model, a three-
phase short-circuit fault on two different transmission lines will be
simulated to examine the impact on the power system. On a num-
ber of lines, the fault locations are chosen at random, with one fault
occurring between generator buses and the other between load
buses with different fault distances from the line, which are grouped
in two cases. For the assessment, the bus voltage magnitude is used
as a reference. The FPA provides the location of a TCSC controller to
be between buses 10 and 11 for the modified IEEE 14-bus system
and between buses 8 and 9 for the modified IEEE 68-bus system. The
total simulation time is 10 s with a sample time of 0.04 s. The pro-
posed FPA-tuned controller simulation is compared with the ABC-
tuned controller in all simulations.

A. IEEE 14-Bus System

1) Case A

A three-phase short-circuit fault was applied at line L02-03, which
is located between generator bus 2 and generator bus 3. Fig. 7 and
Fig. 8 show that the distance of the line fault from bus 2 is 0.1 pu.
The faults occurred at t=0.5 s and lasted for 0.5 s. At t=1.0 s, the
fault was cleared by two different modes. As shown in Fig. 7, bus 4
suffered the worst voltage magnitude because it was very closer
to the line fault so that will be used for the comparison. The volt-
age decreases from 1.00 p.u. during the pre-fault stage to 0.004 p.u.
during the occurrence of the fault from 0.5 s to 1.0 s. The fault was
clear by removing the short-circuit fault from the system as shown

Gas

Fig. 6. IEEE 68-bus system with a thyristor-controlled series capacitor (TCSC). The red line in the figure shows the fault’s location, one between
the generator buses and the other between load buses, with the TCSC located between branches 8 and 9.
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Fig. 7. Voltage magnitude after line fault (L02-03) at 10% distance with/without thyristor-controlled series capacitor (TCSC). The plot consists of
three lines: the black line shows the plot of the original system, while the blue line shows the ABC-TCSC controller; the red line shows the system
with the proposed flower pollination algorithm (FPA) =TCSC controller injection. The proposed FPA-TCSC controller stabilized the system after the
fault was cleared.

in Fig. 7. During the post-fault stage, from t=1.0 s to t=10.0 s, it although it was able to improve the oscillation when also com-

can be observed that the transient of the system shows that the
system is having higher oscillation damping, making it unstable. By
using the proposed FPA-TCSC controller to the system enhances
the voltage drop from 0.004 p.u. to 0.467 p.u. during the fault stage
and quickly suppressed the oscillation, making the system stable
after the fault clearance as compared to the ABC-TCSC controller,

pared to the base case.

Fig. 8 represents the simulation after completely removing the fault
branch at both sides of the bus when the fault was cleared. Pre-fault
and post-fault stages share the same features as shown in Fig. 7.
After clearing the fault, the base case was still unstable with wide

T T T T T T T T T
1 o N - [ S S S—
e
'\
0.8 n 9
— . i
3 { |
o6 | A I |
g ' |
5 < |
S - ’ !v
2o0ar \ —
0.2 d
Base Case
— — —FPA-TCSC-LL
ABC-TCSC-LL
0r i
0 1 2 3 4 5 6 7 8 9 10

Time (Seconds)

Fig. 8. \oltage magnitude after line fault (L02-03) at 10% distance with/without a thyristor-controlled series capacitor (TCSC) controller. With
this graph, the fault was cleared by completely removing the branches from the end. Oscillation was still high in the base case shown in black,
but using the proposed flower pollination algorithm (FPA)-TCSC controller made the system stable shown in red line.
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oscillation which ends with error; the use of the ABC-TCSC control- Both in Fig. 9 and Fig. 10, the fault is located at the midpoint of the
ler damped the oscillation and made it stable, but this took a longer line 02-03 that is 50% of the fault location, with bus 4 suffering the
time at around 5.8 s which was almost the same to that obtained most voltage drop of 0.21 p.u. In Fig. 9, at t=0 s before the occur-
with the proposed FPA-TCSC controller which achieved stability at rence of the fault with and without the TCSC controller, the voltage
0.9 p.u. magnitude of all buses was stable, ranging from 1.00 to 1.10 p.u.

)

o o
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0.2 i i i i i i i i i ]
0 1 2 3 4 5 6 7 8 9 10
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Fig. 9. Voltage magnitude after line fault (L02-03) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Location
of the fault was set at the midpoint of the line fault for the analysis. Using the proposed flower pollination algorithm (FPA)-TCSC controller, as
shown in the red line, improved the voltage drop after the fault was cleared by removing the short-circuit fault compared to the base case shown
in black color.
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Fig. 10. Voltage magnitude after line fault (L02-03) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Fault
location at the midpoint is analyzed. The fault was cleared in the post-fault by removing the branch out at both sides. The black plot is the base
case, the blue one is the ABC-TCSC controller, while the red one takes the proposed flower pollination algorithm (FPA)-TCSC controller.
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After applying the fault at t=0.5 s, the bus voltage declined as the
fault time increases. The system was stable after clearing the fault
by removing the short-circuit fault. With the ABC-TCSC controller
added to the system, bus 4 voltage was improved to 0.66 p.u. during
the faults, and, ultimately, its stability was enhanced after clearance
of the fault compared to the base case. The figure shows that with
the use of the proposed FPA-TCSC controller, the minimum voltage
drop was 0.5268 p.u., and oscillation after the fault clearance was
compressed better than the ABC-TCSC controller.

When compared to Fig. 9, the pre-fault stage of removing the branch
from one side of the line and fully removing it from both sides of the
line, as shown in Fig. 10, are the same. Only the post-fault stages are
different from the rest. The plot shows that after the fault is cleared,
the proposed FPA-TCSC controller provides better oscillation damp-
ing to achieve stability than the ABC-TCSC controller when com-
pared to the base case.

Fig. 11 shows the convergence rate for the optimal tuning of both
the FPA-TCSC parameter and ABC-TCSC parameter algorithm.
Comparing the convergence curve of both the algorithms, the FPA
reaches the optimal solution at the 93rd iteration, while the ABC
reaches at the 190th iteration. This confirms that the FPA algorithm
converges at a faster rate than the ABC algorithm.

2)CaseB

In this simulation, the precise fault location, fault kind, and fault
clearance time are taken into consideration. The three-phase fault
was set on the transmission line L12-13 between two load buses,
and the fault occurred at t=0.5 s. The location of the fault was set
at 10% away from the beginning of the branch L12-13 with a clear-
ing time t.=1.0 s. After the simulation, among all the buses, bus 12
experienced a severe voltage drop of 0.045 p.u. It can be seen that
both the proposed FPA-TCSC controller and ABC-TCSC controller
were able to improve the voltage drop to 0.51 p.u. and 0.31 p.u.,

respectively, while making the system stable after the fault is cleared
by removing the three-fault short-circuit fault as shown in Fig. 12.
However, the suggested FPA-TCSC controller outperformed the ABC-
TCSC controller because it could keep the bus stable at 1.0 pu. Fig. 13
shows that the fault is cleared by removing the branches at both
sides. Both figures are the same when compared, which proves that
when the fault occurs at that line, it can be cleared by either remov-
ing the short-circuit fault or by removing the branches out at both
sides with the use of the proposed FPA-TCSC controller.

With a total time of 105, set for the simulation, a three-phase ground-
ing short-circuit fault occurs at t=0.5 s, with the fault located at the
midpoint of the branch L12-13 and the fault duration is 0.5 s. The
fault clearing is done by removing the short-circuit fault as shown
in Fig. 14 or eliminating the faulty branch at both ends from the sys-
tem as shown in Fig. 15. Both cases are the same, and the proposed
FPA-TCSC controller played a critical role by maintaining the system
stability at 1.0 p.u. while increasing the voltage drop from 0.157 p.u.
to 0.461 p.u. when compared to the ABC-TCSC controller that had
a voltage drop of 0.313 p.u. as shown in Fig. 14. As shown in Fig. 15,
by eliminating the fault line, the voltage drop was 0.16 p.u. and was
enhanced to 0.46 p.u. with the use of the proposed FPA-TCSC con-
troller when compared to the ABC-TCSC controller, although both
controllers were able to stabilize after the fault is cleared. In this case,
firstly, during the post-fault scenario, the transient stability of the
system does not depend on the mode of clearing the fault which is
either by removing the three-phase fault or by removing the branch
out from both sides of the buses using the proposed FPA-TCSC
controller. Secondly, the proposed FPA-TCSC controller was able to
maintain the bus to 1.0 p.u. for both figures.

B. IEEE 68-Bus System

1) Case C
To show the robustness of the proposed controllers on a large-
scale system, the three-phase short-circuit fault is applied to the
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Fig. 11. Convergence curve of the flower pollination algorithm (FPA) and ABC. This plot shows the performance of the proposed FPA and ABC
algorithm used to tune the parameters of the thyristor-controlled series capacitor (TCSC) controller.
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Fig. 12. Voltage magnitude after line fault (L12-13) at 10% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Fault
occurred between two loads and was cleared by removing the three-phase short circuit; the black line shows the plot of the base case and the
blue line is the ABC-TCSC controller, while the red line takes the proposed flower pollination algorithm (FPA)-TCSC controller.

transmission line between two generator buses, and the results are
compared to that of TCSC tuned using ABC. The fault is applied to line
L02-25, which is located between generator bus 2 and generator bus
25. The distance of the line fault from bus 2 is 10%. From Fig. 16, in
the pre-fault stage, all the buses were stable; after a three-phase fault
occurred at line 02-25 at time t=0.5 s, bus 3 was severely unstable
because of its closeness to the fault location with a voltage magnitude

of 0 p.u. and after the fault is cleared by removing the short-circuit
fault from the system after 0.5 s, it had a higher oscillation without
being stable. It can be seen that with the use of ABC-TCSC controller,
the speed of the oscillation was very lower than that of the base case
but was not able to achieve stability; it comes with error. The use of
the proposed FPA-TCSC controller was able to damp the oscillation
successfully by achieving stability at the time of 1.6 s at 1.0 p.u.
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Fig. 13. Voltage magnitude after line fault (L12-13) at 10% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Using
the proposed flower pollination algorithm (FPA)-TCSC controller, as shown by the red line in the figure, stabilizes the system at 1.0 p.u. while

enhancing the voltage drop during fault.

483



Electrica 2023; 23(3): 475-491
Rashed et al. Transient Stability Fault Analysis with TCSC

1.1 T T T T

L

I
/
\

0.7 |
0.6

05 \

Bus Voltage (p.u)

03

0.2 U

0.1 | L 1 1

Base Case
— — —FPA-TCSC-LL
ABC-TCSC-LL

! | | 1 1

0 1 2 3 4

5 6 7 8 9 10

Time (Seconds)

Fig. 14. \oltage magnitude after line fault (L12-13) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Fault
occurring between the midpoint of the load bus voltage does not drop lower compared to the 10% distance. The proposed flower pollination
algorithm (FPA)-TCSC controller results are in red, ABC-TCSC controller in blue, and the base case is in black.

Fig. 17 displays the simulation output following the complete
removal of the fault branch at both ends of the buses. The base case
comes with a higher oscillation but better than when the fault was
cleared by removing the short-circuit fault. The minimum voltage
was 0 p.u. in the base case and the proposed FPA-TCSC control-
ler damps out the oscillation by reaching stability with a minimum

voltage of 0.5 p.u. which was better than the ABC-TCSC controller
which only minimizes the oscillation amplitude with a minimum
voltage of 0.36 p.u. compared to the base case.

The line fault was further increased from 0.1 pu to 0.5 pu, which
is also the midpoint of line 02-25, to study the impact of fault
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Fig. 15. Voltage magnitude after line fault (L12-13) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. With
the fault cleared by eliminating the faulty branch at both ends of the system, the black plot shows the analysis in the base case, blue is the ABC—

TCSC controller, while red takes the proposed FPA-TCSC controller.
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Fig. 16. \oltage magnitude after line fault (L02-25) at 10% distance with/without a thyristor-controlled series capacitor (TCSC). The plot consists
of three lines: black shows the plot of the original system, while the blue line shows the ABC-TCSC controller; the red shows the system with the
proposed flower pollination algorithm (FPA)-TCSC controller injection. The proposed FPA-TCSC controller stabilized the system after the fault was
cleared.

distance on the system. From the simulation's results shown in
Fig. 18, all buses were stable in the pre-fault stage. With the occur-
rence of the fault at time t=0.5 s, bus 3 suffered the highest volt-
age drop with 0.32 p.u. in the base case because it is closer to the
fault location, ABC-TCSC with 0.52 p.u., and the proposed FPA-
TCSC controller with 0.6 p.u. The fault is cleared at time t=1.0 s

by removing the short-circuit fault from the system. It comes
with few oscillations in the base case, and the use of ABC-TCSC
controller cleared the oscillation compared to the base case but
without reaching stability. Using the proposed FPA-TCSC control-
ler damped the oscillation completely and reached stability at a
simulation time of t=3.0s.
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Fig. 17. Voltage magnitude after line fault (L02-25) at 10% distance with/without a thyristor-controlled series capacitor (TCSC) controller. With
this graph, the fault was cleared by completely removing the branches from the end. Oscillation was still high in the base case shown in black,
but using the proposed flower pollination algorithm (FPA)-TCSC controller made the system stable shown by a red line.
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Fig. 18. Voltage magnitude after line fault (L02-25) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller.
Location of the fault was set at the midpoint of the line fault for the analysis. Using the proposed flower pollination algorithm (FPA) =TCSC
controller, as shown in the red line, improved the voltage drop after the fault was cleared by removing the short-circuit fault compared to the
base case in black color.

At the post-fault stage, the fault was cleared by eliminating the
faulty branch on both sides of the buses after it had lasted 0.5 sec-
onds at the midpoint between line 02-25 as shown in Fig. 19. The
oscillation of the post-fault is very narrow as compared to Fig. 18
of the base case, with same applying to that of ABC-TCSC control-
ler. The proposed FPA-TCSC controller damps the oscillation at a
faster speed and achieves stability at a simulation time of t=3.0s.

2) Case D

In this case, to check the efficiency of the proposed controller, the
line fault is then located between two load buses to determine the
severity of the disturbances. The three-phase short-circuit fault is
applied to line 15-16 between bus 15 and bus 16.The location of the
fault was set at 10% away from the beginning of the branch L15-16.
Fig. 20 shows the plot of the simulation when the fault happens on
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Fig. 19. Voltage magnitude after line fault (L02-25) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Fault
location at the midpoint is analyzed. The fault was cleared in the post-fault by removing the branch out at both sides. The black plot is the base
case, blue is the ABC-TCSC controller, while red takes the proposed flower pollination algorithm (FPA)-TCSC controller.
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Fig. 20. \oltage magnitude after line fault (L15-16) at 10% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Fault
occurred between two loads and was cleared by removing the three-phase short circuit; the black line shows the plot of the base case and blue
is the ABC-TCSC controller, while red takes the proposed flower pollination algorithm (FPA)-TCSC controller.

the line at t=0.5 s, with bus 15 having the minimum voltage mag-
nitude of 0.0 p.u. in the base case, and after the fault is cleared by
removing the short-circuit fault from the system, it was not still sta-
ble with lesser amplitude oscillation. Use of the ABC-TCSC controller
enhanced the voltage magnitude to 0.4 p.u. during the fault stage,
and att=1.0s, it was cleared with very little oscillation. The insertion
of the proposed FPA-TCSC controller achieves the least voltage drop

of 0.54 p.u. in the fault stage and was able to damp out the oscilla-
tion, with stability occurring at time t=3.4 p.u.

After the fault clearance by removing the fault branch at both sides
of the buses from the system, the simulation is plotted in Fig. 21, and
the pre-fault and fault occurrence stages are the same in Fig. 20. By
carefully comparing each figure, it can be noticed that the oscillation
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Fig. 21. Voltage magnitude after line fault (L15-16) at 10% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Using
the proposed flower pollination algorithm (FPA)-TCSC controller, as shown by the red line in the figure, stabilizes the system at 1.0 p.u. while

enhancing the voltage drop during fault.
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Fig. 22. \oltage magnitude after line fault (L15-16) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. Fault
occurring between the midpoint of the load buses voltage does not drop lower compared to the 10% distance. The proposed flower pollination
algorithm (FPA)-TCSC controller results are in red, ABC-TCSC controller in blue, and the base case is in black.

of both the base case and ABC-TCSC controller is narrow when the
fault is cleared by removing the faulty line than by removing the
three-phase fault. The proposed FPA-TCSC controller damped out
the oscillation immediately after the fault clearance, reaching stabil-

ity with no error.

Since the power system is negatively affected by fault distance, the
line fault is further increased to the middle of lines 15 and 16, which
is 0.5 pu away from line 15, and is simulated for a duration of 10 sec-
onds, as shown in Fig. 22 and Fig. 23. In the initial stage, all buses
were stable, and immediately after the line fault occurred at time
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Fig. 23. Voltage magnitude after line fault (L15-16) at 50% distance with/without a thyristor-controlled series capacitor (TCSC) controller. With
the fault cleared by eliminating the faulty branch at both ends of the system, the black plot shows the analysis in the base case and blue is the
ABC-TCSC controller, while red takes the proposed flower pollination algorithm (FPA)-TCSC controller.
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t=0.5 s, all buses were unstable, but bus 15 was among the buses
that had a lowest voltage magnitude drop of 0.0 p.u. which is shown
in Fig. 22. The fault was cleared by removing the short-circuit fault
from the system at t=1.0 s. The base case had minor oscillations
throughout the simulation with state error. It can be seen that both
the proposed FPA-TCSC controller and ABC-TCSC controller were
able to damp the oscillation and stabilize the system, but the pro-
posed FPA-TCSC controller had a uniform stability immediately after
the faultis cleared at 1.0 p.u. and with minimum voltage drop of 0.52
p.u. better than the ABC-TCSC controller with a minimum voltage
magnitude of 0.38 p.u.

Fig. 23 represents the plot of simulation after the fault is cleared by
removing the fault branch at both sides of the buses from the sys-
tem. Fig. 9 is almost the same as Fig. 22, just that in the base case
after the fault is cleared the oscillation at 9.7 s was narrower when
compared to that of Fig. 22.

VIIl. CONCLUSION

This research focuses on improving the power system transient sta-
bility with the occurrence of three-phase fault to provide a safe and
consistent power operation using the proposed FPA-TCSC lead-lag
controller model. The proposed method was based on severity indi-
ces which can be used for large disturbances. The advantage of this
index is that it can be used for offline mode and provides adequate
information about the stability. The controller parameter tuning
was set based on the ITAE value of the error and optimal location
which are both solved as an optimization problem using the FPA. The
effectiveness of the proposed model in improving the power system
transient stability has been verified using the IEEE 14-bus system and
IEEE 68-bus system through time-domain simulations under two dif-
ferent fault location and distances. It has been observed that when
the fault is located between two generators buses at 10% fault loca-
tion, the system was severely unstable with wider oscillation after
the fault clearance with no controller. Also, simulation results show
that the fault occurring on the transmission line between two load
buses regains its stability when cleared either by removing the short-
circuit fault or by the outage of the faulty line using the proposed
FPA-TCSC controller. The test results illustrate the superiority of the
proposed FPA-tuned TCSC controller when compared to that of the
ABC-tuned controller. The overall conclusion is that the proposed
FPA-TCSC controller model improved the power system'’s stability
under severe disturbances and also increases the stability margin
using the proposed method due to its accuracy and efficiency.
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