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Abstract: An electrical power system (EPS) is subject to unexpected events that might cause the
outage of elements such as transformers, generators, and transmission lines. For this reason, the EPS
should be able to withstand the failure of one of these elements without changing its operational
characteristics; this operativity functionality is called N − 1 contingency. This paper proposes a
methodology for the optimal location and sizing of a parallel static Var compensator (SVC) in an EPS
to reestablish the stability conditions of the system before N− 1 contingencies take place. The system’s
stability is analyzed using the fast voltage stability index (FVSI) criterion, and the optimal SVC is
determined by also considering the lowest possible cost. This research considers N − 1 contingencies
involving the disconnection of transmission lines. Then, the methodology analyzes every scenario in
which a transmission line is disconnected. For every one of them, the algorithm finds the weakest
transmission line by comparing FVSI values (the higher the FVSI, the closer the transmission line
is to instability); afterward, when the weakest line is selected, by brute force, an SVC with values
of 5 Mvar to 100 Mvars in steps of 5 Mvar is applied to the sending bus bar of this transmission
line. Then, the SVC value capable of reestablishing each line’s FVSI to its pre-contingency value
while also reestablishing each bus-bar’s voltage profile and having the lowest cost is selected as the
optimal solution. The proposed methodology was tested on IEEE 14, 30, and 118 bus bars as case
studies and was capable of reestablishing the FVSI in each contingency to its value prior to the outage,
which indicates that the algorithm performs with 100% accuracy. Additionally, voltage profiles were
also reestablished to their pre-contingency values, and in some cases, they were even higher than
the original values. Finally, these results were achieved with a single solution for a unique SVC
located in one bus bar that is capable of reestablishing operational conditions under all possible
contingency scenarios.

Keywords: N − 1 contingency; electrical power system; optimal location; optimal sizing; reactive
compensation; static VAR compensator

1. Introduction

In an electrical power system (EPS), certain aspects, such as planning, operation,
management, and expansion, are essential for optimal EPS performance.

Among management issues, energy management is especially important. Some re-
search articles have considered an intelligent framework for energy management in hybrid
AC-DC microgrids with renewable energy sources and storage devices as a strategy for
smart energy management [1].

As for expansion, nowadays, the increasing development of offshore wind farms is a
new trend in the wind power industry due to benefits such as stable wind speed and their
renewable and non-polluting nature, and the ability to avoid occupying cultivated land is
highly sought in the electrical industry [2].
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However, among the previously indicated EPS stages, voltage stability is an important
issue that must be considered to ensure the safe and economical delivery of electrical energy
to end users.

The traditional EPS faces challenges in its stability due to the occurrence of changes,
especially in the transmission system, such as the continuous increase in electrical load and
the growing incorporation of renewable energy sources. Excessive load on transmission
lines is a crucial challenge for the power grid, as it can cause severe voltage drops and
eventual system collapse in the case of an overload. Even minor disturbances can lead the
grid to a critical state in such circumstances.

To date, research in the literature has focused on studying different stability indices in
transmission lines and nodes to predict system collapse, establish appropriate strategies for
load shedding due to voltage instabilities, regulate the load capacity of transmission lines,
and reduce losses through reactive compensation systems.

This paper presents a methodology that improves power system stability by installing
static VARS compensators (SVCs) according to the fast voltage stability index under N − 1
contingency scenarios while also considering costs and the improvement of voltage profiles.

1.1. Literature Review

Voltage stability is one of the most studied parameters of EPSs. For instance, ref. [3]
describes voltage stability indices such as BVCPI, FVSI, LQP, BVCPI, and VCP-1. This
review focuses on indices that identify the weakest bus in the electrical network and the
application of PSO to minimize losses that cause voltage instability. The paper begins with
a detailed understanding of blackouts and the phenomenon of voltage instability/stability,
the classification of power systems, and corresponding formulations. The study provides
an overview of voltage assessment techniques before applying PSO for discrete and multi-
objective optimization and their advantages over other techniques.

The study in [4] compared and evaluated six voltage stability indices, namely, Lmn,
FVSI, LQP, Lp, NVSI, and NLSI_1, and tested their effectiveness through numerical studies
in the IEEE 14-bus test system under various loading conditions. The research in [4] aimed
to identify the most suitable index to monitor the Nigerian power system. The advantages
and disadvantages of each index are presented, and their performance was assessed in
terms of their ability to predict voltage stability. The results provide insights into the
strengths and weaknesses of each index and enable the selection of an appropriate index
for monitoring the Nigerian power system.

The voltage stability of an electrical network is crucial to avoiding blackouts. It
is achieved by identifying the system’s weak and less reliable elements by calculating
their stability indices, whether in nodes or in lines [5]. Evaluating system stability and
identifying weak elements are fundamental to reliable operation and uninterrupted supply.
For example, in the study in [6], two approaches were evaluated to identify weak buses:
the previously developed fast voltage stability index and a new reduced index based on
fuzzy logic proposed by the authors; the classical approach based on the reduced method
calculates contingencies more accurately and produces reliable results.

In [7], it was demonstrated that node-based indices are superior to line-based indices
in identifying weak nodes and areas in power systems that are susceptible to instabilities.
The research in [8] proposes a practical methodology based on Artificial Neural Networks
to predict the fast voltage stability index. The proposed method was tested on IEEE 14- and
IEEE 30-bus test systems. A comparative analysis of different RNA topologies was carried
out based on the FVSI prediction capability, and the results were validated using the offline
Newton–Raphson simulation method.

Voltage collapse is a critical consequence of voltage instability, which occurs when
power systems operate at their maximum power transfer capacity limits. Therefore, it
is essential to evaluate and, above all, have an accurate estimate of critical operating
conditions to prevent voltage collapse through various indices that allow for the close
monitoring of the system and the precise prediction of voltage collapse so that system
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technicians and operators can take timely corrective measures and ensure a more reliable
and secure electrical network. This has led some authors to focus on calculating and, in
some cases, proposing new stability indicators and comparing them with traditional ones
for stability evaluation, as in [9,10], where two new modern indices for voltage stability
evaluation (MVSI and NCPI) are presented and compared with indices such as Lmn, FVSI,
LQP, NLSI, and VSLI. Their results show that these indices effectively identify critical lines,
weak buses, and areas in medium to large networks under various operating conditions,
including contingencies, with Mokred validating their proposal in the IEEE 30-bus system.
Additionally, in [11], the focus is on the usefulness of two voltage stability indices (FVSI
and LQP) to identify weak buses so that appropriate measures can be taken in advance to
prevent voltage collapse.

In the two studies described in [12,13], a new line stability index (NLSI_1) is proposed
to predict voltage collapse in electrical power systems. It is based on a switching logic
derived from the voltage angle difference between the loads of the evaluated nodes. The
results are compared with the line stability index (Lmn) and the fast voltage stability index
(FVSI) in the IEEE 14-bus test system and a real case of the Nigerian network.

The research in [14] discusses the evaluation of the maximum loadability of the
transmission network, considering single and double contingencies. To achieve this, the
installation of SVC, TCSC, and UPFC devices is considered, increasing the power transfer
capability. The methodology for identifying the appropriate point to compensate is based
on evaluating stability indices such as the CSI and FVSI. The proposed problem was
simulated using MATLAB 7.0 and tested with the WSCC 9-bus system, optimizing with the
MDE algorithm. The results show that the method reduces installation costs and improves
the overloading of transmission lines.

Reactive compensation is one of the best ways to improve the steady-state operation of
a power system. For example, in [15], the system’s operability and reliability were enhanced
by optimizing the placement and sizing of FACTS-based compensation systems to reduce
voltage deviation in 14-, 30-, and 118-bus test systems while accounting for uncertainty in
demand growth using deep neural networks. However, these works did not consider the
power system’s voltage stability [16].

The researchers in [17] propose the use of voltage stability indices to monitor and
control the voltage of an electric power system and propose a method for the optimal
placement of a series static synchronous compensator (SSSC) to improve voltage stability.
The technique involves classifying contingencies according to their voltage stability margins,
analyzing three voltage stability indices under the five main contingencies, and placing the
SSSC on the five main critical lines to observe the optimal placement. The proposed method
was applied to an IEEE 14-bus system, and the results show that the SSSC improves the
voltage stability of the system.

The authors of [18] presents a new methodology for the optimal installation of Distri-
bution Static Compensators (DSTATCOMs) in Electric Distribution Systems (EDSs) using
an Arithmetic Optimization Algorithm (AOA). The objective of the methodology is to
minimize the active energy loss (APL) and various voltage stability indices, including
the voltage stability index (VSI), fast voltage stability index (FVSI), line stability factor
(LPQ), and power/voltage stability index (PVSI). The methodology was tested on 33- and
69-bus systems, and the results show that the optimal installation of the DSTATCOM can
significantly reduce energy losses and improve voltage profiles.

In [19], the researchers present a method for optimizing shunt compensation in electric
power systems to improve voltage stability. FVSIs are used to determine vulnerable load
lines and buses, while PSO is used to find a shunt compensator’s optimal location and size.
The method was applied to the IEEE 14-bus test system for different contingencies, and
the results show an improvement in voltage stability. The methodology used in this study
consists of two main steps: First, FVSIs are used to identify vulnerable load buses and lines
in the electric power system. Then, the PSO algorithm is used to find the optimal location
and size of shunt compensators. A STATCOM was implemented as a shunt compensator.
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The study results show that implementing the proposed method significantly improves
the electrical power system’s voltage stability and load capacity. Furthermore, the study
demonstrates that using FVSIs and the PSO algorithm optimizes shunt compensation in
electric power systems. The main contribution of this study is the proposal of an effective
method for optimizing shunt compensation in electric power systems using FVSIs and the
PSO algorithm.

By installing SVC and TCSC FACTS devices on the weakest bus and line, the study
in [20] shows how to increase the energy transfer, voltage profile, and load capacity. It
also examines using FACTS devices to reduce overload in electric power transmission
networks. They used the standard IEEE 30-bus test system to validate their methods. The
findings indicate that using FACTS devices improves the voltage profile, energy transfer,
and load capacity and reduces energy loss. The employment of FACTS devices has also
been shown to considerably increase the performance of the electric power system, which
has significant implications for the electric power sector.

The study shown in [21] discusses the issue of the voltage stability of electric power
networks and suggests using two indices, the line stability index (Lmn) and fast voltage
stability index (FVSI), for an IEEE 30-bus test system to identify the weakest bus. The
findings demonstrate that shunt compensation is the most effective FACTS compensator for
increasing voltage stability. Tables and figures are used to support the results. In conclusion,
the study proposes a methodology for enhancing the voltage stability of electric power
networks and presents a practical approach to identifying and addressing the system’s
weakest bus.

In [22], an integrated framework for evaluating and improving the voltage stability
of electric power systems through optimal load shedding is proposed. The objective is to
enhance the voltage stability of electric power systems by identifying weak buses and lines
and using load shedding as a control method to stabilize the system. The methodology
employs various voltage stability indices to identify weak buses and lines. Optimal load
shedding uses metaheuristic algorithms such as particle swarm and gray wolf optimization.
The technique was successfully tested on the IEEE 30-bus test system. The results show
that the proposed technique based on the FVSI is effective in improving the voltage profile
under high-demand conditions. The study also highlights the advantages of using GWO
instead of PSO for computational efficiency and voltage profile improvement.

In [23], an algorithm is presented to prevent the voltage instability of electrical net-
works by implementing an under-voltage load-shedding (UVLS) system using the indices
FVSI and LSI in the IEEE 39-bus system with distributed generation. The results show
that the system performance after disconnection did not differ significantly from the base
case, and the voltage instability of electrical networks can be prevented by using the
FVSI and LSI to determine the most unstable loads, which can be shed before the voltage
further decreases.

In addition, distributed generation and renewable power plants are an essential part of
today’s power grids. In [24], the authors provide an overview of the voltage stability index
(VSI) as an important indicator of power system stability due to the increasing integration of
renewable energy sources (RESs) into the power system, rapid load changes, and increasing
power demand.

Deep learning has also been used to assess system stability. In [25], the authors
suggest a deep-learning intelligent system for power system short-term voltage stability
assessment (STVSA) that includes data augmentation. The method uses conditional least-
squares generative adversarial network (LSGAN)-based data augmentation to increase
the dataset after obtaining labeled samples from a limited dataset using semi-supervised
cluster learning.

In [26], the authors discuss the potential issue of overvoltage in power grids due to
the increased penetration of Photovoltaic (PV) units and proposes a long-term strategy to
resolve the issue. The strategy involves employing demand response (DR) programs and
load-shifting techniques to reduce voltage levels during peak hours. This reduces the need
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for active power curtailment and reactive power provision methods, which can limit the
maximum injectable active solar power to the grid and decrease the inverters’ lifetime. The
proposed approach also reduces under-voltage levels during peak times and introduces
new insight into DR potential.

1.2. Organization

The organization of this paper is as follows: Section 1 discusses the different method-
ologies applied for the improvement of the stability of transmission lines. The different
stability indices considered in the most relevant research works are also shown, empha-
sizing the fast voltage stability index (FVSI). Additionally, this section shows the previous
research on FVSI improvement, how the results were evaluated, and the different tech-
niques and methodologies applied.

Section 2 shows the mathematical basis for Newton–Raphson when applied to power
flows and the fast voltage stability index calculations that this research used for its algo-
rithms. This section also fully explains the implementation of the algorithm for the optimal
location and sizing of the static VAR compensator for the improvement of the FVSI of a
transmission system under all N − 1 contingency scenarios.

Section 3 shows the optimal location and sizing of the SVC for the three case studies this
paper describes. The results show the FVSI before and after implementing the methodology
under all N − 1 contingencies, and voltage profiles are treated as an analysis indicator.
Finally, this section provides a detailed discussion and analysis of the results.

Finally, Section 4 summarizes the conclusions of the research performed in this work.

2. Methodology

This work proposes a methodology for improving the stability of electrical power
systems under N − 1 contingency scenarios involving the disconnection of transmission
lines. For this purpose, the fast voltage stability index (FVSI) is used as the parameter
that evaluates the system’s stability. Reactive compensation, specifically the static VAR
compensator (SVC), is applied to the system. The optimal bus-bar location and sizing
are determined by analyzing the transmission system’s electrical parameters calculated
through Newton–Raphson.

Additionally, for all case studies, the system was analyzed under normal load condi-
tions; in other words, this research did not consider increases in active or reactive loads
over those already connected to the system, which will be studied in future works.

The methodology is explained in detail in the following sections, starting with concepts
essential for the method proposed in this research.

2.1. Power Flow: Newton–Raphson

Different techniques are used to calculate the electrical variables of an electrical power
system in a steady-state condition (power flow). Among the different methodologies,
Newton–Raphson (NR) is widely used due to its fast convergence and the large region
of convergence for the analyzed variables. NR is mainly based on the Jacobian matrix, a
mathematical representation of the relationships and influence of voltage magnitudes V
and voltage angles δ with variations in active ∆P and reactive power ∆Q [27].

The complex power equations that are used in NR are listed below. The apparent
power calculation at node i is shown in Equation (1).

Si = Vi ∗ I∗i = Vi ∗
(

n

∑
j=1

Yi−j ∗Vj

)∗
= Vi ∗

n

∑
j=1

Y∗i−j ∗V∗j (1)
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By considering that Yi−j = Gi−j + jBi−j, Vi = |Vi|ejδi and δi−j = δi − δj, Equation (1)
can be rewritten as Equation (2).

Si =
n

∑
j=1
|Vi|
∣∣Vj
∣∣(cosδi−j + jsinδij

)(
Gi−j − jBi−j

)
(2)

Analyzing the real and imaginary terms in Equation (2) makes it possible to write
expressions for real and active power, as shown in Equations (3) and (4); in these equations,
the variable x refers to the unknown terms in each equation, such as Vi, Vj, δi, and δj.

Pi(x) =
n

∑
j=1
|Vi|
∣∣Vj
∣∣(Gi−jcosδi−j + Bi−jsinδi−j

)
(3)

Qi(x) =
n

∑
j=1
|Vi|
∣∣Vj
∣∣(Gi−jsinδi−j − Bi−jcosδi−j

)
(4)

An electrical power system needs to maintain a power balance between demanded
power D and generated power G considering Equations (3) and (4); this balance is applied
to both active and reactive power, as shown in Equations (5) and (6).

Pi(x)− PGi + PDi = 0 (5)

Qi(x)−QGi + QDi = 0 (6)

Then, the variables of interest to be estimated are the voltage magnitude and angle
in each node, represented by Matrix (7). These variables depend on the power balance at
the same nodes, represented by Matrix (8). Additionally, the voltage, angle, and power at
one node are known, as this node is generally a slack bus bar.

x =



δ2
.
.
.

δn
|V2|

.

.

.
|Vn|


(7)

f (x) =



P2(x)− PG2 + PD2
.
.
.

Pn(x)− PGn + PDn
Q2(x)−QG2 + QD2

.

.

.
Qn(x)−QGn + QDn


(8)

Finally, NR is applied to solve the power flow; this process is iterative and is shown in
Equation (9), where (k + 1) indicates the current iteration, (k) is the previous one, and J is
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the Jacobian matrix, which depends on the balance equations for active and reactive power.
This is written in Equation (10).

x(k+1) = x(k) −
[

J(x(k))
]−1

f (x(k)) (9)

J(x) =



∂ f 1
∂x1

(x) ∂ f 1
∂x2

(x) ... ∂ f 1
∂x2n−2

(x)
∂ f 2
∂x1

(x) ∂ f 2
∂x2

(x) ... ∂ f 2
∂x2n−2

(x)
. . . .
. . . .

∂ f2n−2
∂x1

(x) ∂ f2n−2
∂x2

(x) ... ∂ f2n−2
∂x2n−2

(x)

 (10)

2.2. Fast Voltage Stability Index (FVSI)

The fast voltage stability index is an indicator that evaluates the stability of a power
line. This indicator has a value that varies from 0 to 1; the closer it is to 1, the closer the
line is to instability. Therefore, a value closer to 0 is desired, as it indicates a more stable
power line [28].

Figure 1 shows a power line connected between two bus bars: Vi∠δi is the voltage
magnitude and angle at bus bar i, Vj∠δj is the voltage magnitude and angle at bus bar j,
and line i− j has an impedance of Zi−j = R + jX.

Bus i Bus j

Line i-j

R+jX

Vi∠ θi Vj∠ θj 

Figure 1. Fast voltage stability index calculation between two nodes [i− j].

Subsequently, the FVSI at power line i − j is calculated as shown in Equation (11),
where the sub-index i corresponds to the sending node, the sub-index j represents
the receiving node, Q j−i is the receiving reactive power at node j, Vi is the voltage
magnitude at the sending node, Xi− j is the reactance of line i − j, and Zi− j is the
impedance of line i − j.

FVSIi−j =
4Zi−jQj−i

V2
i Xi−j

(11)

The receiving reactive power Qj−i at node j is calculated by first analyzing Equation (1),
where current I∗i is now considered the current that flows in line i− j from node i to node
j. However, according to Equation (11), the reactive power considered in the calculation
of the FVSI flows from node j to i; this is shown in Equation (12). From this equation,
and considering Vi = |Vi|ejδi , Vj =

∣∣Vj
∣∣ejδj and Zij = Ri−j + jXi−j, it is possible to state an

expression to calculate reactive power Qj−i, which is shown in Equation (13).

Sj−i = Vj

(
Vj −Vi

Zi−j

)∗
(12)

Qj−i = −V2
j Bi−j −ViVj

[
Gi−jSin

(
δj−i

)
− Bi−jCos

(
δj−i

)]
(13)
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2.3. Proposed Methodology for Optimal SVC Location and Sizing

This paper proposes a methodology for the optimal location of parallel reactive com-
pensators (SVCs) based on NR power flows and considering N − 1 contingencies for
transmission lines; through this methodology, the most sensitive power line (using the fast
voltage stability index as the stability criterion) of the electrical power system is determined
for all the different contingency scenarios by studying the FVSI and aiming for this index
to be as close as possible to zero (FVSI close to one indicates a line close to instability).

While maintaining the FVSI value as close as possible to zero, the methodology also
aims to increase the voltage profiles of all bus bars to their values before the contingency
occurred (no line disconnected). Additionally, the algorithm considers the SVC cost, as a
higher capacity means, in practice, a higher cost; for this reason, this methodology finds the
optimal location and sizing of the SVC with the lowest possible SVC cost while improving
voltage profiles and reducing the FVSI.

Algorithm 1 details how the FVSI is calculated for every power line in an electrical
power system. First, all the electrical parameters of the transmission system, such as line
impedance Zi−j, conductance Gi−j, substance Bi−j, lines’ nodes, generators, and load power,
among others, are loaded into different variables; then, the Newton–Raphson power flow
is calculated, and the voltage Vnode and angle δnode for each node are saved. Then, reactive
power Qj−i is calculated for each line, and the FVSI for each line is saved.

Algorithm 1 Fast voltage stability index calculation

Step: 1 Input data
Electrical elements and equipment parameters of the EPS
Busdata, Gendata, Linedata, Loaddata

Step: 2 Reactive power Qj−i and FVSI calculation for each line
By Newton–Raphson:
Save Vi, Vj, δi, δj

for k = 1 : Number o f lines
δj−i(k) = δj(k)− δi(k)
Qj−i(k) = −Vi(k)2Bi−j(k)−Vi(k)Vj(k)

[
Gi−j(k)Sin(δj−i(k))− Bi−jCos(δj−i(k))

]
FVSIaux =

4Zi−j(k)Qj−i(k)
Vi(k)2Xi−j

FVSIsys(:, k) = [FVSIaux, nodesi(k), nodesj(k)]
end for

Step: 3 Return results
FVSIsys

Subsequently, Algorithm 2 determines the SVC’s optimal location and sizing. First, the
original parameters of the transmission system are the loads; the critical parameters for
lines are saved in Linedata, and the critical parameters for buses are saved in Busdata. Then,
the original FVSI for each line of the system is calculated prior to any contingency scenario.

The next step consists of generating every contingency; in other words, every scenario
in which a power line is disconnected is analyzed. Each scenario’s highest FVSI is identified
to determine the most critical power line in each contingency.

The fourth step applies the SVC with values from 5 Mvar to 100 Mvar in steps of
5 Mvar at node i of the weakest line previously found. For every compensation scenario,
the FVSI is calculated for the entire system. Then, the first SVC value capable of generating
an FVSI less than or equal to the original is selected as the optimal solution.

Finally, the optimal size of the SVC and its bus-bar location are saved for every contingency.
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Algorithm 2 Optimal SVC location and sizing

Step: 1 Input data
Original electrical elements and equipment parameters of the EPS
Busdata, Gendata, OriginalLine_data

Step: 2 Original FVSI, no contingencies
By Algorithm_1:
Save FVSIoriginal

Step: 3 Generation of N − 1 contingency scenarios and weakest line identification
for k = 1 : Number o f lines

Line_to_erase = k
Linedata(k) = erase_line(Line_to_erase) f rom OriginalLine_data
Take, Linedata(k), and by Algorithm_1,:

Save FVSIsys
Flag = active
while ( f lag = active)

[Nodei, Nodej, Highest_FVSI] = f ind_highest(FVSIsys)
if (Nodei ! = PVbus)

Flag = active
else

Flag = inactive
end if

end while
WorstFVSI_location(k) = [Nodei, Nodej, Highest_FVSI]

end for

Step: 4 SVC location in weakest line and optimal solution
for k = 1 : Number o f lines
cont2 = 0, maxComp = 100
auxline_data = Linedata(k)
auxbus_comp = WorstFVSI_location(1, k)

for m = 5 : 5 : maxComp
cont2 = cont2 + 1
QSVC

auxbus_comp
= m

Take QSVC
auxbus_comp

, auxline_data and By Algorithm_1, f ind :
FVSIaux(:, cont2)

Auxcomp_value(:, cont2) = [m, auxbus_comp]
end for

for n = 1 : cont2
[Indexbest] = f ind_Where[FVSIaux(1, n) < FVSIoriginal(1)]

end for
Optimalbus = Auxcomp_value(1, Indexbest)
Optimalsize = Auxcomp_value(2, Indexbest)
end for

Step: 5 Return results
Optimalbus
Optimalsize

2.4. Case Studies

The IEEE 14-, 30-, and 118-bus-bar systems were considered as case studies to test the
proposed methodology. These systems are transmission power systems, among which the
14-bus-bar system was developed for research, and the 30- and 118-bus-bar systems are
portions of real power systems located in the United States.
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This paper’s methodology finds the weakest power line and a global solution for the
optimal SVC location and sizing capable of ensuring that, under any contingency (where a
power line is disconnected), the transmission system can operate as well as it does under
normal operating conditions. This is evaluated using the FVSI and voltage profiles.

3. Analysis of Results
3.1. Case Study: IEEE 14-Bus-Bar System

When applying Algorithm 1 to the IEEE 14-bus-bar system, the FVSI is calculated
for every transmission line; this first analysis establishes which power lines are closer to
instability by ordering the FVSI from highest to lowest. These data can be seen in Table 1.

Table 1. FVSI for IEEE 14-bus-bar system before contingency scenarios.

Power Line
FVSI

Power Line
FVSI

Node i Node j Node i Node j

2 5 0.139174 4 7 0.025546
10 11 0.118614 5 6 0.024806
2 4 0.117711 9 10 0.022752
1 5 0.110836 6 12 0.018188
13 14 0.096164 6 13 0.013684
2 3 0.076501 6 11 0.013008
4 9 0.06419 3 4 0.006284
7 8 0.058981 1 2 0.006185
7 9 0.045845 12 13 0.005212
4 5 0.033513 9 14 0.000351

Table 1 shows that line2−5 has the greatest FVSI and, therefore, is the power line
closest to instability. According to Algorithm 2, compensation should be located at node i;
however, node 2 corresponds to a PV bus bar in which, by definition, the voltage profile
will not change due to voltage control in this kind of bus-bar. Therefore, Algorithm 2
selects the next worst FVSI, in this case, line10−11, in which compensation will be located at
bus bar 10.

Then, when applying Algorithm 2, every power line is disconnected, all possible
contingency scenarios are analyzed, and for every scenario, all FVSIs for every connected
line are calculated. Figure 2 shows the data generated in all contingency scenarios. Once
again, it should be noted that the FVSI varies from 0 to 1, where the closer this index is to 1,
the closer the line is to instability. This figure shows the FVSI for every transmission line in
every contingency analysis case. The contingency cases are ordered from the one with the
highest average FVSI to the lowest, and this figure easily identifies the most critical lines
in each case.

Statistical analysis was performed on the data shown in Figure 2. In Figure 3, the
information on the minimum, maximum, median, and average FVSI for each contingency
scenario is shown. From this graph, and similar to the analysis performed with Algorithm 1
for all contingency scenarios, the most critical ones are those in which line2−5 or line10−11
is disconnected.

Figure 3 shows every contingency analysis case, and all FVSI values are represented
as box-plot diagrams. The contingency cases are ordered from the one with the highest
average FVSI to the lowest, and this figure indicates how FVSI values behave without
any compensation.

As shown in Figure 3, line2−5 has a maximum and average FVSI of 0.14; similarly,
line10−11 has a maximum FVSI of 0.18 and an average of 0.12. These values are compared
with those in Table 1, i.e., the values before contingencies occurred, which shows that
line2−5 had an FVSI of 0.13 and line10−11 had an FVSI of 0.11; therefore, as expected, there
is an increase in the FVSI in all contingency scenarios.
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Figure 2. Fourteen-bus-bar system: FVSI for every contingency scenario.
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Figure 3. Fourteen-bus-bar system: statistical analysis for every contingency scenario.

Continuing with Algorithm 2, after all contingencies are generated in step 3, step 4 applies
SVC compensation with values from 5 Mvar to 100 Mvar in steps of 5 Mvar at node i of the
weakest power line in every contingency case. Then, the optimal value of compensation and
its location are found.

All FVSIs for every connected line when SVC compensation is connected at its optimal
location and with the optimal size are shown in Figure 4. This figure shows the FVSIs
for every transmission line in every contingency analysis case with the optimal solution
connected. The contingency cases are ordered from the highest average FVSI to the lowest.

Similarly, Figure 5 shows the statistical analysis of the FVSI for each contingency
scenario with SVC compensation. This figure shows every contingency analysis case with
its optimal solution connected, and all FVSI values are represented as box-plot diagrams.
The contingency cases are ordered from the highest average FVSI to the lowest.

Both Figures 4 and 5 show that the FVSI at line10−11 is decreased when compared to
its value without compensation.

For a global overview of the optimal SVC compensation results, Figure 6 shows the
average FVSIs for all power transmission lines under every contingency scenario when
a line is disconnected versus the average FVSI for every contingency scenario with its
optimal (location and sizing) SVC compensator. By analyzing this information, it can be
noted that the optimal location this paper proposes reduces the FVSI by 20.33%.
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Figure 4. Fourteen-bus-bar system: FVSIs for every contingency scenario with optimal compensation.
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Figure 5. Fourteen-bus-bar system: statistical analysis for every contingency scenario with
optimal compensation.
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with optimal compensation.

Results Validation

The IEEE 14-bus-bar system has 20 transmission lines; thus, there are 20 contingencies
that the algorithm analyzed. For all contingency scenarios, line10−11 was selected as the
weakest (highest FVSI, not considering PV buses). This paper’s methodology found that
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a compensation of 20 Mvar in bus bar 10 should be connected to reestablish the system’s
stability as close as possible to its values before the contingencies.

From the 20 contingency scenarios, 2 have been selected to be shown and are
described below.

• Contingency when the weakest line is disconnected

As can be seen in Figures 2 and 3, line2−5 is the weakest under all contingency scenarios.
As the results of Algorithm 2 indicate, a compensation of 20 Mvar in bus bar 10 should
be connected. The FVSI values for every linei−j before the contingency, when line2−5 is
disconnected, and when the optimal compensation is connected are shown in Figure 7.
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Figure 7. First study case: FVSIs before/after contingencies and with SVC compensation, when the
weakest line is disconnected.

Figure 7 shows that the optimal solution reestablished the FVSI values after the
contingency occurred to their values before line2−5 was disconnected, which shows the
excellent performance of the algorithm.

Similarly, for this case, voltages profiles were analyzed. Figure 8 shows the voltage
profiles of all bus bars before the contingency, when line2−5 is disconnected, and when
the optimal compensation is connected. This figure shows that the optimal solution
reestablished the voltage profiles of all bus bars after the contingency occurred to their
values before line2−5 was disconnected. These results validate the algorithm’s performance.

• Contingency when the second-weakest line is disconnected (transmission line that
contains the bus bar where the SVC is located)

For the IEEE 14-bus bar system, line10−11 is the second weakest according to the
results of Algorithm 2. Additionally, this scenario is crucial to analyze because the SVC is
located in bus bar i from line10−11.

The FVSI values for every linei−j before the contingency, when line10−11 is discon-
nected, and when the optimal compensation is connected are shown in Figure 9. According
to these results, even when the disconnected line contains the bus bar where the SVC is
located, the algorithm can still reestablish the FVSI values after the contingency occurs to
their values before line10−11 was disconnected.

Finally, voltages profiles were analyzed. Figure 10 shows the voltage profiles of all bus bars
before the contingency, when line10−11 is disconnected, and when the optimal compensation is
connected. In some cases, such as bus bars 7, 9, and 10, the voltage profiles are even higher than
before the contingency, which once again validates the algorithm results.
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Figure 8. First study case: Voltage profiles before/after contingencies and with SVC compensation,
when the weakest line is disconnected.
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Figure 9. First study case: FVSIs before/after contingencies and with SVC compensation, when the
line that contains the node for the optimal solution is disconnected.
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3.2. Case Study: IEEE 30-Bus-Bar System

When applying Algorithm 1 to the IEEE 30-bus-bar system, the FVSI is calculated
for every transmission line; this first analysis establishes which power lines are closer
to instability by ordering the FVSI from the highest to lowest. These data can be seen
in Table 2.

Table 2. FVSI for IEEE 30-bus-bar system before contingency scenarios.

Power Line
FVSI

Power Line
FVSI

Power Line
FVSI

Node i Node j Node i Node j Node i Node j

2 5 0.195187 27 29 0.050877 6 28 0.022065
1 2 0.145834 12 15 0.041965 16 17 0.018445
1 3 0.144867 27 30 0.041292 6 9 0.015637
9 11 0.143501 12 16 0.039282 10 17 0.014956
12 13 0.120008 3 4 0.032838 14 15 0.012545
2 6 0.117441 10 21 0.031926 29 30 0.010765
24 25 0.10594 25 27 0.031499 23 24 0.009112
6 10 0.08487 10 20 0.031224 19 20 0.008406
5 7 0.081543 6 7 0.030107 28 27 0.008344
9 10 0.076652 8 28 0.030089 18 19 0.008214
25 26 0.06323 12 14 0.029208 22 24 0.007545
6 8 0.053024 10 22 0.027813 21 22 0.003612
4 6 0.052149 15 18 0.024024 4 12 0.00307
2 4 0.051998 15 23 0.023812

Table 2 shows that line2−5 has the greatest FVSI and, therefore, is the power line
closest to instability. According to Algorithm 2, compensation should be located at node i;
however, node 2 corresponds to a PV bus bar in which, by definition, the voltage profile
will not change due to voltage control in this kind of bus bar.

The same problem occurs with line1−2 and line1−3; thus, Algorithm 2 takes the next
worst FVSI, in this case, line9−11, in which compensation will be located at bus bar 9.

As in the previous case study, Algorithm 2 was applied. Every power line was discon-
nected, all possible contingency scenarios were analyzed, and all FVSIs were calculated
for every connected line under every scenario. Due to the vast amount of data, Figure 11
shows a statistical analysis of the data generated in all contingency scenarios.
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Figure 11. Thirty-bus-bar system: statistical analysis for every contingency scenario.

Figure 11 presents the information on the minimum, maximum, median, and average
FVSI for each contingency scenario. From this graph, and similar to the analysis performed
with Algorithm 1 for all contingency scenarios, the most critical ones are those in which
line2−5, line1−2, line1−3, or line9−11 is disconnected.
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Then, continuing with Algorithm 2, after all contingencies are generated in step 3,
step 4 applies SVC compensation with values from 5 Mvar to 100 Mvar in steps of 5Mvar
at node i of the weakest power line in every contingency case. Then, the optimal value of
compensation and its location are found.

All FVSIs for every connected line when SVC compensation is installed at its optimal
location and with the optimal size are represented statistically (due to the massive dataset)
in Figure 12. Each scenario has been ordered from the highest to lowest average FVSI for all
transmission lines for this graph. This figure shows that the FVSI at line9−11 is decreased
when compared to its value without compensation.
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Figure 12. Thirty-bus-bar system: statistical analysis for every contingency scenario with
optimal compensation.

Results Validation

The IEEE 30-bus-bar system has 41 transmission lines; thus, there are 41 contingencies
that the algorithm analyzed. For all contingency scenarios, line9−11 was selected as the
weakest (highest FVSI, not considering PV buses). This paper’s methodology found that
a compensation of 45 Mvar in bus bar 9 should be connected to reestablish the system’s
stability as close as possible to its values before the contingencies.

From the 41 contingency scenarios, 2 have been selected to be shown and are
described below.

• Contingency when the weakest line is disconnected

As can be seen in Figure 11, line2−5 is the weakest under all contingency scenarios.
As the results of Algorithm 2 indicate, a compensation of 45 Mvar in bus bar 9 should
be connected. The FVSI values for every linei−j before the contingency, when line2−5 is
disconnected, and when the optimal compensation is connected are shown in Figure 13.

Figure 13 shows that the optimal solution reestablished the FVSI values after the
contingency occurred to their values before line2−5 was disconnected, which proves the
algorithm’s performance.

Next, voltages profiles were analyzed. Figure 14 shows the voltage profile of every
bus bar before the contingency, when line2−5 is disconnected, and when the optimal
compensation is connected. This figure shows that the optimal solution reestablished the
voltage profile of every bus bar after the contingency occurred to its value before line2−5
was disconnected. Once again, the algorithm works as expected.

• Contingency when the transmission line (that contains the bus bar where the SVC is
located) is disconnected)
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For the IEEE 30-bus bar system, line9−11 is the third weakest according to the results
of Algorithm 2. Additionally, this scenario is crucial to analyze because the SVC is located
in bus bar i from line9−11.
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Figure 13. Second study case: FVSIs before/after contingencies and with SVC compensation, when
the weakest line is disconnected.
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Figure 14. Second study case: Voltage profiles before/after contingencies and with SVC compensation,
when the weakest line is disconnected.

The FVSI values for every linei−j before the contingency, when line9−11 is disconnected,
and when the optimal compensation is connected are shown in Figure 15. According to
these results, even when the disconnected line contains the bus bar where the SVC is
located, the algorithm can still reestablish the FVSI values after the contingency occurred to
their values before line9−11 was disconnected.

Finally, Figure 16 shows the voltage profiles of every bus bar before the contingency,
when line9−11 is disconnected, and when the optimal compensation is connected.
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Figure 15. Second study case: FVSIs before/after contingencies and with SVC compensation, when
the line that contains the node for the optimal solution is disconnected.
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Figure 16. Second study case: Voltage profiles before/after contingencies and with SVC compensation,
when the line that contains the node for the optimal solution is disconnected.

3.3. Case Study: IEEE 118-Bus-Bar System

When applying Algorithm 1 to the IEEE 118-bus-bar system, the FVSI is calculated
for every transmission line; this first analysis establishes which power lines are closer to
instability by ordering the FVSI from highest to lowest. These data can be seen in Table 3.

Table 3 shows that line92−100 has the greatest FVSI and, therefore, is the power line
closest to instability. According to Algorithm 2, compensation should be located at node 92;
however, node 92 corresponds to a PV bus bar in which, by definition, the voltage profile
will not change due to voltage control in this kind of bus bar.

After selecting a transmission line in which node i is not a PV bus, Algorithm 2 selected
line23−25, in which compensation will be applied at bus bar 23. After all the contingencies
are generated in step 3, step 4 applies SVC compensation with values from 5 Mvar to
100 Mvar in steps of 5 Mvar at node i of the weakest power line in every contingency
case. Then, the optimal value of compensation and its location are found. Due to the vast
quantity of data, these scenarios are not shown graphically.

After following this procedure, the algorithm’s optimal solution indicated that a
compensation of 200 Mvar should be located at bus bar 23.
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Table 3. FVSI of IEEE 118-bus-bar system before contingency scenarios (42 worst lines).

Power Line
FVSI

Power Line
FVSI

Power Line
FVSI

Node i Node j Node i Node j Node i Node j

92 100 0.210239 94 100 0.109194 8 9 0.083907
26 30 0.201532 30 17 0.107731 3 5 0.083743
65 66 0.187142 38 37 0.104339 47 69 0.083263
62 66 0.164068 100 101 0.104276 80 97 0.083171
76 77 0.155839 49 69 0.103562 70 74 0.08301
32 113 0.147749 86 87 0.102972 68 69 0.082493
9 10 0.147655 110 112 0.09776 80 99 0.081192
80 96 0.145052 77 80 0.097663 68 81 0.077969
26 25 0.144684 17 31 0.094327 38 65 0.07716
49 54 0.143047 19 34 0.092415 3 12 0.076708
92 94 0.129257 77 82 0.090745 75 77 0.07598
49 54 0.126068 77 80 0.086265 54 59 0.075348
23 25 0.123706 55 59 0.085933 62 67 0.074813
79 80 0.113546 83 84 0.085796 89 92 0.07449

Results Validation

The IEEE 118-bus-bar system has 186 transmission lines; thus, there are 186 contingen-
cies that the algorithm analyzed. For all the contingency scenarios, line23−25 was selected
as the weakest (highest FVSI, not considering PV buses). This paper’s methodology found
that a compensation of 100 Mvar in bus bar 23 should be connected to reestablish the
system’s stability as close as possible to its values before the contingencies.

From the 186 contingency scenarios, the most critical has been selected to be shown
and is described below.

• Contingency when the weakest line is disconnected

As can be seen in Table 3, line92−100 is the weakest under all contingency scenarios.
As the results of Algorithm 2 indicate, a compensation of 100 Mvar in bus bar 23 should
be connected. The FVSI values for every linei−j before the contingency, when line92−100 is
disconnected, and when the optimal compensation is connected are shown in Figure 13.

Figure 17 shows that the optimal solution reestablished the FVSI values after the con-
tingency occurred to their values before line line92−100 was disconnected. Due to the many
transmission lines, this figure only shows the power lines close to the one disconnected.
Additionally, given the massive size of this transmission system, the difference between the
scenarios before and after the contingency is barely visible.
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Figure 17. Third study case: FVSIs before/after contingencies and with SVC compensation.

Next, voltages profiles were analyzed. Figure 18 shows the voltage profile of every
bus bar before the contingency, when line92−100 is disconnected, and when the optimal
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compensation is connected. This figure shows that the optimal solution reestablished the
voltage profile of every bus bar after the contingency occurred to its values before line92−100
was disconnected. Once again, the algorithm works as expected.
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Figure 18. Third study case: Voltage profiles before/after contingencies and with SVC compensation.

3.4. Results Summary

From the three case studies analyzed in this research, the proposed algorithm found a
single bus bar in which SVC compensation is located with the optimal value; consequently,
the transmission system will be covered under any contingency scenario, and the fast
voltage stability index will not be affected, even when a transmission line is disconnected.
Additionally, this solution represents a minimal investment for the system’s operator be-
cause the minimum sizing of the SVC is selected, and a single unit of reactive compensation
is connected to the system.

Table 4 shows the optimal values of SVC compensation that this research’s algo-
rithm obtained.

Table 4. Algorithm results for the three case studies.

IEEE Test System Global Weakest Line Non-PV Weakest Line Bus Bar Selected for Compensation Compensation Value

14-bus-bar line2−5 line10−11 Bus 10 20 Mvar
30-bus-bar line2−5 line9−11 Bus 9 45 Mvar
118-bus-bar line92−100 line23−25 Bus 23 100 Mvar

Finally, it is important to consider the effect of an unexpected increase in the system
load (active or reactive). The methodology that this research proposes does not contemplate
that scenario; nevertheless, for random increases in loads, it would be necessary to have
a variable SVC that will adapt its value in accordance with what this paper’s algorithm
proposes and the additional load connected to the system. However, this will be studied in
future works.

4. Conclusions

Electrical power systems are subject to unexpected events, for example, the disconnec-
tion of a transmission line, which will affect the system’s stability and quality parameters,
such as voltage (which will decrease if a transmission line is disconnected). This paper
tackles these unexpected events, also named contingencies, in which the system is analyzed
under every scenario when one transmission line is disconnected (N − 1 contingencies).
From the results obtained using this research’s methodology, one of this paper’s contribu-
tions is the creation of a procedure that applies to any EPS and finds the optimal location
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and sizing of an SVC, which will reestablish the system stability (FVSI) and voltage profiles
at the lowest possible cost by only installing a single SVC.

Whenever a contingency occurs, all FVSI values for all transmission lines in the EPS
are increased; this paper’s most significant contribution consists of finding a single optimal
solution for the SVC (location and sizing) that will be able to decrease this index to pre-
contingency values for all transmission lines under any contingency scenario; therefore, by
only installing a single SVC, the system is guaranteed to operate under normal conditions
for all N − 1 contingencies.

As shown by this paper’s results, for all the case studies under every contingency, it is
possible to reduce the average FVSI for the whole transmission system by 20% when com-
pared to scenarios with contingencies but no optimal compensation. Furthermore, when
analyzing each scenario individually, the FVSI for every power line returns to its original
value when the optimal solution is applied under the contingency, meaning that the system
will have a stability index (FVSI) 100% identical to that when no contingencies occurred.

Another crucial aspect of this research is that, under a contingency scenario, the
voltage profile of the whole power system will decrease, which affects the power quality;
however, the optimal solution found in each case study allows the EPS not only to restore
its voltage profiles under the contingency to its values when no contingencies occur (which
represents 100% recovery) but also, in some cases, to increase its voltage profiles beyond
their original values.
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Abbreviations
The following abbreviations are used in this manuscript:

Si Apparent power at bus bar i
Vi Voltage at sending bus bar i
Vj Voltage at receiving bus bar j
Ii Current at sending bus bar i
Ij Current at receiving bus bar j
Yi−j Admittance at line i− j
δi Voltage angle at bus bar i
δj Voltage angle at bus bar j
δi−j Voltage angle difference between nodes i and j
Bi−j Susceptibility at line i− j
Gi−j Conductance at line i− j
Pi Active power at node i
Qi Reactive power at node j
PGi Generated active power at node i
PDi Demanded active power at node i
QGi Generated reactive power at node i
QDi Demanded reactive power at node i
FVSIi−j Fast voltage stability index at line i− j
Zi−j Impedance at line i− j
Qj−i Receiving reactive power from node j to node i
Xi−j Reactance at line i− j
Busdata Electrical parameters of all bus bars in a transmission system
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Gendata Electrical parameters of generator in an electrical power system
linedata Electrical parameters of lines in a transmission system
Loaddata Electrical parameters of loads in a transmission system
FVSIsys Fast voltage stability indices for every line in a transmission system
QSVC

auxbus_comp
SVC compensation size to be installed at a bus bar

Optimalbus Optimal bus-bar location for SVC
Optimalsize Optimal sizing of SVC
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