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ABSTRACT

The stability of power systems is challenged by the
rise of renewable energy sources, fast load changes, and
increased consumption. The voltage stability index (VSI)
is crucial for assessing power supply stability and trig-
gering responses to voltage instability. This paper uses
fast voltage stability index (FVSI), line stability factor
(Lqp), and line stability index (Lmn) to evaluate the IEEE
14-bus and 118-bus systems. With solar photovoltaic
generator (SPVG) integration at the most critical bus,
these indices assess system stability under nominal and
varied reactive power conditions. The main goal of the
paper is to mitigate critical line severity by integrating
PV systems, using Newton-Raphson load flow analysis in
PSAT/MATLAB. Results show significant improvements
in line indices with SPVG, notably reducing critical line
severity for the IEEE 14-bus (lines 5-1) and 118-bus (lines
44-43) systems.
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1. INTRODUCTION

Voltage stability is the capacity of a power system to
maintain a consistent voltage at every bus throughout a
disturbance [1]. One of the main concerns in the design
and functioning of the power system has been identified
as the possibility of voltage instability in the power
system networks [2]. This happens because of problems
with the economy and environment in addition to an
increase in load demand. They primarily arise from the
stress placed on the present power system, which could
cause it to be near its stability limit [3]. A voltage collapse
is a sequence of events that happens after all preventive
measures have been taken. A significant portion of the
power system eventually goes black as a result of this
series of events, causing a gradual decline in voltage
[4]. This usually occurs during large interruptions
or in areas of the network because reactive power is
limited. There has been a lot of study done on improving
the voltage stability of the power system, and various
solutions, including load shedding, active power control,
and VAR (Volt Ampere Reactive) adjustment, have been
successfully implemented. Numerous previous works for
undervoltage and underfrequency exist, but none of them
offer a solution for the power flow equations. A load
shedding strategy known as optimal steady state was
developed to reduce the sum of squares of the power
differentials [5]. The model considered the transferred
energy as a conditional variable quantity that varied
according to the magnitude of the bus voltage. A method
of load shedding was presented in [6] with the goal of
minimizing system loss with restrictions on generator
limits and line flow limitations in order to minimize load
shedding in the scenario when total generation is less
than total demand.

In specified conditions, voltage stability indices serve
to assess a long-term development trend, forecast future
modifications to the structure of the power system, and
place the current operation of the system in context. In
[7], the L-indicator index was used to create a novel,
simplified method for determining the optimum location
and amount of load to shed in order to keep the system
voltage from entering the unstable zone. The power
stability index (PSI) is suggested in [8] to provide the
best possible distribution of distributed generation (DG)
near voltage collapse within a critical sensitive bus. The
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Fig. 1: Two bus system with line parameters.

Fig. 2: Generator model of PV module.

VDI index can be broadly applied to an N-bus system
by considering the total of N voltage variations. In
[9], power flow analysis and composite load modelling
are taken into account to create a new index called the
stability index (SI) for radial distribution topology. The
Voltage Collapse Prediction Index (VCPI) was developed
in [10] to forecast voltage collapse in a power system.
The system variables, including the system admittance
matrix, voltage angle data, and bus voltage magnitude,
are used to calculate this index. The voltage collapse
concept was the basis for the bus participation factor
(BPF) indices presented by the authors in [11]. One of the
measures used to identify the weakest node in a system is
the bus participation factor. According to system variable
factors (bus voltage and current magnitudes), the voltage
stability index (VSI) is driven in [13] to determine the
stability margin point. The Equivalent Node Voltage
Collapse Index (ENVCI) is presented in [12] using the
equivalent system model (ESM). This index corresponds
to several benefits, including effectiveness from the
outside the local network and the local network, real-
time application, and voltage collapse point calculation.
Taylor’s theorem was used to calculate the voltage
collapse index (VCI) in [13] based on the apparent power
change of a system. A two-bus power flow with a zero
threshold at the stable point is used in [14] to calculate
the voltage stability factor (VSF). Using power transfer
concepts, the line stability index (Lmn) is introduced in
[15]. The line stability factor (Lqp) is presented in [16]
using line flow data. Fast voltage stability index (FVSI)
was introduced in [17]. A study [18] uses the provided
L-index and theminimal eigenvalue of a reduced Jacobian
matrix to suggest a composite voltage stability index
(CVSI) that minimizes the voltage stability of the system.
Five voltage stability indices (VSIs) are compared in
research [19] for their efficacy under optimal power flow.

Two composite stability indices and a probabilistic
framework are presented in the research [20] for the
simultaneous assessment of many power system stability
issues. The loadability margin, which serves as a stand-in

for the margin of sustained voltage stability, is predicted
using machine learning (ML) in [21]. In [22], the
equilibrium between heat absorption and dissipation
for conductors above ground is used to describe the
electrothermal coupling effect in a single power flow
model. In order to solve single-objective OPF (SOOPF),
multi-objective OPF (MOOPF), and many-objective OPF
(MaOPF) problems, [23] introduces the many-objective
marine predators algorithm (MaMPA) to solve a variety
of other problems, with the exception of MaOPF prob-
lems. In research [24], a novel approach for solving
many-objective optimal power flow (MaOOPF) issues
is proposed: two-archive Harris Hawk optimisation
(TwoArchHHO). The reactive power mismatch between
generation and demand is the cause of the voltage stabil-
ity problem. Rearranging the reactive power generation
or giving the system more reactive support are two ways
to meet the reactive power demand [25]. Since the
transmission system has gained flexibility, the Flexible
AC Transmission System (FACTS) is able to control the
reactive power flow in a more dynamic manner [26].
Renewable Energy (RE) integration with the electric
power grid can also overcome voltage stability problems.
Solar energy, wind power, and biomass are examples
of popular renewable energy sources. Among these,
solar energy has drawn the most attention because of its
low installation costs and potential for significant energy
gains. Although integrating solar PV into the power
system may be a way to address the problems of fossil
fuel scarcity and pollution in the environment. Doing
so may also bring up a number of technical challenges
(such as power quality, power system stability, operation
and control, and so on) because the network design did
not initially take solar PV integration into account [27].
Many researchers have made it their main objective to
investigate how solar PV installations affect transmission
and/or distribution networks [27], [28], [29]. In [30],
two sensitivity indices have been used to evaluate
the voltage sensitivities of buses to an increase in RE
penetration. Paper [31] proposes a modified Sobol’s
approach sensitivity analysis to identify the critical
parameters in the utility-scale solar PV plant model.
In order to investigate and assess the power systems’
voltage stability with rising levels of PV penetration, the
paper [32] uses modal analyses of both the PV and QV
power systems. The research [33] proposes a data-driven
integrated framework to enhance VSM of the grid with a
PV system.

In this paper, the line stability indices Lqp, FVSI,
and Lmn of all lines of the IEEE 14-bus and IEEE 118-
bus systems have been calculated with and without the
presence of the solar photovoltaic system. The critical
line is predicted based on the index value near unity. The
solar system has been integrated with critical buses of
the system to improve the severity of the lines. The line
stability indices of the lines have been comparedwith and
without ok integration of the solar photovoltaic system
under four types of loading scenarios. The severity of the
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Fig. 3: IEEE-14 bus network.

most critical lines of the IEEE 14-bus and IEEE 118-bus
systems have been reduced after the integration of the
solar PV system at most appropriate locations.

2. LINE STABILITY INDICES

Due to the scarcity of natural resources, power system
operators are always trying to utilise their maximum
limits. Consequently, the power system operates at
its maximum operating limits. In this satuation, there
is always a high risk of failure of the whole system
under any abnormal circumstances. So, there is always
a requirement for proper continuous monitoring, so that
preventive actions can be taken before the collapse of the
system. Line stability indices were developed to monitor
the severity of the power system lines. Generally, all
line stability indices are represented by a mathematical
equation that depends upon the line parameters and line
flow data. The values of these indices vary from zero to
one. One or near One value indicates the most severe
situation, whereas a near-zero value indicates a highly
stable system. In this Paper, three line stability namely:
Lmn/FVSI/Lqp, are used to calculate the criticalness of
the lines. For a two-bus system as shown in Fig. 1, these
are explained as:

2.1 Line Stability Index (Lmn)

Researchers have commonly utilised the line stability
index, or Lmn, to specify each line’s stability criterion

[15]. It is written as follows:

𝐿𝑚𝑛 =
4𝑋𝑖𝑗𝑄𝑗

(𝑉𝑖 sin(𝜃𝑖𝑗 − 𝛿))
2 (1)

where, 𝜃𝑖𝑗and𝑋𝑖𝑗are the line impedance angle and line
reactance between bus i and bus j, respectively; 𝑉𝑖 and
𝑄𝑗are sending the end bus voltage magnitude and the
receiving end reactive power, respectively; 𝛿 = 𝛿𝑖 − 𝛿𝑗
for the two bus systems.

2.2 Fast Voltage Stability Index (FVSI)
The critical line is also selected based on a line’s FVSI

value, which is mathematically defined as [17]:

𝐹 𝑉 𝑆𝐼 =
4 |𝑍𝑖𝑗|

2 𝑄𝑗
𝑉𝑖𝑋𝑖𝑗

(2)

where, Z𝑖𝑗 is the line impedance between bus i and bus j.

2.3 Line Stability Factor (Lqp)
The critical line can also be found using the line

stability factor, which is described in terms of real and
reactive power as follows [16]:

𝐿𝑞𝑝 = 4 (
𝑋𝑖𝑗
𝑉𝑖2 ) (

𝑋𝑖𝑗
𝑉𝑖2 𝑃𝑖

2 + 𝑄𝑗) (3)

The severity of the lines can be decided by an index,
Lmn/FVSI/Lqp.

3. SOLAR PHOTOVOLTAIC GENERATION
A device that directly converts solar radiation into

electrical energy is called a photovoltaic cell. In addition,

Table 1: Line data of IEEE-14 bus system.
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Fig. 4: Flow chart representation of the proposed approach.

Table 2: Line stability indices with and without deployment of the solar PV system at loading multiplier k=0.2.

this module is made up of many cells that are connected
in series and parallel to determine the voltage and current
values based on the photovoltaic effect. A semiconductor
called a photovoltaic cell is made up of a pn junction

diode, which is capable of producing electrical energy
when exposed to photons from sunshine [34]. Aside
from the problem of global warming and the depletion of
fossil fuels, solar cells have just lately been commercially
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Table 3: Line stability indices with and without deployment of the solar PV system at loading multiplier k=0.5.

Table 4: Line stability indices with and without deployment of the solar PV system at loading multiplier k=1.0.

available. The energy they generate is also incredibly
affordable because solar energy is free [35]. The PV
module’s temperature and irradiance have an impact on
how much power the system produces, as shown in Fig.
2 [36].

Monocrystalline silicon photovoltaic cells have a
relatively high conversion efficiency of 15–20%. The
protection of sunlight is thus achieved; however, this
kind of panel malfunctions and loses efficiency [37]. In
addition to the drawbacks, this panel will have a lot of
empty space since solar cells with this shape—which are
round or hexagonal—have a low density. Manufacturers
typically use cutting techniques to create square shapes,

but the production process inevitably results in higher
losses, which raises the price.

4. RESULTS AND DISCUSSION
4.1 IEEE 14-Bus System

The proposed method for the assessment of the
voltage stability has been investigated and validated on
the standard IEEE 14-bus system [38]. The system is
frequently utilised as a case study for a variety of research
projects, including interconnected grid issues, load flow
studies, and short circuit analysis. Fig. 2 illustrates the
configuration of the IEEE 14-bus system. The resistances
and reactances of the lines have been listed in Tab. 1.
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Table 5: Line stability indices with and without deployment of the solar PV system at loading multiplier k=1.2.

Fig. 5: Bar graph of the line stability indices of the most
severe lines at loading multiplier k=0.2.

Table 6: IEEE 14-bus, IEEE 118-bus, and PV systems
parameters.

Fig. 6: Bar graph of the line stability indices of the most
severe lines at loading multiplier k=0.5.

Fig. 7: Bar graph of the line stability indices of the most
severe lines at loading multiplier k=1.0.

The line impedance angles of all lines of the IEEE 14-bus
system are calculated and listed in Tab. 1.

Three line indices, namely Lmn, FVSI, and Lqp, are
used to evaluate the stability of the lines. There are four



IMPROVEMENT OF LINE STABILITY INDICES WITH SOLAR PHOTOVOLTAIC INTEGRATION IN POWER SYSTEM NETWORK 7

types of reactive load (k=0.2, 0.5, 1.0, and 1.2) of the
system that have been considered to examine the impact
of the solar PV integration with the system. Under
consideration of four types of reactive load variations, the
voltage stability assessment of the system has been done
as follows:

4.1.1 Line Stability Indices under PV integration
with k=0.2

In the existing literature [39], for the IEEE 14-bus
system, bus number 14 was decided as the most severe
bus of the system. So, for the deployment of the
compensating devices in the IEEE 14-bus system, this bus
can be chosen as the most appropriate location. The solar
PV generation system has been deployed at bus number
14 for the enhancement of the line voltage stability of
the system. Line stability indices Lmn, FVSI, and Lqp
for all lines of the test system have been calculated from
Eqs. (1), (2), and (3), respectively, using Newton-Raphson
load flow data for ‘k=0.2’ obtained from MATLAB/PSAT
as listed in Tab. 2. From this table, it is observed that
under the base case, the value of all indices of the lines
(5-1), (3-4), (3-2), (2-4), and (8-7) are very high. So, these
lines can be considered the most severe lines. Figure
4 shows the flow chart representation of the proposed
methodology.

Also, it is observed that the value of the FVSI index
for line (5-1) is beyond unity, which indicates a critical
condition of this line. After the deployment of the solar
PV generation system with the system the line indices
are again calculated using Eqs. (1)-(3) with ‘k=0.2’, which
are listed in Table 2. From this table, it is seen that the
Lmn/FVSI/Lqp indices of the most severe line (5-1) get
improved from 0.9914 p.u. to 0.9814 p.u., from 1.0153
p.u. to 0.9718 p.u., and from 0.9458 p.u. to 0.8036 p.u.,
respectively. The bar graph of the line stability indices of
the top five severe lines at loading multiplier k=0.2 has
been shown in Fig. 5.

4.1.2 Line Stability Indices under PV integration
with k=0.5

The line stability indices are also calculated with and
without deploying the solar PV generation system in
the system at reactive power loading multiplier ‘k=0.5’.
For this loading scenario, at bus number 14, a solar
PV generation system has been installed to improve the
system’s line voltage stability. For every line in the
IEEE 14-bus system, the line stability indices Lmn, FVSI,
and Lqp have been determined from Eq. (1), (2), and
(3), respectively, using Newton-Raphson load flow data
for ’k=0.5’ that has been obtained via MATLAB/PSAT
and is presented in Table 3. Table 3 shows that all
of the indices for the lines (5-1), (3-4), (14-13), (3-2),
and (2-4) have exceptionally high values under the base
case. Thus, these lines can be regarded as the most
severe. Additionally, it is noted that line (5-1)’s FVSI
index value is greater than unity, indicating that this line
is in a critical state. With the installation of the solar

PV generation system, the line indices were once more
determined using Eq. (1), (2), and (3) with ‘k=0.5’, as
shown in Table 3. The most severe line (5-1)’s Lmn, FVSI,
and Lqp indices improve from 0.9924 p.u. to 0.9816 p.u.,
from 1.0161 p.u. to 0.9725 p.u., and from 0.9692 p.u. to
0.8297 p.u., respectively, according to this table. Figure
6 displays a bar graph of the line stability indices for the
top five severe lines at loading multiplier ‘k=0.5’.

4.1.3 Line Stability Indices under PV integration
with k=1.0

Lines (5-1), (3-4), (14-13), (3-2), and (8-7) are found to
be the top five most severe lines under k=1.0. Under this
loading scenario, the FVSI index value (1.0218 p.u.) for
line (5-1) shows an unstable condition of this line without
integration of the solar PV generation system. After the
integration of the solar PV generation system with the
IEEE 14-bus system, the line indices value gets reduced;
hence, the severity of these severe lines gets reduced as
shown in Table 4. A bar graph of the line stability indices
for the top five severe lines at loading multiplier ‘k=1.0’
has been presented in Fig. 7.

4.1.4 Line Stability Indices under PV integration
with k=1.2

The top five lineswith the highest severity under k=1.2
are determined to be (5-1), (3-4), (14–13), (3-2), and (8–7).
The line (5-1)’s FVSI index value (1.0225 p.u.) under this
loading scenario indicates that the line is unstable in the
absence of a solar PV generation system integration. As
demonstrated in Table 5, following the integration of the
solar PV generation system with the IEEE 14-bus system,
the line indices value decreases and, consequently, does
the severity of these problematic lines. Figure 8 shows
a bar graph of the line stability indices for the top five
severe lines at loading multiplier ”k=1.2”.

4.2 IEEE 118-Bus System
The standard IEEE 118-bus system has also been

used to test and evaluate the suggested approach for
evaluating voltage stability [38]. According to the
material currently in publication [40], bus number 22 was
determined to be the most severe bus in the IEEE 118-bus
system. Therefore, this bus can be selected as the most
suitable site for the deployment of the compensating
devices in the IEEE 118-bus system. In order to improve
the system’s line voltage stability, a solar PV generation
equipment has been installed at bus number 22. The load
and generation information of system system is shown in
Tab. 6.

4.2.1 Line Stability Indices under PV integration
with k=1.0

As seen in Table 7, the line indices Lmn, FVSI, and Lqp
values have been calculated using load flowdata for every
line. Only the twenty most severe lines’ line index values
are displayed in this table. When solar PV generation is
integrated into the system, the Lmn/FVSI/Lqp indices for
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Table 7: Line stability indices with and without deployment of the solar PV system at loading multiplier k=1.0.

Table 8: Line stability indices with and without deployment of the solar PV system at loading multiplier k=1.2.

each line are also evaluated. The values of these indices
can be used to determine the severe lines. The top five
severe lines at 100% system loading are found to be (44–
43), (70–69), (70–24), (38–37), and (68–69). Among these
lines, line (44-43) is the most critical line as all its index
values are the highest and near unity. For the IEEE 118-
bus system, it is found that the integration of solar PV
generation at bus number 22 results in a decrease in the
line stability index Lmn/FVSI/Lqp. Figure 9 shows a bar
graph of the line stability indices for the top five severe
lines at loading multiplier ”k=1.0”.

4.2.2 Line Stability Indices under PV integration
with k=1.2

The line stability index of the IEEE 118-bus system
has been calculated using line flow data under a heavy
loading scenario (k = 1.2). From Table 8, it is found
that the lines (44-43), (38–37), (68–69), (70–69), and (70–
24) have the highest values of line indices. Therefore,
these lines can be considered the most severe lines of
the system under the loading scenario “k=1.2”. After
integrating the solar PV system on the most severe bus
number 22, the line severity of the most severe line (44-
43) gets reduced from 1.2155 p.u., 0.9781 p.u., and 0.9815
p.u. to 0.9804 p.u., 0.8815 p.u., and 0.3904 p.u. for line
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Fig. 8: Bar graph of the line stability indices of the most
severe lines at loading multiplier k=1.2.

Fig. 9: Bar graph of the line stability indices of the most
severe lines at loading multiplier k=1.0.

Fig. 10: Bar graph of the line stability indices of the most
severe lines at loading multiplier k=1.2.

indices Lmn/FVSI/Lqp, respectively. The bar graph of
line stability indices of the top five most severe lines
under the loading scenario “k=1.2” for the IEEE 118-bus
system is shown in Fig. 10.

5. CONCLUSION
The line stability indices Lmn/FVSI/Lqp of every line

in the IEEE 14-bus system have been computed in this
work, both with and without the solar photovoltaic
system installed. The index value close to unity is used
to determine the most severe line. To decrease the lines’
severity, the solar system has been connected to the
system’s critical bus. Under four different load patterns
(k = 0.2, 0.5, 1.0, and 1.2), the line stability indices of the

lines have been tested with and without the appropriate
placement of the solar PV system. The photovoltaic
system has been installed on bus 14 in the IEEE 14-bus
system. it is observed that the values of the indices
Lmn/FVSI/Lqp index for the line (5-1) are higher than
other line indices under all four considered types of
loading scenarios (k = 0.2, 0.5, 1.0, and 1.2). With the
installation of a solar PV system, the values of the indices
Lmn/FVSI/Lqp for the line (5-1) get reduced as shown in
Tables 2, 3, 4, and 5. Hence, the severity of the most
severe line is reduced under all considered load patterns.
The effect of the solar PV system on line severity can also
be seen from Figures 3, 4, 5, and 6. From these Figures,
it is also observed that the values of all line indices get
reduced after the integration of the solar PV system at
bus 14. In the future, multiple renewable energy sources
like wind and solar can be used simultaneously to reduce
the higher degree of severity of the most severe lines and
enhance the system’s loadability.
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